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Nutrition is a fundamental mechanism for survival and eating is one of the 
greatest human pleasures, but it can also lead to under-nutrition, over-nutrition, 
and eating disorders. In modern human society, excess eating for susceptible 
individuals is leading to a growing obesity epidemic in the United States and 
other developed countries. Obesity or overweight state is the most dangerous 
nutritional disorder of the twenty-first century affecting 2.1 or more billion 
individuals worldwide. There are more obese and overweight people on the 
planet than people suffering from malnutrition. Recent data suggest that the 
prevalence of obesity in the United States is 35% for men and 40% for 
women. According to the Center for Disease Control, by 2030, medical costs 
associated with treating preventable obesity-related diseases are estimated to 
increase from $48 billion to $66 billion per year in the United States, and the 
loss in economic productivity could be between $390 billion and $580 billion 
annually by 2030. There have been many interventions developed to treat 
obesity, including dietary changes, increased activity and exercise, behavior 
modification, prescription weight-loss medication, and weight-loss surgery; 
however, most of the interventions have failed. Specifically, most diets offered 
by different outlets have a failure rate of 75–95% after 1 or 2 years of inter-
vention. Therefore, despite all of these tremendous efforts, obesity not only 
remains an unsolved problem, but obesity continues to rise.

The survival of all species depends on their ability to acquire energy for 
its daily use and storage. From an evolutionary standpoint, feeding or intake 
of calories from meal to meal is necessary to (a) satisfy nutritional and meta-
bolic requirements and (b) prepare for periods of food shortage during sea-
sonal changes. Energy balance is the relationship that exists between energy 
intake (i.e., calories taken from food and drink) and energy expenditure (i.e., 
calories used for our daily energy requirements). Hence, the maintenance of 
this balance is achieved by the integration of (a) environmental signals (i.e., 
environmental cues steer individual’s decisions concerning food intake and 
food choice); (b) physiological and metabolic signals (i.e., hormones, nutri-
ent sensors, and critical organs); (c) genetic makeup (i.e., multiple genetic 
interactions); and (d) social and hedonic influences (i.e., the drive to eat to 
obtain pleasure without an energy deficit). When this balance is disrupted, 
we witness either a weight gain or a weight loss. In the case of weight gain, 
energy imbalance is caused by a higher calorie intake versus the number of 
calories burned. Therefore, we can define obesity as a disorder of energy 
balance. This longstanding imbalance between energy intake and energy 
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expenditure is influenced by a very complex set of biological pathway sys-
tems regulating appetite. In summary, obesity results from multiple genetic 
and environmental factors that likely interact with each other. Specifically, 
genes operate additively and through gene-gene interactions to influence 
body weight. A longstanding obesity state will eventually cause type 2 dia-
betes, dyslipidemia, mood disorders, heart disease, liver disease, hyperten-
sion, reproductive disorders, and cancer risk. The aim of this textbook, 
Energy Balance, Neuropeptide Hormones, and Neuroendocrine Function, is 
to provide a comprehensive description and discussion of the latest knowl-
edge in peptide hormones and their action on energy balance, as well as a 
cutting-edge analysis by leading experts in the field. Peptide hormones play 
a central role in many physiological and metabolic processes acting in con-
cert with other molecules to regulate an array of molecular mechanisms. 
Research from the last 30 years has shown the importance of peptide hor-
mones in fields such as neuroscience, immunology, pharmacology, cell biol-
ogy, and energy metabolism.

This book is divided into 5 parts. The first part begins by examining the 
evolutionary history of the human society from a thin phenotype to the obese 
phenotype. Within that context, this part analyzes how modern society, 
social habits, and the development of industrial food production did not 
respect the evolutionary traits resulting in changes in the energy balance 
weight set point. It defines obesity in the context of the hedonic influence in 
the modern world, the importance of thermogenesis in the conquest of new 
environments, and the thermogenic adaptation during human migration 
across the globe. The heat production of uncoupling proteins in brown adi-
pocyte tissue mitochondria is believed to be a key driver behind the conquest 
of a variety of environments in mammals 65 million years ago. This ability 
to produce and maintain heat contributed to the evolution of mammals to 
explore and settle in uninhabitable territories throughout the planet by 
adjusting the thermoregulatory response to sharply different environments. 
Several early evolutionary hypotheses to explain the development of obesity 
and metabolic syndrome are also discussed in this part. The second part 
emphasizes the analysis of a particular region of the forebrain below the 
thalamus, the hypothalamus. The hypothalamus coordinates both the auto-
nomic nervous system and the activity of the pituitary gland, which controls 
body temperature, thirst, other homeostatic systems, and hunger. It is also 
involved in sleep and emotion activity. The emphasis in this part of the book 
is on the biosynthesis of neuropeptides and their role in energy balance regu-
lation, the transcriptional regulation of genes expressed within the hypo-
thalamus, and discusses the questions that remain for us to understand the 
hypothalamic transcriptome and resulting proteome. It examines the interac-
tion between neuropeptides and some essential peripheral hormones toward 
controlling feeding behavior. It also covers the impact of chronic hypotha-
lamic inflammation and endoplasmic reticulum stress developed in chronic 
obesity. A comprehensive understanding of the causes of the central nervous 
system inflammation and endoplasmic reticulum stress, and how these pro-
cesses interact with the metabolic regulatory routes will help us devise novel 
therapeutic opportunities for the treatment of metabolic diseases such as 
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obesity. This part also describes the cell biology of pro-hormones and their 
conversion to the biologically active peptide through a post-translational 
mechanism. To fully understand the biology of neuropeptide hormones con-
trolling energy balance, it is essential to uncover the mechanisms by which 
specific pro-hormones are post-translationally modified to its active form 
under normal and pathological conditions, a process that happens in a tissue-
specific manner. Finally, this part explains the biology of nutrient sensors; 
we summarize the findings in the literature on the role of nutrient sensors in 
the hypothalamus and their role in the regulation of energy homeostasis.

The third part describes the role of external signals contributing to energy 
homeostasis. It describes the gastrointestinal hormones, which constitute a 
group of hormones secreted by enteroendocrine cells located in the stomach, 
pancreas, and small intestine. Gut hormones control various functions of the 
digestive organs, and peptides such as secretin, cholecystokinin, or substance 
P act as neurotransmitters or neuromodulators in both the central and periph-
eral systems. It also describes the complexity of the adipose tissue and how 
various adipose tissues characteristics are altered in the lipodystrophic state 
and the obese state. It also describes the physiological and molecular func-
tions of adipokines in the obesity-induced inflammation and insulin resist-
ance. The fourth part deals with the neuroendocrine axes and obesity. It 
defines the hypothalamic-pituitary-thyroid axis and its role in body weight 
regulation, weight loss, and obesity. It shows that thyroid hormone action in 
peripheral tissues can be just as significant to energy expenditure as the cen-
tral regulation of thyroid hormone. Obesity and stress are also covered, 
describing the interaction with the melanocortin system. The melanocortin 
system can coordinate a wide variety of behavioral and physiological 
responses to internal and environmental cues ranging from the control of 
adrenal function, pain, and inflammation to surprising behavioral outputs 
such as grooming. Finally, the last portion of this part focuses mainly on 
growth hormone, the clinical conditions, and mouse lines with alterations in 
this axis along with their adiposity phenotype and concludes by considering 
the role and therapeutic use of growth hormone in obesity. The fifth part 
deals with nutrition. It focuses on how different internal and external factors 
influence central control of appetite, energy intake, and weight status, as well 
as how eating patterns may alter the brain’s response to food stimuli.

An important aspect described in this book is related to the role of leptin 
and nutrient sensors on the biosynthesis of neuropeptide hormones through 
the action of pro-hormone convertases, which strongly suggests that chronic 
high-fat feeding induces brain inflammation and endoplasmic reticulum 
stress, both of which obstruct the normal biosynthesis and post-translational 
processing of peptides. This new evidence represents an understudied and 
underappreciated novel mechanism of altered pro-hormone processing 
caused by these stress mechanisms in the obese state. These new observations 
could constitute an additional, yet significant, explanation regarding why an 
anorectic activity is reduced in this state, and cannot compensate for exces-
sive calorie intake. The changes observed in neuropeptide production in the 
obese state are correlated with their impact on the neuroendocrine axes. 
Recent data show that abnormalities in pro-hormone processing cause pro-
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found obesity, and members of the family of pro-hormone convertases and 
other processing enzymes are crucial partners in the production of orectic and 
anorectic peptides. It examines why the obese state impedes the production of 
anorectic neuropeptides in neuronal cells of the hypothalamus that curbs 
appetite and inspires calorie burning. One of the causes, among many, appears 
to be a breakdown in a protein-processing mechanism essential for the pro-
duction of biologically active hormones, which are altered in the obese state. 
Therefore, we could say that obesity can sustain itself by impeding hormones 
that would curb appetite or increase the burn rate for calories. This is a novel 
concept of a vicious cycle involving a breakdown of key processes in brain 
cells that allows obesity to beget further obesity.

The contributors are well-recognized academic experts in their respective 
medical and basic science fields. I would also like to thank each of the partici-
pating authors for their insightful and rigorous contributions. This book will 
be a great source of consultation about the current understanding of hypotha-
lamic neuropeptide hormone action in the endocrine axes in obesity. It is 
aimed towards researchers in biochemistry, cell biology, and molecular biol-
ogy; neuroscientists; physician endocrinologists; and nutritionists. In addi-
tion, this book is an excellent resource for teaching graduate and medical 
school courses. It provides a novel conceptualization of the obesity problem 
by considering the biochemistry of peptide hormones and entertaining novel 
ideas on multiple approaches to the issues of energy balance. It demonstrates 
and explains why changes in pro-hormone processing are paramount to 
understand the metabolic disease. It stimulates the reader to find greater sci-
entific insight and motivation in the understanding the pathogenesis of obe-
sity/metabolic diseases and aid in the development of effective therapies. 
Finally, I would like to express my enormous gratitude to the National 
Institutes of Health and National Science Foundation for supporting my 
research endeavors for more than twenty-six consecutive years at Brown 
University.

Eduardo A. NillniProvidence, RI, USA
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1.1  Introduction

One of the paramount changes in human evolution 
was the development of large brain size with a tre-
mendous impact on the nutritional behavior of our 
species. A larger brain demands more food intake 
to keep up with the need of the overall energy bud-
get. This high demand for energy to maintain the 
brain metabolism forced early humans to move 
from a strictly vegetarian diet to more energy-rich 
diet. Changes in nutrient-rich energy diets evolv-
ing from an exclusively vegetarian to an omnivo-
rous diet were among many evolutionary factors 
developed to maintain the high cost of a large 
human brain. Paleontological data indicates that 
fast brain evolution occurred with the appearance 
of Homo erectus 1.8 million years ago, which was 
related to critical changes in diet, body size, and 
foraging behavior. Then, the survival of more 
advanced humans depended on their ability to 
acquire energy for its daily use and storage, which 
was well balanced before the advent of modern 
humans. The energy balance of early humans is 

disrupted today by an excessive food intake, 
processed food, and an increase in sedentary life. 
Obesity pandemic has undoubtedly coincided 
with not only an increase in unhealthy eating hab-
its but also with migratory movements of different 
ethnic communities to dissimilar environmental 
pressures. The heat producing of uncoupling pro-
teins in mitochondria brown adipocyte tissue is 
believed to be a key driver behind the conquest of 
a variety of environments in mammals 65 million 
years ago. This ability to produce and maintain 
heat contributed to the evolution of mammals to 
explore and settle in uninhabitable territories 
throughout the planet by adjusting the thermo-
regulatory response to sharply different environ-
ments. It is also discussed in this chapter several 
early evolutionary hypotheses to explain the 
development of obesity and metabolic syndrome, 
the evolutionary changes from hominoids 20 million 
years ago to industrialized humans, and the effects 
on traits causing profound changes in the evolu-
tion of human nutritional requirements.

1.2  Brain Evolution and Changes 
in Human Nutrition

One of the chief characteristics of humans is 
that they are holding big brains, and the evolu-
tion of this large brain size has had significant 
implications for the nutritional biology of our 
species. On average, our brain size as part of the 
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primates group is nearly double from mammals 
of the same body size. Throughout nearly 7 mil-
lion years of evolution, the human brain has 
 tripled in size, and the past 2 million years rep-
resents the most significant brain growth. The 
large human brain is energetically expensive 
and uses a more significant proportion of its 
energy budget on brain metabolism as compared 
with other primates with a lower energy budget. 
For example, humans consume 400 more calo-
ries than chimpanzees and 635 more calories 
than gorillas and 820 more calories than orang-
utans. Paleontological data pointed out that a 
rapid brain evolution occurred with the emer-
gence of Homo erectus 1.8 million years ago. 
These posture changes are related to significant 
changes in diet, body size, and hunting behavior 

(Table  1.1). These alterations are dramatic 
enough that separated us from our close rela-
tives, including the great apes or hominids, 
which are a taxonomic family of primates. They 
include seven species in four genera, Pongo, the 
Bornean and Sumatran orangutan; Gorilla, the 
Eastern and Western gorilla; Pan, the common 
chimpanzee and the bonobo; and Homo, the 
human and the near- human ancestors and rela-
tives (e.g., the Neanderthal) (Chatterjee et  al. 
2009). The combination of larger brains, high 
reproductive output with slow childhood growth, 
changes in history of social behavior, and an 
extraordinary longevity separated us far apart 
from other apes (Isler and van Schaik 2012; 
Schuppli et al. 2012; van Schaik et al. 2012; van 
Woerden et  al. 2012). Consistent with these 

Hominoidea
Old tailess anthropoid
Primates native to 
Africa and southeast 
Asia

100 Ya

104 Ya

2 Mya to 124 Ya

4 Mya

≈20 to 15 Mya

Protein diet
Plant diet
High physical 
activity

Small females
Bipedalization
Increase diet
variety

Homo erectus
Sea food and lean meat
Cooking variety
fruits, vegetables, and nuts and seeds
Locomotor efficiency/high reproduction
Slow childhood growth
Encephalization and increase body size
Increase territory/expansion/hunting

Beginning of farming
Low obesity
Reduced body size
Social development/sedentism
Animal/plant domestication
Low protein/high saturated fat
Low nutrient/high carbohydrate

hominids
known as great apes

Paleolithic Humans
Old Stone Age

Neolithic Humans
New Stone Age 

Develop. of technology 
Started ~10,200 BC

Industrialized Humans
Transformation from 

Agrarian to industrialized 

Industrialization
Less labor intensive
High sugary/fat consumption
Development of unknown 
foreign calories to our genetic 
repertoire
Low physical activity
Increase body fat
Spleep deprivation/stress

Hominoidea

Homininae

Hominini

Homo Pan Gorilla

Gorillini

Ponginae

Pongo Hylobates Genus

Tribe

Subfamily

Superfamily

FamilyHylobatidaeHominidae

Table 1.1 Evolution from early anthropoid primates to industrialized humans, and their journey through food intake, 
stress and less physical activity transitions through time. Industrial development has altered seven essential nutritional 
traits of ancestral hominin diets: (a) glycemic load, (b) fatty acid composition, (c) micronutrient density, (d) macronutri-
ent composition, (e) sodium-potassium ratio, (f) acid-base balance, and (g) fiber content. From this point forward, the 
changes introduced by modern humans to industrially processed foods associated with less physical activity represented 
the springboard to a deviation of our natural nutritional environment unfamiliar to our genetic repertoire
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5

observations, analysis from African human fos-
sils indicates that significant changes in both 
brain size and diet were linked with the rise of 
early members of the genus Homo between 2.0 
and 1.7 millions of years ago. The question that 
arises from these observations was then how 
much energy supply would be needed to main-
tain metabolism in these brains in a steady-state 
status? Changes in nutrient-rich energy diets 
evolving from an exclusively vegetarian to an 
omnivorous diet were among many evolutionary 
factors developed to maintain the high cost of a 
large human brain.

The fact that early genus Homo consumed 
more animal foods was a turning point in provid-
ing elevated levels of essential long-chain poly-
unsaturated fatty acids (docosahexaenoic acid 
and arachidonic acid) highly necessary for brain 
growth. This evolutionary adaptation forced 
humans to use a larger proportion of their resting 
energy budget on brain metabolism separating 
them again from other primates or non-primate 
mammal. One of the key features developed by 
humans was learning to share food, making 
social groups of early humans more resilient, 
spreading their diets, and obtaining more energy 
from rich foods such as meat. Humans also devel-
oped much larger deposits of body fat, which can 
be used to sustain them during periods of food 
scarcity. Also, compare with other primates, 
humans have a relatively small gastrointestinal 
tract and reduced colon allowing for greater 
energy allocation to reproduction and limiting 
the increase in basic metabolic rate. This type of 
adaptation is consistent with a high in energy and 
nutrient intake quickly to digest. Another impor-
tant feature was the improved walking efficiency 
in the evolution of early H. erectus 1.8 million of 
years ago. Evidence also supports an important 
evolutionary adaptive change involving hunting 
and hoarding, which resulted in greater consump-
tion of animal foods and sharing the prey within 
other social groups. Dietary changes to energy- 
dense foods and the discovery of cooking (of 
thermal and nonthermal food processing) in 
modern humans successfully increased the net 
energy gained. These were significant contribu-
tors to the evolutionary expansion of the hominin 

energy budget (humans and great apes together 
form a superfamily called hominoids). The genus 
H. erectus appears to develop a rapid rate of a 
bigger part of the central nervous system con-
tained within the cranium and comprising of the 
forebrain (prosencephalon), midbrain (mesen-
cephalon), and hindbrain (rhombencephalon). 
Finally, humans have smaller muscle mass and 
more fat tissue as compared with other primates 
helping to offset the high-energy demands of our 
brains. These high levels of adiposity in humans 
are especially prominent in infants to accommo-
date the growth of their large brains with enough 
supply of stored energy (Pontzer et al. 2016a, b). 
In summary, these evolutionary traits caused pro-
found changes in the evolution of human nutri-
tional requirements (Anton et al. 2014; Cordain 
et al. 2005; Eaton 2006; Garn and Leonard 1989; 
Leonard and Robertson 1992, 1994) separating 
us further apart from other primates in terms of 
distinctive nutritional needs (Leonard 2002; 
Leonard et al. 2007).

Through evolution time, our ancestors ate 
poorly, particularly during climate disadvan-
tages, and they often had vitamin deficiencies, 
food-borne diseases, and neurotoxins. Dirt, grit, 
and fiber constituted a significant part of most 
early diets. With the advent of modern technolo-
gies, these food components diminished. The 
profound changes in the environmental compo-
nents including diet and lifestyle circumstances 
introduced by agriculture and animal husbandry 
approximately 10,000  years ago are too recent 
on an evolutionary time scale for the human 
genome to change. The lack of agreement 
between our ancient genes adjusted to the earlier 
way of nutritional behaviors compared to the 
cultural patterns of contemporary Western life 
created the so- called diseases of modern civiliza-
tions. The evolutionary clash of our ancient 
genome with the nutritional variants of recently 
introduced processed foods may be the cause of 
the established chronic diseases of Western civi-
lization. Food- processing procedures introduced 
during the Neolithic period was considered the 
last part of the Stone Age. The New Stone Age is 
a time limit in the development of human tech-
nology starting about 10,200  BC and ending 
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between 4500 and 2000 BC. In addition, indus-
trial development has essentially altered seven 
essential nutritional traits of ancestral hominin 
diets: (a) glycemic load, (b) fatty acid composi-
tion, (c) micronutrient density, (d) macronutrient 
composition, (e) sodium-potassium ratio, (f) 
acid-base balance, and (g) fiber content. From 
this point forward, the changes introduced by 
modern humans to industrially processed foods 
associated with less physical activity represented 
the springboard to a deviation of our natural 
nutritional environment unfamiliar to our genetic 
repertoire.

1.3  Definition of Obesity

As described above, the human genome has 
hardly changed since the emergence of modern 
humans leaving East Africa 70,000  years ago. 
Genetically, humans remain adapted for the foods 
consumed at that time in history. From the records, 
the proposal is that human ancestors obtained 
about 35% of their dietary energy from fats, 35% 
from carbohydrates, and 30% from protein. 
Saturated fats contributed approximately 7.5% 
total energy. Polyunsaturated fat intake was high, 
cholesterol consumption was significant, and car-
bohydrate came from uncultivated fruits and veg-
etables. The latter represented 50% energy 
consumption as compared with the 16% energy 
intake consumed today by Americans. While high 
levels of fruits and vegetables and minimal grain 
consumption constituted the ancestral diet, 
today’s diet is far apart from that regime. Honey 
included 2–3% energy intake as compared with 
the 15% added sugars which contribute to the 
present time. Also, fiber consumption in ancient 
humans was high. Although a significant progress 
was made in understanding ancient human diet, 
nutritionists are still searching for a unifying 
hypothesis on which to build a dietary strategy for 
prevention. Therefore, a better understanding of 
human evolutionary nutritional habits and its 
impact on contemporary nutritional requirements 
could help us with strategies to better define obe-
sity and combat this malady.

Over the last five decades, there has been a 
major widespread of obesity, which is associated 
with many comorbidities or metabolic syndrome, 
mostly in the Western world but reaching now a 
global dimension. The development of these 
chronic diseases in the culture of the west is 
related to high genetic components within differ-
ent populations. As obesity rates soared between 
1980 and 2017, the number of Americans who 
are obese has doubled. In the United States alone, 
70% of the adult population is overweight, and 
36% are obese. There are ~700 million obese 
people worldwide, and another ~2.1 or more bil-
lion who are overweight, according to the World 
Health Organization. There is today a financial 
burden in the United States with obesity-related 
healthcare costs. In 2005 and 2006 alone, 150–
190 billion dollars was spent on obesity-related 
diseases. In 2010, no state had a prevalence of 
obesity less than 20%.

Thirty-six states had occurrence equal to or 
greater than 25%; 12 of these states (Alabama, 
Arkansas, Kentucky, Louisiana, Michigan, 
Mississippi, Missouri, Oklahoma, South 
Carolina, Tennessee, Texas, and West Virginia) 
had prevalence equal to or greater than 30%. The 
estimation is that by the year 2030, healthcare 
costs will increase by more than 50 billion dollars 
annually. There are more obese and overweight 
people on the planet than people suffering from 
malnutrition. In spite of the great progress made 
in the field of energy balance, our understanding 
of some basic mechanisms to combat this malady 
remains unclear. Obesity and its associated medi-
cal complications including type 2 diabetes, car-
diovascular disease, dyslipidemia, mood 
disorders, reproductive disorders, hypertension, 
asthma, and potential for cancer development 
account for more than 300,000 deaths per year in 
the United States. Obesity treatment strategies 
often do not result in adequate, sustained weight 
loss, and the prevalence and severity of obesity in 
the United States and many other countries are 
progressively increasing (Ahima 2005). Current 
treatments include dietary changes, increased 
physical activity, prescription medications, 
weight loss surgery, and behavior modification. 
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Most surgical and pharmacological treatments 
require lifestyle changes to achieve sustained 
weight loss fully. However, dangerous side 
effects may accompany these treatment strate-
gies. In addition, some pharmacotherapies may 
not work in certain individuals. The complexity 
of the obese condition results from the interac-
tion between environmental and predisposing 
genetic factors interacting with each other. 
Specifically, genes operate additively and through 
gene-gene interactions to influence body weight 
(Clement 2005). A more thorough understanding 
of the molecular mechanisms underlying the 
pathogenesis of obesity and regulation of energy 
metabolism is essential for the development of 
effective therapies. Therefore, it is necessary to 
characterize the molecular and behavioral mech-
anisms governing body weight to identify the 
abnormality or impairment in the regulation of 
the metabolic, physiological, and psychological 
mechanisms causing obesity.

One of the major obstacles encountered in the 
United States to combat the obesity prevalence is 
related to the fact that junk foods are the largest 
source of calories in the American diet. They 
include grain-based desserts like cookies, dough-
nuts, granola bars, sugary soda, and fruit juices, 
an excess of pasta and pizza, and pieces of bread 
with high sugar content to name some. What all 
these foods have in common, different from the 
same meals made in the 1950s, is that they are 
mainly the products of seven crops and farm 
foods. They are corn, soybeans, wheat, rice, sor-
ghum, milk, and meat heavily subsidized through 

decades by the federal government, ensuring that 
junk foods are cheap and plentiful. As a matter of 
fact, between 1995 and 2010, the government 
contributed with $170 billion in agricultural sub-
sidies to finance these foods. While many of these 
foods are not innately unhealthy, only a small 
percentage of them are eaten as is (New York 
Times, How the Government Supports Your Junk 
Food Habit, by Anahad O’Connor, July 19, 
2016). All these products are converted to cheap 
foods and additives like corn sweeteners, indus-
trial oils, processed meats, and refined carbohy-
drates. It is quite ironic that on the one hand, the 
government promotes healthy diets (organic 
fruits and vegetables) while at the same time has 
the complicity in supporting the industrial pro-
duction of junk food leaving a very small fraction 
of its subsidies to support the production of fresh 
produce. The result is that taxpayers are paying 
for the privilege of making our country sick 
(Anahad O’Connor, New York Times). The sub-
sidies program was started decades ago in part to 
support struggling farmers and to secure 
America’s food supply. Since 1995 the govern-
ment has provided farmers with close to $300 bil-
lion in agricultural subsidies overall; today the 
grants program no longer helps its original pur-
pose because it continues to give subsidies to 
large producers of grains, corn, sorghum, and oil-
seeds like soybeans instead of small farmers who 
grow fruits, nuts, and vegetables. In summary, we 
created an evolution to self-destruction (Fig. 1.1).

Having described our ancient and modern 
diets, we can now define obesity as a state of 

We have created 
our evolution to health destruction

Hominoidea 20mya         Industrialized Humans

Fig. 1.1 Evolution to self-destruction: The recent sub-
stantial increase in the prevalence of obesity in susceptible 
individuals has been mostly caused by our modern urban 
societies in which demand for physical activity is 

extremely reduced, and highly palatable and relatively 
cheap food is ubiquitously available. Geographic migra-
tions with an adaptive thermogenesis added an additional 
variable to the confounding problem of obesity
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excess adipose tissue mass, which translates into 
excessive body weight and an alteration of energy 
balance (this condition may not be confused with 
a body builder that can develop a remarkable 
overweight state without excessive body fatness). 
Energy balance is defined by the number of calo-
ries consumed versus the amount of energy used 
either via exercise, physical activity, or resting 
metabolism. Energy derived from food intake 
enters the plasma from the intestine and then to 
cells involved in energy consumption. Under nor-
mal conditions, any minor excess is dealt with by 
cells that function in energy storage. When the 
number of calories expended is the same with the 
number of calories consumed, the energy caloric 
balance is neutral, and no change in weight 
occurs. On the other hand when the number of 
calorie intake is greater than a number of calories 
expended, an energy balance disruption occurs 
(positive energy balance), and obesity develops. 
Therefore, obesity occurs as a result of a long- 
standing imbalance between energy intake and 
energy expenditure, which is influenced by a very 
complex set of biological pathway systems regu-
lating appetite. We then can say that obesity is a 
“disorder of energy balance.” According to the 
World Health Organization (WHO), obesity is 
classified as class I for a BMI between 30 and 
34.9 kg/m2, class II for a BMI between 35 and 
39.9 kg/m2, and class III for a BMI ≥ 40 kg/m2 
(Obesity: preventing and managing the global 
epidemic 2000). Class I obesity is associated 
with a moderate risk, class II with a high risk, and 
class III with a very high risk of mortality 
(Gonzalez et al. 2007). Anatomically obesity can 
be classified for the prevalence of visceral or sub-
cutaneous deposition of fat. The ratio of waist 
circumference to hip circumference (WHR) is 
used to serve the purpose of defining the degree 
of central (i.e., visceral) vs. peripheral (i.e., sub-
cutaneous) obesity. Visceral adiposity is a major 
risk factor for metabolic syndrome, while subcu-
taneous fat seems to be much more benign and in 
some cases even protective against the develop-
ment of metabolic complications (Jensen 2008). 
The metabolic syndrome can be defined as a 

group of risk factors that increases blood pres-
sure, high blood sugar, excess body fat around 
the waist, abnormal cholesterol, or triglyceride 
levels causing to increase the risk of heart dis-
ease, stroke, and diabetes. To understand the 
imbalance in obesity from the calorie in and calo-
rie out is a complicated matter. While calories 
from food are easy to control, the way calories 
burn represents a different undertaking. It con-
sists mainly of the energy required for the basal 
metabolism of the body, at rest, in the absence of 
external work. That’s called resting energy 
expenditure, which represents 60–70% of the 
total energy expenditure. However, it is highly 
variable from individual to individual. The sec-
ond component is the physical activity that is the 
sum of basal activities of daily living and volun-
tary exercise. The third part of total energy 
expenditure, although small, is diet-induced ther-
mogenesis, which is the energy associated with a 
postprandial rise in metabolic rate to process 
food during digestion, usually amounting about 
10% of calories.

Obesity can also be caused by treating diseases 
with pharmacological treatments including ste-
roids, antipsychotics, some antidepressants, and 
some anti-epileptics but could also be a conse-
quence of some diseases or conditions, including 
polycystic ovary syndrome (PCOS), Cushing’s 
syndrome, hypothyroidism, hypothalamic defects, 
and growth hormone deficiency. Obesity is fre-
quently associated with low androgen levels caus-
ing hypogonadism. Hyperinsulinemia is believed 
to be the primary etiological factor for the devel-
opment of PCOS, but there are other factors 
involved as well such as obesity-induced hyperes-
trogenism and a male pattern adipokine gene 
expression observed in these women. Obesity also 
causes a reduction in growth hormone secretion in 
the pituitary gland. The decrease in growth hor-
mone does not appear to translate into a similar 
reduction in IGF-1. Therefore it is unlikely that 
obesity represents a condition of growth hormone 
deficiency reflected at the tissue level. Both 
growth hormone deficiency and growth hormone 
excess are associated with increase in fat mass.
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1.4  Nutritional Balance, 
Metabolic and Hedonic Set 
Point

The survival of all species depends on their abil-
ity to acquire energy for its daily use and storage. 
From an evolutionary standpoint, feeding or 
intake of calories from meal to meal is necessary 
to (a) satisfy nutritional and metabolic require-
ments and (b) prepare for periods of food short-
age during seasonal changes. Energy balance is 
the relationship that exists between energy intake 
(i.e., calories taken from food and drink) and 
energy expenditure (i.e., calories being used for 
our daily energy requirements). Hence, the main-
tenance of this balance is achieved by the integra-
tion of (a) environmental signals (i.e., 
environmental cues steer individuals’ decisions 
concerning food intake and food choice), (b) 
physiological and metabolic signals (i.e., neuro-
hormone, peripheral hormones, nutrient sensors, 
and key organs), (c) genetic makeup (i.e., multi-
ple genetic interactions, epigenetic actions), and 
(d) social and hedonic influences (i.e., the drive 
to eat to obtain pleasure without an energy defi-
cit). When this balance is disrupted, we witness 
either a weight gain or a weight loss. In the case 
of weight gain or positive energy balance, energy 
imbalance is caused by a higher calorie intake 
versus the number of calories burned.

However, defining when energy balance is 
disrupted represents a complex undertaking. For 
example, excessive food intake is likely to be the 
primary cause of positive energy balance (obese 
phenotype) driven by both nonconscious (homeo-
static) and conscious (perceptual, emotional, and 
cognitive) phenomena processed in the brain. 
Functional neuroimaging in a few studies has 
provided evidence of functional differences 
between obese and lean individuals in the brain’s 
response to energy intake (DelParigi et al. 2005a). 
Connecting hyperphagia to actual weight gain 
has proved remarkably difficult (Stunkard et al. 
1999; Tataranni et  al. 2003). The experimental 
evidence connecting the relative contribution 
among people who have differences in energy 
intake, expenditure, and resting metabolic rate or 
due to physical activity to weight gain is limited. 

In addition, food intake and development of obe-
sity involve diet composition (Astrup 1999; 
Astrup et al. 1997), energy density of food (Bell 
and Rolls 2001) (Drewnowski 2003), rate of meal 
consumption, taste preferences (Cooling and 
Blundell 2001), eating behavioral style (Keski- 
Rahkonen et  al. 2003), and subphenotypes 
(DelParigi et al. 2005a, b), all of them contribute 
but complicate matters with some contradictory 
results. Within the United States, a significant 
decline in the percentage of energy from fat foods 
during the last two decades has paralleled with a 
massive increase in obesity. Therefore, diets high 
in fat do not seem to be the cause of high preva-
lence in excess body fat in our society, suggesting 
that decreases in fat content will not be the 
answer (Willett and Leibel 2002). The genetics of 
obesity is also partially understood because it is 
not clear whether obesity is caused by a single 
genetic mutation, by multiple allelic defects, and 
which one of those determines susceptibility to 
environmental factors including epigenetic con-
tribution. Epigenetics is defined as a stable heri-
table traits or phenotypes that cannot be explained 
by changes in DNA sequence or changes to the 
genome that do not involve a change in the nucle-
otide sequence. This genetic change means fea-
tures that are “on top of” or “in addition to” the 
traditional genetic basis for inheritance (those are 
shifts in a chromosome that affect gene activity 
and expression) (Pomp and Mohlke 2008). It’s 
hard to predict who will or will not develop obe-
sity in an obesogenic environment. It depends on 
an individual combination of alleles in gene-gene 
interaction and how it reacts with the environ-
ment in a particular way. People who carry only 
one or some of these alleles may still not develop 
obesity because they either lack another allele in 
gene-gene interaction needed or are not exposed 
to the stimulating environment causing gene- 
environment interaction. Further clarification 
will be necessary to resolve the controversy that 
exists among genotypes and lifestyle (Holzapfel 
et al. 2010) or anatomical phenotype of obesity 
(Bauer et al. 2009; de Krom et al. 2009).

For quite some time, it has been suggested that 
there are two systems controlling eating behavior 
(Saper et al. 2002). The metabolic system is regu-
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lated by mediators such as leptin and ghrelin, 
neuropeptide Y (NPY), agouti-related peptide 
(AgRP), melanocortins, orexins, and melanin- 
concentrating hormone, among the important 
ones. The second one is the hedonic behavior that 
is regulated by taste and reward systems to cer-
tain foods (Fig. 1.2). Hence, one of the common 
questions regarding the epidemic of obesity in 
modern society is whether hedonic feeding over-
comes metabolic feeding. It is well accepted that 
body weight is determined via both mechanisms, 
and recurrence of food consumption above the 
minimum energy requirements to fulfill basic 
metabolism is the hallmark of obesity. Metabolic 
needs drive food intake in response to changes in 
body energy status, which is dictated by the brain 
at the hypothalamic level and responsibly in 
determining the “body weight set point” to main-
tain energy homeostasis at a constant level. This 
programmed set point is regulated by a circuitry 
of neuronal cells in the hypothalamus and other 
specific brain regions. It is controlled mostly by 
leptin, insulin, and ghrelin acting on melanocor-
tin anorectic neurons pro-opiomelanocortin/
cocaine- and amphetamine-regulated transcript 
(POMC/CART) and orectic AgRP/NPY (Kim 
et  al. 2014; Koch et  al. 2015; Waterson and 
Horvath 2015). Another second order of neurons 
located in the lateral hypothalamus (LH) contains 
orexins and melanocyte-concentrating hormone 
(MCH); both peptides are potent stimulators of 
food intake (Ludwig et al. 2001; Flier 2004). The 
ventromedial hypothalamus (VMH), which is 
controlled by leptin through the regulation of 
brain-derived neurotrophic factor (BDNF), also 
regulates energy balance. The paraventricular 
nucleus (PVN) of the hypothalamus contains sev-
eral groups of neurons all involved in energy bal-
ance regulation of corticotropin-releasing 
hormone (CRH) signaling in the PVN which 
increases leptin signaling in the VMH (Gotoh 
et  al. 2005). Hypophysiotropic thyrotropin- 
releasing hormone (TRH) neurons expressing the 
leptin receptor (ObRb) are considered as one of 
the primary hypothalamic centers controlling 
food intake and energy homeostasis (Nillni 2010; 
Nillni and Sevarino 1999; Perello et  al. 2006; 
Sanchez et al. 2004; Elmquist et al. 1998; Elias 

et al. 1999). Oxytocin produced in the PVN and 
vasopressin generated in the PVN and supraoptic 
nucleus together with the brain stem interacting 
with glucagon-like peptide-1 (GLP-1), cholecys-
tokinin (CCK), serotonin, and melanocortin (see 
full description in Chap. 2) are all involved in the 
energy balance regulation (Fig.  1.3, Chap. 2). 
The metabolic body weight set point is geneti-
cally regulated, but exposure to a constant obeso-
genic environment may provoke allostatic 
adaptation and upward drift of the set point, lead-
ing to a new body weight set point of higher 
maintained body weight. However, an elevated 
body weight set point may also be achieved with-
out changes in the metabolic homeostasis, but 
rather a sustained hedonic overeating is driven by 
the rewarding property of palatable foods, which 
is primarily controlled by the mesolimbic reward 
system and dopamine signaling (Rui 2013). The 
amygdala, prefrontal cortex, and ventral striatum 
(including the core and shell of the nucleus 
accumbens) are the networks linking hedonic 
effect. The reward system of the brain can over-
ride homeostatic metabolic signals. These two 
different response systems are heavily entangled 
(Murray et al. 2014). Therefore, research labora-
tories continue to search the contributive factors 
involved in homeostatic and hedonic mecha-
nisms related to eating behavior. The peripheral 
hormones leptin, ghrelin, and insulin play a 
major role in food reward as demonstrated in 
studies done in laboratory animals and humans, 
which show relationships between hyperphagia 
and neural pathways involved in reward. These 
results have provoked questions pertaining the 
possibility of addictive-like features in food 
consumption.

From the hedonic side, dopamine depletion 
drastically impairs feeding and causes starvation 
in animals. Metabolic hormones including ghre-
lin and leptin can stimulate on ventral tegmental 
area midbrain dopamine neurons to affect feed-
ing. This area is the origin of mesolimbic dopa-
mine neurons that project to the nucleus 
accumbens (NAc) that in turn influences behav-
ior. Therefore, peripheral hormones affecting the 
hypothalamus can also affect feeding behavior 
via action on the midbrain circuits (Narayanan 
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Fig. 1.2 Metabolic and hedonic obesity altering the body 
weight set point: The hypothalamus and brain stem interact-
ing with peripheral organs and tissues are the homeostatic 
regulators of the body weight set point. Chronic deviation 
of body weight from its original set point provokes a com-
pensatory increase or decrease in food intake (cumulative 
over an extended period) and energy expenditure (both rest-
ing and non-resting) in opposite direction to restore the 
original body weight set point. However, metabolic obesity, 
as defined by Yu and colleagues (Yu et al. 2015) results from 

an elevation of the metabolic set point characterized by an 
elevated body weight which is metabolically protected as a 
new normal body weight set point. Hedonic consumption, 
on the other hand, is ruled by the reward dopamine system 
to gratify the need of pleasure independent of the metabolic 
set point. Deviation of the reward system may lead to 
hedonic overeating in susceptible individuals (drifty geno-
type) leading to continued weight gain above the metabolic 
set point weight (hedonic obesity). (Figure reproduced with 
permission from Yu et al. (2015))
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et  al. 2010). One potential hub for the hedonic 
behavior is the lateral hypothalamus LH, also 
called “feeding center.” Lesion in this region sup-
presses eating and causes weight loss (Delgado 
and Anand 1953), while electrical stimulation 
causes insatiable feeding (Delgado and Anand 
1953). The LH stimulation is rewarding and leads 
to self-stimulation in animals (Olds and Milner 
1954). The LH is one of the evolutionary oldest 
parts of the brain, and groundbreaking work of 
physiologists and psychologists from the middle 
of the last century demonstrated that the hypo-
thalamus is essential for the control of motivated 
behaviors. The LH integrates large amounts of 
information and arranges adaptive responses 
including energy homeostasis by receiving meta-

bolic state information through both neural and 
humoral routes and having direct access to behav-
ioral, autonomic, and endocrine effector 
pathways.

Optogenetic (the combination of genetics and 
optics to control well-defined events within spe-
cific cells of living tissue) experiments further 
demonstrated the critical roles of the LH in 
behavior (Stuber and Wise 2016) (Berthoud and 
Munzberg 2011). The LH receives numerous 
inputs from reward-processing centers such as 
medial prefrontal cortex (mPFC), nucleus accum-
bens (NAc), bed nucleus of the stria terminalis 
(BNST), and dorsal raphe (DR). The LH likely 
integrates the hedonic and metabolic signals for 
eating. From the metabolic side, the anorexigenic 
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Fig. 1.3 Neuronal components of body weight regulation: 
Body weight in adulthood is influenced by changes in the 
environment of subsequent generations affecting the genetic 
and epigenetic propensity for weight gain and modern life-
style that promotes sedentary behaviors and provides an 

oversupply of energy-dense foods. Figure reproduced with 
permission from Berthoud (2011). The brain maintains the 
homeostasis through a number of hormonal and neural 
nutrient-sensing inputs and from the environment and life-
style through the cognitive and emotional brain
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hormone leptin can suppress the reward value of 
palatable food (Hommel et al. 2006). The pres-
ence of ObRB in ventral tegmental area (dopa-
mine neurons) is critical for feeding behavior 
providing direct evidence of peripheral metabolic 
signals affecting dopamine activity. On the other 
hand, the hunger hormone ghrelin potentiates the 
hedonic response (Malik et al. 2008) by favoring 
food consumption and enhancing the hedonic 
and incentive responses to food-related cues. 
When an excess of weight is due to elevation of 
the metabolic set point, energy expenditure is 
supposed to fall onto the standard energy mass 
regression line. In contrast, when a steady-state 
weight is above the metabolic set point due to 
hedonic overeating, a persistent compensatory 
increase in energy expenditure per unit metabolic 
mass may be demonstrable (Fig. 1.2). Recognition 
of the two types of obesity origin may trigger to 
more effective treatment and prevention of obe-
sity. In humans, the hedonic consumption of 
high-calorie food is a major driver for obesity 
(Volkow and Wise 2005). Similar to drugs food 
activates a common dopamine brain reward cir-
cuitry. Addiction and obesity result in habits that 
persist and strengthen despite the threat of cata-
strophic consequences. Feeding above the meta-
bolic needs and drug use habits are imprinted 
behavioral preferences that reinforce properties 
of great and repetitive rewards. Palatable sugary 
foods raise glucose concentration in the blood 
and brain, and drugs with pharmacological agents 
activate the same brain reward circuitry. The 
magnitude and duration of increases in dopamine 
induced by either excess of food or drugs in the 
nucleus accumbens to maintain the level demand 
are an intensive target of an investigation. While 
hedonic and metabolic mechanisms are working 
together at any given time or any given individ-
ual, derangement in either or both may lead to 
obesity. Therefore, it should be taken into account 
for the management of obesity and treatment 
modalities whether the target is behavioral 
changes in the case of hedonic obesity or those 
related to changes in body weight set point 
because of metabolic obesity. Identification of 
the neural bases separating these two systems at 
the molecular, cellular, and neuron-neuron inter-

action is key to understand how they are coordi-
nated, and dysregulated, under healthy and 
obesogenic conditions (Yu et al. 2015).

We could argue that an energy-dense diet, 
high in saturated fat and sugar, should cause 
weight gain and increased adiposity but can be 
easily reversed by a more natural regimen of 
foods and lower calorie intake. However, it 
appears that these high-calorie diets, maintained 
long term, cause a profound change in the energy 
balance set point not so easy to reverse, particu-
larly for those individuals who pass the 30 BMI 
mark. Diets containing long-chain saturated fats 
result in metabolic dysfunction with increased 
adiposity and body weight that are protected, so 
any subsequent weight loss through calorie 
restriction is difficult to maintain. The profound 
changes observed in the energy balance con-
trolled by the hypothalamus result in the loss of 
central leptin and insulin sensitivity, which per-
petuates the development of both obesity and 
peripheral insulin insensitivity. This hypotha-
lamic dysfunction causes changes in the set point 
between energy intake and energy expenditure, 
which is protected by the brain at any cost. 
Continuous ingestion of an excess of high-calorie 
diet induces hypothalamic dysfunction, which 
includes an increase of oxidative stress; chronic 
atypical neuronal inflammation; endoplasmic 
reticulum (ER) stress; lipid metabolism; changes 
in neuronal cellular death, called apoptosis; neu-
ronal rewiring; or neuronal and synaptic plastic-
ity (see Chap. 4). All these hypothalamic changes 
induced by a high-calorie diet linked to inflam-
mation increase the development of obesity. 
Although obesity is a consequence of the modern 
lifestyle society and other evolutionary and 
genetic factors, in my view, it is not a disease per 
se, a condition that over time leads to severe side 
effects including a range of metabolic diseases as 
depicted above. These diseases have increased in 
gigantic proportions in the United States and 
lesser degree in other countries, with no reversal 
despite educational programs and treatment 
options. These unsuccessful strategies are a con-
sequence of a lack of knowledge about the pre-
cise pathology and etiology of metabolic 
disorders. Different independent studies had 
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demonstrated that obesity has a strong genetic 
component when predisposed individuals are liv-
ing in an obesogenic environment (Sorensen 
et  al. 1989), signifying a potential gene- 
environment interaction (Speakman 2006). The 
most accepted model by different scientists is 
that obesity and its consequences are a result of a 
gene-environment interplay, an ancient genetic 
evolutionary selection to store fat efficiently that 
is poorly adapted to modern times. Interestingly, 
certain human populations are susceptible to obe-
sity and metabolic syndrome (Caballero 2007), 
whereas others appear resistant to the forces 
inducing obesity (Beck-Nielsen 1999) (Neel 
1962). Much emphasis has been placed on indi-
viduals and geographic populations suggesting 
that evolutionary traits play a key role in obesity 
and metabolic syndrome.

1.5  Evolutionary Traits

The high prevalence of obesity is seemingly a 
detrimental condition inconsistent with the evo-
lutionary progress of all species including 
humans in their adaptation journey to new envi-
ronments. Several early evolutionary hypotheses 
have been proposed to explain the development 
of obesity and metabolic syndrome. In 1962, 
James Neel introduced the first evolutionary 
explanation for the modern obesity epidemic that 
is founded on the notion that the development of 
diabetes or obesity is an adaptive trait incompat-
ible with modern lifestyles. Neel’s “thrifty gene” 
hypothesis proposes that genes enable humans to 
efficiently collect and process food to store fat 
during periods of food abundance to save for 
times of food shortage. It would be advantageous 
for hunter-gatherer populations and childbearing 
women. Therefore, more obese individuals carry-
ing the thrifty genes will better survive times of 
food shortage. Contrarily to this paradigm, in 
modern societies where the abundance of food is 
the norm, this genotype resulted on an incongru-
ity between the environment in which the brain 
evolved and today’s environment with wide-
spread of chronic obesity and diabetes. In that 
sense, this hypothesis represents a regression and 

inadequate in modern times as compared to our 
ancestors who undergone positive selection for 
genes that favored energy storage, a consequence 
of the cyclical episodes of famine and surplus 
after the advent of farming 10,000  years ago 
(Neel 1962, 1999). This hypothesis is based on 
the assumption that during human evolution, 
humans were always subjected to periods of feast 
and famine, favoring individuals who had more 
capacity for energy stores. This evolutionary trait 
allowed people more likely to survive and pro-
duce more offspring. In other words, evolution 
acted to select those genes in individuals who 
possessed high efficiency at storing fat during 
times of plenty.

However, in the modern environment, this 
genetic predisposition, which prepares us for a 
famine stage that never comes, an epidemic of 
obesity and diabetes with their induced maladies, 
made our society ill. We now know the genes 
determine the propensity for obesity or lack 
thereof. The dominance of obesity in modern 
human societies has two contributory compo-
nents: a) an environmental change in the industri-
alized society that has happened around hundred 
years ago and a genetic predisposition that has its 
origins in our evolutionary history 2 million years 
ago. Around 70 percent of the variation among 
people in their amount of body fat is justified by 
inherited differences constructed into our genetic 
makeup and passed to next consecutive genera-
tions. According to the thrifty gene hypothesis, it 
was advantageous for early humans letting them 
store fat in times of plenty and survive in times of 
food scarcity. What could this hypothesis not 
explain in modern times is why isn’t everyone 
fat? John Speakman from Aberdeen University 
showed evidence that supporting the famine 
hypothesis has fundamental flaws, and he has 
come up with an alternative theory, nicknamed 
the “drifty gene” hypothesis or “predation release 
hypothesis.” To start, Speakman argues that fam-
ines weren’t a real threat before the advent of 
farming around 15,000  years ago. He suggests 
that there was not sufficient differential impact 
on survival of the lean and obese to cause such a 
powerful selective effect (most human popula-
tions have only experienced at most 100 famine 

E. A. Nillni



15

events in their evolutionary history). Also, fam-
ines involve increases in total mortality that only 
rarely exceeded 10% of the population, and peo-
ple in famines die of disease rather than starva-
tion. He proposes that modern human distribution 
of obesity stems from a genetic drift in genes 
encoding the system that regulates metabolism 
controlling our body fatness. This drift may have 
started around 2 million years ago during the 
Paleolithic stage or Old Stone Age where our 
ancestors developed newer abilities to avoid 
being preyed upon, developing of cooking, 
encephalization, increase body size, expansion of 
new territory, and hunting (Table  1.1). In other 
words, the “drifty genotype” hypothesis argues 
that the prevalence of thrifty genes is not a result 
of positive selection for energy storage genes but, 
in reality, a genetic drift caused by the removal of 
predatory selection pressures.

To further counterbalance the long-held 
acceptance of the thrifty genotype hypothesis 
proposed by Neel as the most reliable model for 
the genetic basis of obesity, John Speakman in 
2008 introduced the “drifty phenotype” or preda-
tion release hypothesis. For this interpretation in 
opposition to being selected for, obesogenic 
energy-efficient genes favoring fat storage are 
present in Western populations because early 
hominids removed the selection pressure previ-
ously exerted on them by predation. The concept 
of Speakman is that around 2 million years ago, 
the ancient ancestors, Homo habilis and Homo 
erectus, evolved to acquire the capability of using 
fire and stone tools, building weapons, and orga-
nizing social communities. For the first time in 
evolutionary history, an animal that was not the 
top predator in its ecosystem was able to remove 
the threat of predatory danger (Speakman 2008). 
This hypothesis then suggests that vital genes 
involved in the evasion of predators that include 
athletic fitness, speed, agility, stamina, and lean-
ness were no longer needed in the life of modern 
humans but continue to be present for all other 
animals (Speiser et al. 2013; Spence et al. 2013). 
In other words, in the absence of predation selec-
tion pressure, genes that promote energy storage 
and obesity were not eliminated by natural selec-
tion. In fact, they were allowed to drift in the 

genetic journey of human evolution explaining 
why the obesity pandemic in modern Western 
societies has developed. Both theories, thrifty 
and drifty genotypes, assume that the selection 
pressures that ancestors of modern humans living 
in Western societies faced were the same. 
However, neither theory sufficiently explained 
the influence of globalization and population 
demographic changes that started 70,000  years 
ago from Africa. In the face of clear evidence, 
ethnic variation in obesity susceptibility and 
related metabolic syndrome demographics also 
plays a role. Having said that, although both the 
thrifty and drifty genotype hypotheses have con-
siderable merit and may be responsible for the 
genetic susceptibility to obesity, in a particular 
group of individuals, neither theory can conclu-
sively explain for the contemporary obesity pan-
demic in industrialized countries. The additional 
point is that obesity is not adaptive and may never 
even have existed in our evolutionary past, but it 
is evident today as a maladaptive by-product of 
positive selection on some other trait. For exam-
ple, obesity may result from variation in brown 
adipose tissue (BAT) thermogenesis (see next 
topic). Another view is that most mutations in the 
genes that predispose us to obesity are neutral or 
not exacerbated, but they were drifted over evolu-
tionary time leading some individuals to be obese 
while others resistant to obesity.

The general concept of Neel’s hypothesis is 
attractive as pointed out by Andrew Prentice 
(Prentice 2001) where “the genetic influences on 
body weight are the product of natural selection 
from lean times” suggesting that there is no 
advantage of fatness that had much to do with 
mortality. In his example with women from 
Africa, he found that food scarcity influences fer-
tility by a cessation to ovulate, while higher body 
weight individuals have a greater reproductive 
achievement. With the advent of the agricultural 
society, periods of plenty increased. The advan-
tage was that while thinner individuals are more 
likely to die, bear fewer children, and pass their 
genes to the next generation, the fatter or well-fed 
individuals instead were able to be more success-
ful in generating offspring. The other problem 
with the Neel hypothesis was that if through our 
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evolution it was advantageous to be fat confer-
ring a survival trait, then why the highest percent-
age of people in society is not obese? Is this fact 
suggesting that not all of us inherit the thrifty 
genes? To summarize these concepts, we could 
say that the thrifty hypothesis is based on feast or 
famine events giving humans the advantage of 
being exceptionally efficient at storing fat which 
were more likely to survive. On the contrary, the 
drifty gene hypothesis claims that fatness was not 
a survival advantage but rather being a disadvan-
tage when humans no longer had to run from 
predators; consequently, obesity drifted into the 
population. Other alternative hypotheses came 
along to contribute or complement the thrifty and 
drifty genotype hypotheses. The “thrifty pheno-
type hypothesis,” or Barker hypothesis, addresses 
the insufficiencies of thrifty gene hypothesis and 
also explains that newborns with low birth weight 
and poor nutrition in the uterus are especially 
prone to diabetes, obesity, heart disease, and 
other metabolic disorders later in life even when 
food is abundant in adulthood (Hales and Barker 
1992). Barker proposes that the developing 
undernourished fetus suffering from energy 
shortage will allocate energy away from the pan-
creas in favor of other tissues such as the brain. 
There are additional hypotheses related to the 
same principle: “weather forecast model” where 
the fetal setting predicts the quality of the child-
hood environment, “maternal fitness model” 
where fetal environment uses nutritional signals 
to support its metabolism with the mother’s, 
“intergenerational phenotypic inertia model” 
where intrauterine nutritional signals are related 
to the history of the mother, and recent ancestors 
through epigenetic mechanisms: “predictive 
adaptive response model” where fetal environ-
ment predicts adult environment (Hales and 
Barker 1992; Bateson 2001).

Interestingly, as we recognize that obesity is a 
result of gene-environment interactions and that 
predisposition to obesity lies predominantly in 
our evolutionary past, the concept that human 
metabolism runs on old unmodified genes and 
unprepared for modern eating habits is actively 
debated. A diet based on foraging (collecting 
wild plants and pursuing wild animals), which 

represents a diet high in proteins and low in car-
bohydrates, should make us of a lean phenotype; 
however, that premise is more complicated than a 
simple hunter-gatherer’s diet. Hunting and gath-
ering were the most successful of human adapta-
tion, occupying at least 90 percent of human 
history. Following the development of agricul-
ture, which relies on agricultural societies, and 
domesticated species, hunter-gatherers were dis-
placed or conquered by farming or pastoralist 
groups in most parts of the world. Table 1.1 sum-
marizes dynamic transitions through human evo-
lution (Bellisari 2008). The deleterious changes 
seen in our modern society are the result of the 
interaction between the evolutionary human biol-
ogy and development of culture over the long 
period of human evolution. The encephalization 
(the tendency for a species to evolve larger brains 
through time involving a change of function from 
noncortical parts of the brain to the cortex) of 
humans evolved in complex genetic and physio-
logical systems to protect against starvation and 
defend stored body fat. Besides, the advantage of 
technological development providing access to 
significant quantities of mass-produced high- 
calorie food caused an increase in consumption. 
The latter event associated with reduced physical 
effort, the decrease in physical labor, transporta-
tion devices abolishing starvation, and heavy 
manual work all contributed to the current state 
of obesity in our society.

With the arrival of the industrial and agricul-
tural revolution, maximizing energy intake and 
minimizing physical effort and energy expendi-
ture became the norm causing a dramatic decline 
in nutritional health. Combined with the high 
genetic predisposition (O’Rahilly and Farooqi 
2006) and efficient metabolic system for energy 
accumulation, storage, and protection (Woods 
and Seeley 2000), the high rates of obesity 
became a new trend in modern society. The fac-
tors contributing to obesity in a community with 
unnatural access to calories and processed food 
are multiple and in great part due to an exacerba-
tion of our evolutionary genes to promote sur-
vival. Genes enhancing obesity bring up an 
interesting observation because obesity seems to 
cause with time a host of negative consequences. 
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During evolution by natural selection, all species, 
including humans, develop genes throughout the 
natural selection, which favors advantages in 
dealing with the environment, not disadvantages. 
Therefore, how is it possible for us to become an 
obese species if obesity is a negative trait that 
will threaten our survival and should have elimi-
nated us as species? But, in modern society only 
36% of the people are obese, and the rest have 
average weight or slightly overweight. It is 
important to point out that we cannot entirely 
compare us with a certain group of animals that 
accumulate body fat in amounts that would be 
considered obese in humans. The most typical 
examples are hibernating animals, which deposit 
large fat stores before entering hibernation, and 
migratory birds, which store similar stores before 
starting on migratory journeys. It is clear that 
these situations of temporary obesity, as a mecha-
nism of survival in anticipation of a future short-
fall of energy, are well established and do not 
cause future obesity in those animals. It will be 
catastrophic for hibernating animals to be unable 
to feed in winter and for migratory birds to be 
unable to feed enough before flying over oceans. 
A lack of genes favoring fat accumulation will 
exterminate these species. Therefore, primitive 
humans had a more complex set of evolutionary 
genes to contemplate survival during periods of 
starvation (see below).

Why understanding these evolutionary factors 
is important to grasp the meaning of obesity 
today? In part because medical research is focus-
ing on the contribution that nutritional program-
ming (a process through which a stimulus during 
a critical window of time lastingly effects follow-
ing structure, function or developmental schedule 
of the organism) has to disease in later life. The 
idea of the thrifty phenotype, first proposed by 
Hales and Barker (1992), used in medical 
research today goes in opposition to the thrifty 
genotype model, to interpret associations between 
early-life experience and adult health status. 
However, one of the caveats in the thrifty pheno-
type hypothesis is that it fails to explain why 
plasticity is lost so early in development in spe-
cies with extensive growth, maybe because 
developing animals cannot maintain phenotypic 

plasticity during growth. Allowing the preserva-
tion of maternal strategy in offspring phenotype 
buffered against environmental fluctuations dur-
ing the most sensitive period of development 
ensures a logical adaptation of growth to the state 
of the environment. Therefore, strategies in pub-
lic health oriented for improving birth weight 
may be more effective if they target maternal 
development rather than nutrition during preg-
nancy. In addition, based on the thrifty phenotype 
hypothesis, several evolutionary models pro-
posed include (1) the weather forecast model of 
Bateson, (2) the maternal fitness model of Wells, 
(3) the intergenerational phenotypic inertia model 
of Kuzawa, and (4) the predictive adaptive 
response model (Gluckman and Hanson 2006) 
(Wells 2007). From all these models, the weather 
forecast model is widely accepted because it pro-
poses that developing organisms respond to cues 
of environmental quality and that mismatches 
between this forecast and subsequent reality gen-
erate significant adverse effects on adult pheno-
type. For more reading see Gluckman’s work 
(2006). One of the recent hypotheses, a conse-
quence of the progress in molecular biology, is 
the thrifty epigenome hypothesis that claims that 
there are epigenetic modifications in response to 
environmental conditions (Stoger 2008) suscepti-
bly to epigenetic variations corresponding epig-
enotypes with the potential to be inherited across 
generations. Furthermore, recent evidence sug-
gests that early prenatal or postnatal environmen-
tal changes cause permanent metabolic 
modifications that are in part due to epigenetic 
changes in essential genes and areas of the cen-
tral nervous system involved in the control of 
energy balance. This interaction between genetic 
and environmental factors including nutrition, 
maternal health, unknown chemicals, and life-
style during the prenatal or perinatal period has 
influenced the development of energy balance 
causing unwanted changes. In studies done in 
both humans and animal models, prenatal or peri-
natal nutritional manipulations lead to chronic 
metabolic alteration affecting leptin sensitivity, 
glucose metabolism, and in turn energy expendi-
ture and feeding behavior. These metabolic flaws 
may be a result of abnormal development of 
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appetite-regulating neuronal circuits due to peri-
natal programming (Contreras et al. 2013).

“Genetically unknown foods hypothesis” pro-
poses that obesity and diabetes occur when popu-
lations are introduced to new foods that they 
haven’t adapted to (Baschetti 1998). That is the 
case when certain “new-world populations that 
kept to traditional dietary habits were virtually 
free from diabetes”; then, after they began eating 
some foods that are common in Europe, the dis-
ease reached epidemic proportions. This hypoth-
esis certainly has a lot of merits, especially as in 
modern times, processed fatty and sugary (natu-
ral and synthetic) foods were introduced and 
heavily consumed in society today, a diet that 
does not match with our homeostatic gene reper-
toire for energy balance. Another group proposes 
that insulin resistance is believed to have evolved 
as an adaptation to periodic starvation, and there-
fore they propose a hypothesis that insulin resis-
tance is a socio-ecological adaptation that 
mediates two phenotypic transitions. A reproduc-
tive strategy deals from a large number of off-
spring with little investment in each to a smaller 
number of offspring with more investment in 
each (Watve and Yajnik 2007).

Multiple and intricate mechanisms have 
evolved to control energy balance to maintain 
body weight. Energy intake has to match energy 
expenditure to keep body weight at a constant 
level, but also macronutrient intake must balance 
macronutrient oxidation. This situation of equili-
brated balance seems to be predominantly diffi-
cult to achieve in individuals with low-fat 
oxidation, low energy expenditure, low sympa-
thetic activity, or low levels of spontaneous phys-
ical activity. All of these factors, among many, 
explain the tendency of some people to gain 
weight. Since there is a considerable variability 
in weight change in different individuals as 
observed when energy surplus is imposed experi-
mentally or spontaneously, recent data suggest a 
strong genetic influence on body weight regula-
tion when normal physiology is subjected to an 
“obesogenic” environment. In the modern world, 
we no longer eat only when metabolically hun-
gry; on the contrary, we frequently eat in the 
complete absence of appetite and in spite of hav-

ing large fat reserves in our bodies. Therefore, 
hedonic eating that refers to the participation of 
cognitive, reward, and emotional factors disrupts 
the homeostatic model for the regulation of 
energy balance. Although substantial progress 
has been made in recognizing the metabolic sig-
nals and neural circuitry between the brain stem 
and hypothalamus representing the homeostatic 
metabolic regulator (Berthoud 2011) (Galgani 
and Ravussin 2008), the neural pathways located 
in cortico-limbic structures responsible for 
hedonic behavior are much less understood. 
Figure  1.3 depicts a brief integration of major 
components of body weight regulation in an obe-
sogenic environment as described by Berthoud 
(2011).

1.6  Thermogenesis and Human 
Migration

Among the various physiological mechanisms, 
homeotherms (animals that maintain body tem-
perature generally above of the environment at a 
constant level through metabolic activity) utilize 
the heat production to maintain body temperature 
in their adaptation to different environments. 
BAT is responsible for the thermogenic mecha-
nisms involved in energy expenditure. BAT in 
mitochondria uniquely express uncoupled pro-
tein 1 (UCP1), an inner mitochondrial membrane 
protein that uncouples ATP synthesis from oxida-
tive phosphorylation, liberating energy in the 
form of heat (Lowell and Spiegelman 2000). It is 
important during cold stress by producing heat 
using lipids and glucose as metabolic fuels. 
Additionally, white adipose tissue (WAT) or 
beige cells have also been found to exhibit a 
 thermogenic action similar to BAT. The heat pro-
ducing of uncoupling proteins in BAT mitochon-
dria is believed to be a key driver behind the 
conquest of a variety of environments in mam-
mals 65 million years ago (Oelkrug et al. 2013; 
Saito et  al. 2008). This ability to produce and 
maintain heat contributed to the evolution of 
mammals to explore and settle in uninhabitable 
territories throughout the planet (Saito et  al. 
2008) by adjusting the thermoregulatory response 
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to sharply different environments. The impact of 
BAT thermogenesis to survival was critical in a 
way that it probably drove mammalian placental 
radiation at the end of the Cretaceous. It was a 
global event that led to mammals displacing the 
dinosaurs as the dominant class of animal on 
earth (Oelkrug et al. 2013).

One of the latest hypotheses to explain obesity 
(Sellayah et  al. 2014) proposes that the current 
obesity pandemic in industrialized countries is 
also a result of the differential exposure of human 
ancestors to environmental factors that began 
when humans left Africa around 70,000  years 
ago and then migrated through the globe by set-
tling in varied climates. They noted that diabetes 
and obesity are unequally distributed among pop-
ulations from different parts of the world. This 
striking finding is related to the fact that survival 
in colder parts of the world amplified genes that 
help preserve body temperature. A higher meta-
bolic rate that keeps the body warm would confer 
some resistance to obesity. Genes adapted for 
warmer climates would lower the metabolic rate, 
burn calories at a slower pace, and make the body 
more inclined to accumulate fat. It is therefore 
proposed that genetic factors played a role in 
ancestral environmental exposures in a way that 
affected energy expenditure even in groups of 
peoples from heterogeneous populations. These 
environmental pressures caused a great selection 
giving an advantage of cold-adapted genes. The 
high basic metabolic rate was seen in arctic peo-
ple (Leonard et al. 2002), intermediate in white 
Europeans, and lowest in African-Americans 
(Weyer et al. 1999; Wong et al. 1999). The obe-
sity rates in white Europeans with similar life-
styles and caloric intake, but in different regions 
of Europe, were seen to have a significant dispar-
ity. For example, among Scandinavian countries, 
whose population’s ancestry has generations of 
genetic adaptation to extreme cold, some have 
much lower rates of obesity than the rest of 
Europe, despite having similar lifestyles and con-
suming similar calorie foods.

A summary of their demographic hypothesis 
is depicted in Fig. 1.4, which shows the historic 
human migration out of Africa 70,000 years ago 
(Sellayah et  al. 2014). By 60,000  years ago, 

humans populated Central Asia, and from that 
location, they migrated to northeast into Siberia 
and Northeast Asia. In this new environment, 
human acquired genes for cold adaptation with a 
higher resting metabolic rates and thus more 
resistance to obesity. The second group of 
migrants from Central Asia moved north and 
west into Europe, which also forced them to 
acquire genes for cold adaptation, displacing the 
resident Neanderthals. A third group migrated 
into Australia and maintained genes for heat 
adaptation. The Aborigines in Australia from that 
migration then develop a low resting metabolic 
rate and an increased propensity for obesity and 
type 2 diabetes. From the Northeast of Asia, a 
group crossed the Bering Strait 20,000 years ago 
into Alaska. Some of their descendants still live 
in the Canadian Arctic and are highly resistant to 
cold with an exceptionally high resting metabolic 
rate. Migration through the Pacific coast to North 
America and Mexico encountered hotter climates 
and reacquired genes for heat adaptation. The 
Pima Indians, which are the descendants of these 
groups, have the highest rates of obesity and car-
diovascular disease in the world. Their evolution-
ary cousins, the Yaghan from Tierra del Fuego 
whose ancestors continued the southern migra-
tion toward the Antarctic South American Cone, 
probably recuperated their high BAT capability 
producing high resting metabolic rates and a 
thinner phenotype. The overall concept of this 
hypothesis is that ethnic differences, which 
resulted from different migrations to cold, mild, 
and hot environments 70,000 years ago, produced 
different genetic adaptations and susceptibilities 
to obesity and metabolic syndrome particularly 
in those individuals with a low basic metabolic 
rate.

1.7  Conclusions and Further 
Thoughts

To put all these hypotheses in perspective, the 
contributing factors causing the global obesity 
pandemic we are witnessing in today’s human 
society reside in three distinct attributes. The first 
one is the environmental changes that occurred 
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through the industrial revolution and beyond. The 
second one is a genetic tendency that has its ori-
gins in our evolutionary traits (genetically deter-
mined characteristics). The third is lifestyle 
changes introducing an excess of sedentary life in 
the way daily work is performed in most settings. 
To untangle these aspects is rather complicated 
because of the multiple factors involved. 
Understanding the evolutionary mechanisms that 
allow for obesity to take place in human society 
is highly relevant to clinical and public health 

management of the epidemic. The thrifty geno-
type hypothesis posits that although the modern 
environment is different from the evolutionary 
environment, the body is still adapted to the past 
where it was advantageous to store fat against 
future food insecurity. These genes enable indi-
viduals to efficiently collect and process food to 
deposit fat during periods of food abundance to 
provide energy for periods of famine.

From the above description, we can conclude 
that there are several competing hypotheses for 

Fig. 1.4 Historical human migration and the impact of 
thermogenesis: This figure depicts the impact that ancient 
human migration 70,000  years ago from Africa has on 
selection of genes for heat and cold adaptation and the 
consequences in the prevalence of obesity in modern soci-
ety. Individuals who migrated to cold regions acquired 

genes for cold adaptation, conferring them higher resting 
metabolic rates and thus more resistance to obesity. On 
the contrary, individuals who migrated to warm climates 
have low resting metabolic rates and an increased propen-
sity for obesity and type 2 diabetes. (Figure reproduced 
with permission from Sellayah et al. (2014))
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the evolutionary origins of the widespread obe-
sity from gene to life conditions, ethnic groups, 
and migrations to different climates. Although in 
appearance some of the hypotheses appear 
incompatible, complementary features among 
them do exist. For example, the thrifty epigenome 
hypothesis is believed to be a link between the 
thrifty gene and thrifty phenotype hypotheses 
(Genne-Bacon 2014). The called behavioral 
switch hypothesis is also in some regards com-
patible with the thrifty family of hypotheses 
(Watve and Yajnik 2007). It proposes an integra-
tion of both social and physiological mechanisms 
into a combined theory for the evolutionary ori-
gins of insulin resistance and obesity. It argues 
that metabolic diseases are by-products of a 
socio-ecological adaptation that switches 
between both reproductive and socio-behavioral 
strategies. This hypothesis justifies the modern 
pandemic of metabolic diseases as based on 
extreme environmental incentives: population 
density, urbanization, social competition, caloric 
access, and sedentary lifestyles exaggerated 
broadly to a degree never before seen in human 
evolutionary history (Watve and Yajnik 2007). 
The lack of food available is an important factor 
in mediating the switch between reproductive 
and lifestyle strategies. Changes in energy bal-
ance set point are still an important evolutionary 
component in the behavioral switch hypothesis. 
Selection for thrifty genes could have been the 
hallmark of a predation release/freedom from 
selective group providing metabolic thriftiness 
and weight control to avoid predation. Once 
predator threat was eliminated because of human 
social progress, there was no more selection for 
leanness. This means that there is room for more 
than one hypothesis to be corrected depending 
upon the nature of the natural pressures of the 
environment. Although, in general, the thrifty 
gene hypothesis has been accepted as the central 
hypothesis, it has impacted the way research and 
clinical management of obesity and diabetes are 
conducted.

According to Sellayah and colleagues 
(Sellayah et al. 2014) that propose current obe-
sity pandemic is a result of the differential expo-

sure of the ancestors to environmental factors 
that began when they left Africa around 
70,000 years ago and migrated through the globe, 
the thrifty and drifty genotype hypotheses do not 
answer all questions. They claim that a lack of 
full understanding of the genetic basis for ethnic 
variability could also represent an obstacle in the 
interpretation of susceptibility to obesity in the 
developed world that caused an obesity pan-
demic. According to this hypothesis, obesity pan-
demic has certainly coincided with not only an 
increase in unhealthy eating habits but also a bulk 
of immigration of various ethnicities with differ-
ent BAT energy requirements of basic metabolic 
rate. They argue that the thrifty and drifty geno-
type hypotheses assume that the selection pres-
sures faced by the ancestors living today in all 
countries are the same, while they argue that this 
is not an accurate statement. For example, the 
descendants of early humans who remained in 
Africa and those who migrated to similar envi-
ronments such as Black Americans and Pacific 
Islanders maintained heat adaption genes. On the 
other hand, those groups who migrated to colder 
regions including Europe and Siberia such as 
Caucasians and Chinese acquired genes for cold 
adaptation. Siberians who migrated to the 
American continent and established in subtropi-
cal and tropical regions in North, Central, and 
South America lost their cold-adaptive genes and 
developed genes for heat adaptation. They pro-
pose that positive selection for cold adaptation 
provided Caucasians and East Asians such as 
Chinese, Japanese, and Koreans with efficient 
BAT and UCP1 function with higher metabolic 
rate and resistance to obesity. On the opposite 
side, Africans and South Asians, whose ancestors 
did not need to evolve efficient BAT and UCP1 
function, have a major propensity for obesity 
because of their more sedentary and hypercaloric 
Western lifestyle. The evolutionary origins of 
obesity as briefly described here to explain the 
global obesity epidemic are still at odds with 
ways how scientists struggle to understand the 
biological, cultural, and evolutionary basis of this 
condition. Furthermore, a better understanding of 
the interaction between physical activity and the 
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endocrine system regulating metabolism in lean 
and obese could potentially help the evolutionary 
pathways that our ancestors took and develop 
tools to combat this condition. Any one theory 
could not explain an evolutionary tendency to 
become obese since humans in different parts of 
the world experienced different evolutionary 
pressures, so what’s true in one population of 
migrants might not apply to another living in a 
different climate. It is important to consider that 
evolutionary changes can be evident in a single 
generation when one or more alleles from genetic 
variants could change. The genetics of obesity 
has many influences over time and not just star-
vation or plenty or cold or warm. Another impor-
tant negative consequence of the obesity state is 
the endocrine disarray seen in the overall metab-
olism of obese individuals. Modern obese 
humans have many endocrine changes in the 
hypothalamic-pituitary-endocrine axis homeo-
stasis including low androgen levels (hypogonad-
ism), polycystic ovary syndrome (PCOS), 
reduction in GH secretion by the pituitary gland, 
changes in cortisol levels, and thyroid dysfunc-
tion that is frequently associated with changes in 
body weight and composition, body temperature, 
energy expenditure, adipose tissue, food intake, 
and glucose and lipid metabolism. All these top-
ics are discussed in detail throughout the differ-
ent chapters of this book. Besides from being a 
fascinating academic pursuit, understanding 
human evolution is exceedingly important to 
comprehend the health of modern humans.

Questions

 1. Define the changes seen in the modern human 
brain.

 2. How is obesity defined, and what does energy 
balance regulation mean?

 3. What is the difference between metabolic and 
hedonic behavior in the control of body 
weight?

 4. Describe the role of thermogenesis in human 
migration.

 5. Which one is the best genetic hypothesis to 
define obesity in the modern world?
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2.1  Introduction

Major contributors in the control of food intake 
include behavioral response to the environment, 
hedonic behavior, and metabolism: nutrient sen-
sors, neuropeptide hormones, and peripheral hor-
mones. All combined contribute to three primary 
stimuli to eat: hunger, reward, and stress. The 
brain plays a critical role in relaying information 
about the neuroendocrine and endocrine system 
regulating the energy network. The mechanisms 
for controlling food intake require interaction 
among three major components: the gut, brain, 
and adipose tissue. The parasympathetic, sympa-
thetic, and other systems are also needed for 
communication between the brain satiety center, 
gut, and adipose tissue. These neuronal circuits 
include many neuropeptide hormones and pep-
tide hormones coming from the periphery, all act-
ing in concert in the regulation of food intake and 
energy homeostasis. This chapter describes 
mostly brain peptide hormones and some coming 
from the periphery. The interested reader could 

find a full description of all peptide hormones 
involved in energy balance regulation in a recent 
review by Crespo et al. (2014). Although regula-
tion of energy homeostasis engages several brain 
regions including the brainstem, cortex, amyg-
dala, and the limbic system, it is the hypothala-
mus that is responsible for integrating neuronal 
and humoral signals in the control feeding behav-
ior. In response to sensory and social stimulation 
including visual, smell, taste, stress, reward, cul-
ture, and exercise, a feeding center in the hypo-
thalamus initiates food uptake that is then 
terminated by a satiety center. Both the gastroin-
testinal tract and the white fat cells are responsi-
ble for releasing hormone signals that are 
integrated with the hypothalamus and nucleus of 
the solitary tract (NTS) to control feeding neural 
circuits. In spite of the sophistication of these 
interconnected systems, which are tightly regu-
lated to control energy demand with energy 
expenditure, the recent sizeable increase in the 
prevalence of obesity seen in modern urban soci-
eties represents a deviation of this evolutionary 
control of weight homeostasis. Among the major 
contributors to this disarrangement of the feeding 
control system are highly palatable and relatively 
cheap foods ubiquitously available and unfamil-
iar to our genetic repertoire. The massive reduc-
tion in physical activity also contributed to this 
condition. These current life factors combined 
with the evolutionary genetic predisposition are 
the leading causes of the common obesity. This 
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chapter describes the role of neuropeptide and 
some essential peripheral hormones interacting 
in the hypothalamus toward controlling feeding 
behavior. The role of hypothalamic nutrient 
 sensors, important in metabolic sensing, is dis-
cussed in Chap. 7.

2.2  The Hypothalamus

From its Greek derivation, the hypothalamus 
(hypo = below, thalamus = bed) is the portion of 
the diencephalon in all vertebrates that lies inferior 
to the thalamus. The main function of the hypo-
thalamus is the integration of endocrine, auto-
nomic, and behavioral responses. Even though the 
hypothalamus comprises only 2% of the total 
brain volume, it is the primary regulator of pitu-
itary function, homeostatic balance, and neuroen-
docrine downstream stability. The hypothalamus 
lies directly above the pituitary gland and is com-
posed of some neuronal cell groups as well as fiber 
tracts that are symmetric around the third ventri-
cle. The median eminence, which is a midline 
structure located in the basal hypothalamus ventral 
to the third ventricle and adjacent to the arcuate 
nucleus, plays an essential role in communicating 
the hypothalamus with the pituitary gland. The 
median eminence contains three zones: the epen-
dymal zone, the internal zone (or zona interna), 
and the external zone (or zona externa). The portal 
capillaries in the median eminence that lie outside 
of the blood-brain barrier functions of the ependy-
mal zone are to create a barrier to the brain, pre-
venting substances released into the periportal 
capillary spaces from entering the cerebrospinal 
fluid. The hypothalamus arranges both the auto-
nomic nervous system and the activity of the pitu-
itary, managing energy balance, body temperature, 
thirst, and hunger and involved in sleep and emo-
tional activity. Figure 2.1 illustrates the hypotha-
lamic-pituitary axis that is considered the 
coordinating center of the endocrine system. It 
consolidates signals derived from upper cortical 
inputs, autonomic function, environmental cues 
such as light and temperature, and peripheral 
endocrine feedback. The hypothalamus delivers 
neuropeptide hormones to the pituitary gland that 

in turn releases hormones affecting most endocrine 
systems including the thyroid gland, the adrenal 
gland, and the gonads, as well as influencing 
growth, milk production, and water balance.

The hypothalamus integrates local (neu-
rotransmitters and neuropeptides), circulating 
metabolic signals to promote appropriate neuro-
endocrine and autonomic function, peripheral 
hormones, nutrients, and hedonic signals. Three 
different components are regulating the hypothal-
amus, input (afferent), central processing unit, 
and output (efferent). The afferent component 
conveys peripheral information on hunger and 
peripheral metabolism (in the form of hormonal 
and neural inputs) to the hypothalamus. They 
include nutrients such as glucose, amino acids, 
and free fatty acids, peripheral hormones such as 
leptin and insulin, and hedonic signals such as 
odor, visual, taste, stress, culture, and reward cir-
cuitry (Figs.  2.2 and 2.3; see also Fig.  2.2, 
Chap. 1). The vagus nerve is the primary neural 
connection between the brain and the gut and con-
veys information regarding mechanical stretch of 
the stomach and duodenum and feelings of gastric 
fullness to the nucleus tractus solitarius (NTS). 
The brainstem neurons control energy balance by 
processing energy status information by sensing 
circulating metabolites and hormones released 
from peripheral organs, receiving vagal inputs 
from the gastrointestinal tract, receiving neuronal 
inputs from midbrain and forebrain nuclei, and 
integrating circuits and other neuronal regions of 
the brain. Ghrelin, an octanoylated 28-amino acid 
peptide, increases food intake (see Chap. 8). 
Efferent signals are responsible for hunger/sati-
ety, which include feeding and energy expendi-
ture. They are the ventromedial hypothalamus 
(VMH), consisting of the ventromedial (VMN) 
and arcuate (ARC) nuclei that integrate afferent 
peripheral signals necessary in feeding behavior 
as well as other central stimuli, and the paraven-
tricular nuclei (PVN) and lateral hypothalamic 
area (LHA) with neurotransmitter and hormonal 
system to regulate neural signals for changes in 
feeding and energy expenditure (Fig. 2.3). Other 
brain areas serve as neuromodulators for this sys-
tem. Efferent signals from the hypothalamus to 
the pituitary axes are considered the coordinating 
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Neurosecretory cells produce
releasing and release-inhibiting
hormones.

These hormones are
secreted into a portal system.

Each type of hypothalamic
hormone either stimulates or
inhibits production and secretion
of an anterior pituitary hormone.

The anterior pituitary secretes
its hormones into the bloodstream.

anterior pituitary

pituitary
portal system

gonadotropins
(FSV & LH)

Ovaries, Testes

growth
hormone(GH)

prolactin(PRL)

Bones, Tissues Mammary
glands

Mammary
glands

Smooth muscle
in uterus

Adrenal cortex

adorenocortico
tropin (ACTH)

thyroid
stimulating

hormone (TSH)

Thyroid

oxytocin

oxytocin

posterior pituitary
antidiuretio

hormone (ADH)

When appropriate, ADH and
oxytocin are secreted from
axon endings into the blood stream.

These hormones move
down axons to axon endings.

Neurosecretory
cells produce
ADH and oxytocin.

hypothalamus

Kidney tubules

Fig. 2.1 The hypothalamic-pituitary axis and its affected 
organs located in the periphery. The hypothalamus checks 
many aspects of the state of the body systems integrating 
a large amount of information from many sensory path-
ways coming from the periphery and the brain. The neuro-
endocrine system combines the hypothalamus with the 
pituitary, a small gland hanging from underneath the 
hypothalamus. The anterior pituitary or the adenohypoph-
ysis secretes the adrenocorticotrophic hormone (ACTH), 
thyroid-stimulating hormone (TSH), growth hormone 
(GH), follicle-stimulating hormone (FSH), luteinizing 
hormone (LH), and prolactin (PRL). These hormones are 
released in response to stimulation by the appropriate 

ligand or secretagogue. For growth hormone and prolac-
tin, there are also hypothalamic inhibitory hormones such 
as somatostatin, which stop their release, providing a con-
trol mechanism. The posterior pituitary or neurohypophy-
sis releases oxytocin and vasopressin (also known as the 
antidiuretic hormone, ADH). Nerves originating in the 
supraoptic nuclei and the paraventricular nuclei of the 
hypothalamus produce oxytocin and vasopressin. These 
hormones, different from the anterior pituitary, are trans-
ported down the nerve cells to the posterior pituitary 
where they are then released into the bloodstream to affect 
their target organs

2 Neuropeptides Controlling Our Behavior



Fig. 2.2 The hypothalamic-feeding network. The hypo-
thalamus integrates local neurotransmitters, neuropeptide 
hormones, peripheral hormones, nutrient/metabolic sig-

nals, hedonic signals, neuronal transmission in the brain-
stem, and activating vagal afferents to promote appropriate 
neuroendocrine and autonomic function. Circulating  
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Fig. 2.2 (continued) hormones leptin and insulin regulate 
the AgRP/NPY and POMC/CART neurons in the 
ARC. AgRP and NPY stimulate food intake and decrease 
energy expenditure, whereas the POMC-derived peptide 
α-MSH inhibits food intake and increases energy expendi-
ture. Leptin and insulin that circulate in proportion to body 
adipose stores are signals considered of long-term energy 
stores. They inhibit AgRP/NPY neurons and stimulate 
adjacent POMC/CART neurons. Lower insulin and leptin 
levels activate AgRP/NPY neurons while inhibiting POMC/
CART neurons. Stomach-produced ghrelin is the only gut 
hormone released during fasting and is a meal initiator. 
Ghrelin is a circulating peptide hormone that can activate 

AgRP/NPY neurons, thereby stimulating food intake. 
There are also gastrointestinal peptide hormone signals of 
short-term nutrient availability on a meal-to-meal basis. 
They are released postprandially: pancreatic polypeptide 
and amylin from the pancreas and cholecystokinin, peptide 
YY, and the incretins glucagon-like peptide-1 and oxynto-
modulin from the intestine. CCK, cholecystokinin; GLP, 
glucagon-like peptide; OXM, oxyntomodulin; PP, pancre-
atic polypeptide; PYY, peptide YY.  GHSR, growth hor-
mone secretagogue receptor; LEPR, leptin receptor; 
MC3R/MC4R, melanocortin 3/melanocortin 4 receptor; 
Y1r, neuropeptide Y1 receptor. (Illustrations from Salem 
and Bloom 2010; Barsh and Schwartz 2002)

Fig. 2.3 Partial overview of the hypothalamic network 
involved in the regulation of energy balance. This figure 
shows the integration of different hypothalamic nuclei 
within the hypothalamus. The ARC receives and integrates 
external signals of nutritional status and controls adipose 
metabolism. The PVN is also a region implicated in con-
trolling food intake and body weight by regulating feeding 
and satiety. Interaction with other nuclei including the LA 
and hedonic signals, DMN, and VMN interacting with the 
ARC and LHA is also shown. NPY/AgRP and POMC neu-
rons are responsive to nutrients and leptin sending their 
projections to other neurons in- and outside of the hypo-

thalamus. Leptin also directly acts on TRH neurons in the 
PVN to increase basic metabolic rate (see Fig. 2.4, Chap. 
5). The areas of the CNS that contain the leptin receptor 
(ObRb) are known to be involved in the leptin-mediated 
control of food intake. AVP, arginine vasopressin; BBB, 
blood-brain barrier; CART, cocaine- and amphetamine-
regulated transcript; CCK, cholecystokinin; DMN, dorso-
medial nucleus; Dyn dynein; GABA, g-aminobutyric acid; 
GLP, glucagon-like peptide; LHA, lateral hypothalamus; 
OT, oxytocin; PVN, paraventricular nucleus; PYY, peptide 
YY; 3rd V, third ventricle; VMN, ventromedial nucleus. 
(Modified illustration from Obici 2009)
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center of the endocrine system. It consolidates 
signals derived from upper cortical inputs, auto-
nomic function, environmental cues such as light 
and temperature, and peripheral endocrine feed-
back. The hypothalamus delivers peptide hor-
mones to the pituitary gland that in turn releases 
the second group of hormones that affect most 
endocrine systems in the body and especially 
affect the functions of the thyroid gland, the adre-
nal gland, and the gonads, as well as influence 
growth, milk production, water balance, and lifes-
pan (see Chaps. 10, 11, and 12). The melanocortin 
receptors present in the PVN containing thyrotro-
pin-releasing hormone (TRH) neurons are essen-
tial to stimulate the thyroid axis and increase 
energy expenditure. Also, the PVN and LHA 
transduce signals emanating from the VMH to 
modulate the activity of the sympathetic nervous 
system (SNS), which promotes energy expendi-
ture, and the efferent vagus, which promotes 
energy storage. Another component is the auto-
nomic effectors with origins in the locus coeru-
leus (LC) and dorsal motor nucleus of the vagus 
(DMV), which regulate energy intake, expendi-
ture, and storage (Druce et al. 2004; Morton et al. 
2006). Neuronal disruptions, genetic or metabolic 
alterations of either the afferent, central process-
ing, or efferent components, can modify energy 
intake or expenditure, leading to either obesity or 
cachexia or wasting syndrome (loss of body mass, 
muscle atrophy, less fatty tissue accumulation, 
fatigue, weakness, and loss of appetite).

2.3  The Arcuate Nucleus (ARC) 
of the Hypothalamus

The ARC involved in the control of energy 
homeostasis is located below the VMN, on both 
sides of the third ventricle, and immediately adja-
cent to the median eminence (ME). This area has 
a semipermeable blood-brain barrier system 
(Broadwell and Brightman 1976), and thus it is 
advantageously located to sense hormonal and 
nutrient fluctuations in the bloodstream. The ARC 
is composed of two major populations of neurons 
controlling appetite and energy expenditure by 
releasing specific neuropeptide hormones from 

the distinct subset of neurons. The first subset of 
neurons co-express the orectic neuropeptide Y 
(NPY) derived from pro-NPY and the agouti-
related peptide (AgRP) derived from pro- AgRP 
processing. These hormones promote feeding and 
inhibit energy expenditure. The second subset of 
neurons co-express the anorectic neuropeptide 
cocaine- and amphetamine- regulated transcript 
(CART (CARTPT)) derived from pro-CART and 
α-melanocyte-stimulating hormone (α-MSH), 
derived from pro- opiomelanocortin (POMC) pro-
cessing. These hormones reduce food intake and 
increase the catabolic process. These two popula-
tions of neurons, together with downstream target 
neurons expressing the melanocortin receptor 4 
(MC4R) and MC3R, comprise the central mela-
nocortin system. The melanocortin system is cru-
cial for sensing and integrating some peripheral 
signals allowing for a precise control of food 
intake, energy expenditure, and glucose homeo-
stasis. The α- and b-MSH act on the MC3R 
and MC4R to activate anorectic responses 
(Biebermann et al. 2006; Lee et al. 2006), while 
AgRP is a MC3R/MC4R competitive antagonist 
of a-MSH and thereby reduces MSH signaling to 
promote food intake (Ollmann et  al. 1997). 
Experiments done in vitro and in vivo showed that 
AgRP acts as an inverse agonist, modulating 
MC3R/MC4R independently of the presence of 
a-MSH (Haskell- Luevano and Monck 2001; Tolle 
and Low 2008).

ARC neurons containing POMC is central to 
the maintenance of energy homeostasis, and the 
central melanocortin system is one of the best- 
characterized neuronal pathways involved in the 
regulation of energy balance. The POMC-derived 
peptide α-MSH is well known for inhibiting food 
intake and increasing energy expenditure 
(Ellacott and Cone 2006; Fan et al. 1997; Nillni 
et  al. 2000; Perello et  al. 2006; Fekete et  al. 
2000a; Kim et  al. 2014) by upregulating, for 
example, hypophysiotropic pro-TRH neurons in 
the PVN (Nillni et al. 2000; Perello et al. 2006; 
Fekete et al. 2000a). Since antagonists of mela-
nocortin 3/melanocortin 4 receptors (MCRs) 
completely block the autonomic, satiety, and 
metabolic effects of leptin, it is believed that the 
melanocortin system mediates several central 
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actions of leptin (Ellacott and Cone 2006; da 
Silva et  al. 2004). This system is particularly 
important since mutations in MCRs, POMC, or 
pro-converting enzymes (PCs; see Chap. 5) have 
been associated with obesity in humans and 
rodents (Coll et al. 2004). In humans with POMC, 
gene mutations display early-onset obesity 
(Krude et al. 1998; Krude and Gruters 2000), and 
a similar obese phenotype also occurs in POMC- 
deficient mice. Though acute ablation of POMC 
neurons in adult mice results in an obese pheno-
type with hyperphagia (Gropp et al. 2005), post-
natal ablation of POMC neurons causes an obese 
phenotype with reduced energy expenditure but 
no hyperphagia (Greenman et  al. 2013). 
Interestingly, reactivation of hypothalamic 
POMC at different stages of development in 
neural- specific POMC-deficient mice reduces 
food intake and weight gain and weakens comor-
bidities including hyperglycemia and hyperinsu-
linemia (Bumaschny et  al. 2012). Different to 
POMC mutations, neuropeptide Y (NPY) and 
agouti-related peptide (AgRP) gene mutations 
produce a negligible change in phenotype and no 
changes in food intake and body weight, suggest-
ing that compensatory mechanisms may occur 
during development, a phenomena seen in other 
metabolic systems (Erickson et  al. 1996a; 
Erickson et  al. 1996b; Mathews et  al. 2002; 
Gropp et al. 2005; Ste Marie et al. 2005; Wu and 
Palmiter 2011).

In the ARC, POMC neurons express the leptin 
receptor ObRb (Mercer et al. 1998). Low leptin 
signaling (e.g., fasting) directly inhibits POMC 
gene expression, resulting in a decrease in all 
POMC-derived peptides, including desacetyl-α- 
MSH, and administration of leptin can attenuate 
this response (Schwartz et  al. 1996a; Cheung 
et  al. 1997; Thornton et  al. 1997; Perello et  al. 
2007). The commissural part of the NTS also 
produces POMC (Palkovits et al. 1987; Bronstein 
et  al. 1992). The NTS contains mainly POMC 
products within the brainstem since it excludes 
the parabrachial nucleus, locus coeruleus, and 
most of the paragigantocellular reticular nucleus, 
which are recipients of fibers from both ARC and 
NTS (Joseph and Michael 1988; Pilcher and 
Joseph 1986). The lateral reticular nucleus and 

the rostral NTS itself also receive dual innerva-
tions; however, the contribution from the ARC 
seems to be minimal, as established by neuronal 
fiber-tracing studies (Joseph and Michael 1988; 
Zheng et al. 2005).

Although the expression of NPY throughout 
the CNS is very diverse, it is, however, densely 
localized in the ARC (Gehlert et al. 1987). NPY 
peptide release in the ARC responds to changes 
in energy status, being reduced under feeding 
conditions and increased under fasting conditions 
(Beck et al. 1990; Kalra 1997) (Kalra et al. 1991). 
Pharmacological administration of NPY results 
in hyperphagia and reduced thermogenesis of 
brown adipose tissue (BAT), linked with dimin-
ished thyroid axis activity (Clark et  al. 1984; 
Stanley et  al. 1986; Egawa et  al. 1991). Also, 
NPY acting on NPYY1 and Y5 receptors mediate 
the beneficial effects on energy balance (Nguyen 
et  al. 2012; Sohn et  al. 2013). Recent studies 
done in our laboratory demonstrated that NPY 
inhibited the posttranslational processing of 
POMC by decreasing the prohormone convertase 
2 (PC2; see Chap. 5) (Cyr et al. 2013). We also 
found that early growth response protein 1 (Egr- 
1) and NPY-Y1 receptors mediated the NPY- 
induced decrease in PC2. NPY given intra-PVN 
also decreased PC2 in PVN samples suggesting a 
reduction in PC2-mediated pro-TRH processing. 
Also, NPY attenuated the α-MSH-induced 
increase in TRH production by two mechanisms. 
First, NPY decreased α-MSH-induced CREB 
phosphorylation, which typically enhances TRH 
transcription. Second, NPY decreased the amount 
of α-MSH in the PVN. Collectively, these results 
underscore the significance of the interaction 
between NPY and α-MSH in the central regula-
tion of energy balance and indicate that post-
translational processing is a mechanism that 
plays a particular role in this interaction (Cyr 
et al. 2013) (Fig. 2.4).

AgRP is only expressed in the ARC, and it co- 
localizes with NPY neurons and the neurotrans-
mitter g-aminobutyric acid (GABA) (Broberger 
et al. 1998; Cowley et al. 2001). Conclusive stud-
ies showed that AgRP or its genetic overexpres-
sion stimulates food intake, reduces energy 
expenditure, and produces obesity (Small et  al. 
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2003; Graham et  al. 1997). AgRP neurons are 
regulated by insulin (Marks et  al. 1990), leptin 
(Elmquist et al. 1998; Elmquist et al. 1999), and 
ghrelin (Willesen et  al. 1999). These neurons 
project their axons mainly into the PVN, dorso-
medial nucleus (DMN), and lateral hypothalamus 
(LHA). Despite the well-known effects of NPY 
and AgRP as positive modulators of energy bal-
ance, genetic studies have yielded conflicting 
results. Contrarily to the expected role for NPY 
and AgRP in energy homeostasis, deletion of 
NPY and AgRP genes causes only mild effects in 
energy balance in mice (Palmiter et al. 1998; Qian 
et al. 2002; Corander et al. 2011). These findings 
suggest that other pathways may compensate for 
the loss of both AgRP and NPY. To directly deter-
mine the functional role of these neurons avoiding 

compensatory responses, experiments with selec-
tive removal of AgRP/NPY neurons by toxin-
mediated ablation proved this hypothesis, but not 
during the neonatal period. With a similar 
approach, POMC neuron removal caused hyper-
phagia, obesity, and hypocortisolism.

The α-MSH peptide derived from POMC 
exerts a potent anorectic effect by binding to 
MC3R and MC4R (Mercer et al. 2013). The lev-
els of POMC expression and α-MSH peptide are 
increased during feeding and decrease under fast-
ing conditions (Seeley et  al. 1997). The intra- 
cerebroventricular infusion α-MSH or its direct 
delivery into the PVN suppresses food intake and 
reduces body weight (Poggioli et al. 1986; Wirth 
et al. 2001). Overexpression of POMC gene has 
been shown to cause anti-obesity effects in 
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Fig. 2.4 NPY regulation of POMC (α-MSH) and TRH 
neurons. This figure summarizes, in a very simplified 
manner, the various mechanisms suggested to mediate the 
effects of NPY in two key anorexigenic neuropeptide hor-
mones. Our data support the hypothesis that NPY regu-
lates TRH by both direct and indirect pathways. In the 
direct pathway, NPY regulates TRH directly by binding to 

Y1/Y5 receptor(s) on TRH neurons in the PVN and 
decreasing pCREB levels, which decreases pro-TRH. In 
the indirect pathway, NPY reduces α-MSH peptide con-
tent by altering its maturation as well as its release into the 
PVN. Both pathways by which NPY regulates TRH func-
tion by reducing α-MSH’s actions on TRH production. 
(Figure from Cyr et al. 2013)
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genetic and diet-induced obesity (DIO) models 
(Mizuno et al. 2003; Savontaus et al. 2004; Lee 
et al. 2007; Lee and Wardlaw 2007). POMC and 
AgRP neurons express leptin and insulin recep-
tors and are targeted by these hormones to rise 
POMC mRNA expression and decrease NPY and 
AgRP mRNA levels (Benoit et al. 2002; Kitamura 
et  al. 2006). Both neuronal populations express 
the inhibitory neurotransmitter GABA (Hentges 
et  al. 2004). AgRP neurons inhibit neighboring 
POMC neurons through GABA release from syn-
aptic terminals (Cowley et al. 2001). POMC and 
AgRP neurons deliver an important first interface 
in the communication of peripheral organs and 
the CNS and thus have the capability of respond-
ing to various food-related cues coming from the 
periphery. Therefore, a key role for POMC in 
whole-body energy homeostasis is evident, since 
studies in mice lacking POMC-derived peptides 
develop obesity (Yaswen et  al. 1999; Xu et  al. 
2005). Consistent with this notion, mutations in 
the POMC gene have been reported to be associ-
ated with morbid obesity in humans (Krude et al. 
1998; Lee et al. 2006). In addition, GABAergic 
and glutamatergic subpopulations of POMC neu-
rons in the hypothalamus have been described, 
even though their physiological actions remain 
unclear (Mercer et al. 2013).

2.4  Paraventricular Nucleus 
(PVN)

The PVN is located in the anterior hypothalamus, 
just above the third ventricle, and expresses high 
levels of MC3R/MC4R.  This brain nucleus 
receives axon terminals not only from the AgRP 
and POMC neurons of the ARC but also from 
extra-hypothalamic regions including the nucleus 
of the tractus of the solitarius (NTS) and leptin 
coming from the adipose tissue (Nillni 2010). It 
is composed of two major parts, the magnocellu-
lar and the parvocellular divisions. The magno-
cellular hypothalamic neurohypophysial tract 
carries vasopressin and oxytocin to the posterior 
pituitary. The parvocellular section is composed 
of some subcompartments including anterior, 
medial, periventricular, ventral, dorsal, and lat-

eral parvocellular subdivisions. A large popula-
tion of TRH neurons is located in medial and 
periventricular parvocellular subdivisions, orga-
nized in a triangular configuration, symmetric to 
the dorsal aspect of the third ventricle, whereas 
neurons expressing TRH in the anterior parvocel-
lular subdivision are more dispersed (Nillni 2010; 
Nillni and Sevarino 1999). However, not all 
TRH-containing neurons in the PVN project to 
the ME (Ishikawa et al. 1988). Only TRH neu-
rons in the medial and periventricular parvocel-
lular subdivisions project to the ME. Most likely 
the function of these neurons differs from those 
of the anterior parvocellular subdivision. Non- 
hypophysiotropic TRH neurons also present in 
the PVN have no known projections to the ME. It 
is presumed that they do not serve a direct hypo-
physiotropic function but rather play a different 
role. Among other functions, they might act on 
the autonomic nervous system to induce thermo-
regulation. For example, after ICV administra-
tion of α-MSH (Sarkar et al. 2002), the peptide 
stimulated both hypophysiotropic neurons and 
pro-TRH from the anterior and ventral parvocel-
lular subdivisions of the PVN, a region associ-
ated with the stimulation of the autonomic 
regulation. This region sends neuronal projec-
tions to the brainstem and spinal cord targets 
(Roeling et  al. 1993; Swanson et  al. 1980; 
Swanson and Sawchenko 1980). Given those 
facts, it is possible that non-hypophysiotropic 
TRH neurons might have an action in autonomic 
regulation by activating uncoupling protein-1 
(UCP-1) in the brown adipose tissue (Haynes 
et al. 1999) in concert with a simultaneous stimu-
lation of the HPT axis by hypophysiotropic TRH 
neurons.

In the human PVN, the magnocellular and 
parvocellular neurons are not restricted to any 
particular subdivision of the nucleus. Although 
the literature on TRH neurons in the human PVN 
is limited, it was reported that most TRH neurons 
are present in its dorsomedial part (Fliers et  al. 
1994). Using in situ hybridization in expressing 
TRH mRNA neurons was reported not only in the 
human PVN but also in the suprachiasmatic 
nucleus, perifornical area, and lateral hypothal-
amus (Guldenaar et  al. 1996). Therefore, the 
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neuroanatomy of the TRH neuron is certainly not 
identical in all species, and the rat hypothalamus 
cannot just be taken as universal. On the other 
hand, NPY, AgRP, and α-MSH-containing axons 
are frequently present in close juxtaposition to 
TRH neurons in the human PVN, which is very 
similar to the rat PVN (Mihaly et al. 2000). It is, 
therefore, important to point out that most data 
generated to date are derived from rat studies, 
and its extrapolation to humans may have its lim-
itations in interpretation.

The four different neuropeptides produced in 
the ARC as described above are involved in regu-
lating TRH by projecting axon terminals in syn-
aptic contact with the hypophysiotropic TRH 
neurons (Nillni 2010). These neuronal groups 
expressing the leptin receptor (ObRb) are consid-
ered as one of the main hypothalamic centers 
controlling food intake and energy homeostasis 
(Elmquist et al. 1998; Elias et al. 1999). Alpha- 
MSH and CART (Cheung et al. 1997; Schwartz 
et al. 1996b; Schwartz et al. 2000) are potent and 
signals in the hypothalamus through both the 
MC3R and MC4R.  TRH neurons in the PVN 
express MC4R and are innervated by α-MSH 
nerve terminals (Kielar et  al. 1998; Kishi et  al. 
2003) (Fig. 2.3). ICV administration of α-MSH 
can prevent the fasting-induced suppression of 
the thyroid axis (Fekete et  al. 2000b, a). TRH 
neurons are also innervated by other ARC neu-
rons involved in energy balance expressing ObRb 
receptor. In the rat, α-MSH and CART are 
expressed in the same neurons situated in lateral 
portions of the ARC, while NPY and AgRP are 
co-expressed in a distinct population of neurons 
located in more medial parts of the ARC.  This 
neuronal organization is somewhat similar in the 
human brain suggesting an evolutionary signifi-
cance of this neuroendocrine system. However, 
unlike in rodents, CART in humans is absent 
from the perikarya and axons of α-MSH- 
synthesizing neurons but is expressed in approxi-
mately one-third of NPY/AgRP neurons in the 
human infundibular nucleus (Menyhert et  al. 
2007). This anatomic distribution for CART seen 
in humans raises the question of whether CART 
is associated with an orexigenic role in the human 
brain. However, CART and α-MSH co-localize 

in the human lateral hypothalamus, which is sim-
ilar to anatomy described in rodents. AgRP and 
NPY are downregulated by leptin and upregu-
lated during fasting (Schwartz et  al. 1996b; 
Schwartz et  al. 2000; Stephens et  al. 1995; 
Mizuno et  al. 1999; Mizuno and Mobbs 1999). 
When AgRP, an MC4R antagonist, and NPY are 
administered centrally, they cause central hypo-
thyroidism by downregulating prepro-TRH 
mRNA expression in the PVN (Mihaly et  al. 
2000; Fekete et  al. 2001; Fekete et  al. 2002). 
Anatomically, NPY appears most prominent in 
its inputs to the periventricular and medial parvo-
cellular divisions of the PVN (Sawchenko and 
Pfeiffer 1988). NPY cell bodies principally reside 
in the medulla, often coexisting with NE and E 
(Everitt et al. 1984).

Corticotrophin-releasing hormone (CRH) 
neurons are also relevant in the PVN and are 
directly involved in the control of energy balance 
through AgRP innervation or indirectly through 
the regulation of adrenal glucocorticoids control-
ling the expression of POMC (Richard and 
Baraboi 2004). The major role of CRH neurons 
present in the PVN is to regulate the adrenal axis 
(Toorie et  al. 2016; Toorie and Nillni 2014). 
Stimulation of the adrenal axis by CRH produces 
in an increase of circulating glucocorticoids (GC) 
from the adrenal gland affecting energy metabo-
lism. Chronic increases of basal GC are associ-
ated with increased food drive and enhanced 
abdominal adiposity. Early studies by Vale and 
others showed a role for CRH (Vale et al. 1981) 
in mediating the stress response (Kovacs 2013). 
However, CRH also regulates metabolic, immu-
nologic, and homeostatic changes under normal 
and pathologic conditions (Sominsky and 
Spencer 2014; Chrousos 1995; Seimon et  al. 
2013). Although CRH is expressing in mast cells 
(Cao et  al. 2005), amygdala, locus, and hippo-
campus, the one expressed in the PVN has a sig-
nificant role in metabolism (Ziegler et al. 2007; 
Raadsheer et al. 1993; Korosi and Baram 2008). 
It is produced in the medial parvocellular  division 
of the PVN and functions as the central regulator 
of the HPA axis (Aguilera et al. 2008). The levels 
of bioactive CRH secreted to the circulation are 
dependent on different peripheral and brain 
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inputs and on the ability of the cell in performing 
an effective posttranslational processing from its 
precursor pro-CRH by the PCs.

Like most hypophysiotropic neurons, CRH is 
released from nerve terminals anteriorly juxta-
pose to the median eminence where fenestrated 
capillaries in the hypophyseal portal system 
facilitate a rapid exchange between the hypothal-
amus and the pituitary (Rho and Swanson 1987). 
Upon binding to its corticotropin-releasing hor-
mone receptor 1 (CRHR1) (Lovejoy et al. 2014) 
in corticotropic cells, CRH stimulates the synthe-
sis and secretion of adrenocorticotropic hormone 
(ACTH) derived from POMC as well as other 
bioactive molecules such as β-endorphin 
(Solomon 1999). ACTH engages the melanocor-
tin 2 receptor expressed by cells of the adrenal 
cortex and stimulates the production and secre-
tion of steroid hormones such as cortisol (Veo 
et  al. 2011). Both ACTH and GC function to 
regulate HPA axis activity via long and short neg-
ative feedback loops that signal at the level of the 
hypothalamus, extra-hypothalamic brain sites, 
and the adenohypophysis. The complete descrip-
tion of the HPA axis, the stress response, and 
body weight is depicted in Chap. 11.

Among the brain circuitries involved in the 
control of food intake and energy expenditure 
capable of integrating peripheral signals is the 
CRH system, which has many clusters of brain 
neurons closely related to peptide urocortin. The 
CRH system showed to have some level of plas-
ticity in obesity and starvation. Based on those 
observations, it is possible that obesity can block 
or activate the expression of the CRH type 2alpha 
receptor in the ventromedial hypothalamic 
nucleus and induce the expression of the CRH- 
binding protein in brain areas involved in the 
anorectic and thermogenic actions of CRH 
(Richard et  al. 2000; Mastorakos and Zapanti 
2004; Toriya et  al. 2010). On the other hand, 
CRH acting in the adrenal axis stimulated the 
production of GC that promotes positive energy 
balance partly by affecting glucose metabolism 
and lipid homeostasis and increasing appetite 
drive (Tataranni et al. 1996). Although a consen-
sus on the exact role of adrenal activity in relation 
to energy dysfunction has yet to be reached, 

increased and sustained basal GC is implicated in 
the development of visceral obesity, insulin resis-
tance, and metabolic disease (Laryea et al. 2013; 
Kong et al. 2014; Spencer and Tilbrook 2011). In 
summary, the PVN is as important as the ARC in 
integrating mechanisms involved in whole-body 
energy homeostasis, as shown by the diverse 
afferent inputs and its high sensitivity to the 
administration of endogenous neuropeptides 
involved in the regulation of food intake such as 
NPY, AGRP, a-MSH, and norepinephrine 
(Stanley et  al. 1986; Nillni 2010; Kim et  al. 
2000b). Part of these effects is mediated by a sub-
set of neurons expressing prepro-TRH and 
prepro- CRH (Nillni 2010; Toorie and Nillni 
2014).

2.5  Lateral Hypothalamus Area

The LHA, also known as the hunger center, plays 
an essential role in the mediation of orexigenic 
responses. This function is attributed to orexins 
and melanin-concentrating hormone (MCH, a 
17-amino acid peptide expressed in the zona 
incerta and LHA) neurons. MCH neurons syn-
apse on neurons in the forebrain and the locus 
coeruleus. The LHA was early identified as a 
critical neuroanatomical brain nucleus for moti-
vated behavior. For example, electrical stimula-
tion of the LHA induces insatiable feeding 
behavior even in well-fed animals (Stuber and 
Wise 2016). In the lateral hypothalamus and peri-
fornical area, a cluster of neurons produce orexin-
 A/hypocretin-1 and orexin-B/hypocretin-2 made 
of 33- and 28-amino acid sequence neuropep-
tides. Orexin neurons receive many signals 
related to environmental, physiological, and 
emotional stimuli, and their neuronal projections 
are broadly distributed to the entire CNS.  The 
multitasking role of orexin neurons includes vital 
body functions such as sleep/wake states, feeding 
behavior, energy homeostasis, reward systems, 
cognition, and mood. Orexin knockout mice 
develop narcolepsy, hypophagia, and obesity 
(Chieffi et al. 2017), suggesting an important role 
in the energy balance system and in maintaining 
wakefulness. Orexin deficiency in animal models 
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showed to induce obesity even if they consume 
fewer calories than the wild-type counterpart. 
Reduced physical activity seems to be one of the 
main reasons of weight gain in these models. On 
the contrary, stimulated orexin signaling pro-
motes obesity resistance via enhanced spontane-
ous physical activity and increase energy 
expenditure. The fact that orexinergic neurons 
have connections to areas responsible for cogni-
tion and mood regulation including hippocampus 
makes matters more complicated. Orexin also 
enhances hippocampal neurogenesis and 
improves learning, memory, and mood, while 
orexin deficiency results in depression associated 
with learning and memory deficit.

The orexins or hypocretins are a pair of neuro-
peptides with extensive CNS projections. This 
system is strongly associated with feeding, 
arousal, and the maintenance of waking to show 
a dichotomy in orexin function. Orexin produced 
in the lateral hypothalamus regulates reward pro-
cessing for food and abused drugs. They stimu-
late NPY and the increase of CRH and 
sympathetic nervous system (SNS) output to pro-
mote wakefulness, energy expenditure, learning 
and memory, and the hedonic reward system. On 
the other hand, orexin produced in the periforni-
cal and dorsomedial hypothalamus regulates 
arousal and response to stress. Orexin gene 
expression is increased under fasting conditions 
(Sakurai et  al. 1998). Intra-cerebroventricular 
administration of orexins increases food intake 
(Sakurai et al. 1998; Dube et al. 1999) and pro-
motes behavioral responses to food reward and 
increases arousal (Cason et al. 2010). This mul-
tiple functions can be explained by the fact that 
orexin neurons project not only within the LHA, 
ARC, PVN, and NTS but also into other regions 
implicated in functions such as body temperature 
and wakefulness control (de Lecea et  al. 1998; 
Peyron et al. 1998). Likewise, fasting augments 
the gene expression of MCH, and ICV adminis-
tration of MCH peptide or genetic overexpres-
sion causes an orexigenic action (Hu et al. 2001). 
On the contrary, mice with reduced MCH tone or 
disruption of its receptor MCH1 receptor caused 
the animals to be lean (Marsh et al. 2002).

2.6  Dorsomedial Nucleus

The dorsomedial hypothalamic nucleus (DMN) 
is involved in feeding, drinking, body-weight 
regulation, and circadian rhythm. It receives 
information from neurons and humors involved 
in feeding regulation, body weight, and energy 
consumption and then passes this information 
onto brain regions involved in sleep and wakeful-
ness regulation, body temperature, and cortico-
steroid secretion. The DMN receives projections 
from the ARC and sends neuronal connections 
into the PVN and LHA. In addition, NPY, CRH, 
and receptors for peptides responsible in the con-
trol of appetite and energy balance are expressed 
within the DMN. It has been reported in several 
rodent models of obesity increase the expression 
of NPY at the level of the DMN (Guan et  al. 
1998; Bi et  al. 2001). A thermogenic role had 
also been assigned for NPY in this region during 
the development of diet-induced obesity (Chao 
et al. 2011).

2.7  Ventromedial Nucleus

The ventromedial nucleus of the hypothalamus 
(VMN, also referred VMH) is a distinct morpho-
logical nucleus involved in feeding, fear, thermo-
regulation, and sexual activity, and it is associated 
with satiety. Early studies indicated that VMN 
lesions caused overeating and an increase in body 
weight in rats. Arcuate AgRP and POMC neurons 
are connected to the VMN by sending their fibers, 
and in sequence VMN neurons project into hypo-
thalamic and the brainstem (Cheung et al. 2013). 
Studies using laser identified VMN-enriched 
genes (Segal et al. 2005), including steroidogenic 
factor 1 (Sf1 (Nr5a1)) that are directly associated 
with the development of the VMN (Davis et al. 
2004). The second abundantly expressed peptide 
in the VMN is the brain-derived neurotrophic 
factor (BDNF). Both Sf1 (Bingham et al. 2008; 
Zhang et al. 2008; Kim et al. 2011) and BDNF 
are involved in energy balance. For example, the 
absence of BDNF or its receptor leads to hyper-
phagia and obesity in humans and mice (Yeo 
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et al. 2004). On the contrary, central or peripheral 
administration of BDNF leads to loss of body 
weight and reduction in food intake through 
MC4R signaling (Xu et al. 2003). Also, the VMN 
heavily express pituitary adenylate cyclase- 
activating polypeptide (PACAP) type I receptors 
(PAC1R), and stimulation of the hypothalamic 
ventromedial nuclei by pituitary adenylate 
cyclase-activating polypeptide induces hypopha-
gia and thermogenesis (Resch et al. 2011; Lopez 
et  al. 2010; Martinez de Morentin et  al. 2012; 
Whittle and Vidal-Puig 2012).

2.8  Brainstem

The dorsal vagal complex (DVC) within the 
brainstem is a critical region for the integration of 
energy-related signals by depending on periph-
eral cues through vagal afferents that project into 
the hypothalamus. Morphologically the DVC is 
divided into the dorsal motor nucleus of the 
vagus, the NTS, and the area postrema (AP) that 
has an incomplete blood-brain barrier system and 
accessible to peripheral signals. Many of the 
brainstem neurons express POMC, tyrosine 
hydroxylase (TH), proglucagon, CART, GABA, 
NPY, and BDNF important in the regulation of 
appetite, and receptors affecting secretion. 
Receptors for the circulating hormones leptin, 
ghrelin, glucagon-like peptide 1 (GLP1), and 
cholecystokinin (CCK) are present in brainstem 
neurons or vagal afferent projections to brain-
stem areas (Figs. 2.2 and 2.3). Information from 
the GI tract about luminal distension, nutritional 
content, and locally produced peptides via gluta-
mate neurotransmission is delivered to the NTS 
(Travagli et al. 2006) that in turn send projections 
into the hypothalamus and other basal forebrain 
areas. The demonstration of the nervous vagus’s 
role in energy balance was shown through a 
series of experiments to eliminate or enhance 
vagus activity. Chronic or acute vagus nerve 
stimulation led to a decrease in body weight and 
food intake, strongly suggesting direct vagal 
afferent interventions that in turn influence feed-
ing behavior (Gil et al. 2011). Through the action 
of the hormone CCK, vagal signaling to the 

hypothalamus also plays important roles in the 
regulation of meal size and duration (Schwartz 
et al. 1999). The NTS also receives inputs from 
the ARC POMC neurons through the action of 
the POMC-derived peptide a-MSH where there is 
a high expression level of MC4R (Kishi et  al. 
2003). The NTS also receives melanocortin ago-
nist signals from NTS POMC neurons (Palkovits 
and Eskay 1987). MC4R agonist administration 
to the hindbrain (the lower part of the brainstem, 
comprising the cerebellum, pons, and medulla 
oblongata) leads to a reduction in food intake and 
an increase in energy expenditure, while MC4R 
antagonism causes the opposite effect (Williams 
et  al. 2000; Skibicka and Grill 2009). MC4Rs 
present in the NTS facilitate satiation effects of 
CCK, and also the anorexigenic effects of hypo-
thalamic and brainstem leptin signaling (Skibicka 
and Grill 2009; Zheng et al. 2010). Additionally, 
orexin A and MCH produced in the LHA send 
projections to the NTS, and orexin-A into the 
hindbrain increases food intake (Ciriello et  al. 
2003; Parise et al. 2011). These findings suggest 
that orexigenic peptides of the LHA with their 
anatomical connection with the NTS could func-
tion as a mechanism to control the satiety signals 
from the GI tract. It has been demonstrated long 
ago by Sawchenko that hypothalamic paraven-
tricular nucleus also sends projections into the 
NTS (Swanson and Sawchenko 1980; Sawchenko 
and Swanson 1982; Luiten et al. 1985). The TRH 
neurons contained in neural terminals innervat-
ing brainstem vagal motor neurons have been 
shown to enhance vagal outflow to modify multi- 
systemic visceral functions and food intake. 
More recently it has been shown that TRH as part 
of the brainstem regulation system takes part in 
the endocrine and vagal-sympathetic responses 
(Ao et al. 2006; Zhao et al. 2013).

2.9  Peripheral Signals Leptin 
and Insulin Involved 
in Energy Homeostasis

At the central level, the hypothalamus is the pri-
mary component of the nervous system in inter-
preting adiposity or nutrient-related inputs; it 
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delivers hormonal and behavioral responses with 
the ultimate purpose of regulating energy intake 
and consumption. The hormone leptin (16kDa), 
the product of the Ob gene, is expressed predomi-
nantly in adipose cells, and the lack thereof, as in 
the ob/ob mouse, produces severe obesity (Zhang 
et al. 1994). Leptin is an important anorexigenic 
peptide hormone that circulates in proportion to 
fat mass initially considered as a hormone to pre-
vent obesity. It was later shown that the major 
role of leptin is to signal the switch from the fed 
to the starved state at the hypothalamic level 
(Ahima et al. 1996; Flier and Maratos-Flier 1998; 
Flier 1998). The fall in circulating levels of leptin 
is perceived in the hypothalamus to increase 
appetite, decrease energy expenditure, and 
change neuroendocrine function in a direction 
that favors survival (Fig. 2.2). The major conse-
quences of falling leptin include activation of the 
stress axis and suppression of reproduction, lin-
ear growth, and thyroid axis (Ahima et al. 1996). 
Leptin has a central physiologic role in providing 
information on energy stores and energy balance 
to brain centers that regulate appetite, energy 
expenditure, and neuroendocrine function (Zhang 
et al. 1994; Ahima et al. 1996; Campfield et al. 
1995; Halaas et  al. 1995; Pelleymounter et  al. 
1995). When leptin signaling is deficient, due 
either to mutation of leptin peptide or leptin 
receptor genes, severe obesity results in both 
rodents and humans (Zhang et  al. 1994; Chen 
et al. 1996; Clement et al. 1998; Lee et al. 1996; 
Montague et  al. 1997), underscoring the funda-
mental role of leptin in the physiology of energy 
balance. There is multiple leptin receptor (LEPR) 
isoforms, and the long form b (ObRb) showed to 
be essential for the effects of leptin. The lack of 
leptin or the long form ObRb in both rodents and 
humans causes hyperphagia, reduced energy 
expenditure, and severe obesity (Halaas et  al. 
1995; Chen et  al. 1996; Clement et  al. 1998; 
Montague et  al. 1997; Clement et  al. 1998). 
Interestingly, most obese patients are leptin resis-
tant, while at the same time, they exhibit high 
levels of circulating leptin unable to exert its cen-
tral anorexigenic function, which completely 
precludes the use of leptin as a therapeutical 
approach as initially thought. Therefore, obesity 

is associated with hypothalamic leptin resistance, 
which contributes to maintaining obesity despite 
hyperleptinemia. The importance of leptin regu-
lation of POMC neurons was demonstrated in 
earlier studies where deletion of the leptin recep-
tor specifically in POMC neurons (POMC-Cre: 
LepRloxP/loxP) resulted in increased body 
weight and adiposity, hyperleptinemia, and 
altered hypothalamic neuropeptide expression 
(Balthasar et al. 2004). However, the leptin recep-
tor is also highly expressed in different hypotha-
lamic areas of the CNS, besides POMC neurons, 
implicated in the control of energy balance 
(Elmquist et al. 1998). AgRP neurons in the ARC 
are also the direct targets of leptin (Cheung et al. 
1997; Cowley et al. 2001; Elias et al. 1999). The 
ablation of ObRb in POMC and AgRP neurons 
causes increased body weight. However, the 
scale of these changes is not as significant as 
compared to globally knockout mice for ObRb. 
These findings suggest that additional neurons 
mediating the effects of leptin on food intake and 
body weight do exist as demonstrated in our pre-
vious studies. We suggested that the partial leptin 
resistance, and not full resistance, was due in part 
to the ability of leptin to activate TRH neurons in 
the PVN through a direct pathway instead of 
leptin stimulating POMC and POMC-derived 
a-MSH peptide stimulating TRH neurons in the 
PVN (see Fig. 2.4, Chap. 5) (Perello et al. 2006; 
Nillni 2010).

Leptin binding to its receptor ObRb induces 
receptor-associated Janus tyrosine kinases (pri-
marily JAK2) to phosphorylate both itself and 
the leptin receptor on specific tyrosine residues 
(Ghilardi et  al. 1996; Baumann et  al. 1996; 
Bjørbæk et al. 1997). Intracellular signal trans-
ducer and activator of transcription 3 (STAT) 
isoforms then bind to these receptor phosphoty-
rosines, which allow STAT to be phosphorylated 
by JAK on tyrosine residue Y705. Phosphorylated 
STATs dimerize and enter the nucleus, where 
STAT regulates gene transcription by binding to 
STAT-responsive DNA elements (Ihle 1995). In 
the hypothalamus, STAT3, but not STAT1, 
STAT5, or STAT6, was shown to be activated 
after in vivo leptin administration (Vaisse et al. 
1996). The short leptin receptor isoform, ObRa, 
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does not contain intracellular tyrosine residues 
and cannot activate STAT3 signaling (Bjørbæk 
et al. 1997). Although STATs are important for 
leptin signaling through ObRb, like other mem-
bers of this receptor class, ObRb can modulate 
other intracellular proteins and pathways, includ-
ing insulin receptor substrate proteins and the 
RAS-MAPK pathway (Bjørbæk et al. 1997). It is 
critical to emphasize that, for the biologically 
relevant actions of leptin regulation of appetite, 
energy expenditure, and neuroendocrine func-
tion, the relative roles of signaling via STATs 
and these or other pathways are unknown. Our 
laboratory in collaboration with C.  Bjorbaek 
from Harvard Medical School was the first to 
demonstrate that STAT3 activation is critical for 
regulation of hypothalamic POMC and prepro- 
TRH gene expression by leptin and that this 
occurs by leptin acting directly via leptin recep-
tors expressed on POMC and TRH neurons 
(Munzberg et  al. 2003; Huo et  al. 2004). 
Consistent with a key role of this transcription 
factor in leptin action, recent data demonstrate 
that removal of the STAT3-binding site (Y1138) 
of the leptin receptor in mice results in leptin 
resistance and extreme obesity (Bates et  al. 
2003). Combined, these findings underscore the 
importance of transcriptional events in leptin 
action and imply that STAT3 is likely to be criti-
cal for regulation of the melanocortin pathway to 
maintain energy balance by leptin. Leptin also 
activates the phosphatidylinositol-3-kinase 
(PI3K) pathway, and leptin is required for its 
mediated regulation of energy balance. 
PI3K generates phosphatidylinositol-3,4,5- 
triphosphate (PIP3) and activates downstream 
targets including phosphoinositide-dependent 
kinase 1 (PDK1) and AKT (also known as pro-
tein kinase B) and in turn phosphorylates the 
transcription factor forkhead box protein O1 
(FOXO1). Phosphorylated FOXO1 is excluded 
from the nucleus, allowing STAT3 to bind to 
POMC and AgRP promoters, thus stimulating 
and inhibiting, respectively, the expression of 
these neuropeptides (Kitamura et  al. 2006). 
Leptin action on melanocortin peptides can be 
summarized as follows: leptin stimulates POMC 
transcription, depolarizes POMC neurons, and 

increases the biosynthesis of POMC and further 
processing to produce α-MSH peptide for release 
as we showed earlier (Cowley et  al. 2001; 
Munzberg et al. 2003; Guo et al. 2004), while at 
the same time there is an attenuation in the 
expression and release of orexigenic NPY and 
AgRP neuropeptides (Stephens et  al. 1995; 
Mizuno and Mobbs 1999). Suppressor of cyto-
kine signaling-3 (SOCS3) and protein-tyrosine 
phosphatase 1B (PTP1B) negatively regulate 
leptin signaling (Ernst et al. 2009). Genetic dele-
tion in high-fat diet animals of either SOCS3 or 
PTP1B in POMC neurons leads to reduced adi-
posity, improved leptin sensitivity, and increased 
energy expenditure. In addition to its effects on 
food intake and energy expenditure, leptin also 
regulates thermogenesis and locomotor activity 
via central circuits. Mice lacking the leptin gene 
(ob/ob mice) have decreased body temperature 
and are cold-intolerant (Trayhurn et  al. 1977), 
yet these mice can survive at low temperatures 
(40 C) when properly acclimated (Coleman 
1982). Leptin delivery to ob/ob mice induces 
thermogenesis via increased sympathetic activ-
ity to brown adipose tissue (BAT) and induction 
of UCP-1 expression (Commins et  al. 2000; 
Commins et al. 1999).

Insulin, a peptide hormone produced by pan-
creatic β-cells, also acts as an anorectic signal 
inside the central nervous system. Physiologically, 
glucose induces insulin secretion into the blood-
stream in proportion to fat stores (Bagdade et al. 
1967). Then, insulin goes into the brain through a 
rate-limiting transport mechanism (Baura et  al. 
1993). The proof of the anorexigenic role of insu-
lin was demonstrated by intro-cerebral ventricu-
lar or intra-hypothalamic administration to 
primates and rodents’ brain which showed 
reduced food intake (Woods et  al. 1979; 
McGowan et al. 1993; Air et al. 2002). Similar to 
leptin, the insulin receptor and its downstream 
signaling machinery are expressed in hypotha-
lamic areas involved in the control of hunger 
(Havrankova et al. 1978a, b) and co-localize with 
AgRP and POMC neurons (Benoit et al. 2002). 
Interestingly, the loss of insulin receptor in either 
POMC or AgRP neurons does not cause altera-
tions in energy balance, although hepatic glucose 
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production deficiency has been observed in mice 
missing insulin receptor in AgRP neurons 
(Konner et al. 2007), demonstrating that insulin 
action on AgRP neurons is required for withhold-
ing hepatic glucose production. Therefore, insu-
lin signaling in AgRP and POMC neurons is 
involved in glucose metabolism and energy 
expenditure. A more detailed description of insu-
lin signaling and its biological role is described in 
Chap. 9.

2.10  Conclusions

This chapter presented an overview and recent 
progress in understanding the role of the hypo-
thalamus and its interaction with external inputs 
to maintain the energy balance in a steady-state 
status. This metabolic homeostatic state is 
achieved by the tight communication between 
different hypothalamic neuronal centers releas-
ing specific neuropeptide hormones, neurotrans-
mitters, and metabolic signals. Neuronal circuits 
and metabolic pathways are affected by long- 
term signals, including leptin and insulin, and 
short-term signals such as gastrointestinal hor-
mones and vagal inputs (Figs.  2.2 and 2.3). 
Additionally, hedonic, rewarding, and motiva-
tional aspects of eating behavior significantly 
contribute to control energy balance. The circu-
lating signals leptin and ghrelin also target 
hedonic networks to modulate appetite causing 
an override in homeostatic control and produce 
energy imbalance (Berthoud 2011). Similar to 
drug addiction, food activates a common dopa-
mine brain reward system (DiLeone et al. 2012) 
suggesting that these complex interactions 
between the homeostatic and non-homeostatic 
systems coordinate appetite and energy balance 
regulation through the modulation of endocrine, 
autonomic, and behavioral outputs (Fig. 2.2). The 
exact mechanisms by which these different levels 
of control are integrated represent among the 
central unsolved paradoxes of the central regula-
tion of energy balance. Recently, although not 
discussed in the chapter, it has been suggested 
that non-neuronal glial cells and tanycytes play a 
role in energy balance.

An example of an integrated regulation of one 
of the hypophysiotropic neurons, TRH, is depicted 
in Fig. 2.5. TRH neurons in the PVN are regulated 
by thyroid hormone 3 (T3) through a feedback 
mechanism. However, other modulators are affect-
ing the TRH neuron including leptin, α-MSH, 
AgRP, and NPY. The TRH neuron integrates these 
inputs to determine the set point of prepro-TRH 
expression and biosynthesis of TRH. These mech-
anisms of gene regulation are acting in concert 
with tight control of pro- TRH processing by PC1, 
PC2, CPE/D, and PAM. For more details on the 
pro-TRH biology, see Chap. 5 (Nillni 2010).

The disruption of the sensing and integration 
of these neural signals might be a crucial factor 
that leads to the development of obesity. Of 
importance is the fact that understanding these 
neuronal and metabolic pathways represents a 
likely target for therapeutic intervention. The 
incidence of obesity is still rising at an alarming 
rate, which highlights the importance of the 
search for new and novel effective therapies to 
combat this weight disorder. It is worth to repeat 
that unlimited availability of high-calorie pro-
cessed food and decreased physical activity with 
population carrying responsive genes for obesity 
are the primary factors responsible for the mod-
ern human obesity epidemic.

Although it is clear that decreasing food intake 
and increasing energy expenditure are both essen-
tial to treat obesity, success with this approach has 
been limited, and only useful in the short term. It 
was originally thought that excess of fat consump-
tion was the real problem of obesity. Today we 
know that it is more complicated than that, and the 
excess of sugar in the diet is a real killer. “Fat, 
though, has so far resisted every chemical assault, 
with the result that more and more people are 
reduced to mutilating their stomachs in gastric 
bypass surgery”. “Mammals,” says Dr. Nillni 
from Brown University, “are very complex ani-
mals.” The most practical solution, for now, he 
says, is not to fight the basic biology of the fat 
cell. It is to “eat less and exercise more” (Anna 
Underwood and Jerry Adler, Fat Cells: What You 
Do Not Know Sep 19, 2004, pp 41–47, Newsweek 
Magazine). Thus, to effectively fight the current 
obesity epidemic, it is vital to understand better 
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the neuronal and molecular mechanisms involved 
and the evolutionary impact of our ancestral genes 
(see in Chap. 1 on genes and evolution).

Questions

 1. What is the primary role of the hypothalamus, 
and in which way the afferent signals control 
the orexigenic and anorexigenic hormones?

 2. What is the physiological role of the 
brainstem?

 3. Is the paraventricular nucleus of the hypothal-
amus a significant center in controlling energy 
balance?

 4. In which way (mechanism) hedonic signals 
control food intake?

 5. Does neuropeptide Y inhibit TRH neurons or 
only POMC neurons?

PPII
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Fig. 2.5 This figure depicts the mechanisms regulating 
the biosynthesis of pro-TRH its posttranslational process-
ing and downstream action on thyroid hormone as well as 
the inactivation of TRH peptide. Leptin and T3control the 
output of TRH. Tanycytes incorporate T4and converted it 
to T3 by D2, and together with T3coming from the periph-
ery reach TRH neurons via specific transporters such as 
the monocarboxylate transporter (MCT8) inhibiting gene 
expression by affecting the TRH promoter through bind-
ing to the THRb2 isoform leading to the recruitment of 
cofactors such as SRC-1. Prepro-TRH, PC1, PC2, and 
PAM are inversely regulated by T3. Post-translational 

processing of pro-TRH occurs while the pro-TRH is 
transported through the axons reaching the median emi-
nence. The degrading tanycyte-bound enzyme PPII, 
which is positively regulated by thyroid hormone, con-
trols TRH released from the axon terminals located in the 
median eminence to the defenestrated capillaries. The 
potential effect of leptin via activation of the sympathetic 
nervous system has been suggested, and in turn, increases 
the expression of BAT-UCP1 mRNA by the conversion of 
T4to T3facilitated by D2 increased activity. The staining 
observed in the PVN and ME was done using an antibody 
against some of the epitopes of the pro- TRH sequence
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Transcriptional Regulation 
of Hypothalamic Energy Balance 
Genes

Deborah J. Good

Within the postnatal human brain, there are at 
least 4627 expressed transcription factors 
(Hawrylycz et al. 2012). These transcription fac-
tors are differentially expressed within the vari-
ous lobes and structures of our brain, including 
the hypothalamus and its distinct set of nuclei. 
Data from my own laboratory indicates that there 
are as many as 2089 mRNAs coding for tran-
scription factors within the hypothalamus alone 
(Jiang and Good, unpublished, referring to data-
set within (Jiang et al. 2015)). When one begins 
to contemplate the enormity of having over 2000 
different transcription factors to specify the thou-
sands of proteins that make up the hypothalamus, 
it is clear that we are still a long way from com-
pletely figuring out how each of these are coordi-
nated in response to energy balance signals. In 
addition to the transcription factors, thousands of 
noncoding RNAs mediate posttranscriptional 
regulatory signals, and both proteins and noncod-
ing RNAs direct differential translation of 
mRNAs which specifies the hypothalamic pro-
teome. This chapter provides an overview of 
what we know about transcriptional regulation of 
genes expressed within the hypothalamus, and 

discusses the questions that remain in order for us 
to fully understand the hypothalamic transcrip-
tome and resulting proteome.

3.1  Transcriptional Mechanisms

In its simplest model, transcription of a gene 
involves RNA polymerase binding to or near the 
transcriptional start site of a gene and starting the 
process of making a new mRNA. It is, unfortu-
nately, not that simple. Tissue-specific transcrip-
tion is guided by the chromatin state (methylated/
acetelyated/biotinylated, etc. DNA and histones), 
specific transcription factor binding sites within 
the promoter region of a gene, and the comple-
ment of transcription factors active within the 
nucleus at any given moment. While some 
researchers look at multiple transcription factors 
or transcribed genes at once, others focus on 
resolving individual gene-transcription factor 
interactions. Still others examine the delineation 
of regulatory regions—in other words, what con-
stitutes a hypothalamic promoter? In this section, 
we will examine some of the ways that hypotha-
lamic transcriptional mechanisms can be studied, 
using specific examples from the literature, and 
then piece together what is known about how 
changes in energy balance, including leptin or 
glucose signals, food intake, and food depriva-
tion, change the transcriptional landscape.
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3.1.1  Models and Cell Lines 
for Studying Hypothalamic- 
Specific Transcription

3.1.1.1  Gene Expression Localization
Some of the first studies of gene expression in the 
hypothalamus utilized antibodies and immuno-
histochemical localization of hypothalamic pro-
teins, Northern blots of isolated hypothalamic 
RNA, and in situ hybridization probes to hypo-
thalamic tissue sections to show localized expres-
sion of genes in response to stimuli. For example, 
Northern analysis of vasopressin mRNA from the 
hypothalamus of the Brattleboro rat was used to 
show that vasopressin was expressed but at a 
lower level and at a slightly different size than the 
Long-Evans rat (Majzoub et al. 1984). We now 
know that the Brattleboro rat carries a point 
mutation within the protein-coding region of 
vasopressin, which affects the open reading 
frame of the mRNA and leads to diabetes insipi-
dus (Schmale and Richter 1984) The technique of 
in situ hybridization was used to show c-fos 
expression in the paraventricular nucleus of the 
hypothalamus in response to water deprivation of 
rats (Sagar et al. 1988). As stated by the authors 
of this historic paper, in situ hybridization 
allowed for cellular-level resolution of expres-
sion within these neurons, as opposed to antibody 
labeling, which could be more diffuse. Dual-label 
in situ hybridization techniques enabled co- 
localization of gene expression, while some RNA 
probe-based methods allowed researchers to look 
at specific transcripts of genes (i.e., differentially 
spliced genes), but none of these could get at the 
actual mechanisms of gene regulation—only the 
fact that mRNA and protein were expressed in 
hypothalamic locations and in response to vari-
ous stimuli. For understanding mechanisms 
involved in hypothalamic gene expression, other 
model organisms and cell lines were developed.

3.1.1.2  Hypothalamic Cell Lines
One of the first established hypothalamic cell line 
was the HT9 cell line, established via SV-40 viral 
infection of primary embryonic hypothalamic 
cells in 1974 (De Vitry et al. 1974). This cell line 
expressed both vasopressin and neurophysin, 

suggesting that the cell line originated from neu-
rosecretory cells of hypothalamic magnocellular 
neurons. However, few published studies used 
these lines, as indicated by only four citations to 
the original paper made since 1974. Several other 
lines were established in the 1980s and 1990s, 
including the GT1–7, gonadotropin-releasing 
hormone (GnRH) secreting cell line, which origi-
nated from the scattered GnRH neurons in the 
rostral hypothalamus (Mellon et  al. 1990). The 
developers of this line used a transgenic mouse 
expressing SV-40 under the control of the GnRH 
promoter to direct the transforming oncogene, 
Large T, just to the neurons of interest—namely, 
the scattered GnRH neurons of the hypothala-
mus—and it worked! The GT1–7 line continues 
to be in use to this day, with a 2016 publication 
on enhancers and noncoding RNA involvement 
in GNRH promoter regulation (more about his 
later) (Huang et al. 2016). Each of these previous 
examples is of one specific hypothalamic cell 
type, but in 2004, Dr. Denise Belsham and her 
group published an article detailing 38 embry-
onic mouse hypothalamic cell lines, each repre-
senting different neuronal cell types of the 
hypothalamus (Belsham et al. 2004). These cell 
lines allowed individuals working in hypotha-
lamic gene regulation to tailor the gene regula-
tion studies to the specific hypothalamic neuron 
type that they were interested in, meaning that the 
gene expression and promoter analysis studies 
could be hypothalamic-specific, with regard to 
transcription factors, DNA promoter methylation 
and acetylation marks, and noncoding RNAs—
all of which will be discussed in the next sec-
tions. The 2004 paper has been cited more than 
128 times, indicating the utility of those defined 
hypothalamic cell lines for gene expression and 
other studies. Dr. Belsham’s group has also 
developed rat hypothalamic lines—both adult 
and embryonic (Gingerich et  al. 2009)—and 
mouse adult hypothalamic cell lines (Belsham 
et al. 2009) which allow researchers to do even 
more specific hypothalamic gene expression 
studies.

Why is the establishment of hypothalamic cell 
lines so important to studying hypothalamic gene 
regulation? Simply put, having cell lines that 
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match the tissue being studied allows one to do 
molecular “promoter-bashing” studies that pro-
vide quick and informative data on regions of the 
promoter needed for tissue-specific gene expres-
sion, and transcription factors involved in regula-
tion of hypothalamic genes. Too many times the 
inappropriate cell line is used and later found not 
to represent the tissue that the researcher claimed 
to be studying. For example, while HeLa cells, 
derived from a human cervical carcinoma, have 
been used in many different gene expression 
studies, and certainly have helped establish some 
basic “rules” about gene expression (Landry 
et al. 2013), they would not be a good model for 
hypothalamic-specific gene expression.

Promoter-bashing refers to the use of cell lines 
transfected with fragments of DNA containing a 
promoter region of interest linked to a reporter 
gene such as luciferase to determine regions of 
DNA, and transcription factors that confer 
hypothalamic- specific expression patterns. We 
have used the Belsham hypothalamic cell lines in 
studies to examine melanocortin-4-receptor 
expression in paraventricular nucleus-like lines 
and the leptin responsiveness of the nescient 
helix-loop-helix 2 and prohormone convertase 1 
promoters in arcuate nucleus-like lines (Al 
Rayyan et  al. 2014; Fox and Good 2008; 
Wankhade and Good 2011). Without the cell 
lines, the work would have been done either 
using transgenic animals (see below), which are 
much more time-consuming, or would have had 
to be done in non-hypothalamic neuronal lines, 
which might not have been representative of 
hypothalamic gene expression.

3.1.1.3  In Vivo Methods and Models
Even with the best circumstances, cell lines do 
not give the most accurate profile of gene expres-
sion, as they are usually grown without glial 
cells, and on plastic in defined media, rather than 
on the extracellular matrix supplied by capillary 
blood containing growth factors, hormones, and 
other signals. Thus, the best mechanistic gene 
expression studies are those done using in vivo 
methods, such as developing promoter trans-
genes or examining DNA binding of transcrip-

tion factors using chromatin pull-down assays 
from tissues.

There are many ways to use transgenes, such as 
directing expression of a gene to a specific target 
tissue, but in this section, we will focus on using 
transgenes composed of a promoter linked to a 
reporter to examine hypothalamic-specific tran-
scription and to identify minimal promoters and 
enhancer regions needed for this specificity. There 
are multiple examples of using this method in the 
literature, but studies using the minimal promoter 
and enhancer region from the GnRH promoter 
provide an excellent example. In these studies, cell 
lines had been previously used to identify both rat 
and mouse GnRH promoter regions that directed 
expression in the GnRH neuron cell line GT1–7 
cells (Whyte et al. 1995). These data showed that a 
minimal promoter existed within the first ~173 
base pairs prior to the start of transcription, and a 
hypothalamic- specific enhancer region could be 
found between −1571 and − 1863 (Lawson et al. 
2002). Based on that knowledge, a minimally 
sized transgene was created, which contained both 
the minimal promoter and the enhancer within just 
a few base pairs of each other, and this transgene 
recapitulated hypothalamic expression in multiple 
lines of animals (Lawson et al. 2002). The use of 
transgenic promoters to study expression appears 
to have fallen out of favor in recent articles, likely 
due to the time and expenses needed to generate 
the constructs and the animals. However, the new 
methodology of CRISPR/Cas9 gene editing may 
provide a way to mutate a promoter or enhancer 
element in situ (i.e., within the genome, not as a 
transgene per se) and analyze the resulting effects 
on expression. While this procedure has not yet 
been done in vivo in hypothalamic tissues, a very 
recent article was able to successfully modify a 
gene in mouse retinal cells using CRISPR/Cas9 
technology (Latella et al. 2016). A similar strategy 
could be employed for hypothalamic promoters, 
combining this in  vivo method with current 
CRISPR/Cas9 promoter analysis methods (i.e., 
such as those used by Fulco et  al. 2016, among 
others).

DNA binding of transcriptional elements and 
analysis of histone modifications in vivo can be 
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done using tissue chromatin immunohistochem-
istry methods. In this procedure, protein-bound 
chromatin are isolated from a tissue of interest 
and then immunoprecipitated with antibodies to 
the transcription factor or histone modification 
domain of interest. The protein-DNA complexes 
pulled down in the immunoprecipitation are fur-
ther analyzed by PCR for the region of interest 
within the DNA. Quantitative PCR can be used to 
analyze relative binding as well. My laboratory 
has used this method to show Stat3 interactions 
on the hypothalamic Nhlh2 promoter occurring 
2 h following leptin injection of mice (Al Rayyan 
et al. 2014). This method allows one to look at a 
snapshot of protein-DNA interactions in vivo but 
with the caveat that the DNA fragments in this 
method are about 200 base pairs in length and 
thus usually contain multiple possible sites for 
protein binding or histone modifications. Thus, 
the results must be confirmed with in  vitro or 
cell-based studies.

3.1.1.4  Genomic Transcriptional 
Analysis

A number of databases exist online, which allow 
researchers to analyze data in silico before going 
to the bench. First, one can look directly at gene 
expression in online datasets in the NCBI GEO 
Profiles site: https://www.ncbi.nlm.nih.gov/geo-
profiles/. By entering a gene name or tissue in the 
search box, previously submitted transcriptome 
analysis data will be displayed. For example, by 
entering the term “hypothalamus” in the search 
box, more than 804,000 entries are displayed. 
Adding the term “leptin” narrows the search 
down to a more reasonable 998 entries, and fur-
ther narrowing the search by putting in the gene 
name STAT3 results in 91 entries. This type of 
data may be a place to start looking to design new 
experimental directions.

Another worthwhile analysis using com-
pletely online tools involves promoter analysis 
and comparison between species. One possible 
way to do this, even if one doesn’t know the exact 
location or length of the promoter is through the 
gVISTA tool (http://genome.lbl.gov/cgi-bin/
GenomeVista). An mRNA or genomic sequence 
for the gene of interest can be put into the query 

box, and the tool will align the sequence with 
human or any other species in the databases. One 
can zoom out from the initial comparison to see 
the upstream and downstream regions of homol-
ogy. An example of this is shown on Fig.  3.1, 
where the gene for NHLH2 was originally 
screened and then the genome sequence sur-
rounding NHLH2 compared between several 
species. As one can see, homologous noncoding 
regions (shown in pink) appear in both the proxi-
mal promoter, next to the transcription start site 
(light blue box, 5′ untranslated region), and in a 
region approximately 10,000 base pairs upstream 
which may represent an as yet uncharacterized 
enhancer region for the NHLH2 gene. One can 
use the sequences in this region to analyze puta-
tive transcription factor binding sites with the 
PROMO website: http://alggen.lsi.upc.es/cgi-
bin/promo_v3/promo/promoinit.cgi?dirDB= 
TF_8.3 . This type of in silico analysis can be a 
starting point for cell- or animal- based studies. 
Other sites of use for promoter/transcription fac-
tor analysis include some of the sites listed at 
Epigenie: http://epigenie.com/epigenetic-tools-
and-databases/. These online analysis tools pro-
vide information about histone methylation and 
acetylation and DNA methylation based on stud-
ies already done for multiple tissues and whole 
genomes. As methylation and acetylation of his-
tones and methylation of GC dinucleotide in 
DNA can specify “active” and “inactive” areas of 
the genome, the in silico analysis can be a very 
good starting point for transcriptional analysis of 
a hypothalamic promoter.

3.1.2  Hypothalamic Promoter 
Regions

According to one paper that has functionally 
mapped human promoters, there are at least 400 
different cell types in the human body, with 
essentially 1 genome to specify them all, and this 
specificity must occur through gene regulation 
(Consortium et  al. 2014). Gene promoters have 
evolved to specify cell-specific gene expression, 
and from the work of the FANTOM consortium, 
neural promoters form a subgroup of these 
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expression patterns (Consortium et al. 2014). In 
addition, there are multiple enhancer regions for 
each gene, located within 500 kilobases (kb) of 
the start of transcription (Andersson et al. 2014). 
Further use of the FANTOM site at http://fantom.
gsc.riken.jp/5/ allows one to dig deeper into 
hypothalamic promoter analysis, finding a list of 
1000 transcription factors that are enriched in 
adult diencephalon (Fig.  3.2, discussed more 
below). One can use a site like this to explore an 
individual promoter, or transcription factors, but 
the bulk of the confirmation work still needs to be 
done in the laboratory.

Some of the earliest studies on hypothalamic 
promoters used the pro-opiomelanocortin 
(POMC) gene as a model (Young et  al. 1998). 
POMC’s expression is limited to approximately 
1000 POMC-specific neurons within the arcuate 
nucleus of the hypothalamus, as well as within 
hindbrain neurons and corticotrophs of the pitu-
itary. Initial studies of the POMC promoter in 

pituitary cell lines found a very small ~500 base 
pair (bp) region directed expression in pituitary 
cells, and in the pituitary of transgenic mice, but 
not in the hypothalamus of those same animals 
(Rubinstein et al. 1993). Instead, a 15 kb region, 
containing ~13  kb of upstream sequence, was 
shown to direct hypothalamic-specific expression 
(Young et al. 1998). Further studies identified an 
enhancer region at ~12  kb upstream as the key 
regulatory element, and this region had high 
sequence conservation between human, mouse, 
dog, and bovine sequences, even though the latter 
two genomes were barely even started at that 
time (de Souza et al. 2005). Ten years later, two 
POMC gene enhancers, nPE1 and nPE2 located 
~2 kb from each other and ~10 kb from the tran-
scription start site, direct transcription of POMC 
within those 1000 POMC arcuate nucleus neu-
rons (Lam et  al. 2015). Interestingly, although 
deletion of just one of the enhancers still resulted 
in hypothalamic-specific expression, POMC 

Fig. 3.1 Promoter analysis for NHLH2, using the online 
GenomeVISTA tool. The search term “NHLH2” was 
entered into the search bar (http://genome.lbl.gov/cgi-bin/
GenomeVista), resulting in the following output. Pink 
regions are areas of homology between species, while 

light blue and dark blue regions are transcribed (light blue 
is untranslated, while dark blue is translated). The peak 
height indicates the strength of homology. Note that the 
NHLH2 gene is transcribed from the opposite strand of 
the genomic DNA, and runs from right to left

3 Transcriptional Regulation of Hypothalamic Energy Balance Genes

http://fantom.gsc.riken.jp/5/
http://fantom.gsc.riken.jp/5/
http://genome.lbl.gov/cgi-bin/GenomeVista
http://genome.lbl.gov/cgi-bin/GenomeVista


60

expression was decreased overall, suggesting the 
two enhancers have an additive effect on overall 
transcription. Furthermore, deletion of the nPE1 
alone, which reduced expression of POMC and 
POMC cell numbers to 30% of normal, led to a 
significant increase in body weight and body fat 
in the mutant mice (Lam et al. 2015). This exam-
ple alone makes a case for the relative importance 
of hypothalamic promoter function in maintain-
ing POMC and other hypothalamic-specific 
genes needed for energy balance pathways. 
Expression levels and proper expression patterns 

are necessary for physiological maintenance of 
body weight and energy sensing. In a study 
examining single nucleotide polymorphisms 
within or near CpG islands, which can specify 
promoter activity via DNA methylation, 28 genes 
(including POMC) were found to have SNPs that 
affected promoter methylation level (Voisin et al. 
2015). Studies that specifically examine differen-
tial methylation of the POMC promoter have 
shown a link between POMC methylation and 
offspring obesity in animals fed a high-fat/high- 
sucrose diet (Zheng et al. 2015). In a very recent 

Fig. 3.2 Use of the FANTOM site (http://fantom.gsc.
riken.jp/5/) to find hypothalamic transcription factors. As 
shown, search tools to narrow the tissue to adult dienceph-

alon from adult tissues were used. The first 10, in a list of 
1000, are shown, presented from highest expression to 
lowest expression
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study, variable methylation of the POMC gene 
was shown to be established early in human fetal 
development within a POMC variable methyla-
tion region located within intron 2, where hyper-
methylation equals reduced POMC expression 
and increased body weight (Kuhnen et al. 2016). 
Thus one needs to consider not only the promoter 
but also enhancers and downstream regions 
within the gene for overall transcriptional 
regulation.

Polymorphisms in the promoter of the 
melanocortin- 4-receptor (MC4R) gene, whose 
protein product binds to the POMC peptide 
alpha-melanocortin-stimulating hormone, have 
been linked to obesity in several studies (Muller 
et  al. 2014; Tan et  al. 2014; Valli-Jaakola et  al. 
2006; van den Berg et al. 2011). In one of these 
studies, the two variations studied were shown to 
reduce MC4R gene transcription (Tan et  al. 
2014). A 2 bp deletion in the MC4R promoter, 
found by another study (Valli-Jaakola et  al. 
2006), was used by our laboratory to show that 
the deletion affected Nhlh2 transcription factor 
binding and transcription of the MC4R gene 
(Wankhade and Good 2011).

It is likely that many more promoter- associated 
polymorphisms will be identified as more and 
more genomes are sequenced and more and more 
association studies are completed. At this time, 
the numbers of studies of this type are meager—
just 39 published articles are found in PubMed 
using the search terms “hypothalamus, promoter, 
obesity, transcription.” More work is needed both 
to confirm the transcriptional regulatory regions 
of obesity- and energy balance-associated genes 
and to determine if newly detected variants 
within the promoters or enhancer regions may 
affect an individual’s ability to respond to energy 
availability.

3.1.3  Hypothalamic Transcription 
Factors

According to the FANTOM database, a total of 
1762 human and 1516 mouse transcription fac-
tors have been identified to date (Consortium 

et al. 2014). Note that this number is lower than 
we found using exon arrays (unpublished data 
from (Jiang et  al. 2015)). However, using the 
FANTOM database tools http://fantom.gsc.riken.
jp/5/, the relative expression level of transcription 
factors expressed within the adult diencephalon 
can be analyzed. As shown on Fig. 3.2, of 1000 
transcription factors with expression of at least 
log(10) = 0.33 (~twofold) of the median expres-
sion over all of their studies, the top 10 in the list 
form a less than well-known list of transcription 
factors—at least as far as hypothalamic transcrip-
tion factors go. So what does this mean for ana-
lyzing transcription within the hypothalamus? Is 
it possible that the highest expressed factors do 
not necessarily control hypothalamic specificity? 
Yes, it is possible. For example, the first factor on 
the list shown in Fig. 3.2 is TSC22D4, a leucine 
zipper transcription factor family member, which 
according to http://www.genecards.org (Stelzer 
et al. 2016) is at least as highly enriched in lym-
phocytes and liver and gland cells as it is in ner-
vous system. Factors such as Nhlh2 (~twofold), 
Stat3 (not even listed), or FoxO1 (~3.3-fold)—all 
of which are transcription factors that whose 
“hypothalamic importance” has been shown—
are expressed at much lower levels, at least within 
the snapshot of expression data used for the 
FANTOM studies.

So what is known about transcription factors 
within the hypothalamus—which are the “impor-
tant” ones and which are more general and likely 
just performing housekeeping duties? One of the 
first transcription factors identified in the para-
ventricular and supraoptic hypothalamus was 
c-fos (Sagar et al. 1988). C-fos is part of the acti-
vator protein-1 (AP1) complex, and its  expression 
and nuclear localization appear to be stimulated 
when nerves are activated. In the FANTOM data-
base, basal expression is only about twofold 
above the median, but it is likely that stimulated 
neurons show much higher levels. This point is 
key to the discussion—the hypothalamus sits at 
the base of the brain, with a median eminence 
region that “sips” capillary blood and can inte-
grate external signals—likely doing this through 
differential activation of transcription factors and 
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their target promoters. C-fos is likely one of those 
transcription factors that responds to external sig-
nals, such as water deprivation as was shown in 
that early study (Sagar et  al. 1988). However, 
c-fos is expressed throughout the brain and in 
many different tissues, so while it is important for 
integrating signals, it is likely not key in mediat-
ing hypothalamic-specific responses.

Conversely, SOX2, which did make the top 
10 list from the FANTOM expression analysis, 
is enriched in adult hypothalamic tissues at 
approximately 76-fold (log10 2.28) above the 
median gene expression levels (Fig. 3.2). SOX2 
is normally thought of as a neuronal develop-
mental transcription factor but, as shown by 
Hoefflin and Carter, is highly localized to the 
suprachiasmatic nucleus (SCN) and the periven-
tricular nucleus (PeN), adjacent to the median 
eminence in adult rats (Hoefflin and Carter 
2014). While the target genes for SOX2 within 
these hypothalamic nuclei have not been identi-
fied, the related transcription factors, SOX4 and 
SOX11, direct GnRH gene transcription within 
the hypothalamic-specific enhancer which is 
actually downstream of the transcription start 
site and within the first intron of the gene (Kim 
et al. 2011). Of note, this study used several of 
the cell lines and procedures described in the 
preceding section, including the GT1–7 cell 
line, two neuronal hypothalamic cell lines 
developed by the Belsham group, and ChIP 
analysis from hypothalamic lysates.

In summary, hypothalamic transcription fac-
tors, both those that are highly expressed and 
those that show a more targeted distribution with 
lower overall expression in the hypothalamus, 
require more analysis. Researchers certainly have 
not characterized the roles of many, if not most of 
the hypothalamic transcription factors that are 
expressed, nor understand what the hypothalamic 
nuclei-specific distribution of each of these might 
be. Further studies to identify gene targets of 
these transcription factors, and methods by which 
their expression is induced or repressed, as well 
as secondary modifications that might increase or 
decrease their activity or DNA binding, need to 
be elucidated.

3.1.4  DNA and Histone Modification

DNA methylation occurs via the addition of a 
methyl group to the 5′ cytosine of a dinucleotide 
CpG.  DNA methyltransferase enzymes (Dnmt) 
perform this function—with Dnmt1, 3a, and 3b 
all being expressed in hypothalamic tissue 
(Benite-Ribeiro et  al. 2016). While this simpli-
fied version makes sense from a mechanistic 
standpoint, the how, why, where, and when issues 
remain unanswered. What we know is that DNA 
is differentially methylated on different genes, in 
different conditions, and at different times, but 
what dictates these differences is still under 
intense investigation. Furthermore, in addition to 
DNA methylation, histones wrapping the DNA 
are also modified, with methylation, acetylation, 
and other less frequent marks like biotinylation 
(Benite-Ribeiro et  al. 2016). The epigenetic 
marks of DNA methylation and histone modifica-
tion can ultimately affect the level of gene expres-
sion at any point in time, irrespective of positively 
or negatively acting transcription factors.

Early studies using rats as model animals 
identified a CpG island with DNA methylation 
marks in the promoter region of the POMC gene 
and showed that the methylation of this area is 
inversely correlated to POMC mRNA expression 
(Plagemann et  al. 2009). More interesting was 
the fact that rats that were overfed during the neo-
natal period showed increased body weight, 
accompanied by reduced POMC mRNA levels 
and higher POMC CpG methylation. This type of 
finding has been repeated in other models and 
appears to be consistent with the fact that overnu-
trition results in increased POMC promoter 
methylation, while undernutrition results in 
decreased POMC promoter methylation 
 (Benite- Ribeiro et al. 2016). One study that has 
examined POMC promoter-associated histones 
in sheep that experienced maternal undernutri-
tion found that there was a reduction in two dif-
ferent histone H3 methylation marks and an 
increase in histone H3 acetylation. However, 
these changes did not correlate into a difference 
in POMC mRNA expression (Begum et al. 2012). 
In a separate study, fasting of adult mice led to 
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increased expression in histone deacetylases −3 
and −  4 and decreased expression of histone 
deacetylases −10 and − 11. The remaining seven 
histone deacetylases tested did not change with 
fasting (Funato et al. 2011). Just between these 
two studies, there is discordance in how undernu-
trition and fasting might affect overall acetyla-
tion—or is there? We don’t quite understand how 
the 11 different deacetylases contribute to gene 
expression changes, nor how they are induced or 
repressed in response to energy availability. This 
last study did not examine gene expression for 
POMC—but did look at expression of histone 
deacetylases in POMC neurons—and was able to 
detect acetylated histones in POMC neurons both 
in the fed and fasted state (Funato et al. 2011). 
That was expected, as different promoters will be 
differentially regulated, some through histone 
modifications. However, the results do not tell us 
whether POMC expression is modulated by his-
tone acetylation. Further studies discussed below 
will follow up on this question.

3.1.5  Transcriptional Up- 
and Downregulation 
Through Changes in Energy 
Availability

Undoubtedly, one of the key signals to energy 
availability regulation by the hypothalamus is the 
sensing of the level of circulating leptin. The 
response to serum leptin levels is also likely the 
most characterized hypothalamic energy balance- 
signaling pathway. Multiple studies have shown 
that increased serum leptin results in up- and 
downregulation of hypothalamic genes, includ-
ing increasing the neuropeptide genes such as 
POMC (Munzberg et al. 2003), and thyrotropic 
releasing hormone (TRH) (Huo et  al. 2004), 
increasing transcription factors such as Nhlh2 
(Al Rayyan et al. 2014), and decreasing expres-
sion of the neuropeptide genes AgRP (Toorie and 
Nillni 2014) and NPY (Morrison et  al. 2005). 
The overall effect is that an increase in energy 
availability, as signaled by increased circulating 
leptin, results in increased levels of anorexigenic 
and decreased levels of orexigenic neuropep-

tides. In this section, the responses of genes to 
energy availability will be discussed, specifically 
transcriptional modulation of gene expression 
through leptin-mediated and fasting-induced sig-
naling in the hypothalamus. Some other hypotha-
lamic regions have been investigated, but the 
POMC neurons have the best mix of information 
on them and thus will be the focus on this 
section.

3.1.6  POMC Neurons in Response 
to Increased Energy 
Availability

The POMC neurons lie within the arcuate nucleus 
of the hypothalamus and there can directly sense 
leptin signal from the median eminence. This 
sensing occurs through the long form leptin 
receptor (LepRb) through a Jak-Stat signaling 
pathway (Flak and Myers 2016). Of note, Stat3 is 
required for leptin signaling (Flak and Myers 
2016), even though, as mentioned earlier, it is not 
even found on the top 1000 list of hypothalamic 
transcription factors in the FANTOM database 
for hypothalamus (diencephalon) (Consortium 
et al. 2014). As we have already discussed in gen-
eral, Stat3 acts as a transcription factor, regulat-
ing the POMC gene, the NHLH2 gene, and the 
PCSK1 gene (Fig. 3.3) (Al Rayyan et al. 2014; 
Fox and Good 2008; Munzberg et al. 2003). Jak2, 
a tyrosine kinase, first phosphorylates LepRb fol-
lowing leptin binding, making the activated and 
phosphorylated LepRb complex more “attrac-
tive” to Stat transcription factors. Stat3 and Stat5 
are recruited to the activated LepRb/Jak complex 
and phosphorylated, resulting in translocation of 
Stat3 and Stat5 to the nucleus (Flak and Myers 
2016). Stat transcription factors form homo- and 
heterodimers with each other and other transcrip-
tion factors (Reich 2007).

Stat5 is dispensable for leptin signaling (Flak 
and Myers 2016), so we’ll focus on Stat3 tran-
scriptional regulation. What are its target genes? 
The first leptin-responsive target gene identified 
was POMC (Munzberg et al. 2003). In this study, 
leptin was shown to stimulate POMC promoter 
expression in a kidney and in a pituitary cell line 
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(at the time, there we no good hypothalamic 
lines), and a 30 bp region of the POMC promoter 
between −91 and − 61 from the start of transcrip-
tion was shown to be sufficient for leptin- 
mediated expression. However, while the study 
showed that Stat3 was activated (phosphorylated 
and translocated to the nucleus), Munzberg and 
colleagues were not able to detect Stat3 binding 
to that 30  bp element using electrophoretic 
mobility (gel shift) assays (Munzberg et  al. 
2003). The researchers speculated that this might 
be because Stat3 was interacting with another 
protein/transcription factor. Only later did 
another group show that this was indeed the case. 
Yang and colleagues narrowed down the region 
needed for Stat3 binding to a slightly larger 50 bp 
fragment located between −138 and − 88 of the 
POMC promoter. This region contained a speci-
ficity protein 1 (Sp1) transcription factor binding 
site, but not a Stat3 binding site. However, immu-
noprecipitation of Sp1  in leptin-activated cells 
could bring down phosphorylate Stat3 protein, 
indicating that Stat3 and Sp1 interacted (Yang 
et al. 2009). In the Munzberg paper, the original 
30 bp element which was located just upstream 
of the Sp1 site did contain a putative Stat site 
(Munzberg et al. 2003), and it is likely (although 

not yet directly shown) that these two elements 
act together to mediate leptin responsiveness of 
the POMC promoter (depicted on Fig.  3.3). 
Interestingly, the Yang et al. article also showed 
that the transcription factor FoxO1 was involved 
in POMC regulation as well, namely, that FoxO1 
appeared to sequester Stat3 from interacting with 
Sp1, and subsequent studies revealed that the 
FoxO1:Stat3 interaction domain was separate 
from the FoxO1 DNA binding domain and that 
the POMC promoter also had a FoxO1 binding 
element in its proximal promoter region (Ma 
et al. 2015).

FoxO1, which is found in the FANTOM list of 
hypothalamic transcription factors (Consortium 
et  al. 2014), is a member of the forkhead tran-
scription factor family and worth mentioning in 
the context of hypothalamic gene regulation. 
FoxO1 is a.

target of the AKT kinase, which itself is regu-
lated by phosphoinositol-3-phosphate (PIP3) lev-
els. PIP3 levels are elevated by LepR (both long 
and short form) signaling. Overall then, activa-
tion of the leptin receptor through leptin results in 
phosphorylated FoxO1 protein, and this form of 
FoxO1 is not able to interact with Stat3 (Kwon 
et al. 2016) (Fig. 3.3).
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Fig. 3.3 Leptin-mediated induction of gene expression in 
POMC neurons. Three cartoons of gene promoters are 
shown with the possible set of transcription factors that 
regulate these genes in response to positive energy bal-

ance, in particular leptin. The posttranscriptional modifi-
cation status of the transcription factors is shown or 
hypothesized based on references within the text
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Moving to the POMC enhancer regions dis-
cussed previously, these regions appear to specify 
hypothalamic tissue-specific transcription 
through homeodomain transcription factor bind-
ing motifs, and PE1 is needed for adult body 
weight regulation but only due to the fact that it 
allows a high level of hypothalamic POMC 
expression to occur (Lam et al. 2015). To date, no 
one has shown that the homeobox transcription 
factors that may bind in this region are leptin 
regulated. However, a region more proximal (at 
approximately −330  bp) appears to mediate 
POMC expression via differential DNA methyla-
tion and appears to be induced by excessive 
energy availability (Zheng et  al. 2015). 
Additionally, changes in the levels of histone 
acetylases occur with fasting or high-fat feeding 
(Funato et  al. 2011), suggesting that a histone- 
level gene regulation is occurring—but to date, 
this activity has not been specifically localized to 
the POMC promoter.

Slightly after leptin-mediated POMC gene 
regulation began to be characterized, regulation 
of the PCSK1 gene was characterized. The pro-
tein product of PCSK1 is prohormone convertase 
1/3—the main neuropeptide processing enzyme 
for POMC. Thus, activation of PCSK1 gene by 
leptin makes sense, as the arcuate neurons need 
to not only increase POMC mRNA but make sure 
that the neuropeptide alpha-melanocyte- 
stimulating hormone is produced from the trans-
lated mRNA. In a similar fashion to POMC, Stat3 
was shown to mediate PCSK1 (and the related 
gene PCSK2) expression following leptin stimu-
lation (Sanchez et al. 2004). Only one promoter 
region containing a 971 bp fragment was used in 
the initial promoter analysis for this study, and 
although it contained Stat3 sites, there was no 
further specific characterization of the PCSK1 
promoter at that time. However, during the same 
year, my laboratory showed that mice lacking the 
hypothalamic transcription factor Nhlh2 had low 
levels of PCSK1 mRNA, accompanied by low 
POMC peptide levels, with normal POMC RNA 
levels (Jing et  al. 2004). This suggested that 
Nhlh2 might be a transcriptional regulator of the 
PCSK1 gene, which our laboratory was able to 
confirm in 2008 (Fox and Good 2008). As a 

member of the basic helix-loop-helix (bHLH) 
transcription factor family, Nhlh2 can homodi-
merize (Fox and Good 2008) as well as form het-
erodimers with transcription factors. For PCSK1 
leptin-mediated regulation, Nhlh2 appears to het-
erodimerize with Stat3 at two regions of the 
PCSK1 promoter, which contain adjacent E-box 
(bHLH binding) and Stat binding motifs (Fig. 3.3) 
(Fox and Good 2008). In a heterologous cell cul-
ture experiment, both Stat3 and Nhlh2 needed to 
be added to the cells for leptin-stimulated expres-
sion of PCSK1 to occur. In addition, in the 
absence of Stat3, Nhlh2 appeared to homodimer-
ize, but addition of Stat3 led to heterodimeriza-
tion of Stat3 and Nhlh2 in an in vitro pull-down 
assay (Fox and Good 2008). While Stat3 also 
homodimerizes, it is not clear at this time whether 
the heterodimer complex between a single Stat3 
and a single Nhlh2 is sufficient or whether other 
factors, including other Stat3 molecules, are 
involved.

The NHLH2 gene, which is expressed within 
POMC neurons and throughout many other 
nuclei of the hypothalamus, is also induced by 
leptin (Vella et  al. 2007), and this again makes 
sense if Nhlh2 is required for PCSK1 leptin- 
induced expression. The protein also appears to 
be regulated posttranscriptionally by the SIRT1 
deacetylase (Libert et  al. 2011). Indeed, the 
human and mouse Nhlh2 proteins contain seven 
lysine amino acids which could be the target of 
acetylases. Lysine #49 (K49) on Nhlh2 appears 
to be the deacetylation target of Sirt1, and deacet-
ylation leads to loss of Nhlh2 promoter binding 
(Libert et al. 2011). While the studies by Libert 
and colleagues were on a negatively regulated 
Nhlh2 target which can only be expressed once, 
Nhlh2 is removed from the promoter; whether or 
not Nhlh2 is acetylated while binding to the 
PCSK1 promoter (Fig.  3.3) and whether or not 
acetylation of Nhlh2 is required for Stat3 interac-
tion are still under investigation.

As mentioned above, the NHLH2 gene is also 
a known leptin-stimulated gene target in the 
hypothalamus. In order to further characterize 
elements in the NHLH2 promoter which might 
facilitate leptin-mediated regulation, we scanned 
the proximal 950  bps of the mouse and human 
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NHLH2 promoter and found multiple putative 
Stat3 binding sites (Al Rayyan et al. 2014). Two 
nuclear factor, NFκB sites were also identified, 
but do not appear to mediate leptin-stimulated 
gene expression—in fact, mutagenesis of the 
most distal NFκB resulted in even better leptin- 
mediated expression, suggesting that these sites 
could be negative regulators. Three of the five 
putative Stat3 sites were all required for leptin- 
induced expression of an NHLH2 heterologous 
promoter (Al Rayyan et  al. 2014) (Fig. 3.3). In 
this set of experiments, the N29/2 cell line from 
the Belsham group was used, as this cell line best 
replicated a POMC neuronal cell line (Belsham 
et  al. 2004). In this study we were also able to 
confirm that Stat3 interacted on the endogenous 
Nhlh2 promoter, by performing chromatin immu-
noprecipitation (ChIP) on hypothalamic nuclear 
extracts following leptin stimulation of mice (Al 
Rayyan et al. 2014). Quantification of the ChIP 
analysis by QPCR revealed that leptin treatment 
leads to a ~threefold increase in Stat3 occupation 
on the NHLH2 promoter (Al Rayyan et al. 2014). 
It is not clear if Sp1:Stat3 interactions, as seen on 
the POMC promoter, might also be involved in 
Nhlh2 regulation, as several putative Sp1 sites 
exist on the Nhlh2 promoter but have not been 
further investigated at this time.

For all of the genes discussed in this section, 
there are likely other transcription factors and 
DNA methylation/acetylation dynamics at play 
in leptin-stimulated expression. For now, the sim-
plified version how the POMC, PSCK1, and 
NHLH2 promoters all are stimulated by leptin 
signals will have to suffice until more work is 
done to reveal any additional mechanisms.

3.1.7  Responses to Fasting 
and Reduced Energy 
Availability

According to studies completed by our labora-
tory (Jiang et  al. 2015), serum leptin levels fall 
approximately 50% and glucose levels about 
60% following a 24 h food deprivation, relative 
to ad-lib fed mice. In this whole hypothalamic 
analysis of total RNA, approximately equal num-

bers of mRNAs were upregulated or downregu-
lated by fasting (Jiang et al. 2015). Interestingly, 
although 16 microRNAs were upregulated and 6 
microRNAs were downregulated with the micro-
array data, of 6 tested further, none of these could 
be confirmed via QPCR. Overall, we were able to 
detect 536 microRNA species within the hypo-
thalamus, which is more than the 105 out of 717 
reported for mouse midbrain by http://www.
microrna.org/microrna/home.do. Long noncod-
ing RNA (lncRNA) appears to make up more of 
the noncoding RNA species and has more of 
those that are differentially regulated. In this 
same study, and a subsequent one, we were able 
to identify 421 lncRNA species that were upregu-
lated in response to fasting, and 201 lncRNA spe-
cies that were downregulated in response to 
fasting, and were able to detect over 12,000 
lncRNA species that were expressed in hypotha-
lamic tissues (Jiang et  al. 2015). Two of three 
lncRNA tested by QPCR were confirmed to be 
differentially regulated in response to fasting. In 
addition, using data from an older generation 
microarray, we were also able to identify 60 
lncRNAs that were differentially expressed with 
fasting (Jiang and Good 2016). However, our 
knowledge of the role of lncRNAs in the hypo-
thalamus and especially in response to energy 
balance is still evolving. We don’t yet understand 
how many of these lncRNAs function, nor how 
they are differentially expressed (Jiang and Good 
2016). However, it is important to mention that 
within the context of differential gene expression, 
one should not forget the noncoding RNAs.

So what about the “more common” mRNAs—
as noted from our study—there were significant 
changes in the mRNA transcriptome following 
fasting (Jiang et al. 2015). Of these, gene  ontology 
analysis revealed a number of genes in the cell 
cycle category were changed—many of them 
surprisingly upregulated in response to fasting. 
One of these was Cdkn1a, which codes for the 
p21 protein (Jiang et al. 2015). Of note, Cdkn1a 
had already been shown to be upregulated in spe-
cific hypothalamic nuclei with fasting, and one 
study showed that the FoxO1 transcription factor 
played a role in its upregulation (Tinkum et  al. 
2013), although the transcriptional analyses were 
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only done with the liver where p21 protein is also 
increased with fasting. However, as noted by 
these authors, Cdkn1a has FoxO1 binding sites in 
its proximal promoter, so it is likely that FoxO1, 
which is expressed in hypothalamus, mediates 
this gene expression upregulation. As noted pre-
viously, POMC promoter also has a FoxO1 bind-
ing element in its proximal promoter region (Ma 
et  al. 2015), and overexpression of FoxO1  in 
POMC neurons reduces POMC expression and 
overall POMC neuron numbers (Plum et  al. 
2012). So, FoxO1, acting on different neurons, 
perhaps in different conditions, can either up- or 
downregulate target gene expression.

In considering gene regulation during reduced 
energy availability, it is important to look at how 
orexigenic genes, such as neuropeptide Y (NPY) 
and agouti-related protein (AgRP), are induced. 
The human and mouse promoter regions for 
AgRP were characterized in 2001 (Mayfield 
et al. 2001) and found to contain at least on Stat 
site, a CCAAT box, which can bind to factors of 
the CREB family of transcription factors, and an 
E-box motif (for bHLH transcription factors) 
which was also the site of a human DNA variant 
that reduced gene expression (Mayfield et  al. 
2001). In this study, Mayfield and colleagues 
were able to show, using GT1–7 hypothalamic 
cells, a significant reduction in promoter activity 
with the variant and an association of the variant 
genotype TT with obesity (Mayfield et al. 2001). 
Subsequent studies from this same laboratory did 
not follow up on the BHLH transcription factor 
in AgRP regulation, but rather showed that a 
Krüpple-like transcription factor, Klf4, directed 
expression of AgRP (Ilnytska et  al. 2011). In 
these studies, the Belsham hypothalamic cell line 
N38 (Belsham et  al. 2004) was used to show 
induction of both Klf4 and AgRP with fasting as 
well as direct binding of Klf4 to the AgRP pro-
moter under these conditions (Ilnytska et  al. 
2011). AgRP is also regulated by FoxO1, which 
appears to be assisted by the activating transcrip-
tion factor ATF3 (Lee et  al. 2013) and antago-
nized by Stat3 (Kitamura et al. 2006). All of this 
is summarized in cartoon form in Fig.  3.4. Of 
note, while we know that Stat3 is likely phos-
phorylated, FoxO1 is normally acetylated when 

inactive and deacetylated by Sirt1 when it is in 
the nucleus and regulating AgRP (Cakir et  al. 
2009). Phosphorylation of ATF3 and acetylation 
of KLF4 have been shown in other systems (e.g., 
Mayer et al. 2008; Meng et al. 2009), but not con-
firmed in hypothalamic AgRP neurons.

Despite the fact that one of the main human 
polymorphism in the NPY gene which is linked 
to metabolic phenotypes resides in the NPY pro-
moter region at −399 (e.g., de Luis et al. 2016), 
relatively little is known about the transcriptional 
regulation of NPY in response to fasting. It has 
been known for more than 25  years that NPY 
gene expression is induced with fasting (Sanacora 
et al. 1990), but the mechanisms of this remain 
elusive. The polymorphism at −399 appears to 
affect an SP1 site, which is conserved in the 
bovine NPY gene as well (Alam et  al. 2012). 
According to a very large study of the response to 
starvation in mice in which a transcriptional net-
work analysis was performed, the “interactome” 
of transcriptional responses to starvation, SP1 is 
listed in 4 of the 5 tissues examined, notably 
absent from brain (Hakvoort et al. 2011). Thus it 
could be that SP1 did not reach the level of sig-
nificance in this study but may in fact be a fast-
ing−/starvation-induced transcription factor 
responsible for NPY expression (Fig.  3.4). The 
NPY promoter also contains two distal Stat3 
sites, but the role of these in leptin-inhibited ver-
sus fasting-induced expression is not yet clear. 
Notably, in a review that this author wrote 
17 years ago, there was still little known about 
NPY promoter regulation, but several studies 
suggested that its regulation was not transcrip-
tional but posttranscriptional, with increased 
mRNA stability of the NPY mRNA contributing 
to its change in expression in response to fasting 
(Good 2000). With more knowledge about 
microRNA and lncRNA expression in the hypo-
thalamus, as well as the known function of some 
noncoding RNA in mRNA stability, more work 
should be done on NPY mRNA stability versus 
transcriptional activation in response to fasting.

As mentioned above, several of the transcrip-
tion factors mediating fasting response in the 
hypothalamus undergo posttranslational modifi-
cations such as phosphorylation and acetylation 
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(and removal of these modification) in order to 
either move to the nucleus or bind DNA.  For 
example, AMP kinase and Sirt1 deacetylase are 
both active under conditions of low leptin, such 
as fasting, and both are responsive to metabolic 
signals (low ATP/high AMP for AMP kinase and 
low NADH/high NAD for Sirt1) which would be 
present during fasting conditions, and both target 
FoxO1 transcription factor (Minokoshi et  al. 
2008; Toorie and Nillni 2014). Thus, we are start-
ing to build transcriptional signaling pathways to 
understand the molecular changes that occur in 
response to fasting. However, this area likely 
needs more attention to characterize more gene 
targets of fasting and how these gene targets are 
regulated. The roles of lncRNA should also be 
considered as several lines of evidence suggest 
that they may play a major role in energy balance 
control (Jiang and Good 2016).

3.2  Summary and Key Questions 
that Remain Unanswered

The tools are in place for researchers to build 
comprehensive knowledge on gene expression 
mechanisms in response to changes in energy 

balance, but much more needs to be done. It is 
clear, for example, that many more genes undergo 
transcriptional regulation by those transcription 
factors that we know are induced (FoxO1, Stat3, 
Nhlh2, etc.), and these genes need to be charac-
terized to fully understand the response to feed-
ing and fasting. Furthermore, there are likely 
many other transcription factors that have not 
been fully characterized; yet still many likely 
play important roles in energy balance regula-
tion. One of the downsides of working with tran-
scription factors is that they generally are not 
highly expressed and may be difficult to detect or 
missed with some previous methods used. 
Antibodies can sometimes detect the protein, but 
posttranslational modifications also interfere 
with immunodetection, depending on whether 
conformational changes occur with the 
 modification. Many transcription factors, like 
Stat3, are not necessarily transcriptionally regu-
lated but posttranscriptionally regulated through 
protein modifications, so studying their transcrip-
tional regulation may be important, but may not 
tell us much about energy balance signaling. 
However, posttranslational modifications need to 
be more rigorously investigated for each neuron 
type within the hypothalamus and under condi-
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tions of both fasting and ad-lib feeding to fully 
understand how the transcription factors mediate 
differential gene expression.

It is also clear that sexual dimorphism exists in 
hypothalamic transcriptional and responses 
(Loganathan and Belsham 2016), and yet few 
laboratories study this area. One should consider 
the “sex” or gender of the cell lines and then use 
specific and perhaps matched cell lines to estab-
lish and study sex-specific gene expression dif-
ferences for many different hypothalamic 
promoters. In addition, once we begin to under-
stand these mechanisms in cell lines, we need to 
extend it to humans, and specifically characterize 
transcription factor binding sites within human 
promoters, and then utilize online genomic data-
bases to identify polymorphisms that might affect 
transcriptional regulation, as possible mechanism 
for genetic mechanisms of body weight control. 
Genome-wide association studies often identify 
associated polymorphisms that are not within 
gene coding regions and, thus, may instead be 
associated with gene regulatory changes.

No chapter on transcriptional mechanisms of 
gene regulation would be complete without at 
least mentioning posttranscriptional mecha-
nisms, which have been done with NPY and 
mRNA stability, posttranslational modifications, 
and analysis of noncoding RNA expression with 
fasting in this chapter. However, many other post-
transcriptional mechanisms exist than were dis-
cussed above, and given the number of different 
outcomes for an mRNA once it is transcribed, 
this topic really deserves a chapter of its own.

We finish his chapter by again contemplating 
the enormity of having over 2000 different tran-
scription factors to regulate the thousands of 
genes that are needed for energy balance control 
by the hypothalamus. While researchers have 
made some headway into this topic, it is also 
clear that there is still a lot to be done to under-
stand the complexity of transcription (and post-
transcriptional) control of the hypothalamic 
transcriptome and ultimately its resulting 
proteome.

Questions to Consider

 1. Compare and contrast studying gene expres-
sion in hepatocytes to gene expression within 
the hypothalamic arcuate POMC neurons. 
What are the challenges and benefits for each 
tissue type?

 2. Take a look at the NCBI gene expression pro-
files database (https://www-ncbi-nlm-nih-
gov.ezproxy.lib.vt.edu/geoprofiles/), and put a 
search term into the box (such as hypothala-
mus, a nucleus of the hypothalamus, or a gene 
name). What kind of data is returned and how 
might one use this information to develop a 
research question?

 3. Analyze the actual data from one or two of the 
papers referenced in this chapter in which 
transcriptional regulation of a hypothalamic 
gene was characterized. What would be the 
next step in this type of research? What tools 
would you need to conduct this type of 
research?

 4. Is it better to study gene expression in cell 
lines or in animals? Compare and contrast 
these two models.

 5. Can knowledge about gene expression be 
used in personalized medicine? Are there any 
known treatments to date that take gene 
expression patterns into account?
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4.1  Inflammation

In his medical treatise De Medicina dating back 
two millenniums, Aulus Cornelius Celsus refers 
to the signs of inflammation as “redness and 
swelling with heat and pain.” Inflammation is a 
reaction of the body to foreign stimuli and has 
presumably evolved to restore homeostasis in 
response to infections, tissue damage, or toxins. 
In conditions when the basal homeostatic state 
cannot be restored, persistent inflammatory sig-
nals usually lead to a maladaptive state as we 
observe in diet-induced obesity. Inflammatory 
process typically involves an inducing factor, 
such as bacterial infection, which is recognized 
by sensory molecules, e.g., as toll-like receptors, 
which then leads to secretion of inflammatory 
mediators including cytokines, chemokines, and 
a subclass of eicosanoids called prostaglandins. 

Final stage of the acute inflammatory cycle 
involves a resolution stage aimed to return to the 
pre-inflammatory homeostatic boundaries 
(Serhan et al. 2007), and failure to do so might 
lead to chronic inflammation. As opposed to 
acute inflammatory response commonly 
observed, following tissue injury or bacterial or 
viral infections, metabolic syndrome, and obesity 
per se manifest in the form of a chronic low- 
grade inflammatory state also called para−/meta- 
inflammation (Medzhitov 2008; Hotamisligil 
2017). The inducing factor(s) of this chronic low- 
grade inflammation is still not entirely clear; 
however common mediators are involved in the 
acute and chronic inflammation. In contrast to 
many other chronic inflammatory conditions 
where the response is localized to the site of 
action of the inducing factor (e.g., site of infec-
tion), obesity-associated inflammation is mani-
fested at a systemic level incorporating the 
peripheral as well as central tissues. Low-grade 
chronic inflammation has been demonstrated in 
a variety of metabolic tissues, such as the white 
adipose (Xu et al. 2003), liver (Cai et al. 2005), 
skeletal muscle (8, 9), and pancreas (Ehses 
et al. 2008; Donath et al. 2010), and appears to 
play a causative role in metabolic dysregula-
tions including insulin resistance during obe-
sity. For example, treatment with an 
anti-inflammatory agent amlexanox, an inhibi-
tor of the NF-κB kinases IKKε and TBK-1, 
reduces obesity in rodents and improves glucose 
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homeostasis in mice (Reilly et al. 2013) and a 
subset of diabetics (Oral et al. 2017).

Inflammation in the central nervous system 
(CNS) also parallels the excess calorie intake and 
obesity, and this chapter will focus on the key 
mediators, signaling components, and the various 
cell types involved in the inflammatory process in 
the CNS. We will describe genetic and pharma-
cological approaches utilized to target the inflam-
matory mediators or signaling pathways involved. 
A significant number of studies now suggest that 
obesity and the associated inflammatory state 
form a positive feedback loop where induction of 
inflammation exacerbates various abnormalities 
observed in obesity such as the impaired glucose 
metabolism (Okin and Medzhitov 2016). We fur-
ther address the central inflammation in regard to 
neurons and glial cell populations with specific 
emphasis on the hypothalamus and regulation of 
energy homeostasis.

4.1.1  Hallmarks of Inflammation

Classical activators of inflammation, such as lipo-
polysaccharide (LPS or endotoxin), tumor necro-
sis factor alpha (TNFα), and interleukin-1 (IL-1), 
induce a series of physiological outcomes involv-
ing fever and anorexia through their central 
action. Fever is mediated through activation of 
cyclooxygenase expression, which is targeted  – 
either directly or indirectly – by most commonly 
used antipyretic (fever reducing) agents including 
common nonsteroidal anti-inflammatory drugs 
(NSAID), such as salicylic acid (aspirin) and ibu-
profen. Some inflammatory signals derived from 
the periphery act through their receptors in the 
brain; however their action is further amplified 
through local production of other inflammatory 
mediators. For example, peripheral administra-
tion of LPS (endotoxin) triggers hypothalamic 
expression of pro-inflammatory cytokines includ-
ing TNFα, IL-6, and IL-1 (Hillhouse and Mosley 
1993; Layé et al. 1994; Breder et al. 1994; Wong 
et al. 1997), and the LPS-induced anorexia is pre-
sumably an integrated response to all these fac-
tors, which activate an overlapping set of 
signaling cascades: These include the stress-acti-
vated kinase pathways including, but not limited 

to, c-Jun N-terminal kinase (JNK) and p38 kinase, 
canonical and noncanonical nuclear factor kappa 
B (NF-κB) pathways, and protein kinase R 
(PKR). Some of these pathways are also utilized 
by metabolic hormones and important for the 
regulation of energy balance. For example, sick-
ness and leptin-induced anorexia are mediated in 
part by acute hypothalamic inflammation and 
require central NF-κB signaling (Jang et  al. 
2010). Although LPS also results in a systemic 
increase in TNFα concentrations, LPS-induced 
upregulation of central TNFα seems to follow a 
different mechanism and precedes the rise in cir-
culating TNFα concentration (Sacoccio et  al. 
1998). Furthermore, there appears to be a func-
tional redundancy on certain phenotypes induced 
by the central action of the pro- inflammatory 
cytokines. For example, most effects of systemic 
LPS administration, including anorexia, hypogly-
cemia, and activation of the hypothalamus-pitu-
itary-adrenal axis, were intact in IL-1β knockout 
mice. However, the anorexic response to central 
administration of LPS still required central IL-1β 
production (Yao et al. 1999).

A classical hallmark of inflammation is upreg-
ulation of the hypothalamic-pituitary-adrenal 
(HPA) axis. Upon inflammatory challenge, 
plasma ACTH concentrations rise, which act on 
the adrenal glands and result in systemic elevated 
glucocorticoid levels. Glucocorticoids are anti- 
inflammatory agents and therefore act as a pro-
tective negative feedback loop to block persistent 
HPA activation (Besedovsky and del Rey 1996). 
Classical pro-inflammatory cytokines such as 
TNFα, IL-1, and IL-6 as well as LPS stimulate 
transcription of hypothalamic corticotropin- 
releasing hormone/factor (CRH/F), which acts 
on pituitary to induce ACTH release into the cir-
culation. There is a certain degree of overlap in 
the physiology as well as the mechanism of 
action of leptin and the pro-inflammatory cyto-
kines. For example, central IL-1 infusion into the 
VMH results in acute decreases in food intake 
and body weight in rats (Kent et  al. 1994) and 
mice (Kent et al. 1996), and LPS administration 
upregulates the immediate early gene c-fos, 
which has been widely used as a marker for neu-
ronal activation (Sagar and Sharp 1993), in the 
hypothalamus, the amygdala, and the nucleus 
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tractus solitarius (NTS) (Elmquist et  al. 1993). 
LPS, like leptin, induces the hypothalamic 
STAT3 phosphorylation (Hosoi et  al. 2004), 
although this is a secondary response to LPS- 
induced IL-6 upregulation. In addition, LPS- 
induced anorexia and fever depend in part on 
circulating leptin (Sachot et al. 2004). Rats lack-
ing leptin receptor signaling are defective in acti-
vating the HPA axis upon LPS exposure (Steiner 
et  al. 2004). However, central action of leptin 
counteracts the fasting-induced activation of 
HPA axis, such that restoration of fasting-induced 
decrease in plasma leptin concentrations back to 
the fed levels blocks the rise in plasma corticoste-
rone and ACTΗ levels observed upon food depri-
vation (Ahima et al. 1996).

As discussed below, NF-κB activation is a 
common hallmark of diet-induced obesity in the 
hypothalamus and peripheral metabolic tissues 
(Arkan et  al. 2005; Wunderlich et  al. 2008; 
Chiang et  al. 2009). The canonical (classical) 
NF-κB signaling is comprised of a family of five 
transcription factors (p65 (RelA), RelB, c-Rel, 
p105/p50 (NF-κB1), and p100/52 (NF-κB2)), 
which are under normal conditions sequestered 
in the cytosol by inhibitor of κB (IκB). 
Phosphorylation of IκB by upstream IκB kinases 
(IKK) results in its proteasome-mediated degra-
dation. Free NF-κB proteins then translocate to 
the nucleus to activate the transcription of target 
genes. Besides classical IKKs (IKKα, IKKβ), 
there are IKK-related kinases (IKKε, TBK1) that 
play a critical role in the obesity-induced inflam-
mation. In the adipose tissue and liver of diet- 
induced obese mice, the activity of these 
noncanonical (alternate) IKKs increases (Chiang 
et al. 2009). IKKε knockout mice are protected 
from diet-induced inflammation and obesity 
mainly due to elevated energy expenditure 
(Chiang et  al. 2009). Furthermore, treatment of 
diet-induced knockout mice with an IKKε/TBK1 
inhibitor reverses diet-induced obesity and asso-
ciated complications including glucose metabo-
lism (Reilly et al. 2013). Obesity activates IKKε 
in the hypothalamus as well (Weissmann et  al. 
2014). Pharmacological or genetic inhibition of 
hypothalamic IKKε signaling in obese rodents 
leads to decreased NF-κB activity and amelio-

rates central insulin and leptin resistance 
(Weissmann et al. 2014).

IKKβ/NF-κB pathway plays a key role in neu-
ronal stem cells (NSCs). For example, CNTF, a key 
factor involved in the maintenance of NSCs 
(Shimazaki et al. 2001), can suppress food intake 
and body weight even in leptin-resistant mice 
through a mechanism that involves neurogenesis 
in the hypothalamus (Kokoeva et al. 2005). Obese 
rodents have decreased numbers of hypothalamic 
NSCs, and inhibition of IKKβ/NF-κB increases 
their survival (Li et al. 2012). NSC-specific activa-
tion of IKKβ/NF-κB in adult mice results in 
decreased NSC number and increased food intake 
and weight gain (Li et al. 2012). One of the hall-
marks of obesity is induction of a pathophysiology 
of aging at earlier ages in peripheral as well as cen-
tral tissues. Hypothalamic markers of inflamma-
tion increase as mice get older. Most notably, 
ablating neuronal IKKβ expression or blocking 
IKKβ activity specifically in the mediobasal hypo-
thalamus results in extended life-span accompa-
nied by improved cognitive and motor functions, 
whereas activation of NF-κB induces an opposite 
phenotype and results in mice with shorter life-
span (Zhang et  al. 2013a). Most of these pheno-
types could be mimicked by microglia-specific 
IKKβ inhibition as well, suggesting the importance 
of non-neuronal cells in hypothalamic inflamma-
tion and associated metabolic abnormalities.

Inflammatory ligands in the form of foreign 
pathogens or endogenous signals are typically 
recognized by pattern recognition receptors (toll- 
like receptors, TLRs) expressed on the cell sur-
face or intracellular membranes such as ER. The 
ligands recognized by different TLRs have been 
characterized; for example, TLR4 acts as the 
receptor for LPS.  TLR activation classically 
leads to NF-κB activation and induces the expres-
sion of interleukin-1 (IL-1) family of cytokines 
(IL-1 and IL-18), which are processed from their 
pro-interleukin precursors to mature forms by 
active caspase 1. The canonical pathway of cas-
pase 1 activation involves inflammasomes 
(Martinon et  al. 2002), large protein complexes 
assembled by innate immune receptors called 
nucleotide-binding domain leucine-rich repeat- 
containing receptors (NLRs), absent in melanoma 
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2 (AIM2) and pyrin (Stutz et al. 2009; Broz and 
Dixit 2016). Glial cells in the CNS including 
microglia and astrocytes express TLRs (Lehnardt 
2010), and inflammasome components are con-
stitutively expressed in the brain (Yin et al. 2009), 
where they act as major regulators of central 
inflammation (Song et  al. 2017). For example, 
the microglial IL-1β production observed in 
Alzheimer’s disease is mediated by amyloid beta 
recognized by the inflammasome NALP3 (also 
called NLRP3), which leads to caspase 1 activa-
tion and the processing of pro-IL-1β to active 
IL-1β (Halle et al. 2008). Inflammasome compo-
nents are also detected in neurons (Kummer et al. 
2007) and seem to play essential roles during 
conditions such as brain injury (de Rivero Vaccari 
et  al. 2008), headache (Silverman et  al. 2009; 
Karatas et al. 2013), and response to certain viral 
infections (Ramos et al. 2012). The overall clini-
cal importance of inflammasomes extends 
beyond infections, and its dysregulation plays a 
key role in peripheral as well as central inflam-
mation associated with metabolic syndrome 
including obesity. For example, NLRP3 ablation 
protected mice from age-associated central 
inflammation and astrogliosis, improved glucose 
homeostasis, attenuated bone loss and thymus 
dysfunction (Youm et  al. 2013), and enhanced 
the obesity-associated defects in insulin signaling 
(Vandanmagsar et al. 2011). We next discuss in 
more detail the inflammation of the nervous sys-
tem or “neuroinflammation.”

4.1.2  Central Nervous System (CNS) 
Components 
of the Inflammatory Process

4.1.2.1  Neurons Are Not Alone 
in the CNS

In order to understand the CNS inflammation, it 
is important first to get a broad understanding of 
the cellular architecture of the CNS as term neu-
roinflammation extends beyond the neurons. 
Majority of the cells in the CNS are non-neuronal 
cells called glia. There are three glial cell popula-
tion: astrocytes, microglia, and oligodendrocytes. 
The main function of these cells is to maintain 
the homeostasis in the nervous system. Astrocytes 

send projections (called astrocytic end feet) to 
meet the blood capillaries and have traditionally 
been viewed as a gate between the circulation 
and the rest of the CNS. For example, the classi-
cal view of CNS glucose utilization has been the 
import of glucose from the bloodstream by the 
astrocytes to be first oxidized to lactic acid, which 
is then taken up by neurons and used as the 
energy source. This indirect route of glucose uti-
lization, called the astrocyte-neuron lactate shut-
tle, was reported to be key to the central regulation 
of glucose metabolism (Lam et  al. 2005). 
Likewise, astrocytes can oxidize fatty acids to 
ketones, which could then be used by neurons as 
energy source (Le Foll and Levin 2016). Although 
recent findings suggest that neurons might play a 
more direct role in nutrient utilization (Lundgaard 
et al. 2015), astrocytes play an indispensible role 
in the central regulation of energy homeostasis: 
They express the receptors for key metabolic fac-
tors including leptin, insulin, and ghrelin (Kim 
et al. 2014; García-Cáceres et al. 2016; Frago and 
Chowen 2017). Astrocytic insulin signaling is 
required for brain glucose uptake and systemic 
glucose homeostasis (García-Cáceres et  al. 
2016). By regulating extracellular adenosine con-
centration, astrocytes regulate AgRP neuronal 
activity and actively participate in the regulation 
of feeding (Yang et  al. 2015). Leptin induces 
astrocyte proliferation in the hypothalamus 
(Rottkamp et  al. 2015), and removal of leptin 
receptor from astrocytes attenuates the response 
to leptin-induced anorexia while potentiating 
ghrelin-induced food intake (Kim et al. 2014).

Microglia are resident macrophages of the 
CNS derived from erythromyeloid precursors in 
the yolk sac (Kierdorf et al. 2013). Their function 
includes maintenance as well as the plasticity of 
synaptic circuitry, synaptic transmission, neuro-
nal surveillance, and neurogenesis (Walton et al. 
2006; Paolicelli et al. 2011; Pascual et al. 2012; 
Wake et al. 2013). Rodents are estimated to have 
between 3 and 4 million microglia. Their distri-
bution is not uniform throughout the brain, with 
more microglia detected in the hippocampus, 
olfactory telencephalon, basal ganglia, and sub-
stantia nigra than regions such as the cerebellum 
and brain stem (Lawson et al. 1990). Contrary to 
differentiated adult neurons, microglia can pro-
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liferate. Earlier studies have suggested that a 
source of resident microglia was monocytes that 
are recruited from the periphery, which in turn 
could differentiate into resident microglia 
(Lawson et  al. 1992). However, recent studies 
show that postnatal hematopoiesis makes a mar-
ginal contribution to steady-state resident 
microglial cell population (Ginhoux et al. 2010). 
Microglia development and survival depend on a 
receptor tyrosine kinase called colony-stimulat-
ing factor 1 receptor (CSF1R) (Ginhoux et  al. 
2010; Erblich et al. 2011) whose inhibition leads 
to complete microglial depletion in adult mice. 
However, in adult mice, nestin-positive latent 
microglial progenitors are capable of renewing 
the CNS microglia pool (Elmore et  al. 2014). 
The third glial population is comprised of the oli-
godendrocytes (ODs). These cells mainly func-
tion to provide electrical insulation (myelination) 
to neurons. Besides this fundamental role, ODs 
produce a variety of neurotrophic and growth 
factors such as BDNF and IGF-1 to promote neu-
ronal survival (Wilkins et al. 2001, 2003; Du and 
Dreyfus 2002). Another glial population is NG2 
glia, which are also called polydendrocytes or 
oligodendrocyte precursors (Nishiyama et  al. 
2009). These cells are characterized by their 
expression of a single membrane-spanning chon-
droitin sulfate proteoglycan, called NG2, and are 
able to differentiate into myelinating oligoden-
drocytes and engage in tissue repair (Hughes 
et al. 2013). Accordingly, NG2 glia gain a hyper-
trophic characteristic upon demyelinating insults 
(Keirstead et  al. 1998; Di Bello et  al. 1999; 
Levine and Reynolds 1999). In the hypothala-
mus, particularly in the circumventricular organ 
the median eminence (ME), NG2 glia play a cru-
cial role in sensing circulating leptin (Djogo 
et  al. 2016). Leptin receptor-positive neurons 
have their dendritic projections in the ME in 
close proximity of NG2 glia. Following deple-
tion of NG2 glia, the ARC neurons lose their 
response to leptin, which in turn triggers obesity 
(Djogo et al. 2016). This finding has more immi-
nent consequences for humans as NG2 depletion 
upon cranial X-ray irradiation was also proposed 
to contribute to weight gain in humans (Djogo 
et al. 2016).

The resident astrocytes and microglia are the 
innate immune cells of the CNS, and there exists 
a dynamic interaction between them including 
during central inflammation. Activated microglia 
can induce a subpopulation of astrocytes by 
secreting inflammatory mediators including 
IL1α, TNF, and C1q, which in turn blunts the 
neuroprotective capacity of the astrocytes leading 
to neuronal death (Liddelow et al. 2017). Contrary 
to the periphery, central innate immune response 
cannot initiate adaptive immunity: In the periph-
eral innate immune cells (e.g., dendritic cells), 
foreign antigens are typically presented by MHC 
class II molecules on the cell surface to T cells to 
trigger an adaptive immune response. However, 
this process is not adapted by the glia. This is 
consistent with the anti-inflammatory environ-
ment of the brain parenchyma as well as the 
physical limitations induced by the blood-brain 
barrier (BBB) that would block migration/com-
munication of innate and adaptive immune cell 
components. However, it is worth to mention that 
the notion that brains are devoid of adaptive 
immunity is not absolute. For example, dendritic 
cell-like properties have been reported in menin-
ges and choroid plexus in healthy mice 
(Anandasabapathy et al. 2011), and a rare expres-
sion pattern of MHCs exists in neurons (Neumann 
et  al. 1995). Surprisingly, recent evidence sug-
gests that inflammatory signals regulate periph-
eral adaptive immunity through pathways 
including their central actions. For example, 
hypothalamic responses to TNFα result in 
increased sympathetic tone to white adipose tis-
sue. As a result, increased lipolysis produces 
long-chain fatty acids, which mediate the accu-
mulation of the cells of adaptive immunity, the 
lymphocytes, in spleen and adipose tissue (Kim 
et al. 2015).

4.1.2.2  Hypothalamic Inflammation 
and Energy Homeostasis

As explained above, obesity manifests itself as a 
chronic low-grade inflammatory state. Increase 
in the adipose tissue expression and plasma lev-
els of the pro-inflammatory cytokine TNFα in 
obesity was first reported in 1993  in rodents 
(Hotamisligil et al. 1993). TNFα inhibits insulin 
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signaling by inducing an inhibitory phosphoryla-
tion on insulin receptor substrate 1 (IRS1) 
(Hotamisligil et  al. 1994, 1996), an insulin 
receptor- interacting protein. Accordingly, TNFα 
knockout mice are protected from obesity- 
induced insulin resistance (Uysal et  al. 1997). 
Likewise, macrophage-specific ablation of c-Jun 
N-terminal kinase (JNK) blocks pro- inflammatory 
macrophage polarization, decreases their adipose 
tissue infiltration, and confers protection from 
obesity-induced insulin resistance (Han et  al. 
2013). Markers of inflammation in obesity are 
observed in several peripheral tissues including 
the liver, adipose tissue, and muscle (Schenk 
et al. 2008). Hypothalamus is no exception; high- 
fat feeding results in increased activation of JNK 
and NF-κB pathways in the hypothalamus (De 
Souza et al. 2005); results in elevated expression 
of pro-inflammatory mediators in the hypothala-
mus, including IL-1β and TNFα; and attenuates 
insulin, leptin, and ghrelin (Naznin et  al. 2015) 
signaling. Hypothalamic PTP1B expression, a 
negative regulator of insulin and leptin receptor 
signaling, increases in diet-induced obesity; and 
this response can be mimicked by TNFα admin-
istration to lean healthy mice (Bence et al. 2006; 
Zabolotny et al. 2008). Central injection of neu-
tralizing antibodies targeted against TLR4 or 
TNFα in obese rats reduces markers of hypotha-
lamic inflammation and improves hepatic steato-
sis and gluconeogenesis through parasympathetic 
output to the liver (Milanski et  al. 2012). 
Furthermore, reducing hypothalamic inflamma-
tion by neuronal-, glial-, or hypothalamus- 
specific deletion of IKKβ in mice confers 
protection from diet-induced obesity (Zhang 
et al. 2008; Valdearcos et al. 2017).

The hypothalamic inflammation observed in 
obesity is temporally different than peripheral 
inflammation. While peripheral inflammation is 
thought to develop secondary to diet-induced adi-
posity, rapid changes in the hypothalamic inflam-
matory signaling cascades could be observed 
within only 1  day following high-fat diet con-
sumption. For example, rodents display elevated 
markers of inflammation (Thaler et al. 2012) and 
insulin resistance in the hypothalamus-brain cir-
cuitry (Ono et al. 2008) within 24 h of exposure 

to high-fat diet, much earlier than accumulation 
of adiposity. HFD-induced proliferation and acti-
vation of glia in the hypothalamus seem to be 
important for the accompanying peripheral 
inflammation such that blocking central cell pro-
liferation attenuates not only the central but also 
the peripheral inflammation (André et al. 2017). 
The central inflammation observed upon high-fat 
diet consumption, at least in part, depends on the 
direct effect of saturated fatty acids on the hypo-
thalamus rather than the total calories consumed, 
and central infusion of palmitate, a saturated fatty 
acid, to lean rats mimics the hypothalamic insulin 
resistance and IKKβ activation observed in rats 
exposed to high-fat diet (Posey et  al. 2009). 
Hypothalamic inflammation could be stimulated 
by administration of saturated fatty acids by 
intragastric gavage for 3 days; however, the same 
treatment does not induce systemic inflamma-
tion. In parallel with their central effects in vivo, 
saturated fatty acids induce endoplasmic reticu-
lum (ER) stress in neuronal cultures (Mayer and 
Belsham 2010; Choi et al. 2010). However, their 
pro-inflammatory effects were attenuated in cul-
tured hypothalamic neurons, suggesting a role for 
non-neuronal cells in the fatty acid-induced cen-
tral inflammation (Choi et al. 2010). Consumption 
of high-calorie diet results in accumulation of 
saturated fatty acids in the hypothalamus (but not 
the cerebral cortex) and activates the microglia in 
the ARC (Valdearcos et al. 2014). Diet-induced 
hypothalamic gliosis, activation of the glial pop-
ulation, is also reported in humans (Thaler et al. 
2012). At least in high-fat diet-fed rodents, some 
of the hypothalamic gliosis is also attributed to 
monocyte-derived non-microglial myeloid cells 
recruited by resident microglia (Berkseth et  al. 
2014). Furthermore, the detected inflammation 
was restricted to hypothalamic microglia, but not 
the astrocytes, although both cell population 
accumulate in the mediobasal hypothalamus fol-
lowing high-fat diet consumption. Accordingly, 
saturated fatty acids induce secretion of inflam-
matory mediators, including TNFα, IL-6, and 
monocyte chemoattractant protein-1 (also called 
CCL2), from primary microglia but not primary 
astrocytes (Valdearcos et al. 2014), and hypotha-
lamic infiltration of astrocytes following high-fat 
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diet does not seem to blunt leptin responsiveness 
(Balland and Cowley 2017). Astrocytes also 
express some components of the inflammasome 
such as NLRP2 (Minkiewicz et al. 2013) but not 
others (e.g., NLRP3) (Gustin et  al. 2015), and 
microglia appear to be the main inflammatory 
glial population involved in CNS (Gustin et  al. 
2015). The hypothalamic microglial inflamma-
tion is accompanied by elevated markers of neu-
ronal injury and decreased cognitive function, 
and this was reported in both rodents and humans 
(Thaler et al. 2012; Valdearcos et al. 2014; Puig 
et al. 2015). Saturated fatty acids induce hypotha-
lamic inflammation mainly acting through TLR4 
(Milanski et  al. 2009), and in line with above 
findings, activation of microglial TLR4 by LPS 
induces neurodegeneration (Lehnardt et  al. 
2003). Upon microglial depletion, the response 
of the CNS to LPS challenge is compromised for 
certain pro-inflammatory markers including 
IL-1β and TNFα (Elmore et al. 2014). Microglia 
also express TLR2, which was proposed to 
acutely mediate the sickness-induced anorexia 
and POMC activation (Jin et al. 2016), at least in 
part through microglia-derived TNFα release (Yi 
et  al. 2017). Although the inflammatory path-
ways might contribute to the regulation of energy 
balance by anorectic hormones including leptin 
(Jang et al. 2010), these effects seem to be acute, 
and blocking TNFα signaling in the mediobasal 
hypothalamus results in attenuation of diet- 
induced weight gain (Yi et al. 2017). Depleting 
microglia by CSF1R antagonism augmented 
leptin signaling and suppressed food intake, sug-
gesting a negative role of microglial activation on 
central leptin action (Valdearcos et  al. 2014). 
When mice are fed with HFD supplemented with 
the CSF1R antagonist, the food intake and weight 
gain on the mice are attenuated (Valdearcos et al. 
2017). Likewise, blocking microglial activation 
by specific depletion of IKKβ from microglia 
confers resistance to high-fat diet-induced weight 
gain in part by reducing food intake (Valdearcos 
et  al. 2017). When hypothalamic gliosis is 
induced by specifically activating the microglial 
NF-κB pathway, the transgenic mice had 
increased food intake and weight gain and 
reduced energy expenditure (Valdearcos et  al. 

2017). Considering that microglial depletion in 
adult mice does not result in overt behavioral 
phenotypes or cognitive abnormalities (Elmore 
et al. 2014), CSF1R antagonism might be a prom-
ising anti-obesity mechanism. Astrocyte activa-
tion is also observed upon acute HFD challenge. 
Surprisingly, blocking HFD-induced astrocyte 
activation by astrocyte-specific inhibition of 
NF-κB results in increased food intake, although 
this response is very acute and does not persist 
upon continuous HFD feeding (Buckman et  al. 
2015). In obesity as well as aging, elevated TGFβ 
production by the astrocytes impairs glucose 
homeostasis by acting on POMC neurons and 
inducing an inflammatory response (Yan et  al. 
2014). Diet-induced hypothalamic inflammation 
and gliosis are not permanent in rodents and 
could largely be reversed upon exercise (Ropelle 
et  al. 2010; Yi et  al. 2012a) or weight loss 
(Berkseth et  al. 2014). In humans, at least one 
study showed that hypothalamic inflammation in 
obese human MBH was not reversed following 
gastric bypass-induced weight loss and elevated 
insulin sensitivity (Kreutzer et  al. 2017). More 
research is certainly warranted to dissect the 
potential differences between humans and 
rodents in regard to the kinetics as well as the 
reversible nature of diet-induced hypothalamic 
inflammation.

Neurons are rather resistant to saturated fatty 
acid-induced inflammation compared to glia 
(Choi et  al. 2010). There is relatively higher 
expression of IKKβ and IκBα in the hypothala-
mus compared to peripheral tissues including the 
liver, skeletal muscle, adipose tissue, and kidney 
(Zhang et al. 2008). In diet-induced obese mice, 
IKKβ-NF-κB signaling gets activated in the neu-
rons located in the mediobasal hypothalamus 
(MBH) (Zhang et al. 2008). Neuronal activation 
of IKKβ in MBH neurons stimulates food intake 
and weight gain, while a dominant negative IKKβ 
reverses both parameters (Zhang et  al. 2008). 
AgRP-specific IKKβ knockout mice also eat less 
and gain less weight on HFD (Zhang et al. 2008), 
and activating IKKβ specifically in AgRP neu-
rons impairs glucose homeostasis without chang-
ing body weight (Tsaousidou et  al. 2014). 
Activation of the inflammatory signals and ER 
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stress are mechanistically coupled at least 
through NF-κB signaling (Zhang et  al. 2008). 
Active IKKβ triggers ER stress, which in turn 
leads to further activation of IKKβ, resulting in a 
positive feedback loop to attenuate central insulin 
and leptin signaling leading to positive energy 
balance (Zhang et  al. 2008). Besides overnutri-
tion, inhibition of hypothalamic autophagy also 
leads to IKKβ activation and hypothalamic 
inflammation, increased food intake, and 
decreased energy expenditure (Meng and Cai 
2011). Increased hypothalamic IKKβ-NFκB sig-
naling decreases the number of hypothalamic 
neural stem cells, results in dysregulated neuro-
genesis (Li et  al. 2012), inhibits gonadotropin- 
releasing hormone (GnRH) expression (Zhang 
et  al. 2013a), and triggers hypertension 
(Purkayastha et  al. 2011a). For example, 
increased MBH-specific IKKβ activation 
increases blood pressure, and POMC-specific 
IKKβ KO mice are protected from obesity- 
induced hypertension (Purkayastha et al. 2011a). 
Consequently, neuronal IKKβ KO mice exhibit 
extended life-span (Zhang et al. 2013a).

Prominent role of NF-κB signaling in the reg-
ulation of energy balance is further emphasized 
by studies utilizing glucocorticoids (GC). GCs 
are potent anti-inflammatory molecules, secreted 
from the adrenal glands typically in response to 
stress-induced activation of the HPA axis. GCs 
are steroids and act through the intracellular glu-
cocorticoid receptor (GR). GR directly interacts 
with p65 (Rel A) (Ray and Prefontaine 1994) and 
inhibits NF-κB signaling by increasing the 
nuclear export rate of p65 (Nelson et  al. 2003) 
and increasing IkB expression level (Deroo and 
Archer 2001). Targeting a GR agonist, dexameth-
asone (Dexa), to glucagon-like peptide-1 (GLP- 
1) expressing cells by using a GLP-1/Dexa 
conjugate results in decreased hypothalamic and 
systemic inflammation, improves glucose 
homeostasis, and decreases body weight in DIO 
mice (Quarta et  al. 2017). GLP-1 receptor 
(GLP1R) is mostly expressed by neurons in 
human and rodent brain. It is also expressed by 
the immune cells in the circulation. Accordingly, 
the metabolic improvements observed upon 
GLP-1/Dexa treatment are mediated by both cen-

tral and peripheral GLP1R-expressing cells 
(Quarta et al. 2017).

JNKs are typically activated by high-fat feed-
ing (Prada et al. 2005), and genetic studies have 
indicated the ablation of peripheral JNK activity 
to be protective from diet-induced metabolic 
abnormalities. JNK1 global KO mice, but not 
JNK2 KO mice, are protected from diet-induced 
obesity (Hirosumi et  al. 2002). Adipose tissue- 
specific ablation of JNK1 does not alter body 
weight or adiposity but confers significant pro-
tection from hepatic insulin resistance (Sabio 
et  al. 2008). Similar protection from peripheral 
insulin resistance is observed upon deletion of 
JNK1 and JNK2 from macrophages (Han et  al. 
2013) or skeletal muscle (Sabio et  al. 2010b). 
Although liver-specific JNK1 KO mice were 
reported to exhibit hepatic insulin resistance, glu-
cose intolerance, and steatosis (Sabio et al. 2009), 
deletion of both JNK1 and JNK2 from hepato-
cytes significantly improves systemic glucose 
homeostasis and insulin signaling (Vernia et  al. 
2014).

In the CNS, JNKs are essential for proper 
brain development (Kuan et  al. 1999; Chang 
et al. 2003; Amura et al. 2005). JNK2 and JNK3 
deletion confers protection from various forms of 
neurodegeneration including cerebral ischemic 
hypoxia (Kuan et al. 2003; Hunot et al. 2004). In 
JNK1 KO mice, glucocorticoid-induced feeding 
was exacerbated (Unger et al. 2010); however the 
animals exhibit increased central insulin sensitiv-
ity (Unger et  al. 2010). Accordingly, neuron- 
specific ablation of JNK1 results in increased 
central as well as peripheral insulin sensitivity, 
reduced hepatic steatosis, and decreased body 
weight in diet-induced obese mice, without alter-
ing central leptin sensitivity (Kleinridders et  al. 
2009; Sabio et al. 2010a; Belgardt et al. 2010). 
Most of these effects were due to decreased food 
intake and elevated HPT axis activity (Sabio 
et al. 2010a). Accordingly, disrupting HPT axis 
by blocking thyroxine production attenuated the 
protective effect of neuronal JNK1 depletion 
from diet-induced weight gain (Sabio et  al. 
2010a). Triiodothyronine treatment induced 
hypothalamic JNK1 activity, which in turn led to 
hepatic steatosis (Martínez-Sánchez et al. 2017). 
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AgRP-specific JNK1 activation blunted leptin 
signaling specifically in AgRP neurons, increased 
AgRP neuronal firing, and consequently induced 
weight gain (Tsaousidou et al. 2014) without sig-
nificant alterations in glucose homeostasis.

Role of JNK3  in feeding and body weight 
regulation is different than the other isoforms. 
HFD activated hypothalamic JNK3 phosphoryla-
tion, and embryonic deletion of JNK3 induces 
food intake, significantly exacerbates weight 
gain, increases adipose tissue inflammation, and 
impairs systemic glucose homeostasis specifi-
cally on HFD (Vernia et al. 2016). These pheno-
types were largely mimicked when JNK3 was 
ablated from leptin receptor-positive cells or spe-
cifically from AgRP neurons (Vernia et al. 2016). 
However, POMC-specific JNK3 KO mice had 
normal feeding and glucose homeostasis (Vernia 
et  al. 2016). Despite these findings based on 
genetic studies, central or peripheral administra-
tion of a JNK2/3-specific inhibitor suppressed 
food intake and resulted in robust weight loss 
(Gao et al. 2017).

TLR4 acts as the endogenous receptor for LPS 
and saturated fatty acids and plays a critical role 
in the lipid-induced insulin resistance in the 
periphery (Shi et al. 2006). In the CNS, TLR4 is 
expressed predominantly in microglia 
(Chakravarty and Herkenham 2005) and plays a 
critical role for fatty acid-induced hypothalamic 
inflammation (Milanski et al. 2009). Adult neuro-
nal progenitor cells also express TLR4, and its 
absence promotes neuronal differentiation (Rolls 
et  al. 2007). Hypothalamic TLR4 signaling has 
also been implicated in the etiology of metabolic 
syndrome. HFD-induced obesity triggers neuro-
nal expression of a chemokine, CX3CL1, in the 
hypothalamus and mediates the recruitment of 
peripheral monocytes and induction of hypotha-
lamic inflammation (Morari et  al. 2014). TLR4 
was proposed to also interact with resistin, an 
adipokine that negatively regulates insulin sig-
naling (Benomar et al. 2013), such that the cen-
tral effects of resisting are blocked in TLR4 
knockout mice (Benomar et  al. 2016). 
Hypothalamic TLR4 also appears to have protec-
tive effects such that TLR4 blocks excess apop-
totic neuronal death upon HFD feeding (Moraes 

et al. 2009). Acting in the paraventricular nucleus 
of the hypothalamus, TLR4 signaling mediates 
the obesity-induced increase hypertension 
(Dange et al. 2015; Masson et al. 2015). MyD88 
knockout mice are resistant to LPS- or IL-1β- 
induced anorexia but not weight loss (Ogimoto 
et  al. 2006; Yamawaki et  al. 2010). Neuron- 
specific ablation of MyD88 blocked high-fat 
diet-induced ARC IKKβ activation (but not JNK1 
activation) and conferred partial protection from 
fatty acid-induced leptin resistance and weight 
gain (Kleinridders et al. 2009).

Diet-induced obesity and associated inflam-
mation have been shown to alter the structure and 
permeability of the BBB (Mauro et  al. 2014; 
Varatharaj and Galea 2017). Certain regions of 
the CNS involved in the regulation of energy 
homeostasis lie outside the BBB; these include, 
among other regions, the ME and area postrema 
(Maolood and Meister 2009; Riediger 2012). The 
barriers between the CNS-resident cells and 
 circulation have a fundamental role in the regula-
tion of energy homeostasis during normal physi-
ology as well as pathophysiological conditions 
including inflammation. Permeability of BBB is 
not rigid especially at the blood-hypothalamus 
barrier. A specialized and modified ependymal 
microglial population called tanycytes line the 
ventricles and form a barrier between the cere-
brospinal fluid and circulation (Langlet et  al. 
2013b). Tanycytes are critically important in the 
sensing of circulating factors, such as leptin by 
hypothalamic neurons (Balland et  al. 2014), 
while actively participating in neurogenesis (Lee 
et al. 2012). During fasting, decreased blood glu-
cose concentration triggers the release of a per-
meability factor (vascular endothelial growth 
factor-A, VEGF-A) from tanycytes (Langlet 
et  al. 2013a). Tanycytes are glucose-sensitive 
cells; their stimulation by glucose evokes ATP- 
mediated Ca+2 responses, including ATP release 
(Frayling et  al. 2011). VEGF-A results in 
increased access of the ARC to circulating factors 
during fasting compared to other regions. 
However, astrocytes also express VEGF-A and 
contribute to pathologically increased BBB per-
meability and lymphocyte infiltration into the 
brain parenchyma during neuroinflammatory dis-
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eases (Argaw et al. 2012). IL-1β administration 
increases BBB permeability, probably by altering 
the tight junction profile of the endothelium, and 
its effect is amplified by other inflammatory 
mediators such as TNFα (Quagliarello et  al. 
1991; Nadeau and Rivest 1999; Blamire et  al. 
2000; Beard et al. 2014). Upon exposure to HFD, 
there is elevated degeneration in the endothelium 
of the hypothalamic BBB vasculature, which 
leads to infiltration and population of the ARC by 
IgG-type antibodies, and a pathological increase 
in blood vessel length and density in the ARC (Yi 
et  al. 2012b, c). Notably, similar findings have 
been observed in the hypothalami of diabetic 
patients (Yi et al. 2012b).

While it is not going to be extensively dis-
cussed in this chapter, it is important to note that 
central inflammation is not restricted to the hypo-
thalamus and extends to other brain regions. 
Diet-induced weight gain increases inflammatory 
markers in the cortex, amygdala, cerebellum, and 
brain stem and is overall associated with anxiety, 
depression, cognitive defects, and hypertension 
(Russo et al. 2011; Wu et al. 2012; Speretta et al. 
2016; Guillemot-Legris et al. 2016; Carlin et al. 
2016; Almeida-Suhett et al. 2017; Spencer et al. 
2017). Hippocampus is another site where neuro-
inflammation is associated with high-fat diet, 
where increased TLR4 expression is detected 
(Dutheil et al. 2016). Hippocampal inflammation 
acts as a causative factor for high-fat diet-induced 
anxiety such that blocking the activation of 
inflammasome attenuates the anxious phenotype 
in rodents. Obesity and inflammatory cytokines 
are associated with a decline in cognitive func-
tions (Yehuda et  al. 2005; Gunstad et  al. 2006; 
Nguyen et al. 2014) and impaired neurogenesis 
in the hippocampus (Lindqvist et al. 2006; Park 
et  al. 2010; Chesnokova et  al. 2016). The 
observed cognitive decline appears to require 
microglial activation associated with decreased 
BDNF levels (Pistell et  al. 2010). Anti- 
inflammatory manipulations including pharma-
cological interventions or exercise increase 
cognitive function in rodents and humans (Jeon 
et  al. 2012; Kang et  al. 2016; Veronese et  al. 
2017; Pérez-Domínguez et al. 2017; Wang et al. 
2017). For example, treadmill exercise decreases 

hippocampal microgliosis in obese mice. 
Furthermore, blocking hippocampal IL-1β sig-
naling reverses the defects in synaptic plasticity 
and cognitive decline (Erion et al. 2014).

Genetic and pharmacological studies targeting 
different receptors or intracellular signaling cas-
cades of the inflammatory molecules have 
revealed that, as opposed to their acute effects, 
inflammatory molecules in the CNS contribute to 
a positive energy balance, and their inhibition 
contributes to weight loss and improves systemic 
glucose metabolism. Diet-induced obesity and 
aging display similar signs of neuroinflamma-
tion, neurodegeneration, and cognitive decline, 
some of which could be blocked or in some cases 
reversed by noninvasive interventions in lifestyle 
including a healthy diet and exercise. However it 
remains a reality that obesity has reached epi-
demic proportions throughout the world, which 
increases the demand on pharmacological inter-
ventions to combat obesity and associated 
 metabolic abnormalities. Studies obtained in 
rodents and in part in humans collectively sug-
gest that targeting central inflammation might 
present promising approaches.

4.2  Endoplasmic Reticulum 
Stress and Unfolded Protein 
Response

Endoplasmic reticulum (ER) is a multifaceted 
membranous structure extending from the outer 
nuclear membrane to the cytoplasm and is 
involved in several biological processes includ-
ing protein folding, secretion, lipid biosynthesis, 
calcium storage, and posttranslational modifica-
tions such as glycosylation and lipidation. About 
one third of the human proteome including the 
secreted, ER-resident, and membrane proteins go 
through ER. Depending on the tissue, representa-
tion of the secreted and membrane proteins in the 
total proteome greatly varies. For example, the 
majority of pancreatic proteome is composed of 
secretory proteins, which however constitute a 
small percentage of the skeletal muscle pro-
teome. The intracellular expression profile of the 
chaperones has evolved to match the nature of the 

I. Cakir and E. A. Nillni



85

proteome of the corresponding tissue: While pan-
creas and liver, tissues with higher secreted and/
or membrane protein pools, have higher ER 
chaperone expression, tissues such as skeletal 
muscle and skin, where the soluble proteins con-
stitute the majority of the proteome, have higher 
expression of cytosolic chaperones. Accordingly, 
of more than 300 proteins in the human chaper-
one proteome (chaperome), 48 are ER-specific 
proteins (Brehme et al. 2014). Together with the 
ER-associated degradation (ERAD) pathways, 
the ER chaperones coordinate the folding capac-
ity of the ER to regulate ER protein homeostasis. 
When the ER protein load exceeds the folding 
capacity, a condition called ER stress, a series of 
signaling pathways collectively called the 
unfolded protein response – UPR – is activated. 
The primary function of UPR is to restore the ER 
homeostasis by informing the cytosol and nucleus 
about the excess protein load to activate a series 
of protective mechanisms. Among these 
responses are global shutdown of the protein syn-
thesis while specifically activating the translation 
of chaperone proteins, elevated membrane syn-
thesis to increase the ER volume to remodel the 
secretory apparatus, and degradation of unfolded 
proteins through either ubiquitin-proteasome 
pathway (ER-associated degradation) or lyso-
somes (autophagy). While UPR might achieve in 
reinstating the ER homeostasis, persistent ER 
stress leads to apoptotic cell death.

We discuss below the signaling components 
of UPR and the results of genetic studies designed 
to study the role of individual UPR components 
in metabolism. Before that, we find it helpful to 
briefly summarize some of the chemical tools 
employed to study the biology of ER stress. Some 
of the commonly used chemical agents known to 
induce ER stress are tunicamycin, thapsigargin, 
and brefeldin A (BFA). Tunicamycin is an anti-
fungal and antibiotic nucleoside, which acts as an 
inhibitor of N-acetylglucosamine transferases to 
block N-linked glycosylation (Takatsuki and 
Tamura 1971). Resulting defective protein fold-
ing triggers ER stress. Thapsigargin is an inhibi-
tor of the ER Ca2+ importer called sarco−/
endoplasmic reticulum Ca2+ ATPase (SERCA). 
Upon thapsigargin treatment, cytosolic Ca2+ con-

centration rises, while ER Ca2+ concentration 
gets depleted. There is a significant difference 
between the cytosolic and ER Ca2+ concentra-
tions (300 μM in the ER vs. 5–50 μM in the cyto-
sol) (Pozzan et  al. 1994). Ca2+ is important for 
protein-protein interactions and ER chaperone 
function, thereby affecting protein synthesis, 
folding, and posttranslational modifications 
(Corbett et al. 1999). BFA is an antiviral lactone, 
which blocks ER-Golgi transport (Helms and 
Rothman 1992), resulting in accumulation of the 
polypeptides in the ER, and triggers ER stress. 
Another ER stress inducer, homocysteine, is a 
nonprotein cysteine analog and triggers the 
expression of ER stress-responsive genes, includ-
ing GRP78, and decreases the expression of anti-
oxidant enzymes, without inducing heat shock 
response (Outinen et al. 1998). There is also a set 
of other compounds, called chemical chaperones, 
which help stabilize the native conformation of 
proteins, which are now extensively used in 
research to alleviate ER stress (Welch and Brown 
1996). 4-phenyl butyric acid (4PBA) and taurour-
sodeoxycholic acid (TUDCA) are two chemical 
chaperones commonly used in biomedical 
research. Both compounds are pleiotropic agents: 
While 4PBA also acts as a broad-spectrum 
HDAC inhibitor (Bora-Tatar et al. 2009), TUDCA 
is a bile acid that acts as a ligand for the G-protein- 
coupled receptor TGR5 (also called G-protein- 
coupled bile acid receptor 1), which is expressed 
in BAT, microglia, and other tissues (Kawamata 
et al. 2003; Yanguas-Casás et al. 2017), and acts 
as an anti-inflammatory molecule.

UPR is classically composed of three arms 
that are each initiated by distinct ER membrane 
proteins: PERK (protein kinase RNA (PKR)-like 
ER kinase) (Harding et al. 1999), IRE1 (inositol- 
requiring protein-1) (Morl et al. 1993; Cox et al. 
1993), and ATF6 (activating transcription factor 
6) (Haze et al. 1999). These proteins function as 
stress sensors that detect the ER protein load and 
induce adaptive responses aimed to bring the ER 
folding capacity back to homeostatic 
boundaries.

PERK’s lumenal domain is a stress sensor, 
whereas its cytosolic domain has enzymatic 
activity for its substrate eIF2α (eukaryotic initia-
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tion factor 2 subunit α). The other known target 
of PERK is a transcription factor nuclear 
erythroid- related factor 2 (Nrf2), the master regu-
lator of the antioxidant response that is involved 
in the PERK-mediated cell survival in stressed 
cells (Cullinan et al. 2003). The enzyme(s) that 
dephosphorylate and inactivate PERK are cur-
rently unknown. eIF2α dephosphorylation is 
accomplished by the phosphatase PP1 through its 
association with either the growth arrest and 
DNA damage-inducible protein GADD34 (also 
called PPP1R15A) (Novoa et al. 2001; Lee et al. 
2009; Rojas et  al. 2015) or PPP1R15B (Jousse 
et  al. 2003). GADD34 itself is an ER stress- 
inducible gene acting in a negative feedback 
loop, whereas PPP1R15B is a constitutive repres-
sor of eIF2α phosphorylation.

PERK is one of four eIF2α kinases (other 
being GNC2, PKR, HRI) that halt translation in 
response to different stimuli (Donnelly et  al. 
2013). Besides ER stress, eIF2α phosphorylation 
could be triggered by amino acid starvation, 
double- stranded RNA accumulation, oxidants, 
and heme depletion. Amino acid deficiency (as 
well as UV light) is sensed by GCN2 (general 
control nonderepressible 2, also called EIF2AK4). 
PKR (protein kinase R, also known as RNA- 
activated or double-stranded RNA-activated pro-
tein kinase, EIF2AK2) responds to viral 
infections, and HRI (heme-regulated eIF2α 
kinase, EIF2AK1) senses heme deficiency. 
Depletion of all four eIF2α kinases in mouse 
embryonic fibroblasts results in complete loss of 
eIF2α phosphorylation in response to various 
stress stimulations (Taniuchi et  al. 2016). All 
these stimuli merge on eIF2α and regulate the 
same downstream pathways and collectively con-
stitute the integrated stress response (ISR) 
(Pakos-Zebrucka et al. 2016). In unstressed cells, 
PERK appears as a monomer bound to the major 
ER chaperone GRP78 (78 kDa glucose-regulated 
protein also known as binding immunoglobulin 
protein-BiP). GRP78 is the primary chaperone in 
the ER lumen that interacts with the translocating 
nascent polypeptides. Accumulation of unfolded 
proteins in the ER lumen triggers the dissociation 
of the GRP78-PERK complex, which results in 
PERK homodimerization followed by trans- 
autophosphorylation. Therefore, GRP78 dissoci-

ation couples the ER protein load (or ER stress) 
to PERK dimerization and activation. PERK 
phosphorylates eIF2α at Ser51 (Harding et  al. 
1999), which results in the GDP-bound, inactive 
form of eIF2α. While eIF5 inactivates eIF2α by 
hydrolyzing GTP to GDP, eIF2B acts as the gua-
nine nucleotide exchange factor for eIF2α. 
Phosphorylation status and duration of eIF2α 
have significant impact in mammalian physiol-
ogy. An activator of eIF2B called ISRIB, e.g., 
acts as a chemical inhibitor of the ISR and blocks 
eIF2α phosphorylation, and has been implicated 
in increased cognitive function in rodents 
(Sidrauski et al. 2013). GTP-bound eIF2α inter-
acts with the initiator methionyl-tRNA, which 
recognizes the start codon for initiation of trans-
lation. Therefore, eIF2α phosphorylation links 
ER proteostasis to the regulation of global pro-
tein synthesis. Translational attenuation, how-
ever, is not the only function of eIF2α. Induction 
of ER stress by an inhibitor of glycosylation 
(tunicamycin) in PERK knockout cells results in 
accumulation of endogenous peroxides (Harding 
et al. 2003). A list of mRNAs whose transcription 
is linked to eIF2α phosphorylation has been char-
acterized and includes genes regulating amino 
acid sufficiency and resistance to oxidative stress 
(Harding et  al. 2003). Accordingly, there are 
selective mRNAs whose translation actually 
increases upon eIF2α phosphorylation (Harding 
et al. 2000). For example, ATF4 (activating tran-
scription factor 4) mRNA translation is elevated 
following eIF2α phosphorylation by PERK 
(Harding et  al. 2000), which then induces the 
expression of genes involved in amino acid and 
cholesterol metabolism, glutathione biosynthe-
sis, resistance to oxidative stress, and the pro-
apoptotic transcription factor CHOP (Harding 
et al. 2000, 2003; Fusakio et al. 2016).

The mechanism of translational control of the 
mRNAs whose translation increases by ER stress 
represents a prominent example of adaptation. 
ATF4, e.g., has two upstream open reading 
frames (uORF), uORF1 and uORF2, which are 
followed by the ATF4 coding sequence. Under 
ER stress or other conditions that result in phos-
phorylated (thus inactive) eIF2α, ribosomes do 
not have sufficient time to reassemble at the 
uORF2, which would otherwise be translated. 

I. Cakir and E. A. Nillni



87

uORF2 is inhibitory and translated in unstressed 
cells where active eIF2α is abundant (Vattem and 
Wek 2004; Lu et al. 2004). Therefore, uORF1 has 
a stimulatory effect on the reinitiation of transla-
tion at AUGs downstream of uORF2.

UPR activation also leads to activation of the 
NF-κB pathway. Phospho-eIF2α-induced NF-κB 
activation involves two possible mechanisms: 
Phosphorylated eIF2α triggers the release of the 
I-κB from NF-κB (Jiang et  al. 2003); when 
bound, I-κB sequesters NF-κB in the cytosol and 
blocks its nuclear localization. An alternative 
mechanism is that the amount of I-κB decreases 
due to the translational inhibition imposed by 
phospho-eIF2α (Deng et al. 2004). ATF6 branch 
(discussed below) and the IRE1-IKK-TRAF2 
complex can also induce NF-κB activity (Hu 
et al. 2006; Yamazaki et al. 2009). ER stress and 
NF-κB connection is of particular importance in 
the context of metabolism. For example, ER 
stress-induced NF-κB triggers hypothalamic 
leptin resistance (Zhang et  al. 2008). High-fat 
diet feeding results in elevated ER stress in the 
hypothalami of obese mice. Resulting activation 
of NF-κB upregulates the transcription of SOCS3 
(Zhang et al. 2008), which is a negative regulator 
of the leptin-induced STAT3 phosphorylation.

IRE1 has a lumenal domain, which interacts 
with GRP78 and can also recognize the unfolded 
proteins, and a cytosolic kinase domain (Morl 
et al. 1993; Cox et al. 1993). As described below, 
the best characterized function of IRE1 involves 
the splicing of the mRNA of a transcription factor 
(HAC1 in yeast and XBP1 in metazoans) (Calfon 
et al. 2002), and the IRE1-HAC1/XBP1 arm con-
stitutes the most ancient UPR pathway. 
Dissociation of GRP78 triggers oligomerization 
of the monomeric IRE1s, but is not sufficient for 
IRE1 activation. IRE1 oligomers form a luminal 
surface which allows IRE1 to directly sense 
unfolded proteins (Kimata et al. 2007), which in 
turn is thought to trigger a conformational change 
in the protein allowing IRE1 dimers to trans- 
autophosphorylate each other. Other than itself, 
IRE1 does not have any other known substrates 
as far as its kinase activity is concerned. IRE1 
activation is prone to regulation by other factors 
as well. For example, the cytosolic non-receptor 
ABL tyrosine kinases localize to the ER mem-

brane during ER stress and potentiate IRE1’s 
RNase activity (Morita et al. 2017).

Active IRE1 has endoribonuclease activity 
toward X-box-binding protein-1 (XBP1) mRNA 
(Yoshida et  al. 2001; Calfon et  al. 2002). 
Unprocessed XBP1 encodes a protein that 
represses UPR genes. Excision of a 26 nucleotide 
intron results in a frameshift in the XBP1 reading 
frame. Upon removal of this intron, cleaved 
XBP1 mRNA is ligated by RtcB (Lu et al. 2014), 
and the resulting shorter mRNA encodes an 
active transcription factor of UPR called XBP1 
spliced (XBP1s). XBP1 transcription is upregu-
lated by UPR (through ATF6) as well (Yoshida 
et al. 2001), resulting in increased unspliced form 
of XBP1, which serves as an inhibitor of UPR, 
thereby forming a negative feedback loop 
(Yoshida et al. 2006). XBP1s are involved in the 
transcriptional regulation of genes regulating ER 
biogenesis and ER-associated degradation. 
Apparently, these two key processes that have to 
be carried out in order to relieve ER stress reveal 
the vital role of XBP1  in UPR.  For example, 
XBP1s upregulate the expression of several 
ER-resident chaperones and increase the biosyn-
thesis of the predominant ER phospholipid phos-
phatidylcholine to enable ER expansion (Sriburi 
et al. 2004). XBP1 mediates the upregulation of 
ER degradation-enhancing α-mannosidase-like 
protein, which is required for the degradation of 
misfolded glycoprotein substrates (Yoshida et al. 
2003). XBP1s play a fundamental role in overall 
mammalian development and physiology. Global 
deletion of XBP1 results in embryonic lethality 
from anemia (Reimold et al. 2000). In the liver, 
XBP1 is required for recovery from ER stress 
such that liver-specific XBP1 KO mice display 
liver injury and fibrosis following ER stress 
induction (Olivares and Henkel 2015). Hepatic 
XBP1 positively regulates the expression of lipo-
genic genes, and liver-specific XBP1 KO mice 
have decreased plasma levels of cholesterol and 
triglyceride (TG) and hepatic lipid biosynthesis 
(Lee et al. 2008). In the liver, there is a postpran-
dial transient upregulation of UPR, which is 
important for the remodeling of hepatic meta-
bolic flux in the transition from fasting to refeed-
ing, and liver-specific XBP1s overexpression can 
mimic this metabolic switch (Deng et al. 2013). 
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Deletion of IRE1α from hepatocytes decreases 
very low-density lipoprotein (VLDL) assembly 
and secretion, without altering TG synthesis or 
de novo lipogenesis (Wang et  al. 2012). 
Adipocyte-specific XBP1 KO females have 
defective milk production resulting in decreased 
litter growth (Gregor et  al. 2013). Depletion of 
XBP1 from the pancreas and the hypothalamus 
by RIP-Cre (rat insulin promoter)-mediated 
recombination triggers glucose intolerance due to 
β-cell failure and decreased insulin secretion 
(Lee et al. 2011). XBP1 deletion results in consti-
tutive activation of IRE1, which is capable of 
cleaving prohormone convertase 1 and 2, and 
carboxypeptidase E mRNAs in pancreatic β cells 
(Lee et  al. 2011). Likewise, deletion of IRE1α 
from RIP-positive cells leads to glucose intoler-
ance and attenuates the HFD-induced β-cell pro-
liferation commonly observed in obesity, but 
does not affect body weight or food intake of lean 
or HFD-induced obese mice (Xu et al. 2014). In 
the brain XBP1 regulates memory formation 
(Martínez et al. 2016), regulates neurite growth 
(Hayashi et  al. 2007), and confers neuroprotec-
tion from degenerative diseases (Valdés et  al. 
2014). However, neuron-specific XBP1 KO mice 
are not different than wild-type mice in neuronal 
loss or survival under conditions associated with 
prion protein misfolding (Hetz et  al. 2008). 
Furthermore, the neuronal XBP1 KOs have com-
parable body weights to wild-type mice (Hetz 
et al. 2008; Martínez et al. 2016).

XBP1 plays an important role in innate and 
adaptive immunity: It is required for the develop-
ment and survival of dendritic cells, differentia-
tion of lymphocytes (Reimold et  al. 2001; 
Iwakoshi et al. 2003), and TLR2/4-mediated acti-
vation of pro-inflammatory cytokines by macro-
phages (Martinon et  al. 2010). Eosinophil 
differentiation also requires XBP1s activity 
(Bettigole et  al. 2015). Despite its well- 
characterized function in peripheral immune sys-
tem, the role of XBP1  in microglia and CNS 
inflammation is not uncovered.

Another important function of IRE1 – that is 
implicated in linking ER stress to the metabolic 
diseases  – was revealed by David Ron and 
coworkers, where they showed that IRE1 can 

activate c-Jun N-terminal kinases (JNK) (Urano 
et  al. 2000). Tumor necrosis factor receptor 
(TNFR)-associated factor 2 (TRAF2), an adaptor 
protein, is recruited by phospho-IRE1 so that 
TRAF2 associates with the JNK kinases that ulti-
mately result in JNK phosphorylation and activa-
tion (Urano et  al. 2000). Tumor necrosis factor 
(TNF) receptor family is known to elicit its activ-
ity partly through JNK activation (Smith et  al. 
1994), and this pathway depends on intact 
TRAF2 (Lee et al. 1997). JNK could phosphory-
late insulin receptor substrate 1 (IRS1) at Ser307, 
which results in the blockage of insulin-mediated 
IRS1 activation (Aguirre et al. 2000). Upon high- 
fat feeding, certain peripheral tissues such as the 
liver develop insulin resistance, at least in part, 
due to the high-fat diet-induced activation of ER 
stress, which in turn results in inhibition of JNK- 
mediated insulin signaling (Ozcan et  al. 2004). 
Ser307Ala mutation eliminates phosphorylation 
of IRS-1 by JNK and removes the inhibitory 
effect of TNFα on insulin-stimulated tyrosine 
phosphorylation of IRS-1 (Aguirre et al. 2000).

IRE1 is also engaged in an RNA degradation 
pathway called IRE1-dependent decay of mRNA 
(RIDD) (Maurel et al. 2014), which is not limited 
to mRNA cleavage and extends to pre-microRNA 
processing (Upton et  al. 2012). Substrates for 
IRE1’s RNase activity are comprised of nuclear, 
cytosolic, ER, and extracellular targets (Maurel 
et  al. 2014). IRE1β, one of the two IRE1 iso-
forms, e.g., regulates selective degradation of 
secretory pathway protein mRNAs (Nakamura 
et al. 2011).

ATF6 is an ER transmembrane protein that 
has a stress-sensing lumenal domain and a cyto-
plasmic basic leucine zipper domain that acts as a 
transcription factor upon dissociation from the 
rest of the molecules (Haze et  al. 1999). In 
unstressed cells, ATF6 exists bound to GRP78. 
During ER stress, GRP78 dissociates from ATF6, 
which triggers ATF6 to localize to Golgi, where it 
is processed to release its cytoplasmic DNA- 
binding domain (Shen et al. 2002). ATF6 is pro-
cessed by Site 1 and Site 2 proteases in Golgi in 
a similar manner as the processing of sterol regu-
latory element-binding proteins (SREBPs) 
(Brown and Goldstein 1997; Ye et  al. 2000). 

I. Cakir and E. A. Nillni



89

ATF6 has two isoforms, ATF6α and ATF6β. 
Knocking out both gene results in embryonic 
lethality, while single knockouts develop nor-
mally (Yamamoto et al. 2007). Another ER trans-
membrane protein that is activated in a similar 
manner to ATF6 is CREBH (cyclic AMP response 
element-binding protein hepatocyte), which is a 
liver transcription factor. CREBH has a cytoplas-
mic domain, which upon cleavage of CREBH in 
Golgi transits to the nucleus to activate genes 
involved in acute inflammatory response (Zhang 
et al. 2006). Because ER stress activates cleavage 
of CREBH in Golgi, CREBH acts as a mediator 
of ER stress-induced inflammatory response 
(Zhang et  al. 2006). Activated ATF6 increases 
phosphatidylcholine synthesis independently of 
XBP1, suggesting a redundancy between ATF6 
and XBP1 (Lee et  al. 2003; Yamamoto et  al. 
2007) for certain genes including the ones 
responsible for ER stress-activated lipid biosyn-
thesis and ER expansion (Bommiasamy et  al. 
2009). In hypothalamic cultures obtained from 
ATF6α KO mice, ER stress-induced regulation of 
various genes including CHOP-, GRP78-, and 
ERAD-associated genes is defective, suggesting 
that hypothalamic XBP1s cannot compensate for 
the absence of ATF6α (Lu et al. 2016). ATF6 and 
XBP1s can physically interact, and a dominant 
negative truncated version of XBP1 can suppress 
the activity of XBP1s or AFT6 (Lee et al. 2003). 
ATF6 activates the transcription of XBP1 and ER 
chaperones including GRP78 (Yoshida et  al. 
2001). ATF6 participates in the hepatic control of 
glucose homeostasis. In fasting, gluconeogenesis 
is triggered in the liver partly through the activity 
of CREB-regulated transcription coactivator 2 
(CRTC2). Induction of ER stress in hepatocytes 
stimulates the dephosphorylation and nuclear 
entry of CRTC2. ATF6 recruits CRTC2 to ER 
stress-responsive genes, which results in 
increased expression of ER quality control genes 
and decreased hepatic glucose output (Wang 
et al. 2009). In the brain, ATF6 activation confers 
neuroprotection (Naranjo et al. 2016), and astro-
glial activation is attenuated in ATF6 knockout 
mice upon ischemic brain injury (Yoshikawa 
et al. 2015).

As discussed above, UPR has evolved to 
maintain the ER homeostasis acting in a cell- 
autonomous manner. Additionally, there are other 
proteostatic signaling routes evolved to enable 
communication between the nucleus and the 
cytosolic proteome (i.e., heat shock response) (Li 
et  al. 2017) or the mitochondria (mitochondrial 
UPR) (Fiorese and Haynes 2017). However, 
there is an evolutionarily conserved yet incom-
pletely understood intertissue signaling mecha-
nism, also called the transcellular chaperone 
signaling (van Oosten-Hawle et  al. 2013), 
described at least in metazoans that enable non- 
autonomous protein homeostasis by communica-
tion between different tissues (van Oosten-Hawle 
and Morimoto 2014). As UPR has evolved to 
allow communication between ER and other 
parts of the cellular structures, such as the 
nucleus, this trans-chaperone signaling enables 
the individual cells/tissues to communicate with 
each other. While it is beyond the scope of this 
chapter, it is worth to note that the regulation of 
ER homeostasis including ER stress within indi-
vidual tissues should not be evaluated indepen-
dently of its effect on other tissues. While 
induction of ER stress and impairment of UPR at 
individual tissues have detrimental metabolic 
consequences, some tissues respond to organelle 
stress, including ER stress, by secreting factors 
that improve the overall physiology. For exam-
ple, during ER stress in the liver, hepatocytes 
secrete FGF21 (Schaap et al. 2013), which con-
fers broad metabolic improvements including 
ameliorating ER stress and inducing weight loss 
(Kharitonenkov et al. 2005; Coskun et al. 2008). 
Likewise, neuronal overexpression of XBP1  in 
C. elegans activates UPR in non-neuronal cells, 
confers stress resistance, and increases longevity 
(Taylor and Dillin 2013).

4.2.1  ER Stress and the Regulation 
of Energy Balance

Regulation of metabolism in mammals requires a 
coordination between multiple tissues that is medi-
ated by secreted factors, hormones and others, and 
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neuronal inputs. The past decades in the metabo-
lism field have uncovered numerous secreted fac-
tors, most notably leptin, and the dysregulation in 
the secretion, processing, recognition, or signaling 
of these factors play a fundamental role in the eti-
ology of metabolic disorders. The canonical secre-
tory pathway in mammals involves the 
translocation of nascent polypeptides into the ER, 
their regulated processing, posttranslational modi-
fications, packing, and secretion. The hypothala-
mus is a heterogeneous population of chemically 
distinct neurons, with at least 50 distinct cell types 
in the ARC and ME identified based on their tran-
scriptome profile (Campbell et  al. 2017). Even 
within defined classes of neuronal populations, 
such as AgRP and POMC neurons, there are vari-
ous subtypes. For example, there are at least three 
different subsets of POMC neurons in the MBH 
(Campbell et  al. 2017). Likewise, among the 
AgRP neurons, which are exclusively expressed in 
the ARC, the leptin receptor-positive subset does 
not project to intra-hypothalamic sites (Betley 
et  al. 2013). Therefore, the secretory profile of 
these neuronal populations, and the relative role of 
UPR in the respective neuronal subsets, is likely 
not uniform. The wide abundance and variety of 
the hypothalamic neuropeptides, which are syn-
thesized as inactive precursors that require pro-
cessing, demand a well-orchestrated ER quality 
control machinery. The physiological relevance 
and requirement of UPR in hypothalamic feeding 
centers are evident by a study on the transcrip-
tional profile of AgRP and POMC neurons under 
satiated and fasted states showing UPR activation 
in AgRP neurons upon fasting (Henry et al. 2015). 
Numerous target genes for XBP1s including ER 
chaperones were upregulated by fasting in AgRP 
neurons. Genes involved in ER protein transloca-
tion and Golgi trafficking were also upregulated 
by fasting (Henry et  al. 2015). ATF4 and ATF6 
transcriptions also increased in AgRP neurons, 
although ATF6 nuclear localization was not altered 
by fasting. AgRP-specific ERAD- related tran-
scripts were also upregulated by food deprivation. 
Besides UPR, fasting activated Nrf2 oxidative 
stress pathway in AgRP neurons. Notably, most of 
these fasting-induced changes in UPR pathway 

were specific to AgRP neurons, and no significant 
regulation was detected in POMC cells (Henry 
et al. 2015). However, upon short-term refeeding 
of fasted mice, POMC- specific XBP1s, ATF4, and 
ATF6 expression increased (Williams et al. 2014). 
Changes in AgRP neurons are probably related to 
fasting- induced AgRP neuronal activation and 
increased AgRP biosynthesis and secretion. For 
example, hypothalamic ATF4 regulates AgRP 
expression by stimulating FOXO1 (Deng et  al. 
2017), a transcription factor that positively regu-
lates AgRP expression (Kitamura et al. 2006; Kim 
et  al. 2006; Ren et  al. 2012). However, whether 
and/or to what extent UPR contributes to the orexi-
genic response elicited by AgRP neurons is not 
known.

Overexpression of ATF4 in the MBH margin-
ally induces food intake and weight gain and 
results in an attenuated hepatic insulin signaling, 
while a dominant negative ATF4 improves insu-
lin signaling and glucose metabolism (Zhang 
et  al. 2013b). Adverse effects of ATF4 overex-
pression could be reversed by hepatic vagotomy 
or by knocking down hypothalamic S6K expres-
sion (Zhang et al. 2013b). As explained in more 
detail in Chap. 8, while acute activation of hypo-
thalamic S6K activity appears to block hepatic 
insulin signaling, overexpression of constitu-
tively active S6K in the MBH blocks weight gain 
and protects against adverse consequences of 
HFD (Ono et al. 2008; Blouet et al. 2008). AgRP 
ATF4 KO mice are protected from weight gain 
on regular chow and HFD due to decreased food 
intake and increased energy expenditure (Deng 
et al. 2017). Deletion of ATF4 from POMC neu-
rons also result in a similar phenotype with mice 
resistant to HFD-induced weight gain (Xiao et al. 
2017a, b). Effect of ATF4 on POMC neurons was 
largely dependent on the negative regulation of 
ATG5 by ATF4 such that mice lacking both genes 
in POMC neurons had reduced energy expendi-
ture on HFD and gained more weight (Xiao et al. 
2017a, b). ATG5 is required for the regulation of 
autophagy, and POMC-specific ATG5 KO mice 
have defective autophagy in POMC neurons, 
although their body weight is not affected 
(Malhotra et al. 2015). Deletion of ATF4 led to 
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the ATG5-dependent autophagy and increased 
αMSH production, which in turn led to increased 
energy expenditure (Xiao et al. 2017a, b).

Deletion of XBP1 from POMC neurons does 
not significantly alter body weight on regular 
chow or HFD, although the mice show a ten-
dency for elevated weight gain (https://tez.yok.
gov.tr/UlusalTezMerkezi/TezGoster?key= 
1zw6GvYMe-q3Hf6HR-3USykM7dHpyqsbqQ-
p1MsCgPMp7KeLv7nO_Vnsn0mL6Afc). While 
suppressing caloric intake on lean mice, HFD-fed 
POMC-specific XBP1 KOs tend to eat more 
(https://tez.yok.gov.tr/UlusalTezMerkezi/Tez 
Goster?key=1zw6GvYMe-q3Hf6HR-3USykM 
7 d H py q s b q Q - p 1 M s C g P M p 7 Ke L v 7 n O _
Vnsn0mL6Afc). Increased food intake of obese 
mice is however compensated by increased 
energy expenditure, and the obese KO mice have 
decreased fat percentage and decreased respira-
tory exchange ratios, indicative of elevated fat 
oxidation, than their POMC-Cre control counter-
parts (https://tez.yok.gov.tr/UlusalTezMerkezi/
TezGoster?key=1zw6GvYMe-q3Hf6HR-3 
USykM7dHpyqsbqQ-p1MsCgPMp7KeLv7nO_
Vnsn0mL6Afc). These results should, however, 
be evaluated taking into account the phenotype of 
the POMC-Cre mice itself and the significant dif-
ference in the co- localization of POMC-Cre-
expressing cells and POMC neurons in adult 
mice (Padilla et  al. 2012). Genetic depletion of 
IRE1α expression from POMC neurons does not 
alter body weight on regular diet, but induces 
food intake and weight gain with increased adi-
posity on HFD (Yao et al. 2017). Obese POMC-
IRE1α KO mice also display decreased energy 
expenditure, decreased cold tolerance, and 
impaired glucose tolerance (Yao et  al. 2017). 
Additionally, these KO mice had elevated expres-
sion of negative regulators of leptin receptor sig-
naling including PTP1B and SOCS3, which 
might contribute to their hyperphagic phenotype 
(Yao et  al. 2017). Overexpression of XBP1s in 
POMC neurons results in hypophagic mice with 
increased energy expenditure and confers resis-
tance to obesity (Williams et  al. 2014). 
Interestingly, POMC- specific XBP1 overexpres-
sion also led to increased hepatic XBP1s expres-
sion and increased the BAT- and beige-specific 

genes in the adipose tissue. Considering that 
hypothalamic induction of ER stress attenuates 
POMC processing and αMSH production (Cakir 
et al. 2013), it is worth investigating whether the 
metabolic improvements observed in mice with 
POMC-specific XBP1s overexpression are sec-
ondary to improved POMC processing.

ER stress and UPR play a fundamental role in 
metabolic regulation. Studies conducted in 
rodents showed that HFD-induced obesity leads 
to ER stress in multiple peripheral systems 
including the liver and adipose tissue. 
Furthermore, there is a functional interaction 
between ER stress and inflammation. For exam-
ple, ER stress-induced inflammation in the liver 
couples obesity to insulin resistance (Ozcan et al. 
2004), and deletion of IRE1α from the cells of 
myeloid lineage, including the macrophages but 
not the lymphocytes (T and B cells), confers 
almost complete protection from HFD-induced 
obesity and other associated metabolic abnormal-
ities (Shan et  al. 2017). The role of central ER 
stress and its effect on energy metabolism have 
been an area of active research during the past 
decade. Findings from our laboratory and others 
have indicated that development of obesity is 
accompanied by elevated markers of ER stress in 
the hypothalamus, predominantly in the 
MBH. Elevated ER stress in turn triggers central 
inflammation, resulting a positive feedback loop 
that is ultimately detrimental to the CNS circuitry 
regulating food intake and energy expenditure. 
ER stress has a more direct, cell-autonomous 
effect on the neuroendocrine hypothalamic popu-
lation of neurons encoding bioactive neuropep-
tides, such as POMC (Cakir et al. 2013).

Initial evidence on the relationship between 
HFD-feeding and hypothalamic ER stress came 
from in vitro studies as well as results obtained 
from rodents using pharmacological and genetic 
tools. Treatment of leptin-responsive cells with 
inducers of ER stress, such as homocysteine, 
tunicamycin, and thapsigargin, induces the 
expression of negative regulators of leptin recep-
tor signaling including SOCS3 and PTP1B and 
reduces leptin-induced STAT3 phosphorylation 
(Hosoi et  al. 2008; Cakir et  al. 2013). These 
results are reproduced when ER stress was 
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induced in the hypothalamus of lean rodents 
(Hosoi et  al. 2008; Cakir et  al. 2013). 
Homocysteine treatment induced XBP1 splicing 
in the brain (Hosoi et al. 2010), also blocked the 
leptin-induced ERK phosphorylation, and did not 
affect the phospho-JNK levels (Hosoi et  al. 
2008). Furthermore, 4PBA treatment reversed 
the ER stress-induced attenuation in leptin recep-
tor signaling. Central infusion of thapsigargin 
also blocked leptin and insulin signaling in the 
hypothalamus and had an orexigenic effect.

Diet-induced obesity correlates with increased 
markers of hypothalamic ER stress. IRE1 and 
PERK phosphorylation, XBP1 splicing, and 
expression of CHOP and GRP78 increase in 
HFD-fed rodent hypothalamus (Zhang et  al. 
2008; Won et  al. 2009; Cakir et  al. 2013). It is 
possible that the diet composition plays a funda-
mental role in the induction of hypothalamic ER 
stress. For example, central ceramide infusion 
induces hypothalamic ER stress and causes 
weight gain (Contreras et  al. 2014). Ceramide- 
induced ER stress and weight gain can be 
reversed by VMH-specific overexpression of 
GRP78, while a dominant negative GRP78 
induces ER stress and weight gain (Contreras 
et  al. 2014). Overexpression of GRP78  in the 
VMH of Zucker rats decreased ER stress, sup-
presses weight gain, and increases BAT-mediated 
thermogenesis without altering food intake 
(Contreras et al. 2014). Effect of GRP78 and ER 
stress in the VMH is likely independent of leptin 
signaling and involves the sympathetic output to 
the adipose tissue and involves browning of 
WAT- and UCP1-induced thermogenesis 
(Contreras et  al. 2017). Saturated fatty acids, 
such as palmitate, activate ER stress in hypotha-
lamic neurons and attenuate leptin and insulin 
signaling (Kleinridders et  al. 2009; Mayer and 
Belsham 2010; Diaz et  al. 2015). As discussed 
above, TLR4 acts as a receptor for saturated fatty 
acids, and deletion of the TLR adaptor protein 
MyD88 from neurons confers protection from 
diet-induced obesity (Kleinridders et  al. 2009). 
Central infusion of palmitate induces inflamma-
tory cytokine expression and ER stress through 
activation of toll-like receptor 4 (TLR4) (Milanski 
et al. 2009; Kanczkowski et al. 2013), and central 

inhibition or genetic inactivation of TLR4 con-
fers protection from diet-induced obesity in 
rodents (Milanski et al. 2009). Likewise, knock-
out of the TLR4 adapter protein MyD88 prevents 
excess weight gain in mice on high-fat diet 
(Kanczkowski et al. 2013). TLR4 signaling can 
also activate IRE1-XBP1 axis in macrophages 
while suppressing the ATF4 pathway (Woo et al. 
2009). Distinct from the ER-related XBP1 tar-
gets, TLR4-mediated XBP1 activation triggers 
the production of pro-inflammatory cytokines 
(Martinon et  al. 2010). In rodent and human 
CNS, XBP1 expression is highest in microglia 
(Zhang et  al. 2014; Bennett et  al. 2016), and 
whether a similar link exists between fatty acids 
and IRE1-XBP1 pathway in CNS immune cells, 
such as in microglia, is worth investigating.

As discussed above, diet-induced obese mice 
have elevated hypothalamic IKKβ-NF-κB axis, 
which in turn activated the inflammatory gene 
expression in the hypothalamus, but also act as a 
factor in a positive feedback loop where its con-
stitutive activation promoted ER stress (Zhang 
et al. 2008): HFD-fed mice have elevated levels 
of phosphorylated PERK and eIF2α in the hypo-
thalamus (Zhang et al. 2008). Induction of cen-
tral ER stress in lean mice by tunicamycin led to 
the activation of NF-κB, suggesting a causative 
relationship between ER stress and central 
inflammation. Accordingly, overexpression of 
constitutively active IKKβ in the MBH of lean 
mice was sufficient to induce ER stress, while 
neuronal deletion of IKKβ decreased PERK 
phosphorylation. Activated IKKβ-NF-κB signal-
ing induced the expression of SOCS3, which is a 
negative regulator of insulin and leptin signaling. 
While activation of ER stress increased NF-κB 
activity, relieving ER stress with chemical chap-
erone TUDCA alleviated the HFD-induced hypo-
thalamic NF-κB activation (Zhang et al. 2008). In 
summary, hypothalamic IKKβ and ER stress can 
activate each other, forming a positive feedback 
loop leading to dysregulation of central energy 
balance. DIO rats also display increased hypotha-
lamic PERK and eIF2α phosphorylation (Cakir 
et al. 2013), and these responses seem to be ARC 
specific, as DIO rats do not suffer ER stress in the 
PVN (Cakir et  al. 2013). Accordingly, PVN 
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retains its leptin sensitivity in DIO rodents 
(Perello et al. 2010). While induction of ER stress 
in lean animals induces markers of leptin resis-
tance, including SOCS3 and PTP1B, and sup-
pressed energy expenditure (Zhang et  al. 2008; 
Cakir et al. 2013), central infusion of TUDCA in 
obese rats did not alter STAT3 phosphorylation 
but acutely suppressed food intake and triggered 
increased oxygen consumption (Cakir et  al. 
2013).

Central ER stress does not only alter energy 
metabolism but also adversely affect other meta-
bolic parameters. For example, thapsigargin- 
induced hypothalamic ER stress results in 
glucose tolerance, peripheral insulin resistance, 
and increases blood pressure, mimicking the phe-
notype in DIO rodents (Purkayastha et al. 2011b; 
Cakir et  al. 2013). These responses could be 
reversed by genetic inhibition of IKK signaling 
in the ARC or partially reversed by treatment of 
DIO mice with TUDCA without altering food 
intake or body weight (Purkayastha et al. 2011b; 
Horwath et  al. 2017). 4PBA treatment of rats 
resulted in attenuation of LPS-induced heart rate 
thought to be mediated, at least in part, through 
TLR4 action in the PVN (Masson et al. 2015). In 
obese mice that undergo vertical sleeve gastrec-
tomy, hypothalamic markers of ER stress were 
decreased, which was accompanied by a signifi-
cant decrease in mean arterial pressure 
(McGavigan et al. 2017).

The physical interaction between the ER and 
mitochondria is also affected by ER stress. 
Mitofusin 1 and mitofusin 2 (MTF1/2) are pro-
teins located on the ER membrane and the outer 
surface of the mitochondria tethering the two 
organelles. MTF deficiency in the liver results in 
ER stress and causes glucose intolerance and 
defective insulin signaling in the liver and mus-
cle, a defect that can be rescued with TUDCA 
treatment (Sebastián et al. 2012). AgRP-specific 
MTF1 or MTF2 KO mice are protected from 
HFD-induced weight gain (Dietrich et al. 2013). 
On the contrary, ablation of MTF2  in POMC 
neurons results in elevated ER stress and pro-
motes food intake and weight gain (Schneeberger 
et  al. 2013), while POMC-specific MTF1 KOs 
have dysfunctional glucose metabolism without 

altered hypothalamic ER stress (Ramírez et  al. 
2017). As we continue to discuss in the following 
section, several studies have indicated that ER 
stress leads to a profound defect in the processing 
of prohormones including POMC.

4.2.2  Hypothalamic ER Stress 
and Neuropeptides

ER stress-induced abnormalities in energy as 
well as glucose metabolism are causally related 
to altered hypothalamic POMC processing. 
POMC-specific MTF2 KO mice develop glucose 
intolerance prior to development of their obese 
phenotype largely due to increased hepatic glu-
coneogenesis (Schneeberger et  al. 2015). These 
mice had reduced hypothalamic αMSH levels 
that could be rescued with central TUDCA treat-
ment (Schneeberger et  al. 2015). In addition, 
acute HFD exposure also increased the hypotha-
lamic ER stress, decreased αΜSH levels, and 
impaired glucose homeostasis, which could be 
rescued by central αMSH replenishment 
(Schneeberger et  al. 2015). MTF2 deletion in 
POMC neurons was proposed to decrease 
ER-mitochondrial contacts in the POMC neurons 
of obese mice; however the observed decreased 
ER-mitochondrial physical interaction is likely 
not a direct effect of the MTF2 deletion but rather 
secondary to the obese phenotype of the KO 
mice. MTF2 depletion in mouse embryonic fibro-
blasts results in increased ER-mitochondrial teth-
ering (Filadi et  al. 2015). AgRP-specific MTF1 
or MTF2 KOs did not have differences in mito-
chondria- ER contacts, compared to control mice, 
and did not display altered markers of ER stress 
(Dietrich et  al. 2013). POMC-MTF2 KO mice 
are resistant to anorectic action of exogenous 
leptin (Schneeberger et  al. 2013). As discussed 
below, these mice have a decreased expression of 
POMC mRNA but an accumulation in the POMC 
protein. Although the expression of the POMC- 
processing enzymes PC2, PAM, and CPE was 
also elevated in the KO mice, α-MSH level was 
significantly lower, which accounts for the obese 
phenotype of the mice (Schneeberger et al. 2013). 
However, upon chronic central infusion of 4PBA 
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or TUDCA, their food intake decreased, αΜSH 
levels increased, and the mice lost their excess 
adiposity, and their body weight returned to the 
range observed in their chow-fed counterparts 
(Schneeberger et al. 2013). Accordingly, overex-
pression of MTF2  in the ARC protects against 
HFD-induced weight gain and decreases markers 
of ER stress (Schneeberger et  al. 2013). The 
adverse effect of HFD on hypothalamic MTF 
expression might be, at least in part, dependent 
on SFAs. HFD feeding or palmitate alone 
decreases the expression of mitofusin 2 (MTF2) 
the ARC (Diaz et al. 2015).

In HFD-induced obese rodents, there is a 
gradual decrease in the amount of POMC pro-
cessing evidenced by accumulation of POMC but 
decreased amounts of its processing products 
ACTH and αMSH in the MBH (Enriori et  al. 
2007; Cakir et  al. 2013; Schneeberger et  al. 
2013). Furthermore, although leptin could stimu-
late, albeit at a compromised level, the expres-
sion of POMC mRNA and hypothalamic ACTH 
levels, αMSH level, is completely insensitive to 
leptin administration (Cakir et  al. 2013). 
Decreased αMSH levels in DIO rodents were not 
due to increased αMSH degradation (Wallingford 
et al. 2009; Cakir et al. 2013; Schneeberger et al. 
2013). These findings suggested that there was a 
defect in the step leading from the POMC precur-
sor to the production of αMSH. While there was 
no significant difference in the mRNA levels of 
POMC-processing enzymes between lean and 
DIO animals, there was a significant reduction in 
the protein levels of PC2 in DIO ARC. Reduced 
PC2 expression and αMSH levels could be 
induced in lean rat hypothalamus simply by cen-
tral infusion of thapsigargin or tunicamycin, 
which suggested that ER stress negatively regu-
lated PC2 protein levels (Cakir et  al. 2013), 
which in turn leads to decreased αMSH levels. 
The thapsigargin- or tunicamycin-induced 
defects in POMC processing could be partially 
rescued by chemical chaperones PBA or TUDCA 
(Cakir et  al. 2013). As explained in detail in 
Chap. 5, PC2 is critical in the processing of 
ACTH to αMSH. Decreased PC2 and αMSH lev-
els could also be induced in different cell lines 
upon induction of ER stress in a way that could 

be rescued by chemical chaperones. Furthermore, 
central TUDCA infusion rescued the defect in the 
POMC processing in DIO rats and increased the 
αMSH levels. However, the same treatment did 
not alter the level of hypothalamic NPY, suggest-
ing that DIO-induced ER stress affects the pro-
cessing of hypothalamic neuropeptides 
differently (Cakir et  al. 2013). Salubrinal is an 
agent that selectively inhibits the dephosphoryla-
tion of p-eIF2α (Boyce et al. 2005) and enhances 
the FFA-induced activation of the PERK path-
way, but not the ATF6 and IRE1 branches 
(Ladrière et al. 2010). Blocking the dephosphor-
ylation of eIF2α with salubrinal increased PC2 
and reversed the effect of thapsigargin on PC2 
levels, suggesting that PERK-eIF2α branch of 
the UPR could protect the decrease in PC2 during 
ER stress.

A recent study has further revealed the overall 
importance of ER homeostasis on POMC pro-
cessing in regard to energy balance. Proper traf-
ficking and processing of POMC require a protein 
complex between suppressor enhancer of lin-like 
1 (Sel1L) and hydroxymethylglutaryl reductase 
degradation protein (Hrd1, also called synovi-
olin). Sel1L-Hrd1 is an evolutionarily conserved 
arm of ERAD, and their genetic deletion results 
in embryonic lethality in mice (Yagishita et  al. 
2005; Francisco et  al. 2010). Both genes are 
expressed in the hypothalamus and in POMC 
neurons (Kim et  al. 2017). Feeding and leptin 
positively regulate their expression. Deletion of 
Sel1L from POMC neurons results in loss of 
response to leptin’s anorectic effect, hyperpha-
gia, and age-associated obesity. Sel1L deficiency 
did not induce central ER stress or inflammation 
(Kim et al. 2017). Although POMC mRNA level 
was unaltered in POMC-specific Sel1L defi-
ciency, there was a significant accumulation of 
the POMC protein. Hrd1 is an E3 ligase and 
together with Sel1L targets POMC to protea-
somal degradation. Consequently, in the absence 
of this quality control system, the nascent POMC 
polypeptide cannot be properly targeted for fur-
ther processing resulting in aggregation and 
accumulation in the ER (Kim et al. 2017). It is 
possible that diet-induced obesity also results in a 
functional dysregulation of the ERAD system in 
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POMC neurons, which might contribute to the 
accumulation of POMC observed in obese 
rodents (Cakir et  al. 2013). Finally, while it is 
beyond the scope of this chapter, it is worth not-
ing that the effect of hypothalamic ER stress 
extends beyond regulation of energy balance. 
Central ER stress affects the polyA tail length of 
mRNA for certain neuropeptides including vaso-
pressin and oxytocin, resulting in decreased 
mature mRNA levels (Morishita et  al. 2011), 
which could be reversed by TUDCA treatment 
(Morishita et al. 2011). Furthermore, ERAD defi-
ciency also leads to aggregation and accumula-
tion of proAVP, the precursor of the precursor for 
the antidiuretic hormone arginine vasopressin, 
resulting in central diabetes insipidus (Shi et al. 
2017) (Fig. 4.1).

4.3  Conclusion

Across species in all kingdoms of life, mainte-
nance of homeostasis is key for survival. Both at 
the cellular and the organismal level, various sig-
naling routes have evolved and are activated in 
response to internal or environmental stimuli to 
keep the homeostasis within certain boundaries. 
This chapter has focused on two of these adaptive 
mechanisms, inflammation and ER stress/UPR.

Infection, tissue damage, or stress could trig-
ger inflammation, which in turn increases defense 
mechanisms to cope with the infection (immune 
response) or tissue repair and adaptation to the 
stress stimuli. As outlined above, the inflamma-
tory state associated with obesity is different than 
classical inflammatory response; it is a chronic 
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Fig. 4.1 Propose changes in POMC processing and bio-
synthesis of α-MSH in the obese state. While the levels of 
processing enzyme PC2 adjust under fasting (i.e., low 
leptin, first panel) and fed (i.e., basal leptin, second panel), 
in the DIO (i.e., high leptin, third panel), there is a 
decrease in PC2 and an accumulation of POMC compared 
to the fed control. Compared to the basal leptin condition, 
fasting causes diminished α-MSH by a leptin-mediated 

reduction in POMC mRNA along with reduced POMC 
processing due to lower PC1 and PC2 levels. In the DIO 
condition, endoplasmic reticulum stress triggers an 
unfolded response causing an accumulation of POMC in 
the ER partly caused by an unfolded response and a pos-
sible degradation of PC2 through the ERAD system, con-
ditions that ultimately cause less α-MSH production. 
(Image from our prior publication (Cakir et al. 2013))
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but rather low-grade inflammatory state, which, 
unlike the infection-induced inflammation, is not 
coupled to induction of an immune response. 
Furthermore, the central vs. the peripheral inflam-
mation associated with high-calorie intake are 
different. Central markers of inflammation can be 
detected following consumption of high-calorie 
diets prior to any weight gain, while peripheral 
inflammation, tissue macrophage infiltration, and 
polarization proceeds gain of adiposity. The asso-
ciated cell types in the periphery vs. the CNS are 
also different, and the anti-inflammatory nature 
of the brain parenchyma is not suitable for sur-
vival of immune cell components in the brain. 
CNS has its own macrophage pool, the microglia, 
and we are only beginning to understand the role 
of the glial cell populations in the regulation of 
energy balance and overall metabolism.

ER stress is classically triggered by an imbal-
ance between the ER’s folding capacity and the 
steady-state unfolded protein pool in the ER 
lumen. There are numerous physiological or 
pathological triggers of ER stress, and nutrient 
deprivation, redox status, infection, and ER cal-
cium levels are among some of them. The dys-
function of the ER is communicated to the 
nucleus and the translational machinery through 
a set of signaling routes called the UPR. Much 
like other stress response pathways, UPR initially 
functions to restore the homeostasis, in this case, 
of the ER.  The temporal aspect of the stress- 
activated pathways including the UPR is of sig-
nificant importance; prolonged UPR can result in 
detrimental consequences as induction of apopto-
sis. This makes sense from an organismal point 
of view to eliminate overly stressed/damaged 
cells which cannot be rescued. However, a 
chronic ER stress detected in an entire tissue as 
observed in obesity results in a maladaptive state 
which triggers a shift in homeostatic set points. 
This, in turn, results in maladaptive states, such 
as insulin and leptin resistance, which contributes 
to the etiology of obesity and diabetes.

Both ER stress and inflammation are inti-
mately connected for a number of reasons. First 
of all, mediators of inflammation and ER stress 
utilize, at least in part, common downstream sig-
naling pathways (e.g., NF-κB activation). This is 

one of the reasons that ER stress and inflamma-
tion can trigger each other even at a cell autono-
mous level. Second, signaling components of the 
inflammatory process as well as ER stress are 
also shared by several metabolic routes, resulting 
in a causative relationship between these pro-
cesses and the regulation of energy metabolism. 
Third, either process is activated chronically at a 
moderate level during obesity. Fourth, nutrients, 
most prominently saturated fatty acids, can 
induce central ER stress as well as an inflamma-
tory response. Fifth, both obesity-associated ER 
stress and elevated inflammation appear to be 
reversible, at least in rodents.

Various studies conducted in rodents as well 
as results from humans suggest that obesity is 
accompanied by elevated ER stress and inflam-
mation in the CNS. Our knowledge on central ER 
stress in regard to the possible role of UPR in glia 
is rather limited, and most of the metabolic stud-
ies have so far focused on ER stress in neurons. 
Central inflammation encompasses neurons as 
well as glia, and astrogliosis and microgliosis 
have detrimental consequences in the hypotha-
lamic circuits regulating energy balance. What 
triggers hypothalamic ER stress or inflammation 
in the first place is not fully uncovered; however 
nutrient-related inputs, such as saturated fatty 
acids, appear to play a causative role. Induction 
of hypothalamic ER stress contributes to a posi-
tive energy balance, and this is mediated at least 
in part due to the direct impact on altered prohor-
mone processing as in the case for 
POMC.  Inflammatory mediators are classically 
accompanied by an anorexic response; however 
prolonged activation of central inflammatory 
pathways results in elevated food intake and/or 
increased weight gain. This is a major distinction 
in the effect of central inflammation when con-
sidered in an acute vs. chronic setting. Genetic 
and pharmacological evidence suggest that ame-
lioration of the hypothalamic ER stress and 
inflammation that accompanies obesity result in 
weight loss, improved glucose metabolism, and 
improved cardiovascular functions. It is finally 
important to note the similarity between obesity 
and the aging process in regard to their associa-
tion to central inflammation and ER stress. The 
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results indicating that suppression of neuronal 
inflammation confers longevity in mice point out 
the importance of CNS inflammation on overall 
mammalian physiology.

It is vital to the understanding of biology that 
the cells or organisms are more than a collection 
of individual components (organelles or tissues) 
put together. As Aristotle said, “the whole is more 
than the sum of its parts.” As such, there is a 
sophisticated communication system evolved to 
maintain the homeostasis in multicellular organ-
isms. Components of the inflammatory process 
and the UPR should be evaluated from this per-
spective at the organismal level. Cell autonomous 
stress response pathways function to restore the 
homeostatic boundaries; however they have non- 
cell autonomous consequences (e.g., ER stress- 
induced hepatic FGF21 secretion) that translate 
into whole animal physiology. While cellular 
components of the UPR and inflammation are 
rather well-characterized, how these processes 
affect homeostatic brain centers including the 
hypothalamus and the brain stem is only begin-
ning to be uncovered. A comprehensive under-
standing of the causes of the CNS inflammation 
and ER stress and how these processes interact 
with the metabolic regulatory routes will help us 
devise novel therapeutic opportunities for the 
treatment of metabolic diseases such as obesity.

Questions

 1. What are the differences between central and 
peripheral inflammation? How does innate vs. 
acquired immunity play a role in CNS 
inflammation?

 2. What are the causes and consequences of 
acute vs. chronic inflammation on energy 
balance?

 3. What is the relationship between ER stress 
and inflammation? What are the signaling 
pathways that connect them?

 4. What are the signaling routes that communi-
cate between the ER and the nucleus? How 
conserved are they?

 5. How does hypothalamic ER stress interfere 
with the regulation of energy homeostasis?
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5.1  Introduction

To understand peptide hormone biosynthesis and 
their action at a distant target cell, we need first to 
comprehend the cell biology of these molecules, 
their origin, and the mechanism by which they 
became biologically active. Today we know that 
all peptide hormones and many nonhormonal 
proteins derived from larger inactive precursor 
proteins, which are posttranslationally modified 
to produce an array of different peptides with 
specific biological function and secretion pat-
terns. The biosynthesis of neuropeptide hor-
mones from their larger inactive precursor 
proteins and their traffic to the regulated secre-
tory pathway (RSP) for cellular release is one of 
the paramount cellular processes in hormone 
action. In early times of peptide discovery, the 
“peptidergic neuron” name was reserved for 
those neurosecretory cells within the hypothala-
mus that released oxytocin and vasopressin 
directly into the circulation from their nerve ter-
minals in the posterior pituitary. The idea of neu-

rosecretion in the hypothalamus can be traced 
back to the work of Scharrer and Scharrer 
(Scharrer and Scharrer 1940) as early as the late 
1920s. Later work by Harris and colleagues spec-
ified that the hypothalamic substances secreted 
into the portal vessels were pituitary specific and 
led to the concept of “releasing factors” whose 
purpose was to initiate a cascade of events result-
ing in the release of peripherally active hormones 
(Fink 1976). The discovery and chemical charac-
terization of the first identified hypothalamic 
releasing factor, thyrotropin-releasing hormone 
(pyroGlu-His-ProNH2, also known as thyroli-
berin, and herein referred to as TRH), by 
Guillemin and colleagues (Burgus et  al. 1969) 
and Schally and colleagues (Boler et  al. 1969) 
provided ultimate confirmation for the founding 
principles of neuroendocrinology which resulted 
later in the discovery of other releasing factor 
peptides (Guillemin 1978; Schally 1978). Recent 
progress over the last decades in genetics and 
molecular biology provided considerable infor-
mation about the expression of brain neuropep-
tide hormone genes and their tissue-specific 
regulation. From multiple studies conducted in 
many laboratories including ours, it has become 
clear that neuropeptides acting as neurotransmit-
ters or hormones play a significant modulatory 
roles in the control of the central nervous system 
and neuroendocrine function. Even more remark-
able was the discovery that multiple neuropep-
tides derived from posttranslational processing of 
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its single gene- polypeptide precursor has distinct 
physiological functions (Nillni and Sevarino 
1999; Eipper and Mains 1980; Nillni et al. 1996; 
Liston et al. 1984; Hall and Stewart 1983; Nillni 
2007, 2010; Wardlaw 2011). Therefore, to fully 
understand the biology of neuropeptide hor-
mones controlling energy balance, it is essential 
to uncover the mechanisms by which a specific 
prohormone is posttranslationally modified to its 
active form under normal and pathological condi-
tions, a process that happens in a tissue-specific 
manner. This topic will be discussed in this chap-
ter putting emphasis on three prohormones, pro- 
thyrotropin- releasing hormone (pro-TRH), 
pro-opiomelanocortin (POMC), and pro- 
corticotropin- releasing hormone (pro-CRH).

5.2  Origin of the Prohormone 
Theory and Biosynthesis 
of Inactive Prohormone 
Precursors

Even though the amino acid structures of vaso-
pressin and insulin had been elucidated in the 
1950s (Sanger 1959), it was not until the early 
1960s that the mechanisms of protein biosynthe-
sis began to be understood and the genetic code 
fully defined. In 1964, Sachs (Sachs and 
Takabatake 1964) provided the first evidence 
that the biosynthesis of vasopressin can be inhib-
ited with puromycin, a protein synthesis inhibi-
tor, and that newly synthesized vasopressin 
could not be detected in its producing tissue only 
after approximately 1 h following a pulse-label-
ing protocol. This observation suggested that a 
protein biosynthesis mechanism must be 
involved. Sachs demonstrated that before vaso-
pressin becomes a biologically active peptide, it 
exists in a pro-form state. Posttranslational mod-
ification was then required to convert the pro-
form into an active peptide hormone. Likewise, 
while the structure of insulin peptides was 
described early on (Sanger 1959), it was difficult 
to envision how the combination of A and B 
chains was attained in beta cells of the pancreas. 
The pioneering work from Donald F. Steiner in 
1965 represented a landmark in the prohormone 
theory. He elegantly labeled the newly synthe-

sized bigger pro-form (proinsulin) with tritiated 
leucine and phenylalanine to demonstrate that its 
conversion to smaller forms gave rise to insulin 
and C-peptide. These findings were later seen as 
crucial to understand the molecular mechanisms 
of insulin biosynthesis and provided broad 
insight into the cell biology of proteins and their 
evolution. Using a pancreatic insulinoma derived 
from a patient, it was possible to determine that 
insulin could be derived in  vitro from a single 
molecule that was converted to the A and B 
chains by trypsin treatment (Steiner and Oyer 
1967). Studies done in rat islets subsequently 
confirmed the conversion of proinsulin to insulin 
as a relatively slow process taking approximately 
40 min (Steiner et al. 1969; Steiner et al. 1967). 
During the same period, work done by Howell 
and Taylor on insulin biosynthesis showed that 
newly synthesized insulin was released several 
hours after its biosynthesis (Howell and Taylor 
1967). The emerging view of these findings was 
that some sort of orderly vectorial transport 
occurred involving the rough endoplasmic retic-
ulum (RER), the Golgi complex (GC) compart-
ments, and secretory granules (SG).

These data (Steiner and Oyer 1967), along 
with the major contributions of other investiga-
tors who established that the biosynthesis of 
serum albumin, parathyroid hormone, and gluca-
gon also originates from larger inactive precur-
sors, formed the basis of the prohormone theory. 
This theory states that synthesis of peptide hor-
mones and neuropeptides begins with messenger 
RNA (mRNA) translation into a large, inactive 
precursor polypeptide, followed by posttransla-
tional chemical modifications and limited prote-
olysis to release bioactive end products. Chretien 
and Li (Chretien and Li 1967) also made an 
important contribution to the prohormone theory, 
when they determined the amino acid sequences 
of β-lipotropin (β-LPH), γ-LPH, and 
β-melanotropin (β-MSH). They observed that 
β-MSH was part of the β-LPH sequence, provid-
ing evidence that β-MSH was a conversion prod-
uct of β-LPH. They also observed that cleavage 
occurred at the C-terminal side of paired basic 
lysine or arginine residues. More definitive evi-
dence for a precursor/product was provided with 
the cloning of POMC (29 kDa), which revealed 
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that the ACTH and β-LPH sequences were 
 present within the N-terminus of POMC (Eipper 
and Mains 1980).

5.3  The Family of Prohormone 
Convertases (PCs) and Their 
Cellular Traffic and Action 
on Key Neuropeptide 
Prohormones: History of PCs 
on Prohormones

Which one are the cellular mechanisms involved 
in the generation of mature active peptide hor-
mones? As described above, the biosynthesis of 
mammalian neuropeptide hormones follows the 
principles of the prohormone theory (Nillni 
2007; Chretien and Li 1967; Steiner 1998; 
Chretien et  al. 1979). The generation of the 
smaller active peptide hormones is achieved 
through a differential processing mechanism by 
the action of specific enzymes called prohor-
mone convertases (PCs) acting in specific cellu-
lar and extracellular compartments (Fig.  5.1). 
Posttranslational processing of any given hor-
mone precursor protein is a critical mechanism 
by which cells increase their biological and 
functional diversity, such that two or more pep-
tides with different biological functions origi-
nate from the same gene precursor protein. It is 
through differential posttranslational processing 
mechanisms that cells selectively produce spe-
cific peptides for secretion (Nillni and Sevarino 
1999; Nillni 2010; Matsuuchi and Kelly 1991; 
Arvan and Castle 1998; Dannies 1999; Chun 
et  al. 1994; van Heumen and Roubos 1991). 
These covalent modifications are of enzymatic 
nature and occur while synthesized proteins by 
ribosomal translating mRNA into polypeptide 
chains or after full protein biosynthesis is com-
pleted. Modifications include addition of func-
tional groups like phosphorylation, neddylation, 
glycosylation, ubiquitination, nitrosylation, 
methylation, acetylation, lipidation, and methyl-
ation. It is also referred to a limited endoproteo-
lytic proteolysis of an initially folded protein in 
the endoplasmic reticulum to smaller biologi-
cally forms targeted to secretory granules for 
release. One important aspect of protein post-

translational modifications is the remarkable 
increase in the functional diversity of the pro-
teome. While human genome contains between 
20,000 and 25,000 genes (Genomes Project et al. 
2012; Ezkurdia et al. 2014), the total number of 
proteins in the human proteome is assessed at 
over one million (Jensen 2004). These observa-
tions indicate that one single gene can encode 
multiple proteins with multiple functions. Before 
a gene is translated into a protein, it is subjected 
to genomic recombination, transcription initia-
tion at alternative promoters, differential tran-
scription termination, and alternative splicing of 
the transcript. These mechanisms allow the gen-
eration of different mRNA transcripts from a 
single gene (Ayoubi and Van De Ven 1996). 
Characterizing posttranslational modifications 
in a given prohormone located in a distinct tis-
sue is critical to understand consequences 
related to diseases caused by protein biosynthe-
sis dysregulation.

The family of prohormone convertases (PCs) 
is composed of nine secretory serine proteases 
related to the bacterial subtilisin and yeast kexin 
(Hook et  al. 1994; Seidah and Chretien 1994; 
Seidah 1995) (Fig.  5.1). Serine proteases, also 
called serine endopeptidases, are enzymes that 
cleave peptide bonds in small or larger forms in 
which serine assists in this enzymatic process as 
the nucleophilic amino acid located at the active 
side of the enzyme (Hedstrom 2002). These 
enzymes are found universally in eukaryotes and 
prokaryotes. Based on their structure, they could 
behave like chymotrypsin or trypsin or subtilisin 
(Madala et al. 2010). These enzymes cleave at the 
C-terminal side of single, paired, or tetra basic 
amino acid residue motifs (Rouille et al. 1995), 
followed by removal of the remaining basic 
residue(s) by a carboxypeptidases E and D (CPE, 
CPD) (Xin et al. 1997; Fricker et al. 1996; Nillni 
et  al. 2002a). The selective expression of PC1 
and PC2  in endocrine and neuroendocrine cells 
demonstrates that they are important in prohor-
mone processing. Further processing of cleaved 
peptides is carried out by an amidating enzyme, 
which causes the conversion of glycine to an 
amide group. An example of a classical post-
translational processing of a given prohormone is 
depicted in Fig. 5.2.
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In humans, the PCs are involved in different 
physiological processes, including immune 
response, digestion, blood coagulation, repro-
duction, growth, development, metabolism, 
endocrine and brain functions, and maturation of 
pro-proteins (Chretien 2011). Furin, PC1 (also 
known as PC3), PC2, PC4, PACE4, PC5-A (also 
known as PC6-A), its isoform PC5-B (also 
known as PC6-B), PC7 (also known as LPC), 
and PC8 (also known as SPC7) PC1, PC2, furin, 
PC4, PC5, are involved in the posttranslational 
processing of many prohormones and precursor 

proteins by producing a cleavage at single, 
paired, and tetra basic residues (Seidah et  al. 
1991; Smeekens et  al. 1991; Smeekens and 
Steiner 1990; Seidah and Chretien 1992; Seidah 
et al. 1990, 1992a, 1996; Constam et al. 1996). 
The other two, subtilisin kexin isozyme 1 (SKI-
1) and pro-protein convertase subtilisin kexin 9 
(PCSK9), regulate cholesterol and/or lipid 
homeostasis via cleavage at nonbasic residues or 
through induced degradation of receptors 
(Seidah 2012 Nature reviews). The selective 
expression of PC1 and PC2 in endocrine, neuro-

Fig. 5.1 Schematic representation of the pro-protein con-
vertases (PCs). PC1 and PC2 are the two main enzymes 
involved in the processing of pro-peptides in the neuroendo-
crine and endocrine tissues. The membrane-bound human 
PCs include furin, PC4, PC5B, PC7, and SKI-1. PCs have 
medical significance including cholesterol synthesis. Furin 
and PACE4 are involved in pathological processes including 

viral infection, inflammation, hypercholesterolemia, and 
cancer and have been proposed as therapeutic targets. 
Similar to all secretory proteins, the PCs contain a signal 
peptide, a pro-segment, and a catalytic domain that exhibits 
the typical catalytic triad residues Asp, His, and Ser, as well 
as the Asn residue comprising the oxyanion hole (Asp for 
PC2). (Illustration from Seidah and Prat 2012)
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endocrine, and neuronal cells showed to be 
important in tissue- specific pro-neuropeptide 
hormone processing (Seidah et  al. 1990, 1991, 
1993, 1994; Smeekens et  al. 1991; Smeekens 
and Steiner 1990; Seidah et  al. 1990, 1996; 
Constam et  al. 1996; Seidah et  al. 1990, 1991, 
1992b, 1994; Schafer et al. 1993). PC1 and PC2 
have been shown to process pro-TRH (Nillni 
2010; Friedman et al. 1995; Nillni et al. 1995; Pu 
et  al. 1996; Schaner et  al. 1997), proinsulin 
(Rouille et al. 1995; Steiner et al. 1992; Smeekens 
et al. 1992), pro-enkephalin (Breslin et al. 1993), 
prosomatostatin (Galanopoulou et  al. 1993; 
Brakch et al. 1995), pro-growth hormone-releas-
ing hormone (pro-GHRH) (Posner et  al. 2004; 
Dey et al. 2004), pro-opiomelanocortin (POMC) 
(Benjannet et al. 1991; Thomas et al. 1991), pro- 
CRH (Spiess et  al. 1981; Rivier et  al. 1983; 
Perone et al. 1998; Brar et al. 1997; Castro et al. 
1991), pro-NPY (Paquet et al. 1996), pro-CART 
(Dey et  al. 2003), and pro-neurotensin 

(Villeneuve et al. 2000) to various intermediates 
and end products of processing.

Among the members of the PC family cloned 
thus far, PC1 and PC2 are specifically found in 
neuronal and endocrine cells containing secretory 
granules (Seidah et  al. 1990, 1991, 1994). Their 
involvement in the processing of neuropeptide 
precursors has been early suggested by the finding 
that PC1 and PC2 transcripts and protein products 
are widely distributed in different areas of the 
brain, including the cerebral cortex, hippocampus, 
and hypothalamus (Schafer et  al. 1993; Winsky-
Sommerer et al. 2000). Within the hypothalamus, 
these enzymes display an extensive overlapping 
pattern of expression (Schafer et al. 1993; Winsky-
Sommerer et  al. 2000). In rodents and humans, 
abnormalities in prohormone processing results in 
pathological consequences, including metabolic 
dysfunctions (Nillni et  al. 2002a; Lloyd et  al. 
2006; Naggert et al. 1995; Jing et al. 2004; Jackson 
et al. 1997; Challis et al. 2002).
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Fig. 5.2 Schematic representation of a typical limited 
proteolysis of a given prohormone by posttranslational 
processing mechanism. Asterisks indicate the amino acids 
where the PCs produce their enzymatic cleavages. 

Removal of the carboxyl-terminal pair of basic residues is 
conducted by carboxypeptidases. Amidation of peptides 
to confer biological activity is conducted by the PAM 
enzyme. (Illustration from Nillni 2016)
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The critical role of PC1 and PC2 in prohormone 
processing is underscored by studies from animals 
lacking the genes encoding PC1 (Zhu et al. 2002a) 
and PC2 (Furuta et  al. 1997), as well as 7B2 
(Laurent et al. 2002; Westphal et al. 1999), a neuro-
peptide essential for the maturation of PC2. 7B2 
functions as a specific chaperone for PC2. The 
sequence Pro-Pro-Asn-Pro-Cys-Pro in 7B2 binds 
to an inactive proPC2 and facilitates its transport 
from the endoplasmic reticulum to the secretory 
granules with a pH of 5.5 where PC2 is proteolyti-
cally matured and activated. 7B2 C-terminal pep-
tide can inhibit PC2 in vitro and may contribute to 
keeping the enzyme transiently inactive in  vivo. 
The PC2-7B2 complex is a unique mechanism 
whereby the proteolytic activation of PC2 is 
delayed until it reaches later stages in the secretory 
pathway (Fig. 5.3). Disruption of the gene-encod-
ing mouse PC1 results in a syndrome of severe 
postnatal growth impairment and multiple defects 
in processing for many hormone precursors, 
including hypothalamic pro-growth hormone-
releasing hormone (pro-GHRH) to mature GHRH, 
pituitary pro- opiomelanocortin hormone (POMC) 
to adrenocorticotropic hormone, islet proinsulin to 
insulin, and intestinal pro-glucagon to glucagon-
like peptide- 1 and peptide-2. PC1−/− mice are nor-
mal at birth but display impaired postnatal growth 
and are about 60% of normal size at 10  weeks. 
They lack mature GHRH, have low pituitary 
growth hormone and hepatic insulin-like growth 
factor-1 mRNA levels, and phenotypically are 
smaller than a normal mouse. Mice with disruption 
of the gene-encoding PC2 appear to be normal at 

birth. However, they exhibit a small decrease in 
rate of growth. They also have chronic fasting 
hypoglycemia and a reduced blood glucose level 
during an intraperitoneal glucose tolerance test, 
both of which are consistent with a deficiency of 
circulating glucagons (Zhu et al. 2002b). The pro-
cessing of pro-glucagon, prosomatostatin, and pro-
insulin in the alpha, delta, and beta cells of the 
pancreatic islets is severely impaired in PC2 null 
mice (Webb et al. 2004). A mouse model of PC1 
deficiency generated by random mutagenesis 
(Lloyd et al. 2006) has a missense mutation in the 
PC1 catalytic domain (N222D) that leads to obe-
sity with abnormal proinsulin processing and mul-
tiple endocrine deficiencies. Although there was 
defective proinsulin processing leading to glucose 
intolerance, neither insulin resistance nor diabetes 
developed despite obesity. The apparent key factor 
in the induction of obesity was impaired autocata-
lytic activation of mature PC1 causing reduced pro-
duction of hypothalamic α-MSH (Lloyd et  al. 
2006). A patient with a compound heterozygous 
mutation in the PC1 gene resulting in production of 
nonfunctional PC1 had severe childhood obesity 
(Jackson et al. 1997). An analogous obese condi-
tion was found in a patient with a defect in POMC 
processing (Challis et al. 2002). Mice lacking PC2 
(Furuta et al. 1997), as well as 7B2 (Laurent et al. 
2002; Westphal et al. 1999), essential for the matu-
ration of PC2, are also altered. As PC1 and PC2 are 
essential for the processing of a variety of pro-neu-
ropeptides, alterations in the  expression and protein 
biosynthesis of PC1 and PC2 are likely to have pro-
found effects on neuropeptide homeostasis.

Endoplasmic 
reticulum

ProPC2 
folding

7B2

secretory granules
Golgi complex/TGN 

Active PC2

Inactive PC2

Fig. 5.3 Activation of the prohormone convertase 2 
(PC2). PC2 maturation and activation requires an inter-
action with the neuroendocrine 7B2 peptide. The neuro-
endocrine peptide 7B2 binds to PC2 and exerts a 
profound influence on its biosynthesis. The carboxyl-

terminal peptide of 7B2 is a potent inhibitor of PC2 and 
of pro-PC2 activation, while the amino-terminal portion 
of this protein of 21  kDa facilitates the intracellular 
transport and the activation of pro-PC2 to mature PC2 in 
low pH
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At the physiological level, the PCs are regu-
lated by states of hyperglycemia (Nie et  al. 
2000), inflammation (Li et  al. 1999), suckling 
(Nillni et  al. 2001), starvation (Sanchez et  al. 
2004), cold stress (Perello et  al. 2007a), and 
morphine withdrawal (Nillni et  al. 2002b). In 
the case of morphine withdrawal, for example, 
it was previously demonstrated that during opi-
ate withdrawal, prepro- TRH mRNA increased 
in neurons of the midbrain periaqueductal gray 
matter (PAG), causing a significant change in 
the level of some posttranslational processing 
products derived from the TRH precursor, and 
the mature form of PC2 increased only in PAG 
as compared with their respective controls 
demonstrating a region- specific regulation of 
pro-TRH processing in the brain, which may 
engage PC2 (Nillni et al. 2002b; Legradi et al. 
1996). Another interesting example was pro-
vided in alterations seen in pro- TRH processing 
in the PVN during lactation where PC2 was 
involved (Nillni et al. 2001). Other examples of 
the regulation of PCs include rats exposed to 
streptozotocin, where it was demonstrated that 
the diabetic state altered alpha-cell processing 
of pro-glucagon to give increased levels of glu-
cagon-like peptide 1 (Nie et al. 2000). Li et al. 
also identified regions in PC1 and PC2 human 
promoters that contain putative negative thy-
roid hormone response elements and has shown 
that T3 negatively regulates PC1 and/or PC2 
expression in rat GH3 cells, rat anterior pitu-
itary, hypothalamus, and cerebral cortex (Nillni 
et  al. 2001; Li et  al. 2000, 2001; Shen et  al. 
2004, 2005). In addition to the PCs, other 
enzymes involved in the maturation of peptides 
could be affected under different physiological 
conditions including cold exposure, fasting, or 
changes in thyroid status (Perello and Nillni 
2007). For example, the amidating enzyme 
PAM activity on TRH neurons is regulated by 
the thyroid status. TRH and TRH- Gly levels 
increase under low iodine/PTU diet- induced 
hypothyroidism and decrease under TH-induced 
hyperthyroidism (Perello and Nillni 2007; 
Perello et al. 2006a). However, the ratio TRH/
TRH-Gly, which depends on PAM enzymatic 

activity, is different for each condition. In hypo-
thyroidism, the ratio TRH/TRH-Gly increases 
suggesting an increase in PAM activity, and in 
hyperthyroidism, the ratio decreases suggesting 
a decrease in PAM activity. Since PAM activity 
is responsive to changes in thyroid hormone 
levels, this could represent another level of con-
trol in the final production of mature TRH.

To make matters more complex in the relation-
ship between prohormones and processing 
enzymes, a major breakthrough study in the biol-
ogy of leptin added an extra level of complexity in 
the maturation of TRH, that is, in addition to regu-
lating peptide hormone expression, leptin also con-
trols prohormone processing by regulating PC1 
and PC2 (Sanchez et al. 2004). Since leptin regula-
tion of energy balance works through the activity of 
several neuropeptides, it was hypothesized that 
leptin might regulate processing enzymes in addi-
tion to regulating peptide production. These studies 
clearly supported the hypothesis that the regulation 
of hypophysiotropic TRH biosynthesis by leptin 
occurs not only at the transcriptional level but also 
at the posttranslational level through changes in 
pro-TRH processing by the action of PC1 and PC2 
(Sanchez et al. 2004). Thus, the results from this 
study demonstrate that leptin couples the upregula-
tion of prepro-TRH expression and its protein bio-
synthesis with the upregulation of the processing 
enzymes in a coordinated fashion. Such regulation 
ultimately leads to more effective processing of 
leptin-regulated pro-neuropeptides into mature 
peptides, such as TRH and α-MSH, which are criti-
cal for leptin action. Therefore, transcriptional con-
trol of PC1 and PC2 gene expression by leptin is 
another level at which this hormone regulates 
energy homeostasis. This adds a novel key check-
point that is tightly regulated in the control of 
energy consumption. Since leptin- induced increase 
in the PC levels in vivo is partially dependent on 
the activation of the melanocortin system (Perello 
et al. 2006b) and since PC1 promoter contains two 
CREB response elements, which are transactivated 
by CREB-1 (Jansen et al. 1995), the P-CREB tran-
scription factor could activate in a coordinated 
fashion the synthesis of prepro-TRH and PCs. 
Therefore, leptin can act on the TRH neurons of the 
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PVN directly (P-STAT) and indirectly via the mel-
anocortin system (P-CREB) regulating in a syn-
chronized manner the biosynthesis of pro-TRH and 
the PCs through both pathways. See an example of 
leptin acting on PCs and a given prohormone in 
pro-TRH (Fig. 5.4) (Nillni 2010).

5.4  Traffic of Prohormones 
and Its Derivate Peptides 
to the Regulated Secretory 
Pathway

All peptides hormones are release outside the 
cells through the regulated secretory pathway 
(RSP). This pathway is a key cellular process that 
involves prohormone biosynthesis, posttransla-
tional modifications, sorting, and release to the 
extracellular milieu. Therefore, the regulated 
secretory pathway constitutes a unique character-

istic of endocrine and neuroendocrine cells 
(Fig.  5.5). Prohormones destined for the secre-
tory pathway (see pro-TRH example in Fig. 5.6) 
begin with a ribosome bound to the rough endo-
plasmic reticulum (ER) followed by a co- 
translational translocation to the lumen of the 
ER. A leader signal sequence or signal recogni-
tion peptide located in the N-terminus side of the 
protein directs the synthesizing proteins into the 
lumen of the ER. Soluble proteins in this class are 
first localized in the ER lumen and consequently 
sorted to the lumen of other organelles or are 
secreted outside the cell. Prohormones reaching 
the ER lumen are incorporated into small, 
≈50-nm-diameter transport vesicles, and then 
they either fuse with the cis-Golgi or with each 
other to form the membrane stacks known as the 
cis-Golgi reticulum. During the cisternal migra-
tion, a new cis-Golgi stack with its cargo of lumi-
nal prohormones physically moves from the cis 
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Fig. 5.4 Schematic representation of the TRH neuron 
with the most relevant inputs controlling its gene expres-
sion. The illustration shows the multiple signals coming 
from the brain and periphery affecting the TRH neuron 
including leptin and T3 and from the ARC, α-MSH, NPY, 

and AgRP.  The TRH promoter integrates each of these 
inputs to determine the set point of the HPT axis. The dif-
ferent hormonal inputs regulating the PCs are also repre-
sented. (Illustration from Nillni 2010)
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position to the medial-Golgi and then to the last 
compartment of the Golgi complex, the trans- 
Golgi network (TGN). Prohormones aimed for 
secretion leave the trans face of the Golgi com-
plex to form immature secretory granules (ISGs).

Other types of secretory vesicles secrete pro-
teins continuously (constitutive pathway 
Fig.  5.5). There are two pathways of non- 
stimulated release, constitutive (nongranular) 
secretion, and basal release from compartments 
that form after sorting into the regulated secre-
tory pathway (Matsuuchi and Kelly 1991; Arvan 
and Castle 1998; Dannies 1999). Examples of 
constitutive pathway secretion include fibroblasts 
producing collagen and secretion of serum pro-

teins by hepatocytes. These proteins are sorted in 
the TGN into transport vesicles and quickly move 
to and fuse with the plasma membrane of the cell 
for immediate release of their content by exocy-
tosis. Other vesicles released from the trans- 
Golgi fuse with lysosomes for protein 
degradation. In the case of secretory granules 
destined for regulated secretion, instead of being 
released continuously, they are stored near the 
plasma membrane of the cell waiting for an exter-
nal stimulation for release. Upon maturation, the 
secretion process begins when a specific ligand 
binds to specific receptor triggering a signal 
transduction pathway that in turn causes the 
fusion of electron-dense-SGs containing sorted 

Fig. 5.5 This figure represents a typical biosynthesis, posttranslational processing, trafficking, and secretion of most 
prohormones. (The left side of the figure is modified from Molecular Cell Biology Textbook. 4th edition)
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Fig. 5.6 Schematic representation of the biosynthesis 
and posttranslational processing of rat pro-TRH. (a) 

depicts the transcription and posttranslational modifica-
tions in the rat pro-TRH composed of 231 amino acids. 
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products to the plasma membrane in a calcium- 
dependent manner (Burgess et al. 1987; Burgess 
and Kelly 1987). During the vectorial transport 
through the GC and beyond, the newly synthe-
sized proteins are subjected to posttranslational 
modifications including glycosylation, phosphor-
ylation, amidation, acetylation, and proteolytic 
conversion (Seidah et  al. 1992a; Nillni et al. 
1993a, b). Ultimately, partially processed pro-
teins reach the TGN where initial sorting to secre-
tory vesicles begins (Fig.  5.6). Our laboratory 
was one of the first to show that prohormone 
endoproteolytic processing is initiated at the TGN 
level (Nillni et al. 1993a, b; Xu and Shields 1993; 
Tooze et al. 1993) and shows later that the par-
tially processed products are differentially sorted 
to different immature secretory granules (ISGs) 
of the regulated secretory pathway (RSP) 
(Fig. 5.7) (Perello et al. 2008). For pro-TRH, N- 
and C-terminal pro-TRH intermediate forms of 
processing behave independently after the pro- 
TRH cleavage in the TGN delivering N- and 
C-terminal peptides to different SGs. This dis-
covery represented the foundation for what was 
later the established fact that prohormones ini-
tially processed in the TGN could deliver its inter-
mediate products of products of processing to 
different secretory granules of the RSP for differ-
ential release (Perello et  al. 2008; Perez de la 
Cruz and Nillni 1996; Zhang et  al. 2010). This 
concept of differential processing associated with 

differential subcellular localization and specific 
cell type is further reinforced by the observation 
that certain regions in the brain can give rise to 
several different prohormone-derived peptides in 
addition to or instead of the well-characterized 
hormone.

This is a unique event involving a series of 
discrete and exceptional actions including pro-
tein aggregation in secretory granules/sorting, 
the formation of ISGs, prohormone processing, 
and vesicle fusion. For soluble proteins delivered 
for secretion in SGs, luminal pH and divalent 
metals are involved in hormone aggregation and 
interaction with enclosing membranes. Recent 
evidence showed that the trafficking of granule 
membrane proteins could be controlled by lumi-
nal and cytosolic factors. Cytosolic adaptor pro-
teins that recognize the cytosolic domains of 
proteins spanning the SG membrane have been 
shown to play a role in the construction of func-
tional SGs. Adaptor protein 1A (AP-1A) interact-
ing with specific cargo proteins and clathrin 
heavy chain contributed to the formation of a 
clathrin coat. This suggests that some cargo pro-
teins in SGs are managed by Aps (Bonnemaison 
et  al. 2013). In addition, lipid rafts have been 
shown to be implicated in the sorting of peptide 
hormones to the TGN, and the identification of 
SNARE molecules (the molecular basis of exo-
cytosis activity) in the formation of mature secre-
tory granules ready for fusion and released of 

Fig. 5.6 (continued) The signal sequence is cleaved from 
prepro-TRH upon delivery into the endoplasmic reticu-
lum yielding pro-TRH. The conserved PGL sequence in 
the pYE26 peptide ensures the proper folding of pro-TRH 
within the lumen of the endoplasmic reticulum. The initial 
processing cleavage of pro-TRH by PC1/3 begins at the 
trans-Golgi network level generating an N-terminal and 
C-terminal intermediate forms. The intermediate forms of 
processed pro-TRH are then targeted to different secre-
tory granules where processing continues by the action of 
the PCs, CPE/D, and PAM until TRH and non-TRH pep-
tides are formed. The vertical bars on the right indicate in 
which intracellular compartment pro-TRH is cleaved and 
further processed. Numbers indicate the positions of 
paired basic residues. Non-TRH peptides are indicated in 
the pro-TRH molecule, and TRH is indicated by a black 
rectangle. Peptides are indicated as pXYZ nomenclature, 
where “p” means peptide, “X” is the first amino acid of 
each peptide, “Y” is the last one, and Z indicates the total 

number of amino acids in that given peptide. The non-
TRH peptides are then targeted to different secretory 
granules ready for secretion. (b) depicts the proposed 
model of the unfolding process for pro-TRH after its ini-
tial cleavage by PC1/3, exposing potential sorting signals 
responsible for the targeting to different granules. Thus 
far a disulfide sequence has been identified in pro-TRH as 
an important sorting signal for the correct targeting of 
peptides to secretory granules. SS signal sequence; ER 
endoplasmic reticulum; TGN trans-Golgi network; ISGs 
immature secretory granules; C-s-sC disulfide bond. The 
reader should note that pro-TRH-derived peptides are 
named by “p” for peptide followed by the single letter 
amino acid designation for the first and last amino acid of 
the peptide, along with the peptide length in subscript. 
Where these peptides are first mentioned, they are fol-
lowed by the longer prepro-TRH name that describes their 
amino acid residue positions within the precursor. (From 
Nillni 2010)
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Fig. 5.7 N- and C-terminal end products of pro-TRH are 
partially located in different vesicles within the ME fibers. 
Sprague-Dawley rats were perfused with Karnovsky’s 
fixative (a) inlet shows a panoramic micrograph of this 
region) or with 4% paraformaldehyde/0.15% glutaralde-
hyde in PBS (b–d). Panels C and D show an increased 
magnification of the panel B. Images show three classes 
of positive vesicles for either anti-pYE17 antibody alone 

(arrowhead), anti-pYE17 antibody alone (needles), or a 
combination of both antibodies (arrows). Panel E shows 
quantitative results obtained from sections labeled first 
with anti-pYE17 (10  nm gold particles) and then with 
anti-pYE27 (25  nm gold particles). Mean percentages 
represent the proportion of a particular positive vesicle 
compared to the total number of positive vesicles observed 
per micrograph. (From Perello et al. 2008)
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peptide hormones broads more light in the under-
standing of the secretory process (Morvan and 
Tooze 2008; Xiong et al. 2017).

It has been arguably debated about the intra-
cellular sorting mechanism for prohormone post-
translational processing to end products, while 
they are sorted to the SGs (Steiner 1998; Arvan 
and Castle 1998; Nillni et al. 2002a; Nillni et al. 
1993a, b; Perez de la Cruz and Nillni 1996; 
Morvan and Tooze 2008; Glombik and Gerdes 
2000; Seidah and Chretien 1997; Mulcahy et al. 
2006; Mulcahy et al. 2005; Cawley et al. 2016a, 
b) except for proinsulin that is processed when 
the prohormone reaches the SG (Hou et al. 2009). 
Several structural elements have been related to 
the sorting mechanism within the RSP.  The 
N-terminal hydrophobic domain in certain pro-
hormones could represent a sorting signal (Gorr 
et  al. 2001). Also, a disulfide loop in the 
N-terminal region found in certain prohormones 
seems to be essential for targeting to the RSP 
(Chanat 1993; Glombik et  al. 1999; Cool et  al. 
1995). Many prohormones contain pairs of basic 
residues, which could also act as a sorting signal 
(Brakch et  al. 1994; Brechler et  al. 1996). 
Additionally, the RGD (Arg-Gly-Asp) motif 
present in processing enzymes is also implicated 
in trafficking within the RSP (Rovere et al. 1999). 
In the pro-TRH polypeptide, there are 11 pairs of 
basic residues, 1 disulfide loop, and 2 RGD 
motifs (Fig. 5.6). While evidence showed that the 
RGD motif did not play a role in pro-TRH sort-
ing, two different motifs within its sequence are 
involved in the trafficking and sorting to SGs. 
The primary sequence of pro-TRH has an 
N-terminal segment of 25 amino acid residues, 
pYE26, immediately after the signal sequence 
(Fig.  5.6). By expressing several deletions and 
point mutations in cDNA constructs within the 
prepro-TRH31–52 sequence and by monitoring the 
steady-state production of pro- TRH in the ER, 
we identified a single tripeptide Pro-Gly-Leu 
(40PGL42) sequence, which is conserved in mam-
mals, and it turns out to be important for the sta-
bility of pro-TRH, in terms of resistance to 
protein degradation (Romero et al. 2008). These 
studies revealed that PGL is primarily involved in 
the stability of pro-TRH in the early secretory 
pathway. Deletion of PGL destabilizes pro-TRH 

by targeting the protein to the proteasome for 
degradation. This was the first evidence showing 
that the structural role played by a short motif 
located in the N-terminal region of pro-TRH 
takes place early in the ER and has important 
consequences on precursor stability rather than 
the sorting process to the SGs per se (Romero 
et al. 2008). The processing modifications occur 
while pro-TRH is transported from the TGN to 
newly formed ISGs (Perez de la Cruz and Nillni 
1996). In addition, the disulfide loop present in 
the C-terminal side of pro-TRH was involved in 
the sorting of pro-TRH-derived peptides and in 
their retention in the SGs (Mulcahy et al. 2006).

In terms of sorting signals driving prohor-
mones to the RSP, two models have been origi-
nally proposed to explain the trafficking to SGs. 
In the first hypothesis, the sorting by entry model, 
there is sorting signal of tertiary structure respon-
sible for directing the prohormone and some 
enzymes to the budding SGs. Carboxypeptidase 
E (CPE) has been proposed to fulfill the role of 
sorting receptor (Dhanvantari et  al. 2002; Cool 
and Loh 1998; Loh et al. 2002). The sorting sig-
nal has negatively charged amino acids at its core 
that bind to positively charged regions of 
membrane- bound proteins or receptors in the 
TGN and are incorporated into newly formed 
granules budding from the TGN. Molecular mod-
eling analysis of CPE identified a putative sorting 
signal binding site in Arg255 and Lys260 (Zhang 
et al. 1999) that binds to N-POMC (1–26). The 
same group in further studies showed that CPE 
and secretogranin III facilitate the sorting of 
POMC in corticotropic AtT20 cells (Cawley 
et  al. 2016b). The second model proposes that 
prohormones are sorted by retention, which 
means that aggregated prohormone and other 
proteins are packaged into ISGs. Once aggre-
gated in the budding granule, non-regulated 
secretory proteins are removed from the granules 
by a constitutive-like secretion, leaving only the 
prohormones and processing enzymes in the 
aggregate. The idea of this hypothesis is that the 
prohormone must be first sorted to the ISGs and 
then must be retained in the same granules to be 
processed. There are supports for both models, 
but they are not mutually exclusive. New studies 
identified the membrane component to which the 
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sorting signal binds such as cholesterol, a major 
membrane component of the TGN and the ISGs 
(Sun et al. 2013). They showed that deletion of 
cholesterol in cells caused a mis-sorting of 
POMC and insulin. Biochemical analyses indi-
cated that SgII bound directly to the cholesterol- 
rich secretory granule membrane in a 
cholesterol-dependent manner and was able to 
retain the aggregated form of POMC supporting 
a sorting and retention mechanisms (Sun et  al. 
2013) (Fig. 5.5).

Similar to all secretory pro-proteins that 
undergo posttranslational modification before 
reaching their final bioactive form, prohormone 
convertases are themselves exposed to various 
posttranslational modifications before becoming 
enzymatically active. Once the ribosomes begin 
synthesizing these enzymes in the rough endo-
plasmic reticulum (ER), they enter the ER mem-
brane co-translationally, whereby the zymogens 
lose their signal peptide by the action of the sig-
nal peptidase and are N-glycosylated at various 
sites (Fig.  5.1). The N-terminal pro-segment of 
these enzymes acts as an intramolecular chaper-
one and inhibitor resulting in folded proteins 
within the ER lumen into an active conformation 
later in the secretory pathway. The cleaved pro- 
segment remains bound to the mature enzymati-
cally active protease, retaining it in an inactive 
state. The only pro-protein convertase that does 
not follow this patters is PC2, as pro-PC2 is 
transported as a complex with its ~30 kDa bind-
ing protein 7B2 (Fortenberry et al. 1999; Muller 
and Lindberg 1999; Westphal et  al. 1999) to 
acidic immature secretory granules, where it is 
then autocatalytically activated (Fig. 5.3). Thus, 
the compartments where these enzymes are 
active were also determined by differential tim-
ing of their respective maturation. While some 
type of posttranslational modifications are revers-
ible as a mechanism ensuring proper functioning 
of the cell under various physiological and/or 
stress conditions, posttranslational modification 
with limited proteolysis is irreversible and is 
referred to all prohormones generating multiple 
products. These smaller forms of the prohormone 
are covalently modified to generate the final bio-
active hormone.

5.5  Pro-thyrotropin-Releasing 
Hormone

Pro-TRH biosynthesis and processing is described 
here in more detail as an illustrative example of 
prohormone maturation, a topic that was exten-
sively studied in our laboratory for 26  years. 
Similar to other potent secretory molecules regu-
lating key biological functions, the biosynthesis 
of TRH (pyroGlu-His-ProNH2, MW 362) and 
other non-TRH peptides begins with mRNA-
directed ribosomal translation of a larger inactive 
precursor called pro-TRH (Nillni and Sevarino 
1999; Nillni 2010). The maturation of TRH impli-
cates many coordinated cellular and biochemical 
steps along the RSP (Fig.  5.6). First, the signal 
sequence, or pre-sequence, directs a co-transla-
tional translocation of prepro-TRH into the lumen 
of the rough ER after which the signal sequence is 
removed. Once in the ER, the newly synthesized 
pro-TRH meets a unique environment containing 
a number of ER-specific chaperones involved in 
its proper folding pathway leading to its wild-type 
conformation. In addition, pro-TRH, like all 
secretory proteins, encounter an exclusive set of 
posttranslational modifications by specific pep-
tide bond cleavages provided by a network of pro-
cessing peptidases. Pro-TRH is transported from 
the ER to the GC and then to the TGN, where an 
initial proteolytic processing event occurs. At the 
TGN, pro-TRH products are sorted to and stored 
into specialized SGs that undergo secretion only 
after appropriate stimuli. In these SGs the final 
processing steps take place, which involve endo-
proteolysis by specific prohormone convertases at 
pair of basic residues (Romero et al. 2008; Zhou 
et al. 1993; Scamuffa et al. 2006), removal of the 
basic residues by a carboxypeptidases (Fricker 
1988; Varlamov et  al. 1999; Fricker 2007), and 
amidation (Eipper et al. 1992; Prigge et al. 1997). 
If one of these regulated steps is compromised, 
the biosynthesis of pro-TRH-derived peptides and 
their secretion may be affected.

Rat prepro-TRH is a 29 kDa polypeptide com-
posed of 255 amino acids. This precursor con-
tains an N-terminal 25 amino acid leader 
sequence, 5 copies of the TRH progenitor 
sequence Gln-His-Pro-Gly flanked by paired 
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basic amino acids (Lys-Arg or Arg-Arg), 4 non- 
TRH peptides lying between the TRH progenitor 
sequences, an N-terminal flanking peptide, and a 
C-terminal flanking peptide (Nillni 2010; Lechan 
et al. 1986a, b). The N-terminal flanking peptide 
(prepro-TRH25–50-R-R-prepro-TRH53–74) is fur-
ther cleaved at the C-terminal side of the arginine 
pair site to render prepro-TRH25–50 (pYE26) and 
prepro-TRH53–74 (pFT22), thus yielding a total of 
seven non-TRH peptides (Fig.  5.6). The rat 
prepro- TRH is approximately 88% homologous 
to the mouse prepro-TRH that contains 256 
amino acids, also generates five copies of TRH 
by proteolytic processing. The human prepro- 
TRH contains 242 amino acids and generates 6 
copies of the progenitor sequence for TRH. On 
the other hand, in the frog brain, there are at least 
3 different TRH preprohormones ranging 
between 224 and 227 amino acids and containing 
7 copies of the TRH progenitor sequence. Rat, 
mouse, and human pro-TRH contain multiple 
copies of the progenitor for TRH, Gln-His-Pro- 
Gly (Lee et  al. 1988; Masanobu et  al. 1990), 
which could represent an evolutionary trend pres-
ent in all species to ensure enough production of 
TRH molecules in response to signals that trigger 
its secretion. The complete sequence of pro-TRH 
has been described for salmon, frog, zebra fish, 
chicken, rhesus monkey, rat, mouse, and human. 
The more conserved prohormone sequence is 
found among the mammalian species, but com-
mon to all of them is the presence of multiple 
copies of a progenitor sequence for TRH, flanked 
on either side by paired basic amino acids, Lys- 
Arg or Arg-Arg (Fig. 5.6).

An original work published in 1997 (Schaner 
et  al. 1997) and prior supporting data provided 
unequivocal evidence for the role of PC1 and 
PC2 in the processing of pro-TRH (Nillni et al. 
1996; Friedman et  al. 1995; Nillni et  al. 1995; 
Schaner et  al. 1997). Initial processing of pro- 
TRH occurs in the TGN at the prepro152–

153-TRH-158-159 site to generate the 15 and 10  kDa 
peptides (Fig.  5.6a). In subsequent steps, the 
15 kDa N-terminal intermediate form is process 
to a 9.5 kDa peptide followed by continuous pro-
cessing until the end products are generated in 
SGs. In separate study, the data demonstrated that 

the initial processing of pro-TRH by PC1 in the 
TGN is important for the downstream sorting 
events that result in the storage of pro-TRH- 
derived peptides in mature SGs (Mulcahy et al. 
2005). The same initial cleavage by PC1 pro-
duced the unfolding of a partially folded pro- 
TRH, and it was a key determinant mechanism 
for the delivering of N- and C-terminal pro-TRH- 
derived peptides to different SGs of the RSP 
(Perello et al. 2008) (Fig. 5.6b). This could be a 
common mechanism used by neuroendocrine 
cells to independently regulate the secretion of 
different bioactive peptides derived from the 
same gene product (Perello et  al. 2008). The 
important evolutionary concept that arises from 
these studies is that posttranslational processing 
of hormone precursor proteins is a critical mech-
anism by which cells increase their biological 
and functional diversity, such that two or more 
peptides with different biological functions origi-
nate from the same precursor. It is through dif-
ferential posttranslational processing mechanisms 
that cells selectively produce specific peptides for 
secretion (Nillni and Sevarino 1999; Nillni et al. 
1993a, b). The correct sorting events of proteins 
and peptides to their target organelles are of fun-
damental importance in cell biology. However, 
identification of the signals or physical properties 
that ensure proper intracellular sorting of pep-
tides derived from different prohormones to 
dense-core SGs is not yet fully established 
(Dikeakos and Reudelhuber 2007) which subdi-
vided the targeting function of proteins that are 
sorted to SGs into three groups: membrane-asso-
ciated (or traversing) tethers, tether-associated 
cargo, and aggregation. The enzyme PC1 is a 
granule-tethered protein that may act as a sorting 
chaperone for its substrates in addition to being a 
processing enzyme. In the case of pro-TRH, as 
described above, initial processing action of PC1 
on pro-TRH, and not a cargo-receptor relation-
ship, is important for the sorting of the pro-TRH-
derived peptides. Thus, it is possible that key 
paired basic amino acids of pro-TRH (residues 
107, 108, 113, 114, 152, 153, and 159), which 
constitute a cleavage site for PC1, would also 
function as granule sorting domains (Mulcahy 
et al. 2005; Dikeakos and Reudelhuber 2007).
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For pro-TRH thus far, N- and C-terminal- 
derived fragments behave independently after the 
prohormone is cleaved (Fig. 5.6b). It is possible 
that the initial cleavage changes the folding con-
formation and/or exposes different motifs that 
allow N- and C-terminal pro-TRH fragments to 
aggregate independently or to interact with dif-
ferent components of the RSP. Interestingly, the 
differential sorting is independent of the cell type 
(Perello et  al. 2008). This suggests that the N- 
and C-terminal ends of pro-TRH have conserved 
properties, which are sufficient for the sorting 
events. This finding also suggests that the cellular 
environment is not a critical factor, although the 
presence of RSP machinery should be necessary. 
Peptides derived from the same precursor, which 
are differentially packaged, have been shown for 
the egg-laying hormone (ELH) precursor in both 
Aplysia californica and Lymnaea stagnalis (Chun 
et al. 1994), but this phenomenon had never been 
demonstrated in mammalian prohormones, and 
pro-TRH represents the first mammalian case in 
which differential sorting of its processing prod-
ucts is demonstrated (Perello et  al. 2008). This 
differential processing event serves as a mecha-
nism to regulate the timing of production of pep-
tides such as prepro-TRH160–169, prepro-TRH178–199, 
and prepro-TRH53–75 and possibly TRH (Fig. 5.6).

In studies using the PC1−/−, mice confirmed the 
initial in vitro finding that attributes a primary role 
of PC1/3 in the processing of pro-TRH (Schaner 
et al. 1997), while PC2 has a specific role in cleav-
ing TRH from its extended forms (Nillni et  al. 
2001). PC1/3 null mice show a dramatic decrease 
in the biosynthesis of all pro- TRH- derived pep-
tides analyzed, including TRH and its pro-form, 
TRH-Gly. However, pro-TRH is still processed to 
its end products suggesting, as demonstrated by us 
in earlier studies, that PC2 and potentially furin 
can compensate for the lack of PC1 in the process-
ing of pro-TRH (Schaner et al. 1997). In the PC2 
null mice, although TRH and TRH-Gly showed 
some decrease as compared with the wild-type 
animals, the concentrations of N-terminal peptides 
prepro-TRH25–50 and prepro-TRH83–106 did not 
change. This indicates that PC1 is the primary 
enzyme involved in the processing of pro-TRH 
that occurs at the pairs of basic residues flanking 

the TRH sequence including the sequence Arg51-
Arg52, which does not contain TRH. However, the 
real challenge for the thyroid axis occurs when 
animals are physiologically perturbed such as dur-
ing cold stress or during changes in the nutritional 
status, situations in which more TRH peptide is 
necessary to increase the output of the thyroid 
axis. For example, the role of CPE in processing 
has been elucidated in CPEfat/fat mice, which lack 
functional CPE resulting from a naturally occur-
ring mutation (Naggert et al. 1995). This mouse is 
obese, diabetic, and infertile (Nillni et al. 2002a). 
Using this mouse, it was found that hypothalamic 
TRH was depressed by at least 75% compared to 
wild-type controls (Nillni et  al. 2002a) and that 
CPD was probably responsible for the generation 
of 21% of the TRH produced in the hypothalamus 
of these animals (Nillni et al. 2002a). Their body 
temperatures had declined by an additional 2.1 °C 
as compared with wild-type controls. Furthermore, 
these animals cannot maintain a cold challenge for 
2 h at 4 °C because of alterations in the HPT axis 
represented by deficits in pro-TRH processing, 
which resulted in hypothalamic TRH depletion 
and a reduction in thyroid hormone levels (Nillni 
et al. 2002a). More insight can be obtained from 
other genetic models as useful tools to understand 
the role of leptin in the thyroid axis, but not with-
out simultaneously raising puzzling questions. 
One important point to be considered is that the 
status of the thyroid axis for each genetic model is 
different, which makes the interpretation of the 
results obtained from different animals difficult to 
compare. For example, to understand the implica-
tions of TRH in the physiology of the HPT axis, 
previous studies generated mice that lack 
TRH. Although the TRH−/− mice showed signs 
of hypothyroidism with characteristic elevation of 
serum TSH level and diminished TSH biological 
activity, they were viable through adulthood and 
showed no gross anatomic abnormalities and 
exhibited normal development. The decrease in 
TSH immunopositive cells could be reversed by 
TRH (Yamada et al. 1997). These TRH-deficient 
mouse also exhibited hyperglycemia, which was 
accompanied by impaired insulin secretion in 
response to glucose, providing a good model of 
tertiary hypothyroidism. This hyperglycemia seen 
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in the TRH−/− mice indicates that TRH is 
involved in the regulation of glucose homeostasis. 
Supporting this hypothesis, a recent study showed 
that TRH was able to reverse STZ-induced hyper-
glycemia by increasing pancreatic islet insulin 
content, preventing apoptosis, and potentially 
inducing islet regeneration (Luo et al. 2008). Also, 
perinatal TRH treatment enhanced basal insulin 
secretion in STZ-induced animals of both sexes 
and partially restored the insulin response to glu-
cose stimulation in females (Bacova et al. 2005).

These observations suggested that, similar to 
other genetic models, there must be some com-
pensatory responses during ontogeny to compen-
sate for the lack of TRH.  In the ob/ob mouse, 
which could be important for the understanding 
of the direct pathway, there is a compensatory 
response by other unknown mechanisms during 
development that keeps T3/4 almost at normal lev-
els. However, ob/ob mice are inefficient in their 
response to cold stress, indicating a deficiency in 
HPT axis regulation (O'Rahilly et  al. 2003; 
Farooqi et  al. 2002). A similar response was 
observed in CPEfat/fat mice where the level of T3/4 
was normal, but the animals failed to maintain 
their body temperature during cold stress (Nillni 
et al. 2002a). In both cases the thyroid axis was 
relatively normal under basal conditions but 
unable to respond to cold stress. The other inter-
esting and highly relevant genetic model is the 
mouse lacking the MC4 receptor (MC4−/−), 
which is essential for α-MSH activity in TRH 
neurons. Utilizing the MC4−/− mouse model, it 
was found that TRH peptide levels fluctuate dur-
ing fasting and respond to leptin treatment in a 
similar fashion to wild-type controls. Additional 
roles for the two pathways of leptin action on 
TRH neurons (Perello et al. 2006b) were uncov-
ered in studies related to the role of the melano-
cortin system and adaptive thermogenesis of 
brown adipocyte tissue (Voss-Andreae et  al. 
2007). In rodents, thyroid hormones act synergis-
tically with the SNS to regulate UCP1 expression 
(Bianco et al. 1988). UCP1 expression relies on 
functional T3 response elements and cAMP 
response element-binding protein motifs in the 
UCP1 gene upstream enhancer region (Silva 
2005). Brown adipocyte tissue contains abundant 

type 2 deiodinase (D2), which catalyzes the con-
version of T4 to the more biologically active and 
potent T3 and which is activated by the SNS 
(Silva 2005). Since the melanocortin system can 
modulate both sympathetic outflow to the BAT 
(Haynes et al. 1999) and the function of the HPT 
axis (Fekete et  al. 2002), the question was 
whether the MC4R-mediated upregulation of 
UCP1 expression in response to a high-fat diet 
involves the HPT axis. These studies led to the 
hypothesis that perhaps there may be a defect in 
the MC4R-HPT axis that contributes to the 
inability of MC4R−/− mice to upregulate UCP1 
expression in BAT in response to a HF diet. 
However, MC4R−/−- and AgRP-treated mice 
exhibit the same increase in total T3 hormone lev-
els as wild-type controls when switched from a 
low-fat to a high-fat diet. The total T4 levels in 
high-fat-fed MC4R−/− and wild-type mice are 
decreased, which is likely related to the observed 
increases in T3, because T4 is converted to T3. 
Altogether, these results suggest that the central 
melanocortin-mediated regulation of the HPT 
axis may not be involved in the diet-induced ther-
mogenesis provoked upregulation of UCP1, 
although the melanocortin system may mediate 
part of the leptin-induced secretion of TRH from 
hypothalamic explants (Perello et al. 2006b).

5.6  Pro-opiomelanocortin

Similar to pro-TRH, POMC follows the intracel-
lular trafficking of a secreted protein through the 
GC and ultimately the SGs where the end prod-
ucts of processing are stored before being 
secreted by exocytosis. During trafficking POMC 
undergoes a series of posttranslational modifica-
tions, resulting in the processing of the precursor 
to yield the various biologically active POMC- 
derived peptides (Fig. 5.8). The POMC polypep-
tide precursor contains eight pairs, and one 
quadruplet, of basic amino acids, which are the 
cleavage sites for PC1 and PC2 (Benjannet et al. 
1991). Tissue-specific processing of POMC is 
one of the best known examples emphasizing the 
importance that the expression and activity of 
PC1 and PC2 have on the outcome of POMC 
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products. For example, in the corticotroph cells 
of the anterior pituitary, POMC is processed pre-
dominantly to ACTH, ß-lipotropin (LPH), and a 
16 kDa N-terminal fragment. ACTH is the regu-
lator of the adrenocortical function. Only four 
pairs of basic residues are cleaved, which are all 
of the Lys-Arg type. These cleavages generate 
the following six peptides: amino terminal (NT), 
joining peptide, ACTH, ß-LPH, a small amount 
of γ-LPH, and small amount of ß-end (Bertagna 
et al. 1986; 1988). On the other hand, in the mela-
notroph cells of the intermediate lobe of the pitu-
itary in rodents and the hypothalamus, nucleus of 
the solitary tract, and placenta in man, a different 
POMC processing occurs. In these tissues, most 
of the pairs of basic residues including the tetra 
basic are cleaved by the PCs. For example, the 
NT gives rise to the γ-MSHs, ACTH to α-MSH 
and CLIP (corticotropin-like intermediate lobe 
peptide or ACTH (18–39)), and ß-LPH to ß-MSH, 
ß-end (1–31), and ß-end (1–27) (Bertagna et al. 
1986; Liotta et al. 1982). The key factor involved 

in the processing of ACTH to α-MSH and CLIP 
in melanotrophs, the ARC, and the NTS is the 
presence of PC2. Further chemical modifications 
including glycosylation, amidation, phosphoryla-
tion, acetylation, and sulfation also occur in a 
cell-specific manner resulting in an alteration of 
the biological activity of the peptides (such as 
acetylation of ß-end and α-MSH).

In the ARC, similar to the pars intermedia of 
the pituitary (Barnea et  al. 1982; Gramsch et  al. 
1980; Orwoll et  al. 1979; Emeson and Eipper 
1986), POMC is initially cleaved by PC1 to gener-
ate pro-adrenocorticotrophin (pro-ACTH) and 
b-lipotropin. Pro-ACTH is further cleaved by PC1 
to generate a 16  kDa  N-terminal peptide and 
ACTH. ACTH is further cleaved by PC2 to gener-
ate ACTH(1–17) and corticotropin-like intermediate 
lobe peptide (CLIP) as well as γ-LPH and ß-EP1–
31. ß-LPH is processed to γ-LPH and ß-EP; 
N-terminal POMC is processed to γ3-MSH 
(Emeson and Eipper 1986; Pritchard et al. 2002). 
In the human, γ-LPH can be further processed to 

PC1, Initial cleavage

PRO-ACTH b-LPH

PC1

N-POMC ACTH

PC2

CLIPACTH1-17

DA-a– MSH

a– MSH

PC2

g-LPH b-END

b-MSH

JPN-POMC

PC2

g-MSH

CPE

N-acetyltransferase
PAM

Pro-opimelanocortin ~31kDa
N-POMC JP ACTH β-LPH

TGN

SGs

Fig. 5.8 This figure depicts a schematic representation 
of the POMC polypeptide and its posttranslational  
processing. Arrows indicate where PC1 and PC2 pro-
duce their enzymatic cleavages and the major peptide 
products derived from endoproteolytic cleavages.  

JP joining peptide, LPH lipotropin, EP endorphin,  
CLIP corticotropin- like- intermediate lobe peptide,  
da-α-MSH desacetyl α-MSH, CPE carboxypeptidase  
E, N-acetyltransferase, PAM peptidyl α-amidating 
monooxygenase
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ß-MSH (Biebermann et  al. 2006). Then, CPE 
enzyme removes C-terminal basic amino acids 
from ACTH (1–17), and the peptidyl a-amidating 
monooxygenase (PAM) enzyme amidates the pep-
tide to generate desacetyl a-melanocyte-stimulat-
ing hormone (α-MSH). Acetylation of ACTH or 
desacetyl α-MSH to acetyl α-MSH (Wilkinson 
2006; Pritchard et al. 2002; Cone et al. 1996) by 
the N-acetyltransferase enzyme could occur 
immediately after the amino- terminal side of these 
peptides becomes available subsequent to the PC 
cleavage. Fasting-induced changes in the ARC 
caused a significant decrease in ACTH and desace-
tyl α-MSH consistent with a decrease in POMC 
biosynthesis during fasting (Perello et al. 2007b). 
A similar conclusion can be drawn from the fact 
that POMC and ACTH levels are reduced in cere-
brospinal fluid during fasting (Pritchard et  al. 
2002). This decrease in POMC was associated 
with a decrease in PC1 (Perello et  al. 2007b). 
Leptin administration in fasted rats prevented the 
fasting-induced decrease in the content of all 
POMC-related peptides demonstrating that leptin 
potently regulates the biosynthesis of POMC in 
the ARC.  While a previous report suggested an 
increase in acetyl α-MSH (the most active form of 
α-MSH) due to leptin action on the yet undefined 
N-acetyltransferase activity (Guo et  al. 2004), 
studies from different laboratories concluded that 
leptin is not involved in the N-acetylation of hypo-
thalamic α-MSH (Wilkinson 2006; Perello et  al. 
2007b; Harrold et al. 1999).

POMC neurons in the NTS innervate differ-
ent areas of the brain, but not the hypothalamus 
(Joseph and Michael 1988; Pilcher and Joseph 
1986; Ellacott and Cone 2006). They send pro-
jections primarily within the dorsal vagal com-
plex (DVC), which includes the NTS, and to 
other structures in the brainstem and medulla 
(Palkovits and Eskay 1987; Palkovits et  al. 
1987). The NTS mediates some actions of leptin 
on energy balance. For example, administration 
of leptin in the fourth ventricle or directly in the 
DVC, area postrema, and dorsal motor nucleus 
(DMX) inhibits food intake (Grill et al. 2002). 
Leptin treatment also increases c-Fos expres-
sion in some POMC neurons in the NTS 
(Ellacott and Cone 2006). The administration of 

melanocortin agonists or antagonists directly in 
the DVC reduces or increases food intake, 
respectively (Williams et al. 2000); melanocor-
tin agonists injected in the fourth ventricle 
increased uncoupling protein-1 expression in 
the brown fat of rats (Williams et al. 2003); and 
MC4-R is highly expressed in brain stem 
regions, such as the DVC (Kishi et  al. 2003). 
POMC neurons present in the NTS showed to 
participate in energy balance. Hindbrain admin-
istration of leptin or a melanocortin receptor 
agonist altered energy balance in mice likely via 
participation of hindbrain POMC neurons (De 
Jonghe et al. 2012).

The biosynthesis of POMC in the NTS is 
unique and different from the ARC. Similar to the 
ARC, it produces a-MSH through the action of 
PC2, but the response to fasting and leptin is quite 
different (Perello et  al. 2007b). In the NTS, a 
prominent peptide of about 28.1 kDa molecular 
mass, similar in size to POMC, has been identi-
fied, together with other POMC-derived peptides, 
including α-MSH. Differing from the ARC, dur-
ing fasting, ACTH and desacetyl a-MSH were 
found to accumulate, while at the same time, 
pomc mRNA decreased. Again, differing from the 
ARC, these changes were not reversed by leptin 
(Perello et al. 2007b; Huo et al. 2006). However, 
it is important to point out that ObRb is present in 
the NTS (Shioda et  al. 1998; Grill and Kaplan 
2002), and the marker of leptin action phosphory-
lated signal transducer and activator of transcrip-
tion 3 (P-STAT3) has been found in the neurons of 
the NTS of leptin-treated rats (Hosoi et al. 2002; 
Munzberg et al. 2003), and delivery of leptin into 
the DVC decreases food intake and body weight 
(Grill and Kaplan 2002). Other studies did show 
that peripheral administration of leptin induced 
P-STAT3 activation in about 30% of the POMC-
EGFP neurons in the NTS (Ellacott et al. 2006). 
While the phosphorylation of STAT3 is valid and 
widely used to indicate leptin signaling, P-STAT3 
could participate in other signaling pathways 
independent of the biosynthesis of POMC. Even 
though all these components of leptin signaling 
are present in the NTS, leptin does not regulate 
the pomc gene and POMC- related peptides 
(Perello et al. 2007b; Huo et al. 2006).
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Similar to previous studies done in the PVN 
(Sanchez et al. 2004), low leptin levels resulted in 
a decrease in PC1 in the ARC and a decrease in 
PC2 in the NTS. At present, it is unknown whether 
this selective effect of fasting on the PCs seen in 
the ARC and NTS may contribute to changes in 
POMC processing. Still, a proper PC activity on 
POMC is important in maintaining a proper 
enzyme-substrate homeostasis. Supporting this 
view, as described above, PC1 and PC2 gene 
expression and processing of the prohormone are 
affected in a coordinate fashion during photope-
riod changes in seasonal Siberian hamsters to 
control body weight (Helwig et al. 2006). In that 
study they compared mRNA levels and protein 
distribution of PC1, PC2, POMC, ACTH, α-MSH, 
β-endorphin, and orexin-A in selected hypotha-
lamic areas of long day, short day, and natural day. 
The key finding of that study was that a major part 
of neuroendocrine body weight control in sea-
sonal adaptation may be affected by posttransla-
tional processing mediated by PC1 and PC2, in 
addition to regulation of gene expression of neu-
ropeptide precursors. Therefore, the coupled reg-
ulation of POMC/processing enzymes may be a 
common process, by which cells generate more 
effective processing of the prohormone into 
mature peptides.

5.7  Pro-corticotropin-Releasing 
Hormone CRH

Corticotropin-releasing hormone (CRH) was 
discovered in 1981 (Vale et al. 1981), and since 
then, in numerous studies, it has been demon-
strated to be involved in many physiological 
processes including energy homeostasis. CRH 
has a critical role in mediating the stress 
response (Kovacs 2013). Also CRH functions to 
regulate metabolic, immunologic, and homeo-
static changes both basally and under various 
pathologic conditions (Sominsky and Spencer 
2014; Chrousos 1995; Seimon et al. 2013). CRH 
is heterogeneously expressed in the periphery 
and in the brain with high expression in the 
PVN (Ziegler et al. 2007; Raadsheer et al. 1993; 
Korosi and Baram 2008). Arginine vasopressin 

(AVP) is also produced in the PVN and acts to 
synergize CRH actions. CRH produced in the 
medial parvocellular division of the PVN func-
tions as the central regulator of the HPA axis 
(Aguilera et al. 2008).

Similarly to pro-TRH and POMC, CRH is ini-
tially synthesized as a larger inactive precursor, 
prepro-CRH made of 196 amino acids (Spiess 
et al. 1981; Rivier et al. 1983). After removal of the 
signal sequence while entering the ER, pro- CRH is 
routed to the TGN where it undergoes enzymatic 
posttranslational modifications to generate several 
intermediate forms as well as the bioactive CRH1–41 
peptide that is produced from the C-terminal region 
of the precursor polypeptide (Fig.  5.9) (Perone 
et al. 1998). Pro-CRH is cleaved by PC2 or PC1 at 
Arg 152-Arg 153, thereby releasing a 43-residue 
CRH peptide (Perone et al. 1998; Brar et al. 1997; 
Castro et  al. 1991). Inactive CRH is further pro-
cessed into its bioactive form via the removal of the 
C-terminus lysine residue by the actions of car-
boxypeptidase E (CPE) and is subsequently ami-
dated at the exposed carboxyl group of a glycine 
residue by peptidylglycine hydroxylase (also 
referred to as peptidylglycine alpha-amidating 
monooxygenase (PAM)) (Eipper et al. 1993).

Under both basal and stimulated conditions, 
CRH produced in the PVN is released from nerve 
terminals that anteriorly juxtapose the median 
eminence where it is traversed into the 
hypothalamo- hypophyseal portal system (Rho 
and Swanson 1987). Upon binding to its cognate 
receptor (corticotropin-releasing hormone recep-
tor 1 (CRHR1)) (Lovejoy et al. 2014), which is 
expressed by corticotropic cells of the adenohy-
pophysis, CRH stimulates the synthesis and 
secretion of adrenocorticotropic hormone 
(ACTH) as well as other bioactive molecules 
such as β-endorphin (Solomon 1999). ACTH 
engages the melanocortin 2 receptor expressed 
by cells of the adrenal cortex and stimulates the 
production and secretion of steroid hormones 
such as CORT (Veo et al. 2011). The role of CRH 
and the HPA axis is fully described in Chap. 12. 
Both ACTH and glucocorticoids (GCs) function 
to regulate HPA axis activity via long and short 
negative feedback loops that signal at the level of 
the hypothalamus, the extra-hypothalamic brain 
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sites, and the adenohypophysis. CRH functions 
to promote negative energy balance by 
 suppressing appetite and enhancing thermogene-
sis (Richard et al. 2000; Mastorakos and Zapanti 
2004; Toriya et al. 2010), whereas GCs function 
to promote positive energy balance in part by 
affecting glucose metabolism, lipid homeostasis, 
and increasing appetite drive (Tataranni et  al. 
1996). Although a consensus on the exact role of 
adrenal activity in relation to energy dysfunction 
has yet to be reached, increased and sustained 
basal GC is implicated in the development of vis-
ceral obesity, insulin resistance, and metabolic 
disease (Laryea et  al. 2013; Kong et  al. 2014; 
Spencer and Tilbrook 2011). In a recent study, 
our laboratory showed the first evidence support-
ing the hypothesis that PVN Sirt1 activates the 
HPA axis and basal CORT levels by enhancing 
the production of CRH through an increase in the 

biosynthesis of PC2, which is essential in the 
maturation of CRH from pro-CRH (Toorie et al. 
2016). Moreover, in the DIO state, PVN Sirt1 
increases basal (not stress induced) circulating 
CORT in a manner independent of prepro-CRH 
transcriptional changes. Instead, Sirt1’s effects 
on adrenal activity are mediated via a posttransla-
tional processing mechanism in concert with an 
increase in PC2 (Fig. 5.9). Increased CRH release 
from the PVN increased pituitary ACTH synthe-
sis and release and in turn increased circulating 
basal CORT concentrations. Together these find-
ings suggest that increasing PVN Sirt1 activity 
results in an increase in the amount of CRH tar-
geted to the anterior pituitary, thereby enhancing 
ACTH signaling and basal CORT concentration 
(Toorie and Nillni 2014; Nillni 2016). 
Furthermore, our results demonstrated that inhib-
iting Sirt1 specifically in the PVN of obese 

Fig. 5.9 Pro-CRH processing cascade. Pro-CRH is pro-
cessed by PC1/2 and CPE to render several intermediate 
forms and the active CRH.  Pro-CRH (125–151), pro-
corticotropin- releasing hormone 125–151; CRH (1–41), cor-

ticotropin-releasing hormone 1–41; N-terminal pro- CRH, 
N-terminal pro-corticotropin releasing hormone; C.S. (146–
159). R arginine, K lysine, and G glycine. Processing begins 
in the TGN and is completed within secretory vesicles
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rodents caused a reduction in PVN proPC2 and 
active forms of PC2, but not PC1. This decrease 
in PC2 was associated with a decrease in CRH in 
the ME, as well as reduced circulating GC effects 
that were not observed in lean individuals. More 
detailed information about Sirt1 is described in 
Chap. 7. Collectively, the findings demonstrate 
that Sirt1 regulates the CRH peptide by modulat-
ing the processing enzyme PC2 and FoxO1 add-
ing a novel regulatory link between PVN Sirt1 
and HPA axis activity (Toorie et al. 2016; Toorie 
and Nillni 2014; Nillni 2016).

5.8  Conclusions

Since the discovery of the PCs in the late 1980s 
and the progress made in understanding the cell 
biology of protein biosynthesis and secretion, a 
new frontier on the prohormone processing and 
trafficking to the RSP research had come to sur-
face. It is particularly relevant to emphasize the 
concept that secretion of any particular peptide 
or neuropeptide hormone from a given cell 
involves two specific steps. The first one is the 
action of a specific secretagogue or ligand bind-
ing to the specific cell receptor, inducing the 
fusion of SGs to the plasma membrane of the 
cell followed by the release of the peptide. The 
second one, most likely triggered by the first 
action, is a complex set of enzymatic processes 
by the PCs on prohormones to generate mature 
bioactive peptide ready for release from the 
proper secretory granules. The examples 
described in this chapter on the action of leptin 
on pro-TRH and POMC and PCs demonstrate 
the existence of a coupled regulation pro-neuro-
peptide/processing enzymes as a common 
mechanisms by which cells generate more effi-
cient processing of prohormones into mature 
peptides ready for release. The evidence 
described here strongly suggests that posttrans-
lational processing of neuropeptides hormones 
is, among many other factors, critical in the 
pathogenesis of obesity.

Some peptidergic systems within the central 
nervous system and the periphery have been 
investigated as potential treatments for obesity 
and the metabolic syndrome. Manipulation of 
these systems showed to reduce food intake and 
body weight in preclinical models. However, 
manipulation of peptidergic systems poses many 
difficulties in clinical trials. Many of them failed 
to meaningfully lower body weight. There are a 
number of challenges in using peptide hormone 
or analogs acting on their corresponding recep-
tors. It is difficult to administer the desired agent 
at the dose required to reduce body weight with-
out avoiding side effects. Also, several peptide 
hormones are widely expressed in the hypothala-
mus and periphery with diverse functions that 
makes difficult their manipulation for the treat-
ment of obesity avoiding unwanted side effects. 
Another issue is the way of administration of 
these agents to patients. For example targeting 
CNS receptors that must cross the blood-brain 
barrier system is a strategy difficult to accom-
plish when dealing with long peptide forms to be 
administrated. However, progress has been made 
recently with new technological advantages. 
Many of these strategies and possibilities of 
novel drug treatments using the peptidergic sys-
tem are thoroughly discussed elsewhere (Rodgers 
et al. 2012; Greenwood et al. 2011).

Questions

 1. Define the prohormone theory and in which 
cases it is applicable.

 2. Which are the prohormone convertases 
involved in the maturation of peptide hor-
mones in the neuronal and endocrine tissue?

 3. Which prohormone convertase matures in 
secretory granules, and through which mecha-
nism it becomes enzymatically active?

 4. Are pro-TRH-derived peptides sorted to dif-
ferent secretory granules, and what could be 
the meaning of this process?

 5. What is the role of alpha-MSH and ACTH in 
energy balance?
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6.1  Introduction

The hypothalamus is an important center for 
coordinating mammalian physiology and main-
tenance of homeostasis. Accordingly, the hypo-
thalamus regulates feeding, body temperature, 
energy expenditure, glucose metabolism, thirst, 
blood pressure, reproductive axis, and other met-
abolic functions associated with the overall 
metabolism. At the central level, the hypothala-
mus is the primary component of the nervous 
system in interpreting adiposity and nutrient- 
related inputs; it delivers hormonal and behav-
ioral responses with the ultimate purpose of 
regulating body weight, food intake, and energy 
consumption (Williams et  al. 2001; Wardlaw 
2011; Toorie and Nillni 2014). Among the hor-
monal inputs that feed into the hypothalamic cir-
cuitries are adipose tissue-derived hormone 
leptin and adiponectin, pancreatic hormone 

insulin, and several hormones secreted by the 
gastrointestinal tract, such as ghrelin. The activ-
ity of the hypothalamic feeding centers is also 
responsive to basic nutrients including glucose, 
amino acids, and fatty acids besides other metab-
olites, such as ketone bodies. Much like the 
hypothalamus acting at the organismal level to 
regulate homeostasis by integrating such hor-
monal and nutritional signals, there are evolu-
tionarily conserved proteins and protein 
complexes that act at the cellular level as “nutri-
ent sensors” that couple cellular energetics to 
downstream pathways to regulate various cellu-
lar functions. The activity of these nutrient sen-
sors in key hypothalamic feeding centers plays a 
major role in the regulation of energy balance 
and glucose metabolism.

Among the most prominent regulators within 
the hypothalamus, neurons in the arcuate nucleus 
(ARC) of the hypothalamus located in the medio-
basal hypothalamus, anteriorly juxtaposing the 
median eminence (ME), are of critical importance 
for the regulation of energy balance. The ME is 
one of the secretory circumventricular organs 
(Kaur and Ling 2017) (lies outside the blood-
brain barrier), which in turn confers the ARC the 
advantage to have access to the factors in the sys-
temic circulation over other nuclei in the hypo-
thalamus. The ARC receives circulating adiposity 
and nutritional signals and transmits responses to 
“second-order” neurons within and outside the 
hypothalamus. The ARC is sensitive to periph-
eral signals such as postprandial fluctuations in 
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peripheral and central hormones as well as the 
nutrients such as amino acids, lipids, and glucose. 
The ARC neurons express the receptors for major-
ity of the peripherally derived hormones includ-
ing the adipostatic factor leptin, insulin from 
pancreas, ghrelin from the gut, hormones of the 
noradrenergic system, and thyroid hormone, 
which are among the major regulators of feeding 
and energy expenditure (Hahn et al. 1998; Morton 
et al. 2006). The inputs from the periphery pro-
voke a response from these neurons by releasing 
neuropeptide hormones and neurotransmitters to 
extra-ARC hypothalamic sites such as the para-
ventricular nucleus (PVN) of the hypothalamus 
(Lu et al. 2003; Wittmann et al. 2005; Füzesi et al. 
2007; Cyr et  al. 2013). Within the ARC, the 
anorexigenic alpha-melanocyte stimulating hor-
mone (a-MSH), derived from the posttranslational 
processing of its pro-opiomelanocortin (POMC) 
precursor, increases its levels after feeding and 
decreases upon fasting, whereas the orexigenic 
neuropeptide Y (NPY) and Agouti-related peptide 
(AgRP) follow an opposite pattern. AgRP expres-
sion is restricted to the ARC in the entire nervous 
system, and about 90% of AgRP neurons also 
express NPY. POMC is expressed in the ARC as 
well as the NTS in adult rodents, while NPY is 
one of the most ubiquitously expressed and 
abundant neuropeptides. AgRP neurons are 
widely distributed throughout the rostro-caudal 
axis of the ARC, while POMC neurons are more 
restricted to anterior and medial hypothalamus 
(Anderson et al. 2016). While the AgRP neurons 
are GABAergic (inhibitory), most POMC neu-
rons are glutamatergic (excitatory). a-MSH 
increases energy expenditure through its action on 
melanocortin 3/4 receptors (MC3/4R) found in 
hypothalamic and extra-hypothalamic nuclei 
reported to bind a-MSH (Cummings and Schwartz 
2000; Adan et  al. 2006; Perello et  al. 2007; 
Anderson et al. 2016). AgRP acts as an endoge-
nous antagonist on MC3/4R receptors to block 
a-MSH action, while NPY acts independently 
through its own set of receptors (NPY1-5R) 
expressed throughout the nervous system. POMC 
and AgRP neurons and the melanocortin recep-
tors (MC3/4R) constitute the central melanocortin 
signaling (Cone 2005). Anorexigenic peripheral 
hormones including leptin and insulin positively 

regulate POMC expression and suppress AgRP 
and NPY expressions (Cowley et al. 2001; Benoit 
et al. 2002; Heuer et al. 2005).

Two of the major intracellular signaling path-
ways regulated by leptin are JAK2-STAT3 path-
way and phosphatidylinositol-4,5-bisphosphate 
3-kinase (PI3K) signaling. PI3K is required for 
the anorectic responses to leptin as well as insulin 
(11677594). Insulin exerts its effects through acti-
vation of the insulin receptor substrate (IRS) pro-
teins. IRS phosphorylation activates a series of 
signaling events in the PI3K-Akt pathway result-
ing in the phosphorylation of Akt (also called pro-
tein kinase B), which in turn phosphorylates 
FoxO1. Phosphorylated FoxO1 is recruited from 
the nucleus to the cytosol, which leads to its deg-
radation through the proteasome system. In the 
hypothalamus, FoxO1 acts as an inhibitor of 
POMC and activator of NPY/AgRP expressions 
(Kitamura et al. 2006; Kim et al. 2006; Yang et al. 
2009), and STAT3-induced POMC expression 
appears to require release of FoxO1 repression 
(Ernst et  al. 2009). POMC neurons are glucose 
responsive and express insulin receptors (Ibrahim 
et  al. 2003), and an intact PI3K signaling in 
POMC neurons is required for maintenance of 
glucose homeostasis (Hill et  al. 2009). POMC- 
specific ablation of PI3K through deletion of its 
regulatory subunits blocks acute anorectic 
response to central leptin infusion; however these 
mice exhibit normal body weight in the long term 
(Hill et al. 2008). Deletion of the p110β, but not 
p110α, catalytic subunit of PI3K has a more sus-
tained effect in body weight with POMC-specific 
ablation resulting in obesity and AgRP-specific 
ablation conferring protection against weight gain 
(Al-Qassab et  al. 2009). PI3K signaling also 
mediates leptin and insulin-induced changes neu-
ronal activation status in other hypothalamic 
nuclei including the hypothalamic ventral pre-
mammillary nucleus (Williams et  al. 2011) and 
the ventromedial hypothalamic nucleus (Sohn 
et al. 2016). PI3K-mediated neuronal depolariza-
tion or hyperpolarization seems to be mediated by 
transient receptor potential C (TRPC) channels or 
ATP-sensitive K+ (KATP) channels, respectively 
(Sohn et al. 2016). Compared to the PI3K signal-
ing, JAK2-STAT3 signaling is indispensable for 
leptin’s effect on energy homeostasis. Neuron-
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specific STAT3 KO mice mimic most of the 
defects observed in ob/ob and db/db mice includ-
ing hyperphagic obesity and infertility (Gao et al. 
2004). Mutation of Tyr 1138 on LepRb, the criti-
cal residue for leptin-induced JAK2-STAT3 acti-
vation, also results in hyperphagic obesity with 
intact fertility (Bates et al. 2003).

Although it is not going to be discussed in 
detail here, the hormonal regulation of the hypo-
thalamic feeding circuitries is inarguably more 
complex than summarized above and involves 
other components, whose regulation is spatially 
and temporarily distinct. The signaling cascades 
regulated by leptin involve additional signaling 
components such as STAT5, ERK/MAPK, 
mTOR, and AMPK pathways (Park and Ahima 
2014). Furthermore, peripherally derived hor-
mones regulate the activity of their target neurons 
not only by directly acting on them but also indi-
rectly through synaptic inputs from other neurons. 
For example, while leptin can directly regulate 
AgRP neurons, these cells are subject to addi-
tional regulation by innervation through a popula-
tion of leptin-responsive, GABAergic neurons in 
the dorsomedial nucleus of the hypothalamus 
(Garfield et al. 2016). This is at least one of the 
culprits of conditional knockout strategies heavily 
used in the past two decades to understand the 
contribution of individual hormones and their role 
in chemically defined neuronal populations.

Below, we start with an introduction to the 
biology of nutrient sensors. Next, we summarize 
the findings in the literature on the role of nutrient 
sensors in the hypothalamus and their role in the 
regulation of energy homeostasis. We conclude 
this chapter with explaining how our knowledge 
on metabolism is integrated at the level of nutri-
ent sensors and prohormone processing. For a full 
description of the hypothalamus and hypotha-
lamic neuropeptides controlling energy balance, 
we refer the readers to Chaps. 2 and 5.

6.2  Cellular Nutrient Sensors

Nutrient sensors have the ability to sense and 
respond to fluctuations in environmental nutrient 
levels, which represent a key requisite for life. 

There are diverse nutrient-sensing pathways 
detecting intracellular and extracellular levels of 
sugars, amino acids, lipids, and other metabolites 
while also integrating hormonal and stress sig-
nals to coordinate homeostasis at the organismal 
level. Nutrients are simple organic compounds 
involved in biochemical reactions to produce 
energy and act as components of cellular biomass 
or signaling molecules. During periods of food 
richness, nutrient-sensing pathways engage in 
anabolism and energy storage. On the contrary, 
nutrient deprivation triggers homeostatic mecha-
nisms including mobilization of internal stores 
through pathways such as autophagy to globally 
shut down anabolic pathways while supplying 
energy for vital cellular processes. Besides 
responding hormonal inputs, the hypothalamus is 
directly sensitive to nutritional changes. For 
example, POMC neurons are glucose responsive 
(Ibrahim et al. 2003), and their firing rate changes 
with the glucose concentration. Amino acids and 
lipids can also be directly sensed by hypotha-
lamic centers; central infusion of branch chain 
amino acid leucine (Cota et al. 2006) or oleic acid 
(Obici et al. 2002) inhibits food intake and weight 
gain. The integration of the nutritional signals in 
the CNS is accomplished by a set of evolutionally 
conserved proteins and protein complexes called 
nutrient sensors. The activity of the nutrient sen-
sors in the hypothalamus is coupled to the regula-
tion of energy homeostasis. While 
leucine-mediated suppression of food intake 
involves hypothalamic mechanistic target of 
rapamycin signaling (mTOR), fatty acids act 
through modulating hypothalamic malonyl-CoA 
levels, which is regulated by AMPK. mTOR and 
AMPK are nutrient/energy sensors whose activ-
ity is coupled to the cellular energy status and 
levels of certain nutrients. The mTOR kinase, 
when part of mTOR complex 1 (mTORC1), plays 
a role in cellular energetics by inducing numer-
ous anabolic protein processes and lipid synthe-
sis (Laplante and Sabatini 2012). AMPK, on the 
other hand, is typically activated by energy defi-
cit and acts to suppress the anabolic pathways 
while activating the catabolic reactions to in gen-
eral antagonize mTOR action. Another energy 
sensor, sirtuin 1 (SIRT1), a class III histone 
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deacetylase, is also activated by low-energy sta-
tus and acts in parallel with AMPK.  Below we 
briefly describe the biochemistry of nutrient 
sensing, an overall view of the nutrient sensors in 
metabolic pathways, and how nutrient sensors 
regulate energy balance in the hypothalamus, 
giving a special emphasis to the connection 
between these enzymes and neuropeptide 
biosynthesis.

6.2.1  mTOR

mTOR (mechanistic target of rapamycin, or for-
merly called mammalian target of rapamycin) is 
an evolutionarily conserved serine/threonine 
kinase in the phosphatidylinositol 3-kinase- 
related kinase family. mTOR is typically acti-
vated by energy surplus and promotes anabolic 
processes including protein and lipid synthesis to 
induce cell growth and proliferation while sup-
pressing catabolic pathways such as autophagy. 
Coordination of these processes involves two 
mTOR protein complexes: mTOR complex 1 
(mTORC1) and mTOR complex 2 (mTORC2). 
mTOR activity is regulated by hormones and 
growth factors (such as insulin), as well as by 
nutrients including branch chain amino acids. 
mTORC1 kinase activity is stimulated by interac-
tion with Ras homolog enriched in brain (Rheb), 
which is a ubiquitously expressed GTP-binding 
protein. Rheb GTPase activity is stimulated by a 
tumor suppressor complex formed between two 
proteins, tuberous sclerosis complex 1 and 2 
(TSC1 and TSC2). Therefore, TSCs act as 
upstream inhibitors of mTORC1 signaling. 
Anabolic factors such as insulin and IGFs result 
in activation of Akt, which phosphorylates and 
inhibits TSC.  Another negative regulator of 
mTORC1, PRAS40 (proline-rich Akt substrate 
40  kDa), is phosphorylated by Akt, which pre-
vents PRAS40-mTORC1 interaction (Vander 
Haar et al. 2007; Sancak et al. 2007; Wang et al. 
2007). These PI3K-Akt-dependent phosphoryla-
tion events couple insulin and IGF signaling to 
mTORC1 activation. Active mTORC1, in turn, 
triggers the major anabolic pathways: It stimu-
lates protein synthesis in part through phosphory-

lation of S6  K1 (S6 kinase 1), which 
phosphorylates ribosomal protein S6, and 
through phosphorylation of translational regula-
tor eukaryotic translation initiation factor 4E 
binding protein 1 (4E-BP1), which results in the 
dissociation of 4E-BP1 from eukaryotic transla-
tion initiation factor 4E (eIF4E) and ribosomal 
assembly and activation of translation. mTORC1 
is also activated by amino acids. It is worth to 
note that amino acids serve as major nitrogen 
source as well as the building blocks for proteins. 
For example, in fasting, protein breakdown 
mostly in the muscle provides glutamine into the 
circulation, where the glutamine is delivered to 
various tissues to be used as a major nitrogen 
source. Activation of mTORC1 by amino acids 
and amino acid sensing in general involve a set of 
protein complexes that are characterized only 
recently. Amino acid sensing involves the het-
erodimer of a family of four small GTPases 
called Rag proteins (Rag A-D). Amino acids 
stimulate the GTP-bound state of Rags (Sancak 
et al. 2008; Kim et al. 2008a). A protein complex 
composed of at least five distinct proteins called 
the Ragulator acts as the guanidine exchange fac-
tor for Rags and recruits Rags and mTORC1 to 
the lysosomal membrane, where Rheb is also 
localized (Sancak et  al. 2010; Bar-Peled et  al. 
2012). mTORC1 senses cytosolic as well as lyso-
somal amino acid levels through distinct path-
ways that involve other protein complexes, which 
ultimately merge on their regulation of mTORC1 
activity through Rags. Cytosolic amino acid 
sensing works by dissociating upstream inhibi-
tors from an mTORC1 activating protein com-
plex called GATOR2: Cytosolic leucine is 
thought to be directly sensed by Sestrin2, which 
acts as an upstream inhibitor of GATOR2. 
Leucine binding releases the Sestrin2-GATOR2 
complex and results in mTORC1 activation. 
Likewise, cytosolic arginine binds another pro-
tein called CASTOR1, which in the absence of 
arginine inhibits GATOR2 (Chantranupong et al. 
2016). The 11-pass lysosomal transmembrane 
protein, SLC38A9, interacts with the Ragulator, 
Rag GTPases, and vacuolar H(+)-ATPase com-
plex in an amino acid-sensitive manner and there-
fore acts as the lysosomal arginine sensor (Zoncu 
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et  al. 2011; Wang et  al. 2015; Rebsamen et  al. 
2015; Jung et  al. 2015). Accordingly, upon 
genetic ablation of either Sestrin2, CASTOR1, or 
SLC38A9, amino acid-mediated activation of 
mTORC1 is significantly compromised.

mTORC1 acts a major metabolic hub that 
responds to various forms of cellular stress such 
as hypoxia and DNA damage, ATP level, amino 
acids, and growth factors to regulate glycolysis, 
mitochondrial and lysosome biogenesis, lipid 
and protein biosynthesis, proteasome formation, 
and autophagy (Saxton and Sabatini 2017). For 
example, mTORC1 activation couples cellular 
nutrient levels and hormonal inputs to lipid and 
cholesterol synthesis through activation of 
SREBPs (sterol regulatory element-binding pro-
teins), which are basic helix-loop-helix (bHLH) 
transcription factors (Lewis et  al. 2011). 
Accordingly, inhibition of mTORC1 activity 
impairs adipogenesis (Lamming and Sabatini 
2013). mTORC1 also stimulates purine and 
pyrimidine synthesis (Ben-Sahra et  al. 2013, 
2016), promotes mitochondrial oxidative capac-
ity (Cunningham et al. 2007) in skeletal muscle, 
and induces genes for the enzymes involved in 
glycolysis and pentose phosphate pathway 
(Düvel et al. 2010). While activating anabolism, 
mTORC1 activation results in suppression of 
major catabolic pathways. Nutrient deprivation 
promotes autophagy by AMPK-mediated phos-
phorylation and activation of ULK1, a kinase that 
drives autophagosome formation (Kim et  al. 
2011). However, in conditions of nutrient sur-
plus, activated mTORC1 phosphorylates ULK1 
on a residue different than targeted by AMPK and 
blocks the interaction between ULK1 and AMPK 
(Kim et al. 2011).

6.2.2  AMPK

AMPK is a Ser/Thr kinase composed of three 
subunits: catalytic α subunit, one scaffold β, and 
the regulatory γ subunit, which binds adenine 
nucleotides. Mammals have two catalytic sub-
units α and β and three γ isoforms. Unlike mTOR, 
which senses amino acid levels indirectly through 
its interaction partners (discussed in the section 

on mTORC1), AMPK activity is directly affected 
by cellular AMP/ATP and ADP/ATP ratios. This 
regulation is accomplished through four tandem 
repeats of cystathionine β-synthase motifs 
located in the γ subunit, which form the 
nucleotide- binding pockets of the enzyme. AMP 
binding to the γ subunit triggers the phosphoryla-
tion of the activation loop at Thr172 in the kinase 
domain of the α subunit by the upstream activat-
ing kinase LKB1. AMP and ADP binding pro-
tects AMPK against dephosphorylation; however 
only AMP triggers an allosteric activation of the 
enzyme (Suter et  al. 2006; Sanders et  al. 2007; 
Xiao et  al. 2011). These activatory effects of 
AMP and ADP are antagonized by ATP. Therefore, 
AMPK activity is coupled to fluctuations in 
AMP/ATP and ADP/ATP ratios, which typically 
rise in conditions of nutrient deprivation.

There are two well-characterized AMPK 
kinases: LKB1 (liver kinase B 1, also known as 
serine/threonine kinase 11) (Hawley et al. 2003) 
and CAMKKβ (the Ca2+/calmodulin-dependent 
kinase kinase β) (Hawley et  al. 2005; Woods 
et  al. 2005). LKB1 requires heterodimerization 
with two other proteins, sterile20-related adaptor 
(STRAD) and mouse protein 25 (MO25), for full 
activation (Hawley et al. 2003). LKB1 phosphor-
ylates most other kinases in the AMPK-related 
kinase family (Lizcano et  al. 2004). CAMKK 
activity is coupled to Ca2+ levels, and its activa-
tion of AMPK is AMP-independent. Apart from 
LKB1 and CAMKKβ, there are other kinases 
proposed to phosphorylate and activate AMPK; 
however whether they act as endogenous AMPK 
kinases in  vivo has yet to be established 
(Momcilovic et  al. 2006). AMPK activation by 
LKB1 involves the recruitment of AMPK by 
Ragulator to the cytosolic surface of the lyso-
somal membrane under nutrient deprivation con-
ditions. Explained in more detail in the mTOR 
section, Ragulator is a protein complex involved 
in the amino acid sensing of mTORC1 through a 
process that also requires mTORC1 recruitment 
to the lysosomal membrane. Activation of AMPK 
results in the phosphorylation of TSC1/TSC2 
complex, which inhibits mTORC1 activity, 
thereby coupling the low-energy state-dependent 
AMPK activation to mTOR activation. A reciprocal 
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regulation between AMPK and mTORC1 was 
also described, where activated S6 K1 phosphor-
ylates and inhibits AMPK activity (Dagon et al. 
2012).

Activation of AMPK triggers catabolic path-
ways aimed to restore cellular energy status. 
Therefore AMPK activity is negatively regulated 
by anabolic signals. For example, insulin-/IGF- 
mediated Akt activation results in the phosphory-
lation of a serine residue in AMPK α subunit, 
which in turn blocks the activatory Thr172 phos-
phorylation (Hawley et  al. 2014). Other inhibi-
tory phosphorylation sites on the α subunit were 
also reported including regulation by Fyn kinase 
(Yamada et al. 2016), a Src tyrosine kinase fam-
ily member that also phosphorylates and inhibits 
LKB1 (Yamada et al. 2010), by protein kinase C 
(PKC) (Heathcote et al. 2016), and by Unc-51- 
like kinase 1 (Ulk1) (Löffler et al. 2011). AMPK 
plays a major role in starvation-induced autoph-
agy induction through at least two distinct path-
ways: As described above, AMPK inhibits 
mTORC1 activity through direct phosphoryla-
tion of TSC2 and regulatory-associated protein of 
mTOR (Raptor) (Inoki et al. 2003; Gwinn et al. 
2008), a component of the mTORC1 protein 
complex. In addition, AMPK directly phosphory-
lates and activates Unc-51-like kinase 1 (ULK1) 
(Lee et  al. 2010; Egan et  al. 2011; Kim et  al. 
2011; Zhao and Klionsky 2011), which triggers 
autophagy and mitophagy. ULK1  in turn phos-
phorylates and inhibits AMPK function, forming 
a negative feedback loop evolved to probably 
block excess autophagic flux (Löffler et al. 2011). 
Besides autophagy, AMPK induces glucose and 
fatty acid update, through increased membrane 
localization of glucose transporters, and fatty 
acid transporter CD36, respectively (Kurth- 
Kraczek et al. 1999; Fryer et al. 2002; Wu et al. 
2013a). Catabolic pathways including glycolysis, 
mitochondrial biogenesis, and fatty acid oxida-
tion are also activated by AMPK (Witters et al. 
1991; Winder and Hardie 1996; Merrill et  al. 
1997; Marsin et al. 2000, 2002; Jäger et al. 2007; 
Cantó et al. 2009). On the other hand, synthesis 
of fatty acids, proteins, and glycogen is sup-
pressed by AMPK.  These are accomplished 
either through direct phosphorylation of AMPK 

targets involved in these individual processes or 
indirectly through inhibition of mTORC1 and its 
downstream targets. Inhibition of fatty acid syn-
thesis and promotion of fatty acid oxidation by 
AMPK largely depend on phosphorylation and 
inhibition of acetyl-CoA carboxylase (ACC) 
(Hardie and Pan 2002). ACC catalyzes the con-
version of acetyl-CoA to malonyl-Coa, which is 
the precursor for fatty acid synthesis. Malonyl- 
CoA is also an inhibitor of carnitine palmitoyl-
transferase I (CPT1), an outer mitochondrial 
membrane protein that transports fatty acyl CoAs 
from cytosol to mitochondria for their oxidation. 
In summary, AMPK-mediated inhibition of ACC 
results in a decrease in cellular malonyl-CoA 
pool, which in turn blocks fatty acid synthesis 
and triggers fatty acid oxidation. It is worth to 
note that manipulations altering hypothalamic 
malonyl-CoA levels also affect the food intake 
and body weight (Lane et al. 2008). For example, 
fatty acid synthase inhibitors C75 or cerulenin 
administered by intraperitoneal or intracerebro-
ventricular route result in suppression of food 
intake and reduced body weight (Loftus et  al. 
2000). ICV C75 rapidly increases the hypotha-
lamic malonyl-CoA levels and suppresses food 
intake; however, prior ICV administration of an 
ACC inhibitor prevents the malonyl-CoA accu-
mulation and the decreased food intake induced 
by ICV C75 (Hu et al. 2003).

6.2.3  Histone Deacetylases: Sirtuins 
and Classical HDACs

Acetylation is a major posttranslational modifica-
tion regulating protein function and contributes 
to metabolic homeostasis (Iyer et  al. 2012; 
Menzies et al. 2016). Protein acetylation is regu-
lated by acetyltransferases and deacetylases. 
Apart from the N-terminal acetylation (Starheim 
et al. 2012), which is thought to be irreversible, 
the coordinated action of acetyltransferases and 
deacetylases makes protein acetylation a revers-
ible process. Acetyltransferase reaction involves 
the transfer of an acetyl group from acetyl coen-
zyme A (acetyl-CoA) to an amino acid residue on 
the substrate protein. N-terminal acetyltransferases 
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acetylate the first amino acid in the nascent poly-
peptide chain following the initial methionine 
residue, whereas the acceptor residue is usually a 
lysine in other acetylation reactions catalyzed by 
lysine acetyltransferases. The cytosolic enzyme 
adenosine triphosphate (ATP)-citrate lyase con-
verts the glucose-derived citrate into acetyl-CoA, 
thereby regulating a critical step that links glu-
cose availability to histone acetylation and regu-
lation of gene expression (Wellen et  al. 2009). 
Histone acetyltransferases (HATs) are broadly 
grouped into two categories, nuclear A-type 
HATs and the cytoplasmic B-type HATs, which 
are further categorized into several subfamilies 
(Roth et  al. 2001). The B-type HATs generally 
regulate the shuttling of the newly synthesized 
histones from the cytosol to the nucleus, while 
the nuclear HATs coordinate transcription- related 
processes.

The histone deacetylase family is grouped into 
four classes based on sequence homology. Class 
I, II, and IV are comprised of the classical HDACs 
(HDAC 1–11), while the sirtuin family (SIRT1–
7) constitutes the class III. Classical HDACs have 
one deacetylase domain except HDAC6 and 
HDAC10, which have two catalytic domains, 
although one of these domains in HDAC10 is 
inactive (de Ruijter et al. 2003; Seto and Yoshida 
2014). Classical HDACs are Zn  + −dependent 
enzymes that deacetylate histones and other 
nuclear and cytosolic targets. They are subject to 
posttranslational modifications themselves, such 
as phosphorylation, which couple hormonal and 
nutritional inputs to their subcellular localization 
and therefore to their histone deacetylase activity 
[REF]. HDACs also have nonenzymatic func-
tions: For example, HDAC6, which is a class IIb 
HDAC and the largest member of the HDAC 
family, has a C-terminal ubiquitin-binding 
domain, which renders this protein a central com-
ponent of protein homeostasis. Likewise, SIRT1 
has been proposed to confer, e.g., neuroprotec-
tion, independently of its deacetylase activity 
(Pfister et al. 2008).

Sirtuins (silent mating type information regu-
lation 2 homolog, from here on abbreviated as 
SIRTs) are evolutionarily conserved enzymes 
that are involved in biological processes includ-

ing cellular differentiation, apoptosis, metabo-
lism, and aging. Unlike other members of the 
HDAC family, the activity of class III HDACs is 
coupled to cellular concentration of the oxidized 
form of nicotinamide adenine dinucleotide 
(NAD+). Sirtuin-mediated deacetylation (and 
ADP-ribosylation) reaction utilizes NAD+ as a 
coenzyme and generates nicotinamide and 
O-acetyl-ribose as by-products (Tong and Denu 
2010). Sirtuins are insensitive to the inhibitors of 
classical HDACs such as trichostatin A, whereas 
nicotinamide inhibits the sirtuin enzymatic activ-
ity [REF].

NAD+/NADH ratio typically rises in condi-
tions of energy deficit. At the organismal level, 
fasting and calorie restriction result in elevated 
NAD+ levels in several tissues and lead to 
increased sirtuin activity. Mammals have seven 
members of the sirtuin family of deacetylases 
(SIRT 1–7), which differ in substrate specificity, 
subcellular localization, and tissue distribution 
(Houtkooper et  al. 2012). While SIRT1 is both 
nuclear and cytosolic, SIRT2 is predominantly 
localized to the cytosol. SIRT3 is both mitochon-
drial and nuclear, SIRT4 and SIRT5 are mito-
chondrial, and SIRT6 and SIRT7 are exclusively 
nuclear proteins. SIRT4 and SIRT6 both have 
deacylase (Jiang et al. 2013; Laurent et al. 2013; 
Anderson et al. 2017) and ADP-ribosyltransferase 
activity [16,959,573, 10,381,378]. For example, 
SIRT6 catalyzes mono-ADP-ribosylation of 
PARP (poly[adenosine diphosphate 
 (ADP)-ribose] polymerase 1) under oxidative 
stress to promote DNA repair (Mao et al. 2011). 
SIRT5 is unique in the sense that it is the only 
enzyme identified in mammals that can desucci-
nylate, demalonylate, and deglutarylate substrate 
proteins (Du et al. 2011; Tan et al. 2014), and the 
role of these additional modifications on protein 
function has not been completely uncovered.

SIRT1 has been the most extensively studied 
member of the sirtuin family. SIRT1 has the clos-
est homology to yeast Sir2, and unlike other sir-
tuin knockout (KO) mice, global deletion of 
SIRT1 is mostly lethal at embryonic or early 
postnatal period [REF]. Inducible deletion of 
SIRT1  in adult mice does not lead to lethality, 
suggesting a fundamental role for SIRT1  in 
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development (Price et al. 2012). SIRT1 is ubiqui-
tously expressed in mammals, with the highest 
expression detected in the heart and nervous sys-
tem in the developing embryo and in the lung, 
testis, and ovaries in adult rodents (Sakamoto 
et al. 2004).

The activity of SIRT1 is also subject to indi-
rect regulation by a series of enzymes involved in 
the synthesis and degradation of the cellular 
NAD+. Nicotinamide phosphoribosyltransferase 
(NAMPT) and nicotinamide mononucleotide 
adenylyltransferase 1 (NMNAT1) synthesize 
NAD+ from nicotinamide in a two-step reaction 
called the NAD-salvage pathway (Revollo et al. 
2004; Zhang et  al. 2009). NMNAT1-mediated 
NAD+ biosynthesis and the resulting SIRT1 acti-
vation help prevent neurodegeneration in mice. 
Hydrolysis of NAD+ is predominantly regulated 
by a cyclic ADP-ribose hydrolase called CD38 
(Aksoy et al. 2006b). CD38 knockout mice have 
10–20 times elevated NAD+ levels across various 
tissues. This in turn results in increased SIRT1 
activity in the absence of CD38 (Aksoy et  al. 
2006a). The role of NAD+-dependent regulation 
of SIRT1 in overall physiology is further empha-
sized by that the CD38 knockout mice are pro-
tected from high fat diet-induced obesity, and this 
phenotype is dependent of SIRT1 deacetylase 
activity (Barbosa et al. 2007). The expression of 
SIRT1, NAMPT, and the cellular NAD+ levels 
are all subject to a circadian regulation, where 
SIRT1 directly controls activity of key factors 
involved in the regulation of circadian rhythm, 
such as BMAL1, CLOCK, and PER2 as well as 
NAMPT, thereby regulating the formation of its 
own coenzyme (NAD+) and forming a transcrip-
tional feedback loop (Asher et al. 2008; Nakahata 
et al. 2008, 2009; Ramsey et al. 2009). Regulation 
of the circadian clock by SIRT1 extends to the 
central pacemaker, the hypothalamic suprachias-
matic nucleus, where loss of SIRT1 activity 
drives the dysfunctional circadian rhythm 
observed in aging (Chang and Guarente 2013).

SIRT1 activity is subject to an indirect regula-
tion by AMPK. Activation of AMPK by AICAR 
in the skeletal muscle leads to increased cellular 
NAD+/NADH ratio and leads to SIRT1 activation 
and increased deacetylation of SIRT1 targets 

such as PGC1α (Cantó et  al. 2009). Increased 
SIRT1 activity then promotes mitochondrial bio-
genesis and oxygen consumption (Cantó et  al. 
2009). AMPK can directly phosphorylate and 
regulate SIRT1. Furthermore, increased SIRT1 
activity leads to AMPK activation (Price et  al. 
2012) probably though deacetylation of LKB1 
(Hou et  al. 2008; Lan et  al. 2008). Deleted in 
breast cancer 1 (DBC1), a tumor suppressor, acts 
as an endogenous inhibitor of SIRT1, while (Kim 
et al. 2008b) another nuclear protein called ribo-
somal protein S19 binding protein 1 (also called 
active regulator of SIRT1  – AROS) increases 
SIRT1 activity (Kim et al. 2007b). SIRT1 activity 
is also regulated by posttranscriptional modifica-
tions including phosphorylation by kinases such 
as AMPK, casein kinase 2 (CK2), and c-Jun 
N-terminal kinase 1 (JNK1) (Sasaki et al. 2008; 
Kang et al. 2009; Nasrin et al. 2009).

Because of its NAD+ dependence for activity, 
having a large spectrum of nuclear and cytosolic 
targets, and its expression being regulated by 
changes in the nutritional status, SIRT1 functions 
as a major nutrient and redox sensor, which regu-
lates metabolism at different levels (Fulco et al. 
2003). High expression of SIRT1 is shown in the 
periphery and in neurons of the central nervous 
system including the hypothalamic nuclei ARC, 
VMH, and PVN (Ramadori et al. 2008; Zakhary 
et al. 2010; Toorie and Nillni 2014). SIRT1’s sub-
cellular localization is predominantly nuclear 
(Zakhary et al. 2010), but SIRT1 can translocate 
to the cytoplasm in a cell-specific and cell- 
autonomous manner, in response to various phys-
iological stimuli and disease states (Tanno et al. 
2007). SIRT1 regulates cellular survival and 
metabolism at several steps largely through 
deacetylation of protein targets (Brooks and Gu 
2009; Peek et  al. 2012; Orozco-Solis and 
Sassone-Corsi 2014), although there are reports 
on the deacetylase-independent function of 
SIRT1 (Pfister et  al. 2008; Shah et  al. 2012). 
During the past decade, the metabolic role of 
SIRT1  in mammals has been studied by tissue- 
specific transgenic models and pharmacological 
tools targeting its deacetylase activity (Blander 
and Guarente 2004; Chang and Guarente 2014). 
In the liver, SIRT1 deacetylates and activates the 
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transcriptional coactivator PGC1-alpha and the 
FoxO1 to promote gluconeogenesis (Rodgers 
et al. 2005; Frescas et al. 2005). In adipose tissue, 
SIRT1 promotes fat mobilization by inhibiting 
peroxisome proliferator-activated receptor 
(PPAR-gamma) (Picard et al. 2004) and therefore 
functions to decrease fat storage, promote lipoly-
sis, and protect against obesity-induced inflam-
mation (Picard et  al. 2004; Gillum et  al. 2011; 
Chalkiadaki and Guarente 2012). SIRT1 
improves glucose tolerance and positively regu-
lates insulin secretion in pancreatic beta cells by 
repressing uncoupling protein 2 (UCP2) pro-
moter (Moynihan et  al. 2005; Bordone et  al. 
2006). In the liver SIRT1 protein levels increase 
upon fasting (Rodgers et al. 2005). SIRT1 deacet-
ylates and activates PGC1α and FoxO1 and 
represses CREB-regulated transcription coacti-
vator 2 (CRTC2, also known as TORC2) to regu-
late hepatic glucose output (Liu et  al. 2008). 
Exposure to high-fat diet results in decreased 
liver SIRT1 levels (Deng et al. 2007). Compounds 
that lead to SIRT1 activation, such as resveratrol, 
have been shown to alleviate several adverse 
effects of high-fat diet, which otherwise results in 
the development of obesity and associated disor-
ders (Baur et al. 2006; Lagouge et al. 2006). An 
increase in the activity and/or the expression 
level of SIRT1 is thought to mediate the physiol-
ogy induced by calorie restriction (Cohen et al. 
2004; Bordone and Guarente 2005; Bordone 
et al. 2007a, b). While the role of SIRT1 in the 
periphery is not going to be discussed further, it 
is important to note that by deacetylating a spec-
trum of metabolic regulators, SIRT1 links tissue 
energy status to the coordination of lipid, choles-
terol, amino acid, and glucose metabolisms (Baur 
et  al. 2006; Lagouge et  al. 2006; Haigis and 
Sinclair 2010). Contrary to its role in the periph-
ery, recent evidence shows that hypothalamic 
SIRT1 induces positive energy balance, and this 
activity is directly related to the regulation of 
hypothalamic peptide hormones by SIRT1. 
Therefore, this chapter will further focus on the 
role of central SIRT1 under different nutritional 
conditions on body weight, prohormone matura-
tion, and the pro-converting enzymes involved in 
the processing of prohormones.

6.3  Regulation of Energy 
Homeostasis by the 
Hypothalamic Nutrient 
Sensors

6.3.1  mTOR

The initial studies on the role of hypothalamic 
mTOR signaling on energy homeostasis were 
conducted on rats (Cota et al. 2006; Blouet et al. 
2008). mTOR is expressed in AgRP and POMC 
neurons (Cota et al. 2006), and fasting decreases 
mTOR activity in the ARC (Cota et  al. 2006; 
Blouet et  al. 2008; Cakir et  al. 2009). Central 
administration of leucine activates central 
mTORC1, suppresses hypothalamic NPY expres-
sion, and inhibits fast-induced refeeding and 
weight gain in a rapamycin-sensitive manner 
(Cota et  al. 2006). Rapamycin alone was also 
reported to activate ARC NPY expression 
(Shimizu et  al. 2010). Furthermore, leptin acti-
vates hypothalamic mTOR signaling, likely 
through a PI3K-dependent pathway (Harlan et al. 
2013), and this activation is required for leptin- 
mediated suppression of food intake (Cota et al. 
2006; Ropelle et al. 2008). Accordingly, S6 K1 
knockout (S6 K1 KO) mice are resistant to the 
anorectic action of exogenous leptin (Cota et al. 
2008). Furthermore, acute and chronic exposure 
to high-fat diet (HFD) suppresses hypothalamic 
mTORC1 signaling, and leptin cannot activate 
hypothalamic mTORC1  in HFD-exposed ani-
mals (Cota et al. 2008). Hypothalamic mTORC1 
activity is also sensitive, although indirectly, to 
the activity of fatty acid synthase (FASN), whose 
central inhibition induces potent weight loss and 
suppresses food intake (Loftus et al. 2000; Kumar 
et al. 2002). The anorectic action of FASN inhibi-
tors is compromised upon mTORC1 inhibition 
(Proulx et  al. 2008). These findings were sup-
ported by genetic data where activation of 
S6 K1  in the mediobasal hypothalamus (MBH) 
of rats suppressed food intake and weight gain 
while overexpression of a dominant negative 
S6  K1 increased both parameters and blunted 
central leptin action (Blouet et al. 2008). Leptin- 
induced sympathetic outflow to the periphery 
also depends on hypothalamic mTORC1 function 
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(Harlan et al. 2013). mTORC1-mediated control 
of food intake could also, at least in part, depend 
on a S6K-dependent inhibitory phosphorylation 
of AMPK (Dagon et al. 2012). Contrary to these 
findings, deletion of TSC1 from rat insulin pro-
moter (RIP)-positive cells (by RIP1-Cre), which 
cover pancreatic beta cells and a subpopulation 
of hypothalamic neurons, results in hyperphagic 
obesity (Mori et al. 2009). While this study did 
not report a problem with neuronal viability in 
the absence of TSC1, neuronal TSC1 knockout 
mice suffer from reduced myelination and neuro-
nal survival (Meikle et  al. 2007). POMC and 
AgRP/NPY neurons are RIP-Cre negative; how-
ever POMC-specific TSC1 deletion mimics the 
obese RIP1-Cre TSC1 knockout phenotype 
(Mori et al. 2009; Yang et al. 2012). Importantly, 
rapamycin treatment could reverse the effect of 
TSC1 deletion in these mice (Mori et al. 2009), 
as well as in old WT mice with elevated mTORC1 
activity in POMC neurons (22884327). MBH-
specific overexpression of DEPTOR, a negative 
regulator of mTORC1, also protected mice from 
HFD-induced weight gain (Caron et al. 2016a). 
This effect seems to be independent of mTOR 
activity in POMC neurons (Caron et al. 2016b). 
These seemingly contradictory findings listed 
above are likely due to the differential regulation 
of hypothalamic mTORC1 signaling in response 
to nutrient deprivation and hormonal inputs in 
different subhypothalamic nuclei. For example, 
fasting or lack of leptin action (ob/ob mice) sup-
presses mTORC1 signaling in the VMH but acti-
vates it in the ARC of mice (19628573). 
Furthermore, ghrelin and insulin, two orexigenic 
and anorexigenic hormones, respectively, both 
resulted in elevated ARC mTORC1 activity 
(Villanueva et  al. 2009; Muta et  al. 2015). The 
positive effect of ghrelin on hypothalamic 
mTORC1 signaling is supported by findings from 
other groups, which showed that S6 K1 KO mice 
were not responsive to ghrelin- induced weight 
gain (Stevanovic et  al. 2013), and the ghrelin-
induced food intake was reduced upon inhibition 
of mTORC1 activity (Martins et  al. 2012). 
Furthermore, rapamycin reversed the hyperpha-
gic phenotype of hyperthyroid rats, which had 
had elevated hypothalamic mTOR activity, 

resulting in weight loss (Varela et al. 2012), and 
blocked the anorectic effect of central insulin 
administration (Muta et al. 2015). Finally, chole-
cystokinin (CCK), which inhibits food intake by 
activating the responsive neurons in the NTS and 
the hypothalamus, also increases mTORC1 activ-
ity in the PVN (Lembke et al. 2011).

mTORC2 function has been less studied com-
pared to that of mTORC1. The best-characterized 
role of mTORC2 is phosphorylation of Akt on 
Ser473, which facilitates Thr308 phosphoryla-
tion by PDK1 downstream of PI3K (Sarbassov 
et al. 2005). By phosphorylating PKCα (protein 
kinase C alpha) (Sarbassov et  al. 2004; Jacinto 
et  al. 2004), and other PKC family members 
(Gan et  al. 2012; Li and Gao 2014), mTORC2 
regulates the actin cytoskeleton and cell migra-
tion. It also activates glucose and lipid metabo-
lism in liver and adipose tissue (Kumar et  al. 
2010; Hagiwara et al. 2012; Yuan et al. 2012). A 
recent study suggested that mTORC2 also acts as 
nutrient sensor: While acute glutamine depriva-
tion activates mTORC2, prolonged lack of gluta-
mine diminished mTORC2 activity (Moloughney 
et al. 2016). mTORC2 regulates the expression of 
GFAT1  in a glutamine-dependent manner 
(Moloughney et  al. 2016). GFAT1 is the rate- 
limiting enzyme in the hexosamine biosynthetic 
pathway (HBP), which is involved in the 
 hypothalamic regulation of energy balance (dis-
cussed below). The role of mTORC2 signaling in 
the brain and specifically in POMC and AgRP 
neurons was studied by targeted deletion of 
Rictor to inactivate mTORC2 signaling (Kocalis 
et al. 2014). Neuronal deletion of Rictor did not 
alter the food intake significantly despite 
increased hypothalamic NPY expression. The 
neuronal KO mice had higher fat mass and lower 
lean mass than WT counterparts (Kocalis et  al. 
2014). Accordingly, the mice had increased leptin 
levels, and resistance to the anorectic action of 
leptin, and glucose intolerance. While AgRP- 
specific Rictor KOs did not have a major pheno-
type, POMC-specific ablation resulted in heavier 
mice with increased food intake and adiposity 
even more than the neuronal KOs (Kocalis et al. 
2014). The exact mechanism of mTORC2- 
mediated regulation of energy balance is not 
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clear. While mTORC2 positively regulating Akt 
phosphorylation is important in the insulin action, 
ablation of insulin signaling in POMC neurons 
by targeted deletion of IRS2 (Choudhury et  al. 
2005) or PDK1 (Belgardt et  al. 2008) does not 
recapitulate the effects of POMC-specific dele-
tion of Rictor, suggesting that the effect of hypo-
thalamic mTORC2 is mediated through an 
PI3K-Akt independent pathway.

6.3.2  AMPK

In the hypothalamus, AMPK acts a positive regu-
lator of energy balance. Hypothalamic AMPK 
activity increases by fasting and decreases by 
refeeding (Minokoshi et  al. 2004; Taleux et  al. 
2008), an effect not observed in an obesity- 
resistant rat strain (Taleux et al. 2008). Activation 
of central AMPK, either by ICV infusion of a 
synthetic AMP analog and AMPK activator 
(AICAR) (Sullivan et al. 1994) or MBH-specific 
overexpression of constitutively active AMPK 
(CA-AMPK), results in increased food intake 
and body weight (Andersson et  al. 2004; 
Minokoshi et al. 2004). Conversely, overexpres-
sion of dominant negative AMPK decreases food 
intake and weight gain. Accordingly, hypotha-
lamic AMPK activity is suppressed by anorectic 
factors including insulin, leptin, MTII (an αMSH 
analog), CNTF, and estradiol but induced by 
ghrelin, adiponectin, and orexin-A (Andersson 
et  al. 2004; Minokoshi et  al. 2004; Steinberg 
et al. 2006; Kubota et al. 2007; López et al. 2008; 
Wu et  al. 2013b; Martínez de Morentin et  al. 
2014). Furthermore, suppression of central 
AMPK activity is required for leptin’s anorectic 
effect, and hypothalamic overexpression of 
CA-AMPK can block central leptin action 
(Minokoshi et  al. 2004; Gao et  al. 2007). 
Consequently, leptin activates hypothalamic 
ACC activity and results in elevated central 
malonyl- CoA level, which is required for leptin’s 
anorectic effect (Gao et  al. 2007). Additionally, 
the sympathetic outflow regulated by leptin to 
kidney and adipose tissue (Tanida et al. 2013) but 
not to liver (Tanida et al. 2015) also depends on 
an intact hypothalamic AMPK signaling. It is 

worth noting that the hormonal regulation of 
AMPK activity in the periphery vs. the CNS is 
different. For example, leptin activates AMPK in 
the skeletal muscle and induces fatty acid oxida-
tion (Hardie and Pan 2002), while inhibition of 
hypothalamic AMPK activity by central action of 
leptin is essential for leptin’s anorectic effect 
(Andersson et al. 2004; Minokoshi et al. 2004).

Central infusion of glucose inhibits food 
intake in an AMPK-dependent manner, whereas 
a non-oxidizable form of glucose, 2- deoyxglucose, 
activates hypothalamic AMPK and induces food 
intake (Kim et al. 2004). This is likely due to the 
effect of glucose on cellular AMP/ATP ratio, 
which in turn alters AMPK activity. Consistent 
with its positive role in energy balance, hypotha-
lamic AMPK activity positively correlates with 
NPY and AgRP expressions (Minokoshi et  al. 
2004; Lee et al. 2005). Leptin-mediated suppres-
sion of hypothalamic AMPK activity is compro-
mised in DIO mice. Furthermore, in the medial 
hypothalamus, leptin activates AMPK selectively 
in DIO mice contrary to its effect in lean mice, 
which might contribute the leptin desensitization 
observed in obesity (Martin et al. 2006). Deletion 
of the α subunit of AMPK from POMC neurons 
results in induced weight gain and food intake 
and suppresses energy expenditure, whereas 
AgRP-specific AMPKα knockout mice were 
 protected from weight gain (Claret et al. 2007). 
Central inhibition of CaMKK results in suppres-
sion of food intake and induces weight loss, and 
lack of CaMKKβ (CaMKK2 KO mice) confers 
protection from diet-induced obesity (Anderson 
et  al. 2008). CaMKK2 knockout mice have 
reduced expression of AgRP and NPY and resis-
tance to fasting-induced upregulation of NPY 
(Anderson et  al. 2008). Furthermore, central 
glucagon- mediated suppression of food intake, in 
part, depends of suppression of hypothalamic 
CamKK2-AMPK signaling by glucagon 
(Quiñones et al. 2015).

Hypothalamic actions of AMPK extend 
beyond the regulation of energy balance and 
involve other homeostatic processes including 
glucose metabolism, sleep homeostasis, thyroid 
axis, and possibly the reproductive axis (Rougon 
et  al. 1990; Chikahisa et  al. 2009; Yang et  al. 
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2010; Cheng et  al. 2011; Claret et  al. 2011; 
Kinote et al. 2012). BAT-mediated thermogene-
sis, for example, in response to agents such as 
GLP-1 agonists, estradiol, BMP-8B (bone mor-
phogenetic protein 8B), and triiodothyronine 
(T3) also involves regulation of hypothalamic 
AMPK activity (Martínez de Morentin et  al. 
2014; Beiroa et  al. 2014; Martins et  al. 2016; 
Martínez-Sánchez et al. 2017).

As summarized above, AMPK and mTORC1 
are master regulators of autophagy, which seems 
to play a role in the AMPK- and mTOR-mediated 
regulation of energy homeostasis. Inhibition of 
autophagy attenuates the AMPK- and rapamycin- 
mediated activation of NPY and suppression of 
POMC expressions in hypothalamic cell lines 
(Oh et  al. 2016). Additionally, knockdown of 
AMPKα subunits in the ARC reduces autophagy 
and results in reduced food intake and weight 
gain (Oh et al. 2016). The role of central autoph-
agy in the regulation of energy balance is cell 
type specific. Inhibition of autophagy in AgRP 
neurons blocks the fasting-induced AgRP upreg-
ulation and results in elevated αMSH levels 
(Kaushik et al. 2011). However, selective loss of 
autophagy in POMC neurons decreases αMSH 
levels and results in increased adiposity (Coupé 
et  al. 2012; Kaushik et  al. 2012; Quan et  al. 
2012).

6.3.3  Histone Deacetylases: Sirtuins 
and Classical HDACs 
with Special Emphasis 
on SIRT1

The hypothalamic role of the histone deacetylase 
family of proteins has recently begun to be 
uncovered. As noted below, the most extensively 
characterized HDAC member in regard to its cen-
tral role has been SIRT1. We will begin this sec-
tion with a brief summary of our current 
knowledge on the hypothalamic activity of clas-
sical HDACs and then focus most of the remain-
der of the chapter on SIRT1.

The expression pattern and regulation of the 
hypothalamic HDACs in response to nutritional 
challenges are not uniform. Hypothalamic histone 
acetylation and the expression of classical HDACs 

have been reported to be nutrient- sensitive. In lean 
mice, fasting decreases the global histone acetyla-
tion only in the ventrolateral subdivision of the 
ventromedial hypothalamus (Funato et al. 2011). 
Among the classical HDACs, HDAC10 and 
HDAC11 are the most highly expressed genes in 
the hypothalamus (Funato et al. 2011). Upon fast-
ing, hypothalamic expressions of HDAC3 and 
HDAC4 increase, while that of HDAC10 and 
HDAC11 decline (Funato et  al. 2011), while 
another study suggested a fasting-induced 
decrease in HDAC5 expression (Kabra et  al. 
2016). Hypothalamic HDAC8 expression was 
reported to be restricted to the paraventricular 
nucleus, where its expression is upregulated by 
fasting and high-fat diet. While one study reported 
increased hypothalamic HDAC5 expression upon 
4-week high-fat diet feeding (Funato et al. 2011), 
another study suggested that chronic high-fat diet 
decreased total hypothalamic HDAC5 mRNA lev-
els (Kabra et  al. 2016). There was no detectible 
change in the hypothalamic expression of other 
classical HDACs under high-fat diet feeding 
(Funato et al. 2011). HDAC5 is the only classical 
HDAC reported to be involved in the regulation of 
leptin signaling. Hypothalamic HDAC5 levels are 
positively regulated by leptin, and ablation of 
HDAC5 potentiates weight gain on high-fat diet 
(Kabra et al. 2016). Mechanistically, HDAC5 was 
 suggested to deacetylate and increase the tran-
scriptional activity of STAT3 on POMC promoter 
(Kabra et al. 2016). It is important to note, how-
ever, that several other studies indicated that acety-
lation positively regulates STAT3 phosphorylation, 
dimerization, and transcriptional activity (Yuan 
et  al. 2005; Wang et  al. 2005; Nie et  al. 2009; 
Dasgupta et al. 2014; Chen et al. 2015). For exam-
ple, SIRT1 inhibits hepatic STAT3 activity in the 
liver by deacetylation of multiple lysine residues 
(Nie et  al. 2009), although hypothalamic SIRT1 
inhibition does not alter STAT3 acetylation at least 
on Lys 685 (Cakir et al. 2009). The precise role of 
STAT3 acetylation on individual residues and their 
contribution to energy homeostasis remain to be 
further characterized.

Neuronal SIRT1 expression is predominantly 
nuclear in rodent and human brain (Zakhary et al. 
2010). Brain nuclei associated with neurodegen-
eration (such as the prefrontal cortex, hippocampus, 

I. Cakir and E. A. Nillni



153

and basal ganglia) as well as the homeostatic 
centers including the hypothalamus and the 
brain stem have detectable SIRT1 expression 
(Ramadori et  al. 2008; Zakhary et  al. 2010). 
Activation of neuronal SIRT1 has neuroprotec-
tive effects and phenocopies some of the benefits 
of caloric restriction on neurodegeneration, such 
as the attenuation of amyloid plaques observed in 
Alzheimer disease (Qin et  al. 2006; Kim et  al. 
2007a). Developmentally, neuronal SIRT1 plays 
a fundamental role in neural differentiation and 
survival. In neuronal progenitor cells (NPCs), 
SIRT1 couples oxidative stress to inhibition of 
neurogenesis and directs the progenitor cells 
toward an astrocyte lineage (Prozorovski et  al. 
2008). However, under normal conditions, SIRT1 
blocks Notch signaling, which normally sup-
presses proneural gene expression and confers 
neural progenitor cell maintenance. Therefore, 
neuronal SIRT1 action promotes neurogenesis 
(Hisahara et al. 2008). Furthermore, deletion of 
SIRT1 in adult NPCs in rodents leads to increased 
progenitor oligodendrocyte population (Rafalski 
et al. 2013). The role of SIRT1 in neuroprotection 
is also supported by findings obtained from 
Wallerian degeneration slow (Wlds) mice where a 
mutation encompassing the NAMPT gene results 
in increased NAD+ production and elevated 
SIRT1 activity, which in turn delays the axonal 
degeneration (Araki et al. 2004).

The role of hypothalamic SIRT1 on metabo-
lism in rodents has been studied by several groups 
both genetically and pharmacologically. SIRT1 
expression is sensitive to cellular energy status 
such that increased SIRT1 expression and nuclear 
localization have been reported by many studies 
supporting its role as an energy sensor in the 
periphery and in the brain (Kanfi et  al. 2008; 
Cantó et  al. 2009; Cakir et  al. 2009; Dietrich 
et  al. 2010). SIRT1 protein levels in rodents 
increase by calorie restriction in several meta-
bolic tissues including the brain (Cohen et  al. 
2004). Upon fasting, SIRT1 activity increases 
specifically in the hypothalamus, but not in the 
hindbrain (Ramadori et  al. 2008; Cakir et  al. 
2009); this is due to the fasting-induced increase 
in hypothalamic SIRT1 protein level and NAD+ 
concentration. Inhibition of central SIRT1 activ-

ity leads to cessation of feeding and results in 
weight loss in lean as well as obese rodents, while 
its acute activation by resveratrol appears to have 
beneficial effects in glucose homeostasis (Knight 
et  al. 2011). Neuronal depletion of SIRT1 pro-
motes systemic insulin sensitivity and counters 
diet- and age-induced weight gain, while 
forebrain- specific overexpression of SIRT1 
results in decreased glucose tolerance, energy 
expenditure, and increased adiposity. In contrast, 
in older mice neuronal overexpression of SIRT1 
seems to counteract the aging-induced gene 
expression profile (Oberdoerffer et  al. 2008). 
Therefore, the specific role of SIRT1 in mamma-
lian physiology especially in the context of its 
role in the regulation of neuroendocrine circuits 
should be evaluated based on specific tissue/cell 
population in consideration of the nutritional sta-
tus and stress factors.

One well-known substrate of SIRT1 is the 
transcription factor, FoxO1, whose deacetylation 
augments its activity (Huang and Tindall 2007; 
Xia et al. 2013). FoxO1 is also a metabolic sen-
sor in that it integrates both leptin and insulin 
signaling (Kitamura et al. 2006; Kim et al. 2006) 
pathways. It is abundantly expressed in meta-
bolically relevant hypothalamus nuclei, includ-
ing neurons of the ARC, DMH, and VMH 
(Toorie et al. 2016). Among its metabolic func-
tions, FoxO1 transcriptionally regulates AgRP 
and NPY expression in a positive manner, while 
transcriptionally repressing POMC, carboxy-
peptidase E (CPE), and steroidogenic factor 1 
SF1 expressions (Kitamura et  al. 2006; Kim 
et al. 2006; Plum et al. 2009). In addition, FoxO1 
positively regulates SIRT1 expression at the 
transcriptional level (Xiong et  al. 2011). 
Physiologically, SIRT1’s role as energy sensor is 
determined by its dependency on NAD+ 
(Ramadori et al. 2008; Cantó et al. 2012). New 
studies have uncovered the involvement of hypo-
thalamic SIRT1  in nutrient sensing (Ramadori 
et al. 2008; Cakir et al. 2009). As mentioned in 
the introduction and further developed in the fol-
lowing sections, SIRT1 in the ARC induces pos-
itive energy balance by affecting POMC and 
CPE gene expression through FoxO1. The role 
of hypothalamic SIRT1 and the consequences of 
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genetic ablation of SIRT1 from distinct hypotha-
lamic neuronal populations are discussed exten-
sively in the following sections. SIRT1 also 
affects proCRH processing either through a 
pathway of FoxO1, preproPC2/proPC2, or 
directly through preproPC2/proPC2. Lastly, the 
potential effect of SIRT1 action on the transcrip-
tion factor nescient helix-loop-helix 2 protein 
(Nhlh2) will also be considered.

6.3.4  Other Players

Apart from AMPK, mTOR, and sirtuins, our 
knowledge on the role of hypothalamic nutrient 
sensors on energy homeostasis has been limited. 
Two recent studies addressed the role of the 
hypothalamic hexosamine biosynthetic pathway 
(HBP) in energy homeostasis. A small percent-
age of the cellular glucose is shuttled through the 
HBP, where glucose is metabolized to UDP-N- 
acetylglucosamine (UDP-GlcNAc) (Yang and 
Qian 2017). Besides the N-linked and O-linked 
glycosylation reactions, UDP-GlcNAc is the 
major sugar donor in O-GlcNAcylation, which is 
the posttranslational modification of proteins 
with O-linked N-acetylglucosamine on serine 
and threonine residues. This process involves at 
least two enzymes, O-GlcNAc transferase (OGT) 
and O-GlcNAcase (OGA), which collectively 
regulate the cellular pool of O-GlcNAcylated 
substrates in a nutrient-sensitive manner. For 
example, increased glucose concentration stimu-
lates O-GlcNAcylation in hyperglycemia (Liu 
et al. 2000). Cellular O-GlcNAcylation increases 
upon increased HBP flux typically observed upon 
hyperglycemia, unfolded protein response, and 
nutrient deprivation-induced OGT expression.

OGT is expressed in the AgRP neurons, and 
its expression is induced by fasting and ghrelin 
[25303527]. Deletion of OGT from AgRP neu-
rons blocks their excitability and confers resis-
tance to diet-induced weight gain (Ruan et  al. 
2014), at least in part by modulating the 
O-GlcNAcylation and thus activity of the voltage- 
dependent potassium channel Kcnq3. Driven by 
earlier genome-wide association studies (GWAS) 
indicating that glucosamine-6-phosphate deami-

nase (GNPDA2), a regulator of HBP, correlates 
with obesity, another group characterized the role 
of OGT in the forebrain and PVN in mice 
(Lagerlöf et  al. 2016). Using a tamoxifen- 
inducible CaMKII-Cre model, Lagerlöf and col-
leagues showed that deletion of OGT from the 
forebrain (including the hypothalamus) results in 
hyperphagic obesity in adult mice (Lagerlöf et al. 
2016). This phenotype was reproduced by dele-
tion of OGT specifically in the PVN. O-GlcNAc 
level was positively regulated by glucose in the 
PVN, while fasting decreased O-GlcNAc levels. 
Furthermore, these changes were restricted to 
CaMKII-positive neurons (Lagerlöf et al. 2016). 
These findings also point to the heterogeneous 
role of the nutrient sensors in the hypothalamus 
as described for SIRT1 and mTORC1 above.

Another conserved cellular nutrient sensor is a 
family of proteins called Per-Arnt-Sim (PAS) 
kinases (DeMille and Grose 2013). PASK is typi-
cally activated by high glucose concentrations 
and regulates glucose partitioning in yeast (Smith 
and Rutter 2007) and glucagon secretion in mam-
mals (da Silva Xavier et al. 2011). PASK knock-
out mice are protected from HFD-induced obesity 
and insulin resistance (Hao et al. 2007). The role 
of central PASK in the regulation of energy bal-
ance has not been directly addressed; however, 
hypothalamic PASK signaling is sensitive to glu-
cose concentrations and GLP-1 at least in the LH 
and VMH (Hurtado-Carneiro et  al. 2013). 
Hypothalamic PASK signaling appears to regu-
late AMPK and mTORC1 pathways such that the 
response of AMPK and mTORC1 signaling to 
fasting and refeeding is dysregulated in PASK- 
deficient mice (Hurtado-Carneiro et al. 2014).

6.4  Prohormone Processing 
and Prohormone 
Convertases

The biosynthesis of mammalian neuropeptide 
hormones follows the principles of the prohor-
mone theory, which begins with a messenger 
RNA (mRNA) translation into a large, inactive 
precursor polypeptide, followed by a limited 
posttranslational proteolysis to release different 
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products of processing (Steiner 1998; Nillni  - 
Endocrinology and 2007 2007). In rodents and 
humans, abnormalities in prohormone processing 
result in deleterious health consequences, includ-
ing metabolic dysfunctions (Naggert et al. 1995; 
Jackson et  al. 1997; Challis et  al. 2002; Nillni 
et al. 2002; Jing et al. 2004; Lloyd et al. 2006). To 
produce an active hormone, the prohormone is 
subjected to differential processing by the action 
of different members of the family of PCs, which 
results in biological and functional diversity 
within the central nervous system (CNS) as well 
as in endocrine cells in the periphery. The PCs 
comprise a family composed of seven subtili-
sin−/kexin-like endoproteases, and relevant to 
the neuroendocrine tissues are PC1 and PC2 
(Seidah et al. 1990, 1991, 1992, 1996; Smeekens 
and Steiner 1990; Smeekens et al. 1991; Constam 
et  al. 1996). These enzymes cleave at the 
C-terminal side of single, paired, or tetra basic 
amino acid residue motifs (Rouillé et al. 1995), 
followed by removal of remaining basic residue(s) 
by carboxypeptidase E and D (CPE, CPD) 
(Fricker et al. 1996; Xin et al. 1997; Nillni et al. 
2002). The selective expression of PC1 and 
PC2 in endocrine and neuroendocrine cells dem-
onstrated to be important in prohormone tissue- 
specific processing (Seidah et  al. 1990, 1991, 
1994; Schafer et  al. 1993). PC1 and PC2 have 
been shown to process proTRH (Friedman et al. 
1995; Nillni et al. 1995; Pu et al. 1996; Schaner 
et  al. 1997; Nillni 2010), proinsulin (Smeekens 
et  al. 1992; Steiner et  al. 1992; Rouillé et  al. 
1995), proenkephalin (Breslin et al. 1993), proso-
matostatin (Galanopoulou et  al. 1993; Brakch 
et  al. 1995), progrowth hormone-releasing hor-
mone (proGHRH) (Posner et al. 2004; Dey et al. 
2004), POMC (Thomas et  al. 1991; Benjannet 
et al. 1991), pro-corticotropin-releasing hormone 
(proCRH) (Vale et al. 1981a; Rivier et al. 1983; 
Castro et al. 1991; Brar et al. 1997; Perone et al. 
1998), proNPY (Paquet et  al. 1996), proCART 
(Dey et al. 2003), and proneurotensin (Villeneuve 
et  al. 2000) to various intermediates and end 
products.

Within the hypothalamus, PC1 and PC2 dis-
play an extensive overlapping pattern of expres-
sion (Schafer et  al. 1993; Winsky-Sommerer 

et al. 2000). The critical role of PC1 and PC2 in 
prohormone processing is underscored by studies 
from animals lacking the genes encoding PC1 
(Zhu et al. 2002) and PC2 (Furuta et al. 1997) as 
well as 7B2 (Westphal et al. 1999; Laurent et al. 
2002) a neuropeptide essential for the maturation 
of PC2. Disruption of the gene-encoding mouse 
PC1 results in a syndrome of severe postnatal 
growth impairment and multiple defects in the 
processing of many hormone precursors, includ-
ing dysfunctional processing of the hypothalamic 
proGHRH to mature GHRH, pituitary POMC to 
adrenocorticotropic hormone, islet proinsulin to 
insulin, and intestinal proglucagon to glucagon- 
like peptide-1 and peptide-2. A mouse model of 
PC1 deficiency generated by random mutagene-
sis (Lloyd et al. 2006) with a missense mutation 
in the PC1 catalytic domain (N222D) leads to 
obesity with abnormal proinsulin processing and 
multiple endocrine deficiencies. Although there 
was defective proinsulin processing leading to 
glucose intolerance, neither insulin resistance nor 
diabetes had developed despite obesity. The 
apparent key factor in the induction of obesity 
was impaired autocatalytic activation of mature 
PC1 causing reduced production of hypothalamic 
α-MSH (Lloyd et al. 2006). A patient with a com-
pound heterozygous mutation in the PC1 gene 
resulting in production of nonfunctional PC1 had 
severe childhood obesity (Jackson et  al. 1997). 
An analogous obese condition was found in a 
patient with a defect in POMC processing 
(Challis et al. 2002). As PC1 and PC2 are essen-
tial for the processing of a variety of proneuro-
peptides, alterations in the expression and protein 
biosynthesis of PC1 and PC2 also have profound 
effects on neuropeptide homeostasis.

6.4.1  SIRT1 Regulates POMC 
and AgRP Peptides

The interplay between POMC biosynthesis/pro-
cessing to its derived peptides regulated by SIRT1 
was first demonstrated in our laboratory using the 
Sprague-Dawley rat model (Cakir et al. 2009). This 
model shares with humans many characteristics of 
obesity physiology (Challis et al. 2002), and rats 
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are considered to be an excellent model for this 
type of studies (Levin et al. 1997; Nillni et al. 2002; 
Cottrell and Ozanne 2008). Early studies using this 
rat model showed that POMC biosynthesis and 
processing is nutrition dependent (Perello et  al. 
2007). Indeed, the biosynthesis of POMC and its 
derived peptides including ACTH and α-MSH 
decrease by fasting and increase when fasted ani-
mals were treated with leptin that mimics response 
to refeeding. Similar correlation was observed for 
PC1 and PC2. These findings demonstrated that 
the production of POMC-derived peptides and pro-
cessing enzymes in the ARC are nutrient-sensitive 
(Perello et al. 2007).

SIRT1 protein levels in the hypothalamus 
change in response to diet and appear to mediate 
several aspects of hypothalamic control; there-
fore, understanding its role in regulating the mel-
anocortin system is timely. Indeed, we recently 
showed that SIRT1 expressed in the ARC partici-
pates in the regulation of AgRP and POMC neu-
rons in an orexigenic capacity to control feeding 
behavior. In that study, central inhibition of 
SIRT1 decreased body weight and food intake as 
a result of a FoxO1-mediated increase in the 
POMC and decrease in the orexigenic AgRP 
expressions in the ARC (Cakir et  al. 2009; Cyr 
et al. 2014; Toorie and Nillni 2014). This conclu-
sion was supported by an array of different stud-
ies from our laboratory and others. For example, 
siRNA-mediated knockdown of ARC SIRT1 
expression resulted in reduced food intake and 
body weight gain (Cakir et al. 2009). In addition, 
pharmacological inhibition of SIRT1 activity 
using the chemical compound EX-527 via intra-
cerebroventricular route (ICV) suppressed 
fasting- induced hyperphagia and weight gain in 
lean rodents (Cakir et al. 2009; Cyr et al. 2014). 
This reduction in body weight was associated 
with elevated ARC POMC (Cakir et al. 2009; Cyr 
et al. 2014) and reduced AgRP expressions (Cakir 
et al. 2009). Conversely, ICV infusion of a SIRT1 
activator (Sinclair and Guarente 2014) resulted in 
an immediate (and short-lived) increase in food 
intake in refed rats (Cakir et  al. 2009). 
Co-administration of a MC3/4R antagonist, 
SHU9119, with the SIRT1 inhibitor (EX-527) 
reversed the anorectic effect of EX-527, suggest-

ing the involvement of the central melanocortin 
system in mediating the effect of hypothalamic 
SIRT1 on energy homeostasis. Central SIRT1 
inhibition resulted in reversal of fasting-induced 
suppression of hypothalamic mTORC1 pathway 
(Cakir et al. 2009), which is a negative regulator 
of energy balance (Cota et al. 2006), suggesting 
that SIRT1 acted as an upstream negative regula-
tor of mTOR, possibly acting through a TSC2- 
dependent pathway (Ghosh et al. 2010). Overall, 
these results point to an orexigenic role of ARC 
SIRT1 in the lean animals (Cakir et al. 2009; Cyr 
et al. 2014).

Hypothalamic SIRT1 action also regulates the 
central effects of ghrelin, a potent orexigenic fac-
tor secreted mainly from the stomach. Dietrich 
and colleagues demonstrated that peripheral as 
well as central administration of EX-527 was suf-
ficient to reduce food intake during the dark cycle 
and suppress the ghrelin-induced hyperphagia. 
This effect on food intake was not associated 
with concomitant changes in energy expenditure; 
rather, it was mediated through reduced melano-
cortin tone and was dependent on the action of 
uncoupling protein 2 (UCP2) (Dietrich et  al. 
2010). It was also demonstrated that the orexi-
genic action of ghrelin is mediated via a 
SIRT1-p53 pathway, proposed to be acting 
upstream of hypothalamic AMPK: Central SIRT1 
inhibition blocked the ghrelin-induced hyperpha-
gia and hypothalamic fatty acid metabolism, 
reducing the ghrelin’s effect on FoxO1, NPY, and 
AgRP expressions (Velásquez et al. 2011). SIRT1 
also increases the expression of the type 2 orexin 
receptor in the dorsomedial and lateral hypotha-
lamic nuclei (DMH and LH, respectively) by 
deacetylating the homeodomain transcription 
factor Nkx2–1 and augmenting the response to 
ghrelin (Satoh et al. 2010, 2013).

Further support for the orexigenic role of neu-
ronal SIRT1 came from a study on a neuron- 
specific SIRT1 knockout (SINKO) model that 
was generated by crossing SIRT1-floxed mice to 
mice expressing the Cre transgene under the 
control of neuron-specific synapsin I promoter 
(Syn1-Cre) (Lu et al. 2013). SINKO mice had a 
reduced neuronal SIRT1 mRNA and protein 
content and significantly elevated acetylation of 
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hypothalamic p53 and STAT3. Neuronal SIRT1 
deficiency resulted in increased central insulin 
signaling and protection against weight gain, 
systemic insulin resistance, and inflammation in 
the white adipose tissue in mice fed a high-fat 
diet (Lu et al. 2013). These effects were at least 
in part mediated by lack of an inhibitory deacet-
ylation of IRS-1 by SIRT1 in SINKO mice (Lu 
et al. 2013). Additionally, AgRP-specific SIRT1 
depletion phenocopies the neuronal SIRT1 KO 
mice in regard to their lower body weight 
(Dietrich et al. 2010). Another neuronal SIRT1 
KO model was generated using Nestin-Cre mice: 
Resulting mice were smaller than WT counter-
parts. This was in part due to a downregulation 
of the growth hormone levels in the KO mice, 
which also had smaller pituitary mass (Cohen 
et  al. 2009). Brain SIRT1 expression was 
reported to decrease by aging in the anteroven-
tral thalamic nucleus (AV) and the ARC in mice 
(Lafontaine- Lacasse et  al. 2010). Using mouse 
prion promoter, a brain-specific SIRT1 trans-
genic mouse was developed (Satoh et al. 2010). 
The mice had normal food intake and body 
weight compared to the WT mice at 5 and 
20  months of age. One of the transgenic lines 
that expressed SIRT1 at higher levels in the 
DMH and LH compared to other hypothalamic 
nuclei had an extended life span. Surprisingly, 
another transgenic line that had uniformly higher 
SIRT1 expression throughout the hypothalamus 
did not mimic these phenotypes, suggesting a 
differential role of SIRT1 in different subhypo-
thalamic nuclei at least in the context of aging. 
Overexpression of SIRT1 under the CaMKIIα 
promoter to achieve forebrain- specific expres-
sion resulted in decreased glucose tolerance and 
energy expenditure, decreased plasma T3 and T4 
levels, and increased adiposity (Wu et al. 2011). 
Overall, these studies suggest that hypothalamic 
SIRT1 is a positive regulator of energy balance, 
and pharmacological or genetic inhibition of 
central SIRT1 function results in decreased 
weight gain and food intake.

In contrast to the findings summarized above, 
some studies suggested a negative regulation of 
energy balance by hypothalamic SIRT1. 
Hypothalamic SIRT1 expression was proposed to 

be increased by short-term refeeding of fasted 
mice, and overexpression of SIRT1 in the medio-
basal hypothalamus resulted in reduction of 
FoxO1-induced hyperphagia (Sasaki et al. 2010). 
SIRT1 overexpression rescued the obese pheno-
type induced by constitutively active POMC- 
specific FoxO1 (Susanti et al. 2014). Furthermore, 
POMC- or AgRP-specific SIRT1 overexpression 
prevented age-induced weight gain (Sasaki et al. 
2014). In line with this finding, another study 
showed that SIRT1 and FoxO1 form a complex 
with necdin, a nuclear protein expressed in post-
mitotic neurons and located in the Prader-Willi 
locus (MacDonald and Wevrick 1997; Jay et al. 
1997). The heterotrimeric complex promoted the 
SIRT1-mediated FoxO1 deacetylation (Hasegawa 
et  al. 2012). Necdin KO mice had decreased 
serum levels of TSH, T3, and T4, decreased 
hypothalamic proTRH expression, and increased 
NPY and AgRP levels; however the body weight, 
food intake, or the energy expenditure of the 
mice was unaltered compared to the wild-type 
mice (Hasegawa et  al. 2012). We would like to 
emphasize that the acute and chronic effects of 
factors that regulate energy balance could be dra-
matically different, and combined with the plas-
ticity of the neuronal circuitry (Elson and Simerly 
2015), these factors might account for some 
 discrepancies in the literature. For example, PI3K 
is the main signaling node utilized by insulin 
receptor signaling; however, inhibition of PI3K 
pathway in rodents and primates has proven to 
induce weight loss and improve overall metabo-
lism (Ortega-Molina et  al. 2015), and reduced 
insulin/IGF-I signaling extends life span in meta-
zoans. Orexins acutely stimulate food intake and 
weight gain (Sakurai et  al. 1998). However, 
chronic orexin deficiency is associated with obe-
sity in both rodents and humans, and transgenic 
overexpression of orexin confers resistance to 
diet- induced obesity (Funato et  al. 2009). 
Likewise, acute inhibition of hypothalamic 
mTOR signaling has been associated with 
decreased feeding (Cota et  al. 2006); however, 
mice with Rip2/Cre- mediated hypothalamic 
deletion of mTOR inhibitor Tsc1 (Rip-Tsc1cKO 
mice) develop hyperphagia and obesity (Mori 
et al. 2009).
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Genetic ablation of SIRT1 from chemically 
distinct hypothalamic neurons resulted in phe-
notypes depending on the identity of the neuro-
nal population. POMC-specific SIRT1 ablation 
resulted in increased high-fat diet-induced 
weight gain specifically in female mice but not 
in male mice (Ramadori et  al. 2010). POMC 
neuronal survival, POMC mRNA expression, or 
hypothalamic ACTH or αMSH levels were not 
affected by depletion of SIRT1. These mice 
were reported to have decreased energy expen-
diture and reduced sympathetic tone to the peri-
gonadal adipose tissue (Ramadori et al. 2010). 
However, central infusion of the SIRT1 inhibi-
tor EX-527 resulted in increased POMC mito-
chondrial density and decreased inhibitory 
inputs onto POMC neurons (Dietrich et  al. 
2010). AgRP-specific SIRT1 KO mice showed 
an opposite phenotype to POMC-specific SIRT1 
KOs, resulting in leaner mice with decreased 
food consumption (Dietrich et al. 2010). AgRP-
specific ablation of PGC1α, a transcriptional 
coactivator positively regulated by SIRT1, 
results in decreased food intake, unaltered body 
weight with increased adiposity, but decreased 
lean mass (Gill et al. 2016). Deletion of SIRT1 
from SF1 neurons, a subpopulation of VMH 
neurons, results in mice with increased body 
weight, normal food intake, and decreased 
energy expenditure (Ramadori et  al. 2011). 
Furthermore, these mice had an altered circa-
dian rhythm under food restriction (Orozco-
Solis et al. 2015).

A full description and debate about different 
views on orexigenic vs. anorexigenic role of 
SIRT1 in the brain was previously described in a 
separate review (Toorie and Nillni 2014). It was 
concluded then that in lean animals, central 
SIRT1 functions as a nutrient sensor, and it is 
elevated during fasting state in neurons of the 
melanocortin system. Activated SIRT1 deacety-
lates and activates FoxO1, which in turn alters 
the biosynthesis and processing of 
POMC. Inhibition of central SIRT1 is sufficient 
to promote a negative energy balance. In the 
PVN, SIRT1 has also an effect on the CRH pep-
tide that in turn also affects energy balance (see 
the next section). Table  6.1 depicts the impact 

that SIRT1 has in ARC and PVN under different 
nutritional conditions.

The next question is then, how does SIRT1 
regulate POMC processing as well as down-
stream changes in body weight and energy 
expenditure in diet-induced obesity (DIO) state? 
Indeed, central inhibition of SIRT1  in DIO 
decreased body weight and increased energy 
expenditure at higher rate than in the lean state 
suggesting that a different mechanism is trig-
gered in the obese state (Cyr et  al. 2014). DIO 
and fasted lean rodents displayed elevated SIRT1 
levels in their ARC (Cyr et  al. 2014), and DIO 
animals exhibited weight loss due to acute central 
SIRT1 inhibition (Table  6.1). This is consistent 
with a prior study in mice where SIRT1 was 
reported to be elevated in the hypothalamus of 
db/db mice, which are obese because of a muta-
tion in the leptin receptor (Sasaki et  al. 2010). 
Interestingly, whereas reduced SIRT1 activity 
reduced food consumption in lean animals (Cakir 
et al. 2009; Dietrich et al. 2010; Cyr et al. 2014), 
DIO animals subjected to central SIRT1 inhibi-
tion remained normophagic (Table  6.1) (Cyr 
et al. 2014). Results from our group and others 
(Dietrich et al. 2010) show that lean rodents sub-
jected to central SIRT1 inhibition lost weight 
because of a decrease in food intake, without any 
changes in energy expenditure. However, DIO 
animals subjected to SIRT1 inhibition by ICV 
infusion of EX-527 lost significant body weight 
not because of decreased in food intake but 
instead because of an increase in oxygen con-
sumption (elevated energy expenditure). Brain 
inhibition of SIRT1 in DIO increased acetylated 
FoxO1, which in turn increased phosphorylated 
FoxO1 via improved insulin/pAKT signaling 
(Cyr et al. 2014). Elevated acetylation and phos-
phorylation of FoxO1 resulted in increased 
POMC levels along with an increase in the 
expression of the a-MSH maturation enzyme 
CPE, which resulted in more of the bioactive 
POMC product α-MSH released into PVN 
(Fig. 6.1). Increased in a-MSH led to augmented 
thyrotropin-releasing hormone (TRH) levels and 
circulating T3 levels (triiodothyronine, thyroid 
hormone). These results indicate that inhibiting 
hypothalamic SIRT1 in DIO enhances the activ-
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ity of the hypothalamic-pituitary-thyroid (HPT) 
axis, which stimulates energy expenditure. 
Therefore, pharmacological inhibition of 
SIRT1 in DIO state causes negative energy bal-
ance by increasing energy expenditure and HPT 
axis activity (Cyr et al. 2014). What remains to be 
determined is whether SIRT1 also regulates pro-
TRH in the PVN and POMC in the nucleus of the 
solitary track (Fig. 6.1).

Collaborative studies conducted between the 
Good Laboratory and our group (Jing et al. 2004) 
revealed that targeted deletion of the neuronal 
basic helix-loop-helix (bHLH) transcription fac-
tor (Nhlh2) in mice results in adult-onset obesity. 
Nhlh2 expression can be found in rostral POMC 
neurons and TRH neurons of the paraventricular 
nucleus (PVN). We also demonstrated that in the 
absence of Nhlh2 in these neurons, the expression 

Fig. 6.1 Model depicting the regulation of hypotha-
lamic POMC by SIRT1: In the ARC, SIRT1 deacetylates 
FoxO1, which decreases production of POMC and the 
POMC- processing enzyme CPE causing less α-MSH to 
reach MC3/MC4 receptors on target tissues. Lower 
α-MSH reduces TRH, T3, and thus energy expenditure. 
Inhibiting SIRT1 sensitizes Akt signaling, which 
increases pFox01. pFox01 promotes Fox01 nuclear 
exclusion, thereby increasing POMC and CPE, which 
increases α-MSH.  SIRT1-mediated changes in POMC 
could affect target tissues such as the PVN and NTS that 
regulate energy expenditure. In the lean state, leptin and 
insulin signal through their respective receptors to ulti-
mately increase Akt phosphorylation. pAKT translocates 
to the nucleus and phosphorylates the transcription factor 
FoxO1, thereby facilitating its inactivation and nuclear 
exclusion. Consequentially, POMC and CPE transcrip-
tion is enhanced resulting in increased α-MSH, while 
AgRP transcription is repressed resulting in reduced 
AgRP.  In both DIO and fasted conditions, insulin and 
leptin signaling are impaired via distinct mechanisms 
resulting in reduced pAKT levels, which promotes 
FoxO1 nuclear retention. In addition, SIRT1 protein con-

tent is increased within the ARC of both fasted and DIO 
individuals. SIRT1 via its deacetylation of FoxO1 posi-
tively regulates AgRP transcription while negatively 
regulating POMC and CPE transcription. Reduced 
POMC and CPE expression results in diminished levels 
of α-MSH, which signals through MC3/MC4 receptors 
to exert its potent anorectic effect; AgRP functions as an 
endogenous antagonist of the MC3/4R.  SIRT1 also 
increases the number of GABAergic synapses onto 
POMC neurons by AgRP neurons, resulting in hyperpo-
larization of POMC neurons and reduced melanocortin-
ergic tone. SIRT1 could deacetylate Nhlh2  in POMC 
neurons causing its activation of Nhlh2 that in turn has a 
direct role for transcriptional control of PC1. JAK, 
Janus-activated kinase; IRS, insulin receptor substrate; 
PIP2, phosphatidylinositol-4,5-bisphosphate; PIP3, 
phosphatidylinositol- 3,4,5-trisphosphate; PI3K, phos-
phoinositide 3-kinase; STAT3, signal transducer and 
activator of transcription 3; Akt, protein kinase B; ac, 
acetyl; p, phosphate; GABA, gamma-aminobutyric acid. 
(This figure is adopted from our prior publication on the 
Molecular and Cellular Endocrinology (Mol Cell 
Endocrinol. 2016 Dec 15;438:77–88))
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of the PC1 and PC2 mRNA and a-MSH peptides 
was reduced (Jing et al. 2004). In a further study, 
it was shown that Nhlh2 is part of the Janus 
kinase/STAT signaling pathway and is involved 
in the control of PC1 transcription by STAT3 
after leptin stimulation (Fox and Good 2008). 
Interestingly, recent studies proposed that Nhlh2 
is also involved in motivation behavior for exer-
cise (Good et al. 2015) and it is also directly reg-
ulated by SIRT1 (Libert et  al. 2011). SIRT1 
deacetylates and activates Nhlh2, which in turn 
has a direct role for transcriptional control of 
PC1. Since food abundance suppresses SIRT1 
and food scarcity increases SIRT1 in the ARC, it 
is possible that during fasting SIRT1 activation of 
Nhlh2 may affect PC1 in POMC neurons, an area 
worth exploring.

DIO results in increased hypothalamic SIRT1 
expression. Central SIRT1 inhibition in DIO 
increases the α-MSH peptide released into PVN 
to stimulate TRH neurons, but these effects were 
not seen in lean rats (Table  6.1). In obese rats, 
TRH peptide levels were elevated in the PVN 
along with circulating levels of the active thyroid 
hormone T3, a generally accepted indicator of 
energy expenditure (Nillni 2010), yet no changes 
in TRH or T3 were detected in lean rats treated 
with EX-527 under the same conditions. 
However, EX-527 treatment resulted in a signifi-
cant increase in plasma T3 levels in lean rats upon 
prolonged fasting (Cakir et  al. 2009). These 
results suggest that regulation of POMC by 
SIRT1 is nutrition and stress dependent. In view 
of these findings, it seems that physiological 
changes or metabolic stressors affect prohormone 
processing. For example, we now know that cold 
stress (Nillni et al. 2002) and endoplasmic reticu-
lum stress (Cakir et al. 2013) produce alterations 
in the processing of proTRH and POMC, respec-
tively. Central SIRT1 inhibition further increases 
ARC POMC and CPE biosynthesis in DIO rats. 
This change in CPE was correlative with increases 
in a-MSH and TRH in the PVN of DIO rats as 
well as circulating T3 levels and oxygen con-
sumption. These results collectively support the 
hypothesis that central SIRT1 promotes positive 
energy balance, as shown earlier (Cakir et  al. 
2009), and blocking SIRT1’s hypothalamic activ-

ity can promote a negative energy balance and 
weight loss. Supporting the notion of SIRT1 act-
ing on the HPT axis, a previous study showed 
that SIRT1 positively regulates TSH exocytosis 
from pituitary thyrotropes (Akieda-Asai et  al. 
2010). Together these results suggest that SIRT1 
regulates the HPT axis at various levels and that 
regulation depends on the nutritional status. 
Since a-MSH can affect energy expenditure 
through several mechanisms (Xu et  al. 2011), 
future studies should explore alternative  pathways 
underlying the increase in energy expenditure 
with central SIRT1 inhibition especially in the 
context of metabolic syndrome and obesity.

6.4.2  SIRT1 Regulates proCRH

The major role of CRH neurons present in the 
PVN is to regulate the adrenal axis. Stimulation 
of the adrenal axis by CRH produces an increase 
of circulating glucocorticoids (GC) from the 
adrenal gland affecting energy metabolism as 
well as glucose metabolism. Chronic increases of 
basal GC are associated with increased food drive 
and enhanced abdominal adiposity. Early studies 
by Vale and others showed a role for CRH (Vale 
et  al. 1981b) in mediating the stress response 
(Kovács 2013). However, CRH also regulates 
metabolic, immunologic, and homeostatic 
changes under normal and pathologic conditions 
(Chrousos 1995; Seimon et al. 2013; Sominsky 
and Spencer 2014). CRH exerts an anorexigenic 
effect in through its direct action within the hypo-
thalamus (Heinrichs et al. 1993). However, glu-
cocorticoids, whose level rises in response to 
CRH action in the pituitary, act as orexigenic 
agents. Accordingly, ob/ob and db/db mice have 
elevated glucocorticoid levels when compared to 
DIO wild-type mice, and the response of hypo-
thalamic CRH levels to nutritional challenges in 
wt vs. the ob/ob mice is different (Jang and 
Romsos 1998).

Although CRH is expressed in mast cells (Cao 
et al. 2005), amygdala, locus, and hippocampus, 
the PVN-derived CRH has a major role in metab-
olism (Raadsheer et al. 1993; Ziegler et al. 2007; 
Korosi and Baram 2008). CRH is produced in the 
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medial parvocellular division of the PVN and 
functions as the central regulator of the HPA axis 
(Aguilera et  al. 2008). The levels of bioactive 
CRH secreted to the circulation are dependent on 
different peripheral and brain inputs and on the 
ability of the cell in performing an effective post-
translational processing from its precursor pro-
CRH by the PCs. Like most hypophysiotropic 
neurons, CRH is released from nerve terminals 
anteriorly juxtaposed to the median eminence 
where fenestrated capillaries in the hypophyseal 
portal system facilitate a rapid exchange between 
the hypothalamus and the pituitary (Rho and 
Swanson 1987). Upon binding to its corticotropin- 
releasing hormone receptor 1 (CRHR1) (Lovejoy 
et al. 2014) in corticotropic cells, CRH stimulates 
the synthesis and secretion of adrenocortico-
tropic hormone (ACTH) derived from POMC as 
well as other bioactive molecules such as 
β-endorphin (Solomon 1999). ACTH engages the 
melanocortin 2 receptor expressed by cells of the 
adrenal cortex and stimulates the production and 
secretion of steroid hormones such as cortisol 
(Veo et al. 2011). Both ACTH and GC function to 
regulate HPA axis activity via long and short neg-
ative feedback loops that signal at the level of the 
hypothalamus, extra-hypothalamic brain sites, 
and the adenohypophysis.

Among the brain circuitries involved in the 
control of food intake and energy expenditure 
capable of integrating peripheral signals is the 
CRH system, which has many clusters of brain 
neurons and the closely related peptides includ-
ing urocortin (Henckens et al. 2016). The CRH 
system showed to have a certain degree of plas-
ticity in obesity and in starvation. Based on those 
observations, it is possible that obesity can block 
or activate the expression of the CRH type 2 
alpha receptor in the ventromedial hypothalamic 
nucleus and induce the expression of the CRH- 
binding protein in brain areas involved in the 
anorectic and thermogenic actions of CRH 
(Richard et  al. 2000; Mastorakos and Zapanti 
2004; Toriya et  al. 2010). On the other hand, 
CRH acting in the adrenal axis stimulates the 
production GC that promotes positive energy bal-
ance partly by affecting glucose metabolism and 
lipid homeostasis and increasing appetite drive 

(Tataranni et al. 1996). Although a consensus on 
the exact role of adrenal activity in relation to 
energy dysfunction has yet to be reached, 
increased and sustained basal GC is implicated in 
the development of visceral obesity, insulin resis-
tance, and metabolic disease (Spencer and 
Tilbrook 2011; Laryea et  al. 2013; Kong et  al. 
2015).

The first evidence showing that SIRT1 could 
regulate CRH came from recent studies con-
ducted in our laboratory (Toorie et al. 2016). We 
showed that PVN SIRT1 activates the HPA axis 
and basal corticoid levels by enhancing the bio-
synthesis of CRH through an increase in the bio-
chemical processing of proCRH by PC2, a key 
enzyme in the maturation of CRH from proCRH 
(Fig. 6.2), also demonstrated in an in vivo model 
(Dong et al. 1997). Moreover, in the DIO state, 
PVN SIRT1 increases basal (not stress induced) 
circulating corticoids in a manner independent of 
preproCRH transcriptional changes. Instead, 
SIRT1’s effects on adrenal activity are mediated 
via a posttranslational processing mechanism in 
concert with an increase in PC2. Increased 
 hypophysiotropic CRH release from the PVN 
stimulates pituitary ACTH synthesis and release 
and in turn increased circulating basal corticoid 
concentrations (Toorie et  al. 2016). Cumulative 
findings from this study suggest that increasing 
PVN SIRT1 activity results in an increase in the 
amount of CRH targeted to the anterior pituitary, 
thereby enhancing ACTH signaling and basal 
corticoid concentration. Furthermore, our results 
demonstrate that inhibiting SIRT1 specifically in 
the PVN of obese rodents caused a reduction in 
PVN proPC2 and the active form of PC2, but not 
PC1, protein. This decrease in PC2 was associ-
ated with a decrease in CRH in the ME, as well as 
reduced circulating corticoids, effects that were 
not observed in lean individuals (Toorie et  al. 
2016) (Fig.  6.2). It is possible that the SIRT1- 
CRH axis in the PVN is responsible, at least in 
part, for the improved glucose homeostasis 
observed in neuronal SIRT1 KO mice (23457303).

In the same line of studies, we identified that 
the transcription factor FoxO1 is responsible for 
the upregulation of PC2 (Toorie et  al. 2016). 
Since FoxO1 is a positive transcriptional regulator 
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of SIRT1 (Xiong et al. 2011), FoxO1 could also 
act as upstream of SIRT1 and, in turn, affect PC2 
(Fig.  6.2). In summary, SIRT1 deacetylates 
Fox01 to upregulate PC2 but may also have a 
direct action on proPC2 to enhance the process-
ing of proPC2 to PC2 (Toorie et  al. 2016). 
Another observation from these studies was that 
inhibition of PVN SIRT1 activity did not signifi-
cantly alter sated glucose levels; however, there 
was a trend for decreased glucose in DIO ani-
mals. Nevertheless, it resulted in a significant 

increase in sated serum insulin in obese rats. 
These results were consistent with another study 
showing that loss of functional SIRT1 in neurons 
of the central nervous system enhanced both 
brain and peripheral insulin sensitivity and 
reversed the hyperglycemia associated with obe-
sity (Lu et  al. 2013). On the other hand, an 
increase in the activity of SIRT1  in the medial 
ARC of lean rats was sufficient to improve glu-
cose homeostasis and increase insulin sensitivity 
(Knight et al. 2011). This apparent contradiction 

Fig. 6.2 Model depicting SIRT1’s regulation on pro-
CRH. During high-fat feeding, an increase of PVN SIRT1 
is recorded and in turn promotes the increase proPC2 and 
its active form PC2. The effect of SIRT1 on preproPC2 
appears to be mediated by FoxO1 or through preproPC2 
directly. Since FoxO1 is a positive transcriptional regula-
tor of SIRT1, FoxO1 could also act as upstream of SIRT1 
and, in turn, affect PC2. The increased in PC2 production 
enhances proCRH processing, thus increasing CRH out-
put to the hypophyseal portal system. The increase in 
CRH release to the circulation in turn increases POMC 
biosynthesis and processing in the anterior pituitary lead-
ing to more production of ACTH by corticotroph cells of 

the anterior pituitary. ACTH then acts on the adrenal cor-
tex, stimulating the production and release of cortisol, 
thereby promoting a positive energy balance that may ulti-
mately lead to excessive weight gain if unresolved. AC, 
acetyl; black bars in the proCRH molecule indicate the 
site of pair of basic residues; HFD, high-fat diet; PVN, 
paraventricular nucleus of the hypothalamus. Arrows 
directed to PC2 from SIRT1 and FoxO1 indicate the sug-
gested possible actions on preproPC2 gene and proPC2 
protein posttranslational processing. (This figure is 
adopted from our prior publication on the Molecular and 
Cellular Endocrinology (Mol Cell Endocrinol. 2016 Dec 
15;438:77–88))
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shows that, as seen for many enzymes, that the 
role of SIRT1  in metabolism is tissue-specific. 
However, we can say that brain SIRT1 is involved 
in regulating insulin and glucose homeostasis. 
Interestingly, in addition to the regulatory role of 
SIRT1 in the thyroid and adrenal axes, it was also 
shown that SIRT1 regulates the gonadal axis in 
mediating Leydig and Sertoli cell maturity by 
regulating steroidogenic gene expression and, at 
the central level, by increasing the expression of 
gonadotropin-releasing hormone, thereby result-
ing in increased circulating luteinizing hormone 
and intratesticular testosterone levels (Kolthur- 
Seetharam et  al. 2009), which accounts for the 
fact that the survivals of embryonic SIRT1 dele-
tion are sterile. Finally, it is possible that other 
hypothalamic nutrient sensors might participate 
in the regulation of the CRH axis. For example, 
central administration of citrate suppressed the 
activity of hypothalamic AMPK and resulted in 
increased expression of CRH and POMC, but 
inhibited NPY expression (Stoppa et al. 2008).

In summary, SIRT1 regulates the CRH pep-
tide by regulating the processing of PC2 and 
FoxO1 adding a novel regulatory link between 
PVN SIRT1 and HPA axis activity. Together, 
these results suggest that PVN SIRT1 has the 
capacity to activate the adrenal axis and increase 
basal GC levels via its positive regulation of 
PC2- (and possibly PC1)-mediated processing of 
proCRH into bioactive CRH.

6.5  Concluding Remarks

The last two decades have witnessed an enor-
mous leap in our understanding of the central 
regulation of whole-body energy metabolism. 
With the help of recent advances in mouse genet-
ics, electrophysiology, and optogenetic tech-
niques, it has been possible to identify the role of 
peripheral hormone receptors and neuronal cir-
cuits involved in the action of these hormones on 
behavior and peripheral tissue functions at spatial 
resolution. A key component in maintaining 
energy balance is the hypothalamus, and the dis-
covery of an increasing number of peptide hor-
mones within the hypothalamus that contribute to 

the process of energy homeostasis has been para-
mount to this progress. Furthermore, since the 
discovery of the PCs in the late 1980s, a new 
frontier on the propeptide hormone biosynthesis 
and processing research had come to surface.

Another major progress was done with the dis-
covery of nutrient sensors in their ability to sense 
and respond to fluctuations in environmental and 
intracellular nutrient levels. The last nutrient sen-
sor that came to surface as an important energy 
balance regulator is SIRT1. The function of 
SIRT1 on overall metabolism depends on the tis-
sue of interest: While peripheral SIRT1 activity 
positively correlates with overall health and phys-
iology, central SIRT1’s role in energy balance 
showed convincing evidence that points to pro-
moting positive energy balance. One of SIRT1’s 
effector targets, FoxO1, plays a crucial role in 
determining whether SIRT1 will function to pro-
mote negative or positive energy balance. A fasci-
nating aspect of this regulation is that SIRT1 
directly regulates the biosynthesis of POMC and 
proCRH in the ARC and PVN, respectively, while 
at the same time coordinating prohormone pro-
cessing, at least through the regulation of PC2.

As described above, due to the cell-specific 
nature of SIRT1’s action in promoting either pos-
itive or negative energy balance in response to 
dietary excess, a more targeted therapy approach 
against cell-specific downstream mediators of 
SIRT1 signaling may prove beneficial in combat-
ing obesity and the physiological outcomes that 
predispose to the development of metabolic dis-
orders. Indeed, as demonstrated by Ren and col-
leagues, ablation of GRP17, a G-coupled protein 
receptor and a downstream target of FoxO1 that 
is prominently expressed in AgRP neurons, 
results in enhanced anabolic activity and 
decreased food intake (Ren et al. 2012). Targeted 
therapeutic approaches may help to circumvent 
the potentially deleterious and counterproductive 
mechanisms of global SIRT1 activation/inactiva-
tion. Coordinating the activity of other master 
nutrient sensors, namely, AMPK and mTOR, 
SIRT1 emerges as a master regulator of energy 
homeostasis in the CNS.  Collectively, evidence 
points to brain SIRT1 in mediating the adaptive 
responses to nutritional stress via its broad regu-
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lation of mechanisms involved in energy homeo-
stasis. It is notable, however, that central SIRT1 
inhibition or neuronal SIRT1 ablation is suffi-
cient to promote negative energy balance. 
Therefore, approaches aimed at enhancing 
peripheral SIRT1 activity, while reducing central 
SIRT1 activity, may prove most beneficial in the 
treatment of obesity.

Questions

 1. How do nutrient sensors detect the cellular 
energy status? What are the similarities and 
differences between AMPK, SIRT1, and 
mTOR in this regard? What are some of the 
inputs recognized by them?

 2. What is the relationship between the anatomi-
cal location of the ARC and its sensing the 
circulating nutritional and hormonal signals?

 3. Discuss the potential problems associated 
with the Cre-LoxP technology in regard to its 
use in the metabolic studies.

 4. What are some of the possible reasons for dif-
ferent phenotypes reported in the literature on 
the role of hypothalamic nutrient sensors on 
energy metabolism? Discuss the advantages 
and disadvantages of genetic and pharmaco-
logical approaches utilized.

 5. The regulation of gene expression of the 
hypothalamic neuropeptides is governed at 
various levels, including their transcription 
and posttranscriptional processing/modifica-
tions. At what stages do nutrient sensors inter-
fere with the gene expression of hypothalamic 
neuropeptides?
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DPP-4 Dipeptidyl peptidase 4
GCGR Glucagon receptors
GHSR Growth hormone secretagogue 

receptor type 1a
GI Gastrointestinal
GIP Gastric inhibitory polypeptide
GLP-1 Glucagon-like peptide-1
GLP1R Glucagon-like peptide-1 receptor
GLP-2 Glucagon-like peptide-2
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7.1  Introduction: General 
Aspects of Gastrointestinal 
Hormones

Gastrointestinal (GI) hormones are produced by 
specialized enteroendocrine cells that are located 
in the epithelial layer throughout the whole GI 
tract. All together, these cells form the biggest 
endocrine organ of the body and produce the 
largest number of hormones (Ahlman and Nilsson 
2001; Valle 2014). Enteroendocrine cells are 
characterized as being either open- or closed- 
type. Open-type cells display direct contact with 
the GI lumen and are able to sense molecules 
present in the luminal content, such as nutrients, 
which play a major regulatory role on hormone 
secretion. In contrast, closed-type cells lack con-
nection with the lumen because their apical side 
is enclosed by epithelial cells. Closed-type cells 
are mainly regulated by molecules coming from 
the GI capillaries or by autonomic activity. 
Interestingly, some enteroendocrine cells display 
long cytoplasmic basal processes that are filled 
with secretory granules and extend beneath the 
absorptive epithelium in order to facilitate the 
communication with adjacent cells.

The biosynthesis of GI hormones is a complex 
cellular process, which involves the initial bio-
synthesis of polypeptide precursors that are fur-
ther cleaved, sorted, and post-translationally 
modified within the regulated secretory pathway 
in order to generate the bioactive peptides 
(Perello and Nillni 2007; Wren and Bloom 2007). 
Initially, pre-prohormones are synthesized on 
membrane-bound ribosomes, by which they are 
translocated into the lumen of the rough endo-
plasmic reticulum. In the endoplasmic reticulum, 
the signal peptide of the pre-prohormone is 
removed by a signal peptidase. Then, the newly 
synthesized prohormone is transported to the 
Golgi complex, which is the branch point where 
trafficking pathways emanate in order to generate 
the mature secretory granules that store the 
mature GI hormones. During this vectorial trans-
port, the prohormones are subjected to post- 
translational modifications, which vary for the 
different GI hormones, in order to generate the 
bioactive peptides. Some frequent post- 

translational modifications affecting GI hor-
mones include (1) the cleavage of the 
prohormones at the C-terminus of paired basic 
residues by proteases named prohormone conver-
tases (PC), such as PC1/3 or PC2; (2) trimming 
of the C-terminal basic residues of the 
prohormone- derived peptides by exopeptidases, 
such as carboxypeptidases; and (3) carboxy- 
terminal amidation by the peptidylglycine 
α-amidating monooxygenase enzyme (PAM). In 
addition, the biosynthesis of some GI hormones 
involves specific post-translational modifica-
tions, such as sulfation or octanoylation, which 
are described below for each case. The post- 
translational modifications of the GI hormones 
are essential not only for peptide stability but also 
to ensure specific binding to their corresponding 
receptors.

GI hormones stored in secretory granules are 
released upon cell stimulation. GI hormone 
secretion mainly occurs in the basolateral side of 
enteroendocrine cells and seems to be regulated 
by nutrients, which activate specific nutrient 
receptors or transporters, as well as by different 
hormones and neurotransmitters (Steinert et  al. 
2017; Valle 2014). The secretion of all GI hor-
mones is a reciprocally coordinated process, and 
their local action strongly controls the secretion 
of each other, as described below. In addition, the 
GI motility affects the secretion of some GI hor-
mones. Secreted GI hormones can act locally on 
either vagal afferents and/or nearby cells or dif-
fuse into GI capillaries to further reach the sys-
temic circulation and act on distant tissues. 
Notably, the GI hormone levels acting locally are 
much higher than the levels in other organs, such 
as the brain. In addition, it is important to note 
that the half-life of most GI hormones is very 
short (ranging between 1 and 20 min), suggesting 
that their inactivation is another level that regu-
lates their concentration.

The action of the GI hormones described in 
this chapter is mediated through G protein- 
coupled receptors (GPCRs), which contain an 
extracellular amino terminus, seven lipophilic 
transmembrane domains, and an intracellular 
carboxyl terminus (Mace et al. 2015; Valle 2014). 
Upon binding of the specific GI hormone, the 
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GPCR increases its affinity for a downstream G 
protein that transduces the signal to an intracel-
lular event. G proteins consist of a trimer of 
alpha, beta, and gamma subunits and are classi-
fied according to their alpha subunit type in Gαs, 
Gαi/o, Gαq/11, and Gα12/13 G proteins. Upon GPCR 
activation, the beta and gamma subunits dissoci-
ate from the alpha subunit, which exchanges a 
molecule of guanosine diphosphate for guano-
sine triphosphate (GTP). The GTP-bound alpha 
subunit regulates specific downstream signaling 
cascades. The Gαs or Gαi/o pathways display a 
stimulatory or inhibitory effect, respectively, on 
the activity of adenylate cyclases that catalyze 
the conversion of cytosolic adenosine triphos-
phate to cyclic adenosine monophosphate 
(cAMP), a second messenger that activates the 
protein kinase A. The target of the Gαq/11 pathway 
is phospholipase C, which cleavages phosphati-
dylinositol 4,5-bisphosphate into the second 
messengers inositol (1,4,5)-trisphosphate (IP3) 
and diacylglycerol (DAG). IP3 acts at the endo-
plasmic reticulum to elicit Ca2+ release, while 
DAG diffuses along the plasma membrane where 
it activates protein kinase C. Elevated intracellu-
lar Ca2+ also activates calmodulins, which in turn 
activate Ca2+/calmodulin-dependent kinases. The 
Gα12/13 pathway regulates cell processes through 
guanine nucleotide exchange factors that activate 
the cytosolic small Rho GTPase. Usually each GI 
hormone mainly activates one type of signaling 
cascade; however, some GI hormones activate 
multiple signaling cascades, which greatly 
increase the complexity of their function. In addi-
tion to the classical signaling pathways, some GI 
hormones have been shown to activate G protein- 
independent pathways, including the mitogen- 
activated protein kinase and extracellular 
signal-regulated kinase signaling pathways.

The GPCRs for GI hormones mediate their 
actions in the peripheral tissues as well as in the 
central nervous system (CNS). In addition to 
integrating GI functions, some GI hormones play 
an important role in the regulation of body energy 
homeostasis. The mechanisms by which some GI 
hormones regulate energy homeostasis are 
diverse and involve control of meal size, meal 
timing, hedonic aspects of eating, and adiposity 

as well as the regulation of the meal-related gly-
cemia. Here, we focus on four GI hormones: 
ghrelin, cholecystokinin (CCK), glucagon-like 
peptide-1 (GLP-1), and peptide tyrosine-tyrosine 
(PYY), which likely play a relevant role in the 
control of the energy homeostasis. In addition, 
we briefly review the role of oxyntomodulin 
(OXM), pancreatic polypeptide (PP), and soma-
tostatin (SST), which may also play a role on 
energy balance.

7.2  Ghrelin

Ghrelin is a 28-residue octanoylated peptide hor-
mone discovered by Kojima in 1999 (Kojima 
et al. 1999). Ghrelin is the only known secreted 
peptide modified by an O-octanoylation; in addi-
tion, ghrelin is the only peptide hormone known 
to increase food intake (Kojima and Kangawa 
2010). In contrast to other GI hormones that 
mainly impact on meal size and frequency, ghre-
lin seems also relevant for the long-term control 
of energy intake and body weight regulation as its 
plasma levels are inversely related to body adi-
posity in healthy-weight, obese, and weight- 
reduced humans (Cummings 2006; Perello and 
Zigman 2012). Ghrelin regulates both homeo-
static and hedonic aspects of eating (Perello and 
Zigman 2012). Ghrelin may also contribute to 
glycemic control and, to a lesser extent, to the 
regulation of the GI motility (Steinert et al. 2017). 
Figure 7.1 depicts the GI regions producing ghre-
lin as well as the key targets and the main actions 
of this GI hormone.

Ghrelin is predominantly synthesized by 
closed-type enteroendocrine ghrelin cells located 
within the gastric oxyntic fundic mucosa, previ-
ously referred to as P/D1-type cells in humans 
and A like-type cells in rodents (Kojima and 
Kangawa 2010). The synthesis of ghrelin is atyp-
ical as it involves the enzyme ghrelin 
O-acyltransferase (GOAT), which catalyzes 
ghrelin octanoylation. GOAT is present in the 
endoplasmic reticulum and acylates proghrelin 
before being translocated to the Golgi (Gutierrez 
et al. 2008; Yang et al. 2008). In the Golgi com-
plex, the octanoylated proghrelin is cleaved by 
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PC1/3. Since the 28 residues of ghrelin sequence 
immediately follow the signal peptide, the 
N-terminal fragment generated by cleavage of 
proghrelin produces bioactive ghrelin, whereas 
the C-terminal fragment further yields a peptide 
named obestatin (Takahashi et al. 2009; Zhu et al. 
2006). Initial reports indicated that obestatin had 
anorexigenic effects; however, further studies 
could not confirm such observations, and its role 
on energy balance is still under debate (Gourcerol 
et  al. 2007; Nogueiras et  al. 2007; Zhang et  al. 
2005). Ghrelin is also secreted as a des- 

octanoylated version, named des-acyl ghrelin, 
which circulates even at higher levels than ghre-
lin because it is also produced in plasma by ghre-
lin deacylation (De Vriese et  al. 2004). Some 
studies suggest that des-acyl ghrelin displays 
some actions in a GHSR-independent manner; 
however, no specific receptor for des-acyl ghrelin 
has yet been reported, and, as a consequence, the 
role of this peptide remains uncertain (Callaghan 
and Furness 2014).

Ghrelin levels display a surge before meals, 
decline after meals, and then increase gradually 
until the next preprandial peak (Cummings 
2006). In addition, ghrelin levels are elevated in 
energy deficit conditions, such as fasting, malnu-
trition, anorexia nervosa, or cachexia (Cummings 
2006). Since the half-life of plasma ghrelin is 
very short (Akamizu et al. 2004), the dynamics of 
ghrelin levels highly depends on its secretion. 
Ghrelin levels after meals are reduced by the con-
sumption of all three macronutrients, although 
carbohydrates and proteins are more potent than 
isoenergetic lipid loads (Foster-Schubert et  al. 
2008; Steinert et al. 2017). The post-meal inhibi-
tion of ghrelin secretion is not due to signals 
arriving from the gastric lumen, since ghrelin 
cells are closed-type. Still, ghrelin cells express 
several nutrient-sensing receptors suggesting that 
ghrelin secretion is regulated by circulating nutri-
ents (Steinert et  al. 2017). In support of this 
notion, it has been shown that ghrelin secretion in 
humans is unaffected by intraduodenal glucose 
infusion but is inhibited when glucose reaches 
distal to the duodenum and proximal jejunum 
(Little et al. 2006). Post-meal ghrelin secretion is 
also inhibited by GI hormones that are recruited 
by nutrient ingestion. In particular, intravenous 
infusions of CCK or PYY reduce ghrelin levels in 
humans, whereas GLP-1 infusions fail to affect it 
(Batterham et  al. 2003; Brennan et  al. 2007; 
Degen et al. 2005). Other hormones that contrib-
ute to the post-meal inhibition of ghrelin secre-
tion include insulin that decreases ghrelin levels 
and is necessary for the post-meal ghrelin reduc-
tion (Flanagan et al. 2003; Mohlig et al. 2002). In 
contrast, leptin fails to affect ghrelin levels (Chan 
et al. 2004). The autonomic nervous system does 
not seem to mediate the post-meal ghrelin 

Fig. 7.1 Ghrelin production and effects on energy 
homeostasis. Ghrelin is produced in the gastric mucosa 
(extent indicated by intensity of light blue shading). The 
pathways by which ghrelin exerts its effects on energy 
balance are mainly central but might also involve signal-
ing through GI vagal afferents (solid and dashed light blue 
arrows, respectively)
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 inhibition but is critical for stimulating ghrelin 
secretion during fasting in both humans and ani-
mals (Broglio et al. 2004; Hosoda and Kangawa 
2008; Zhao et al. 2010).

There is a single ghrelin receptor, named the 
growth hormone secretagogue receptor type 1a 
(GHSR) (Cruz and Smith 2008; Howard et  al. 
1996). GHSR displays some uncommon features 
that greatly increase the complexity of its func-
tion. GHSR is the GPCR with the highest known 
constitutive activity, signaling about 50% of the 
maximum activity in the absence of ghrelin 
(Holst et al. 2003). Interestingly, ghrelin-evoked 
activation of GHSR mainly recruits Gαq/11 signal-
ing pathway while the ghrelin-independent activ-
ity of GHSR not only activates Gαq/11 signaling 
but also involves Gαi/o signaling (Holst et al. 2003; 
Lopez Soto et al. 2015). Additionally, GHSR het-
erodimerizes with other GPCRs, and such inter-
action mutually impacts on the signaling 
pathways of each receptor (Schellekens et  al. 
2015). GHSR is mainly expressed in the pituitary 
as well as in some regions of the CNS, which 
mediates ghrelin actions on food intake, gastric 
function, and glucose homeostasis (Cruz and 
Smith 2008).

Ghrelin administration increases gastric emp-
tying; however, it is uncertain if endogenous pat-
terns of ghrelin levels are sufficient to affect 
gastric emptying in humans (Jones et  al. 2012; 
Levin et al. 2006; Steinert et al. 2017). Pre-meal 
ghrelin levels correlate with hunger sensations 
and meal size, and administration of ghrelin to 
humans strongly increases food intake; still, the 
causal role of ghrelin in hunger remains unclear 
(Cummings 2006). Studies in rodents have shown 
that ghrelin plays a key role in the regulation of 
food intake (Perello and Zigman 2012). The main 
target of the orexigenic actions of ghrelin are the 
neuropeptide Y (NPY)-producing neurons of the 
arcuate nucleus (ARC) that express high levels of 
GHSR (Cabral et  al. 2016; Perello and Raingo 
2014). In contrast to rodents, intact vagal affer-
ents seem to be required for ghrelin-induced food 
intake in humans (Arnold et  al. 2006; le Roux 
et al. 2005). Additionally, ghrelin affects reward-
ing aspects of eating by modulating the activ-
ity  of the mesolimbic pathway (Perello and 

Zigman 2012). By acting at the central level, 
ghrelin also promotes adiposity (Al Massadi 
et al. 2017). On the other hand, ghrelin affects the 
glycemic control by activating a variety of mech-
anisms that tend to increase glucose levels. 
Intravenous infusion of ghrelin reduces insulin 
levels in response to glucose infusion and 
increases growth hormone and cortisol levels, 
without any effect on glucagon or epinephrine 
levels (Tong et al. 2013). Studies in mice indicate 
that the insulin-inhibitory and glucagon- 
stimulatory effects of ghrelin involve a direct 
pancreatic action (Chuang et al. 2011; Kurashina 
et al. 2015).

7.3  Cholecystokinin

CCK was discovered at the beginning of the 
twentieth century by Bayliss and Starling (Bayliss 
and Starling 1902). CCK is structurally related to 
gastrin: they share a 5-residue sequence at the 
C-terminal that includes an amidated phenylala-
nine that is key to their bioactivity (Eysselein 
et al. 1986). Although gastrin is believed to have 
evolved from CCK by gene duplication, it does 
not regulate food intake in mammals but rather 
gastric acid secretion. CCK is secreted after 
meals in response to the products of carbohy-
drate, lipid, and protein digestion, and it is recog-
nized as the best-established GI endocrine 
satiation signal in humans. In addition, CCK con-
tributes to the control of meal-related glycemia 
indirectly, via its effect on gastric emptying, as 
well as directly via control of hepatic glucose 
production (Steinert et  al. 2017). Figure  7.2 
depicts the GI regions producing CCK as well as 
the key targets and the main actions on energy 
balance of this GI hormone.

CCK is produced by open-type cells tradition-
ally denominated I cells, which are found in the 
proximal part of the small intestine (duodenum 
and jejunum). For the CCK synthesis, pre- 
proCCK is initially cleaved and yields the signal 
peptide and the proCCK polypeptide. Then, three 
out of four tyrosine residues in proCCK are sul-
fated by protein tyrosine sulfotransferase in the 
Golgi complex, and sulfated proCCK is sorted 
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into immature secretory granules (Beinfeld 
2003). The structure of proCCK allows cleavage 
by PC1/3, PC2, and PC5 at six monobasic motifs, 
leading to the formation of CCK-58, CCK-39, 
CCK-33, CCK-22, and CCK-8 (Beinfeld 2003). 
These CCK forms share the sulfated 8 residues at 
their C-terminal side, which is trimmed by car-
boxypeptidases and amidated by PAM. The most 
abundant CCK form in the intestine is CCK-58, 

followed by CCK-39, CCK-33, and CCK-8, 
whereas in the brain CCK-8 is the most abundant 
form (Eysselein et al. 1986). The fact that CCK-8 
is the major form in the brain may allow a fast 
degradation after release, while the larger forms 
might be more difficult to degrade by the kidney 
and liver leading to a longer biological half-life in 
circulation (Beinfeld 2003).

CCK secretion is directly and indirectly stim-
ulated by intraluminal nutrients, which are sensed 
by a variety of nutrient receptors expressed on the 
apical surface of I cells (Steinert et al. 2017). In 
humans, CCK secretion is highly elicited by lip-
ids and proteins and to a lesser extent by carbohy-
drates (Dockray 2009). Additionally, CCK 
secretion is stimulated by the CCK-releasing fac-
tors “pancreatic monitor peptide” and “intestinal 
luminal CCK-releasing factor” (Steinert et  al. 
2017; Wang et al. 2002).

Two CCK receptors have been identified and 
named CCK-1R and CCK-2R (Dufresne et  al. 
2006). Interestingly, the ligand binding domain 
of CCK receptors is different. CCK-1R is highly 
specific for sulfated CCK forms, whereas the 
CCK-2R shows only a 10- to 20-fold higher pref-
erence for the sulfated forms and binds to gastrin 
with similar affinity (Huang et  al. 1989; Miller 
and Desai 2016). CCK receptors predominantly 
couple to Gαq/11 signaling pathway (Miller and 
Desai 2016; Wank 1995). In rats, CCK-1R is 
mainly expressed in the GI tract and participates 
in the digestive process, while CCK-2R is mostly 
present in the CNS, where it is involved in satiety 
(Wank 1995). Both CCK receptors are present in 
vagal afferent fibers projecting to the nucleus of 
the solitary tract (NTS) in the brainstem, which 
controls food intake and autonomic functions 
(Corp et al. 1993).

CCK is a potent regulator of the GI function. 
In particular, CCK reduces gastric acid secretion 
and gastric emptying (Whited et al. 2006), while 
it stimulates gallbladder contraction (Liddle et al. 
1985) and exocrine pancreas secretion (Adler 
et  al. 1991). In addition, CCK is the best- 
established GI endocrine satiation signal in 
humans playing a major role in the regulation of 
meal size (Lieverse et  al. 1995). Studies in 
rodents suggest that CCK inhibits eating via both 

Fig. 7.2 CCK production and effects on energy homeo-
stasis. GI-derived CCK is secreted in the proximal small 
intestine (production level indicated by intensity of green 
shading) and exerts its effects on energy balance primarily 
by direct action on the stomach and also by signaling 
through vagal afferents (solid green arrows). Potential 
direct central actions might also be present (dashed green 
arrow). The thickness of the arrows indicates the relative 
importance of each pathway
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local and endocrine mechanisms; however, it 
seems that CCK mainly stimulates satiation in 
humans via activation of CCK-1R on afferent 
vagal sensory neurons (Lieverse et  al. 1995; 
Steinert et  al. 2017; Schwartz et  al. 1993). The 
role of CCK in meal termination does not seem to 
be translated into regulation of long-term energy 
intake since the reduction in meal size induced by 
CCK before every meal is compensated for by an 
increase in meal frequency (Woods 2004). 
Notably, many actions of CCK have been studied 
using synthetic CCK-8, which is relatively easy 
to synthesize and strongly binds to 
CCK-1R.  However, the dominant circulating 
form of CCK is CCK-58 (Eysselein et al. 1986), 
and several studies have revealed that CCK-8 and 
CCK-58 elicit a different pattern of biological 
actions on pancreatic secretion, gastric motility 
(Reeve et al. 1996; Yamamoto et al. 2005), meal 
size reduction (Owyang and Heldsinger 2011), 
and extension of the interval between meals 
(Overduin et  al. 2014). Animal studies indicate 
that CCK affects glucose metabolism by reduc-
ing hepatic glucose production via a vagal-vagal 
reflex (Cheung et  al. 2009). Nonetheless, CCK 
does not seem to play a major role in the glyce-
mic control in humans (Steinert et al. 2017).

7.4  Glucagon-Like Peptide-1

GLP-1 is a GI hormone derived from the pre- 
proglucagon gene that increases in response to 
meals. GLP-1 inhibits food intake and gastric 
emptying; however, it is best known for its potent 
inhibitory effect on the meal-related increases in 
glycemia (Holst 2007). Remarkably, the pre- 
proglucagon gene is also expressed in the pan-
creas and the brain, where proglucagon is subject 
to a different post-translational processing and 
generates different products (Orskov et al. 1986). 
Specifically, proglucagon is cleaved by PC2  in 
pancreatic α cells, whereas it is cleaved by 
PC1/3 in the GI and the brain (Holst 2007). In the 
pancreas, the main products of proglucagon are 
proglucagon1–30 (or glicentin-related pancreatic 
peptide, GRPP, which is inactive), progluca-
gon33–61 (glucagon itself), and proglucagon72–158 

(or major proglucagon fragment, which is also 
inactive). In the brain, proglucagon is produced 
by a subset of neurons of the NTS and gives rise 
to GLP-1 in the same fashion as described below 
for the GI tract (Trapp and Hisadome 2011). 
Figure  7.3 depicts the GI regions producing 
GLP-1 as well as the key targets, the extracellular 
cleavage, and the main actions of this GI 
hormone.

In the GI  tract, GLP-1 is produced by open- 
type L cells located in the distal jejunum and 
ileum (Mojsov et al. 1986). In L cells, progluca-
gon is processed to generate GRPP, progluca-
gon33–69 (also known as OXM), proglucagon78–107 
(GLP-1), and proglucagon126–158 (GLP-2) (Holst 
2007). In humans, the GLP-1 peptide corre-
sponds to the sequence of proglucagon78–107 
amide, and it is designated GLP-1 (7–36amide), 
which is the main circulating form (Holst 2007). 
In rodents, however, about half of the GLP-1 
appears as the Gly-extended form or GLP-1 
(7–37). The Gly corresponding to proglucagon108 
serves as substrate for amidation, but the biologi-
cal consequences of this reaction are unclear, as 
GLP-1 (7–36amide) and GLP-1 (7–37) display 
similar bioactivities and overall metabolism. 
After release, both GLP-1 forms are cleaved to 
the inactive forms GLP-1(9–36amide) and GLP- 
1(9–37) by the enzyme dipeptidyl peptidase 4 
(DPP-4), which is a membrane glycoprotein 
found locally in the GI tract, in circulation, and in 
the liver. Due to its inactivation, only about 
10–15% of the newly secreted GLP-1 reaches the 
systemic circulation in its intact form, suggesting 
that GLP-1 mainly acts locally rather than in an 
endocrine manner (Holst 2007).

The L cells have microvilli protruding into the 
intestinal lumen that sense nutrients, which regu-
late GLP-1 secretion (Holst 2007). GLP-1 secre-
tion is stimulated by dietary carbohydrates and 
fats (Parker et  al. 2010; Hansen et  al. 2011). 
Human studies revealed that the lowest GLP-1 
levels can be seen after overnight fasting; they 
increase rapidly during meals and usually do not 
return to the morning level between meals. While 
oral loads of carbohydrates usually result in 
monophasic increases in GLP-1 levels, mixed- 
nutrient meals induce biphasic patterns, with 

7 Gastrointestinal Hormones Controlling Energy Homeostasis and Their Potential Role in Obesity



190

 secondary peaks after 60–120  min (Carr et  al. 
2010; Steinert et al. 2017).

The GLP-1 receptor (GLP1R) belongs to the 
glucagon receptor family, which is a group of 
GPCRs that also includes the glucagon receptor 
(GCGR), the GLP-2 receptor, and the gastric 
inhibitory polypeptide (GIP) receptor (Mayo 
et al. 2003). GLP1R binds both GLP-1 and gluca-

gon. GLP1R predominantly couples to the Gαs 
pathways (Drucker et  al. 1987; Fehmann et  al. 
1995) but may also activate other Gα pathways 
(Wheeler et  al. 1993). GLP1R is expressed in 
pancreatic islets, throughout the whole GI tract 
(Holst 2007) and in the brain, especially in vagal 
afferents and other areas implicated in food 
intake and energy balance regulation (Alvarez 
et al. 2005).

The most acknowledged effect of intestinal 
GLP-1 is the reduction of meal-related increases 
in glycemia, an effect that mainly takes place by 
stimulating insulin secretion, inhibiting glucagon 
secretion, and slowing gastric emptying (Holst 
2007; Sandoval and D’Alessio 2015; Drucker 
et  al. 1987). GLP-1, together with GIP, plays a 
major role in the incretin effect, which refers to 
the direct effect of some GI hormones on the 
β-cells to enhance glucose-stimulated insulin 
secretion and accounts for around 50–70% of the 
insulin release after carbohydrate intake (Mayo 
et al. 2003). In healthy subjects, GLP-1 may also 
contribute to glycemic control in the fasting state 
mainly via the regulation of gastric emptying and 
glucagon secretion (Steinert et al. 2017; Vilsboll 
et al. 2003; Nauck et al. 1997). Regarding food 
intake control, peripheral administration of 
GLP-1 inhibits eating in many species, including 
humans (Barrera et al. 2011; Williams 2009). The 
mechanism by which intestinal GLP-1 reduces 
food intake in humans remains unsettled, but 
likely involves its action at both vagal sensory 
afferents and CNS targets (Orskov et al. 1996). In 
rodents, GLP1R is expressed in both the ARC 
and the NTS, and GLP-1 seems to directly recruit 
NTS neurons and indirectly act on ARC neurons 
via ascending pathways (Wren and Bloom 2007). 
As described above, the CNS also produces 
GLP-1 that likely contributes to the regulation of 
energy homeostasis (Barrera et  al. 2011; Trapp 
and Hisadome 2011).

7.5  PYY

PYY was first described in 1980 (Tatemoto and 
Mutt 1980) and belongs to the PP-fold family 
that also includes PP and NPY, all of which 

Fig. 7.3 GLP-1 production and effects on energy homeo-
stasis. GLP-1 is secreted in the distal small intestine (level 
of production indicated by intensity of orange shading). 
GLP-1 effects on energy homeostasis are exerted by direct 
action on the endocrine pancreas but also by signaling 
through vagal afferents (solid orange arrows). Potential 
direct central actions have also been suggested (dashed 
orange arrows). Note that upon secretion GLP-1 is heavily 
degraded to inactive forms by DPP-4 (fading orange 
arrow). The thickness of the arrows indicates the relative 
importance of each pathway
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 present a similar U-shaped tertiary structure and 
sequence homology (Wynne and Bloom 2006). 
PYY is released in response to meals and takes 
part in the local regulation of GI activity by slow-
ing GI motility. PYY may also play a role in 
reducing food intake and controlling meal-related 
glycemia (Batterham et  al. 2002; Chandarana 
et  al. 2013). Figure  7.4 depicts the GI regions 
producing PYY as well as the key targets, the 
extracellular cleavage and the main actions of 
this GI hormone.

PYY is produced by L cells, which can also 
co-secrete CCK, GLP-1, glicentin, OXM, and 
GIP to a varying extent (Spreckley and Murphy 
2015; Steinert et al. 2017). L cells are located in 
the distal intestine, mainly in the rectum, fol-
lowed by the colon and ileum (Wynne and Bloom 
2006). Additionally, PYY is expressed in the 
endocrine pancreas and in some neurons of the 
CNS (Spreckley and Murphy 2015). As described 
for the other GI hormone precursors, pre-proPYY 
is initially cleaved by the signal peptidase and 
generates proPYY, which contains the PYY 
sequence at its N-terminal end. Thus, proPYY is 
further cleaved by PCs and the two basic residues 
trimmed by carboxypeptidases in order to gener-
ate PYY1–36-Gly. Finally, the C-terminal end of 
PYY is amidated, a modification required for its 
bioactivity, in order to generate mature PYY1–36 
(Stanley et  al. 2004). Two major circulating 
forms of PYY exist: the full-length PYY1–36, 
which is the secreted form, and a truncated 
PYY3–36 form that results from the DPP-4- 
mediated N-terminal cleavage, which mainly 
occurs in the intestinal lamina propria, liver, cap-
illary endothelium, and blood (Spreckley and 
Murphy 2015; Wynne and Bloom 2006). PYY3–36 
is the predominant form of PYY in circulation 
and is usually regarded as the active form 
(Manning and Batterham 2014; Wynne and 
Bloom 2006).

PYY exhibits a two-phase release profile fol-
lowing a meal. The first-phase response is medi-
ated via neuroendocrine reflexes and likely 
involves CCK and GLP-1, while the second is 
likely driven by sensing of nutrients in the distal 
GI tract (Spreckley and Murphy 2015; Svendsen 
et al. 2015). PYY levels start rising few minutes 

after meals and reach the peak 60–90 min after 
meals, with levels proportional to caloric intake 
and dependent on ingested macronutrient compo-
sition, as larger and more sustained PYY eleva-
tions are induced by lipid ingestion as compared 
to carbohydrate ingestion (Manning and 
Batterham 2014; Spreckley and Murphy 2015; 
Steinert et  al. 2017). The half-life of PYY in 
humans is short, but the sustained postprandial 
release increases its levels for several hours 

Fig. 7.4 PYY production and effects on energy homeo-
stasis. PYY is secreted from the distal intestine (extent 
indicated by intensity of yellow shading) and promptly 
undergoes a cleavage to its main active form by DPP-4 
(intermediate yellow arrow). PYY effects on energy bal-
ance are primarily exerted by signaling through vagal 
afferents but also involve direct central signaling (solid 
outgoing yellow arrows). The thickness of the arrows 
indicates the relative importance of each pathway
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(Spreckley and Murphy 2015). Thus, it takes sev-
eral hours after evening meals to reach typical 
morning fasting levels (Steinert et  al. 2017). 
Interestingly, postprandial profiles of active PYY 
and GLP-1 are often dissimilar because DPP-4 
activates PYY, but inactivates GLP-1 (Mortensen 
et al. 2003).

PYY-related peptides bind to several mem-
bers of the Y receptor (YR) family, all of which 
are GPCRs that couple to Gαi/o pathway 
(Stadlbauer et  al. 2015). Specifically, PYY1–36 
activates Y1R, Y2R, Y4R, and Y5R, while 
PYY3–36 selectively targets Y2R (Dumont et al. 
1995). Importantly, Y2R is expressed in a num-
ber of regions along the GI tract and in vagal 
afferents, as well as in several brain areas 
including the ARC (Steinert et  al. 2017). In 
neurons, Y2R is located at presynaptic termi-
nals, and its activation inhibits neurotransmitter 
release (Stadlbauer et al. 2015).

PYY reduces gastric emptying and acid 
secretion, increases ileal absorption, and delays 
gallbladder and pancreatic secretion (Kirchner 
et al. 2010; Spreckley and Murphy 2015; Wynne 
and Bloom 2006). Thus, PYY is part of the 
feedback mechanism known as the “ileal break,” 
which is elicited by the presence of unabsorbed 
dietary components in the distal GI tract and is 
aimed to slow proximal GI motility in order to 
facilitate efficient digestion and uptake of nutri-
ents (Imamura 2002; Spreckley and Murphy 
2015). PYY may also act as a satiety signal 
(Manning and Batterham 2014; Stanley et  al. 
2004; Wynne and Bloom 2006) since PYY3–36 
administration reduces food intake in both 
rodents and humans (Batterham et  al. 2002; 
Manning and Batterham 2014). This anorexi-
genic effect seems to occur via Y2R and involves 
the inhibition of both orexigenic ARC NPY neu-
rons and vagal afferents fibers (Stadlbauer et al. 
2015; Stanley et  al. 2004; Wynne and Bloom 
2006; Chaudhri et  al. 2006). PYY administra-
tion affects glycemia, but the physiological rel-
evance of endogenous PYY on glucose 
homeostasis in humans is still a matter of debate 
(Manning and Batterham 2014; Persaud and 
Bewick 2014; Steinert et al. 2017).

7.6  Other Gastrointestinal 
Hormones

Oxyntomodulin First reported in 1981 (Bataille 
et al. 1981), OXM is a 37-residue peptide derived 
from the post-translational processing of the pro-
glucagon precursor. OXM is produced by L cells 
of the small intestine, and its distribution along 
the GI tract mirrors that of GLP-1 (Holst 2007; 
Wynne and Bloom 2006; Chaudhri et al. 2006). 
Similarly to GLP-1, OXM is also produced in the 
pancreas and the brain (Stanley et  al. 2004). 
OXM binds to both GLP1R and GCGR, although 
its affinity is almost two orders of magnitude 
lower than their native ligands (Spreckley and 
Murphy 2015). Furthermore, OXM elicits a 
biased GLP1R response as compared with GLP- 
1, as it has less preference toward the Gαs path-
way as compared to the ERK pathway (Pocai 
2014). Similarly to PYY and GLP-1, OXM is 
released after meals in an extent that depends on 
the caloric intake and macronutrient composi-
tion, being mainly stimulated by fat content 
(Huda et al. 2006). The half-life of OXM is short, 
being rapidly degraded in circulation by DPP-4, 
in a similar fashion as GLP-1 (Yi et  al. 2015). 
OXM inhibits gastric secretion, pancreatic exo-
crine secretion, and gastric emptying (Field et al. 
2008). OXM also inhibits food intake, in part, 
due to the suppression of ghrelin levels (Wren 
and Bloom 2007). OXM might be involved in 
long-term energy balance in humans since its 
repeated administration reduces body weight as a 
result of both reduction in food intake and 
increase in energy expenditure (Field et al. 2008). 
Despite OXM binds to both GLP1R and GCGR, 
it mainly inhibits appetite via the GLP1R since 
co-administration of OXM and a GLP1R antago-
nist blocks the anorectic actions of OXM (Dakin 
et  al. 2001; Pocai 2014). In contrast to GLP-1, 
OXM is thought to inhibit food intake by acting 
directly at the ARC level (Wren and Bloom 
2007). This possibility together with the addi-
tional effect of OXM on GCGR may explain the 
reason why this GI hormone is as potent as 
GLP-1 to reduce food intake despite its lower 
affinity for the GLP1R (Wynne and Bloom 2006). 
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OXM also exhibits incretin activity albeit modest 
compared to that of GLP-1 (Du et al. 2012).

Pancreatic Polypeptide PP is an amidated 
36-residue peptide that belongs to the PP-fold 
family and was discovered in 1975 from pancre-
atic extracts (Kimmel et al. 1975; Chaudhri et al. 
2006). PP is mainly produced in specialized pan-
creatic islets cells, called F cells, and to a lesser 
extent in the exocrine pancreas, colon, and rec-
tum (Huda et  al. 2006; Khandekar et  al. 2015; 
Wren and Bloom 2007). As all members of the 
PP-fold family, PP binds to YR showing the high-
est affinity for Y4R but also binding to Y5R and 
Y1R, all of which are expressed in the CNS 
(Huda et al. 2006). The PP production is under 
vagal control (Lean and Malkova 2016), and its 
effects are also mainly mediated by the vagus 
nerve (Choudhury et  al. 2016). PP is released 
after meals, in an amount proportional to the cal-
ories ingested, and in response to hypoglycemia, 
exercise, gastric distension, and elevations in gas-
trin, secretin, and motilin (Field et al. 2008; Huda 
et  al. 2006). Similarly to PYY, PP has a short 
half-life but its levels remain elevated for several 
hours after meals (Chaudhri et  al. 2006; 
Choudhury et  al. 2016). In humans, peripheral 
administration of PP inhibits gastric emptying, 
exocrine pancreatic secretion, and gallbladder 
motility and acutely decreases food intake (Lean 
and Malkova 2016; Wren and Bloom 2007). In 
rodents, peripheral administration of PP also 
reduces food intake and gastric emptying, and 
these effects seem to occur via hypothalamic 
actions but also require the integrity of the vagal 
system (Asakawa et  al. 2003; Khandekar et  al. 
2015). PP inhibits glucagon release through the 
activation of Y1R in pancreatic α cells, and delays 
the postprandial rise in insulin (Aragon et  al. 
2015; Chaudhri et al. 2006).

Somatostatin SST is a cyclic peptide that was 
first identified in 1973  in hypothalamic extracts 
(Brazeau et al. 1973). SST displays a widespread 
distribution in the body, being produced in the GI 
tract, as well as in the brain, peripheral nerves, the 
pancreas, and the retina (Kumar and Grant 2010). 
Most of the circulating SST derives from the 

GI tract, where it is released from D cells as well 
as from intrinsic neurons located in the stomach, 
intestines, and pancreas (Low 2004). Interestingly, 
proSST can yield two bioactive products: a short 
14-residue form (SST-14) and a longer 28-residue 
form (SST-28) that contain an extension at the 
N-terminus (Kumar and Grant 2010). Both SST 
forms present a disulfide bond between cysteine 
residues at positions 1 and 12. SST-28 predomi-
nates in the intestinal mucosal cells, while SST-14 
predominates in the pancreas, the stomach, and 
neural tissues. SST binds to five GPCRs, named 
SSTR1–5. SSTRs 1 to 4 bind SST-14 and SST-28 
with similar affinity, while SSTR5 binds SST-28 
with five- to tenfold higher affinity (Rai et  al. 
2015). All SSTRs are coupled to the Gαi pathway 
and are  widely distributed in the body, although 
SSTR2 and SSTR5 are predominantly expressed 
in the peripheral tissues (Low 2004). SST secre-
tion is increased by a combination of nutritional, 
hormonal, and neural signals after meals (Low 
2004), and SST levels can remain elevated post-
prandially for few hours, despite SST in plasma 
displays a very short half- life (Rai et  al. 2015). 
Well known for its inhibitory physiological actions 
in multiple targets, SST can function via endo-
crine, paracrine, or neurocrine pathways. SST is 
involved in a variety of effects, and it is unclear 
whether its effects on the energy balance are direct 
or indirect, as SST inhibits the release of numer-
ous hormones (Rai et al. 2015). SST inhibits the 
secretion of some GI hormones (CCK, ghrelin, 
GLP-1, GIP, secretin), gastric emptying, and GI 
motility while also inhibiting insulin and glucagon 
secretion from the pancreas (Rai et al. 2015). The 
effect of SST on food intake is unclear as studies in 
rodents have found inconsistent results (Fenske 
et al. 2012; Rai et al. 2015). Still, the relevance of 
SST in the regulation of energy balance remains 
uncertain (Rai et al. 2015; Steinert et al. 2017).

7.7  Gastrointestinal Hormones 
and Obesity

The understanding of the role of the GI hormones 
on the regulation of the mechanisms controlling 
energy balance has notably improved over the 
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last decades. As summarized in Table  7.1, it is 
now clear that CCK, GLP-1, and PYY, which are 
secreted after eating, reduce food intake mainly 
by affecting the timing and size of individual 
meals, while ghrelin, which is secreted before 
eating, may also play a tonic role controlling the 
long-term body weight. Additionally, some GI 
hormones also regulate glucose homeostasis by 
affecting insulin secretion and/or sensitivity as 
well as by affecting gastric emptying, which con-
tributes to the regulation of meal-related glyce-
mia. Thus, GLP-1 strongly controls meal-related 
glycemia via a variety of mechanisms, while 
CCK and PYY decrease gastric emptying but do 
not seem to impact on other aspects of glycemic 
control. In contrast, ghrelin promotes mecha-
nisms that increase glycemia and only slightly 
increases gastric emptying. Given the key role of 
these GI hormones in the regulation of the energy 
homeostasis, it is likely that they are also involved 
in the pathophysiology of obesity, which is the 
most significant growing health concern world-
wide. Currently, the only treatment that produces 
long-term weight loss and improves obesity- 

related comorbid conditions in severely obese 
patients is bariatric surgery, particularly Roux- 
en- Y gastric bypass (RYGB) (Sjostrom et  al. 
2007). Although the mechanisms involved in the 
bariatric surgery-mediated remission of obesity 
are still uncertain, it is well-established that the 
levels of various GI hormones are altered and that 
such changes correlate with the beneficial effects 
of the procedure (Steinert et  al. 2017). These 
observations have highlighted the necessity to 
improve our understanding of the role of the GI 
hormones in the pathophysiology of obesity in 
order to further explore their therapeutic manipu-
lation. In this section, we briefly review possible 
links between the above described GI hormones 
and obesity as well as their potential as pharma-
ceutical targets.

Little association has been found between 
ghrelin or GHSR gene mutations and obesity in 
humans (Gueorguiev et al. 2009; Liu et al. 2011); 
however, ghrelin gene polymorphisms were asso-
ciated with body mass index variation in some 
human populations (Li et al. 2014). Most obese 
patients display low ghrelin levels and a blunted 

Table 7.1 Summary of some key features of the GI hormones described in this chapter

GI hormone Ghrelin CCK GLP-1 PYY
Secreting 
enteroendocrine 
cells

Ghrelin cells I cells L cells L cells

Location of 
enteroendocrine 
cells

Stomach Duodenum and 
proximal part of 
jejunum

Jejunum, ileum, and 
colon

Distal part of the 
jejunum, ileum, 
rectum, and 
colon

Secretion pattern Before meals After meals After meals After meals
Peptides derived 
from the precursor 
(activity)

Ghrelin (active)
Des-acyl ghrelin
Obestatin

CCK-8
CCK-58
Others

GRPP
Oxyntomodulin
GLP-1 (7–36amide)
GLP-1 (7–37)
GLP-2

PYY3–36 (active)
PYY1–36 (active)

Effect on food 
intake

Increases Potently 
decreases

Decreases Decreases

Effect on gastric 
emptying

Increases Decreases Decreases Decreases

Effect on glucose 
homeostasis

Promotes hyperglycemic 
mechanism. (decreases insulin 
secretion. Increases glucagon, 
glucocorticoids, growth hormone)

No major 
effects

Increases insulin 
secretion, decreases 
glucagon

No major effects

Known 
Receptors (ligand)

GHSR-1a (ghrelin) CCK-1R (CCK)
CCK-2R 
(gastrin, CCK)

GLP1R (GLP-1, 
OXM)

Y2R (PYY3–36)
Y1R, Y2R, Y4R, 
Y5R (PYY1–36)

M. F. Andreoli et al.



195

increase of nocturnal ghrelin levels, as compared 
to normal subjects (Hillman et al. 2011; Tschop 
et al. 2001). In addition, some studies report that 
obese patients show a blunted postprandial 
decrease of ghrelin levels, which likely increases 
the time they feel hungry and contributes to the 
pathophysiology of obesity (le Roux et al. 2005; 
Morpurgo et al. 2003; Yang et al. 2009). On the 
other hand, ghrelin levels rise in obese patients 
after diet-induced weight loss, and such increase 
seems to be involved in the rebound weight gain 
usually observed in dieters (Cummings et  al. 
2002). Patients that undergo RYGB display 
reduced fasting and post-meal ghrelin levels in 
the first weeks after surgery, but the longer-term 
effects are controversial (Cummings and Shannon 
2003; Steinert et al. 2017; Beckman et al. 2010). 
Patients that go through sleeve gastrectomy show 
a dramatic decrease of body weight and display 
almost undetectable ghrelin levels (Peterli et al. 
2012). These evidences suggested that pharma-
cological manipulations of ghrelin signaling may 
be a potential anti-obesity strategy. However, no 
therapy targeting this system has been shown to 
be successful up to date. Among other reasons, 
the complexity of the GHSR biology, including 
the fact that ligands of the receptor can function 
as agonist, antagonist, or inverse agonists in a 
biased fashion (M’Kadmi et  al. 2015), has 
become an intrinsic limitation hard to overcome.

Human CCK-1R polymorphisms have been 
associated with meal size, total food intake, and 
body weight alterations, suggesting that CCK 
system is involved in the pathophysiology of obe-
sity (Steinert et al. 2017). However, it is currently 
controversial if CCK levels are altered in obesity, 
as one study found reduced fasting CCK levels in 
obese patients, which could contribute to over-
eating, while other studies could not confirm 
these findings (Baranowska et al. 2000; Brennan 
et  al. 2012; Stewart et  al. 2011). Interestingly, 
postprandial CCK levels have been reported to be 
normal or increased following RYGB in different 
studies indicating that this system may contribute 
to the early satiation seen in these patients 
(Steinert et al. 2017). The reason for this observa-
tion is unclear, as the ingested nutrients fail to 
contact the majority of the I cells after the surgi-

cal procedure, although this suggests that CCK 
system may represent a target for obesity treat-
ment (Steinert et al. 2017). Many attempts have 
been performed in order to reduce appetite by 
pharmacological manipulations of the CCK sys-
tem. In rats, continuous CCK administration rap-
idly becomes ineffective, while intermittent CCK 
administration before each meal effectively 
reduces meal size; nevertheless, animals com-
pensate daily food intake by increasing meal fre-
quency (Crawley and Beinfeld 1983; Woods 
2004). Similarly, intravenous CCK reduces food 
intake in humans, but repeated administration of 
an orally available CCK-1R agonist to obese 
patients failed to reduce body weight (Jordan 
et al. 2008; Kissileff et al. 1981). Although sev-
eral CCK-1R agonists have been developed, 
research is still ongoing and no active agents 
have yet reached clinical practice (Miller and 
Desai 2016).

A polymorphism in GLP1R has been associ-
ated with elevated body mass index in some pop-
ulations, suggesting that defects in GLP-1 
signaling could contribute to obesity risk (Li 
et al. 2014; Steinert et al. 2017). Most, but not all, 
studies have shown that post-meal GLP-1 levels 
are reduced in obese patients, suggesting that 
defects in GLP-1 system may contribute to over-
eating in obesity (Steinert et  al. 2017). 
Interestingly, the incretin effect of GLP-1 is 
diminished, but still present, in obese patients, 
and GLP-1 is a crucial contributor for glycemic 
control in individuals with insulin resistance or 
diabetes (Aulinger et  al. 2015; Bagger et  al. 
2011). Human and animal studies have shown 
that RYGB fails to affect fasting GLP-1 levels but 
substantially increases postprandial GLP-1 lev-
els, which seem to play a major beneficial effect 
of RYGB (Rhee et al. 2012). It is still a matter of 
debate if GLP-1 is involved in the reduction of 
eating and weight loss seen after RYGB;  however, 
compelling evidence indicates that GLP-1 con-
tributes to the beneficial effects of RYGB on gly-
cemic regulation in humans (Steinert et al. 2017). 
GLP-1 is currently the most successful GI hor-
mone exploited as a therapeutic target, mainly in 
relation with glycemic control. The pharmaco-
logical strategies include the DPP-4-resistant 
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GLP1R agonist exendin-4, which is a natural 
peptide component of Gila monster saliva, and its 
synthetic versions exenatide and liraglutide, 
which are GLP-1 analogs with an acylated side 
chain (Troke et  al. 2014). Alternatively, DPP-4 
inhibitors, such as sitagliptin and vildagliptin, are 
used to increase the endogenous GLP-1 levels. 
These DPP-4 inhibitors are currently licensed for 
the treatment of type 2 diabetes mellitus but fail 
to reduce body weight, likely because DPP-4 
inhibition also impacts on the generation of bio-
active PYY(3–36) (Field et al. 2008). Thus, the 
utility of the GLP-1 system as a target for weight 
loss therapies remains limited, and it seems 
unlikely that GLP-1-related monotherapy will be 
used for the treatment of obesity (Troke et  al. 
2014).

The relationship between PYY levels and obe-
sity is uncertain. Some studies found that obese 
patients display lower basal PYY levels and a 
blunted meal-induced increase; however, this 
findings could not be confirmed by others 
(Stanley et al. 2004; Stadlbauer et al. 2015). As 
seen for GLP-1, obese patients that underwent 
RYGB show markedly increased meal-stimulated 
PYY levels (Manning and Batterham 2014) that, 
together with GLP-1 elevations, may contribute 
to the reduction in food intake following surgery 
(Karra et  al. 2009; Manning and Batterham 
2014). This observations as well as many rodent 
studies have supported the notion that the PYY 
system may be pharmacologically targeted as an 
anti-obesity therapy (Karra et  al. 2009). 
Interestingly, PYY equally reduced food intake 
in lean or obese subjects in clinical trials; how-
ever, the rapid rise of PYY levels induced by 
either intranasal or oral preparations of PYY(3–
36) was shown to induce nausea and vomiting 
(Field et  al. 2008). Thus, it remains unclear if 
PYY-based therapies will be available to treat 
obesity.

The potential link between OXM, PP, or SST 
and obesity in humans is currently uncertain. 
Few data are available regarding the OXM levels 
or effects in obese patients (Huda et  al. 2006). 
Similarly to PYY and GLP-1, OXM is exaggerat-
edly increased after meals in patients that under-
went RYGB surgery, and such increase has been 

linked to the loss of appetite found after surgery 
(Pocai 2014; Huda et  al. 2006). The beneficial 
actions of OXM on food intake, energy expendi-
ture, and body weight make it a promising target 
for the treatment of obesity. Given the short half- 
life of OXM, future modified versions of this 
peptide, resistant to degradation, may be poten-
tial therapeutic candidates to improve glycemic 
control and suppress appetite in obese patients 
(Pocai 2014; Spreckley and Murphy 2015). 
Regarding PP, some studies found that obese 
patients display lower fasting PP levels, as com-
pared to lean subjects, but this observation could 
not be confirmed by other studies (Lean and 
Malkova 2016). The effect of weight loss on PP 
levels in obese individuals has also been incon-
sistent (Lean and Malkova 2016). Currently, 
there is no anti-obesity treatment targeting the PP 
system. However, the ability of PP to strongly 
suppress appetite and promote weight loss in 
humans has made this GI hormone an attractive 
therapeutic target, and several PP analogs have 
been generated and successfully tested in animal 
models (Choudhury et  al. 2016; Troke et  al. 
2014). Thus, some novel compounds targeting 
the PP system may be soon tested for human use. 
Notably, the potent anorectic effect of PP seen in 
rodents suggests that Y4R agonists may be useful 
to treat obesity (Troke et al. 2014). Regarding the 
SST system, it seems unlikely to develop an anti- 
obesity therapy based on this system given its 
pleiotropic functions (Rai et al. 2015).

In summary, no anti-obesity drug based on the 
manipulation of GI hormones currently exists on 
the market mainly because of lack of evidence of 
sustained body weight loss. Despite the potent 
effect of some GI hormones on appetite, their 
failure as therapeutic drugs is most likely due to 
the existence of many associated and redundant 
compensatory mechanisms that control energy 
homeostasis. In addition, the short-term effect of 
most GI hormones in physiological conditions 
adds some pharmacological challenges that need 
to be overcome in long-acting compounds. More 
recently, the use of combined therapies that take 
advantage of two or even more compounds tar-
geting different GI hormonal systems has 
emerged as an exciting possibility that is cur-
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rently under study (Troke et al. 2014). Hopefully, 
future innovative investigations will be able to 
develop GI hormone-based therapies to provide 
an effective treatment for obesity.

Didactic Elements

 Q1. Which are the main GI hormones that regu-
late energy balance?

 Q2. In which part of the GI are ghrelin, PYY, 
GLP-1, and CCK mainly produced?

 Q3. Which GI hormones are more important in 
the regulation of the appetite?

 Q4. Which GI hormones are more important in 
the regulation of the postprandial 
glycaemia?

 Q5. Which GI hormones increase their bioactiv-
ity by proteolysis once they are secreted?

Disclosure Statement The authors have nothing to 
disclose.
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8.1  Types of Adipose Tissue 
and Adipocytes

WAT vs BAT – AT is generally classified as one of 
two discrete types: white adipose tissue (WAT) or 
brown adipose tissue (BAT). Despite being sub-
sumed under a single category, these tissues have 
little in common, differing drastically in lineage, 
composition, and function. WAT, primarily com-
posed of white adipocytes, is present in far 
greater amounts than BAT and acts as the pri-
mary reserve for surplus energy in the body, stor-
ing excess nutrients as triacylglycerol (TAG) and 

releasing energy as free fatty acids (FFAs) and 
glycerol. Both white and brown adipocytes origi-
nate from multipotent mesenchymal stem cells 
but have different precursors. White adipocytes 
are derived mainly from myogenic factor 5 
(Myf5)-negative cells, while brown adipocytes 
share a Myf5- positive precursor with myocytes 
(Peirce et al. 2014) (Fig. 8.1).

BAT is predominately composed of brown adi-
pocytes, which employ a thermogenic process to 
dissipate excess energy through the production of 
heat. Brown adipocytes contain several, small 
lipid droplets distributed throughout the cell. They 
also house large numbers of iron- containing mito-
chondria, which, along with a dense vascular net-
work, are responsible for the brown color of BAT 
(Kwok et al. 2016). The unique thermogenic prop-
erty of brown fat is due to the presence of uncou-
pling protein-1 (UCP1), a protein found in the 
inner membrane of BAT mitochondria. UCP1 per-
mits the reentry of protons into the mitochondrial 
matrix independent ATP  synthesis, so that the 
potential energy generated by the proton gradient 
is lost as heat. The importance of UCP1 is evident 
in studies of mice with targeted UCP1 ablation, 
which results in cold intolerance and increased 
WAT accumulation to help combat heat loss 
(Enerback et al. 1997; Feldmann et al. 2009). The 
thermogenic program is initiated in response to 
cold exposure or other stimuli, causing the release 
of catecholamines from sympathetic nerves. The 
initial role of the nervous system in thermogenesis 
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likely explains why BAT boasts such extensive 
sympathetic innervation (Bamshad et  al. 1999). 
Catecholamines then bind β-adrenergic receptors, 
inducing lipolysis, and the resultant FFAs lead to a 
marked mitochondrial fission that is critical for 
full BAT activation (Wikstrom et al. 2014).

Beige adipocytes  – The identification of a 
third adipocyte type once again challenged tradi-
tional understanding of this tissue and under-
mined the binary perspective of white and brown. 
Beige AT, also termed “brown-in-white,” or 
“brite,” is an intermediary of WAT and BAT, as it 
retains many functional characteristics of BAT 
while being dispersed throughout WAT depots. 
Like its brown counterpart, beige AT has the 
capacity for thermogenesis, expresses UCP1, and 
can be activated in response to cold exposure or 
treatment with certain chemicals (Giralt and 
Villarroya 2013). However, beige adipocytes do 
not share the same lineage as brown adipocytes. 
Unlike brown adipocytes, beige adipocytes have 
no history of Myf5 expression. Evidence exists 
that beige adipocytes are formed from both trans-

differentiation of unilocular white adipocytes and 
from a unique precursor population within at 
least subcutaneous depots (Vitali et  al. 2012; 
Wang et  al. 2013). However, more recent evi-
dence suggests the presence of functionally dis-
tinct populations of beige adipocytes (Wang et al. 
2016) that are molecularly distinct from brown 
and white adipocytes in both mice and humans 
(Wu et al. 2012; Shinoda et al. 2015). Regardless, 
increasing beige AT has been the target of many 
studies aimed at increasing energy expenditure in 
an effort to more effectively combat obesity. The 
morphological and functional spectrum of AT 
reveals an intricate organ with diverse roles, 
proving that not all fat is created equal.

8.2  Depots and Depot 
Differences in AT

Unlike other organs that have a single anatomical 
location, AT is distributed in multiple depots 
throughout the body, a feature that further 

Fig. 8.1 Adipocyte lineages. Adipocytes of BAT and 
WAT both originate from mesenchymal stem cells but are 
derived from separate precursors. Brown adipocytes share 
a common Myf5-positive progenitor with skeletal muscle 
cells. Conversely, Myf5-negative precursors give rise to 

the majority of white and beige adipocytes. Beige adipo-
cytes can also arise through transdifferentiation of exist-
ing white adipocytes. (Adapted with permission (Rosen 
and Spiegelman 2014))
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 contributes to its complex and heterogeneous 
nature (Fig. 8.2). Defining WAT depots is of par-
ticular importance, as the properties of this tissue 
can vary considerably depending on its location. 
The major WAT depots in humans and mice are 
broadly defined as either subcutaneous (subQ) or 
intra-abdominal. SubQ WAT, the largest depot in 
humans, occupies the superficial space beneath 
the skin, while intra-abdominal WAT is associ-
ated with internal organs. In humans, most com-
monly defined and studied subQ depots are the 
abdominal, gluteal, and femoral (Lee et  al. 
2013b) (Fig. 8.2a). The abdominal portion can be 
further divided into superficial or deep, depend-
ing on its position relative to the fascia. Similarly, 
mice have two distinct sites of subQ deposition: 
an anterior, or subscapular, depot and a posterior, 
or inguinal, depot (Fig. 8.2b). The inguinal depot 
is comparable to lower body subQ found in 
humans and is therefore more commonly studied 
than the anterior depot (Chusyd et  al. 2016). 
Intra-abdominal WAT is positioned within the 
cavities of the abdomen and thorax. In humans, 
this includes fat located around the greater omen-

tum (omental), along the intestines (mesenteric), 
and behind the kidneys (retroperitoneal). 
Additionally, several smaller WAT depots are 
associated with organs like the heart (pericardial) 
and stomach (epigastric). Intra-abdominal depots 
are often collectively referred to as “visceral” 
although some authors are more conservative 
with their use of the visceral designation, reserv-
ing it only for those depots that drain into the por-
tal vein. Using the latter definition, humans 
possess two “true” visceral depots (mesenteric 
and omental), whereas rodents, which lack a sig-
nificant omental depot, have only the mesenteric 
depot. A depot commonly studied in mice is the 
perigonadal depot, which surrounds the testes in 
males (epididymal) and ovaries in females (para-
ovarian). The use of this fat pad stems from its 
large size and ease of dissection, yet caution is 
advised in interpretation of findings from this 
depot as there is no analogous depot in humans.

Perhaps the most striking example of the dif-
ferential effects exhibited by WAT depots is their 
impact on metabolic health. Accumulation of 
WAT in visceral depots, defined here as omental 

Fig. 8.2 WAT depots in humans and mice. (a) Several 
prominent human WAT depots are depicted. SubQ 
depots commonly studied in humans include two dis-
tinct upper body depots, superficial and deep, as well as 
gluteal and femoral fat pads. Several depots are defined 
as intra- abdominal, including perinephric around the 
kidneys, retroperitoneal in the retroperitoneal space 
behind the kidneys, and mesenteric and omental WAT 
lining organs of the digestive tract. (b) Four commonly 
studied WAT depots in a male mouse. Inguinal fat is a 
subQ depot that lies just beneath the skin and is similar 

to the gluteal and femoral subQ in humans. Intra-
abdominal depots include mesenteric fat associated with 
the intestine, retroperitoneal behind the kidneys (K), and 
epididymal WAT next to the testes (paraovarian sur-
rounds the ovaries of female mice). According to the 
stricter rules of nomenclature, only mesenteric fat is a 
true visceral depot in mice, as it is the only one that 
drains into the portal vein. Figure a was reused with per-
mission (Lee et  al. 2013b). Figure b was adapted and 
reused with permission (Sackmann-Sala et  al. 2012; 
Berryman et al. 2011))
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and mesenteric, is associated with inflammation 
and greater risk of cardiometabolic disease, while 
subQ WAT deposition does not confer disease 
risk and may instead be protective (Ibrahim 
2010). In 1990, the “portal theory” was proposed 
to account for these differences, suggesting that 
drainage of visceral depots by the portal vein 
may cause accumulation of FFAs in the liver, 
stimulating increased glucose production and 
culminating in hepatic insulin resistance 
(Bjorntorp 1990). By comparison, FFAs from 
subQ WAT, drained by the superior vena cava, are 
diluted in the circulation and therefore do not 
cause metabolic abnormalities (Kwok et  al. 
2016). When measured, however, FFAs are not 
consistently higher in portal blood relative to 
peripheral circulation, and upper body subQ 
depots in humans appear to be the primary source 
of FFAs in the blood (Lee et  al. 2013b; Kwok 
et al. 2016). As such, the portal theory is likely 
inadequate to explain this observation, and a 
combination of factors, including depot- 
dependent production and secretion of inflamma-
tory molecules, has been proposed as a potential 
mechanism (Lee et  al. 2013b). Evidence from 
WAT transplantation studies support this idea, as 
transplantation of visceral WAT into subQ depots 
has little effect, but improved glucose homeosta-
sis and decreased adiposity are observed when 
subQ WAT is transplanted into the visceral depot 
(Tran and Kahn 2010). Further supporting the 
idea of intrinsic depot heterogeneity between adi-
pocytes is the observation that preadipocytes 
derived from different fat depots have unique 
gene expression signatures, suggesting these 
cells arise from different developmental origins 
(Gesta et al. 2006; Tchkonia et al. 2007; Lee et al. 
2013a). These differences in gene expression per-
sist after numerous passages in culture indicating 
that they are cell autonomous. Supporting this 
concept, recent lineage tracing studies have 
determined that subQ WAT, but not visceral WAT, 
is derived from a paired related homeobox 1 
(Prx1)-positive and zinc finger protein 423 
(Zfp423)-positive cell lineages (Sanchez- 
Gurmaches et al. 2015; Shao et al. 2017).

The lack of uniformity among WAT depots is 
also readily apparent when considering factors 

that differentially impact regional fat distribu-
tion, such as sex, age, and race (Lee et al. 2013b). 
WAT distribution exhibits sexual dimorphism, 
with men tending to amass more fat centrally in 
visceral depots and women accumulating greater 
amounts of subQ fat in the gluteofemoral region, 
as well as having more fat mass overall (Palmer 
and Clegg 2015; Geer and Shen 2009). Depot- 
specific effects of sex hormones have been identi-
fied as contributors to these patterns, and disease 
states that disrupt the normal balance of andro-
gens and estrogens provide further evidence for 
their role. For example, women with increased 
androgen levels in polycystic ovarian syndrome 
(PCOS) have greater visceral WAT accumula-
tion, while men with reduced testosterone, result-
ing from hypogonadism or androgen resistance, 
experience similar increases in visceral depots 
(Baptiste et  al. 2010; Mammi et  al. 2012). 
Another proposed explanation for variations in 
WAT distribution is sex-dependent control of 
insulin sensitivity and lipolysis. Adipocytes 
derived from female subjects have increased 
insulin sensitivity (Macotela et  al. 2009) and 
lipolysis (Pujol et  al. 2003) compared to those 
derived from males. These differences are, at 
least in part, due to the differential actions of sex 
hormones on adipocyte biology (Mittendorfer 
et al. 2001; Shen et al. 2014; D’Eon et al. 2005; 
Fan et al. 2005; Heine et al. 2000) and varying 
enzyme and receptor levels (Stubbins et al. 2012; 
Ramis et al. 2006).

Age also acts as a determinant of fat distribu-
tion, evidenced by the shift in adiposity from 
subQ to visceral depots in mid-life and general 
loss of fat mass accompanied by WAT dysfunc-
tion and ectopic deposition in elderly populations 
(Tchkonia et  al. 2010; Palmer and Kirkland 
2016). Additionally, differences in race, by virtue 
of both genetic and environmental variables, also 
influence regional accumulation of WAT.  Data 
from studies comparing WAT distribution in dif-
ferent races report that African American indi-
viduals have reduced visceral WAT deposition 
compared to Hispanic and Caucasian popula-
tions, while South Asians have relatively greater 
visceral adiposity compared to Caucasians 
(Carroll et al. 2008; Katzmarzyk et al. 2010).
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Although it is present in far less quantities 
than WAT, BAT is similarly a multi-depot organ. 
Small amounts of BAT are associated with organs 
such as the heart and kidneys in humans and 
mice, but the majority is concentrated in a single 
fat pad (Townsend and Tseng 2015) (Fig. 8.3). In 
mice and human infants, BAT develops in utero 
and presents as a large interscapular depot, which 
is highly active after birth (Lidell et al. 2013). It 
is believed that the thermogenic activity of new-
borns, in coordination with their large subQ 
depots, evolved as an ideal protective mechanism 
against cold stress, providing a heat source as 
well as insulation (Merkestein et al. 2014). The 
interscapular BAT depot is retained throughout 
life in rodents but diminishes with age in humans 
and becomes undetectable by adulthood 
(Townsend and Tseng 2015). This led to the 
belief that adult humans lacked a significant BAT 
depot, until recent utilization of fluorodeoxyglu-
cose positron emission tomography with com-
puted tomography scans allowed for the 
identification of active BAT depots in adult sub-
jects (Nedergaard et al. 2007; Saito et al. 2009). 
This “adult BAT” does not share the same inter-
scapular location seen in babies, however, and is 
mainly clustered near the spinal cord, neck, and 

clavicle, with the most prominent depot located 
in the supraclavicular region (Townsend and 
Tseng 2015). Like WAT, BAT deposition may be 
influenced by sex, as it is more commonly 
detected in females although data are inconclu-
sive (Nedergaard et  al. 2010). Additionally, the 
likelihood of BAT detection decreases with 
advancing age (Cypess et al. 2009). It is impor-
tant to note that the authenticity of adult BAT has 
recently been called into question, and although 
many scientists rush to defend its characteristics 
as resembling those of true “classical” interscap-
ular BAT, evidence has revealed that it is more 
similar to beige AT (Cypess et al. 2013). Although 
a seemingly trivial detail, it is important to con-
sider due to the morphological and functional dif-
ferences exhibited by brown and beige AT.

8.3  Cellular and Noncellular 
Composition of WAT/BAT

Adipocytes The cellular makeup of AT is highly 
variable across depots and is inextricably linked 
to tissue function. Because of this, a thorough 
understanding of tissue cellular composition is 
essential for the study of AT. Adipocytes, or fat 

Fig. 8.3 BAT depots in humans and mice. (a) Several 
human BAT depots are illustrated. BAT in adult humans is 
present in several different locations, including the neck, 
heart, spinal cord, and kidneys. However, the majority is 

contained within the supraclavicular depot. (b) The loca-
tion of the interscapular BAT depot in mice. Figure a was 
adapted with permission (Nedergaard et al. 2010). Figure 
b was reused with permission (Troike et al. 2017).
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cells, are the building blocks of AT and occupy 
the greatest amount of space in white fat depots, 
approximately 90% of the tissue volume (Lee 
et al. 2013b). White adipocytes are distinguish-
able by their unilocular lipid droplet, which can 
expand in response to overfeeding and is the pri-
mary determinant of cell size. Not unexpectedly, 
adipocyte size is depot-dependent, with data 
from rodent studies suggesting that adipocytes in 
subQ and mesenteric fat pads are smaller com-
pared to those found in perigonadal WAT 
(Sackmann-Sala et al. 2012). Additionally, stud-
ies of human WAT reveal smaller visceral adipo-
cytes compared to subQ in women, but similar 
adipocyte size between depots in men (Lee et al. 
2013b). Although adipocytes dominate WAT in 
terms of size, they fall short in number compared 
to other cell types.

Cells within the stromal vascular fraction 
(SVF) The SVF refers to the collective assort-
ment of non-adipocyte cells in WAT, which 
include immune cells, endothelial cells, neural 
cells, preadipocytes, and fibroblasts. Depot dif-
ferences are also observable at the level of SVF 
composition. A study characterizing gene expres-
sion profiles of preadipocytes from human WAT 
found that those isolated from subQ, mesenteric, 
and omental depots all had distinct expression 
patterns, with mesenteric resembling subQ more 
closely than omental (Tchkonia et  al. 2007). 
Differences in immune cell populations are 
reported, including greater numbers of macro-
phages in visceral WAT than subQ in the lean 
state and greater macrophage infiltration in vis-
ceral depots during obesity (Harman-Boehm 
et al. 2007). It is important to acknowledge that 
the immune cell population can be altered with 
environmental stimuli. However, lean adipose 
tissue harbors various anti-inflammatory immune 
cells, such as eosinophils, M2 macrophages, Th2 
cells, iNKT cells, and Treg cells. These immune 
cells help in maintaining insulin sensitivity and 
store extra energy in the form of TAGs.

Lymph and vasculature Lymph nodes and ves-
sels, which are embedded throughout some WAT 
depots, contribute to heterogeneity both within 

and between depots. For example, visceral WAT 
is more vascularized and innervated than subQ 
WAT (Ibrahim 2010). Interestingly, adipocytes in 
close proximity to lymph nodes are unaffected by 
fasting and feeding signals but respond after 
stimulation of the immune system, suggesting 
that they may aid immune function by serving as 
an energy source (Pond and Mattacks 2002). It 
has been proposed that these adipocytes are sen-
sitive to lipolysis by lymphoid-secreted cyto-
kines, such as interleukin 6 (IL-6) and tumor 
necrosis factor alpha (TNF-α) (Mattacks and 
Pond 1999). It would follow then that adipocytes 
near lymph nodes have more variable patterns of 
lipolysis and that depots containing lymph nodes, 
including subQ and mesenteric, may be more 
heterogeneous than those without (Pond and 
Mattacks 1998; Mattacks and Pond 1999).

Senescent cells Senescent cells are present in 
adipose tissue, and tissue dysfunction is linked to 
their accumulation (Tchkonia et  al. 2010). 
Senescent cells are those cells that undergo irre-
versible cell cycle arrest. Their accumulation is 
common during natural aging and in response to 
other factors such as oncogene activation, oxida-
tive damage, or exposure to other metabolic 
stressors, such as high glucose. While senescent 
cells can originate from most cell types, the 
majority of research in AT has focused on the pre-
adipocyte precursor pool although there is also 
evidence for endothelial cells and mature adipo-
cytes to senesce. These cells, along with their 
inherent senescence-associated secretary pheno-
type (SASP), promote a potent pro- inflammatory 
state, which can alter the tissue inflammation, 
angiogenesis, and fibrosis. Importantly, the accu-
mulation of these cells can have a major impact 
on AT homeostasis irrespective of AT mass 
(Crewe et al. 2017; Stout et al. 2017).

Extracellular matrix (ECM) An important non-
cellular component of WAT is the ECM, which 
surrounds individual adipocytes and provides 
structural support for the tissue. Adipocytes and 
cells within the SVF secrete ECM proteins, as 
well as the enzymes necessary for their degrada-
tion, thus allowing for extensive remodeling of 
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the ECM to accommodate changes in adipocyte 
size (Maquoi et al. 2002). Matrix proteins include 
collagens, laminin complexes, proteoglycans, 
and fibronectin (Mariman and Wang 2010). 
Collagens are the most abundant ECM compo-
nent, and collagens V and VI, in particular, appear 
to have significant impact on the health of WAT 
during tissue expansion and obesity. In a study of 
obese and lean human subjects, obese individuals 
are shown to have increased collagen V, which 
co-localizes with blood vessels and inhibits endo-
thelial budding, suggesting a role in inhibition of 
angiogenesis (Spencer et al. 2011). Notably, col-
lagen VI is preferentially expressed in 
WAT. The ECM has been the target of investiga-
tion in many obesity studies due to its role in the 
development of fibrosis (Pasarica et  al. 2009). 
Obese mice with targeted deletion of the collagen 
VI gene (col6KOob/ob) have larger adipocytes 
than controls, due to a more elastic ECM and 
exhibit marked improvements in insulin sensitiv-
ity (Khan et al. 2009). Conversely, control mice 
(ob/ob) become insulin resistant and have higher 
collagen content in their ECM, reducing plastic-
ity and restricting adipocyte expansion, ulti-
mately resulting in smaller adipocytes (Khan 
et al. 2009). Furthermore, the C5 domain of col-
lagen VIα3 (also known as endotrophin) is a 
secreted factor upregulated during obesity and 
serves as a powerful adipokine that drives the for-
mation of fibrosis and inflammation locally in 
adipose tissue (Sun et  al. 2014). Other physio-
logic changes in WAT accompany this ECM 
remodeling during obesity, which is more thor-
oughly addressed in a subsequent section. 
Differences in ECM composition between fat 
pads may provide further explanation for func-
tional depot differences observed in lean and 
obese states. For example, Wistar rats have 
greater quantities of fibronectin and collagen IV 
in visceral depots and higher collagen I expres-
sion in subQ WAT (Mori et al. 2014). Thus, the 
ECM is an important component of AT and plays 
a crucial role in the overall health of the tissue.

Beige adipocytes As an intermediary tissue, adi-
pocytes of beige fat are given the designation 
“paucilocular,” a term which describes UCP1- 

positive adipocytes with lipid droplet size and 
distribution between that of white and brown. 
Just as in BAT, the presence of UCP1-containing 
mitochondria imparts this tissue with calorie- 
burning potential. Unlike BAT, however, beige 
adipocytes do not express UCP1 and other ther-
mogenic genes under basal conditions. Instead, 
clusters of beige adipocytes are identifiable in 
WAT depots only upon stimulation. Although 
some studies have suggested a positive correla-
tion between sympathetic innervation density 
and beige adipocyte development in white fat 
pads of mice (Vitali et  al. 2012), WAT is tradi-
tionally known to be sparsely innervated. Within 
WAT, beige adipocytes display an increased cell- 
to- cell coupling via connexin 43 (Cx43) gap 
junction channels that are critical for the propa-
gation of limited neuronal inputs in WAT and the 
induction of beige adipocytes (Zhu et al. 2016). 
Additionally, expression of PR domain contain-
ing 16 (Prdm16), a transcriptional regulator of 
brown and beige adipocyte development, results 
in greater density of nerve fibers in the WAT of 
mice independent of cold exposure (Seale et al. 
2011). This finding indicates that nerve remodel-
ing in WAT may occur to support thermogenesis 
of these newly activated beige adipocytes. 
Vasculature in WAT also appears to aid in the 
regulation of beige AT function (Wang and Seale 
2016). Immune cells, such as alternatively acti-
vated macrophages, have also been shown to acti-
vate thermogenesis within  BAT and beige cells 
(Nguyen et  al. 2011; Brestoff and Artis 2015). 
The relative abundance of beige adipocytes var-
ies according to depot, with greater numbers 
found in subQ and mesenteric depots compared 
to perigonadal (Rosen and Spiegelman 2014).

Intra-depot adipocyte heterogeneity While much 
attention has been paid to identifying differences 
among white, brown, and beige adipocytes, recent 
studies have begun to suggest potential heterogene-
ity among white adipocytes themselves. 
Heterogeneity among adipocyte subpopulations is 
observed in selected genetic manipulations, such as 
fat-specific knockout of the insulin receptor (Bluher 
et  al. 2004) and ablation of hormone-sensitive 
lipase (Wang et al. 2001), which unmask intrinsic 
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heterogeneity of WAT leading to a bimodal distri-
bution of adipocyte cell size. Lineage tracing tech-
niques have shown that white adipocytes can come 
from different developmental origins. A subpopu-
lation of white adipocytes in the visceral cavity is 
derived from the mesothelium (Chau et al. 2014), 
while the anterior subQ and retroperitoneal WAT 
are derived from a Myf5-positive lineage. 
Furthermore, precursors that express an upstream 
transcription factor of Myf5, paired box 3 (Pax3), 
give rise to tissue regions that overlap with Myf-5 in 
the subQ fat (Sanchez-Gurmaches and Guertin 
2014). Interestingly, a subpopulation of adipocytes 
in the visceral adipose tissue may also be derived 
from bone marrow progenitors (Majka et al. 2010). 
The physiological contribution of these adipocyte 
subpopulations and how they relate to adipocyte 
physiology and function is not yet known. However, 
several studies have suggested that white adipo-
cytes also have functional heterogeneity in physio-
logical processes including insulin-stimulated 
glucose uptake (Salans and Dougherty 1971), max-
imal lipogenic rate (Gliemann and Vinten 1974), 
response to catecholamines (Seydoux et al. 1996), 
and uptake of FFA (Varlamov et  al. 2015). 
Interestingly, adipogenesis in response to high-fat 
diet (HFD) is mediated by the WAT microenviron-
ment and not by cell-intrinsic mechanisms (Jeffery 
et  al. 2016). Similar to WAT, clonal analysis of 
beige adipocytes indicates intrinsic heterogeneity 
of these cells, even within a single AT depot (Xue 
et al. 2015). Furthermore, differential gene expres-
sion between beige adipocyte subpopulations sug-
gests the presence of metabolic heterogeneity with 
distinct anabolic and catabolic subpopulations (Lee 
et al. 2017).

8.4  Endocrine Function of AT

While another chapter in this book will provide a 
broader overview of the endocrine functions of 
AT, we would be remiss if we did not mention the 
depot-dependent adipokine profile of AT. As an 
endocrine organ, WAT secretes and responds to a 
variety of hormones and cytokines, also known 
as “adipokines.” Two such adipokines, leptin and 
adiponectin, were discovered almost simultane-

ously (leptin in 1994 and adiponectin in 1995), 
capturing the interest of scientists around the 
world and bringing about a new age of AT 
research. Leptin is a satiety hormone primarily 
secreted by adipocytes that acts on the hypothala-
mus to decrease food intake and increase energy 
expenditure among other functions. As such, 
mice and humans with mutations of leptin or its 
receptor exhibit marked obesity (Montague et al. 
1997a; Clement et  al. 1998; Chen et  al. 1996). 
Leptin secretion is positively correlated with fat 
mass, and obese individuals may develop leptin 
resistance due to increased adiposity (Frederich 
et  al. 1995). Secretion of leptin appears to be 
depot-dependent, with subQ WAT producing 
greater amounts than visceral (Masuzaki et  al. 
1995; Montague et al. 1997b). In contrast, adipo-
nectin is negatively correlated with fat mass, 
although it too is secreted in greater quantities by 
subQ WAT compared to visceral (Arita et  al. 
1999; Matsubara et al. 2002). Adiponectin is an 
anti-inflammatory and insulin-sensitizing hor-
mone and can be used to predict the development 
of insulin resistance and metabolic syndrome in 
overweight and obese patients (Hara et al. 2006; 
Hirose et al. 2010). Many other adipokines have 
been identified that appear to be preferentially 
secreted by certain WAT depots. As its name sug-
gests, the adipokine omentin is mainly produced 
by SVF cells of visceral depots. Reduced omen-
tin levels have been implicated in obesity and 
insulin resistance in humans, suggesting that it 
may play a role in promoting insulin sensitivity 
(de Souza Batista et al. 2007; Hana et al. 2004). 
Similarly, visfatin is predominantly secreted by 
the macrophages of visceral depots (Curat et al. 
2006) in humans and mice and is present at high 
levels in patients with obesity, type 2 diabetes, 
metabolic syndrome, and cardiovascular disease 
(CVD) (Chang et al. 2011).

The endocrine properties of brown and beige 
fat are not as thoroughly understood, but it is 
clear that they too are capable of adipokine secre-
tion. BAT has been shown to secrete a number of 
factors, including IL-6, insulin-like growth factor 
1 (IGF-1), angiotensin, and nitric oxide, among 
others (Villarroya et al. 2013). BAT transplanta-
tion experiments result in improved glucose 
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uptake and insulin sensitivity, effects which are 
believed to be mediated through responses of the 
heart and liver to BAT secretion of IGF-1, IL-6, 
and fibroblast growth factor 21 (FGF21) 
(Villarroya et  al. 2013). BAT also produces the 
“batokine” neuregulin 4 (NRG4), which targets 
the liver to inhibit de novo lipogenesis (Wang 
et al. 2014).

Noncoding RNAs are 19–22 nucleotides in 
length and can be found within cells as well as in 
circulation, where they regulate many cellular 
processes and disease states. Although not classi-
cally considered endocrine products, AT (both 
WAT and BAT) has recently been shown to be a 
major source of circulating microRNAs or miR-
NAs (Thomou et  al. 2017). These circulating 
AT-derived miRNAs appear to regulate gene 
expression and metabolism in distant tissues and 
thereby function as a previously undescribed 
type of adipokine (Thomou et al. 2017).

8.5  Control of Lipolysis 
and Lipogenesis

Adipocytes respond to nutritional and hormonal 
cues to accommodate changes in nutrient avail-
ability, either by storing surplus FFAs in the form 
of TAGs (lipogenesis) or through the breakdown 
of TAGs into FFAs (lipolysis) for fuel. As might 
be expected, both lipogenesis and lipolysis are 
highly responsive to changes in nutritional status, 
including diet composition. High-carbohydrate 
diets promote lipogenesis, while intake of poly-
unsaturated fatty acids has the opposite effect 
(Kersten 2001). Additionally, certain dietary 
compounds, such as calcium and caffeine, have 
been shown to increase lipolysis, while others, 
like ethanol, are inhibitory (Melanson et al. 2003; 
Duncan et al. 2007; Abramson and Arky 1968). 
Notably, fasting has an antilipogenic effect and 
simultaneously induces lipolysis. Upon refeed-
ing, lipolysis is reduced. These effects are medi-
ated through the potent action of insulin, which 
stimulates glucose uptake in adipocytes by 
recruiting glucose transporters to the cell surface 
and activating enzymes related to glycolysis and 
lipogenesis via covalent modification (Kersten 

2001). Insulin can also exert its effects by acting 
on transcriptional regulators of lipogenic genes 
(Wong and Sul 2010). A number of other factors 
can alter lipolysis and lipogenesis. For example, 
growth hormone (GH) is a key regulator of these 
processes, acting to stimulate lipolysis and 
impede lipogenesis, although the exact mecha-
nisms of this are still unknown. The effects of GH 
are probably due, in part, to its inhibition of insu-
lin’s action, which results in downregulation of 
FA synthase, a key enzyme in de novo lipogene-
sis (Yin et  al. 1998). Adipokines such as leptin 
also promote the release of glycerol from adipo-
cytes through downregulation of genes involved 
in FFA and TAG synthesis and through the induc-
tion of FFA oxidation (Kersten 2001; Soukas 
et al. 2000).

Rates of lipolysis and lipogenesis are impacted 
by depot and sex. In mice, basal FFA and glyc-
erol release are higher in mesenteric WAT than 
perigonadal, a difference that disappears when 
the mice are fed a HFD (Wueest et al. 2012b). A 
similar study reveals that lipolysis is higher in 
subQ adipocytes compared to mesenteric under 
both basal and HFD conditions, and perigonadal 
lipolysis is significantly increased with HFD 
feeding (Wueest et  al. 2012a). Moreover, subQ 
adipocytes retain their sensitivity to insulin on a 
HFD, while perigonadal do not (Wueest et  al. 
2012a). In humans, adipocytes from the omental 
depot have similar or lower rates of lipolysis 
under basal conditions, but higher rates in 
response to lipolytic stimuli compared to subQ 
adipocytes (Tchernof et al. 2006). When examin-
ing sex differences, female mice appear to have 
increased insulin sensitivity and lipogenic 
response than males in both perigonadal and 
subQ depots (Macotela et al. 2009). In studies of 
obese men and women, lipolytic capacity per adi-
pocyte is higher in obese women and decreases 
with weight loss, while lipolytic capacity is simi-
lar between obese and lean men and does not 
change with weight loss (Lofgren et al. 2002). A 
study of lean and obese men and women also 
reports greater lipolysis in women than men rela-
tive to resting energy expenditure (Nielsen et al. 
2003). Data from normal weight patients reveal 
that women may be more sensitive to the lipolytic 
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effects of catecholamines compared to men, 
which would explain how women maintain simi-
lar levels of lipid mobilization during exercise, 
despite having lower catecholamine levels than 
men (Horton et  al. 2009). The complex regula-
tion of lipolysis and lipogenesis by various fac-
tors, as well as sex- and depot-dependent effects, 
further highlights the heterogeneity of AT and its 
importance in the maintenance of metabolic 
homeostasis.

8.6  Ectopic Fat Deposition/
Lipodystrophy

Lipodystrophies are groups of heterogeneous dis-
orders characterized by loss of AT, which affect 
the whole body (generalized) or specific regions 
(partial), and are either inherited or acquired. 
While many forms of lipodystrophy have been 
identified, the most common is an acquired form 
that occurs in an estimated 40–70% of patients 
treated with highly active antiretroviral therapy 
(HAART) for human immunodeficiency virus 
(HIV) (Fiorenza et  al. 2011). These individuals 
usually present with subQ fat loss of the face, 
arms, and legs, which can be accompanied by 
accumulation of WAT in the visceral or cervical 
regions (Bindlish et  al. 2015; Fiorenza et  al. 
2011). Increased fat deposition near the back of 
the neck results in a characteristic “buffalo hump” 
and serves as an indicator of lipodystrophy in 
HAART treated patients. Inherited forms are far 
less common and are defined by their specific 
gene mutations that determine patterns of fat loss 
in these individuals. For example, mutations of 
two genes in congenital generalized lipodystro-
phy (CGL), 1-acylglycerol-3-phosphate 
O-acyltransferase 2 (AGPAT2) and Berardinelli- 
Seip congenital lipodystrophy 2 (BSCL2), result 
in almost complete absence of WAT in virtually 
all depots, accompanied by muscle hypertrophy 
(Fiorenza et al. 2011). Mutations in other genes, 
such as lamin A/C (LMNA) and peroxisome 
proliferator- activated receptor gamma (PPARG), 
which hallmark familial partial lipodystrophy 
(FPL), cause wasting of trunk and limb WAT, but 
do not affect the face and neck (Garg 2011). 

Several mechanisms to explain these extreme 
phenotypes have been identified and include 
increased rates of adipocyte death, impaired adi-
pocyte differentiation, and abnormal preadipo-
cyte development (Bindlish et  al. 2015). Thus, 
both the clinical presentations and underlying 
disease mechanisms of different lipodystrophies 
can vary widely.

Highlighting the critical role of AT in homeo-
stasis, the metabolic consequences that often 
accompany excess fat accumulation (e.g., insulin 
resistance, type 2 diabetes, hepatic steatosis) are 
also observed in patients with lipodystrophy. 
Several theories have emerged to help explain 
this paradox. One such theory suggests that 
restricted storage capacity of WAT in lipodystro-
phy leads to ectopic fat deposition in other tis-
sues, such as liver and muscle, causing both 
hepatic and peripheral insulin resistance (Garg 
2006). It has also been postulated that increased 
FA flux in patients with partial lipodystrophies 
may cause increased production of glucose by 
the liver, resulting in metabolic syndrome (Garg 
2006). Regardless, alterations in adipokine pro-
duction may play a role in these metabolic pertur-
bations. Individuals with generalized 
lipodystrophy often have voracious appetites 
resulting from decreased leptin levels, as well as 
severe glucose intolerance, hypertriglyceridemia, 
and hepatic steatosis (Haque et al. 2002). In fact, 
metreleptin, a recombinant methionyl human 
leptin, has been used successfully to improve the 
metabolic disturbances associated with lipodys-
trophy (Vatier et  al. 2016). Additionally, many 
patients with CGL have reduced adiponectin, 
which exacerbates insulin resistance (Haque 
et  al. 2002; Antuna-Puente et  al. 2010). 
Elucidating the mechanisms that result in 
HAART-related lipodystrophy is far more diffi-
cult, as a number of metabolic disturbances can 
occur as side effects of the drugs used in treat-
ment, including increased production of reactive 
oxygen species and inflammatory adipokines and 
impaired insulin signaling, leptin, and adiponec-
tin secretion (Fiorenza et al. 2011). Thus, treat-
ment of lipodystrophies is dependent on the type 
and may include lifestyle modification or the use 
of various medications, such as metformin to 
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improve insulin sensitivity, statins to aid in dys-
lipidemia and inflammation, or GH to help reduce 
truncal adiposity (Fiorenza et al. 2011). The com-
plex presentation and drastic impact of lipodys-
trophies underscore the importance of WAT, and 
the metabolic similarities of these disorders to 
those seen in obesity reveal a very basic truth: 
when it comes to fat, balance is everything.

8.7  AT Remodeling

Sex Differences During periods of nutrient 
excess, storage of TAG in AT increases, resulting 
in tissue expansion. As a result, the ECM under-
goes remodeling to ameliorate mechanical stress 
caused by this growth. This tissue growth can 
occur in two ways: (1) through hypertrophy, 
which is an increase in the size of existing adipo-
cytes, and (2) through hyperplasia, which 
involves recruitment of new adipocytes from a 
pool of progenitors. Depot and sex are major 
determinants of which expansion method pre-
dominates in WAT. In humans, excessive caloric 
intake appears to induce hypertrophy in abdomi-
nal subQ depots but results in hyperplasia in fem-
oral subQ (Tchoukalova et al. 2010). Male Wistar 
rats fed a HFD exhibit similar hyperplastic 
growth of the subQ depot and hypertrophic 
growth of the mesenteric and epididymal depots 
(DiGirolamo et al. 1998). Conversely, hyperpla-
sia in visceral WAT of male mice and subQ WAT 
of female mice after HFD feeding has been 
reported, highlighting sex-specific differences in 
depot growth (Jeffery et al. 2016). This observa-
tion is further supported by data showing expan-
sion by hypertrophy in the subQ depots of male 
mice (Wang et  al. 2013). Thus, the preferred 
method of tissue growth varies in a depot- 
dependent manner, an effect that may be further 
impacted by sex differences.

Obesity The plasticity and remodeling capacity 
of WAT is perhaps best exemplified by the changes 
that occur with obesity (Fig. 8.4). WAT expansion 
can be characterized as “healthy” or pathological. 
Healthy WAT expansion is marked by hyperpla-
sia, marginal ECM deposition, minor inflamma-
tion, and adequate vascularization to the tissue 

(Kusminski et al. 2016; Sun et al. 2011). In con-
trast, pathological tissue growth occurs via hyper-
trophy, and, as the adipocytes enlarge, they 
increase their secretion of pro- inflammatory cyto-
kines TNF-α, IL-6, and MCP-1 (Sun et al. 2011; 
Kwok et  al. 2016). Pathological expansion also 
results in a dramatic immune population shift, 
with neutrophils, M1 macrophages, mast cells, 
Th1 cells, and CD8 T cells being greatly elevated. 
The switch from anti- inflammatory M2 to pro-
inflammatory M1 macrophages with obesity is 
probably the best characterized immune cell shift 
(Lumeng et al. 2007; Kwok et al. 2016). Other 
immune cellular changes, like increased natural 
killer cells and decreased T regulatory cells and 
other anti- inflammatory factors, like adiponec-
tin, exacerbate the inflammatory state of the tis-
sue (Sun et al. 2011; Lumeng et al. 2007). The 
ever- increasing size of WAT also results in dys-
regulation of the ECM, mainly through upregu-
lation of collagens, notably collagen VI (Choe 
et al. 2016). The increasingly fibrotic ECM acts 
to inhibit uncontrolled adipocyte expansion. 
Rapid expansion and remodeling may limit the 
ability of WAT to recruit new blood vessels, 
resulting in poor oxygenation and hypoxia. 
Activation of a transcriptional regulator of 
hypoxic response, hypoxia-inducible factors 1 α 
(HIF-1α), leads to increased fibrosis and local 
inflammation (Choe et  al. 2016). Although 
changes in immune cell populations, ECM depo-
sition, and vascularization are all well-docu-
mented, cause and effect relationships between 
these shifts have not been established, and the 
order in which they occur is still debated. 
Adipocyte necrosis and death occur subsequently 
to hypoxia, promoting additional macrophage 
infiltration and the formation of crown-like 
structures surrounding dead adipocytes (Cinti 
et al. 2005). Rates of adipocyte death in HFD-fed 
mice are only 3% in subQ depots, compared to 
80% in epididymal, suggesting a depot-depen-
dent effect on the susceptibility of adipocytes to 
die (Strissel et  al. 2007). Furthermore, female 
mice appear to be protected from HFD-induced 
adipocyte death (Grove et  al. 2010). BAT also 
appears to be negatively impacted by obesity, 
and studies in human subjects have shown less 
BAT and decreased thermogenic activity in 
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obese individuals (Vijgen et  al. 2011; Cypess 
et al. 2009; Cuthbertson et al. 2017).

Adipose tissue growth in obesity does not always 
result in these pathological states, however, and 
the identification of “metabolically healthy” 
individuals within obese populations introduces 
an intriguing paradigm shift about the impor-
tance of WAT quantity versus quality. While 
there are currently no standardized criteria for 
defining and identifying metabolically healthy 
obese (MHO) patients, the condition is generally 
classified as obesity that is not accompanied by 
metabolic or cardiovascular diseases such as type 
2 diabetes, atherosclerosis, and hypertension 
(Munoz- Garach et  al. 2016; Denis and Obin 
2013). The favorable metabolic profile described 
in MHO populations may be attributed to the 
changes at the level of WAT, including decreased 

adiposity in visceral depots, smaller adipocytes, 
reduced inflammation and fibrosis within WAT, 
and increased adiponectin compared to other 
obese individuals (Rosen and Spiegelman 2014). 
Increases in hyperplasia, rather than hypertro-
phy, may account for the smaller adipocytes 
observed in this state. The MHO designation is 
not intended to imply, however, that these indi-
viduals are the picture of health, as they still 
present with troubling conditions such as gall-
bladder disease, arthritis, impaired endothelial 
function, and other comorbidities (Denis and 
Obin 2013). In contrast, individuals referred to as 
“metabolically obese but normal weight” 
(MONW) have normal BMI and adipocyte vol-
ume, yet exhibit metabolically unhealthy pheno-
types, such as hyperglycemia, insulin resistance, 
and hypercholesterolemia (Denis and Obin 
2013). The mechanisms underlying metabolic 

Fig. 8.4 WAT composition in lean and obese states. In a 
lean state (left), WAT exhibits a predominantly anti- 
inflammatory profile, characterized by greater amounts of 
M2 macrophages, T regulatory cells, and T helper cells. 
The ECM is loose and elastic, and sufficient vasculariza-
tion provides oxygen to support adipocytes. The patho-
logical state of WAT in obesity (right) exhibits a 
characteristic pro-inflammatory profile which is hall-

marked by increased M1 macrophages, natural killer cells, 
and cytotoxic T cells, and decreased T regulatory cells and 
T helper cells. Increased expression of collagens, notably 
collagen VI, causes the ECM to become rigid, and further 
ECM secretion results in fibrotic WAT.  The growing 
demand for vascularization by hypertrophic adipocytes 
leads to hypoxia and death. (Adapted and reused with per-
mission (Berryman et al. 2015; Troike et al. 2017))
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abnormalities seen in MONW individuals are not 
well understood, although genetic factors have 
been suggested to play a role, and gene variants 
associated with insulin resistance are also found 
to be associated with reduced adiponectin and an 
increased visceral-to- subcutaneous AT ratio 
(Yaghootkar et al. 2014).

8.8  Conclusion

As highlighted in this review, AT is a complex 
organ whose action is governed by a dynamic 
interaction of numerous cell types, endocrine sig-
nals, locally produced factors, and nutritional sta-
tus. Over the past two decades, the field of 
adipocyte biology has made great progress in 
understanding the metabolic contribution of 
white, beige, and brown adipose tissue to whole- 
body physiology. The ability to control the num-
bers and activity of each of the various adipocyte 
cell types could provide new treatments for obe-
sity and the metabolic syndrome. Likewise, the 
physiological significance of both inter- and 
intra-depot heterogeneity of both adipocytes and 
cellular populations of the SVF has yet to be fully 
ascertained. A better understanding of AT and its 
cellular composition is an important area for 
research that holds promise for developing tar-
geted interventions to combat the comorbidities 
associated with obesity.

Chapter 8 Questions

 1. What are the functional, developmental, and 
distribution differences among white, beige, 
and brown adipocytes?

 2. Which adipose depots are directly comparable 
and which are distinct between mouse and man?

 3. Adipose tissue depots are distinct in cellular 
composition and function. Can you describe 
three differences in subcutaneous versus vis-
ceral adipose depots?

 4. Are the same adipokines produced by brown 
and white adipose tissue?

 5. What metabolic features do lipodystrophy and 
obesity have in common? Explain how this 
might occur.

 6. Obesity results in a number of changes in adi-
pose tissue. What are the cellular, adipokine, 
and structural changes in adipose tissue when 
going from a lean to an obese state?
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9.1  General

As calorie availability is unpredictable in nature, 
humans have developed multiple mechanisms for 
efficient energy storage and utilization. In mod-
ern society, however, excess nutrition and seden-
tary lifestyle are major factors responsible for 
excessive lipid accumulation in adipose and 
peripheral tissues, resulting in obesity. Obesity 
has become a pandemic health problem in which 
more than 60% of American adults are over-
weight or obese and is closely associated with 
diverse metabolic diseases such as type 2 diabe-
tes (T2D), cardiovascular disease (CV), nonalco-
holic fatty liver disease (NAFLD), and polycystic 
ovarian diseases (Finkelstein et al. 2012). Thus, 
the financial cost to manage obesity-related met-
abolic diseases is problematic in public health-
care system. T2D is a quickly growing global 
metabolic disease characterized by impaired 
insulin secretion from pancreatic β cells and 
insulin resistance in the liver, muscle, and adi-
pose tissue. In T2D, pancreatic β cells are con-
tinuously activated to synthesize and secret 
insulin due to uncontrolled hyperglycemia, and 

this cellular stress gradually induces deteriora-
tion and cell death of pancreatic β cells (Ashcroft 
and Rorsman 2012; Butler et  al. 2003). Thus, 
both impaired pancreatic β cell function and 
insulin resistance further exacerbate physiologi-
cal consequences of T2D. The muscle and adi-
pose tissue show impaired insulin-stimulated 
glucose uptake with enhanced glucose produc-
tion (gluconeogenesis) in the liver. These dys-
regulated tissue-specific pathophysiologies result 
in increased fasting glucose levels and the inabil-
ity to uptake glucose from the blood circulation 
in the postprandial state.

The molecular mechanisms of obesity- 
induced pathogenesis of T2D are not clear. 
However, recent studies have suggested that low- 
grade chronic inflammation is one of the impor-
tant factors in the pathogenesis of T2D in humans 
and rodent animal models (Hotamisligil 2006; 
Ouchi et al. 2011; Schenk et al. 2008; Shoelson 
et al. 2006). Although the liver and muscle show 
very mild obesity-induced inflammatory 
responses without significant changes in the 
number and composition of immune cells, adi-
pose tissues especially visceral white adipose tis-
sues are the most vulnerable target to mediate 
significant immune cell enrichment and inflam-
matory responses to mediate systemic inflamma-
tion and insulin resistance in obese rodents and 
humans (Odegaard and Chawla 2013). Adipose 
tissue is a major tissue to store excess nutrient as 
triglycerides and also produces various secreted 
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proteins called adipokines as an endocrine organ 
(Waki and Tontonoz 2007). Adipose tissues have 
been shown to produce adipokines such as leptin 
and adiponectin and also generate diverse pro- 
and anti-inflammatory adipokines to modulate 
inflammatory responses in peripheral organs 
including adipose tissue itself. Adipocytes, the 
most abundant cell population of adipose tissue, 
are differentiated from pluripotent mesenchymal 
stem cells through various transcriptional regula-
tions such as PPARγ and C/EBPα (Rosen and 
MacDougald 2006; Tang and Lane 2012). Mature 
white adipocytes contain a single large lipid 
droplet (uniocular) surrounded by a thin cyto-
plasm and lipid droplet-associated proteins such 
as perilipin. These lipid droplet-associated pro-
teins function as part of the control mechanism to 
regulate lipolysis (Miyoshi et al. 2006). As adipo-
cytes provide reversible energy storage depot in 
adipose tissue, excess nutrition overload initiates 
adipocyte hypertrophy and hyperplasia, resulting 
in cellular stress that in turn initiates oxidative 
stress and inflammatory responses in adipose tis-
sue. Inflammatory responses in adipose tissues 
become self-generating that eventually leads to 
increased local and systemic levels of various 
pro-inflammatory cytokines including tumor 
necrosis factor-α (TNF-α), interleukin-6 (IL-6), 
IL-1β, and CC chemokine ligand 2 (CCL2) that 
have all been shown to drive insulin resistance. 
Along with inflammatory adipokine production 
in adipose tissues, obesity-related hyperlipid-
emia, hyperglycemia, hypoxia, hyperendotox-
emia, oxidative stress, and endoplasmic reticulum 
(ER) stress can also induce insulin resistance in 
peripheral tissues and can amplify the activation 
of inflammatory signaling cascades in adipose 
tissues.

The current main objective in this field is to 
understand the initiating factors responsible for 
induction of obesity-induced adipose tissue 
inflammation and the complex signaling cascade 
that continues to amplify and maintain the pro- 
inflammatory state. Understanding of the cellular 
and molecular cross talk between adipocytes and 
the immune system in obesity will be able to 
develop specific therapies to prevent obesity- 
induced inflammation and to restore insulin sen-

sitivity in an effective manner without inducing 
secondary complications such as ectopic lipid 
accumulation and further exacerbating obesity. In 
this chapter, we will focus on the recent progress 
regarding the physiological and molecular func-
tions of adipokines in the obesity-induced inflam-
mation and insulin resistance.

9.2  Insulin Signaling 
and Resistance

Glucose homeostasis is maintained by delicate 
regulation of pancreatic endocrine systems. The 
pancreas has exocrine and endocrine functions 
and is essential for nutrient metabolism. The 
pancreatic exocrine cells are composed of acinar 
and ductal cells that secrete digestive enzymes 
into the duodenum through the ductal system. In 
addition, pancreatic acinar cells are considered 
as major targets for pancreatic β cell replacement 
therapy because it retains pluripotent ability for 
β cell reprograming (Zhou et al. 2008). The pan-
creatic endocrine cells localized to the islets of 
Langerhans secrete hormones into the blood 
 circulation to regulate nutrient metabolism. 
Pancreatic islets have several endocrine cells 
including glucagon-producing α cells, insulin- 
producing β cells, somatostatin-producing δ 
cells, pancreatic polypeptide-producing PP cells, 
and ghrelin-producing ε cells. In particular, insu-
lin secretion is enhanced in response to increased 
circulating glucose and amino acids. In periph-
eral tissues, insulin stimulates glucose uptake 
(skeletal muscle and adipose tissue) and glyco-
gen synthesis (skeletal muscle and liver) and 
inhibits gluconeogenesis and glycogenolysis 
(liver). Insulin also increases lipogenesis in 
hepatocytes and adipocytes and diminishes 
lipolysis in adipocytes to reduce circulating free 
fatty acid and glycerol (Pessin and Saltiel 2000). 
Thus, the definition of insulin resistance is the 
perturbation of insulin-mediated signaling path-
way, resulting in systemic hyperglycemia. As 
insulin has pleiotropic functions, insulin resis-
tance is closely linked with other metabolic 
symptoms such as hypertension and hyperlipid-
emia (Cornier et al. 2008).
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9.2.1  Insulin Signaling

At the molecular level, insulin binds to the cell 
surface insulin receptor to initiate intracellular 
signaling cascades that ultimately results in spe-
cific cellular biological responses (Taniguchi 
et al. 2006). The insulin receptor is composed of 
α2β2 heterotetramers, and the extracellular α sub-
units directly bind insulin that allows for a trans-
membrane conformational change that activates 
the intracellular tyrosine kinase domain of β sub-
units (Ebina et al. 1985; Ullrich et al. 1985). The 
activated tyrosine kinase domain of β subunits 
phosphorylates itself in a transphosphorylation 

reaction that activates its intrinsic kinase activity 
to proximal substrates such as insulin receptor 
substrate (IRS) family (IRS1–IRS4), Src homol-
ogy 2-containing (Shc) adaptor proteins, signal 
regulatory protein (SIRP) family, and Grb2- 
associated binder-1 (Gab1) (Fig.  9.1). IRS1/2 
phosphorylated on specific tyrosine residues acti-
vates two major signaling pathways: (i) the phos-
phatidylinositol 3-kinase (PI3K)-AKT/protein 
kinase B (PKB) pathway and (ii) Ras-mitogen- 
activated protein kinase (MAPK) pathway. In 
addition, there are inhibitory molecules for insu-
lin signaling such as protein tyrosine phosphatase 
1B (PTP1B), suppressor of cytokine signaling 
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Fig. 9.1 Inflammatory adipokines suppress insulin sig-
naling to mediate insulin resistance. IRS1/2 phosphory-
lated on specific tyrosine residues activates the 
phosphatidylinositol 3-kinase (PI3K)-AKT/protein kinase 
B (PKB) pathway and Ras-mitogen-activated protein 
kinase (MAPK) pathway. PI3K-AKT signaling pathway 
regulates metabolic processes such as glycogen synthesis 

(muscle and liver), glucose uptake (muscle and adipo-
cytes), protein synthesis (muscle and liver), and gluconeo-
genesis (liver). Inflammatory signals such as TNF-α, 
saturated free fatty acid, IL-6, LPS, and DAG activate 
inhibitory molecules such as SOCS and JNK to suppress 
insulin signaling, resulting in insulin resistance
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(SOCS), and growth factor receptor-bound pro-
tein 10 (Grb10) that suppress insulin signaling by 
inducing insulin receptor dephosphorylation, 
physical blocking of substrate phosphorylation, 
and degradation of the insulin receptor and/or 
IRS substrates. Metabolites such as diacylglyc-
erol (DAG) also mediate the inhibition of insulin 
signaling.

PI3K-AKT/PKB signaling pathway modu-
lates most metabolic functions of insulin. IRS 
binds insulin receptor through phosphotyrosine- 
binding domain (PTB) and has several tyrosine 
residues, which are phosphorylated by activated 
insulin receptor, for the interaction with SH2 
domain containing regulatory subunit of PI3K 
(Myers et al. 1992). PI3K, regulatory and cata-
lytic heterodimer (p85α/p110β), generates 
phosphatidylinositol (3,4,5)-triphosphate (PIP3) 
on the plasma membrane followed by the activa-
tion of Ser/Thr protein kinase including 
3- phosphoinositide-dependent protein kinase 1 
(PDK1). PI3K-dependent PDK1 activation is 
negatively regulated by phospholipid phospha-
tases such as phosphatase and tensin homologue 
(PTEN) and SH2-containing inositol 5′-phos-
phatase- 2 (SHIP2) that degrade PIP3 (Sleeman 
et al. 2005; Wijesekara et al. 2005).

AKT/PKB has three isoforms (AKT1/PKBα, 
AKT2/PKBβ, AKT3/PKBγ) and is the major 
substrate target of PDK1. The PH domain of 
AKT/PKB interacts with PIP3 to bring it in close 
proximity to the plasma membrane in which 
PDK1 is localized, resulting in AKT/PKB phos-
phorylation on Thr-308. AKT/PKB is also phos-
phorylated on Ser-473 by the mammalian target 
of rapamycin (mTOR) complex 2, and this dual 
phosphorylation results in full activation of AKT/
PKB kinase activity (Sarbassov et  al. 2005). 
Interestingly, the AKT isoforms show differential 
functions according to the distinctive expression 
profiles in tissues. AKT1 and AKT2 are broadly 
expressed with AKT2 that is more closely linked 
to metabolic processes. AKT1-deficient mice 
have growth retardation without defects in 
metabolism. In contrast, AKT2-deficient mice 
show insulin resistance due to interrupted insulin 
signaling (Cho et al. 2001). Thus, activated AKT/
PKB regulates diverse insulin-mediated meta-

bolic pathways such as glucose transport, glyco-
gen synthesis, gluconeogenesis, protein synthesis, 
and cell growth. AKT phosphorylates AKT sub-
strate of 160 kDa (AS160) to activate Rab small 
GTPase that initiates the translocation of the glu-
cose transporter 4 (GLUT4), resulting in the 
 glucose uptake in the muscle and adipocytes 
(Fig.  9.1). AKT also suppresses glycogen syn-
thase kinase-3 (GSK3) via phosphorylation on 
Ser-21 or Ser-9 to activate glycogen synthase, 
resulting in the glycogen synthesis in the muscle 
and liver (Cross et al. 1995). AKT also phosphor-
ylates forkhead box O1 (FOXO1) that induces 
FOXO1 association with 14-3-3 proteins to 
exclude FOXO1 from the nucleus. In the liver, 
this suppresses gluconeogenic gene expression 
and thereby inhibits hepatic glucose output. AKT 
phosphorylates tuberous sclerosis complex 1 and 
2 (TSC1/2), which release the inhibition of Ras 
homologue enriched in the brain (Rheb) for the 
activation of mTORC1 complex, which in turn 
enhances protein synthesis through the activation 
of eukaryotic translation initiation factor 
4E-binding protein-1 (4E-BP) and p70 ribosomal 
protein S6 kinase 1 (p70S6K1). AKT-mediated 
phosphorylation also activates phosphodieterase-
 3B (PDE-3B) to decrease the cAMP, resulting in 
the suppression of PKA activity and thereby sup-
pressing hormone-sensitive lipase activity in 
adipocytes.

9.2.2  Insulin Resistance

Although there is substantial progress in our 
molecular understanding of insulin signaling, 
the mechanisms accounting for insulin resis-
tance are still unclear. Insulin resistance is the 
integral result of alterations in insulin secretion 
in pancreatic β cells, insulin receptor expression, 
ligand binding, phosphorylation, and kinase 
activity and affects the downstream of insulin 
signaling, resulting in diverse clinical syndromes 
such as T2D, cardiovascular disease, type A syn-
drome, leprechaunism, and Rabson-Mendenhall 
syndrome. Cellular and molecular stress such as 
obesity decreases insulin sensitivity in periph-
eral tissues and stimulates pancreatic β cells to 
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produce more insulin to maintain glucose 
homeostasis. However, when the pancreatic β 
cells are not able to produce sufficient amounts 
of insulin due to cellular stress such as inflam-
mation, reactive oxygen, and ER stress, T2D 
develops. Thus, significant reduction in both 
pancreatic β cells mass and function is observed 
in T2D patients. Insulin receptor alteration is 
also one of the mechanisms to induce insulin 
resistance. Insulin receptor gene (INSR) muta-
tions are rare, but at least more than 30 INSR 
mutations have been shown to mediate insulin 
receptor dysfunction, and these mutations may 
induce insulin resistance with polygenic defects 
in insulin signaling (Hegele 2003). In addition, 
mutations of DM1 kinase gene cause defective 
alternative splicing of INSR (Savkur et al. 2001), 
and mutations of high mobility group A1 
(HMGA1) gene suppress the expression of 
INSR, resulting in the insulin resistance (Chiefari 
et al. 2011).

Impaired insulin signaling mediates insulin 
resistance. Decreased IRS protein levels contrib-
ute insulin resistance in rodents and humans 
(Shimomura et  al. 2000). Although complete 
molecular understanding and mechanisms of 
reduced IRS levels are still under investigation, 
excess insulin suppresses the expression of IRS2. 
Furthermore, SOCS1/3 induced by inflammatory 
adipokines such as TNF-α, IL-6, and IL-1β 
enhances the degradation of IRS1/2 through E3 
ubiquitin ligase activation (Rui et  al. 2002) 
(Fig.  9.1). IRS phosphorylation on serine resi-
dues is another mechanism to induce insulin 
resistance. IRS contains several serine residues 
that are phosphorylated by kinases such as extra-
cellular signal-regulated kinase (ERK), c-Jun 
N-terminal kinase (JNK), protein kinase Cζ 
(PKCζ), and p70S6K (Boura-Halfon and Zick 
2009). The phosphorylation of IRS on Ser-307 is 
a typical inhibitory signal to suppress insulin sig-
naling as Ser-307 locates in phosphotyrosine- 
binding (PTB) domain of IRS (Hirosumi et  al. 
2002). Thus, increased TNF-α and saturated free 
fatty acids in obese individuals activate JNK and 
inhibitor of nuclear factor κB kinase β (IKKβ) to 
phosphorylate Ser-307 of IRS. In addition, ERK 
activated by insulin also phosphorylates IRS1 on 

Ser-612 to attenuate AKT activation (Bard- 
Chapeau et al. 2005). Serine phosphorylation of 
IRS1 mediated by mTOR-S6K1 pathway induces 
IRS1 subcellular redistribution, potentially 
reducing insulin signaling through an additional 
mechanism (Shah and Hunter 2006).

Ectopic lipid accumulation in the liver and 
muscle is also associated with obesity-induced 
insulin resistance. High levels of diacylglycerol 
(DAG) generated by incomplete synthesis to tria-
cylglycerol or breakdown of triacylglycerol to 
DAG has been proposed to inhibit insulin signal-
ing through protein kinase C activation in the 
muscle (Badin et  al. 2013; Chin et  al. 1994; 
Griffin et  al. 1999). Similarly, DAG accumula-
tion in the liver is also associated with hepatic 
insulin resistance (Jornayvaz and Shulman 2012). 
In this regard, ATGL-deficient mice that have 
reduced ability to convert triacylglycerol to DAG 
show enhanced glucose tolerance and insulin 
sensitivity (Haemmerle et  al. 2006). More 
recently, an alternative model of increased 
ceramide levels has also been shown to associate 
with insulin resistance (Chavez and Summers 
2012). However, whether DAGs or ceramides 
mediate a cell autonomous insulin resistance or 
are part of the complex pathways responsible for 
obesity-induced inflammation has not been 
resolved.

The liver is one of the major tissues to regu-
late glucose homeostasis in response to pancre-
atic hormones such as insulin and glucagon. 
Insulin- mediated AKT activation regulates 
hepatic glucose and lipid metabolism. In insulin-
sensitive individuals, regular meals increase the 
blood glucose, and then released pancreatic 
insulin stimulates insulin signaling and glucose 
uptake through insulin receptor and GLUT2, 
respectively. AKT activation enhances glycogen 
synthesis and de novo lipogenesis and also sup-
presses gluconeogenesis through FOXO inacti-
vation (Fig. 9.2a). Thus, hepatic insulin signaling 
may suppress gluconeogenesis through tran-
scriptional suppression of gluconeogenic genes 
for long term. However, the ability of insulin to 
acutely suppress gluconeogenesis is mostly 
mediated by an inhibition of adipose tissue lipol-
ysis (Rebrin et  al. 1996). First, insulin reduces 
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hepatic glucose production within 30  min but 
does not reduce gluconeogenic proteins levels 
(Ramnanan et  al. 2010). Second, insulin sup-
presses adipose tissue lipolysis to regulate 
hepatic gluconeogenesis. Suppressed adipose 
tissue lipolysis lowers hepatic acetyl-CoA and 
glycerol contents to reduce pyruvate carboxylase 
(PC) activity and glucose production (Perry 
et al. 2015, 2014; Rebrin et al. 1996). In contrast, 
in insulin resistance status, glycogenolysis and 
gluconeogenesis are enhanced due to dysfunc-
tional insulin signaling and flux of fatty acid and 

glycerol from adipose tissue and intestine, 
 resulting in the glucose production and fat accu-
mulation in liver (Fig. 9.2b).

9.3  Inflammation in Adipose 
Tissue

Since Hotamisligil et  al. suggest the role of 
TNF-α in insulin resistance (Hotamisligil et  al. 
1996, 1993), many groups show that obesity- 
induced inflammatory immune response in 
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Fig. 9.2 Insulin resistance in the liver. (a) In insulin- 
sensitive individuals, insulin derived from the pancreas 
activates AKT to enhance glycogen synthesis and de novo 
lipogenesis and to suppress gluconeogenesis through 
FOXO inactivation. (b) In insulin resistance, impaired 
insulin signaling increases glycogenolysis and gluconeo-
genesis, and flux of fatty acid and glycerol from the adi-

pose tissue and intestine results in glucose production and 
fatty liver. DNL de novo lipogenesis, GS glycogen syn-
thase, GP glycogen phosphorylase, PyC pyruvate carbox-
ylase, Ac-CoA acetyl-CoA, FA-CoA fatty acyl-CoA, TAG 
triacylglycerol, CM chylomicron, VLDL very low density 
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 adipose tissue is one of the critical molecular 
mechanisms in obesity-induced insulin resistance 
(Gregor and Hotamisligil 2011; Schenk et  al. 
2008; Shoelson et  al. 2006). In contrast to the 
muscle and liver, adipose tissues are highly vul-
nerable to obesity-induced inflammation. 
Accordingly, inflammatory responses in adipose 
tissues are mediated by the amplification of cel-
lular stress-induced inflammatory signaling path-
ways in rodents and humans. Hyperlipidemia and 
hyperglycemia caused by excess nutrients, lipol-
ysis, and unsuppressed gluconeogenesis induce 
mitochondrial dysfunction, ER stress, and oxida-
tive stress, resulting in the activation of stress- 
responsive signaling pathways such as JNK, 
protein kinase C (PKC), protein kinase R (PKR), 
and inhibitor of NF-κB kinase β (IKKβ) 
(Nakamura et al. 2010; Solinas and Karin 2010). 
In addition to IRS Ser-307 phosphorylation to 
suppress insulin signaling, JNK, PKC, and IKKβ 
activation enhances inflammatory gene expres-
sion in target tissues, resulting in systemic 
inflammation and insulin resistance (Han et  al. 
2013; Samuel and Shulman 2012). Saturated free 
fatty acid derived from excess nutrients and lipol-
ysis and gut-derived bacterial lipopolysaccharide 
(LPS) in obesity also stimulate downstream sig-
naling of Toll-like receptor 4 (TLR4) to stimulate 
NF-κB and JNK (Ghoshal et al. 2009; Shi et al. 
2006). Furthermore, inflammatory immune 
responses in adipose tissue are mediated by 
inflammatory adipokines, cytokines, and chemo-
kines produced by adipocytes and infiltrated pro- 
inflammatory immune cells. In the following 
sections, we will focus on the cellular and molec-
ular immune responses in adipose tissues of 
obese rodents and humans to highlight the role of 
diverse adipokines in obesity-induced inflamma-
tion and insulin resistance.

9.3.1  Adipose Tissues

There are two functionally and developmentally 
defined types of adipose tissue, white and brown. 
Brown adipose tissue (BAT) is the main site of 
non-shivering thermogenesis in mammals, 
whereas white adipose tissue (WAT) is the main 
depot to store metabolic energy in the form of 

triglycerides. Brown adipose tissue is found in 
newborn humans and hibernating mammals. 
Although it was previously believed that adult 
humans do not express brown adipocytes, more 
recently studies have documented the presence of 
brown adipose tissue that distributes in cervical- 
supraclavicular regions in humans and shows 
polygonal shape with multi-ocular lipid droplets 
with higher number of mitochondria and capillar-
ies (Ravussin and Galgani 2011). Brown adipose 
tissue expresses unique uncoupling protein 1 
(UCP1) in inner membrane of mitochondria to 
mediate uncoupling the respiratory chain from 
oxidative phosphorylation, resulting in the heat 
generation. Although brown adipose tissue has 
been shown to mediate non-shivering thermogen-
esis, it also produces various adipokines such as 
vascular endothelial growth factor A (VEGFA), 
bone morphogenetic proteins (BMPs), tumor 
necrosis factor (TNF), IL-6, and fibroblast growth 
factor 21 (FGF21) to mediate diverse physiolo-
gies in obesity and cold stimulation (Villarroya 
et al. 2017). More recently, it has been shown that 
a third form of adipose tissue also present in 
rodent models termed beige or brite adipocytes 
(Wu et al. 2012a). Similar to brown adipocytes, 
this recently identified adipocyte subtype is 
derived from a distinct progenitor cell population 
that resides within classical white adipose tissue. 
Classical brown adipocytes in mice are derived 
from a Myf5+ myogenic progenitor cells (Seale 
et  al. 2008; Timmons et  al. 2007). However, 
beige adipocytes are differentiated from Myf5− 
endothelial and perivascular progenitor cells in 
white adipose tissue depot upon cold stimulation 
and exercise (Gupta et al. 2012; Tran et al. 2012). 
Thus, brown adipocytes, beige adipocytes, and 
white adipocytes show distinct origin for 
differentiation.

In contrast to brown and beige adipocytes, 
white adipocytes contain a single large lipid 
droplet. White adipocytes have been shown as a 
primary storage depot to store excess fuel and as 
an endocrine organ to release adipokines such as 
leptin and adiponectin that regulate systemic 
energy homeostasis. White adipose tissue is 
broadly located throughout the body, and ana-
tomically distinct subcutaneous and visceral adi-
pose tissues are major depots for white adipose 
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tissues. Subcutaneous and visceral adipose tis-
sues have differences in gene expression, hyper-
trophy, and hyperplasia in obesity and 
differentially contribute to obesity-induced 
inflammation and insulin resistance (Hardy et al. 
2012). Subcutaneous adipose tissue has high 
capacity for adipocytes differentiation and cell 
size expansion to store large amounts of triglyc-
erides. This storage capacity serves to reduce vis-
ceral adipose tissue mass and lipotoxicity 
mediated by lipid deposition in the liver and mus-
cle. The impaired conversion of excess carbohy-
drate to lipid in subcutaneous adipose tissue due 
to decreased gene expression of SREBP-1 and 
ChREBP is associated with diabetes in obese 
humans (Kursawe et  al. 2013). In contrast, vis-
ceral adipose tissue is positively associated with 
risk of obesity-induced inflammation and insulin 
resistance and shows higher monocytes infiltra-
tion and IL-6 production than subcutaneous adi-
pose tissue to induce inflammation in obese 
subjects (Cancello et  al. 2006; Fontana et  al. 
2007).

9.3.2  Immune Responses 
in Adipose Tissues

Obesity-induced inflammatory immune 
responses in adipose tissues are one of the major 
mechanisms to mediate insulin resistance in 
rodents and humans, and dynamic changes of 
immune cell numbers and composition in adi-
pose tissues regulate inflammatory responses in 
obesity (Fig. 9.3). White adipose tissue consists 
of a variety of cell types including adipocytes, 
macrophages, granulocytes, lymphocytes, fibro-
blasts, and endothelial cells. Macrophages have 
been shown as a major cell population to mediate 
inflammatory innate immune responses in adi-
pose tissue, resulting in insulin resistance. 
Macrophages constitute about 5% of immune 
cells in adipose tissue of lean mice, whereas it 
exceeds to 50% in obese mice. Humans also 
show similarly increased macrophage enrich-
ment in adipose tissues of obese individuals to 
produce pro-inflammatory mediators such as 
TNF-α (Harman-Boehm et  al. 2007). Exact 

mechanism of macrophage enrichment is not 
clear, but it has been suggested that obesity- 
induced adipocytes hyperplasia and necrosis reg-
ulate the infiltration of macrophages. 
Macrophages are generically classified into two 
functionally distinct populations, M1 and M2 
macrophages. In rodents, Th1 cytokines, IFN-γ, 
enhance nitric oxide synthase (NOS2) expression 
in classically activated macrophages (M1), 
whereas the Th2 cytokines such as IL-4 and 
IL-13 induce arginase-1 (ARG1) in alternatively 
activated macrophages (M2) (Lumeng et  al. 
2007a, b; Mantovani et al. 2004; Martinez et al. 
2009; Mosser and Edwards 2008). 
F4/80+CD206−CD11c+ inflammatory M1 macro-
phages are increased in adipose tissue and secrete 
pro-inflammatory cytokines such as TNF-α, IL-6, 
and IL-1β. Thus, macrophage composition 
diverts from M2 to M1 in obesity. Accordingly, 
TNF-α levels are increased in obese diabetic 
humans and rodents, and neutralization of TNF-α 
improves insulin sensitivity in obese rodents 
(Hotamisligil et  al. 1993). TNF-α further 
enhances the expression of inflammatory cyto-
kines (TNF-α and IL-6) and chemokines (CCL2 
and RANTES) in adipocytes through the cross 
talk between enriched macrophages and adipo-
cytes. TNF-α also induces Ser-307 phosphoryla-
tion of IRS1 to modulate the downstream 
effectors of the insulin receptor, resulting in insu-
lin resistance (Hotamisligil et al. 1996). IL-1β is 
elevated in circulation (Spranger et al. 2003) and 
pancreatic islets of obese type 2 diabetic humans 
and rodents and induces the loss of pancreatic β 
cell mass, resulting in hyperglycemia (Donath 
et al. 1999; Ehses et al. 2009; Sauter et al. 2008). 
IL-1β mainly produced by monocytes and mac-
rophages is synthesized as a IL-1β precursor in 
the cytosol, and activation-induced NALP3 
(cryopyrin) inflammasome activates caspase-1 to 
mediate active IL-1β secretion (Dinarello 2009). 
Thus, inflammasome is critical for obesity- 
induced insulin resistance (Stienstra et al. 2012).

Granulocytes are also closely linked with 
obesity- induced inflammation in adipose tissues. 
Neutrophils, mast cells (Liu et al. 2009), eosino-
phils (Wu et al. 2011), and dendritic cells (Bertola 
et  al. 2012) are involved in obesity-induced 
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inflammation and insulin resistance through the 
production of pro- and anti-inflammatory cyto-
kines in adipose tissues. Eosinophils are motile 
phagocytic immune cells to protect multicellular 
parasites such as worms. Although Th2 CD4+ T 
cells are typical immune cells to produce anti- 
inflammatory IL-4, eosinophils are major cells to 
produce IL-4 in epididymal adipose tissue of lean 
mice to maintain Th2 immune responses in adi-
pose tissue. Obesity decreases the number and 
proportion of eosinophils in epididymal adipose 
tissue to enhance Th1 immune responses, exacer-
bating insulin resistance (Wu et  al. 2011). 
Obesity-induced insulin resistance is mediated 
by chronic low-grade inflammation in adipose 
tissue and shows different enrichment kinetics of 
diverse immune cells. Neutrophils are the first 
immune cells to respond to high-fat diet (HFD)-
induced inflammation and involved in the traf-
ficking of other immune cells into inflammatory 
sites. Neutrophils quickly infiltrate into adipose 
tissue within 3 days after HFD in mice model and 
produce neutrophil elastase to accelerate inflam-
matory responses. Thus, deletion of neutrophil 
elastase shows less inflammation and improved 
insulin sensitivity in obese rodents with reduced 

neutrophils and macrophages in adipose tissues 
(Talukdar et al. 2012).

Adaptive immune responses have been shown 
to be a critical factor for obesity-induced inflam-
mation and insulin resistance in humans and 
rodents. Lymphocytes including T cells, B cells, 
natural killer (NK) cells, and natural killer T 
(NKT) cells are dynamically changed in adipose 
tissues to modulate obesity-induced insulin resis-
tance. T cells are originated from the bone mar-
row and maturated in thymus. T cells have diverse 
immunological functions and classified by CD4 
and CD8 surface makers. CD4+ T cells in adipose 
tissues of obese rodents and humans mediate 
HFD-induced insulin resistance.  IFN-γ- producing 
Th1 CD4+ T cells are increased in adipose tissues 
of obese mice, overwhelming the anti-inflamma-
tory Th2 CD4+ T cells and Foxp3+ regulatory 
CD4+ T cells. IFN-γ produced by enriched Th1 
CD4+ T cells induces pro- inflammatory M1 mac-
rophage differentiation and further Th1 CD4+ T 
cell amplification in adipose tissue. Interestingly, 
adoptive transfer of Th2 CD4+ T cells, which pro-
duce IL-4 and IL-13, rescues HFD-induced obe-
sity and insulin resistance in Rag1-deficient mice, 
suggesting that Th2 cytokines such as IL-4 and 
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Fig. 9.3 Dynamic alternation of immune cell composi-
tion in adipose tissue. Alternatively activated M2 macro-
phages, Th2 CD4+ T cells, regulatory CD4+ T cells (Treg), 
eosinophils, and iNKT cells are dominant immune cells in 
adipose tissue of lean mice. In obese mice, the composi-

tion of immune cells is dynamically shifted to enhance 
pro-inflammatory responses in adipose tissue. Classically 
activated M1 macrophages, Th1 CD4+ T cells, effector 
CD8+ T cells, mast cells, B cells, and neutrophils are 
increased
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IL-13 suppress HFD- induced inflammation to 
improve insulin sensitivity (Winer et al. 2009a). 
Foxp3+ regulatory CD4+ T cells (Treg), anti-
inflammatory IL-10 producer, are unique cell 
population that suppresses inflammation. Treg 
cells are decreased in HFD- induced and geneti-
cally modified obese mice, resulting in insulin 
resistance (Feuerer et  al. 2009). Treg cells sup-
press pro-inflammatory M1 macrophage differ-
entiation and promote anti- inflammatory M2 
macrophage differentiation by producing IL-4 
and IL-10 (Feuerer et al. 2009; Tiemessen et al. 
2007). Thiazolidinedione (TZD) treatment also 
enhances Treg development through the coopera-
tion between peroxisome proliferator- activated 
receptor (PPAR)-γ and FOXP3, resulting in the 
improved inflammation and insulin sensitivity in 
HFD-fed mice (Cipolletta et  al. 2012). Th17 
CD4+ T cells, IL-17 and IL-23 producers, medi-
ate diverse autoimmune diseases, and HFD pre-
disposes autoimmune diseases such as 
trinitrobenzene sulfonic acid (TNBS)-induced 
colitis and experimental autoimmune encephalo-
myelitis (EAE) (Winer et al. 2009b). The role of 
Th17 CD4+ T cells in obesity-induced inflamma-
tion in adipose tissues is still controversial. Winer 
et  al. show that Th17 CD4+ T cells are not 
involved in the obesity-induced inflammation in 
adipose tissue (Winer et  al. 2009a). However, 
Th17 CD4+ T cells are increased in the blood of 
T2D patients (Jagannathan-Bogdan et al. 2011), 
and obesity-induced human CD11c+CD1c+ and 
mouse CD11chighF4/80low dendritic cells increase 
Th17 CD4+ T cells in adipose tissue to mediate 
inflammation (Bertola et al. 2012). CD8+ T cells 
are activated by antigens presented by MHC class 
I and produce IFN-γ to enhance Th1 CD4+ T cells 
and M1 macrophages differentiation. Thus, cyto-
toxic CD8+ T cells are also significantly increased 
in adipose tissues of obese mice, and depletion of 
CD8+ T cells reverses inflammation and insulin 
resistance, suggesting that obesity-induced infil-
tration of CD8+ T cells deteriorates systemic 
insulin sensitivity (Nishimura et al. 2009).

B cells are exclusive immune cells that pro-
duce antigen-specific antibodies. B cells are 
accumulated in adipose tissues of obese rodents 
and induce inflammation and insulin resistance 

along with macrophages and T cells. B cells pro-
duce IgG2c autoantibodies to induce systemic 
inflammation, and B cell-deficient mice and 
depletion of B cells using anti-CD20 antibody 
administration suppress systemic inflammation 
and enhance insulin sensitivity (Winer et  al. 
2011). B cells are also involved in M1 macro-
phage differentiation in adipose tissue, and IgG2c 
is detected in crown-like structure in adipose tis-
sues of HFD-fed mice, suggesting that B cells are 
involved in the clearance of necrotic adipocytes 
and inflammation (DeFuria et al. 2013). The role 
of innate invariant natural killer T (iNKT) cells in 
obesity-induced insulin resistance has also been 
shown. As iNKT cells rapidly response to its 
ligands, iNKT cells generate Th1 IFN-γ and Th2 
IL-4 cytokines to regulate immune responses 
promptly (Bendelac et al. 2007). iNKT cells also 
produce IL-17 after TGF-β and IL-1β stimula-
tion, resulting in neutrophilic airway inflamma-
tion (Monteiro et al. 2013). iNKT cells are highly 
enriched in adipose tissue of lean rodents and 
humans. However, iNKT cells are decreased in 
adipose tissues of obese rodents and humans, and 
the number of iNKT cells is recovered after 
weight loss. iNKT cell-deficient mice show that 
iNKT cells protect inflammation and insulin 
resistance in both lean and obese rodents and 
humans as adipose tissue-derived iNKT cells 
produce anti-inflammatory cytokines (Lynch 
et al. 2012; Schipper et al. 2012). However, the 
role of iNKT cells in HFD-induced inflammation 
and insulin resistance is still controversial as sev-
eral previous reports show that iNKT cells are not 
necessary to suppress the HFD-induced inflam-
mation and insulin resistance (Mantell et  al. 
2011; Wu et al. 2012b). Further investigation is 
necessary to understand the precise role of iNKT 
cells in obesity.

9.4  Adipokines

Adipose tissue is a storage organ for excess 
energy in the form of triglycerides and also 
functions as an active endocrine organ to modu-
late physiological metabolic processes. As adi-
pose tissue contains various cell types such as 
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adipocytes, immune cells, endothelial cells, and 
fibroblasts, it releases diverse secretory proteins 
called adipokines into the systemic circulation. 
Visceral and subcutaneous white adipose tissues 
produce unique profiles of adipokines to mediate 
inflammation and insulin resistance in obese 
rodents and humans. In addition, brown adipose 
tissue produces diverse adipokines to regulate 
different metabolic processes including thermo-
genesis and inflammation. In the past two 
decades, adipsin (complement factor C) (Cook 
et al. 1987), TNF-α, and leptin are identified as 
bona fide adipokines, and those studies have 
facilitated the identification of other adipokines. 
Although adipokines have multiple metabolic 
functions, this chapter will mainly discuss the 
inflammatory functions of adipokines that play 
important roles in mediating obesity-induced 
insulin resistance. Thus, adipokines are classified 
as pro- and anti- inflammatory adipokines accord-
ing to their effects on inflammatory immune 
responses in adipose tissues. In general, the pro-
inflammatory adipokines are increased, whereas 
the anti- inflammatory adipokines are decreased 
in obese rodents and humans that are associated 
with insulin resistance.

9.4.1  Pro-inflammatory Adipokines

9.4.1.1  Leptin
Leptin is a non-glycosylated 167 amino acid pro-
tein in humans with high homology in mamma-
lian species. Obese mutation ob, an autosomal 
recessive mutation, increases food intake five 
times compared to wild-type mice, resulting in 
T2D.  Parabiosis experiments show that Lepob/
Lepob mice have defects in circulating factor(s), 
and obese gene identified by positional cloning 
has been shown to regulate feeding behavior 
through the hypothalamic regulation in the cen-
tral nervous system (Zhang et  al. 1994). Thus, 
leptin-deficient Lepob/Lepob and leptin receptor- 
deficient Leprdb/Leprdb mice display marked 
hyperphagia, obesity, and insulin resistance along 
with neuroendocrine dysfunctions. Importantly, 
exogenous administration of leptin to Lepob/Lepob 
mice reduces obesity and restores insulin sensi-

tivity. However, leptin levels in circulation are 
increased in obese rodents and humans, suggest-
ing that obese subjects display leptin resistance 
(Friedman and Halaas 1998). Leptin resistance 
has been reported as mediated by impaired leptin 
transport in blood-brain barrier, hyperleptinemia- 
induced SOCS3 expression (Kievit et al. 2006), 
defective autophagy (Quan et al. 2012), and ER 
stress (Ozcan et  al. 2009). Obesity-induced 
chronic inflammation also induces leptin resis-
tance through the activation of TLR4, JNK, and 
IKKβ (Kleinridders et  al. 2009; Zhang et  al. 
2008). However, leptin resistance is complex and 
can develop at many points in the neural circuit 
that regulates feeding behavior. In obese humans, 
leptin administration has a minor effect on body 
weight reduction, probably due to the develop-
ment of central leptin resistance in obese patients 
with very high circulating leptin (Heymsfield 
et al. 1999). In contrast, leptin analogues such as 
metreleptin have been approved to treat dysfunc-
tional metabolism in lipodystrophy.

Leptin level is regulated by food intake and 
the endocrine system. However, innate immune 
responses also regulate the leptin production in 
adipose tissue. Pro-inflammatory signals such as 
TNF-α, IL-1β, LPS, and turpentine acutely stim-
ulate the expression of leptin and leptin receptor 
(Gan et al. 2012; Grunfeld et al. 1996). Although 
leptin modulates feeding behavior through neu-
roendocrine axis, it also regulates inflammatory 
responses in various target cells. The structure of 
leptin is similar to pro-inflammatory long-chain 
helical cytokines including IL-6 and IL-12, and 
leptin indeed induces inflammatory responses 
through the long isoform of the leptin receptor b 
(LepRb) and its proximal signaling molecules 
such as Janus kinase 2 (JAK2) and signal trans-
ducer and activator of transcription 3 (STAT3). 
Leptin activates monocytes and macrophages to 
produce pro-inflammatory IL-6, TNF-α, and 
IL-12 (Gainsford et al. 1996) and stimulates the 
production of CCL2 and vascular endothelial 
growth factor in human hepatic stellate cells 
(Aleffi et al. 2005). Leptin also enhances the pro-
duction of pro-inflammatory Th1 cytokines, 
whereas suppresses the production of anti- 
inflammatory Th2 cytokines such as IL-4  in 
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CD4+ T cells (Lord et al. 1998). Thus, Lepob/Lepob 
and Leprdb/Leprdb mice are resistant to concana-
valin- A (Con-A)-induced hepatitis and experi-
mental autoimmune encephalomyelitis (EAE) as 
these mice are skewed to anti-inflammatory Th2 
immune responses (Faggioni et  al. 2000; 
Matarese et al. 2001), suggesting that leptin may 
regulate Th1/Th2 CD4+ T cell differentiation. 
Accordingly, leptin-deficient and starved indi-
viduals show abnormal shift from TH1 to TH2 
immune responses and an increased susceptibil-
ity to infectious disease (Ahima et  al. 1996). 
Furthermore, leptin induces collagen-induced 
arthritis through the differentiation of Th17 CD4+ 
T cells to enhance joint inflammation (Deng et al. 
2012).

9.4.1.2  Tumor Necrosis Factor-α 
(TNF-α)

TNF-α mainly expressed in monocytes and mac-
rophages is a 26  kDa (233 amino acids) trans-
membrane protein and then is converted to active 
trimer by TNF-α converting enzyme. TNF-α is a 
typical pro-inflammatory cytokine that is 
increased in obese humans and rodents, suggest-
ing that TNF-α contributes to insulin resistance. 
TNF-α treatment in cell lines and rodents induces 
insulin resistance, and neutralization of TNF-α in 
obese fa/fa rats enhances insulin sensitivity 
(Hotamisligil et al. 1993). Accordingly, TNF-α or 
its receptor-deficient mice show improved insulin 
sensitivity in white adipose tissues and skeletal 
muscles of HFD-fed and Lepob/Lepob mice (Uysal 
et al. 1997). As TNF-α stimulates the phosphory-
lation of IRS1 on PTB domain serine-307 resi-
dues (serine-312  in human IRS1), TNF-α 
suppresses insulin-induced IRS1 tyrosine phos-
phorylation and proximal signaling molecules, 
resulting in impaired glucose uptake (Hotamisligil 
et al. 1996). Although TNF-α levels in the circu-
lation is positively correlated with insulin resis-
tance, and neutralization of TNF-α improved the 
insulin sensitivity in rodents, clinical effects of 
TNF-α neutralization in humans are still contro-
versial. Short-term administration of TNF-α 
blocking reagents to obese T2D patients sup-
presses inflammation but does not show improved 
insulin sensitivity (Ofei et al. 1996). In contrast, 
long-term treatment of TNF-α blocking reagents 

in obese patients with severe inflammatory dis-
eases such as rheumatoid arthritis improves insu-
lin sensitivity (Gonzalez-Gay et al. 2006; Stanley 
et al. 2011). TNF-α also suppresses the expres-
sion of phosphodiesterase 3B (PDE3B) and per-
ilipin. As PDE3B reduces cAMP after insulin 
stimulation and perilipin regulates the access of 
hormone-sensitive lipase in adipocytes, these 
events account for TNF-α-induced lipolysis and 
the release free fatty acid (Souza et  al. 1998; 
Zhang et al. 2002). Free fatty acid in turn binds to 
TLR4 to induce the expression of pro- 
inflammatory mediators through NF-κB activa-
tion (Lee et al. 2001). Consistent with this model, 
TLR4-deficient mice show improved HFD- 
induced insulin resistance (Kim et al. 2007a).

9.4.1.3  Interleukin-6
IL-6 is a 212 amino acid peptide produced by the 
immune cells, adipose tissues, and skeletal mus-
cle and displays molecular ranges between 21 
and 28  kDa due to posttranslational modifica-
tion. Adipose tissue in fact contributes 15–35% 
of the basal circulating IL-6 (Mohamed-Ali et al. 
1997). Thus, IL-6 is highly expressed in adipose 
tissue and positively correlated with obesity in 
humans. Peripheral administration of IL-6 inter-
rupts insulin signaling due to enhanced expres-
sion of SOCS3  in hepatocytes, suggesting that 
obesity- induced IL-6 expression mediates liver 
insulin resistance (Senn et al. 2003). Gastric sur-
gery of morbidly obese patients demonstrates a 
significantly improved glucose tolerance along 
with a significant decrease in serum IL-6 levels 
(Kopp et  al. 2003). In contrast, IL-6-deficient 
mice show mature-onset obesity and hepatic 
inflammation, and IL-6 administration reverses 
insulin resistance (Matthews et  al. 2010; 
Wallenius et al. 2002). As central administration 
of IL-6 enhances energy expenditure and 
decreases obesity, IL-6 can also influence obe-
sity and insulin sensitivity through a central ner-
vous system mechanism. Although resting the 
muscle expresses very little IL-6, exercise 
induces a 100-fold increase of plasma IL-6 lev-
els to enhance glucose uptake in the skeletal 
muscle (Pedersen et al. 2004). IL-6 treatment of 
L6 myotube cultured cells also shows enhanced 
GLUT4 translocation in an AMP-activated protein 
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kinase (AMPK)-dependent manner (Carey et al. 
2006). Human genetic studies also do not iden-
tify reliable correlation between the common 
polymorphisms in the IL6 gene/promoter and the 
risk of T2D (Qi et al. 2006a). Furthermore, IL-6 
is required for the induction of “beige” cells in 
subcutaneous white adipose tissue in response to 
a cold environment as IL-6-deficient mice show 
blunted expression of UCP1  in subcutaneous 
white adipose tissue after cold challenge 
(Knudsen et al. 2014). Thus, the role IL-6 in obe-
sity and insulin resistance is controversial and 
likely depends upon the specific sites of expres-
sion that is integrated with other factors in a sys-
tems integrated manner.

9.4.1.4  Interleukin-1β
IL-1 family such as IL-1α, IL-1β, and IL-1 recep-
tor antagonist (IL-1Ra) is increased in obese 
humans and rodents (Meier et  al. 2002), and 
weight loss significantly diminishes the expres-
sion of IL-1β in adipose tissue. Large human 
cohort studies also show that increased plasma 
IL-1β and IL-6 levels augment the risk of T2D 
(Spranger et al. 2003). Both IL-1α and IL-1β are 
pro-inflammatory cytokines and antagonized by 
IL-1Ra. Although IL-1α and IL-1β are of the 
same family, their expression and activation are 
different. First, IL-1β precursor is produced by 
innate immune cells such as macrophages, and 
IL-1α precursor is constitutively expressed in 
resting cells. Second, intracellular processing of 
the IL-1β precursor is tightly controlled by 
inflammasomes, whereas IL-1α precursor is pres-
ent as a biologically active form. IL-1α precursor 
can also be processed by calpain, a membrane- 
bound calcium-activated cysteine protease, to 
generate more potent IL-1α. Interestingly, IL-1α 
has another mechanism to induce inflammatory 
cytokines through the translocation into nucleus 
as an IL-1α/ΗΑX-1 transcription factor complex 
(Dinarello 2009). It has been shown that IL-1β 
induces pancreatic β cell inflammation and apop-
tosis for type 1 diabetes, and many groups are 
working to uncover the role of IL-1β in the patho-
genesis of T2D. In fact, IL-1β treatment dimin-
ishes the expression of IRS1 in 3T3-L1 adipocytes 
and results in the impaired insulin-mediated 
GLUT-4 translocation. Thus, inflammasome- 

defective mice models show improved HFD- 
induced inflammation and insulin resistance, 
emphasizing the role of IL-1β in the development 
of insulin resistance (Wen et al. 2011). Treatment 
of obese mice and T2D patients with recombi-
nant IL-1R antagonist (anakinra) or inhibitors of 
caspase-1 also improves insulin sensitivity and 
pancreatic β cell function (Larsen et  al. 2007; 
Stienstra et  al. 2010). Although there is strong 
evidence for the role of IL-1β to mediate obesity- 
induced insulin resistance, the effects of IL-1α in 
glucose metabolism remain to be determined.

9.4.1.5  CC Chemokine Ligand Type 2 
(CCL2) and CC Chemokine 
Receptor Type 5 (CCR5)

Chemokines and their receptors play essential 
roles in mediating infiltration of immune cells 
into adipose tissue. CCL2 (MCP1) and CCR5 are 
typical chemokine and chemokine receptor that 
mediate inflammatory responses and are signifi-
cantly increased in obese rodents and humans. 
Human adipocytes secrete CCL2 and CCL3 to 
recruit macrophages to adipose tissues, resulting 
in the inflammation and insulin resistance. 
Accordingly, CCR2 (the receptor of CCL2)-
deficient mice show attenuated macrophage infil-
tration, inflammation, and insulin resistance 
(Weisberg et al. 2006). The treatment with CCR2 
inhibitors, INCD3344 and propagermanium, also 
attenuates HFD-induced insulin resistance and 
nonalcoholic steatohepatitis (NASH) (Mulder 
et al. 2017; Weisberg et al. 2006). Intestinal epi-
thelial cell-specific CCR2-deficient mice show 
diminished HFD-induced insulin resistance due 
to decreased macrophage infiltration and inflam-
mation in gut, suggesting the possible cross talk 
between the gut and systemic insulin resistance 
(Kawano et  al. 2016). CCR5 (the receptor of 
CCL5 (RANTES) and CCL3 (MIP-1α))-deficient 
mice show improved inflammation, insulin sensi-
tivity, and NASH with reduced macrophage infil-
tration and preferred anti-inflammatory M2 
macrophage differentiation (Kitade et al. 2012). 
However, the role of CCL2  in obesity-induced 
inflammation and insulin resistance is still con-
troversial. CCL2-deficient mice show decreased 
macrophage infiltration and inflammation in adi-
pose tissues (Kanda et  al. 2006), whereas in 
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another study, CCL2-deficient mice show no dif-
ferences in macrophage accumulation and 
inflammation in adipose tissue of obese mice 
(Kirk et al. 2008). Although the basis for this dif-
ference is not clear, it is possible that CCL2 defi-
ciency might be compensated by other related 
chemokines in certain genetic background.

9.4.1.6  Retinol-Binding Protein 4 
(RBP4)

RBP4 expressed in the liver, white/brown adipo-
cytes, and macrophages functions as the vitamin 
A transporter, and many clinical and large epide-
miologic studies demonstrate that elevated circu-
lating RBP4 is linked to insulin resistance and 
cardiovascular disease (Sun et  al. 2013; Yang 
et al. 2005). For example, RBP4 inhibits insulin- 
induced IRS1 phosphorylation and is inversely 
correlated with GLUT4 expression in adipocytes, 
and administration of recombinant RBP4 to nor-
mal mice induces insulin resistance (Yang et al. 
2005). Clinical studies also show that increased 
RBP4 levels are closely associated with high 
blood pressure, high levels of triglyceride, high 
body mass index (BMI) (Graham et  al. 2006), 
subclinical inflammation, and nephropathy 
(Akbay et  al. 2010). In fact, RBP4 stimulates 
human primary endothelial cells to produce pro- 
inflammatory molecules such as vascular cell 
adhesion molecule 1 (VCAM1), CCL2, and IL-6, 
resulting in the progression of endothelial inflam-
mation in cardiovascular disease and microvas-
cular complication in diabetes (Farjo et al. 2012). 
RBP4 induces antigen presentation by macro-
phages through MyD88 and NF-κB activation, 
which activates T cells toward a pro- inflammatory 
Th1 profile to induce the insulin resistance 
(Moraes-Vieira et al. 2014).

9.4.1.7  Chemerin
Chemerin is a ligand of the G protein-coupled 
receptor ChemR23 (Wittamer et  al. 2003) and 
expressed in most tissues except leukocytes. 
Chemerin is a chemoattractant that induces the 
infiltration of macrophages, immature dendritic 
cells, and NK cells in inflammatory diseases such 
as ulcerative colitis and skin lupus (Albanesi 
et  al. 2009). In addition, chemerin has been 

shown as an adipokine to regulate adipogenesis 
and adipocytes metabolism (Goralski et al. 2007) 
although molecular mechanisms are still contro-
versial (Bondue et  al. 2011). Chemerin level is 
positively correlated with BMI, fasting glucose, 
triglycerides, and inflammatory cytokines in 
obese subjects, and administration of chemerin 
exacerbates glucose intolerance in obese mice 
(Ernst et  al. 2010). Obesity-induced free fatty 
acid also enhances the production of chemerin in 
adipocytes (Bauer et  al. 2011). Recently, it has 
been shown that adipocyte-derived chemerin 
recruits plasma dendritic cells (pDC) to produce 
type 1 IFN and then type 1 IFN induces M1 mac-
rophage differentiation in adipose tissues, result-
ing in the systemic insulin resistance (Ghosh 
et  al. 2016). However, chemerin suppresses the 
zymosan-induced peritonitis, suggesting that 
chemerin can also have anti-inflammatory activ-
ity (Cash et al. 2008).

9.4.1.8  Dipeptidyl Peptidase-4 (DPP-4)
DPP-4 (776 amino acids), originally known as a T 
cell marker CD26, is wildly expressed glycopro-
teins in the immune cells, adipose tissue, salivary 
gland, prostate, kidney, and intestine and degrades 
various chemokines and peptide hormones to 
modulate T cell activation. As DPP-4 also 
degrades incretin proteins such as glucagon- like 
peptide 1 (GLP1) and glucose-dependent insulin-
otropic polypeptide (GIP) to suppress incretin-
induced insulin secretion in pancreatic β cells, 
DPP4 inhibitors including alogliptin,  sitagliptin, 
and linagliptin are effective to treat T2D (Mulvihill 
and Drucker 2014). T2D patients show increased 
DDP-4 levels in visceral adipose tissues and sys-
temic circulation (Sell et al. 2013). DPP-4 in dia-
betes is not restricted to its incretin degradation 
properties. Soluble DPP-4 directly affects primary 
human adipocytes and smooth muscle cells to 
suppress insulin-induced AKT phosphorylation, 
resulting in the insulin resistance. Furthermore, 
DPP-4 inhibitor linagliptin suppresses HFD-
induced macrophage infiltration and pro-inflam-
matory M1 macrophage polarization, suggesting 
that DPP-4 directly enhances M1 macrophage dif-
ferentiation to induce HFD- inflammation and 
insulin resistance (Zhuge et al. 2016).

H. Kwon and J. E. Pessin



239

9.4.1.9  Resistin
Resistin (ADSF/FIZZ3/XCP1) is a 12 kDa poly-
peptide with 114 amino acids in rodents and was 
identified as an inducer of pulmonary inflamma-
tion (Holcomb et al. 2000) and insulin resistance 
(Steppan et al. 2001). The expression pattern and 
function of resistin are different between rodents 
and humans. Adipocytes stimulated by high glu-
cose are the major source of resistin in rodents, 
whereas monocytes and macrophages activated 
by inflammatory stimulation such as LPS, TNF- α, 
and IL-1β produce resistin in humans (Schwartz 
and Lazar 2011). Resistin belongs to the cysteine-
rich family and circulates as a disulfide- linked 
hexamer and trimer. High molecular weight hex-
amer is more abundant, but trimer shows more 
potent effect to induce insulin resistance in mice. 
To mediate insulin resistance in rodents, resistin is 
involved in the modulation of SOCS3 and GLUT4 
expression, resulting in the suppression of insu-
lin-mediated signaling in adipocytes (Steppan 
et  al. 2005). Resistin-deficient Lepob/Lepob mice 
show improved glucose tolerance and insulin sen-
sitivity (Qi et al. 2006b). Rosiglitazone, a PPARγ 
agonist, suppresses the resistin expression in adi-
pose tissues, resulting in the attenuation of inflam-
matory responses (Bokarewa et  al. 2005). In 
contrast, the function of resistin in humans T2D is 
not clear, as resistin levels in blood circulation are 
not correlated with obesity and insulin resistance. 
Resistin stimulates human peripheral mononu-
clear cells, macrophages, and hepatic stellate cells 
to produce IL-6 and TNF-α through the NF-κB 
signaling pathway to drive inflammation. Resistin 
also regulates brain inflammation through the 
activation of JNK and p38 MAPK in the hypo-
thalamus that in turn affects hepatic insulin resis-
tance (Benomar et al. 2012).

9.4.2  Anti-inflammatory 
Adipokines

9.4.2.1  Adiponectin
Adiponectin (244 amino acids) was found shortly 
after the identification of leptin and is highly 
expressed by adipocytes with potent anti- 
inflammatory, insulin-sensitizing, and anti- 

apoptotic properties (Scherer et  al. 1995). 
Adiponectin has four domains including a signal-
ing peptide region, an N-terminal collagen-like 
domain, a cysteine-rich domain for oligomeriza-
tion, and a C-terminal complement factor C1q- 
like globular domain for receptor binding. 
Adiponectin circulates as trimers (90 kDa), hex-
amers (180  kDa), and a high molecular weight 
(HMW, 18-36mers) form, and hexamer and 
HMW are the major forms in circulation. As pro- 
inflammatory factors such as TNF-α, IL-6, ROS, 
and hypoxia suppress the expression of adipo-
nectin in adipocytes, adiponectin levels are 
diminished in obese rodents and humans (Li et al. 
2009). In contrast, PPARγ antagonists stimulate 
the expression of adiponectin in adipocytes 
(Maeda et  al. 2001). Adiponectin activates its 
receptor and adaptor complex, ADIPOR1/2 and 
phosphotyrosine interacting with PH domain and 
leucine zipper 1 (APPL1), to activate AMP- 
dependent protein kinase (AMPK), resulting in 
the enhancement of fatty acid oxidation and glu-
cose uptake in the muscle and suppression of glu-
coneogenesis in the liver (Yamauchi et al. 2002). 
Accordingly, adiponectin administration or over-
expression in transgenic mice results in improved 
insulin sensitivity, whereas adiponectin-deficient 
mice develop HFD-induced inflammation and 
insulin resistance (Kim et al. 2007b; Maeda et al. 
2002). In fact, orally active small synthetic 
 adiponectin agonist, AdipoRon, treatment 
improves insulin sensitivity and glucose toler-
ance through AMPK and PPAR-α activation 
(Okada-Iwabu et al. 2013). In addition, adiponec-
tin induces autophagy to reduce HFD-induced 
oxidative stress through the induction of antioxi-
dant enzymes (Gpxs, Prdx, and Sod) in the skel-
etal muscle (Liu et  al. 2015). Recently, it has 
been shown that adiponectin mediates the effect 
of FGF21 on metabolism and insulin sensitivity 
in the skeletal muscle and liver as beneficial 
effects of FGF21 are abrogated in adiponectin 
knockout mice, suggesting that adiponectin 
induced by FGF21 treatment mediates FGF21 
effects to decrease obesity and to improve insulin 
sensitivity (Holland et al. 2013; Lin et al. 2013).

Adiponectin also directly modulates immune 
responses in immune cells. Adiponectin inhibits 
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LPS-induced TNF-α production in macrophages 
through inhibition of NF-κB activation and stim-
ulates the production of anti-inflammatory IL-10, 
suggesting that adiponectin promotes the differ-
entiation of anti-inflammatory M2 macrophages 
(Kumada et al. 2004; Mandal et al. 2011; Yokota 
et al. 2000). Adiponectin also modulates the acti-
vation of T cells and NK cells. Adiponectin 
receptors are upregulated on the surface of human 
T cells after antigen/MHC stimulation to mediate 
apoptosis of antigen-specific T cells, resulting in 
the suppression of antigen-specific T cell expan-
sion (Wilk et al. 2011). Furthermore, adiponectin 
suppresses TLR-mediated IFN-γ production in 
NK cells without affecting cytotoxicity of NK 
cells (Wilk et  al. 2013). Adiponectin can also 
suppress the development of atherosclerosis and 
fatty liver diseases (Okamoto et  al. 2002; Xu 
et al. 2003).

9.4.2.2  Fibroblast Growth Factor 21 
(FGF 21)

FGF21 is a 209 amino acid peptide and an atypi-
cal member of the FGF superfamily. FGF21 is 
produced by the liver, adipose tissue, and skeletal 
muscle and displays profound effects on glucose 
and lipid homeostasis (Itoh 2014). FGF21 expres-
sion is strongly induced in the liver by fasting 
through a PPAR-α-dependent mechanism 
(Badman et al. 2007), resulting in the enhanced 
hepatic fatty acid oxidation and gluconeogenesis. 
FGF21 overexpression suppresses HFD-induced 
obesity (Kharitonenkov et al. 2005), and FGF21- 
deficient mice show exacerbated HFD-induced 
insulin resistance with weight gain (Badman 
et al. 2009). Recombinant FGF21 and LY2405319 
treatment of obese humans also results in 
improved metabolic status (Gaich et  al. 2013). 
FGF receptor and βKlotho co-receptor mediate 
FGF21 signaling and are highly expressed in the 
adipose tissue and liver, thus responding to 
FGF21 to improve glucose and lipid metabolism 
(Ding et al. 2012). Although the liver is the major 
organ to produce FGF21, white adipose tissue 
and brown adipose tissue also express and 
release high amount of FGF21 during fasting and 
cold challenge, respectively. In addition, subcuta-
neous white adipose tissue expresses FGF21 

after cold challenge and β3 adrenergic receptor 
activation with increased UCP-1 expression and 
PGC-1α protein stabilization, resulting in the 
browning of white adipose tissue (Fisher et  al. 
2012). FGF21 treatment suppresses the HFD- 
induced inflammation and insulin resistance in 
adipose tissue during diabetes-induced renal 
inflammation (Zhang et  al. 2013) and septic 
shock in obesity (Feingold et al. 2012). However, 
molecular mechanisms of FGF21 as an anti- 
inflammatory mediator in immune cells are 
unknown.

9.4.2.3  Secreted Frizzled-Related 
Protein 5 (SFRP5)

SFRPs have an N-terminal cysteine-rich domain 
that is homologous to frizzled proteins, the cell 
surface receptors for wingless-type MMTV inte-
gration site (WNT) binding, and comprise five 
members in humans, SFRP1–SFRP5. As SFRPs 
have homology with the WNT-binding domain of 
frizzled proteins, SFRPs antagonize WNT signal-
ing (Leyns et al. 1997; Wang et al. 1997). WNT 
signaling pathways are mediated by canonical 
β-catenin activation, noncanonical planar cell 
polarity, and noncanonical Ca++ activation, and in 
particular Wnt5a expression is closely linked to 
inflammatory responses. SFRP5 that is highly 
expressed in adipocytes of mouse white adipose 
tissues may prevent the binding of WNT proteins 
to its receptors. In fact, the expression of SFRP5 
is decreased, but the expression of Wnt5a is 
increased in white adipose tissues of obese rodents 
and humans, suggesting that SFRP5 have poten-
tial to attenuate inflammatory effect of Wnt5a in 
adipose tissues. Accordingly, HFD-fed SFRP5-
deficient Sfrp5−/− mice have insulin resistance and 
fatty liver along with enhanced inflammatory 
macrophage accumulation to produce IL-6, TNF-
α, and CCL2, suggesting that SFRP5 is an anti-
inflammatory adipokine (Ouchi et  al. 2010). 
Wnt5a protein induces the noncanonical activa-
tion of JNK1, and SFRP5-deficient mice show 
highly activated JNK1 in HFD-fed mice, indicat-
ing that SFRP5 inhibits Wnt5a-mediated nonca-
nonical JNK1 activation in adipose tissues to 
suppress obesity-induced inflammation and insu-
lin resistance. SFRP5 also suppresses ischemia/
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reperfusion-induced heart inflammation and fail-
ure through the suppression of Wnt5a positive 
macrophage infiltration and inflammatory cyto-
kine production (Nakamura et al. 2016). In con-
trast to mice models, human adipose tissues 
hardly produce SFRP5, and the anti- inflammatory 
function of SFRP5 is unclear in several human 
epidemiological studies (Schulte et al. 2012).

9.4.2.4  Bone Morphogenetic Protein 
(BMP)

BMP is a member of the transforming growth 
factor (TGF)-β superfamily that regulates embry-
onic development. BMP has diverse biological 
functions, but it has recently been shown that 
BMP modulates inflammatory and metabolic dis-
ease such as fibrosis, inflammatory bowel dis-
ease, rheumatoid arthritis, and T2D (Grgurevic 
et  al. 2016). BMP expressed by diverse tissues 
such as the skin, thyroid, adipose tissue, and 
intestine is secreted after protease digestion to 
activate receptors, BMPR1 and BMPR2, and 
activated receptors in turn recruit SMAD1/5/8 to 
induce the translocation to nucleus. BMP7 
(49  kDa) shows diverse anti-inflammatory 
effects. In liver fibrosis, BMP7 suppresses TGF- 
β- dependent epithelial to mesenchymal transition 
(EMT) and inflammation (Zeisberg et al. 2003). 
BMP7 treatment also suppresses TNBS-induced 
colitis as BMP7 treatment suppresses IL-6 pro-
duction, suggesting that BMP7 has anti- 
inflammatory property to suppress inflammatory 
disease. Systemic BMP7 treatment also reduces 
body weight and improves metabolic parameters 
due to increased energy expenditure and 
decreased food intake, resulting in the improved 
insulin sensitivity (Townsend et al. 2012). BMP4 
(46  kDa) expressed by differentiated pre- 
adipocytes increases PPAR-γ expression in pre- 
adipocytes to drive browning of white adipose 
tissue with mitochondria biogenesis and PGC-1α 
expression, suggesting that BMP4 is a regulator 
for the transition from white to beige adipocytes 
differentiation (Gustafson et al. 2015).

9.4.2.5  Omentin-1
Omentin-1 (313 amino acids) identified as a sol-
uble galactofructose-binding lectin is expressed 
by human omental adipose tissues in which 

omentin-1 is preferentially expressed by the cells 
associated with the omental stromal vascular 
fraction (Schaffler et al. 2005). Omentin-1 levels 
in blood circulation are inversely correlated with 
obesity and suppressed by glucose and insulin 
(de Souza Batista et  al. 2007). Furthermore, 
omentin-1 level is increased after weight loss and 
exercise with improved insulin sensitivity. 
Omentin-1 enhances the insulin-induced glucose 
uptake in human visceral and subcutaneous adi-
pocytes through increased phosphorylation of 
AKT/PKB (Yang et  al. 2006), indicating that 
omentin-1 may improve insulin sensitivity. 
Omentin-1 also attenuates C-reactive protein 
(CRP) and TNF-α-induced NF-κB activation in 
human endothelial cells and vascular smooth 
muscle cells to suppress inflammatory signaling 
(Kazama et  al. 2012; Tan et  al. 2010). Thus, 
omentin-1 suppresses LPS-induced acute respi-
ratory distress syndrome through the AKT- 
eNOS- dependent suppression of pulmonary 
inflammation (Qi et al. 2016). In addition, omen-
tin- 1 overexpression under aP2 promoter in apoE 
knockout mice attenuates atherosclerosis lesion 
formation and suppresses macrophage accumula-
tion and the expression of pro-inflammatory 
cytokines in aorta. When human macrophages 
are treated with omentin-1, LPS-induced 
 pro- inflammatory gene expression is diminished 
through AKT phosphorylation. This study sug-
gests that omentin-1 directly suppresses pro- 
inflammatory macrophage activation to suppress 
atherosclerosis (Hiramatsu-Ito et al. 2016). It has 
been speculated that visceral adipose tissue- 
derived omentin-1 may be a potential candidate 
to treat inflammatory disease such as T2D, ath-
erosclerosis, and lung inflammation.

9.4.2.6  Apelin
Apelin (36 amino acids) expressed in many tis-
sues such as lung, adipose tissue, hypothalamus, 
and skeletal muscle was identified as the endog-
enous ligand of orphan G protein-coupled recep-
tor termed APJ (Tatemoto et al. 1998). Although 
apelin has diverse physiological functions to 
regulate fluid homeostasis, heart rate, and angio-
genesis (Carpene et  al. 2007), increasing evi-
dence suggests that apelin improves insulin 
sensitivity, glucose utilization, and brown adipo-
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genesis in different tissues associated with diabe-
tes. Plasma level of apelin is increased in obese 
and insulin-resistant humans and rodents 
(Boucher et  al. 2005). As apelin enhances glu-
cose uptake through AMPK-dependent manner 
and suppresses lipolysis, HFD-fed apelin- 
deficient mice show insulin resistance (Yue et al. 
2010, 2011). Acute and chronic apelin treatments 
also stimulate glucose uptake and fatty acid oxi-
dation in adipose tissue and skeletal muscle 
through AMPK activation, resulting in the 
improved insulin sensitivity (Attane et al. 2012). 
Brown adipose tissue participates non-shivering 
thermogenesis, and chronic apelin-13 treatment 
increases the expression of UCP-1 and PGC-1α 
to induce mitochondria biogenesis, thermogene-
sis, and reduced lipolysis (Than et  al. 2015). 
Apelin is also involved in inflammatory responses 
in obese diabetic subjects. Apelin administration 
reduces inflammation in the kidney to ameliorate 
diabetic nephropathy through the suppression of 
CCL2 expression, monocyte infiltration, and 
NF-κB activation (Day et  al. 2013). However, 
apelin activates JNK and NF-κB to induce inflam-
matory adhesion molecules such as ICAM in 
human umbilical vein endothelial cells (Lu et al. 
2012). Thus, the precise role for apelin in regulat-
ing inflammatory responses remains undefined.

9.4.2.7  Visceral Adipose Tissue-Derived 
Serine Protease Inhibitor 
(Vaspin)

Vaspin is a 415 amino acid protein that was iden-
tified from visceral white adipose tissues of 
Otsuka Long-Evans Tokushima Fatty (OLETF) 
rat as an insulin-sensitizing adipokine because 
vaspin suppresses the expression of pro- 
inflammatory adipokines such as resistin, leptin, 
and TNF-α (Hida et al. 2005). Although vaspin 
expression was originally identified from adipose 
tissue, several tissues including skin, stomach, 
and hypothalamus also express vaspin. Increased 
vaspin levels in circulation are associated with 
obesity and impaired insulin sensitivity, whereas 
type 2 diabetes abrogates the correlation, and 
exercise increases vaspin levels (Youn et  al. 
2008). Recombinant vaspin administration also 
improves glucose tolerance and insulin sensitiv-

ity. Inflammatory stimulators including TNF-α 
play an important role in the development of ath-
erosclerosis. Vaspin suppresses TNF-α-induced 
ROS production and monocyte adhesion to 
smooth muscle cells by inhibiting the activation 
of NF-κB and PKCθ (Phalitakul et al. 2011).

9.5  Adipokines 
and the Neuroendocrine 
System

As obesity and related metabolic disease are pan-
demic health problem in modern society, the con-
trol of appetite and energy balance are key 
biological issue in humans and higher animals, 
and uncovering the molecular mechanisms of 
systemic metabolism is essential to resolve prob-
lems. To control appetite and energy balance, 
several tissues such as brain, liver, pancreas, 
muscle, and adipose tissue are closely linked to 
communicate with diverse signaling mediators in 
the nerve system and endocrine/exocrine sys-
tems. Central neuroendocrine pathway regulates 
energy intake and expenditure. Appetite stimula-
tion (orexigenic) pathway is regulated by 
 neuropeptide Y (NPY), melanin-concentrating 
hormone (MCH), and agouti-related peptide 
(AgRP), and losing appetite (anorexia) is modu-
lated by pro-opiomelanocortin (POMC) and 
corticotropin- releasing hormone (CRH) (Cornejo 
et al. 2016). Peripheral tissues generate signals to 
control appetite and energy balance, and gastro-
intestinal track-derived molecules such as ghre-
lin, peptide YY, and cholecystokinin are involved 
in the modulation of appetite and energy balance. 
In addition, adipose tissue also produces adipo-
kines to mediate cross talk between the adipose 
tissue and central nervous system especially the 
hypothalamus to control appetite and energy bal-
ance. Leptin is a typical adipokine to regulate 
appetite and energy balance and described by 
other chapters.

In addition to leptin, it has recently been 
shown that other adipokines such as BMP7, 
FGF21, and vaspin also modulate food intake 
and energy balance. Systemic treatment of HFD-
fed mice with BMP7 shows decreased food 
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intake and increased energy expenditure, result-
ing in the decreased body weight and improved 
metabolic parameters (Townsend et  al. 2012). 
BMP7- induced body weight loss in HFD-fed 
mice is primarily due to loss of fat mass along 
with decreased serum leptin levels. Suppressed 
food intake with BMP7 treatment is leptin- 
independent pathway as BMP7-treated Lepob/
Lepob mice show reduced food intake. 
Intracerebroventricular (ICV) injection of BMP7 
also shows that BMP7 reduces acute food intake 
through the rapamycin- sensitive mTORC1-
p70S6 kinase pathway. Recently, it has been 
shown that FGF21 regulates sugar ingestion 
(von Holstein-Rathlou et al. 2016). Sugar intake 
increases FGF21 expression in the liver through 
ChREBP-dependent pathway and then results in 
increased serum FGF21 levels in rodents and 
humans. Thus, FGF21-deficient mice show 
increased sucrose consumption, whereas acute 
administration or overexpression of FGF21 sup-
presses the intake of both sugar and noncaloric 
sweeteners. FGF21 does not affect chorda tym-
pani nerve responses to sweet-tasting nutrients 
as the expression of FGF21 receptors, FGFR1c 
and βKlotho, is undetectable in taste epithelium. 
Instead, FGF21 reduces sweet- seeking behavior 
and meal size through the modulation of neurons 
in the hypothalamus. Thus, FGF21 mediates 
negative feedback circuit to modulate sugar 
ingestion in rodents and humans. Molecular 
mechanisms of vaspin in the regulation of food 
intake are not clear. However, peripheral and 
central vaspin administration decreases food 
intake in obese Lepdb/Lepdb and lean C57BL/6 
mice, suggesting that vaspin suppresses food 
intake through leptin-independent pathway. In 
addition, vaspin treatment maintains glucose- 
lowering effects for at least 6  days after injec-
tion. Leptin has been studied to understand 
detailed molecular mechanisms of the interac-
tion between adipose tissue and central nerve 
systems to regulate appetite and energy balances. 
However, further studies are necessary for other 
adipokines to fully understand the mechanisms 
such as target neurons, signaling pathways, and 
positive/negative feedback pathways in the mod-
ulation of appetite and energy balances.

Questions

• What are the cellular and molecular mecha-
nisms in the initiation of obesity-induced 
inflammation at adipose tissue?

• What is the molecular mechanism of adipo-
kine resistance?

• Does benign obesity, obesity without insulin 
resistance, show different adipokine profiles 
in humans?

• Can adipokine profile be established as early 
diagnosis markers of insulin resistance?

• What is the possible adipokine-based pharma-
cological treatment for metabolic disease?
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10.1  Introduction: 
The Hypothalamic-Pituitary- 
Thyroid Axis

The hypothalamus-pituitary-thyroid (HPT) axis 
is the central mechanism by which the body 
maintains thyroid hormone homeostasis (Costa- 
e- Sousa and Hollenberg 2012). Thyrotropin- 
releasing hormone (TRH) is released from 
neurons in the paraventricular nucleus (PVN) of 
the hypothalamus (Fig.  10.1) (Chiamolera and 
Wondisford 2009). TRH binds to the TRH 
receptor at the levels of the pituitary to stimulate 
the secretion of thyroid-stimulating hormone 
(TSH) (Bowers et  al. 1965; Geras and 
Gershengorn 1982; Greer 1951; Guillemin et al. 
1965, 1963; Schally et al. 1969; Shupnik et al. 
1996; Yamada et  al. 1995). TSH triggers the 
release of thyroid hormone, both the predomi-
nant prohormone thyroxine (T4) and the active 
form triiodothyronine (T3), from the thyroid 
gland into the bloodstream. The HPT axis oper-
ates in a negative feedback loop as T3 sup-
presses TRH and TSH at several levels including 
gene transcription and prohormone processing 
(Lechan and Hollenberg 2003; Lechan et  al. 
1986; Vella and Hollenberg 2009).

10.1.1  The Regulation of Thyroid 
Hormone Levels

As discussed in previous chapters, TRH neurons 
in the PVN of the hypothalamus (PVN) are 
believed to represent the regulatory core of the 
HPT axis. Early evidence suggested impairment 
of TRH neurons severely affects the regulation of 
TSH secretion (Martin et al. 1970). Additionally, 
TRH is key to determining TSH bioactivity (Beck-
Peccoz et al. 1985; Menezes-Ferreira et al. 1986; 
Nikrodhanond et  al. 2006; Taylor et  al. 1986). 
However, research has demonstrated that the pitu-
itary can increase TSH synthesis during severe 
hypothyroidism, even in the absence of TRH 
(Nikrodhanond et  al. 2006; Schaner et  al. 1997; 
Yamada et al. 1997). Mature TRH is a  tripeptide 
that is derived from pro-TRH by the action of pro-
hormone convertases (Perello and Nillni 2007; 
Schaner et al. 1997). Remarkably, both transcrip-
tion of TRH and its posttranslational processing 
are suppressed by T3 (Perello et al. 2006; Segerson 
et al. 1987; Sugrue et al. 2010).

Circulating TSH is a universally accepted bio-
marker of thyroid hormone action in humans. 
Given the tight negative regulation of TSH by 
thyroid hormone, a high TSH level is indicative 
of low T4 and T3 levels and hypothyroidism. 
Conversely, a low TSH measurement signals 
high T4 and T3 levels and hyperthyroidism. 
Clinicians measure TSH levels in their 
patients to assess their thyroid hormone status. 
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Fig. 10.1 The HPT axis is tightly regulated by a negative 
feedback system. Thyrotropin-releasing hormone (TRH) 
is transcribed and processed by several enzymes as it trav-
els down the axon including prohormone convertases 1/3 
and 2 (PC1/3 and PC2), carboxypeptidases E and D (CPE 
and CPD), and peptidyl-amidating monooxygenase (PAM) 
and pyroglutamyl peptidase II (PPII). TRH is released 
from the median eminence at the bottom of the hypothala-
mus where it binds to the TRH receptor (TRHR) and stim-
ulates the release of thyroid-stimulating hormone (TSH). 
TSH circulates through the blood and binds to the TSH 

receptor (TSH) to facilitate thyroid hormone release from 
the thyroid. Iodine (I−) is taken up by the thyroid through 
the sodium-iodide symporter (NIS) and pendrin (not 
shown) transporters. Thyroglobulin (Tg) is processed in 
the colloid (not shown) and coupled to I− to create T4 and 
T3. Then, T4 and T3 are shuttled back into the cell, where 
T4 can be metabolized to T3 by deiodinases. Finally, T4 
and T3 are released into the bloodstream via the monocar-
boxylate transporters (MCT8 or MCT10). T3 represses the 
transcriptional and posttranslational processing of TSH in 
the pituitary and TRH in the PVN of the hypothalamus
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However, there are several cases where the levels 
of TSH in the blood do not accurately interpret 
T4 and T3 levels (Refetoff et al. 1993).

TSH acts on the thyroid gland to synthesize 
and secrete thyroid hormone (Fig.  10.1). The 
thyroid gland produces thyroid hormone 
through thyroid follicular cells (Kopp 2005). 
Iodine is essential to thyroid hormone. The 
follicular cells concentrate iodine within the 
colloid by using sodium-iodide symporter 
(NIS) and pendrin transporters. These trans-
porters capture circulating iodine (I−) and 
translocate it to the cytoplasm, where I− is then 
secreted into the colloid. In the colloid, thyro-
globulin incorporates iodine after the iodine is 
oxidized by peroxide. Iodinated thyroglobulin 
is then endocytosed back into the cytoplasm of 
the follicular cell through the actions of TSH 
on the TSH receptor. In the vesicles containing 
iodinated thyroglobulin, enzymes cleave T4 
off the thyroglobulin.

The discovery of thyroid hormone transport-
ers has challenged the previous theory that T4 
and T3 passively cross cell membranes (Friesema 
et al. 2005). The monocarboxylate transporters 8 
and 10 (MCT8 and MCT10) transport T4 and T3 
into and out of the cell. MCT8 does have a prefer-
ence for transporting T3. Additionally, the 
organic anion transporter (OATP1) and the 
L-type amino acid transporter (LAT) also trans-
port thyroid hormones across membranes. 
OATP1 preferentially transports T4 and rT3, 
whereas LAT transports both T4 and T3 at a 
lower affinity. Mutations in MCT8 have been 
found in patients with the Allan-Herndon-Dudley 
syndrome (AHDS) (Friesema et al. 2010). AHDS 
is an X-linked disorder. In addition to neurologi-
cal complications, hypotonia and muscle hypo-
plasia, patients with AHDS exhibit abnormal 
thyroid function tests including normal TSH, low 
free T4, and high levels of circulating T3. The 
primary structure of MCT8 forms 12 transmem-
brane subunits that facilitate the bidirectional 
transport of T3 in favor of its gradient of concen-
tration (Friesema et  al. 2010). Interestingly, 
dimerization of MCT8 also appears to be neces-
sary for its function.

In the bloodstream, T4 and T3 circulate 
attached to serum proteins including thyroxine- 
binding globulin (TBG), transthyretin (TTR), 
thyroglobulin (TBG), and albumin (Benvenga 
et al. 1994). A small fraction of circulating T4 is 
free (FT4) to be transported into the cytoplasm. 
Once in the cells of the target tissue, T4 is con-
verted into the bioactive hormone T3 by either 
the type 1 or type 2 iodothyronine deiodinase 
(Dio1 or Dio2) (St Germain et al. 2009). Indeed, 
the deiodinases ultimately regulate intracellular 
availability of T3. These enzymes are expressed 
in a tissue-specific pattern where Dio1 is the pre-
dominant form in the liver and kidney and Dio2 
is expressed in the central nervous system, pitu-
itary, brown adipose tissue, and muscle. Dio1 and 
Dio2 metabolize T4 to its active form T3 by 
outer-ring deiodination. T3 binds to thyroid hor-
mone receptors in the nucleus to activate or sup-
press gene transcription.

T3 and T4 can be inactivated and metabolized 
by several mechanisms locally in the cell includ-
ing inner ring deiodination by the type 3 deiodin-
ase (Dio3), glucuronidation, and sulfation. In 
adults, Dio3 is expressed at low levels in all tis-
sues that rely on thyroid hormone, but Dio3 is 
particularly active during fetal development 
(Gereben et al. 2015). It degrades T4 into reverse 
T3 (rT3) and T3 to 3,3′-T2. Dio3 plays a role in 
the developing cochlea by preventing the prema-
ture response to thyroid hormone (Ng et al. 2004, 
2009). Silencing D3  in zebrafish during 
 development results in delayed hatching, signifi-
cantly smaller size, and decreased inflation of the 
swim bladder (Heijlen et al. 2014).

Sulfation and glucuronidation are phase II 
detoxification reactions, which increase the water 
solubility of thyroid hormone to facilitate its 
clearance through the urine or bile, respectively. 
Sulfotransferases tag T4 and T3 with a sulfate 
(T4S and T3S) (Visser 1996). These conjugates 
are rapidly degraded by Dio1 and then excreted 
through the urine (Mol and Visser 1985). UDP- 
glucuronosyltransferases transfer the glucuronic 
acid component of uridine diphosphate gluc-
uronic acid to T3 and T4 such that thyroid hor-
mone can be excreted through the bile and then 

10 The Thyroid Hormone Axis: Its Roles in Body Weight Regulation, Obesity, and Weight Loss



258

feces (Vansell and Klaassen 2001, 2002). 
Sulfatransferases and glucuronidases are regu-
lated by several factors including thyroid hor-
mone, fasting, and xenobiotics (Maglich et  al. 
2004; Qatanani et al. 2005; Visser 1996).

10.1.2  The Role of Thyroid Hormone 
in Gene Regulation

At the level of transcription, rodents and humans 
possess two different thyroid hormone receptor- 
encoding genes termed THRA and THRB. The 
THRA locus is located on human chromosome 
17 and expresses two major isoforms, TRα1 and 
TRα2. These two isoforms differ at their 
C-terminal region due to the presence of an alter-
native exon and only TRα1 binds T3 (Lazar 
1993). The THRB locus on chromosome 3 also 
leads to the expression of two major isoforms 
TRβ1 and TRβ2 who differ at their amino-termini 
based upon alternative exon use. Both of the TRβ 
isoforms bind T3.

TRα1 and TRβ differ in their tissue expres-
sion, but they are homologous in function and 
their molecular structure is conserved in across 
species (Brent 2012). All thyroid hormone- 
binding TR isoforms contain three domains that 
include highly conserved DNA and ligand- 
binding domains. The most diverse region of the 
TR isoforms is the amino-terminal or A/B 
domains, whose functions have not been well 
clarified. The thyroid hormone receptors are 
ligand-activated transcription factor that exist in 
the nucleus in the presence and absence of thy-
roid hormone.

To study the functions of the different TR iso-
forms, researchers have relied on studying knock-
out mouse models and resistance to thyroid 
hormone syndrome (RTH) in humans. Mouse 
knockout studies have demonstrated a unique 
role for the TRβ isoforms in the regulation of 
TSH production by the pituitary (Abel et  al. 
2001; Forrest et al. 1996; Forrest and Vennstrom 
2000; Ng et al. 2015). Additionally, the TRβ2 iso-
form plays a specialized role in the retina allow-
ing for the expression of the opsin photopigments 
in the retina of mice and thus allowing color 

vision development (Ng et al. 2001). Interestingly, 
both TRβ isoforms are important in cochlear 
development and accordingly hearing develop-
ment, while TRβ1 is required for adult hearing 
(Forrest et al. 1996; Ng et al. 2015). In the liver, 
the TRβ1 isoform is the principal mediator of 
thyroid hormone action, particularly in mediating 
cholesterol metabolism (Gullberg et  al. 2000, 
2002). Similarly, both isoforms target thyroid 
hormone action in the brain, but TRα1 has clear 
actions in hypothalamic neurons that regulate 
sympathetic function (Mittag et al. 2013). TRα1 
has the majority of actions in the skeleton, heart, 
and intestine, but TRβ1 may play a role in certain 
cell types in these tissues. Taken together, mouse 
genetic studies have well outlined the actions of 
the TR isoforms. However, studies using global 
knockouts of the TR isoforms have their limita-
tions and conditional alleles will allow for the 
tissue and cell-specific functions of the TR 
isoforms.

In humans, there are two distinct RTH syn-
dromes due to mutations in the respective TR iso-
forms. RTHβ was first described in the late 1960s 
and identified as being secondary to mutations in 
the TRβ isoforms in the 1980s. Patients with 
RTHβ present with inappropriately high TSH 
secretion in the face of elevated thyroid hormone 
levels proving that this isoform regulates the 
hypothalamic-pituitary-thyroid (HPT) axis 
(Refetoff et  al. 1993). The clinical signs and 
symptoms of the disorder align with the TR iso-
form tissue distribution including goiter. 
Although TRβ-expressing tissues such as the 
liver and pituitary are resistant to thyroid hor-
mone, TRα-expressing tissues such as the heart 
and skeleton sense elevated circulating thyroid 
hormone levels and are hyperthyroid. As such, 
RTHβ patients have tachycardia and short stat-
ure. Some of the clinical findings in RTHβ may 
be the result of a combination of effects of resis-
tant TRβ signaling and activated TRα signaling 
such as attention deficit hyperactivity syndrome 
(Refetoff et al. 1993).

With the help of mice expressing TRα muta-
tions to model RTHα, TRα isoform mutations 
and RTHα were not identified in humans until 2012 
(Bochukova et al. 2012; Kaneshige et al. 2001). 
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The first TRα patient had features consistent with 
relative hypothyroidism in TRα- expressing tis-
sues including a skeletal phenotype, short stature, 
constipation, bradycardia, and neurodevelop-
mental issues. All of the TRα mutations found to 
date impair T3 binding and lead to the recruit-
ment of a repressive complex that cannot be 
released. Certain features like macrocephaly and 
constipation tend to be uniform across all TRα 
mutations. Strikingly, mutations in regions of 
TRα that are common to both the TRα1 and 
TRα2 isoforms have not revealed any unique bio-
chemical or syndrome-specific features, which 
suggests that TRα2 may not play an important 
role in thyroid hormone action.

The TR transcriptional complex recruits 
coregulatory factors including the corepressors 
nuclear receptor corepressor 1 (NCoR1) and 
silencing mediator for retinoid or thyroid hor-
mone receptors (SMRT, also known as NCoR2) 
and the coactivators SRC-1, SRC-2, and SRC-3 
(Alland et al. 1997; Halachmi et al. 1994; Heinzel 
et al. 1997; Lonard and O’Malley B 2007; Nagy 
et al. 1997; Onate et al. 1995). Both NCoR1 and 
SMRT interact with the TR isoforms via 
C-terminal domains, the nuclear receptor inter-
acting domains (RIDs) (Hu and Lazar 1999; 
Nagy et al. 1999; Perissi et al. 1999). However, 
NCoR1 prefers to interact with the TR via its 
more N-terminal RIDs. The steroid receptor 
coactivators 1, 2, and 3 (SRC-1, SRC-2, and 
SRC-3) share structural homology but appear to 
have a variety of different functions (Lonard and 
O’Malley B 2007). The SRCs interact with ligan-
ded nuclear receptors including the TR isoforms 
via a central interacting domain that contains a 
number of LxxLL motifs. A previous study dem-
onstrated that the SRC isoforms can interact with 
the TRβ2 amino-terminus and that this interac-
tion could be important in thyroid hormone 
action (Yang and Privalsky 2001). Like the core-
pressors, members of the SRC family can be dif-
ferentially expressed in a variety of cell types. 
Additionally, they play nonredundant roles in 
physiology with SRC-1 having the most signifi-
cant role in thyroid hormone action (Vella et al. 
2014; Weiss et al. 1999, 2002). Numerous other 
proteins with coactivator-like activity have been 
identified and can interact with the TR isoforms, 

but their roles in thyroid hormone action remain 
to be determined.

The roles of co-regulators in thyroid hormone 
action first came to light in the SRC-1 KO mice. 
Among other steroid receptor signaling deficits, 
SRC-1 KO mice have RTH elevated TSH levels 
in the presence of elevated circulating thyroid 
hormone levels (Weiss et al. 1999, 2002). Until 
conditional alleles were generated, the roles of 
NCoR1 and SMRT in  vivo were impossible to 
determine because deleting either paralog led to 
embryonic lethality (Jepsen et al. 2000, 2008). To 
address the role of NCoR1  in thyroid hormone 
action, Astapova et al. developed a mouse model 
that expressed a Cre-driven hypomorphic NCoR1 
allele (NCoR∆ID), which lacked the two princi-
pal RIDs that interacted with the TR (Astapova 
et  al. 2008). These liver-specific L-NCoR∆ID 
mice had a number of derepressed hepatic TRβ1 
targets in the hypothyroid setting consistent with 
the classic role predicted for NCoR1. A global 
NCoR∆ID mouse had low levels of circulating 
T4 and T3 with normal TSH levels and normal 
levels of TRH mRNA in the hypothalamus 
(Astapova et al. 2011). NCoR∆ID mice were not 
small and had evidence of increased energy 
expenditure. Furthermore, T3 targets in the liver 
had normal expression. Thus, global removal of a 
functional NCoR1 molecule in  vivo appears to 
increase sensitivity to thyroid hormone at the 
level of the HPT axis and the liver.

Combining the contrasting roles of SRC-1 and 
NCoR in managing thyroid hormone levels, Vella 
et  al. developed a mouse model that combined 
both of these genetic alterations (Vella et  al. 
2014). As expected, deletion of SRC-1 led to 
RTH at the level of the HPT axis. When 
NCoR∆ID was introduced on this background, 
normal thyroid hormone sensitivity was reestab-
lished. In the liver, positively regulated T3 target 
genes in SRC-1 KO/NCoR∆ID mice had normal 
sensitivity and response to T3.

While the in  vivo models have clarified the 
role of co-regulators in thyroid hormone action, 
many questions remain. Key insight into co- 
regulator function has only been established in 
the HPT axis and in the liver. The role of co- 
regulators in other thyroid hormone-responsive 
tissues remains unknown.
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10.2  Thyroid Hormone’s Role 
in Body Weight Regulation

The interplay between thyroid disease, body 
weight, and metabolism has been studied for a 
long time in both humans and other vertebrates 
(Barker 1951; Du Bois 1936). Indeed, the first 
studies linking thyroid hormone and energy 
expenditure were conducted over 100 years ago 
by Magnus-Levy starting in 1895 (Mangus-Levy 
1895). Metabolism or energy expenditure (EE) 
can be defined by the amount of oxygen used by 
the body over a specific amount of time. Resting 
energy expenditure (REE) is the energy required 
to maintain basic cell and organ function while 
the body is at rest. Prior to thyroid function tests 
(measurement of T4, T3, and TSH), REE was 
one of the earliest indications to test a patient’s 
thyroid status. Poor thyroid gland function was 
associated with low REE, whereas overactive 
thyroid gland function was associated with high 
REE (Fig. 10.2). Upon further study when thy-
roid hormone measurements were available, it 
was found that low thyroid hormone levels are 
linked to low REE and conversely high thyroid 

hormones linked to high REE. Due to the com-
plexity of the test and the number of factors that 
can affect REE, testing REE to determine thyroid 
function is no longer a favorable test.

Hypothyroidism is a disease marked by low 
T4 and T3 and higher TSH. There are several dis-
eases that can lead to hypothyroidism including 
an autoimmune disease such as Hashimoto’s thy-
roiditis, where the immune system attacks the 
thyroid gland. Other causes of hypothyroidism 
include too little or too much iodine in the diet, 
illness, medicines, congenital hypothyroidism, 
and treatments for thyroid disease and thyroid 
cancer where the thyroid is surgically removed or 
treated with radioactive iodine (I-131). 
Hypothyroidism has long been associated with a 
small weight gain, usually about 5–10 pounds. 
This is due to the lower REE in patients with 
hypothyroidism. In cases of severe hypothyroid-
ism, the weight gain is often greater. The cause of 
the weight gain in hypothyroid individuals is also 
complex and can be attributed to several factors 
including excess fat accumulation or excess 
accumulation of salt and water. Interestingly, thy-
roid hormone levels have no root cause in the 

Fig. 10.2 At the cellular level, T4 and T3 enter through 
thyroid hormone transporters such as the monocarboxyl-
ate transporters (MCT8, MCT10). T4 is converted in the 
bioactive thyroid hormone, T3. Once in the nucleus, T3 
binds to the thyroid hormone receptor to recruit transcrip-
tional machinery on positive T3 target genes including 
coactivators like SRC-1. In the absence of T3, transcrip-
tional repression machinery is recruited as TR binds 
NCoR1 or other corepressors. The TR forms dimers, 

sometimes with RXR. T4 and T3 are metabolized by sev-
eral factors including the type 3 deiodinase (Dio3). Dio3 
converts T4 into reverse T3 (rT3) and T3 into 3,3’T2. 
Sulfotransferases tag T4 and T3 with sulfates. T4S is con-
verted to rT3S by Dio1. Sulfation of thyroid hormone 
increases its solubility and excretion via urine (T4S, rT3S, 
and T3S). UDP-glucuronosyltransferases (Ugts) increase 
thyroid hormone solubility and excretion through the bile 
and feces (T4G and T3G)
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obesity and weight gain seen in modern times. 
However, a study comparing treatment of hypo-
thyroid patients with T3 demonstrated significant 
weight loss and reduction in total cholesterol 
without adverse cardiovascular outcomes (Celi 
et al. 2011).

In hyperthyroidism, T4 and T3 are elevated 
thus elevating REE. Weight loss can be a symp-
tom as patients can experience elevated body 
temperature and increased REE despite increased 
food intake in some cases. Severe cases of hyper-
thyroidism can cause extreme weight loss. 
Graves’ disease is a cause of hyperthyroidism, 
where the immune system causes overstimula-
tion and growth of the thyroid. Other possibilities 
include goiter and a temporary condition called 
thyroiditis, which is normally linked to a viral 
infection.

Given the small influence of thyroid disease 
on body weight, the focus of this next chapter 
will be on the effects of thyroid hormone on 
whole body metabolism, how it influences EE, 
and how researchers hope to harness its effects as 
a treatment for obesity.

10.2.1  Thyroid Hormone Has Direct 
and Indirect Effects 
on Metabolism

At the cellular level, thyroid hormone has effects 
on several processes including glycolysis and 
glucogenesis, fatty acid oxidation and lipogen-
esis, and protein turnover (Mullur et  al. 2014; 
Vaitkus et al. 2015). With a small effect on EE, 
thyroid hormone has been shown to reduce reac-
tive oxygen species while increasing energy 
expenditure (Grant 2007). Additionally, thyroid 
hormone has been shown in increase ion leak-
age over the cellular membrane through the 
Na+/K+ ATPase ion leak and the sarco/endo-
plasmic reticulum Ca2+ ATPase (Haber et  al. 
1988; Silva 2006).

Thyroid hormone has a large effect on stimu-
lating mitochondrial biogenesis through several 
mechanisms including effects on mitochondrial 
genes like cytochrome c, promoting mitochon-

dria gene transcription through p43, p28, and a 
truncated TRα1 and establishing a positive feed-
back loop in which thyroid hormone increases 
nuclear expression of intermediate factors that in 
turn increase mitochondrial transcription such as 
PGC-1α (Psarra et al. 2006; Rodgers et al. 2008; 
Thijssen-Timmer et  al. 2006; Wrutniak et  al. 
1995; Wulf et  al. 2008). Thyroid hormone can 
also work within the mitochondria in processes 
like non-shivering thermogenesis. Here chemical 
energy is converted directly into heat. Thyroid 
hormone plays an important role in the regulation 
of uncoupling protein 1 (UCP1), which renders 
the inner membrane of the mitochondria perme-
able to electrons and allows for the generation of 
heat. UCP1 is expressed primarily in brown adi-
pose tissue (BAT). Until recently, human BAT 
was thought to only exist in infants and not sig-
nificant in adults. Recent PET and CT imaging 
studies have shown a significant amount of BAT 
exists in adults, especially in the subscapular and 
chest region (Cypess et  al. 2009; van Marken 
Lichtenbelt et al. 2009).

Fatty acid oxidation, the catabolic breakdown 
of fatty acids in the cell, is regulated in part by 
thyroid hormone. In the heart, thyroid hormone 
has been shown to affect carnitine/acylcarnitine 
transporter (CACT), the mitochondrial carrier 
protein involved in fatty acid metabolism 
(Paradies et  al. 1996). In hyperthyroid rats, 
researchers found an increased rate of palmitoyl-
carnitine/carnitine exchange and increased fatty 
acid oxidation in heart mitochondria. In hypothy-
roid rats, fatty acid oxidation is reduced in rat 
heart mitochondria due to a decreased CACT 
activity. Hypothyroid rats supplemented with T3 
restored normal CACT activity (Paradies et  al. 
1997). In the liver, T3 stimulates several genes 
involved with fatty acid oxidation including in 
the transcription of carnitine palmitoyltransfer-
ase 1 (CPT1) gene (Flores-Morales et al. 2002; 
Jackson-Hayes et al. 2003; Santillo et al. 2013). 
CPT1 transforms fatty acids to carnitine esters 
when it is localized to the outer mitochondrial 
membrane. Also in the liver, thyroid hormone 
stimulates the citrate carrier (CiC) gene expres-
sion and activity, another inner mitochondrial 
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membrane carrier protein (Giudetti et  al. 2006; 
Paradies and Ruggiero 1990). More work has to 
be done to determine how T3 influences the fatty 
acid oxidation process, especially in terms of car-
rier gene expression and activity.

Thyroid hormone has been shown to stimulate 
gluconeogenesis, the metabolic process that gen-
erates glucose from substrates such as lactate, 
glycerol, and glucogenic amino acids. Thyroid 
hormone treatment increases genes involved in 
gluconeogenesis including phosphoenolpyruvate 
carboxykinase (PEPCK), the rate-limiting step in 
gluconeogenesis (Park et al. 1999). In the liver, 
PEPCK mRNA was stimulated 3.5-fold in hyper-
thyroid rats (Klieverik et al. 2008). The affect of 
thyroid hormone on liver gluconeogenesis might 
have a central component as administration of T3 
to the PVN of the hypothalamus in rats increased 
glucose production (Klieverik et al. 2009).

Cholesterol synthesis can be regulated by thy-
roid hormone through multiple mechanisms. 
Thyroid hormone stimulates the low-density 
lipoprotein receptor (LDLR) gene, which 
increases uptake of cholesterol and enhanced 
cholesterol synthesis (Lopez et al. 2007). Patients 
with hypothyroidism experience mild to severe 
hypercholesterolemia (Klein and Danzi 2007; 
Thompson et al. 1981). Thyroid hormone replace-
ment reverses the increased serum levels of cho-
lesterol (Klein and Danzi 2007). Thyroid 
hormone also regulates cholesterol through the 
sterol response element-binding protein 
(SREBP)-2, which regulates LDLR (Goldstein 
et al. 2006). SREBP-2 is a member of the tran-
scription factor family that regulates glucose 
metabolism, fatty acid synthesis, and cholesterol 
metabolism. In hypothyroid rats, SREBP-2 
mRNA is suppressed, but this is reversed when 
T3 levels are restored (Shin and Osborne 2003).

The physiological benefit of thyroid hormone 
is multicellular and across most tissues. Indeed, 
hypothyroidism is linked to poor gluconeogene-
sis, fatty acid oxidation, and cholesterol synthe-
sis. Treatment with thyroid hormone reverses 
these conditions. As obesity and metabolic syn-
drome have similar deficits as above, there is 
great potential in thyroid hormone or thyroid hor-
mone analogs as therapeutics.

10.2.2  Thyroid Hormone 
as a Treatment for Obesity

Due to thyroid hormone’s effects on metabolism, 
researchers asked if it would be a potential thera-
peutic for obesity and dyslipidemia. While T3 
has many beneficial effects, supraphysiologic 
thyroid hormone levels induce tachycardia, bone 
loss, muscle wasting, and neuropsychiatric dis-
turbances (Burch and Wartofsky 1993). Several 
have pursued thyroid hormone derivatives that 
are tissue or TR isoform specific with hopes that 
this would affect metabolism and have no 
response in the heart and bone. The synthetic thy-
roid hormone analog GC-1 (sobetirome) has 
been shown to prevent or reduce hepatosteatosis 
and reduce serum triglyceride levels and choles-
terol levels without significant side effects on 
heart rate (Perra et al. 2008; Trost et al. 2000). In 
a separate study, GC-1 has been shown to increase 
EE and prevent fat accumulation in female rats 
(Villicev et al. 2007). Another thyroid hormone 
analog MB07811 exhibits increased TR activa-
tion in the liver and reduces hepatic triglyceride 
levels and increases hepatic fatty acid oxidation 
in both chow-fed and high-fat diet rodent models 
(Cable et al. 2009; Erion et al. 2007). In human 
clinical trials, MB07811 reduced LDL choles-
terol and triglyceride levels without severe 
adverse effects (Baxter and Webb 2009).

Thyroid hormone derivatives including 
3,3′,5-triiodothyronine (rT3), thyronamines 
(TAMs), and 3,5-diiodothyronine (T2) have been 
found to have some effects on body weight in 
rodents. The effects of TAMs, primarily 
3- iodothyronamine (3-T1 AM) and thyronamine 
(T0 AM), have been studied in rodent and include 
hypothermia, reduction in energy expenditure, 
hyperglycemia, and reduction of fat mass (Piehl 
et  al. 2011). Studies using rT3  in rodents have 
found that it can enhance actin cytoskeleton 
repair in neurons and astrocytes in the hypothala-
mus following a hypothyroid-induced decline 
(Farwell et al. 1990; Siegrist-Kaiser et al. 1990). 
Also, studies in chickens revealed that rT3 inhib-
its the surge in free fatty acids seen after treat-
ment with dexamethasone or adrenaline (Bobek 
et al. 2002). A larger number of studies have been 
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done using T2. T2 will stimulate mitochondrial 
activity and elevate resting EE in rats (Lombardi 
et al. 1998; Moreno et al. 1997). In high-fat diet 
rat models, T2 administration prevented hepatos-
teatosis, insulin resistance, and obesity while 
stimulating mitochondrial uncoupling (Grasselli 
et al. 2008; Lanni et al. 2005; Mollica et al. 2009; 
Moreno et al. 2011). When T2 was administered 
in human studies, euthyroid subjects had a sig-
nificant elevation in REE, reduced body weight, 
and normal thyroid and cardiac function 
(Antonelli et al. 2011).

Thyroid hormone analogs and alternatives 
show some promise as obesity therapeutics. 
GC-1 and T2 both challenge EE and have benefi-
cial effects in the liver. However, more studies 
must be done to determine efficacy and safety of 
TAMs, rT3, and MB07811.

10.3  The Effects of Weight Loss 
on Thyroid Hormone

As global obesity rates rise, understanding the 
complex neurocircuitry regulating energy expen-
diture is increasingly pivotal to finding preventa-
tive measures and therapies. Thyroid hormone 
levels affect the molecular mechanisms govern-
ing basal metabolic rate, energy expenditure, and 
temperature regulation. Individuals trying to lose 
weight experience a decrease in thyroid hormone, 
both the prohormone, thyroxine (T4), and the 
bioactive form, triiodothyronine (T3) (Katzeff 
et al. 1990). This is accompanied by decreases in 
leptin levels, energy expenditure, and sympa-
thetic nervous system tone (Rosenbaum et  al. 
2002, 2005). These effects are counterproductive 
to weight loss maintenance. Thyroid hormone 
replacement alleviates these effects but has rami-
fications including muscle wasting, atrial fibrilla-
tion, and osteoporosis. Understanding the 
molecular mechanisms that regulate thyroid hor-
mone will uncover therapeutic targets that allevi-
ate metabolic disorders and assist in weight loss 
maintenance.

In rodents, a similar physiology exists where 
T4 and T3 are suppressed following 24–48 h of 

fasting along with reduced energy expenditure 
(Ahima et al. 1996; Connors et al. 1985; Legradi 
et  al. 1997). Indeed, the entire hypothalamic- 
pituitary- thyroid axis is suppressed in fasted 
rodents including thyrotropin-releasing hormone 
(Trh) mRNA in the paraventricular nucleus of the 
hypothalamus and thyroid-stimulating hormone 
(TSH) in the pituitary (Blake et al. 1991, 1992; 
Spencer et al. 1983). In previous studies, melano-
cortin and neuropeptide Y (NPY) signals are 
important for communicating fasting signals to 
the hypothalamic-pituitary-thyroid (HPT) axis 
(Bjorbaek and Hollenberg 2002; Fekete et  al. 
2000, 2001, 2002; Legradi and Lechan 1998). 
Using NPY/melanocortin 4 receptor 
(Npy−/−Mc4r−/−) whole-body double-knockout 
mice, NPY was found necessary to suppress the 
hypothalamic-pituitary-thyroid (HPT) axis dur-
ing fasting (Vella et al. 2011).

In an association study between TSH and 
cardiometabolic risk factors in n = 1167 euthy-
roid adolescents, TSH was found to strongly 
correlate with BMI, systolic blood pressure, 
total cholesterol, high fasting glucose, and insu-
lin resistance (Le et al. 2016). Additionally, the 
free T3 to free T4 ratio was found to correlate 
with BMI, systolic blood pressure, triglycer-
ides, fasting glucose, and insulin resistance sug-
gesting that this ratio could be a useful marker 
of higher cardiometabolic risk. This study high-
lights again that although T4 and T3 are not 
altered with obesity in adults and adolescents, 
other factors that are regulated by T4 and T3 are 
altered including TSH. This suggests that while 
homeostatic T4 and T3 are normal, their physi-
ological functions may be impaired in obesity 
(Fig. 10.3).

Several studies have explored the relationship 
between weight loss and decreased thyroid hor-
mone levels. Indeed, in adults following a 10% 
body weight loss and reduced leptin levels, thyroid 
hormone levels, REE, sympathetic and parasym-
pathetic nervous system tone, and TSH are all sup-
pressed 20–30% (Katzeff et al. 1990; Rosenbaum 
et al. 2002, 2005). This is counterproductive to the 
maintenance of weight loss. Interestingly, leptin 
replacement restores sympathetic nervous system 
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tone and T3 and T4 levels, but not parasympa-
thetic nervous system tone or TSH levels to pre-
weight loss levels. The incomplete reversal of 
the weight- reduced phenotype following leptin 
repletion suggests that there are non-leptin-
dependent mechanisms affected by weight loss. 
Further study is required to understand what 
causes the decrease in thyroid hormone levels? 
Is it just centrally? Or are thyroid hormone met-
abolic mechanisms activated in peripheral tis-
sues? If peripheral mechanisms are activated, 
are they also responsive to leptin? Furthermore, 
how does leptin rescues thyroid hormone levels 
and sympathetic nervous system tone? Is this 
centrally through the hypothalamus or through 
some peripheral tissue? Studies have shown 
that thyroid hormone levels can still be sup-
pressed 2–5  years following weight loss. Is 
leptin a long-term therapeutic for weight loss? 
Or will leptin resistance develop? Are there 
other methods for elevating thyroid hormone 
after weight loss?

10.4  Conclusions

Research continues to understand the relation-
ships between thyroid hormone, body weight, 
and energy expenditure. Indeed there is a link 
between the central axis and whole body weight 
maintenance. Thyroid hormone has direct and 
indirect effects on mitochondrial function, gluco-
neogenesis, and fatty acid oxidation. While T3 is 
a poor therapeutic due to complications in the 
heart, muscle, and bone, thyroid hormone ana-
logs and metabolites have promise as treatments 
in obesity. GC-1 and T2 have been shown to pre-
vent hepatosteatosis and promote weight loss. 
While there is little evidence to support hypothy-
roidism as a cause of obesity, thyroid hormone 
does play a very important role in the mainte-
nance of weight loss and this is directly linked to 
leptin. Future studies should explore this further 
as this would help the 75–80% of individuals 
who regain weight after weight loss.

Fig. 10.3 A summary of the differences in thyroid hor-
mone and TSH levels, body weight levels, energy expen-
diture, leptin levels, and thyroid hormone-responsive 

cellular functions like fatty acid oxidation, gluconeogen-
esis, and cholesterol synthesis between hypothyroidism, 
hyperthyroidism, obesity, and weight loss
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Review Questions

 1. Describe the mechanisms by which HPT axis 
is a negative feedback loop. Are there condi-
tions when this negative feedback is disrupted 
(i.e., low thyroid hormone levels, low TRH 
and TSH)?

 2. Are hypothyroidism and hyperthyroid 
strongly associated with large changes in 
body weight?

 3. Thyroid hormone has diverse effects in many 
tissues in the body. Describe how the thyroid 
hormone works in the mitochondria and how 
this affects energy expenditure.

 4. Weight loss in humans results in decreases in 
thyroid hormone levels among others. Is there 
a rodent model in which this can be studied?

 5. What are the detrimental effects of supple-
menting with T3? What are the beneficial 
effects?
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Obesity and Stress: 
The Melanocortin Connection

Sara Singhal and Jennifer W. Hill

The role of the melanocortin system in energy 
homeostasis, feeding behavior, and metabolism 
has been a focus of intense study since its discov-
ery in 1979 (Crine et  al. 1979). The ability of 
melanocortins to suppress feeding and increase 
energy expenditure has made melanocortin 
receptors (MCRs) a major target of anti-obesity 
drugs in development (Fani et al. 2014). In addi-
tion, the melanocortin system’s influence on cir-
culating glucose levels suggests it could also be 
targeted to treat obesity- related type 2 diabetes 
(Morgan et al. 2015; Parton et al. 2007). While 
very promising in theory, problematic side effects 
have plagued pharmaceutical trials for such med-
ications, preventing FDA approval (Ericson et al. 
2017). These adverse effects are due to other sys-
temic and central functions of the melanocortin 
system. To understand and overcome these chal-
lenges, a more comprehensive understanding is 
needed of the role melanocortin peptides play 
and how they perform their diverse functions.

The melanocortin system can coordinate a 
wide variety of behavioral and physiological 
responses to internal and environmental cues. 
The number of known roles that melanocortins 
play continues to proliferate, ranging from the 
control of adrenal function, pain, and inflam-
mation to surprising behavioral outputs such as 

grooming. As we will see, an organism’s need 
to respond to stressors may be the most use-
ful context for understanding the actions of 
this system. The ability to rank-order threats is 
critical to survival. Melanocortins play a criti-
cal role in enabling “fight or flight” responses 
to immediate danger. Later, endogenous opi-
oids, AgRP/NPY circuitry, and other systems 
permit animals to focus on recovery, obtaining 
food to restore energy reserves, and activities of 
lesser importance. The interplay between these 
systems allows the animal to deal successfully 
with most stressors and return to physiological 
equilibrium.

This chapter will review the variety of roles 
played by melanocortins in the response to stress 
using insights from evolutionary development to 
understand their integration. Finally, we will dis-
cuss the lessons for obesity prevention and treat-
ment arising from a holistic view of the actions of 
melanocortins.

11.1  The Melanocortin System: 
Proopiomelanocortin

Melanocortin peptides are generated from the 
polypeptide proopiomelanocortin (POMC) via 
successive posttranslational cleavage events. 
POMC is abundantly expressed in the pituitary 
and hypothalamus but also in other sites; its pro-
cessing varies between tissues (Chen et al. 1986; 
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Smith and Funder 1988; Mechanick et al. 1992; 
Forman and Bagasra 1992; Hummel and Zuhlke 
1994; Ottaviani et al. 1997; Tsatmali et al. 2000; 
Iqbal et  al. 2010; Alam et  al. 2012). Generally, 
POMC is cleaved to form β-LPH and pro-ACTH, 
which prohormone convertase (PC)1/3 cleaves to 
form ACTH1–39. ACTH1–39 is the main product 
of corticotrophs in the pituitary, but in the hypo-
thalamus, PC2 cleaves it to form ACTH1–17. 
Carboxypeptidase E (CPE) then removes the 
C-terminal basic residues to produce ACTH1–13. 
The C-terminus of ACTH1–13 is then amidated 
by peptidyl α-amidating monooxygenase (PAM) 
to create ACTH(1–3)NH2, also known as desace-
tyl α-MSH. In humans, an additional N-terminal 
cleavage site results in production of β-MSH, γ 
–MSH, and α-MSH (Pritchard et al. 2002). PC2 
also cleaves β-LPH to form the endogenous opi-
oid β-endorphin1–31. This posttranslational pro-
cessing of the POMC preprohormone has been 
remarkably well conserved (Vallarino et al. 2012).

The genetic sequence for POMC appears 
across many species, from the earliest vertebrates 
such as lampreys to mammals. All the sequences 
have shown the same structural organization, 
suggesting that POMC was present in common 
ancestors 5–700 million years ago (Heinig et al. 
1995). In the sea lamprey, separate genes named 
proopiocortin (POC) and proopiomelanotropin 
(POM) produce ACTH and MSH, respectively. 
Even invertebrates such as the leech have POMC- 
related sequences possessing over 80% homology 
in its melanocortin domain (Duvaux-Miret and 
Capron 1992; Salzet et  al. 1997; Stefano et  al. 
1999). Indeed, tetrapods, mussel, and leech have 
the same sequentially arranged hormonal 
segments of this gene (Kawauchi and Sower 
2006). It appears that α-, β-, and γ-MSH arose 
during the early evolution of invertebrates from 
intramolecular duplication of an ancestral MSH.

In the rodent brain, there are two recognized 
neuronal populations expressing POMC, 
although low levels of POMC mRNA have been 
reported in other CNS regions (Zhou et al. 2013). 
The largest population resides in the arcuate 
nucleus of the hypothalamus (ARC) and 
co-expresses the cocaine amphetamine-related 
transcript (CART) peptide (Elias et al. 1998). A 

second smaller population is located in the brain 
stem, in the nucleus of the solitary tract (NTS) 
(Khachaturian et al. 1986).

The melanocortin receptor family is unique in 
having its activity regulated by both agonists and 
antagonists. Two naturally occurring antagonists 
to MCRs exist, agouti and AgRP. Mice express 
agouti protein primarily in the skin where it 
influences pigmentation (Bultman et  al. 1992). 
The human homolog, agouti signaling protein 
(ASIP), may also regulate pigmentation (Voisey 
et al. 2003). ASIP expression has been found in 
the skin and other tissues including the heart, 
ovary, testis, foreskin, adipose tissue, liver, and 
kidney (Wilson et al. 1995).

AgRP was discovered based on its sequence 
homology to agouti (Ollmann et al. 1997; Shutter 
et al. 1997). In contrast to that protein, AgRP is 
mainly expressed in the adrenal gland and arcuate 
nucleus of the hypothalamus (ARC). AgRP- 
producing neurons co-express two generally 
inhibitory neurotransmitters: neuropeptide Y 
(NPY) (Broberger et al. 1998; Hahn et al. 1998) 
and γ-aminobutyric acid (GABA) (Wu and 
Palmiter 2011). POMC neurons receive direct 
input from these NPY/AgRP neurons (Cowley 
et al. 2001; Atasoy et al. 2012; Tong et al. 2008; 
Smith et al. 2007) and other neurons inhibited by 
AgRP (Corander et  al. 2011; Tolle and Low 
2008). The mammalian central melanocortin 
system is defined as the neurons expressing 
POMC, AgRP neurons, which antagonize the 
effects of POMC neurons, and the downstream 
CNS circuits they collectively influence via 
MCRs.

As detailed below, POMC and AgRP neurons 
send and receive projections from many CNS 
regions (Broberger et al. 1998; Tsou et al. 1986; 
Palkovits et al. 1987; Zheng et al. 2005a; Haskell- 
Luevano et al. 1999; Bagnol et al. 1999; Schwartz 
2000; Odonohue and Dorsa 1982; Cone 2005; 
Rinaman 2010; Magoul et al. 1993). ARC POMC 
neurons project most heavily throughout the 
hypothalamus, including to the anterior 
hypothalamus, medial preoptic area, medial 
preoptic nucleus (MPON), lateral hypothalamus, 
dorsomedial hypothalamus (DMH), ventromedial 
hypothalamic nucleus (VMH), paraventricular 
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nucleus of the hypothalamus (PVH), 
parasubthalamic nucleus (PSThN), and the 
posterior hypothalamus (PH). Projections to the 
forebrain target the bed nucleus of the stria 
terminalis (BNST), lateral septum (LS), nucleus 
of the diagonal band, medial amygdala (MeA), 
and the nucleus accumbens (NAc). In the brain 
stem, the periaqueductal gray (PAG), superior 
colliculus, deep mesencephalic nucleus, NTS, 
medial lemniscus, substantia nigra, dorsal raphe, 
and locus coeruleus receive projections. Finally, 
the spinal cord also receives input from ARC 
POMC neurons.

Overall, ARC POMC and AgRP neurons have 
similar connectivity. However, AgRP neuron 
projections appear to be sparser, with fewer 
synapses. This population projects heavily to 
areas from which it receives the most incoming 
connections. Robust projections exist to the PVH, 
DMH, LH, MPON, septal areas of the anterior 
commissure, paraventricular nucleus of the 
thalamus, and the LS. These neurons also send 
axons to the BNST, the organum vasculosum of 
the lamina terminalis, and the perifornical 
nucleus. One might expect that AgRP release 
directly opposes melanocortins released at these 
sites, but the microcircuitry involves a complex 
summation of both inputs. In the PVH, AgRP 
synapses contact cell bodies, while POMC 
synapses contact distal dendrites (Atasoy et  al. 
2012; Bouyer and Simerly 2013). Areas of 
volume release of AgRP and POMC, however, 
are likely to overlap. Finally, AgRP projections 
are notably absent to the brain stem, hippocampus, 
amygdala, corpus striatum, and olfactory cortical 
tract, all of which have dense POMC innervation 
(Palkovits et al. 1987; Bagnol et al. 1999; Watson 
et  al. 1978; Jacobowitz and Odonohue 1978; 
Nilaver et al. 1979; Joseph et al. 1983).

POMC fibers of the NTS have less widespread 
connections, projecting sparsely to the PVH and 
PSThN, but more strongly within the brain stem. 
Targeted regions include the subcoeruleus 
nucleus, parvicellular reticular nucleus, 
medullary reticular nucleus (both dorsal and 
ventral), magnocellular reticular nucleus, pontine 
reticular nucleus, intermediate reticular nucleus, 
supratrigeminal nucleus, and the lateral 

parabrachial nucleus. Interestingly, ARC and 
NTS POMC neurons have reciprocal projections 
to each other.

11.2  Melanocortin Receptors

Five MCRs have been identified in humans, 
named in the order they were cloned: MC1R, 
MC2R, MC3R, MC4R, and MC5R (Girardet and 
Butler 2014). The MCRs coevolved with the 
POMC gene early in chordate evolution. During 
the multiplication of the chordates, genome 
duplications occurred that resulted in the ancestral 
MCR differentiating into an MC1/2 receptor 
precursor and an MC3/4 receptor precursor. (The 
origin of the MC5R is still debated (Cortes et al. 
2014)). Evidence suggests that all MCRs 
responded to ACTH (and MSH) and caused 
release of glucocorticoids. For example, a 
primitive CRH-ACTH-corticosterone axis exists 
in the jawless hagfish (Amano et al. 2016).

Comparisons of the elephant shark, Japanese 
sting ray, and bony fish suggest that the MC2R 
gradually lost its ability to act without the 
melanocortin receptor 2 accessory protein 
(MRAP1) (Takahashi et al. 2016; Reinick et al. 
2012). However, once paired with MRAP1, 
MC2R became the most efficient ACTH receptor, 
allowing the other MCRs to develop differing 
affinities to melanocortins and differing 
expression levels in tissues (Schiöth et al. 2005; 
Dores et  al. 2014). These processes allowed 
unique roles for MCRs to develop without 
disturbing glucocorticoid production (Cone 
2006; Kobayashi et  al. 2012). In the lamprey, 
MCRs appear in the skin, liver, heart, and skeletal 
muscle, but not in the brain (Young 1935; Eddy 
and Strahan 1968). Some cartilaginous fish, 
which arose 450 million years ago, express 
α-MSH and β-endorphin in the brain and 
melanocortin (MC) receptors in the hypothalamus, 
brain stem, and telencephalon (Vallarino et  al. 
1988, 1989; Chiba 2001; Klovins et  al. 2004). 
These findings suggest the period when POMC 
products ceased to act in the periphery alone and 
became neurotransmitters or neuromodulators. In 
mammals, melanocortins acting through MC3R 
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and MC4Rs in the hypothalamus, telencephalon, 
brain stem, and olfactory bulb came to reinforce 
the endocrine control of stress hormones (Liang 
et al. 2013; Haitina et al. 2007).

While MRAP1 is strongly expressed in the 
adrenal, gonadal, and adipose tissue, a related 
protein named MRAP2 is highly expressed in the 
hypothalamus, including the PVN (Chan et  al. 
2009). Interestingly, MRAP2 interacts with other 
MCRs in mammals. MRAP2 knockout mice and 
humans with MRAP2 mutations display severe 
obesity, changes in cholesterol metabolism, and 
Sim1 deficiency without hyperphagia or reduced 
energy expenditure (Novoselova et al. 2016; Asai 
et  al. 2013). These effects suggest MC4Rs and 
other hypothalamic receptors interact with the 
MRAP2 protein (Clark and Chan 2017).

In humans, the MC1R melanocyte receptor 
regulates melanogenesis and pigmentation of the 
skin and hair. Upon activation, this receptor 
functions by promoting eumelanin and 
downregulating pheomelanin (Cone 2006). Sun 
sensitivity and risk of skin cancer increase with 
mutations in the MC1R gene (Rees 2000). Many 
immune cells also express MC1R, suggesting 
that the MC1R also has an anti-inflammatory role 
(Catania et al. 2010).

The ACTH receptor, MC2R, is primarily 
expressed in the adrenal cortex (Mountjoy et al. 
1992). The major role of MC2R is to regulate 
steroidogenesis in the adrenal gland. Gene 
mutations of MC2R contribute to 25% of familial 
glucocorticoid deficiency cases, a rare autosomal 
recessive disorder. MC2R knockout mice (Chida 
et al. 2007) share characteristics of these patients, 
including severe glucocorticoid deficiency and 
failure of the adrenal gland to respond to ACTH 
(Thistlethwaite et  al. 1975; Chung et  al. 2008; 
Clark and Weber 1998). Human skin cells 
(Slominski et  al. 1996) and mouse adipocytes 
(Norman et al. 2003; Boston and Cone 1996; Cho 
et al. 2005; Moller et al. 2011) express the MC2R 
receptor, suggesting it may have a role in lipolysis 
regulation (Boston 1999). In adipocytes, ACTH 
and α-MSH are strong inhibitors of expression of 
the adipokine leptin (Norman et al. 2003).

The MC5R receptor, the newest member of 
this receptor family, has the most diverse 

expression pattern of all the MCRs (Chen et al. 
1997). It is involved with exocrine gland 
secretion, immunomodulation in B and T cells, 
and adipocyte cytokine release (Chen et al. 1997; 
Zhang et al. 2011; Lee and Taylor 2011; Taylor 
and Lee 2010; Taylor and Namba 2001; Buggy 
1998; Jun et  al. 2010). It also alters fatty acid 
oxidation control in skeletal muscle, enhances 
lipolysis, and suppresses fatty acid reesterification 
(Moller et  al. 2011; An et  al. 2007; Rodrigues 
et  al. 2013). Recently, the MC5R has been 
implicated in regulating glucose uptake by 
skeletal muscle and thermogenesis (Enriori et al. 
2016). These results suggest that MC5R agonists 
may offer a new target for obesity treatment in 
the periphery.

The primary regulators of energy homeosta-
sis, MC3R and MC4R, are called neural MCRs 
due to their high expression in the CNS (Mountjoy 
2010). Both receptors interact with melanocortins 
and are antagonized by AgRP. MC3Rs have an 
expression pattern limited primarily to 
hypothalamic and limbic structures, with highest 
expression in the ARC, VMH, ventral tegmental 
area (VTA), and the medial habenula (MHb) 
(Rosellirehfuss et  al. 1993). MC3Rs promote 
body weight regulation and sensitize NPY/AgRP 
neurons to the metabolic state of the animal 
(Butler et  al. 2017). Indeed, fasted Mc3r−/− 
mice fail to increase lipolysis or activate the HPA 
axis (Renquist et  al. 2012). MC3Rs also have 
roles in the periphery. MC3Rs expressed on 
macrophages have anti-inflammatory immune 
functions (Getting et  al. 1999a; Getting et  al. 
1999b). Renal MC3Rs promote urinary excretion 
of sodium, reducing blood pressure on high 
sodium diets (Mayan et al. 1996; Ni et al. 2003, 
2006; Chandramohan et al. 2009).

MC4Rs play critical roles in metabolic regula-
tion, pain, and reproduction, including erectile 
function and sexual behavior in both sexes 
(Starowicz and Przewlocka 2003; Starowicz 
et  al. 2009; Pfaus et  al. 2004; Martin and 
MacIntyre 2004; Wikberg and Mutulis 2008). 
MC4Rs have a wide distribution in the CNS, 
existing in over one hundred brain nuclei. MC4Rs 
are most concentrated in the brain stem and the 
hypothalamus. Importantly, MC4Rs are found in 
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neurons of the PVH that produce corticotrophin- 
releasing hormone (CRH), oxytocin, and 
thyrotropin-releasing hormone (TRH) (Liu et al. 
2003; Lu et al. 2003). Preganglionic neurons in 
the intermediolateral cell column (IML) of the 
spinal cord also show MC4R expression and 
receive direct inputs from POMC fibers (Elias 
et al. 1998).

The MCR family is a member of the G-protein- 
coupled receptor (GPCR) superfamily that 
maintains a high level of constitutive activity 
(Srinivasan et al. 2004). These receptors generally 
couple to Gαs proteins, which activate adenylate 
cyclase, increase intracellular cyclic 
3′,5′-adenosine monophosphate (cAMP), and 
activate protein kinase A (PKA). These signaling 
molecules can increase neuronal excitability, 
facilitate neurotransmitter release, regulate how 
neurons integrate synaptic input, and alter 
synaptic strength and connectivity (Grueter et al. 
2012; Kreitzer and Malenka 2008; Russo et  al. 
2010). That melanocortins can alter synaptic 
strength has implications for their downstream 
functions, including their influence on body 
weight and reward pathways (Caruso et al. 2014). 
However, under continuous stimulation, the 
MC4R undergoes desensitization and 
internalization (Shinyama et al. 2003).

AgRP inhibits the basal activity of MC3Rs 
(Tao et al. 2010) and MC4Rs (Haskell-Luevano 
and Monck 2001; Nijenhuis et  al. 2001) and 
acts as a competitive antagonist that prevents the 
binding of melanocortins. In contrast to α-MSH, 
AgRP stimulates the coupling of the MC4R 
receptor to the Gαi/o subunit, which inhibits 
adenylate cyclase and decreases intracellular 
cAMP levels (Büch et al. 2009; Fu and van den 
Pol 2008). Recently, it has also been shown that 
AgRP can hyperpolarize neurons by binding to 
MC4R and opening Kir7.1, an inwardly rectify-
ing potassium channel, independently of its inhi-
bition of α-MSH binding (Ghamari-Langroudi 
et al. 2015).

The MC3R appears to be the only melanocor-
tin receptor expressed by ARC POMC neurons 
(Bagnol et al. 1999; Jegou et al. 2000; Mounien 
et  al. 2005). In contrast, AgRP/NPY neurons 
express both MC3Rs and MC4Rs (Bagnol et al. 

1999; Mounien et  al. 2005). The activation of 
MCRs on AgRP neurons may allow these neu-
rons to sense the level of POMC activity and 
regulate AgRP release in a short feedback loop. 
In addition, MC3R activation of AgRP neu-
rons increases their release of inhibitory neu-
rotransmitters onto POMC neurons and POMC 
projection sites (Cowley et  al. 2001). Indeed, 
electrophysiological, immunohistochemical, and 
behavioral evidence shows activation of MC3Rs 
diminishes POMC neuronal activity and sup-
presses POMC mRNA expression (Cowley et al. 
2001; Lee et al. 2008; Marks et al. 2006). More 
research is needed to understand the role of these 
regulatory mechanisms.

11.3  Beta-Endorphin

The production of an opioid peptide, β-endorphin, 
from the POMC gene adds complexity to this 
neuronal system. In all chordates, POMC encodes 
a core melanocortin sequence and a core opioid 
sequence for β-endorphin. β-endorphin1–31 is the 
sole opioid sequence encoded in the POMC gene 
in humans and rodents, although some ancient 
species process it into smaller opioids (Takahashi 
et al. 1995, 2001, 2006; Shoureshi et al. 2007). 
Further cleavage of β-endorphin1–31 by PC2 and 
CPE to form β-endorphin1–27 and β-endorphin1–26 
abolishes its ability to bind to opioid receptors. 
This effect shifts the balance in favor of MSH- 
related actions (Wardlaw 2011).

In many, but not all cases, melanocortins and 
endorphins produce opposing physiological and 
behavioral effects that ensure a coordinated and 
balanced response to changing environmental 
demands and stressors (Table 11.1, modified from 
(Bertolini and Ferrari 1982)). The result is a form 
of functional reciprocity. For instance, melano-
cortins upregulate attention and pain sensitiv-
ity, promoting arousal and adaptation to external 
challenges, while simultaneous release of opi-
oids favor de-arousal and shifting to self- directed 
behavior (Bertolini and Ferrari 1982; De Wied 
and Jolles 1982; Sandman and Kastin 1981).

The primordial role of opioids is the control 
of protective reactions. Even in protozoa, opiate 
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Table 11.1 A comparison of the effects of opioids and melanocortins

Function Melanocortins Opioids
HPA and stress 
response

Physiological stress 
response

↑ ACTH, cortisone/corticosterone ↓ CRH release
↓ Development of stress 
adaptation
↑ Suppression of HPA axis
  Anti-stress via kappa 

receptor pathway
Shock
  Hypotensive, 

hypovolemia

↓ ↑

Stress-induced anxious/
depressive behavior

↑
  Via MC4R
  MC4R KO and 

antagonists = reduced anxiety/
depression behaviors

↓
  Attenuates anxious 

behaviors
  Reduced 

hypercorticosterone 
response

CNS actions CNS activity
  Neuronal firing
  Adenylate cyclase/

cAMP
  Ca2+ uptake at 

synapse

↑ ↓

Neurotransmitter release
  Norepinephrine 

(stress)
  Dopamine (behavior)
  Acetylcholine 

(immunity)

↑ ↓

Neurotransmitter 
turnover
  Serotonin (behavior- 

depression anxiety)

↓ ↑

  POMC neurons ↓
  Autoinhibition via MC3R
  Inhibition via MC3R/AgRP/NPY 

pathway

↓/↑
↓ At high concentration
Presynaptic via low sensitivity 
receptor on POMC neurons
↑ At low concentration
Via disinhibition
Postsynaptic via high 
sensitivity receptor near 
GABA synapses

  Glial expression   Express MCRs N/A
Pain Pain threshold ↓

  Increase hypersensitivity
  Antagonize opioid-induced 

analgesia
  Reduce opioid tolerance
  *MC4R antagonism synergizes 

with opioid pain reduction

↑

(continued)

S. Singhal and J. W. Hill



277

ligands suppress a protective contractile response 
and reduce growth and motility (Dyakonova 
2001; Zagon and Mclaughlin 1992), although 
the receptors responsible for such actions are 
unclear (Lesouhaitier et  al. 2009; Stefano and 
Kream 2008). In invertebrates like mollusks 
and arthropods, many functions of opioids (e.g., 
stress-induced analgesia, deactivating immune 
responses, and regulation of feeding, mating, 
and social behavior) resemble those in verte-
brate species (Dyakonova 2001). A single ances-
tral opioid receptor duplicated itself twice early 
in vertebrate evolution to create the four known 
opioid receptor types (Sundstrom et  al. 2010; 
Larhammar et al. 2009). The addition of an opi-
oid sequence to the POMC gene likely occurred 
around this time (Duvaux-Miret and Capron 
1992; Salzet et al. 1997; Stefano et al. 1999).

Opioid receptors are found throughout the 
central and peripheral nervous system and the 

immune system (Stein and Machelska 2011; 
Zollner and Stein 2007). These receptors use the 
Gi/o signaling cascade; so, like AgRP and in 
opposition to melanocortins, opioid receptors 
inhibit adenylate cyclase activity and lower 
cAMP levels (Collier 1980; Tao 2010; Rene et al. 
1998). β-endorphin binds to mu (μ), delta (δ), and 
kappa (κ) opioid receptors, with highest affinity 
for mu and δ types (Katritch et  al. 2013; Cox 
2013). Opioids may interact with ion channels as 
well (Luscher and Slesinger 2010; Tedford and 
Zamponi 2006).

β-endorphin regulates POMC neuronal 
activity and gene transcription through a com-
plex feedback mechanism. Hyperpolarization 
of POMC neurons occurs when hypothalamic 
explants are treated with opioid agonists (Kelly 
et  al. 1990), while antagonists increase secre-
tion of both β-endorphin and γ-MSH (Jaffe et al. 
1994; Nikolarakis et al. 1987). By binding to the 

Table 11.1 (continued)

Function Melanocortins Opioids
Immunity and 
inflammation

Inflammation (general) ↓
  Anti-inflammatory
  Immune suppressive
  Central immune modulation (via 

vagus nerve-cholinergic AND 
glucocorticoid release)

  Neuroprotective

↓
  Anti-inflammatory
  Immune suppressive

Temperature regulation ↓
Antipyretic

↑

Neuroinflammation ↓ Neuroinflammation
↓ Excitotoxicity

N/A

Neuroprotection ↑ Via
  Oligodendrocyte development
  Activate astrocyte-/microglia- 

mediated protection

N/A

Immune cell expression MCR expressed on:
Macrophages, B and T lymphocytes

N/A

Behavior Arousal ↑ ↓
Attention ↑ ↓
Motivation ↑ ↓
Learning/memory ↑ ↓
Yawning/stretching ↑ ↓
Grooming ↑ Induces all components ↑

  Increase/instigate duration
  Prolong sensitivity of 

grooming
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μ-opioid receptors they express, β-endorphin 
inhibits POMC activity and gene expres-
sion (Kelly et  al. 1990; Zheng et  al. 2005b; 
Markowitz et  al. 1992; Pennock and Hentges 
2011). This mechanism serves as a form of 
autoinhibition of POMC neurons (Bouret et  al. 
1999). In addition, opioid receptors exist on the 
numerous GABAergic terminals that synapse 
onto POMC neurons. The sensitivity to opi-
oids is much greater at the presynaptic μ-opioid 
receptors than the postsynaptic μ-opioid recep-
tors (Pennock and Hentges 2011). So, at low 
concentrations, β-endorphin may inhibit the pre-
synaptic release of GABA, disinhibiting POMC 
neurons (Pennock and Hentges 2011, 2016). The 
interplay between these mechanisms likely pro-
vides fine-tuning of melanocortin and endorphin 
release by POMC neurons.

Optogenetic experiments suggest that the dif-
ferential release of β-endorphin and α-MSH may 
be key to POMC neuronal actions (Yang et  al. 
2011; Aponte et al. 2011). Under default condi-
tions, AgRP inhibits POMC neuron activity to 
promote feeding in mice. However, if leptin 
release by adipocytes rises in response to a long- 
term energy surplus, POMC neurons release 
β-endorphin, shutting off this inhibitory circuit. 
At the same time, activation of POMC neurons 
reduces food intake in an MCR-dependent 
manner. So, by simultaneously releasing 
melanopeptides and opioid peptides in variable 
ratios, the POMC system may respond to 
physiological or external changes with a variety 
of tailored responses.

Several mechanisms may underlie this differ-
ential release. Differential enzymatic inactivation 
of α-MSH or β-endorphin can modify the action 
of POMC products (Dutia et  al. 2012). The 
enzymes which process POMC products can alter 
the ratio of various forms of β-endorphin and 
melanocortins in response to different neuronal, 
hormonal, environmental, and pharmacological 
stimuli (Wilkinson and Dorsa 1986; Cangemi 
et  al. 1995; Young et  al. 1993). Also, because 
POMC is posttranslationally processed to ACTH 
and MSH peptides in secretory vesicles, 
packaging of POMC in secretory granules 
controls the extent of POMC cleavage. Alternative 

methods of sorting POMC products may produce 
heterogeneity in secretory granule content 
(Pritchard and White 2007). As hinted at by 
earlier work (Perello et al. 2007, 2008; Petervari 
et  al. 2011; Mercer et  al. 2014), Koch and 
colleagues recently used electron microscopy to 
show that β-endorphin and α-MSH exist in 
separate vesicles within individual neurons of the 
PVH (Koch et  al. 2015). In a third of POMC 
synaptic boutons in the PVH, β-endorphin and 
α-MSH did not overlap. The authors also 
identified hypothalamic UCP2 as being crucial 
for the switch from α-MSH to β-endorphin release 
triggered by endocannabinoids. As we shall see, 
the flexibility inherent in the ability of POMC 
neurons to release either a melanocortin or an 
opioid has large repercussions for the CNS 
response to stress.

11.4  The Stress Response: 
Overview

Stress is the experience of coping with a physi-
cal or emotional threat. Common physical 
stressors include visceral or somatic pain, hem-
orrhage, respiratory distress, and inflammation 
from illness or injury. Psychological or emo-
tional stress may result from circumstances the 
individual perceives as negative or threatening, 
such as interpersonal conflict or financial prob-
lems. Afferent sensory information from periph-
eral receptors alert the CNS to physical stressors. 
Forebrain limbic structures like the prefrontal 
cortex (PFC), hippocampus, and amygdala 
receive input about psychogenic and emotional 
stressors (Ulrich-Lai and Herman 2009; Ulrich-
Lai and Ryan 2014). The physical and psycho-
logical signals of the brain stem and limbic 
system converge at the paraventricular nucleus 
of the hypothalamus (PVH). Here, they integrate 
to engage effector mechanisms to regulate the 
body’s physiological response (Ulrich-Lai and 
Herman 2009).

Two systems regulate the stress response. 
First, the sympathetic nervous system (SNS) 
releases the catecholamines epinephrine and 
norepinephrine. Activation of the SNS during 
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acute stress elicits a rapid physiological response 
by two mechanisms: direct innervation of 
peripheral organs and the systemic release of 
catecholamines by the adrenal medulla (Ulrich- 
Lai and Herman 2009; Ulrich-Lai and Engeland 
2002). This system mobilizes energetic stores of 
both glucose and free fatty acids, increases 
blood pressure and heart rate, and downregu-
lates physiological processes unnecessary in the 
short term, such as digestion and reproduction 
(Bartness and Song 2007; Yamaguchi 1992). 
Therefore, the sympathetic “fight or flight” sys-
tem (countered by the parasympathetic “rest and 
digest” system) allows fast modulation of energy 
allocation to respond to an immediate threat to 
survival.

The second system regulating the stress 
response, the hypothalamic-pituitary-adrenal 
(HPA) axis, releases glucocorticoids such as 
cortisol. Activation of the HPA axis yields a 
slower, sustained, and amplified physiological 
response to acute stress. The HPA axis becomes 
activated when stress-related internal and external 
sensory input converges on corticotropin- 
releasing hormone neurons in the paraventricular 
nucleus of the hypothalamus (PVH) (Dent et al. 
2000; Ma et al. 1997). CRH stimulates synthesis 
and release of melanocortin peptides by the 
anterior pituitary, specifically adrenocorticotropic 
hormone (ACTH) from corticotrophs and MSH 
from melanotrophs (Gagner and Drouin 1985; 
Gagner and Drouin 1987; Eberwine et al. 1987). 
ACTH, produced from POMC, then stimulates 
the adrenal cortex to produce glucocorticoids 
(cortisol in humans or corticosterone in rodents). 
Once released, glucocorticoids mediate many 
systemic and neurological effects. Transcription 
of the POMC gene in corticotrophs undergoes 
feedback repression by glucocorticoids via the 
glucocorticoid receptors (GR) (Gagner and 
Drouin 1985). This negative feedback loop is 
essential for the HPA axis to maintain 
homeostasis. During long-term stress, however, 
the HPA axis can become chronically activated 
(Ulrich-Lai and Herman 2009; Ulrich-Lai and 
Ryan 2014).

CRH also has other mechanisms to trigger a 
stress response. It influences the sympathetic 

stress response by acting on the locus ceruleus, 
adrenal medulla, and the peripheral SNS 
(Valentino et  al. 1993; Brown et  al. 1982). In 
addition, CRH directly affects behavioral states 
of anxiety (Bale and Vale 2004; Reul and 
Holsboer 2002). Many brain areas involved in 
stress perception and response express CRH, 
including the amygdala (Roozendaal et al. 2002; 
Gallagher et  al. 2008; Regev et  al. 2012), 
hippocampus (Lee et al. 1993; Chen et al. 2001, 
2013; Refojo et al. 2011), inferior olive (Chang 
et  al. 1996), locus ceruleus (Valentino and Van 
Bockstaele 2008), bed nucleus of the stria 
terminalis (Dabrowska et  al. 2011), and the 
cortex (De Souza et al. 1986; Behan et al. 1995; 
Gallopin et al. 2006). Central overexpression of 
CRH induces an anxious behavioral phenotype in 
rodents (Dunn and Berridge 1990; Dautzenberg 
et  al. 2004; van Gaalen et  al. 2002), while 
suppressing CRH expression has anxiolytic 
effects under both stressed and unstressed 
conditions (Skutella et  al. 1994a, b). CRH can 
also suppress GnRH release (Sirinathsinghji 
1987; Traslavina and Franci 2012), sleep 
(Romanowski et al. 2010), and appetite (Glowa 
et al. 1992).

The evolution of CRH in chordate ancestors 
played an essential role in the success of 
vertebrates and ultimately mammals and humans 
(Endsin et al. 2017) by permitting a robust stress 
response. In fish, hypothalamic CRH released 
during stress triggers pituitary ACTH release, 
which stimulates the interrenal tissue to secrete 
glucocorticoids. The pituitary-interrenal axis is 
also responsible for other biological processes 
such as metabolism of carbohydrates, amino 
acids, and free fatty acids; mineral balance; 
immune function; and growth (Wendelaar Bonga 
1997). The multiple roles for glucocorticoids in 
this distant relative highlight the relationship 
between energy use and the stress response. The 
stress axis seems to have diverged from the 
reproductive axis around the time of the evolution 
of jawless fish, the most ancient of vertebrates; in 
the lamprey, GnRH and CRH cause release of 
11-deoxycortisol, a putative stress steroid 
(Roberts et  al. 2014). Likewise, GRs diverged 
from estrogen receptors (Thornton 2001). So, the 
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trade-off between stressor survival and fertility 
predates and shaped the development of mamma-
lian systems.

Once the HPA axis is activated, glucocorti-
coids levels rise. Glucocorticoids raise blood 
glucose levels to meet elevated energy needs 
under stressful conditions. To do this, glucocorti-
coids promote gluconeogenesis by increasing 
protein catabolism and lipolysis while decreas-
ing glucose use and insulin sensitivity of adipose 
tissue. At the same time, they suppress the 
immune system and aid metabolism of 
macronutrients. They increase blood pressure by 
promoting the sensitivity of the vasculature to 
epinephrine and norepinephrine (Smart et  al. 
2007; Pavlov and Tracey 2006). Glucocorticoids 
also impair liver sensitivity to growth hormone, 
leading to low levels of circulating insulin-like 
growth factor 1 (IGF-1), which may cause a 
decrease in neural plasticity (Mechanick et  al. 
1992), hippocampal learning (Lutter and Nestler 
2009), neuroprotection, and neuronal 
replacement (Lutter and Nestler 2009; Fletcher 
and Kim 2017).

Glucocorticoids also have a direct impact on 
the brain and spinal cord. Glucocorticoids cross 
the blood-brain barrier and bind to glucocorticoid 
(GR) and mineralocorticoid receptors (MR) on 
both neurons and glial cells. In the brain, MRs 
show high affinity for glucocorticoids (de Kloet 
and Sarabdjitsingh 2008; De Kloet et al. 1998). 
Therefore, they may sense basal glucocorticoid 
levels and mediate physiological responses to 
low glucocorticoid levels (de Kloet et al. 2005). 
In contrast, GR remains unbound at low 
glucocorticoid levels due to its lower binding 
affinity; it therefore mediates responses to 
elevated levels of glucocorticoids (de Kloet et al. 
2005; Reul and Dekloet 1985). The expression 
patterns of these receptors reflect their roles. GR 
is abundantly expressed throughout the brain, 
including in key sites for stress regulation like the 
medial prefrontal cortex (mPFC), hippocampus, 
amygdala, BNST, hypothalamus, and the 
hindbrain (Reul and Dekloet 1986; Meaney et al. 
1985; Fuxe et  al. 1987)). MR expression, in 
contrast, is more limited. Interestingly, MR and 
GR co-localize in several areas important to the 

behavioral response to stress, including the 
hippocampus, amygdala, and the mPFC (Reul 
and Dekloet 1985; Dekloet and Reul 1987).

Alterations of the HPA axis are associated 
with anxiety (Pego et  al. 2010). The chronic 
actions of glucocorticoids in the mPFC increase 
the use of habitual strategies over goal-oriented 
decision-making (Dias-Ferreira et al. 2009). This 
reversion to habitual strategies during chronic 
stress may improve efficiency in predictable 
tasks by creating an instinctual response instead 
of wasting resources on the appraisal process 
(Dias-Ferreira et al. 2009; Schwabe et al. 2013). 
The amygdala underlies anxiety and fear 
responses (Davis et  al. 2010; LeDoux 2012). 
When administered to the central amygdala, 
glucocorticoids enhance anxious behavior in 
rodents (Shepard et al. 2000). Application of GR 
and MR antagonists to the central amygdala 
abolishes this behavior (Myers and Greenwood- 
Van Meerveld 2007).

By acting on the hippocampus and amygdala, 
glucocorticoids enhance memory consolidation 
but impair working memory (Barsegyan et  al. 
2010; Roozendaal et  al. 2004; Mizoguchi et  al. 
2000). In the hippocampus, glucocorticoids help 
form emotionally powerful short-term memories 
(de Kloet et  al. 1999; Smeets et  al. 2009) but 
cause memory retrieval disruption for already 
assimilated items (Roozendaal 2002). Chronic 
stress conditions weaken performance on 
hippocampal-dependent tasks (Conrad et  al. 
1996; Kleen et  al. 2006) and cause spatial 
reference memory deficits (Oliveira et al. 2013). 
Glucocorticoids acting in the basolateral 
amygdalar complex (BLA) affect the learning 
and memory of aversive stimuli (Roozendaal 
et al. 1996). They also alter the reconsolidation of 
auditory fear-based conditioning and memory 
consolidation (Jin et al. 2007). These mechanisms 
allow consolidation of emotionally prominent 
events while diminishing input from competing 
information.

Glucocorticoids also have direct actions on 
neuroendocrine functions of the hypothalamus, 
including mimicking the negative feedback 
effects of sex hormones. They inhibit GnRH 
release and may, as a result, impair fertility and 
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delay the onset of puberty during chronic stress 
(Calogero et  al. 1999; Gore et  al. 2006). In 
addition, high glucocorticoid levels directly 
impede male sexual behavior (Rivier and Vale 
1984; Pednekar et  al. 1993; Retana-Marquez 
et  al. 2009). Glucocorticoids also suppress the 
secretion of other hypothalamic hormones, such 
as thyrotropin-releasing hormone (TRH) 
(Brabant et  al. 1987), leading to decreased 
metabolic demands during stress and contributing 
to weight gain.

While excess glucocorticoids are harmful, lev-
els that are too low also lead to physiological dys-
function (de Kloet et  al. 1999; Herman 2013; 
Myers et  al. 2014). The psychological and 
physiological adaptations induced by 
glucocorticoids allow an organism to survive and 
regain normal equilibrium. Specifically, when 
energy availability is low, restriction of growth, 
reproduction, immune processes, and other 
vegetative functions become the “biological cost” 
of adapting to the stressor (Moberg 2000). 
Whether these trade-offs prove to be helpful or 
damaging depends on the organism’s 
environmental context and on how long they last 
(Sinha 2008; McEwen 2007).

11.5  Melanocortins 
and the Physiologic Stress 
Response

A unifying function underlying the actions of the 
melanocortin system and its doppelgänger, the 
opioid system, is to produce a suitable response 
to acute stress. Melanocortins promote pain 
sensing, the energy releasing powers of 
glucocorticoids, and anxious behavior while 
inhibiting inflammation so that the individual can 
combat a threat to survival. These functions 
complement those of the ACTH-CORT endocrine 
axis from which the melanocortin system 
evolved. The role that POMC products play in 
this aspect of the stress response is 
under-recognized.

Three main stages to the stress response have 
been identified: alarm, resistance, and 
compensation (Schreck 2000). To handle a 

stressor effectively, the threat must first be 
perceived. This alarm stage involves the induction 
of the secretion of glucocorticoids and 
catecholamines to make energy available for 
resistance strategies, such as fighting or flight. 
During the resistance stage, the organism rations 
energy and attention in such a way that disease 
resistance, reproduction, growth, learning, and 
other functions are impaired. Compensation or 
recovery consists of adaptive changes to restore 
homeostasis and physiological equilibrium.

Under conditions of stress, ARC POMC neu-
rons show rapid activation. For example, acute 
restraint and forced-swim treatments in rodents 
cause increased activity of ARC POMC neurons 
projecting to the PVH (Liu et al. 2007). In addi-
tion, rats subjected to foot shock showed 
increased POMC mRNA in the hypothalamus, 
increased CRH mRNA in the amygdala, and 
increased MC4R mRNA in both locations 
(Yamano et al. 2004). Another study found that 
psychological stress increases expression of 
MC4R mRNA in the ARC of rats in a 
glucocorticoid-independent manner (Ryan et al. 
2014). Intracerebroventricular (ICV) injection of 
an MC4R agonist produces a dose-dependent 
increase in renal and lumbar sympathetic nerve 
activity, which is reversed by an MC3R/MC4R 
antagonist (Haynes et  al. 1999). This SNS 
activation exacerbates the response to stress; 
sympathetic innervation of the adrenal cortex 
enhances sensitivity to ACTH, which promotes 
glucocorticoid secretion (Engeland and Arnhold 
2005; Edwards and Jones 1993).

Tonic suppression by neuronal POMC pep-
tides keeps CRH levels within physiological lim-
its. In the hypothalamus, the ARC POMC neuron 
population has abundant synaptic projections to 
PVH CRH neurons (Lu et  al. 2003), many of 
which express MC4R (Lu et  al. 2003; Dhillo 
et al. 2002; Sarkar et al. 2002). A chronic reduc-
tion or absence of hypothalamic POMC leads to 
elevated CRH specifically in the PVH, elevated 
basal but attenuated stress-induced ACTH secre-
tion, and elevated basal plasma corticosterone 
(Smart et al. 2007). Whether suppression of CRH 
levels by POMC peptides occurs via direct 
actions in the PVH remains to be determined. 
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Some evidence suggests β-endorphin suppresses 
CRH levels in vivo as well (Plotsky 1986), but 
selective loss of β-endorphin beginning during 
development does not alter CRH mRNA or glu-
cocorticoid levels (Smart et al. 2007; Rubinstein 
et al. 1996).

α-MSH release by POMC neurons may also 
act via the MC4R to augment CRH release during 
a psychological or physiological challenge. 
Short-term ICV infusion of α-MSH can increase 
CRH expression, ACTH, and corticosterone 
levels after a stressful event (Lu et  al. 2003; 
Dhillo et  al. 2002; Kas et  al. 2005). Loss of 
MC4R signaling prevents stress-induced 
activation of neurons in the PVH and MeA and 
lowers ACTH and corticosterone release (Ryan 
et  al. 2014; Karami Kheirabad et  al. 2015). 
Pharmacological stimulation of MC4R in the 
PVH also increases CRH mRNA expression, 
circulating ACTH, and corticosterone (Lu et al. 
2003; Dhillo et al. 2002). In contrast, the MC3R 
influences the response of the HPA axis to fasting 
but no other stressors (Renquist et al. 2012).

Glucocorticoids, the final products of HPA 
axis activation, regulate the HPA axis through 
negative feedback. They suppress ACTH release 
at the level of the pituitary and CRH synthesis 
and release in the PVH (Lim et al. 2000). ACTH 
may also exert a regional form of feedback 
control of the HPA axis. ACTH suppresses CRH 
expression in the medial amygdala and 
hippocampus, but these effects are not seen in 
the hypothalamus (Brunson et  al. 2001; Wang 
et al. 2012).

Glucocorticoids appear to exert feedback con-
trol of the melanocortin system in a similarly 
region-specific manner (Beaulieu et  al. 1988; 
Wardlaw et  al. 1998). Glucocorticoids 
downregulate POMC gene expression in the 
pituitary (Pritchard et al. 2002; Krude and Gruters 
2000). While most POMC neurons in the ARC 
also contain GR, glucocorticoids seem to 
upregulate POMC gene expression in the 
hypothalamus of rats. ARC POMC gene 
expression falls after adrenalectomy and returns 
to normal after replacing glucocorticoids at 
physiological concentrations (Wardlaw et  al. 
1998; Pelletier 1993). The number of inhibitory 

synaptic inputs onto POMC neuron cell bodies 
also fell in adrenalectomized animals; 
replacement of corticosterone reversed this effect 
(Gyengesi et al. 2010). These mechanisms allow 
regulation of the melanocortin response to stress.

These studies show that melanocortins have 
powerful and integrative effects on both systems 
that mediate classic stress responses, the SAM 
system and the HPA axis. However, stressors 
often involve pain, immune reactions, and 
psychological challenges; melanocortins have a 
foundational role reestablishing homeostatic 
balance in each of these situations as well.

11.6  Melanocortins and Immune 
Function

Illness is a classic condition of physiological 
stress. As described below, the melanocortin 
system acts to inhibit inflammatory processes 
both centrally and peripherally. In addition, it 
combats fever and the cardiovascular processes 
related to shock. These functions play an essential 
role in appropriately calibrating the physiological 
response to illness. Indeed, melanocortin agonists 
are an underexploited anti-inflammatory therapy 
that holds great promise for treatment of immune 
disorders (Montero-Melendez 2015).

The systemic effects of melanocortins include 
direct action by circulating or local melanocortins 
on their receptors. The MC1R has an anti- 
inflammatory role in a wide variety of immune 
cells (Catania et al. 2004, 2010). In addition, the 
MC5R plays a role in lymphocyte modulation, 
specifically the activation of regulatory T-cell 
lymphocytes in ocular immunity (Taylor and Lee 
2010; Taylor et  al. 2006) and B-lymphocyte 
immunomodulation (Buggy 1998). In adipocytes, 
the MC5R stimulates cytokine secretion (Jun 
et al. 2010).

The central melanocortin system also has sup-
pressive effects on the systemic immune 
response. ICV α-MSH inhibits transcription fac-
tor nuclear factor kappa B (NF-κB) activation at 
peripheral inflammatory sites (Ceriani et  al. 
1994; Ichiyama et al. 1999a; Lipton et al. 1991). 
By directly sensing cytokines at the circumven-
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tricular organs, highly vascularized areas of the 
brain with a leaky blood-brain barrier, the CNS 
can detect peripheral inflammation. The ARC, 
NTS, and dorsal motor nucleus of the vagus 
(DMX) are near circumventricular organs. Acute 
inflammation such as that caused by bacterial 
lipopolysaccharide (LPS) activates TNF-α, 
IL-1β, and IL-6 and induces Pomc expression 
(Kariagina et al. 2004). Under these conditions, 
NF-κB activation directly promotes Pomc tran-
scription independent of STAT3 activation (Shi 
et  al. 2013). (Chronic inflammatory conditions, 
however, can impair the direct activation of 
Pomc promoter (Shi et al. 2013).) The CNS also 
receives information on the systemic inflamma-
tory status via ascending sensory pathways from 
affected tissues through the vagus nerve and pain 
afferent fibers (Goehler et  al. 1997, 2000; 
Watkins et  al. 1995). By promoting glucocorti-
coid release in response to sensory input, the 
melanocortin system suppresses immune 
responses in the periphery (Besedovsky et  al. 
1986; Hu et al. 1991).

If augmented pharmacologically, the anti- 
inflammatory effects of α-MSH can counter the 
life-threatening vasodilatory actions of 
endogenous opioids and histamine that are 
massively released during shock (Bernton et al. 
1985; Carmignani et  al. 2005; Chernow et  al. 
1986; Elam et  al. 1984; Schadt 1989; Guarini 
et al. 1997, 2004; Bertolini et al. 1986a, 1986b; 
Giuliani et  al. 2007; Bitto et  al. 2011). 
Melanocortins can reverse this immune response 
by acting on parasympathetic preganglionic 
neurons of the DMV that produce acetylcholine 
and express MC4Rs (Catania et  al. 2004; Sohn 
et  al. 2013). These neurons form part of the 
efferent arm of the cholinergic anti-inflammatory 
pathway (Guarini et  al. 1989; Bertolini et  al. 
2009). The vagus nerve can induce rapid release 
of acetylcholine to inhibit pro-inflammatory 
cytokine release from macrophages in target 
organs (especially in the liver, spleen, 
gastrointestinal tract, and heart) (Guarini et  al. 
2004; Pavlov and Tracey 2006; Tracey 2002, 
2007). The release of anti-inflammatory cytokines 
is unaffected (Borovikova et al. 2000). Bilateral 
injury or dissection of the vagus nerve or 

inhibition of primary afferent nociceptive nerve 
fibers compromises the ability of melanocortins 
to inhibit harmful and unnecessary inflammatory 
responses to hypoxic conditions, such as during 
hemorrhagic shock (Bertolini et al. 1989, 2009).

Melanocortins also combat fever and have a 
broad, suppressive effect on body temperature. 
ICV α-MSH inhibits systemic inflammatory 
reactions, including fever (Delgado Hernandez 
et al. 1999; Murphy et al. 1983). Melanocortins 
reduce body temperature acutely (reaching a 
nadir at 40 minutes) through several mechanisms, 
including reducing brown adipose tissue 
thermogenesis, lessening vasodilation, promoting 
active seeking of a cool environment, reducing 
physical activity, and suppressing compensatory 
shivering (Lute et al. 2014).

Melanocortins also induce stretching and 
yawning (Wessells et  al. 2000, 2003; Vergoni 
et  al. 1998), which we suggest are part of this 
program of body temperature reduction. Strong 
evidence from humans and other warm-blooded 
animals shows that both stretching and yawning 
are part of a coordinated physiological program 
to alter brain and body temperature (Gallup and 
Eldakar 2013; Eguibar et al. 2017). When body 
temperature is both excessive and higher than air 
temperature, yawning and stretching increase to 
allow increased airflow within the mouth and 
around the limbs to cool circulating blood. 
Co-injection of an MC4R antagonist inhibits 
yawning produced by microinjection of ACTH 
into the PVH (Argiolas et  al. 2000), although 
other target areas may also be involved (Argiolas 
et al. 1987). In contrast, opioids suppress yawning 
and stretching; for example, β-endorphin inhibits 
ACTH-induced yawning (Fratta et  al. 1981; 
Vergoni et al. 1989; Himmelsbach 1939; Seevers 
1936; Zharkovsky et  al. 1993). ACTH- and 
α-MSH-induced yawning correspond to an 
increase in the turnover rate of acetylcholine in 
the hippocampus; central cholinergic antagonists 
impede yawns (Ferrari et al. 1963; Fujikawa et al. 
1995; Wood et al. 1978). The circuit underlying 
these behaviors may include α-MSH-activated 
neurons in the PVH that project to medial septum 
cholinergic neurons that, in turn, project to the 
hippocampus (Collins and Eguibar 2010).

11 Obesity and Stress: The Melanocortin Connection



284

Melanocortins may have direct anti- 
inflammatory and neuroprotective actions within 
the brain. For example, in a traumatic brain injury 
mouse model, a single application of α-MSH 
(Hummel and Zuhlke 1994; Ottaviani et al. 1997; 
Tsatmali et  al. 2000) reduced inflammation, 
apoptosis, and brain damage (Schaible et  al. 
2013). Similarly, MC4R activation had anti- 
apoptotic effects during cerebral ischemia 
(Giuliani et  al. 2006) and in the hippocampus 
where excitotoxicity induced neuronal cell death 
(Forslin Aronsson et al. 2007).

Evidence suggests that these neuroprotective 
effects may result from melanocortin actions in 
glial cells. Multiple types of glial cells show 
MCR expression. Human microglia express 
MCRs (MC1R, MC3R, MC4R, and MC5R) 
(Lindberg et al. 2005). Melanocortins can directly 
suppress the activation of nuclear factor kappa B 
(NF-κB), tumor necrosis factor-α (TNF-α), and 
inducible nitric oxide synthase (iNOS) expression 
in activated microglia (Catania et  al. 2004; 
Delgado et  al. 1998; Galimberti et  al. 1999). 
Oligodendrocytes, the CNS glial cells responsible 
for myelination, also express MC4R (Arnason 
et al. 2013; Selkirk et al. 2007; Lisak et al. 2016; 
Benjamins et  al. 2014). ACTH1–39 increases 
proliferation, differentiation, and maturation of 
oligodendrocyte progenitor cells. It also reduces 
apoptosis in both progenitor and mature 
oligodendrocytes. At the same time, ACTH1–39 
protects against excitotoxicity and inflammation 
(Lisak et  al. 2016; Benjamins et  al. 2014). In 
multiple sclerosis, ACTH1–39 has been used 
clinically to treat immune system-induced myelin 
damage. Finally, astrocytes express MC4Rs (but 
not MC3Rs) in rats (Selkirk et al. 2007; Caruso 
et  al. 2007). In reaction to hypoxia or other 
stressors, reactive astrocytes produce nitric oxide 
(NO) and pro-inflammatory cytokines and 
chemokines (Dong and Benveniste 2001). MC4R 
activation blocks apoptosis of astrocytes (Giuliani 
et  al. 2006), reduces their secretion of NO and 
prostaglandin G2 (PEG2), and inhibits their 
expression of iNOS and COX-2 (Giuliani et  al. 
2006; Caruso et al. 2007). Although not involved 
in anti-inflammatory responses of α-MSH, the 
MC1R is expressed in astrocytes as well 

(Ichiyama et  al. 1999b). The activation of 
astrocytes plays a role in the pathology of many 
neurodegenerative conditions, so controlling 
astrocyte activation through melanocortin 
receptor activation may be an effective avenue 
for decreasing the severity of such diseases.

11.7  Melanocortins and Pain 
Pathways

Pain is a potent stressor. Pain is a noxious sensory 
or emotional experience caused by actual or 
potential tissue damage (Leeson et al. 2014). The 
ability of an organism to sense noxious stimuli is 
essential for preventing physical injury. Afferent 
fibers in the spinal cord carry nociceptive signals 
to higher brain centers through spinothalamic, 
spinobulbar, spinopontine, and 
spinomesencephalic tracts (Al-Chaer 2013; 
Boadas-Vaello et  al. 2016). Sensory- 
discriminative signals mediating pain localization 
propagate through the dorsal root of the spinal 
cord to thalamic nuclei and the PAG in the 
midbrain. The brain stem reticular formation, 
thalamus, and hypothalamus contribute the 
affective-motivational components of pain (Ab 
Aziz and Ahmad 2006). At the level of the 
thalamus, third-order neurons that receive both 
sensory and affective information ascend to 
terminate in the somatosensory cortex.

A diffuse, multisynaptic descending pathway 
produces analgesia. It originates from higher 
brain centers, such as the cerebral cortex, 
hypothalamus, and amygdala, and projects to the 
PAG.  From here, projections synapse at the 
rostral ventromedial medulla (RVM) and locus 
ceruleus. They then project down the spinal cord 
and terminate on the initial pain sensing spinal 
dorsal root to inhibit incoming signals (Fardin 
et  al. 1984; Pagano et  al. 2012; Kerman et  al. 
2006). This PAG-RVM system plays a key role in 
pain sensation and modulation. These pathways 
use predominantly catecholaminergic, 
serotonergic, and opioid systems. The PAG was 
the first brain area where activation of an 
endogenous pain inhibition system was described; 
electrical stimulation and opioid injections into 
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the PAG produce analgesia, which is reversible 
by application of naloxone (Reynolds 1969; 
Hosobuchi et al. 1977; Lewis and Gebhart 1977). 
The RVM is the final common relay point in the 
modulation of the descending pain pathway. It 
can both enhance and lessen pain (Heinricher 
et al. 2009).

The melanocortin system can modulate pain 
sensitivity. For example, MC4R signaling 
amplifies neuropathic pain in rats (Vrinten et al. 
2001; Nijenhuis et al. 2003). MC4R expression is 
extensive throughout both ascending and 
descending nociceptive circuits. As well as being 
found in primary afferent neurons, MC4Rs are 
located in the reticular formation, somatosensory 
and motor cortex, PAG, RVM, and dorsal horn of 
the spinal cord (Kishi et al. 2003; Gautron et al. 
2012; Ye et  al. 2014). The MC4R-positive 
neurons of the RVM are 10% catecholaminergic 
and 50–75% serotonergic, suggesting that MC4R 
signaling modulates nociceptive serotonergic 
sympathetic outflow (Pan et al. 2013).

MCRs share a neuroanatomical distribution 
pattern with μ-opioid receptors (Arvidsson et al. 
1995; Kalyuzhny et  al. 1996; Matthes et  al. 
1996). Anatomically, α-MSH and β-endorphin 
are both released in response to painful stimuli at 
the same site (Adan and Gispen 2000). As 
mentioned before, melanocortins and endorphins 
generally produce opposing responses in their 
common targets (Bertolini et al. 1979; Amir and 
Amit 1979). This effect applies in the modulation 
of pain through interaction at the level of the 
brain and spinal cord. For example, ICV injection 
of α-MSH in rodents induces hypersensitivity to 
pain, reversing the analgesia produced by 
endogenous opioids and morphine (Sandman and 
Kastin 1981; Contreras and Takemori 1984; 
Kalange et  al. 2007). MC4R agonists enhance 
hypersensitivity in a neuropathic pain model 
(Starowicz et al. 2002; Vrinten et al. 2000).

Melanocortin antagonists work synergistically 
with opioids, enhancing the analgesic effect 
produced by opioid agonists (Kalange et al. 2007; 
Vrinten et  al. 2000; Ercil et  al. 2005). For 
example, the opioid antagonist naloxone lessened 
the analgesic effects of a melanocortin antagonist 
administered to the spinal theca in a model of 

pain hypersensitivity (Vrinten et al. 2000). Also, 
targeted delivery of an MC4R antagonist to the 
PAG diminished neuropathic hyperalgesia (Chu 
et  al. 2012), to an even greater extent than 
morphine (Starowicz et al. 2002; Chu et al. 2012). 
MC4R and POMC mRNA expression rises in the 
PAG along with heightened sensitivity in a rat 
model of neuropathic pain (Chu et  al. 2012). 
Consistent with this, morphine downregulated 
MC4R mRNA expression in various brain areas, 
including the PAG, NuA, and striatum, in a time- 
dependent manner (Alvaro et  al. 1996). This 
response may be, in part, an adaptive mechanism 
of opioids to cause tolerance and dependency. 
MC4R antagonists also prevent opioid tolerance 
when administered to the brain or spinal cord 
(Kalange et  al. 2007; Niu et  al. 2012). In 
morphine-tolerant rats, a single administration of 
melanocortin antagonists restored the analgesic 
potency of morphine (Starowicz et al. 2005). If 
MC4Rs participate in opioid tolerance, they 
make a logical target for its prevention. 
Developing pharmacological treatments targeting 
MCRs may improve pain management by 
preventing tolerance and dependency.

11.8  Melanocortins 
and the Behavioral 
Responses to Stress

Along with increasing sensitivity to pain, the 
melanocortin system, and particularly MC4R 
signaling, promotes stress, anxiety, and 
depression-related behaviors. In mice, chronic 
social defeat results in social avoidance 
associated with reduced expression of POMC in 
the hypothalamus (Chuang et  al. 2010). 
Administration of an MC3R/MC4R agonist 
increased this avoidance. Conversely, MC4R- 
null mice showed less anxiety and depression 
and more social behaviors (Chuang et al. 2010). 
Similarly, the ICV administration of a selective 
MC4R antagonist to rats before stressful 
restraint reduces depressive behavior (Goyal 
et al. 2006; Chaki and Okubo 2007) and stress-
elicited anorexia (Chaki et  al. 2003; Vergoni 
et  al. 1999a). An intranasal MC4R antagonist, 
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HS014, also prevented anxious and depressive 
behavior in rats (Serova et al. 2013). Further, the 
intranasal MC4R agonist, HS014, led to 
improved resilience in rats after traumatic stress 
(Serova et al. 2013). These behavioral responses 
involve the medial amygdala (MeA), which 
receives ARC POMC projections and expresses 
high levels of MC4R.  Acute restraint activates 
MC4R- expressing neurons in the MeA in rats as 
shown by c-fos induction (Liu et  al. 2013). 
Pharmacological stimulation of MC4Rs in the 
MeA before restraint stress test induced anxiety- 
associated behaviors, increased plasma 
corticosterone, and reduced food intake. 
Conversely, MC4R loss or inhibition abolished 
these stress-induced responses (Ryan et  al. 
2014; Liu et al. 2013). Taken together, these data 
show that MC4R signaling in a POMC-MeA 
circuit strongly regulates behavioral responses 
to stress in rodents. Strategies targeting this 
melanocortin pathway could therefore lead to 
treatments in humans suffering from post-
traumatic stress disorders.

Another behavior altered by stress is groom-
ing. Self-grooming is an essential behavior pres-
ent in arthropods, birds, and mammals to care for 
the body surface. In rodents, grooming comprises 
a highly stereotyped sequence of behaviors. It 
begins with licking the paws, then head, body, 
legs, genitals, and tail, interrupted occasionally 
by scratching and whole body shaking (Fentress 
1988; Berridge et al. 2005). Humans also exhibit 
self-grooming behavior (Prokop et  al. 2014; 
Cohen-Mansfield and Jensen 2007). While the 
brain stem initiates self- grooming movements 
and regulates the assembly of the sequential pat-
terning in rodents, control of its sequencing 
requires the basal ganglia, particularly dopami-
nergic inputs to the striatum (Kalueff et al. 2016). 
However, in times of stress, grooming can occur 
at inappropriate times or with inappropriate 
intensity. The amygdala and other limbic regions 
modulate this context- specific behavior (Kalueff 
et al. 2016; Hong et al. 2014; Roeling et al. 1993). 
In rats, stressful conditions result in an excessive, 
aberrant form of grooming that damages the fur 
(Adan et  al. 1999; Mul et  al. 2012; Willemse 
et  al. 1994). Under these conditions, grooming 

loses its precise temporal patterning (Kalueff and 
Tuohimaa 2004, 2005). Aberrant rodent self- 
grooming resembles human disorders with 
abnormal self-grooming and other compulsive or 
stereotyped behaviors that do not require sensory 
feedback (Kalueff et al. 2007).

In dogs, rabbits, cats, rats, mice, and monkeys, 
central or cerebrospinal administration of 
melanocortins (or CRH) potently induces 
behavior similar to spontaneous grooming 
(Vergoni et al. 1998; Argiolas et al. 2000; Ferrari 
et al. 1955, 1963; Ferrari 1958; Gessa et al. 1967; 
Aloyo et  al. 1983; Spruijt et  al. 1985; Gispen 
et al. 1975; Dunn 1988; Dunn et al. 1987). The 
MC4R mediates this induced and spontaneous 
grooming behavior (Nijenhuis et al. 2003; Adan 
et  al. 1994, 1999); for example, melanocortin 
peptides did not elicit any grooming response in 
rats deficient for MC4R (Mul et  al. 2012). 
Additionally, administration of an MC4R 
antagonist reverses excessive grooming behavior 
(Adan et al. 1999).

Connections between the hypothalamus, 
amygdala, and mesolimbic reward system may 
allow melanocortins to alter stress-related 
grooming and its patterning (Hong et  al. 2014; 
Roeling et al. 1993; Kruk et al. 1998; Homberg 
et al. 2002). It is known that dopaminergic cell 
bodies in the VTA receive input from GABAergic 
neurons, and ACh input can modulate their activ-
ity. A key study showed that α-MSH administra-
tion stimulates cholinergic neurons in the VTA to 
cause excessive grooming. When a GABA antag-
onist was injected before α- MSH, excessive 
grooming behavior increased (De Barioglio et al. 
1991), suggesting the presynaptic actions of 
GABA can promote these melanocortin effects 
(Sanchez et  al. 2001; Debarioglio et  al. 1991). 
Thus, melanocortins can promote anxiety and 
stress-related behaviors including disordered 
self-care.

Interestingly, opioids also promote grooming 
and lead to excessive and obsessive grooming 
(Willemse et al. 1994; Ayhan and Randrup 1973). 
In addition, opioids like β-endorphin extend 
grooming bouts and prolong sensitivity to the 
grooming-inducing effects of melanocortins 
(Jolles et  al. 1978). α-MSH has no affinity for 
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opiate receptors (Terenius et al. 1975); however, 
naloxone, a high-affinity μ-opioid antagonist, can 
still block α-MSH-induced grooming (Aloyo 
et  al. 1983; Walker et  al. 1982; van Wimersma 
Greidanus et  al. 1986), suggesting α-MSH and 
β-endorphin target similar neural circuits. 
Additional research is needed to understand the 
interaction of melanocortins and opioids in 
grooming circuits. At a conceptual level, since 
opioids ease the ability to cope with stress, 
grooming may also act as a coping mechanism 
through which the organism lessens arousal.

11.9  Stress and Body Weight 
Regulation

Melanocortins are intimately involved in the 
effects of stress on body weight. Three 
mechanisms underlie this influence. First, 
stressors induce a sympathetic and HPA axis 
stress response, in which, as we have seen, 
melanocortins play an integral role. Second, food 
stress interacts with hypothalamic circuits that 
include POMC neurons regulating caloric intake 
and expenditure. Finally, physical and 
psychological stressors act on mesolimbic 
dopaminergic pathways that express melanocortin 
receptors to influence hedonic feeding (Lutter 
and Nestler 2009). During acute stress, these 
mechanisms allow melanocortins to suppress 
feeding and promote energy expenditure. 
However, chronic stress can oppose and 
undermine these actions. In addition to these 
topics, two situations deserve special attention: 
the stress of food scarcity and the stress of obesity 
itself. Finally, we will discuss recent progress in 
investigating how sensitivity to melanocortins 
and their downstream effectors can be restored 
when adaptive responses have failed.

11.9.1  Food Insecurity and Obesity

Since most threats are difficult to anticipate, 
complex organisms must have a set of responses 
that will be appropriate for any attack, injury, or 
illness an animal is facing. As we have seen, 

melanocortins play a key role in coordinating the 
body’s perception of and response to acute stress 
by releasing stored energy, increasing pain 
sensitivity, increasing anxious behavior, and 
preventing the diversion of resources for 
inflammation and related recuperative processes. 
This array of physiological processes does not 
require the precise nature of the threat to be 
identified. These reactions are generally useful 
regardless of the threat, although they may fail to 
deal adequately with chronic stressors.

Food scarcity, in contrast, is a specific and pre-
dictable threat. It might well have been the first 
stressor encountered by organisms. Coping 
mechanisms for famine predate the development 
of the melanocortin system, the HPA axis, and 
the SNS.  These later systems were later 
incorporated into the overall response for 
preventing starvation.

An organism accustomed to food insecurity 
will often take advantage of temporary abundance 
by maturing and reproducing quickly. When food 
is scarce, two strategies are available: spending 
additional energy to find and digest food or 
suppressing the metabolic rate as much as 
possible to extend life span. These choices are 
dramatically demonstrated by the nematode C. 
elegans, where an insulin-like signaling pathway 
regulates reproduction, life span, and entry into a 
dormant state (Fletcher and Kim 2017; Ren et al. 
1996; Schackwitz et  al. 1996). Specifically, 
insulin, cGMP, and TGF-β pathways signal a 
favorable environment and encourage continued 
growth and reproduction (Riddle et  al. 1981; 
Kenyon et  al. 1993; Vowels and Thomas 1992; 
Gottlieb and Ruvkun 1994). When food is 
limited, young worms assume a nonreproductive 
form specialized for long-term survival instead of 
developing to adulthood (Riddle et  al. 1981). 
Thus, insulin acquired an important role in energy 
allocation and food intake before the development 
of the neuronal melanocortin system.

In mammals, arcuate POMC neurons and 
associated circuits play an essential role in the 
control of food intake (Hill and Faulkner 2017). 
While stimulation of POMC neurons inhibits 
feeding behavior, stimulating AgRP/NPY 
neurons provokes feeding (Aponte et  al. 2011; 
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Zhan et  al. 2013; Krashes et  al. 2011). The 
inhibition of POMC or AgRP/NPY neurons can 
lead to obesity or anorexia, respectively (Yaswen 
et al. 1999; Gropp et al. 2005; Luquet et al. 2005). 
Fasting activates NPY/AgRP neurons and 
suppresses the activity of POMC neurons. 
MC3Rs may reinforce this pattern of neuronal 
activity. MC3R knockout mice show no 
adjustment of circadian corticosterone secretion 
or orexigenic neuropeptide expression to food 
restriction (Girardet et al. 2017). When access to 
food is restricted to a brief window each day, 
MC3Rs are required for binge feeding, 
anticipatory activity, and entrainment to nutrient 
availability (Butler et  al. 2017; Begriche et  al. 
2012; Girardet et al. 2017; Mavrikaki et al. 2016). 
Thus, while MC3Rs in the CNS have a minor 
impact on feeding behavior in mice when food is 
plentiful, they regulate the motivation to feed and 
possibly the discomfort of hunger during food 
restriction (Girardet et al. 2017).

Both POMC and AgRP/NPY neurons can 
sense circulating metabolic factors such as leptin 
and insulin, thought to allow them to regulate 
food intake and energy expenditure appropriately 
(Varela and Horvath 2012). However, the ability 
of insulin to regulate food intake, energy balance, 
and glucose homeostasis may depend primarily 
on its actions in a more ancient set of NPY neu-
rons (only some of which express AgRP) in both 
rodents and fruit flies (Loh et  al. 2017; Konner 
et  al. 2007). If true, insulin sensing by POMC 
neurons may primarily regulate adipose tissue 
lipolysis and prevent hepatic fat storage during 
exposure to high-caloric diets in adult animals 
(Shin et al. 2017). In addition, insulin signaling 
in POMC neurons may reinforce the actions of 
leptin in this neuronal population; both contrib-
ute to systemic insulin sensitivity and the brown-
ing of white fat (Hill et  al. 2010; Dodd et  al. 
2015). This adjustment can occur prenatally or in 
early infancy; hyperinsulinemia influences the 
formation of POMC circuits postnatally, result-
ing in hyperphagia and an obese phenotype in 
adulthood (Vogt et al. 2014).

Leptin, in contrast, took on its role in energy 
balance more recently. C. elegans has no appar-
ent leptin ortholog; instead, it may use products 

of the fat metabolism pathway to regulate feeding 
behavior (Hyun et al. 2016). Although found in 
numerous vertebrate species, leptin appears to 
have evolved its role as an adiposity signal in tet-
rapods (Cui et  al. 2014; Prokop et  al. 2012). 
Mammalian leptin shows particularly high 
sequence conservation (Doyon et  al. 2001), 
which we suggest is due to the critical nature of 
fat depot regulation in warm-blooded animals. 
The development of the arcuate melanocortin 
system and its ability to sense leptin and insulin 
no doubt added robustness and precision to the 
control of body weight and metabolic homeosta-
sis in mammals.

While missing a meal is not an acute threat to 
a healthy individual, food scarcity or insecurity 
acts as a psychological stressor. Fasting increases 
cortisol levels (Nakamura et  al. 2016). Placing 
mice accustomed to high-fat chow on a “diet” of 
low-fat food induced stress, anxiety, depression, 
and high motivation to consume both sucrose 
and fatty food (Sharma et al. 2013; Avena et al. 
2008; Cottone et  al. 2009). Low food security 
combined with plentiful high-calorie, energy-
dense foods causes weight gain in humans to 
increase (Wilde and Peterman 2006). 
Remarkably, just the perception of scarcity in 
resources can increase the desire for calories and 
anxious behavior (Briers and Laporte 2013). As a 
result, many social solutions for addressing food 
insecurity do not reduce and can even increase 
obesity (Leroy et al. 2013; Jones and Frongillo 
2006; Townsend et  al. 2001). These findings 
suggest increased energy intake among those of 
low socioeconomic status may be a fundamental 
response to threats to food security, which 
persists regardless of the actual food supply 
(Dhurandhar 2016).

11.9.2  Acute Stress and Body Weight

The stress endocrine axis arose to divert 
energy from nonessential functions to life-sus-
taining energy conservation. Coping with an 
acute stress requires potentially high levels of 
energy expenditure. Under acute stress brought 
about by an imminent threat, HPA axis and 
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sympathetic activation serve to liberate energy 
into the bloodstream for use by the muscles 
and cardiovascular system. Thus, glucocorti-
coid hormones promote gluconeogenesis, 
lipolysis, and insulin resistance to raise circu-
lating levels of glucose and fatty acids acutely 
(Ottosson et al. 2000; Bjorntorp 1996). When 
combined with energy use, these actions result 
in weight loss.

Behavioral changes accompany these hor-
monal effects. Attention and effort cannot be 
expended on restoring energy reserves until the 
immediate danger has passed and the 
compensatory stage begins. So, it is not surprising 
that acute and intense stressors, including illness, 
inhibit feeding (Krahn et al. 1990; Rybkin et al. 
1997). For example, intense emotional stress 
suppresses appetite in humans and laboratory 
rodents (Valles et al. 2000; Laurent et al. 2013; 
De Souza et al. 2000). Anticipatory fear promotes 
hypophagia and anorexia in otherwise hungry 
rats. These effects depend on activity in the 
central amygdala, likely working with the 
ventromedial prefrontal cortex and lateral 
hypothalamic area (Land et al. 2014; Mena et al. 
2013; Petrovich et al. 2009).

Melanocortins are very important for appetite 
suppression under stressful conditions. Using 
double immunolabeling techniques, it has been 
shown that most POMC neurons in the arcuate 
nucleus are glucocorticoid receptor positive 
(Cintra and Bortolotti 1992). Thirty minutes of 
restraint stress activates ARC POMC neurons 
and MC4R expressing neurons in the MeA, 
stimulates the HPA axis, induces anxious 
behavior, and reduces food intake (Ryan et  al. 
2014; Liu et  al. 2013; Baubet et  al. 1994). 
Anorexia and weight loss induced by stress were 
reversed by MC4 receptor blockade (Vergoni 
et  al. 1999b). Similar effects were seen with 
infusion of an MC4R agonist to the MeA, while 
blockade of MC4R in this brain region attenuated 
restraint stress-induced anorectic effects and 
endocrine responses (Liu et al. 2013). Therefore, 
enhanced arcuate melanocortinergic input to the 
MeA during stress may contribute to anorexia 
and HPA axis activation.

Mice subjected to chronic stress, such as 
restraint stress, are also anhedonic as 
demonstrated by a loss of preference for a sucrose 
solution over water (Lim et al. 2012; Nestler and 
Hyman 2010). Reduced activation of D1 medium 
spiny neurons in the nucleus accumbens may 
underlie this effect. The loss of sucrose preference 
requires MC4R activation in NAc D1-MSNs, 
since knockdown of MC4R in the NAc or 
specifically in D1-MSNs prevented this loss (Lim 
et  al. 2012). Therefore, release of α-MSH by 
POMC neurons can suppress activity in 
dopaminergic neurons in the nucleus accumbens 
and lead to the loss of appetite that is associated 
with stress and depression.

POMC neurons may also induce stress-related 
anorexia by acting directly or indirectly on CRH 
neurons. CRH neurons affect food intake (Bale 
et  al. 2002; Menzaghi et  al. 1993); chronic 
administration of CRH into the hypothalamus or 
activation of CRH-2 receptors decreases food 
intake and body weight gain in rats (Tempel and 
Leibowitz 1994; Fekete and Zorrilla 2007). 
Injecting a CRH-2 receptor blocker into the 
BNST attenuated restraint-induced anorexia 
(Ohata and Shibasaki 2011). The effects of CRH 
may be due to it suppressing NPY synthesis and 
release, thus reducing food intake (Tempel and 
Leibowitz 1994; White 1993). Melanocortin- 
sensitive MeA neurons project to the vicinity of 
the PVH where projections to CRH neurons can 
influence HPA output (Herman and Morrison 
1996; Cullinan 2000; Miklos and Kovacs 2002). 
In addition, the MeA projects to BNST CRH 
neurons that directly innervate PVN CRH 
neurons (Ohata and Shibasaki 2011; Coolen and 
Wood 1998; Ciccocioppo et  al. 2003). By 
increasing CRH release, melanocortins may 
suppress feeding.

In addition, the effect of glucocorticoids on 
circulating leptin levels may play a role. 
Glucocorticoids can directly increase leptin 
levels (Mostyn et  al. 2001; Zakrzewska et  al. 
1999; Dagogo-Jack et  al. 1997). In normal 
humans, administration of dexamethasone can 
increase plasma leptin almost threefold compared 
to controls (Miell et al. 1996). Similarly, repeated 
injection of dexamethasone for 4  days in rats 

11 Obesity and Stress: The Melanocortin Connection



290

dramatically increased plasma leptin levels, 
reduced body weight, and suppressed food intake 
(Jahng et  al. 2008). In response to increased 
leptin levels, POMC neuronal activity increases 
to promote satiety; this mechanism may 
contribute to the suppressive effect of acute stress 
on the appetite.

Acute illness is another stressor with suppres-
sive effects on appetite. LPS stimulates insulin 
and leptin secretion in peripheral tissues and 
secretion of other pro-inflammatory cytokines in 
microglial cells and periphery (Grunfeld et  al. 
1996). Altered leptin and cytokine levels during 
an inflammatory challenge suppress food intake 
(Borges et al. 2016a). A recent study found that 
this effect requires activation of the PI3K/Akt 
pathway in hypothalamic neurons (Borges et al. 
2016b). Acute inflammation, like that induced by 
LPS and IL-1β, leads to activation of POMC neu-
rons (Ellacott and Cone 2006), increases expres-
sion of MC4R (Borges et al. 2011), and increases 
POMC expression (Jang et al. 2010; Endo et al. 
2007). MC4R antagonism can prevent LPS-
induced anorexia (Jang et al. 2010; Sartin et al. 
2008; Huang et al. 1999). Interestingly, data from 
pharmacogenetically activated AgRP neurons in 
LPS-treated mice show that AgRP-DREADD 
neuronal activation does not prevent LPS hypo-
phagia in mice (Liu et al. 2016). Thus, leptin acti-
vation of PI3K and Jak-STAT signaling after LPS 
administration may stimulate transcription of 
POMC, which inhibits food intake and promotes 
weight loss (Borges et al. 2016a). Even so, stud-
ies have found no detectable changes in LPS-
induced c-Fos expression in POMC neurons (Liu 
et al. 2016; Gautron et al. 2005). The precise role 
of POMC neurons in LPS-induced hypophagia 
remains inconclusive and further studies are 
warranted.

The mechanism inducing cachexia in longer- 
term illnesses, such as cancer (Michalaki et  al. 
2004; Okada et al. 1998; Andersson et al. 2014), 
HIV (Roberts et  al. 2010), heart failure 
(Rauchhaus et  al. 2000; Pan et  al. 2004), and 
COPD (Humbert et  al. 1995), is unclear and 
likely to be multifactorial (Ezeoke and Morley 

2015). In such cases leptin levels drop (Lopez- 
Soriano et  al. 1999) and POMC expression 
decreases (Suzuki et  al. 2011; Hashimoto et  al. 
2007; Dwarkasing et al. 2014; Wisse et al. 2003). 
IL-1β activates and depolarizes POMC neurons 
in the ARC, suggesting that this cytokine takes 
part in the hypophagia during these diseases 
(Scarlett et  al. 2007). However, blocking cyto-
kines in the presence of cancer (Arruda et  al. 
2010; Strassmann et  al. 1992; Fujimoto-Ouchi 
et al. 1995; Gelin et al. 1991) or HIV (Ting and 
Koo 2006) only results in a partial, though signifi-
cant, reduction of anorexia-cachexia. AgRP 
inhibits anorexia in mice carrying sarcomas 
(Marks et  al. 2001). In addition, melanocortin 
antagonists increase food intake in several cancer 
models (Tran et al. 2007; Chen et al. 2008; Jiang 
et al. 2007; Markison et al. 2005; Dallmann et al. 
2011; Weyermann et al. 2009; Wisse et al. 2001). 
Furthermore, MC4R knockout mice show no 
decrease in food intake when they carry lung ade-
nocarcinoma (Wisse et al. 2001). In contrast, an 
MC4R antagonist did not restore feeding in rats 
with a methylcholanthrene-induced sarcoma 
(Chance et al. 2003). Therefore, the melanocortin 
system mediates the cachexia produced by some, 
but not all, cancers (Ezeoke and Morley 2015).

11.9.3  Chronic Stress and Body 
Weight

The stress that humans encounter on a daily basis 
is generally prolonged and mild, unlike the 
intense stressors that laboratory animals undergo 
to induce appetite suppression. In humans, the 
effect of chronic stress on feeding is highly 
variable. This type of stressor can induce either 
weight gain or anorexia (Oliver et  al. 2000; 
Zellner et al. 2006; Pollard et al. 1995; Adam and 
Epel 2007; Serlachius et  al. 2007). Evidence 
suggests that lean individuals may be more prone 
to weight loss, while overweight individuals tend 
to increase body weight in response to chronic 
stress (Kivimaki et al. 2006). On average, chronic 
psychological life stress induces weight gain 
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(Torres and Nowson 2007); in a meta-analysis of 
13 studies, job strain positively correlated with 
BMI (Nyberg et al. 2012).

Chronic stress in humans (Bjorntorp and 
Rosmond 2000; Peeke and Chrousos 1995; 
Wallerius et al. 2003) and rodents (Rebuffescrive 
et  al. 1992) increases glucocorticoid levels, 
adipocyte size, and abdominal fat. Greater 
responsiveness of the HPA axis generally 
correlates with abdominal obesity (Rodriguez 
et al. 2015). In one study, women were subjected 
to three sessions of stressful activities such as 
public speaking, math tests, and visuospatial 
puzzles over the course of 3  days. Unlike lean 
women, the women with the most central fat 
secreted high levels of cortisol on the first day. In 
addition, they failed to show cortisol habituation 
or a drop in cortisol secretion on subsequent days 
once the tests were familiar (Epel et  al. 2000). 
Poverty is also associated higher basal cortisol 
levels and a lack of cortisol habituation (Adler 
et al. 2000; Gruenewald et al. 2006; Hellhammer 
et  al. 1997; Kirschbaum et  al. 1995). These 
findings likely indicate greater exposure to 
repeated challenges in these individuals that 
results in dysregulation of the stress response 
(Adler and Snibbe 2003).

Chronic cortisol exposure promotes the con-
version of preadipocytes to mature adipocytes, 
expanding the adipose tissue and promoting the 
secretion of pro-inflammatory cytokines and 
adipokines (Peckett et  al. 2011; Andrews and 
Walker 1999). These actions contrast with the 
lipolysis induced by acute glucocorticoid release. 
It is possible that GRα mediates the lipolytic 
effects of glucocorticoids, while MR and GRβ 
mediate adipogenesis during chronic 
glucocorticoid exposure (John et  al. 2016). 
Excess glucocorticoid secretion may be amplified 
locally within adipose tissue by the activating 
enzyme 11β HSD1. 11β HSD1 is elevated in the 
adipose tissue of people with morbid obesity and 
metabolic syndrome (Baudrand et  al. 2010; 
Luisella et  al. 2007; Valsamakis et  al. 2004; 
Constantinopoulos et  al. 2015) and normalized 
by bariatric surgery (Methlie et al. 2013; Woods 
et  al. 2015). Despite highly promising animal 

studies (Morton et al. 2004; Tiwari 2010; Morgan 
et al. 2014), inhibitors of 11β-HSD1 in humans 
have shown inconsistent results for treating 
metabolic syndrome in clinical trials (Walker 
et al. 1995; Andrews et al. 2003; Shah et al. 2011; 
Feig et  al. 2011; Rosenstock et  al. 2010). New 
inhibitors with higher specificity for the enzyme 
and a preference for adipose tissue may be 
required before this treatment strategy is viable.

In addition to directly promoting adiposity, 
stressors can lead to alterations in energy intake. 
Chronic life stress leads to increased appetite, 
binge eating, and craving energy-dense foods, 
snacks, and fast foods (Epel et al. 2001; Steptoe 
et al. 1998; Oliver and Wardle 1999; Gluck et al. 
2004). In female rhesus monkeys, social subor-
dinates under social stress eat more when offered 
unlimited access to rich foods than social domi-
nants (Arce et  al. 2010; Michopoulos et  al. 
2012). In rodents, anorexia from restraint stress 
later leads to increased intake of food high in fat 
and sugar (Foster et  al. 2009; la Fleur et  al. 
2005). Likewise, animals stressed by repeated 
mild pinch exhibited hyperphagia of sweet food 
and a large gain in body weight (Pecoraro et al. 
2004). These behaviors are under the control of 
the dopaminergic mesolimbic reward pathways 
and the HPA axis (Dallman et  al. 2006). They 
are used to calm and sooth emotions to recover 
from the recurring stressors (Dallman et  al. 
2006). This strategy is, in fact, effective in reduc-
ing HPA activation (Foster et al. 2009; la Fleur 
et al. 2005; Pecoraro et al. 2004; Ortolani et al. 
2011). Eating often improves mood, reduces irri-
tability, and increases calmness (Gibson 2006). 
The opioid system, which interacts with the 
mesolimbic dopamine pathway, is a key media-
tor of this hedonic feeding; mu-opioid receptors 
mediate the rewarding properties of food and 
some drugs of abuse (Blasio et al. 2014; Zhang 
and Kelley 2000; Nathan and Bullmore 2009). 
So, β- endorphin production by POMC neurons 
may promote the hyperevaluation of palatable 
foods, leading to the loss of control during 
overeating.

Interestingly, a modest amount of sucrose 
intake can reduce behavioral and physiological 
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stress responses without leading to obesity. The 
basolateral amygdala, a key reward- and stress- 
regulatory brain region, is necessary for sucrose- 
induced stress relief and undergoes synaptic 
remodeling following sucrose intake (Ulrich-Lai 
et al. 2010, 2015). Overall, stress reduction occurs 
in rats with voluntary intake of limited amounts 
of sugar or carbohydrates with no increase in 
body weight (Ulrich-Lai et  al. 2015). These 
results suggest that using small amounts of sweet 
treats to reduce stress can align with healthy body 
weight goals (Ulrich-Lai et al. 2010).

Altered CRH levels could mediate some of 
these effects. Stress induces CRH release by cells 
in the PVN as well as the medial amygdala. 
CRH-1 receptor activation increases palatable 
food consumption and binge eating (Koob 2010; 
Parylak et  al. 2011). Indeed, antagonism of 
CRH-1 receptors in socially subordinate female 
rhesus macaques blocks increased palatable food 
consumption (Moore et  al. 2015). Therefore, 
increased CRH-1 signaling induced by stress 
could promote excess food intake. In addition, 
ghrelin, a peptide produced by gastrointestinal 
endocrine cells that induces feeding and anxious 
behavior (Currie et al. 2005; Seoane et al. 2004; 
Kojima et al. 1999), rises in response to stress. In 
animal models, circulating ghrelin levels increase 
in response to social defeat (Lutter et al. 2008), 
restraint stress (Zheng et al. 2009), and chronic 
stress (Ochi et al. 2008). Mice subjected to social 
defeat had increased ghrelin levels and consumed 
more of a high-fat diet (Chuang et  al. 2011). 
Ghrelin appears to increase preference for sweet 
food independent of calorie content since ghrelin 
administration increased consumption of a 
saccharin solution (Disse et al. 2010). Blocking 
or ablating the ghrelin receptor decreases intake 
of palatable food compared to standard chow 
(Egecioglu et al. 2010). Ghrelin directly activates 
AgRP/NPY neurons to stimulate feeding and 
increase inhibitory GABAergic input on POMC 
cells to suppress release of melanocortins (Briggs 
et al. 2010; Andrews et al. 2008; Andrews 2011). 
Peripheral and central ghrelin administration also 
activates CRH neurons (Cabral et  al. 2012; 

Asakawa et al. 2001), which may promote binge 
eating. Thus, increased ghrelin levels may partly 
mediate stress-induced feeding.

Glucocorticoids may also have direct actions 
on food intake. The glucocorticoid receptor is 
widely expressed in the CNS.  It is found in 
reward areas as well as in key appetite regula-
tory regions like the arcuate nucleus, lateral 
hypothalamus, and paraventricular nucleus of 
the hypothalamus (Morimoto et  al. 1996; Reul 
and de Kloet 1986; Aronsson et al. 1988; Cintra 
et al. 1987; McEwen et al. 1986). In contrast, the 
mineralocorticoid receptor in the CNS is mainly 
restricted to the septum, hippocampus, and 
amygdala (Sanchez et al. 2000). Glucocorticoids 
therefore have direct access to brain sites that 
regulate energy metabolism and reward. In 
humans, individuals with a strong cortisol 
response consumed the most food during an 
experimental stress session (Epel et al. 2001). In 
addition, glucocorticoid administration caused 
higher food intake in subjects allowed ad libi-
tum food selection (Tataranni et al. 1996).

Several mechanisms have been suggested for 
how glucocorticoids induce feeding. 
Glucocorticoids could stimulate feeding responses 
by inhibiting CRH release in the hypothalamus 
(Cavagnini et  al. 2000). CRH and related stress 
peptides like urocortin can act through the CRH-2 
receptor to suppress feeding (Stengel and Tache 
2014). However, as noted above, a reduction in 
CRH would also suppress CRH-1 signaling that 
promotes food intake. Alternatively, 
glucocorticoids may directly stimulate feeding 
responses by increasing the release of NPY and/or 
AgRP in the hypothalamus. Glucocorticoids 
increase AgRP and NPY expression (Goto et al. 
2006; Sato et al. 2005). Likewise, adrenalectomy 
decreases NPY levels and corticosterone 
replacement restores them (White et al. 1990). An 
important recent study found that deletion of GR 
on AgRP neurons resulted in leanness on chow 
diet in females and resistance to diet induced 
obesity in both sexes (Shibata et  al. 2016). 
Interestingly, food intake was unchanged, but 
metabolic rate was increased due to brown adipose 
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tissue activity. These results suggest that 
glucocorticoids can promote obesity by acting in 
on AgRP neurons to suppress energy expenditure 
(Shibata et al. 2016). Additional research will be 
needed to fully understand how glucocorticoids 
interact with homeostatic feeding circuits.

11.9.4  Obesity-Induced “Stress”

Obesity is increasingly being described as a state 
of “energetic stress.” Overconsumption of a high- 
fat, high-sugar diet can in essence serve as a 
physiological challenge (Gibson 2006; Anderson 
et  al. 1987; Barr et  al. 1999; Decastro 1987; 
Deuster et al. 1992; Dube et al. 2005; Fernandez 
et  al. 2003; Lieberman et  al. 1986; Utter et  al. 
1999). Multiple mechanisms allow energetic 
stress to interact with neuroendocrine stress 
response systems, including by impacting the 
sympathetic nervous system and altering the gut 
microbiota (Harrell et  al. 2016). Although 
melanocortins normally suppress energy use for 
inflammation and food seeking to permit a fast 
response to danger, a chronic rise in inflammation 
can undermine the ability of POMC neurons to 
modulate energy use and intake. The result is 
failure of allostasis or homeostatic adaptation.

High-fat diet feeding rapidly activates multi-
ple inflammatory and stress response pathways in 
the hypothalamus (De Souza et al. 2005). High-
fat diet exposure induces hypothalamic inflam-
mation before body weight gain (Thaler et  al. 
2012) and before peripheral tissues like the liver 
develop inflammation (Tolle and Low 2008). For 
example, saturated fats, but not monounsaturated 
fats, induce the TLR4 and MyD88 inflammatory 
signaling cascades within days, compromising 
hypothalamic function (Lee et  al. 2001; 
Kleinridders et al. 2009; Valdearcos et al. 2014). 
A high-calorie diet rapidly stimulates microglial 
reactivity in the mediobasal hypothalamus 
(Thaler et al. 2012; Gao et al. 2014), leading the 
microglia to increase TNF-α production.

These findings suggest that the loss of sensi-
tivity of POMC neurons to signals of adiposity 
caused by inflammation can perpetuate overeat-

ing. These pathways cause neuronal insulin and 
leptin resistance, which leads to the failure of 
anorexigenic melanocortin circuits to suppress 
more feeding. In parallel to the early occurrence 
of inflammation, 3  days of HFD feeding is 
enough to reduce hypothalamic insulin sensitiv-
ity in rodents substantially (Corander et al. 2011). 
Specifically, brain-specific activation of IKKβ 
interrupts central insulin and leptin signaling and 
results in increased food intake and body weight 
gain (Bouyer and Simerly 2013). Activation of 
NF-kB induces expression of suppressor of cyto-
kine signaling 3 (S0CS3), which then inhibits 
neuronal insulin signaling (Bouyer and Simerly 
2013). Pharmacologic inhibition of neuronal 
TLR4 signaling inhibits fatty acid-induced insu-
lin (Schwartz 2000) and leptin resistance (Magoul 
et  al. 1993). In the same way, mice with CNS-
specific ablation of MyD88 resist HFD-induced 
weight gain and deterioration of glucose metabo-
lism (Rinaman 2010).

The ER system further amplifies these HFD- 
induced perturbations by activating unfolded 
protein response (UPR) signaling pathways 
(Jacobowitz and Odonohue 1978; Young 1935; 
Eddy and Strahan 1968). ER stress and IKK/
NF-kB promote each other during HFD feeding 
and worsen the energy imbalance underlying 
obesity (Bouyer and Simerly 2013). Central 
induction of ER stress inhibits the ability of leptin 
and insulin to reduce food intake and body weight 
(Vallarino et  al. 1988). Conversely, mice with 
neuron-specific deletion of ER stress activator 
Xbpl show increased leptin resistance and 
adiposity (Young 1935). Constitutive expression 
of Xbpls selectively in POMC neurons represses 
Socs3 and protein tyrosine phosphatase IB 
(PtplB) expression and protects against HFD- 
induced obesity (Vallarino et al. 1989). Therefore, 
ER stress and the UPR are potent regulators of 
POMC neurons.

Central inflammatory processes and weight 
gain lead to low-grade activation of the immune 
system throughout the body. Obesity tightly 
correlates with elevations in inflammatory 
factors, such as tumor necrosis factor (TNF)-α 
and interleukin-6 (IL-6) (Hotamisligil et al. 1993; 
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Xu et  al. 2003). Prolonged low-grade systemic 
inflammation results in tissue damage and 
exacerbates disease processes, such as insulin 
resistance. TNF-α and IL-6 inhibit serine 
phosphorylation in the insulin receptor 
substrate-1 (IRS-1), disrupting insulin signaling 
transduction and causing insulin resistance 
(Wellen and Hotamisligil 2005). Low-grade 
inflammation is an independent risk factor for 
heart disease (Hansson 2005) stroke (Corrado 
et  al. 2006), diabetes (Pradhan et  al. 2001; 
Spranger et  al. 2003), and all-cause mortality 
(Ford 2005). For example, chronic inflammation 
that develops within atherosclerotic plaques can 
cause stroke or myocardial infarction by leading 
to plaque rupture (Libby 2002). Age-related 
macular degeneration (Telander 2011) and 
Alzheimer’s disease (Wyss-Coray 2006) and 
osteoarthritis (Sokolove and Lepus 2013) 
associate with innate immune activation and low- 
grade inflammation.

Extended overnutrition perpetuates hypotha-
lamic inflammatory interactions between neu-
rons and non-neuronal cell populations. These 
effects ultimately lead to overeating and further 
weight gain (Jais and Bruning 2017). Persistent 
microglial reactivity and TNF-α production have 
a specific harmful effect on POMC neurons 
(Thaler et al. 2012). Recently it was reported that 
TNF-α released by microglia induces mitochon-
drial stress in POMC neurons; TNF-α acts on 
POMC neurons to promote mitochondrial ATP 
production, cause mitochondrial fusion in neu-
rites, and elevate neuronal excitability and firing 
rates (Yi et  al. 2017). In the long run, these 
actions may disrupt the ability of POMC neurons 
to suppress feeding and increase energy use, 
leading to obesity.

11.10  Conclusions

The current obesity crisis is being driven by 
increased consumption of widely available, 
palatable, high-calorie food coupled with 
decreased activity in daily life. The neural 
pathways underlying the motivation for and 
enjoyment of foods high in fat and sugar have 

been well studied (Castro et  al. 2015). These 
include dopaminergic pathways projecting from 
the nucleus accumbens to the ventral tegmental 
area and areas of the NA and ventral pallidum 
sensitive to endogenous opioids. Arcuate POMC 
neurons can influence this system at several lev-
els. POMC neurons innervate key neural nodes 
of the mesocorticolimbic system, including the 
VTA and NAc (Lim et  al. 2012; King and 
Hentges 2011). While β-endorphin has only a 
minor impact on the enjoyment of foods (Mendez 
et  al. 2015), melanocortins like α-MSH can 
influence the motivation to obtain food. Intra- 
VTA α-MSH acts through the MC4R to increase 
NAc dopamine levels (Lindblom et al. 2001).

As we have seen, chronic stress increases the 
consumption of certain palatable foods (“comfort 
foods”) in both animals and humans (Pecoraro 
et al. 2004; Dallman et al. 2003; Fairburn 1997). 
It can also precipitate eating disorders like binge 
eating (Cifani et al. 2009; Hagan et al. 2003). In 
fact, binge eating can be induced in rodents with 
a combination of stress and caloric restriction 
(Hagan et  al. 2002; Boggiano and Chandler 
2006). No pharmaceuticals have been approved 
for reducing common forms of emotional eating 
in response to chronic life stress. However, binge 
eating disorder shows improvement when treated 
with amphetamines, which regulate dopamine 
release, as well as off-label antidepressants and 
anti-seizure medications. Developing 
technologies may permit pharmaceuticals that 
specifically target emotional eating to be designed 
in the future (Caruso et al. 2014; Hill and Faulkner 
2017). Until such drugs are available, obesity 
treatment should be individualized using tailored 
strategies to address the type of hedonic eating in 
each patient. For instance, some patients may 
benefit from becoming more selective in the food 
they eat, demanding higher quality and eating 
slowly to enable them to maintain the same 
satisfaction while eating less food (Scarinci 
2004). Learning alternative methods for coping 
with stress (such as exercise, focused breathing, 
progressive muscle relaxation, mediation) may 
assist patients in avoiding stressed-induced 
overeating.
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A wise health professional will also address 
the underlying causes of stress to promote the 
overall well-being of the patient. As previously 
mentioned, this approach is more effective in 
reducing obesity than efforts to improve diets 
directly in at-risk populations. For example, low 
socioeconomic status populations may not use 
exercise facilities made available to them (Giles- 
Corti and Donovan 2002). Likewise, giving 
money or food to a low socioeconomic population 
in rural Mexico causes weight gain rather than 
loss (Leroy et al. 2013). Another study found that 
increasing government food vouchers to $2000 
per year had no effect on BMI disparities between 
social strata (Jones and Frongillo 2006). Hoarding 
calories appears to be a psychological mechanism 
to buffer against the stress of low socioeconomic 
status (Dhurandhar 2016). Instead, interventions 
focused on improving socioeconomic 
opportunity, with no focus on nutrition or 
physical activity, may improve rates of obesity 
and diabetes. For example, randomizing families 
to move to a more well-off neighborhood reduced 
average BMI without additional assistance 
(Ludwig et  al. 2011). These data demonstrate 
that, unlike nutrition programs, social 
interventions can reduce obesity. Therefore, 
obese patients with the most stress-filled lives, 
including those in poverty or recovering from 
trauma, require referral to assistance programs 
that focus on the underlying causes of insecurity.

Equilibrium in body weight is described as a 
“set point” of adiposity that the body defends 
against intentional or unintentional weight loss or 
gain. By definition, homeostatic processes cannot 
initiate obesity. However, the homeostatic 
processes suppressing body weight gain seem 
weaker than those preventing drops in body 
weight. Whether this fact is due to beneficial 
effects of storing additional energy in case of 
famine or because modern humans face few 
negative short-term consequences of obesity is 
unclear (Speakman 2008; Sellayah et al. 2014). 
In many individuals, the hedonic drive to 
overconsume in a food environment of easily 
obtainable, palatable, and energy-dense foods 
succeeds in increasing body weight, which the 
homeostatic system then defends against weight 
loss. Increased body weight leads to cellular 

leptin resistance in arcuate circuits regulating 
feeding that diminishes the ability of 
hyperleptinemia to act on the melanocortin 
system to suppress food intake and increase 
energy expenditure (Myers et al. 2010).

Intentional weight loss causes leptin and 
insulin levels to decrease (Rosenbaum and 
Leibel 2014). Interestingly, leptin falls more 
than expected from the magnitude of fat loss 
(Myers et  al. 2010) and remains low if weight 
loss is maintained (Kissileff et al. 2012; Naslund 
et  al. 2000). In response, arcuate melanocortin 
and NPY circuitry increase the drive for food 
and to reduce energy expenditure. In addition, 
circulating levels of the orexigenic hormone 
ghrelin increase while the anorexigenic 
hormones CCK, PYY, and GLP-1 fall (Melby 
et  al. 2017). These changes result in increased 
hunger (Chaput et  al. 2007), food cravings 
(Gilhooly et  al. 2007), and less satiation after 
eating (Cornier et  al. 2004). Weight loss also 
chronically suppresses energy expenditure, 
including resting metabolic rate, the thermic 
effect of food, exercise energy expenditure, and 
non-exercise activity thermogenesis (Kissileff 
et al. 2012; Melby et al. 2017; Fothergill et al. 
2016; Martin et  al. 2007; Byrne et  al. 2012; 
Knuth et  al. 2014). Because of these effects, 
current approaches to substantial weight loss 
maintenance require constant vigilance and 
motivation on the part of the patient (Melby 
et al. 2017). The frequent failure of individuals 
to maintain weight loss discourages patients 
from attempting to lose weight. A method of 
altering the body weight set point would be 
transformative for patient care.

Recently, an important study has made 
advances in understanding the biological basis of 
the set point. Exogenous leptin normally 
suppresses food intake and induces weight loss. 
In obese humans (Zelissen et  al. 2005) and 
animals (Enriori et  al. 2007; Frederich et  al. 
1995), leptin administration fails to have this 
effect, likely as a result of leptin resistance 
induced by chronic exposure to hyperleptinemia 
(Knight et al. 2010; Gamber et al. 2012). Weight 
loss reverses this resistance, allowing leptin to 
assist in the maintenance of weight loss 
(Rosenbaum and Leibel 2014; Chhabra et al. 2016). 
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Similarly, weight-reduced MC4R-null mice 
respond to leptin treatment (Marsh et al. 1999). 
Previous work had shown that mice lacking 
POMC expression develop obesity, hyperlepti-
nemia, and leptin resistance (Bumaschny et  al. 
2012). Interestingly, reducing the weight of these 
mice through food restriction did not restore the 
ability of leptin to inhibit feeding. In other words, 
simply restoring intracellular leptin signaling 
was insufficient to restore the effects of leptin; 
rather, a second defect downstream of the leptin 
receptor exists in these mice. Given that both 
MC4RKO (responsive to leptin when lean) and 
the arc POMCKO mice (not responsive to leptin 
when lean) have no activation of MC4R path-
ways, another receptor responsive to POMC 
products is responsible for conveying leptin 
responsiveness. Chhabra and coworkers next 
examined how to restore leanness to arc 
POMCKO mice. They found that reactivating 
POMC expression after to the establishment of 
obesity did not normalize body weight. However, 
if the mice were first calorie restricted to reduce 
their body weight, POMC reexpression permitted 
them to maintain that weight at a new, lower set 
point (Chhabra et al. 2016). Critically, this nor-
malization could be prevented by inducing hyper-
leptinemia with exogenous leptin. Therefore, 
both hypothalamic leptin sensitivity and Pomc 
gene expression regulate the body weight set 
point. If true, weight loss in the obese patient 
restores the effects of leptin (Rosenbaum and 
Leibel 2014; Chhabra et  al. 2016; Quarta et  al. 
2016) both due to improved intracellular signal-
ing by leptin and also increased activation of a 
receptor for POMC products other than MC4R, 
such as the MC3R or mu-opioid receptor.

Work described in the previous section has led 
to the concept of MC3Rs sensitizing AgRP 
neurons to the metabolic state of the animal and 
regulating hunger (Girardet et  al. 2017). If 
MC3Rs modulate the metabolic “set point” in 
conjunction with leptin, effective leptin signaling 
induced by relatively low levels of leptin needs to 
be synchronized with a normal level of hunger 
and energy expenditure through modulation of 
MC3R action or expression. In theory, this com-
bination can restore a set point in the normal 

body weight range. Therapies targeting melano-
cortin signaling may restore normal body weight 
only when plasma leptin levels are below a criti-
cal threshold. Regular exercise may also heighten 
the brain’s sensitivity to leptin (MacLean et  al. 
2009), suggesting it could also be useful in com-
bination therapy.

Pharmaceuticals targeting the melanocortin 
system hold promise for numerous disorders that 
range from opioid addiction to shock to PTSD. In 
the case of ischemic or neurodegenerative 
disorders, they are already showing exciting 
clinical potential (Arnason et  al. 2013; Leone 
et al. 2013; Spaccapelo et al. 2013). As described 
above, targeting this system to alter the body 
weight set point could also be enormously useful 
for combating rising rates of obesity. This 
potential has led to many preclinical and clinical 
studies investigating how melanocortins can be 
harnessed to stimulate weight loss. Targeting 
melanocortin receptors for the treatment of 
obesity, however, has proven challenging. 
Clinical trial has revealed problematic side 
effects of MCR agonists, including cardiovascular 
actions like tachycardia and elevated arterial 
pressure (Royalty et  al. 2014; Greenfield et  al. 
2009; Girardet and Butler 2014; Skibicka and 
Grill 2009; Kuo et  al. 2003). Indeed, 
melanocortins promote hypertension (Harrell 
et al. 2016); POMC neuron stimulation by leptin 
leads to SNS hyperactivity (da Silva et al. 2013), 
likely via activation of MC4Rs in the VMH (Lim 
et al. 2016). The extensive role of melanocortins 
in the stress response makes these findings 
unsurprising.

A recent MCR agonist that just entered phase 
3 clinical trials for patients with POMC deficiency 
has thus far avoided such side effects. 
Setmelanotide is an eight-amino acid cyclic 
peptide that acts as a full agonist of human 
MC4R.  It binds with ∼10-fold selectivity over 
human MC3R (Fani et al. 2014). Preclinical stud-
ies in obese rhesus macaques indicated subcuta-
neous setmelanotide reduced overall food intake, 
decreased body weight, improved glucose toler-
ance, and did not induce negative cardiac effects 
(Kievit et al. 2013). Phase 1 and 2 studies have 
successfully evaluated the safety, efficacy, toler-
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ability, pharmacokinetics, and pharmacodynam-
ics of the octapeptide in obese volunteers 
(Ericson et  al. 2017; Chen et  al. 2015; Kuhnen 
et al. 2016). The reason for a lack of cardiovascu-
lar side effects has not been established, but sev-
eral possible explanations exist (Kievit et  al. 
2013). These include (1) differing receptor phar-
macology or mechanism for activating the 
MC4R; (2) higher affinity for the MC3R than 
previous drugs, since MC3R activity may coun-
teract sympathetic stimulation mediated by 
MC4R signaling (Wikberg and Mutulis 2008); or 
(3) lack of penetration by setmelanotide to brain 
regions controlling heart rate and blood pressure. 
Until the cause of the lack of side effects in this 
drug is clear, it will be hard to replicate its suc-
cess. Future techniques that allow targeting of 
MC3R or MC4R receptors in specific brain 
regions such as the VTA may also have clinical 
potential (Vogel et al. 2016).

The evolution of melanocortins from serving 
solely as stress hormones to also serving as 
critical anorexigenic neuropeptides demonstrates 
the opportunistic nature of biology. Yet, this 
system remains profoundly integrated with the 
physiological stress response. This knowledge 
should guide clinical care and pharmaceutical 
development. Overall, a critical need exists for 
studies that focus more broadly on how the CNS 
coordinates behavioral, endocrine, and autonomic 
responses to stressors. Investigating the 
melanocortin system in this light may hold the 
key to future medical advances.

Summative Questions

 1. What peripheral actions of melanocortins can 
affect adiposity? Which MC receptors are 
involved?

 2. How do glucocorticoids affect behavior?
 3. How does α-MSH treat shock?
 4. Contrast the effects of melanocortins and 

beta-endorphin on pain.
 5. Why are MCs a promising target in the treat-

ment of PTSD?
 6. How does the consumption of sweet treats 

interact with stress?
 7. What are the most effective treatment options 

for obese patients facing food insecurity?
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12.1  Introduction to the growth 
hormone/insulin-like growth 
factor (GH/IGF-1) Axis

The GH/IGF-1 axis refers to the collective and 
coordinated actions of GH and IGF-1. Both hor-
mones have a dramatic impact on adipose tis-
sue  (AT). GH promotes the release of stored 
energy by increasing lipolysis, decreasing lipo-
genesis, and influencing proliferation and differ-

entiation of the preadipocytes (Moller and 
Jorgensen 2009). In contrast, IGF-1 appears to be 
critical for hyperplasia and lipogenesis in both 
white and brown AT (Boucher et al. 2016). Thus, 
lipid metabolism and AT mass are drastically 
altered via this axis.

Human GH (hGH) is a 191 amino acid peptide 
hormone made up of four alpha helices and two 
disulfide bonds. The primary form of GH is 
22 kDa; however, additional isoforms have been 
described with different molecular weights, 
including 20 kDa (which is the second most prom-
inent form), 24 kDa, and 17.5 kDa forms. The vast 
majority of GH is produced, stored, and secreted 
by specialized cells in the anterior pituitary called 
somatotrophs. In humans, four additional closely 
related genes have been described in the GH gene 
cluster, including CSL, CSA, GHV, and CSB; how-
ever, production of these alternate forms of GH are 
limited to the placenta during pregnancy in females 
and are thought to be important for fetal growth 
and development (Chellakooty et al. 2004).

Secretion of GH occurs in a pulsatile fashion. 
GH synthesis and release are stimulated by 
GH-releasing hormone (GHRH) and inhibited by 
somatostatin (SST), which are both produced in 
the hypothalamus (Fig.  12.1a). Multiple feed-
back loops contribute to the regulation of GH 
release. For example, high serum GH levels act 
directly on the hypothalamus to inhibit GH 
release by inducing SST release and inhibiting 
GHRH secretion (Muller 1990; Muller et  al. 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-89506-2_12&domain=pdf
mailto:bh997614@ohio.edu
mailto:list@ohio.edu
mailto:ej391209@ohio.edu
mailto:berrymad@ohio.edu


322

1999). Additionally, high serum IGF-1 levels act 
on the hypothalamus and the pituitary to decrease 
GH secretion (Muller 1990; Muller et al. 1999).

Once secreted, circulating GH binds to the 
GHR on various tissues (Fig. 12.1b). The GHR is 
a class 1 cytokine receptor that exists as a pre-
formed homodimer (Brooks and Waters 2010). 
The receptor is expressed ubiquitously in tissues 
throughout the body, including but not limited to 
muscle, white and brown AT, liver, kidneys, heart, 
intestines, and lungs (Brown et  al. 2005; Zou 
et al. 1997; Vikman et al. 1991). The extracellular 
GH-binding domain of the GHR can be cleaved 
by metalloproteases and/or alternatively spliced 

to produce a soluble GH-binding protein that is 
also found in circulation with ~50% of circulat-
ing GH being bound to this GH-binding protein 
(Herrington et al. 2000). Upon GH binding to the 
predimerized receptor, a conformational change 
in the intracellular domain of GHR results in 
transphosphorylation and activation of associated 
tyrosine kinases (JAK2) (Brooks et al. 2014). As 
a result, tyrosines in the cytoplasmic domain of 
GHR are phosphorylated, which provide a 
 docking site for signal transducer and activator of 
transcription 5 (STAT5) and result in the recruit-
ment of additional intracellular signaling mole-
cules (Brooks et al. 2014). Phosphorylation and 

Fig. 12.1 (a) Regulation of pituitary GH.  Growth 
hormone- releasing hormone (GHRH) and somatostatin 
(SST) are released from the hypothalamus and stimulate or 
inhibit GH secretion, respectively. The GH-GHR interaction 
results in production of IGF-1 by various target tissues. 
IGF-1 and GH act in a negative feedback manner to reduce 
GH secretion. GH secretion is altered by other factors such 
as leptin, free fatty acids (FFAs), and estrogen. (b) The intra-
cellular signaling cascade of GHR in response to GH bind-

ing. GH binding to the GHR induces a canonical pathway 
that includes GHR-JAK2-STAT5. STAT5 is phosphorylated 
and activated in response to GH binding and regulates gene 
transcription. Other signaling pathways include insulin 
receptor substrate (IRS) 1 and subsequent activation of 
mechanistic target of rapamycin (mTOR) and activation of 
extracellular signal-regulated kinase (ERK) and c-Jun 
N-terminal kinase (JNK) via Src. (Adapted with permission 
Berryman et al. (2015) and Kopchick and Andry (2000))
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activation of STAT5 allows for dissociation from 
the GHR, dimerization and translocation to the 
nucleus, where it regulates gene expression 
(Wells 1996). While the JAK-STAT pathway 
appears to predominate in most cells, additional 
pathways, such as mechanistic target of rapamy-
cin (mTOR), extracellular signal-regulated 
kinase (ERK), and c-Jun N-terminal kinase 
(JNK) (Brooks and Waters 2010), are also acti-
vated in response to GH binding to GHR.

As stated previously, production of IGF-1 
resulting from GH-GHR signaling is an impor-
tant mediator of GH action as hinted in IGF-1’s 
previously accepted name somatomedin or “to 
mediate the actions of GH.” While IGF-1 is pro-
duced in many tissues and functions in a para-
crine and autocrine manner, the vast majority 
(70–90%) of IGF-1 found in the bloodstream – 
referred to as “endocrine” IGF-1 – comes from 
the liver. While the majority of this chapter will 
focus on GH’s action, it is important to note that 
the tight association between GH signaling and 
IGF-1 production often makes it difficult to dis-
cern the effects of GH versus that of IGF-1.

12.2  Role of GH in Nutrient 
Metabolism

GH plays a role in a variety of pathways related 
to energy metabolism and storage, counterbal-
ancing the effect of insulin. In the postprandial 
state, GH secretion is suppressed, and insulin lev-
els are increased, promoting glucose uptake and 
adipogenesis (Moller and Jorgensen 2009; 
Rabinowitz et al. 1965). In contrast, under fasting 
conditions, GH levels increase, and insulin levels 
are suppressed, increasing lipolysis and hepatic 
glucose output. Figure  12.2 further depicts the 
role of GH in major metabolic tissues.

As AT is the largest energy reservoir in the 
body, it is not surprising that GH has a significant 
influence on AT. For example, administration of 
human GH (hGH) stimulates lipolysis when 
injected into healthy humans or GH deficient 
(GHD) patients (Beck et  al. 1957; Raben and 
Hollenberg 1959; Ikkos et al. 1959). The striking 
lipolytic effect of GH is thought to be mediated, 
in part, through the stimulation of hormone- 
sensitive lipase (HSL), a critical enzyme for 

Pituitary

GH

Fat
↓ lipogenesis
↑ lipolysis
↓ glucose uptake
↑ insulin resistance

Muscle
↑ fat oxidation
↑ protein synthesis
↑ nitrogen retention
↓ glucose uptake
↑ insulin resistance

Liver
↑ fat oxidation
↑ gluconeogenesis
↑ glycogenolysis

Pancreas
↑ insulin secretion
(primarily due to to 
insulin resistance/ 
↑FFA)

IGF-1

-

Fig. 12.2 Summary of metabolic effects of GH. GH pro-
motes insulin secretion from the pancreas, which is pri-
marily due to the increase in insulin resistance in other 
tissues as well as the increase in circulating free fatty 
acids.  In fat, GH increases lipolysis and decreases lipo-
genesis, leading to increased free fatty acids in circulation 
and decreased adiposity. In the muscle, GH increases fat 
oxidation, protein synthesis, and nitrogen retention while 

decreasing glucose uptake. In the liver, GH increases fatty 
acid oxidation and glucose production while decreasing 
hepatic fat content. Endocrine IGF-1 is mainly produced 
by the liver and acts in a negative feedback loop to 
decrease GH secretion from the pituitary indicated by the 
dashed arrow. Chronic excess GH and increased IGF-1 
induce insulin resistance and hyperglycemia contributing 
to the diabetogenic effect of GH
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lipolysis (Florini et al. 1996; Franco et al. 2005; 
Yang et  al. 2004; Yip and Goodman 1999; 
Richelsen et al. 2000). However, more recent evi-
dence has implicated other molecules in GH’s 
lipolytic action, including adipose triglyceride 
lipase, perilipin, and cell death-inducing DFFA- 
like effector A (Karastergiou et al. 2016). Because 
of GH’s potent lipolytic effect, the total amount 
of AT is dramatically reduced under conditions of 
GH excess (Abrahamsen et  al. 2004; Chihara 
et al. 2010). In addition to an increase in lipoly-
sis, GH impairs lipogenesis, with many studies 
pointing to a decrease in lipoprotein lipase (LPL) 
protein activity (Richelsen et  al. 2000; Murase 
et al. 1980; Asayama et al. 1984). Interestingly, 
both spontaneous and stimulated GH secretion 
are blunted with obesity (Rasmussen 2010), 
which could further exacerbate the excess in AT 
accumulation as will be discussed in more detail 
later in this chapter.

GH also impacts nutrient metabolism in the 
liver. GH stimulates hepatic glucose production 
through gluconeogenesis and glycogenolysis, but 
whether GH preferentially stimulates one path-
way remains unclear as there is evidence to sup-
port both possibilities (Lindberg-Larsen et  al. 
2007; Sakharova et al. 2008; Ghanaat and Tayek 
2005; Hoybye et  al. 2008). In addition, GH has 
been shown to play a key role in hepatic lipid pro-
cessing (Fan et al. 2009b; Cui et al. 2007). That is, 
a reduction in circulating levels of GH or defects 
in hepatic GH signaling results in hepatic steato-
sis that can be somewhat alleviated with GH treat-
ment (Kredel and Siegmund 2014; Diniz et  al. 
2014; Nishizawa et al. 2012). More recently, GH 
has been shown to inhibit hepatic de novo lipo-
genesis (Cordoba-Chacon et al. 2015; Christ et al. 
1999) and potentially promote ectopic fat deposi-
tion in extrahepatic tissues (Wang et al. 2007).

The skeletal muscle is another major target of 
GH.  GH is well known to promote nitrogen 
 retention and protein synthesis in this tissue 
(Jorgensen et al. 1990; Moller et al. 2009). In the 
fasting state, GH preserves positive nitrogen bal-
ance, maintains lean body mass, and increases 
resting energy expenditure (Mulligan et al. 1998). 
Unlike the role of GH in AT, GH upregulates LPL 

mRNA expression and induces FFA uptake 
(Khalfallah et  al. 2001; Oscarsson et  al. 1999) 
and fat oxidation in skeletal muscle (Bastie et al. 
2005; Kim et  al. 2009; Ehrenborg and Krook 
2009). Typically, GH secretion is inhibited by an 
excess of macronutrients; however, some evi-
dence suggests that certain amino acids promote 
GH secretion (van Vught et al. 2008). Collectively, 
this suggests that there is a link between GH and 
amino acid metabolism and that the metabolic 
effects of GH are largely dependent on nutritional 
state.

As a chapter focused on GH and obesity, it is 
important to emphasize that GH is well known to 
be a diabetogenic hormone, inducing insulin 
resistance, hyperinsulinemia, and hyperglycemia 
(Fathallah et al. 2015). For example, classic stud-
ies show that fasting and postprandial perfusion 
of GH through the brachial artery inhibits muscle 
glucose uptake in an acute manner (Rabinowitz 
et  al. 1965; Rabinowitz and Zierler 1963; 
Fineberg and Merimee 1974). There appears to 
be multiple ways in which GH contributes to 
insulin resistance. There is evidence that GH may 
directly block insulin-signaling intermediates, 
such as p85α, and suppress insulin receptor sub-
strate 1 (IRS-1)-associated phosphatidylinositol 
3-kinase (PI3K) activity, both key modulators of 
insulin signaling (del Rincon et  al. 2007). 
However, this evidence is mainly limited to 
rodent models.  The increase in glucose output by 
the liver as well as the increased lipolysis, which 
causes substrate competition between lipids and 
glucose, also contributes to GH’s  diabetogenic 
effect. Moreover, some evidence shows that GH 
may affect insulin secretion by influencing β-cell 
function (Zhang et  al. 2004; Shin-Hye 
and Mi-Jung 2017). In fact, prolonged exposure 
to elevated levels of GH may lead to pancreatic 
β-cell failure, resulting in type 2 diabetes (Shadid 
and Jensen 2003). However, a study using β-cell 
growth hormone receptor knockout (βGHRKO) 
mice on a high-fat diet shows that GH is neces-
sary for  β-cell proliferation and glucose- 
stimulated insulin secretion (Wu et  al. 2011). 
Thus, it is imporant to recognize that the affect of 
GH on β-cell function is complex. 

B. Henry et al.
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12.3  Clinical Conditions 
and Mouse Lines 
with Alterations in the GH 
Axis

Extremes in the GH/IGF-1 axis in both humans 
and mice have allowed researchers to uncover 
many of GH’s actions. Examples of these 
extremes include (1) elevated GH action found in 
humans with acromegaly/gigantism and bovine 
GH (bGH) transgenic mice, (2) decreased GH 
action found in GHD in humans and GHR antag-
onist (GHA) mice among other mouse lines, and 
(3) complete GH resistance found in humans 
with Laron syndrome (LS) and GHR gene- 
disrupted (GHR-/-) mice. While a more detailed 
summary will be provided below, Table  12.1 
summarizes the general effects associated with 
these clinical conditions along with a comparable 
mouse line of excess, reduced, and absence of 
GH signaling. Note that these mouse lines share 
many features with the clinical conditions, mak-
ing them a valuable resource to do more invasive 
experimental measures.

12.3.1  Acromegaly and Gigantism

Acromegaly is a rare disorder characterized by 
chronically elevated circulating GH levels and 
subsequently increased production of IGF-1. In 
adults and children, acromegaly can arise from 
various etiologies. The most common cause of 
acromegaly is a somatotropic pituitary adenoma; 
yet, other causes include ectopic tumors outside 
the pituitary gland that produce GH or GHRH 
(Melmed 2009, 2011; Katznelson et  al. 2014). 
Adults with acromegaly can experience head-
aches and visual impairment associated with the 
tumor mass and symptoms related to elevated 
GH action, including frontal bossing, coarse 
facial features, and soft tissue swelling; as such, a 
common diagnostic sign for acromegaly is a 
change in ring, shoe, or hat size (Katznelson et al. 
2011; Abreu et al. 2016). In children, prior to the 
closure of the epiphyseal growth plate, gigantism 
results (Kopchick et al. 2014). Since excess GH 
action disrupts glucose homeostasis, individuals 
with acromegaly are reported to have increased 
fasting glucose levels, insulin resistance, and 

Table 12.1 Phenotypic summary of GH clinical conditions and comparable mouse line

Excess GH action Reduced GH action Absent GH action

Variable
Acromegaly/
gigantism bGH GHDa GHAb Laron GHR-/-

GH defect Hypersecretion 
of GH

Transgenic for 
bovine GH

Many 
variations

Transgenic for GHR 
antagonist gene

Mutation of 
GHR

Disruption of 
Ghr gene

GH action ↑↑ ↑↑ ↓ ↓ Absent Absent
GH ↑↑ ↑↑ ↓ ↑ ↑ ↑
IGF-1 ↑↑ ↑↑ ↓ ↓ ↓↓ ↓↓
Growth/body 
weight

↑↑a ↑↑ ↓ ↔a ↓ ↓↓ ↓↓

Insulin 
sensitivity

↓ ↓ ↑ ↓ ↔ ↑↓ c ↑

Lifespan ↓ ↓ ↔ ↔ ↔ ↑
Adapted and reused with permission (Troike et al. 2017)
↑ increase, ↔ no change, ↓ decrease
aDepends on age of onset
bComparable to congenital GHD
cDepends on Israeli or Ecuadorian cohort. Israeli cohort tends to have higher insulin levels (Laron et al. 2006)
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type 2 diabetes (Abreu et al. 2016). Acromegaly 
results in a twofold increase in overall mortality 
with the most common causes of death being 
heart disease, such as cardiac hypertrophy and 
congestive heart failure (Abreu et al. 2016; Colao 
et al. 2004; Katznelson et al. 2011), and cancer, 
such as colon, breast, and thyroid cancer (Rokkas 
et  al. 2008; Rogozinski et  al. 2012; dos Santos 
et al. 2013; Jenkins 2006). Overall, if individuals 
with acromegaly do not receive treatment, their 
lifespan is projected to be decreased by an aver-
age of 10  years (Melmed 2009). Treatment 
resolves the elevated levels of GH and IGF-1, 
arrests tumor growth, manages the complications 
and pituitary function, and restores mortality 
rates to normal (Melmed et al. 2014). Typically to 
accomplish the above goals, an individual with 
acromegaly may undergo transsphenoidal surgi-
cal resection, radiation of the pituitary adenoma, 
or biochemical management through SST ana-
logs or pegvisomant (Katznelson et  al. 2014). 
After reduction of the tumor and suppression of 
GH action through surgery or medication, 
patients have reduced incidence of comorbidities 
and increased adiposity.

12.3.2  Growth Hormone Deficiency 
(GHD)

GHD is a disease in children and adults defined 
by low levels of GH and IGF-1, resulting from 
various abnormalities in the GH-IGF-1 axis 
(Mullis 2007). The pathogenesis of GHD differs 
between congenital and acquired deficiencies. 
Congenital GHD can broadly manifest from 
either the absence of the pituitary gland or genetic 
mutations in GH, GHRH, or pituitary transcrip-
tion factors crucial to pituitary development 
(Mullis 2007). Meanwhile, acquired GHD arises 
from different and widely varying causes, includ-
ing nonfunctioning pituitary adenoma, central 
nervous system (CNS) trauma, idiopathic hypo-
pituitarism, and treatment of pituitary adenomas 
and CNS tumors that lead to hypopituitarism 
(Alatzoglou et  al. 2014). The clinical presenta-
tion of GHD depends upon the age of onset. 
Children with congenital or acquired GHD 
exhibit stunted growth and increased fat mass; 

they also have a higher risk of developing 
hyperlipidemia and dramatic hypoglycemic epi-
sodes (Smuel et  al. 2015). The lack of growth 
tends to be more exaggerated for children with 
congenital GHD than children diagnosed with 
acquired GHD.  Adults with GHD present with 
more generalized and nonspecific symptoms, 
including decreased muscle mass and energy, 
lower bone density, anxiety, depression, and 
increased adiposity along with an overall decline 
in quality of life (Molitch et al. 2011; Reed et al. 
2013). Treatment goals for GHD also depend on 
the age of onset. Administration of recombinant 
hGH increases linear growth, reduces the risk of 
increased adiposity, and improves self-reported 
quality of life (Alatzoglou et al. 2014; Grimberg 
et al. 2016). However, long-term GH therapy in 
children has been correlated with a higher inci-
dence of type 2 diabetes and is controversial on 
whether it promotes the development of malig-
nancies or shortens lifespan (Alatzoglou et  al. 
2014). In adults, GH therapy reduces generalized 
symptoms yet increases the risk of developing 
type 2 diabetes. Due to these potential harmful 
effects of GH therapy, children and adults need to 
be carefully assessed and managed to ensure the 
best treatment outcome.

12.3.3  Laron Syndrome (LS)

GH insensitivity, more commonly known as LS, 
is a disorder characterized by high GH and low 
IGF-1 levels. Most commonly caused by an auto-
somal recessive mutation in the GHR gene, indi-
viduals with LS present similar to patients with 
congenital GHD with extremely stunted growth. 
This mutation confers the GHR protein nonfunc-
tional; thus, the downstream effects of GH, 
including the production of IGF-1, are severely 
attenuated (Laron et al. 1968). Due to the loss of 
negative feedback from IGF-1, these individuals 
have elevated circulating GH levels (Laron et al. 
1968). LS is characterized by severe growth 
retardation, obesity, and reduced lean body mass 
(Laron and Kauli 2016). The risk of developing 
insulin resistance and type 2 diabetes varies 
among the different LS cohorts in Israel, Turkey, 
and Ecuador. For instance, the cohorts in Israel 
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and Turkey have higher levels of insulin and can 
develop type 2 diabetes later in life (Agladioglu 
et al. 2013; Laron and Kauli 2016). On the other 
hand, a cohort of LS patients from Ecuador 
appear to maintain insulin sensitivity and be pro-
tected from type 2 diabetes (Guevara-Aguirre 
et al. 2015). To date, the reason behind these dif-
ferences in cohorts is not well understood and is 
being currently explored. Interestingly, all 
cohorts of LS appear to be protected from devel-
oping cancer (Shevah and Laron 2007; Steuerman 
et  al. 2011; Laron and Kauli 2016; Guevara- 
Aguirre et  al. 2011). Through treatment with 
recombinant IGF-1 (rIGF-1), LS individuals 
observe a resolve in the growth discrepancy and 
an  increase in bone mineral density; however, 
severe adverse reactions, including increased adi-
posity and insulin resistance, can accompany 
these benefits (Laron 2015).

12.3.4  Mouse Lines

Many different animal models exist to explore 
the physiological and metabolic impact of GH 
action. This section will concentrate on mice 
with alterations in GH action for the following 
reasons: (1) mice are anatomically, physiologi-
cally, and genetically similar to humans with 
fairly short gestation periods and lifespans; and 
(2) mouse genomes are easy to manipulate, 
allowing for alterations in GH action at the 
whole-body and tissue-specific level. While 
many mouse lines are available with alterations 
in the GH/IGF-1 axis, this chapter will describe 
the most well-studied lines as well as those lines 
most in common to the aforementioned clinical 
conditions.

12.3.5  Increased GH Action

Bovine GH transgenic mice Bovine GH trans-
genic (bGH) mice have been genetically engi-
neered to constitutively overexpress GH 
(Fig.  12.3). Similar to acromegaly, bGH mice 
have elevated plasma levels of GH and IGF-1 
(Kopchick and Laron 1999). Overall, this mouse 
line experiences increased lean mass and 

decreased fat mass, as will be discussed more in 
the next section. bGH mice also have similar 
comorbidities as acromegaly. For instance, bGH 
mice have disrupted glucose homeostasis, insulin 
resistance, and hyperinsulinemia (Kopchick and 
Laron 1999; Berryman et al. 2004; Palmer et al. 
2009). bGH mice also develop cardiomegaly and 
hepatomegaly and have marked cardiac, vascular, 
and kidney damage (Berryman et  al. 2006; 
Kopchick et  al. 2014; Miquet et  al. 2013). 
Additionally, bGH mice have a greater incidence 
of tumors and dramatically shorter lifespans, 
reduced by approximately 50% compared to their 
littermate controls (Bartke 2003; Kopchick et al. 
2014). Due to these similarities, bGH mice pro-
vide an opportunity to more invasively study the 
condition of acromegaly.

12.3.6  Decreased GH Action

There are multiple mouse lines with decreased 
GH action that mimic the clinical states associ-
ated with reduced GH action. Examples include 
the GHA mouse line, which has decreased GH 
action and similar to congenital GHD, and the 
GHR-/- mouse line, which  do not have a GHR 
and are similar to LS (Fig. 12.3). In addition, there 
are hypopituitarism mouse lines (Ames dwarf and 
Snell dwarf) that lack GH as well as other pitu-
itary-derived hormones. More recently, two sepa-
rate adult-inducible lines with reduced GH action 
have been described that mimic acquired GHD. In 
addition, several tissue- specific GHR knockouts 
have been generated to explore the influence of 
GH on individual cells, tissues, and organs (List 
et al. 2014; Romero et al. 2010; Lu et al. 2013; 
Wu et al. 2011; List et al. 2013; Fan et al. 2009a, 
2014; List et al. 2015; Mavalli et al. 2010). These 
tissue-specific lines, while helpful in elucidating 
the effect of GH on a particular tissue, do not rep-
licate a clinical condition and so will not be dis-
cussed in detail in this chapter.

Mice with hypopituitarism Ames and Snell dwarf 
mice were among the first mice described with a 
genetic mutation that resulted in GHD and overall 
hypopituitarism. Both mouse lines exhibit dwarf-
ism, increased adiposity, improved glucose tolerance, 
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increased insulin sensitivity, and extended lifes-
pans (Bartke & Westbrook, 2012; Hill et al. 2016). 
Similar to congenital GHD individuals, these mice 
have mutations in homeobox protein prophet of 
PIT1 (PROP1) for Ames mice and pituitary tran-
scription factor (PIT1) for Snell mice that results 
in improper development of the pituitary gland 
(Bartke and Westbrook 2012; Flurkey et al. 2001; 
Andersen et al. 1995; Sornson et al. 1996; Junnila 
et al. 2013). Importantly, these dwarf lines experi-
ence deficiencies in three anterior pituitary hor-
mones (prolactin, GH, and thyroid- stimulating 
hormone), making it difficult to determine the spe-
cific contribution of GH to their phenotypes 
(Bartke & Westbrook, 2012). Still, many of their 
features are shared with GHR-/- mice, suggesting 
that GH is critical to the observed phenotype 
(Bartke & Westbrook, 2012).

GHR antagonist transgenic mice GHA mice 
have a number of similarities with congenital 
GHD. GHA mice express a mutated bGH gene, 
in which the codon for glycine at position 119 is 
substituted for a larger amino acid (Chen et al. 
1991). This single substitution results in the 
production of a protein that competes with 
endogenous GH for GHR binding and results in 
a marked reduction, but not elimination, of 
GH-induced intracellular signaling. GHA mice 
are intermediate in size between the global GHR 
knockout (GHR-/-) and wild-type (WT) mice 
(Fig.  12.3) (Kopchick et  al. 2014). GHA mice 
have overall reduced levels of IGF-1 and lean 
mass but increased adiposity (Berryman et  al. 

2004). Yet, these mice maintain insulin sensitiv-
ity and are protected from developing type 2 
diabetes and comorbidities associated with obe-
sity, even when placed on a high-fat diet (HFD) 
(Yang et  al. 2015), although there is evidence 
that their insulin sensitivity deteriorates with 
advancing age (Berryman et  al. 2014). 
Strikingly, the GHA mice are the only mice that 
have decreased GH action and do not exhibit a 
significant increase in lifespan (Coschigano 
et al. 2003; Berryman et al. 2013).

GHR-/- mice The GHR-/- mice are analogous to 
LS patients (Kopchick and Laron 2011). Both are 
dwarf and resistant to GH action with very low 
IGF-1 and elevated GH levels (Zhou et al. 1997) 
(Fig.  12.3). GHR-/- mice have decreased lean 
mass, smaller organs, and increased total adipos-
ity (Berryman et al. 2004; Berryman et al. 2010). 
Yet despite excess AT throughout life, these mice 
are also extremely insulin sensitive (Berryman 
et  al. 2004; Lubbers et  al. 2013). Interestingly, 
these mice are resistant to many age-associated 
complications compared to their littermate con-
trols. In contrast to what is observed in bGH mice, 
GHR-/- mice are protected from neoplastic dis-
eases (Ikeno et  al. 2009). Furthermore, GHR-/- 
mice are extremely long-lived, living about a year 
longer than a typical mouse. This increased lifes-
pan has been reproduced in different laboratories 
and under different experimental conditions, 
including alterations in sex, genetic background, 
and diet composition (Coschigano et  al. 2003; 
Bonkowski et al. 2006; Brown-Borg et al. 2009).

Fig. 12.3 Mice with 
altered GH action. From 
left to right: a wild-type 
mouse, a bGH mouse 
with increased GH 
action, a GHA mouse 
with decreased GH 
action, and a GHR-/- 
mouse with no GH 
action. (Figure adapted 
and reused with 
permission Berryman 
et al. (2011))
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Reduction of GH action in adulthood All the 
mouse lines reported thus far have the alteration 
in GH action throughout life. More recently, two 
mouse lines have been genetically engineered to 
have a decrease in GH action in adulthood; there-
fore, these lines more closely resemble adult- 
onset GHD.  One of these mouse lines, 
the  adult-onset-isolated GHD line (AOiGHD), 
employs the inducible Cre-Lox system and dip-
theria toxin to ablate somatotrophs (Luque et al. 
2011). Circulating levels of GH and IGF-1 are 
decreased but still detectable in these mice after 
induction. Interestingly, even partial GH disrup-
tion, as shown in these mice, has a dramatic 
impact on metabolic function, resulting in 
improved insulin sensitivity. A second line, called 
aGHRKO for adult-onset GHR deletion, was 
developed in which the Ghr is temporally deleted 
using an ubiquitously expressed tamoxifen- 
inducible Cre-Lox system (Junnila et  al. 2016). 
These mice have improved insulin sensitivity, 
increased adiposity, and, at least in the female 
mice, improved longevity (Junnila et  al. 2016). 
However, it is important to note that there are 
limitations to this line as the Ghr gene is not dis-
rupted in a similar fashion in all tissues, which 
could influence interpretation of the data gener-
ated with these mice.

12.4  Adipose Tissue and GH

Circulating GH levels have an inverse relation-
ship with AT mass in both humans and mice. As 
expected and in accordance with significant 
changes in fat mass, GH influences adipokine 
secretion as well as other properties of AT. The 
action of GH on AT provides a unique perspec-
tive on the relationship between AT and health. 
That is, we typically associate excess fat mass 
with a decrease in insulin sensitivity and other 
obesity-related chronic conditions, whereas a 
reduced AT mass is usually considered favorable 
for metabolism and health. Mice with excess GH 
action, such as bGH mice, are lean but exhibit 
deleterious metabolic and lifespan consequences; 
conversely, mice with a reduction in GH action 
are obese yet lack the metabolic dysfunction 

associated with obese states. These contradictory 
and counterintuitive phenotypes  – unhealthy 
leanness and healthy obesity – allow us to exam-
ine not only the biological effects of GH on AT 
but also the properties of excess AT that contrib-
ute to overall metabolic dysfunction.

12.4.1  Body Composition

Excess GH reduces overall adiposity. For exam-
ple, in individuals with acromegaly, AT mass is 
drastically reduced (Bengtsson et  al. 1989; 
Moller and Jorgensen 2009; Berryman et  al. 
2004) while normalizing GH levels when treating 
acromegaly increases adiposity (Bengtsson et al. 
1989; Gibney et al. 2007). Likewise, adult bGH 
mice are leaner than littermate controls, having 
notably less fat mass for most of their adult lives 
(Fig. 12.4) (Berryman et al. 2004). However, the 
longitudinal body composition data for bGH 
mice reveals several important observations 
regarding fat mass, more than can be feasibly 
observed with clinical populations. First, while 
they show resistance to midlife gains in AT, bGH 
mice have greater fat mass at younger ages (less 
than 3 months of age for males and 4 months of 
age in females), suggesting a role of the GH/
IGF-I axis in establishing the number of 
adipocyte- competent cells within the tissue 
(Palmer et  al. 2009). Second, male and female 
mice respond differently to excess GH, with 
females showing some delay and less exagger-
ated changes in body composition. This longitu-
dinal study reveals the importance of both age 
and sex when studying the effects of GH on 
AT. Finally, bGH mice are also resistant to diet- 
induced obesity and exhibit distinct patterns of 
nutrient partitioning with high-fat feeding, in par-
ticular having preferential accumulation of lean 
tissue instead of AT (Olsson et al. 2005; Berryman 
et al. 2006).

Conversely, decreased GH action consistently 
increases adiposity. Children and adults with 
GHD have increased fat mass with greater trun-
cal fat deposition (Boot et al. 1997; De Boer et al. 
1992), which begins to reverse with the adminis-
tration of hGH (Rodriguez-Arnao et  al. 1999). 
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Similar to the decreased GH action in GHD 
adults and children, LS patients experience 
increased central and total adiposity (Laron & 
Kauli, 2016). Likewise, mice with decreased GH 
action have increased fat mass, although there is 
evidence that the trend may be age- and/or sex- 
dependent. For example, Ames and Snell mice 
have been reported to have increased adiposity 
(Bartke and Westbrook 2012; Hill et  al. 2016). 
However, a cross-sectional study with Ames mice 
reports that while both female and male Ames 
mice have a higher percentage of body fat com-
pared to WT controls at younger ages, the per-
centage of body fat is decreased relative to the 
WT controls at older ages (Heiman et al. 2003). 
Longitudinal body composition data are also 
available for GHR-/-, GHA, and aGHRKO mice; 
all three lines have increased fat mass throughout 
life, albeit the increase in AT is less dramatic for 
females (GHA and GHR-/- mice shown in 
Fig. 12.4) (Berryman et al. 2014; Berryman et al. 
2010; Junnila et  al. 2016). Further, when GHA 
and GHR-/- mice are fed a HFD, both lines are 
more susceptible to gaining additional fat mass 
when compared to WT mice and yet remain resil-

ient to the detrimental effects of high-fat feeding 
on glucose homeostasis and insulin sensitivity 
(Robertson et  al. 2006; Berryman et  al. 2006; 
Yang et al. 2015).

12.4.2  Adipokines

As would be expected with such dramatic 
changes in adiposity, adipokine levels are altered 
in clinical states and mouse lines with altered 
GH-induced signaling. Overall, GH action is 
negatively correlated with leptin and adiponectin 
levels. For example, individuals with acromegaly 
have decreased levels of leptin and adiponectin, 
while treatment increases leptin levels (Lam et al. 
2004; Silha et  al. 2003; Sucunza et  al. 2009; 
Reyes-Vidal et al. 2014). Other adipokines, such 
as vaspin, visfatin, and omentin, have also been 
shown to be increased in acromegaly and 
decreased upon or after treatment (Ciresi et  al. 
2015; Olarescu et  al. 2015b). Notably, two vis-
ceral AT adipokines, vaspin and visfatin, have 
been proposed as biomarkers of visceral AT dys-
function with acromegaly (Ciresi et  al. 2015). 
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Fig. 12.4 Comparison of body fat percentage in mice 
with altered GH action. Male and female bGH mice have 
greater body fat percent than WT mice earlier in life, a 
trend that starts to reverse at 4 and 6  months of age, 
respectively (left). Fat percentage is greater in male and 
female GHA mice compared to controls throughout life. 

Male GHR-/- mice have markedly increased body fat per-
cent compared to controls and appear to rapidly accumu-
late fat during the first 4  months of life. Increased 
percentage of fat is also observed in female GHR-/- mice 
compared to controls, albeit not as drastic. (Republished 
with permission Troike et al. (2017))
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bGH mice, like the clinical correlate, also have 
decreased levels of leptin, adiponectin, and resis-
tin (Lubbers et al. 2012).

While data from GHD patients varies based 
on age and likely etiology, adipokine levels in LS 
and mouse lines with reduced GH action are 
fairly consistent and show an overall opposite 
trend seen in acromegaly and bGH mice. For 
GHD, children before puberty have been shown 
to have no alterations in leptin, visfatin, resistin, 
and omentin levels (Ciresi et al. 2016). However, 
another study reports children with GHD treated 
with GH have increased leptin levels and reduced 
resistin and tumor necrosis factor-alpha (TNF-α) 
levels (Meazza et al. 2014). GH treatment tends 
to increase visfatin and decrease leptin and omen-
tin (Ciresi et al. 2016). Children and adults with 
LS experience increased leptin levels; similarly, 

total adiponectin and high molecular weight 
(HMW) adiponectin are elevated (Laron 2015). 
As for mouse lines with reduced GH action, 
Ames, Snell, GHA, GHR-/-, AOiGHD, and 
aGHRKO mice have either unchanged or ele-
vated leptin levels, which is partly dependent on 
age, and have markedly elevated total and HMW 
adiponectin levels  (Lubbers et  al. 2012; Bartke 
and Westbrook 2012; Masternak et al. 2006. The 
exception to this observation is the AOiGHD 
mice, in which adiponectin levels are unchanged 
(Lubbers et al. 2012). Of note, when placed on a 
HFD, Ames mice appear to be protected from 
pro-inflammatory adipokines with no difference 
in adiponectin or leptin levels compared to Ames 
mice on a standard chow diet (Hill et al. 2016).

As summarized in Table 12.2, leptin and adi-
ponectin show an interesting relationship with fat 

Table 12.2 Summary of AT in mice with altered GH

Mouse 
line GH signaling % fat mass Leptin Adiponectin Citations
bGH ↑ ↑ early life (before 

3 months)
↓ later life
(after 4 to 6 months 
in males and 
females, 
respectively)

↓ ↓ Palmer et al. (2009), 
Berryman et al. (2004), Wang 
et al. (2007)

AOiGHD ↓ in adulthood 
(starting at 
10–12 weeks of 
age)

↑
(after induction)

↑ ↔ Luque et al. (2011), Lubbers 
et al. (2013)

aGHRKO ↓ in adulthood 
(starting at 
6 weeks of age)

↑
(after induction)

↔ ↑ Junnila et al. (2016)

GHA ↓ ↑
(increases 
dramatically with 
advancing age)

↑
(increases 
dramatically with 
advancing age)

↑ Berryman et al. (2004), Yakar 
et al. (2004), Lubbers et al. 
(2013), Berryman et al. 
(2014)

GHR-/- Absent ↑ ↔, ↑ ↔,↑ Berryman et al. (2004), 
Berryman et al. (2006), 
Berryman et al. (2010), Li 
et al. (2003), Egecioglu et al. 
(2006), Lubbers et al. (2013)

Snell ↓ ↑ ↑ ↑ Heiman et al. (2003), Wang 
et al. (2006), Wang et al. 
(2007)

Ames ↓ ↑ ↔, ↑ ↑ (Bartke (2008), Flurkey et al. 
(2001), Alderman et al. 
(2009), Combs et al. (2003), 
Lubbers et al. (2013)

↑ increase, ↔ no change, ↓ decrease
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mass and GH signaling. That is, adiponectin and 
leptin are both increased with a reduction in GH 
signaling and decreased with excess GH signal-
ing. Although leptin levels are consistent with 
what would be expected based on fat mass, low 
levels of leptin rather than high levels of leptin 
are more commonly associated with improved 
insulin sensitivity, an improved metabolic profile, 
and increased longevity (Stenholm et  al. 2011; 
Arai et  al. 2011). Unlike leptin, adiponectin is 
considered a beneficial adipokine and is usually 
negatively associated with obesity and positively 
associated with insulin sensitivity and longevity 
(Stenholm et al. 2011; Arai et al. 2011). In these 
mice as well as the comparable clinical condi-
tions, adiponectin is positively associated with 
fat mass. This unusual relationship has given sig-
nificant attention to these adipokines and their 
role in promoting the GH-induced phenotype.

12.4.3  GH Alters AT in a Depot- 
Specific Manner

Data from both clinical studies and mice reveal 
that GH’s effects are not uniform across all AT 
depots. In fact, even without considering clinical 
conditions of extreme GH action, visceral adi-
posity is a stronger indicator of 24-h endogenous 
GH secretion than total fat mass (Vikman et al. 
1991), suggesting a close association between 
GH action and visceral depots in humans. 
Accordingly, while subcutaneous and visceral 
depots are decreased with acromegaly, the great-
est reduction of white AT mass occurs in the vis-
ceral depot (Freda et al. 2008). In humans with 
GHD, GH treatment (0.013–0.026  mg/kg/day) 
reduces total body fat by 9.4%, with again the 
visceral AT being more impacted than subcutane-
ous AT (30% versus 13% reduction, respectively) 
(Bengtsson et  al. 1993). In another study, after 
GHD adults were treated with GH, total body fat 
decreased with the largest decrease observed in 
the visceral depots as compared to subcutaneous 
(Johannsson et al. 1997). However, there is also 
clinical evidence for targeting subcutaneous 
depots. That is, male and female patients with LS 
have marked increases in subcutaneous and intra- 

abdominal AT and, in particular, have a larger 
percentage of fat distributed in the arms (subcuta-
neous) when compared to control patients (Laron 
et al. 2006). Clearly, data from humans has dem-
onstrated a depot-specific role of GH’s impact on 
fat mass; yet, the ability to directly compare 
depots from the same clinical sample is 
challenging.

A more detailed understanding of the depot 
differences is made possible by using mouse 
lines, where more invasive procedures and mul-
tiple depot sampling can be made with a single 
animal. Overall, a reduction in GH action causes 
a striking and specific enlargement of the subcu-
taneous depot (Fig.  12.5). This significant 
increase in the subcutaneous depot is illustrated 
for GHR-/- mice in Fig. 12.5c. The trend is not as 
clear  with an excess of GH action since depot 
mass appears to be similarly reduced in all AT 
depots; however, molecular characterization of 
the AT depots reveals a more significant impact 
in subcutaneous depots as compared to others 
(Benencia et  al. 2014). The targeted impact of 
GH on subcutaneous AT is readily apparent when 
comparing AT histology among depots. As shown 
in Fig.  12.5a  and b, hematoxylin- and eosin-
stained tissue sections from mouse lines with 
extremes in GH action show dramatic alterations 
in morphology and adipocyte size in subcutane-
ous AT; yet, the epididymal tissue is fairly uni-
form. Many other examples in the literature 
support depot-specific differences at the cellular 
or molecular level. Although not an exhaustive 
list, some recent examples of depot-specific dif-
ferences are provided in Table 12.3.

12.4.4  GH as a Treatment Modality 
for Obesity? Pros vs Cons

With the escalating rates of obesity nationally 
and globally, methods for obesity management 
are desperately needed. For almost three decades, 
numerous studies have attempted to evaluate the 
efficacy of using GH for obesity management, 
many of which are summarized in Table 12.4. In 
part, the attention given to GH is related to its 
ability to reduce fat mass while preserving lean 
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mass. In addition, human obesity, especially in 
the visceral depots, is associated with markedly 
suppressed spontaneous and stimulated GH 
secretion (Rasmussen 2010). Of note, circulating 
IGF-1 levels remain unaffected or only slightly 
lowered with obesity. Likewise, substantial 
weight loss has been shown to restore GH secre-
tion patterns (Rasmussen et  al. 1995). Thus, 
restoring GH levels appears to be a viable means 
to combat obesity. Overall, GH at therapeutic lev-
els has shown a fairly consistent reduction in 
total and visceral AT in clinical trials (Table 12.4). 
Further, many of the studies that used calorie 
restriction showed the added benefit of attenuat-
ing the loss of lean body mass with GH treatment 

(Clemmons et  al. 1987; Snyder et  al. 1988; 
Snyder et al. 1990; Tagliaferri et al. 1998).

Despite the logic behind using GH therapeu-
tically, its use is not without controversy. For 
example, a meta-analysis of 24 clinical studies 
on the use of GH therapy for obesity concludes 
that the effects on body composition and lipid 
profiles are very small and do not reduce weight 
sufficiently to be considered beneficial, even 
with very high doses (Mekala and Tritos 2008). 
It is important to note that there are many con-
founding factors in these studies that likely con-
tribute to the different responses, including GH 
dose, inclusion/exclusion criteria, sample size, 
length of follow-up, and timing of glucose and 

Fig. 12.5 Depot-specific differences due to extremes in 
GH. (a) Hematoxylin and eosin staining of subcutaneous 
(SubQ) and epididymal (Epi) AT.  Tissue samples were 
obtained from 6-month-old GHR-/-, GHA, bGH, and con-
trol mice. (b) Quantification of adipocyte size from these 
mice. (c) Adiposity in GHR-/- mice. Regional body fat 

distribution of male WT mice (left) and male GHR-/- 
mice (right) using magnetic resonance imaging (MRI). 
The mouse is positioned with the anterior part at the bot-
tom of the image. Subcutaneous AT is highlighted yellow 
and intra-abdominal blue. (Adapted with permission 
Berryman et al. (2011))
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insulin measurements relative to GH dose 
(Berryman et  al. 2013). There are also adverse 
side effects that have been reported with GH 
therapy. For example, 20–40% of obese individ-
uals that have received GH develop similar 
effects seen in acromegaly, including fluid reten-

tion and carpal tunnel syndrome (Shadid and 
Jensen 2003). Of greater concern, obesity leads 
to an insulin- resistant state, which might be fur-
ther exacerbated by the diabetogenic properties 
of GH. Although some studies show deteriora-
tion in glucose metabolism with GH treatment 

Table 12.3 Evidence for depot-specific differences in mice due to extremes in GH action

Reference Model System Research Focus Findings
Benencia et al. 
(2014)

bGH mice Immune cell infiltration 
in AT

↑ immune cell infiltration (macrophage, T cells) 
mainly in subcutaneous and mesenteric depots 
with little change in epididiymal AT
↑ in gene expression related to T-cell infiltration/
activation in subcutaneous but not epididymal AT

Stout et al. 
(2014)

bGH, Snell, Ames, 
GHR-/-, and 
GH-injected mice

Cellular senescence  
in AT

bGH females: ↑ cellular senescence in all depots 
except periovarian
GH-injected WT females: ↑ cellular senescence 
in subscapular and mesenteric depots
GHR-/- and Snell females: ↓ cellular senescence 
in subcutaneous AT
Ames: ↓ cellular senescence in paraovarian, 
mesenteric, and subcutaneous
GHR-/-: ↓ cellular senescence all depots except 
mesenteric

Flint et al. 
(2006)

GHR-/- mice Proliferation and 
differentiation of 
preadipocytes

Subcutaneous adipocytes proliferate, 
differentiate, and respond to hormones in a 
similar manner to controls, but perigonadal 
adipocytes do not

Kelder et al. 
(2007)

GHR-/- mice CideA expression ↓ cell death-inducing DFF45-like effector-A 
(CideA) levels in subcutaneous AT but not 
retroperitoneal or epididymal

Lubbers et al. 
(2013)

bGH, GHA, GHR-/-, 
AoiGHD, and 
Ames mice

Adiponectin expression Circulating adiponectin levels correlated strongly 
with subcutaneous fat mass
Higher adiponectin levels in subcutaneous AT of 
GHR-/- mice

Stout et al. 
(2015)

GHR-/- mice Depot whole-genome 
microarrays

Differences in gene expression related to 
metabolic function and inflammation among 
epididymal, subcutaneous, retroperitoneal AT 
were detected

Sackmann- 
Sala et al. 
(2013)

GHR-/- mice Proteomic analysis of 
depot differences

Lower levels of Glut4 protein in subcutaneous AT 
of GHR-/- mice, no difference in epididymal AT
Retroperitoneal depot particularly affected by 
GHR deletion and age

Hjortebjerg 
(2017)

bGH, GHR-/- mice Expression of insulin, 
GH and IGF-1 
receptors, and IGF-1

↑ IGF-1 RNA levels in subcutaneous, epididymal, 
and retroperitoneal depots in bGH mice, but ↓ in 
all depots in GHR-/- mice
↓ insulin receptor expression in retroperitoneal 
and mesenteric depots in bGH mice, but ↑ in 
subcutaneous, retroperitoneal, and mesenteric 
depots in GHR-/- mice

Olarescu et al. 
(2015a)

GHR-/-, bGH mice AT-derived 
mesenchymal stem cell

Increased differentiation in cells isolated from 
subcutaneous AT vs epididymal
Increased differentiation in cells isolated from 
subcutaneous GHR-/- than from bGH mice
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(Richelsen et al. 1994; Snyder et al. 1995, 1990; 
Bredella et  al. 2012), many studies report 
improvement or no impact (Johannsson et  al. 
1997; Franco et  al. 2005). For example, two 
studies that included obese individuals with dia-
betes show GH treatment not only reduced vis-
ceral AT mass and levels of LDL cholesterol but 
also improved insulin sensitivity (Nam et  al. 
2001; Ahn et  al. 2006). Studies using diet-
induced obese, diabetic mice would also suggest 
that high levels of GH are beneficial, improving 
body composition and glucose metabolism (List 
et al. 2009).

Another consideration is that changes in AT 
mass may not be the best clinical readout for 
GH’s impact on obesity. As discussed previously 
in this chapter, GH causes a striking reduction in 
fat mass, but the quality of AT is suspect as 
increased cellular senescence, decreased adipo-
genesis, and altered immune cell infiltration 
occur in AT in mice exposed to excess 
GH.  Overall, while GH has great potential for 
treating obesity, its cost, the concerns related to 
reported and suspected side effects, and the lack 
of larger and longer controlled trials make it 
unlikely that GH will be of therapeutic value for 
obesity in the near future.

Questions

 1. What is the relationship between GH and 
IGF-1, and how do these hormones alter adi-
pose tissue mass?

 2. How does GH alter glucose metabolism? How 
would an increase or absence of GH signaling 
influence insulin sensitivity?

 3. At least in mice, which depot appears to be 
most impacted by alterations in GH action?

 4. How might excess GH in both mouse and man 
resemble a lipodystrophic state?

 5. What are the pros and cons of using GH as a 
treatment modality for obesity?
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13.1  Theoretical Underpinnings 
of Appetite Regulation

Multiple theories aim to explain the neurobe-
havioral underpinnings of appetite control and 
weight gain. These theories fall into two general 
categories: theories of homeostatic regulation and 
those of hedonic motivation. Homeostatic regu-
lation theories involve both implicit and explicit 
regulation mechanisms such as the long-standing 
theory of implicit regulation which is the set point 
theory of obesity. Set point theory posits that 
body weight is maintained by primarily hormone-
based feedback mechanisms to conserve a con-
stant “body-inherent” weight, without conscious 
effort (Harris 1990). This theory of weight regu-
lation arose from studies in which humans and 
rats are forced to lose or gain weight and even-
tually recover to a similar weight as before the 
involuntary change (for review, see Leibel 2008; 
Svetkey et al. 2008). However, this theory came 
under increasing scrutiny as subsequent evidence 
demonstrated that metabolic programming does 
not entirely protect against weight gain above the 
weight set point. For example, as energy intake 
increases, energy expenditure does not increase 

to maintain energy balance (Westerterp 2010), 
resulting in excess caloric intake that raises weight 
beyond the set point, contributing to obesity. A 
more cogitative theory of explicit weight regula-
tion is dietary restraint theory, which hypothe-
sizes that some individuals follow an eating style 
that involves purposely reducing intake to prevent 
weight gain or lose weight (Herman and Mack 
1975). Unlike the set point theory, restraint theory 
is founded on the notion that cognitive control, 
not physiological control, drives the majority 
of eating behavior. Further research expanded 
upon the consequences of dietary restraint, where 
restrained eating led to reduced sensitivity to sati-
ety cues, further leading to dietary disinhibition 
and excessive intake in a cyclic fashion (Polivy 
and Herman 1985). Dietary restraint theory is 
actively being tested in eating behavior experi-
ments through a variety of methods and samples, 
producing complex and nuanced results (for 
review, see Johnson et al. 2012).

13.1.1  Conflicting Theories 
of Hedonically Motivated 
Food Intake

Theories of hedonically motivated eating behav-
ior center on how aberrant reward processing 
in the brain contributes to overeating pleasur-
able foods. Obesity has been characterized as a 
disease of both hyper- and hyporesponsivity to 
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reward. The incentive sensitization model of obe-
sity posits that intake of palatable food results in  
elevated response to food cues in reward- 
associated brain regions (Berridge 2012). This 
conditioning process alters in neurotransmitter 
signaling leading to further overconsumption 
(Berridge 2012). This theory is contrasted by 
an alternative theory of aberrant reward pro-
cessing, the anhedonia model of obesity. The 
model suggests that individuals with decreased 
reward response to palatable food intake due to 
decreased dopamine D2 receptor density over-
consume palatable foods to overcome reward 
deficit (Wang et al. 2004). In support, studies of 
dopamine signaling show that obese individu-
als have decreased dopamine synthesis (Wilcox 
et al. 2010) and receptor binding in the striatum 
(Volkow et al. 2008). While this original model 
proposed anhedonia as a predisposing factor for 
obesity, subsequent research demonstrated that 
decreased reward sensitivity to food consumption 
is much more likely a consequence and mainte-
nance factor for overeating and obesity, but not 
an initial risk factor (Burger 2017; Johnson and 
Kenny 2010) (Fig. 13.1).

13.1.2  Dynamic Theory 
of Hedonically Motivated 
Food Intake

To synthesize across evidence of both hyper- 
and hyposensitivity to reward, Stice and Burger 
proposed a dynamic vulnerability model of obe-
sity that suggests that brain response to palat-
able food intake changes over time to perpetuate 
overeating (Burger and Stice 2011). Similar to 
incentive sensitization, the dynamic vulnerabil-

ity model suggests that individuals with elevated 
brain response in reward regions during palat-
able food consumption are at risk for overeat-
ing. Continued excess energy intake then leads 
to decreased dopamine signaling/receptor den-
sity, which results in food reward hyposensitiv-
ity, similar to the anhedonia model. In theory, 
individuals will then continue and/or escalate 
overeating to achieve the same level of plea-
sure that previously was received palatable food 
consumption (Fig.  13.2). Emerging models of 
overeating incorporating research from psychol-
ogy and cognitive science to characterize how 
decision-making and habit formation may con-
tribute to overeating complement the dynamic 
vulnerability model. Decision-making strategies, 
such as habit-based systems, can perpetuate over-
eating by preventing updated valuation of palat-
able food that may be less rewarding following 
repeated consumption (Gilbert and Burger 2016). 
While models of eating habit formation are new, 
they dovetail with existing models of obesity and 
may provide unique insight into the development 
of maladaptive eating behaviors.

With these theories as a foundation, we will 
next discuss in detail topics relating to the influ-
ence of the environment on overeating factors 
that increase hedonically motivated eating, such 
as brain response to food pictures, cues, and taste, 
brain-based contributions and consequences of 
weight gain, and the interaction of neural and 
endocrine systems on hedonically motivated eat-
ing. Consideration of hedonic, habitual, and envi-
ronmental contributors to excess energy intake is 
important given that for about two-thirds of 
Americans (Flegal et al. 2012), homeostatic sys-
tems of energy balance regulation are not suc-
cessful in maintaining a healthy body weight.

Attentional response 
to food cues

Weight gain and
obesity

Striatal response 
to food intake

a.

b.

Overeating due to increased 
cue susceptibility

Overeating to overcome 
lower reward value

Fig. 13.1 Intersection of the (a) incentive sensitization and (b) anhedonia models of obesity
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13.2  Environmental Contributors 
to Hedonically Motivated 
Overeating

Environmental cues of palatable food consump-
tion contribute significantly to eating behavior 
by drawing attention to food stimuli and capi-
talizing on reward sensitivity to increase eating 
outside of hunger. Environmental factors such as 
an image of food can increase food intake, as 
the sight of palatable food increases the desire 
to eat, even in the absence of hunger (Cornell 
et  al. 1989; Rolls et  al. 1982). The effect of 
visual food cues on intake is especially powerful 
in the food cue-rich modern food environment. 
Consider this: how often during the day do you 
see pictures of food? From print media and tele-
vision advertisements to social media postings 
online, to storefront posters and other advertise-
ments, visual cues promoting consumption of 
palatable, energy-dense foods are ubiquitous. 
When the saturation of food cues is combined 
with the high availability of low-cost tasty food, 
the modern food environment presents very few 
barriers to excessive energy intake (Barthes 
1997). In this section, we will discuss the neural 
and physiological underpinnings of environmen-
tal food cue’s contribution to overeating.

13.2.1  The Impact of Food Volume 
Driving Intake

One facet of the food environment that increases 
intake is the increase in portion sizes of pack-
aged and ready-made food. Since the 1970s, 
portion sizes of a number of foods, including 

fast-food and restaurant meals, frozen foods, 
and even recipes, have steadily increased 
(Fig. 13.3 Young and Nestle 2002). The char-
acteristics of external food cues such as portion 
size are critical for influencing eating behavior, 
because food portion size serves as a norma-
tive cue that provides information about how 
much is acceptable to consume (Herman and 
Polivy 2008). As such, research demonstrates 
that when adults and children are presented 
with large portion sizes, they consume more 
kilocalories (Ello-Martin et al. 2005). Men and 
women served macaroni and cheese consumed 
on average 30% more calories when served the 
largest portion (500 g) compared to the small-
est portion (100 g) (Rolls et al. 2002). Similar 
effects are observed in children. In one study, 
children consumed about 25% more kilocalo-
ries when presented with a very large but age-
appropriate portion size (Fisher et  al. 2003).
The “portion size effect” has been replicated 
in a number of laboratory and naturalistic set-
tings (Diliberti et  al. 2004; Fisher and Kral 
2008; Kling et al. 2016; Rolls et al. 2004a, b, 
2006). The portion size effect also extends to 
ratings of food appeal. When compared to lean 
individuals, overweight individuals rated larger 
portion-sized food pictures are more desirable 
(Burger et  al. 2011). Together, this research 
demonstrates that portion size can have a strong 
and uniform effect on overeating in both chil-
dren and adults. Additionally, the portion size 
effect is resistant to behavioral interventions 
aimed at reducing intake in the face of large 
portions, as demonstrated by a randomized 
controlled trial (Rolls et  al. 2017). To reduce 
caloric intake, the best strategies often involve 

Overeating and 
weight gain

Striatal response

Inhibitory response

Somatosensory 
and gustatory 

response

Striatal response

Inhibitory response

incentive 
responsivity

Further overeating
and weight gain

Fig. 13.2 Dynamic vulnerability model of weight gain
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a “volumetric” approach, which involves 
replacing high energy density (high calories for 
volume) foods with low energy density foods 
(low calories for volume) (Rolls and Barnett 
2000). Low energy density diets are associated 
with higher diet quality (Ledikwe et al. 2006), 
and interventions that increase consumption of 
low energy density foods are associated with 
significant weight loss (Ello-Martin et al. 2007; 
Ledikwe et al. 2007).

13.2.2  Impact of the Environment 
on Food Intake

Food advertisements are pervasive in the modern 
environment, particularly in developed countries. 
Ninety-eight percent of food advertisements 
promote items that are highly caloric and high in 
fat and sugar (Powell et  al. 2007). Food 
advertisements for energy-dense, palatable foods 
serve as priming stimuli, which can subtly 
contribute to overeating by promoting intake of 
advertised foods. In children, the effect of food 
advertisements is striking  – many studies show 
an increase in children’s intake following 
exposure to food advertisements (Boyland and 
Whalen 2015; Halford et  al. 2007; Harris et  al. 
2009). These effects are seen across types of 
media (Boyland et al. 2016) and are irrespective 
of the healthfulness of foods being advertised 
(Dovey et al. 2011).

In adults, food advertisements also increase 
intake, but the associations are less consis-

tent (Vukmirovic 2015). Experimental studies 
in adults demonstrate both greater consump-
tion of advertised foods following exposure 
(Koordeman et  al. 2010) and a nonsignificant 
effect of advertisement exposure on intake 
(Anschutz et  al. 2011; Martin et  al. 2009a, b). 
A meta- analysis published in 2016 of 18 studies 
found a small-to-moderate effect of advertising 
on increasing food consumption, compared to 
controls, and that the results in children drove 
the effect (Boyland et al. 2016). These studies all 
examine acute response to food advertisements, 
so little is known about the effects of exposure 
to food advertisements on long-term eating hab-
its. All things considered, given the sensitivity 
of children to food advertisements, researchers 
and policy makers have advocated for limits on 
food advertisements targeted at children (World 
Health Organization 2010).

13.2.3  Individual Differences 
in Environmental Response

An important caveat to the research presented 
thus far is that while environmental cues for food 
intake are omnipresent, about one-third of 
Americans remain at a healthy weight (Flegal 
et al. 2012). This may be due, in part, to individual 
differences in sensitivity to external food cues. 
Scales including the Power of Food Scale (Lowe 
et  al. 2009) and the Dutch Eating Behavior 
Questionnaire (Van Strien et  al. 1986) measure 
individual responsiveness to external food cues. 

Fig. 13.3 Similar to the increases in portion size in the 
natural eating environment, the above shows a 100% 
increase in portion size of an amorphous food (cheesy 

pasta). These foods are typically used in feeding studies, 
as many individuals do not notice the larger amount of 
food
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The Power of Food Scale was designed to 
measure hedonic hunger, or the tendency to 
develop an appetite from environment food cues 
(Lowe and Butryn 2007). The percent of 
individuals reporting high hedonic hunger, as 
measured by the Power of Food Scale, is higher 
among severely obese individuals compared to 
those at a healthy weight (Schultes et al. 2010). 
Also, high hedonic hunger is associated with 
greater motivation to consume food (Burger et al. 
2016) and related to greater binge eating behavior 
(Burger et al. 2016; Lowe et al. 2016; Witt and 
Lowe 2014). Behavioral aspects of hedonic 
hunger are still being explored, but current 
evidence supports that hedonic hunger may 
explain some variability in susceptibility to 
external food cues. External eating, as measured 
by the Dutch Eating Behavior Questionnaire, is 
another construct developed to assess individual 
differences in sensitivity to environmental food 
cues. High external eating is associated with 
increased consumption of sugar-sweetened 
beverages (Elfhag et  al. 2007) and cravings for 
high-fat foods (Burton et  al. 2007). Critically 
both external eating and hedonic hunger are 
thought to interact with dietary restraint to impact 
long-term weight outcomes (Appelhans et  al. 
2011; Ely et al. 2015; Van Strien et al. 2009).

13.3  Aberrant Neural Response 
Associated with Obesity

Human neuroimaging techniques, such as func-
tional magnetic resonance imaging (fMRI; 
Fig.  13.4) and positron emission tomography 
(PET), have provided valuable insight into the 
brain’s rewa0rd circuitry implicated in eating 
behavior. Despite these advances, some of the 
most prominent theories of aberrant neural 
responses to food and obesity appear to be in 
conflict. Obesity is characterized by both a hyper- 
and hyporesponsivity of the regions within the 
reward circuitry (Berridge et  al. 2010; Davis 
et  al. 2004; Wang et  al. 2001), presenting 
inconsistent patterns of response.

13.3.1  Food-Specific Aberrant 
Response in Obesity

Relative to healthy weight, obese individuals 
exhibit less activity in regions of the brain 
associated with reward in response to receipt of 
palatable food (Babbs et  al. 2013; Frank et  al. 
2012; Green et  al. 2011; Stice et  al. 2008a, b). 
Further, data indicate that obese adults, relative to 
healthy weight, show both lower striatal 
dopamine D2 receptor availability (de Weijer 
et  al. 2011; Volkow et  al. 2008) and lower 
capacity of nigrostriatal neurons to synthesize 
dopamine (Wilcox et  al. 2010). Animal work 
compliments these data where obese animals, 
relative to lean, show lower basal dopamine 
levels, lower dopamine D2 receptor availability, 
and less ex vivo dopamine release in response to 
electrical stimulation in the nucleus accumbens 
and dorsal striatum tissue (Fetissov et al. 2002; 
Huang et al. 2006; Thanos et al. 2008).

When presented with food cues and images, 
overweight and obese individuals show sig-
nificantly higher activity in the striatum, insula, 
orbitofrontal cortex, and amygdala, compared 
to healthy weight counterparts (Bruce et  al. 
2010; Dimitropoulos et al. 2012; Frankort et al. 
2012; Martin et  al. 2009a, b; Ng et  al. 2011; 
Nummenmaa et al. 2012; Rothemund et al. 2007; 
Eric Stice et al. 2008a, b; Stoeckel et al. 2008). 
These regions previously have been implicated 
in encoding the reward value of stimuli and con-
sequently influencing goal-directed behavior 
(Beaver et  al. 2006). Further, when exposed to 
visual food images or cues predicting palatable 
food receipt, obese individuals, relative to healthy 
weight, also consistently show greater activation 
(1) in brain regions associated with visual pro-
cessing and attention (visual and anterior cin-
gulate cortices), (2) in brain regions encoding 
stimulus salience (precuneus), (3) in the primary 
gustatory cortex (anterior insula, frontal oper-
culum), (4) and in oral somatosensory regions 
(postcentral gyrus, Rolandic operculum; (Bruce 
et al. 2010; Dimitropoulos et al. 2012; Frankort 
et al. 2012; Martin et al. 2009a, b; Ng et al. 2011; 
Nummenmaa et  al. 2012; Rothemund et  al. 
2007; Stice et al. 2008a, b; Stoeckel et al. 2008)). 
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Together, this demonstrates that overweight and 
obese individuals have strong hyperresponsivity 
to food cues and images.

In sum, overweight/obese status is associated 
with elevated striatal, gustatory, and attentional 
responses to anticipatory food cues (e.g., food 
images and predictive cues) and decreased striatal 
response to food taste. As a result, these findings 
support both the hyper- and hypo-reward theories 
of obesity (Berridge et al. 2010; Davis et al. 2004; 
Wang et al. 2001). By nature of study design, the 
cross-sectional data collected in the majority of 
studies provide no ability to draw inferences 
regarding the temporal precedence of weight 
status and observed neural effects. Thus, results 
cannot distinguish between notions that the 
neural response patterns are an underlying cause 
of weight gain, or a consequence of habitual 
overeating and/or obesity.

13.3.2  Generalized Reward 
Sensitivity and Impulsivity

Obesity theory suggests that individuals with 
high levels of trait reward sensitivity display 
enhanced activity in brain regions implicated in 
food reward and therefore are at greater risk for 
hedonic overeating and weight gain (Davis et al. 
2004). Similarly, data-driven hypotheses indicate 

that individuals at risk for substance abuse 
initially experience greater reward from substance 
use, increasing the risk for substance abuse 
(Davis and Claridge 1998; Dawe and Loxton 
2004). Similar theories have also implicated a 
lack of cognitive control and/or impulsivity with 
overeating and obesity as well as substance 
abuse, problem gambling, and risky sexual 
behavior (Dawe and Loxton 2004; Verdejo- 
García et  al. 2008). Despite mounting evidence 
that reward sensitivity and impulsivity are 
associated with obesity, it remains unclear 
whether these traits specifically relate to 
overeating, or whether they are simply generalized 
risk factors for any hedonic behavior.

Compared to other hedonic behaviors, such as 
smoking, or drinking alcohol, food consumption 
is necessary to sustain life, and the modern food 
environment inundates individuals with food 
cues, promoting intake. As a result, nearly all 
individuals in industrialized nations consume 
highly palatable foods, at least intermittently. 
The initiation of repeated intake of highly 
palatable foods precipitates weight gain and its 
associated adverse health consequences. Thus, 
examining risk factors for the transition from 
intermittent consumption of energy-dense foods 
to habitual intake of such foods may prove to be 
the most useful in understanding hedonic 
overeating and weight gain.

Fig. 13.4 Blood oxygen level-dependent response 
(BOLD) measures the release of oxygen to tissues. 
Neurons are a special tissue in that they do not store oxy-
gen. Therefore, when they fire, neurons require an increase 
in blood-supplied oxygen. The change in the blood from 
oxygenated to deoxygenated is measured via 
MRI. Statistical analyses allow for modeling of the change 
from oxygenated to deoxygenated blood. Areas of high 

oxygen consumption are statistically “mapped” to areas in 
the brain as pictured here. The red to yellow color repre-
sents areas in the brain where the deoxygenation in the 
blood was significantly higher than the rest of the brain 
(p > 0.05 or 1−p > 0.95). Measuring the turnover of oxy-
gen in the blood has been shown to be a good proxy for 
neuron firing (Logothetis et al. 2001)
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13.4  Neural Risk Factors, Brain- 
Based Prediction, 
and Consequences 
of Overeating and Weight 
Gain

With 35% of adult men and 40% of adult women 
in the USA classified as obese, the identification 
of risk factors and methods for predicting weight 
gain and obesity is a top priority (Flegal et  al. 
2016). Despite knowing that obesity is related to 
higher mortality rates (Abdelaal et al. 2017), the 
ability to lose weight and maintain weight loss 
remains elusive, with most people regaining their 
lost weight (Langeveld and DeVries 2015). The 
primary barrier to weight loss and maintenance 
of weight loss is not physiological but rather is 
behavioral (MacLean et al. 2015). This behavioral 
barrier implies that weight loss and weight gain 
are matter of the mind, not necessarily of the 
body. In line with this conjecture, preventing 
weight gain through behavioral means and 
predicting weight gain risk through neural 
mechanisms may be the best way to prevent and 
ameliorate obesity.

Along with behavioral barriers to weight loss, 
interindividual variability in susceptibility to 
obesity is an additional challenge for effective 
weight loss (MacLean et al. 2015). An estimated  
40–70% of interindividual obesity risk is attrib-
uted to genetics (Elks et al. 2012). Research on 
genetic and heritable mental health disorders, 
such as substance abuse (Yu and McClellan 
2016), have shown that genes can shape 
behaviors: protecting or predisposing an 
individual to weight gain risk factors.

13.4.1  Neural and Genetic Risk 
Factors of Overeating 
and Weight Gain

Studies in both humans and animals show dif-
ferential neural response to palatable food across 
various weight statuses (Babbs et  al. 2013; 
Contreras-Rodríguez et al. 2015; Cosgrove et al. 
2015; Johnson and Kenny 2010). These studies 
provide a solid description of the differences 
in hedonically motivated food intake; however 

they generally measure differences in already 
overweight and obese individuals. Thus, they 
are unable to predict weight gain or character-
ize risk factors related to obesity. Assessing 
normal weight adolescents at high risk for obe-
sity (defined as dual parental overweight/obe-
sity) compared to normal weight adolescents 
at low risk for obesity (defined as having two 
lean parents) allows researchers to evaluate the 
contribution of both genetic and environmental 
risk factors on neural response before the onset 
of obesity. Parental BMI is shown to be a reli-
able predictor of obesity in their offspring (Faith 
et  al. 2006; Jacobson et  al. 2006; Kumar et  al. 
2010; Rath et  al. 2016). Additionally, children 
of obese parents exhibit increased preference for 
highly palatable foods (Birch and Fisher 1995; 
Wardle et al. 2001), which is further associated 
with increased obesity risk (Johnson and Wardle 
2014; Salbe et al. 2002). Two studies used paren-
tal weight status as a proxy for obesity risk 
(Shearrer et al. 2017; Stice et al. 2011) and found 
that adolescents at risk for obesity, by virtue of 
parental overweight/obesity, compared to those 
at low risk for obesity showed increased BOLD 
response in areas related to gustatory (insula), 
somatosensory (postcentral gyrus), and reward 
processing (orbital frontal cortex, caudate) when 
given a palatable milkshake (Shearrer et  al. 
2017; Stice et  al. 2011). In particular, adoles-
cents at high risk for obesity, compared to those 
at low risk, presented increased BOLD response 
to high-sugar milkshakes compared to a tasteless 
solution in the caudate and central opercular cor-
tex, areas related to taste and reward (Shearrer 
et al. 2017). However, in both studies, there was 
no difference between risk groups in BOLD 
response to a visual food stimuli (Shearrer et al. 
2017; Stice et al. 2011). These results support the 
dynamic vulnerability model, which posits that 
initial hypersensitivity in striatal and gustatory 
regions to a palatable taste, but not food images, 
precedes and propagates overeating (Burger and 
Stice 2011; Stice et al. 2011). Habitual overeat-
ing and weight gain shift neural response from 
the palatable taste to food cues (such as images), 
resulting in the hyporesponsivity to palatable 
food tastes, and hyperresponsivity to food cues, 
seen in obesity (Burger and Stice 2011, 2012, 
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2013a, b; Burger 2017; Cosgrove et  al. 2015; 
Demos et al. 2012; Geha et al. 2013; Stice et al. 
2008a, b; Volkow et al. 2008; Wang et al. 2001; 
Yokum et al. 2012).

13.4.1.1  Genetic Influences on Brain 
Response to Food 
and Weight Regulation

To parse the contribution of genetics from that 
of the environment, researchers have examined 
genetic markers related to weight status. The 
ANKK1 TaqIA polymorphism has been signifi-
cantly studied in relation to food reward and obe-
sity (Barnard et al. 2009; Blum et al. 1996; Epstein 
et al. 2007; Felsted et al. 2010; Kirsch et al. 2006; 
Stice et al. 2008a, b; Sun et al. 2015). The TaqIA 
A1 allele is associated with reduced dopamine 
D2 receptor (D2R) density and dopamine signal-
ing and with increased food intake and food rein-
forcement in both mice and humans (Barnard et al. 
2009; Epstein et al. 2007; Thanos et al. 2008). The 
TaqIA A1 allele significantly moderated the rela-
tionship between striatal response to milkshake 
receipt and weight change over a 1-year follow-
up, such that, among those with the A1 allele, low 
striatal response to milkshake receipt predicted 
future weight gain (Stice et al. 2008a, b). A sepa-
rate study replicated this finding in an initially 
lean sample of 152 adolescents using a sensitive 
measure of percent body fat over a 3-year follow-
up period (Stice et al. 2015). Similar effects have 
emerged for another genotype (no 7-repeat or lon-
ger alleles of the DRD4 gene [DRD4-S]) that has 
been associated with elevated dopamine signaling 
(Stice et al. 2010a). Together, these studies imply 
that neural response to food receipt combined with 
genetic status may place individuals at risk for 
excess weight gain and identify aberrant dopamine 
signaling as a potential mechanism of brain-based 
obesity risk.

While dopamine-related alleles have received 
the majority of attention in the neuroimaging 
field, the fat mass and obesity-associated (FTO) 
gene was the first gene explicitly related to BMI 
and obesity (Loos and Yeo 2014). The effect of 
FTO on obesity risk has been shown to be substan-
tial, with the odds of becoming obese increased 

from 18–27% per allele depending on the popu-
lation (Loos and Yeo 2014). FTO encodes for an 
RNA demethylase enzyme broadly important 
for the control of protein expression (Jia et  al. 
2011), and while the exact mechanism as to 
how it increases obesity risk is under investiga-
tion, several studies have linked FTO to atypi-
cal neural processing of food stimuli, reward 
learning, and impulse control, as well as inter-
acting with homeostatic hormones to increase 
risk (discussed further in Sect. 13.5) (de Groot 
et al. 2015; Heni et al. 2014b; Sevgi et al. 2015; 
Wiemerslage et al. 2016). Of note, the increased 
risk the FTO gene imparts appears to be related 
to eating behavior, rather than metabolic or 
endocrine, suggesting that the gene alters a neu-
ral mechanism (Sun et  al. 2017). Combination 
of research on dopamine systems and FTO has 
revealed that the FTO gene interacts with the 
TaqIA A1 allele to regulate reward learning in 
humans (Sevgi et  al. 2015). Those individuals 
with both the FTO and ANKK1 TaqIA polymor-
phism are shown to be insensitive to negative 
reward learning and exhibit reduced connectivity 
between the nucleus accumbens and medial pre-
frontal cortex and reduced connectivity between 
the ventral tegmental area (VTA) and substantia 
nigra in a “dose-by-gene response” (Sevgi et al. 
2015). The valence-specific insensitivity further 
implicates the role of the D2 receptors (Mathar 
et  al. 2017). Drops in dopamine when an out-
come is worse than expected (negative predic-
tion error) modulates D2R density (Frank et al. 
2007). Similarly, insensitivity to negative reward 
learning with downregulated D2R was induced 
in rats with chronic overfeeding, resulting in 
obesity (Johnson and Kenny 2010). Therefore, 
excess caloric intake appears to downregulate 
D2R expression, and for individuals genetically 
predisposed to decreased D2R as in the TaqIA 
allele or with the TaqIA/FTO gene interaction, 
this effect appears to be magnified. The mecha-
nism by which FTO influences the TaqIA poly-
morphism is being explored; however it has been 
suggested that FTO’s encoding of a demethylase 
may alter the TaqIA polymorphism in an epigen-
etic manner (Hess et al. 2013).
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13.4.2  Brain-Based Predication 
and Consequences of Weight 
Gain and Overeating

As mentioned in this section’s introduction, find-
ing neural correlates of weight gain may improve 
weight loss efficacy and prevent at-risk individu-
als from developing obesity. Prospective studies 
provide insight into preexisting risk factors for 
weight gain. In further support of the dynamic 
vulnerability model, greater response in the ven-
tral striatum and medial prefrontal cortex/ante-
rior cingulate during exposure to appetizing food 
images was shown to predict weight gain over a 
6-month period (Demos et  al. 2012). Further, 
individuals who showed greater activation in the 
orbitofrontal cortex (OFC) in response to a cue 
predicting palatable food intake gained more 
weight over 1  year compared to those who did 
not respond strongly (Yokum et  al. 2011). 
Interestingly, the OFC is thought to play a promi-
nent role in valuation and representation of speci-
fied rewards such as palatable food (Man et  al. 
2009). Together, this suggests that an increased 
valuation of food cues in areas of the brain asso-
ciated with executive control is positively related 
to weight gain.

In addition, data indicates that reward-related 
anomalies predict weight gain, and eating 
patterns can influence how the brain then 
responds to food stimuli. For example, in a study, 
frequent ice cream consumption was related to a 
reduced striatal and prefrontal response during 
receipt of a palatable milkshake in lean 
adolescents (Burger and Stice 2012). Notably, 
these results were exclusive to ice cream 
consumption, as consumption of similar foods 
(e.g., chocolate sweets and baked goods) did not 
elicit significant reduced brain response, 
suggesting a marked specificity in this 
relationship. The specificity between the stimulus 
and the reduced neural response is not limited to 
milkshake but has also been seen with diet soda 
and artificial sweetener use (Green and Murphy 
2012; Rudenga and Small 2012). Further, in a 
randomized controlled trial, participants assigned 
to consume a novel high-sugar beverage for 
2 weeks exhibited a reduction in striatal response 

to the novel high-sugar beverage (Burger 2017). 
These results were not attenuated when control-
ling for BMI and are directly in line with the evi-
dence that habitual consumption, not weight 
status per se, reduces striatal response. This study 
also showed how quickly the brain adapts to 
habitual consumption of an initially novel food. 
Again, these studies support the work of Johnson 
and Kenny in Sect. 13.4.1 and provide further 
evidence that habitual consumption of a food 
causes downregulation in D2R (Johnson and 
Kenny 2010). These studies in humans also 
coalesce with and inform the dynamic 
vulnerability hypothesis, showing that habitual 
consumption of food drives the shift from 
hyperresponsivity to food receipt to 
hyperresponsivity to a food cue through 
downregulation of D2R.

To further support the dynamic vulnerability 
model, several studies have looked at the impact 
of habitual excess caloric intake on food cue 
response. Increased caloric intake over a 2-week 
period measured by doubly labeled water was 
related to heightened parietal cortex, visual 
cortex, and insular response during cue-elicited 
anticipation of food intake (Burger and Stice 
2013a, b). This suggests that overeating, in 
general, is associated with heightened response 
to food cues independent of weight status (Burger 
and Stice 2013a, b). Further, regular Coke™ 
consumers (>1/day) showed increased visual 
cortex and parietal response during exposure to 
Coke advertisements, relative to their 
nonconsuming counterparts, independent of BMI 
(Burger and Stice 2013a, b). These data are 
directly in line with research that suggests that 
the heightened striatal and attentional response to 
food cues is related to habitual eating behaviors 
and that weight gain is a secondary outcome from 
excessive caloric intake. In sum, it appears that 
eating behavior independent of weight status 
retrains the brain to focus on food cues, rather 
than the actual food reward. Animal models 
propose that this shift in reward learning is 
dependent on D2R density in the striatum and 
those with a genetic predisposition for low D2R 
appear to be a greater risk of future weight gain 
through unfavorable eating behaviors.
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13.5  Neuroendocrine Systems 
and Ingestive Behavior 
in Humans

Understanding how hedonic desires integrate 
with or override the body’s homeostatic signals is 
crucial for the study of eating behaviors and 
weight gain. While perceived hunger and eating 
behaviors are known barriers to weight loss, little 
is known of how hunger interacts with the 
hedonic desire to eat (Elfhag and Rossner 2005; 
MacLean et al. 2015). Historically, the desire to 
eat and hunger were considered to be the same 
thing. The glucostatic theory posited that hunger 
was a homeostatic signal for low blood sugar, and 
when blood sugar was returned to normal values, 
hunger was resolved (Mayer 1953). Research 
into hypoglycemia (low blood sugar) has shown 
that while accompanied by shaking, sweating, 
and weakness, feelings of hunger are often absent 
in hypoglycemia (Rogers and Brunstrom 2016). 
Indeed, hunger has more frequently been 
associated with gastric distention, circadian 
training (becoming hungry because it is lunch 
time), and/or food reward learning (eating out of 
celebration or consolation) (Rogers and 
Brunstrom 2016).

Although hypoglycemia does not appear to 
regulate the desire to eat, endocrine factors 
related to glucose balance may play a role. While 
the previous sections have outlined how excess 
caloric consumption can influence receptors and 
signaling in the brain, this section outlines how 
chronic overeating alters endocrine systems. 
Specifically, this part will discuss how 
overconsumption of high-sugar and fatty foods 
can result to insulin and leptin resistance and how 
insulin and leptin resistance connects the dynamic 
vulnerability model (Grosshans et  al. 2012; 
Jastreboff et  al. 2014; Kullmann et  al. 2012; 
Simon et  al. 2014). The dynamics between the 
fed and fasted state of the orexigenic hormone 
ghrelin also appears to influence perceived 
hunger and BOLD response (Karra et al. 2013). 
Finally, treatment with incretin hormones such as 
glucagon-like peptide 1 (GLP-1) analogues may 
resolve the abnormal BOLD response seen in 
obesity (ten Kulve et al. 2016).

13.5.1  Leptin

The fat-derived peptide hormone leptin plays a 
critical role as a long-term homeostatic feedback 
mechanism (Blundell et al. 2001). Leptin rises in 
proportion to body fat, which signals the 
adequacy of body fat stored in the central nervous 
system via the hypothalamus. This functions to 
maintain adequate body fat stored for reproduction 
and survival around a homeostatic set point 
(Blundell et  al. 2001). Although one would 
expect high levels of leptin to reduce or inhibit 
feeding behaviors, leptin has been found to be 
elevated in obese subjects, and hyperleptinemia 
in normal weight subjects has not been shown to 
reduce food intake, suggesting obese individuals 
may experience “leptin resistance,” or the 
inability to produce an adequate response to a 
given leptin stimulus (Kalra 2001).

Work in subjects with genetic leptin defi-
ciency show increased BOLD response to high-
calorie food images in the insula, parahippocampal 
gyrus, limbic lobe, parietal lobe, and precuneus, 
as well as high hunger ratings in response to food 
images (Baicy et  al. 2007). Leptin replacement 
therapy suppressed BOLD response in the insula, 
parietal lobe, and temporal cortex and reduced 
hunger ratings in response to high-calorie foods 
while increasing BOLD response in the prefrontal 
cortex (Baicy et  al. 2007). These findings posit 
that under normal physiological conditions, 
leptin works to reduce food intake and hunger, 
increasing brain regions associated with self- 
control and decreasing gustatory regions. Leptin 
deficiency has also been shown to increase liking 
of foods in fed and fasted states, and this liking is 
correlated with BOLD response in the nucleus 
accumbens (Farooqi et al. 2007). While in normal 
weight/leptin subjects, the correlation of BOLD 
response in the nucleus accumbens and ratings of 
liking were observed only in the fasted state 
(Farooqi et al. 2007). As such, individuals with 
leptin deficiency appear to consistently feel that 
they are in a fasted state.

Obesity can be considered a state of chronic 
elevated endogenous leptin circulation. In 
adolescents, elevated endogenous leptin, 
independent of body fat mass, was correlated 
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with BOLD response in the putamen, caudate, 
thalamus, amygdala, posterior cingulate, and 
insula to images of high-calorie foods versus 
non-food objects (Grosshans et  al. 2012; 
Jastreboff et al. 2014). Leptin was also shown to 
mediate a positive correlation between BOLD 
response in the ventral striatum to anticipation of 
a food reward and BMI (Simon et al. 2014). High 
levels of leptin appear to mimic the obese brain’s 
response to food cues. However, it is unclear if 
high leptin levels decrease BOLD response to 
palatable food receipt. Additionally, further 
research is required to determine if the correlation 
between leptin and BOLD response is due to 
eating behaviors or body fat status.

13.5.2  Insulin

While best known for its action in glucose metab-
olism in the liver and muscle, insulin is critical 
within the CNS for glucose metabolism, satiety 
signaling, and, possibly, reward signaling 
(Kroemer and Small 2016; Murray et al. 2014). 
Insulin receptors are found within the 
hypothalamus in the arcuate nucleus, in the VTA, 
and within the striatum (Kroemer and Small 
2016; Murray et al. 2014). Insulin concentrations 
peripherally and centrally and the activity of their 
receptors have been shown to influence dopamine 
metabolism, concentration, and receptor 
availability (Dunn et  al. 2012; Kroemer and 
Small 2016; Potter et al. 1999). Insulin has been 
shown to decrease dopamine concentrations via 
upregulation of dopamine transport synthesis in 
the VTA (Figlewicz et  al. 1994). Additionally, 
knockout of insulin receptors in the VTA leads to 
hyperphagia and increased fat mass (Brüning 
et al. 2000; Murray et al. 2014), suggesting that 
dopamine and insulin work synergistically to 
maintain food intake. The relationship between 
dopamine and insulin appears to extend beyond 
the central nervous system, as depletion of 
dopamine reduces peripheral insulin sensitivity, 
and insulin sensitivity is concomitantly related to 
D2/3 receptor availability in the striatum in 
healthy humans (Caravaggio et  al. 2015). The 
connection between dopamine and peripheral 

insulin is not linear. Work in animal models has 
shown peripheral insulin correlates with 
dopamine release in the nucleus accumbens 
(Potter et  al. 1999). However, at high levels, 
peripheral insulin was correlated with suppressed 
dopamine release (Potter et  al. 1999). This 
suggests that chronically elevated peripheral 
insulin, as in type 2 diabetes (T2D), is associated 
with a kind of insulin resistance at the level of 
dopamine release. Considering the previous 
research indicating the importance of dopamine 
signaling for negative reward learning (Coppin 
et  al. 2014; Johnson and Kenny 2010; Mathar 
et  al. 2017), suppression of dopamine response 
due to high insulin could alter reward learning 
behaviors and increase risk of overeating.

Further studies show that insulin has a pro-
found effect on BOLD response in the occipital 
cortex, prefrontal cortex, and hypothalamus. 
Interestingly, insulin only stimulates brain glu-
cose metabolism to a physiological set point; 
increasing insulin above fasting levels in the CNS 
does not increase glucose utilization in the brain. 
This is an important point for two reasons. First, 
in terms of imaging, this indicates that insulin 
administration, especially intranasal, does not 
artificially increase BOLD response due to 
increased brain metabolism. Second, this sug-
gests that higher than fasting levels of insulin in 
the brain may signal for processes outside of 
simple glucose utilization. Uncoupling glucose 
metabolism from insulin may be particularly 
important in the CNS due to the sustained high 
demand for glucose to maintain neural function.

Insulin acts differentially in the CNS and 
peripherally; however both systems appear to 
regulate each other. Intranasal insulin 
administration allows researchers to artificially 
increase insulin in the CNS with minimal spill 
over to the periphery. Intranasal insulin in normal 
weight men, but not in overweight men, has been 
shown to suppress hepatic glucose production 
and stimulate peripheral glucose intake (Heni 
et  al. 2017). Additionally, in normal weight 
subjects, intranasal insulin decreased cerebral 
blood flow in the orbitofrontal cortex; however 
this was not seen in overweight or obese subjects. 
This reduction in BOLD signaling with intranasal 
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insulin in normal weight but not overweight or 
obese individuals may translate into eating 
behaviors. In healthy men and women, intranasal 
insulin reduced subsequent food intake in both 
fed and fasted conditions and increased feelings 
of satiety in women (Hallschmid et  al. 2012; 
Jauch-Chara et al. 2012). This implies that CNS 
insulin action influences peripheral metabolism, 
signaling the fed state, and therefore a decreased 
need for hepatic glucose production. Conversely, 
the overweight men appear to exhibit insulin 
resistance in the CNS, which manifests as 
peripheral insulin resistance in the liver and a 
decreased BOLD response in areas of executive 
functioning. The fed signal is not relayed to the 
body, and hepatic glucose production is not 
suppressed. The increased gluconeogenesis may 
further increase fat accumulation in the liver, 
creating a peripheral insulin-resistant cycle 
(Seppälä-Lindroos et al. 2002).

Peripheral insulin also appears to affect nutri-
ent utilization in the CNS, in particular in the 
ventral striatum and prefrontal cortex (Anthony 
et al. 2006). In normal, insulin-sensitive men, an 
increase in plasma insulin was related to increased 
metabolism (as measured through positron emis-
sion tomography (PET)) in the ventral striatum 
and prefrontal cortex and decreased metabolism 
in the right amygdala and hippocampus (Anthony 
et  al. 2006). In insulin- resistant men, overall 
cerebral metabolism was reduced, and compared 
to the normal group, metabolism in the ventral 
striatum and prefrontal cortex was reduced 
(Anthony et  al. 2006). The ventral striatum is 
made up of the nucleus accumbens and olfactory 
tubercle, and the nucleus accumbens in particular 
is critical for reward learning receiving dopami-
nergic projects from the VTA (Ubeda-Bañon 
et  al. 2007). Further PET analysis investigating 
the ventral striatum and insulin sensitivity has 
shown increased D2R availability with decreas-
ing peripheral insulin sensitivity in obese women, 
suggesting a decline in VTA projections of avail-
able dopamine to the nucleus accumbens for 
binding with increased insulin resistance (Dunn 
et al. 2012). Overall, these findings indicate that 
peripheral insulin sensitivity influences metabo-
lism in the brain, particularly in areas previously 

associated with cognition and reward learning 
(Anthony et al. 2006). This has bearing not only 
on ingestive but also cognitive disease states 
associated with T2D such as Alzheimer’s disease 
(Haan 2006).

Previously, postprandial levels of peripheral 
insulin have been shown to predict food intake at 
the next meal, indicating that insulin can influence 
short-term appetite (Verdich et al. 2001). Several 
studies using fMRI have aimed to elucidate the 
influence of insulin on eating behaviors and 
satiety through the brain. Peripheral insulin 
following an oral glucose tolerance test (OGTT) 
was associated with decreased BOLD response 
in the prefrontal cortex and limbic system when 
looking at high-calorie food images in lean 
subjects (Heni et al. 2014a; Kroemer et al. 2013) 
and with a decrease in BOLD response in the 
orbitofrontal cortex (Heni et al. 2015). Moreover, 
cerebral blood flow (CBF) was negatively 
correlated to plasma insulin in the striatum during 
taste administration of a fructose or glucose drink 
(Page et  al. 2013). In obese subjects, BOLD 
response to a food cue in the striatum and insula 
was shown to mediate the relationship between 
food craving and insulin resistance (Jastreboff 
et al. 2013). Peripheral insulin seems to act as a 
satiating signal decreasing activity in the brain to 
food cues (Balleine et al. 2007; Miller and Cohen 
2001). In younger samples, fasting plasma insulin 
was positively correlated with hippocampal 
BOLD response when viewing food images 
(Wallner-Liebmann et  al. 2010), and insulin 
resistance has been shown to be positively 
correlated with BOLD response in the dorsal 
prefrontal cortex, orbitofrontal cortex, and 
occipital cortex when anticipating a beverage 
receipt in overweight adolescents (Feldstein 
Ewing et  al. 2016). This aligns with previous 
research of overweight and obese individuals; 
however it is unclear whether insulin is also a 
product of habitual overeating.

Since no area of the brain or the body acts 
independently, functional connectivity analy-
sis aims to look at how the brain functions as a 
whole. Patients with T2D, a state of chronically 
elevated peripheral insulin and reduced brain 
insulin, exhibit decreased functional connectivity 
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between the posterior cingulate cortex and the 
middle temporal gyrus (Chen et  al. 2014; Xia 
et al. 2015), the middle occipital gyrus, and the 
precentral gyrus (Chen et al. 2014). In particular, 
the connection between the posterior cingulate 
cortex and middle temporal gyrus was negatively 
correlated with insulin resistance with the T2D 
group (Chen et  al. 2014). The middle temporal 
gyrus is thought to be important for cognitive 
functioning and is a key region of impairment 
in Alzheimer’s disease (Visser et al. 1999); thus, 
the breakdown of the connection between mid-
dle temporal gyrus and posterior cingulate cor-
tex may be an important link between T2D and 
Alzheimer’s disease. In a healthy population, 
functional connectivity was inversely related to 
insulin sensitivity in the putamen and the orbi-
tofrontal cortex and was positively correlated to 
fasting plasma insulin (Kullmann et  al. 2012). 
This suggests that normal levels of insulin may 
encourage reward learning; however chronic 
high plasma insulin, a precursor to T2D, may 
decrease connectivity in areas critical for cogni-
tion and predispose those with T2D to dementia-
related diseases.

13.5.3  Ghrelin

Ghrelin is currently the only known orexigenic 
hormone and is critical for foraging behaviors, 
homeostatic maintenance, and reward learning 
(Pliquett et al. 2006). Despite its role in hunger 
and ability to stimulate feeding, ghrelin is 
reduced in obese individuals compared to lean 
humans (Tschöp et  al. 2001). Under normal 
conditions, and in healthy humans, food intake 
rapidly suppresses plasma ghrelin. However, in 
the obese state, feeding does not suppress plasma 
ghrelin (English et  al. 2002). This paradoxical 
response has led to increased research into 
ghrelin’s role in healthy individuals and how it is 
disrupted in obesity.

In normal weight human studies, baseline 
plasma ghrelin levels positively correlate with 
BOLD response to food cues in the visual, 
limbic, and paralimbic areas (Kroemer et  al. 
2013; Malik et  al. 2008). In particular, within 

the limbic system, BOLD response has been 
shown to be positively correlated to plasma 
ghrelin during administration of a milkshake 
taste but not a neutral taste (Sun et al. 2015). The 
BOLD activity in the amygdala and orbitofrontal 
cortex also correlates with self-reported feelings 
of hunger (Malik et  al. 2008). Overall, these 
studies confirm that in normal weight humans, 
ghrelin is an orexigenic signal and is related to 
perceived hunger.

Additionally, ghrelin is also thought to be 
important for reward learning and cue salience. 
Ghrelin administration in normal weight men 
increased functional connectivity between the 
caudate and insula and between the amygdala and 
OFC cortex when the subjects were asked to 
memorize food images, but not when asked to 
memorize non-food objects (Kunath et al. 2016). 
Interestingly, ghrelin did not improve performance 
on working memory tasks or cognitive tasks, 
suggesting that ghrelin’s effect is food specific 
(Kunath et al. 2016). Ghrelin in particular appears 
to increase attention to palatable food cues in the 
OFC and in the hippocampus (Goldstone et  al. 
2014). The dynamic fluctuations of ghrelin after 
feeding may also play a role in satiety. In normal 
weight subjects, larger postprandial reductions in 
ghrelin after feeding were associated with 
attenuated BOLD response in the midbrain, 
amygdala, pallidum, insula, hippocampus, and 
medial OFC to a milkshake taste (Sun et al. 2014). 
Therefore, a steep decrease in plasma ghrelin may 
be just as important as a satiety signal as high 
circulating ghrelin is a feeding signal.

As mentioned earlier, obese humans present 
lower circulating ghrelin even in the fasted state 
compared to normal weight (Tschöp et al. 2001). 
Obese humans exhibit different ghrelin fluctuations 
after feeding. Ghrelin is not suppressed in the 
postprandial state in subjects with obesity 
compared to normal weight (English et al. 2002). 
This lack of suppression in obese subjects may 
result in a diminished satiety response, or a 
maintained feeling of hunger despite overall lower 
circulating ghrelin. In overweight and obese 
subjects, compromised ghrelin suppression was 
associated with stronger intensity of food odors 
when individuals were hungry and with less 
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reported satiation after a meal (Sun et al. 2016). 
Dysregulated circulating ghrelin and impaired 
ghrelin suppression may also have a genetic 
component. The FTO gene, discussed previously 
(Sect. 13.4.1.1), is associated with an increased 
risk of developing obesity (Loos and Yeo 2014). 
Homozygosity for the FTO gene is associated with 
depressed circulating ghrelin and attenuated 
postprandial appetite reduction compared to fat 
mass in BMI and fat mass-matched controls (Karra 
et al. 2013). The FTO gene was shown to mediate 
the response between circulating ghrelin and 
BOLD response in reward and appetite brain 
regions in normal weight subjects (Karra et  al. 
2013). Specifically, individuals with the FTO gene 
did not exhibit suppressed ghrelin postprandially, 
and postprandial ghrelin was related to increased 
BOLD response in the caudate to food images 
(Karra et  al. 2013). This study indicates that an 
inability to suppress postprandial ghrelin may 
underlie the increased BOLD response to food 
cues seen in obesity and is in accordance with the 
dynamic vulnerability model. Further, this study 
implies that normal weight people with the FTO 
gene process food cues similarly to overweight 
and obese humans. This abnormal response to 
food cues may predispose those with the FTO to 
gene to obesity via aberrant ghrelin signaling.

13.5.4  Glucagon-like Peptide-1

Incretins are peptide hormones that stimulate 
insulin secretion after meals, and one of the most 
researched incretion in relation to food intake 
and satiety is GLP-1 (Small and Bloom 2004). A 
majority of GLP-1 is synthesized in the L cells of 
the intestines (Small and Bloom 2004); however 
a smaller proportion is synthesized in the hind-
brain (Sandoval and Sisley 2015). GLP-1 mRNA 
is found in the human brain (Sandoval and Sisley 
2015), and GLP-1 receptors are found in the 
VTA, the nucleus accumbens (Merchenthaler 
et al. 1999), hypothalamus, medulla, and parietal 
cortex (Farr et al. 2016a). However GLP-1’s abil-
ity to influence the brain directly is unclear due in 
large part to its very short half-life, only surviv-
ing in plasma for 1.5 to 5 min (Hui et al. 2002). 

Because of the quick metabolism of GLP-1, most 
research uses a more stable analogue, agonist, or 
antagonist to affect GLP-1 receptors. However, 
use of a synthetic, stable form casts doubt on the 
physiological effects of the endogenous hormone.

Exogenous GLP-1 has been shown to decrease 
food intake and increase satiety (Gallwitz 2012). 
One of the few studies to look at endogenous 
GLP-1 after an OGTT with a fMRI paradigm 
found an increase in GLP-1 was negatively 
correlated with BOLD response to a food cue in 
the OFC in both lean and obese subjects (Heni 
et  al. 2015). This suggests that post prandial 
GLP-1 may modulate eating behaviors through 
the OFC, an area related to appraisal of food cues 
(Porubská et  al. 2006). GLP-1 analogues have 
been shown to increase BOLD response to 
palatable milkshake in the caudate, putamen, 
insula, and OFC, as well as reduce food intake 
(van Bloemendaal et  al. 2015). However in 
response to a food cue, treatment with a GLP-1 
analogue resulted in decreased BOLD response 
in the putamen, OFC, insula, and parietal lobe 
(Farr et al. 2016a; van Bloemendaal et al. 2015). 
These results are similar to neural responses seen 
in normal weight populations and inverse to what 
is seen in overweight and obese subjects when 
given a palatable milkshake and when viewing 
food cues, indicating that GLP-1 may promote a 
“healthier” neural profile (Stice et  al. 2008a, b, 
2010a, b, 2015). When lean subjects were given a 
GLP-1 blocker, the BOLD response to the 
palatable milkshake was attenuated, bearing 
more resemblance to an obese individual’s brain 
(ten Kulve et  al. 2016; van Bloemendaal et  al. 
2015). This research suggests that GLP-1, at least 
in analogue form, may sensitize the brain to food 
intake, desensitize it to food cues, and promote 
satiety through reward learning networks effec-
tively simulating a normal weight brain.

In the general population, GLP-1 analogues 
are used as a treatment for T2D (Tomkin 2014). 
In obese subjects with T2D, treatment with a 
GLP-1 analogue increased BOLD response in the 
caudate and insula in response to milkshake 
receipt compared to treatment with insulin 
(ten Kulve et al. 2016). The recovery of BOLD 
response to the milkshake receipt again suggests 
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that GLP-1 is associated with increased feelings 
of satiety and normal responsivity in neural 
reward regions. As mentioned above, GLP-1 
stimulates insulin secretion, and it has also been 
found to decrease leptin and increase gastric 
inhibitor peptide (GIP) (Farr et al. 2016b). After 
treatment with a GLP-1 analogue in T2D subjects, 
GIP was related to decreased BOLD response to 
a food image in the insula, and leptin was 
inversely correlated with BOLD response in the 
precuneus and dorsolateral prefrontal cortex and 
positively correlated with the parietal lobe and 
thalamus (Farr et al. 2016b). GLP-1 may not act 
directly on the CNS; rather it may influence 
peripheral hormones with longer half-lives to 
influence satiety. Finally, GLP-1 analogues have 
been found to be differentially effective, with 
some populations “responding” to treatment and 
others not responding. “Responders” to GLP-1 
analogue treatment show higher connectivity in 
the hypothalamus to a food cue compared to 
“nonresponders” (Schlogl et  al. 2013). While 
what makes one a “responder” or not is not 
understood, those who are “responders” may 
increase homeostatic signaling through the hypo-
thalamus with GLP-1 treatment.

Questions with Correct Answer Highlighted

 1. The dynamic vulnerability model suggests 
that individuals with decreased brain response 
in reward regions during palatable food 
consumption are at risk for overeating: True 
False

 2. Portion size of food:
 (a) Has no effect on food intake in children or 

adults
 (b) Has increased in the environment
 (c) Has not changed in foods consumed in the 

home
 (d) All of the above

 3. Obese relative to healthy weight adults show:
 (a) Both lower striatal dopamine D2 receptor 

availability and functioning
 (b) Both higher striatal dopamine D2 recep-

tor availability and functioning
 (c) No difference in dopamine D2 receptors
 (d) None of the above

 4. ___________ does not appear to regulate the 
desire to eat.
 (a) Hypoglycemia
 (b) Glucose
 (c) Insulin
 (d) Ghrelin

 5. People that report high dietary restraint are:
 (a) Show decreased acute food intake
 (b) More likely to be overweight
 (c) More likely to be underweight
 (d) Have an eating disorder

References

Abdelaal, M., le Roux, C. W., & Docherty, N. G. (2017). 
Morbidity and mortality associated with obesity. 
Annals of Translational Medicine, 5(7), 161. https://
doi.org/10.21037/atm.2017.03.107.

Anschutz, D.  J., Engels, R.  C. M.  E., van der Zwaluw, 
C.  S., & Van Strien, T. (2011). Sex differences in 
young adults’ snack food intake after food commercial 
exposure. Appetite, 56(2), 255–260.

Anthony, K., Reed, L. J., Dunn, J. T., Bingham, E., Hopkins, 
D., Marsden, P. K., & Amiel, S. A. (2006). Attenuation 
of insulin-evoked responses in brain networks con-
trolling appetite and reward in insulin resistance the 
cerebral basis for impaired control of food intake in 
metabolic syndrome? Diabetes, 55(11), 2986–2992.

Appelhans, B.  M., Woolf, K., Pagoto, S.  L., Schneider, 
K. L., Whited, M. C., & Liebman, R. (2011). Inhibiting 
food reward: Delay discounting, food reward sensitiv-
ity, and palatable food intake in overweight and obese 
women. Obesity, 19(11), 2175–2182.

Babbs, R. K., Sun, X., Felsted, J., Chouinard-Decorte, F., 
Veldhuizen, M.  G., & Small, D. (2013). Decreased 
caudate response to milkshake is associated with 
higher body mass index and greater impulsivity. 
Physiology & Behavior.

Baicy, K., London, E. D., Monterosso, J., Wong, M.-L., 
Delibasi, T., Sharma, A., & Licinio, J. (2007). Leptin 
replacement alters brain response to food cues in 
genetically leptin-deficient adults. Proceedings of 
the National Academy of Sciences, 104(46), 18276–
18279. Retrieved from http://www.ncbi.nlm.nih.gov/
pmc/articles/PMC2084333/pdf/zpq18276.pdf.

Balleine, B. W., Delgado, M. R., & Hikosaka, O. (2007). 
The role of the dorsal striatum in reward and decision- 
making. Journal of Neuroscience, 27(31), 8161–8165. 
https://doi.org/10.1523/JNEUROSCI.1554-07.2007.

Barnard, N. D., Noble, E. P., Ritchie, T., Cohen, J., Jenkins, 
D. J. A., Turner-McGrievy, G., et al. (2009). D2 dopa-
mine receptor Taq1A polymorphism, body weight, 
and dietary intake in type 2 diabetes. Nutrition, 25(1), 
58–65. https://doi.org/10.1016/j.nut.2008.07.012.

13 Brain, Environment, Hormone-Based Appetite, Ingestive Behavior, and Body Weight

https://doi.org/10.21037/atm.2017.03.107
https://doi.org/10.21037/atm.2017.03.107
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2084333/pdf/zpq18276.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2084333/pdf/zpq18276.pdf
https://doi.org/10.1523/JNEUROSCI.1554-07.2007
https://doi.org/10.1016/j.nut.2008.07.012


362

Barthes, R. (1997). Toward a psychosociology of con-
temporary food consumption. Food and Culture: A 
Reader, 2, 28–35.

Beaver, J.  D., Lawrence, A.  D., van Ditzhuijzen, J., 
Davis, M.  H., Woods, A., & Calder, A.  J. (2006). 
Individual differences in reward drive pre-
dict neural responses to images of food. Journal 
of Neuroscience, 26(19), 5160–5166. https://doi.
org/10.1523/jneurosci.0350-06.2006.

Berridge, K.  C. (2012). From prediction error to 
incentive salience: Mesolimbic computation of 
reward motivation. The European Journal of 
Neuroscience, 35(7), 1124–1143. https://doi.
org/10.1111/j.1460-9568.2012.07990.x.

Berridge, K.  C., Ho, C.-Y., Richard, J.  M., & 
DiFeliceantonio, A. G. (2010). The tempted brain eats: 
Pleasure and desire circuits in obesity and eating dis-
orders. Brain Research, 1350, 43–64.

Birch, L.  L., & Fisher, J.  A. (1995). Appetite and eat-
ing behavior in children. Pediatric Clinics of North 
America, 42(4), 931–953.

van Bloemendaal, L., Veltman, D.  J., ten Kulve, J.  S., 
Groot, P. F. C., Ruhé, H. G., Barkhof, F., et al. (2015). 
Brain reward-system activation in response to antici-
pation and consumption of palatable food is altered by 
glucagon-like peptide-1 receptor activation in humans. 
Diabetes, Obesity and Metabolism, 17(9), 878–886. 
https://doi.org/10.1111/dom.12506.

Blum, K., Braverman, E. R., Wood, R. C., Gill, J., Li, C., 
Chen, T. J., et al. (1996). Increased prevalence of the 
Taq I A1 allele of the dopamine receptor gene (DRD2) 
in obesity with comorbid substance use disorder: A 
preliminary report. Pharmacogenetics.

Blundell, J.  E., Goodson, S., & Halford, J.  C. (2001). 
Regulation of appetite: Role of leptin in signalling 
systems for drive and satiety. International Journal of 
Obesity and Related Metabolic Disorders: Journal of 
the International Association for the Study of Obesity, 
25(Suppl 1), S29–S34. https://doi.org/10.1038/
sj.ijo.0801693.

Boyland, E.  J., & Whalen, R. (2015). Food advertising 
to children and its effects on diet: Review of recent 
prevalence and impact data. Pediatric Diabetes, 16(5), 
331–337.

Boyland, E.  J., Nolan, S., Kelly, B., Tudur-Smith, C., 
Jones, A., Halford, J. C. G., & Robinson, E. (2016). 
Advertising as a cue to consume: A systematic review 
and meta-analysis of the effects of acute exposure to 
unhealthy food and nonalcoholic beverage advertis-
ing on intake in children and adults. The American 
Journal of Clinical Nutrition, ajcn120022.

Bruce, A.  S., Holsen, L.  M., Chambers, R.  J., Martin, 
L.  E., Brooks, W.  M., Zarcone, J.  R., et  al. (2010). 
Obese children show hyperactivation to food pictures 
in brain networks linked to motivation, reward and 
cognitive control. International Journal of Obesity, 
34(10), 1494–1500. Retrieved from http://www.
nature.com/ijo/journal/v34/n10/pdf/ijo201084a.pdf.

Brüning, J.  C., Gautam, D., Burks, D.  J., Gillette, J., 
Schubert, M., Orban, P.  C., et  al. (2000). Role of 

brain insulin receptor in control of body weight and 
reproduction. Science (New York, N.Y.), 289(5487), 
2122–2125.

Burger, K. S. (2017). Frontostriatal and behavioral adap-
tations to daily sugar-sweetened beverage intake: A 
randomized controlled trial. The American Journal of 
Clinical Nutrition, 105(3), 555–563.

Burger, K.  S., & Stice, E. (2011). Variability in reward 
responsivity and obesity: Evidence from brain imag-
ing studies. Current Drug Abuse Reviews, 4(3), 182.

Burger, K. S., & Stice, E. (2012). Frequent ice cream con-
sumption is associated with reduced striatal response 
to receipt of an ice cream-based milkshake. The 
American Journal of Clinical Nutrition, 95(4), 810–
817. https://doi.org/10.3945/ajcn.111.027003.

Burger, K. S., & Stice, E. (2013a). Elevated energy intake 
is correlated with hyperresponsivity in attentional, 
gustatory, and reward brain regions while anticipat-
ing palatable food receipt. The American Journal of 
Clinical Nutrition, 97(6), 1188–1194.

Burger, K.  S., & Stice, E. (2013b). Neural responsiv-
ity during soft drink intake, anticipation, and adver-
tisement exposure in habitually consuming youth. 
Obesity, 22(2), 441–450. https://doi.org/10.1002/
oby.20563.

Burger, K.  S., Cornier, M.  A., Ingebrigtsen, J., & 
Johnson, S.  L. (2011). Assessing food appeal and 
desire to eat: The effects of portion size & energy 
density. The International Journal of Behavioral 
Nutrition and Physical Activity, 8(1), 101. https://doi.
org/10.1186/1479-5868-8-101.

Burger, K.  S., Sanders, A.  J., & Gilbert, J.  R. (2016). 
Hedonic hunger is related to increased neural and 
perceptual responses to cues of palatable food and 
motivation to consume: Evidence from 3 indepen-
dent investigations. The Journal of Nutrition, 146(9), 
1807–1812.

Burton, P., Smit, H.  J., & Lightowler, H.  J. (2007). The 
influence of restrained and external eating patterns on 
overeating. Appetite, 49(1), 191–197.

Caravaggio, F., Borlido, C., Hahn, M., Feng, Z., 
Fervaha, G., Gerretsen, P., et  al. (2015). Reduced 
insulin sensitivity is related to less endogenous 
dopamine at d2/3 receptors in the ventral striatum 
of healthy nonobese humans. The International 
Journal of Neuropsychopharmacology / Official 
Scientific Journal of the Collegium Internationale 
Neuropsychopharmacologicum (CINP), 18(7), 
pyv014. https://doi.org/10.1093/ijnp/pyv014.

Chen, Y.-C., Jiao, Y., Cui, Y., Shang, S.-A., Ding, J., Feng, 
Y., et al. (2014). Aberrant brain functional connectiv-
ity related to insulin resistance in type 2 diabetes: A 
resting-state fMRI study. Diabetes Care, 37(6), 1689–
1696. https://doi.org/10.2337/dc13-2127.

Contreras-Rodríguez, O., Martín-Pérez, C., Vilar-López, 
R., & Verdejo-Garcia, A. (2015). Ventral and dorsal 
striatum networks in obesity: Link to food craving and 
weight gain. Biological Psychiatry.

Coppin, G., Nolan-Poupart, S., Jones-Gotman, M., 
& Small, D.  M. (2014). Working memory and 

K. S. Burger et al.

https://doi.org/10.1523/jneurosci.0350-06.2006
https://doi.org/10.1523/jneurosci.0350-06.2006
https://doi.org/10.1111/j.1460-9568.2012.07990.x
https://doi.org/10.1111/j.1460-9568.2012.07990.x
https://doi.org/10.1111/dom.12506
https://doi.org/10.1038/sj.ijo.0801693
https://doi.org/10.1038/sj.ijo.0801693
http://www.nature.com/ijo/journal/v34/n10/pdf/ijo201084a.pdf
http://www.nature.com/ijo/journal/v34/n10/pdf/ijo201084a.pdf
https://doi.org/10.3945/ajcn.111.027003
https://doi.org/10.1002/oby.20563
https://doi.org/10.1002/oby.20563
https://doi.org/10.1186/1479-5868-8-101
https://doi.org/10.1186/1479-5868-8-101
https://doi.org/10.1093/ijnp/pyv014
https://doi.org/10.2337/dc13-2127


363

reward association learning impairments in obe-
sity. Neuropsychologia, 65, 146–155. https://doi.
org/10.1016/j.neuropsychologia.2014.10.004.

Cornell, C.  E., Rodin, J., & Weingarten, H. (1989). 
Stimulus-induced eating when satiated. Physiology & 
Behavior, 45(4), 695–704.

Cosgrove, K.  P., Veldhuizen, M.  G., Sandiego, C.  M., 
Morris, E. D., & Small, D. M. (2015). Opposing rela-
tionships of BMI with BOLD and dopamine D2/3 
receptor binding potential in the dorsal striatum. 
Synapse (New York, N.Y.), 69(4), 195–202. https://doi.
org/10.1002/syn.21809.

Davis, C., & Claridge, G. (1998). The eating disorders as 
addiction: A psychobiological perspective. Addictive 
Behaviors, 23(4), 463–475.

Davis, C., Strachan, S., & Berkson, M. (2004). Sensitivity 
to reward: Implications for overeating and overweight. 
Appetite, 42(2), 131–138. https://doi.org/10.1016/j.
appet.2003.07.004.

Dawe, S., & Loxton, N.  J. (2004). The role of impul-
sivity in the development of substance use and eat-
ing disorders. Neuroscience and Biobehavioral 
Reviews, 28(3), 343–351. https://doi.org/10.1016/j.
neubiorev.2004.03.007.

Demos, K. E., Heatherton, T. F., & Kelley, W. M. (2012). 
Individual differences in nucleus accumbens activ-
ity to food and sexual images predict weight gain 
and sexual behavior. The Journal of Neuroscience, 
32(16), 5549–5552. https://doi.org/10.1523/
JNEUROSCI.5958-11.2012.

Diliberti, N., Bordi, P. L., Conklin, M. T., Roe, L. S., & 
Rolls, B.  J. (2004). Increased portion size leads to 
increased energy intake in a restaurant meal. Obesity, 
12(3), 562–568.

Dimitropoulos, A., Tkach, J., Ho, A., & Kennedy, 
J.  (2012). Greater corticolimbic activation to high- 
calorie food cues after eating in obese vs. normal- 
weight adults. Appetite, 58(1), 303–312. https://doi.
org/10.1016/j.appet.2011.10.014.

Dovey, T.  M., Taylor, L., Stow, R., Boyland, E.  J., & 
Halford, J.  C. G. (2011). Responsiveness to healthy 
television (TV) food advertisements/commercials is 
only evident in children under the age of seven with 
low food neophobia. Appetite, 56(2), 440–446.

Dunn, J.  P., Kessler, R.  M., Feurer, I.  D., Volkow, 
N. D., Patterson, B. W., Ansari, M. S., et al. (2012). 
Relationship of dopamine type 2 receptor binding 
potential with fasting neuroendocrine hormones and 
insulin sensitivity in human obesity. Diabetes Care, 
35(5), 1105–1111. https://doi.org/10.2337/dc11-2250.

Elfhag, K., & Rossner, S. (2005). Who succeeds in main-
taining weight loss? A conceptual review of factors 
associated with weight loss maintenance and weight 
regain. Obesity Reviews, 6(1), 67–85. https://doi.
org/10.1111/j.1467-789X.2005.00170.x.

Elfhag, K., Tynelius, P., & Rasmussen, F. (2007). Sugar- 
sweetened and artificially sweetened soft drinks in 
association to restrained, external and emotional eat-
ing. Physiology & Behavior, 91(2), 191–195.

Elks, C.  E., den Hoed, M., Zhao, J.  H., Sharp, S.  J., 
Wareham, N. J., Loos, R. J. F., & Ong, K. K. (2012). 
Variability in the heritability of body mass index: A 
systematic review and meta-regression. Frontiers in 
Endocrinology, 3, 29. Retrieved from http://www.
ncbi.nlm.nih.gov/pubmed/22645519.

Ello-Martin, J. A., Ledikwe, J. H., & Rolls, B. J. (2005). 
The influence of food portion size and energy density 
on energy intake: Implications for weight manage-
ment. The American Journal of Clinical Nutrition, 
82(1), 236S–241S.

Ello-Martin, J.  A., Roe, L.  S., Ledikwe, J.  H., Beach, 
A. M., & Rolls, B. J. (2007). Dietary energy density in 
the treatment of obesity: A year-long trial comparing 
2 weight-loss diets. The American Journal of Clinical 
Nutrition, 85(6), 1465–1477.

Ely, A. V., Howard, J., & Lowe, M. R. (2015). Delayed dis-
counting and hedonic hunger in the prediction of lab-
based eating behavior. Eating Behaviors, 19, 72–75.

English, P. J., Ghatei, M. A., Malik, I. A., Bloom, S. R., 
& Wilding, J.  P. H. (2002). Food fails to suppress 
ghrelin levels in obese humans. Journal of Clinical 
Endocrinology & Metabolism, 87(6), 2984.

Epstein, L.  H., Temple, J.  L., Neaderhiser, B.  J., Salis, 
R. J., Erbe, R. W., & Leddy, J. J. (2007). Food rein-
forcement, the dopamine D2 receptor genotype, 
and energy intake in obese and nonobese humans. 
Behavioral Neuroscience, 121(5), 877–886. https://
doi.org/10.1037/0735-7044.121.5.877.

Faith, M. S., Berkowitz, R. I., Stallings, V. A., Kerns, J., 
Storey, M., & Stunkard, A.  J. (2006). Eating in the 
absence of hunger: A genetic marker for childhood 
obesity in prepubertal boys? Obesity, 14(1), 131–138.

Farooqi, I.  S., Bullmore, E., Keogh, J., Gillard, J., 
O’Rahilly, S., & Fletcher, P. C. (2007). Leptin regu-
lates striatal regions and human eating behavior. 
Science, 317(5843), 1355. https://doi.org/10.1126/
science.1144599.

Farr, O.  M., Sofopoulos, M., Tsoukas, M.  A., Dincer, 
F., Thakkar, B., Sahin-Efe, A., et al. (2016a). GLP-1 
receptors exist in the parietal cortex, hypothalamus and 
medulla of human brains and the GLP-1 analogue lira-
glutide alters brain activity related to highly desirable 
food cues in individuals with diabetes: A crossover, 
randomised, placebo-controlled. Diabetologia, 59(5), 
954–965. https://doi.org/10.1007/s00125-016-3874-y.

Farr, O. M., Tsoukas, M. A., Triantafyllou, G., Dincer, F., 
Filippaios, A., Ko, B.-J., & Mantzoros, C. S. (2016b). 
Short-term administration of the GLP-1 analog liraglu-
tide decreases circulating leptin and increases GIP lev-
els and these changes are associated with alterations in 
CNS responses to food cues: A randomized, placebo-
controlled, crossover study. Metabolism, 65(7), 945–
953. https://doi.org/10.1016/j.metabol.2016.03.009.

Feldstein Ewing, S.  W., Claus, E.  D., Hudson, K.  A., 
Filbey, F.  M., Yakes Jimenez, E., Lisdahl, K.  M., & 
Kong, A.  S. (2016). Overweight adolescents’ brain 
response to sweetened beverages mirrors addiction 
pathways. Brain Imaging and Behavior. https://doi.
org/10.1007/s11682-016-9564-z.

13 Brain, Environment, Hormone-Based Appetite, Ingestive Behavior, and Body Weight

https://doi.org/10.1016/j.neuropsychologia.2014.10.004
https://doi.org/10.1016/j.neuropsychologia.2014.10.004
https://doi.org/10.1002/syn.21809
https://doi.org/10.1002/syn.21809
https://doi.org/10.1016/j.appet.2003.07.004
https://doi.org/10.1016/j.appet.2003.07.004
https://doi.org/10.1016/j.neubiorev.2004.03.007
https://doi.org/10.1016/j.neubiorev.2004.03.007
https://doi.org/10.1523/JNEUROSCI.5958-11.2012
https://doi.org/10.1523/JNEUROSCI.5958-11.2012
https://doi.org/10.1016/j.appet.2011.10.014
https://doi.org/10.1016/j.appet.2011.10.014
https://doi.org/10.2337/dc11-2250
https://doi.org/10.1111/j.1467-789X.2005.00170.x
https://doi.org/10.1111/j.1467-789X.2005.00170.x
http://www.ncbi.nlm.nih.gov/pubmed/22645519
http://www.ncbi.nlm.nih.gov/pubmed/22645519
https://doi.org/10.1037/0735-7044.121.5.877
https://doi.org/10.1037/0735-7044.121.5.877
https://doi.org/10.1126/science.1144599
https://doi.org/10.1126/science.1144599
https://doi.org/10.1007/s00125-016-3874-y
https://doi.org/10.1016/j.metabol.2016.03.009
https://doi.org/10.1007/s11682-016-9564-z
https://doi.org/10.1007/s11682-016-9564-z


364

Felsted, J. A., Ren, X., Chouinard-Decorte, F., & Small, 
D.  M. (2010). Genetically determined differences 
in brain response to a primary food reward. Journal 
of Neuroscience, 30(7), 2428–2432. https://doi.
org/10.1523/jneurosci.5483-09.2010.

Fetissov, S. O., Meguid, M. M., Sato, T., & Zhang, L.-H. 
(2002). Expression of dopaminergic receptors in the 
hypothalamus of lean and obese Zucker rats and food 
intake. American Journal of Physiology- Regulatory, 
Integrative and Comparative Physiology, 283(4), 
R905–R910. Retrieved from http://ajpregu.physiol-
ogy.org/content/ajpregu/283/4/R905.full.pdf.

Figlewicz, D. P., Szot, P., Chavez, M., Woods, S. C., & 
Veith, R. C. (1994). Intraventricular insulin increases 
dopamine transporter mRNA in rat VTA/substantia 
nigra. Brain Research, 644(2), 331–334.

Fisher, J.  O., & Kral, T.  V. E. (2008). Super-size me: 
Portion size effects on young children’s eating. 
Physiology & Behavior, 94(1), 39–47.

Fisher, J. O., Rolls, B. J., & Birch, L. L. (2003). Children’s 
bite size and intake of an entree are greater with large 
portions than with age-appropriate or self-selected 
portions. The American Journal of Clinical Nutrition, 
77(5), 1164–1170.

Flegal, K.  M., Carroll, M.  D., Kit, B.  K., & Ogden, 
C. L. (2012). Prevalence of obesity and trends in the 
distribution of body mass index among US adults, 
1999-2010. Jama-Journal of the American Medical 
Association, 307(5), 491–497. https://doi.org/10.1001/
jama.2012.39.

Flegal, K.  M., Kruszon-Moran, D., Carroll, M.  D., 
Fryar, C. D., & Ogden, C. L. (2016). Trends in obe-
sity among adults in the United States, 2005 to 
2014. JAMA, 315(21), 2284. https://doi.org/10.1001/
jama.2016.6458.

Frank, M. J., Moustafa, A. A., Haughey, H. M., Curran, 
T., & Hutchison, K.  E. (2007). Genetic triple disso-
ciation reveals multiple roles for dopamine in rein-
forcement learning. Proceedings of the National 
Academy of Sciences of the United States of America, 
104(41), 16311–16316. https://doi.org/10.1073/
pnas.0706111104.

Frank, G.  K. W., Reynolds, J.  R., Shott, M.  E., Jappe, 
L., Yang, T.  T., Tregellas, J.  R., & O’Reilly, R.  C. 
(2012). Anorexia nervosa and obesity are asso-
ciated with opposite brain reward response. 
Neuropsychopharmacology, 37(9), 2031–2046. 
Retrieved from http://www.ncbi.nlm.nih.gov/pmc/
articles/PMC3398719/pdf/npp201251a.pdf.

Frankort, A., Roefs, A., Siep, N., Roebroeck, A., 
Havermans, R., & Jansen, A. (2012). Reward activ-
ity in satiated overweight women is decreased during 
unbiased viewing but increased when imagining taste: 
An event-related fMRI study. International Journal 
of Obesity, 36(5), 627–637. https://doi.org/10.1038/
ijo.2011.213.

Gallwitz, B. (2012). Anorexigenic effects of GLP-1 
and its analogues. In Handbook of experimen-
tal pharmacology (pp.  185–207). https://doi.
org/10.1007/978-3-642-24716-3_8.

Geha, P.  Y., Aschenbrenner, K., Felsted, J., O’Malley, 
S. S., & Small, D. M. (2013). Altered hypothalamic 
response to food in smokers. The American Journal of 
Clinical Nutrition, 97(1), 15–22. Retrieved from http://
www.ncbi.nlm.nih.gov/pmc/articles/PMC3522134/
pdf/ajcn97115.pdf.

Gilbert, J.  R., & Burger, K.  S. (2016). Neuroadaptive 
processes associated with palatable food intake: 
Present data and future directions. Current Opinion in 
Behavioral Sciences, 9, 91–96.

Goldstone, A. P., Prechtl, C. G., Scholtz, S., Miras, A. D., 
Chhina, N., Durighel, G., et al. (2014). Ghrelin mimics 
fasting to enhance human hedonic, orbitofrontal cor-
tex, and hippocampal responses to food. The American 
Journal of Clinical Nutrition, 99(6), 1319–1330. 
https://doi.org/10.3945/ajcn.113.075291.

Green, E., & Murphy, C. (2012). Altered process-
ing of sweet taste in the brain of diet soda drinkers. 
Physiology & Behavior, 107(4), 560–567.

Green, E., Jacobson, A., Haase, L., & Murphy, C. (2011). 
Reduced nucleus accumbens and caudate nucleus 
activation to a pleasant taste is associated with obe-
sity in older adults. Brain Research, 1386, 109–117. 
Retrieved from http://www.ncbi.nlm.nih.gov/pmc/
articles/PMC3086067/pdf/nihms284828.pdf.

de Groot, C., Felius, A., Trompet, S., de Craen, A.  J. 
M., Blauw, G.  J., van Buchem, M. A., et al. (2015). 
Association of the fat mass and obesity-associated 
gene risk allele, rs9939609A, and reward-related brain 
structures. Obesity, 23(10), 2118–2122. https://doi.
org/10.1002/oby.21191.

Grosshans, M., Vollmert, C., Vollstädt-Klein, S., Tost, H., 
Leber, S., Bach, P., et al. (2012). Association of leptin 
with food cue-induced activation in human reward path-
ways. Archives of General Psychiatry, 69(5), 529–537. 
https://doi.org/10.1001/archgenpsychiatry.2011.1586.

Haan, M.  N. (2006). Therapy insight: Type 2 diabetes 
mellitus and the risk of late-onset Alzheimer’s disease. 
Nature Clinical Practice. Neurology, 2(3), 159–166. 
https://doi.org/10.1038/ncpneuro0124.

Halford, J.  C. G., Boyland, E.  J., Hughes, G., Oliveira, 
L. P., & Dovey, T. M. (2007). Beyond-brand effect of 
television (TV) food advertisements/commercials on 
caloric intake and food choice of 5–7-year-old chil-
dren. Appetite, 49(1), 263–267.

Hallschmid, M., Higgs, S., Thienel, M., Ott, V., & Lehnert, 
H. (2012). Postprandial administration of intranasal 
insulin intensifies satiety and reduces intake of pal-
atable snacks in women. Diabetes, 61(4), 782–789. 
https://doi.org/10.2337/db11-1390.

Harris, R. B. (1990). Role of set-point theory in regulation 
of body weight. The FASEB Journal, 4(15), 3310–3318.

Harris, J.  L., Bargh, J.  A., & Brownell, K.  D. (2009). 
Priming Effects of Television Food Advertising 
on Eating Behavior, 28(4), 404–413. https://doi.
org/10.1037/a0014399.

Heni, M., Kullmann, S., Ketterer, C., Guthoff, M., Bayer, 
M., Staiger, H., et  al. (2014a). Differential effect of 
glucose ingestion on the neural processing of food 
stimuli in lean and overweight adults. Human Brain 

K. S. Burger et al.

https://doi.org/10.1523/jneurosci.5483-09.2010
https://doi.org/10.1523/jneurosci.5483-09.2010
http://ajpregu.physiology.org/content/ajpregu/283/4/R905.full.pdf
http://ajpregu.physiology.org/content/ajpregu/283/4/R905.full.pdf
https://doi.org/10.1001/jama.2012.39
https://doi.org/10.1001/jama.2012.39
https://doi.org/10.1001/jama.2016.6458
https://doi.org/10.1001/jama.2016.6458
https://doi.org/10.1073/pnas.0706111104
https://doi.org/10.1073/pnas.0706111104
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3398719/pdf/npp201251a.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3398719/pdf/npp201251a.pdf
https://doi.org/10.1038/ijo.2011.213
https://doi.org/10.1038/ijo.2011.213
https://doi.org/10.1007/978-3-642-24716-3_8
https://doi.org/10.1007/978-3-642-24716-3_8
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3522134/pdf/ajcn97115.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3522134/pdf/ajcn97115.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3522134/pdf/ajcn97115.pdf
https://doi.org/10.3945/ajcn.113.075291
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3086067/pdf/nihms284828.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3086067/pdf/nihms284828.pdf
https://doi.org/10.1002/oby.21191
https://doi.org/10.1002/oby.21191
https://doi.org/10.1001/archgenpsychiatry.2011.1586
https://doi.org/10.1038/ncpneuro0124
https://doi.org/10.2337/db11-1390
https://doi.org/10.1037/a0014399
https://doi.org/10.1037/a0014399


365

Mapping, 35(3), 918–928. https://doi.org/10.1002/
hbm.22223.

Heni, M., Kullmann, S., Veit, R., Ketterer, C., Frank, S., 
Machicao, F., et al. (2014b). Variation in the obesity 
risk gene FTO determines the postprandial cerebral 
processing of food stimuli in the prefrontal cortex. 
Molecular Metabolism, 3(2), 109–113. https://doi.
org/10.1016/j.molmet.2013.11.009.

Heni, M., Kullmann, S., Gallwitz, B., Häring, H.-U., 
Preissl, H., & Fritsche, A. (2015). Dissociation of 
GLP-1 and insulin association with food processing in 
the brain: GLP-1 sensitivity despite insulin resistance 
in obese humans. Molecular Metabolism, 4(12), 971–
976. https://doi.org/10.1016/j.molmet.2015.09.007.

Heni, M., Wagner, R., Kullmann, S., Gancheva, S., 
Roden, M., Peter, A., et al. (2017). Hypothalamic and 
Striatal insulin action suppresses endogenous glucose 
production and may stimulate glucose uptake dur-
ing Hyperinsulinemia in lean but not in overweight 
men. Diabetes, db161380. https://doi.org/10.2337/
db16-1380.

Herman, C.  P., & Mack, D. (1975). Restrained and 
unrestrained eating. Journal of Personality, 43(4), 
647–660.

Herman, C.  P., & Polivy, J.  (2008). External cues in 
the control of food intake in humans: The sensory- 
normative distinction. Physiology & Behavior, 94(5), 
722–728.

Hess, M.  E., Hess, S., Meyer, K.  D., Verhagen, W.  L. 
A., Koch, L., Brönneke, H. S., et al. (2013). The fat 
mass and obesity associated gene (FTO) regulates 
activity of the dopaminergic midbrain circuitry. 
Nature Publishing Group, 16. https://doi.org/10.1038/
nn.3449.

Huang, X.-F., Zavitsanou, K., Huang, X., Yu, Y., Wang, H., 
Chen, F., et al. (2006). Dopamine transporter and D2 
receptor binding densities in mice prone or resistant 
to chronic high fat diet-induced obesity. Behavioural 
Brain Research, 175(2), 415–419.

Hui, H., Farilla, L., Merkel, P., & Perfetti, R. (2002). The 
short half-life of glucagon-like peptide-1  in plasma 
does not reflect its long-lasting beneficial effects. 
European Journal of Endocrinology, 146(6), 863–869.

Jacobson, P., Torgerson, J. S., Sjostrom, L., & Bouchard, 
C. (2006). Spouse resemblance in body mass index: 
Effects on adult obesity prevalence in the offspring 
generation. American Journal of Epidemiology, 
165(1), 101–108. https://doi.org/10.1093/aje/kwj342.

Jastreboff, A. M., Sinha, R., Lacadie, C., Small, D. M., 
Sherwin, R. S., & Potenza, M. N. (2013). Neural cor-
relates of stress- and food cue-induced food craving 
in obesity: Association with insulin levels. Diabetes 
Care, 36(2), 394–402. https://doi.org/10.2337/
dc12-1112.

Jastreboff, A.  M., Lacadie, C., Seo, D., Kubat, J., Van 
Name, M.  A., Giannini, C., et  al. (2014). Leptin is 
associated with exaggerated brain reward and emo-
tion responses to food images in adolescent obe-
sity. Diabetes Care, 37(11), 3061–3068. https://doi.
org/10.2337/dc14-0525.

Jauch-Chara, K., Friedrich, A., Rezmer, M., Melchert, 
U.  H., Scholand-Engler, G., Hallschmid, H.  M., & 
Oltmanns, K. M. (2012). Intranasal insulin suppresses 
food intake via enhancement of brain energy levels 
in humans. Diabetes, 61(9), 2261–2268. https://doi.
org/10.2337/db12-0025.

Jia, G., Fu, Y., Zhao, X., Dai, Q., Zheng, G., Yang, Y., 
et  al. (2011). N6-methyladenosine in nuclear RNA 
is a major substrate of the obesity-associated FTO. 
Nature Chemical Biology, 7(12), 885–887. https://doi.
org/10.1038/nchembio.687.

Johnson, P.  M., & Kenny, P.  J. (2010). Dopamine D2 
receptors in addiction-like reward dysfunction and 
compulsive eating in obese rats. Nature Neuroscience, 
13(5), 635–641.

Johnson, F., & Wardle, J. (2014). Variety, palatability, and 
obesity. Advances in Nutrition (Bethesda, Md.), 5(6), 
851–859. https://doi.org/10.3945/an.114.007120.

Johnson, F., Pratt, M., & Wardle, J.  (2012). Dietary 
restraint and self-regulation in eating behavior. 
International Journal of Obesity, 36(5), 665–674.

Kalra, S.  P. (2001). Circumventing leptin resistance for 
weight control. Proceedings of the National Academy 
of Sciences of the United States of America, 98(8), 
4279–4281. https://doi.org/10.1073/pnas.091101498.

Karra, E., O’Daly, O.  G., Choudhury, A.  I., Yousseif, 
A., Millership, S., Neary, M. T., et al. (2013). A link 
between FTO, ghrelin, and impaired brain food-cue 
responsivity. The Journal of Clinical Investigation, 
123(8), 3539–3551. https://doi.org/10.1172/JCI44403.

Kirsch, P., Reuter, M., Mier, D., Lonsdorf, T., Stark, R., 
Gallhofer, B., et  al. (2006). Imaging gene- substance 
interactions: The effect of the DRD2 TaqIA polymor-
phism and the dopamine agonist bromocriptine on 
the brain activation during the anticipation of reward. 
Neuroscience Letters, 405(3), 196–201. https://doi.
org/10.1016/j.neulet.2006.07.030.

Kling, S. M. R., Roe, L. S., Keller, K. L., & Rolls, B. J. 
(2016). Double trouble: Portion size and energy den-
sity combine to increase preschool children’s lunch 
intake. Physiology & Behavior, 162, 18–26.

Koordeman, R., Anschutz, D.  J., van Baaren, R.  B., & 
Engels, R.  C. M.  E. (2010). Exposure to soda com-
mercials affects sugar-sweetened soda consumption in 
young women. An observational experimental study. 
Appetite, 54(3), 619–622.

Kroemer, N.  B., & Small, D.  M. (2016). Fuel not fun: 
Reinterpreting attenuated brain responses to reward in 
obesity. Physiology & Behavior, 162, 37–45. https://
doi.org/10.1016/j.physbeh.2016.04.020.

Kroemer, N.  B., Krebs, L., Kobiella, A., Grimm, O., 
Vollstädt-Klein, S., Wolfensteller, U., et  al. (2013). 
(still) longing for food: Insulin reactivity modulates 
response to food pictures. Human Brain Mapping, 
34(10), 2367–2380. https://doi.org/10.1002/
hbm.22071.

Kullmann, S., Heni, M., Veit, R., Ketterer, C., Schick, F., 
Häring, H.-U. H. H.-U., et al. (2012). The obese brain: 
Association of body mass index and insulin sensitiv-
ity with resting state network functional connectivity. 

13 Brain, Environment, Hormone-Based Appetite, Ingestive Behavior, and Body Weight

https://doi.org/10.1002/hbm.22223
https://doi.org/10.1002/hbm.22223
https://doi.org/10.1016/j.molmet.2013.11.009
https://doi.org/10.1016/j.molmet.2013.11.009
https://doi.org/10.1016/j.molmet.2015.09.007
https://doi.org/10.2337/db16-1380
https://doi.org/10.2337/db16-1380
https://doi.org/10.1038/nn.3449
https://doi.org/10.1038/nn.3449
https://doi.org/10.1093/aje/kwj342
https://doi.org/10.2337/dc12-1112
https://doi.org/10.2337/dc12-1112
https://doi.org/10.2337/dc14-0525
https://doi.org/10.2337/dc14-0525
https://doi.org/10.2337/db12-0025
https://doi.org/10.2337/db12-0025
https://doi.org/10.1038/nchembio.687
https://doi.org/10.1038/nchembio.687
https://doi.org/10.3945/an.114.007120
https://doi.org/10.1073/pnas.091101498
https://doi.org/10.1172/JCI44403
https://doi.org/10.1016/j.neulet.2006.07.030
https://doi.org/10.1016/j.neulet.2006.07.030
https://doi.org/10.1016/j.physbeh.2016.04.020
https://doi.org/10.1016/j.physbeh.2016.04.020
https://doi.org/10.1002/hbm.22071
https://doi.org/10.1002/hbm.22071


366

Human Brain Mapping, 33(5), 1052–1061. https://doi.
org/10.1002/hbm.21268.

Kumar, S., Raju, M., & Gowda, N. (2010). Influence 
of parental obesity on school children. The Indian 
Journal of Pediatrics, 77(3), 255–258. https://doi.
org/10.1007/s12098-010-0015-3.

Kunath, N., Müller, N.  C. J., Tonon, M., Konrad, 
B.  N., Pawlowski, M., Kopczak, A., et  al. (2016). 
Ghrelin modulates encoding-related brain function 
without enhancing memory formation in humans. 
NeuroImage, 142, 465–473. https://doi.org/10.1016/j.
neuroimage.2016.07.016.

Langeveld, M., & DeVries, J. H. (2015). The long-term 
effect of energy restricted diets for treating obesity. 
Obesity, 23(8), 1529–1538. https://doi.org/10.1002/
oby.21146.

Ledikwe, J.  H., Blanck, H.  M., Khan, L.  K., Serdula, 
M.  K., Seymour, J.  D., Tohill, B.  C., & Rolls, B.  J. 
(2006). Low-energy-density diets are associated 
with high diet quality in adults in the United States. 
Journal of the American Dietetic Association, 106(8), 
1172–1180.

Ledikwe, J.  H., Rolls, B.  J., Smiciklas-Wright, H., 
Mitchell, D.  C., Ard, J.  D., Champagne, C., et  al. 
(2007). Reductions in dietary energy density are asso-
ciated with weight loss in overweight and obese par-
ticipants in the PREMIER trial. The American Journal 
of Clinical Nutrition, 85(5), 1212–1221.

Leibel, R.  L. (2008). Molecular physiology of weight 
regulation in mice and humans. International Journal 
of Obesity, 32, S98–S108.

Logothetis, N. K., Pauls, J., Augath, M., Trinath, T., & 
Oeltermann, A. (2001). Neurophysiological inves-
tigation of the basis of the fMRI signal. Nature, 412 

(6843), 150.
Loos, R.  J. F., & Yeo, G. S. H. (2014). The bigger pic-

ture of FTO: The first GWAS-identified obesity gene. 
Nature Reviews. Endocrinology, 10(1), 51–61. https://
doi.org/10.1038/nrendo.2013.227.

Lowe, M.  R., & Butryn, M.  L. (2007). Hedonic hun-
ger: A new dimension of appetite? Physiology & 
Behavior, 91(4), 432–439. https://doi.org/10.1016/j.
physbeh.2007.04.006.

Lowe, M.  R., Butryn, M.  L., Didie, E.  R., Annunziato, 
R. A., Thomas, J. G., Crerand, C. E., et al. (2009). The 
power of food scale. A new measure of the psychologi-
cal influence of the food environment. Appetite, 53(1), 
114–118. https://doi.org/10.1016/j.appet.2009.05.016.

Lowe, M.  R., Arigo, D., Butryn, M.  L., Gilbert, J.  R., 
Sarwer, D., & Stice, E. (2016). Hedonic hunger pro-
spectively predicts onset and maintenance of loss 
of control eating among college women. Health 
Psychology, 35(3), 238.

MacLean, P. S., Wing, R. R., Davidson, T., Epstein, L., 
Goodpaster, B., Hall, K. D., et al. (2015). NIH working 
group report: Innovative research to improve mainte-
nance of weight loss. Obesity, 23(1), 7–15. https://doi.
org/10.1002/oby.20967.

Malik, S., McGlone, F., Bedrossian, D., & Dagher, A. 
(2008). Ghrelin modulates brain activity in areas 

that control appetitive behavior. Cell Metabolism, 
7(5), 400–409. Retrieved from http://ac.els-cdn.com/
S1550413108000788/1-s2.0-S1550413108000788-
main.pdf?_tid=443beeaa-e1de-11e3-8bb1-00000aab0
f6c&acdnat=1400783229_25281b85b5a58e9889dc4a
0aa30cb36d.

Man, M. S., Clarke, H. F., & Roberts, A. C. (2009). The 
role of the orbitofrontal cortex and medial striatum in 
the regulation of prepotent responses to food rewards. 
Cerebral Cortex, 19(4), 899–906. Retrieved from 
http://cercor.oxfordjournals.org/content/19/4/899.
full.pdf.

Martin, C. K., Coulon, S. M., Markward, N., Greenway, 
F.  L., & Anton, S.  D. (2009a). Association between 
energy intake and viewing television, distractibil-
ity, and memory for advertisements. The American 
Journal of Clinical Nutrition, 89(1), 37–44.

Martin, L.  E., Holsen, L.  M., Chambers, R.  J., Bruce, 
A. S., Brooks, W. M., Zarcone, J. R., et al. (2009b). 
Neural mechanisms associated with food motivation 
in obese and healthy weight adults. Obesity, 18(2), 
254–260. Retrieved from http://onlinelibrary.wiley.
com/store/10.1038/oby.2009.220/asset/oby.2009.220.
pdf?v=1&t=hvie1us5&s=9e7326e9ee6e5317496a95a
030883ab36244d626.

Mathar, D., Neumann, J., Villringer, A., & Horstmann, 
A. (2017). Failing to learn from negative prediction 
errors: Obesity is associated with alterations in a fun-
damental neural learning mechanism. Cortex. https://
doi.org/10.1016/j.cortex.2017.08.022.

Mayer, J.  (1953). Glucostatic mechanism of regula-
tion of food intake. The New England Journal of 
Medicine, 249(1), 13–16. https://doi.org/10.1056/
NEJM195307022490104.

Merchenthaler, I., Lane, M., & Shughrue, P. (1999). 
Distribution of pre-pro-glucagon and glucagon- like 
peptide-1 receptor messenger RNAs in the rat cen-
tral nervous system. The Journal of Comparative 
Neurology, 403(2), 261–280. https://doi.org/10.1002/
(SICI)1096-9861(19990111)403:2<261::AID-
CNE8>3.0.CO;2-5.

Miller, E.  K., & Cohen, J.  D. (2001). An integra-
tive theory of prefrontal cortex function. Annual 
Review of Neuroscience, 24(1), 167–202. https://doi.
org/10.1146/annurev.neuro.24.1.167.

Murray, S., Tulloch, A., Gold, M.  S., & Avena, N.  M. 
(2014). Hormonal and neural mechanisms of 
food reward, eating behaviour and obesity. Nature 
Reviews. Endocrinology, 10(9), 540–552. https://doi.
org/10.1038/nrendo.2014.91.

ten Kulve, J.  S., Veltman, D.  J., van Bloemendaal, L., 
Groot, P. F. C., Ruhé, H. G., Barkhof, F., et al. (2016). 
Endogenous GLP1 and GLP1 analogue alter CNS 
responses to palatable food consumption. Journal of 
Endocrinology, 229(1), 1–12. https://doi.org/10.1530/
JOE-15-0461.

Ng, J., Stice, E., Yokum, S., & Bohon, C. (2011). An fMRI 
study of obesity, food reward, and perceived caloric 
density. Does a low-fat label make food less appeal-

K. S. Burger et al.

https://doi.org/10.1002/hbm.21268
https://doi.org/10.1002/hbm.21268
https://doi.org/10.1007/s12098-010-0015-3
https://doi.org/10.1007/s12098-010-0015-3
https://doi.org/10.1016/j.neuroimage.2016.07.016
https://doi.org/10.1016/j.neuroimage.2016.07.016
https://doi.org/10.1002/oby.21146
https://doi.org/10.1002/oby.21146
https://doi.org/10.1038/nrendo.2013.227
https://doi.org/10.1038/nrendo.2013.227
https://doi.org/10.1016/j.physbeh.2007.04.006
https://doi.org/10.1016/j.physbeh.2007.04.006
https://doi.org/10.1016/j.appet.2009.05.016
https://doi.org/10.1002/oby.20967
https://doi.org/10.1002/oby.20967
http://ac.els-cdn.com/S1550413108000788/1-s2.0-S1550413108000788-main.pdf?_tid=443beeaa-e1de-11e3-8bb1-00000aab0f6c&acdnat=1400783229_25281b85b5a58e9889dc4a0aa30cb36d
http://ac.els-cdn.com/S1550413108000788/1-s2.0-S1550413108000788-main.pdf?_tid=443beeaa-e1de-11e3-8bb1-00000aab0f6c&acdnat=1400783229_25281b85b5a58e9889dc4a0aa30cb36d
http://ac.els-cdn.com/S1550413108000788/1-s2.0-S1550413108000788-main.pdf?_tid=443beeaa-e1de-11e3-8bb1-00000aab0f6c&acdnat=1400783229_25281b85b5a58e9889dc4a0aa30cb36d
http://ac.els-cdn.com/S1550413108000788/1-s2.0-S1550413108000788-main.pdf?_tid=443beeaa-e1de-11e3-8bb1-00000aab0f6c&acdnat=1400783229_25281b85b5a58e9889dc4a0aa30cb36d
http://ac.els-cdn.com/S1550413108000788/1-s2.0-S1550413108000788-main.pdf?_tid=443beeaa-e1de-11e3-8bb1-00000aab0f6c&acdnat=1400783229_25281b85b5a58e9889dc4a0aa30cb36d
http://cercor.oxfordjournals.org/content/19/4/899.full.pdf
http://cercor.oxfordjournals.org/content/19/4/899.full.pdf
http://onlinelibrary.wiley.com/store/10.1038/oby.2009.220/asset/oby.2009.220.pdf?v=1&t=hvie1us5&s=9e7326e9ee6e5317496a95a030883ab36244d626
http://onlinelibrary.wiley.com/store/10.1038/oby.2009.220/asset/oby.2009.220.pdf?v=1&t=hvie1us5&s=9e7326e9ee6e5317496a95a030883ab36244d626
http://onlinelibrary.wiley.com/store/10.1038/oby.2009.220/asset/oby.2009.220.pdf?v=1&t=hvie1us5&s=9e7326e9ee6e5317496a95a030883ab36244d626
http://onlinelibrary.wiley.com/store/10.1038/oby.2009.220/asset/oby.2009.220.pdf?v=1&t=hvie1us5&s=9e7326e9ee6e5317496a95a030883ab36244d626
https://doi.org/10.1016/j.cortex.2017.08.022
https://doi.org/10.1016/j.cortex.2017.08.022
https://doi.org/10.1056/NEJM195307022490104
https://doi.org/10.1056/NEJM195307022490104
https://doi.org/10.1002/(SICI)1096-9861(19990111)403:2<261::AID-CNE8>3.0.CO;2-5
https://doi.org/10.1002/(SICI)1096-9861(19990111)403:2<261::AID-CNE8>3.0.CO;2-5
https://doi.org/10.1002/(SICI)1096-9861(19990111)403:2<261::AID-CNE8>3.0.CO;2-5
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1038/nrendo.2014.91
https://doi.org/10.1038/nrendo.2014.91
https://doi.org/10.1530/JOE-15-0461
https://doi.org/10.1530/JOE-15-0461


367

ing? Appetite, 57(1), 65–72. https://doi.org/10.1016/j.
appet.2011.03.017.

Nummenmaa, L., Hirvonen, J., Hannukainen, J.  C., 
Immonen, H., Lindroos, M.  M., Salminen, P., & 
Nuutila, P. (2012). Dorsal striatum and its limbic 
connectivity mediate abnormal anticipatory reward 
processing in obesity. PLoS One, 7(2). https://doi.
org/10.1371/journal.pone.0031089.

Page, K.  A., Chan, O., Arora, J., Belfort-Deaguiar, R., 
Dzuira, J., Roehmholdt, B., et  al. (2013). Effects of 
fructose vs glucose on regional cerebral blood flow in 
brain regions involved with appetite and reward path-
ways. JAMA, 309(1), 63–70. https://doi.org/10.1001/
jama.2012.116975.

Pliquett, R.  U., Führer, D., Falk, S., Zysset, S., von 
Cramon, D. Y., & Stumvoll, M. (2006). The effects of 
insulin on the central nervous system--focus on appe-
tite regulation. Hormone and Metabolic Research = 
Hormon- Und Stoffwechselforschung = Hormones et 
Métabolisme, 38(7), 442–446. https://doi.org/10.105
5/s-2006-947840.

Polivy, J., & Herman, C. P. (1985). Dieting and binging: 
A causal analysis. American Psychologist, 40(2), 193.

Porubská, K., Veit, R., Preissl, H., Fritsche, A., & 
Birbaumer, N. (2006). Subjective feeling of appetite 
modulates brain activity: An fMRI study. NeuroImage, 
32(3), 1273–1280. https://doi.org/10.1016/j.
neuroimage.2006.04.216.

Potter, G. M., Moshirfar, A., & Castonguay, T. W. (1999). 
Insulin affects dopamine overflow in the nucleus 
accumbens and the striatum. Physiology & Behavior, 
65(4–5), 811–816.

Powell, L.  M., Szczypka, G., Chaloupka, F.  J., & 
Braunschweig, C.  L. (2007). Nutritional content of 
television food advertisements seen by children and 
adolescents in the United States. Pediatrics, 120(3), 
576–583. https://doi.org/10.1542/peds.2006-3595.

Rath, S.  R., Marsh, J.  A., Newnham, J.  P., Zhu, K., 
Atkinson, H. C., Mountain, J., et al. (2016). Parental 
pre-pregnancy BMI is a dominant early-life risk 
factor influencing BMI of offspring in adulthood. 
Obesity Science & Practice, 2(1), 48–57. https://doi.
org/10.1002/osp4.28.

Rogers, P.  J., & Brunstrom, J.  M. (2016). Appetite and 
energy balancing. Physiology & Behavior. https://doi.
org/10.1016/j.physbeh.2016.03.038.

Rolls, B.  J., & Barnett, R.  A. (2000). Volumetrics. 
HarperCollins.

Rolls, B.  J., Rowe, E.  A., & Rolls, E.  T. (1982). How 
flavour and appearance affect human feeding. 
Proceedings of the Nutrition Society, 41(2), 109–117.

Rolls, B. J., Morris, E. L., & Roe, L. S. (2002). Portion 
size of food affects energy intake in normal-weight 
and overweight men and women. The American 
Journal of Clinical Nutrition, 76(6), 1207–1213.

Rolls, B.  J., Roe, L.  S., Meengs, J.  S., & Wall, D.  E. 
(2004a). Increasing the portion size of a sandwich 
increases energy intake. Journal of the American 
Dietetic Association, 104(3), 367–372.

Rolls, B. J., Roe, L. S., Kral, T. V. E., Meengs, J. S., & 
Wall, D. E. (2004b). Increasing the portion size of a 
packaged snack increases energy intake in men and 
women. Appetite, 42(1), 63–69.

Rolls, B. J., Roe, L. S., & Meengs, J. S. (2006). Larger 
portion sizes lead to a sustained increase in energy 
intake over 2 days. Journal of the American Dietetic 
Association, 106(4), 543–549.

Rolls, B. J., Roe, L. S., James, B. L., & Sanchez, C. E. 
(2017). Does the incorporation of portion-control strat-
egies in a behavioral program improve weight loss in 
a one-year randomized controlled trial? International 
Journal of Obesity (2005), 41(3), 434.

Rothemund, Y., Preuschhof, C., Bohner, G., Bauknecht, 
H.-C., Klingebiel, R., Flor, H., & Klapp, B.  F. 
(2007). Differential activation of the dorsal striatum 
by high-calorie visual food stimuli in obese indi-
viduals. NeuroImage, 37(2), 410–421. https://doi.
org/10.1016/j.neuroimage.2007.05.008.

Rudenga, K.  J., & Small, D.  M. (2012). Amygdala 
response to sucrose consumption is inversely related 
to artificial sweetener use. Appetite, 58(2), 504–507. 
https://doi.org/10.1016/j.appet.2011.12.001.

Salbe, A.  D., Weyer, C., Harper, I., Lindsay, R.  S., 
Ravussin, E., & Tataranni, P. A. (2002). Assessing risk 
factors for obesity between childhood and adolescence 
: II. Energy Metabolism and Physical Activity, 110(2), 
307–314.

Sandoval, D., & Sisley, S. R. (2015). Brain GLP-1 and insu-
lin sensitivity. Molecular and Cellular Endocrinology. 
https://doi.org/10.1016/j.mce.2015.02.017.

Schlogl, H., Kabisch, S., Horstmann, A., Lohmann, 
G., Muller, K., Lepsien, J., et  al. (2013). Exenatide- 
induced reduction in energy intake is associated with 
increase in hypothalamic connectivity. Diabetes Care, 
36(7), 1933–1940. https://doi.org/10.2337/dc12-1925.

Schultes, B., Ernst, B., Wilms, B., Thurnheer, M., & 
Hallschmid, M. (2010). Hedonic hunger is increased 
in severely obese patients and is reduced after gastric 
bypass surgery. The American Journal of Clinical 
Nutrition, 92, 277–283. https://doi.org/10.3945/
ajcn.2009.29007.INTRODUCTION.

Seppälä-Lindroos, A., Vehkavaara, S., Häkkinen, A.-M., 
Goto, T., Westerbacka, J., Sovijärvi, A., et al. (2002). 
Fat accumulation in the liver is associated with 
defects in insulin suppression of glucose production 
and serum free fatty acids independent of obesity in 
normal men. The Journal of Clinical Endocrinology 
& Metabolism, 87(7), 3023–3028. https://doi.
org/10.1210/jcem.87.7.8638.

Sevgi, M., Rigoux, L., Kuhn, A.  B., Mauer, J., 
Schilbach, L., Hess, M. E., et al. (2015). An obesity- 
predisposing variant of the FTO gene regulates D2R- 
dependent reward learning. Journal of Neuroscience, 
35(36), 12584–12592. https://doi.org/10.1523/
JNEUROSCI.1589-15.2015.

Shearrer, G., Stice, E., & Burger, K. (2017). Adolescents 
with versus without parental obesity show greater stri-
atal response to increased sugar, but not fat content of 
milkshakes. https://doi.org/10.17605/OSF.IO/7J4EH.

13 Brain, Environment, Hormone-Based Appetite, Ingestive Behavior, and Body Weight

https://doi.org/10.1016/j.appet.2011.03.017
https://doi.org/10.1016/j.appet.2011.03.017
https://doi.org/10.1371/journal.pone.0031089
https://doi.org/10.1371/journal.pone.0031089
https://doi.org/10.1001/jama.2012.116975
https://doi.org/10.1001/jama.2012.116975
https://doi.org/10.1055/s-2006-947840
https://doi.org/10.1055/s-2006-947840
https://doi.org/10.1016/j.neuroimage.2006.04.216
https://doi.org/10.1016/j.neuroimage.2006.04.216
https://doi.org/10.1542/peds.2006-3595
https://doi.org/10.1002/osp4.28
https://doi.org/10.1002/osp4.28
https://doi.org/10.1016/j.physbeh.2016.03.038
https://doi.org/10.1016/j.physbeh.2016.03.038
https://doi.org/10.1016/j.neuroimage.2007.05.008
https://doi.org/10.1016/j.neuroimage.2007.05.008
https://doi.org/10.1016/j.appet.2011.12.001
https://doi.org/10.1016/j.mce.2015.02.017
https://doi.org/10.2337/dc12-1925
https://doi.org/10.3945/ajcn.2009.29007.INTRODUCTION
https://doi.org/10.3945/ajcn.2009.29007.INTRODUCTION
https://doi.org/10.1210/jcem.87.7.8638
https://doi.org/10.1210/jcem.87.7.8638
https://doi.org/10.1523/JNEUROSCI.1589-15.2015
https://doi.org/10.1523/JNEUROSCI.1589-15.2015
https://doi.org/10.17605/OSF.IO/7J4EH


368

Simon, J.  J., Skunde, M., Hamze Sinno, M., 
Brockmeyer, T., Herpertz, S. C., Bendszus, M., et al. 
(2014). Impaired cross-talk between Mesolimbic 
food reward processing and metabolic signaling 
predicts body mass index. Frontiers in Behavioral 
Neuroscience, 8, 359. https://doi.org/10.3389/
fnbeh.2014.00359.

Small, C.  J., & Bloom, S.  R. (2004). Gut hormones as 
peripheral anti obesity targets. Current Drug Targets. 
CNS and Neurological Disorders, 3(5), 379–388.

Stice, E., Spoor, S., Bohon, C., Veldhuizen, M.  G., & 
Small, D. M. (2008a). Relation of reward from food 
intake and anticipated food intake to obesity: A func-
tional magnetic resonance imaging study. Journal of 
Abnormal Psychology, 117(4), 924–935. https://doi.
org/10.1037/a0013600.

Stice, E., Spoor, S., Bohon, C., & Small, D. M. (2008b). 
Relation between obesity and blunted striatal response 
to food is moderated by TaqIA A1 allele. Science, 
322(5900), 449–452. https://doi.org/10.1126/
science.1161550.

Stice, E., Yokum, S., Bohon, C., Marti, N., & Smolen, A. 
(2010a). Reward circuitry responsivity to food predicts 
future increases in body mass: Moderating effects of 
DRD2 and DRD4. NeuroImage, 50(4), 1618–1625. 
https://doi.org/10.1016/j.neuroimage.2010.01.081.

Stice, E., Yokum, S., Blum, K., & Bohon, C. (2010b). 
Weight gain is associated with reduced Striatal 
response to palatable food. Journal of Neuroscience, 
30(39), 13105–13109. https://doi.org/10.1523/
jneurosci.2105-10.2010.

Stice, E., Yokum, S., Burger, K.  S., Epstein, L.  H., 
& Small, D.  M. (2011). Youth at risk for obesity 
show greater activation of striatal and somatosen-
sory regions to food. The Journal of Neuroscience, 
31(12), 4360–4366. https://doi.org/10.1523/
JNEUROSCI.6604-10.2011.

Stice, E., Burger, K.  S., & Yokum, S. (2015). Reward 
region Responsivity predicts future weight gain and 
moderating effects of the TaqIA allele. The Journal of 
Neuroscience, 35(28), 10316–10324.

Stoeckel, L.  E., Weller, R.  E., Cook, E.  W., III, Twieg, 
D.  B., Knowlton, R.  C., & Cox, J.  E. (2008). 
Widespread reward-system activation in obese 
women in response to pictures of high-calorie 
foods. NeuroImage, 41(2), 636–647. https://doi.
org/10.1016/j.neuroimage.2008.02.031.

Sun, X., Veldhuizen, M. G., Wray, A. E., de Araujo, I. E., 
Sherwin, R. S., Sinha, R., & Small, D. M. (2014). The 
neural signature of satiation is associated with ghre-
lin response and triglyceride metabolism. Physiology 
& Behavior, 136, 63–73. https://doi.org/10.1016/j.
physbeh.2014.04.017.

Sun, X., Kroemer, N.  B., Veldhuizen, M.  G., Babbs, 
A. E., de Araujo, I. E., Gitelman, D. R., et al. (2015). 
Basolateral Amygdala response to food cues in the 
absence of hunger is associated with weight gain 
susceptibility. The Journal of Neuroscience, 35(20), 
7964–7976.

Sun, X., Veldhuizen, M. G., Babbs, A. E., Sinha, R., & 
Small, D.  M. (2016). Perceptual and brain response 
to odors is associated with body mass index and post-
prandial Total Ghrelin reactivity to a meal. Chemical 
Senses, 41(3), 233–248. https://doi.org/10.1093/
chemse/bjv081.

Sun, X., Luquet, S., & Small, D.  M. (2017). DRD2: 
Bridging the genome and Ingestive behavior. Trends 
in Cognitive Sciences, 21(5), 372–384. https://doi.
org/10.1016/j.tics.2017.03.004.

Svetkey, L. P., Stevens, V. J., Brantley, P. J., Appel, L. J., 
Hollis, J. F., Loria, C. M., et al. (2008). Comparison 
of strategies for sustaining weight loss: The weight 
loss maintenance randomized controlled trial. JAMA, 
299(10), 1139–1148.

Thanos, P. K., Michaelides, M., Piyis, Y. K., Wang, G.-J., 
& Volkow, N.  D. (2008). Food restriction markedly 
increases dopamine d2 receptor (D2R) in a rat model 
of obesity as assessed with in-vivo mu PET imag-
ing ( C-11 raclopride) and in-vitro ( H-3 spiperone) 
autoradiography. Synapse, 62(1), 50–61. https://doi.
org/10.1002/syn.20468.

Tomkin, G.  H. (2014). Treatment of type 2 diabetes, 
lifestyle, GLP1 agonists and DPP4 inhibitors. World 
Journal of Diabetes, 5(5), 636–650. https://doi.
org/10.4239/wjd.v5.i5.636.

Tschöp, M., Weyer, C., Tataranni, P. A., Devanarayan, V., 
Ravussin, E., & Heiman, M.  L. (2001). Circulating 
ghrelin levels are decreased in human obesity. 
Diabetes, 50(4), 707–709.

Ubeda-Bañon, I., Novejarque, A., Mohedano-Moriano, 
A., Pro-Sistiaga, P., de la Rosa-Prieto, C., Insausti, 
R., et  al. (2007). Projections from the posterolat-
eral olfactory amygdala to the ventral striatum: 
Neural basis for reinforcing properties of chemical 
stimuli. BMC Neuroscience, 8(1), 103. https://doi.
org/10.1186/1471-2202-8-103.

Van Strien, T., Frijters, J.  E. R., Bergers, G., Defares, 
P.  B., Van Strien, T., Frijters, J.  E. R., et  al. (1986). 
The Dutch eating behavior questionnaire (DEBQ) 
for assessment of restrained, emotional, and 
external eating behavior. International Journal 
of Eating Disorders, 5(2), 295–315. https://doi.
org/10.1002/1098-108X(198602)5:2<295::AID-
EAT2260050209>3.0.CO;2-T.

Van Strien, T., Herman, C. P., & Verheijden, M. W. (2009). 
Eating style, overeating, and overweight in a represen-
tative Dutch sample. Does external eating play a role? 
Appetite, 52(2), 380–387.

Verdejo-García, A., Lawrence, A. J., & Clark, L. (2008). 
Impulsivity as a vulnerability marker for substance- 
use disorders: Review of findings from high-risk 
research, problem gamblers and genetic association 
studies. Neuroscience & Biobehavioral Reviews, 
32(4), 777–810.

Verdich, C., Toubro, S., Buemann, B., Lysgård Madsen, 
J., Juul Holst, J., & Astrup, A. (2001). The role of post-
prandial releases of insulin and incretin hormones in 
meal-induced satiety—Effect of obesity and weight 

K. S. Burger et al.

https://doi.org/10.3389/fnbeh.2014.00359
https://doi.org/10.3389/fnbeh.2014.00359
https://doi.org/10.1037/a0013600
https://doi.org/10.1037/a0013600
https://doi.org/10.1126/science.1161550
https://doi.org/10.1126/science.1161550
https://doi.org/10.1016/j.neuroimage.2010.01.081
https://doi.org/10.1523/jneurosci.2105-10.2010
https://doi.org/10.1523/jneurosci.2105-10.2010
https://doi.org/10.1523/JNEUROSCI.6604-10.2011
https://doi.org/10.1523/JNEUROSCI.6604-10.2011
https://doi.org/10.1016/j.neuroimage.2008.02.031
https://doi.org/10.1016/j.neuroimage.2008.02.031
https://doi.org/10.1016/j.physbeh.2014.04.017
https://doi.org/10.1016/j.physbeh.2014.04.017
https://doi.org/10.1093/chemse/bjv081
https://doi.org/10.1093/chemse/bjv081
https://doi.org/10.1016/j.tics.2017.03.004
https://doi.org/10.1016/j.tics.2017.03.004
https://doi.org/10.1002/syn.20468
https://doi.org/10.1002/syn.20468
https://doi.org/10.4239/wjd.v5.i5.636
https://doi.org/10.4239/wjd.v5.i5.636
https://doi.org/10.1186/1471-2202-8-103
https://doi.org/10.1186/1471-2202-8-103
https://doi.org/10.1002/1098-108X(198602)5:2<295::AID-EAT2260050209>3.0.CO;2-T
https://doi.org/10.1002/1098-108X(198602)5:2<295::AID-EAT2260050209>3.0.CO;2-T
https://doi.org/10.1002/1098-108X(198602)5:2<295::AID-EAT2260050209>3.0.CO;2-T


369

reduction. International Journal of Obesity & Related 
Metabolic Disorders, 25(8).

Visser, P. J., Scheltens, P., Verhey, F. R. J., Schmand, B., 
Launer, L. J., Jolles, J., & Jonker, C. (1999). Medial 
temporal lobe atrophy and memory dysfunction as 
predictors for dementia in subjects with mild cognitive 
impairment. Journal of Neurology, 246(6), 477–485. 
https://doi.org/10.1007/s004150050387.

Volkow, N.  D., Wang, G.-J.  J., Telang, F., Fowler, 
J.  S., Thanos, P.  K., Logan, J., et  al. (2008). 
Low dopamine striatal D2 receptors are associ-
ated with prefrontal metabolism in obese sub-
jects: Possible contributing factors. NeuroImage, 
42(4), 1537–1543. https://doi.org/10.1016/j.
neuroimage.2008.06.002.

Vukmirovic, M. (2015). The effects of food advertising on 
food-related behaviours and perceptions in adults: A 
review. Food Research International, 75, 13–19.

Wallner-Liebmann, S., Koschutnig, K., Reishofer, 
G., Sorantin, E., Blaschitz, B., Kruschitz, R., 
et  al. (2010). Insulin and hippocampus activa-
tion in response to images of high-calorie food 
in normal weight and obese adolescents. Obesity 
(Silver Spring, Md.), 18(8), 1552–1557. https://doi.
org/10.1038/oby.2010.26.

Wang, G.-J., Volkow, N.  D., Logan, J., Pappas, N.  R., 
Wong, C. T., Zhu, W., et al. (2001). Brain dopamine 
and obesity. The Lancet, 357(9253), 354–357. https://
doi.org/10.1016/S0140-6736(00)03643-6.

Wang, G.-J., Volkow, N. D., Thanos, P. K., & Fowler, 
J.  S. (2004). Similarity between obesity and drug 
addiction as assessed by neurofunctional imaging: 
A concept review. Journal of Addictive Diseases, 
23(3), 39–53.

Wardle, J., Guthrie, C., Sanderson, S., Birch, L., & Plomin, 
R. (2001). Food and activity preferences in children 
of lean and obese parents. International Journal of 
Obesity, 25(7), 971–977. https://doi.org/10.1038/
sj.ijo.0801661.

de Weijer, B.  A., van de Giessen, E., van Amelsvoort, 
T.  A., Boot, E., Braak, B., Janssen, I.  M., et  al. 
(2011). Lower striatal dopamine D2/3 receptor 
availability in obese compared with non-obese sub-
jects. EJNMMI Research, 1(1), 1–5. https://doi.
org/10.1186/2191-219X-1-37.

Westerterp, K. R. (2010). Physical activity, food intake, 
and body weight regulation: Insights from dou-
bly labeled water studies. Nutrition Reviews, 68(3), 
148–154.

Wiemerslage, L., Nilsson, E.  K., Solstrand Dahlberg, 
L., Ence-Eriksson, F., Castillo, S., Larsen, A.  L., 
et al. (2016). An obesity-associated risk allele within 
the FTO gene affects human brain activity for areas 
important for emotion, impulse control and reward 
in response to food images. European Journal 
of Neuroscience, 43(9), 1173–1180. https://doi.
org/10.1111/ejn.13177.

Wilcox, C. E., Braskie, M. N., Kluth, J. T., & Jagust, W. J. 
(2010). Overeating behavior and Striatal dopamine 
with 6-[1 8 F]-Fluoro-L-m-tyrosine PET. Journal of 
Obesity, 2010.

Witt, A., & Lowe, M.  R. (2014). Hedonic hunger and 
binge eating among women with eating disorders. 
The International Journal of Eating Disorders, 47(3), 
273–280. https://doi.org/10.1002/eat.22171.

World Health Organization. (2010). Set of recommenda-
tions on the marketing of foods and non- alcoholic bev-
erages to children.

Xia, W., Wang, S., Spaeth, A.  M., Rao, H., Wang, P., 
Yang, Y., et  al. (2015). Insulin resistance-associated 
Interhemispheric functional connectivity altera-
tions in T2DM: A resting-state fMRI study. BioMed 
Research International, 2015, 719076. https://doi.
org/10.1155/2015/719076.

Yokum, S., Ng, J., & Stice, E. (2011). Attentional Bias 
to food images associated with elevated weight and 
future weight gain: An fMRI study. Obesity, 19(9), 
1775–1783. https://doi.org/10.1038/oby.2011.168.

Yokum, S., Ng, J., & Stice, E. (2012). Relation of regional 
gray and white matter volumes to current BMI and 
future increases in BMI: A prospective MRI study. 
International Journal of Obesity (2005), 36(5), 656–
664. https://doi.org/10.1038/ijo.2011.175.

Young, L. R., & Nestle, M. (2002). The contribution of 
expanding portion sizes to the US obesity epidemic. 
American Journal of Public Health, 92(2), 246–249.

Yu, C., & McClellan, J.  (2016). Genetics of substance 
use disorders. Child and Adolescent Psychiatric 
Clinics of North America, 25(3), 377–385. https://doi.
org/10.1016/j.chc.2016.02.002.

13 Brain, Environment, Hormone-Based Appetite, Ingestive Behavior, and Body Weight

https://doi.org/10.1007/s004150050387
https://doi.org/10.1016/j.neuroimage.2008.06.002
https://doi.org/10.1016/j.neuroimage.2008.06.002
https://doi.org/10.1038/oby.2010.26
https://doi.org/10.1038/oby.2010.26
https://doi.org/10.1016/S0140-6736(00)03643-6
https://doi.org/10.1016/S0140-6736(00)03643-6
https://doi.org/10.1038/sj.ijo.0801661
https://doi.org/10.1038/sj.ijo.0801661
https://doi.org/10.1186/2191-219X-1-37
https://doi.org/10.1186/2191-219X-1-37
https://doi.org/10.1111/ejn.13177
https://doi.org/10.1111/ejn.13177
https://doi.org/10.1002/eat.22171
https://doi.org/10.1155/2015/719076
https://doi.org/10.1155/2015/719076
https://doi.org/10.1038/oby.2011.168
https://doi.org/10.1038/ijo.2011.175
https://doi.org/10.1016/j.chc.2016.02.002
https://doi.org/10.1016/j.chc.2016.02.002


371© Springer International Publishing AG, part of Springer Nature 2018 
E. A. Nillni (ed.), Textbook of Energy Balance, Neuropeptide Hormones,  
and Neuroendocrine Function, https://doi.org/10.1007/978-3-319-89506-2

A
Acetyl-CoA carboxylase (ACC), 146
Acromegaly, 325–326
ACTH, see Adrenocorticotropic hormone
Activating transcription factor 4 (ATF4), 90–91
Activator protein-1 (AP1) complex, 61
Adipokines, 330–332

anti-inflammatory adipokines
adiponectin, 239–240
apelin, 241–242
BMP, 241
FGF21, 240
omentin-1, 241
SFRP5, 240–241
vaspin, 242

neuroendocrine system, 242–243
pro-inflammatory adipokines

CCL2 and CCR5, 237–238
chemerin, 238
DPP-4, 238
interleukin-6, 236–237
interleukin-1β, 237
leptin, 235–236
RBP4, 238
resistin, 239
TNF-α, 236

Adiponectin, 239–240
Adipose tissue (AT)

cellular and noncellular composition, WAT/BAT
adipocytes, 209–210
beige adipocytes, 211
ECM, 210–211
intra-depot adipocyte heterogeneity, 211–212
lymph and vasculature, 210
senescent cells, 210
SVF, 210

control of lipolysis, 213–214
depots and depot differences, WAT/BAT

definition, 207
in humans and mice, 207, 209
intra-abdominal depots, 207
PCOS, 208
subQ deposition, 207, 208

ectopic fat deposition/lipodystrophy, 214–215
endocrine function, 212–213
growth hormone

adipokines, 330–332
body composition, 329–330
depot-specific manner, 332, 333
obesity, 332–335

inflammation
BAT, 231–232
hyperlipidemia and hyperglycemia, 231
immune responses, 232–234
WAT, 231–232

lipogenesis, 213–214
remodeling, 215–217
types, 205–206

Adrenocorticotropic hormone (ACTH), 39, 76–77, 126
Agouti-related protein (AgRP), 10, 34–36, 67, 90,  

142, 272
Agouti signaling protein (ASIP), 272
Allan-Herndon-Dudley syndrome (AHDS), 257
AMP-activated protein kinase (AMPK)

activation results, 146
autophagy, 152
BAT-mediated thermogenesis, 152
CAMKKβ, 145
glucose, 151
ICV infusion, 151
LKB1, 145
mammals, 145

Anti-inflammatory adipokines
adiponectin, 239–240
apelin, 241–242
BMP, 241
FGF21, 240
omentin-1, 241
SFRP5, 240–241
vaspin, 242

Apelin, 241–242
Apoptosis, 13
Appetite regulation

hedonic motivation
conflicting theories, 347–348
dynamic theory, 348–349

Index

https://doi.org/10.1007/978-3-319-89506-2


372

Appetite regulation (cont.)
environmental response, 350–351
food intake environment, 350
food volume driving intake, 349–350

homeostatic regulation, 347
Arcuate nucleus (ARC)

AgRP, 35–36
α-MSH peptide, 36–37
in vitro and in vivo experiments, 34
low leptin signaling, 35
median eminence, 34
NPY, 35–36
NTS, 35
nutrient sensors, 141
POMC, 34–37, 126–127
populations, 34
pro-NPY, 34
proTRH, 34, 35
subset of neurons, 34

ASIP, see Agouti signaling protein
Astrocyte-neuron lactate shuttle, 78
Astrocytic end feet, 78
AT, see Adipose tissue

B
Basic helix-loop-helix (bHLH), 65
Bed nucleus of the stria terminalis (BNST), 12
Behavioral switch hypothesis, 21
Beta-endorphin

opioids, 275–277
orexin-A, 128
POMC, 277, 278

Blood-brain barrier (BBB), 84
Bone morphogenetic protein (BMP), 241
Bovine GH transgenic (bGH), 327, 328
Brain-derived neurotrophic factor (BDNF), 10
Brefeldin A (BFA), 85
Brown adipose tissue (BAT), 18

cellular and noncellular composition
adipocytes, 209–210
beige adipocytes, 206, 211
ECM, 210–211
intra-depot adipocyte heterogeneity, 211–212
lymph and vasculature, 210
senescent cells, 210
SVF, 210

depots, 209
endocrine, 212–213
inflammation, 231–232
UCP1, 205

C
Carboxypeptidase E (CPE), 272
Carnitine/acylcarnitine transporter (CACT), 261
Carnitine palmitoyltransferase I (CPT1), 146
CASTOR1, 144
CC chemokine ligand type 2 (CCL2), 237–238
CC chemokine receptor type 5 (CCR5), 237–238

Central nervous system (CNS)
astrocytes, 78–79
energy homeostasis, 82, 83
glial cell, 78
hypothalamus and energy homeostasis

astrocytes, 81
BBB, 84
central inflammation, 80
diet-induced, 80–81, 83–84
fasting, 83
fatty acid-induced inflammation, 81–82
genetic and pharmacological studies, 84
glucocorticoids, 82
HFD feeding, 80–81
JNK, 80, 82–83
microglial depletion, 81
peripheral inflammation, 80
pro-inflammatory effects, 80
tanycytes, 83
TLR4, 83
TNFα, 79–80

microglia, 78–79
Chemerin, 238
Cholecystokinin (CCK), 41, 187–189
Chromatin immunoprecipitation (ChIP), 66
c-Jun N-terminal kinases (JNK), 88
Cocaine amphetamine-related transcript (CART) peptide, 

10, 38
Colony-stimulating factor 1 receptor (CSF1R), 79
Corticotrophin-releasing hormone (CRH), 38–39, 

128–130, 279
Corticotropin-releasing hormone/factor (CRH/F), 76–77
CREB-regulated transcription coactivator 2 (CRTC2), 89
CRISPR/Cas9 promoter analysis methods, 57

D
Diacylglycerol (DAG), 229
Diet-induced obesity (DIO), 36, 158–161
Dipeptidyl peptidase-4 (DPP-4), 238
Diseases of modern civilizations, 5
DNA binding, 57–58
Dorsal raphe (DR), 12
Dorsomedial nucleus (DMN), 35, 40

E
Early growth response protein 1 (Egr-1), 35
4E binding protein 1 (4E-BP1), 144
Ectopic fat deposition, 214–215
Endocrine function, 212–213
Endoplasmic reticulum (ER) stress

ATF6, 88–89
BFA, 85
biological processes, 84
energy balance

AgRP, 90
ATF4, 90–91
canonical secretory pathway, 90
diet-induced obesity, 92–93

Index



373

factors, hormones and neuronal inputs, 89–90
IKK signaling, 93
leptin-responsive cells, 91–92
MTF1/2, 93
UPR, 91
XBP1, 91

function of, 85
intracellular expression profile, 84–85
IRE1, 87–88
neuropeptides, 93–95
NF-κB pathway, 87
PERK, 85–86
proteostatic signaling routes, 89
RSP, 116–117, 122
signaling components, 85
thapsigargin, 85
TUDCA, 85
tunicamycin, 85
uORF1, 86–87
uORF2, 86–87
UPR, 85, 87
XBP1, 87, 88

Energy balance, 8
ER-associated degradation (ERAD) pathways, 85
Extracellular matrix (ECM), 210–211

F
Fat mass and obesity-associated (FTO), 354
Feeding center, 10, 12
Fibroblast growth factor 21 (FGF21), 240
Follicle-stimulating hormone (FSH), 31
Forkhead box protein O1 (FOXO1), 43, 64

G
g-aminobutyric acid (GABA), 35
Gastrointestinal (GI) hormones

biosynthesis, 184
cholecystokinin, 187–189
closed-type cells, 184
features, 194
ghrelin, 185–188
GLP-1, 189–190
GPCRs, 185
G proteins, 185
obesity, 194–197
open-type cells, 184
oxyntomodulin, 192–193
pancreatic polypeptide, 193
PYY, 190–192
secretion, 184
somatostatin, 193
translational modifications, 184

GH-releasing hormone (GHRH), 321
Ghrelin, 185–188
Ghrelin O-acyltransferase (GOAT), 185
Gigantism, 325–326
Glucagon-like peptide 1 (GLP1), 41, 189–190, 360–361
Glucocorticoids (GCs), 39, 82, 280–281

Golgi complex (GC), 119
Gonadotropin-releasing hormone (GnRH), 56–57
G protein-coupled receptors (GPCRs), 184, 185
Granulocytes, 232–233
Growth hormone (GH), 31
Growth hormone deficiency (GHD), 326
Growth hormone/insulin-like growth factor (GH/IGF-1) 

axis
acromegaly and gigantism, 325–326
adipose tissue

adipokines, 330–332
body composition, 329–330
depot-specific manner, 332, 333
obesity, 332–335

in adulthood, 329
bGH mice, 327, 328
GHD, 326
GHR antagonist transgenic mice, 328
GHRH secretion, 321, 322
GHR-/-mice, 328
human GH, 321
hypopituitarism, 327–328
Laron syndrome, 326–327
mouse lines, 327
nutrient metabolism, 323–324
STAT5, 322, 323

Growth hormone secretagogue receptor type 1a (GHSR), 
187

Guanosine triphosphate (GTP), 185

H
High-fat diet (HFD) feeding, 80–81
Highly active antiretroviral therapy (HAART), 214
Histone acetyltransferases (HATs), 147
Hominoids, 5
HPA axis, see Hypothalamic-pituitary-adrenal axis
Human GH (hGH), 321
Human nutrition

behavioral switch hypothesis, 21
brain evolution and changes

African human fossils, 5
ancestral hominin diets, 6
climate disadvantages, 5
early anthropoid primates, 4
features, 5
food-processing procedures, 5
great apes/hominids, 4
modern technologies, 5
primates group, 3–4

environmental changes, 19–20
evolutionary traits

Barker hypothesis, 16
childbearing women, 14
early evolutionary hypotheses, 14
genetically unknown foods hypothesis, 18
genetic predisposition, 4, 14–15
hunter-gatherer populations, 4, 14, 16
industrial and agricultural revolution, 16–17
multiple and intricate mechanisms, 18

Index



374

Human nutrition (cont.)
Neel’s hypothesis, 15–16
thrifty and drifty genotype hypotheses, 15
thrifty phenotype hypothesis, 16–18

genetic tendency, 20
human migration, 19–20
lifestyle changes, 20
nutritional balance

body weight set point, 10
energy-dense diet, 13–14
epigenetics, 9
feeding/intake of calories, 9
functional neuroimaging, 9
genetics, 9
hedonic obesity, 10–13
hunger hormone ghrelin, 11, 13
metabolic obesity, 9–10, 12
neurons, 10
optogenetic experiments, 12–13
peptides, 10
positive energy balance, 9
PVN, 10

obesity
classification, 8
comorbidities/metabolic syndrome, 6
energy balance, 8
grain-based desserts, 7
growth hormone deficiency, 8
hyperinsulinemia, 8
IGF-1, 8
medical complications, 6
metabolic syndrome, 8
overweight people, 6–7
PCOS, 8
polyunsaturated fat intake, 6
resting energy expenditure, 8
saturated fats, 6
self-destruction, 7
taxpayers, 7
treatments, 6–7
visceral adiposity, 8
WHR, 8

thermogenesis, 18–20
Hunger center, 39–40
Hypothalamic-pituitary-adrenal (HPA) axis

CRH, 279
PVN and functions, 38
stress, 279

Hypothalamus
afferent component, 30
amino acids, 30
ARC

AgRP, 35–36
α-MSH peptide, 36–37
in vitro and in vivo experiments, 34
low leptin signaling, 35
median eminence, 34
NPY, 35–36
NTS, 35
POMC, 34–37

populations, 34
pro-NPY, 34
proTRH, 34, 35
subset of neurons, 34

brainstem, 31–33, 41
DMN, 40
DNA methylation, 62–63
efferent component, 30
energy availability

fasting, 66–68
POMC, 63–66
up-and downregulation, 63

energy homeostasis
insulin, 43–44
Janus tyrosine kinases, 42
leptin, 41–42
PI3K pathway, 43
PTP1B, 43
STAT3, 42–43

feeding and energy expenditure, 30, 33
free fatty acids, 30
function of, 30
gene expression localization, 56
genetic/metabolic alterations, 34
genomic transcriptional analysis, 58–59
ghrelin, 30, 33
glucose, 30
histone H3 methylation, 62–63
hypothalamic cell line, 56–57
hypothalamic-feeding network, 30, 32–33
hypothalamic-pituitary axis, 30–31
in vivo methods, 57–58
LHA, 39–40
median eminence, 30
melanocortin receptors, 34
neuroendocrine and autonomic function, 30–32
neuronal disruptions, 34
peripheral hormones, 30
promoters

FANTOM site, 59–60
MC4R gene, 61
neural, 58–59
POMC, 59–61

PVN
ACTH, 39
α-MSH, 38
CART, 38
CRH, 38–39
GC function, 39
magnocellular divisions, 37–38
oxytocin, 37
parvocellular section, 37–38
TRH, 37, 44–45
vasopressin, 37

tissue-specific transcription, 55
transcription factors, 60–62
VMN, 40–41

Hypothalamus-pituitary-thyroid (HPT) axis
gene regulation, 258–259
thyroid hormone levels

Index



375

AHDS, 257
MCT8 and MCT10, 257
sulfation and glucuronidation, 257–258
TRH, 255, 256
TSH, 255–257

Hypothyroidism, 260, 261

I
Immature secretory granules (ISGs), 119–120
Inflammation

acute inflammation, 75
bacterial infection, 75
basal homeostatic state, 75
chronic inflammation, 75
CNS (see (Central nervous system))
hallmarks

activators, 76
HPA axis, 76–77
IKKβ, 77
IL-1, 76
LPS, 76
NF-κB activation, 77
NLRP3 ablation, 78
TLR activation, 77–78
TNFα, 76

Ingestive behavior
ghrelin, 359–360
GLP-1, 360–361
insulin, 357–359
leptin, 356–357

Inhibitor of kappa B kinase (IKK) signaling, 93
Innate invariant natural killer T (iNKT) cells, 234
Inositol-requiring protein-1 (IRE1), 87–88
Insulin receptor gene (INSR) mutations, 229
Insulin receptor substrate (IRS), 227, 229
Insulin receptor substrate 1 (IRS1), 88
Insulin signaling, 227–228
Interleukin-1β, 237
Interleukin-6 (IL-6), 236–237
ISRIB, 86

L
Laron syndrome (LS), 326–327
Lateral hypothalamic area (LHA), 39–40
Lateral hypothalamus (LH), 10, 12–13
Leptin receptor (LepRb), 63–64
Lipodystrophy, 214–215
Lipogenesis, 213–214
Liver kinase B 1 (LKB1), 145–146
Long noncoding RNA (lncRNA), 66
Low-density lipoprotein receptor (LDLR), 262
Luteinizing hormone (LH), 31

M
Mechanistic target of rapamycin (mTOR)

energy surplus and anabolic processes, 144
MBH-specific overexpression, 150

mTORC1, 144–145
mTORC2 function, 150–151
PI3K-dependent pathway, 149
Rags, 144
Rheb GTPase activity, 144
S6 K1 KO mice, 149–150

Medial prefrontal cortex (mPFC), 12
Median eminence (ME), 34, 79
Melanin-concentrating hormone (MCH), 39–40
Melanocortin receptor 3 (MC3R), 34
Melanocortin receptor 4 (MC4R), 34, 61
Melanocortin receptors (MSRs), 273–275
Melanocortin system

beta-endorphin
opioids, 275–277
POMC, 277, 278

immune function, 282–284
MCRs, 273–275
pain, 284–285
proopiomelanocortin, 271–273
stress

acute stress, 288–290
behavioral responses, 285–287
chronic stress, 290–293
food insecurity and obesity, 287–288
glucocorticoids, 280–281
hippocampus and amygdala, 280
HPA axis, 279, 280
obesity, 293–294
physiologic response, 281–282
psychogenic and emotional stressors, 278
SNS, 278–279

Melanocyte-concentrating hormone (MCH), 10
Metabolically healthy obese (MHO), 216
Metabolically obese but normal weight  

(MONW), 216, 217
Metabolic syndrome, 8
Mitofusin 1 and mitofusin 2 (MTF1/2), 93
Monocarboxylate transporters 8 and 10 (MCT8 and 

MCT10), 257
mTOR complex 1(mTORC1), 144–145
mTOR complex 2 (mTORC2), 144

N
Nescient helix-loop-helix 2 protein (NHLH2), 65–66
Neural risk factors

BOLD response, 353
brain-based predication and consequences, 355
brain response, 354

Neuroendocrine system, 242–243
Neuropeptide Y (NPY), 10, 34–36, 67
Neutrophils, 233
NF-κB pathway, 87
NG2, 79
Noncoding RNAs, 66
Nucleus accumbens (NAc), 12
Nucleus of the solitary tract (NTS), 35, 127
Nutrient sensors

AgRP, 142

Index



376

Nutrient sensors (cont.)
AMPK

activation results, 146
autophagy, 152
BAT-mediated thermogenesis, 152
CAMKKβ, 145
glucose, 151
ICV infusion, 151
LKB1, 145
mammals, 145

ARC, 141
energy homeostasis, 143
histone deacetylases

classes, 147
expression pattern and regulation, 152
FoxO1, 153–154
NAD+ dependence, 148–149
NAD+/NADH ratio, 147
neuronal SIRT1 expression, 152–153
N-terminal acetyltransferases, 146–147
protein, 146
SIRT1, 147–149
sirtuins, 147

hormonal and stress signals, 143
JAK2-STAT3 pathway, 142–143
mTOR

energy surplus and anabolic processes, 144
MBH-specific overexpression, 150
mTORC1, 144–145
mTORC2 function, 150–151
PI3K-dependent pathway, 149
Rags, 144
Rheb GTPase activity, 144
S6 K1 KO mice, 149–150

OGT, 154
PI3K-Akt pathway, 142
prohormone theory (see (Prohormone theory))

O
Obesity

adipokines (see (Adipokines))
food-specific aberrant response, 351–352
generalized reward sensitivity, 352
GI hormones

biosynthesis, 184
cholecystokinin, 187–189, 195
closed-type cells, 184
features, 194
ghrelin, 185–188
GLP-1, 189–190
GPCRs, 185
G proteins, 185
open-type cells, 184
oxyntomodulin, 192–193, 196
pancreatic polypeptide, 193, 196
PYY, 190–192, 196
RYGB, 194, 195
secretion, 184
somatostatin, 193
translational modifications, 184

glucose homeostasis, 226
growth hormone, 332–335
impulsivity, 352
inflammation, adipose tissue

BAT, 231–232
hyperlipidemia and hyperglycemia, 231
immune responses, 232–234
WAT, 231–232

insulin resistance
cellular and molecular stress, 228–229
definition, 226
glycogenolysis and gluconeogenesis, 230
IRS, 229
liver and muscle, 229, 230

insulin signaling, 227–228
melanocortin system, 293–294
thyroid hormone, 262–263
type 2 diabetes, 225

O-GlcNAcase (OGA), 154
O-GlcNAc transferase (OGT), 154
Oligodendrocytes (ODs), 79
Omentin-1, 241
Otsuka Long-Evans Tokushima Fatty (OLETF) rat, 242
Oxyntomodulin (OXM), 192–193, 196

P
Pancreatic polypeptide (PP), 193, 196
Paraventricular nucleus (PVN), 10

ACTH, 39
α-MSH, 38
CART, 38
CRH, 38–39
GC function, 39
magnocellular divisions, 37–38
oxytocin, 37
parvocellular section, 37–38
TRH, 37, 44–45
vasopressin, 37

PC1, see Prohormone convertase 1
PC2, see Prohormone convertase 2
PCs, see Prohormone convertases
Peptide tyrosine-tyrosine (PYY), 33, 190–192
Per-Arnt-Sim (PAS) kinases, 154
Periaqueductal gray matter (PAG), 115, 284–285
Periventricular nucleus (PeN), 62
4-phenyl butyric acid (4PBA), 85
Phosphatidylinositol-3-kinase (PI3K) pathway, 43
Phosphoinositide-dependent kinase 1 (PDK1), 43
Polycystic ovarian syndrome (PCOS), 8, 208
Polypeptide proopiomelanocortin (POMC), 271–273
POMC, see Pro-opiomelanocortin
POMC-processing enzymes PC2, 93
Portion size effect, 349–350
PPP1R15A, 86
PPP1R15B, 86
Pro-growth hormone-releasing hormone  

(pro-GHRH), 114
Prohormone convertase 1 (PC1), 95
Prohormone convertase 2 (PC2), 93–95
Prohormone convertases (PCs)

Index



377

7B2, 114
cellular and extracellular compartments, 111–112
hyperglycemia inflammation, 115
mammalian hormones, 111
PC1 and PC2, 112–114
PCSK9, 112
posttranslational processing, 111
processing enzymes, 115–116
serine proteases, 111–113
SKI-1, 112

Prohormone theory
amino acid sequences, 110–111
carboxypeptidase E and D, 155
CRH, 128–130
pancreatic insulinoma, 110
PCs

7B2, 114
cellular and extracellular compartments, 111–112
hyperglycemia inflammation, 115
mammalian hormones, 111
PC1 and PC2, 112–114, 155
PCSK9, 112
posttranslational processing, 111
processing enzymes, 115–116
serine proteases, 111–113
SKI-1, 112

POMC
ACTH, 126
ARC, 126–127
NTS, 127
PC1 and PC2, 128
posttranslational processing, 125–126

posttranslational proteolysis, 154–155
Pro-TRH

cellular and biochemical, 118–119, 122
C-terminal, 124
15 and 10 kDa peptides, 118–119, 123
Gln-His-Pro-Gly, 122–123
Lysi-Arg/Arg-Arg, 118–119, 123
MC4 receptor, 125
N-terminal flanking peptide, 123, 124
PC1 and PC2, 124
STZ-induced animals, 125
UCP1, 125

pulse-labeling protocol, 110
RSP

constitutive pathway secretion, 117
endocrine and neuroendocrine cells, 116–117
ER, 116–117, 122
GC, 119
intracellular sorting mechanism, 121
ISGs, 119–120
N-terminal pro-segment, 122
rat pro-TRH, 116, 118
SGs, 119
sorting signals, 118–119, 121–122
TGN, 118–119

SIRT1
ARC, 156
collaborative studies, 160–161

DIO, 158–161
genetic ablation, 158
ghrelin, 156
orexigenic vs. anorexigenic role, 158
orexins, 157
proCRH, 161–164
short-term refeeding, 157
SINKO, 156–157
Sprague-Dawley rat model, 155–156

vasopressin, 110
Pro-inflammatory adipokines

CCL2 and CCR5, 237–238
chemerin, 238
DPP-4, 238
interleukin-1β, 237
interleukin-6, 236–237
leptin, 235–236
RBP4, 238
resistin, 239
TNF-α, 236

Prolactin (PRL), 31
Promoter-bashing, 57
Pro-opiomelanocortin (POMC), 10, 34–37

ACTH, 126
ARC, 126–127
expression levels, 60–61
FoxO1, 64
homeobox transcription factors, 65
hypothalamic-specific genes, 60
initial studies, 59
Jak-Stat signaling pathway, 63
LepRb, 63–64
NHLH2 gene, 65–66
NTS, 127
PC1 and PC2, 128
PCSK1, 65
polymorphisms, 61
posttranslational processing, 125–126
Stat5, 63–64
transgenic mice, 59

Pro-protein convertase subtilisin kexin 9  
(PCSK9), 112

Protein kinase RNA (PKR)-like ER kinase  
(PERK), 85–86

Protein-tyrosine phosphatase 1B (PTP1B), 43
Pro-thyrotropin-releasing hormone (pro-TRH)

cellular and biochemical, 118–119, 122
C-terminal, 124
15 and 10 kDa peptides, 118–119, 123
Gln-His-Pro-Gly, 122–123
Lysi-Arg/Arg-Arg, 118–119, 123
MC4 receptor, 125
N-terminal flanking peptide, 123, 124
PC1 and PC2, 124
STZ-induced animals, 125
UCP1, 125

Q
Quantitative PCR, 58

Index



378

R
Rag proteins (Rag A-D), 144
Regulated secretory pathway (RSP)

constitutive pathway secretion, 117
endocrine and neuroendocrine cells, 116–117
ER, 116–117, 122
GC, 119
intracellular sorting mechanism, 121
ISGs, 119–120
N-terminal pro-segment, 122
rat pro-TRH, 116, 118
SGs, 119
sorting signals, 118–119, 121–122
TGN, 118–119

Resting energy expenditure (REE), 8, 260
Retinol-Binding Protein 4 (RBP4), 238
Roux-en-Y gastric bypass (RYGB), 194, 195

S
Secreted Frizzled-Related Protein 5 (SFRP5), 240–241
Secretory granules (SGs), 119
Senescent cells, 210
Serine/threonine kinase 11, 145–146
Signal transducer and activator of transcription 3 

(STAT3), 42–43
Signal transducer and activator of transcription 5 

(STAT5), 63–64, 322, 323
SIRT1 knockout (SINKO) model, 156–157
Somatostatin (SST), 193
Specificity protein 1 (Sp1), 64
S6 K1 knockout (S6 K1 KO) mice, 149–150
Stress

acute stress and body weight, 288–290
behavioral responses, 285–287
chronic stress and body weight

anorexia, 290, 291
cortisol habituation, 291
CRH, 292–293
glucocorticoids, 291, 292

food insecurity and obesity, 287–288
glucocorticoids, 280–281
hippocampus and amygdala, 280
HPA axis, 279, 280
obesity, 293–294
physiologic response, 281–282
psychogenic and emotional stressors, 278
SNS, 278–279

Stromal vascular fraction (SVF), 210
Subtilisin kexin isozyme 1 (SKI-1), 112
Suprachiasmatic nucleus (SCN), 62
Sympathetic nervous system (SNS), 278–279

T
Taurour-sodeoxycholic acid (TUDCA), 85
Thiazolidinedione (TZD), 234

Thyroid hormone
body weight regulation

direct and indirect effects, 261–262
hypothyroidism, 260, 261
obesity, 262–263
REE, 260

HPT axis (see (Hypothalamus-pituitary-thyroid axis))
weight loss effects, 263–264

Thyroid-stimulating hormone (TSH), 31, 255
Thyrotropin-releasing hormone (TRH), 10, 37, 44–45, 

115, 255
Toll-like receptor 4 (TLR4), 83
TRH-Gly, 115
Tumor necrosis factor-α (TNF-α), 236
Type 2 diabetes (T2D), 225

U
UDP-N-acetylglucosamine (UDP-GlcNAc), 154
Unc-51-like kinase 1 (ULK1), 146
Uncoupling protein 1 (UCP1), 18, 205, 231, 261
Uncoupling protein 2 (UCP2), 156
Unfolded protein response (UPR), 91
Upstream open reading frames (uORF), 86–87

V
Ventral tegmental area (VTA), 354
Ventromedial hypothalamus (VMH), 10, 40–41
Ventromedial nucleus (VMN), 40–41
Very low-density lipoprotein (VLDL), 88
Visceral adipose tissue-derived serine protease inhibitor, 

242

W
Waist circumference to hip circumference (WHR), 8
Weather forecast model, 16
White adipose tissue (WAT), 18

cellular and noncellular composition
adipocytes, 209–210
beige adipocytes, 206, 211
ECM, 210–211
intra-depot adipocyte heterogeneity, 211–212
lymph and vasculature, 210
senescent cells, 210
SVF, 210

depots, 206–208
endocrine, 212–213
inflammation, 231–232
lipodystrophy, 214–215
obesity, 215–216

X
X-box-binding protein-1 (XBP1), 87, 88, 91

Index


	Dedication
	Preface
	Contents
	Contributors
	Part I: Evolution and Origens of Obesity
	1: The Evolution from Lean to Obese State and the Influence of Modern Human Society
	1.1	 Introduction
	1.2	 Brain Evolution and Changes in Human Nutrition
	1.3	 Definition of Obesity
	1.4	 Nutritional Balance, Metabolic and Hedonic Set Point
	1.5	 Evolutionary Traits
	1.6	 Thermogenesis and Human Migration
	1.7	 Conclusions and Further Thoughts
	References


	Part II: The Hypothalamus
	2: Neuropeptides Controlling Our Behavior
	2.1	 Introduction
	2.2	 The Hypothalamus
	2.3	 The Arcuate Nucleus (ARC) of the Hypothalamus
	2.4	 Paraventricular Nucleus (PVN)
	2.5	 Lateral Hypothalamus Area
	2.6	 Dorsomedial Nucleus
	2.7	 Ventromedial Nucleus
	2.8	 Brainstem
	2.9	 Peripheral Signals Leptin and Insulin Involved in Energy Homeostasis
	2.10	 Conclusions
	References

	3: Transcriptional Regulation of Hypothalamic Energy Balance Genes
	3.1	 Transcriptional Mechanisms
	3.1.1	 Models and Cell Lines for Studying Hypothalamic-Specific Transcription
	3.1.1.1	 Gene Expression Localization
	3.1.1.2	 Hypothalamic Cell Lines
	3.1.1.3	 In Vivo Methods and Models
	3.1.1.4	 Genomic Transcriptional Analysis

	3.1.2	 Hypothalamic Promoter Regions
	3.1.3	 Hypothalamic Transcription Factors
	3.1.4	 DNA and Histone Modification
	3.1.5	 Transcriptional Up- and Downregulation Through Changes in Energy Availability
	3.1.6	 POMC Neurons in Response to Increased Energy Availability
	3.1.7	 Responses to Fasting and Reduced Energy Availability

	3.2	 Summary and Key Questions that Remain Unanswered
	References

	4: Brain Inflammation and Endoplasmic Reticulum Stress
	4.1	 Inflammation
	4.1.1	 Hallmarks of Inflammation
	4.1.2	 Central Nervous System (CNS) Components of the Inflammatory Process
	4.1.2.1	 Neurons Are Not Alone in the CNS
	4.1.2.2	 Hypothalamic Inflammation and Energy Homeostasis


	4.2	 Endoplasmic Reticulum Stress and Unfolded Protein Response
	4.2.1	 ER Stress and the Regulation of Energy Balance
	4.2.2	 Hypothalamic ER Stress and Neuropeptides

	4.3	 Conclusion
	References

	5: The Cell Biology Neuropeptide Hormones
	5.1	 Introduction
	5.2	 Origin of the Prohormone Theory and Biosynthesis of Inactive Prohormone Precursors
	5.3	 The Family of Prohormone Convertases (PCs) and Their Cellular Traffic and Action on Key Neuropeptide Prohormones: History of PCs on Prohormones
	5.4	 Traffic of Prohormones and Its Derivate Peptides to the Regulated Secretory Pathway
	5.5	 Pro-thyrotropin-Releasing Hormone
	5.6	 Pro-opiomelanocortin
	5.7	 Pro-corticotropin-Releasing Hormone CRH
	5.8	 Conclusions
	References

	6: Nutrient Sensors Regulating Peptides
	6.1	 Introduction
	6.2	 Cellular Nutrient Sensors
	6.2.1	 mTOR
	6.2.2	 AMPK
	6.2.3	 Histone Deacetylases: Sirtuins and Classical HDACs

	6.3	 Regulation of Energy Homeostasis by the Hypothalamic Nutrient Sensors
	6.3.1	 mTOR
	6.3.2	 AMPK
	6.3.3	 Histone Deacetylases: Sirtuins and Classical HDACs with Special Emphasis on SIRT1
	6.3.4	 Other Players

	6.4	 Prohormone Processing and Prohormone Convertases
	6.4.1	 SIRT1 Regulates POMC and AgRP Peptides
	6.4.2	 SIRT1 Regulates proCRH

	6.5	 Concluding Remarks
	References


	Part III: Peripheral Contributors Participating in Energy Homeostasis and Obesity
	7: Gastrointestinal Hormones Controlling Energy Homeostasis and Their Potential Role in Obesity
	7.1	 Introduction: General Aspects of Gastrointestinal Hormones
	7.2	 Ghrelin
	7.3	 Cholecystokinin
	7.4	 Glucagon-Like Peptide-1
	7.5	 PYY
	7.6	 Other Gastrointestinal Hormones
	7.7	 Gastrointestinal Hormones and Obesity
	References

	8: The Complexity of Adipose Tissue
	8.1	 Types of Adipose Tissue and Adipocytes
	8.2	 Depots and Depot Differences in AT
	8.3	 Cellular and Noncellular Composition of WAT/BAT
	8.4	 Endocrine Function of AT
	8.5	 Control of Lipolysis and Lipogenesis
	8.6	 Ectopic Fat Deposition/Lipodystrophy
	8.7	 AT Remodeling
	8.8	 Conclusion
	References

	9: Adipokines, Inflammation, and Insulin Resistance in Obesity
	9.1	 General
	9.2	 Insulin Signaling and Resistance
	9.2.1	 Insulin Signaling
	9.2.2	 Insulin Resistance

	9.3	 Inflammation in Adipose Tissue
	9.3.1	 Adipose Tissues
	9.3.2	 Immune Responses in Adipose Tissues

	9.4	 Adipokines
	9.4.1	 Pro-inflammatory Adipokines
	9.4.1.1	 Leptin
	9.4.1.2	 Tumor Necrosis Factor-α (TNF-α)
	9.4.1.3	 Interleukin-6
	9.4.1.4	 Interleukin-1β
	9.4.1.5	 CC Chemokine Ligand Type 2 (CCL2) and CC Chemokine Receptor Type 5 (CCR5)
	9.4.1.6	 Retinol-Binding Protein 4 (RBP4)
	9.4.1.7	 Chemerin
	9.4.1.8	 Dipeptidyl Peptidase-4 (DPP-4)
	9.4.1.9	 Resistin

	9.4.2	 Anti-inflammatory Adipokines
	9.4.2.1	 Adiponectin
	9.4.2.2	 Fibroblast Growth Factor 21 (FGF 21)
	9.4.2.3	 Secreted Frizzled-Related Protein 5 (SFRP5)
	9.4.2.4	 Bone Morphogenetic Protein (BMP)
	9.4.2.5	 Omentin-1
	9.4.2.6	 Apelin
	9.4.2.7	 Visceral Adipose Tissue-Derived Serine Protease Inhibitor (Vaspin)


	9.5	 Adipokines and the Neuroendocrine System
	References


	Part IV: Neuroendocrine Axes and Obesity
	10: The Thyroid Hormone Axis: Its Roles in Body Weight Regulation, Obesity, and Weight Loss
	10.1	 Introduction: The Hypothalamic-Pituitary-Thyroid Axis
	10.1.1	 The Regulation of Thyroid Hormone Levels
	10.1.2	 The Role of Thyroid Hormone in Gene Regulation

	10.2	 Thyroid Hormone’s Role in Body Weight Regulation
	10.2.1	 Thyroid Hormone Has Direct and Indirect Effects on Metabolism
	10.2.2	 Thyroid Hormone as a Treatment for Obesity

	10.3	 The Effects of Weight Loss on Thyroid Hormone
	10.4	 Conclusions
	References

	11: Obesity and Stress: The Melanocortin Connection
	11.1	 The Melanocortin System: Proopiomelanocortin
	11.2	 Melanocortin Receptors
	11.3	 Beta-Endorphin
	11.4	 The Stress Response: Overview
	11.5	 Melanocortins and the Physiologic Stress Response
	11.6	 Melanocortins and Immune Function
	11.7	 Melanocortins and Pain Pathways
	11.8	 Melanocortins and the Behavioral Responses to Stress
	11.9	 Stress and Body Weight Regulation
	11.9.1	 Food Insecurity and Obesity
	11.9.2	 Acute Stress and Body Weight
	11.9.3	 Chronic Stress and Body Weight
	11.9.4	 Obesity-Induced “Stress”

	11.10	 Conclusions
	References

	12: Obesity and the Growth Hormone Axis
	12.1	 Introduction to the growth hormone/insulin-like growth factor (GH/IGF-1) Axis
	12.2	 Role of GH in Nutrient Metabolism
	12.3	 Clinical Conditions and Mouse Lines with Alterations in the GH Axis
	12.3.1	 Acromegaly and Gigantism
	12.3.2	 Growth Hormone Deficiency (GHD)
	12.3.3	 Laron Syndrome (LS)
	12.3.4	 Mouse Lines
	12.3.5	 Increased GH Action
	12.3.6	 Decreased GH Action

	12.4	 Adipose Tissue and GH
	12.4.1	 Body Composition
	12.4.2	 Adipokines
	12.4.3	 GH Alters AT in a Depot-Specific Manner
	12.4.4	 GH as a Treatment Modality for Obesity? Pros vs Cons

	References


	Part V: Nutrition
	13: Brain, Environment, Hormone-Based Appetite, Ingestive Behavior, and Body Weight
	13.1	 Theoretical Underpinnings of Appetite Regulation
	13.1.1	 Conflicting Theories of Hedonically Motivated Food Intake
	13.1.2	 Dynamic Theory of Hedonically Motivated Food Intake

	13.2	 Environmental Contributors to Hedonically Motivated Overeating
	13.2.1	 The Impact of Food Volume Driving Intake
	13.2.2	 Impact of the Environment on Food Intake
	13.2.3	 Individual Differences in Environmental Response

	13.3	 Aberrant Neural Response Associated with Obesity
	13.3.1	 Food-Specific Aberrant Response in Obesity
	13.3.2	 Generalized Reward Sensitivity and Impulsivity

	13.4	 Neural Risk Factors, Brain-Based Prediction, and Consequences of Overeating and Weight Gain
	13.4.1	 Neural and Genetic Risk Factors of Overeating and Weight Gain
	13.4.1.1	 Genetic Influences on Brain Response to Food and Weight Regulation

	13.4.2	 Brain-Based Predication and Consequences of Weight Gain and Overeating

	13.5	 Neuroendocrine Systems and Ingestive Behavior in Humans
	13.5.1	 Leptin
	13.5.2	 Insulin
	13.5.3	 Ghrelin
	13.5.4	 Glucagon-like Peptide-1

	References


	Index

