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Abstract

Obesity, a pathologic state defined by excess adipose tissue, is a significant public health problem
as it affects a large proportion of individuals and is linked with increased risk for numerous
chronic diseases. Obesity is the result of fundamental changes associated with modern society
including overnutrition and sedentary lifestyles. Proper energy homeostasis is dependent on
normal brain function as the master metabolic regulator which integrates peripheral signals,
modulates autonomic outflow and controls feeding behavior. Therefore, many human brain
diseases are associated with obesity. This review explores the neuropathology of obesity by
examining brain diseases which either cause or are influenced by obesity. First, several genetic
and acquired brain diseases are discussed as a means to understand the central regulation of
peripheral metabolism. These diseases range from monogenetic causes of obesity (leptin
deficiency, MC4R deficiency, Bardet-Biedl syndrome and others) to complex neurodevelopmental
disorders (Prader-Willi syndrome and Sim1 deficiency) and neurodegenerative conditions
(frontotemporal dementia and Gourmand’s syndrome) and serve to highlight the central regulatory
mechanisms which have evolved to maintain energy homeostasis. Next, to examine the effect of
obesity on the brain, chronic neuropathologic conditions (epilepsy, multiple sclerosis and
Alzheimer’s disease) are discussed as examples of obesity leading to maladaptive processes which
exacerbate chronic disease. Thus obesity is associated with multiple pathways including abnormal
metabolism, altered hormonal signaling and increased inflammation which act in concert to
promote downstream neuropathology. Finally, the effect of anti-obesity interventions is discussed
in terms of brain structure and function. Together, understanding human diseases and anti-obesity
interventions leads to insights into the bidirectional interaction between peripheral metabolism and
central brain function, highlighting the need for continued clinicopathologic and mechanistic
studies of the neuropathology of obesity.

[. Introduction

Obesity is a pathologic state defined by an excessive accumulation and maintenance of
adipose tissue. While direct measures of adiposity are possible such as dual energy X-ray
absorptiometry scanning, obesity is often inferred using surrogate markers including body
mass index (BMI) because increased body mass is generally associated with excess adipose
tissue. Worldwide, obesity rates as measured by BMI have almost doubled since 1980 with
~35% of adults being overweight and ~11% of adults being obese. [190] In the United
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States, obesity rates are significantly higher at ~35% for adults and ~15% for children.
[60,192] Indeed, obesity appears to be linked to societal modernization and, remarkably,
65% of the world’s population live in countries where mortality linked with being
overweight or obese is higher than mortality due to being underweight. [190]

In evolutionary terms, humans have only recently been living in environments where
sources of cheap, abundant, high calorie food are readily available. Rather, the scarcity of
food was a driving force in the development of refined homeostatic mechanisms to protect
organisms from starvation. These pathways are now operating under conditions of a
sustained positive energy balance, contributing to a variety of chronic diseases including
diabetes and vascular disease. Indeed, the trio of central obesity, insulin resistance,
dyslipidemia and hypertension are defining hallmarks of “metabolic syndrome.” The
neuropathology of obesity which we describe below is linked to alterations in the
homeostatic pathways that regulate energy homeostasis, and these changes are associated
with increased risk for several neuropathologic conditions.

The goal of this review is to use human diseases associated with obesity to understand both
how the brain regulates energy homeostasis and how the brain is influenced by the obesity-
related changes. Overall, a general model emerges in which multiple brain circuits cross-
regulate each other to affect autonomic neuronal pathways and endocrine organs (thereby
directly affecting energy homeostasis), appetite (drive to eat), satiety (sensation of
satisfaction or fullness) and food pleasure (palatability and reward derived from food). The
hypothalamus and the dorsal medulla act as the two main hubs which receive and integrate
peripheral signals which then cross-regulate each other and communicate with higher brain
regions such as the anterior forebrain mesolimbic reward system (Figure 1). Furthermore,
obesity is associated with fundamental changes in peripheral metabolism resulting in
alteration of the hormonal, metabolic and inflammatory milieu — all of which may promote
various chronic neurologic diseases. In as much as it is possible, this review strives to
discuss the neuropathology of human obesity, although particularly salient references to
other components of metabolic syndrome, to animal models of obesity, and to human
radiologic findings are also included. We emphasize the pathways linked to obesity, rather
than diabetes and cerebrovascular disease which can occur in the absence of obesity. To
explore this topic, basic concepts are introduced including those related to energy
homeostasis and lipid metabolism, followed by a discussion of the role of the brain in
regulating an integrated physiologic network. Second, selected brain diseases which are
associated with obesity are described which highlight the central nervous system (CNS)
pathways which regulate peripheral metabolism. Third, the deleterious effects of increased
adiposity and altered metabolism on the CNS are discussed in terms of how abnormal
metabolic, humoral and inflammatory states can affect CNS structure and function. Finally,
anti-obesity interventions are discussed in terms of their effects on brain structure and
function.

Il. Fundamental Concepts in Obesity

Energy Homeostasis

Obesity results from a chronic disruption in energy homeostasis. Energy homeostasis is the
steady-state balance of energy intake versus energy expenditure, and organisms including
humans have evolved multiple mechanisms to maintain energy homeostasis. The
fundamental biological units of energy are energy-rich molecules such as phosphocreatine,
adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide (NAD+) which are
used for nearly all biological functions from maintenance of transmembrane ion gradients,
intracellular signaling, neuronal signaling, protein synthesis, etc. We ingest food to supply
energy, primarily in the form of carbohydrates, fats and proteins (and alcohol) which are
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broken down and absorbed by the digestive tract. Within cells, nutrients are taken up and
used as fuel in a process whereby glucose, fatty acids and amino acids are hydrolyzed to
generate ATP, carbon dioxide, water and heat. This process of obtaining and digesting
nutrients accounts for the input side of the equation that defines energy homeostasis. The
regulation of feeding behavior, and therefore energy intake, represents one major means
whereby the CNS affects energy balance. Feeding behavior can be viewed as the final
outcome of appetite, satiety and pleasure sensations, all of which are dependent on the CNS.
Dysregulation of feeding behavior contributes to high obesity rates, in part due to the high
prevalence of inexpensive palatable foods that promote overfeeding.

On the other side of the equation, multiple processes contribute to energy expenditure
including basal metabolic rate, non-shivering thermogenesis, diet-induced thermogenesis,
and physical activity. Basal metabolic rate is the energy used in an awake, fasted, rested and
supine individual in which there is an energy-neutral temperature environment.
Mechanistically, this energy corresponds to the cellular and physiologic processes which are
essential to life, ranging from protein synthesis and basic biochemical processes to muscle
tone, and cardiovascular and brain function. BMR corresponds roughly to 60-70% of total
energy expenditure, and increases with overall body weight as the basal metabolic demand
increases with increased body mass. [184,206] Notably, although the brain roughly
corresponds to about 2% of total body mass, the brain is responsible for 20% of total oxygen
consumption/energy expenditure. [223] In contrast, skeletal muscle uses an equivalent
amount of energy, but accounts for greater than 40% of body mass. [71,90] Indeed, the
human brain exhibits a particularly high metabolic requirement which may be intimately
linked to our dietary choices. Several factors correlate with BMR including adipose tissue
mass and age, which together account for ~70% of the inter-subject variance in BMR. [90]
Differences in sympathetic tone are another factor which regulates BMR, representing the
outflow of neural signaling from the CNS to the periphery. [259,90]

Thermogenesis is another factor which contributes to energy expenditure. Sympathetic
regulation of brown adipose tissue is used by some organisms to regulate body temperature
in which adipocytes uncouple mitochondrial respiration leading to heat generation.
Significant heat is generated in newborn humans due to brown adipose tissue-dependent
thermogenesis. Although thermogenesis was thought to be a minor component of adult
human energy expenditure, recent evidence suggests that humans do have brown adipose
tissue depots which are regulated by ambient temperature. [61,251,256] Energy can also be
used in a process called dietary-induced thermogenesis which is the increase in energy
expenditure after eating due to digestion, absorption and dispersion of nutrients to target
cells.

One final biological process which contributes to energy expenditure is physical activity.
Importantly, except in the case of endurance athletes, physical activity is actually
responsible for a relatively small proportion of total energy expenditure on the order of 20—
30%. [90] However, physical activity is also the most malleable of these three biological
processes in that it is difficult to consciously alter BMR or thermogenesis. Indeed, the
increase in obesity rates in the United States is at least in part due to sedentary lifestyles.

Integrated Physiology and Energetics

Organisms are able to regulate energy balance with exquisite control. Adipose tissue is by
far the main depot of stored energy. A normal, lean 70 kg male has ~12 kg of adipose tissue
at ~9.5 kcal/gram (corresponding to ~110,000 kcal or enough fuel to last nearly two
months). In contrast, less than 500 grams of carbohydrate is stored in the human body in the
form of liver and muscle glycogen which at ~4 kcal/gram only yields 2000 kcal,
corresponding to one day of energy. [201] However, because glycogen stores are tapped
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before fat stores, individuals who eat regular meals may not utilize fat stores. We have
evolved multiple mechanisms which protect and maintain adequate adipose tissue mass, and
only under chronic exposure to over-nutrition and sedentary lifestyles does obesity ensue.
As adipose tissue represents the main energy store for organisms, the maintenance of
adipose tissue is a long-term process. In contrast, mechanisms also exist that regulate short-
term processes including satiety mechanisms which limit meal size. As the CNS does not
use lipids as an energy source, relying almost exclusively on glucose, mechanisms have
evolved to maintain carbohydrate levels. Alternatively, under conditions of starvation or in
particular diet configurations (high fat, adequate protein, low carbohydrate ketogenic diets),
the liver can use acetyl-CoA, a product of lipolysis, to generate the ketone bodies f3-
hydroxybutyrate, acetoacetate and acetone which can be used by the brain as an alternative
fuel source. Ketogenic diets are prescribed for certain types of epilepsy, and ketosis appears
neuroprotective through multiple through various mechanisms. [151] Indeed, intermittent
energy restriction and exercise have been proposed as a means to promote brain health.
[163]

How does the periphery influence the brain and, conversely, how does the brain regulate
peripheral metabolism? Peripheral organs send signals to the CNS via three routes: humoral,
metabolic and neural. Humoral factors include hormones secreted by peripheral organs
including the pancreas, adipose tissue and the gastrointestinal tract (Figure 1). These
hormones are found in the peripheral circulation, and in some instances are specifically
transported to neuronal populations expressing target receptors. Metabolic factors include
carbohydrates, lipids, ketones, alcohols, amino acids and other metabolites which are used
for energy and as building blocks of cell structures (membranes, cytoskeleton, extracellular
matrix etc.). Finally, the autonomic nervous system transmits signals from peripheral organs
to the CNS. No other organ is capable of the remarkable integration of these humoral,
metabolic and neuronal signals. After integrating these diverse signals, the brain can alter
sympathetic and parasympathetic tone in order to regulate peripheral metabolism via
autonomic neuronal pathways, directly altering target organ function. In addition to the
autonomic nervous system, the CNS also regulates appetite, satiety, motivation, feeding
behavior, and exercise behavior. Thus the brain can be considered the master regulator of
energy homeostasis, monitoring short-term energy intake and long-term energy stores in
order to modulate both energy intake and energy expenditure.

The Obesogenic Brain

Understanding the CNS in context of whole body energy homeostasis and an integrated
physiologic network leads to the possibility that the evolution of the human brain drives our
innate desire for high calorie, high fat foods. A comparison of primates including humans
shows a tight relationship between total body mass and BMR. [143] However, the human
brain represents 20 to 25% of BMR. In contrast, non-human primate brains are responsible
for 8 to 10% of BMR, and this drops to 5% or less for non-primate mammals. Indeed, a
study of brain weight and BMR across 57 species demonstrates that humans represent an
obvious outlier with a very high brain weight to BMR ratio. [143] Stated another way, for a
given BMR, non-human primates have brain weights three times larger than non-primate
mammals, and similarly human brains are three times heavier than non-human primates.
[143] This large allocation of BMR to the CNS raises the question of whether human
nutrition has evolved to support the large energetic demands of the brain. Hominin brains
have tripled in size over the last 4 million years, with the greatest increases in brain size
occurring within the last ~2 million years with the emergence of the Homo genus. This
encephalization coincided with a dietary change to foods including animal sources that are
denser in terms of both energy and fat, the latter providing essential long-chain
polyunsaturated fatty acids (docosahexaenoic acid and arachidonic acid) that are required for
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brain development. Increased brain mass coincided with changes in diet, the use of tools, the
cultivation of stable food sources, and the development of methods for efficient calorie
extraction such as cooking. This suggests that the evolution of the human brain is linked
with our innate human drive for consumption of high calorie, high fat foods. [143] Thus,
perhaps the human drive for high calorie foods is in part due to the high energetic demands
of our brains. That is, the evolution of the human brain was linked to our drive for energy
dense foods such that humans are particularly susceptible to obesity.

lll. Neuropathology of Obesity-related Conditions

There are multiple CNS-based humoral and neural mechanisms that regulate energy
homeostasis. In this section, various neuropathologic conditions associated with obesity will
be described which highlight different types of mechanisms used by the human brain to
regulate peripheral metabolism. Instead of providing an exhaustive list of CNS causes of
obesity, the purpose of this section is to highlight particular diseases or manipulations which
highlight how the CNS regulates energy homeostasis. Although there is significant overlap
and cross-talk between these various mechanisms, these conditions are broadly categorized
into peripheral to central hormonal signaling, peripheral to central neural signaling, and
central signaling networks. Thus human diseases will be used to provide insights into how
the human brain regulates energy homeostasis. A simplified model consists of two main
signaling hubs, the hypothalamus which receives and integrates peripheral hormonal signals
in order to affect appetite and the dorsal medulla which receives and integrates vagal signals
in order to affect satiety (Fig 2B-D). These hubs cross-regulate each other and higher brain
regions, such as the mesolimbic reward system which regulates feelings of reward and
pleasure associated with food. Thus a complex system has evolved in which diverse signals
and neural circuits act in concert to regulate energy homeostasis.

Classical Neuropathology of Obesity: The Neuroanatomic Basis of Obesity

The neuropathologic basis of obesity was firmly established in the classic descriptions of
various hypophyseal or hypothalamic syndromes. Probably the earliest description of a
pituitary tumor in association with obesity was published in 1840 by Mohr, although a
cause-effect relationship between hypophyseal tumors and obesity was not surmised until a
pair of publications by Babinski in 1900 and Fréhlich in 1901. [20,36,39,171] These case
reports described the clinical and pathologic features of what has been variably termed
adiposogenital dystrophy, Fréhlich syndrome, Babinski-Frohlich syndrome or hypothalamic
infantilism-obesity. In Frohlich’s case, histology of a sellar tumor showed “an abnormality
of the pituitary in a precancerous stage” while Babinski described “an epithelioma
developed from the epithelium of the pituitary gland ... of Malpigian type”. [20,36]
Clinically, these cases of hypothalamic obesity were complex disorders characterized by
headaches, changes or loss of vision, obesity and “infantilism” (i.e. hypogonadism) in the
absence of acromegaly (the latter which was gaining recognition as a manifestation of
pituitary tumors through the works of Pierre Marie and Harvey Cushing).

Hypogonadism in these cases is now known to be due to hypopituitarism, namely the
disruption of the gonadotropin-releasing hormone-gonadotropin axis. In contrast, obesity is
more attributed to damage to hypothalamic brain regions which regulate appetite and energy
homeostasis. We now know that any pathology which causes structural damage to the
hypothalamus can lead to obesity including neoplasms (craniopharyngiomas,
macroadenomas of the pituitary, meningiomas, gliomas, germ cell tumors, metastatic
tumors), vascular malformations, radiation-induced damage, sarcoidosis and other
inflammatory conditions. [200] The incidence of hypothalamic obesity is rare, given that the
most common cause of hypothalamic structural damage leading to obesity are
craniopharyngiomas which occurs at a rate of 1.3 cases per one million person years. [43]
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These diverse lesions typically do not demonstrate specificity with regards to a particular
anatomic region, limiting our ability to draw detailed mechanistic knowledge from these
cases in terms of the neuronal circuits or signaling pathways which regulate appetite and
energy expenditure (see Figure 2A). Despite this variability, hypothalamic obesity is
generally associated with damage to the medial hypothalamus which is linked to variable
levels of hyperphagia, autonomic dysfunction, decreased energy expenditure, increased
somnolence and hormonal abnormalities. [200] The relative contribution of various
hypothalamic (or pituitary) regions to each of the phenotypes cannot easily be discerned.
However, there is clearly an anatomic means for regulating peripheral metabolism.

Classic lesion studies on rats showed that damage to the medial hypothalamus, more
specifically the ventromedial hypothalamus (VMH), resulted in hyperphagia and obesity.
Similarly, lesions at the same level in the lateral hypothalamic area (LHA) resulted in
aphagia. [12] These two experimental findings led to the dual-center hypothesis in which the
VMH contains a satiety center which is reciprocally connected to the LHA which contains a
feeding center. These findings were challenged later by apparently more precise lesion
experiments and neuroanatomic studies, [95,248,235,148] and undoubtedly represent an
oversimplification of the hypothalamic regulation of feeding and energy expenditure. [127]
As will be discussed below, there is now substantial evidence that many neurochemically
distinct populations of hypothalamic neurons including those within the VMH, LHA and
arcuate nucleus lie at the junction between peripheral signal detection and central neuronal
circuits that influence energy homeostasis.

Another classic CNS cause of obesity was described by Harvey Cushing in 1932 in which
basophil adenomas of the pituitary gland were associated with clinical features including
truncal obesity of what is now known as Cushing’s syndrome. [37,58] The mechanism of
obesity due to Cushing’s disease is fundamentally different than that of hypothalamic
obesity. In Cushing’s disease, ACTH secreting tumors in the anterior pituitary result in
hypercortisolemia, promoting protein catabolism (accounting for peripheral muscle wasting)
which is used by the liver for gluconeogenesis, leading to hyperglycemia and
hyperinsulinemia which results in increased adipose tissue (accounting for truncal obesity).
Although this review will not further explore the neuroendocrine control of metabolism via
the pituitary gland, it should be recognized that the CNS directly regulates pituitary
hormones and neuroendocrine diseases can lead to peripheral obesity through a variety of
peripheral mechanisms.

Hormonal Signals from the Periphery: Leptin

The detection and transmission of peripheral signals of metabolic status is one key function
whereby the CNS regulates body weight. While the increase in energy-dense foods and
sedentary lifestyles undoubtedly contribute to obesity, there is a genetic component which
confers risk to developing obesity because adiposity is highly heritable with an estimated
genetic contribution of ~60-85%. [81] While most forms of human obesity are polygenic
and multifactorial, obesity can be associated with single genetic defects. These monogenic
forms of obesity have led to several mechanistic insights, and remarkably most of the
monogenic forms of obesity demonstrate that the CNS is the master regulator of energy
homeostasis. The first monogenic cause of human obesity to be discovered is leptin
deficiency. [172] Multiple reports have demonstrated that homozygous frameshift or
missense mutations in the Ob gene which encodes for leptin is associated with severe, early
onset obesity, voracious hyperphagia, hyperinsulinemia and accelerated bone aging.
[80,172,191,237] Immunologic abnormalities and hypogonadotrophic hypogonadism were
also observed in some individuals. [80,191] This clinical phenotype is remarkably similar to
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that observed in mice with congenital leptin deficiency. [81] Mutation of the human leptin
receptor also leads to obesity and pituitary dysfunction. [51]

Leptin is a hormone secreted by adipose tissue, and in normal individuals, circulating leptin
levels correlates with adipose tissue mass. [137] Leptin receptor is a cytokine receptor
family member which is alternatively spliced into multiple isoforms. The longest isoform,
LRb, is the only isoform containing a signaling-competent intracellular domain, and is
expressed in distinct neuronal subsets within the brain, in particular neurons of the arcuate
nucleus of the hypothalamus, and also other hypothalamic, brainstem and cerebrocortical
neurons. [137] Leptin has pleiotropic effects and regulates energy expenditure, feeding
behavior, locomotor activity, bone mass, growth, thermogenesis, fertility, life span, adrenal
function and thyroid function. Overall, these effects are most consistent with the absence of
leptin acting as a signal of starvation. [6] Thus leptin-deficient humans (and rodents)
essentially develop a complex phenotype which includes severe obesity and hyperphagia
because leptin-responsive neurons respond to the absence of leptin by modulating CNS
pathways meant to protect organisms from starvation. [6] Indeed, treating leptin-deficient
individuals with leptin leads to a remarkable reversal of obesity, hyperphagia and diabetes
consistent with leptin treatment acting as a satiety factor that signals to the CNS that adipose
stores are adequate. [79,80,145]

The original cloning of leptin was met with hopes that this hormone would lead to a
treatment for polygenic obesity. [24] However, polygenic obesity is associated with
hyperleptinemia, [152] resulting in a state of relative leptin resistance such that physiologic
responses to exogenous leptin are blunted and ineffective at reducing adiposity. [137] A
further complication of obesity is that weight reduction from an obese state is associated
with a drop in leptin levels which is then perceived as a state of relative starvation,
promoting weight gain. [89,207,218] Stated another way, the brain is relatively insensitive
to rising levels of leptin but is exquisitely sensitive to reduced leptin levels. This can be
considered an evolutionarily advantageous system as it allows for excess energy storage
when resources are transiently available but drives feeding behavior under more limiting
conditions. However, leptin signaling becomes maladaptive under modern circumstances
when the availability of excess calories is constant and not transient.

Leptin may also affect the structure of CNS neuronal circuits. Leptin deficiency has
pleiotropic effects on neuronal morphology and connectivity during development. Mice
normally exhibit a large postnatal surge in circulating leptin independent of any metabolic
effect which was suggested to be involved in postnatal brain development. [4,5] Indeed, the
brains of leptin deficient (ob/ob) mice are smaller and have synaptic protein alterations, both
of which are partially reversed by exogenous leptin treatment. [3] At this point in
development, hypothalamic circuits are functionally and structurally immature. Leptin may
regulate hypothalamic circuit development via neurotrophic signaling during this critical
developmental period, and impaired leptin signaling results in long-term alterations in
hypothalamic structure and function. [34,35,273] In considering the development of
hypothalamic circuits in humans, the mouse brain is considerably less mature than the
human brain at birth and the leptin-sensitive developmental period in humans is likely the
last trimester of pregnancy. [50,130] Leptin is indeed detectable in fetal cord blood as early
as 18 weeks of gestation with dramatic increases in leptin levels after 34 weeks gestation,
although a “surge” in leptin has not been documented. [120] However, human congenital
leptin deficiency is associated with neurocognitive deficits and radiologic structural
abnormalities in multiple brain regions and changes in mesolimbic reward system activation,
each of which can be reversed upon exogenous leptin treatment. [160,194,21,78]
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Integration of Hormonal Signals: Hypothalamic Circuits

Although leptin receptors are widely expressed in neurons throughout the brain, leptin action
on neurons within the arcuate nucleus of the hypothalamus is best understood (see Figure
2B). Two distinct populations of neurons are found within the arcuate. When leptin levels
are low due to fasting, neurons expressing the orexigenic neuropeptides agouti-related
protein (AGRP) and neuropeptide Y (NPY) are activated, with a concomitant inhibition of
neurons coexpressing anorexic neuropeptides cocaine and amphetamine-related transcript
(CART) and pro-opiomelanocortin (POMC). Arcuate neurons form synapses with multiple
second-order neurons, including strong projections to several hypothalamic nuclei including
the lateral hypothalamic area (LHA) and the paraventricular nucleus (PVN). LHA neurons
express orexigenic neuropeptides (melanin concentrationg hormone and orexins) while PVN
Neurons express anorexic neuropeptides (corticotrophin-release hormone, thyrotropin-
releasing hormone and oxytocin). Indeed, oxytocin PVN neurons that project to the
hindbrain and spinal cord are particularly critical for controlling acute feeding behavior in
mice. [18] Leptin’s effects on these hypothalamic circuits are neuromodulatory, in essence
stimulating or repressing various neuronal circuits which regulate appetite and feeding
behavior. For example, arcuate neurons convert POMC into alpha-melanocyte-stimulating
hormone (aMSH) which binds to and activates melanocortin receptors. In contrast, AGRP is
a potent antagonist of melanocortin receptors. Melanocortin receptors (MC3R and MC4R)
are expressed on PVN neurons and stimulation of melanocortin receptors decreases appetite
and feeding behavior. Thus the brain has evolved a mechanism whereby the relative balance
of aMSH versus AGRP secretion on PVN neurons regulates appetite and feeding behavior.

The importance of the melanocortin pathway is highlighted by the fact that heterozygous
mutations of MC4R are a surprisingly common cause of monogenic obesity with an
estimated prevalence of ~1 in 1100. [81,11,249,271] The involvement of impaired
“melaonocortin-tone” in the development of human obesity is further demonstrated by
multiple reports of mutations in POMC associated with hyperphagia and obesity.
[131,132,47] The hypothalamic circuitry which regulates appetite and feeding behavior is
obviously more complex than presented here. Important extra-hypothalamic projections,
which are discussed later in this article, include connections to more caudal brain areas such
as the dorsal vagal complex within the medulla and to higher brain regions such as the
mesolimbic reward system hippocampus and prefrontal cortex.

Abnormal Signal Detection: Bardet-Biedl Syndrome

Bardet-Biedl syndrome (BBS) is another example of a monogenic cause of obesity which is
linked to the abnormal detection of peripheral signals. BBS is clinically heterogeneous but is
associated with six core features: obesity, retinal dystrophy, renal abnormalities,
polydactyly, learning disability and urogenital tract deficits. [98] BBS is a rare, generally
autosomal-recessive disorder with a prevalence of ~1 in 160,000 in European populations
which can increase to 1in 13,500 in certain populations with high consanguinity such as
isolated areas of Canada and the Middle East. [84,103] Obesity affects 72-92% of BBS
patients. [84] Even when comparing BBS patients to control subjects with a similar BMI,
BBS patients exhibit higher fat mass and increased visceral fat. [82,97] Furthermore,
heterozygous BBS carriers exhibit increased rates of obesity. [56] Thus far, mutations in 16
genes account for ~80% of BBS cases. BBS is the prototypic ciliopathy; all of the BBS
proteins analyzed thus far localize to the basal body or the ciliary axoneme and BBS genes
are restricted evolutionarily to ciliated species. [103] Cilia are thin projections found on
virtually all mammalian cell types and play a critical role sensing of extracellular signals and
transmitting these signals intracellularly to affect various cellular processes including gene
transcription, cell division and cell differentiation. [224] Although reports of postmortem
neuropathologic examination of BBS are scarce, [166] MRI imaging of BBS individuals has
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revealed various CNS abnormalities including empty sellae, cerebellar vermis hypoplasia,
hippocampal dysgenesis, cortical dysplasia and cerebral and/or cerebellar atrophy.
[8,23,26,29,123,210,225]

The dominant theory explaining obesity in BBS is abnormal leptin receptor signaling due to
defective cilia. BBS patients are hyperleptinemic which is not surprising given that obesity
leads to hyperleptinemia. [82] BBS mutant mice are also hyperleptinemic and obese, but
also exhibit increased leptin levels even at an early age when body weights were equivalent
to normal control mice, suggestive of a primary leptin signaling defect. [203] Furthermore,
leptin resistance was observed in BBS mutant mice even after caloric restriction. [219] BBS
mice also demonstrated hyperphagia, decreased locomotor activity, and a blunted response
to exogenous leptin, all consistent with leptin resistance contributing to maintenance of
obesity. [203] On a molecular level, BBS1 protein may interact directly with leptin receptor
and regulate leptin receptor trafficking. [219] Interestingly, not all leptin-responsive
pathways are equally affected by BBS mutations. For example, activation of the
anorexigenic POMC gene is blunted while the expression of orexigenic AgRP and NPY
genes are normal. [203,219] This is consistent with another study which showed that
disruption of intraflagellar transport in POMC neurons leads to hyperphagia and obesity.
[64] Others have argued that obesity seen in ciliopathies may not be primarily due to leptin
receptor signaling defects per se, but rather more complex mechanisms, perhaps associated
with other signaling pathways, neurodevelopmental defects or neurodegenerative processes.
[30] Regardless, given the role of the primary cilium in detecting and integrating
extracellular signals, BBS demonstrates that a molecular defect linked to signal detection in
key neurons which regulate energy homeostasis can lead to obesity.

While we focused here on leptin-related signaling pathways, multiple hormonal signals
including insulin, adiponectin and ghrelin are believed to directly modulate CNS neurons.
[138] In particular, the hormone ghrelin is secreted by fundic cells in the stomach and is
highest before meals and during periods of fasting, falling postprandially. Ghrelin binds to
the growth hormone secretagogue receptor, a G protein-coupled receptor expressed by
several neuronal populations including vagal afferents, the hypothalamic arcuate neurons,
and neurons within the hypothalamic ventromedial nucleus. [22,102] Ghrelin thus serves as
an orexigenic signal increasing appetite and feeding behavior, in many ways counter to the
effects of leptin. [138]

Neural Signaling from the Periphery

Bariatric surgery (gastric bypass and gastric banding surgery) is a highly effective treatment
for morbid obesity. The effectiveness of bariatric surgery is linked to effects on curbing
hunger (i.e. promoting satiety), changes in metabolism and alterations in food preferences,
many of which are dependent on the CNS. [135,136,204,31] Understanding the neural
connections between the gastrointestinal system and the brain highlights the role of neural
signaling from the periphery to the CNS in the development and treatment of obesity. While
the primary role of the gastrointestinal tract is to digest and absorb nutrients, it also plays a
role in energy homeostasis via mechanoreceptors and chemosensors which detect the
amount and quality of food intake. Gastric distension leads to vagal stimulation due to the
secretion of serotonin from gastric enterochromaffin cells or due to direct stimulation via
stretch receptors. [100,138] The small intestine also responds to nutrients by secreting
various satiety signals including cholecystokinin (CCK), peptide Y, serotonin, glutamate,
enterostatin and glucagon like peptide-1. For example, CCK is a satiety hormone, but unlike
leptin CCK does not act directly on the brain but rather has paracrine activity, binding to
receptors on local vagal sensory afferent terminals. [100] Indeed, numerous gastrointestinal
signals are integrated by vagal afferents and transmitted to the hindbrain, namely the
medullary dorsal vagal complex and in particular the nucleus of the solitary tract (NTS, see
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Figure 2C). [100] Numerous projections from the NTS regulate peripheral metabolism and
are related to obesity, including projections to the hypothalamus, mesolimbic reward areas
and higher brain regions. One relatively simple circuit is a projection from the NTS to the
visceral sensory thalamus which integrates gut signals and sends projections to the visceral
sensory neocortex, resulting in the conscious feeling of fullness and satiety. [100,138]

With the sole exception of ghrelin, the net effect of gut-to-brain signaling is to inhibit short
term food intake and limit meal size. [138] Notably, experimental models suggest that gut-
to-brain signals are most important in the regulation of short term energy consumption. For
example, CCK regulates short term feeding behavior in mice, but the absence of CCK
signaling has no effect on long-term energy homeostasis. [129] Although the regulation of
short-term energy intake via gut-brain signaling is considerably different from the long-term
adipostatic pathways (the latter exemplified by leptin signaling), there is considerable cross-
talk between forebrain and hindbrain pathways such that obesity likely involves
dysregulation of both short-term and long-term homeostatic pathways. Indeed, human
studies indicate that the inability to accurately estimate caloric intake by overweight
individuals is due to large meal size. [258,147] Bariatric surgery is effective in part due to
gut-brain signaling which promotes the perception of satiety, limiting meal size and calorie
intake. [135,136] Consistent with this hypothesis is the fact that some types of bariatric
surgery are associated with alterations in gut-brain hormones including markedly suppressed
ghrelin levels, supporting the view that gut-brain signaling is at least in part responsible for
the anti-obesity effects of bariatric surgery. [57,122,204] Of course, neurologic
complications of bariatric surgery are well documented, often linked to nutritional
deficiencies leading to Wernicke’s encephalopathy, polyneuropathies or other
manifestations of nutritional deficiency. [1] There is no clear consensus as to which gut-
brain signaling pathways, neural or humoral, are responsible for the efficacy of bariatric
surgery. Rather, multiple pathways are probably acting in concert to improve energy
homeostasis, alter food preferences and improve metabolic status.

Central Neuronal Circuits: Development and Degeneration

There are several developmental disorders linked with obesity including Prader-Willi
syndrome (PWS). [46] PWS is a complex multisystem disorder characterized by several
clinical features including excessive eating and morbid obesity unless feeding is restricted.
Other clinical features include severe hypotonia in early infancy, motor and language
developmental delay, behavioral problems, hypogonadism, short stature and mild to
moderate intellectual disability. [46] PWS affects ~1 to 3 per 30,000 individuals and is
linked to the loss of expression of paternal genes in chromosome 15q11.2-q13. [46] Several
genes in this critical region are imprinted such that only the paternal gene is active, and
disease is caused either by deletion of this region from the paternal chromosome (~65-75%
of cases), maternal uniparental disomy of chromosome 15 (~20-30% of cases) or imprinting
defects (i.e. abnormalities in the epigenetic imprinting process, which occurs in <3% of
cases). [46] The clinical phenotype associated with obesity is due to insatiability linked to
hypothalamic dysfunction. Although multiple mechanisms have been proposed for PWS
eating behavior such as abnormalities in gut-brain signaling (in particular ghrelin signaling),
[46,165] neuropathologic analysis of PWS brains identified several hypothalamic
abnormalities which correlate well with many of the clinical phenotypes observed. [240,241]
In particular, PWS patients have significantly fewer oxytocin-expressing neurons within the
PVN. As mentioned already, AGRP neurons within the arcuate nucleus which are key for
integration of peripheral hormonal signals project to oxytocin-expressing neurons in the
PVN. In turn, these neurons project rostrally to the medulla and spinal cord, and central
oxytocin potently inhibits feeding behavior. [32,242,13] The reduction in these oxytocin
neurons in PWS was postulated to be the anatomic cause of overeating in PWS, [240,241] a
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hypothesis which is bolstered nearly two decades later by advanced optogenetic and
pharmacogenetic approaches in mice which demonstrate the key role of oxytocin-expressing
PVN neurons in the regulation of acute feeding behavior. [18]

A similar mechanism may account for cases of PWS-like hyperphagia and early-onset
obesity which have been linked to mutations, deletions or translocations affecting the SM1
gene. [117,238,257,7,255,93,76] Single-minded homolog 1 (Sim1) is a basic helix-loop-
helix-PAS domain transcription factor that regulates gene expression in midline cells.
[169,170] Mice lacking Sim1 die shortly after birth with hypocellular PVN and supraoptic
nuclei including the loss of oxytocin-expressing neurons. [170] Mice with only one
functional copy of Sml exhibit hypocellular PVNs, hyperphagia and obesity apparently in
large part due to oxytocin deficiency. [169,133] Postnatal Sm1 haploinsufficiency also leads
to hyperphagic obesity in part linked to decreased oxytocin expression despite an otherwise
structurally normal PVN. [247] Thus, data from human neuropathology, human genetics and
experimental mouse studies demonstrate that abnormal neurodevelopment of key neuronal
circuits leads to obesity, highlighting the delicate control mechanisms whereby the brain
regulates energy homeostasis.

On the other end of the spectrum of neuropathology, neurodegenerative diseases are also
associated with obesity. For example, frontotemporal dementia (FTD) is associated with
weight gain. FTD is the second most common dementia in individuals under 65 years of age
and is characterized by executive or language dysfunction and progressive
neurodegeneration preferentially affecting the frontal and temporal lobes. Many individuals
with FTD exhibit hyperphagia with episodes of binge eating and may continue eating
despite feeling full. [265] This suggests that overeating in FTD is not linked to dysfunction
of satiety pathways per se, but rather due to dysfunctional reward circuits. Neuroanatomic
analysis of these patients demonstrates that atrophy of the right orbitofrontal-insular-striatal
circuit is closely associated with abnormal feeding behavior. [265] The peripheral signals
discussed above (hormonal or vagal) are largely homeostatic signals that regulate short-term
(acute feeding behavior) or long-term (adiposity) energy balance. For example, satiety is
often linked to feelings of satisfaction and fullness. In contrast, hedonic responses to food
are essentially nonhomeostatic driven by pleasure and palatability. Food reward is encoded
in part by the mesolimbic reward system in which the ventral tegmental area of the midbrain
sends dopaminergic projections to the limbic system via nucleus accumbens (ventral
striatum), and involves multiple limbic and cortical regions such as the amygdala,
hippocampus, medial prefrontal cortex and orbitofrontal cortex (see Figure 2D). In addition
to FTD, these brain regions are implicated in multiple human diseases with feeding
abnormalities including bulimia and obsessive-compulsive disorder. Another interesting
disease is Gourmand syndrome which is caused by focal lesion such as trauma, stroke or
tumor in the same brain regions that are linked to overeating in FTD, namely right anterior
cortical, basal ganglia and limbic regions. [208] Post-injury, individuals with Gourmand
syndrome exhibit a pathological preoccupation with food and fine dining. [208] Thus
diverse developmental abnormalities (leptin deficiency, Prader-Willi, Sim1 deficiency) and
degenerative diseases (FTD, Gourmand syndrome) affect appetite, satiety and food reward,
highlighting central neuronal circuits which regulate energy intake. Disruption of these
circuits leads to obesity due to insatiable appetite and constant overnutrition. More common
forms of obesity are likely linked to similar dysfunction of appetite and food reward
pathways due to the high prevalence of readily available and palatable foods. Indeed,
neurosurgical intervention targeting the nucleus accumbens for deep brain stimulation has
been suggested as a possible treatment for obesity. [107]
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Central Intracellular Signaling Pathways: BDNF

In addition to central neuronal circuits, intracerebral signaling pathways are also linked to
obesity. Brain-derived neurotrophic factor (BDNF) is produced and released from excitatory
neurons throughout the brain in an activity-dependent manner. Best known for its critical
roles in neuronal survival, synaptic plasticity, and learning and memory, BDNF also
regulates energy intake and metabolism. [54,211] BDNF acts on hypothalamic PVN and
VMH neurons to suppress appetite; BDNF may mediate the anorexigenic effects of MSH
acting on the MCH-4 receptor. [267] BDNF may also act on neurons in the brainstem to
regulate peripheral energy metabolism; as evidence, central infusion of BDNF increases
peripheral insulin sensitivity, [179] and BDNF signaling in the brainstem enhances
parasympathetic tone. [99] Some human inherited disorders that involve obesity are
associated with deficits in BDNF levels or signaling. For example, patients with PWS
exhibit reduced levels of plasma BDNF compared to control subjects. [109] Mutation of
trkB, the high-affinity BDNF receptor, results in obesity in humans. [270] Patients with
BDNF haploinsufficiency due to truncation of the region of chromosome 11 that contains
the Bdnf gene are obese. [108] Reduced BDNF signaling may also contribute to the
epidemic of obesity in industrialized countries where many people are sedentary and
consume large amounts of energy-dense foods. Obese and diabetic mice exhibit reduced
BDNF levels in the hippocampus and other bran regions, and associated deficits in learning
and memory, synaptic plasticity and neurogenesis. [233,234] Exercise and intermittent
fasting, which protect against obesity, increase BDNF levels and signaling in multiple brain
regions. [163] Mice with a genetic BDNF haploinsufficiency are obese and insulin resistant,
and exhibit impaired adaptive responses to exercise and intermittent fasting, including
reduced neurogenesis. [140,70] Thus, BDNF plays critical roles in the regulation of body
weight and reduced BDNF signaling may be involved in obesity resulting from both genetic
and environmental factors.

Obviously, the brain is exquisitely tuned to monitor and, in turn, influence energy
homeostasis. CNS diseases reveal some of the pathways which have evolved to regulate
short term energy intake and long term energy stores (see Table I) including non-specific
hypothalamic damage (tumors, infections, etc), monogenic causes of obesity (deficiencies of
leptin, leptin receptor, MC4R, POMC, trkB, BDNF, BBS, SIM1), neurodevelopmental
genetic syndromes associated with obesity (PWS) and neurodegenerative diseases (FTD,
Gourmand syndrome). Furthermore, manipulation of peripheral to central neural signaling is
a proven means to treat morbid obesity (bariatric surgery). These diverse disease processes
reveal the brain as an integrator of peripheral signals through two main hubs, namely the
hypothalamus in the forebrain and the dorsal medulla in the hindbrain. Together with
anterior cerebral structures such as the mesolimbic reward system, the brain regulates
peripheral metabolism (sympathetic tone), drives feeding behavior (appetite), regulates acute
food intake (satiety) and dictates food choices (hedonism). Although not discussed
extensively here, autonomic neural signaling is another way the CNS regulates peripheral
metabolism. Thus the central regulation of energy homeostasis is characterized by
integration, cross-communication and execution across numerous CNS circuits. In essence,
understanding natural human diseases associated with obesity leads to an understanding of
which process among many are critical in terms of maintaining energy homeostasis, ranging
from specific cellular signaling defects to damage of particular brain regions.

IV. Effects of Obesity on the CNS

Emerging findings have revealed adverse effects of obesity on CNS structure and function
outside of those brain regions which regulate energy homeostasis. While cerebrovascular
disease can lead to observable neuropathologic changes within the CNS, neuropathologic
changes due to obesity on a macropscopic or microscopic scale are subtle to absent. Perhaps
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a difficulty in defining these changes is that the effects of obesity on the brain are
maladaptive (i.e. not evolutionary) and thus more difficult to dissect. Alternatively, changes
due to obesity may be unperceptively progressive over many years or may not manifest until
decades after the onset of obesity in susceptible individuals, making it difficult to link
neuropathologic features with the obesity phenotype. However, the brain is a highly
metabolic organ and so the expectation is that changes in metabolism due to obesity
adversely affect the brain. The latter possibility is supported by recent brain imaging studies
which have shown that obesity, insulin resistance and diabetes are associated with reduced
volumes of hippocampus, prefrontal cortex and precuneus. [119,40,263] In addition to
metabolic changes, hormonal changes are likely to alter CNS structure and function.
Furthermore, obesity is associated with low-grade chronic inflammation in multiple organs,
and so chronic activation of inflammatory pathways may also potentially affect the CNS.
Although actual human neuropathologic data are scarce, this section will explore a select set
of major neuropathologic conditions which may be influenced by obesity in terms of
potential hormonal, metabolic and inflammatory pathways that may affect the human brain.
The goal is to provide a framework for understanding how obesity may affect the human
CNS such that future neuropathology studies can begin to address whether particular
changes can be seen in brains of the obese.

Epilepsy: Metabolites and Hormones

Numerous studies have shown increased obesity rates in patients with seizure disorders, and
many of these associations were assumed to be secondary to medication-related changes in
metabolism or disability-associated decreases in physical activity. [33,118,213] Indeed,
many effective anti-epilepsy drugs (AEDSs) are known to alter metabolic pathways resulting
in increased or decreased body weight. [33,118,213] Up to 10% of all individuals will have
a seizure sometime during their lifetime, and millions are affected by chronic seizure
disorders. [52,112,215,216] Epilepsy is a clinical syndrome characterized by recurrent
spontaneous seizures in the context of hyperexcitable and hypersynchronous neuronal
activity. Although epilepsy is often a pediatric disorder, seizures and epilepsy are
increasingly affecting the elderly such that epilepsy incidence is now higher in the elderly
relative to pediatric populations, concordant with the rise of chronic diseases such as
obesity, diabetes and cerebrovascular disease. [52,112,215,216]

There is a well-known interaction between diet and epilepsy as ketogenic diets (high fat, low
carbohydrate, adequate protein) have been used for refractory epilepsy for nearly a century.
Various ketogenic diets have been proven clinically effective by randomized or blinded
trials. [86,182,183] Ketogenic diets essentially shift metabolism towards the use of lipids
(acetyl-CoA) to generate ketoacids and ketones which can be used by the CNS as an
alternative to glucose. Under normal conditions, glucose is converted into energy via
glycolysis to generate pyruvate which is shunted into the tricarboxylic acid (TCA) cycle.
Ketone bodies, in contrast, bypass the glycolytic pathway and are shunted into the TCA
cycle. The diet was formulated in the 1920s to mimic fasting which had been used to treat
epilepsy since at least the time of Hippocrates ca. 400 BC. [260] During fasting, liver
glycogen can be converted into glucose but is depleted within 12 to 14 hours, after which
lipids are used to generate ketone bodies. [85] Thus, ketogenic diets mimic prolonged
fasting due to the switch in fuel usage from glucose to ketone bodies but differ because
caloric and protein intake is maintained. While the efficacy of ketogenic diets is likely
linked to metabolic changes, there is no consensus as to the mechanism of action be it
increased ketone bodies, decreased glucose or calorie availability, increased energy stores,
altered mitochondrial function, increased glutathione, increased polyunsaturated fatty acids
or other metabolic alteration. [186,85] Moreover, given the clinical heterogeneity and
numerous molecular causes of epilepsy, the fact that the ketogenic diet is effective for a
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wide range of epilepsy syndromes suggests the ketogenic diet works through multiple
complementary mechanisms. [110]

While many metabolic changes may occur as a consequence of epilepsy or AED usage,
[33,118,213] one study has shown that the rates of obesity are higher in children at time of
presentation before the use of AEDs. [63] Although causality is not established by such
studies, the association between obesity and epilepsy suggests that obesity may prime the
CNS for seizures. Consistent with the latter possibility, obese leptin receptor mutant mice
and adiponectin-deficient mice on a high fat diet exhibit increased vulnerability of
hippocampal neurons to seizure-induced degeneration. [139,231] Conversely, intermittent
fasting can protect against seizure-induced memory impairment and neuronal degeneration
in rats. [38] The mechanisms by which obesity endangers, while dietary energy restriction
protects, neurons in epilepsy may involve opposite effects on adaptive cellular stress
response pathways. Obesity and diabetes are associated with reduced expression of BDNF,
and elevated levels of oxidative stress and pro-inflammatory processes in brain cells.
[234,66] In contrast, intermittent fasting up-regulates neurotrophic (BDNF and FGF2),
protein chaperones (HSP-70 and GRP-78) and antioxidant (HO-1) proteins, while
suppressing production of pro-inflammatory cytokines (TNF, IL-1, IL-6). [14,68]

In addition to metabolic pathways, hormonal alterations may affect seizure threshold.
Indeed, both leptin and ghrelin inhibit seizures and seizure-related neuropathology in mice,
although under certain conditions leptin also appears to increase neural activity thereby
decreasing the threshold for seizure. [17,19,72,104,150,189,220,268,141,187,188] The
adipose hormone adiponectin also inhibits seizures and seizure-related neuropathology.
[121,139] Supporting the potential modulatory effect of adiponectin is that PPARY agonists
which increase adiponectin expression protect against seizure or seizure-related damage.
[2,164,239,272] In addition, the AED valproic acid alters PPARY signaling, adiponectin
expression and adiponectin receptor expression. [134,202,205] Taken together, these
experimental studies suggest that seizure threshold, epilepsy and/or seizure-related damage
may be modulated by peripheral hormones such as leptin, ghrelin and adiponectin, all of
which are altered in the obese state.

Multiple Sclerosis: Inflammatory Pathways

Obesity is associated with more than a twofold increase in risk for multiple sclerosis (MS) in
longitudinally followed cohorts. [175,174] However, only ~50% of MS patients are
overweight or obese in cross-sectional studies which is similar to the general population.
[156,155,124] This discrepancy highlights an important facet to obesity’s effect on the brain.
Only obesity during late childhood and adolescence confers risk for MS as an adult, while
birth weight or adult weight is not associated with increased risk. [175,174] Thus, obesity
appears to be deleterious during a critical period during which susceptibility for disease is
developing. Although the exact mechanism linking obesity and MS is not known,
modulation of inflammation appears to account for some of this risk. MS is an idiopathic
inflammatory disease characterized by adaptive autoimmunity resulting in targeting and
destruction of myelin and neurodegeneration. Obesity is associated with chronic
inflammation characterized predominantly by activation of the innate immune system within
multiple organ systems including adipose tissue, blood vessels, the liver, the pancreas and
muscle. [158,149] Activation of hypothalamic inflammatory pathways has also been
observed to be both a cause and a consequence of obesity in experimental models,
[42,128,144,173,275,246] and is associated with subtle neuroimaging changes within the
hypothalamus of obese humans (mildly increased T2 signal) which raises the possibility of
low-grade inflammation or gliosis. [246] Functional neuroimaging studies also have found
dysfunctional activation of hypothalamic areas in obese humans, and these changes are
partially corrected upon weight loss after bariatric surgery coincident with a more anti-
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inflammatory (increased interleukin-10 and interleukin-6) CSF profile. [250] Amazingly,
inhibiting innate immunity pathways within the mouse hypothalamus results in reduced
aging phenotypes and increased longevity, possibly through a modulation of gonadotropin-
releasing hormone levels. [274] While obesity is generally associated with increased innate
immunity (non-specific immunity via phagocytes, macrophages, neutrophils, dendritic cells,
basophils, mast cells, eosinophils, natural killer cells), MS is an autoimmune disease with a
directed immune response linked to abnormal activation of the adaptive immune system.
However, these two arms of immunity are not entirely separable and there is considerable
evidence of cross-regulation consistent with obesity causing changes in both innate and
adaptive immunity. [92,149,158]

What mechanisms may account for the association between obesity and MS? Vitamin D
intake and serum 25-hydroxyvitamin D (25(OH)D) levels are protective against MS in
humans, hypovitaminosis D is a risk factor for MS in humans, and increased serum 25-
(OH)D protects against experimental models of MS. [177,178,176,199,226,142,45] Obesity
is associated with reduced vitamin D and body fat is inversely correlated to 25(OH)D.
[28,146,266,53,115,209,10,15] These observations are cogent given that vitamin D has
immunomodulatory functions and that the protective effects of vitamin D in experimental
MS models have been related to immunologic changes. [113,180,181,195,227-229] Leptin
has also been postulated to play a modulatory role in MS as leptin is known to act on
multiple immune cell types including CD4+, CD8+, and regulatory T-cells which express
the long signaling-competent form of leptin receptor. [65] Humans with congenital leptin
deficiency exhibit several immune deficiencies including impaired cellular and cytokine
immune responses which are reversed by exogenous leptin. [80] Furthermore, leptin
deficient ob/ob mice are resistant to experimental auto-immune encephalomyelitis (EAE)
but become susceptible upon leptin treatment due to enhancement of autoimmune T-cell
responses. [159] MS patients have increased serum and CSF leptin levels which correlate
with interferon-y production and decreased numbers of regulatory T-cells, [157] Moreover,
leptin induces inflammatory cytokine release from peripheral blood mononuclear cells from
relapsing MS patients but not from stable patients or normal controls, [87] and leptin
receptor expression and signaling is increased in CD8+ T-cells and monocytes from
relapsing MS patients compared to stable patients or normal controls. [88] Together with
other inflammatory cytokines, obesity may increase the risk for MS through modulation of
immune function leading to increased autoimmune susceptibility.

Alzheimer’s disease: The Rise and Fall of Weight

The relationship between body weight and Alzheimer’s disease (AD) is complex in that
there are age-dependent changes in body weight in individuals with dementia. [238] AD is a
progressive neurodegenerative disease and the most common cause of dementia responsible
for tremendous physical, psychological and financial burden. The neuropathology of AD is
characterized by neuron loss, gliosis, amyloid plaques and neurofibrillary tangles. AD is
associated with decreased body weight often presumed to be due to malnutrition leading to a
negative energy balance. [137] However, the loss of body weight may be linked to disease
pathogenesis as reductions in body weight in the elderly appears to precede onset of
dementia, and increases the subsequent risk for dementia. [25,41,185,232] Low BMI is
associated with reduced CSF levels of amyloid-p peptide, increased CSF levels of tau
protein, and increased numbers of neurofibrillary tangles and amyloid plaques. [75,254]
Caution is warranted because BMI may not be an accurate measure of adiposity in elderly
populations, and the weight loss in AD may be due to other processes such as sarcopenia
and not necessarily linked to reductions in fat mass. [44] The exact mechanisms linking
weight loss and AD are not known and multiple processes are likely involved. Lower body
weight appears to be primarily associated with decreased dietary intake and altered feeding
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behavior as opposed to increased energy expenditure. [94] These changes are related to
physiologic and behavioral changes as the disease progresses and with factors related to
caregiver burden. Given that limbic brain regions regulate feeding behavior, it is not
surprising that medial temporal cortex atrophy is associated with low body weight. [101]
Since pathologic changes in AD initiate within the medial temporal cortex, limbic
dysfunction in the presymptomatic phase of AD may be one factor leading to weight loss
prior to clinical dementia. Other factors which may affect energy balance in AD include
changes in NPY secretion, elevated inflammatory cytokines such as TNFa and the
pharmacologic effects of anticholinesterase inhibitors. [94]

In contrast, mid-life obesity is associated with increased risk for late-life AD by multiple
epidemiologic studies (hazards or odds ratios ~1.4 to 3.6). [238] In as much as such factors
are separable, the risk due to obesity is reported to be independent of the risk due to diabetes
or vascular disease. Given the protracted nature of these studies, groups were defined based
on clinical diagnosis and no clinicopathologic studies have been performed correlating AD
neuropathology with mid-life obesity. The importance of clinicopathologic studies is
reflected in the literature for diabetes and AD neuropathology. Although diabetes is a known
risk factor for Alzheimer’s-type dementia, the mechanisms responsible for this risk are
unknown and may not be specific to AD. The Religious Orders Study of 233 elderly
Catholic clergy found that a clinical history of diabetes was not associated with AD
neuropathology as determined by multiple histopathologic metrics for plaques and tangles,
but rather was associated with increased cerebrovascular disease. [16] Multiple studies have
found diabetes was associated with no differences in AD-specific pathologies or with
reduced AD-specific pathology. [9,27,114] Several autopsy studies found an association
between diabetes and AD neuropathology (plaques and tangles) amongst APOE E4 carriers
but not in the general cohort. [153,161,197]. These clinicopathologic series demonstrate
multiple difficulties in understanding the interaction between metabolism and neurologic
diseases. Thus an important question which remains unanswered is whether obesity
increases the risk for AD neuropathology (amyloid plaques and neurofibrillary tangles)
versus other pathology such as vascular disease as this can help guide further mechanistic
studies. The possibility exists that obesity acts in the same pathways which lead to amyloid
plaques and neurofibrillary tangles, or act on largely coincident pathways such as
cerebrovascular-mediated damage, or may act synergistically with AD pathways such that
the CNS is especially vulnerable to AD processes.

AD and Obesity: Genetic Associations

Large scale genome-wide association studies have now demonstrated multiple
polymorphisms linked to both obesity and AD. For obesity, multiple rounds of genome-wide
association studies and meta-analyses have been performed including several large-scale
studies from the GIANT consortium (Genetic Investigation of Anthropometric Traits) and
deCODE as reviewed elsewhere. [77] Numerous single nucleotide polymorphisms (SNPs)
have been found associated with obesity or related traits. Overall, no obvious biological
pathway or mechanism has emerged from these data, although many of the genes are highly
expressed within the brain consistent with the central role of the CNS in regulating energy
homeostasis including genes known to be hypothalamic regulators of energy homeostasis
including MC4R, POMC, SH2B1 and BDNF. [261,77,230] Overall, the 32 confirmed loci
linked to BMI account for only 1.45% of inter-individual variation. [230] Thus most of the
heritability of obesity is yet unaccounted for and awaits additional studies which evaluate
gene X environment interactions, copy number variations or other genetic changes,
epigenetic modifications, or large effects due to low frequency or rare SNPs which may not
be represented in current genome-wide association studies. The SNP associated with the
greatest effect on BMI is an intronic SNP within the FTO gene, accounting for ~0.34% of
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BMI variance. [230] The exact function of the protein is not known, but FTO is expressed
widely throughout the brain including the hypothalamus. [91,167] Loss of Fto in mice leads
to post-natal growth retardation, reduced adipose tissue and reduced lean mass, while
overexpression leads to increased body and fat mass. [48,49,83] Interestingly, the FTO SNP
is associated with globally reduced brain volume in both adolescent and elderly humans
suggesting that FTO is associated with neurodevelopmental changes. [116,168] Whether
these structural MRI changes are associated with increased risk for dementia or AD is not
known.

Genetic risk for AD has also been assessed with large scale genome-wide association
studies. [217] These studies have confirmed that APOE polymorphism is a major risk for
AD as first described using more traditional linkage analyses in 1991. [198,236] This gene
encodes apolipoprotein E (ApoE) which is a multifunctional protein best known for its role
in lipid metabolism and transport. Subsequently, genome-wide association studies have
identified 11 SNPs associated with AD risk including at least four that are related to lipid
metabolism including APOE, CLU (clusterin, also known as apolipoprotein J), SORL1
(sortilin-related receptor) and ABCA7 (ABC transporter member 7). [217] An additional
three SNPs are associated with genes involved in innate immunity including CR1
(complement receptor type 1), CD33 (cluster of differentiation 33 which is expressed by
myeloid cells and monocytes), and the MSAAIA/MSAALE/IMHAAGE locus (part of a cluster of
15 MS4A genes with homology to the B-lymphocyte surface marker CD20 but expressed on
myeloid cells and monocytes). [217] Accepting that innate immunity is intimately linked to
obesity, the vast majority of SNPs associated with AD are at least conceptually connected to
obesity or metabolism.

AD and obesity: Lipids

The regulation of central lipids is highly complex as lipids play important biological roles
ranging from cellular structure to intracellular signaling. Indeed, the concentration of lipids
within the CNS is second only to adipose tissue. There are three common variants of ApoE,
€2, €3, and €4, of which the €4 allele is associated with increased AD risk, the €3 allele is
neutral and the €2 allele is associated with reduced AD risk. [217] ApoE is one component
of chylomicron and intermediate-density lipoproteins and is the main CNS cholesterol
transport protein. Thus, altered cholesterol transport has been suggested as one mechanism
linked to ApoE €4 risk, particularly given the key role of cholesterol in cellular membrane
maintenance including synaptic structure. We have found that atherosclerosis of the circle of
Willis as a marker of chronic dyslipidemia correlates with neurodegenerative disease
pathology, a result seen in many but not all autopsy series. [269] More specifically, a higher
proportion of AD subjects had grossly apparent atherosclerosis compared to normal or other
neurodegenerative disease subjects, and atherosclerosis ratings correlated with amyloid
plaque and tau pathology. [269] While it is tempting to associate dyslipidemia with AD
pathogenesis, alternative mechanisms are entirely possible including differential
cerebrovascular perfusion of the CNS. Similarly, epidemiologic and experimental studies in
general support the hypothesis that high cholesterol exacerbates AD pathogenesis. However,
statins have a variable to absent clinical effect in human trials, although issues surrounding
clinical trial design and blood-brain-barrier penetration may have confounded some trials.
[222,221]

Two other hypotheses have garnered favor regarding ApoE and AD pathogenesis, both
related to the AP peptide. First, ApoE has been proposed to act as a chaperone to the
hydrophobic AP peptide with the 4 variant promoting Af fibrillogenesis. [125] Second,
ApoE was thought to bind to the A peptide inhibiting its clearance from the extracellular
space, recent data suggests that under more physiologic conditions, ApoE and A compete
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for the low-density lipoprotein receptor-related protein (LRP1) which is a cell surface
receptor expressed on astrocytes and is involved in clearance and degradation of soluble AB
peptide. [214,253] Regardless of whether ApoE directly or indirectly affects Af clearance
from the extracellular space, most human brain analyses have shown that APOE &4 carriers
have increased amyloid burden, biomarker studies have shown that CSF AB is reduced in
APOE ¢4 carriers, and neuroimaging with fibrillar Af agents show increased A deposition
in APOE &4, all supporting the hypothesis that APOE mediated risk is linked to Ap
accumulation or clearance. [125]

Finally, the amino acid sequences among the three APOE isoforms differ only in residues
112 and 158, with APOE &2 having cysteines at both positions, APOE €3 having a cysteine
at position 112 and an arginine at position 158, and APOE &4 having arginines at both
positions. The lipid peroxidation product 4-hydroxynonenal covalently modifies cysteine
residues and is implicated in the pathogenesis of AB- and Tau-associated neuropathology in
AD. [105,154] APOE €2 is an effective scavenger of 4-hydroxynonenal, whereas APOE &3
is less effective and APOE &4 is ineffective, suggesting that the increased risk for AD in
APOE ¢4 carriers may result from reduced detoxification of 4-hydroxynonenal. [196]

While the mechanisms linking the other lipid-related genes to AD are obscure, SorLA is a
lipoprotein receptor that binds ApoE while clusterin is another lipoprotein found both
peripherally and centrally. [217] The function of ABCAY is not clear; it may be involved in
phagocytosis or regulate phospholipid or cholesterol efflux, and loss of Abca7 in mice
promotes amyloid plaque accumulation. [217,126] Clearly, lipid homeostasis plays a role in
the pathogenesis of AD and it remains to be determined how obesity alters these pathways.
Although cholesterol has been mentioned specifically thus far, a variety of additional lipid
species have been suggested to play a role in both obesity and AD including phospholipids,
isoprostanes, endocannabinoids, lipid aldehydes such as 4-hydroxynonenal and acrolein,
sphingomyelins, ceramides and essential long-chain polyunsaturated fatty acids such as
docosahexaenoic acid. [59,162] The potential links between obesity and AD are not limited
to changes in lipid homeostasis. As is common from chronic multifactorial diseases, both
obesity and AD are associated with changes in many domains. Thus inflammation (in
particular activation of innate immunity), dysfunctional hormonal signaling (insulin, leptin),
impaired neurogenesis, altered epigenetic programming and altered neuronal excitability are
all processes which potentially link obesity and AD. While each of these pathways cannot be
explored in detail here, there are many commonalities between obesity and AD such that
many of these changes are likely to act in concert to adversely affect CNS structure and
function. While not all pathways may lead to increased amyloid plaques or tangles, there is
strong epidemiologic evidence supporting the maladaptive effects of obesity on the aging
brain.

In summary, several neurologic diseases appear to be modulated by obesity (see Table 1),
with a few prototype examples presented here (epilepsy, MS and AD). While other
neurologic diseases are closely associated with obesity (such as idiopathic intracranial
hypertension), obesity may affect the pathogenesis of many neurologic diseases in yet
undiscovered ways. As shown for both MS and AD, identifying these correlations in human
populations can be confounded by age-dependent critical periods and significant time-delays
in terms of measurable effects of obesity on disease. Furthermore, the mechanisms linking
obesity to these chronic diseases are not entirely understood. However, the above discussion
on epilepsy, MS and AD broadly demonstrates that obesity is associated with distinct
changes in the metabolic, hormonal and inflammatory milleu which together negatively
impact the human brain. Clearly, additional experimental, clinicopathologic and intervention
studies are needed to better understand which pathways are particularly relevant to either the
pathogenesis or cure of these human neurologic diseases.
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V. Impact of Anti-Obesity Interventions on Brain Stucture and Function

In most cases, obesity can be prevented and reversed by adherence to a program of regular
exercise and reduced energy intake. This fact provides the opportunity to determine, by
evaluating brain structure and function in longitudinal studies of the same individuals, how
the brain is affected by obesity and interventions that prevent/reverse obesity. While the
emphasis here is on human studies, we will briefly summarize salient finding from animal
studies that have elucidated cellular and molecular mechanisms by which exercise and
energy intake affect brain structure and function. An in-depth review of this topic was
recently published. [163] Running wheel exercise can increase synapse density, stimulate
neurogenesis, and suppress inflammation in the hippocampus of rats and mice.
[193,234,252] Cognitive function in several domains is improved by exercise, including
spatial pattern separation, a process fundamental to most if not all aspects of cognition. [55]
Caloric restriction (CR; a reduction in calories without a reduction in meal frequency) and
intermittent fasting (IF; a reduction in meal frequency without an increase of meal size) each
reduce markers of oxidative stress and inflammation in multiple brain regions. [14] IF can
also increase the survival of neurons arising from stem cells in the hippocampus, [140] and
can preserve function of neurons in animal models of AD, Parkinson’s disease and
Huntington’s diseases. [67,69,106] The mechanisms by which IF promotes neuronal
plasticity and resistance to injury and disease involves stimulation of the production of
FGF2 and BDNF, protein chaperones and antioxidant enzymes. [14] Collectively, the results
of animals demonstrate that two interventions that prevent and reverse obesity enhance
neuroplasticity and can protect the brain against injury and age-related neurodegenerative
disorders.

Studies of humans have shown that exercise can improve cognitive and motor function, by
mechanisms involving changes in brain structure and neuronal network activity. In a cross-
sectional study of elderly subjects it was found that higher levels of aerobic fitness are
associated with greater hippocampal volumes and with better spatial memory. [73] Another
study found that older adults with higher levels of fitness exhibit preserved hippocampal
volume and fewer episodes of forgetting compared to age-matched subjects who are less fit.
[244] A 6 month exercise intervention resulted in improved episodic memory and increased
gray matter volumes in the prefrontal cortex and cingulate of elderly subjects. [212] In a
randomized interventional study of older adults, regular aerobic exercise significantly
increased the size of the anterior hippocampus, improved spatial memory ability, and
increased levels of BDNF in the serum. [74] However, another study found no effect of
exercise on serum BDNF [243], and there have as yet been no studies in which the effect of
exercise on brain/CSF BDNF levels were measured. Magnetic resonance spectroscopy
analysis revealed higher concentrations of N-acetyl-aspartate and choline in the brains of
middle-aged endurance athletes compared to less fit control subjects, indicating that aerobic
exercise enhances metabolic efficiency and neurotrophic signaling. [96]

Interventional studies of the effects of energy intake on brain structure and function, and
vulnerability to neurodegenerative disorders, in humans are very limited. Performance on
tests of verbal memory improved significantly in elderly human subjects that had been
maintained for 3 months on a CR diet (30% reduction in daily calorie intake). [264]
Improvements in memory capacity were associated with reductions in plasma levels of
insulin and C-reactive protein (a marker of inflammation/oxidative stress). In a comparison
of rhesus monkeys that had been maintained on either an ad libitum diet or a 30% CR diet
for more than 10 years it was found that CR results in enhanced motor function, greater
amounts of gray matter in the parietal and frontal cortices, and greater hippocampal
volumes. [262] In another study of non-human primates, lemurs maintained for 18 months
on a 30% CR diet exhibited superior performance in a spontaneous alternation test of
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learning and memory. [62] More than 2000 years ago Romans discovered that fasting can
inhibit epileptic seizures; of course at that time it was not recognized that epilepsy was a
disease, and instead it was believed that affected individuals were possessed by ‘demons’.
[245] Today, fasting can be as effective as or even more effective than drugs in suppressing
seizures. [111] The mechanism underlying this therapeutic action of fasting involves the
generation of ketones, which can suppress seizures [151], and the production of
neurotrophic factors. [68] Future studies of human subjects will clarify the cellular and
molecular mechanisms by which obesity, exercise and energy intake influence brain energy
metabolism and function in the contexts of aging and disease.

VI. Conclusions

Human diseases can provide insights into basic biological processes. In this review, we
presented greater than a dozen human diseases which either promote obesity or are
modulated by obesity. From these diseases, one can build an understanding of the CNS as
the master regulator of energy homeostasis in which two signaling hubs integrate and
transmit signals either directly to peripheral organs to regulate metabolism or to higher brain
regions that regulate feeding behavior. Abnormalities ranging from cellular signaling defects
to destruction of neuronal circuits lead to a chronic imbalance in energy homeostasis and
obesity. Furthermore, treatments based on these specific pathways have been shown
effective for both rare and common forms of human obesity. The net effect of obesity is
difficult to measure as many factors and pathways are altered. However, obesity appears to
be associated with increased risk for several chronic neurologic diseases. Although the
mechanisms underlying this risk are not entirely elucidated, it appears that global alterations
in metabolites, hormones or inflammatory mediators can negatively impact the CNS and
promote disease. What remains to be learned is which of these pathways are particularly
harmful, or whether interventions based on these pathways will prove beneficial. This
review attempts to show that the description of human disease can help guide our
understanding of disease mechanisms. However, the final tome on the neuropathology of
obesity has yet to be written and will require new observations and insights based on the
integration of experimental studies with human physiology, genetics and neuropathology.
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Figure 1. Peripheral-Central Connections

The brain receives and integrates hormonal and neural signals from peripheral organs
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including adipose tissue, the gastrointestinal system, the pancreas, skeletal muscle, the liver,
and others. We emphasize here the hypothalamic integration of hormonal signals and the

hindbrain integration of vagal neural signals. Note that autonomic neural signals are

bidirectional such that the brain receives and transmits neural signals with peripheral organs.
Not depicted here are peripheral inflammatory or metabolic factors which also affect the

CNS.
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Figure 2. Neur oanatomic Regulation of Energy Homeostasis

A) A case of hypothalamic obesity secondary to sarcoidosis involving the hypothalamus
demonstrates florid granulomatous inflammation involving multiple areas without regard for
neuroanatomic boundaries. Shown here is involvement of the posterior hypothalamus (other
sections demonstrated destruction throughout the hypothalamus). Areas with granulomatous
inflammation are marked with an asterisk. MB, mamillary body, 3V, third ventricle. (B)
Multiple forebrain regions receive input from the hypothalamus and brainstem including
neocortex, deep grey structures and limbic/mesolimbic brain regions. These areas give rise
to sensations of appetite, satiety and pleasure, all of which regulate feeding behavior. (C)
Hypothalamic circuits which are modulated by peripheral hormonal cues are shown,
including distinct neuronal populations within the arcuate nucleus expressing neuropeptide
Y (NPY), agouti-related protein (AGRP), pro-opiomelanocortin (POMC), cocaine and
amphetamine-related transcript (CART). These neurons reciprocally regulate other
hypothalamic areas including the paraventricular nucleus and the lateral hypothalamic area
with diverse neuronal subtypes expressing corticotrophin-release hormone (CRH),
thyrotropin-releasing hormone (TRH), oxytocin, melanin concentrating hormone (MCH)
and orexin. (D) In the hindbrain, the nucleus of the solitary tract integrates neural signals via
the vagus nerve from the periphery, and regulates autonomic output to the periphery via
projections to the dorsal motor nucleus of the vagus and the intermediolateral column of the
spinal cord. The hindbrain also projects to the hypothalamus and the forebrain, for example
via the ventral tegmental area. Notably, there are cross-connections between the forebrain,
hypothalamus and hindbrain such that peripheral hormonal and neural signals are integrated
across multiple brain circuits resulting in a coordinated CNS response.
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Figure 3. Energetic challenges (exer cise and energy restriction) counteract adver se effects of
obesity on brain structure and function

Obesity most commonly results from chronic excessive energy intake and a sedentary
lifestyle, a situation in which the brain (and body) do not experience energetic challenges.
As a result, signaling pathways involved in neuroplasticity and stress resistance are not
engaged, resulting in low levels of synaptic plasticity and neurogenesis, and increased
vulnerability to degeneration. Exercise and dietary energy restriction (caloric restriction and
intermittent fasting) stimulate the production of neurotrophic factors such as BDNF and
FGF2, and enhance neuronal bioenergetics so as to promote neuronal plasticity and protect
neurons against injury and disease. The inset at the lower left shows three dentate granule
neurons with their dendrites receiving synapses from the entorhinal cortex. Neurons and
stem cells in this region of the hippocampus play important roles in learning and memory,
are highly responsive to exercise and energy intake, and are adversely affected by obesity. In
contrast, obesity is associated with alterations in hormones, metabolites and inflammatory
mediators which adversely affect brain structure and function. Adapted from Stranahan and
Mattson (2012).
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Table 1

Obesity-associated human neuropathologic conditions

Disease

Description

Hypothalamic obesity

Structural damage to medial hypothalamus region due to tumor, infection or other pathology.

Cushing’s disease

ACTH secreting pituitary adenoma leading to hormonal alterations and truncal obesity.

Leptin deficiency

Congenital absence of leptin leading to severe obesity and other neuroendocrine abnormalities

Leptin receptor deficiency

Mutation of leptin receptor leading to severe obesity and other neuroendocrine abnormalities

MC4R deficiency

Mutation of MC4R decresing melanocortin signaling leading to obesity.

POMC deficiency

Mutation of POMC altering melanocortin signaling leading to obesity.

Bardet-Biedl Syndrome

Mutations in genes related to the primary cilium altering cellular signaling leading to obesity.

Prader-Willi syndrome

Loss of expression in 15p11.2-q13 due to genetic mutaiton or imprinting defects leading to abnormal
hypothalamic development including oxyt.cin neurons within the PVN leading to insatiability/
hyperphagic obesity.

SIM1 deficiency

Mutation of SIM1 causing abnormal hypothalamic development including oxytocin neurons within the
PVN leading to hyperphagic obesity.

Frontotemporal degeneration

Progressive degeneration of frontal and temporal lobes including mesolimbic reward circuits leading to
hyperphagia and weight gain.

Gourmand’s syndrome

Focal lesions such as stroke or trauma involving the mesolimbic reward system leading to pathologic
obsession with food and fine dining.

BDNF deficiency

Mutation of BDNF receptor, trkB, or BDNF haploinsufficiency associated with obesity.

Epilepsy

Chronic seizure disorder associated with obesity in children at time of presentation. Ketogenic diets are
effective against epilepsy.

Multiple sclerosis

Obesity during late childhood or early adolescence associated with increased risk for multiple sclerosis
as an adult.

Alzheimer’s disease

Mid-life obesity associated with incresaed risk for dementia including Alzheimer’s disease. Elderly
weight loss associated with subsequent Alzheimer’s disease.

Idiopathic intracranial hypertension

Strongly associated with obesity, particularly in young women

Cerebrovascular disease

Associated with obesity and dyslipidemia.
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