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Preface

The concept of this book arose from an increasing interest in one of the greatest 
epidemics of modern societies—obesity. Just a few years ago, adipose tissue func-
tion and dysfunction were not even included in Physiology books while currently 
they became the focus of extensive and exciting investigation.

Obesity and Brain Function emerges, then, by the recognition of the influence of 
adipose tissue and particularly of its derived products (adipokines) on brain struc-
ture and function as well as their role in the development and progression of neuro-
logical diseases. It is written by talented basic researchers and skilled clinical 
neurologists who were gathered by their interest on this particular topic and whom 
the editors thank for their dedication and diligent work.

This book is expected to provide a comprehensive, though concise and practical, 
review of adipose tissue biology in health and in neurological disease, also compris-
ing hot topics such as bariatric surgery and functional neuroimaging, and ultimately 
serve as a useful resource to researchers and/or physicians interested in obesity.
Enjoy.

Coimbra, Portugal� Liliana Letra 
 � Raquel Seiça



vii

Contents

Part I  Adipose Tissue Biology and Crosstalks

1		�  Function and Dysfunction of Adipose Tissue�����������������������������������������       3
Paulo Matafome and Raquel Seiça

2		�  The Role of Brain in Energy Balance�����������������������������������������������������     33
Paulo Matafome and Raquel Seiça

3		�  Neuroendocrinology of Adipose Tissue and Gut–Brain Axis���������������     49
Paulo Matafome, Hans Eickhoff, Liliana Letra, and Raquel Seiça

Part II  Obesity as a Risk Factor for Neurological Disease

4		�  Hypothalamic Dysfunction in Obesity and Metabolic Disorders���������     73
Sara Carmo-Silva and Cláudia Cavadas

5		�  Diabesity and Brain Energy Metabolism:  
The Case of Alzheimer’s Disease�������������������������������������������������������������   117
Susana Cardoso, Raquel Seiça, and Paula I. Moreira

6		�  The Influence of Adipose Tissue on Brain Development,  
Cognition, and Risk of Neurodegenerative Disorders���������������������������   151
Liliana Letra and Isabel Santana

7		�  Cerebrovascular Disease: Consequences  
of Obesity-Induced Endothelial Dysfunction�����������������������������������������   163
Liliana Letra and Cristina Sena

8		�  Multiple Sclerosis: Implications of Obesity  
in Neuroinflammation������������������������������������������������������������������������������   191
Ana Margarida Novo and Sónia Batista



viii

Part III  Brain Function After Bariatric Surgery

9		�  Central Modulation of Energy Homeostasis  
and Cognitive Performance After Bariatric Surgery����������������������������   213
Hans Eickhoff

Part IV  Neuroimaging in Obesity

	10	� Functional Neuroimaging in Obesity Research�������������������������������������   239
Liliana Letra, Daniela Pereira, and Miguel Castelo-Branco

Contents



Part I
Adipose Tissue Biology and Crosstalks



3© Springer International Publishing AG 2017 
L. Letra, R. Seiça (eds.), Obesity and Brain Function, Advances in 
Neurobiology 19, DOI 10.1007/978-3-319-63260-5_1

Chapter 1
Function and Dysfunction of Adipose Tissue

Paulo Matafome and Raquel Seiça

Abstract  Adipose tissue is an endocrine organ which is responsible for postpran-
dial uptake of glucose and fatty acids, consequently producing a broad range of 
adipokines controlling several physiological functions like appetite, insulin sensi-
tivity and secretion, immunity, coagulation, and vascular tone, among others. Many 
aspects of adipose tissue pathophysiology in metabolic diseases have been described 
in the last years. Recent data suggest two main factors for adipose tissue dysfunc-
tion: accumulation of nonesterified fatty acids and their secondary products and 
hypoxia. Both of these factors are thought to be on the basis of low-grade inflamma-
tory activation, further increasing metabolic dysregulation in adipose tissue. In turn, 
inflammation is involved in the inhibition of substrate uptake, alteration of the 
secretory profile, stimulation of angiogenesis, and recruitment of further inflamma-
tory cells, which creates an inflammatory feedback in the tissue and is responsible 
for long-term establishment of insulin resistance.

Keywords  Nutrient storage • Adipokines • Lipid intermediates • Hypoxia • 
Inflammation • Angiogenesis

1.1  �Adipose Tissue Structure

Adipose tissue is a complex and heterogeneous tissue composed by cells with lipid 
storage functions, called adipocytes, and a stromovascular function, composed by 
endothelial and mesenchymal stem cells, preadipocytes, fibroblasts, and resident 
cells from the immune system (Rajala and Scherer 2003; Juge-Aubry et al. 2005a; 
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Guilherme et al. 2008b; Christiaens and Lijnen 2010). During the embryonic devel-
opment, the vascular network develops before adipocytes and the extracellular 
matrix which supports blood vessels is the first to be deposited, showing the crucial 
role of the vascular system in adipose tissue development (Neels et  al. 2004; 
Christiaens and Lijnen 2010). In fact, during the embryonic development, a close 
communication between the stromovascular fraction and the adipocytes results in a 
mutual control between angiogenesis and adipogenesis. Recent data show that adi-
pocytes may develop from capillary networks as the progenitor cells respond to pro-
angiogenic stimuli in association with the expanding capillaries (Min et al. 2016).

In adult life, a well-developed vascular network is observable at the microscope 
and each adipocyte is surrounded by at least one capillary (Neels et  al. 2004; 
Rutkowski et al. 2009; Christiaens and Lijnen 2010). The capillaries of the adipose 
tissue are fenestrated and are rich in trans-endothelial channels, which allow a close 
communication with the adipocytes (Christiaens and Lijnen 2010). Moreover, even in 
the adult life, this vascular network is very dynamic and is continuously adapting to 
changing nutritional fluxes. However, the mechanisms governing such remodeling are 
still far from being understood. Interestingly, the dynamics of vascular remodeling 
apparently influence adipocyte behavior during expansion. Adipocyte hypertrophy is 
usually associated with the formation of aberrant capillaries, while adipocyte hyper-
plasia is usually associated with increased angiogenesis and development of new cap-
illaries. Hyperplasia is considered a harmless form of adipose tissue expansion, given 
the formation of smaller well-irrigated adipocytes with lower inflammatory activity 
than hypertrophic ones (Christiaens and Lijnen 2010). When the tissue is forced to 
expand, the formation of local phenomena of hypoxia leads to the expression of 
angiogenic factors which stimulate angiogenesis, including several cytokines and adi-
pokines. The balance between these factors determines vessel density and permeabil-
ity, and thus the “good” physiological or the “bad” pathophysiological expansion of 
the adipose tissue. The mechanisms will be detailed in the following sections.

1.2  �Metabolic Functions of the Adipose Tissue

Although its important endocrine functions, the primary function of the adipose tissue 
is to store energy in the form of lipids, mainly in intracellular triglycerides droplets, also 
regulating lipid catabolism in different tissues due to the actions of adipokines (Rajala 
and Scherer 2003; Juge-Aubry et al. 2005a; Guilherme et al. 2008b). Lipid droplets are 
coated by a group of proteins, which the main one is Perilipin A (Per A), which prevent 
the contact between the stored triglycerides and the cytoplasm. In times of energetic 
need, such triglycerides are quickly hydrolyzed into free fatty acids and glycerol, a 
process called lipolysis, and released to the blood in order to feed other organs demands 
(Arner 2005; Guilherme et al. 2008b; Galic et al. 2010). Thus, the adipose tissue is able 
to recognize the metabolic state of the organism, not only by local energetic sensors, but 
also through different inputs coming mainly from the gut after and between meals. 
Moreover, adipocytes also regulate cholesterol metabolism, as they are able to produce 
high-density lipoproteins (HDL) in order to send excessive cholesterol to the liver.

P. Matafome and R. Seiça
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When adipocytes accumulate excessive amounts of nonesterified fatty acids, for 
reasons that are currently under investigation, their metabolism and endocrine func-
tion are shifted in order to produce a broad range of proinflammatory factors, while 
adiponectin secretion is decreased. Such factors include cytokines and chemokines, 
growth factors, tumour necrosis factor (TNF)-α, interleukin (IL)-6, monocyte che-
moattractant factor (MCP)-1, vascular endothelial graowth factor (VEGF), leptin, 
and resistin (Wellen and Hotamisligil 2005; Tilg and Moschen 2006; Guilherme 
et al. 2008b). In fact, a strong relationship between metabolism and innate immu-
nity is present at the adipose tissue. Many of the intracellular pathways involved in 
metabolic signaling are recruited as well during an immune response and most of 
the adipokines and adipose tissue-derived factors, besides regulating metabolism, 
also have paracrine and endocrine functions in regulating the immune response. 
Many authors support the existence of a metabolism—immunity axis, as any meta-
bolic change immediately induces alterations in the immune response and the regu-
lation of metabolic fluxes usually involves the activation of intracellular inflammatory 
and stress pathways (Rajala and Scherer 2003; Juge-Aubry et al. 2005a; Goossens 
2008; Guilherme et al. 2008b; Rutkowski et al. 2009).

1.2.1  �Mechanisms of Nutrient Uptake and Storage 
in Adipocytes

Triglycerides synthesis, a process called esterification, occurs from one molecule of 
glucose-derived glycerol and three fatty acyl chains. Adipocytes have a limited abil-
ity to store glycogen and thus all the glucose that is not consumed in the adipocyte 
metabolism is transformed into glycerol and stored in the triglycerides pool (Tilg 
and Moschen 2006; Goossens 2008; Guilherme et  al. 2008b). Esterification is 
mainly stimulated by insulin, which induces tyrosine kinase activity in its receptor 
(Fig. 1.1). This in turn leads to the tyrosine phosphorylation and activation of the 
insulin receptor substrate-1 (IRS-1) and initiates a signaling pathway which involves 
PI3K and Akt/PKB activation. Among other actions, the activation of this signaling 
cascade leads to the translocation to the membrane of GLUT4-containing vesicles, 
allowing glucose uptake (Wellen and Hotamisligil 2005; Bugianesi et  al. 2005). 
Besides inducing glucose uptake, insulin is also responsible for lipolysis inhibition, 
through the inhibition of adenylate cyclase, the main enzyme involved in AMPc 
synthesis. AMPc activates PKA, which in turn phosphorylates and activates 
hormone-sensitive lipase (HSL), the main enzyme involved in triglycerides hydro-
lyzation (Fig. 1.1). On the other hand, in times of nutrient demand, contra-regulatory 
hormones, like glucagon, cortisol, growth hormone, and adrenaline, increase AMPc 
levels, leading to the activation of HSL and thus the release of fatty acids into the 
circulation (Fig. 1.1) (Tilg and Moschen 2006; Goossens 2008; Guilherme et al. 
2008b). Increased lipolysis is also observed in obese individuals due to the develop-
ment of insulin resistance and the increased secretion of proinflammatory cytokines 
that promote lipolysis (Langin 2006; Guilherme et al. 2008b). The subsequent flux 
of free fatty acids from the adipose tissue to the circulation may in turn cause their 

1  Function and Dysfunction of Adipose Tissue
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ectopic accumulation in other tissues, such as the liver and the skeletal muscle, 
mechanism which will be described in the chapter dedicated to the pathophysiology 
of adipose tissue.

Circulating lipids are derived from hepatic incorporation into VLDL or from 
intestinal absorption and included in chylomicrons. Such lipoproteins bind to the 
CD36 receptor present at the adipocyte membrane. Lipoproteins are then hydro-
lyzed by the lipoprotein lipase (LPL) and the fatty acids are transported to the cyto-
plasm through the fatty acid transporter protein (FATP/CD36). Once at the cytoplasm 
the nonesterified fatty acids are captured by the protein aP2, which prevent their free 
circulation in the cell and the consecutive activation of inflammatory and stress 
pathways (Ram 2003; Wellen and Hotamisligil 2005). Fatty acids are finally esteri-
fied into triglycerides and stored in lipid droplets (Fig. 1.1).

Alternatively to esterification, fatty acids may be metabolized in several media-
tors of intracellular signaling pathways, namely eicosanoids, which are important 
activators of the peroxissome proliferation activated receptor-gamma (PPARγ). 
This nuclear receptor controls the events involved in lipid esterification, being also 
activated by the pharmacological class of tiazolidinediones (TZD) (Fig. 1.2). The 
genes controlled by the activation of PPARγ include proteins involved in fatty acid 
uptake (FATP, CD36 and LPL), metabolism (PEPCK and SCD-1), storage (perilipin 
A), and oxidation (Adiponectin and UCP-1). PPARγ activation also inhibits cellular 
inflammatory pathways, including NF-κB, which will be discussed in the chapter 
dedicated to adipose tissue pathophysiology (Wellen and Hotamisligil 2003; Ram 
2003). Thus, PPARγ promotes insulin sensitivity due to the reduction of cytoplas-
matic free fatty acids and due to the inhibition of inflammatory pathways (Ram 
2003; Guilherme et al. 2008b).

Fig. 1.1  Mechanisms of lipid storage in adipocytes and their mobilization from lipid droplets. 
Lipolysis is inhibited by insulin signaling and promoted by other hormones like glucagon, GH, 
cortisol, T3, or adrenaline, due to the stimulation of AMPc and HSL. cAMP cyclic adenosine 
monophosphate, FATP fatty acid binding protein, FFA free fatty acids, HSL hormone-sensitive 
lipase, IRS-1 insulin receptor substract-1, LPL lipoprotein lipase, PerA perilipin A, VLDL very-low 
density lipoprotein

P. Matafome and R. Seiça
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PPARγ is expressed in adipocytes and macrophages, controlling lipid uptake, but 
also preadipocyte differentiation into mature adipocytes, a process called adipogen-
esis (Tamori et al. 2002; Lee et al. 2011). PPARγ inhibition in obesity conducts to 
the inhibition of adipogenesis and to the hypertrophy of the existing adipocytes. 
Hypertrophic adipocytes have shown to be hypoxic and metabolically dysregulated 
(Trayhurn et al. 2008a; Trayhurn 2014). PPARα controls the expression of genes 
involved in lipid oxidation and is expressed in tissues with catabolic activity like the 
liver and the skeletal muscle. It is regulated by adiponectin and by drugs like fibrates 
and metformin (indirectly), increasing the oxidation of fatty acids on 
mitochondria.

1.2.2  �Cholesterol Fluxes

The adipocyte is also an important regulator of cholesterol storage and mobilization. 
Excessive intracellular cholesterol is incorporated into HDL/Apo-A1 particles, being 
transported to the liver where it used in the synthesis of biliary acids or excreted in bile 
(Yin et al. 2010). Two of the most important proteins in this transport are ABCA1 and 
ABCG1 (“ATP-Binding Membrane Cassete Transporter A1 e G1”), being involved in 
the transport of cholesterol, phospholipids, and other lipophilic substances to the HDL 
particles (Yin et al. 2010). The expression of ABC proteins is regulated by the PPAR 
and by the AMPc/PKA pathway, which is important in the mobilization of stored 
lipids (cholesterol). However, decreased PPAR activity in dysfunctional adipocytes 

Fig. 1.2  Mechanisms of PPARγ activation in response to fatty acids and their metabolites, stimu-
lating the expression of adiponectin and proteins involved in fatty acid esterification and storage. 
The activity of PPARγ can be improved by the pharmacological class of TZDs. FATP fatty acid 
binding protein, FFA free fatty acids, LPL lipoprotein lipase, PPARγ peroxisome proliferating-
activated receptor γ, VLDL very-low density lipoprotein

1  Function and Dysfunction of Adipose Tissue
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may compromise cholesterol mobilization into the liver (Fig. 1.3) (Yin et al. 2010). 
Knockout models for ABCA1 have more infiltration of inflammatory cells in several 
tissues, due to decreased cholesterol transport to the liver and excessive deposition in 
the tissues. On the other hand, ABCA1 overexpression was shown to prevent choles-
terol accumulation and atherosclerosis progression. Thus, ABCA1 prevents the accu-
mulation of cholesterol in tissues, which is known to induce the formation of foam 
cells from recruited macrophages. The effect of ABCA1 and ABCG1 knockout is 
cumulative, suggesting that they have distinct roles in regulating cholesterol efflux. It 
is believed that ABCA1 and ABCG1 have distinct affinities for different HDL proteins 
(Yin et al. 2010).

1.3  �Endocrine Function of the Adipose Tissue

The adipose tissue secretes a broad range of factors, including adipokines, cyto-
kines, chemokines, angiogenic factors, coagulation factors, and vasoactive factors, 
among others. More than 600 different factors have been identified as produced and 

Fig. 1.3  Integration of the mechanisms involved in the uptake of lipids and glucose into the adi-
pocyte, namely the role of insulin in inducing glucose uptake and in inhibiting lipolysis, as well as 
the role of PPARγ in promoting fatty acid esterification and cholesterol efflux to HDL particles. 
FATP fatty acid binding protein, FFA free fatty acids, HDL high-density lipoprotein, HSL hor-
mone-sensitive lipase, LPL lipoprotein lipase, PerA perilipin A, PPARγ peroxisome proliferating-
activated receptor γ, VLDL very-low density lipoprotein

P. Matafome and R. Seiça
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secreted by the adipose tissue, affecting glucose and lipid metabolism, appetite, 
vascular function, inflammation, coagulation, or the cardiovascular function. 
However, the complete list of adipokines and their functions is not yet completely 
known (Wellen and Hotamisligil 2003; Trayhurn and Wood 2004; Guilherme et al. 
2008b; Galic et al. 2010). Moreover, there are differences in the secretory profile 
between the different fat depots, with the visceral ones being more susceptible to 
nutritional signals due to their proximity to the intestine and liver.

1.3.1  �Leptin

Leptin was the first factor originally identified as a product of adipose tissue and 
its discovery changed the view about this tissue, from a mere fat reserve to an 
endocrine organ able to control energy homeostasis. Leptin is almost exclusively 
produced by the adipocyte (95%) and its levels are proportional to the fat mass 
(Rajala and Scherer 2003; Meier and Gressner 2004; Golay and Ybarra 2005; 
Lorincz and Sukumar 2006; Vona-Davis and Rose 2007). Differences in leptin 
secretion from different fat depots were also shown, being the subcutaneous one 
more active (Nielsen et  al. 2009). The main function of leptin is to inform the 
hypothalamus about nutrient availability. Leptin activates afferent nervous fibers 
and acts directly on the hypothalamus in order to suppress appetite and modulate 
energy expenditure (Fig. 1.4) (Kiess et al. 2008). Moreover, it accutely supresses 
insulin secretion, but increases long-term β cell survival and function. Moreover, 
leptin increases fatty acid uptake and oxidation in the skeletal muscle and liver, 
also acting as a growth factor for endothelial cells (Rajala and Scherer 2003; 
Meier and Gressner 2004; Bugianesi et  al. 2005; Lorincz and Sukumar 2006). 

Fig. 1.4  Mechanisms of leptin signaling in target cells (a), as well the alterations occurring in 
leptin resistance (b). Lep Leptin, ObR leptin receptor, SOCS supressor of cytokine signalling, STAT 
signal transducer and activator of transcription

1  Function and Dysfunction of Adipose Tissue
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Although leptin levels are proportional to fat mass, its secretion may be stimulated 
by insulin and inhibited by increased levels of AMPc, i.e., it increases after meals 
and decreases in times of energetic demand (Meier and Gressner 2004). When 
leptin levels are lower, appetite is stimulated and thyroid hormones, thermogene-
sis, and immune system function are inhibited (Münzberg et al. 2005). Mutations 
of the leptin or leptin receptor genes are known to induce obesity. On the other 
hand, leptin administration leads to an increase of fatty acid oxidation and a reduc-
tion of their circulating levels. Such effects are not observed in obese patients, 
which are known to have a resistance to the action of the hormone (Rajala and 
Scherer 2003; Meier and Gressner 2004). Other functions of leptin include the 
stimulation of angiogenesis, the modulation of the immune response, and the 
expression of the key enzyme involved in estrogen synthesis, aromatase (Catalano 
et al. 2003, Juge-Aubry et al. 2005a, b Lorincz and Sukumar 2006).

Leptin receptor is linked to a Jak/STAT pathway, which first protein is Jak2 and 
leads to the activation of STAT3 and STAT5. STAT proteins are transcription factors 
that stimulate catabolic processes and insulin secretion in β cells (Ueki et al. 2004a, 
b; Laubner et al. 2005; Kaneto et al. 2010; Blüher and Mantzoros 2015) (Fig. 1.4). 
STAT proteins also activate SOCS proteins, involved in the negative feedback. 
Thus, hyperleptinemia leads not only to increased signaling but also to increased 
negative feedback, contributing to the leptin resistance observed in obese patients 
mainly in the hypothalamus (Laubner et al. 2005). SOCS proteins also inhibit insu-
lin signaling, contributing to insulin resistance. In fact, leptin and insulin signaling 
have a common pathway, namely the activation of IRS-1, PI3K, and Akt (Ahima 
and Flier 2000; Ueki et al. 2004a; Münzberg et al. 2005; Ahima 2005; Imrie et al. 
2010). Leptin also activates AMPK inducing lipid oxidation and promoting insulin 
sensitivity (Rajala and Scherer 2003; Meier and Gressner 2004; Ahima 2005; Juge-
Aubry et al. 2005a). Moreover, leptin inhibits fatty acid synthesis, due to the sup-
pression of the transcription factor SREBP-1c and the key proteins of the biosynthetic 
pathway ACC and FAS. On the other hand, such mechanisms were shown to be 
activated by SOCS proteins (Fig. 1.4) (Ueki et al. 2004a, b).

1.3.2  �Adiponectin

Adiponectin is an important regulator of lipid metabolism and stimulator of its oxi-
dation produced in the adipocyte as a consequence of the activation of PPARγ. 
Pharmacological activators of PPARγ, glitazones, are known to increase adiponec-
tinemia. On the other hand, adiponectin secretion is inhibited by the activation of 
inflammatory pathways and cAMP (Fig. 1.5). Thus, insulin also induced adiponec-
tin secretion by reducing cAMP levels, while its elevation in times of energy demand 
prevents fatty acid consume (Xu et al. 2003).

Adiponectin was shown to have cardioprotective effects by promoting cell via-
bility and inhibiting apoptosis during ischemia (Ding et al. 2012; Park and Sweeney 
2013; Smekal and Vaclavik 2017). As well, similar effects were demonstrated in β 

P. Matafome and R. Seiça
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cells, improving insulin secretion. Adiponectin was shown to exert anti-inflammatory 
effects on the vessel wall preventing atherosclerosis through the inhibition of adhe-
sion molecules expression and smooth muscle cell proliferation (Fig. 1.5) (Juge-
Aubry et al. 2005a). Protective effects of adiponectin have also been reported in 
different pathologies like cancer and neurodegenerative diseases (Vona-Davis and 
Rose 2007; Pais et al. 2009; Matafome 2013; Letra et al. 2014).

Adiponectin circulates in three molecular forms (trimeric, hexametric, and high-
molecular weight isoform (HMW) composed of several hexamers). Reduced levels 
of the HMW isoform have been specifically associated with metabolic disorders 
(Rajala and Scherer 2003; Vona-Davis and Rose 2007, 2009; Pais et al. 2009). The 
globular region of the adiponectin chain binds to two membrane receptors, AdipoR1 
and AdipoR2. While AdipoR1 is found mainly in the skeletal muscle, AdipoR2 is 
more abundant in the liver (Meier and Gressner 2004). A third receptor, T-cadherin, 
was recently identified as an adiponectin receptor, but without intracellular signal-
ing and mainly involved in the anchorage of the HMW isoform to the membrane 
(Takeuchi et  al. 2007). Adiponectin binding to AdipoR1 and AdipoR2 leads to 
AMPK and PPARα activation, which in turn leads to increased uptake and oxidation 
of glucose and lipids (Fig. 1.5) (Kamon et al. 2003; Yamauchi et al. 2003; Lorincz 
and Sukumar 2006; Pais et al. 2009). Moreover, AMPK is involved in promoting 
glucose uptake through GLUT4 translocation to the membrane and in inhibiting 
gluconeogenesis (Juge-Aubry et al. 2005a; Nawrocki et al. 2006). Similar to leptin, 
adiponectin directly inhibits the enzymes involved in the fatty acids synthesis path-
way, through the inhibition of acetyl-coA carboxylase (ACC), the key enzyme of 
such pathway (Fig. 1.5) (Ouchi et al. 2001; Xu et al. 2003; Nawrocki et al. 2006). 
On the other hand, the activation of PPARα increases the expression of the enzymes 
involved in lipid oxidation and uptake to the mitochondria (Fig. 1.5) (Kamon et al. 
2003; Yamauchi et al. 2003; Gealekman et al. 2008, 2012).

Fig. 1.5  Mechanisms of adiponectin signaling in target cell, including AMPK-mediated glucose 
uptake and inhibition of ACC. Inhibition of ACC prevents fatty acids synthesis and prevents inhibi-
tion of fatty acid uptake by the ACC product malonyl-CoA. Activation of PPARα increases the 
expression of fatty acids oxidation enzymes. ACC acetyl-CoA carboxylase, Adip adiponectin, 
AMK AMP-activated protein kinase, COX-2 ciclooxygenas-2, PPARγ peroxisome proliferating-
activated receptor γ

1  Function and Dysfunction of Adipose Tissue
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1.3.3  �Resistin

Resistin is an adipokine associated with the establishment of insulin resistance as its 
levels are increased in models of obesity and type 2 diabetes. Studying the role of 
human resistin is not easy as significant differences were found to murine resistin. 
Resistin gene was found in different chromosomes and human resistin is mainly 
produced in macrophages while murine resistin in produced in adipocytes (Lazar 
2007). The activation of the immune system after metabolic dysregulation induces 
resistin secretion, in order to activate pathways which block nutrient uptake by 
hypertrophic adipocytes and promote the release of those already stored. Resistin 
also induces angiogenesis aiming to increase blood flow and thus adipocyte oxygen-
ation. Importantly, resistin increases lipid uptake by macrophages, also inhibiting 
cholesterol efflux from these cells, in order to store adipocyte-derived lipids. 
However, the chronic activation of such mechanisms leads to the formation of foam 
cells, common in atherosclerotic lesions (Fig. 1.6) (Lazar 2007; Robertson et al. 
2009).

Resistin is directly involved in blocking insulin signaling in adipocytes, but also 
in the liver and skeletal muscle. Resistin knockout mice were shown to be protected 
of obesity-related insulin resistance, suggesting that it may be an important link 
between the activation of the immune system and glucose metabolism (Lazar 2007; 
Qatanani and Szwergold 2009; Robertson et al. 2009). Moreover, resistin neutral-
ization increases insulin sensitivity and decreases hepatic glucose production, while 

Fig. 1.6  Mechanisms of resistin action in macrophages and endothelial cells, promoting the for-
mation of foam cells and endothelial proliferation. ICAM intercellular adhesion molecule, NF-kB 
nuclear factor-kappa B, VEGF vascular endothelial growth factor

P. Matafome and R. Seiça
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resistin administration induces severe insulin resistance (Bugianesi et  al. 2005; 
Juge-Aubry et al. 2005a; Lazar 2007). The expression of human resistin specifically 
in the macrophages of resistin knockout mice was able to increase adipose tissue 
lipolysis and fatty acid ectopic accumulation in the skeletal muscle, which led to 
insulin resistance (Qatanani and Szwergold 2009).

Resistin is a cysteine-rich protein which forms a dimer responsible for its bio-
logical activity (Bugianesi et  al. 2005; Juge-Aubry et  al. 2005a; Lazar 2007; 
Robertson et al. 2009; Smith and Yellon 2011). Human resistin was shown to induce 
the proinflammatory activity of macrophages and endothelial cells, by activating the 
Nuclear Factor-kB (NF-kB) and inhibiting the insulin signaling (Fig. 1.6). Resistin 
promotes the proliferation and adhesion of endothelial cells through NF-κB activa-
tion and increased expression of the VEGF receptors (VEGFR1 and VEGFR2), 
matrix metalloproteinases (MMP-1 and MMP-2), and adhesion proteins (VCAM 
and ICAM) (Fig. 1.6) (Juge-Aubry et al. 2005a).

In macrophages, resistin promotes adipocyte-like mechanisms of lipid uptake 
resulting in the formation of foam cells. Such mechanisms include the upregulation 
of scavenger receptors (SR-A and CD36), also promoting the degradation of lipid 
efflux proteins in the proteasome (ABCA1, ABCG1). Foam cells are known for 
their proinflammatory and proangiogenic potential which is thus promoted by resis-
tin actions (Fig. 1.6) (Lazar 2007; Lee et al. 2009; Qatanani and Szwergold 2009).

1.3.4  �Other Adipose Tissue Products

Recently, a broad range of other adipokines has been identified, including apelin, 
visfatin, vaspin, omentin, and others involved in canonical mechanisms like coagu-
lation, vascular tone, and immunity.

Visfatin was initially discovered as a factor controlling B lymphocytes develop-
ment. On the other hand, an enzyme called Nampt (nicotinamide 5-fosforibosyl-1-
pyrophosfate transferase) catalyzing the formation of nicotinamide adenine dinucleotide 
(NAD) was also described as product from the same gene (Kiess et al. 2008; Gallí et al. 
2010; Saddi-Rosa et al. 2010). Thus, visfatin appears to be a factor with a simultaneous 
enzymatic and endocrine activity. Its circulating concentrations are correlated with the 
amount of visceral adipose tissue and increases during weight gain. Moreover, its syn-
thesis was identified mostly in macrophages residing and infiltrating the tissue (Kiess 
et al. 2008; Gallí et al. 2010; Saddi-Rosa et al. 2010). Increased circulating visfatin 
levels were found in a number of pathological situations like portal inflammatory infil-
tration, steatohepatitis, coronary accumulation of oxidized LDL and atherosclerotic 
plaque instability, higher incidence of ischemic events and decreased kidney function 
(Saddi-Rosa et al. 2010). On the other hand, visfatin was observed to produce a rapid 
insulin-independent hypoglycemic effect after its administration, while animal models 
lacking visfatin have shown hypoinsulinemia and lower insulin-stimulated glucose 
uptake (Kiess et al. 2008; Gallí et al. 2010; Saddi-Rosa et al. 2010). Visfatin was also 
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observed to increase adipocyte and myocyte glucose uptake and to suppress hepatic 
glucose production (Saddi-Rosa et al. 2010). In vitro and in vivo studies also demon-
strated protective effects of visfatin in ischemic events and its ability to increase endo-
thelial cell activation, promoting angiogenesis (Mocan Hognogi and Simiti 2016). 
Thus, contradictory results about visfatin effects have been observed. Apparently, it is 
a compensatory mechanism for hyperglycemia with protective effects at multiple levels 
(Saddi-Rosa et al. 2010). Such effects were recently attributed to its ability to synthe-
size NAD, which improves the activity of several enzymes involved in glucose metabo-
lism and mitochondrial function (Gallí et al. 2010; Mocan Hognogi and Simiti 2016).

Apelin was only recently identified, after the identification of its receptor APJ. Its 
functions are not very clear but apparently it regulates distinct biological processes 
like angiogenesis, vascular tone, heart function, and insulin secretion. Apelin was 
shown to antagonize Angiopoietin (Ang)-2 effects of endothelial cells, increasing 
NO-dependent vasodilation, but it was also shown to increase smooth muscle con-
traction. Although these are contradictory results, apelin also has the ability to bind 
to antidiuretic hormone (ADH) producing neurons in the hypothalamus, decreasing 
its production. Thus, together with its ionotropic actions in the heart, apelin is 
thought to be involved in the control of blood pressure (Glassford et al. 2007; Pitkin 
et al. 2010; Fasshauer and Blüher 2015). Moreover, insulin was observed to increase 
Apelin secretion, but apelin apparently has inhibitory functions on insulin secretion, 
suggesting that it might be involved in a negative feedback to insulin secretion 
(Glassford et al. 2007; Pitkin et al. 2010; Fasshauer and Blüher 2015). Nevertheless, 
little is yet known about apelin and more research is needed in this field.

Vaspin is another adipose-derived hormone, initially identified as inhibitor of 
serine proteases, but with benefic effects on insulin sensitivity. Although the mecha-
nisms of vaspin stimulation and secretion are unknown, it was shown to be secreted 
by visceral fat mass and nutritionally regulated, due to its circadian release after 
meals (Jeong et al. 2010; Fasshauer and Blüher 2015). Vaspin levels are decreased 
in type 2 diabetes and its administration was shown to improve glucose tolerance 
and insulin sensitivity (Fig. 1.7) (Klöting et al. 2006; Jeong et al. 2010; Fasshauer 
and Blüher 2015). Moreover, diet or surgery-induced weight loss leads to a decrease 
of vaspin levels, which may result from decreased fat mass (Klöting et al. 2006; 
Handisurya et al. 2010).

Omentin is mainly produced in the omental adipose tissue, but it is expressed 
in vascular cells and not in adipocytes (Schäffler et al. 2005; Yang et al. 2006; 
Yamawaki et  al. 2010). Omentin was recently suggested to increase insulin-
stimulated glucose uptake, being correlated with insulin sensitivity. Its concen-
trations were observed to be decreased in obese patients and to increase after 
weight loss (Fig. 1.7) (Yang et al. 2006; De Souza Batista et al. 2007; Moreno-
Navarrete et al. 2010). Importantly, omentin was shown to induce eNOS-depen-
dent vessel relaxation, although the mechanisms are still unknown (Yamawaki 
et al. 2010).
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1.4  �Dysregulation of Adipose Tissue Function in Obesity

Adipocyte hypertrophy is a process occurring after excessive nutrient uptake, espe-
cially in visceral adipose tissue, which is more susceptible to nutrient fluxes. 
Hypertrophy has been recently associated with the development of hypoxic regions, 
with a strong influence on the metabolic and secretory functions of the adipose 
tissue.

Several studies demonstrated inflammation as the link between metabolic dys-
regulation and hypoxia, changing the secretory profile to create a proangiogenic 
environment (Fig. 1.8). Inflammation blocks nutrient uptake (insulin resistance and 
PPARγ inhibition) in order to prevent uncontrolled cell and tissue expansion and 
promotes lipolysis. Dysfunctional adipose tissue secretes a broad range of cyto-
kines, but also chemokines, which recruit circulating monocytes to the tissue. 
Infiltrating macrophages are then important in maintaining the inflammatory envi-
ronment and in uptake of excessive lipids, leading to the formation of adipose tissue 
foam cells. Many authors claim the existence of a metabolism—immunity axis, 
given that all metabolic changes lead to an immune response and many of the 
inflammatory factors simultaneously regulate metabolism and the immune system 
(Fig.  1.8) (Rajala and Scherer 2003; Golay and Ybarra 2005; Juge-Aubry et  al. 

Fig. 1.7  Effects of adipose tissue-derived endocrine factors on inflammation, appetite, sensitivity 
and secretion of insulin and vascular tone
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2005a; Ye et al. 2007; Goossens 2008; Guilherme et al. 2008b; Rutkowski et al. 
2009; Maury and Brichard 2010).

1.4.1  �Dysregulation of Lipid Metabolism

During the process of fat accumulation, adipocytes continuously accumulate tri-
glycerides, increasing the expression of enzymes involved in fatty acid esterifica-
tion. When adipose tissue is not able anymore to store all the lipids from the diet, 
adipocytes release fatty acids to the circulation, which then accumulate in tissues 
like skeletal muscle and liver. Type 2 diabetic patients usually have hepatic and 
muscle steatosis, leading to insulin-resistance and morphological alterations in such 
tissues (Rajala and Scherer 2003; Guilherme et al. 2008b; Kawano and Cohen 2013; 
Lonardo et al. 2015). The increasing availability of fatty acids also increases their 
esterification into triglycerides and oxidation in the mitochondria (Bugianesi et al. 
2005; Golay and Ybarra 2005). However, lipid oxidation is a limited process and in 
such conditions intermediates of fatty acid metabolism like ceramides and diacylg-
lycerols accumulate. Such intermediates inhibit insulin signaling and glucose 
uptake (Fig. 1.9). In physiological condition, such mechanisms prevent excessive 
nutrient uptake, which would cause cell death by oxidative stress. However when 
such mechanisms are chronically activated they conduce to insulin resistance and 
contribute to the onset of type 2 diabetes (Golay and Ybarra 2005; Guilherme et al. 
2008a).

Fig. 1.8  The role of hypoxia (b) and dysregulation of the lipid metabolism (a) in activating inflam-
matory mechanisms (c), aiming to restore homeostasis. Inflammation inhibits nutrient uptake and 
promotes lipolysis (d), also increasing angiogenesis (e) and the secretion of inflammatory adipo-
kines (e). The mechanisms involved will be discussed in the following sections according to the 
letters in each figure’s box
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The accumulation of diacylglycerols directly activates several PKC isoforms 
which besides inhibiting insulin receptor activation through serine phosphorylation, 
also promotes the activation of the IKKβ (Fig. 1.9) (Moeschel et al. 2004; Boden 
et al. 2005; Guilherme et al. 2008b). IKKβ is also a serine kinase which directly 
inhibits the insulin receptor and leads to the activation of the NF-κB. Moreover, 
JNK is also activated by the PKC and by fatty acid-activated toll-like receptor 4 
(TLR4), contributing to the same final objective of NF-κB activation (Qatanani and 
Lazar 2007; Zhang et al. 2010). In turn, NF-κB activated the expression of proin-
flammatory and proangiogenic molecules (MCP-1, TNF-α, VEGF, adhesion mole-
cules, etc.), which further contribute to the inhibition of substrate uptake (Fig. 1.9).

1.4.2  �Adipose Tissue Hypoxia

It has been demonstrated that angiogenesis is a vital process in adipose tissue expan-
sion and proper nutrient storage. Tissue expansion is believed to lead to the forma-
tion of physiological hypoxic regions, which induce the secretion of angiogenic 
factors and the reestablishment of tissue homeostasis. However, chronic hypoxia 

Fig. 1.9  Main mechanisms conducting to the activation of inflammatory pathways in adipocytes, 
namely the cytoplasmatic accumulation of lipid mediators and activation of membrane receptors 
by saturated fatty acids. FFA-Sat saturated free fatty acids, HIF-1 hypoxia inducible factor-1, JNK 
c-jun n-terminal kinase, MMP matrix metalloproteinase, PO2 oxygen pressure, TLR4 toll-like 
receptor 4, TNF-α tumor necrosis factor alpha, uPA plasminogen activator urokinase-type, VEGF 
vascular endothelial growth factor, VEGFR VEGF receptor
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has been suggested to dramatically change adipokine secretion, with a decrease of 
adiponectin and an increase of proinflammatory adipokines (Hosogai et al. 2007; 
Wang et al. 2007; Goossens 2008; Trayhurn et al. 2008b; Wood et al. 2009). Despite 
the reasons to the development of chronic hypoxia are not known, it was described 
that obese individuals lack the postprandial increase of blood supply to the adipose 
tissue observed in lean individuals (Trayhurn et  al. 2008b; Wood et  al. 2009). 
Hypoxic regions have been shown in several diet-induced and genetic animal mod-
els of obesity, showing deficient angiogenesis, oxygen pressure, with decreased lev-
els of endothelial cell markers and increased accumulation of the hypoxia probe 
pimonidazole and lactate formation (Hosogai et al. 2007; Ye et al. 2007; Goossens 
2008; Pang et al. 2008; Trayhurn et al. 2008b; Wood et al. 2009). Despite being cur-
rently controversial, a current view supports that the oxygen diffusion distance 
(100 μm) is lower than adipocyte diameter in obesity (150–20 μm). This would lead 
to hypoxia-inducible factor-1 (HIF-1) stabilization and consequent expression of 
GLUT1 and secretion of angiogenic factors like the VEGF (Wood et al. 2007, 2009; 
Ye et al. 2007; Wang et al. 2007; Rausch et al. 2008; Goossens 2008; Trayhurn et al. 
2008a; He et  al. 2011). However, this view is recently being abandoned and 
Goossens and colleagues have reported that the adipose tissue of obese individuals 
may even be hyperoxic under certain circumstances due to decreased metabolic 
activity (Goossens et al. 2011). Thus, the real causes for impaired vascular function 
and hypoxia (if confirmed) are currently unknown.

1.4.3  �Activation of Stress and Inflammatory Pathways by Lipid 
Mediators and Hypoxia: Consequences for Inflammatory 
Cell Recruitment

There is no consensus about the role of adipocytes and preadipocytes in tissue 
response to hypoxia as current models does not discriminate the secretome change 
occurring in each cell type. On the other hand, cell lines do not mimic all the events 
observed in vivo. Nevertheless, several authors have suggested NF-κB and HIF-1 
activation leading to the expression of proinflammatory cytokines like IL-6, MCP-
1, plasminogen activator inhibitor-1 (PAI-1), transforming growth factor (TGF)-β, 
and matrix metalloproteinases (MMP), but also leptin (Ye et  al. 2007; Trayhurn 
et al. 2008b; Halberg et al. 2009; Wood et al. 2009). NF-κB activation in hypoxia is 
well documented in different models of hypoxia like tumors, interacting with HIF-1 
to increase the expression of inflammatory cells (Fig. 1.9) (van Uden et al. 2008). It 
has been described that cultured hypoxic adipocytes secrete higher levels of MCP-1, 
TNF-α, and VEGF and increase GLUT1 expression. Preadipocytes apparently are 
more susceptible to hypoxic stimuli, acquiring the ability to secrete leptin. However, 
hypoxia inhibits preadipocytes differentiation to adipocytes and promotes their 
transformation to macrophages. The release of chemoattractant factors like MCP-1 
further increases the number of macrophages in the tissue (Trayhurn et al. 2008b; 
Wood et al. 2009).
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1.4.3.1  �Adipose Tissue Immune System: Recruitment of Inflammatory 
Cells and Secretion of Inflammatory Cytokines

Changes in the metabolic status are detected by the immune system, which acts in 
order to establish homeostasis. The activation of the immune system is an important 
mechanism in times of excessive nutritional fluxes, avoiding excessive nutrient 
uptake by the cells and maintaining cell viability and nutrient distribution by the 
different cells of the body. However, the low-grade inflammation observed in obe-
sity resulting from chronic nutrient excess leads to insulin resistance in adipocytes 
(Galic et al. 2010). Such mechanisms include MCP-1 expression, which is involved 
in recruiting cells from the immune system to the tissue. Such cells, mainly 
monocytes-derived macrophages, further support the inflammatory feedback in the 
tissue, with the release of inflammatory mediators like TNF-α. In turn, inflamma-
tory mediators further inhibit nutrient accumulation and tissue growth, showing the 
existence of a metabolism—immunity continuous (Schäffler et al. 2007; Galic et al. 
2010).

A large number of circulating monocytes can be recruited to the adipose tissue 
through the action of proinflammatory cytokines and chemokines and develop into 
macrophages (Schäffler et al. 2007; Guilherme et al. 2008a; Surmi and Hasty 2010; 
Olefsky and Glass 2010). Macrophages may be derived from recruited monocytes 
and from differentiation from preadipocytes or mesenchymal cells and can become 
50% of the total number of cells in the adipose tissue in obesity (Schäffler et al. 
2007; Guilherme et al. 2008a; Surmi and Hasty 2010; Olefsky and Glass 2010). 
MCP-1, a major chemokine, was shown to be increased in obese patients and ani-
mal models. Its inhibition in diabetic and obese animal models improves insulin 
resistance and glucose tolerance (Guilherme et al. 2008a; Olefsky and Glass 2010).

The reason why preadipocytes can differentiate into macrophage is because they 
share the same cell lineage, sharing several intracellular mechanisms of lipid uptake, 
storage, and metabolism (Schäffler et  al. 2007). Macrophages are known to sur-
round death adipocytes forming crown-like structures, which are typically found in 
the adipose tissue of obese patients and animal models (Trayhurn et  al. 2008a). 
Such macrophages uptake and store large amounts of fat released from their lipid 
droplets, leading to the formation of foam cells. In turn, foam cells have an increased 
inflammatory activity with increased activation of the NF-κB and secretion of pro-
inflammatory factors (Ye et al. 2007; Rutkowski et al. 2009; Maury and Brichard 
2010; Galic et al. 2010). Adipose tissue hypoxic regions were shown to be strongly 
populated by macrophages, being strongly positive for their membrane marker 
F4/80, and by CD4+ and CD8+ T cells, although their role in metabolic syndrome 
is currently unknown (Ye et al. 2007; Rausch et al. 2008; Goossens 2008; Trayhurn 
et al. 2008a; Wood et al. 2009).

Two populations of macrophages may be found at the adipose tissue: M1 macro-
phages recruited to the tissue by the gradient of chemokines like the MCP-1 typi-
cally have a more pronounced proinflammatory secretome, originating most of the 
foam cells. Tissue resident M2 macrophages secreting a broad range of angiogenic 
and tissue remodeling factors like metalloproteinases are involved in tissue adapta-
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tion to hypoxia and have a more modest inflammatory activity (Maury and Brichard 
2010; Olefsky and Glass 2010; Galic et al. 2010).

Activation of endothelial cells by inflammatory cytokines leads to the overex-
pression of adhesion molecules, which are important for macrophage binding and 
migration to the tissue matrix (Rutkowski et al. 2009; Maury and Brichard 2010). 
Moreover, the increased HIF-1-dependent expression of the migration inhibition 
factor (MIF-1) in hypoxia inhibits macrophage exit from the tissue, contributing to 
their accumulation (Ye et al. 2007). Most of the cytokines released by the adipose 
tissue in obesity, namely TNF-α, IL-6, and resistin, are derived from the infiltrating 
macrophages. TNF-α acts on adipocytes in order to inhibit insulin receptor and the 
PPARγ and to activate NF-κB, completing the inflammatory feedback in the tissue 
aiming to block further nutrient uptake and to increase angiogenesis and tissue 
remodeling (Wellen and Hotamisligil 2003; Moeschel et al. 2004; Sandu et al. 2005; 
Qatanani and Lazar 2007; Guilherme et al. 2008a; Olefsky and Glass 2010; Min 
et  al. 2016). On the other hand, TNF-α and MCP-1 inhibition in models of 
diet-induced insulin resistance was shown to improve insulin sensitivity (Wellen 
and Hotamisligil 2003; Bugianesi et al. 2005; Guilherme et al. 2008b).

1.4.4  �Inhibition of Nutrient Uptake by Inflammatory Stimuli: 
Insulin Resistance and PPARγ Inhibition

Insulin resistance is characterized by a deficient cell response to physiological insu-
lin concentrations, leading to increased β-cell insulin secretion and compensatory 
hyperinsulinemia (Yki-Järvinen 2005, 2015; Yki-Järvinen and Westerbacka 2005). 
Insulin resistance is not associated with the body mass index (BMI), but depends on 
impaired adipose tissue lipid storage and activation of inflammatory pathways (Yki-
Järvinen 2005, 2015; Yki-Järvinen and Westerbacka 2005). Anti-inflammatory mol-
ecules like PPARγ agonists (thiazolidinediones and polyunsaturated fatty acids) and 
salicylates are known to improve insulin sensitivity. As well, physical exercise is 
known to decrease inflammation and to improve insulin sensitivity (Bugianesi et al. 
2005; Guilherme et al. 2008b; Oliveira et al. 2011).

Fatty acids are known to directly cause insulin resistance. Even nondiabetic indi-
viduals were shown to decrease insulin sensitivity after an acute exposure to fatty 
acids, which is a mechanism important to prevent excessive accumulation of non-
esterified fatty acids in the cytoplasm (Golay and Ybarra 2005; Einstein et al. 2010). 
Circulating free fatty acids are also strong inducers of insulin resistance acting 
through the membrane receptor TLR4 (Qatanani and Lazar 2007; Guilherme et al. 
2008a; Zhang et al. 2010; Olefsky and Glass 2010).

Hypoxia is a strong inhibitor of nutrient uptake. In cultured adipocytes hypoxia-
dependent HIF-1 activation leads to the upregulation of stress pathways that blunts 
insulin signaling (Regazzetti et al. 2009; Ye 2009; Wood et al. 2009; Zhang et al. 
2010). As well, the same mechanisms also inhibit PPARγ activity, leading to 
decreased secretion of adiponectin (Gentil et al. 2006; Chen et al. 2006; Goossens 
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2008; Ye 2009). However, it was shown that the overexpression of an inactive form 
of HIF-1 during a high-fat diet challenge aggravates insulin resistance, suggesting 
distinct acute and chronic effects of hypoxia in adipose tissue. Such evidences sup-
port the idea that acute activation of hypoxia response mechanisms are important 
regulators of nutrient uptake be adipocytes, but long-term activation of such mecha-
nisms is important to the regulation of mitochondrial biogenesis and angiogenesis 
(Zhang et  al. 2010; He et  al. 2011). In fact, adipose tissue vascular density was 
shown to correlate with insulin ability to suppress lipolysis, i.e., insulin sensitivity 
(Pasarica et al. 2010).

A main contributor to the long-term activation of such mechanisms is 
macrophage-derived inflammatory signals. Activation of inflammatory signals 
results not only in the inhibition of nutrient uptake but also the release of those 
already accumulated, namely through the stimulation of lipolysis. Cytokines like 
the TNF-α and IL-6 are known to be mostly produced in adipose tissue infiltrating 
macrophages. These cytokines were shown to activate NF-κB through serine kinases 
like JNK and IKK, leading to the transcription of inflammatory factors and proteins 
involved in stress and inflammatory pathways (Fig. 1.10) (Tilg and Moschen 2006; 
Kiess et al. 2008; Olefsky and Glass 2010). Moreover, serine kinases phosphorylate 

Fig. 1.10  Consequences of adipocyte inflammatory mechanisms for inhibition of insulin signal-
ing and PPARγ activity, inhibiting nutrient uptake and promoting lipolysis. FFA-Sat saturated free 
fatty acids, IRS-1 insulin receptor substract-1, JNK c-jun n-terminal kinase, NF-kB nuclear factor 
kappa B, PerA perilipin A, PKC protein kinase C, PPARγ peroxisome proliferating-activated 
receptor γ, Ser serine, TLR4 toll-like receptor 4, TNF-α tumor necrosis factor alpha

1  Function and Dysfunction of Adipose Tissue



22

the insulin receptor and its substrate (IRS-1) in serine residues instead of the stimu-
latory tyrosine phosphorylation, leading to the inactivation of the pathway (Fig. 1.10) 
(Moeschel et al. 2004; Boden et al. 2005; Wellen and Hotamisligil 2005; Qatanani 
and Lazar 2007; Guilherme et  al. 2008a; Wang et  al. 2009; Kaneto et  al. 2010; 
Maury and Brichard 2010; Olefsky and Glass 2010; Galic et al. 2010). JNK was 
also shown to increase the expression of SOCS proteins, which are known to bind 
to and signalize IRS-1 to proteasome degradation (Ueki et al. 2004a; Howard and 
Flier 2006). Such mechanisms perpetuate the inhibition of insulin signaling in 
response to inflammatory cytokines.

Regarding lipid storage, TNF-α was shown to inhibit PPARγ activity, causing the 
downregulation of key enzymes in fatty acid uptake (LPL and FATP) and esterifica-
tion, as well as adiponectin (Boden et al. 2005; Juge-Aubry et al. 2005a; Qatanani 
and Lazar 2007; Guilherme et  al. 2008b). TNF-α was also shown to increase 
intracellular levels of cAMP, which is known to activate hormone-sensitive lipase 
(HSL) and thus to induce lipolysis (Fig. 1.10) (Wellen and Hotamisligil 2003; Juge-
Aubry et al. 2005a; Guilherme et al. 2008a; Maury and Brichard 2010; Galic et al. 
2010). Interestingly, hypoxia is also associated with decreased levels of ATP and 
increased cAMP levels, also contributing to lipolysis (Ye 2009).

1.4.5  �Activation of Angiogenesis

The formation of new blood vessels is a highly regulated process involving several 
cell types, which produce a broad range of factors controlling vessel permeability 
and stability. The plasticity of the vascular network is also modulated by a series of 
hormones involved in the metabolism, showing that the nutritional status has a 
major influence in the angiogenic stimulus. The activation of the immune system in 
metabolic syndrome dramatically changes the stimulus to endothelial cells, promot-
ing vascularization as an attempt to restore homeostasis.

Obese patients with adipose tissue hypoxia were shown to have normal oxygen 
pressure and hemoglobin concentration and saturation, suggesting that hypoxia 
derives from local changes in blood supply (Goossens 2008; Rutkowski et al. 2009; 
Corvera and Gealekman 2014). Obese individuals may have a 30–40% reduction of 
blood supply than lean ones and a similar reduction was observed in obese Zucker 
rats (Ye 2009). Moreover, obese and type 2 diabetic animal models have been shown 
to have a decrease of the endothelial cells marker CD31, which may possibly be 
associated with the development of hypoxia (Goossens 2008; Ye 2009). Moreover, 
recent studies also demonstrated a reduction of endothelial progenitor cells, which 
may contribute to impaired angiogenic function (Neels et al. 2004; Gealekman et al. 
2008; Tam et al. 2009; Corvera and Gealekman 2014).

Inhibition of angiogenesis was initially suggested as an effective strategy to pre-
vent adipose tissue growth (Lijnen 2008). However, this hypothesis has been aban-
doned given that the vascular network was shown to be essential for proper tissue 
oxygenation and storage and metabolic functions and blood supply was shown to 
correlate with insulin sensitivity (Mannerås-Holm and Krook 2012). Moreover, it 
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was shown that adipose tissue expansion is necessary for nutrient storage and to 
prevent ectopic lipid deposition in liver and skeletal muscle.

The formation of hypoxic regions activates the secretion of angiogenic factors 
which ultimately restore homeostasis (Cao 2007; Goossens 2008; Rutkowski et al. 
2009). However, if angiogenesis is not enough, hypoxia is maintained and HIF-1 
levels increase in order to stimulate the expression of VEGF, angiopoietins, leptin, 
and matrix-remodeling factors (Minet et al. 2001; Yamakawa et al. 2003; Cao 2007; 
Hosogai et al. 2007; Goossens 2008). However, HIF-1 chronic activation also leads 
to the secretion of fibrotic factors (Rutkowski et al. 2009; Wood et al. 2009; Suga 
et al. 2010).

1.4.5.1  �Pro and Antiangiogenic Factors

Adipose tissue angiogenesis is regulated by the balance between pro and antiangio-
genic factors derived from all the cells of the tissue (Neels et al. 2004; Cao 2007; 
Rutkowski et al. 2009; Tinahones et al. 2012; Corvera and Gealekman 2014).

VEGF is the main endothelial cell growth factor, being associated with the devel-
opment of obesity (Cao 2007; Rutkowski et al. 2009; Tinahones et al. 2012; Corvera 
and Gealekman 2014). Animal models of obesity and obese individuals have 
increased VEGF levels, which were shown to decrease after weight loss (Gómez-
Ambrosi et  al. 2010). VEGF is mostly produced by stroma cells and by mature 
adipocytes, acting in adjacent capillaries (Fig. 1.11) (Neels et al. 2004; Christiaens 
and Lijnen 2010). During adipose tissue expansion, a significant part of VEGF is 
produced by infiltrating inflammatory cells. VEGFR2 inhibition prevents diet-
induced tissue expansion and preadipocyte differentiation, showing that angiogen-
esis is crucial to the development of new adipocytes (Tam et al. 2009; Tran et al. 
2012; Min et al. 2016). The major regulators of VEGF expression are hypoxia and 
insulin, while inflammatory cytokines can also induce its expression. VEGF inhibi-
tion as a strategy to prevent obesity is still controversial. VEGF was shown to 
increase in genetic models of obesity, but not in models of metabolic syndrome, 
suggesting that hypoxia-induced VEGF overexpression may be lost in hyperglyce-
mia (Trayhurn et  al. 2008b; Wood et  al. 2009). Such observations derive from 
impaired HIF-1 stabilization in hyperglycemic models, resulting in impaired VEGF 
expression and dysregulation of the angiogenic process (Bento et  al. 2010b). 
Moreover, insulin resistance may also contribute to impaired VEGF expression in 
type 2 diabetes. Thus, the initial idea that inhibiting VEGF could be an effective 
strategy to prevent obesity is currently being changed and is now believed that 
VEGF in necessary for proper adipose tissue angiogenesis and function (Treins 
et al. 2002; Hausman and Richardson 2004; Ye 2009; Vona-Davis and Rose 2009).

VEGF effects on the vascular network depend on its interaction with angiopoie-
tins (Ang). Ang-1 and Ang-2 have opposite effects on the vasculature, although both 
were shown to be necessary for embryonic development. While Ang-1 is involved 
in vessel stabilization, increasing cell-cell adhesion, Ang-2 induces destabilization 
of cell-cell and cell-matrix interactions in order to allow cell proliferation and 
migration (Cao 2007; Christiaens and Lijnen 2010; Corvera and Gealekman 2014). 
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Ang-1 promotes vessels stiffness through modulation of TGFβ activity and deposi-
tion of extracellular matrix proteins (Cao 2007; Rutkowski et al. 2009; Christiaens 
and Lijnen 2010). On the other hand, Ang-2 expression is induced by hypoxia like 
VEGF and its receptors (Tie-2) are often co-localized with VEGFR2 (Christiaens 
and Lijnen 2010; Bento et al. 2010a). Ang-2 action in order to induce destabilization 
of cell interactions is necessary for VEGF-induced proliferation (Christiaens and 
Lijnen 2010; Bento et al. 2010a). The absence of VEGF after Ang-2 induced desta-
bilization of endothelial cells leads to the formation of aberrant blood vessels. Such 
mechanisms have been suggested to be involved in the development of diabetic 
vascular complications and to be present in adipose tissue during the process of 
metabolic dysregulation (Bento et al. 2010a; Matafome et al. 2012).

Leptin was also shown to be proangiogenic, sharing many mechanisms with 
insulin, namely MAPK activation (Cao 2007; Vona-Davis and Rose 2007; Lijnen 
2008; Christiaens and Lijnen 2010; Bento et al. 2010a). Leptin and insulin promote 
endothelial cells migration, proliferation, and survival, causing the increased VEGF 
secretion and VEGFR2 expression. Moreover, leptin was shown to increase MMP-

Fig. 1.11  Causes and consequences of inflammatory processes in adipose tissue. Inflammation 
directly inhibits excessive nutrient uptake by adipocytes and their continuous hypertrophy. 
Moreover, such mechanisms also stimulate angiogenic function in order to reestablish homeosta-
sis. HIF-1 hypoxia inducible factor-1, MCP-1 monocyte chemoattractant protein-1, MMP matrix 
metalloproteinases, NF-kB nuclear factor-kappa B, PO2 oxygen pressure, PPARγ peroxisome pro-
liferating-activated receptor γ, TNF-α tumor necrosis factor alpha, VEGF vascular endothelial 
growth factor
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dependent matrix remodeling (Cao 2007; Vona-Davis and Rose 2007; Lijnen 2008; 
Christiaens and Lijnen 2010; Bento et al. 2010a). On the other hand, adiponectin 
was shown to counteract all these effects, by inhibiting VEGF actions in endothelial 
cells (Vona-Davis and Rose 2009). Adiponectin is mostly produced by small and 
non-inflamed adipocytes. Thus, when adipose tissue blood supply is enough, adipo-
nectin prevents excessive blood vessel growth. On the other hand, leptin is produced 
proportionally to fat mass and thus its angiogenic functions are necessary to sustain 
tissue angiogenesis.

Other factors that have been suggested to be involved in the regulation of adipose 
tissue angiogenesis are fibroblast growth factor (FGF) (Lijnen 2008; Christiaens and 
Lijnen 2010), hepatic growth factor (HGF), and platelet-derived growth factor 
(PDGF) (Lijnen 2008; Pang et  al. 2008; Christiaens and Lijnen 2010). As well, 
fibrotic and inflammatory factors like TGF-β and TNF-α have been shown to exert 
direct effects on adipose tissue endothelial cells. While TNF-α is involved in endothe-
lial cell proliferation, TGF-β is important for the deposition of the extracellular matrix 
and vessel stabilization (Lijnen 2008; Niu et al. 2008; Christiaens and Lijnen 2010).

Angiogenesis is not only regulated by endothelial cell proliferation and migra-
tion, but also by matrix remodeling. Extracellular matrix degradation is a highly 
regulated process by the plasminogen system and by MMPs. The plasminogen sys-
tem is known for its role on blood clotting but it is also shown to be involved in the 
regulation of extracellular matrix degradation (Lijnen 2008; Carter and Church 
2009; Christiaens and Lijnen 2010). Animal models of obesity and metabolic syn-
drome have been shown to have increased levels of the inhibitor of plasminogen 
activator (PAI-1). Transgenic models of adipocyte PAI-1 expression have shown 
lack of visceral adipose tissue, showing that PAI-1 inhibits matrix degradation and 
vessel growth. However, although PAI-1 is apparently involved in preventing matrix 
degradation, its expression is increased by hypoxia and its levels are correlated with 
the body mass index (BMI) and insulin resistance, suggesting that its function in 
adipose tissue may be far more complex. Regarding MMPs, they are involved in 
matrix degradation, allowing endothelial cell migration. Their levels are increased 
in obesity and their overexpression results in decreased capillary density in adipose 
tissue. However, the mechanisms of their regulation and their real impact in adipose 
tissue pathophysiology are currently unknown (Lijnen 2008; Christiaens and Lijnen 
2010; Corvera and Gealekman 2014).

1.4.6  �Inflammatory Feedback in Adipose Tissue: Unifying 
Mechanism

The dysregulation of adipocyte metabolism occurs with the accumulation of fatty 
acids and their intermediates and with the development of hypoxia. All these condi-
tions lead to the activation of stress pathways resulting in inhibition of nutrient 
uptake and increased expression of chemokines involved in the recruitment of 
inflammatory cells to the tissue (Galic et al. 2010). PPARγ inhibition also leads to 
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decreased adiponectin secretion, which contributes to the inflammatory feedback in 
the tissue. Monocyte recruitment and their differentiation into macrophages further 
increase the release of inflammatory chemokines, cytokines like TNF-α, and angio-
genic factors. Such events further chronically inhibit insulin signaling and fatty acid 
uptake, also increasing lipolysis (Fig. 1.11) (Qatanani and Lazar 2007; Olefsky and 
Glass 2010).
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Chapter 2
The Role of Brain in Energy Balance

Paulo Matafome and Raquel Seiça

Abstract  Energy homeostasis is regulated by homeostatic and nonhomeostatic 
reward circuits which are closely integrated and interrelated. Before, during, and 
after meals, peripheral nutritional signals, through hormonal and neuronal path-
ways, are conveyed to selective brain areas, namely the hypothalamic nuclei and the 
brainstem, the main brain areas for energy balance regulation. These orexigenic and 
anorexigenic centers are held responsible for the integration of those signals and for 
an adequate output to peripheral organs involved in metabolism and energy 
homeostasis.

Feeding includes also a hedonic behavior defined as food intake for pleasure 
independently of energy requirement. This nonhomeostatic regulation of energy 
balance is based on food reward properties, unrelated to nutritional demands, and 
involves areas like mesolimbic reward system, such as the ventral tegmental area 
and the nucleus accumbens, and also opioid, endocannabinoid, and dopamine 
systems.

Herein, focus will be put on the brain circuits of homeostatic and nonhomeo-
static regulation of food intake and energy expenditure.
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2.1  �Introduction

Energy homeostasis and body weight are closely regulated by homeostatic and non-
homeostatic reward systems. Homeostatic control uses a complex network that 
involves orexigenic and anorexigenic brain centers and peripheral organs such as 
gastrointestinal tract, pancreas, and adipose tissue. Such brain areas receive signals 
from these peripheral organs concerning the food intake and the energy status of the 
body, regulating short-term and long-term energy balance pathways. Peripheral sig-
nals through circulation and afferent nerves act mainly in those specific brain areas, 
inhibiting or exciting specific neurons in order to maintain energy homeostasis 
through neuronal and endocrine responses. The crosstalk between peripheral sig-
nals and hypothalamic and brainstem centers, the main brain areas for energy 
homeostasis regulation, typified the physiological system to control hungry/satiety, 
fat mass, and meal size and frequency (Wilson and Enriori 2015; Bauer et al. 2016).

Brain receives a vast number of nutritional signals before, during, and after food 
intake. Ingested nutrients are sensed in the gastrointestinal tract which induce gut-
derived humoral and neuronal signals that are integrated by selective brain areas, in 
turn responsible for an adequate output to peripheral organs involved in metabolism 
and energy balance. The regulation of a meal comprises several factors that control 
meal initiation and size and inter-meal interval like ghrelin, glucagon like peptide-1 
(GLP-1), and peptide tyrosine tyrosine (PYY). Most of the afferent gut signals are 
predominantly involved in the short-term circuitry regulating meal size and feeding 
frequency. Nevertheless, some of them may also act in concert with long-acting 
adiposity signals, which reflect the fat store levels specially related to leptin but also 
insulin (Bauer et al. 2016; Hagan and Niswender 2012).

Preprandial hunger signals are the first stimulus to food ingestion and are induced 
by sight and smell of food. At the beginning of the prandial phase the contact of 
food with mouth signals the brain in order to promote food intake. During the pran-
dial period, the central nervous system (CNS) receives mechanical and chemical gut 
satiety signals. Furthermore, absorbed nutrients also reach CNS contributing to sati-
ety (Harrold et al. 2012). The amount of energy stored as fat is also signaled to the 
CNS helping to maintain the balance between food intake and energy expenditure 
(Wilson and Enriori 2015; Abdalla 2017).

Apart from the homeostatic circuits, feeding includes hedonic behavior defined 
as food intake for pleasure independently of energy requirement. Palatable food can 
stimulate appetite beyond energy needs. This nonhomeostatic regulation of energy 
balance is based on food reward properties, unrelated to nutritional demands, and 
involves areas like mesolimbic reward circuitry, namely ventral tegmental area 
(VTA) and nucleus accumbens (NAc), and nuclei in the amygdale and hippocam-
pus, interconnected to the hypothalamus and the brainstem (Sekar et  al. 2017; 
Hagan and Niswender 2012; Yu et al. 2015).

This chapter introduces the major brain areas of homeostatic and nonhomeo-
static regulation of food intake and energy expenditure, both crucial to maintain 
energy balance. In fact, a dysfunction at any level of this complex network including 
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reward system malfunction may lead to an energy imbalance and thus to metabolic 
disorders.

2.2  �Brain Circuits of Food Intake Regulation

2.2.1  �Hypothalamus

The hypothalamus is a key organ in the regulation of food intake. Hypothalamic 
nuclei specifically arcuate nucleus (ARC), paraventricular nucleus (PVN), ventro-
medial hypothalamus (VMH), dorsomedial hypothalamus (DMH), and lateral 
hypothalamic area (LHA) form an interconnected neuronal circuitry (Fig. 2.1) and 
are linked to brainstem and higher brain centers (Fig. 2.3). They respond to ingested 
food and changes in the energy status altering the expression of specific neuropep-
tides resulting in adjustments of food intake and energy expenditure to maintain 

ARC

NPY/AgRP
GABA POMC/CART

Peripheral signals

PVN

CRH  TRH
Oxytocin

CART

VMH

BDNF

DMH

NPY  CART
LHA

OX  MCH
CART

HypothalamusME

Fig. 2.1  Hypothalamic centers of energy balance. ARC arcuate nucleus, PVN paraventricular 
nucleus, VMH ventromedial hypothalamus, DMH dorsomedial hypothalamus, LHA lateral hypo-
thalamic area, ME median eminence, NPY neuropeptide Y, AgRP agouti-related peptide, GABA 
γ-aminobutyric acid, POMC proopiomelanocortin, CART cocaine-and amphetamine-regulated 
transcript, BDNF brain-derived neurotrophic factor, OX orexin, MCH melanin-concentrated hor-
mone, CRH corticotrophin-releasing hormone, TRH thyrotrophin-releasing hormone
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energy balance (Jeong et al. 2014; Roh et al. 2016; López et al. 2007; Abdalla 2017; 
Harrold et al. 2012).

2.2.1.1  �Arcuate Nucleus

The ARC expresses hormone receptors namely insulin, leptin and ghrelin receptors 
(Sutton et al. 2016; Jeong et al. 2014; Wilson and Enriori 2015) and nutrient sensors 
and lies immediately above the median eminence, a circumventricular organ with 
semipermeable blood–brain barrier (BBB) that allows peptides and proteins influx. 
It is considered the hypothalamic area that primarily senses circulating peripheral 
hormones, namely from gut and adipose tissue, and nutrient signals (Wilson and 
Enriori 2015; Roh et al. 2016; López et al. 2007; Sobrino Crespo et al. 2014).

The hypothalamic ARC (Fig.  2.1) comprises two neuronal populations with 
opposing effects on food ingestion: one group (NPY/AgRP neurons), found medi-
ally, produces the orexigenic neuropeptides, neuropeptide Y (NPY), the most potent 
stimulator of appetite, and agouti-related peptide (AgRP); the other group (POMC/
CART neurons), in the lateral ARC, co-expresses the anorexigenic neuropeptides 
proopiomelanocortin (POMC) and cocaine- and amphetamine-regulated transcript 
(CART). It is in these first-order neurons that peripheral metabolic signals like 
leptin, insulin, and ghrelin primarily act (Roh et al. 2016; Jeong et al. 2014; Anderson 
et al. 2016; Wilson and Enriori 2015; López et al. 2007; Sobrino Crespo et al. 2014; 
Abdalla 2017).

Moreover, NPY/AgRP and POMC/CART neurons receive inputs from other 
brain areas, including from hypothalamic PVN, DMH, VMH, and LHA (Wang 
et al. 2015).

The NPY/AgRP and POMC/CART neurons project to second-order neurons 
located in other hypothalamic nuclei such as the VMH, PVN, DMH, and LHA and 
also to extrahypothalamic regions such as the autonomic preganglionic neurons in 
the brainstem and the spinal cord (Harrold et  al. 2012; Abdalla 2017; Anderson 
et al. 2016; Roh et al. 2016; Roseberrya et al. 2015).

In the hypothalamus, the ARC is the major site of NPY expression (Sobrino 
Crespo et al. 2014). NPY, as a ligand of the receptors Y-1 (Y-1R) and Y-5 (Y-5R) in 
the PVN, stimulates appetite and reduces energy expenditure, albeit affects other 
hypothalamic nuclei like DMH and LHA as well as other brain areas (Sekar et al. 
2017; Abdalla 2017). AgRP, an endogenous antagonist of α-melanocyte-stimulating 
hormone (α-MSH), co-localize with NPY exclusively in the ARC neurons. It com-
petes with α-MSH for melanocortin receptors in the second-order neurons, namely 
in the PVN, antagonizing its effects, whereas NPY stimulates food intake binding 
to its receptors Y-1R or Y-5R (Roh et al. 2016; López et al. 2007; Abdalla 2017) 
(Fig. 2.2).

The NPY/AgRP neurons release, besides NPY and AgRP, the inhibitory neu-
rotransmitter γ-aminobutyric acid (GABA) that seems to mediate most of the orexi-
genic effects of the NPY. Several anorexigenic neurons within the CNS receive the 
GABAergic inhibitory inputs from the NPY/AgRP neurons, including the POMC/
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CART neurons in the ARC (Fig.  2.2); this inhibitory signal associated with the 
direct inhibitory effect of NPY/AgRP on POMC/CART neurons form, within the 
hypothalamic ARC, an internal circuit of food intake regulation. In this way, it was 
suggested that GABA orexigenic pathways from the NPY/AgRP neurons increase 
food intake inhibiting the anorexigenic neurons within the CNS (Wilson and Enriori 
2015; Waterson and Horvath 2015; Jeong et al. 2014).

Different effects have been assigned to NPY, GABA, and AgRP neuropeptides; 
NPY and GABA seem to be more important for acute feeding whereas AgRP has a 
major role in long-term regulation through its competition with melanocortin recep-
tors (Wilson and Enriori 2015).

POMC is the precursor of α-MSH, the strongest brain anorexigenic neuropeptide 
that binds to the receptors MC-3R and MC-4R, particularly the MC-4R, on second-
order neurons leading to reduced food intake and enhanced energy expenditure 
(Sekar et al. 2017; Jeong et al. 2014; Anderson et al. 2016; Roh et al. 2016; López 
et al. 2007) (Fig. 2.2). The POMC/CART neurons project to the second-order neu-
rons, particularly in the PVN, VMH, and LHA, and also to autonomic preganglionic 
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Fig. 2.2  Arcuate nucleus and anorexigenic and orexigenic neuropeptides connection. ARC arcuate 
nucleus, NPY neuropeptide Y, AgRP agouti-related peptide, GABA γ-aminobutyric acid, POMC 
proopiomelanocortin, CART cocaine-and amphetamine-regulated transcript, Y-1/5R Neuropeptide 
receptors 1 and 5, α-MSH α-melanocyte-stimulating hormone, MC-4R melanocyte receptor-4
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neurons in the brainstem and the spinal cord (Roh et al. 2016; López et al. 2007; 
Harrold et al. 2012).

The majority of the neurons that express POMC also express CART which puta-
tive receptor has not been yet identified. CART is expressed in the ARC and also in 
the PVN, LHA, and DMH neurons (Sekar et al. 2017; Gilon 2016). It is primarily 
an anorexigenic neuropeptide inhibiting food intake and increasing energy expendi-
ture, but recent studies showed a possible orexigenic action. In fact, it was suggested 
that activation of CART neurons in the ARC and PVN induces anorexigenic effect 
while in the DMH and LHA neurons has opposite effects (Abdalla 2017). CART 
from ARC neurons controls the release of thyrotrophin-releasing hormone (TRH) in 
the PVN which, in turn, by regulating thyrotrophin-stimulating hormone (TSH) 
release in pituitary gland, alters energy expenditure. CART is also expressed in the 
NAc suggesting a role on reward activity (Gilon 2016). Additionally, an intercon-
nection with endocannabinoids and dopamine in reward circuits has been reported 
(Harrold et al. 2012).

2.2.1.2  �Paraventricular Nucleus

The hypothalamic PVN integrates signals from several brain areas, including those 
conveyed by POMC/CART and NPY/AgRP neurons from the ARC and orexin 
(OX) neurons from the LHA and also from the hypothalamic VMH and DMH and 
the brainstem (Harrold et al. 2012; Sutton et al. 2016; López et al. 2007). It also 
directly receives peripheral signals namely from leptin, ghrelin, and insulin (Jeong 
et al. 2014; Wilson and Enriori 2015) and sends signals to other hypothalamic nuclei 
(Wang et al. 2015) (Fig. 2.1). But the PVN primarily projects to extrahypothalamic 
regions, such as the brainstem, and controls sympathetic responses including those 
related to peripheral metabolism and energy expenditure (Fig. 2.3) (Roh et al. 2016; 
Sutton et  al. 2016). Their neurons primarily produce anorexigenic neuropeptides 
such as corticotrophin-releasing hormone (CRH), TRH, and oxytocin (Roh et al. 
2016; Wilson and Enriori 2015; Abdalla 2017). The PVN mediates the majority of 
the hypothalamic output to regulate food ingestion and energy expenditure. 
Furthermore, a recent study showed that, in rats, oxytocin receptors are expressed in 
the NAc suggesting its effect on reward circuitry (Abdalla 2017) (Fig. 2.3).

2.2.1.3  �Ventromedial Hypothalamus and Dorsomedial Hypothalamus

The hypothalamic VMH expresses the anorexigenic neuropeptide, the brain-derived 
neurotrophic factor (BDNF), that may be activated by POMC/CART neurons from 
the ARC.  It also receives NPY/AgRP neuronal projections from this nucleus 
(Abdalla 2017; Roh et al. 2016; López et al. 2007). The VMH projects, in turn, to 
the ARC, DMH, LHA, and PVN, as well as to the brainstem (López et al. 2007; Roh 
et al. 2016) (Fig. 2.1).
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The neuronal populations in the hypothalamic DMH are poor characterized 
(Abdalla 2017; Wilson and Enriori 2015) but it was reported that they express NPY 
and CART neuropeptides (Roh et al. 2016; López et al. 2007), receive NPY/AgRP 
and POMC/CART neuron projections from the ARC, and are also connected with 
other hypothalamic nuclei like PVN and LHA and the brainstem (Roh et al. 2016) 
(Fig. 2.1).

2.2.1.4  �Lateral Hypothalamic Area

In contrast to the PVN, VMH, and DMH, the hypothalamic LHA is considered a 
feeding center. The LHA contains two distinct neuronal populations expressing the 
orexigenic neuropeptides, melanin-concentrating hormone (MCH) and orexin or 
hipocretin (OX-A and OX-B), receiving both the NPY/AgRP and POMC/CART 
neuronal projections from the ARC (Fig.  2.1) and project to extrahypothalamic 
areas such as the brainstem (Roh et al. 2016; Sobrino Crespo et al. 2014; López 
et  al. 2007; Abdalla 2017). MCH neurons project to extrahypothalamic areas, 
including the NAc suggesting its role in hedonic feeding (Sobrino Crespo et  al. 
2014; Harrold et al. 2012) (Fig. 2.3). OX-A and OX-B neurons have extensive pro-
jections to the ARC, specially to the NPY neurons, to the VMH, DMH, and PVN, 
and also to the VTA, so its role in hedonic system was also proposed (Sobrino 
Crespo et al. 2014; Harrold et al. 2012; López et al. 2007) (Fig. 2.1).
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Fig. 2.3  Brain centers of energy balance and peripheral metabolism regulation. ARC arcuate 
nucleus, PVN paraventricular nucleus, VMH ventromedial hypothalamus, DMH dorsomedial 
hypothalamus, LHA lateral hypothalamic area, ME median eminence, NTS nucleus tractus soli-
tarius, AP area postrema, NPY neuropeptide Y, POMC proopiomelanocortin, GLP glucagon-like 
peptide 1
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2.2.1.5  �Glucose and Lipid Sense Neurons

The brain areas associated to glucose metabolism regulation contain neurons that 
sense glucose concentrations in the extracellular fluid. These neurons are particu-
larly located in the hypothalamic nuclei and the dorsal vagal complex in the brain-
stem and are divided into two types: glucose-excited and glucose-inhibited neurons 
that are activated by increased and decreased extracellular glucose, respectively. 
The former are mainly found in the hypothalamic VMH, ARC, and PVN, whereas 
the latter are located in the LHA, ARC, and PVN (Roh et al. 2016).

Considering the ARC neurons, some studies show that NPY/AgRP neurons are 
glucose-inhibited and POMC/CART are glucose-excited neurons. It was reported 
that glucose sensing neurons respond also to peripheral humoral signals related to 
fat stores such as leptin and insulin and are linked to hormonal and autonomic 
response that regulate glucose metabolism and energy balance (Levin et al. 2004).

The CNS, namely the hypothalamus, may also directly sense fatty acid concen-
trations. It was shown that intracerebroventricular administration of long-chain fatty 
acid oleic acid inhibits glucose production and food intake, associated to decreased 
hypothalamic NPY (Obici et  al. 2002). Specialized neurons in the hypothalamic 
VMH and ARC and in other brain areas involved in the regulation of glucose metab-
olism and energy homeostasis seem to be sensitive to fatty acids (Moullé et  al. 
2014).

2.2.2  �Brainstem

The brainstem is another key brain region in the regulation of food intake and energy 
expenditure and exist an extensive reciprocal nervous connection between brain-
stem and hypothalamus. The dorsal vagal complex (DVC) consists of the nucleus 
tractus solitarius (NTS), the dorsal motor nucleus of the vagus (DMV), and the area 
postrema (AP), a circumventricular organ with modified BBB similar to the hypo-
thalamic median eminence. The DVC receives and integrates mechanical and chem-
ical gut signals transmitted through gastrointestinal sensory nerves. Peripheral 
signals namely those assigned to the gastrointestinal tract, such as ghrelin and cho-
lecystokinin, are sent to the NTS, not only via the sensory vagus nerve that exten-
sively innervates gastrointestinal tract, but also via the systemic circulation through 
the area postrema. Thus, NTS integrates both humoral and neuronal peripheral sig-
nals and also neuronal projections from the hypothalamus, particularly from the 
PVN (Roh et al. 2016; Bauer et al. 2016; López et al. 2007; Wang et al. 2015). The 
NTS neurons project to the brainstem and other brain areas such as the hypotha-
lamic ARC and PVN (Wang et al. 2015; Bauer et al. 2016). The NTS has the poten-
tial to regulate sympathetic outflow, namely to brown adipose tissue, being therefore 
involved in energy expenditure and peripheral metabolism (Sutton et  al. 2016) 
(Fig. 2.3).
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The NTS neurons express Y-1, Y-5, and MC-4 receptors and produce GLP-1 and 
the neuropeptides NPY and POMC-derived α-MSH (Roh et  al. 2016; Sobrino 
Crespo et al. 2014; López et al. 2007). The POMC neurons in the NTS are crucial 
for the short-term regulation of food intake while POMC neurons from the hypotha-
lamic ARC are particularly involved in the long-term control of energy balance 
(Jeong et al. 2014).

GLP-1 is synthesized in the NTS neurons and its receptor (GLP-1R) is expressed 
in the brainstem and in the hypothalamic nuclei ARC, PVN, and DMH (Sobrino 
Crespo et al. 2014; Sekar et al. 2017; Geloneze et al. 2017: López et al. 2007). The 
anorexigenic effect of central GLP-1 seems to be especially related to GLP-1R acti-
vation in the ARC leading to stimulation of POMC/CART and inhibition of the 
NPY/AgRP neurons. In the PVN, GLP-1 activates directly the release of the anorex-
igenic oxytocin and CRH. Some GLP-1 neurons project to the NAc and VTA, a 
reward centers, leading to reduction of palatable food intake via mesolimbic dopa-
minergic suppression (Sekar et al. 2017; Geloneze et al. 2017). It was also shown 
that GLP-1 at central level has a role in energy expenditure, inducing brown adipose 
tissue thermogenesis via sympathetic activation (Geloneze et al. 2017), and modu-
late circulating glucose utilization (Sekar et al. 2017).

2.2.3  �Brain Reward Circuits

Brain homeostatic and hedonic systems have a role in hunger/satiety regulation. A 
negative energy balance leads to the physiological need to eat mainly mediated by 
hypothalamus and brainstem, but the desire to ingest palatable food may stimulate 
food intake independently of energy status. The meal beginning involves commonly 
nonhomeostatic mechanisms, whereas meal size and termination are mainly under 
homeostatic control particularly related to gut signals induced by food intake. 
Nevertheless, homeostatic and hedonic feeding are closely integrated and interre-
lated (Yu et al. 2015; Leigh and Morris 2016).

Reward/hedonic pathways include interactions between opioid, endocannabi-
noid, and dopamine systems, particularly the mesocorticolimbic dopaminergic sys-
tem, and special brain areas like hippocampus, amygdala, prefrontal cortex, and 
midbrain and also hypothalamic LHA due to its linkage to the VTA and the NAc 
neural circuits (Abdalla 2017; López et al. 2007). Indeed, the LHA is an integrator 
center of both hedonic and homeostatic circuits; it receives homeostatic signals and 
modulates directly the VTA and the NAc. The OX and MCH neurons from the LHA 
project to the reward circuits and it was shown to change dopamine system (Leigh 
and Morris 2016; Sobrino Crespo et al. 2014; Harrold et al. 2012) (Fig. 2.3).

Moreover, hedonic behavior is modulated, specially through the modulation of 
mesolimbic dopaminergic pathways, by peripheral metabolic signals, mainly 
involved in the homeostatic control of energy balance like leptin, insulin, and ghre-
lin (Leigh and Morris 2016; Hagan and Niswender 2012; Harrold et  al. 2012) 
(Fig.  2.3). In fact, insulin and leptin receptors are expressed in the mesolimbic 
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system namely in the VTA, and negatively affect the dopaminergic reward neurons 
(Leigh and Morris 2016; Khanh et al. 2014; Davis et al. 2010). Furthermore, leptin 
inhibits orexin and MCH neurons in the hypothalamic LHA which, projecting to 
mesolimbic regions, control dopamine actions (Khanh et al. 2014). Ghrelin recep-
tors are also expressed in the VTA and its activation impacts dopaminergic circuits 
leading to enhanced hedonic response (Harrold et al. 2012).

Food is rewarding and acts on the reward pathways that include dopaminergic 
system, a central component of the hedonic feeding. Dopamine, and its receptor D2, 
is implicated in the pleasure and emotions. After palatable food ingestion, dopamine 
is released from the neurons in the VTA of the midbrain which project to the NAc 
and the prefrontal cortex (Roseberrya et  al. 2015; Abdalla 2017; Hagan and 
Niswender 2012). On the other hand, dopamine neurons receive afferent inputs 
from many different brain areas such as the hypothalamic LHA. Furthermore, evi-
dences indicate that α-MSH and AgRP would affect food reward acting on the 
mesocorticolimbic and mesostriatal dopamine system, but the underlying mecha-
nisms are unknown (Roseberrya et al. 2015).

Endocannabinoids are also involved in the hedonic control of food intake. The 
endocannabinoids, namely N-arachidonoyl-ethanolamine (anandamide) and 
2-arachidonoylglycerol (2-AG), are produced from cell membrane phospholipids in 
the brain where they are widely expressed, including in the hypothalamus, the 
brainstem, and the corticolimbic system (Cristino et al. 2014). The endocannabi-
noids exert their effects through CB-1 and CB-2 receptors, being the former located 
in tissues associated to energy balance like hypothalamus, brainstem, mesolimbic 
regions, gastrointestinal tract, and adipose tissue. CB-2 receptor is related to immu-
nologic processes but recently it was suggested that it may contribute to energy 
balance regulation (Abdalla 2017). Endocannabinoids and its receptor CB-1 act on 
the reward circuits such as on the NAc and the VTA and interact with both dopa-
mine and opioid pathways leading to palatable food preferences (Cristino et  al. 
2014). Some peripheral hormones affect endocannabinoid activity like cholecysto-
kinin, ghrelin, and leptin (Abdalla 2017; Cristino et al. 2014).

Endogenous opioids such as POMC-derived ß-endorphin and its μ-receptors, 
located in the VTA and the NAc, areas of the mesolimbic dopaminergic system, are 
also linked to the reward system. In fact, the activation of the μ-receptors is particu-
larly implicated in the modulation of high palatable food intake. In addition, the 
interaction of opioids and the LHA orexin modulates both homeostatic and hedonic 
feeding (Abdalla 2017; Nogueiras et al. 2012).

The components of the reward system are associated with the pleasure (liking) 
that seems to be mediated by opioid and endocannabinoid systems, and with the 
motivation (wanting) to ingest food, a process that appears to be particularly related 
to mesolimbic dopaminergic neurons (Yu et al. 2015; Davis et al. 2010).

The pleasure we experience provided by food is important to decide about when, 
what, and how much to eat and is particularly linked to sweet and fat ingestion, in 
rats and in humans (Hagan and Niswender 2012). Malfunction of the reward circuits 
may explain, at least in part, the increased incidence of obesity. Indeed, the hedonic 
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system may override homeostatic component of energy balance regulation leading 
to metabolic dysregulation (Yu et al. 2015).

2.3  �Neuronal and Humoral Outputs to the Peripheral 
Organs

The brain is not only crucial to regulate food intake but also the energy expenditure, 
the other component of the energy balance, traditionally divided in energy expended 
in physical activity, resting energy expenditure and thermic effect of feeding.

Hypothalamus and brainstem receive humoral and neuronal peripheral signals 
and, therefore, modulate food intake, energy expenditure, and peripheral metabo-
lism. They contain circuits that involve autonomic control of peripheral metabolic 
tissues such as gastrointestinal tract, pancreas, skeletal muscle, and white (WAT) 
and brown (BAT) adipose tissue. In fact, autonomic nervous system balances 
peripheral energy production and expenditure and peripheral metabolism (Seoane-
Collazo et al. 2015). Pre-autonomic neurons in the hypothalamic nuclei particularly 
the PVN, the most important brain region for coordination of autonomic output, 
project to the lower autonomic areas in the spinal cord and brainstem mediating the 
autonomic efferent control of the peripheral organs (Yi and Tschöp 2012) (Fig. 2.3). 
Furthermore, the hypothalamic PVN response, besides the autonomic nervous sys-
tem, involves endocrine outflow through adrenal and thyroid axis which also par-
ticipate in heat production (Yi and Tschöp 2012).

The parasympathetic nervous system (PNS) and the sympathetic nervous system 
(SNS) regulate, among others, pancreatic endocrine function, like insulin and glu-
cagon secretion, and hepatic and peripheral insulin sensitivity, being the first tradi-
tionally related to anabolism and the latter to catabolic response. Adipose tissue is 
particularly innervated by the SNS while liver, muscle, and endocrine pancreas 
receive both parasympathetic and sympathetic innervation (Seoane-Collazo et al. 
2015). SNS activation induces WAT free fatty acid release and hepatic gluconeo-
genesis and glycogenolysis. In the muscle, it leads to free fatty acid oxidation, 
reduced glycogen synthesis and glucose oxidation and decreased glucose uptake (Yi 
and Tschöp 2012). Hypothalamic nuclei such as the LHA, VMH, and PVN send 
autonomic signals to the liver modulating hepatic glucose homeostasis. The LHA 
and VMH areas are involved, respectively, in hepatic parasympathetic and sympa-
thetic innervation while the PVN receives and integrates different signals from other 
regions like the ARC and VMH and coordinates sympathetic and parasympathetic 
outputs to the liver (Seoane-Collazo et al. 2015).

Thus, a hypothalamic-autonomic nervous system axis might be considered as an 
important regulator of energy and metabolic homeostasis.
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2.3.1  �Central Nervous System and White Adipose Tissue

The CNS regulates WAT metabolism and secretory function via autonomic nervous 
system specifically the SNS. The connections between the hypothalamus and the 
autonomic nervous system are not well identified and may include different hypo-
thalamic nuclei (Seoane-Collazo et  al. 2015). Nevertheless, WAT lipolysis was 
linked to the hypothalamic VMH, LHA, PVN, and ARC. The VMH is related to 
SNS activation leading to enhanced WAT lipolysis. From the hypothalamic LHA, 
the OX-A neurons project to the brainstem and spinal cord regulating WAT lipolysis 
via SNS activation, while MCH neurons seem to induce lipid deposition and 
decreased lipid mobilization in the WAT (Yi and Tschöp 2012; Seoane-Collazo 
et  al. 2015). The activation of melanocortin receptors in the hypothalamic PVN 
induced by ARC α-MSH increases energy expenditure. This effect appears to be 
mediated, at least in part, by the consequent activation of neuronal projections from 
the PVN to the brainstem NTS, leading to sympathetic stimulation. In fact, a 
decrease in α-MSH leads to increased adiposity and reduced lipolysis (Seoane-
Collazo et al. 2015; Sutton et al. 2016). In turn, the NPY neurons from the ARC 
promote WAT energy accumulation and inhibit BAT activity through inhibition of 
the SNS outflow. Apart from this central effect of the NPY, this neuropeptide acts 
directly in the WAT as it is also expressed in the SNS neurons that innervate this 
adipose tissue (Seoane-Collazo et al. 2015).

2.3.2  �Central Nervous System and Brown Adipose Tissue

Besides WAT lipolysis, lipid metabolism is regulated by modulation of BAT func-
tion and the CNS, mainly via the SNS, has a pivotal role (Roh et al. 2016; Seoane-
Collazo et al. 2015; Contreras et al. 2015; Bartness et al. 2010; Roh and Kim 2016). 
BAT was considered relevant in rodents and hibernating mammals and also in new-
born humans but negligible in adults. Evidences reported its presence in adult 
humans particularly located in cervical and supraclavicular areas and also in perire-
nal, intercostal, mediatinal, and periaortic regions. Recent imaging techniques 
showed that BAT, although limited to distinct depots, is a functionally active tissue 
in adult humans with important metabolic effects (Wankhade et al. 2016; Zhang and 
Bi 2015; Contreras et al. 2015; Seoane-Collazo et al. 2015).

BAT is an important regulator of energy expenditure, specialized for non-
shivering thermogenesis, that dissipate energy in the form of heat, in order to main-
tain body temperature in response to cold exposition or to dissipate the excessive 
energy intake after hypercaloric food ingestion. In fact, BAT is composed of special 
adipocytes which generate heat instead of accumulating fat, via increased mito-
chondria number and expression and activity of mitochondrial uncoupling protein-1 
(UCP-1) (Roh et al. 2016; Roh and Kim 2016; Wankhade et al. 2016; Contreras 
et al. 2015; Zhang and Bi 2015; Montanari et al. 2017).
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In addition to white and brown adipocytes, a population of cells interdispersed in 
the WAT was recently identified, the brite/beige adipocytes or brown-like adipo-
cytes. They are UCP-1 positive adipocytes that, expressing the characteristics of 
brown adipocytes, contribute to non-shivering thermogenesis and energy expendi-
ture. Furthermore, the induction of WAT browning, that is to say the activation of 
the brite/beige adipocytes, may particularly occur in response to exercise, cold 
exposure, ß-adrenergic agonists, orexin, leptin, insulin, thyroid hormones, and 
nutrients (Contreras et al. 2015; Forest et al. 2016; Wankhade et al. 2016; Zhang and 
Bi 2015; Montanari et al. 2017; Roh et al. 2016). Recent studies suggest that adult 
human BAT appears to be composed by brown and brite/beige adipocytes (Contreras 
et al. 2015; Zhang and Bi 2015).

Non-shivering thermogenesis is particularly controlled by SNS and thyroid hor-
mones. Indeed, the SNS, via norepinephrine and ß-adrenergic receptors, mainly 
ß3-receptors, is the principal regulator of BAT function, but paracrine and endocrine 
molecules are also involved. Some nutrient and hormonal signals such as leptin, 
insulin, and GLP-1, and also thyroid hormones which work in concert with norepi-
nephrine, can interfere with sympathetic output to BAT (Roh et al. 2016; Contreras 
et al. 2015; Geloneze et al. 2017; Zhang and Bi 2015; Seoane-Collazo et al. 2015).

Activation of leptin receptors in the hypothalamus leads to SNS activation which 
increases BAT energy expenditure. A role of the hypothalamic melanocortin system 
has been suggested in BAT thermogenesis (Roh and Kim 2016; Seoane-Collazo 
et al. 2015; Bartness et al. 2010) and appears to mediate the action of leptin on SNS 
activation (van Swieten et al. 2014; Münzberg and Morrison 2015). It was proposed 
that leptin controls food intake acting in the hypothalamic ARC, inhibiting the orex-
igenic NPY/AgRP neurons and activating the anorexigenic POMC/CART neurons 
which, in turn, triggers the SNS activation and non-shivering thermogenesis 
(Seoane-Collazo et al. 2015; Dodd et al. 2015). In fact, leptin and insulin acting 
synergistically on distinct POMC/CART neurons in the hypothalamic ARC pro-
mote WAT browning and energy expenditure (Dodd et al. 2015; Forest et al. 2016; 
Roh and Kim 2016). The hypothalamic ARC is sensitive to insulin and sends signals 
to other hypothalamic nuclei, namely the PVN, to modulate glucose and lipid 
homeostasis. BAT and WAT are under the direct control of insulin but acting in 
brain centers, namely the hypothalamic ARC, insulin also acts indirectly through 
central SNS activation leading to BAT non-shivering thermogenesis and WAT 
increased lipogenesis and decreased lipolysis (Seoane-Collazo et al. 2015).

Several hypothalamic nuclei are associated with the regulation of brown and 
brite/beige thermogenesis such as the VMH, DMH, ARC, and PVN but the mecha-
nisms underlying these circuits are incompletely understood (Seoane-Collazo et al. 
2015; Roh et al. 2016; Zhang and Bi 2015). The VMH projects to other hypotha-
lamic areas involved in sympathetic outflow, like the ARC and PVN, and also to 
other autonomic centers namely the NTS and the locus coeruleus. DMH neurons do 
not project directly to the spinal cord preganglionic neurons but seems to act indi-
rectly via brainstem raphe pallidus (Seoane-Collazo et  al. 2015; Zhang and Bi 
2015). On the other hand, the hypothalamic PVN seems to be the mediator of the 
ARC regulation of energy expenditure.

2  The Role of Brain in Energy Balance
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Descending signals originated in hypothalamic nuclei control sympathetic ener-
vation of BAT and WAT and modulate BAT thermogenesis and WAT browning 
(Zhang and Bi 2015).

2.4  �Concluding Remarks

The CNS is crucial to integrate peripheral signals from gastrointestinal tract, pan-
creas, and adipose tissue and to orchestrate an adequate response in order to main-
tain energy homeostasis. Hypothalamus and brainstem are the most important brain 
centers of the homeostatic regulation of food intake and energy expenditure and are 
also interconnected with reward/non-homeostatic circuits. This homeostatic and 
hedonic feeding regulation involves a network of neurons and neuropeptides able to 
receive several inputs and to control food intake and energy expenditure.

Additionally, we eat in response to an array of additional stimuli such as emotion 
and cognitive cues. Recent evidences indicate that eating, in humans, is also regu-
lated by emotion, memory, and cognitive control systems. Emotions modulate appe-
tite that seems to involve the connection between the amygdala and the hypothalamus. 
Memory, mainly regulated by the hippocampus and parahippocampal formation, 
plays a role in eating disorders and thereby hippocampal dysfunction might induce 
increased food intake leading to obesity. Furthermore, it was theorized that impaired 
cognitive control may trigger increased reward responses to food and overeating but 
it remains unclear if obesity may give rise to this cognitive impairment or this causes 
obesity (Farr et al. 2016).

Thus, besides the traditional homeostatic and hedonic systems, a larger inte-
grated energy homeostasis system involving also emotion, memory, and cognition 
has to be considered.
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Chapter 3
Neuroendocrinology of Adipose Tissue 
and Gut–Brain Axis

Paulo Matafome, Hans Eickhoff, Liliana Letra, and Raquel Seiça

Abstract  Food intake and energy expenditure are closely regulated by several 
mechanisms which involve peripheral organs and nervous system, in order to main-
tain energy homeostasis.

Short-term and long-term signals express the size and composition of ingested 
nutrients and the amount of body fat, respectively. Ingested nutrients trigger 
mechanical forces and gastrointestinal peptide secretion which provide signals to 
the brain through neuronal and endocrine pathways. Pancreatic hormones also play 
a role in energy balance exerting a short-acting control regulating the start, end, and 
composition of a meal. In addition, insulin and leptin derived from adipose tissue 
are involved in long-acting adiposity signals and regulate body weigh as well as the 
amount of energy stored as fat over time.
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This chapter focuses on the gastrointestinal-, pancreatic-, and adipose tissue-
derived signals which are integrated in selective orexigenic and anorexigenic brain 
areas that, in turn, regulate food intake, energy expenditure, and peripheral 
metabolism.

Keywords  Energy homeostasis • Gastrointestinal peptides • Pancreatic hormones • 
Adipokines

3.1  �Introduction

The gut–brain axis is a bidirectional communication pathway between the gut and 
the brain, particularly important regarding regulating energy balance which com-
prises neuronal and hormonal gut signals that are integrated in orexigenic and 
anorexigenic brain areas. It involves neuronal afferent signals to the brain via vagal 
and spinal (sympathetic) neurons, as well as gut hormones, while outputs from the 
brain to the gut are mediated via autonomic and endocrine pathways.

Mechanical and chemical signals induced by ingested nutrients stimulate gut 
peptide secretion that, in turn, informs the central nervous system (CNS) via para-
crine action through the vagal and spinal route or via endocrine pathways. In a 
feedback loop, the CNS will then generate an appropriate response to maintain 
energy balance (Bauer et al. 2016; Wilson and Enriori 2015; López et al. 2007).

Long-term adiposity signals and short-term signals express the amount of body 
fat and the size and composition of ingested nutrients, respectively. Insulin and adi-
pose tissue leptin are specifically involved in the long-acting adiposity signals and 
regulate body weight as well as the amount of energy stored as fat over time. On the 
other hand, mechanical forces, such as gastric distention, together with gut peptides 
like cholecystokinin (CCK), peptide tyrosine tyrosine (PYY), and glucagon-like 
peptide-1 (GLP-1), have a special role in the short-term signaling (Fig.  3.1). 
However, some evidences support the concept of a dual effect of some gut peptides 
and their involvement in both meal size and composition and long-term energy bal-
ance. Energy expenditure also contributes to energy homeostasis and body weight 
maintenance and gut and adiposity peptides can also influence energy output while 
acting on specific brain centers (Bauer et al. 2016; Wilson and Enriori 2015; Yi and 
Tschöp 2012).

This chapter has its focus on the peripheral signals from gastrointestinal tract, 
pancreas, and adipose tissue which are integrated in selective brain areas responsi-
ble for the maintenance of energy and metabolism homeostasis.
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3.2  �Gastrointestinal Signals to the Brain

Ingested nutrients trigger the secretion of several peptides like CCK, GLP-1, and 
PYY that provide information to the brain about food intake to regulate appetite and 
energy expenditure. Gut and associated organs such as the endocrine pancreas play 
a pivotal role in the energy balance, namely in its short-term control, acting on the 
regulation of meal beginning, ending, and composition.

Intestinal vagal afferent neurons mediate the paracrine effects of gut peptides and 
mechanical stimuli and converge into the nucleus tractus solitarius (NTS) which, in 
turn, projects to other brain areas namely the hypothalamic nuclei. Thus, peripheral 
signals reach the hypothalamus indirectly via afferent neuronal pathways and the 
brainstem network. In the brainstem, the NTS is one of the major processors of 
afferent vagal signals. Spinal afferent nerves that represent an additional pathway, 
synapse on lamina I neurons of the dorsal horn of spinal cord which, in turn, dis-
charge to the NTS. Thereby the NTS integrates vagal and spinal inputs (Bauer et al. 
2016; López et al. 2007; Sobrino Crespo et al. 2014) (Fig. 3.2).

Preprandial period During and after prandial period

Hypothalamus
Brainstem

Orexigenic neuropeptides
NPY   OX

AgRP   MCH
GABA

Anorexigenic   neuropeptides
a-MSH   BDNF
CART   GLP-1

TRH   CRH

Stomach

distension

Stomach

ghrelin

Bowel

CCK     PYY
GLP-1

Pancreas

insulin

Adipose tissue

leptin

Food intake inhibition

Food intake
stimulation

Fig. 3.1  Food intake regulation: principal preprandial and prandial signals and brain orexigenic 
and anorexigenic neuropeptides. CCK cholecystokinin, GLP-1 glucagon-like peptide-1, PYY pep-
tide tyrosine tyrosine, NPY neuropeptide Y, AgRP agouti-related peptide, GABA γ-aminobutyric 
acid, α-MSH α-melanocyte stimulating hormone, CART cocaine- and amphetamine-regulated 
transcript, BDNF brain-derived neurotrophic factor, OX orexin, MCH melanin-concentrated hor-
mone, CRH corticotrophin-releasing hormone, TRH thyrotrophin-releasing hormone
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Gastrointestinal hormones can also influence specific satiety areas in the brain 
via the systemic circulation, reaching the NTS and/or the hypothalamic arcuate 
nucleus (ARC) through the area postrema (juxtaposed to the NTS) and the median 
eminence (adjacent to the ARC), which are semipermeable areas of the blood–brain 
barrier (BBB) (Bauer et al. 2016; Roh et al. 2016) (Fig. 3.2).

The hypothalamic ARC and brainstem NTS orexigenic and anorexigenic neu-
rons project to second-order neurons located in part in the hypothalamic paraven-
tricular nucleus (PVN) where anorexigenic thyrotrophin-releasing hormone (TRH) 
is released together with corticotrophin-releasing hormone (CRH) and oxytocin, 
and also in the lateral hypothalamic area (LHA) where orexigenic melanin-
concentrated hormone (MCH) and orexin (OX) are secreted (Sobrino Crespo et al. 
2014; Bauer et al. 2016).

Thus after reaching the brain centers, a hypothalamic and brainstem neural net-
work integrates and synergizes short- and long-term signals and generates proper 
responses regarding fasting and feeding in order to maintain the balance of energy 
intake and expenditure.

ghrelin

distension

GLP-1
OXM

CCK
PYY

AP

NTS

HYP

VN

Fig. 3.2  Connecting pathways of the principal gastrointestinal signals to the brain centers of 
energy balance regulation. HYP hypothalamus, NTS nucleus tractus solitarius, AP area postrema, 
VN vagus nerve, CCK cholecystokinin, OXM oxyntomodulin, GLP-1 glucagon-like peptide-1, 
PYY peptide tyrosine tyrosine
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After food ingestion, gastrointestinal signals are generated and sent to the brain 
centers involved in the central control of hunger and satiety, to restrain food intake. 
Initially, a mechanical signal following gastric distension is generated and reaches 
the CNS through gastric vagal and splanchnic afferent neurons (Bauer et al. 2016). 
With the arrival of nutrients to the small intestine, gastric emptying is slowed, lead-
ing to the maintenance of stomach distension, and gut neurohumoral signals are 
induced and sent to the central nucleus, to promote meal ending (Fig.  3.1). 
Enteroendocrine cells sense the ingested nutrients and produce a set of hormones 
that via autocrine, paracrine, or endocrine pathways control gastrointestinal func-
tions and energy homeostasis (Monteiro and Batterham 2017; Bauer et al. 2016). In 
fact, synthesis and secretion of gut peptides are induced by ingested nutrients 
through the chemosensory machinery on the enteroendocrine luminal membrane. 
Gut peptides enter the systemic circulation or signal to the brain via paracrine 
actions on specific receptors located in afferent neurons in the digestive tract wall, 
namely the vagus nerve, which expresses receptors for gut hormones like CCK, 
GLP-1, PYY, and ghrelin. In addition, gut hormones may indirectly activate vagal 
and spinal afferent neurons via enteric nervous system stimulation which also 
appears to express gut hormone receptors (Bauer et al. 2016; López et al. 2007). The 
action of gut hormones on visceral afferent neurons is one of the first steps in the 
regulation of gastric motility and food ingestion. Several gut peptides use this path-
way to increase or to reduce food intake such as ghrelin, CCK, GLP-1, and 
PYY. Vagal afferent neurons mediate orexigenic and anorexigenic pathways stimu-
lating or inhibiting food intake and gastric emptying in response to fasting and feed-
ing conditions. This neuronal switch is crucial to starting and finishing meals (Bauer 
et al. 2016; Wilson and Enriori 2015; Yi and Tschöp 2012).

3.2.1  �Orexigenic Factors

3.2.1.1  �Ghrelin

Ghrelin, which in its active form is an acylated peptide, acts as an endogenous 
ligand of the growth hormone secretagogue receptor (GHS-R1a). It is secreted 
mainly from the gastric oxyntic gland cells, the X/A-like-type cells in rodents or P/
D1-type cells in humans and, to a far lesser extent, in the small intestine, particu-
larly in the duodenum (Mishra et al. 2016; Monteiro and Batterham 2017; Sobrino 
Crespo et al. 2014).

Ghrelin was also found in the hypothalamic nuclei, specifically in the ARC, 
PVN, and ventromedial hypothalamus (VMH) (Stoyanova 2014). GHS-R1a is 
expressed in brain areas of homeostatic feeding, such as hypothalamus and brain-
stem, and in hedonic feeding areas. In the latter areas, ghrelin acts on the mesolim-
bic dopaminergic circuitry being thus involved in the hedonic reward system 
(Monteiro and Batterham 2017; Leigh and Morris 2016; Harrold et  al. 2012; 
Stoyanova 2014).
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Plasma ghrelin levels increase during fasting and before the onset of meals and 
decrease after nutrient ingestion proportionally to energy intake (Mishra et al. 2016; 
Monteiro and Batterham 2017; Stoyanova 2014; Sobrino Crespo et  al. 2014). 
Ghrelin release increases in response to epinephrine, norepinephrine, secretin, and 
endothelin and decreases in response to hyperglycemia, insulin, leptin, insulin-like 
growth factor (IGF-1), PYY, oxyntomodulin (OXM), GLP-1, CCK, gastrointestinal 
polypeptide (GIP), somatostatin, high-fat diet, and obesity (Stoyanova 2014; 
Monteiro and Batterham 2017).

Ghrelin is the only known orexigenic hormone that induces an increase in food 
intake and adiposity in rodents and humans. Such effects occur through activation 
of the GHS-R1a in the neuropeptide Y/agouti-related peptide (NPY/AgRP) neurons 
in the hypothalamic ARC and in the brainstem (Fig. 3.1) via afferent vagus nerve 
(Stoyanova 2014; Wilson and Enriori 2015) (Fig. 3.2).

More than 90% of NPY/AgRP neurons of the ARC express the GHS-R1a which 
is the main pathway that communicates the ghrelin feeding effect, whereas less than 
8% of proopiomelanocortin/cocaine- and amphetamine-regulated transcript 
(POMC/CART) neurons express ghrelin receptors. However, exogenous ghrelin 
administration induces a decrease in POMC/CART neurons activity and thus in the 
POMC-derived α-melanocyte-stimulating hormone (α-MSH), resulting in higher 
energy intake, which seems to be induced by increased GABA-mediated inhibitory 
inputs from NPY/AgRP neurons to POMC/CART neurons (Wilson and Enriori 
2015; Stoyanova 2014). Ghrelin receptors are also expressed in the LHA OX neu-
rons and in the brainstem NTS neurons as well as in the area postrema, suggesting 
the involvement of these brain areas in the orexigenic effect of ghrelin (López et al. 
2007) (Fig. 3.2).

Alongside its effects on the central regulation of satiety and hunger, ghrelin indi-
rectly stimulates gastric acid secretion via vagus nerve stimulation (Date et al. 2001; 
Stoyanova 2014) and accelerates gastric emptying. It increases growth hormone 
(GH), prolactin, corticotrophin (ACTH), and cortisol levels and inhibits insulin and 
pancreatic polypeptide secretion. It may be involved in the sleep-wake state, learn-
ing and memory, and shows neuroprotective effects (Stoyanova 2014).

Ghrelin takes part in glucose and lipid metabolism and regulation of insulin sen-
sitivity. Apparently, ghrelin acts on glucose metabolism inducing hyperglycemia 
and a decrease in serum insulin levels in healthy lean volunteers (Broglio et  al. 
2001). The importance of ghrelin in glucose homeostasis is supported by the discov-
ery of the islet ghrelin cell (Wierup et al. 2002) and reinforced by the description of 
GHS-R1a expression in pancreatic beta-cells (Dezaki et al. 2008). Besides the role 
of circulating ghrelin, a paracrine effect on insulin secretion was proposed. In iso-
lated mouse islets, ghrelin in very high concentrations increased glucose-stimulated 
insulin release, whereas low concentrations inhibited insulin secretion (Salehi et al. 
2004). However, most studies report an inhibitory effect of ghrelin on insulin release 
that, in a physiological context, acts in a reciprocal association with insulin (Dezaki 
et al. 2008; Peng et al. 2012; Tong et al. 2010; Wierup et al. 2014). Thus, during 
fasting high plasma ghrelin levels are linked to low insulin levels, and the postpran-
dial increase in insulin secretion is accompanied by a decrease in circulating ghrelin. 
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Apparently, inhibitory effects on insulin secretion are additionally mediated by sup-
pression of GLP-1-induced insulin release by exogenous and endogenous islet-
derived ghrelin (Damdindorj et al. 2012).

Recent evidence showed that the unacylated ghrelin or des-acylghrelin, the major 
form of ghrelin in systemic circulation, so far considered a nonfunctional peptide, 
might have an opposite effect with the acyl/des-acyl ghrelin ratio being particularly 
important in physiologic and pathologic conditions (Monteiro and Batterham 2017; 
Stoyanova 2014). It was suggested that acute effects of des-acylghrelin are partially 
mediated by the hypothalamus reducing circulating acylghrelin and increasing post-
prandial insulin levels while improving insulin sensitivity and decreasing fat mass 
(Stoyanova 2014).

3.2.1.2  �Endocannabinoids

The endocannabinoids, namely N-arachidonoyl-ethanolamine (anandamide) and 
2-arachidonoylglycerol (2-AG), are produced from cell membrane phospholipids 
and act in an autocrine or paracrine manner on their receptors, CB-1R and 
CB-2R. The brain is the major organ involved in endocannabinoid-induced regula-
tion of food intake, but activation of cannabinoid receptors within the gut may also 
play a role. The endocannabinoid system is expressed in the gut and takes part in the 
gastrointestinal functions namely peristalsis and gastric acid secretion inhibition 
(DiPatrizio 2016).

Endocannabinoid signals have been proposed to be involved in the gut–brain 
energy balance circuit through the vagus nerve pathway (DiPatrizio 2016). It was 
shown that increased circulating endocannabinoids are associated with palatable 
food but the source is not known (Mennella et al. 2015), although it was hypothe-
sized that the release of endocannabinoids in the small intestine in response to 
hedonic food reaches homeostatic and reward brain regions via the systemic circu-
lation (DiPatrizio 2016). An increase of 2-AG levels in rat’s jejunum mucosa after 
fasting was also reported (DiPatrizio et al. 2015). Consequently, vagal CB-1R would 
be activated or CCK production in enteroendocrine I-cells would be inhibited 
(Sykaras et  al. 2012), leading to decreased vagal afferent signals and enhanced 
appetite.

3.2.2  �Anorexigenic Factors

3.2.2.1  �Cholecystokinin

Cholecystokinin (CCK) is a gastrointestinal peptide secreted from duodenal and 
jejunal I-cells in response to fat and proteins, as well as in the enteric nervous sys-
tem and the CNS. CCK is responsible for stimulation of exocrine pancreatic secre-
tion and enzyme synthesis, gallbladder contraction and gastric emptying delay, and 
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is also involved in short-term control of food intake, reducing meal size and dura-
tion (López et al. 2007; Bauer et al. 2016; Monteiro and Batterham 2017). The main 
form of CCK in the body is CCK-8 which binds to CCK-1 receptor (CCK-1R) 
which are mainly expressed in the gastrointestinal tract and to CCK-2 receptor 
(CCK-2R) predominantly located in the brain (Monteiro and Batterham 2017). 
CCK-8 anorectic effects are mediated by CCK-1R activation on gut vagal afferent 
nerve fibers through paracrine pathways which, in turn, project to the NTS and then 
to the hypothalamus namely to the PVN (López et  al. 2007; Bauer et  al. 2016; 
Monteiro and Batterham 2017). Besides the neuronal signal, that seems to be cru-
cial for its effect on satiation, CCK crosses the BBB and may directly, via systemic 
circulation, reach the brainstem NTS and the NPY/AgRP neurons in the dorsome-
dial hypothalamus (DMH) (López et al. 2007; Sobrino Crespo et al. 2014; Bauer 
et al. 2016) (Fig. 3.2).

Moreover, the role of the CCK-2R in long-term regulation of hunger and satiety 
was questioned as receptor-deficient mice develop hyperphagia, obesity, and impair-
ment of glucose homeostasis (Clerc et  al. 2007). Additionally, CCK-mediated 
actions on GLP-1 secretion (Beglinger et al. 2010) and on the secretion of ghrelin 
and PYY have been suggested (Degen et al. 2007).

3.2.2.2  �Glucagon-like-Peptide-1

Preproglucagon is processed by convertases producing glucagon in α-pancreatic 
cells, glucagon-like peptide-2 (GLP-2), oxyntomodulin (OXM), and glucagon-like 
peptide-1 (GLP-1) in intestinal enteroendocrine L-cells and the latter in the brain-
stem NTS as well (Monteiro and Batterham 2017; López et  al. 2007; Sobrino 
Crespo et al. 2014).

Thus, GLP-1 is expressed in intestinal L-cells, mainly found in the distal jeju-
num, ileum, and colon, as well as in brainstem NTS neurons and pancreatic α-cells 
(D’Alessio 2016; López et al. 2007). It is released in response to carbohydrates, 
lipids, and proteins. Once in circulation, GLP-17-36, the major secretory product that 
exerts its insulinotropic and anorexigenic effects binding to GLP-1 receptor 
(GLP-1R), is rapidly cleaved by the enzyme DPP-IV to metabolites long considered 
to be biologically inactive. However, recent evidence shows that these by-products 
of GLP-1 cleavage have cytoprotective effects on pancreatic ß-cells, inhibit hepatic 
glucose production, and have cardiovascular and neuronal protective actions 
(Guglielmi and Sbraccia 2016).

GLP-1 is primarily an incretin hormone that increases glucose-stimulated insulin 
secretion, an effect particularly manifest after meals, and is responsible for about 
60% of the postprandial release of insulin, which is involved in the long-term regu-
lation of energy homeostasis (Mikulaskova et al. 2016). Recently, it was shown that 
GLP-1 from α-cells plays a role on ß-cell function via paracrine effects (D’Alessio 
2016). Besides effects on insulin secretion and biosynthesis, GLP-1 also inhibits 
glucagon secretion, increases ß-cell mass in rats, reduces gastrointestinal motility 
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and secretion, and has cardio and neuroprotective and, possibly, insulinomimetic 
effects (Guglielmi and Sbraccia 2016).

Peripheral GLP-1 acts on the central nervous system in specific areas of the 
hypothalamus inhibiting food intake, in rats and humans, particularly through inhi-
bition of NPY/AgRP neurons (Mikulaskova et  al. 2016) (Fig.  3.1). GLP-1R is 
widely expressed in the CNS, namely in the hypothalamic nuclei like ARC, VMH, 
and PVN and in the brainstem NTS neurons as well as in peripheral tissues such as 
the pancreas and gastrointestinal tract. The expression of GLP-1R in intestinal vagal 
afferent neurons suggests that a paracrine activation of these receptors followed by 
sensory transmission to the NTS neurons in the brainstem is responsible for the 
short-term effect of GLP-1 on food intake (Sobrino Crespo et al. 2014; Monteiro 
and Batterham 2017; Sekar et al. 2017) (Fig. 3.2). This paracrine effect of GLP-1 
also contributes to pancreatic insulin secretion (Sekar et al. 2017). Central GLP-1R 
activation in hypothalamic VMH can control the energy expenditure inducing 
brown adipose tissue thermogenesis through sympathetic stimulation (Geloneze 
et al. 2017).

GLP-1 neurons in brainstem NTS send their projections to the hypothalamic 
ARC and PVN inducing an anorexigenic response and to the ventral tegmental area 
(VTA) and nucleus accumbens (NAc) which also suggests a role in hedonic feeding 
circuits (Harrold et al. 2012; Geloneze et al. 2017).

3.2.2.3  �Glucagon-like Peptide-2

Glucagon-like peptide-2 (GLP-2) also derives from the cleavage of proglucagon in 
intestinal L-cells, together with GLP-1. GLP-2 is released following food ingestion 
in response to luminal carbohydrates and lipids, particularly short-chain fatty acids; 
it is generally thought that GLP-2 secretion is regulated by the same factors that 
influence GLP-1 release. GLP-2 effects are mediated by interaction with a specific 
GLP-2 receptor (GLP-2R) localized mainly in the gut and in the brain regions 
involved in energy homeostasis such as the hypothalamus and brainstem (Baldassano 
et al. 2016).

GLP-2 is primarily an intestinotrophic factor; it is related to increased nutrient 
absorption and inhibition of gastrointestinal motility and maintenance of intestinal 
mucosa morphology and integrity. However, it was suggested that GLP-2, besides 
inhibition of gastric emptying, is also an anorexigenic peptide acting at a central 
and/or peripheral level in various animal species but its effects in humans still need 
to be explored (Baldassano et al. 2016).

3.2.2.4  �Peptide Tyrosine Tyrosine

Peptide tyrosine tyrosine (PYY) belongs to the family of NPY and pancreatic poly-
peptide (PP). PYY and PP are expressed in the gut and pancreas, whereas NPY is 
widely distributed throughout the gut–brain axis, namely in enteric afferent and 
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sympathetic nerves and neurons of CNS. PYY is produced in L-cells of the distal 
small bowel and, in increasing concentrations, in the colon and rectum, where it co-
localizes with proglucagon products. It is also expressed in gastric enteric neurons 
and pancreatic endocrine cells (Adrian et al. 1985; Lundberg et al. 1982; Holzer 
et al. 2012). The expression of PYY in the stomach, duodenum, and jejunum has 
recently been demonstrated as well as its co-secretion with other gastrointestinal 
hormones like CCK and secretin (Monteiro and Batterham 2017; Persaud and 
Bewick 2014). PYY is secreted in response to food intake, particularly nutrients 
with a high lipid and protein content, with its release being affected by intestinal 
microbiota (Adrian et al. 1985; Holzer et al. 2012).

In the CNS the subtype PYY3-36, the major form of circulating hormone, interacts 
as a preferential agonist of the Y2 receptor (Y-2R) on ARC neurons. In fact, PYY3-36 
induces satiety through activation of presynaptic Y-2R on NPY/AgRP neurons in 
the hypothalamic ARC leading to NPY inhibition; suppressing the inhibition of 
POMC/CART neurons, α-MSH is released and may exert its anorexigenic effects 
(Fig. 3.1). PYY3-36 also affects feeding control by reaching the brainstem directly 
via the area postrema and indirectly via the vagal afferent pathway. While the key 
effect is mediated directly in brain areas involved in the control of appetite, some 
studies showed that PYY3-36 also acts through the stimulation of Y-2R on intestinal 
vagal afferent neurons (Bauer et al. 2016; Mishra et al. 2016; López et al. 2007; 
Persaud and Bewick 2014; Holzer et al. 2012; Sobrino Crespo et al. 2014) (Fig. 3.2). 
It has been demonstrated that PYY3-36, besides its effects on homeostatic food 
intake, contributes to hedonic feeding (Harrold et al. 2012).

After a meal, PYY3-36 levels remain elevated for several hours suggesting an 
endocrine long-term effect on satiety, in contrast to CCK and GLP-1 which are 
more important in short-term control (Bauer et al. 2016; Mishra et al. 2016). It also 
delays gastric emptying, contributing to reduction of food intake, reduces intestinal 
motility and gastric secretion, and increases ileal absorption (López et  al. 2007; 
Holzer et al. 2012; Persaud and Bewick 2014).

PYY3-36 regulates glucose homeostasis by improvement of insulin sensitivity but 
does not affect glucose-induced insulin secretion (Persaud and Bewick 2014). 
Recent studies in rodents suggested that PYY3-36 acts on GLP-1 secretion from 
intestinal L-cells, through activation of peripheral Y-2R, leading indirectly to insulin 
release but these findings were not sustained in humans (Chandarana et al. 2013; 
Persaud and Bewick 2014). However, a role of PYY3-36 in improvement of glucose 
tolerance is supported through its effects on insulin sensitivity and GLP-1 induced 
insulin secretion (Persaud and Bewick 2014).

3.2.2.5  �Oxyntomodulin

Oxyntomodulin (OXM) is another enterohormone derived from proglucagon and 
secreted from L-cells in the distal ileum in response to a meal. Actions of OXM 
include inhibition of basal and postprandial gastric acid secretion, gastroduodenal 
motility, and gastric emptying (Schjoldager et al. 1989). Furthermore, OXM reduces 
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food intake in rodents (Dakin et al. 2001) and humans (Cohen et al. 2003). In obese 
nondiabetic volunteers, administration of OXM resulted in significant weight loss 
coupled with reduction in energy intake and increased energy expenditure (Monteiro 
and Batterham 2017). Recent research suggested that dual activation of GLP-1R 
and glucagon receptor (GCGR) by OXM is involved in weight loss and mainte-
nance of glucose homeostasis in mice (Du et al. 2012; Kosinski et al. 2012; Pocai 
2014; Monteiro and Batterham 2017). Apparently OXM promotes glucose-
dependent insulin secretion and improves glucose tolerance in type 2 diabetes 
through GCGR activation. However, the anorectic effect of OXM may require the 
GLP-1R and includes paracrine vagal stimulation and direct CNS activation 
(Fig. 3.2). Despite GLP-1R-mediated effects, hypothalamic mechanisms seem to be 
different from those of GLP-1 (Monteiro and Batterham 2017).

3.2.2.6  �Gastric Leptin

Although leptin is mostly produced in white adipose tissue, it is also secreted by 
gastric endocrine cells into the systemic circulation and by gastric chief cells into 
the gastric lumen, independently to adipose-derived hormone (Cammisotto and 
Bendayan 2012; Monteiro and Batterham 2017). Gastric leptin secretion occurs in 
response to secretory factors like food ingestion, insulin, secretin, and CCK through 
a mechanism mediated by the vagus nerve. Chief cells release leptin bound to a 
soluble receptor which allows it to resist the hydrolytic conditions of gastric juice 
and proteolysis. After its influx into the duodenum, leptin interacts with its mem-
brane receptor and exerts intestinal effects. In addition, acting either in a paracrine 
fashion or crossing the intestinal mucosa to reach the systemic circulation, gastric 
leptin signals brain centers to regulate food intake (Cammisotto and Bendayan 
2012; Monteiro and Batterham 2017). Gastric leptin takes part in short-term control 
of food intake while leptin derived from adipose tissue plays a pivotal role in long-
term regulation (Cammisotto and Bendayan 2012).

3.2.2.7  �Apolipoprotein-IV

Intestinal apolipoprotein-IV (ApoA-IV) is a chylomicron-derived lipoprotein syn-
thesized and released from small intestine enterocyte following absorption and 
uptake of long-chain fatty acids into chylomicrons. ApoA-IV is a short-term anorex-
igenic signal that reaches brain centers via the systemic circulation or through the 
stimulation of CCK from local enteroendocrine cells with the consequent activation 
of vagal afferent neurons (Bauer et al. 2016; Monteiro and Batterham 2017). An 
incretin effect was also assigned to ApoA-IV (Monteiro and Batterham 2017).
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3.2.2.8  �Neurotensin

Neurotensin (NT) is a peptide expressed in the CNS and in enteroendocrine cells 
that acts via NT receptors (NT-1R, NT-2R, and NT-3R). Central and peripheral 
administration of NT, biding to its receptor NT-1R, reduces food intake through 
increased POMC in the hypothalamic ARC or via afferent vagal stimulation. In fact, 
NT acts through endocrine or paracrine mechanisms in response to its local concen-
trations. It also affects hedonic circuits interacting with leptin and the dopaminergic 
system (Monteiro and Batterham 2017).

It was recently reported that NT, PYY, and GLP-1 are co-expressed and co-
secreted and may act synergistically (Monteiro and Batterham 2017). Luminal 
nutrients, mainly fat, induce gastrointestinal NT release. NT controls gut motility, 
pancreatic and biliary secretion and may have incretin effects (Monteiro and 
Batterham 2017).

3.2.2.9  �Secretin

Secretin, a peptide secreted from the S-cells of the duodenum in response to intesti-
nal luminal acid, has primarily the function of stimulating bicarbonate secretion, 
particularly by the pancreas, to neutralize luminal acid. It is also expressed in the 
brain, namely in the hypothalamic PVN and ARC and in the brainstem NTS. Secretin 
receptors (SCT-R) are expressed in the PVN and ARC among other brain regions 
(Sekar et al. 2017).

An anorectic effect of peripheral and central secretin was recently shown in 
mice. Although secretin is able to cross the BBB, its anorectic effects appear to be 
mediated by paracrine activation of SCT-R in intestinal vagal afferents fibers (Sekar 
et al. 2017). An increase in POMC and a reduction in AgRP levels were observed in 
the hypothalamic ARC after intracerebroventricular and intraperitoneal secretin 
administration. In addition, central and peripheral secretin seem to increase melano-
cortin-4 receptor (MC-4R) in the hypothalamic PVN (Sekar et al. 2017).

3.2.2.10  �GUT Microbiota

Recent research established a relationship between gut microbiology and obesity. 
Microorganisms colonize the human gut since early life and the composition of gut 
microbiota depends, among others, on dietary patterns, ethnicity, and genetic fac-
tors (Mishra et al. 2016).

Altered gut microbiota and/or a reduced bacterial diversity were observed in 
obese animal and human subjects in comparison with leaner counterparts (Bauer 
et al. 2016; Mishra et al. 2016). These microorganisms colonize and survive within 
the host gut, in a symbiotic relationship that provides an advantageous environment 
for the microbiota, and structural and functional beneficial effects for the host 
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(Bauer et al. 2016). The role of symbiotic gut microflora is not only related to diges-
tive functions but also to metabolism and energy homeostasis.

An important activity of colonic microbes is the breakdown of dietary substrates 
such as fiber and resistant starch into short-chain fatty acids (SCFA) while also 
releasing acetate, propionate, and butyrate (Bauer et al. 2016; Mishra et al. 2016; 
Monteiro and Batterham 2017). Butyrate is the principal energy source for the 
colonic epithelium while propionate enters the portal circulation to be used in glu-
coneogenesis and acetate reaches peripheral tissues through the systemic circula-
tion and is used to form acetyl-CoA. SCFA are thought to interfere with host energy 
balance acting on gut peptide release in both rodents and humans (Bauer et  al. 
2016).

Free fatty acid receptors FFA-3 and FFA-2 play an important role in the interac-
tion of SCFA with the host and are expressed in many tissues including enteroendo-
crine cells particularly L-cells and P/D1-cells. FFA-3 and FFA-2 receptor activation 
was shown to induce GLP-1 and PYY secretion and to reduce ghrelin release 
(Monteiro and Batterham 2017; Holzer et al. 2012; Bauer et al. 2016).

FFA-3 and FFA-2 receptors are also localized in adipose tissue highlighting its 
role as a major target for gut microbiota metabolites (Mishra et al. 2016). It is plau-
sible that changes in gut microbiota can modify gut peptide signaling and conse-
quently the gut–brain axis. Recently, it was suggested that gut microbiota directly 
impacts the CNS centers of energy homeostasis regulation (Bauer et al. 2016).

Taken together, gut microbiota can interfere with local and central signaling of 
energy homeostasis regulation.

3.3  �Endocrine Pancreas-Derived Signals to the Brain

Neuroendocrine signals from the pancreas contribute to energy balance and are 
related to gastrointestinal peptides, like incretin hormones, and to adipose tissue, the 
other player in the energy homeostasis. Pancreatic hormones are involved in energy 
homeostasis, regulation of satiety and hunger, and body weight control. They exert 
these effects in concert with gastrointestinal and adipose tissue signals and brain 
centers.

3.3.1  �Insulin

Insulin is secreted by the pancreatic ß-cells in accordance with glycemia levels 
through short-term feedback regulation. On the other hand, it also plays a role in 
long-term control of satiety as it is secreted in proportion to the amount of stored fat 
(Roh et al. 2016; López et al. 2007). However, albeit implicated in the meal size 
regulation (Lutz 2012), insulin is mainly an adiposity signal with the hypothalamus 
being the target for insulin-induced appetite regulation (Fig. 3.3). Insulin receptors 
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are expressed in the hypothalamic ARC, DMH, and PVN but insulin effects on food 
ingestion are specifically mediated by NPY/AgRP and POMC/CART neurons in the 
ARC. In fact, insulin promotes food intake reduction through inhibition of orexi-
genic NPY/AgRP and stimulation of anorexigenic POMC/CART neurons (López 
et al. 2007) (Fig. 3.1). Insulin receptors are also expressed in the brainstem but the 
direct effect of insulin in the brainstem has not yet been established (Filippi et al. 
2013). Insulin receptors are particularly expressed in the cerebral cortex, olfactory 
bulbs, hippocampus, hypothalamus, cerebellum, and reward circuits and account 
for insulin effects such as central and peripheral metabolism, homeostatic and 
hedonic food intake and energy expenditure and modulation of memory and cogni-
tive processes and neuronal development (Csajbók and Tamás 2016; Filippi et al. 
2013).

Insulin crosses the BBB but its synthesis in the brain, primary in the cerebral 
cortex, has also been suggested (Csajbók and Tamás 2016).

3.3.2  �Glucagon

Glucagon, a hormone secreted by pancreatic α-cells in response to low glycemia, 
antagonizes insulin action stimulating hepatic glucose production and lipolysis. 
Glucagon crosses the BBB and might exert part of its effects on peripheral homeo-
stasis acting in the hypothalamus and the brainstem (Filippi et al. 2013). The mech-
anisms underlying the central effects of glucagon on appetite reduction remain 
unknown and further studies are required (Filippi et al. 2013; Sekar et al. 2017). 
However, the involvement of hypothalamic CRH neurons and the glucose-sensitive 
neurons in the hypothalamic LHA has been suggested (Filippi et al. 2013). Moreover, 
it was shown that glucagon affects meal size rather than meal interval, and hepatic 
vagal afferents seem to mediate this effect (Sekar et al. 2017) (Fig. 3.3).

Insulin and glucagon do not seem to have opposite metabolic effects in the CNS; 
furthermore, both cross the BBB and both seem to reduce food intake through com-
plementary effects (Filippi et al. 2013).

3.3.3  �Amylin

Amylin or islet amyloid polypeptide is produced in pancreatic ß-cells. It is co-stored 
with insulin and co-secreted with this hormone in response to meals and to insulino-
tropic factors. Amylin promotes meal ending via receptors in the area postrema, the 
primary target for this peptide, and in the brainstem NTS and lateral parabrachial 
nucleus which transmit the signal to the LHA and other hypothalamic areas like the 
VMH (Mikulaskova et al. 2016; Sobrino Crespo et al. 2014; Lutz 2012; Lutz 2013). 
The anorexigenic effects of amylin, including delay of gastric emptying, seem to be 
mediated by direct humoral action on area postrema neurons (Sobrino Crespo et al. 
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2014; Lutz 2012) (Fig. 3.3). Amylin appears to increase energy expenditure but the 
underlying mechanism is unknown (Lutz 2012). It also seems to act as an adiposity 
signal because amylin levels are well correlated with body fat mass (Lutz 2012).

Some studies show a synergistic effect of amylin and other peptides on meal size 
and adiposity. This synergism was reported for leptin, insulin, and gastrointestinal 
peptides like CCK, PYY3-36, and perhaps GLP-1 which, in turn, induces an enhance-
ment of amylin release, through its incretin effect (Lutz 2013).

3.3.4  �Pancreatic Polypeptide

Pancreatic polypeptide (PP) is released under cholinergic control during the post-
prandial state by PP (or F) cells located in the pancreatic islets. To a lesser extent, it 
is expressed in the distal gut. PP delays gastric emptying and food intake by activat-
ing its preferential Y receptor, Y-4R subtype, in the vagus nerves. It can also reach 
the brain directly through the area postrema (Holzer et al. 2012; Sobrino Crespo 
et al. 2014; Mishra et al. 2016) (Fig. 3.3). The anorectic effects of PP, apart from the 
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Fig. 3.3  Connecting pathways of the pancreatic and adipose tissue signals to the brain centers of 
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reduction of gastric emptying, are most likely mediated by the hypothalamic VMH 
and PVN and the brainstem. It also increases energy expenditure and has digestive 
actions such as the inhibition of exocrine pancreatic secretion and gallbladder motil-
ity (Sobrino Crespo et al. 2014; Holzer et al. 2012).

As circulatory PP levels are sustained after a meal, a possible role in the long-
term regulation of food intake has been proposed. However, the physiologic role of 
PP on energy balance needs to be further clarified (Mishra et al. 2016).

3.4  �Adipose Tissue-Derived Signals to the Brain

Long-term signaling of energy homeostasis reflects the levels of fat mass and regu-
lates body weight as well as the amount of fat stores, and adipose tissue plays a criti-
cal role in this mechanism. White adipose tissue possesses an active secretory 
function producing endocrine and paracrine factors commonly known as adipo-
kines. They act on the brain and on peripheral organs such as the liver, pancreas, and 
skeletal muscle to regulate several processes such as food intake, energy expendi-
ture, and glucose and lipid metabolism (Harwood 2012).

3.4.1  �Leptin

The predominant signal derived from adipose tissue is leptin which is mainly 
secreted from adipocytes in proportion to fat stores, both in rodents and humans 
(van Swieten et al. 2014). Although leptin levels are proportional to fat mass, its 
secretion is stimulated in times of nutrient availability and decreased in times of 
energy demand (Harwood 2012; van Swieten et al. 2014; Münzberg and Morrison 
2015).

After a meal, leptin levels increase to suppress appetite centrally and to incre-
ment energy expenditure. During fasting, leptin levels are lower and, in concert with 
insulin, appetite is stimulated and sympathetic nerves activity, thyroid hormone 
actions, and thermogenesis are inhibited (Harwood 2012).

Recent evidence suggests that hypothalamic and extra-hypothalamic sites con-
tribute to the effects of leptin on energy balance (Münzberg and Morrison 2015; 
Wilson and Enriori 2015). Leptin receptors b (LRb) are highly expressed in the brain 
namely in the hypothalamic nuclei, especially the ARC, DMH, and VMH (Harwood 
2012; van Swieten et  al. 2014; Münzberg and Morrison 2015; Parimisetty et  al. 
2016), while their expression in the PVN and LHA is lower (Harwood 2012). 
Activation of hypothalamic LRb decreases appetite and increases the activity of the 
sympathetic nervous system (SNS), which stimulates non-shivering thermogenesis 
in the brown adipose tissue (Wilson and Enriori 2015). Leptin acts on both 
hypothalamic orexigenic and anorexigenic neurons to control the energy balance 
(Fig.  3.1). The proximity of the hypothalamic ARC to the semipermeable BBB 
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makes this nucleus a particularly sensitive brain area for leptin action (Fig. 3.3). In 
fact, the anorexigenic POMC/CART and the orexigenic NPY/AgRP neurons are 
direct targets of leptin. Leptin activates POMC/CART neurons and stimulates 
α-MSH secretion; conversely, it inhibits AgRP/NPY neurons and reduces NPY, 
AgRP, and GABA release. It was shown that the reduction in the inhibitory input to 
POMC/CART neurons is mediated by LRbs on presynaptic GABAergic neurons 
(Wilson and Enriori 2015; van Swieten et al. 2014; Münzberg and Morrison 2015; 
Parimisetty et al. 2016). The effects of leptin on the hypothalamic PVN and LHA 
neurons appear to be primarily indirect, from ARC neuron projections. In the PVN 
leptin leads to activation of the anorexigenic TRH, CRH, and oxytocin neurons while 
it inhibits orexigenic MCH and OX neurons in the hypothalamic LHA (Harwood 
2012; van Swieten et al. 2014; Münzberg and Morrison 2015).

The development of leptin resistance in the hypothalamus changes the central 
sensing of nutrient reserves and inhibits appetite suppression after meals. Such 
mechanisms are currently believed to contribute to hyperphagia in obese subjects.

Leptin is also involved in food reward through the mesolimbic dopaminergic 
system in the VTA and NAc (Münzberg and Morrison 2015). A synergy with CCK 
(Sobrino Crespo et  al. 2014; Harrold et  al. 2012) and a crosstalk with insulin 
(Harwood 2012) was suggested as well as its expression in the brain, namely in the 
hypothalamus (Parimisetty et al. 2016).

Leptin action in the hypothalamic neurons inhibits food intake and increases 
energy expenditure and improves, independently of its anorectic effects, glucose 
and lipid metabolism (Wilson and Enriori 2015; Roh et al. 2016). As such, apart 
from its peripheral effects in the liver, pancreas, muscle, adipose tissue, and in the 
immune and cardiovascular systems, leptin has an important role in the central con-
trol of glucose homeostasis and brown adipose tissue thermogenesis.

3.4.2  �Adiponectin

Adiponectin is another adipose tissue-derived hormone mainly secreted by mature 
adipocytes and its plasma concentrations are negatively correlated with obesity. It 
modulates several metabolic processes such as glucose and lipid metabolism and 
insulin sensitivity; it also has effects on the immune and cardiovascular system 
(Harwood 2012; Parimisetty et al. 2016).

The central effects of adiponectin in energy homeostasis are not yet clarified. 
However, adiponectin receptors, particularly Adipo-R1/R2, are expressed in the 
hypothalamus, brainstem, and pituitary gland (López et al. 2007; Harwood 2012). 
An effect on energy expenditure mediated by the hypothalamic melanocortin sys-
tem was suggested (López et al. 2007; Harwood 2012).

It was shown that adiponectin and leptin synergistically activate the ARC 
neurons affecting energy balance, particularly thermogenesis, and glucose 
metabolism, in rodents (Sun et al. 2016). Two opposite signaling pathways in 
POMC/CART neurons in relation to brain glucose concentrations were recently 
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reported. In rodents, intracerebroventricular injection of adiponectin increased 
or decreased food intake under high or low brain glucose levels, respectively 
(Suyama et al. 2016).

3.4.3  �Resistin

Resistin is an adipokine expressed and secreted in humans by adipose tissue macro-
phages in relation to adiposity (Parimisetty et al. 2016). The mechanism underlying 
the central effects of resistin and its receptor were not yet identified (Parimisetty 
et al. 2016) but resistin expression was reported in the hypothalamus and cerebral 
cortex. It was shown in rodents that resistin reduces sympathetic outflow to brown 
adipose tissue and decreases thermogenesis (Kosari et al. 2013) while inducing a 
modest and transient reduction of energy intake (Tovar et al. 2005).

3.4.4  �Apelin

Apelin is a ubiquitous peptide considered as an adipokine as it is produced and 
secreted by adipocytes. It has beneficial glucose-lowering properties and is upregu-
lated in obese and insulin-resistant models. Both apelin and its receptor APJ are 
expressed in several peripheral tissues and in the CNS, particularly in the hypothala-
mus. Apelin mRNA is present in different hypothalamic nuclei including the supra-
optic, PVN, and ARC which implies the existence of an apelinergic neuronal system 
and thus a dual action of apelin as circulating peptide and neurotransmitter 
(Reaux-Le Goazigo et al. 2011; Castan-Laurell et al. 2011). It is not clear though 
whether peripheral apelin can reach the hypothalamus and modulate its apelin levels 
(Castan-Laurell et al. 2011). The central effects of apelin on energy metabolism are 
complex and controversial, as well as dependent on nutritional status and on the 
amount of apelin in the hypothalamus. Some authors hypothesize that a rise in 
hypothalamic apelin levels could be involved in the transition from the euglycemic 
to the diabetic status, since acute and chronic icv administration of apelin induces 
fasting hyperglycemia, hyperinsulinemia, and insulin resistance (Drougard et  al. 
2016; Castan-Laurell et al. 2011). In fact, higher hypothalamic apelin levels have 
been described in obese/diabetic mice (Reaux-Le Goazigo et al. 2011), favoring the 
hypothesis that elevated cerebral apelin has deleterious effects on energy metabo-
lism, as opposed to its recognized beneficial peripheral actions. Several mecha-
nisms have been pointed out and include a proinflammatory role of high amounts of 
apelin in the hypothalamus along with an increase in circulating proinflammatory 
cytokines (e.g., interleukin-1ß), decreased energy expenditure, and impaired ther-
mogenesis (Drougard et al. 2016).
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3.5  �Concluding Remarks

The interplay between gut-derived short-term and adipose tissue-derived long-term 
signaling controls meal duration and composition as well as body nutrient reserves 
to maintain energy homeostasis. Thereby gastrointestinal, pancreatic, and adipose 
tissue outputs play an important role in the regulation of energy homeostasis acting 
via neuronal and endocrine pathways in selective brain areas, among which the 
hypothalamus is undoubtedly the key integrator. In recent years, important advances 
have been made in the understanding of the neuronal circuits involved in regulation 
of appetite and overall body metabolism. Interestingly, nonneuronal cells, such as 
astrocytes and tanycytes, seem to be involved in sensing and integrating metabolic 
signals (Freire-Regatillo et al. 2017; Yi and Tschöp 2012) which, in turn, makes this 
adipose tissue–gut–brain axis an even more complex and intricate network.
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Chapter 4
Hypothalamic Dysfunction in Obesity 
and Metabolic Disorders

Sara Carmo-Silva and Cláudia Cavadas

Abstract  The hypothalamus is the brain region responsible for the maintenance of 
energetic homeostasis. The regulation of this process arises from the ability of the 
hypothalamus to orchestrate complex physiological responses such as food intake 
and energy expenditure, circadian rhythm, stress response, and fertility. Metabolic 
alterations such as obesity can compromise these hypothalamic regulatory func-
tions. Alterations in circadian rhythm, stress response, and fertility further contrib-
ute to aggravate the metabolic dysfunction of obesity and contribute to the 
development of chronic disorders such as depression and infertility.

At cellular level, obesity caused by overnutrition can damage the hypothalamus 
promoting inflammation and impairing hypothalamic neurogenesis. Furthermore, 
hypothalamic neurons suffer apoptosis and impairment in synaptic plasticity that 
can compromise the proper functioning of the hypothalamus. Several factors con-
tribute to these phenomena such as ER stress, oxidative stress, and impairments in 
autophagy. All these observations occur at the same time and it is still difficult to 
discern whether inflammatory processes are the main drivers of these cellular dys-
functions or if the hypothalamic hormone resistance (insulin, leptin, and ghrelin) 
can be pinpointed as the source of several of these events.

Understanding the mechanisms that underlie the pathophysiology of obesity in 
the hypothalamus is crucial for the development of strategies that can prevent or 
attenuate the deleterious effects of obesity.
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4.1  �Introduction

The hypothalamus is the brain region responsible for the maintenance of body 
homeostasis and acts as a control center for endocrine functions. The hypothalamus 
has three main regions: periventricular, medial, and lateral (Elizondo-Vega et  al. 
2015). Each of these regions is composed by several nuclei that contain different 
neuronal cells. These neurons communicate within and between nuclei to regulate 
physiological functions (Machluf et al. 2011; Pearson and Placzek 2013). Although 
each nuclei is specifically related to certain physiological functions, the communi-
cation between nuclei is necessary for complex physiological functions coordinated 
by this brain region. Moreover, the neuronal connections between nuclei support the 
interactions between different physiological functions (Gao and Sun 2016).

The hypothalamus has relevant physiological functions such as feeding, body 
temperature, stress response, sexual behavior and reproduction, and circadian 
rhythm (Ganong 2000; Clifford et al. 2015). And it has been long considered a key 
region in the pathogenesis of obesity and diabetes (Gerozissis 2008; Cavadas et al. 
2016). Obesity pathophysiology includes the disruption of hypothalamic functions 
where changes in circadian rhythm, stress response, and energy balance occur. 
Moreover, the hypothalamic regulation of the overall homeostasis that is achieved 
by connections between different hypothalamic nuclei and major metabolic organs 
is also compromised upon obesity and metabolic dysfunction (Seoane-Collazo et al. 
2015).

In this chapter we will present and discuss the major physiological functions of 
the hypothalamus, highlighting the contribution of hypothalamic regulation of 
peripheral organs and the impact of obesity on hypothalamic physiology.

4.2  �Changes of Hypothalamic Food Intake Regulation 
Controlled by the Hypothalamus

Feeding is one of the most basic physiological functions of the organism, required 
for the maintenance of the physiological homeostasis. A state of energy homeostasis 
reflects the balance between energy intake and energy expenditure. This equilib-
rium is assured and modulated by peripheral signals that reflect body energetic sta-
tus, but also by environmental and behavioral aspects. The hypothalamus is the 
sensor integrating peripheral signals from organs such as the stomach, gut, pan-
creas, and adipose tissue, and orchestrating a response regarding the energetic needs 
of the organism (Blouet and Schwartz 2010; Ueno and Nakazato 2016). Several 
hypothalamic nuclei are directly involved in the regulation of food intake and energy 
expenditure, such as the hypothalamic arcuate nucleus (ARC), ventromedial and 
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dorsomedial hypothalamus (VMH and DMH), paraventricular nucleus (PVN), and 
lateral hypothalamic area (LHA) (Schwartz et al. 2000; Gonnissen et al. 2013). In 
the ARC, the orexigenic molecules as neuropeptide Y (NPY) and agouti-related 
peptide (AgRP) send signals that promote the feeling of hunger and the consequent 
food ingestion. On the opposite, the ARC also presents anorexigenic molecules, 
proopiomelanocortins (POMC) and cocaine-and amphetamine-regulated transcript 
(CART) that produce signals of satiety (Schwartz et al. 2000).

Other brain areas, such as the nucleus tractus solitarius (NTS) of the brainstem, 
the paraventricular thalamus (PVT), the parabrachial nucleus (PBN), the ventrolat-
eral periaqueductal gray and dorsal raphe complex (PAGvl/DR), and the ventral 
tegmental area (VTA), also participate on food intake and energy expenditure regu-
lation (Waterson and Horvath 2015). However, the main energetic center is located 
at the hypothalamus involving several nuclei, namely ARC, PVN, VMH, DMH, and 
the LHA (Williams and Elmquist 2012; Waterson and Horvath 2015). Although the 
different hypothalamic nuclei interact to form a response and lesions to specific 
nuclei can elicit different outcomes in feeding behavior (Hetherington and Ranson 
1940; Anand and Brobeck 1951a, b), the ARC is considered the critical energy bal-
ance sensor.

The ARC has a privileged location within the hypothalamus that allow this 
nucleus to receive signals from the periphery, given the fact that the blood brain bar-
rier (BBB) is fenestrated at the median eminence that is in close contact with the 
ARC (Schwartz et al. 2000; Myers et al. 2009; Langlet 2014). The integration of 
peripheral signals is achieved by the two main populations of neurons in ARC: the 
orexigenic neurons that produce and release NPY and AgRP, and the anorexigenic 
neurons that produce and release POMC and CART. NPY/AgRP neurons stimulate 
food intake while POMC/CART decrease food intake, promoting satiety and energy 
expenditure (Hahn et al. 1998; Schwartz et al. 2000). Briefly, upon stomach empty-
ing cells in the gastric epithelium produce and release ghrelin that reaches ARC and 
activates ghrelin receptors located in the NPY/AgRP neurons, thus releasing the 
AgRP and NPY neuropeptides that promote food intake (Kamegai et  al. 2000; 
Betley et al. 2015). Upon food intake, ghrelin levels decrease and leptin is secreted 
by the adipose tissue and insulin by the pancreatic beta cells. Leptin and insulin 
inhibit NPY/AgRP neurons and activate POMC/CART neurons to decrease food 
intake and promote energy expenditure (Barsh and Schwartz 2002; Friedman 2002).

Beyond peripheral hormones, hypothalamic neuropeptides play a role in the 
regulation of energy balance. However, the modulation of neuropeptides upon high-
fat diet (HFD) feeding is still a controversial subject. Some studies report an increase 
in orexigenic input with an increase in the expression of NPY and AgRP and the 
concomitant decrease in anorexigenic input with a decrease in POMC and CART. On 
the opposite, some studies report the exact opposite observations (Gao et al. 2002; 
Torri et al. 2002; Briggs et al. 2010). These differences in observations might be 
related with the duration and the type of diets used in the different studies.
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4.2.1  �Obesity Induces Insulin, Leptin, and Ghrelin Resistance 
in the Hypothalamus

Circulating insulin and leptin levels are proportional to body adiposity and in obe-
sity phenomena of hyperinsulinemia and hyperleptinemia are associated with the 
pathophysiology of obesity-related metabolic consequences. Ghrelin deregulation 
can also occur and mediate some of the pathophysiological phenomena observed in 
obesity. Ghrelin, insulin, and leptin increase can desensitize the respective receptors 
in the hypothalamus. Thus, hormone resistance occurs in consequence of the 
increased weight gain and the organism inability to counteract the excessive increase 
in this circulating hormones (Könner and Brüning 2012). Hypothalamic insulin 
resistance is one of the most well described consequences of obesity. However, 
similarly to ghrelin and leptin resistance it is hard to define the line where insulin 
resistance starts being the cause for obesity rather than a consequence. The better 
understanding of the mechanisms involved in insulin resistance might shed new 
light in new targets for the potential treatment of obesity.

4.2.1.1  �Hypothalamic Insulin Resistance in Obesity

Insulin was discovered in 1922 (Banting et al. 1922) and since then has been pri-
marily studied in the context of type 1 and 2 diabetes. Insulin is secreted by the 
β-cells in the islets of Langerhans of the endocrine pancreas and participates in 
several cellular mechanisms namely in the context of body weight and glucose 
homeostasis. Insulin levels are adjusted in response to the nutritional status, namely 
in response to increased blood glucose. Moreover, insulin levels correlate with adi-
posity (Baskin et al. 1999; Schwartz et al. 2000). The increase in insulin acts on 
peripheral organs to promote glucose uptake in adipose tissue and muscle, lipogen-
esis in adipose tissue and liver, and glycolysis and glycogen synthesis in muscle 
(Czech et al. 2013). In the brain, insulin signaling is required for body weight and 
metabolism but also for CNS-mediated regulation of fat and glucose metabolism 
(Obici et al. 2002; Konner et al. 2007; Belgardt and Bruning 2010; Scherer et al. 
2011).

Insulin can cross the BBB through receptor-mediated transcytosis (Banks et al. 
1997) and through an astrocyte-mediated process (García-Cáceres et al. 2016). In 
the brain, insulin reaches the hypothalamus and exerts its anorexigenic effect by 
activating insulin receptors (IR) in POMC/CART neurons and increasing 
α-melanocyte-stimulating hormone (α-MSH) and CART, while inhibiting NPY/
AgRP neurons, thus promoting energy expenditure (Schwartz et al. 1992; Sipols 
et al. 1995; Benoit et al. 2002). The anorexigenic effect of insulin depends on PI3K 
pathway activation; insulin-mediated signaling in both NPY/AgRP and POMC 
neurons is determinant for the global insulin sensitivity (Konner et  al. 2007; 
Steculorum et al. 2016). Upon insulin binding to its receptor, there is intrinsic auto-
phosphorylation of the receptor and the recruitment and phosphorylation of the 
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insulin receptor substrate (IRS) 1 and 2. This action potentiates insulin action. At 
the same time, insulin also activates the PI3K signaling cascade that activates Akt 
and other downstream effectors such as mTOR that negatively phosphorylate IRS 
and inhibit insulin activity. All these signaling events ultimately lead to the translo-
cation of glucose transporter 4 (GLUT4) to the membrane to allow glucose uptake 
(Biddinger and Kahn 2006).

Insulin resistance can result from insulin signaling pathways impairment. Insulin 
resistance occurs in obesity and is determinant in the development of detrimental 
consequences of obesity such as type 2 diabetes mellitus and cardiovascular dis-
eases. There are several phenomena that occur upon HFD feeding and obesity that 
might help to consider insulin resistance as both result and cause for the pathophysi-
ology of obesity. Hypothalamic insulin resistance occurs possibly through many 
mechanisms (Könner and Brüning 2012). The initial step of insulin transport into 
the brain is impaired in obesity (Banks et al. 1997; Kaiyala et al. 2000; Urayama and 
Banks 2008). Obesity is characterized by hyperinsulinemia that results either from 
hypersecretion or from decreased insulin clearance, which can lead to the desensiti-
zation of the IR (Michael et al. 2000; Farris et al. 2003, 2004). Hyperinsulinemia 
first occurs as a compensatory mechanism towards the increase in glucose derived 
from the diet. This compensatory hyperinsulinemia is the main driver of insulin 
resistance; however, it can still promote some of insulin-mediated actions while 
leading to the overactivation of other insulin-induced responses. This defines insulin 
resistance as a state of both failure and overactivation of insulin signaling that is 
specific to certain cell types (Muoio and Newgard 2008; Könner and Brüning 2012). 
Therefore, chronic high insulin levels can promote desensitization of IR or dysregu-
lation in insulin signaling pathways in the hypothalamus.

Obese Zucker rats show decreased insulin-stimulated PI3K activation in the 
hypothalamus (Carvalheira et  al. 2003). Moreover, intracerebroventricular (ICV) 
insulin infusion had lower anorexigenic action in obese rats relative to lean controls 
(Clegg et al. 2011). Selective PI3K signaling impairment in the ARC neurons can 
contribute to hyperphagia and hyperglycemia observed upon obesity. Moreover, 
SF-1 neurons of the VMH show increased insulin signaling upon HFD while POMC 
neurons of the ARC under the same condition become insulin resistant. SF-1 neu-
rons project to POMC neurons, an innervation that is blunted upon HFD. The dele-
tion of IR in SF-1 neurons restored insulin signaling in POMC neurons even in HFD 
(Klöckener et al. 2011). These observations show that hypothalamic insulin sensi-
tivity depends on the specific insulin signaling in the ARC and the VMH.

The cellular mechanisms that mediate leptin resistance are similar to those 
observed in insulin resistance. SOCS3 and PTP1B increase in obesity show sup-
pressive effects over insulin signaling, thus contributing for insulin resistance. 
Moreover, insulin and leptin signaling both induce STAT3 activation; some 
authors believe that this is the connecting link between both anorexigenic hor-
mones signaling pathways and the reason why leptin resistance is also a major 
contributor for insulin resistance (Thon et al. 2016). ER stress and hypothalamic 
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inflammations are also main effectors in insulin resistance. Endoplasmatic reticu-
lum (ER) stress can, on the one hand, induce β-cell death and compromise insulin 
release and impair hypothalamic IR signaling (Ozcan et  al. 2004; Liang et  al. 
2015). Hyperinsulinemia can promote hypothalamic inflammation and central 
insulin resistance, and on the other side tumor necrosis factor-α (TNF-α) blockade 
protected mice from diet-induced insulin resistance (Hotamisligil et  al. 1993; 
Uysal et al. 1997; Fishel et al. 2005). These reports strengthen the idea that the 
molecular mechanisms involved in the pathophysiology of obesity cannot be com-
pletely dissociated from insulin resistance.

Obesity can promote post-translational modifications in several effectors of the 
insulin pathways (Tanti and Janger 2009; Belgardt et al. 2010). The effect of mater-
nal obesity and metabolic reprogramming effect on insulin resistance has also been 
a hot topic of research. Maternal obesity and excessive enriched feeding in early life 
is also correlated with predisposition for insulin resistance (Nicholas et al. 2016; 
Benite-Ribeiro et al. 2016; Hur et al. 2017).

4.2.1.2  �Hypothalamic Leptin Resistance in Obesity

Leptin was identified in 1994 as the product of the gene Ob and was the first adipose-
derived cytokine to be related with energy balance (Zhang et al. 1994; Lehr et al. 
2012). Leptin has been implicated in several physiological processes such as bone 
formation, reproduction, and cardiovascular regulation; however the main interest 
around this hormone revolves around its anorexigenic action. Leptin is mainly pro-
duced by the adipose tissue and its levels can be directly correlated with energy 
reserves. An increase in fat depots, associated with a positive energy balance, 
increases leptin production and secretion to the bloodstream (Friedman and Halaas 
1998). After crossing the BBB (Golden et  al. 1997), leptin binds to its receptor 
(LepRb or ObR) in the neurons of the ARC. Leptin binding to LepRb can have two 
opposite effects on the neuronal populations of the ARC. On one hand, leptin excites 
POMC/CART neurons promoting the release of anorexigenic neuropeptides that 
inhibit food intake and promote energy expenditure, and, at the same time, leptin 
can inhibit the orexigenic NPY/AgRP neurons, thus ensuring the arrest on food 
intake (Korner et al. 1999; Banks et al. 2000; Lee et al. 2013; Mercer et al. 2014). 
Leptin administration to humans with congenital leptin deficiency decreases body 
weight and food intake (Farooqi et al. 1999). However, unexpectedly, leptin admin-
istration does not decrease body weight and food intake in nongenetic obese humans 
(Halaas et al. 1997). This arises from the fact that obesity promotes hyperleptinemia 
and leptin resistance. Additionally, obese patients with higher circulating levels of 
leptin after diet present an increased propensity for weight regain (Crujeiras et al. 
2010, 2014). Interestingly, leptin resistance in obesity appears to be selective to 
some specific leptin actions. In obese and hyperleptinemic mouse models, exoge-
nous leptin administration was unable to promote an anoretic response; however it 
promoted renal sympathetic activation and increased blood pressure (Correia et al. 
2002; Rahmouni et al. 2005).
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Leptin resistance is a multifactorial condition; the selective characteristic turns 
the hypothalamus one of the major affected areas. The hypothalamic dysfunction 
induced by HFD can promote leptin resistance that in turn can aggravate the diet-
induced obesity (DIO) phenotype.

The knowledge of leptin resistance consequences for the development of obesity 
and its related metabolic consequences are not still completely known. In the one 
hand, LepRb antagonists administered by ICV had no effect on food intake or body 
weight in both lean and obese and hyperleptinemic mice (Ottaway et al. 2015). On 
the opposite, hypothalamic leptin resistance, namely in the neurons of the ARC, is 
well described as a contributor to obesity development (Myers et al. 2010; Könner 
and Brüning 2012). These observations suggest that leptin resistance is specific to 
certain brain regions and cell types, which might be related with differential signal-
ing cascade activation upon LepRb binding (Cui et al. 2017). This specific leptin 
resistance might impact body homeostasis differently.

There are several potential mechanisms that underlie the selective leptin resis-
tance, more specifically regarding hypothalamic leptin resistance (Könner and 
Brüning 2012). The main two hypotheses regarding the cause for leptin resistance 
in obesity are: (a) inability of leptin to cross the BBB and (b) the inhibition of the 
leptin signaling pathways resulting from defects/desensitization of the receptor or 
downstream signaling molecules (Crujeiras et al. 2015; Cui et al. 2017). Leptin can 
circulate in a free form or bound to an inactive form of its receptor, LepRe. In nor-
mal lean individuals most leptin is found bound to LepRe; however, in obese indi-
viduals, leptin can be found in its free form. This results in leptin increase within the 
brain of obese individuals which might desensitize LepRb and increase leptin resis-
tance (Sinha et  al. 1996; Mark 2013; Simonds et  al. 2014). These observations 
might explain the ineffectiveness of exogenous leptin administration in 
DIO. Moreover, leptin passage through the BBB is achieved by transporters that 
become saturated due to the constant high levels of leptin in obesity, impairing the 
correct leptin transport to the brain (Banks 2001; Banks and Farrell 2003). 
Triglycerides decrease leptin transport at the BBB; considering that obesity is char-
acterized by an increase in triglycerides, this phenomenon can further promote 
leptin resistance (Banks et al. 2004). Leptin binding to LepRb activates JAK2 that 
phosphorylates tyrosine residues within the receptor and the recruitment and phos-
phorylation of STAT3. STAT3 translocates to the nucleus where it can regulate the 
expression of certain genes, such as the suppressor of cytokine signaling 3 (SOCS3), 
an inhibitor of leptin signaling (Bjørbaek et al. 1999; Banks et al. 2000). Alterations 
in this signaling pathway can contribute to leptin resistance.

Obesity leads to the increase of protein tyrosine phosphatases (PTPs) in the 
hypothalamus that can prevent the necessary phosphorylation for leptin down-
stream signaling, thus blunting leptin sensitivity (Cui et al. 2017). Moreover, HFD 
can increase SOCS3 expression in the ARC neurons, a negative regulator of STAT3 
activation and a promotor of leptin resistance (Münzberg et al. 2004; Gamber et al. 
2012; Olofsson et  al. 2013). In fact, SOCS3 silencing in the hypothalamus can 

4  Hypothalamic Dysfunction in Obesity and Metabolic Disorders



80

protect against DIO and leptin resistance (Liu et al. 2011). Hypothalamic inflam-
mation and ER stress are hallmarks of obesity (Cavadas et al. 2016) and also play 
a determinant role in the development of leptin resistance. Decrease of ER stress 
specifically in the hypothalamus, using different experimental approaches, protects 
mice from obesity and leptin resistance. Moreover, blockade of TNF-α signaling in 
the hypothalamus also improves leptin sensitivity (Cui et al. 2017).

More recently, others showed that leptin resistance is linked to epigenetic and 
neonatal metabolic programming (Crujeiras et al. 2015; Cui et al. 2017). Diet and 
environmental habits induce epigenetic alterations such as DNA methylation. 
Studies showed that a methylation of the proximal region of LEP promoter is asso-
ciated with decreased LEP expression (Marchi et al. 2011). LEP methylation has 
also been correlated with success in weight loss programs, where individuals that 
had a better response to the program with consequent higher weight loss percentage 
have lower levels of leptin methylation (Cordero et  al. 2011). More indirectly, 
hypermethylation of POMC gene blocks the effect of hyperleptinemia in obesity 
(Marco et al. 2013; Shi et al. 2013). Excess nutrition during prenatal and postnatal 
life contributes to a higher predisposition for obesity and metabolic disorders later 
in life (Hur et al. 2017). Rats raised in small litters are more susceptible to postnatal 
overfeeding. These rats tend to be leptin resistant, with decreased leptin effect on 
neurons of the ARC and a decrease in LepRb expression in the hypothalamus. 
Moreover, rats raised in small litters present increased expression of AgRP and 
NPY in the ARC, despite higher circulating leptin levels what supports the presence 
of leptin resistance (Duque-Guimarães and Ozanne 2013; Cui et al. 2017).

Moreover, in obese rats, insulin-stimulated PI3K activation in the hypothalamus 
is compromised, leading to selective hypothalamic insulin resistance (Carvalheira 
et  al. 2003; Clegg et  al. 2011). Similarly, obese rats have reduced expression of 
LepRb in the hypothalamus and a decrease in hypothalamic STAT3 activation that 
mediates leptin signaling (Maes et al. 1997; Gao et al. 2004). The loss of LepRb 
expression in the hypothalamus per se can promote obesity (Bingham et al. 2008). 
It is now accepted that insulin and leptin resistance in the hypothalamus can contrib-
ute to the development of hyperphagia and glucose metabolism impairment, which 
promotes the development of obesity and the aggravation of the obesity-induced 
metabolic dysfunction (Myers et al. 2010; Könner and Brüning 2012).

4.2.1.3  �Hypothalamic Ghrelin Resistance in Obesity

Ghrelin was first identified as an endogenous ligand of the growth hormone secre-
tagogue receptor (GHSR1) (Kojima et al. 1999; Nakazato et al. 2001). Although 
ghrelin is involved in a plethora of physiological functions, this hormone gained 
interest due to its orexigenic effects within the hypothalamic appetite-regulatory 
mechanisms. Thus, ghrelin is a potent orexigenic peptide mostly derived from the 
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stomach (Kojima et al. 1999) and the peripheral signal that stimulates food intake. 
When energetic storage is low, ghrelin is released from the stomach and activates 
the NPY/AgRP neurons in the ARC thus promoting the secretion and release of 
neuropeptides (NPY and AgRP) that promote food intake (Cowley et  al. 2003; 
Egecioglu et  al. 2008). After food intake, ghrelin levels in the plasma decrease 
(Tschöp et al. 2001a; Cummings 2006).

Given the potent orexigenic effect of ghrelin, this hormone was studied as a pos-
sible therapeutic target for metabolic disorders such as obesity. However, the obser-
vations regarding ghrelin signaling upon the positive energy balance in obesity, 
revealed some difficulty in considering this hormone a good therapeutic target. 
Ghrelin plasma levels of obese individuals are decreased and the meal-related fluc-
tuations of ghrelin are also impaired in these individuals (Tschöp et al. 2001b). In 
obese individuals, ghrelin levels do not drop after a meal (English et  al. 2002). 
These observations gave rise to the hypothesis that obesity and fat-enriched diets 
could desensitize ghrelin-producing cells and promote ghrelin resistance. Studies in 
mice further corroborated these observations. In DIO mice (after 12 weeks of HFD) 
ghrelin is decreased in the plasma as well as the GHSR mRNA levels in the hypo-
thalamus (Briggs et  al. 2011). Moreover, in DIO mice ghrelin does not increase 
upon fasting (Perreault et al. 2004) and ghrelin transport across the BBB is impaired 
(Banks et al. 2008). Regarding hypothalamic neurons activation, in DIO mice, the 
injection of ghrelin had no effect on NPY/AgRP firing rate, neuropeptide release, 
and consequently on food intake (Briggs et al. 2011). All these observations point to 
ghrelin ineffectiveness upon fat-enriched diet consumption; however, the mecha-
nisms behind a possible ghrelin resistance in obesity are still not quite understood.

Interestingly, ob/ob mice that are obese and glucose intolerant can maintain 
ghrelin sensitivity. Leptin administration in these mice can promote the decrease in 
ghrelin sensitivity, which suggests that the hyperleptinemia observed in obesity is 
responsible for ghrelin resistance (Briggs et al. 2011). Hypothalamic inflammation 
was also pointed as a possible inductor of ghrelin resistance; however, the pheno-
type of the ob/ob mice also includes hypothalamic inflammation which discards this 
hypothesis (Zigman et al. 2016). Regarding cellular mechanisms, ghrelin exerts its 
orexigenic action through the activation of AMPK and mTOR pathways. Chronic 
activation of AMPK can promote ghrelin-dependent hyperphagia and obesity, while 
the inhibition of mTOR can decrease the orexigenic potential of ghrelin (Cui et al. 
2017). The deregulation of this pathway in the hypothalamus in obesity can be 
either an effector to or a cause of ghrelin resistance; more studies are necessary to 
better understand the mechanisms behind this phenomenon.

It is accepted that ghrelin resistance may protect against the unmeasured weight 
gain facing high fat diet feeding (Zigman et al. 2016; Cui et al. 2017). Weight loss 
can resensitize the brain to ghrelin (Briggs et al. 2013), which supports this hypoth-
esis. At this point, ghrelin resistance appears to have a conservative/protective role 
in obesity in opposition to insulin and leptin resistance. However, given the plethora 
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of actions achieved by ghrelin, it is necessary to understand if it is possible to sur-
pass the decrease in ghrelin as regulatory effect, to assure the rest of ghrelin actions 
in other mechanisms beyond food intake regulation.

4.2.2  �Obesity Changes Hypothalamic Synaptic Plasticity

Hypothalamic synaptic plasticity is required for the rapid adjustment of neurons 
involved in energy homeostasis to nutritional changes. When exposed to HFD, 
NPY/AgRP and POMC/CART neurons present a decrease in the number of syn-
apses on their perikarya (Horvath 2006; Chun and Jo 2010). This observation sup-
ports the idea that both neuronal populations are affected during obesity which 
might not allow for significant differences between orexigenic and anorexigenic 
neuropeptide expression.

Although reports regarding energy balance regulation by the hypothalamus and 
obesity are still controversial, obesity impairs the balance between the orexigenic 
and anorexigenic input thus disrupting energy homeostasis. Hypothalamic insulin 
and leptin resistance might play a more determinant role in the dysregulation of 
hypothalamic physiology, specially in energy balance regulation.

4.3  �Circadian Rhythm Controlled by the Hypothalamus 
and Obesity

Circadian rhythms dictate the impact of the earth rotation around its own axis in the 
physiology of the organism. Hence, the light-dark cycles determine the adaptation 
of the organism in a rhythmic pace to maintain homeostasis. Circadian clocks (cir-
cadian deriving from the Latin circa diem, “about a day”) enable organisms to pre-
pare for environmental changes such as light and temperature and adapt its behavior 
accordingly, throughout the 24 h of the day. Zeitgebers (the German word for “time 
givers”) are signals that control body circadian clock synchronization (Sahar and 
Sassone-Corsi 2012; Gerber et al. 2015). Several physiological functions have cir-
cadian rhythmicity, such as body temperature, activity, sleep, heart rate, blood pres-
sure, and hormone and neurotransmitters secretion (Hastings et  al. 2008). The 
disruption of the circadian clock is directly correlated with chronic debilitating dis-
orders such as obesity and cardiovascular diseases, diabetes and cancer (Nagai et al. 
1994; Achermann and Borbély 2003; Meier-Ewert et al. 2004; Froy 2010; Sahar 
and Sassone-Corsi 2012; Eckel-Mahan and Sassone-Corsi 2013; Challet 2015; 
Coomans et al. 2015).

The main Zeitgeber is the solar time, which gives the information of the begin-
ning of the light period. Light is received by the ganglion cells in the retina and 
transmitted via the optic tract to the hypothalamus (Albrecht 2012). It has been 
known for nearly half a century that lesions of the mediobasal hypothalamus cause 
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loss of circadian rhythmicity of locomotor activity, feeding, and drinking (Richter 
et  al. 2014). In 1972, the localization of biological master clock was described 
within the mammalian suprachiasmatic nucleus (SCN) of the hypothalamus (Moore 
and Eichler 1972; Stephan and Zucker 1972). All cells in different tissues of the 
body present internal clocks that are mainly synchronized by the SCN. The SCN 
drives rest activity cycles and feeding-fasting rhythms that are Zeitgebers to periph-
eral tissues (Dibner et al. 2010; O’Neill and Reddy 2012; Rosenwasser and Turek 
2015).

The relationship between circadian rhythm deregulation and obesity was already 
observed in a number of models, human and rodent. People that work in shifts or 
work nights have higher risk for the development of obesity and metabolic diseases 
(Peplonska et al. 2015). Moreover, in the night eating syndrome, people binge on 
food in the night period but with the choice of highly caloric palatable foods (Gallant 
et al. 2012; Blancas-Velazquez et al. 2017). In rodents, mice fed with chow diet dur-
ing the inactive period present metabolic abnormalities (Kohsaka et  al. 2007). 
Moreover, mice fed a high fat diet solely during the day have worse metabolic 
parameters when compared to mice fed a high fat diet just at night (Hatori et al. 
2012). In addition, mice fed with a high fat diet ad libitum display abnormal eating 
patterns eating during the resting phase (Kuroda et al. 2012). It is now accepted that 
feeding at metabolic inactive phases is directly related with obesity and metabolic 
disturbances.

Given that food intake regulation displays circadian rhythmicity and functions 
itself as a Zeitgeber, is easy to conceive that obesity and the deregulation of the 
internal circadian rhythms can deeply affect the hypothalamic physiology control-
ling food intake. In the hypothalamic nuclei SCN, as well as in other hypothalamic 
nuclei, neurons present rhythmic activity. However, the ARC is the only nucleus 
that maintains clear circadian firing rate in the absence of the SCN input (Guilding 
et  al. 2009). This observation further supports the conserved role of food intake 
regulation for survival.

When mice are fed a high palatable diet there is over-ingestion of calories but 
also a fragmented feeding pattern. Upon high fat diet feeding, rodents eat more 
frequently smaller amounts of food rather than large meals. This “snacking” behav-
ior is similar to what is displayed by obese humans. Moreover, the ingestion of 
small amounts of food takes part throughout the 24 h of the day instead of the pref-
erential nighttime feeding (Kohsaka et al. 2007; Pendergast et al. 2013; Branecky 
et al. 2015; Mifune et al. 2015). Given the fact that caloric intake is rhythmic and 
mostly constricted to the active period, this alteration in feeding patterns might 
reflect a disruption in hypothalamic physiology, namely in circadian rhythm 
regulation.

At molecular level, AgRP, NPY, orexin and melanocyte-stimulating hormone 
(MSH) and leptin receptor show rhythmic hypothalamic expression throughout the 
day. The same is not observed for POMC and CART expression (Stütz et al. 2007; 
Opperhuizen et al. 2016). Ablation of NPY receptors signaling can promote feeding 
during the light period (Wiater et  al. 2011), while NPY overexpression in LHA 
reduces locomotor activity and restores the disruption of feeding patterns (Tiesjema 
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et al. 2007). These observations support a role for circadian regulation of hypotha-
lamic neuropeptides. Upon high fat diet, leptin and NPY lose its rhythmicity in the 
hypothalamus (Cano et al. 2008; Gumbs et al. 2016). Although few studies investi-
gated the effect of high fat diet feeding on neuropeptide levels rhythmicity in the 
different hypothalamic nuclei, it is possible that disruption of feeding patterns in 
obesity results from the loss of rhythmicity within the hypothalamic expression of 
its main effectors.

Time keeping and circadian rhythmicity is ensured by a transcription-translation 
feedback system (Reppert and Weaver 2002). Briefly, two-transcription factors cir-
cadian locomotor output cycles kaput (CLOCK) and aryl hydrocarbon receptor 
nuclear translocator like (ARNTL1 or BMAL1) heterodimerize and bind to the target 
gene promoter driving the rhythmic expression of Period (Per1, Per2, and Per3) and 
cryptochrome (Cry1 and Cry2). PER and CRY then complex and translocate to the 
nucleus to inhibit CLOCK:BMAL1-induced gene expression. This loop takes 
around 24 h to be completed and happens in all types of cells, driving all different 
clocks (Dardente and Cermakian 2007; Brown et al. 2012). The rhythmic expres-
sion of the clock genes varies between the different hypothalamic nuclei. Moreover, 
mutations in the clock genes are associated with metabolic alterations and obesity 
(Rudic et  al. 2004; Turek et  al. 2005; Blancas-Velazquez et  al. 2017). However, 
upon high fat diet feeding there is no alteration in the expression of these genes 
within rodent whole-hypothalamus (Kohsaka et al. 2007). When the expression of 
these clock genes was assessed in the different nuclei of the hypothalamus of mice 
fed a high fat diet, the only alteration observed was an increase in Bmal1 in the SCN 
(Cunningham et al. 2016). These results suggest that although there are significant 
changes in the circadian rhythm upon obesity and that circadian rhythm alterations 
directly promote metabolic alterations, the hypothalamus seems to be partly resis-
tant to changes in rhythmicity. These observations might result from an evolution-
ary method to ensure the hypothalamic physiology during circadian alterations, thus 
maintaining energetic homeostasis. Moreover, the changes observed in food intake 
rhythmic patterns might derive from alterations in the brain reward system upon 
high fat diet feeding, rather than disruptions in hypothalamic signaling (Blancas-
Velazquez et al. 2017).

In conclusion, obesity may change circadian regulation and this will have relevant 
impact on several physiological functions regulated by the hypothalamus such as 
sleep and metabolic homeostasis. The disruption of those functions is directly cor-
related to chronic disorders such as cardiovascular diseases, obesity, diabetes, and 
cancer (Eckel-Mahan and Sassone-Corsi 2013; Challet 2015; Coomans et al. 2015).

4.4  �Hypothalamic Regulation of Stress Adaptation 
in Obesity

The physiological response to stress involves the activation of the autonomous ner-
vous system and the hypothalamic–pituitary–adrenocortical (HPA) axis. Focusing 
on the HPA axis response, this process begins at the PVN where neurosecretory 
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neurons release corticotrophin-releasing hormone (CRH) and arginine-vasopressin 
(AVP) into portal circulation. CRH stimulates the pituitary gland to release adreno-
corticotrophin (ACTH), which in turn acts on the inner adrenal cortex to initiate the 
synthesis and release of glucocorticoid hormones, namely cortisol (mammals) or 
corticosteroids (rats and mice) (Armario et al. 2006; Ulrich-Lai and Herman 2009). 
Glucocorticoids release promotes several central and peripheral adaptations, on the 
one hand to prevent excessive reaction to stress inhibiting the ongoing activation of 
the HPA axis, and on the other, mobilizing energy and potentiating autonomous 
nervous system activation to prepare for further stress (Sapolsky et al. 2000; Frank 
et al. 2013; Belda et al. 2015). The lack of an adaptive response to stress can result 
in psychiatric disorders such as depression (Jurena 2014). Reciprocally, depression 
is correlated with the development of metabolic syndrome (Kyrou and Tsigos 2009; 
Marazziti et al. 2014), and chronic stress can promote obesity, type 2 diabetes, and 
related cardiometabolic complications (Harrell et al. 2016).

It is now accepted that obesity and metabolic deregulation impairs HPA axis 
whether by overactivation, by decreased sensitivity to negative feedback, or by loss 
of sensitivity of peripheral tissues to glucocorticoid activity (Seimon et al. 2013). 
However, the effects of obesity and fat/sugar-enriched diets on the HPA axis and the 
hypothalamus are still controversial. In the one hand, HPA activation can be corre-
lated with weight loss and reduced food intake; in the other hand, HPA activation 
can also increase the intake of palatable food and obesity (Dallman et  al. 2003; 
Adam and Epel 2007). Some studies show that rats fed with a high fat diet have 
reduced plasma ACTH and corticosterone, suggesting a dampened HPA axis activa-
tion (Pecoraro et al. 2004), while others suggest that obesity promotes an anxiety-
like state in rats (de Noronha et  al. 2017) which could be accounted as an 
overactivation of the HPA axis. These observations have also to be discussed con-
sidering the duration of the high fat diet, given that a longer exposure to the meta-
bolic insult can exacerbate response of the HPA axis through the dampening of the 
negative feedback over the HPA (Duong et  al. 2012; Michopoulos et  al. 2012; 
Balsevich et al. 2014).

At molecular level, the melanocortin system is tightly related with food intake 
and HPA activation. The activation of MC-3 and MC-4 receptors induces an anorex-
igenic stimuli and MC-2 receptor binds ACTH.  Mice knockout for MC-4R are 
obese and have impaired adaptation to stress and lower activation of PVN neurons 
(Ryan et al. 2014). Hypothalamic neuropeptide levels upon high fat diet are still a 
controversial issue. In fact, some studies report that rodents under HFD have an 
increase in orexigenic inputs and a decrease in anorexigenic signaling, while others 
report the exact opposite (Gao et al. 2002; Torri et al. 2002; Briggs et al. 2010). 
However, NPY is known to promote HPA activity, having an antidepressive effect. 
Injections of NPY in the PVN stimulate ACTH and corticosterone release 
(Wahlestedt et al. 1987). In the context of obesity, where there are alterations in 
NPY levels in the hypothalamus (Levin and Dunn-Meynell 1997; Lin et al. 2000), 
this might be the cause for a compromise in HPA axis activation. Leptin is also a 
major known player in the pathogenesis of depressive disorders, characterized by 
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impaired HPA functioning. And depressed patients show higher circulating leptin 
levels, similar to obese patients (Esel et  al. 2005; Morris et  al. 2012). On the 
opposite, mice subjected to stress have lower levels of leptin receptor (LepRb) 
expression in the hypothalamus (Yang et al. 2016). The high circulating leptin levels 
with the decrease in LepRb expression might result in the deficient leptin signaling 
which might directly impact on the HPA activation.

The pathophysiology of obesity affects directly the hypothalamus, namely with 
an increase in proinflammatory markers that might trigger HPA axis dysfunction 
and, in turn, promote stress-related disorders (Lamers et al. 2013). However, further 
studies are needed to dissect the HPA axis changes in obesity and the underlying 
hypothalamic mechanisms.

4.5  �Contribution of the Hypothalamus to Fertility 
and Reproductive Dysfunctions Induced by Obesity

The hypothalamic–pituitary–gonadal (HPG) axis is responsible for the integration 
of hormonal signals and the regulation of reproduction. The HPG axis response 
includes the gonadotrophin-releasing hormone (GnRH) neurons, which are mainly 
located at preoptic area (POA) and project to the median eminence (Prevot et al. 
2010; Rudolph et al. 2016). Upon GnRH release to the pituitary occurs the produc-
tion of follicle stimulating (FSH) and luteinizing (LH) hormones that are released 
into the bloodstream and act on the gonads. LH and FSH at the ovary promote 
estradiol and progesterone secretion. At the testis, LH acts primarily on Leydig cells 
to promote testosterone production while FSH acts preferentially in Sertoli cells; 
the concerted action of both hormones at the testis regulates male gonadal function 
(Schwanzel-Fukuda et al. 1992; Simoni et al. 1997; Chrousos et al. 1998; Dufau 
1998; Rudolph et al. 2016).

Several reports show a direct link between the nutritional status and energetic 
balance and fertility, both in males and females. In the one hand, undernutrition and 
caloric restriction affect reproduction and fertility reducing GnRH secretion 
(I’Anson et al. 2000); in the other hand, obesity induces reproductive dysfunctions 
and infertility by the disruption in GnRH secretion (reviewed in Clarke and Arbabi 
2016; Oliveira et al. 2017). GnRH neurons release GnRH and receive projections 
from POMC neurons from the ARC (Tilbrook et al. 2002). This observation sug-
gests a link between energy balance and fertility-reproduction. In general, orexi-
genic neuropeptides inhibit reproduction while anorexigenic neuropeptides 
stimulate reproduction (reviewed in Clarke and Arbabi 2016; Muroi and Ishii 2016). 
NPY, through Y-2 receptor activation, reduces LH secretion (Barker-Gibb et  al. 
1995; Clarke et al. 2005) and can inhibit GnRH production (Catzeflis et al. 1993; 
Kalra et al. 1992). AgRP also prevents LH surge in rats and has a determinant role 
for puberty in mice (Schioth et al. 2001; Sheffer-Babila et al. 2013). On the oppo-
site, the melanocortin system stimulates the HPG axis promoting LH secretion (Han 
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et al. 2005). Moreover, NPY/AgRP and POMC/CART neurons indirectly regulate 
the activity of GnRH neurons via the KnDY (Kisspeptin/neurokin B/dynorphin) 
neurons in the ARC. The kisspeptin neuronal system has been studied extensively 
as a link between energy balance and reproduction (De Bond and Smith 2014; 
Wahab et al. 2013).

Kisspeptin directly activates GnRH neurons (Han et al. 2005); moreover, infu-
sion of kisspeptin in the third ventricle increases NPY levels while reduces POMC 
in the ARC (Backholer et al. 2010). Although it is still not clear whether NPY regu-
lates kisspeptin neurons, POMC and CART are able to activate kisspeptin neurons 
thus promoting GnRH neurons activity (De Bond and Smith 2014; Muroi and Ishii 
2016). During food restriction it can be observed a decrease in hypothalamic kiss-
peptin levels which might be responsible for the decline in the activation of the HPG 
axis (Zhou et al. 2014). On the opposite, in leptin deficient mice, ob/ob mice show 
a decrease in hypothalamic kisspeptin, which also may account for the decreased 
fertility (Swerdloff et al. 1976). Exogenous leptin infusion increases kisspeptin lev-
els and revert hypothalamic hypogonadism, thus reverting infertility (Cleary et al. 
2001; Tsatsanis et al. 2015; Clarke and Arbabi 2016). Moreover, in Ob/Ob mice, the 
ablation of AgRP neurons of the hypothalamus restores body weight and fertility, 
supporting a role for hypothalamic ARC neurons on fertility (Wu et  al. 2013; 
Dietrich and Horvath 2012). Moreover, changes of peripheral hormones, such as 
ghrelin and glucagon-like peptide 1 (GLP-1), are also known to act on the HPG axis 
and interfere directly with GnRH secretion (Alves et al. 2016; Clarke and Arbabi 
2016; Muroi and Ishii 2016).

Although there is not much consensus about the mechanisms relating obesity 
and infertility, a possible mechanism is through the increase of NPY in the hypo-
thalamus, the concomitant increase of leptin and the consequent leptin resistance 
(Tortiello et  al. 2004; Alves et  al. 2016). Leptin resistance in the hypothalamus, 
together with the increase in NPY and decrease in kisspeptin, will culminate in the 
suppression of the activation of the GnRH neurons and the inability of the HPG axis 
to respond, hence promoting the dysfunctions in fertility observed in obesity.

Furthermore, obesity is characterized by a systemic inflammation that affects 
primarily the hypothalamus (Jais and Brüning 2017) but also it has been shown to 
delay puberty onset mainly through the decline in leptin signaling (Ballinger et al. 
2003; DeBoer et al. 2010) and to decrease male fertility, reducing testosterone lev-
els (Tengstrand et al. 2009). The increase of inflammatory markers in the hypothala-
mus can disrupt the signaling of anorexigenic hormones such as leptin and insulin, 
dysregulating NPY/AgRP and POMC/CART neurons and compromising their 
interactions with kisspeptin neurons and with the GnRH neurons in the POA.

Given that fertility and reproduction is a result from the orchestrated inputs 
between several types of neurons, culminating in the activation of the GnRH neu-
rons, it is easy to envisage that alterations might occur from the disturbed neuronal 
communication in obesity.
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4.6  �Obesity Compromises the Hypothalamic Control 
Over Periphery

The central nervous system receives and integrates signals relative to energetic 
needs from the periphery and orchestrates a response through the modulation of 
food intake and energy expenditure. The autonomic nervous system (ANS) plays 
the determinant role in this response through the innervation of peripheral meta-
bolic organs such as the liver, white adipose tissue (WAT), brown adipose tissue 
(BAT), pancreas, and skeletal muscle. The ANS is constituted by the sympathetic 
nervous system (SNS) and the parasympathetic nervous system (PNS). Although 
the SNS is associated with catabolic responses and the PNS with anabolic responses, 
these two systems work together and might be activated at the same time under 
some circumstances. The liver, pancreas, and skeletal muscle receive innervation 
from both systems while the adipose tissue is mainly innervated by the SNS. The 
action of the ANS in these organs is mediated by different brain regions, including 
the hypothalamus (Buijs 2013; Harlan et al. 2013).

4.6.1  �Obesity Changes Hypothalamic Autonomic Control 
of Liver

Liver is a key organ involved in energy storage and glucose homeostasis. Liver 
receives fatty acids from the gut resulting from the hydrolysis of triglycerides and 
from lipolysis of WAT. The liver can also synthetize fatty acids from excess glu-
cose, de novo lipogenesis. Fatty acids are then used by the liver and assembled 
into triglycerides and stored or secreted into the plasma in very-low-density lipo-
protein (VLDL) particles (Gibbons 1990; Nguyen et al. 2008; Bruinstroop et al. 
2014). The liver is also involved in insulin sensitivity responding to glucose and 
insulin levels by the modulation of hepatic glucose production (HGP) (Ramnanan 
et al. 2011).

The ARC is involved in VLDL-TG secretion, whereas NPY stimulates its secre-
tion. On the opposite, blunted melanocortin system in hypothalamic neurons pro-
motes lipogenesis and hepatic steatosis (reviewed in Bruinstroop et  al. 2014). 
Several hypothalamic nuclei have been implicated in the regulation of hepatic glu-
cose production (HGP). In the one hand, VMH stimulation promotes glucose output 
and decreases glycogen in the liver (Shimazu 1979), whereas stimulation of LHA 
increases hepatic glycogen synthesis (Shimazu and Ogasawara 1975). In the ARC, 
the absence of LepRb in POMC neurons and the increase in NPY promote HGP 
(Coppari et al. 2005; Parton et al. 2007; van den Hoek et al. 2008; Bisschop et al. 
2014), while insulin signaling can inhibit HGP by the inhibition of NPY (Schwartz 
et al. 1992; Obici et al. 2002).
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As discussed previously, obesity and metabolic dysfunction can promote insulin 
and leptin resistance that might directly serve to increase the HGP, hence causing 
hyperglycemia and type 2 diabetes. Moreover, obesity can promote chronic 
sympathetic activation, leading not only to the desensitization of regulatory pro-
cesses but also promoting directly an increase in HGP (Valenzano et  al. 2016; 
Arrieta-Cruz and Gutiérrez-Juárez 2016). Hypothalamic inflammation induced by a 
HFD feeding can also deregulate the regulatory effect of the hypothalamus over the 
liver. In fact, inhibiting hypothalamic inflammation in diet-induced obese mice 
improves hepatic insulin action and reduces HGP and hepatic steatosis (Milanski 
et al. 2012). Hypothalamic amino-acid (AA) sensing and metabolism is determinant 
for insulin action and glucose metabolism. The BBB increased permeability in obe-
sity allows circulating AAs to reach the hypothalamic neurons in higher concentra-
tions. The AAs increase, such as leucine and proline, in the hypothalamus can 
inhibit HGP. However, when the metabolism of the AAs in the hypothalamus is 
inhibited, this effect is blunted (Arrieta-Cruz and Gutiérrez-Juárez 2016). The ele-
vation of AAs in the hypothalamus beyond a certain threshold might lead to an 
overload of the hypothalamic response, contributing for insulin resistance and 
hyperglycemia. Liver functioning, namely in respect to glucose metabolism, is 
directly regulated by the hypothalamus. Given the major physiological alterations in 
this brain region upon obesity and/or metabolic dysfunction, the autonomous regu-
lation of the hypothalamus over the liver is compromised and further aggravates the 
already compromised metabolic status.

4.6.2  �Obesity Changes Hypothalamic Autonomic Control 
of Brown Adipose Tissue

Brown adipose tissue (BAT) is responsible for energy expenditure, mostly through 
non-shivering thermogenesis (NST). BAT is highly vascularized to allow energy 
dissipation. Brown adipocytes present a high number of mitochondria (responsible 
for the brown coloration of this tissue) and multilocular lipid droplets. BAT is highly 
sensitive to certain diets and physical exercise, conditions that can change its physi-
ology and functioning. BAT function is regulated by the central and peripheral ner-
vous system, and SNS activation is determinant for BAT thermogenesis. The 
activation of SNS promotes norepinephrine release and the activation of β-adrenergic 
receptors and the promotion of thermogenesis. Moreover, BAT also promotes clear-
ance of plasma triglyceride and improved glucose homeostasis, uptake of lipids and 
glucose from the circulation to use as substrate for thermogenesis (Whittle et al. 
2011; Contreras et al. 2015; Morrison et al. 2014).

As responsible for the regulation of food intake and energy expenditure, the 
hypothalamus was early related to BAT function (Fuller et al. 1975; Imai-Matsumura 
et al. 1984). Within the hypothalamus, the POA, the VMH, the DMH, and the ARC 
are directly connected to BAT activity. Upon activation of neurons in these nuclei 
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there is an increase in thermogenesis regulated by BAT (reviewed in Contreras et al. 
2015). In the case of the VMH, this effect is abolished upon β-adrenergic receptors 
blockade (Holt et al. 1987). DMH neurons do not project directly to BAT (Cao et al. 
2004; Dimicco and Zaretsky 2007), which means that the interactions between the 
different hypothalamic nuclei might lay beyond the effect of this nucleus in BAT 
activation. Some evidences point for a role of the PVN in BAT regulation; however, 
the observations are controversial and might result from an orchestrated response 
with other nuclei, namely with the ARC (Contreras et al. 2015). The main implica-
tion of the ARC in BAT thermogenesis is mediated with the melanocortin system 
since this nucleus is responsible for the integration of leptin signaling (Butler and 
Cone 2002; Farooqi and O’Rahilly 2006). Leptin sensing and signaling pathways 
promote AMPK (5′ AMP-activated protein kinase) activation. AMPK activation in 
the VMH is a negative regulator of BAT activation (López et al. 2010; Whittle et al. 
2011; Tanida et  al. 2013), while leptin in the DMH promotes thermogenesis. 
Moreover, in the ARC leptin activates POMC/CART neurons responsible for the 
promotion of thermogenesis, while inhibiting NPY/AgRP neurons (Harlan et  al. 
2011; Morrison et al. 2014). Moreover, NPY knockdown in the DMH also promotes 
BAT thermogenesis (Chao et al. 2011).

Diet and exercise are main influencers of BAT activity. Initial studies correlating 
obesity and BAT functioning observed that rats fed a fat-enriched diet, exhibiting 
hyperphagia, had increased thermogenesis (Rothwell and Stock 1981, 1997). 
However, this was later accepted as a regulatory mechanism to counteract the effects 
of the positive energy balance promoted by the diet (Mercer and Trayhurn 1987). 
Studies in ob/ob mice showed an increase in energy storage even when pair-fed with 
ad libitum wild type mice, resulting from a decrease in NST (Thurlby and Trayhura 
1979). Moreover, obese mice resulting from a lesion to the VMH showed increased 
lipid deposition in BAT and decreased mitochondrial content, although no differ-
ences in thermogenesis (Seydoux et al. 1981; Hogan et al. 1982).

The effect of obesity in BAT function is controversial, specially regarding hypo-
thalamic regulation over BAT. However, more recent studies show that obesity is 
associated with decreased BAT activity in humans (van Marken Lichtenbelt et al. 
2009) and the overactivation of the SNS that occurs in obesity (Valenzano et al. 
2016) can lead to the desensitization of hypothalamus-BAT interaction. Moreover, 
the hypothalamic inflammation typical of obesity reduces BAT thermogenesis. In 
fact, ICV injection of TNF-α decreases the expression of genes usually upregulated 
under conditions that promote thermogenesis, such as cold and fasting, and TNF-R1 
KO mice have increased BAT activation and are resistant to diet-induced obesity 
(Romanatto et al. 2009; Arruda et al. 2010; Arruda et al. 2011). As mentioned, leptin 
action in the ARC is one of the main activators of the process of NST (Morrison 
et al. 2014; Contreras et al. 2015), hence the hypothalamic leptin resistance installed 
in obesity (Könner and Brüning 2012; Cui et  al. 2017) might contribute to BAT 
deregulation.
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4.6.3  �Obesity Changes Hypothalamic Control of White 
Adipose Tissue (WAT)

WAT function as a reservoir of chemical energy in the form of triglycerides, but also 
functions as an endocrine “gland.” Adipokines participate in glucose and lipid 
metabolism and are involved in obesity-related disorders (Ahima and Flier 2000; 
Cancello et al. 2004). The SNS regulates WAT functioning, namely lipolysis, adipo-
cyte number, and WAT proteins regulation (Nogueiras et al. 2010). Metabolic regu-
lation of WAT can determine the storage of energy in fat depots, the release of 
triglycerides into circulation or its accumulation in other tissues such as the liver 
(Guilherme et al. 2008).

The hypothalamus, as a regulator of energy balance, is tightly involved in WAT 
regulation. The SNS-WAT axis includes several hypothalamic nuclei such as the 
ARC, DMH, LHA, PVN, and SCN (Bamshad et al. 1998; Bartness et al. 2005). 
Electrical stimulation of the VMH and LHA can promote lipolysis (Ruffin and 
Nicolaidis 1999; Shen et al. 2008; Perez-Leighton et al. 2014). In other hypotha-
lamic nuclei the neuropeptide system involved in food intake and energy expendi-
ture takes a major part in WAT functioning. MC-3/4R agonists in the brain reduce 
adiposity (Raposinho et al. 2003), while the blockade of melanocortin system in 
CNS can stimulate lipid storage and triglyceride synthesis (Nogueiras et al. 2007). 
On the opposite, NPY and orexin can inhibit lipolysis and promote adiposity (Baran 
et al. 2002; Shen et al. 2008; Sousa-Ferreira et al. 2011). Moreover, NPY can also 
supress cathecolamine release and consequent lipolysis (Kaushik et  al. 2012). 
Insulin and leptin receptors colocalize in hypothalamic neurons that project to WAT 
(Adler et  al. 2012). Insulin infusion in the medial basal hypothalamus (MBH) 
supresses lipolysis, while insulin receptor knockout in mice can decrease lipogen-
esis and increase lipolysis (Scherer et al. 2011). Leptin infusion in the MBH can 
inhibit lipogenesis (Buettner and Camacho 2008); however, this infusion in the third 
ventricle increases lipolysis (Tajima et al. 2005).

Upon obesity, WAT is characterized by an increase in adipocyte size resulting 
from the increased food intake and the consequent accumulation of triglycerides. 
Moreover, inflammatory processes can also be observed in WAT concomitant with 
adipokine imbalance (Ouchi et al. 2001; Shimizu and Walsh 2015).

It is now accepted that browning of WAT, i.e., the process where white adipo-
cytes acquire brown-like characteristics, occurs in a normal energetic status and 
promotes energy expenditure. In fact, browning of WAT can attenuate diet-induced 
obesity and it is looked upon as a possible therapeutic strategy for obesity (Wu et al. 
2013). However, blockade of WAT browning can promote obesity and, in turn, the 
alterations in WAT-regulatory circuits (SNS-Hypothalamus-WAT) in obesity can 
impair WAT browning, thus exacerbating the pathology (Wu et  al. 2013). 
Furthermore, hypothalamic AMPK mediates the browning of WAT. AMPK deregu-
lation is well known to occur in obesity and metabolic dysfunction, thus contribut-
ing for the impairment of this process (López et al. 2016). Moreover, hypothalamic 
inflammation that occurs in obesity is responsible per se for the increase in white 
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adipocytes and WAT inflammation (Guilherme et  al. 2008; Williams 2012; 
Valdearcos et  al. 2015). As mentioned, insulin and leptin exert their regulatory 
effects over the adipose tissue directly and through receptors in hypothalamic neu-
rons, the hypothalamic resistance to these hormones (Könner and Brüning 2012) 
turns this regulation obsolete. AMPK signaling also mediates insulin and leptin 
signaling in the hypothalamus (López et al. 2016), hence its deregulation in obesity 
compromises these hormone effects on the hypothalamus and consequently in WAT 
physiology.

4.6.4  �Obesity Changes Hypothalamic Control of Pancreas

The endocrine pancreas is constituted by the islets of Langerhans that secrete insu-
lin and glucagon. The islets are composed mainly by α- and β-cells that control 
glucagon and insulin secretion, respectively. The orchestrated activity of these cells 
regulate glucose homeostasis; however, this is a process tightly regulated and com-
posed by several organs beyond the pancreas (Rodriguez-Diaz and Caicedo 2014). 
In contrast to most organs, islets of Langerhans are self-sufficient, within these cells 
are all the necessary mechanisms to sense glucose changes and to orchestrate the 
hormone secretion. For this reason, it is accepted that ANS regulation over the pan-
creas serves mostly as an adaptive response, to adjust glucose homeostasis to food 
intake and/or stress (Teff and Townsend 2004).

Central regulation of the pancreas is mainly achieved by the presence of glucose-
sensing neurons in the hypothalamus, that serve to influence glucose metabolism 
and HPG in the liver, but also to regulate islet function (Thorens 2011). Studies in 
dogs, rats, and mice support the role of different hypothalamic nuclei in the glucose 
counterregulatory response (Ogunnowo-Bada et  al. 2014). Within the hypothala-
mus, the ARC, PVN, VMH, and LHA are the main nuclei presenting glucose-
sensing neurons (Silver and Erecińska 1998). The VMH plays a major role in islet 
regulation; lower levels of glucose in this nucleus promote glucagon secretion 
whereas increased glucose suppresses it (Borg et al. 1995, 1997). On the opposite, 
insulin injection in the VMH inhibits glucagon secretion and the reduction of insu-
lin receptors in this nucleus impairs pancreatic cells function (Paranjape et al. 2010, 
2011). AgRP neurons in the ARC also appear to be involved in pancreatic regula-
tion. Mice lacking AgRP become obese and hyperinsulinemic even in chow diet, 
whereas on HFD show reduced body weight gain and paradoxical improved glucose 
tolerance (Joly-Amado et al. 2012).

Obesity is correlated with secondary metabolic dysfunctions, namely insulin 
resistance and type 2 diabetes. Obesity is frequently associated with hyperglycemia 
that has a direct impact on islet functioning; however, it is still unclear how this can 
impact hypothalamic regulation over the pancreas. The ectopic accumulation of fat 
in the pancreas can lead to nonalcoholic fatty pancreas disease (NAFPD) that can 
override the central regulation of the ANS over insulin and glucagon secretion 
(Della Corte et al. 2015; Alempijevic et al. 2017). Moreover, patients with diabetes 
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develop impairments in the counterregulatory response to hypoglycemia, suggest-
ing alterations in glucose sensing circuitry on the hypothalamus (Ogunnowo-Bada 
et al. 2014). Insulin signaling in the hypothalamus also appears to be an important 
regulator of pancreatic function (Paranjape et al. 2010, 2011), thus hypothalamic 
insulin resistance compromises the regulatory feedback mechanisms orchestrated 
through the hypothalamus. Moreover, AMPK is determinant for glucose homeosta-
sis in pancreas, hyperglycemia inhibits AMPK in the PVN, VMH, LHA, and 
ARC. AMPK deregulation in these hypothalamic nuclei might be responsible for 
the pancreatic function disruption (López et al. 2016). Hypothalamic inflammation 
can impair the release of insulin by the pancreas, by a mechanism independent of 
body weight (Calegari et al. 2016; Purkayastha et al. 2011).

4.6.5  �Obesity Changes Hypothalamic Control of Skeletal 
Muscle

The skeletal muscle is one of the major sites of insulin-stimulated glucose uptake. 
Glucose and lipids are used as a thermogenic substrate by the skeletal muscle. The 
decrease in glucose uptake by the skeletal muscle can promote hyperglycemia and 
improper insulin-mediated responses (Marino et al. 2011).

The regulation of glucose uptake by the skeletal muscle through hypothalamic 
circuitry is related with the hypothalamic regulation of energy expenditure. The 
VMH, LHA, and ARC neurons have a direct effect on glucose uptake (Minokoshi 
2017). Electrical stimulation of the VMH and leptin injection in this nucleus pro-
mote glucose uptake by the skeletal muscle independently of circulating insulin 
levels (Minokoshi et  al. 1988; Sudo et  al. 1991). Furthermore, leptin can also 
improve insulin sensitivity in skeletal muscle through the melanocortin system in 
the VMH (Roman et al. 2010; Koch et al. 2008). AMPK regulates glucose uptake 
and fatty acid oxidation in skeletal muscle, leptin injection in the VMH and ARC 
increases AMPK signaling (Minokoshi et al. 2002). This effect is mediated by the 
melanocortin system in the VMH neurons and the POMC neurons of the ARC 
(Gavini et al. 2016; Minokoshi 2017). Moreover, orexin injection in the VMH pro-
motes skeletal muscle glucose uptake and enhances insulin sensitivity; however, 
ICV injection of NPY and/or AgRP have no effect on skeletal muscle glucose 
homeostasis (Shiuchi et al. 2009; Minokoshi 2017).

Not much is known regarding the effects of obesity on the hypothalamic regula-
tion of skeletal muscle glucose homeostasis. Obesity can impair skeletal muscle 
insulin sensitivity and the glucose uptake (Kahn and Flier 2000). Obesity-induced 
hypothalamic inflammation can impair the central regulatory processes over the 
muscle (Valdearcos et  al. 2015). As mentioned, hypothalamic AMPK signaling 
mediates leptin-induced glucose uptake (Minokoshi et al. 2002); thus, this deranged 
signaling pathway in obesity (López et al. 2016) can dampen the hypothalamus-
muscle interaction. The same effect can be exacerbated by the leptin resistance in 
obesity, given that leptin signaling (either through the melanocortin system or the 
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direct binding to the Ob-Rb) is determinant for skeletal muscle glucose uptake 
(Minokoshi 2017). Moreover, considering that POMC neurons are required for the 
leptin-induced glucose uptake (Gavini et al. 2016), the selective apoptosis of POMC 
neurons in obesity (Thaler et al. 2012) can impair the hypothalamus-skeletal muscle 
regulatory effects contributing for the deregulations observed in obesity.

4.7  �Hypothalamic Inflammation in Obesity

The search for the mechanisms underlying obesity and its metabolic consequences 
such as insulin resistance and diabetes has highlighted the impact of inflammation 
in the mediation of obesity-induced dysfunctions. It is accepted that obesity is char-
acterized by a low-grade systemic inflammation (Hotamisligil 2006; Kolb and 
Mandrup-Poulsen 2010; Odegaard and Chawla 2013). However, obesity-induced 
inflammation is different from generalized inflammation. The inflammatory pro-
cesses occur in the brain but also in peripheral organs such as the liver, adipose tis-
sue, pancreas, skeletal muscle, and heart. In the one hand, inflammation occurs to 
regulate energy homeostasis, and, in the other hand, inflammation deregulates adap-
tive responses that further compromise the metabolic status of the organism (Saltiel 
and Olefsky 2017).

Given the fact that the hypothalamus is the brain region responsible for integra-
tion of signals that reflect the metabolic status of the organism and the regulation of 
energy homeostasis, it is easy to understand why this area is so susceptible to HFD 
effects. In fact, hypothalamic inflammation has been correlated to the development 
and progression of obesity. Moreover, hypothalamic inflammation has also been 
considered the main driver for the deregulation of cellular mechanisms that mediate 
the pathophysiology of obesity such as ER stress, autophagy, and oxidative stress 
(Williams 2012; Jais and Brüning 2017).

In this section we discuss the effects of obesity on hypothalamic inflammation 
and the contribution of this mechanism for the development of obesity 
pathophysiology.

Consumption of fat-enriched diets is associated with hypothalamic deregulation 
in the human brain. Obesity-induced systemic inflammation can alter the integrity 
of the brain structures directly involved in reward and feeding behaviors (Cazettes 
et al. 2011). Studies in the human brain also showed increased inflammatory mark-
ers and gliosis in the hypothalamus of obese individuals (Thaler et al. 2012; Puig 
et al. 2015).

The privileged location of the hypothalamus within the brain makes it suscepti-
ble to inflammation. In fact, hypothalamic inflammation arises even before signifi-
cant body weight gain. The increase in proinflammatory markers in the hypothalamus 
can be observed just one day after HFD ingestion (Thaler et al. 2012; Waise et al. 
2015). The BBB acts therefore as an intermediate between the brain and the  
periphery and it is deeply affected by HFD. The median eminence is fenestrated 
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allowing the hypothalamus to receive signals from the periphery (Elizondo-Vega 
et al. 2015). Overnutrition and peripheral inflammatory markers such as the inter-
leukin IL-1β decrease the expression of tight junctions contributing for BBB dys-
function (Nitta et al. 2003; Beard et al. 2014). Vascular endothelial growth factor 
(VEGF) signaling at the BBB is determinant for permeability, long-term HFD expo-
sure can increase VEGF expression in hypothalamic tanycytes, increasing permea-
bility and promoting BBB integrity disruption (Lee et al. 2007; Langlet et al. 2013).

Within the hypothalamus, all cell types appear to be affected by the inflammatory 
processes and contribute for its maintenance. Microglia activation is associated with 
dietary content and mediates inflammatory processes (Milanski et al. 2009; Thaler 
et al. 2012). Activated hypothalamic microglia produces proinflammatory cytokines 
such as TNF-α and the interleukins IL-1β and IL-6, which can lead to the expression 
of fractalkine (CX3CL1) in neurons (Nakanishi et al. 2007; Lambertsen et al. 2009; 
Ropelle et al. 2010). This chemokine will further recruit peripheral immune cells to 
the hypothalamus, exacerbating the inflammation (Jones et al. 2010). Hypothalamic 
astrocytes are also activated upon HFD (Thaler et al. 2012; Buckman et al. 2015), 
and can produce several proinflammatory cytokines (Gupta et al. 2012). Astrocytosis 
can also trigger the activation of the NF-κB pathway through toll-like receptors 
(TLRs) and through the transforming growth factor-β1 (TGF-β1)-induced cellular 
stress mechanisms responses (stress granules activation) (Gorina et al. 2011; Yan 
et al. 2014).

The inflammatory process in the hypothalamus can be divided in two different 
phases, a transient inflammatory phase upon HFD initial exposure and a prolonged 
phase that arises from prolonged exposure to HFD and includes the severe deregula-
tion of cellular mechanisms. The hypothalamic inflammation can persist even after 
weight loss and increases the predisposition to further weight regain (Wang et al. 
2012). This observation suggests that the prolonged hypothalamic damage induced 
by a HFD could be irreversible (Moraes et al. 2009; van de Sande-Lee et al. 2011; 
Thaler et al. 2012).

Overnutrition can promote the release of cytokines and the activation of inflam-
matory pathways in the hypothalamus. Short-term HFD feeding is sufficient to pro-
mote inflammation (Thaler et al. 2012; Waise et al. 2015) and to reduce hypothalamic 
sensitivity to insulin (Clegg et al. 2011). Decreased insulin sensitivity can mediate 
hypothalamic dysfunction.

Lipids from the diet such as long-chain saturated fatty acids (SFAs) can cross the 
BBB and accumulate in the hypothalamus (Posey et al. 2009; Borg et al. 2012). 
SFAs can blunt leptin and insulin signaling, thus contributing to a positive energy 
balance. This effect of SFAs is partly mediated by the activation of proinflammatory 
signaling cascades through binding and activation of TLR4 (Lee et al. 2001; Lee 
et al. 2003; Shi et al. 2006; Kleinridders et al. 2009). Pharmacological inhibition of 
neuronal TLR4 can prevent insulin and leptin resistance (Posey et al. 2009; Milanski 
et al. 2009) and, in fact, mice lacking this receptor are protected against obesity 
(Tsukumo et al. 2007). TLR4 activation promotes apoptotic mechanisms within the 
hypothalamus (Moraes et  al. 2009). TLR4 activates IKKβ that activates NF-κB 
inflammatory pathway (Hayden and Ghosh 2008). Stimulation of the IKKβ/NF-κB 
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pathway induces the SOCS3 expression in the hypothalamus, leading to the inhibi-
tion of both leptin and insulin signaling (Zhang et al. 2008). TLR4 activation can 
also promote AMPK activation through JNK-mediated signaling. JNK signaling is 
also associated with increased inflammation and tightly correlated with insulin sen-
sitivity (Solinas and Karin 2010). JNK activation on AgRP neurons is sufficient to 
promote hyperphagia and weight gain (Tsaousidou et al. 2014) and the deletion of 
JNK1 protects mice from obesity and insulin resistance (Hirosumi et  al. 2002). 
TNF-α is a known activator of JNK, the central administration of TNF-α blunted 
leptin and insulin action (Romanatto et al. 2007). Moreover, TNF-α can also increase 
the hypothalamic levels of PTP1B via the NF-κB pathway, negatively regulating 
insulin and leptin sensitivity (Zabolotny et al. 2002; Ito et al. 2012). SFAs can also 
promote the increase in the synthesis of ceramides and sphingolipids that impair 
insulin and leptin signaling (Summers and Nelson 2005; Holland et  al. 2007, 
Holland et al. 2011).

However, POMC neurons appear to be more sensitive to the effect of obesity in 
the synaptic organization (Horvath et al. 2010). Furthermore, prolonged inflamma-
tion can promote POMC neurons apoptosis (Moraes et al. 2009; Thaler et al. 2012). 
There are other cellular mechanisms underlying obesity that can be a cause of the 
hypothalamic inflammation caused by overnutrition or just a concomitant effect of 
the overall compromise of the hypothalamic physiology in obesity.

4.8  �Obesity Changes Neurogenesis in the Hypothalamus

Neurogenesis is the process that results in the production of new neurons, where 
new cells are generated from the proliferation of neuroprogenitor cells (NPCs). In 
the adult brain, neurogenesis occurs mostly at the subventrical zone (SVZ) of the 
lateral ventricles and at subgranular zone (SGZ) of the hippocampus (Götz and 
Huttner 2005; Lledo et al. 2006). Neurogenesis in the hypothalamus resides in the 
tanycytes of the median eminence (Lee et al. 2012), the process of neurogenesis 
plays an important role in energy balance (Kokoeva et al. 2005; Sousa-Ferreira et al. 
2014).

Several evidences support that an inadequate metabolic environment impair the 
formation of NPC population and consequently the neuronal network (Sousa-
Ferreira et al. 2014). Maternal high fat diet feeding in rats promotes the increase of 
orexigenic neurons in the PVN of newborns, thus increasing the predisposition for 
obesity (Chang et al. 2008). On the opposite, nutritional restriction during the ges-
tational period decreased NPC proliferative capacity, resulting on decreased body 
weight of the offspring and metabolic deficits (Desai et al. 2011).

Adult hypothalamic neurogenesis is regarded as a protective mechanism to 
maintain homeostasis facing nutritional challenge. HFD increases the number of 
neurons adopting an anorexigenic phenotype, possibly to prevent the increase in 
food intake and body weight (Gouaze et al. 2013). Moreover, in mice NPY/AgRP 
neurons degeneration can promote an increase in hypothalamic cell proliferation to 
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maintain energetic homeostasis (Pierce and Xu 2010). On the other hand, HFD 
decreases the neurogenic capacity of hypothalamic neural stem cells (htNSC) 
through apoptosis of newly divided cells and decreased survival of proliferating 
progenitor glial cells (McNay et al. 2012).

These observations suggest that obesity can alter hypothalamic neuronal popula-
tion thus contributing to the failure of hypothalamic physiology.

4.9  �Obesity Induces Hypothalamic ER Stress

The crosstalk between mechanisms that maintain cellular homeostasis can also 
reflect a deep compromise in all these protective mechanisms upon insult. HFD can 
elicit several exacerbated cellular responses that become deleterious at long term 
and can in fact contribute to the development and progression of obesity (Cavadas 
et al. 2016).

ER stress can be induced by metabolic stressors such as dietary fats, leading to 
the activation of the unfolded protein response (UPR) as a consequence of NF-κB 
activation (Zhang et al. 2008). ER stress can also activate JNK pathway and increase 
PTP1B, thus inhibiting insulin and leptin signaling (Hosoi et  al. 2008). Central 
administration of chemical chaperones that reverse UPR improves hypothalamic 
leptin action (Zhang et al. 2008). Interestingly, the deletion of X-box binding pro-
tein 1 (Xbp1), an ER stress activator, promotes leptin resistance and obesity (Ozcan 
et al. 2009) while the Xbp1 expression in POMC neurons protects against HFD-
induced obesity (Williams et al. 2014). These observations suggest that ER stress 
might work as a protective mechanism; however, the continuous stress resulting 
from overnutrition and the compromise of other cellular mechanisms can lead to 
deleterious overactivation of the UPR.

4.10  �Obesity Induces Oxidative Stress in the Hypothalamus

Oxidative stress is a key feature of several disorders, namely neurodegenerative 
disorders. Indeed, high fat diet promotes oxidative stress that precedes other patho-
logical observations such as insulin resistance (Matsuzawa-Nagata et  al. 2008). 
The increase in triglycerides in rats was also correlated with an increase in mito-
chondrial respiration and ROS formation in the hypothalamus (Benani et al. 2007). 
Increased reactive oxygen species (ROS) formation in the hypothalamus can 
impair glucose and lipid sensing, thus compromising the metabolic sensing ability 
of hypothalamic neurons (Leloup et  al. 2006; Colombani et  al. 2009). In obese 
mice, the increased size of  mitochondria in NPY/AgRP neurons as well as  the 
decrease of proteins involved in mitochondrial fusion can protect from DIO 
(Dietrich et al. 2013). On the opposite, the same decrease in POMC/CART neurons 
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promotes obesity (Schneeberger et al. 2013). ROS presence appears to be related 
with activation of POMC/CART neurons while ROS formation suppression acti-
vates NPY/AgRP neurons, thus promoting obesity (Schrader and Fahimi 2006; 
Diano et al. 2011). It is still not completely understood if inflammation can also 
promote mitochondrial dysfunction (Valdearcos et  al. 2015); thus, it is possible 
that the hypothalamic inflammation observed in obesity might serve as a driver for 
mitochondrial dysfunction and oxidative stress.

4.11  �Obesity Deregulates Hypothalamic Autophagy

Autophagy is a “self-cleaning” process that maintains cellular homeostasis by the 
degradation of damaged cytosolic organelles and proteins (Singh and Cuervo 2011). 
Autophagy is involved in several stress-induced cellular mechanisms such as ER 
stress and oxidative stress (Williams 2012).

In the hypothalamic neurons, autophagy has been involved in food intake and 
energy balance regulation (Singh and Cuervo 2011). While nutrient deprivation and 
caloric restriction can promote autophagy in hypothalamic neurons, obesity can 
disrupt autophagic processes (Kaushik et al. 2011; Meng and Cai 2011; Coupé et al. 
2012; Aveleira et al. 2015). Autophagy is induced both by ER stress and oxidative 
stress upon HFD (Butler and Bahr 2006; Yorimitsu et al. 2006). Mice with Atg7 
deletion in the MBH showed increased weight gain and the activation of the inflam-
matory pathway, NF-κB. This observation suggested not only a role for autophagy 
in the global regulation of body weight but also an interplay between autophagy and 
inflammation (Meng and Cai 2011). Furthermore, autophagy plays a differential 
role in NPY/AgRP and POMC/CART neurons. The disruption of autophagy (by 
deleting Atg7) in AgRP neurons promoted a decrease in body weight (Kaushik et al. 
2011) while this in POMC neurons promoted increased food intake and obesity 
(Kaushik et al. 2012). The disruption in hypothalamic autophagy might result from 
hypothalamic inflammation; however, the compromise of autophagy per se appears 
to be enough to induce severe disturbances in weight and it can for certain mediate 
the pathophysiology of obesity.

4.12  �Conclusion

The hypothalamus as the center regulator of energetic homeostasis plays a determi-
nant role in the pathogenesis of obesity. Obesogenic diets compromise the structure 
and circuitry in the hypothalamus. Diet-induced hypothalamic dysfunction affects 
all the physiological functions regulated by this brain structure, not only food intake 
and energy balance. Alterations in circadian rhythm, reproductive behavior, and 
stress response also affect directly energetic homeostasis and can further contribute 
to obesity. Moreover, overnutrition also impairs the autonomic regulation of the 
hypothalamus over peripheral organs that contribute to energy balance (Fig. 4.1). 
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Hypothalamic inflammation might precede the impairment of response cellular 
mechanisms such as autophagy, oxidative stress, and ER stress, which suggests that 
inflammatory mediators in the hypothalamus might drive the pathogenesis of obe-
sity. Understanding the mechanisms involved in the effects of obesogenic diets in 
the hypothalamus might help to uncover new targets for possible therapeutic 
approaches.
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Fig. 4.1  Effect of an obesogenic diet in the hypothalamus. A fat-enriched diet promotes hypotha-
lamic injury through the impairment or deleterious activation of several cellular mechanisms such 
as inflammation, ER stress, oxidative stress, and autophagy. The damage to the hypothalamus 
affects different nuclei that mediate metabolic homeostasis controlled by the central nervous sys-
tem (CNS). The hypothalamus can directly regulate energy balance through the regulation of food 
intake through the ARC and VMH, but also regulates WAT lipolysis through the LHA, VMH, and 
ARC. Glucose homeostasis is regulated through sympathetic and parasympathetic innervation of 
the liver, pancreas, and skeletal muscle. The LHA, VMH, PVN, and ARC are involved in the 
hepatic glucose metabolism, specially in the regulation of hepatic glucose production (HPG). 
Hypothalamic modulation of pancreatic secretion of insulin and glucagon is achieved mainly 
through the VMH, DMH, and ARC. The VMH, DMH, and PVN are directly related with the stimu-
lation of thermogenesis in BAT. Hypothalamic dysfunction observed in obesity can impair these 
regulatory mechanisms that further potentiate metabolic unbalance and potentiate the development 
and progression of obesity and its related pathologies such as type 2 diabetes and cardiovascular 
diseases. ARC arcuate nucleus, BAT brown adipose tissue, DMH dorsomedial hypothalamus, HGP 
hepatic glucose production, LHA lateral hypothalamic area, PVN paraventricular nucleus, VMH 
ventromedial hypothalamus, WAT white adipose tissue, III-V third ventricle
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Chapter 5
Diabesity and Brain Energy Metabolism: 
The Case of Alzheimer’s Disease

Susana Cardoso, Raquel Seiça, and Paula I. Moreira

Abstract  It is widely accepted that high calorie diets and a sedentary lifestyle stur-
dily influence the incidence and outcome of type 2 diabetes and obesity, which can 
occur simultaneously, a situation called diabesity. Tightly linked with metabolic and 
energy regulation, a close association between diabetes and Alzheimer’s disease 
(AD) has been proposed. Among the common pathogenic mechanisms that under-
pin both conditions, insulin resistance, brain glucose hypometabolism, and meta-
bolic dyshomeostasis appear to have a pivotal role. This century is an unprecedented 
diabetogenic period in human history, so therapeutic strategies and/or approaches to 
control and/or revert this evolving epidemic is of utmost importance. This chapter 
will make a brief contextualization about the impact that diabetes and obesity can 
exert in brain structure and function alongside with a brief survey about the role of 
insulin in normal brain function, exploring its roles in cognition and brain glucose 
metabolism. Later, attention will be given to the intricate relation of diabesity, insu-
lin resistance, and AD.  Finally, both pharmacological and lifestyle interventions 
will also be reviewed as strategies aimed at fighting diabesity and/or AD-related 
metabolic effects.
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5.1  �Introduction

If one consider that obesity is an escalating worldwide problem, when it comes 
together with the occurrence of type 2 diabetes (T2D) we will be in front of a major 
health crisis. And this is the actual health scenario. As numbers reveal, 80–90% of 
overweight patients with abdominal fat deposition develop T2D whereas it is esti-
mated that about 90% of T2D is attributed to excess weight leading to the establish-
ment of a new concept, diabesity (Hossain et al. 2007). Firstly coined a few years 
ago by Sims et al. (1973), diabesity comprises the occurrence of obesity and T2D in 
the same individual, and reflects the intricate relationship between both metabolic 
conditions (Verma and Hussain 2017).

From a clinical point of view, obesity, aside from a genetic component, is mostly 
linked with sedentary lifestyle and energy-rich diets that contribute to a state of 
insulin resistance and an impairment in glycemic control, constituting a major risk 
factor for metabolic syndrome, T2D, and cardiovascular disease (Verma and Hussain 
2017). In turn, affecting over 90% of diabetic patients, and with a projection of 366 
million affected by 2030 (Wild et al. 2004), T2D is frequently associated with over-
weight, being characterized by relative insulin deficiency due to decreased insulin 
secretion by the pancreatic β-cells and/or the decreased effect of insulin in target 
tissues, a condition known as insulin resistance (Zimmet et al. 2001). Even though 
predictions reveal that only about 20–25% of the overweight and obese population 
is expected to develop diabetes (Lean 2010), it has been shown that the increase in 
the prevalence of T2D is closely linked to the upsurge in obesity (Webber et  al. 
2014; Hossain et al. 2007).

In this scenario, insulin resistance stands as a common root for both morbidities 
(Verma and Hussain 2017). Insulin resistance is a result of not only a decrease of 
insulin receptor signaling in classical target organs (e.g., liver, skeletal muscle, and 
adipose tissue) but also a result of an impaired insulin signaling in nonclassical 
organs like the brain where insulin is believed to act as an important neuromodula-
tor, contributing to several neurobiological processes in particular energy homeosta-
sis and cognition (Cardoso et al. 2009; Wilcox 2005). In this regard, compelling 
evidence suggests that insulin resistance, hallmark of T2D and obesity, may greatly 
contribute to age-related cognitive deficits. In fact, in the last decades, insulin resis-
tance is in the spotlight being considered a major risk factor for dementia including 
Alzheimer’s disease (AD) (Chen and Zhong 2013; Profenno et al. 2010). As dem-
onstrated by epidemiologic studies in elderly, experimental investigations in humans 
and animal models consistently establish that dysfunctional brain insulin signaling 
promotes and accelerates cognitive dysfunction and AD progression by contributing 
to a reduced cerebral glucose metabolic rate, among other alterations (Sebastiao 
et al. 2014).

The increased awareness of diabetes as a risk factor for AD together with the 
metabolic alterations shared between both diseases culminated in the proposal of 
the term “type 3 diabetes” to designate sporadic AD, which represents more than 
95% of all AD cases. The concept type 3 diabetes is based on the notion that sporadic 
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AD is a form of brain diabetes characterized by cerebral glucose hypometabolism 
and metabolic dyshomeostasis that manifest in the elderly as a result of a cumula-
tive, lifelong impact in the brain, with molecular and biochemical features similar to 
those of diabetes and other peripheral insulin resistance disorders (de la Monte 
2014; Lester-Coll et al. 2006).

This chapter will summarize evidence concerning the effects of diabesity in 
the brain alongside with a brief description of physiological effects of insulin in this 
organ. Later, attention will be given to the intricate relation of diabesity, insulin 
resistance, and AD. Finally, both pharmacological and lifestyle interventions will 
also be discussed as possible strategies to fight diabesity and/or AD-related meta-
bolic effects.

5.2  �Diabesity and Brain Health/Cognition: A Brief Overview

Due to the escalating changes in human behavior due to the adoption of a Western 
diet and a sedentary lifestyle, we are now observing an unprecedented burst in obe-
sity and related comorbidities, in particular T2D (Hendrickx et al. 2005), which if 
left uncorrected will have a significant health impact leading to a reduction in indi-
viduals quality of life and overall life expectancy (Verma and Hussain 2017) 
(Fig. 5.1). In particular, it is now widely accepted that the occurrence of both meta-
bolic conditions can evolve to several comorbidity concerns at late stages of life, 
including a high risk for cognitive decline and dementia such as AD (Irie et al. 2008; 
Wolf et al. 2007; Elias et al. 2005; Whitmer et al. 2005; Leibson et al. 1997).

By definition, AD is an age-related progressive neurodegenerative disorder 
mainly affecting elderly individuals and is characterized by impairment of memory 
and cognition. It is currently estimated that AD affects nearly 10% of individuals 
over the age of 65 and nearly 50% of those over the age of 85 (Cardoso et al. 2016; 
Morris et al. 2014). Often diagnosed in people aged 65 (about 95%) and older, the 
disease is typically referred to as sporadic, late-onset AD, occurring due to a spo-
radic component and often associated with the presence of the allele ε4 of the apo-
lipoprotein E (ApoE4) gene on chromosome 19. On the other hand, a small 
proportion of subjects (accounting for 1–5% of all cases) present an early-onset 
(where initial symptoms can be observed between 30 and 65 years of age) of the 
disease due to a familiar genetic cause involving mutations in the amyloid-β protein 
precursor (APP) and presenilins 1 and 2 (PS1 and PS2) genes (Hampel et al. 2011).

As recently confirmed by a meta-analysis, the high prevalence of obesity and 
diabetes may result in an increased incidence of AD (Profenno et al. 2010), so it is 
of the utmost importance to explore the association between diabesity and brain 
disorders (Prickett et al. 2015). Indeed, several studies have emphasized the brain 
volume decline as a function of obesity (Pannacciulli et al. 2006; Ward et al. 2005; 
Gustafson et al. 2004). As shown, there is a strong relation between obesity and 
brain atrophy in cognitively normal elderly population (Raji et  al. 2010), and a 
direct association of waist-hip ratio with decreased hippocampal volume (Jagust 
et al. 2005). Likewise, others have shown the existence of a link between obesity/
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Fig. 5.1  Diabesity and Alzheimer’s disease: how our lifestyle contributes to our brain health. With 
the adoption of a sedentary lifestyle and alteration of diet habits to energy-rich diets, worldwide 
population is now under a tick-tack clock to become obese subjects. In the shadow of obesity 
appears type 2 diabetes, a major metabolic disease of our times. The occurrence of both patholo-
gies in the same individual is now designated diabesity, which overtime will significantly impact 
body health compromising quality of life. Particularly, it is now widely accepted that the occur-
rence of diabesity can evolve to several comorbidity concerns at late stages of life, including a high 
risk for cognitive decline and dementia, and may lead to a drastic increase in the prevalence of 
neurodegenerative diseases such as Alzheimer’s disease. In this scenario, among the common 
pathogenic mechanisms that underpin both conditions, insulin resistance, brain glucose hypome-
tabolism, and metabolic dyshomeostasis appear to have a pivotal role. Approaches based on health 
promotion could therefore help to maintain functional integrity in middle-aged and older adults 
and hence contribute to successful aging and brain health. Such challenges can be faced through 
lifestyle changes and pharmacological approaches
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overweight in midlife and the risk for developing dementia (Anstey et  al. 2011; 
Hassing et al. 2009; Whitmer et al. 2008), in particular AD (Gustafson et al. 2003). 
As suggested, elderly persons with higher adiposity show an increased risk for brain 
atrophy and consequently dementia, and even elderly subjects, who were healthy 
and confirmed to be cognitively stable for at least 5 years after baseline scanning, 
were afflicted with obesity-associated brain atrophy in areas targeted by neurode-
generation: hippocampus, frontal lobe, and thalamus (Raji et  al. 2010). In close 
agreement, other study revealed that an increased body mass index (BMI) is associ-
ated with specific anterior hippocampal atrophy in the early course of AD patho-
physiology (Ho et  al. 2011). By using proton magnetic resonance spectroscopy 
(MRS), studies also showed that higher BMI lowers neuronal viability in several 
brain regions including frontal, parietal, and temporal lobes (Gazdzinski et  al. 
2010). Further, every unit increase in BMI was associated with a 0.5–1.5% average 
brain tissue reduction in mild cognitive impairment (MCI) and AD subjects (after 
controlling the variables age, sex, and education) (Verstynen et al. 2012; Ho et al. 
2010). Overall, all anthropometric measures of obesity, such as body weight, BMI, 
or waist circumference show a negative association with the cognitive performance 
of patients (Elias et al. 2012), in particular worse executive function (Reinert et al. 
2013; Gunstad et  al. 2007). As observed in rodent models of obesity and obese 
humans, this metabolic disorder is strongly related with reduced memory perfor-
mance (Jurdak et al. 2008; Popovic et al. 2001), such as delayed recall and recogni-
tion (Cournot et al. 2006; Gunstad et al. 2006) along with visual what-where-when 
episodic memory tasks (Cheke et al. 2016). However, as pinpointed elsewhere, the 
course of dementia in the elderly population can be often associated with a decrease 
in body weight due to disease itself, to healthcare and self-care as the disease pro-
gresses, etc., and so, there has to be caution in interpreting the studies data to what 
concerns the age and disease stage of the participating subjects (Pugazhenthi et al. 
2016; Qizilbash et al. 2015; Ho et al. 2011; Gustafson et al. 2003).

As evidenced in literature, besides the commonly associated chronic complica-
tions such as nephropathy, angiopathy, retinopathy, and peripheral neuropathy, dia-
betes is also intimately related with alterations in brain function and structure (Chen 
et al. 2012a, b). In fact, back in 1922, Miles and Root (1922) showed that people 
with diabetes performed poorly on cognitive tasks examining memory and attention 
(Biessels et al. 1994; Miles and Root 1922), a condition known to be associated with 
a significant brain atrophy in temporal lobes and in cortical, subcortical, and hip-
pocampal areas (Korf et al. 2007; Biessels et al. 2002). Using magnetic resonance 
imaging (MRI) techniques and cognitive tests, Gold et al. (2007) also observed that 
middle-aged individuals with well-controlled T2D have clear deficits in 
hippocampal-based memory (recent or declarative) and selective MRI-based atro-
phy of the hippocampus relative to matched control subjects. As authors suggest, 
hippocampal damage and memory impairments can be viewed as possible early 
brain complications of T2D and, as disease progresses, other more resilient brain 
areas are also affected leading to other cognitive deficits (Gold et al. 2007).

Nowadays, it is known that people with diabetes, especially T2D, are approxi-
mately 1.5-fold more likely to experience cognitive decline and 1.6-fold more likely 
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to develop dementia than individuals without diabetes (Scheen 2010). The inci-
dence of other neurological disorders, such as vascular pathology and stroke, also 
appears to be doubled in T2D individuals compared with nondiabetic subjects 
(Patrone et al. 2014; Peters et al. 2014). With the aging of the population, T2D and 
dementia become progressively more common and, since the original Rotterdam 
study (Ott et  al. 1999), epidemiological/clinical observations have accumulated 
showing that diabetic patients are significantly more likely to develop cognitive 
deterioration and exhibit increased susceptibility to AD compared to age-matched 
subjects (Crane et al. 2013; Zhao and Townsend 2009). Moreover, about 80% of AD 
patients have diabetes or abnormal blood glucose levels (Janson et al. 2004) and 
animal models of diabetes present cognitive dysfunction and AD-like pathological 
features in the cortex and hippocampus, including tau protein phosphorylation 
(Carvalho et al. 2012; Cao et al. 2007; Li et al. 2007). In addition, Hokama et al. 
(2014) by using a microarray analysis of diabetes-related genes in the brains of 
postmortem AD patients and in a mouse model of AD observed significant altera-
tions in the mRNA expression profiles of genes related to insulin signaling, obesity, 
and diabetes in the frontal cortex, temporal cortex, and, in particular, in the hippo-
campus (Hokama et al. 2014). The same authors noticed that those alterations were 
independent of peripheral diabetes-related abnormalities. Such observations 
prompted authors to suggest that altered expression of genes related to diabetes in 
AD brains is a result of AD pathology, which in turn may be aggravated by periph-
eral insulin resistance or diabetes (Hokama et al. 2014).

Hence, as a compelling body of research establishes, there is an undoubted cer-
tainty that the brain is strongly affected by the increasing prevalence of both obesity 
and diabetes, contributing to an increased risk for AD. Understanding the role of 
diabesity in AD is important as the insights gathered could allow to an earlier diag-
nosis of the disease and to lifestyle and clinical interventions to slow and/or prevent 
AD (Profenno et al. 2010).

5.3  �Diabesity, Brain Energy Metabolism, and Alzheimer’s 
Disease: Is Insulin Resistance the Common Link?

Despite its relative small size, the brain is the organ with the most abundant energy 
metabolism in the human body. Due to its high glucose demand (primary fuel) and 
its inability to store glucose, a continuous supply from cerebral blood flow and its 
transport into the brain through the blood-brain barrier (BBB) to reach neurons and 
glial cells must be assured. Given that cerebral blood flux (CBF) depends on glu-
cose levels in the blood stream, alterations in circulating glucose levels can nega-
tively affect brain functioning (Neumann et al. 2008). And so, to ensure the proper 
delivery of glucose to the brain, it is necessary that the processes of glucose trans-
portation and intracellular glucose metabolism are well regulated. While the former 
is mainly dependent on insulin signaling pathway (Apelt et al. 1999) and levels of 
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glucose transporters (Simpson et al. 1994a), the latter is intimately dependent on 
mitochondrial function (Chen and Zhong 2013).

In the simplest terms, diabetes is a syndrome of dysfunctional metabolism in 
which a person has hyperglycemia or abnormal high blood glucose levels, either 
because the body does not produce enough insulin or because cells do not respond 
to the insulin that is produced, hence higher than normal insulin concentrations are 
required to maintain glucose homeostasis reaching a state of insulin resistance 
(Williamson et al. 2012). In periphery as well as in the brain, insulin resistance is 
mainly mediated by abnormalities in several steps of the insulin signaling pathway, 
such as the number of insulin receptors (IR), the binding efficiency of their ligands, 
or the reduced activation of downstream signaling molecules. These defects in insu-
lin signaling can lead to reduced glucose utilization and energy metabolism, 
increased oxidative stress, as well as impaired expression and function of insulin-
responsive genes required for cognitive-motor functions and plasticity (Gerozissis 
2008). That said, due to its intricate link to obesity, T2D, and AD, insulin resistance 
is now considered a major public health problem.

In the next subsections, it will be made a brief discussion of the role of insulin 
signaling pathway in the normal brain and later it will be discussed the several 
nodes of insulin pathway dysregulation as a functional link between diabesity and 
AD.

5.3.1  �A Brief Insight into Insulin Signaling Pathway 
in the Normal Brain: From Glucose Metabolism 
to Cognitive Processes

For a long time, insulin-related studies remained limited to peripheral tissues and 
glucose metabolism (Blazquez et al. 2014). However, the table turned with the dem-
onstration of neuronal insulin synthesis (Schechter et  al. 1998; Devaskar et  al. 
1994), the existence of IR in the brain (Havrankova et al. 1979), and the responsive-
ness of hippocampal glucose metabolism to the application of exogenous insulin 
(Hoyer et al. 1996). Nowadays, it is known that IR have a broad distribution within 
the brain, being highly present in the olfactory bulb, hypothalamus, cerebral cortex, 
cerebellum, and hippocampus (Cardoso et al. 2009; Havrankova et al. 1978); brain 
areas are tightly involved in several neurobiological processes, in particular energy 
homeostasis and cognition. Hence, although the control of peripheral glucose 
homeostasis is one of the main functions of insulin signaling, its action on the brain 
cannot go unnoticed.

Like in the periphery, brain insulin and the closely related insulin-like growth fac-
tor 1 (IGF-1) initiate a cascade of events by binding to cell surface receptors promot-
ing their activation, and subsequent tyrosine phosphorylation of insulin receptor 
substrates (IRS) 1 and 2, the signaling of which promote brain cells growth, survival, 
and energy metabolism by the activation of two canonical pathways, the phos-
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phoinositide-3 kinase (PI3K-PKB)/Akt and the Ras/mitogen-activated kinase 
(MAPK) pathways (Calvo-Ochoa and Arias 2015; Kleinridders et  al. 2014; de la 
Monte 2009).

Briefly, insulin activation of PI3K results in its relocation from the cytoplasm to 
the plasma membrane where it phosphorylates the membrane phospholipid phos-
phatidylinositol 3,4-biphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate 
(PIP3). This signaling molecule then attracts more PH domain-containing proteins 
to the membrane, altering their activity or localization, and promoting downstream 
activation of serine/threonine kinases, such as protein kinase B (PKB, also known 
as Akt). Activated PKB/Akt moves from the plasma membrane to the cytosol and 
nucleus where it phosphorylates serine/threonine residues in target proteins elicit-
ing a neuronal survival response. In particular, data show that PKB/Akt overexpres-
sion protects against apoptosis by inactivating proteins such as the Bcl-2 family 
member Bad and caspase 9, glycogen synthase kinase-3β (GSK-3β), transcriptions 
factors from the forkhead box O (FoxO) family, CREB and IκB kinase (IKK) 
(Lizcano and Alessi 2002).

The second major pathway downstream of the insulin/IR pathway is the Ras/
MAPK/ERK pathway. In short, the cytoplasmic intermediate protein (shc) binds to 
IR promoting its phosphorylation and binding to Grb2, which is associated with son 
of sevenless (SOS), a guanylnucleotide exchange factor for GTP-binding protein 
Ras. Binding of Grb2/SOS complex to IR activates Ras that, in turn, recruits Raf 
leading to MAPK/ERK kinase (MEK) activation. Activated MEK phosphorylates 
ERK1/2 on its threonine/tyrosine residues that thereby becomes activated modulat-
ing memory and learning processes (Selcher et al. 1999; Atkins et al. 1998), as well 
as long-term potentiation (LTP) (Toyoda et  al. 2007) and long-term depression 
(LTD) (Ito-Ishida et al. 2006).

Overall, the specific brain localization of IR together with the coordinated acti-
vation of both pathways favor the notion that insulin/IR influences memory and 
learning processes and modulates synaptic activities in both pre- and postsynaptic 
sites (Zhao et  al. 2004a, b). Evidence from rodent studies showed that an acute 
intracerebroventricular injection or an intrahippocampal administration of insulin 
enhances memory in a passive-avoidance task (Babri et al. 2007; Park et al. 2000), 
and when intranasally administered to humans insulin is transported into hypothala-
mus and hippocampus exerting a cognition-enhancing effect independently of 
changes in peripheral glucose levels (Benedict et  al. 2007, 2004). Interestingly, 
when rats are trained on a spatial memory task, an increase in IR mRNA in the 
dentate gyrus and hippocampal CA1 area is observed (Zhao et al. 1999). Thereby, 
IR expression and/or function are also influenced by learning supporting the notion 
that insulin contributes to normal memory function (Craft and Watson 2004). 
Compelling data also show that insulin/IR can modulate brain concentration of neu-
rotransmitters associated with important roles in cognition such as acetylcholine, 
norepinephrine, and dopamine (Figlewicz et al. 1999; Zhao et al. 2004a, b). Insulin 
also plays a modulatory role on synaptic LTP and LTD by exerting direct electro-
physiological effects on central neurons that are highly influenced by gamma-ami-
nobutyric acid (GABA)-inputs (Ma et al. 2003) and by influencing glutamate-mediated 
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N-methyl D-aspartate (NMDA) receptors activity (Zheng and Quirion 2009; Joseph 
et al. 2008; Skeberdis et al. 2001).

Besides the abovementioned properties, another function of insulin/IR signaling 
pathway is related to glucose metabolism/uptake (Grillo et al. 2009). PI3K/Akt acti-
vation promotes the translocation of the insulin-dependent glucose transporter 4 
(GLUT4) from the endosomal pool into the plasma membrane, leading to an enhance-
ment in glucose transport to the cell and facilitating glucose utilization by neuronal 
cells (Bondy and Cheng 2004; McEwen and Reagan 2004). However, despite such 
evidence, there is still the assumption that the majority of glucose utilization in the 
brain is mediated through non-insulin-dependent transporters such as GLUT1 
expressed in endothelial and glial cells and GLUT3 expressed in neurons (Duelli 
et al. 2001). Therefore, there is some controversy to whether insulin mediates brain 
glucose metabolism as occurs in periphery. Still, as discussed elsewhere, while these 
GLUT1 and GLUT3 are responsible for the majority of glucose uptake, they cannot 
account for total glucose metabolism in the hippocampus, for instance. Thus, addi-
tional transport systems localized in neuronal cells may contribute to neuronal glu-
cose uptake and utilization (Grillo et al. 2009). In fact, even though insulin does not 
seem to affect basal cerebral glucose metabolism or the transport of glucose into the 
brain (Tomlinson and Gardiner 2008), evidence suggests that insulin has specific 
effects on glucose metabolism of certain brain areas. For instance, basal insulin levels 
have the ability to increase cerebral glucose metabolism/uptake, particularly in the 
cortex (Bingham et al. 2002). Also, animal studies show that hyperinsulinemia does 
not affect whole-brain glucose utilization but affects glucose metabolism in specific 
brain regions (Doyle et al. 1995; Lucignani et al. 1987). These effects are mainly due 
to the distribution and presence of the insulin-sensitive glucose transporters GLUT4 
and GLUT8 (also known as GLUT-x1), which overlap with the distribution of insulin 
and IRs in the brain. As shown, GLUT4 and GLUT8 are localized in neuronal cell 
bodies in the cortex and cerebellum, but mainly in the hippocampus and amygdala, 
where they maintain hippocampus-dependent cognitive functions (Craft and Watson 
2004). As previously reported, the intracerebroventricular administration of insulin 
stimulates the translocation of GLUT4 to the plasma membrane in the rat hippocam-
pus in a time- and PI3-kinase-dependent manner (Grillo et al. 2009). That said, by 
also regulating brain glucose uptake, brain insulin signaling allows neurons to rapidly 
increase glucose utilization during increases in neuronal activity associated with 
learning and memory processes (Grillo et al. 2009; Fulop et al. 2003).

In summary, insulin-signaling pathways, through an intrinsic regulation, coordi-
nate themselves to ensure cell survival, energy metabolism, synaptic plasticity, and 
memory and learning processes.

5.3.2  �Diabesity, (Brain) Insulin Resistance, and Alzheimer’s 
Disease: A Dangerous Triad

Understanding the role of insulin in the brain has gradually expanded from initial 
conceptions of the brain as insulin-insensitive to recent demonstration of insulin as 
a key component of hippocampal memory processes. In this regard, compelling 
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evidence suggests that insulin resistance, hallmark of T2D and obesity, may greatly 
contribute to age-related cognitive deficits and AD (Craft et  al. 2013, Liu et  al. 
2011). And this is of particular interest since the underlying neuropathology may 
persist for decades before the clinical manifestation of the disease (Pugazhenthi 
et al. 2016).

Clinically, insulin resistance may be manifested by glucose intolerance and a 
declining insulin sensitivity for years before the diagnosis of diabetes, due to the 
effort of the endocrine pancreas to increase insulin secretion to maintain normal 
glucose levels (Williamson et al. 2012; Shulman 2000). Furthermore, in addition to 
reduced transport of insulin to the brain, peripheral insulin resistance may induce a 
state of central insulin resistance (Hildreth et al. 2012). Such notion was confirmed 
by the observation that in obese subjects, reductions in stimulated and spontaneous 
cerebrocortical activity are directly correlated with the degree of peripheral insulin 
resistance during hyperinsulinemic–euglycemic clamp studies (Bingham et  al. 
2002). Besides, compared with insulin-sensitive subjects, obese insulin-resistant 
individuals revealed significantly smaller increases in whole brain and regional glu-
cose metabolism in response to insulin infusion (Bingham et al. 2002), thus point-
ing to a real connection between peripheral and central insulin resistance and 
suggesting that peripheral insulin sensitivity may impact the brain (Hildreth et al. 
2012). Actually, as recently underscored, healthy middle-aged and elderly subjects 
show a negative correlation between HOMA-IR score (a measure of peripheral 
insulin resistance) and verbal fluency performance, total brain size and regional 
gray matter volume in bilateral areas of the middle and superior temporal gyri, i.e., 
typical speech-processing areas (Benedict et al. 2012; Willette et al. 2013). Similarly, 
a study performed in middle-aged subjects shows an inverse correlation of periph-
eral insulin resistance with total cerebral volume, executive functions, and verbal 
and visuospatial memory (Tan et al. 2011).

Insulin transport to the brain is reduced in aging and in some animal models 
of T2D (Messier and Teutenberg 2005), whereas insulin resistance could pro-
mote reduction in both insulin uptake and capacity of the hormone to stimulate 
its receptors in the brain (Messier and Teutenberg 2005). In fact, experimental 
evidence from animal models of T2D show impaired hippocampal translocation 
of GLUT4 (Reagan 2005; Winocur et al. 2005), reduced hippocampal synaptic 
plasticity (Mielke et  al. 2005), and reduced temporal lobe insulin signaling 
(Moroz et al. 2008). To further elucidate the role of brain insulin system dys-
function in the neurodegenerative events that occur in sporadic AD, the intra-
cerebroventricular (icv) administration of streptozotocin (STZ) in rats emerged 
as a suitable experimental approach for studying sporadic AD (Correia et  al. 
2013). Mounting evidence validates that single or multiple injections of low 
doses of the diabetogenic drug STZ, either uni- or bilaterally into the lateral 
cerebral ventricles produce(s) neurochemical and brain glucose metabolism 
changes, alongside with long-term and progressive deficits in learning, memory, 
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and cognitive behavior, which resemble features of AD patients (Grunblatt et al. 
2007; Salkovic-Petrisic and Hoyer 2007). Besides, others have shown that this 
icvSTZ model is also characterized by a significant decrease in IRs expression in 
cortex and hippocampus, insulin-1 mRNA in hippocampus, insulin-2 mRNA in 
cortex and a significant increase of tau phosphorylation in hippocampus, those 
alterations being associated with impaired memory and learning (Grunblatt et al. 
2007). In close agreement, time-dependent changes in the phosphorylated and 
total GSK-3α/β were found in rat brain after icvSTZ administration, which have 
been suggested to be related to the formation of Aβ peptide-like aggregates in 
brain capillaries (Salkovic-Petrisic et  al. 2006). Likewise, de la Monte et  al. 
(2006) also reported an increase of GSK-3β, phosphorylated tau, ubiquitin, APP, 
and Aβ and decreased levels of tau protein in icvSTZ-treated animals, all of 
which are features of AD brains.

Likewise, studies performed in an animal model of obesity revealed that the 
ingestion of high-fat diet (HFD) for several weeks induces a systemic insulin resis-
tance and a consequent dysregulation of brain insulin signaling pathway, including 
a decrease in the expression and plasma membrane localization of GLUT3/GLUT4, 
culminating in a substantial decrease in long-term potentiation in the CA1 region of 
the hippocampus (indicative of impaired synaptic plasticity) (Liu et al. 2015). Other 
studies confirm that obesity-induced brain insulin resistance is deeply correlated 
with deleterious effects on synaptic integrity and cognitive behaviors (Arnold et al. 
2014; McNay et al. 2010). More recently, HFD-induced alterations in peripheral 
insulin sensitivity was also associated with a central insulin resistance and biochem-
ical changes related to increased Aβ deposition and neurofibrillary tangle formation, 
as well as a decreased synaptic plasticity contributing to a decline in cognitive func-
tion (Kothari et al. 2017). Similarly, the administration of a HFD to an animal model 
of AD, the Tg2576 mice, was shown to evoke a state of obesity and insulin resis-
tance as well as a burst in Aβ formation in the brain (Kohjima et al. 2010). In close 
agreement, a previous study also found that diet-induced insulin resistance in 
Tg2576 mice is associated with reduced neuronal insulin receptor signaling, 
impaired performance in a spatial water maze, and increased Aβ levels in the brain 
resulting from enhanced γ-secretase activity and reduced insulin degrading enzyme 
(IDE) activity (Ho et al. 2004). Similarly, others showed that deficient insulin sig-
naling is correlated with reduced IDE in AD brains and in Tg2576 Swedish APP 
transgenic mice (Zhao et al. 2004a, b).

As outlined earlier, insulin signaling-mediated neuroprotection is closely linked 
with the activation of PKB/Akt as its overexpression in PC12 cells confers protec-
tion against Aβ induced cell death (Martin et al. 2001) and, conversely, the intracel-
lular Aβ expression inhibits both insulin-induced Akt-phosphorylation and activity 
(Lee et al. 2009). Moreover, PKB/Akt signaling induces the phosphorylation and 
inhibition of GSK-3β, a serine/threonine protein kinase ubiquitously expressed 
throughout the body and that has as substrate the protein tau (Cole et al. 2007). In 
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T2D and AD brains GSK-3β expression and activity is deregulated and, conse-
quently, tau phosphorylation is increased (Freude et al. 2005; Leroy et al. 2002). 
Contrariwise, GSK-3β activity can be downregulated in response to insulin or IGF-1 
through the activation of the PI3K/Akt pathway and consequent activation of neuro-
nal survival pathways (Duarte et al. 2005, 2008). Impaired insulin signaling has so 
been proposed as one of the upstream impairments that may lead to tau hyperphos-
phorylation (Maccioni et al. 2010).

As postulated, there seems to be a strong correlation between diabetes/insulin 
resistance and the risk of AD in subjects carrying ApoE4, as patients with diabetes 
who carry ApoE4 are twofold more likely to develop AD than nondiabetic ApoE4 
carriers (Peila et al. 2002), a situation that appears to involve IDE, a metalloprotease 
enzyme suggested to be a key player contributing to insulin signaling dysfunction 
and accumulation of Aβ (Mittal et al. 2016; Hoyer 2004). As mentioned, Aβ is in 
part cleared by IDE whereas AD patients carrying ApoE4 have been reported to 
express reduced IDE protein and mRNA levels in the hippocampus (Biessels et al. 
2005; Schipper 2011) suggesting a causal link between impaired insulin metabo-
lism or insulin resistance, and the pathogenesis of AD (Schipper 2011). Also, Segev 
et al. (2016) recently demonstrated that ApoE4 mouse model of AD fed with HFD 
for several weeks develop a diabetes-like metabolism, as well as changes in β-site 
amyloid precursor protein-cleaving enzyme 1 (BACE1) protein levels. The authors 
suggest that environmental factors (i.e., diet) may converge with genetic factors in 
the onset and progression of disease symptoms (Segev et al. 2016). However, this is 
a controversial theme as others have reported the association between insulin resis-
tance or diabetes and the risk of AD, albeit independent of ApoE (Blazquez et al. 
2014; de la Monte 2014; Kuusisto et al. 1997).

Accordingly to literature, insulin resistance entails disruption of metabolic 
homeostasis, largely due to mitochondrial dysfunction; this further impairs cellular 
function at multiple levels with a broad range of consequences, from increased oxi-
dative stress, DNA damage, to several forms of cell death (Yin et  al. 2014). As 
demonstrated, deficits in insulin/IGF signaling and energy production strongly cor-
relate with mitochondrial dysfunction, oxidative injury, and compensatory cytopro-
tective responses in brains with different Braak stage severities of AD (de la Monte 
et al. 2006). More recently, with the objective of dissecting the molecular mecha-
nisms shared by obesity and AD, Nuzzo et al. (2015) analyzed the effect of HFD 
intervention on brain metabolism, redox balance, and mitochondrial homeostasis. 
Results obtained revealed that brains of HFD-fed mice show not only markers of 
insulin resistance but also elevated levels of APP and Aβ40/Aβ42 together with 
BACE, GSK3β, and tau proteins involved in APP processing and Aβ accumulation. 
Of note, authors found that those alterations were accompanied by markers of 
increased oxidative stress and mitochondrial dysfunction and dynamics (Nuzzo 
et  al. 2015). Moreover, concomitant studies have demonstrated that obesity and 
excess energy intake shift the balance of mitochondrial dynamics, contributing to 
mitochondrial dysfunction and metabolic deterioration, all these alterations leading 
to insulin resistance (Jheng et al. 2012). In fact, Santos et al. (2014) recently found 
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that during the early stages of T2D, brain mitochondrial function is spared through 
an adaptive metabolic strategy between mitochondrial fusion–fission and biogene-
sis and autophagy. Particularly, the study revealed that in the early stages of T2D, 
mitochondrial fission prevails, mitochondrial biogenesis is maintained, and autoph-
agy decreases. According to authors, mitochondrial fission could be involved in the 
recruitment and transport of mitochondria to critical subcellular compartments with 
high energy demand, such as synaptic terminals, where these organelles remain 
stationary and preserve synaptic and neuronal function and integrity, in part by sup-
plying ATP (Santos et al. 2014). In this regard, a frequently observed characteristic 
in tissues of diabetic patients and animals is mitochondrial deformation, most nota-
bly mitochondrial swelling or accumulation of small mitochondria (Vincent et al. 
2010; Kelley et al. 2002), probably due to an imbalanced mitochondrial fusion and 
fission processes in favor of excessive mitochondrial fission which, as described, 
can occur via a GSK3β/dynamin-related protein (DRP)1-dependent mechanism 
(Yan et  al. 2015). Of note, mitochondrial deficits that occur in T2D animals are 
potentiated in a presence of an additional stress, i.e., the presence of Aβ (Moreira 
et al. 2003). In this line, Carvalho et al. (2012) nicely demonstrated that the meta-
bolic alterations associated to diabetic or prediabetic conditions induce mitochon-
drial abnormalities, oxidative imbalance, and an increase in Aβ protein levels, all of 
which closely resemble what happens in AD brains. Such findings prompted authors 
to suggest that the metabolic alterations associated to diabetes contribute to the 
development of AD-like pathologic features and that mitochondria lingers in this 
scenario as a functional link between both pathologies (Carvalho et al. 2012). These 
observations were recently corroborated by the work of Petrov et  al. (2015), in 
which authors demonstrate that the metabolic alterations induced by HFD have 
direct effects on brain insulin regulation and mitochondrial function contributing to 
AD pathology, with mitochondria as a key culprit leading to cognitive decline in 
both the HFD-treated and AD-like rodents at a relatively young age (Petrov et al. 
2015).

To sum up, as highlighted, the connection between peripheral and central insulin 
resistance and associated factors such as mitochondrial (dys)function suggest that 
preventing the cellular and metabolic dysfunctions common to both diabesity and 
AD will not only attenuate pathological events in peripheral organs, but will also 
benefit the brain.

5.3.3  �Alzheimer’s Disease as a (Brain) Metabolic Disorder

Growing evidence supports the concept that AD fundamentally represents a meta-
bolic disease in which brain glucose utilization and energy production are impaired, 
evoking a state of cerebral glucose hypometabolism (Chen and Zhong 2013). 
Actually, evidence establishes that in AD progressive decline in cerebral glucose 
utilization and deficits in insulin signaling and insulin-responsive gene expression 
underlie and worsen severity of disease (Chen and Zhong 2013; Correia et al. 2012). 
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In this context, AD patients present decreased GLUT1 and GLUT3 expression 
especially in the cerebral cortex and in the dentate gyrus of the hippocampus 
(Simpson et  al. 1994b), whereas insulin signaling-mediated action seems to be 
compromised during AD development. For instance, AD patients show impaired 
brain insulin signaling transduction with reduced tyrosine kinase activity of the IR 
(Talbot et al. 2012; Frolich et al. 1998) and a decrease in mRNA and protein levels 
of insulin, IGF1, their receptors, and downstream signaling elements such as the 
IRS1 (Talbot et al. 2012; Moloney et al. 2010; Rivera et al. 2005; Frolich et al. 
1999), these defects being correlated with the magnitude of cognitive impairments 
(Talbot et al. 2012) and appear to deteriorate with progression of the disease (Rivera 
et al. 2005). As confirmed, one of the pathophysiological features of AD is a con-
sistent reduction in the regional cerebral glucose utilization, which may precede 
cognitive dysfunction and pathological alterations for decades (Andersen et  al. 
2016; Zhang et al. 2016; Cunnane et al. 2011; Fukuyama et al. 1994). The reduction 
in cerebral glucose metabolism is attributable not only to an insufficient supply of 
glucose to the brain, but also to diminished glucose breakdown in brain tissue 
(Hoyer 1998, 1991) caused by a disturbance in the control of glucose utilization at 
the level of the insulin signaling pathway (Hoyer 2004). Indeed, as shown in the 
early stages of AD, cerebral glucose utilization is reduced by 45%, and CBF by 
approximately 20% whereas in the later stages of the disease metabolic and physi-
ological abnormalities aggravate, resulting in 55–65% reductions in CBF (Hoyer 
and Nitsch 1989). Accordingly, recent data by Baker et al. (2011) show that cogni-
tively intact adults with pre-diabetes/T2D present a strong association between 
peripheral insulin resistance and disturbances in cerebral glucose metabolic rate in 
frontal, temporal-parietal, and cingulate regions, brain areas which are known to be 
affected in AD. Considering that reductions in regional cerebral glucose metabolic 
rate, as measured by fluorodeoxyglucose positron emission tomography (FDG-
PET), are intimately associated with increased AD risk and can be observed years 
before dementia onset (Mistur et al. 2009; Minoshima et al. 1997), it has been sug-
gested that peripheral insulin resistance may be a marker of AD risk that is associ-
ated with reduced cerebral glucose metabolism and subtle cognitive impairments at 
the earliest stage of disease, even before the onset of MCI (Baker et  al. 2011). 
Accordingly, a recent study demonstrated similar associations in asymptomatic late 
middle-aged participants presenting amyloid deposition and in stable MCI partici-
pants enriched for amyloid status (Willette et al. 2015a, b). The authors observed 
that higher HOMA-IR predicted less prefrontal glucose metabolism only in the 
amyloid-positive patients (Willette et al. 2015b). Importantly, the HOMA-IR score 
of patients at risk for AD was also negatively associated with right and total hip-
pocampal volume as well as overall cognitive performance, and verbal and nonver-
bal memory tests (Rasgon et al. 2011). Thus, insulin resistance not only disrupts 
brain glucose metabolism in cognitive healthy and impaired subjects, but also pro-
motes significant alterations in total brain and hippocampal volume further com-
promising cognitive functions (Freiherr et  al. 2013). So, currently, low glucose 
metabolism at baseline and longitudinal glucose metabolism decline are viewed as 
sensitive measures to monitor changes in cognition and functionality in AD and 
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MCI, and are being increasingly adopted to assist diagnosis and used to predict 
future cognitive decline (Atamna and Frey 2007).

The brain utilizes a vast amount of energy to sustain its basic functions (e.g., 
maintaining or re-establishing membrane potentials, signaling, and other essential 
cellular activities), relying mostly on ATP production by mitochondria (Chen and 
Zhong 2013). Current data indicate that mitochondria, the primary metabolic plat-
form, are affected during insulin resistance (Kleinridders et al. 2014; Cheng et al. 
2010). In fact, using the icvSTZ rat, as an animal model of sporadic AD, Correia 
et al. (2013) nicely demonstrated that the insulin-resistant brain state that character-
izes icvSTZ rats is associated with mitochondrial abnormalities and oxidative sta-
tus, considered early events in AD. IcvSTZ rats presented a decline in mitochondrial 
bioenergetics function, a decrease in the activity of the three mitochondrial enzymes, 
pyruvate dehydrogenase (PDH) and α-ketoglutarate dehydrogenase (α-KGDH)—
two enzymes in the rate-limiting step of the tricarboxylic acid (TCA) cycle, and 
cytochrome oxidase (COX)—the terminal enzyme in the mitochondrial respiratory 
chain that is responsible for reducing molecular oxygen, and an increase in mito-
chondrial oxidative stress and damage (Correia et al. 2013). Those alterations were 
associated with a marked cognitive impairment and an increase in the two neuro-
pathological markers of AD (Correia et al. 2013). Those results encouraged authors 
to speculate that the “mitoenergetic failure” induced by icvSTZ is intimately associ-
ated with central insulin resistance (Correia et  al. 2013). In fact, it is of general 
opinion that the decrease in the cerebral glucose metabolism previously documented 
in AD brains is tightly correlated with the altered expression and decreased activity 
of several key mitochondrial energy-related proteins, including PDH, isocitrate 
dehydrogenase, and α-KGDH, which can occur prior to the onset of memory defi-
cits and the appearance of the two histopathological culprits of the disease (Manczak 
and Reddy 2012, Manczak et al. 2004; Bubber et al. 2005; Aksenov et al. 1999). 
Further, as reported by Bubber and collaborators (2005), all the changes in TCA 
cycle enzymatic activities (specifically that of PDH complex) are positively corre-
lated with the degree of clinical disability in AD, suggesting a coordinated mito-
chondrial alteration. As shown, the reduced activity of PDH promotes a decrease in 
acetyl coenzyme A levels, which in turn reduces the acetylcholine synthesis (Sims 
et al. 1983). Indeed, alterations in cholinergic neurons together with disturbances in 
the serotoninergic, noradrenergic, and dopaminergic systems have been reported to 
be correlated with the progression of mental impairment in AD patients (Wang et al. 
2007; Baskin et al. 1999). Nonetheless, a major consequence of altered brain glu-
cose metabolism is a decrease in glucose-derived ATP production by around 50% in 
the beginning of AD, further compromising the ATP-dependent processes crucial 
for the normal cell functioning (Moreira et al. 2007; Mattson et al. 2001).

In further support of such findings, it was recently proposed that decreased 
expression and function of PI3K/Akt-mediated GLUTs in AD brain could also con-
tribute to brain glucose hypometabolism and the subsequent decline in mitochon-
drial ATP production (Bosco et al. 2011). Previous studies revealed that a decreased 
brain glucose metabolism is strongly linked with a decreased O-GlcNAcylation, a 
recently recognized posttranslational modification of numerous cytoplasmic and 
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nuclear proteins including tau protein (Liu et al. 2009; Gong et al. 2006). That said, 
it has been demonstrated that tau phosphorylation is inversely regulated by 
O-GlcNAcylation and that decreased O-GlcNAcylation induces hyperphosphoryla-
tion of tau (Gatta et al. 2016; Liu et al. 2004 ) suggesting that impaired brain glucose 
metabolism leads to abnormal phosphorylation of tau and neurofibrillary degenera-
tion via downregulation of tau O-GlcNAcylation (Liu et  al. 2009). In effect, the 
levels and the activation of the insulin-PI3K-Akt signaling components showed to 
be negatively correlated with the level of tau phosphorylation and positively corre-
lated with tau O-GlcNAcylation suggesting that impaired insulin-PI3KAkt signal-
ing might contribute to neurodegeneration in AD through decreased O-GlcNAcylation 
and consequent tau hyperphosphorylation (Liu et al. 2011).

Overall, compelling evidence clearly states that impaired glucose metabolism 
and mitochondrial dysfunction are mechanistically involved with the brain insulin-
resistant state that characterizes AD, hence suggesting that regulation of glucose/
energy metabolism is a critical checkpoint for brain function.

5.4  �Challenges and Strategies for Prevention and Control: Is 
There a Window of Opportunity to Revert Diabesity 
and/or Alzheimer’s Disease-Associated Brain Metabolic 
Alterations?

Mounting evidence shows that the accumulation of diabesity-associated deleterious 
effects over time ultimately causes detrimental effects in the central nervous system, 
and even mild forms of cognitive dysfunction can affect daily living activities 
(Pugazhenthi et al. 2016). Together with the aging of population, diabesity increases 
the risk of cognitive impairment and dementia (Katsiardanis et al. 2013). So, the 
maintenance of brain function and the reduction of risk of neurological disorders 
have become key issues for the society (Smith 2016). Importantly, cognitive deficits 
associated with metabolic dysregulation are amenable to change or even reversible 
by specific interventions (Hendrickx et al. 2005).

Next, current therapeutic approaches directed against insulin resistance, a hall-
mark of diabesity and AD, and strategies focused on glycemic control and weight 
loss will be discussed.

5.4.1  �Drugs Targeting Insulin Resistance: From PPARs 
to Incretins

Considering the common pathogenic mechanisms between diabesity and AD, atten-
tion has been drawn to the possibility that therapeutics for one disease can be effec-
tive for the other (Sebastiao et  al. 2014; Zhong and Weisgraber 2009). Thus, 
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correcting insulin resistance and repairing insulin signaling dysfunction would not 
only target diabesity-mediated effects but also be potentially beneficial for AD. One 
of the most popular targets is peroxisome proliferator-activated receptors (PPARs), 
which belong to the steroid hormone superfamily ligand-inducible transcription fac-
tors. Mostly known as antidiabetic drugs, thiazolidinediones (TZDs; one class of 
PPAR-γ agonists) are described to promote an enhancement in insulin sensitivity, 
improve mitochondrial function, modulate glucose metabolism, and reduce inflam-
matory responses (Feinstein 2003). One of the most frequently used TZD is rosigli-
tazone. In a small-scale clinical trial involving 30 patients with mild AD or MCI, 
rosiglitazone was showed to improve subjects’ memory and selective attention 
while preserving performance on delayed recall and attention tasks compared with 
placebo group (Watson et  al. 2005). In turn, even though a larger clinical trial 
involving 500 patients with mild to moderate AD revealed that rosiglitazone treat-
ment resulted in a significant improvement in cognition, this only occurred in 
patients without ApoEε4 whereas patients with ApoEε4 showed no alterations in 
the cognitive tests (Risner et al. 2006). However, in a recent phase III clinical trial 
rosiglitazone did not promote any effect on objective cognitive performance in AD 
patients (Gold et al. 2010). In in vitro studies, rosiglitazone demonstrated to potenti-
ate the ability of insulin to protect synapses against Aβ derived diffusible ligands 
(ADDLs)-induced IR loss (De Felice et  al. 2009). Other studies revealed that 
PPAR-γ activation protects rat hippocampal neurons against Aβ toxicity (Inestrosa 
et al. 2005; Combs et al. 2000), induces upregulation of Bcl-2 pathway, protects 
mitochondrial function, and prevents neuronal degeneration induced by Aβ expo-
sure and oxidative stress (Fuenzalida et al. 2007). Indeed, rosiglitazone beneficial 
effects in memory and cognition seem to be mediated by the improvement of mito-
chondrial function (Landreth et al. 2008), since it leads to an increase in mitochon-
dria number and metabolic efficiency (Kummer and Heneka 2008). However, 
despite some promising results, TZDs treatment was soon associated with several 
secondary complications and its prescription was suspended (Sebastiao et al. 2014).

One of the difficulties often encountered by obese diabetic patients in having an 
appropriate medical management is the fact that most of the conventional antidia-
betic medications used in the diabetes control are associated with weight gain (Deol 
et al. 2017). This leaves obese diabetic patients with the option of bariatric surgery, 
which in a significant percentage of cases results in marked weight loss and diabetes 
lessening (Schauer et al. 2014). However, this choice has some drawbacks, is an 
invasive and expensive procedure, often associated with short-term and long-term 
adverse consequences (Paulus et al. 2015). To overcome those difficulties, nowa-
days a new class of antidiabetic agents, the incretins, are usually prescribed by phy-
sicians in the management of diabesity.

Among those antidiabetic agents, the ones preferred are glucagon-like peptide-1 
(GLP-1) agonists and analogues, sodium-glucose co-transporter type-2 (SGLT-2) 
inhibitors and dipeptidyl peptidase-4 (DPP-4) inhibitors, mainly due to their weight 
loss (GLP-1 agonists and analogues and SGLT-2) or weight neutral (DPP-4 inhibi-
tors) effects. As observed, the combination therapy with GLP-1 analogues and 
SGLT-2 inhibitors revealed promising effects in promoting a modest level of weight 
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loss and improvement in glycated hemoglobin (HbA1c) (Deol et al. 2017; Saroka 
et al. 2015). Likewise, exendin-4 (a GLP-1R agonist) is currently used in clinical 
context as an important complement to diet and exercise in the improvement of 
glycemic control in T2D adults (Campbell 2011), either as monotherapy or in com-
bination with other oral anti-T2D agents (Chen et al. 2012a, b). In particular, Chen 
and colleagues (2012a, b) observed that exendin-4 has in  vitro neuroprotective 
effects against diabetes-associated glucose metabolic dysregulation via the PI3-
kinase pathway, as well as a downregulatory effect in icvSTZ-induced tau hyper-
phosphorylation through downregulation of GSK-3β activity, a key kinase in both 
diabetes and AD. Related studies showed that liraglutide (a GLP-1 analogue) ame-
liorates aberrant IR localization and signaling in parallel with decreasing both Aβ 
plaque and glial pathology in a mouse model of AD (Long-Smith et al. 2013).

In a similar way, DPP-4 inhibitors were shown to delay the development of AD 
neuropathological hallmarks in an adult, double transgenic mouse model of AD 
(D’Amico et al. 2010), and to improve learning behavior in adult, insulin-resistant 
rats (Pintana et al. 2013; D’Amico et al. 2010). More specifically, chronic adminis-
tration of sitagliptin (a DPP-4 inhibitor) reduced both hippocampal APP and Aβ 
deposition in transgenic AD mice (D’Amico et al. 2010), whereas in HFD-induced 
insulin-resistant rats, it promoted a decrease in plasma insulin, cholesterol, and 
high-density lipoproteins (HDL) levels, and ameliorated HOMA values (Pintana 
et al. 2013). Alongside with those effects, DPP-4 inhibitors completely prevented 
brain and hippocampal mitochondrial dysfunction while improving the learning 
behaviors impaired by the HFD (Pintana et al. 2013).

Noteworthy, many studies are now starting to demonstrate the intranasal approach 
as a preferable route of administration as it can directly deliver the drugs to the brain 
(Dhuria et  al. 2010; Hanson and Frey 2008) in a noninvasive and safe way. For 
instance, it has been demonstrated that intranasal insulin is able to improve memory 
in normal adults without side effects (Ott et al. 2012), to prevent cognitive decline, 
cerebral atrophy, Aβ accumulation, and white matter lesions in type 1 diabetic ani-
mals (Subramanian and John 2012; Francis et al. 2008), and to reduce tau hyper-
phosphorylation in a rat model of T2D (Yang et  al. 2013). Similarly, intranasal 
GLP-1 administration improves the glycemic control in T2D patients without any 
adverse effects (Ueno et  al. 2014), thus demonstrating the potential of intranasal 
approach in the treatment and prevention of metabolic diseases (Freiherr et al. 2013).

Hence, given their impressive body of positive outcomes in both T2D/obesity 
and AD and their minimal risk of damage associated with hypoglycemia and weight 
gain, incretins represent potential therapeutics for the treatment of diabesity-
associated neurodegeneration and AD.

5.4.2  �Lifestyle Alterations: “Move More and Eat Well”

Despite all the indications reporting the beneficial effects of exercise, numbers show 
that in 2012 one in every three adults worldwide was inactive and it was proposed 
that this endemic inactivity starts early in life (Hallal et al. 2012). And this gains an 
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extra importance when considering that physical inactivity is a primary causal 
mechanism of every risk factor for T2D and/or obesity (Booth et al. 2012).

For many years, exercise has been an integral component of T2D and obesity 
management. As reported, it seems that nondrug interventions (diet or exercise) 
prevent more T2D than drug approaches (Hopper et  al. 2011). Exercise training 
reduces insulin resistance and improves glucose intolerance in obese persons 
(Kelley and Goodpaster 1999), and also promotes a reduction in HbA1c levels, 
improves glycemia, and reduces visceral adipose tissue and plasma triglycerides in 
T2D subjects (Boule et al. 2001; Thomas et al. 2006).

It is currently  recognized that the beneficial effects of exercise can go beyond its 
direct effects in physical indexes and exert important benefits for both affective 
experience and cognitive performance regardless of age (Hogan et al. 2013). Indeed, 
evidence suggests that in humans there is a link between physical fitness and cogni-
tive performance (Chodzko-Zajko and Moore 1994). In fact, physical inactivity and 
a sedentary lifestyle are currently considered significant risk factors to develop 
dementia and AD (Radak et al. 2010; Laurin et al. 2001). In this picture, epidemio-
logical studies suggest that simple lifestyle changes may be sufficient to experience 
better brain health during aging and to slow the onset and progression of AD (Pope 
et al. 2003). Additionally, as projection models show, dementia in old age could be 
lowered by 10% in 2050 if midlife obesity was decreased by 20% (Nepal et  al. 
2014). In accordance, over the past years, retrospective and prospective epidemio-
logical studies documented brain health benefits of exercise in relation to the devel-
opment of AD and dementia of any type (Palleschi et al. 1996). In close agreement 
with those studies, data obtained from several animal models of AD show that phys-
ical exercise can be considered as a simple behavioral intervention sufficient to 
inhibit the development of AD-like neuropathology and to improve cognitive behav-
ior (Garcia-Mesa et al. 2011; Cho et al. 2010; Um et al. 2008). As recently verified, 
an acute bout of exercise in HFD-fed mice is enough to promote the normalization 
of the observed alterations in Akt/insulin-signaling in the brain alongside with a 
reduction in BACE1 content and activity independent of changes in adiposity 
(MacPherson et al. 2015). These results highlight the therapeutic potential of exer-
cise, independent of alterations in body mass or adiposity, as a tool to ameliorate 
HFD-induced markers of energetic stress in brain and early AD-associated pathol-
ogy (MacPherson et al. 2015).

Of note, at least in AD mouse models, it has to be taken into account the age of 
the animal and thus the level of pathology when selecting an appropriate exercise 
regime, as the maximal effects on AD pathology are observed when exercise is initi-
ated prior to the appearance of Aβ plaques or at an early-mild stage of plaque depo-
sition (Ryan and Kelly 2016). On the other hand, when it comes to human studies, 
data suggest that the window of opportunity for physical activity interventions to 
prevent dementia may extend from midlife to older ages as staying physically active, 
or becoming more active, after midlife still contribute to lowering dementia risk, 
especially in people who are overweight or obese at midlife (Tolppanen et al. 2015).

Even though the beneficial properties of physical activity and exercise on human 
health have been extensively reported in literature, the exact mechanism(s) behind 
this exercise-induced protective phenotype in the brain is still not well understood. 
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Nevertheless, it is consensual that among the myriad of cellular and subcellular 
adaptations that exercise can evoke, one of the most important relies on the modula-
tion of mitochondrial network (Marques-Aleixo et al. 2012). As reported, exercise 
induces important brain mitochondrial adaptations in order to sustain increased 
metabolic demands (Dietrich et al. 2008). Among those, one could find an increased 
content and/or activity of several enzymes involved in aerobic energy production 
(Dietrich et al. 2008; Kirchner et al. 2008), increased activity of mitochondrial com-
plexes I, III, and IV (Navarro et al. 2004), decreased expression/activation of several 
pro-apoptotic proteins (Um et al. 2008), increased mitochondrial biogenesis (Steiner 
et al. 2011) and antioxidant capacity (Camiletti-Moiron et al. 2013), as well as alter-
ations in proteins involved in mitochondrial dynamics, apoptosis, and autophagic 
signaling (Marques-Aleixo et al. 2015). Previous data also confirm that endurance 
training attenuates neuronal cell apoptosis involved in the pathogenesis of AD by 
promoting reductions in brain cytochrome c, Bax, and caspases 3 and 9 levels (Cho 
et al. 2010; Um et al. 2008). Other important mitochondrial bioenergetics adapta-
tions associated with voluntary exercise concerns an increase in the mitochondrial 
uncoupling protein 2 (UCP2) gene expression (Dietrich et  al. 2008). Previously 
reported as exerting an important protection against Aβ toxicity and oxidative stress 
(Jun et al. 2015), UCPs, mainly UCP2, are often regarded as an effective strategy in 
the regulation of mitochondrial biogenesis by decreasing reactive oxygen species 
(ROS) overproduction, increasing ATP generation, and improving calcium homeo-
stasis (Andrews et al. 2005).

So, exercise not only improves whole body energy metabolism but also restores 
brain glucose homeostasis. In this context, it represents an attractive strategy to 
reduce or reverse the diabesity-induced metabolic disturbances associated with 
neurodegeneration.

It is common sense to assume that one of the greatest factors contributing to the 
prevalence of obesity is the choice of diet, which presently contains large amounts 
of red meat, refined sugars, high fat foods, and refined grains in detriment of health-
ier aliments like fruits, vegetables, lean protein, and fiber (Fung et  al. 2001). A 
choice that has as a consequence on ever-increasing rates of obesity, diabetes, and 
dementia (Winocur and Greenwood 2005; Kalmijn et al. 1997), thus stressing the 
importance of nutrition-related effects on brain function (Freeman et  al. 2014). 
Within this context, defined as a moderate reduction in calorie intake of 20–40% in 
the absence of malnutrition, calorie restriction (CR) or dietary restriction (DR) is 
currently considered an experimental manipulation able to preserve metabolism 
during aging and extend the lifespan of a broad range of species, spanning from 
yeast to rodents and nonhuman primates (Amigo and Kowaltowski 2014; Srivastava 
and Haigis 2011; Ingram et al. 2006). An achievement attained through an improve-
ment of mitochondrial function associated with the prevention of oxidative damage 
and mitochondrial ROS production, improvement of metabolic parameters, 
increased mitochondrial biogenesis through activation of the sirtuin1–peroxisome 
proliferator-activated receptor-gamma coactivator 1 alpha (PGC1α) pathway, and 
resistance to cellular stress (Desquiret-Dumas et al. 2013; Manzanero et al. 2011). 
As described by Lopez-Lluch et  al. (2006), mitochondria under CR conditions 
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show less oxygen consumption, reduced membrane potential, and generate less 
ROS than controls, but remarkably are able to maintain their critical ATP produc-
tion. For instance, Yao et al. (2011), using the 3xTgAD mice fed with 2-deoxy-D-
glucose (2-DG; a caloric restriction mimetic), observed that this dietary intervention 
was responsible for an improvement in brain mitochondrial bioenergetics paralleled 
with a reduction in oxidative stress. Also, dietary 2-DG promoted a reduction in Aβ 
generation and increased mechanisms of Aβ clearance, further suggesting DR as a 
disease-modifying intervention to delay progression of bioenergetics deficits in 
brain and associated amyloid burden (Yao et al. 2011). Moreover, others verified 
that CR exerts protection against HFD-induced cognitive decline via upregulation 
of brain-derived neurotrophic factor (BDNF)/ tropomyosin receptor kinase B 
(TrkB) through an antioxidant effect in the hippocampus of dietary-induced obese 
rats (Kishi et  al. 2015). In a similar way, Yilmaz et  al. (2011) reported positive 
effects of CR in modulating hippocampal NMDA receptors and preventing oxida-
tive stress in an obese rat model.

So, research is increasingly focusing on understanding how interventions, such 
as improving nutritional status and modifying risk factors that may impact directly 
and/or indirectly brain functioning, can reduce the risk of neurocognitive impair-
ment (Parrott and Greenwood 2007). As mentioned, measures that support or sus-
tain insulin sensitivity, including exercise, caloric restriction, and loss of excess 
weight, will be beneficial in both diabesity and AD-related brain effects (de la 
Monte 2012).

5.5  �Conclusions

There is no doubt that we are facing an unprecedented diabetogenic era. With the 
adoption of a Western diet and a sedentary life the number of obese diabetic people 
keeps risen every day. Hand in hand with the increase in those “metabolic plagues” 
is the increase in longevity and age-related neurodegenerative diseases such as 
AD. Gathering evidence has shown common pathogenic factors functioning in both 
conditions, namely altered brain energy and glucose metabolism and insulin resis-
tance. Thereby, preventive and therapeutic agents and/or strategies focused on 
improving metabolic health could therefore help to maintain functional integrity in 
middle-aged and older adults and hence contribute to successful aging and brain 
health. Such challenges can be faced using lifestyle changes and pharmacological 
agents.
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Chapter 6
The Influence of Adipose Tissue on Brain 
Development, Cognition, and Risk 
of Neurodegenerative Disorders

Liliana Letra and Isabel Santana

Abstract  The brain is a highly metabolic organ and thus especially vulnerable to 
changes in peripheral metabolism, including those induced by obesity-associated 
adipose tissue dysfunction. In this context, it is likely that the development and 
maturation of neurocognitive circuits may also be affected and modulated by meta-
bolic environmental factors, beginning in utero. It is currently recognized that 
maternal obesity, either pre-gestational or gestational, negatively influences fetal 
brain development and elevates the risk of cognitive impairment and neuropsychi-
atric disorders in the offspring. During infancy and adolescence, obesity remains a 
limiting factor for healthy neurodevelopment, especially affecting executive func-
tions but also attention, visuospatial ability, and motor skills. In middle age, obesity 
seems to induce an accelerated brain aging and thus may increase the risk of age-
related neurodegenerative diseases such as Alzheimer’s disease. In this chapter we 
review and discuss experimental and clinical evidence focusing on the influence of 
adipose tissue dysfunction on neurodevelopment and cognition across lifespan, as 
well as some possible mechanistic links, namely the role of the most well studied 
adipokines.

Keywords  Obesity • Neurodevelopment • Cognition • Neurodegenerative disor-
ders • Lifespan • Alzheimer’s disease

L. Letra (*) 
Institute of Physiology, Institute for Biomedical Imaging and Life Sciences—IBILI,  
Faculty of Medicine, University of Coimbra, Coimbra, Portugal 

Neurology Department, Centro Hospitalar do Baixo Vouga, Aveiro, Portugal
e-mail: lrletra@fmed.uc.pt 

I. Santana 
Neurology Department, Centro Hospitalar e Universitário de Coimbra, Coimbra, Portugal 

Faculty of Medicine, University of Coimbra, Coimbra, Portugal 

CNC—Center for Neuroscience and Cell Biology, University of Coimbra, Coimbra, Portugal

mailto:lrletra@fmed.uc.pt


152

6.1  �Introduction

In the past few decades, obesity has been associated with serious negative brain 
health outcomes such as developmental cognitive deficits, neurodegenerative dis-
eases, and neuropsychiatric disorders. The growing interest of several researchers in 
identifying modifiable and preventable conditions that can reduce the risk of such 
diseases has contributed to major advancements in the understanding on how 
peripheral-derived hormonal signals modulate central nervous system beyond 
energy homeostasis. In this chapter, we address how the development and matura-
tion of neurocognitive circuits may be affected and modulated by obesity through-
out lifespan, beginning in utero, and may constitute an aging accelerator, determining 
the risk of developing late-onset neurodegenerative diseases (Fig. 6.1).

6.2  �The Influence of Adipose Tissue on Neurodevelopment 
and Cognition Across Lifespan

6.2.1  �Maternal Obesity

Several large epidemiologic studies have described lower cognitive capabilities, 
developmental delay, increased incidence of autism spectrum and attention deficit 
hyperactivity disorders as well as psychiatric diseases in the offspring of obese 
individuals. When comparing relative parental contribution, maternal obesity 
seems to be the most determinant to these adverse outcomes, being associated 
with a 1.3- to 3.6-fold increase in the risk of cognitive impairment and neuropsy-
chiatric disorders in their offspring (Edlow et al. 2014; Edlow 2017). Therefore, it 
is highly suggestive that in utero environment has substantial impact in 

• Accelerated brain aging
• Brain atrophy

Impaired performance in 
several neurocognitive 
domains:
• Motor skills 
• Attention
• Executive function 

(flexibility and verbal 
fluency)

• visuo-spatial abilities
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autism spectrum 
disorders, ADHD and 
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• Negative impact in 
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• Increase the risk of 
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other age-related 
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disorders.

The influence of obesity on cogni�ve healthspan

Fig. 6.1  Obesity, neurodevelopment, and cognition across lifespan
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neurodevelopment. In fact, data from epidemiological and experimental studies 
show that alterations in maternal physiology can negatively influence the fetopla-
cental unit. Animal models of maternal diet-induced obesity have provided impor-
tant mechanistic insights that improved our comprehension on the association 
between maternal obesity and adverse neurodevelopment outcomes. They describe 
impaired neurogenesis and neuronal arborization (mainly, though not exclusively 
in the hippocampus) with subsequent cognitive impairment and behavioral abnor-
malities namely anxiety and depressive-like behaviors as well as eating disorders. 
These alterations may arise as a consequence of disrupted neuronal fetal program-
ming which, in turn, results from an association between altered placental perme-
ability and increased oxidative and inflammatory burden, impaired metabolic 
signaling (characterized by insulin and leptin resistance), impaired serotoninergic 
and mesolimbic dopaminergic signaling, and impaired brain-derived neurotrophic 
factor (BDNF)-mediated synaptic plasticity (Edlow 2017). Moreover, women that 
in addition have elevated gestational weight gain have a threefold increased risk of 
IQ (Intelligence Quotient) deficit in the offspring (Huang et al. 2014). Overall, not 
only is important to promote prenatal dietary and lifestyle changes, but is also 
essential to minimize gestational weight gain in order to prevent adverse fetal 
neurodevelopment outcomes.

6.2.2  �Obesity During Infancy and Adolescence

When considering infancy and adolescence, the existing literature supports that 
obesity is negatively linked to functioning in several neurocognitive domains such 
as motor skills, attention, executive functions, and visuospatial abilities (Liang et al. 
2014). Notoriously, in this broad area of executive performance, a more consistent 
inverse relationship is found with mental flexibility and verbal fluency (Cserjesi 
et  al. 2007; Verdejo-García et  al. 2010; Delgado-Rico et  al. 2012) relatively to 
impulsivity, planning, and decision-making. In addition, overweight children dis-
play less effective inhibition strategies (Lokken et al. 2009; Nederkoorn et al. 2012) 
and more difficulties in dealing with delayed gratification (Bruce et  al. 2011). 
Results from studies on the association between obesity and general cognition (ver-
bal and nonverbal domains), language, learning, and memory are, otherwise, less 
congruent (Liang et al. 2014). Findings from research in this area also demonstrate 
a two-way relationship between early-life obesity and cognition once mental defi-
cits also influence decision-making, impulsivity, and overall behaviors (food-
related, physical activity) that increase, by themselves, the risk of future obesity 
(Seeyave et al. 2009). Moreover, physical activity, rather than BMI, has been pro-
posed as the most important differentiator of global academic scores (London and 
Castrechini 2011). Furthermore we cannot overlook socioeconomic factors, which 
determine the amount and quality of care and stimulation in key developmental 
stages (Barrigas and Fragoso 2012).
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6.2.3  �Middle-Age Obesity as a Model of Accelerated Aging

Aging is associated with significant changes on adipose tissue composition and 
function contributing to age-related phenotypes and disorders (Tchkonia et  al. 
2010). Around middle or early-old ages a cascade of events is triggered in adipose 
tissue independently of BMI: body fat percentage increases, distribution shifts from 
subcutaneous to visceral depots, adipose pro-inflammatory signaling pathways are 
upregulated, progenitor cell function decline as well as adipose tissue miRNA pro-
cessing, fatty acid storage capacity decreases with consequent ectopic lipid deposi-
tion, and adipose tissue browning declines (Palmer and Kirkland 2016). In summary, 
with aging, adipose tissue becomes dysfunctional with consequent dysregulation of 
adipose-derived hormone production and signaling. In overweight or obese indi-
viduals, these changes are accelerated and may play a critical role in the etiology of 
obesity-related complications, including in the increased risk of age-related neuro-
logical diseases.

On the other hand, caloric restriction, which also causes profound changes in 
adipose tissue, increases lifespan in humans and other species and seems to prevent 
or delay age-related pathologies (Van Cauwenberghe et al. 2016). Multiple interac-
tive pathways and molecular mechanisms are involved in the beneficial effects of 
caloric restriction on neurons, such as insulin-dependent pathways, FoxO transcrip-
tion factors, sirtuins, and peroxisome proliferator-activated receptors (Martin et al. 
2006 for review). Research that focus specifically on the impact of reducing visceral 
fat deposits (either through diet or using surgery) indicate a positive effect mediated 
by an improvement of age-related insulin resistance related to adipokine secretion. 
In fact, animal models, which characteristically present extended lifespan, also 
present reduced adiposity and high plasma adiponectin levels suggesting that upreg-
ulation of adiponectin and insulin sensitivity may represent a  key mediator of 
longevity-regulatory pathways. Similar results were reported in studies conducted 
on centenarians and addressing this subject (Arai et al. 2011).

In the field of neurodegenerative diseases, Alzheimer’s disease (AD) has been, 
by far, the pathology most frequently associated with obesity. This association is 
less robust or inconsistently supported in other degenerative diseases, and contrary 
to the general idea expressed throughout this chapter, obesity does not always con-
vey a higher risk for neurological disease. A large prospective study runned by 
O’Reilly et al. (2013) demonstrated that young obese adults had a 30–40% lower 
risk of developing amyotrophic lateral sclerosis (ALS) compared to normal weighted 
individuals. Other groups had previously described a strong link between low BMI 
and decreased survival in patients with ALS (Paganoni et al. 2011; Shimizu et al. 
2012), which have motivated the inclusion of dietary supplementation in the treat-
ment of these patients. Increased expression of adiponectin, IL-6, IL-8, lipocalin-2, 
PAI-1, and TNFα was described in ALS patients, contrarily to leptin, although no 
relation was found with functional scales or disease duration. In addition, riluzole, 
the only drug approved in the treatment of ALS, has no effect on circulating adipo-
kine levels (Ngo et al. 2015).
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Parkinson’s disease (PD) is the second most common neurodegenerative disease 
after AD and although neuropathological studies indicate that striatal dopamine D2 
receptor availability is lower in obese when compared to lean individuals (Wang 
et al. 2001), epidemiological links with obesity are lacking. In fact, BMI or abdomi-
nal obesity does not seem to significantly alter the risk of developing the disease 
(Palacios et al. 2011). In addition, the few studies on adipokine levels in PD report 
that serum levels of leptin, adiponectin, and resistin are comparable between patients 
and controls (matched for age, gender and fat mass) and there is no correlation with 
clinical parameters (Lorefält et  al. 2009; Aziz et  al. 2011; Rocha et  al. 2014). 
Furthermore, the levels of these adipokines do not suffer any variation with subtha-
lamic deep brain stimulation, as described by Novakova et al. (2011).

Considering that Alzheimer’s disease is the most prevalent neurodegenerative 
disorder and the most frequent cause of dementia and also because AD has been 
more extensively associated with obesity and its associated metabolic effects, we 
review and discuss below how changes in the adipokinome can influence the risk of 
developing this disease.

6.3  �Adipokines Implicated in Alzheimer’s Disease

6.3.1  �Leptin

Leptin  is a pleiotropic adipokine with actions on appetite regulation, immune 
response, bone homeostasis, reproduction, and also on cognitive functions. When 
directly administered on the dentate gyrus or CA1 hippocampal regions, leptin is 
able to enhance long-term potentiation (Shanley et al. 2001; Wayner et al. 2004), 
and influence hippocampal synaptic plasticity by enhancing N-methyl-d-aspartate 
(NMDA) receptors (Durakoglugil et al. 2005) thus promoting beneficial effects on 
cognition. Data from cell cultures and AD animal models demonstrate the role of 
leptin in amyloid precursor protein (APP) metabolism, namely a reduction of 
amyloid-beta (Aβ) peptide production by blocking β-secretase activity and increas-
ing Apolipoprotein E (ApoE) dependent Aβ uptake (Fewlass et al. 2004). Moreover, 
leptin promotes phosphorylation (and deactivation) of glycogen synthase kinase 
beta (GSK-3β), which is the main responsible for abnormal tau phosphorylation 
(Greco et al. 2009). Additionally, Liu et al. (2012) demonstrated that obese leptin-
resistant-mice (db/db) had multiple AD-like brain changes including increased 
phosphorylated tau and Aβ as well as decreased synaptic proteins, with consequent 
impairment of their performance in cognitive tasks.

Despite extensive animal research on leptin, studies in human populations are 
limited. A subgroup of the Framingham cohort and the Health ABC Study have 
demonstrated that higher leptin levels were associated with higher brain volume and 
a reduction in the risk of dementia, 4 and 7. 7 years after leptin was assayed, respec-
tively (Lieb et al. 2009; Holden et al. 2009). On the other hand, Rajagopalan et al. 
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(2013) reported that obese elderly, with higher leptin levels, presented with greater 
global brain atrophy, highlighting the deleterious effect of central leptin insuffi-
ciency associated with obesity. In fact, despite peripheral hyperproduction of leptin 
in obese individuals, the brain becomes insensitive to its action. To our knowledge, 
only two groups investigated the association between CSF leptin and AD pathology. 
While Bonda and his group (Bonda et al. 2014) demonstrated an upregulation of 
leptin in AD patients’ CSF and hippocampus, Maioli group (Maioli et  al. 2015) 
reports no significant differences between controls, MCI, and AD patients. 
Interestingly, Bonda et al. (2014) also observed a positive correlation between CSF 
leptin and Braak staging (plaque and tangle distribution at different stages of 
Alzheimer’s disease progression) as well as co-localization of ObR (leptin’s recep-
tor) with neurofibrillary tangles.

6.3.2  �Adiponectin

Although there is no solid evidence of adiponectin intracerebral production, its 
receptors - AdipoRs - are widely expressed in the brain, namely in the nucleus basa-
lis of Meynert and in the hippocampus (Thundyil et al. 2012), two key structures 
affected in Alzheimer’s disease. Moreover, T-cadherin, which is thought to repre-
sent an adiponectin-binding protein (Denzel et al. 2010), is also present in the hip-
pocampus and has been assigned with an important role in cognitive circuitries 
(Rivero et al. 2015). The neuroprotective role of adiponectin was first proven by 
Jeon and Qiu (Jeon et al. 2009; Qiu et al. 2011) in excitotoxic conditions. The effect 
is mediated by adenosine monophosphate-activated protein kinase (AMPK) activa-
tion, which is able to minimize neural insult acting as a regulatory factor between 
neuronal growth and death in response to stress (Erol 2008). Recent data have also 
highlighted the role of sphingolipid metabolism in the pleiotropic effects of adipo-
nectin once activation of AdipoRs stimulates intracellular catabolism of ceramide, 
increasing the levels of its anti-apoptotic metabolite sphingosin-1-phosphate (S1p) 
(Holland et al. 2011; Turer and Scherer 2012). Additionally, Chan and his group 
(Chan et  al. 2012) raised the possibility that NF-κB (nuclear factor kappa-light-
chain-enhancer of activated B cells) suppression may also contribute to neuropro-
tection. Most experimental studies are, indeed, consistent in assigning adiponectin 
a neuroprotective role in Aβ-induced neurotoxicity. A couple of studies have 
reported diminished hippocampal neurogenesis in adiponectin-haploinsufficient 
and adiponectin-deficient mice, which are reversed with intracerebroventricular 
administration (Zhang et al. 2016; Yu et al. 2014) and more recently, Ng and his 
group have described for the first time that chronic adiponectin deficiency in aged 
adiponectin-knockout mice leads to AD-like pathology and cognitive deficits (Ng 
et al. 2016). Involvement of adiponectin in AD including in the prodromal stage of 
disease (Mild Cognitive Impairment—MCI) has also been investigated. The 
J-SHIPP Study (Kamogawa et  al. 2010) was the first to demonstrate that higher 
plasma adiponectin levels had a protective effect against the development of MCI 
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(although only in men) and Une et al. 2011 showed higher concentrations of plasma 
and CSF adiponectin in MCI compared to normal controls. On the other hand, 
Teixeira et al. (2013) demonstrated that circulating adiponectin levels were reduced 
in MCI and AD patients and did not predict progression to dementia, while others 
have failed to demonstrate any correlation between plasmatic levels of this adipo-
kine and AD at all (Bigalke et al. 2011; Warren et al. 2012). The only meta-analysis 
assessing this correlation favors the studies in which higher peripheral levels of 
Adpn were found in AD patients when compared to controls (Ma et al. 2016). Not 
surprisingly, when analyzing the few observational studies published, obvious 
methodological caveats are present and may explain the incongruency of results. To 
date, no study have demonstrated a clear association between baseline adiponec-
tinemia and the risk of MCI or progression to dementia, despite growing evidence 
showing that adiponectin may be related to both CSF and imaging AD biomarkers 
(Waragai et al. 2016).

6.3.3  �Resistin

Resistin was firstly proposed as a molecule of interest for AD in 2010 (Hu et al. 
2010), but it was Liu et al. (2013) that confirmed a protective effect of this adipokine 
against Aβ-induced neurotoxicity. Since no changes were detected in the production 
of Aβ, the author pointed out a mediation through basic mechanisms of neurodegen-
eration, namely improvement of mitochondrial function, decreased toxicity of reac-
tive oxygen, or prevention of apoptosis. Others (Leung et al. 2015) also reported 
higher levels of this adipokine in subjects with lower Aβ42 levels, suggesting that it 
might constitute an amyloid-related CSF biomarkers in AD.  Moreover, recent 
research describes higher serum resistin levels in AD patients when compared to 
normal controls, highlighting a possible role of this molecule in the insulin resis-
tance and pro-inflammatory environment typically found in the AD brain 
(Kizilarslanoğlu et al. 2015; Demirci et al. 2017).

6.3.4  �Visfatin

Visfatin or nicotinamide phosphoribosyltransferase (NAMPT) is a key enzyme in 
the synthesis of nicotinamideadenine dinucleotide (NAD), ubiquitously expressed 
and widely distributed in visceral adipose tissue and brain, including hippocampus 
and cerebral cortex. Its biological role is not entirely understood but it seems to be 
insulin-sensitizer and a pro-inflammatory cytokine (Al-Suhaimi and Shehzad 2013). 
Elevated serum levels of this protein have been reported in obese and elderly while 
its brain levels are reduced, compromising NAD biosynthesis and thus able to pro-
mote neurodegeneration in these individuals (Adams 2008; Liu et al. 2012). A direct 
effect of this protein on the pathophysiology of AD remains unclear, but 
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interestingly, some genetic alterations in genes implicated in NAD metabolism have 
been correlated with AD, suggesting that it can influence the production of amyloid 
beta and its deposition in senile plaques (Donmez et al. 2010; Villela et al. 2014).

6.4  �Conclusions

Despite some contradictory and unresolved observations, the influence of adipose 
tissue on the brain structure and function during lifespan is unquestionable. 
Depending on the stage of development, adipose tissue differently affects cognition, 
beginning in utero a highly dynamic crosstalk with the brain. We hope to encourage 
further research on the subject, as obesity is already an epidemic metabolic disorder 
and is essential to understand its impact on brain health, especially on the incidence 
of neurodegenerative diseases.
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Chapter 7
Cerebrovascular Disease: Consequences 
of Obesity-Induced Endothelial Dysfunction

Liliana Letra and Cristina Sena

Abstract  Despite the well-known global impact of overweight and obesity in the 
incidence of cerebrovascular disease, many aspects of this association are still 
inconsistently defined. In this chapter we aim to present a critical review on the links 
between obesity and both ischemic and hemorrhagic stroke and discuss its influence 
on functional outcomes, survival, and current treatments to acute and chronic stroke. 
The role of cerebrovascular endothelial function and respective modulation is also 
described as well as its laboratory and clinical assessment. In this context, the major 
contributing mechanisms underlying obesity-induced cerebral endothelial function 
(adipokine secretion, insulin resistance, inflammation, and hypertension) are dis-
cussed. A special emphasis is given to the participation of adipokines in the patho-
physiology of stroke, namely adiponectin, leptin, resistin, apelin, and visfatin.
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7.1  �Epidemiology of Obesity and Stroke

7.1.1  �Obesity and Ischemic Stroke

Obesity is a highly prevalent risk factor for ischemic stroke (Strazzullo et al. 2010), 
representing a logical target, though rather difficult and complex, for both primary 
and secondary prevention strategies. Some dozens of studies have examined the 
association between obesity and cerebrovascular disease. Overall they used body 
mass index (BMI) as a marker of adiposity, though some authors have preferred 
measures of central obesity such as waist circumference, waist-to-hip ratio, or waist-
to-height ratio. Although the prevalence of obesity among patients with established 
cerebrovascular disease has not been extensively explored, it is estimated that it may 
range from 18% to 44%, including all studies independently of the anthropometric 
measure used. In fact, some authors estimate that for every 1-unit increase in BMI, 
the risk for ischemic stroke increases around 5%, and this applies also to BMI under 
30 (Kernan et al. 2013). Noteworthy, measures of central obesity are better predic-
tors of stroke in the majority of the epidemiological studies (Suk et al. 2003; Winter 
et al. 2008; Bodenant et al. 2011). This comes in line with the belief that the detri-
mental effects of abdominal obesity are due to visceral adipose tissue (VAT) dys-
function, which is strongly correlated with traditional vascular disease risk factors, 
such as insulin resistance, systemic inflammation, dyslipidemia, and arterial hyper-
tension (Hajer et al. 2008). All of these are morbidities that often coexist in the obese 
patient and can, independently, increase the risk of ischemic cerebrovascular dis-
ease, fact that must be accounted when interpreting results from research on this 
field. Atrial fibrillation and obstructive sleep apnea are other important risk factors 
for ischemic stroke that are, at the same time, more prevalent in obese individuals 
(Zhang et al. 2015). The relative risk for stroke associated with obesity seems also 
somehow dependent on age once it seems to be higher in middle-aged compared 
with elderly individuals (Whitlock et al. 2009; Wormser et al. 2011). Interestingly, 
some studies report that overweight and obese patients who survive the first stroke 
event tend to have improved subsequent cerebrovascular disease and mortality—the 
so-called “obesity paradox” (Towfighi and Ovbiagele 2009; Vemmos et al. 2011; 
Ovbiagele et al. 2011). This could lead to a change in the nutritional recommenda-
tions included in secondary prevention guidelines. However, these results should be 
looked with caution while important selection bias are found in some studies, such 
as the exclusion of patients with severely disabling stroke, as well as the difficulty on 
gathering the same cluster of nonadipose stroke risk factors (which also predispose 
to subsequent vascular events) within the groups studied. Additionally, obese patients 
may tend to have more lacunar type of stroke, which is generally characterized by 
faster recovery and more favorable prognosis. More, obese patients may have stricter 
follow-up, with consequent better control of their comorbidities and better clinical 
outcomes (Katsnelson and Rundek 2011; Oesch et  al. 2017). On the other hand, 
there are a considerable number of factors that can contribute for the decreased  
post-stroke long-term survival observed in patients with normal and underweight 
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BMI. It is difficult to discriminate if low/normal BMI is a result of healthy habits, 
medical illness including depression, malnutrition, neglect or lower socioeconomic 
status. Besides, patients recovering from an acute cerebrovascular event can experi-
ence a catabolic state: fever, sympathetic activation, endothelial and insulin sensitiv-
ity dysfunction which can overall lead to muscle wasting and weight loss (Scherbakov 
et al. 2011; Katsnelson and Rundek 2011). This can be aggravated if the patient is 
immobilized, and thus looses bone mineral density and muscle area, or has dyspha-
gia with consequent decrease in  food intake. Future randomized and prospective 
clinical trials are needed to better define the interactions between obesity and stroke, 
taking into account that BMI has significant limitations and more accurate tools 
should be used to assess the relation between obesity or adipose tissue dysfunction 
and the risk of ischemic stroke.

7.1.2  �Obesity and Hemorrhagic Stroke

Although the association between obesity and cerebrovascular disease has been 
more consistently demonstrated for ischemic stroke, there is also evidence of the 
link with intracerebral hemorrhage (ICH). It is already recognized that obese indi-
viduals tend to present higher levels of factors VII, VIII, IX, and XII and von 
Willebrand factor (vWF), higher levels of fibrinogen and plasminogen activator 
inhibitor-1 (PAI-1), and low tissue plasminogen activator (tPA) activity and acti-
vated protein C (APC) (Rosito et  al. 2004), what would presumably make these 
patients less prone to bleed. However, several studies enrolling a significant number 
of patients have demonstrated conflicting results. Some indicate that BMI is associ-
ated with ICH risk (Bazzano et al. 2010; Song et al. 2004; Silventoinen et al. 2009) 
but others did not find any association (Strazzullo et al. 2010; Wang et al. 2013). 
Interestingly, extremes of BMI, both low and high, predict increased risk for 
ICH. Low cholesterol levels could be responsible for increased ICH risk in indi-
viduals with low BMI (Gostynski et al. 2004; Woo et al. 2005), while very high 
BMI-related conditions, namely hypertension, contribute to cerebral small vessel 
disease (Meissner 2016). An important limitation found in some of the published 
studies on this topic is the fact that some do not account for the likely differential 
effect of adiposity on the pathogenic subtype of ICH. Factors that damage small 
penetrating arteries leading to deep subcortical hemorrhage are probably different 
from those favoring lobar hemorrhages related to cerebral amyloid angiopathy 
(Biffi et al. 2011). Overall, obesity seems to be associated with increased risk of 
deep ICH, although with only a modest direct effect once hypertensive vasculopa-
thy is the major contributor, whereas weak or no association has been found between 
BMI and risk of lobar ICH.
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7.1.3  �Influence of Obesity on Stroke Treatment

In the last decade we have assisted to considerable advances in acute stroke care. 
Thrombolysis with alteplase (intravenous rtPA) and endovascular trombectomy 
have significantly improved survival and functional outcomes of acute ischemic 
stroke. However, little is known about the impact of body weight on the outcomes 
after these treatments, even though alteplase dosis calculation is made according to 
the patient’s weight (0.9 × total body weight) while the maximum dosis is limited to 
90 mg. This means that patients weighting more than 100 kg may not be given suf-
ficient trombolytic dosis to promote revascularization. Some small studies have 
compared clinical outcomes and safety after intravenous thrombolysis between 
obese and lean patients but reached discordant results (Sarikaya et al. 2011; Seo 
et al. 2013; Seet et al. 2014). To date, the only large prospective observational mul-
ticenter study (896 patients included) conducted by Branscheidt et al. (2016) has 
demonstrated that early neurological improvement (measured by NIHSS at 24 h 
after thrombolysis, as predictor of recanalization) as well as mortality and clinical 
outcome at 3 months were similar among different BMI groups, suggesting that the 
actual dosage scheme of alteplase is appropriate. In addition, the majority of studies 
seem to agree that obesity does not influence the risk of symptomatic intracranial 
hemorrhage after rtPA treatment.

Other relevant question regarding the treatment of patients with stroke is whether 
obesity influences the efficacy of anticoagulant drugs, which are indicated in the 
secondary prevention of cardioembolic ischemic cerebrovascular events. Current 
recommendations for direct oral anticoagulants (DOACs) imply the use of a fixed 
dose irrespective of high BMI. Analyzing the results from the most relevant trials, 
plasmatic levels of these drugs show a great diversity according to the total body 
weight, though statistical significance was never described (Güler et al. 2015). In 
fact, several case reports have called attention to the occurrence of stroke or sys-
temic embolism in obese patients on DOACs raising concerns about the adequate 
dosage in these patients. These cases refer mainly to patients taking dabigatran, 
presumably due to increased creatinine clearance that may occur in obese patients. 
Therefore, it may be rational to use, in these patients, DOACs with lower renal 
clearance (RC), namely Apixaban (RC  =  27%) and Edoxaban (RC  =  35%) 
(Bounameaux and John Camm 2014). Obese patients taking warfarin require sig-
nificantly longer median time and higher daily dose to achieve therapeutic INR 
(Wallace et al. 2013) when compared to normal weighted patients, but the associa-
tion of obesity with higher risk of bleeding in these patients is controversial 
(Ogunsua et al. 2015; Hart et al. 2017). Furthermore, obesity has also been described 
as an independent predictor of anticoagulation reversal failure with prothrombin 
complex concentrate, what is relevant in those patients presenting with acute intra-
cranial hemorrhage (Chu et al. 2016). Interestingly, the effects of intentional weight 
loss on stroke risk (ischemic and hemorrhagic) are much less explored, though 
some studies report no clear benefit of intensive lifestyle modifications in the risk of 
stroke (Wing et al. 2013).
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7.2  �Cerebrovascular Endothelial Function: Physiology, 
Modulation, Laboratory, and Clinical Assessment

7.2.1  �Physiology and Modulation of Cerebrovascular 
Endothelial Function

The vascular endothelium is the main regulator of vascular homeostasis due to its 
interaction with both the circulating cells and those present in the vascular wall 
(Pantoni 2010; Sena et  al. 2013). Endothelial cells (ECs) are capable of sensing 
changes in the hemodynamic forces and blood factors, and respond by releasing 
different substances. The normal paracrine and autocrine functions of ECs include 
the synthesis of a series of substances that moderate vascular tone, mediation of 
local inflammation, depression of leukocyte migration and control of permeability, 
regulation of proliferation and migration of smooth muscle cells, control of platelet 
adhesion and aggregation, antioxidant activity, and anticoagulant and profibrinol-
ytic effects (Wardlaw et al. 2013; Fig. 7.1). Similarly, cerebral endothelial cells also 
have effects on vascular tone regulating cerebral blood flow (CBF) by releasing 
vasodilators (nitric oxide, prostacyclin, bradykinin, endothelium-derived hyperpo-
larizing factors, etc.) and vasoconstrictors (endothelin-1 [ET-1], endothelium-
derived constrictor factor, etc.) (Pescini and Abbate 2014). The regulation of 
vascular tone is obtained through the balanced production of vasodilators and vaso-
constrictors in response to a variety of stimuli (Michiels 2003; Pearson 1999; 
Fig. 7.1). The most abundant mediator of normal vascular function is nitric oxide 
(NO), generated from l-arginine through endothelial NO synthase. Another endo-
thelium-derived vasodilator is prostacyclin (PGI2), generated by cyclooxygenase 
(COX) and arachidonic acid metabolism. Endothelium-derived vasoactive factors 
participate in the maintenance of resting CBF and may play a role in coordinating 
the vasodilatation of intraparenchymal arterioles with that of upstream pial arteries, 
and in local adjustments of flow in response to mechanical forces (Murphey 2012). 
Brain perfusion and cerebral vascular reactivity are essential for maintaining 
energy-dependent processes, generating sufficient metabolic substrate and also 
clearing the products produced by neuronal activity (Drake and Iadecola 2007). In 
addition, ECs participate in the regulation of the blood–brain barrier (BBB). 
Cerebral ECs have a low vesicular transport and are linked to each other by tight 
junctions, which prevent the entry of hydrophilic substances into the brain (Burger 
and Touyz 2012). Specialized transport proteins on the EC membrane regulate the 
bidirectional transfer of substances into and from the brain parenchyma (Burger and 
Touyz 2012). The integrity of the BBB is vital to maintain the homeostasis of the 
cerebral microenvironments crucial for normal brain function.

ECs have a central role in maintenance of a nonthrombogenic surface by provid-
ing activators and inhibitors of the coagulation and fibrinolysis systems. NO and 
PGI2 have important antiplatelet effects, limiting aggregation and permeability. ECs 
maintain blood fluidity by promoting the activity of numerous anticoagulant path-
ways. Once activated, ECs express adhesion molecules on their surfaces thus allow-
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ing the binding of circulating leukocytes. Chemotactic factors attract leukocytes 
along a chemical gradient to the site of injury. Adhesion molecules involved in 
leukocyte recruitment include selectins, addressins, integrins, and immunoglobu-
lins. On the other hand, ECs are also involved in angiogenesis and endothelial 
repair. Growth factors, like vascular endothelial growth factor (VEGF), are media-
tors of angiogenesis. VEGF is the most specific for endothelium and along with 
cytokines, chemokines, matrix metalloproteinases (MMPs), and extracellular matrix 
macromolecules may be involved in endothelial proliferation directly or indirectly 
by means of the stimulation and the production of other angiogenic factors. 
Circulating endothelial progenitor cells are hematopoietic stem cells with limited 
pluripotent potential, mainly involved in formation of new vessels after ischemia 
and in repairing damaged endothelium.
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Fig. 7.1  Vascular unbalance between dilation and constriction under pathological obese condi-
tions. (A) Obesity leads to endothelial activation and dysfunction promoting a major unbalance 
towards constriction, triggering thrombotic, inflammatory, oxidant and growth promotion events. 
Below (B) are represented the major functions of endothelial cells: regulation of vascular tone 
(vasodilators: NO, H2S, PGI2; vasoconstrictors: ET1, TXA2, PGH2), control of VSMC prolifera-
tion, leukocyte traffic, inflammation, permeability, angiogenesis, metabolism, and hemostasis 
(anticoagulant: TM, glycocalyx, t-PA, TFPI, PGI2; prothrombotic: vWF, TF, TXA2, PAI-1). ET1 
endothelin-1, H2S hydrogen sulfide, ICAM intercellular adhesion molecule, MCP-1 monocyte che-
moattractant protein-1, NO nitric oxide, PAI-1 plasminogen activator inhibitor-1, PGH2 prosta-
glandin H2, PGI2 prostacyclin, TF tissue factor, TFPI tissue factor pathway inhibitor, TM 
thrombomodulin, t-PA tissue plasminogen activator, TXA2 thromboxane A2, VCAM vascular cell 
adhesion molecule, control of VSMC vascular smooth muscle cells, vWF von Willebrand factor
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Endothelial dysfunction is usually described as endothelial-based abnormalities 
that promote vasoconstriction, inflammation, increased permeability, atherosclero-
sis, and thrombosis (Fig. 7.1). Endothelial dysfunction is generally considered to be 
the earliest event in the initiation of vascular disease and also plays a key role 
throughout the disease process. Both genetic and clinical data have established that 
the vasomotor component of endothelial dysfunction is predictive of cardiovascular 
events (Volpe et al. 1996; Lind et al. 2011; Green et al. 2014). In the brain, the con-
sequences of endothelial dysfunction include atherosclerosis, large and small vessel 
disease, loss of CBF autoregulation, inability to adequately adjust blood supply, 
stroke, dementia, and blood–brain barrier abnormalities (Abbott and Friedman 
2012). Vascular dysfunction in cerebral arteries has also been associated with cogni-
tive impairments with advancing age and disease. Endothelial dysfunction is a 
reversible process that needs to be monitored in order to prevent vascular disease 
and reduce morbidity and mortality of patients.

7.2.2  �Laboratory and Clinical Assessment of Cerebrovascular 
Endothelial Function

Several circulating factors are important vascular risk factors due to their harmful 
effects on ECs. For instance, homocysteine, C-reactive protein (CRP), and asym-
metric dimethylarginine (ADMA) may all be considered as endothelial aggressors 
(Cheng et al. 2009; Szmitko et al. 2003; Franceschelli et al. 2013). Dysfunctional 
endothelium releases ET-1, which along with decreased NO release, leads to vaso-
constriction and further reduction of CBF. Vascular injury could also lead to the 
degradation of the basal lamina by MMPs and the release of cellular-fibronectin. 
Subsequent clot formation from damaged vessels could also activate the fibrinolytic 
and coagulation pathways. Thrombosis in vessels leads to the activation of both 
coagulation (PAI-1) and fibrinolytic system (tPA). Increased vWF is an indicator of 
damaged endothelium. Thus, MMPs, cellular-fibronectin, ADMA, ET-1, NO, tPA, 
PAI-1, and vWF are potential biomarkers of vascular injury.

In addition, other markers of inflammation (hsCRP, tumor necrosis factor-α, 
interleukin-6, lipoprotein-associated phospholipase A2, S110B proteins, cellular 
adhesion molecules), oxidative stress (superoxide dismutases, glutathiones), and 
metabolism (microalbuminuria, urinary albumin/creatinine ratio, hyperhomocyste-
inemia) could be considered but, to date, most biomarkers lack sensitivity or speci-
ficity to be of clinical use.

Circulating ECs have also been proposed as diagnostic markers of endothelial 
damage caused by systemic vascular disease (Makin et al. 2004; Lee et al. 2005; 
Boos et al. 2006, 2007; Woywodt et al. 2012; Deb et al. 2013; Fadini et al. 2015). It 
was recently described, in newborn piglets, a relationship between cerebral vascular 
disorders and circulating ECs of brain vessel origin, the brain-derived ECs, suggest-
ing that they serve as a sensitive indicator of cerebral vascular endothelial damage 
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and long-term cerebral blood flow dysregulation caused by epileptic seizures 
(Pourcyrous et al. 2015).

The majority of the existing studies evaluate biomarkers measured from blood 
samples that reflect systemic endothelial function, which does not necessarily cor-
respond to what happens at the level of brain endothelium.

The study of endothelial circulating biomarkers needs to be strictly correlated 
with other more specific measurements of brain endothelial function, for instance, 
advanced magnetic resonance imaging (MRI) technologies with intravenous gado-
linium contrast agent combined with perfusion imaging or cerebrovascular reactiv-
ity (Poggesi et al. 2015).

The noninvasive methods for early detection of cerebrovascular damage in clini-
cal settings (Woywodt et  al. 2012) are limited. Cerebral endothelium is a cell 
monolayer on the inner wall of the vessels difficult to image. Intraluminal ultra-
sound techniques enable imaging of morphological changes. However, these tech-
niques do not enable an evaluation of cerebral endothelial function. In the past, 
cerebrovascular reactivity (CVR) to l-arginine by means of transcranial Doppler 
(TCD) has emerged as a reliable marker for evaluation of cerebral endothelial func-
tion (Micieli et al. 1997, 1999; Okamoto et al. 2001; Zvan et al. 2002; Zimmermann 
et al. 2004). The reduction of the CVR translates in an altered capacity for vasodila-
tion of the cerebral arteries, which has been associated with the future development 
of cerebrovascular disease (Wijnhoud et al. 2011). TCD is a relatively simple, non-
invasive, and low-cost bedside test that is widely available. It offers a unique real-
time velocity measurement of intracranial vessels (McDonnell et al. 2013). TCD 
can also be utilized to assess CVR, i.e., the vasodilation of cerebral arterioles in 
response to a different physiological stimulus such as an increase in the partial pres-
sure of arterial CO2 (hypercapnia), infusion of acetazolamide or l-arginine (Ainslie 
and Duffin 2009; Willie et al. 2011; Fierstra et al. 2013).

The CVR to l-arginine is reported to be a reliable marker for cerebral endothelial 
function (Perko et al. 2011; John et al. 2015). Following a strict standardized proto-
col the method enables reproducible measurements. Its diagnostic utility for evalu-
ation of endothelial impairment has been compared to flow-mediated dilatation as a 
gold standard for systemic endothelial function and intima-media thickness as a 
marker for morphological changes.

Additionally, other techniques have been used to assess cerebral endothelial func-
tion, including the vascular response to hypercapnia or infusion of acetazolamide, 
expressing the response as a percentage increase in mean arterial blood velocity in 
the middle cerebral artery or basilar artery. Change in blood oxygen level depen-
dent  (BOLD) signal during hypercapnia detected using functional MRI (Hund-
Georgiadis et al. 2003), percent increase in regional cerebral blood flow in response 
to hypercapnia using stable Xenon CT (Mochizuki et al. 1997) and “dynamic cere-
bral autoregulation” (the ability to restore cerebral blood flow following sudden 
changes in perfusion pressure; Immink et al. 2005) are also used. Measurements of 
the hemodynamic response to hypercapnia with both functional MRI and functional 
Near-InfraRed Spectroscopy (fNIRS) are practical, noninvasive methods to  
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assess CVR in humans. These results support the use of both functional MRI and 
fNIRS as biomarkers for evaluation of cerebral endothelial dysfunction.

7.3  �Mechanisms of Obesity-Induced Cerebrovascular 
Endothelial Dysfunction: Altered Adipokine Secretion, 
Hypertension, and Insulin Resistance

Obesity is a major determinant of vascular diseases. It leads to several physiologic 
changes, including hyperinsulinemia and insulin resistance, increased activation of 
the sympathetic nervous system, sodium retention, and increased oxidative stress 
(Dearborn et al. 2015; Rao et al. 2015; dos Santos Moreira et al. 2015; Thorp and 
Schlaich 2015). Obesity also promotes progressive endothelial dysfunction, not 
only in large arteries, but also at the level of microcirculation (Bagi et  al. 2012; 
Barton et al. 2012; Campia et al. 2012). The etiology of cerebrovascular endothelial 
dysfunction in obesity is complex with metabolic, inflammatory, and hemodynamic 
factors playing a role (Fig. 7.2).

7.3.1  �Adipokines

Adipokines were suggested to be a link between obesity and vascular diseases. 
Several studies have reported the impact of adipokines on the vascular wall describ-
ing changes in the release of endothelium-derived vasoactive factors and also influ-
encing local inflammation, growth, and remodeling (Lee et al. 2009; Miao and Li 
2012; Hui et al. 2012; Jamaluddin et al. 2012). Adipokines like leptin can counteract 
systemic and central nervous system molecular alterations associated with 
Alzheimer’s disease (Greco et  al. 2009; Chakrabarti et  al. 2015). These findings 
provide some support for the possibility that secretions from adipose tissue may 
impact brain inflammation and subsequently alter the risk of endothelial dysfunc-
tion in obesity. It is also important to profile the secretome based on the source of 
adipose tissue (lean vs. obese mouse models or human subjects), which may deter-
mine positive or negative adipose-vascular-brain crosstalk.

Direct experimental evidence for adipose-brain crosstalk in vivo presents many 
technical challenges, particularly in humans. It was recently suggested, using an 
in  vitro model with adipose tissue organ culture conditioned media applied to 
human SH-SY5Y neuronal cells, that adipokines can regulate adipose-brain cross-
talk and can play a role in neuroprotection or neurodegeneration depending on the 
adiposity status of the individual (Wan et al. 2015). The results suggest that lean 
adipose tissue may secrete certain adipokines that are protective towards neurons 
whereas in obesity, adipose tissue secretome changes and loses this protective 

7  Cerebrovascular Disease: Consequences of Obesity-Induced…



172

potential. It remains to be determined which adipokine(s) may possesses these neu-
roprotective properties (Little and Safdar 2015).

Adipokines are surely important links between obesity and cerebrovascular dis-
ease. Obesity leads to adipose tissue dysfunction, triggering the release of pro-
inflammatory adipokines that can directly act on vascular tissues to promote disease. 
The adipokine imbalance can also affect the function of metabolically important 
tissues promoting insulin resistance and inflammation and indirectly contributing to 
vascular disease.

The influence of adipokines at cerebrovascular function is increasingly sug-
gested but very few studies address this topic and provide evidence to support the 
adipokine-cerebrovascular vessel crosstalk.

Several studies have demonstrated that lower adiponectin levels are closely 
related to endothelial dysfunction measured by forearm blood flow (a systemic eval-
uation of endothelial function) and an increased risk of coronary artery disease 
(Barseghian et al. 2011). Hypoadiponectinemia associated with obesity enhances 

OBESITY / ADIPOSE TISSUE DYSFUNCTION

Insulin resistance

CEREBROVASCULAR 
DISEASE

Inflammation Hypertension

Altered adipokine
secretion

Endothelial dysfunction

Fig. 7.2  Mechanisms of obesity-induced cerebrovascular endothelial dysfunction. Insulin resis-
tance, inflammation, altered adipokine secretion (reduced adiponectin and enhanced leptin circu-
lating levels), and hypertension are systemic consequences of a dysfunctional adipose tissue. They 
promote progressive endothelial dysfunction in large and small arteries, and may contribute to the 
pathophysiological events leading to ischemic or hemorrhagic stroke
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endothelial dysfunction and predicts future cerebro- and cardiovascular diseases 
(Shimabukuro et al. 2003). Accordingly, obesity-dependent hypoadiponectinemia 
was associated with increased common carotid intima-media thickness in young 
and middle-aged women (Bang et al. 2007). Noteworthy, adiponectin administra-
tion in vivo reduced sepsis-induced microvascular dysfunction leading to BBB dys-
function in the mouse brain through a mechanism that involves E-selectin expression 
(Vachharajani et  al. 2012). Thus, adiponectin seems to protect BBB integrity by 
reducing BBB permeability, microvascular MMP-9 expression, and parenchymal 
leukocyte accumulation (Cheng et  al. 2009). Furthermore, adiponectin induces 
eNOS activation and consequentially increases CBF during ischemia (Nishimura 
et al. 2008). In addition, adiponectin has been shown to decrease expression of pro-
inflammatory cytokines, by inhibiting NF-kB (Cheng et al. 2009; Spranger et al. 
2006). A similar decrease in inflammatory cytokine expression was found in cul-
tured brain ECs treated with adiponectin (Spranger et al. 2006). Adiponectin has 
been extensively shown to protect the vascular endothelium in the periphery (Sena 
et al. 2017). Therefore, a loss of these protective effects may explain increases in 
stroke damage and microvascular complications in obese mice where adiponectin 
levels are chronically decreased. In agreement, recent data described that obesity 
exacerbates experimental ischemia by increasing apoptosis of adiponectin-
expressing neurons (Wu et al. 2016).

Resistin can also increase the risk of stroke by promoting systemic inflammation 
and endothelial dysfunction, both playing a significant role in atherosclerosis (Reilly 
et al. 2005). It was previously found that the association between resistin and insulin 
resistance remained significant after adjustment for obesity as well as markers for 
inflammation and endothelial dysfunction (Rajpathak et al. 2011). The participation 
of resistin in systemic endothelial dysfunction in insulin-resistant patients related to 
its direct effect on ECs promoting the release of ET-1 (Verma et al. 2003). It was 
recently documented that high resistin levels were associated with cerebrovascular 
symptomatology and low chemerin levels were associated with carotid disease 
severity, suggesting that these adipokines may act as potential markers for plaque 
instability and stroke risk (Gasbarrino et al. 2016). Further studies are needed to 
corroborate that adipokines may be a link between excessive adipose tissue accu-
mulation and cerebrovascular dysfunction.

7.3.2  �Hypertension

Hypertension is also associated with obesity and is known to modify functional 
hyperemia and endothelial function (Iadecola and Davisson 2008). Endothelial 
function, crucial for endothelium-dependent dilation and regulation of myogenic 
reactivity, is impaired in hypertension. The mechanism are related to vasodilator 
alterations involving NO, epoxyeicosatrienoic acids, and ion channels, including 
calcium-activated potassium channels and transient receptor potential vanilloid 
channel 4 (Pires et  al. 2013). Reductions in cerebrovascular responses to 
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endothelium-dependent vasodilators have been described in animal models of 
chronic hypertension (Didion et al. 2000; Capone et al. 2011, 2012a). Functional 
hyperemia is attenuated in mice treated with slow-pressor angiotensin II (Ang II) 
and in spontaneously hypertensive rats (Capone et al. 2012a; Calcinaghi et al. 2013). 
The cerebrovascular dysfunction precedes the hypertension induced by Ang II infu-
sion and persists beyond the elevation in blood pressure (Capone et  al. 2011). 
Accordingly, systemic endothelial dysfunction precedes hypertension in diet-
induced animal models of insulin resistance (Katakam et  al. 1998). In addition, 
diet-induced obesity causes cerebral vessel remodeling and increases the damage 
caused by ischemic stroke (Deutsch et al. 2009; Osmond et al. 2009).

In humans, the association of chronically or acutely elevated blood pressure with 
markers of inflammation has also been documented. Circulating levels of sICAM-1, 
sVCAM-1, sE-selectin, and MCP-1 are increased in patients with essential hyper-
tension (Madej et  al. 2005; Palomo et  al. 2003). Increasing levels of adhesion 
molecules and chemoattractant molecules could induce monocyte adhesion on the 
vascular surface and migration into subendothelial lesions in both aorta and 
brain vessels.

Hypertension also impairs neurovascular coupling (Kazama et  al. 2003) and 
CVR to CO2, a measure of brain endothelial function (Serrador et  al. 2005). 
Hypertension exposes the cerebral microvasculature to pulsatile pressure and flow 
that cause vascular endothelium and smooth muscle cell tearing (O’Rourke and 
Safar 2005).

Confirming studies in animal models, patients with chronic hypertension have 
CBF diminished and the cerebrovascular dysfunction correlated with cognitive defi-
cits (Jennings et al. 2005). Direct evidence of altered cerebrovascular endothelial 
responses in humans with hypertension is lacking. But the NO synthase inhibitor 
NG-nitro-l-arginine methyl ester does not reduce retinal blood flow in patients with 
hypertension, a finding consistent with NO-dependent endothelial dysfunction 
(Delles et al. 2004). Previous studies have suggested that hypertension disrupts key 
cerebrovascular control mechanisms aimed at maintaining the energy homeostasis 
of the brain, which act in concert with the structural alterations of cerebral blood 
vessels described earlier to produce brain dysfunction and damage (Faraco and 
Iadecola 2013).

Several lines of evidence suggest that reactive oxygen species (ROS) are key 
mediators of the cerebrovascular damage produced by hypertension. Indeed, oxida-
tive stress has also been implicated in other vascular effects of hypertension, includ-
ing vascular remodeling and inflammation (De Silva and Faraci 2012). Hypertension 
promotes ROS production in cerebral blood vessels and ROS scavengers counteract 
the effects of hypertension on functional hyperemia and endothelial dysfunction, 
including alterations of the BBB (Faraco and Iadecola 2013). Cerebrovascular ET-1, 
via ET type A receptor and ROS, is also involved in the cerebrovascular effects of 
hypertension induced by chronic intermittent hypoxia (Capone et al. 2012b).

Importantly, hypertension can promote several cellular damages years before 
symptoms develop, through an event cascade that thickens and stiffens artery walls 
throughout the body. The increase in arterial stiffness was closely associated with 

L. Letra and C. Sena



175

the onset of hypertension, indicative of the well-established relationship between 
elevated arterial pressure and vascular remodeling (Pires et al. 2013).

Studies of experimental models of other cerebral vascular risk factors such as 
hypercholesterolemia (Kitayama et al. 2007; Miller et al. 2010), diabetes (Mayhan 
et al. 1991, 2006; Didion et al. 2005, 2007; Arrick et al. 2007; Ergul et al. 2009), and 
obesity (Lynch et al. 2013; Brooks et al. 2015) indicate that all are associated with 
functional abnormalities and oxidative stress. Genetic deletion of Nox2 in hyper-
cholesterolemic apolipoprotein E-deficient mice prevents elevations in ROS pro-
duction and impaired vasodilator capacity of cerebral vessels (Miller et al. 2010). 
Similarly, Nox2-deficient mice are protected against obesity-induced dysfunction of 
cerebral arterioles (Lynch et al. 2013). Moreover, activation of poly(ADP)-ribose 
polymerase (Arrick et al. 2007), Rho kinase (Didion et al. 2005), and Ang II type 1 
receptors (Arrick et al. 2007) have also been shown to be involved in cerebral micro-
vascular dysfunction. Thus, as in models of hypertension and aging, the generation 
of ROS by NADPH oxidases and the activation of key signaling pathways such as 
poly(ADP)-ribose polymerase and Rho kinase might be a common underlying 
mechanism of cerebral vascular dysfunction caused by many of the known risk fac-
tors for cerebrovascular disease.

A recent study found that myogenic tone and reactivity are different in collateral 
versus noncollateral arterioles (Chan et al. 2016). During hypertension, for exam-
ple, collaterals have increased tone and impaired vasodilation, which may result in 
lower levels of collateral dependent blood flow, contributing to greater infarct size 
in response to ischemia (Chan et al. 2016).

7.3.3  �Insulin Resistance

Insulin resistance is fundamental to the metabolic syndrome and drives the adverse 
effects of obesity on the brain, likely due to the associated endothelial dysfunction 
and abnormalities in peripheral vascular reactivity. It constitutes a vital risk factor 
that causes oxidative stress and endothelial dysfunction in systemic vessels of obese 
animal models and humans (Katakam et al. 1998; Prakash et al. 2016).

The link between insulin resistance and cerebrovascular dysfunction in obesity 
has not been clearly established. Data regarding the impact of insulin resistance in 
the CVR is limited and contradictory. It was recently reported a correlation between 
CVR and insulin resistance in type 2 diabetes patients, although Rodríguez-Flores 
et  al. (2014) found a significant negative linear association between homeostatic 
model assessment of insulin resistance (HOMA-IR) and breath-holding index (a 
method to assess CVR) in obese individuals. There contradictory results are prob-
ably explained by the different parameters used for evaluating CVR and also due to 
different groups of patients. Prakash et al. (2016) reported significant correlations 
between HOMA-IR and Delta cerebrovascular conductance index (CVCi), but not 
between HOMA-IR and other CVR parameters. According to the authors, this sup-
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ports the view that calculation of CVR as delta CVCi is more physiologically plau-
sible than other CVR parameters.

Overall, careful investigation of the role of endothelial function and cerebral 
vascular reactivity is warranted to understand the adverse effects of obesity-
associated metabolic syndrome on brain integrity.

7.4  �Adipokines and the Risk of Stroke

Despite the well-known global impact of overweight and obesity in the incidence of 
cerebrovascular disease, many aspects of this association are still not consistently 
defined. In the last decade several groups have focused their research on adipokines, 
namely on their capacity to predict stroke incidence and its outcomes. Even though 
their participation in the pathophysiology of stroke has been reported by indepen-
dent studies, there are still incongruences and contradictory results, that may relate 
with their susceptibility to other factors such as gender, age, systemic inflammation, 
renal function, and circadian rhythms (Kantorová et al. 2015). Moreover, it is still 
controversial their role as cerebrovascular risk factors independently of the presence 
of obesity or adipose tissue dysfunction. Below we resume the state of current 
knowledge on the association between the most extensively studied adipokines and 
stroke.

7.4.1  �Adiponectin

Growing interest on the association between adiponectin and the risk of stroke is 
based on the fundamental role played by this adipokine in vascular homeostasis 
and protection against early atherosclerotic events (Nishimura et  al. 2008; 
Vaiopoulos et al. 2012), including its effects on the cerebrovascular endothelium 
(Ouchi et al. 2011). It has been shown that adiponectin is not present in intact ves-
sel walls but accumulates at sites of damaged endothelium, for example, after cere-
bral ischemia-reperfusion injury, although the exact mechanisms involved are still 
elusive (Nishimura et  al. 2008). Therefore, it is easy to accept and understand 
results that converge into the idea that adiponectin is protective against ischemic 
cerebrovascular disease (Kantorova et  al. 2011; Bang et  al. 2007), is associated 
with carotid intima-media thickness (IMT) (Bang et al. 2007; Lo et al. 2006), and 
constitute an independent predictor of mortality after ischemic stroke (Efstathiou 
et al. 2005). On the other hand, some studies report no impact of adiponectin levels 
on ischemic stroke incidence, while others refer that it has a deleterious effect 
(Ogorodnikova et al. 2010; Rajpathak et al. 2011; Wannamethee et al. 2013). The 
fact that adiponectin can be increased in heart failure and positively associated with 
aging must be taken into account when interpreting these results, although some 
authors advocate that these conditions may stimulate an overproduction of 
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adiponectin to counterbalance atherosclerosis (Stott et al. 2009). Several studies 
have otherwise tried to correlate stroke subtype with adiponectin levels, but besides 
a relative consensus on the association between low adiponectinemia and ath-
erotrombotic stroke (Kantorova et al. 2011; Bang et al. 2007; Kim et al. 2012), it 
seems that the levels of this adipokine are weakly correlated with the etiology of 
the ischemic event (Kantorová et al. 2015). A recent meta-analysis published by 
Gorgui et al. (2017) indicates that high circulating adiponectin levels showed an 
8% increase in the risk of ischemic stroke, independently of HDL levels. Currently, 
it remains unclear whether specific molecular-weight fractions of adiponectin may 
influence risk of stroke, once all studies published to date measure total or HMW 
adiponectin.

The benefits of adiponectin have also been explored in the context of hemor-
rhagic stroke. Osuka et al. (2012) have detected a transient but significant (200-fold) 
increase in adiponectin concentration in CSF within 24 h after subarachnoid hemor-
rhage, which was interpreted as a strategy to counteract vasospasm via activation of 
the AMPK/eNOS signaling pathway. These results are, in part, corroborated by the 
study of Takeuchi et al. (2014) which describes an association between low plasma 
adiponectin concentration and the development of vasospasm-induced delayed 
cerebral ischemia. Additionally, after ICH there seems to be an increase on the 
plasma adiponectin levels within the first 24 h which remain elevated for a period of 
7 days when compared to controls. In these patients, plasma adiponectin concentra-
tion was an independent predictor for short-term mortality (Wang et al. 2011).

7.4.2  �Leptin

The pathological obesity-associated burden includes a leptin resistance state char-
acterized by decreased action of this adipokine on brain parenchyma and vascula-
ture, despite normal or even high plasmatic and CSF levels. Although high 
circulating leptin levels are strongly correlated with several vascular risk factors, 
hyperleptinemia has been inconsistently associated with increased risk of ischemic 
stroke and some authors describe a discordant gender specificity (Bouziana et al. 
2016). Higher levels of leptin have also been associated with the acute-phase of 
ischemic stroke (Söderberg et al. 2003). The vast majority of the research on this 
field lies on cross-sectional studies although this may not be the optimal study 
design to address this association, once leptin has been pointed as an acute stress 
responder. Notwithstanding, there are prospective studies assessing the risk of first-
ever cerebral ischemic event based on leptin levels measured at baseline, some of 
them with 10 years of follow-up. A meta-analysis including some of these prospec-
tive studies did not find any significant association between leptin levels and risk of 
stroke (Saber et al. 2015). Interestingly, the same authors describe an inverse asso-
ciation between leptin and the risk of stroke for elderly subjects in the top waist-to-
hip ratio quartile. They hypothezise that in states of relative leptin resistance, such 
as obesity, low leptin levels may increase the risk of vascular events based on the 

7  Cerebrovascular Disease: Consequences of Obesity-Induced…



178

evidence that hyperleptinemia can protect nonadipose tissues from lipotoxicity and 
oxidative damage and play an important role in NO regulation and production. 
Regarding the potential therapeutical application of leptin, experimental data has 
not been supported by clinical results. For example, although leptin administration 
to a mice model of transient focal cerebral ischemia is able to decrease total infarct 
volume (Zhang et al. 2013), the study conducted by Calleja et al. (2013) in ischemic 
stroke patients treated with rtPA describes an association between higher leptin lev-
els and larger infarct volumes. Leptin has also been associated with increased risk 
of hemorrhagic stroke (Söderberg et al. 1999, 2003) and elevated levels were associ-
ated with poor outcomes after ICH (Zhao et al. 2012). Moreover, leptin may play a 
critical role in secondary brain injury around the hematoma via the STAT3 signaling 
pathway in microglia, which transduce a pro-inflammatory harmful signal. 
Interestingly, the inhibition of STAT3  in the absence of hyperleptinemia did not 
result in perihematomal edema and inflammation after ICH (Kim et al. 2013), sug-
gesting that its role as modulator in these cases is controversial.

7.4.3  �Resistin

Contrarily to what is observed with both adipokines previously described, resistin is 
mainly produced by macrophages and monocytes and to a smaller extent by adipo-
cytes. It can, in theory, increase the risk of ischemic stroke by promoting atheroscle-
rosis and systemic and vascular inflammation as described previously in this chapter. 
Moreover, resistin mRNA has been shown to increase in the hypoxic/ischemic cor-
tex (Wiesner et al. 2006) and it has been pointed as a potential biomarker for carotid 
plaque instability (Gasbarrino et al. 2016). Some large epidemiological studies have 
tried to evaluate the capacity of resistin to influence and predict the risk of ischemic 
stroke such as the PRIME study and the Women’s Health Initiative study, that con-
sidered resistin an independent predictor of ischemic stroke (Prugger et al. 2012; 
Rajpathak et al. 2011). On the other hand, other groups did not find any correlation, 
although reported that higher levels of resistin were associated with higher risk of 
myocardial infarction (Weikert et  al. 2008). To our knowledge, only two studies 
have addressed the association between resistin and stroke severity and outcomes. 
Efstathiou et  al. (2007) reported that higher plasma levels of resistin (measured 
within 24 h after atherothrombotic ischemic stroke) were independently associated 
with increased risk of mortality or dependency at 5 years of follow-up. Another 
small case-control study described a positive correlation between stroke severity 
and peripheral levels of resistin in women with acute ischemic stroke (Kochanowski 
et al. 2012). However other inflammatory cytokines, such as TNF-α, are upregu-
lated in these conditions, as demonstrated in the study mentioned before, and may 
also influence stroke outcomes. Interestingly, results from the Hisayama Study have 
shown that elevated resistinemia was an independent risk factor for ischemic cere-
brovascular disease in a Japanese population, especially lacunar and atherothrom-
botic stroke, while no relation was observed for hemorrhagic stroke (Osawa et al. 
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2009). Other groups described higher plasma levels of resistin in patients with spon-
taneous intracerebral hemorrhage and suggest that it could be involved in the inflam-
matory component of hemorrhagic stroke, and thus associated with poor outcome 
(Dong et al. 2010, 2012).

7.4.4  �Apelin

The neuroprotective effect of apelin has been explored in the last decade both 
in vitro and in vivo studies. This adipokine soon became a potential target in cere-
brovascular disease since it is an analogue of the angiotensin II receptor, and in 
addition, its receptor, AGTRL1, was associated with ischemic stroke in genome-
wide association studies (Hata et al. 2011). The potential benefits and neuroprotec-
tive effects of apelin-13, the most active isoform, have been demonstrated by the 
improvement of neurological deficits in ischemia-reperfusion injury models. Apelin 
can protect cells from programmed death by preventing oxidative and ER stress, 
and possibly by suppressing anti-inflammatory cascades and autophagy, mediated 
by PI3K/AKT signaling pathway. Apelin can facilitate angiogenesis and reperfu-
sion, which seem to be dependent on an increase in vascular endothelial growth 
factor-vascular endothelial growth factor receptor 2 (VEGF-VEGFR2) signaling 
(Wu et al. 2017). The only clinical study to date investigating the role of apelin in 
acute ischemic stroke failed to demonstrate an association between the event and 
apelin circulating levels within the first 24 h, although no data exist on its levels on 
follow-up. However, patients with carotid atherosclerosis tend to have lower serum 
apelin concentration when compared to those without carotid atherosclerosis 
(Kadoglou et al. 2014). The participation of apelin in the pathophysiology of ICH 
was also investigated by Bao et al. (2016). They described the capacity of this adi-
pokine in reducing brain edema and apoptosis following ICH in a mouse model, 
through MMP-9 downregulation and by concomitant caspase-3 downregulation and 
Bcl-2 upregulation, respectively. These results show that the neuroprotective effects 
of this adipokine are not limited to ischemic injury, although the research in hemor-
rhagic stroke and its relation with adipokines is overlooked.

7.4.5  �Visfatin

Accumulating data from clinical studies have provided evidence on the association 
between ischemic and hemorrhagic stroke and the elevation of visfatin plasmatic 
levels. Visfatin, also called nicotinamide phosphoribosyltransferase (NAMPT) and 
secreted mainly by visceral adipose tissue, is a rate-limiting enzyme that partici-
pates in metabolic signaling pathways involved in cell survival, and thus a promis-
ing therapeutic target in cerebrovascular disease (Wang and Miao 2015; Chen et al. 
2015). Its neuroprotective, proneuritogenic, and proangiogenic effects have been 
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recently demonstrated (Wang and Miao 2015; Chen et al. 2015), although its poten-
tial role in neuroinflammation and the fact that it seems to be a pro-inflammatory 
mediator in carotid atherosclerotic plaques (Dahl et  al. 2007) still needs 
clarification.

7.5  �Conclusions

Recent advances in knowledge surrounding dysfunctional adipose tissue and obe-
sity have provided new insights into the mechanisms of obesity-induced cerebrovas-
cular endothelial dysfunction: insulin resistance, inflammation, altered adipokine 
secretion (reduced adiponectin and enhanced leptin circulating levels), and hyper-
tension. This review highlighted the contributions of all these mechanisms that pro-
mote progressive endothelial dysfunction in large and small cerebral arteries, and 
may contribute to the pathophysiological events leading to ischemic or hemorrhagic 
stroke. Understanding these mechanisms in detail will enable to find novel biomark-
ers and new therapeutic strategies to improve stroke incidence as well as its func-
tional outcomes and survival
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Chapter 8
Multiple Sclerosis: Implications of Obesity 
in Neuroinflammation

Ana Margarida Novo and Sónia Batista

Abstract  Since the discovery of the remarkable properties of adipose tissue as a 
metabolically active organ, several evidences on the possible link between obesity 
and the pathogenesis of multiple sclerosis (MS) have been gathered. Obesity in 
early life, mainly during adolescence, has been proposed as a relevant risk factor for 
late MS development. Moreover, once MS is initiated, obesity can contribute to 
increase disease severity by negatively influencing disease progress. Despite the 
fact that clinical data are not yet conclusive, many biochemical links have been 
recently disclosed. The “low-grade inflammation” that characterizes obesity can 
lead to neuroinflammation through different mechanisms, including choroid plexus 
and blood–brain barrier disruption. Furthermore, it is well known that resident 
immune cells of central nervous system and peripheral immune cells are involved in 
the pathogenesis of MS, and adipokines and neuropeptides such as neuropeptide Y 
may mediate the cross talk between them.

Keywords  Multiple sclerosis • Obesity • Neuroinflammation • Adipokines • 
Neuropeptide Y • Mesenchymal stem cells

8.1  �Introduction

Multiple sclerosis (MS) is a primary demyelinating and immune-mediated disease 
of the central nervous system (CNS), with both inflammatory and neurodegenera-
tive characteristics (Trapp and Nave 2008).
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Despite the great advances in the understanding of the pathophysiology of this 
disease, the fact is that MS cause remains unknown. MS is a complex disease, 
resulting from the interaction of environmental risk factors and genetic susceptibil-
ity. The environmental risk factors that have shown the strongest and most consistent 
evidence of an association with MS are Epstein-Barr virus and cigarette smoking 
(Belbasis et al. 2015). However, in the last decades, also vascular risk factors and 
comorbidities, namely obesity, type 2 diabetes, and dyslipidemia, have been associ-
ated with MS progression (Marrie et al. 2010; Weinstock-Guttman et al. 2011a). 
Inflammation, endothelial dysfunction, and autonomic dysregulation have been pro-
posed as possible pathophysiological links between these diseases (Minagar et al. 
2006; Flachenecker et al. 1999).

Focusing attention specifically in obesity, the paradigm shift from the apparent 
passive role played by adipocytes to a metabolically active performance of adipo-
cytes opened new horizons for the investigation of possible points of contact 
between obesity and immune-mediated diseases like MS.

There is also evidence that obesity interacts with genetic and environmental fac-
tors to increase MS susceptibility. In a study that included data from case-control 
studies in the United States and Sweden, having a body mass index (BMI) ≥ 27 kg/
m2 in young adulthood and carrying 1–2 risk alleles of HLA-DRB1*15 was associ-
ated with a sevenfold increased risk of MS compared to noncarriers with a 
BMI < 27 kg/m2 (Hedström et al. 2014). Similarly, there was a significant interac-
tion between absence of HLA-A*02  protective alleles and obesity, regardless of 
DRB1*15 status (Hedström et al. 2014).

In a separate study, regardless of HLA status, a substantial interaction was 
observed between adolescent obesity and past infectious mononucleosis with regard 
to MS risk (individuals with a BMI > 27 kg/m2 and a history of infectious mono-
nucleosis had over a sixfold increased risk of MS compared to individuals with a 
BMI < 27 kg/m2 without history of the infection). Notably, this was much higher 
than the risk of MS due to BMI (OR  =  1.3–1.7) or infectious mononucleosis 
(OR = 1.8–2.0) alone (Hedström et al. 2015).

8.2  �Neuroinflammation in the Pathogenesis of MS

The concept of neuroinflammation has attracted generalized attention in the neuro-
sciences field but there is still no clear consensual definition. Traditionally, the term 
neuroinflammation has been used to denote chronic, CNS-specific, inflammation-
like responses produced by the activation of glial cells (microglia and astrocytes) 
that do not reproduce the classic characteristics of inflammation in the periphery, 
occurring in chronic neurodegenerative diseases such as Alzheimer’s and Parkinson’s 
disease (Streit et al. 2004).

A contemporary view extends the term of neuroinflammation to describe any 
inflammatory response in the CNS and proposes that the nature of inflammation, 
more precisely, whether the pathological process is driven by adaptive immune cells 
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or by CNS-resident and/or potentially blood-derived innate immune cells, should be 
used to distinguish neuroinflammation (Heppner et  al. 2015). Consequently, dis-
eases of the CNS may be discriminated as being mainly driven by an innate immune 
element (glia and/or blood-derived innate immune cells) as occurs in 
neurodegenerative diseases such as Alzheimer disease, or by an adaptive immune 
component (B and T lymphocytes) as seen in MS (Heppner et al. 2015; Peterson 
and Fujinami 2007).

Neuroinflammation is present at all stages of MS, but it is more pronounced in 
acute phases (Dendrou et  al. 2015). Early lesions show prominent infiltrates of 
peripheral immune cells and leakage of the blood–brain barrier (BBB). Macrophages 
dominate the infiltrate, followed by CD8+ T cells, while lower numbers of CD4+ T 
cells, B cells, and plasma cells are also found. The infiltration of immune cells from 
the periphery can occur by direct crossing of the BBB, from the subarachnoid space 
or from the choroid plexus across the blood–cerebrospinal fluid (CSF) barrier 
(Shechter et al. 2013).

In more advanced stages of the disease, the immune cell infiltration from the 
periphery wanes, perhaps due to adaptive immune cell exhaustion from chronic 
antigen exposure, but the chronic neuroinflammation continues. Diffuse inflamma-
tory T cell and B cell infiltrates, microglia, and astrocyte activation are seen through-
out the white matter (Dendrou et  al. 2015; Frischer et  al. 2009) and tertiary 
lymphoid-like structures are found in the meninges of the patients with secondary 
progressive MS, contributing to late-stage neuroinflammation in patients with this 
form of MS (Howell et al. 2011). Moreover, the CNS-resident innate immune cells, 
mainly microglia and astrocytes, remain in a chronic state of activation during all 
over the course of the disease, perpetuating the neuroinflammation (Heneka et al. 
2014). Stimulated by the microglia, astrocytes can produce CC-chemokine ligand 2 
(CCL2) and granulocyte–macrophage colony-stimulating factor (GM CSF), leading 
to further microglial activation (Mayo et al. 2014).

Whether neuroinflammation in MS is triggered in the periphery or in the CNS is 
still a matter of debate. In the CNS-extrinsic (outside-in) model, autoreactive T cells 
are activated in the peripheral lymphoid organs—potentially through molecular 
mimicry, bystander activation, or the co-expression of T cell receptors with different 
specificities—and infiltrate the CNS along with activated B cells and monocytes 
(Dendrou et al. 2015). This hypothesis is in accordance with the method used to 
induce the animal model of MS, the experimental autoimmune encephalomyelitis 
(EAE): pathogenic CD4+ T helper 1 (TH1) cells and TH17 cells are generated in the 
draining lymph nodes after the administration of emulsified CNS antigen. These 
pathogenic cells then enter the circulation and cross the BBB or the blood–CSF bar-
rier to the CNS parenchyma and ultimately initiate the neuroinflammation cascade 
(Dendrou et al. 2015).

Alternatively, CNS-intrinsic events (inside-out model) may trigger MS onset, with 
the infiltration of autoreactive lymphocytes occurring as a secondary phenomenon 
(Dendrou et  al. 2015). These CNS-intrinsic events might include a chronic latent 
viral infection of CNS, namely the recently identified Multiple Sclerosis Associated 
Retro Virus (MSRV) (Duperray et al. 2015), or a primary defect of oligodendrocytes 
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causing its spontaneous death (Traka et al. 2016). These events would cause the sub-
sequent activation of resident microglia and then a secondary recruitment of adaptive 
and innate immune cells from the periphery which characterizes MS pathogenesis 
(Hemmer et al. 2015).

8.3  �From Obesity-Induced Inflammation 
to Neuroinflammation

Obesity results from an interplay between genetic predisposition and environmental 
factors resulting in an immune response and subsequent low-grade inflammation 
that affects numerous tissues, including the CNS (Lumeng and Saltiel 2011). When 
considering obesity and the subsequent neuroinflammation, the focus was long set 
on the hypothalamus, since this structure includes the arcuate nucleus where two 
distinct neuronal populations (NPY/AgRP and POMC/CART neurons) are involved 
in body weight regulation and energy balance (Thaler et al. 2013). Hypothalamic 
inflammation is involved in the onset and maintenance of the obese phenotype 
(Thaler et  al. 2013). However, more recently, obesity-derived neuroinflammation 
has been shown to affect other brain structures such as the hippocampus, cortex, 
brainstem, cerebellum, and amygdala (Guillemot-Legris and Muccioli 2017). 
Several mechanisms by which obesity-induced peripheral inflammation can lead to 
neuroinflammation have been proposed (Fig. 8.1), and the majority of them involve 
the disruption of the barriers between the periphery and the CNS. Therefore, the 
CNS can be affected from the peripheral inflammation through different communi-
cation pathways, including the vagus nerve, the choroid plexus, and the BBB. This 
will contribute to obesity-induced neuroinflammation, although to a varying extent 
depending on numerous factors, namely obesity stage, the age of the subject, diet, 
and CNS structure examined (Guillemot-Legris and Muccioli 2017). A recent study 
using a db/db mice as a genetic model of obesity directly implicated BBB leakage 
as a contributing factor to obesity-derived neuroinflammation and cognitive deficits. 
Indeed, by reducing BBB leakage (using a PKCβ inhibitor), neuroinflammation and 
cognitive deficits in mice were rescued (Stranahan et al. 2016). The choroid plexus, 
the blood to CSF barrier, has been less studied than BBB with regard to obesity-
induced alterations. The choroid plexus epithelial cells are responsible for the syn-
thesis of CSF but it has recently been proposed that they also play a role in mediating 
the ingress of inflammatory cues (e.g., miRNA, proteins, lipids) from the periphery 
in the context of systemic inflammation (Balusu et al. 2016). This barrier was also 
found to display decreased mRNA expression for  tight junction-associated pro-
teins claudin-5 and -12 in rats with diet-induced obesity (Kanoski et al. 2010).

Another proposed mechanism for the neuroinflammation associated with obesity 
is the activation of several cell types in the CNS in response to changes in the levels 
of peripheral mediators such as leptin, insulin, free fatty acids, lipopolysaccharides, 
or cytokines (Guillemot-Legris and Muccioli 2017). In vitro experiments indicate that 
both microglia and astrocytes are activated by fatty acids and more specifically by 
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saturated fatty acids, leading to increased levels of pro-inflammatory cytokines and 
reactive oxygen species (Button et al. 2014). However, in vivo and in the hypothala-
mus, it seems that microglia is the key player, since microglia depletion rescues hypo-
thalamus neuroinflammation and decreases food intake (Valdearcos et  al. 2014). 
Pericytes are well known for their active role in BBB homeostasis. Upon activation 
by immune stimuli, they can produce pro-inflammatory mediators that will in turn 
disrupt the BBB permeability by destabilizing tight junction proteins (Pieper et al. 
2014). These cells are also responsible for helping peripheral immune cell transmi-
gration across the BBB (Pieper et  al. 2013). Finally, the potential infiltration of 
peripheral immune cells into the CNS has been investigated. Buckman and col-
leagues, using mice transplanted with bone marrow from GFP+ mice, showed that 15 
and 30  weeks of high-fat diet increased the recruitment of bone marrow-derived 
monocytes into the brain relative to chow-fed controls (Buckman et al. 2014). On the 
contrary, in another study using a similar model, mice fed a high-fat diet for 20 weeks 
did not display increased GFP+ myeloid cells in the brain (Baufeld et al. 2016). The 
reasons for these discrepancies are not yet clear, but could be related with differences 
in the cell sorting methods employed. In conclusion, regarding the infiltration of 
peripheral immune cells, the actual extent of recruitment of myeloid cells in the hypo-
thalamus and cortex, their fate and their potential role in diet-induced obesity neuro-
inflammation are still unclear and need to be clarified (Guillemot-Legris and Muccioli 
2017).

8.4  �Obesity and Multiple Sclerosis: Epidemiological Links

Several studies have been conducted not only to investigate the prevalence of obe-
sity in MS patients, but also to assess the possible role it may have in determining 
the risk of developing this immune-mediated disease and its associated neurological 
disability.

Central nervous system
↑ Glial cell activation
↑ Macrophages and Th1 lymphocytes 
infiltration and activation
↑ Inflammatory mediators
↑ Oligodendrocytes cell death
↑ Neuronal damage

Choroid plexus
↑ Permeability
↑ Ingress of inflammatory mediators

Blood-brain barrier
↑ Permeability
↑ Pericytes activation
↑ Inflammatory mediators

Adipose tissue dysfunction

↑ Leptin
↑ Resistin 
↑ Adipsin 
↓ Adiponectin 

Immune system overactivation

↑  Immune cells activation
↑  Th1 cell polarization
↑  Th1 and Th17 cytokines

Obesity-induced neuroinflammation

Fig. 8.1  Pathophysiological events likely to contribute to obesity-associated neuroinflammation
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8.4.1  �Prevalence of Obesity in MS

Data coming from epidemiological studies that aim to evaluate the prevalence of 
obesity in MS, compared to the general population, are indeed contradictory.

In a study involving 8.983 MS patients from the NARCOMS (North American 
Research Committee on Multiple Sclerosis) self-reported Registry, a quarter of par-
ticipants were obese and 31.3% were overweight (Marrie et al. 2009). A posterior 
analysis showed that nearly 50% of MS patients from NARCOMS Registry were 
already overweight or obese at MS onset (Marrie et al. 2011). A survey study with 
a smaller population (123 MS patients) reported similar findings: 47.5% of patients 
were overweight and 25.8% were obese (Slawta et al. 2003).

However, in a cross-sectional study involving 4.703 veterans with MS, it was 
found a lower adjusted prevalence of obesity comparing with an historical cohort of 
veterans (20.1% versus 33.1%) (Khurana et al. 2009). Also, in another study, female 
patients with MS (but not male patients) showed a significant lower BMI compared 
to healthy controls (Markianos et al. 2013). On the other hand, in a study that ana-
lyzed the body composition in patients with MS, the mean body mass and BMI were 
lower in male patients than in male controls but the total amount of body fat was not 
found to differ between MS patients and controls, when males and females were 
grouped together (Sioka et al. 2011).

These inconsistent results may be attributed, at least in part, to the fact that in 
most of the studies the anthropometric data were self-reported by the participants.

8.4.2  �Contribution of Obesity to the Risk of Developing MS

Regarding the possible role of obesity in the risk of developing MS, numerous pub-
lications over the last decade reported an association between early childhood and 
adolescent obesity and MS susceptibility. The first comprehensive study to examine 
this relationship was based on two cohorts of women from the Nurses’ Health Study 
I and II (n = 238.371) (Munger et al. 2009). The researchers found that women with 
a BMI ≥ 30 kg/m2 at age 18 had a 2.25-fold increased risk of developing MS com-
pared to those with a BMI between 18.5 and 21 kg/m2, after adjusting for age, lati-
tude at age 15, ethnicity, and smoking. In line with these results, a population-based 
study involving 1.571 MS patients and 3.371 controls reported a twofold increased 
odds of MS in individuals with a BMI ≥ 30 kg/m2; the association was significant 
in both females and males (Hedstrom et al. 2012). A study within Kaiser Permanente 
Northern California Region (Gianfrancesco et al. 2014) involving 1.235 MS cases 
and 697 controls showed that the twofold increased risk of MS in females with a 
BMI ≥ 30 kg/m2 in one’s twenties persisted after adjusting for history of infectious 
mononucleosis and genetic risk factors (HLA-DRB1*15 and established non-HLA 
risk alleles). However, no significant association was observed in males. A role for 
childhood obesity and risk of both pediatric and adult-onset MS had previously 

A.M. Novo and S. Batista



197

been found in two studies (Langer-Gould et al. 2013; Munger et al. 2013). Results 
demonstrated that obesity was associated with a significantly increased risk of 
Clinically Isolated Syndrome (CIS) and MS in girls but not in boys. Further, 
extremely obese girls had over three times the odds of developing MS compared to 
those at normal weight (Langer-Gould et al. 2013). In a Danish prospective study, 
school records from 302.043 individuals were used to assess if BMI at ages 
7–13  years was associated with MS risk (Munger et  al. 2013). The researchers 
found that, among girls, a one-unit increase in a BMI z-score was associated with an 
increased risk of MS (HR = 1.17–1.20), while the associations were attenuated in 
boys. However, a recent study reported contradictory findings, by demonstrating 
that BMI, during adolescence, rather than childhood, is critical in determining MS 
risk (Hedstrom et al. 2016). In this population-based case-control study (1.586 cases 
and 2.800 controls), individuals with adolescent obesity had a 90% increased risk of 
MS. Among participants who were not obese at age 20, no association was observed 
between body size at age 10 and subsequent MS risk. Interestingly, an interaction 
between HLA MS risk genes and adolescent, but not childhood, obesity was also 
observed (Hedstrom et al. 2016).

In summary, while there is a general consensus that obesity in adolescence/
young adulthood is associated with MS susceptibility, the association is less clear in 
male individuals and in childhood obesity.

Differences in findings may be attributed to several factors, namely: the use of 
silhouettes in some studies to assess body size and the fact that overweight individu-
als have been shown to have a more favorable perception of body silhouettes, poten-
tially biasing results toward the null (Gianfrancesco and Barcellos 2016), recall bias 
with respect to weight and height when self-reported by participants, and lack of 
adjustment for socioeconomic status and for sun exposure and/or vitamin D serum 
levels. In fact, it is well known that obese individuals have lower vitamin D levels 
and less sun exposure, both due to behavioral factors and to the effect adipose tissue 
may have on the availability of vitamin D (Daly et al. 2012). Future studies aiming 
to clarify the strength of the association between obesity and the risk of MS devel-
opment will necessarily have to rely on these covariates (Palavra et al. 2016).

8.4.3  �Contribution of Obesity to the Neurological Disability 
Attributed to MS

In a longitudinal study, involving 269 subjects with relapsing-remitting MS 
(RRMS), over a 24-month time course, BMI was not predictive of disability, mea-
sured by Patient Determined Disease Steps (PDDS), a variant of the more widely 
used Kurtzke’s Expanded Disability Status Scale (EDSS) (Pilutti et  al. 2012). 
However, two other studies found that higher BMI objectively measured by the 
investigators, which is an advantage over the previous study, was independently 
associated with higher EDSS scores (Tettey et al. 2014a; Oliveira et al. 2014), but 
not with the hazard of relapse (Tettey et al. 2014b).
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8.5  �Obesity and Multiple Sclerosis: Potential Biological 
Links

Despite the complexity underlying the relationship between obesity and MS, recent 
lines of evidence have provided some clues about the possible biochemical mecha-
nisms behind it. Clinical, experimental, and epidemiological data have suggested 
that the pathogenesis of MS might involve factors that link the immune system with 
the metabolic status and disorders of the lipid metabolism. Higher levels of aggres-
sive and atherogenic molecules, particularly oxidized low-density lipoprotein 
(Ox-LDL) and small high-density lipoproteins (HDL), were found in MS patients’ 
serum, compared to controls (Palavra et al. 2013). Interestingly, in this study, LDL 
content, especially Ox-LDL, showed a significant positive correlation with 
EDSS. The existence of an inter-dependence between lipids and vitamin D is also 
possible and it may result from a potential imbalance between pro-inflammatory 
effects of oxidized lipids on vascular endothelium and antioxidant and immuno-
modulatory effects of vitamin D on the immune system (Palavra et  al. 2016; 
Weinstock-Guttman et al. 2011b). In line with this, it was shown that plasma lipid 
profile could be improved by higher levels of vitamin D in serum (Mähler et al. 
2012) and that a 12-week treatment with atorvastatin led to a clinically significant 
rise in 25-hydroxyvitamin D concentrations (Sathyapalan et al. 2010).

Another very exciting field of recent investigation comprises the role of adipo-
kines in the pathogenesis of MS. Some studies have reported increased levels of 
leptin (Kraszula et al. 2012; Matarese et al. 2005; Messina et al. 2013) and resistin 
(Kraszula et al. 2012) and decreased levels of adiponectin in patients with RRMS 
(Kraszula et al. 2012; Musabak et al. 2011) in comparison with healthy controls, a 
profile also observed among subjects with obesity (Neuparth et  al. 2013; Nieva-
Vazquez et al. 2014).

8.5.1  �Adipokines

8.5.1.1  �Leptin

This adipokine has a well-established role in controlling innate and adaptive immune 
responses, modulating the immune system toward a pro-inflammatory profile. 
Leptin is found at the crossroad between inflammation and autoimmunity. Several 
lines of evidence indicate that this hormone is able to participate as a link between 
metabolism and MS and that it may act as an important player in the pathogenesis 
of this immune-mediated disease (Guerrero-García et  al. 2016). Leptin receptor 
(LepR) is expressed in CD4+, CD8+, regulatory T cells (Treg), and Natural Killer 
(NK) cells and in monocytes/macrophages (Guerrero-García et  al. 2016). Leptin 
induces differential effects in CD4+ T cells, increasing proliferation of naïve T cells 
and inhibiting memory T cells. Furthermore, leptin increases INF-γ and inhibits 

A.M. Novo and S. Batista



199

IL-4 production in memory T cells (Lord et al. 2002). In patients with RRMS, the 
expression of LepR has been found significantly higher in CD8+ T cells and mono-
cytes from patients in relapse, comparing to patients in remission and healthy con-
trols (Frisullo et al. 2007). Moreover, exogenous leptin treatment sustained STAT3 
phosphorylation, but only in monocytes from patients in relapse, suggesting that 
LepR may be involved in the development of clinical relapses in MS (Frisullo et al. 
2007). Leptin gene was one of the numerous genes of the neuroimmune endocrine 
axis whose transcription was increased in a gene microarray analysis of Th1 lym-
phocytes from active MS lesions (Lock et al. 2002). Taken together, these data sug-
gest that leptin and its receptor induce Th1 cell and cytokine environment and favor 
the induction of inflammation in MS. Leptin-deficient ob/ob mice display impaired 
cell-mediated immunity and a reduced in vitro secretion, upon antigen stimulation, 
of the classical Th1-type pro-inflammatory cytokines such as IL-2 and INF-γ and an 
increased production of IL-4, typical of the Th2 regulatory phenotype (Matarese 
et al. 2001). It has been demonstrated that leptin-deficient ob/ob mice are resistant 
to induction of EAE, which was associated with a progressive decline in the survival 
of autoreactive CD4+ T cells and reduced production of Th1 and Th17 cytokines 
(Matarese et al. 2001). T cells demonstrated downregulation of Bcl-2, a survival 
protein, reduction in P-ERK1/2 and cell-cycle arrest associated with reduced degra-
dation of cell-cycle inhibitor p27kip1. These molecular events revealed a reduced 
activity of the nutrient/energy-sensing AKT/mammalian target of rapamycin path-
way, which was restored in vivo by exogenous leptin replacement (Galgani et al. 
2010). Also, the replacement of this hormone converted disease resistance to sus-
ceptibility in ob/ob mice, which was accompanied by a switch from a Th2 to Th1 
pattern of cytokine release (Matarese et al. 2001). Another interesting data collected 
from the EAE model concerns the influence of leptin on the kinetics of EAE onset 
and clinical manifestations. It was found that a serum leptin increases before the 
clinical onset of EAE in disease-susceptible strains of mice, which correlated with 
disease susceptibility (Sanna et al. 2003). Indeed, acute starvation, which provoked 
a decrease in serum leptin, delayed disease onset and attenuated clinical symptoms 
in mice. In this study, immunohistochemical analysis revealed a parallel in situ pro-
duction of leptin in inflammatory infiltrates and in neurons only during the acute/
active phase of both chronic-progressive and relapsing-remitting EAE. Furthermore, 
leptin secretion by activated T cells sustained their proliferation in an autocrine 
loop, since anti-leptin receptor antibodies were able to inhibit the proliferative 
response of autoreactive T cells in vitro (Sanna et al. 2003). These data support the 
hypothesis that leptin is required for the induction and maintenance of an effective 
pro-inflammatory immune response in the CNS. In line with the previous results, 
blockade of leptin with anti-leptin antibodies or with a soluble mouse leptin recep-
tor chimera, either before or after onset of EAE, improved clinical scores, slowed 
disease progression, and reduced disease relapses (De Rosa et al. 2006). Studies 
involving MS patients also displayed important results. While early studies reported 
comparable serum leptin levels between RRMS patients and healthy subjects 
(Batocchi et al. 2003; Chatzantoni et al. 2004), more recent works found signifi-
cantly higher leptin levels in patients with RRMS ((Kraszula et al. 2012, Frisullo 
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et al. 2007) and an inverse correlation between leptin concentration and the pres-
ence of the transcription factor Foxp3 in Treg cells was reported (Kraszula et al. 
2012). Nevertheless, the finding of increased leptin secretion only in female patients 
with RRMS, but not in patients with CIS, led to the hypothesis that leptin may not 
have a pathogenic role from the early stages of the disease (Evangelopoulos et al. 
2014). An interesting study that investigated the pregnancy-induced fluctuations of 
serum leptin levels in women with RRMS found that leptin increased during the 
third trimester (Neuteboom et al. 2009). A postdelivery drop in leptin levels was 
observed in both the MS and control groups and was associated with the occurrence 
of postpartum relapse. Additionally, leptin levels were found  to be  significantly 
higher in patients with secondary progressive MS (SPMS), but not in primary pro-
gressive MS (PPMS), compared to controls, suggesting that this adipokine is dif-
ferentially involved in the PP and SP forms of the disease (Messina et al. 2013). In 
this study, there was no differences in leptin levels in patients before or during a 
relapse compared to the remission phase. However, this is not a universal finding, 
since a prior study reported that leptin levels increased before a clinical exacerba-
tion in RRMS (Batocchi et al. 2003). A leptin increase in the CSF of MS patients 
was reported and it correlated with INF-γ secretion in this fluid (Matarese et  al. 
2005). T cells against human myelin basic protein (hMBP) from naïve-to-therapy 
RRMS patients produced immunoreactive leptin and upregulated the expression of 
the LepR after activation with hMBP (Gianfrancesco and Barcellos 2016). The sex-
ual dimorphism in leptin levels (higher in females) is well established in normal 
subjects (Saad et al. 1997). Regarding the correlation of leptin to BMI in MS patients 
specifically, previous reports have been somewhat conflicting. While Matarese et al. 
(2005) reported a loss of this correlation in MS patients with low disability in 
relapse, Rotondi et al. (2013) reported that the correlation was maintained in MS 
patients with low and intermediate disability but lost in patients with high disability 
(EDSS score ≥ 3.5) in remission. The authors proposed that other factors, beyond 
body fat mass and sex, are involved in the modulation of leptin serum levels during 
the clinical progression of MS, namely its independent production by effector and 
regulatory CD4+ T cells. Several studies have also investigated possible correlations 
between leptin levels and disease parameters, such as disease duration, EDSS, or 
number of clinical relapses, with negative results (Batocchi et al. 2003; Chatzantoni 
et al. 2004; Rotondi et al. 2013). However, a study with a larger sample found that 
leptin levels correlated positively with disease duration (but not to EDSS), in female 
patients with RRMS (Evangelopoulos et al. 2014). Regarding the effects of disease-
modifying therapies for MS on leptin levels, one study reported a decrease two 
months after initiation of INFbeta-1a (Batocchi et al. 2003) and another study found 
a reduction in leptin and IL-6 levels after 6 and 12  months of treatment with 
INFbeta-1b in 12 patients with SPMS who did not show progression of disability 
(Angelucci et al. 2005). However, it was not observed a significant variation of this 
adipokine level after glatiramer acetate treatment (Carrieri et al. 2015). Corticosteroid 
administration has been shown to increase serum leptin levels, albeit only tran-
siently (Rotondi et al. 2013).
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In conclusion, previous reports have presented to some extent conflicting results, 
and the precise role of leptin in MS pathogenesis needs to be further clarified.

8.5.1.2  �Adiponectin

A variety of anti-inflammatory properties have been reported for adiponectin, 
including a direct immunomodulatory effect on antigen-activated human T cells 
(Wilk et al. 2011). In 2008, Piccio and coworkers were able to demonstrate that 
calorie restriction ameliorated murine EAE, in association with higher adiponectin 
and decreased leptin levels. In a posterior study, the same group of investigators 
demonstrated a protective role of adiponectin in the EAE model for MS. Adiponectin 
deficient (ADPKO) mice developed more clinical and histologic severe EAE, with 
greater inflammation, demyelination, and axonal injury (Piccio et al. 2013). Also, 
lymphocytes from ADPKO mice proliferated more, produced higher amounts of 
INF-γ, IL-17, TNF-ɑ, and IL-6, and transferred more severe EAE than wild-type 
lymphocytes. At EAE peak, ADPKO had reduced numbers of regulatory CD4+  
T cells and a defect of CD25+ Foxp3+ Treg suppressive function. During EAE recov-
ery, IL-10 and TGF-β expression levels in the CNS were reduced in ADPKO mice. 
Treatment with globular adiponectin in vivo ameliorated EAE and was associated 
with an increase in Treg cells (Piccio et al. 2013). These data indicate that adiponec-
tin is an important regulator of T-cell function, supporting a protective role of this 
adipokine in EAE. Altered adiponectin levels in MS patients have been reported in 
three studies, with two showing decreased adiponectin serum levels (Mayo et al. 
2014; Moschen et al. 2007) and the other showing elevated CSF levels (Hietaharju 
et al. 2010). In fact, Hietaharju et al. (2010) found higher CSF concentrations of 
adiponectin and adipsin in twins with MS in remission compared to their asymp-
tomatic twins, although these levels did not correlate with plasma levels. The authors 
hypothesized a possible intrathecal synthesis of adiponectin or increased transport 
across the BBB following enhanced systemic production. However, the sample size 
of this study was small. Consequently, there is a need for larger studies to clarify the 
significance of adiponectin levels in MS patients.

8.5.1.3  �Resistin

Resistin can be produced by immunocompetent cells, including mononuclear cells 
in humans, and there is some evidence supporting its engagement in inflammatory 
conditions in vitro and in vivo (Guerrero-García et  al. 2016). A few studies had 
attempted to discover the relationship between resistin and MS pathogenesis in 
patients with the disease. Emamgholipour et  al. (2013) observed an elevation of 
resistin, leptin, and visfatin levels, as well as a decrease in the Foxp3 mRNA expres-
sion of T cells. Additionally, the authors found that these adipokines were positively 
correlated with levels of inflammatory mediators (TNF-ɑ, IL-1β, and human sensi-
tive C-reactive protein) and negatively correlated with Foxp3 expression in MS 
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patients. Another study also reported higher levels of resistin in MS patients com-
pared to the control group (Hossein-Nezhad et al. 2013), which adds evidence to 
support the role of resistin in MS, although more studies are needed.

8.5.1.4  �Visfatin

This adipokine is not only produced by adipose tissue, hepatocytes, and skeletal 
muscle, but also by leucocytes and macrophages (Moschen et al. 2007). In the area 
of immune activities, visfatin induces the production of IL-6, TNF-ɑ, and IL-1β in 
monocytes and increases the surface expression of costimulatory molecules CD54, 
CD40, and CD80 (Moschen et al. 2007). Almost nothing is known about the role of 
this adipokine in MS. Only one study reported higher visfatin levels in MS patients, 
which correlated with levels of inflammatory mediators (Emamgholipour et  al. 
2013).

8.5.1.5  �Adipocyte-Fatty Acid-Binding Protein (A-FABP)

Serum A-FABP is produced by adipose tissue, monocytes, and macrophages, and its 
expression is enhanced by Toll-Like Receptor-2 (TLR-2) stimulation (Guerrero-
García et al. 2016). Regarding MS, A-FABP levels are higher in SPMS, suggesting 
a possible role in the pathogenesis of this disease subtype (Messina et al. 2013). 
Also, A-FABP levels were found to be increased in patients with Pediatric-Onset 
MS and may play a role in the early stages of disease (Messina et  al. 2013). 
Therefore, more studies are necessary to clarify the mechanisms by which A-FABP 
is involved in MS pathogenesis.

8.5.1.6  �Adipsin

Adipsin was described as a molecular marker of obesity in rodents but its precise 
role on energy homeostasis and systemic metabolism remains unknown (Lo et al. 
2014). Adipsin CSF levels are correlated with inflammation mediators but not with 
the presence of oligoclonal bands (Schmid et al. 2016). In a study of twins with MS, 
higher CSF concentrations of adipsin were found in twins with MS in remission 
compared to their asymptomatic twins and no correlation with adipsin plasma levels 
was observed (Hietaharju et al. 2010). Recently, an exploratory study conducted by 
Natarajan and coworkers found a significant correlation, in RRMS patients, between 
the serum levels of adipsin and EDSS scores, number of T1-weighted lesions (at 
baseline and over a two-year follow-up) and FLAIR lesions on MRI (Natarajan 
et al. 2015). The authors proposed that adipsin may exert predictive potential as a 
biomarker of neurodegeneration.
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8.5.1.7  �Chemerin

This adipokine is expressed in vascular endothelial cells in the meninges and in 
white-matter lesions of MS, whereas its receptor is expressed in infiltrating leuko-
cytes, including plasmacytoid dendritic cells. These data suggest that chemerin is 
directly involved in the migration of peripheral cells into the CNS (Lande et  al. 
2008). Chemerin is a proteolytically regulated leukocyte chemoattractant when it 
binds to CheMoKine-Like Receptor-1 (CMKLR-1) (Graham et al. 2009). CMKLR-1 
knockout mice exhibit reduced symptoms of EAE (Graham et al. 2009). In a recent 
study, it was found that chemerin levels are higher in MS patients with overweight 
or obesity compared with MS patients without obesity and controls (Tomalka-
Kochanowska et al. 2014). These results suggest that obesity in patients with MS 
increases chemerin levels, leading to an increase in CNS-infiltrating cells, that may, 
in turn, contribute to disease severity.

8.5.1.8  �Vaspin

Vaspin has been poorly studied in patients with MS.  In this regard, Assadi et al. 
(2011) did not find significant difference in vaspin levels between MS patients and 
controls nor any correlation between vaspin levels and age, BMI, biochemical and 
bone mineral density measurements in patients with MS.

8.5.2  �Neuropeptide Y (NPY)

Another important player in the relationship between obesity and MS may be 
NPY. This 36-amino acid C-terminally amidated neurotransmitter peptide is gener-
ally considered the most abundant peptide in the central and peripheral nervous 
system. NPY is involved in the complex networks controlling food intake and 
energy balance, integrating the functional projections from the arcuate nucleus 
toward other areas of the hypothalamus and also participating in the inputs received 
from the brainstem, cortical areas, and reward pathways (Simpson et al. 2009). NPY 
injected into the paraventricular nucleus is the most potent central appetite stimulant 
known, inducing feeding and obesity (Williams et al. 2000). Besides its central role 
in brain regulation of energy homeostasis, NPY is also distinguished by exhibiting 
pleiotropic functions in many other physiological systems, including the immune 
system (Palavra et al. 2016). Not only NPY can be produced by immune cells upon 
appropriate stimulation, but also specific Y receptor subtypes are expressed by 
immune cells. NPY is known to modulate immune cell trafficking, T helper cell 
differentiation, cytokine secretion, NK cell activity, phagocytosis, and the produc-
tion of reactive oxygen species (Dimitrijevic and Stanojevic 2013). The concentra-
tion of NPY in CSF of MS patients was shown to be reduced (Maeda et al. 1994) 
and, in the EAE model, the intravenous administration of NPY in a dose-dependent 
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fashion ameliorated the symptoms and severity of the disease (Bedoui et al. 2003). 
The beneficial effect of NPY on clinical EAE was linked with the decreased amounts 
of INF-γ secreted from autoreactive T lymphocytes when stimulated with the spe-
cific autoantigen, and the elevated IgG1-IgG2a ratio of autoantigen-specific anti-
bodies, which is indicative of a response favoring a Th2 phenotype. In the same 
sense, by treating rats with NPY during the induction phase of EAE, it was possible 
to delay the onset and reduce the severity of clinical manifestations, these effects 
being correlated with a reduction of the infiltration of the brain at disease peak by T 
cells and macrophages (Dimitrijevic and Stanojevic 2013). This suppressive effect 
of NPY over EAE seems to be mediated by Y1 receptors, because specific agonists 
have been demonstrated to inhibit the induction of the disease and, on the contrary, 
the usage of Y1 receptor antagonists led to an earlier onset of clinical signs (Bedoui 
et al. 2003). The importance of Y1 receptor signaling for disease control is also sug-
gested in MS patients. Namely, an increased expression of dipeptidyl peptidase 4 
(also known as CD26, the enzyme involved in degrading NPY and finishing its 
interaction with Y1 receptor) on T lymphocytes in MS patients may contribute to a 
decreased amount of intact NPY and therefore a reduced Y1 receptor signaling 
(Reinhold et al. 2002). Indeed, the pharmacological inhibition of CD26 activity suc-
cessfully suppresses the clinical course of EAE, including an active TGF-β1 medi-
ated anti-inflammatory effect on the CNS (Steinbrecher et al. 2001).

In conclusion, it will be relevant to explore the role of neuropeptides like NPY in 
relation to feeding behavior, whose mechanisms are regulated by orexigenic and 
anorexigenic hypothalamic neurons, because an adequate regulation of this neural 
circuitry might lead to an improvement in the inflammatory response in MS.

8.6  �Transplantation of Adipose Tissue-Mesenchymal Stem 
Cells as Therapy for MS

Mesenchymal stem cells (MSCs) are a pleiotropic population of cells that are self-
renewing and capable of differentiating into canonical cells of the mesenchyme, 
including adipocytes, chondrocytes, and osteocytes (Glenn and Whartenby 2014). 
The discovery of their immunosuppressive functions ushered in a new interest in 
MSCs as a promising tool to suppress inflammation and downregulate pathogenic 
immune responses in autoimmune diseases. Furthermore, the immunomodulatory 
and neuroprotective effects of adipose tissue-MSCs (AT-MSCs) make them possi-
bly suitable candidates for stem cell-based MS therapy. In a study that compared the 
immune regulatory properties of AT-MSCs (Yousefi et al. 2013) in two independent 
routes of injection (intraperitoneal versus intravenous) in EAE mice, it was shown 
that the intraperitoneal route produced a more pronounced effect in maintaining the 
splenic CD4+ CD25+ Foxp3+ T cell population and increase of IL-4 secretion. The 
intraperitoneal route also resulted in lower IFN-γ secretion and reduced cell infiltra-
tion in brain more effectively. However, the effects of AT-MSCs on downregulation 
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of IL-17 secretion and alleviating the severity of clinical scores were similar in both 
routes of injection (Yousefi et al. 2013). To investigate whether MS affects the bio-
logic properties of AT-MSCs and whether autologous AT-MSCs from MS-affected 
sources could serve as an effective source for stem cell therapy, a group of investiga-
tors isolated AT-MSCs from fat pads of mice with EAE and assessed the therapeutic 
efficacy of in vivo transplantation into other EAE mice. The AT-MSCs from EAE 
mice demonstrated increased expression of pro-inflammatory cytokines and chemo-
kines, specifically an elevation in the expression of monocyte chemoattractant pro-
tein-1 and keratin chemoattractant. In vivo, infusion of wild-type AT-MSCs 
significantly ameliorated the disease course, autoimmune mediated demyelination, 
and cell infiltration through the regulation of the inflammatory responses. On the 
contrary, mice treated with autologous AT-MSCs showed no therapeutic improve-
ment on the disease progression (Zhang et al. 2014). The impact of obesity on the 
therapeutic efficacy of AT-MSCs was also investigated (Strong et  al. 2016). The 
therapeutic efficacy of AT-MSCs isolated from lean subjects (BMI < 25 kg/m2) and 
obese subjects (BMI > 30 kg/m2) were determined in murine EAE. Compared with 
the EAE disease-modifying effects of AT-MSCs from lean subjects, AT-MSCs from 
obese subjects consistently failed to alleviate clinical symptoms or inhibit inflam-
mation in the CNS. When activated, AT-MSCs from obese subjects expressed higher 
mRNA levels of several pro-inflammatory cytokines compared with AT-MSCs from 
lean individuals. Additionally, conditioned media collected from the AT-MSCs of 
obese subjects markedly enhanced the proliferation and differentiation of T cells, 
whereas conditioned media from AT-MSCs of lean individuals did not. These results 
indicate that obesity reduces, or eliminates, the anti-inflammatory effects of human 
AT-MSCs, and therefore they may not be a suitable cell source for the treatment of 
autoimmune diseases (Strong et al. 2016). The majority of MSCs clinical trials are 
currently in phase 2 of development, during which safety and tolerability of treat-
ment continue to be evaluated. Consequently, although AT-MSCs transplantation 
can be regarded as a potential source of treatment for MS, several studies now at 
clinical stages need to see whether these show a real benefit in practice, particularly 
in MS progressive stages (Guerrero-García et al. 2016). These works will contribute 
to the design of future trials conducted to establish whether MSCs transplantation 
comprises an effective therapy for patients with MS.
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Chapter 9
Central Modulation of Energy Homeostasis 
and Cognitive Performance After Bariatric 
Surgery

Hans Eickhoff

Abstract  In moderately or morbidly obese patients, bariatric surgery has been 
proven to be an effective therapeutic approach to control body weight and comor-
bidities. Surgery-mediated modulation of brain function via modified postoperative 
secretion of gut peptides and vagal nerve stimulation was identified as an underly-
ing mechanism in weight loss and improvement of weight-related diseases. 
Increased basal and postprandial plasma levels of gastrointestinal hormones like 
glucagon-like peptide 1 and peptide YY that act on specific areas of the hypothala-
mus to reduce food intake, either directly or mediated by the vagus nerve, are 
observed after surgery while suppression of meal-induced ghrelin release is 
increased. Hormones released from the adipose tissue like leptin and adiponectin 
are also affected and leptin plasma levels are reduced in treated patients. Besides 
homeostatic control of body weight, surgery also changes hedonistic behavior in 
regard to food intake and cognitive performance involving the limbic system and 
prefrontal areas.

Keywords  Bariatric surgery • Brain function • Cognitive performance • Energy 
homeostasis • Hedonic behavior

9.1  �Introduction

Bariatric surgery is widely recognized as an effective therapeutic procedure to 
control severe and morbid obesity and weight-related diseases. Case-control stud-
ies, randomized controlled trials, and large meta-analyses have shown that surgery 
not only reduces body weight more efficiently than medical treatment but also 
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improves comorbidities like type 2 diabetes, hypertension, and sleep apnea, among 
others (Buchwald et al. 2004, 2009; Schauer et al. 2014; Sjöström 2008, 2013). 
However, until recently, surgical procedures have been regarded as either restric-
tive or malabsorptive, or a combination of both (Mingrone and Castagneto-Gissey, 
2009; Sandoval 2011).

The surgical treatment of diet-resistant morbid obesity started in the 1950s with 
the jejunoileal bypass which excluded a large segment of the small intestine but cre-
ated a blind loop prone to bacterial overgrowth. Other early and late complications 
included hypoproteinemia, vitamin deficiency, severe diarrhea, and liver disease 
(Drenick et al. 1976; Fikri and Cassella 1974; Halverson et al. 1978; Weismann and 
Johnson 1977) which led to the abandonment of the technique and its substitution 
by biliopancreatic diversion (Scopinaro 2006; Scopinaro et  al. 1998) and gastric 
bypass (Mason et al. 1978; Mason and Ito 1969). Both techniques included the cre-
ation of a gastric pouch and a more or less extended bypass of the small intestine 
avoiding creating a blind segment by using a loop or a Roux-en-Y anastomosis to 
the gastric remnant. As early as 1981 a clinical study on gut hormones in patients 
submitted to either jejunoileal bypass or biliopancreatic diversion showed a post-
prandial elevation of an enteroglucagon from the distal gut in operated individuals 
in comparison to controls (Sarson et al. 1981). However, the complete scope of the 
impact of surgical procedures on the complex regulation of hunger and satiety and 
overall energy homeostasis only came into focus after the discovery and general 
acknowledgement of the importance of gut hormones and the enteroendocrine axis 
with regard to weight loss and the control of comorbidities (Bloom et  al. 2005; 
Cummings et al. 2004; le Roux and Bloom 2005; Neary et al. 2004).

Gastrointestinal hormones like glucose-dependent insulinotropic polypeptide 
(GIP) and glucagon-like peptide-1 (GLP-1) have a powerful effect on insulin secre-
tion after an oral glucose load and are produced in duodenal K-cells (GIP) and 
intestinal L-cells (GLP-1) that are present in increasing number in the distal jeju-
num, ileum, and colon (Dupre et al. 1973; Eissele et al. 1992; Gutzwiller et al. 1999; 
Kreymann et al. 1987; Polak et al. 1973; Turner et al. 1973). This so-called incretin 
effect explains the increased tolerance to oral glucose administration in comparison 
to intravenous administration that had been recognized since the late nineteenth 
century (Creutzfeldt 1979). Whereas GIP regulates primarily insulin and glucagon 
secretion, besides its effects on gastric emptying, GLP-1 has been shown to act as 
well in the central nervous system in specific areas of the hypothalamus (Taminato 
et al. 1977; Turton et al. 1996). Studies in rats and humans showed its inhibitory 
effects on food intake while enhancing satiety (Gutzwiller et al. 1999; Turton et al. 
1996). Other gastrointestinal hormones that are modulated by bariatric surgical pro-
cedures include peptide tyrosine tyrosine (PYY) and ghrelin (Batterham et al. 2002; 
Cummings et al. 2002).

However, the transformation of the gastrointestinal tract through bariatric sur-
gery does not act solely on gut peptides to alter the interplay between hunger and 
satiety. It also exerts its effects by stimulation of the vagal nerve and interferes in the 
striatal dopamine homeostasis. Moreover, as the regulation of food intake is also 
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subject to control through higher nervous function, including learned social behav-
ior and cognitive action, recent research has also demonstrated the effects of surgery 
in this domain.

9.2  �Effects of Bariatric Surgery on Gut Peptide Hormones

9.2.1  �Glucagon-like Peptide 1, Oxyntomodulin, and Peptide YY

The gut peptides glucagon-like peptide 1 (GLP-1), oxyntomodulin (OXM), and 
peptide YY (PYY) are released from intestinal endocrine L-cells in response to food 
intake (Ballantyne 2006; Murphy and Bloom 2004; Wynne and Bloom 2006). While 
GLP-1 and OXM are derived from cleavage of proglucagon by prohormone conver-
tase 1 and 2, peptide YY belongs to the pancreatic peptide family and is structurally 
similar to neuropeptide Y (Lundberg et al. 1982; Tatemoto et al. 1982; Tatemoto and 
Mutt 1980); it binds to the Y2 receptor in the arcuate nucleus (ARC) of the hypo-
thalamus and reduces food intake in rodents (Batterham et al. 2002; Chelikani et al. 
2006) and humans (Batterham et al. 2003).

Modulation of postprandial secretion of GLP-1 after gastrointestinal surgery has 
been under intense scrutiny as it increases the secretion of insulin in pancreatic beta-
cells (Mojsov et al. 1987; Orskov 1992), a possible mechanism for the improvement 
of type 2 diabetes after bariatric surgery (Kashyap et al. 2013; Vidal and Jiménez 
2013). However, as shown in animal models, GLP-1 acts in the central nervous 
system as well, especially on GLP-1 receptors (GLP-1R) in the paraventricular 
nucleus (PVN) of the hypothalamus (Larsen et al. 1997; Turton et al. 1996), and 
inhibits food intake in humans (Gutzwiller et al. 1999; Verdich et al. 2001). GLP-
1Rs are also present in the dorsal raphe nucleus of the brainstem and their activation 
might induce hypophagia via an increase in hypothalamic serotonin signaling 
(Anderberg et al. 2017). Oxyntomodulin, besides its effects on gastric acid secre-
tion, gastroduodenal motility, and gastric emptying (Schjoldager et al. 1989), also 
acts centrally and its intracerebroventricular (ICV) infusion induces hypophagia in 
rats (Dakin et  al. 2001). Peripheral infusion in humans reduces ad libitum food 
intake and preprandial levels of the orexigenic hormone ghrelin (Cohen et al. 2003). 
Apparently, OXM acts through dual activation of the GLP-1R and, additionally, by 
signaling via the glucagon receptor (Kosinski et al. 2012).

In obese patients submitted to gastric bypass, a surgical technique that creates a 
small gastric pouch with a gastrojejunal anastomosis, postprandial GLP-1 and PYY 
levels in peripheral blood increased significantly after surgery in comparison to pre-
operative values (Borg et al. 2006; le Roux et al. 2007; Morínigo et al. 2006). Sleeve 
gastrectomy, a surgical technique which includes a resection of the larger curvature 
of the stomach without bypassing any segment of the gastrointestinal tract, also 
induces a similar increase in postprandial GLP-1 and PYY (Nannipieri et al. 2013; 
Papamargaritis et al. 2013; Romero et al. 2012). Basic research including bariatric 
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surgery performed in obese and non-obese rodents support the observation that both 
sleeve gastrectomy and gastric bypass have a comparable effect on postprandial 
gastrointestinal hormone levels (Cummings et  al. 2012; Eickhoff et  al. 2015). 
Gastric banding, a bariatric procedure that does not involve any resection or bypass-
ing of the gastrointestinal tract and creates only a small pouch in the upper stomach 
with a restricted outlet, does not induce a similar rise in postprandial plasma levels 
of GLP-1 and PYY (le Roux et al. 2006).

Blood oxygen level-dependent (BOLD) functional magnetic resonance imaging 
(fMRI) is able to demonstrate brain activity in response to fasting and feeding in 
specific regions of interest (ROIs) including amygdala, caudate, insula, nucleus 
accumbens, orbitofrontal cortex, and putamen. In fasting subjects exposed to images 
of food, BOLD signals decreased after intravenous administration of GLP-1 and 
PYY, either isolated or together. The signal change after combined administration 
of both hormones was comparable to that seen in subjects after an ad libitum meal 
intake which strongly suggests a role for both hormones (De Silva et  al. 2011). 
Comparing the effects of surgical techniques with (gastric bypass) and without (gas-
tric banding) the transformation of the gastrointestinal tract, fMRI showed that the 
exposure to images of food, and particularly high calorie food, produced signifi-
cantly lower BOLD values in ROIs after gastric bypass than after gastric banding. 
Simultaneously, the increase in GLP-1 and PYY plasma levels after food intake was 
significantly more pronounced after gastric bypass in the same study population 
(Scholtz et al. 2014).

Recently, however, discussion arose regarding the importance of postprandial 
GLP-1 rise for appetite control after bariatric surgery (Vidal et al. 2016), notwith-
standing the favorable effect of exogenous GLP-1R agonists on food intake and 
weight loss (Davies et al. 2015; Pi-Sunyer et al. 2015). In animal studies, sleeve 
gastrectomy and gastric bypass in GLP-1 receptor-deficient mice showed similar 
outcomes regarding weight loss, reduced food intake, and glucose homeostasis, in 
comparison to wild-type mice (Wilson-Pérez et al. 2013; Ye et al. 2014).

Nonetheless, the administration of the somatostatin analogue octreotide, a non-
specific inhibitor of gut hormone release, induces an increase in food intake in 
patients submitted to gastric bypass while decreasing postprandial levels of GLP-1 
and PYY (Goldstone et al. 2016; le Roux et al. 2007), indicating an effect for both 
hormones, at least while acting together, in patients submitted to surgery. In a rodent 
model, the ICV infusion of exendin (9-39), a GLP-1R antagonist, blocked the inhib-
itory action on food intake normally seen after ICV administration of GLP-1. In 
untreated animals, the sole infusion of exendin (9-39) increased the food intake in 
already satiated rats, as well as the response to the orexigenic neuropeptide Y 
(Turton et al. 1996). In rats submitted to gastric bypass, the blockade of GLP-1R by 
ICV infusion of exendin (9-39) induced a steady increase in food intake, feed effi-
ciency, body weight, and adiposity. Interestingly, in the same study, the ICV infu-
sion of an Y2 receptor antagonist without simultaneous blockade of the GLP-1R did 
not have any effect on body weight or food intake, although the influence of PYY 
on hunger and satiety is well established (Ye et al. 2014). Besides a technical issue, 
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brought forward by the authors as an explanation, ICV infusion is possibly less 
effective regarding the blockade of PYY mediated decrease in food intake in com-
parison to direct injection into the arcuate nucleus and the locus of Y2 receptors 
(Abbott et  al. 2005b). Additionally, as shown in another rodent model, gastric 
bypass surgery downregulates neuropeptide Y itself (Romanova et al. 2004) which 
possibly induces the simultaneous downregulation of the Y2 receptor. This finding 
might explain the reduced effect of the ICV infusion of the Y2 receptor antagonist 
on the effect of PYY mediated decrease in food intake.

9.2.2  �Cholecystokinin

Cholecystokinin (CCK) is secreted from duodenal and jejunal I-cells in response to 
a meal (Liddle et al. 1985) and exerts effects on short-term satiety via receptors on 
the vagus nerve, brainstem, and hypothalamus (Blevins et al. 2000; Garlicki et al. 
1990; Kopin et  al. 1999). Besides its direct effects on the control of hunger and 
satiety, CCK mediates the stimulating effect of intraduodenal fat hydrolysis on 
GLP-1 and PYY secretion, as well as the inhibition of ghrelin secretion (Beglinger 
et al. 2010; Degen et al. 2007). After bariatric surgery, postprandial plasma levels of 
CCK are not significantly affected by banded gastroplasty, a surgical technique that 
simply reduces the gastric lumen (Foschi et al. 2004). However, sleeve gastrectomy, 
a technique that includes the surgical resection of the larger curvature and the gas-
tric fundus, induces a more pronounced postprandial increase in plasma CCK, in 
comparison to gastric bypass, a procedure that includes duodenal exclusion, the 
main locus of CCK secretion (Lee et al. 2011; Peterli et al. 2012).

9.2.3  �Ghrelin

In contrast to the previously described hormones, ghrelin has a markedly orexigenic 
effect and its ICV or peripheral administration increases food intake, body weight, 
and adiposity in rats, apparently through the activation of the growth hormone 
receptor on neuropeptide Y neurons in the ARC of the hypothalamus (Kohno et al. 
2003; Tschöp et al. 2000; Wren et al. 2000). Ghrelin is secreted mainly from the 
gastric fundus but can also be found in the remaining gastrointestinal tract in rats 
and humans in decreasing levels towards the colon (Date et al. 2000; Kojima et al. 
1999). Endogenous ghrelin also stimulates food intake in humans (Wren et al. 2001) 
but fasting plasma ghrelin levels are reduced in obese individuals in comparison to 
lean controls (Tschöp et al. 2001). Regarding diurnal variation, fasting ghrelin lev-
els tend to be elevated and decrease markedly in response to a meal in healthy indi-
viduals (Cummings 2001) while this variation appears to be impaired in obese 
patients (English et al. 2002).
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The effect of bariatric surgery on ghrelin secretion has been extensively studied. 
Fasting and meal reduced plasma ghrelin levels are generally reduced after gastric 
bypass in comparison to lean and obese controls, while diet-induced weight loss 
increases fasting and circadian ghrelin secretin (Cummings et al. 2002; Frühbeck 
et al. 2004; Korner et al. 2006; Tritos et al. 2003), possibly related to the difficulty 
that patients experience to maintain weight loss after dieting. In other studies some-
what contradictory results have been observed regarding fasting ghrelin values after 
gastric bypass, although the authors did not measure postprandial hormone levels 
which might have shown the characteristic reduction after food intake (Borg et al. 
2006; Faraj et al. 2003; Holdstock et al. 2003). Conversely, surgical techniques that 
involve the resection of the gastric fundus induce a sustained reduction of both fast-
ing and postprandial ghrelin secretion. This observation was confirmed in patients 
submitted to sleeve gastrectomy (Karamanakos et  al. 2008; Langer et  al. 2005; 
Yousseif et al. 2014), biliopancreatic diversion with duodenal switch (Kotidis et al. 
2006), and gastric bypass with additional resection of the gastric fundus (Chronaiou 
et al. 2012).

Isolated postoperative ghrelin levels might have limited prognostic value, at least 
in patients submitted to gastric bypass, regarding the extent of weight loss after 
surgery and do not necessarily correspond to satiety experienced by operated 
patients (Christou et al. 2005). However, patients with poor weight loss after gastric 
bypass (excess body mass index loss (EBL) < 50%) showed less reduction in post-
prandial ghrelin levels expressed as area under the curve than patients with good 
results after surgery (EBL > 60%) (Dirksen et al. 2013). Moreover, in fMRI studies 
after the intraperitoneal injection of ghrelin in anesthetized mice provoked an 
increase in signal intensity in ROIs in the hypothalamus associated with the regula-
tion of food intake, in comparison to animals treated with saline. This observation 
was accompanied by an increased food intake after the end of the anesthesia. An 
opposite effect was obtained after injection of PYY, both regarding signal intensity 
and eating behavior (Kuo et al. 2007). In humans, fMRI using BOLD effect sizes 
with peak voxels show activation of brain areas related to hedonic feeding behavior 
after exogenous ghrelin administration in comparison to controls, in particular the 
bilateral amygdala and left orbitofrontal cortex (OFC) and pulvinar gyrus, which 
was also associated with self-reported hunger (Malik et al. 2008). These findings 
support the association between ghrelin-mediated activation of specific areas of the 
brain and the increase in food intake in vivo but also show that ghrelin levels alone 
are not responsible for the modulation of satiety after surgery, underscoring the 
multifactorial origin of surgical induced weight reduction.

Not surprisingly, narrowing of the gastric inlet alone and creating a small gastric 
pouch either through gastric banding or vertical banded gastroplasty did not signifi-
cantly reduce and might even increase fasting and postprandial ghrelin levels, simi-
larly to diet-induced weight loss (Frühbeck et al. 2004; Korner et al. 2006; Nijhuis 
et al. 2004).

H. Eickhoff



219

9.3  �Modulation of the Brain-Adipose Tissue Axis 
After Surgery

Leptin is secreted by white adipose tissue and is encoded by the ob gene (Zhang 
et al. 1994). Its exogenous administration decreases food intake in rodents, particu-
larly in animals with deficient leptin secretion or an altered leptin receptor 
(Campfield et al. 1995; Sahu 1998). The leptin receptor is densely localized in the 
ARC of the hypothalamus and signaling involves activation of proopiomelanocortin 
(POMC) neurons (Balthasar et al. 2004). An initial study in humans showed a small 
dose-dependent effect at 4 weeks in lean and obese subjects and at 24 weeks in 
obese subjects (Heymsfield et al. 1999) but these observations were not confirmed 
by later research in obese patients (Liu et al. 2013; Zelissen et al. 2005). Also its 
short-term administration in non-obese humans did not affect energy metabolism or 
food intake (Mackintosh and Hirsch 2001). However, exogenous leptin administra-
tion is extremely efficient in patients that suffer from a rare congenital leptin defi-
ciency characterized by extreme hyperphagia and adiposity and very low plasma 
leptin levels (Montague et  al. 1997). Nevertheless, in general leptin levels are 
increased in obese subjects in comparison to lean individuals and correlate to total 
body fat mass (Considine et  al. 1996), except for acute fasting states where a 
decrease in circulating leptin occurs, out of proportion regarding small fat mass loss 
(Chan and Mantzoros 2003).

Adiponectin is another hormone secreted by adipose tissue that apparently inter-
feres with the regulation of hunger and satiety. It is reported to stimulate food intake 
by activating specific receptors in the ARC nucleus in rodents (Kadowaki et  al. 
2008; Kubota et al. 2007) and has anti-inflammatory properties (Ouchi et al. 1999, 
2000). Chronic ICV infusion of high doses of adiponectin reduced food intake 
slightly, without affecting whole body metabolic rate (Bassi et al. 2012). However, 
conflicting research showed a decrease in body weight mediated by increased 
energy expenditure in mice, with no effect on food intake (Qi et al. 2004). While in 
patients with insulin resistance and obesity plasma adiponectin tends to be low 
(Hotta et al. 2000; Weyer et al. 2001), diet-induced weight loss increases circulating 
hormone levels (Yang et al. 2001).

Studies in patients submitted to bariatric surgery revealed a postoperative 
increase in plasma adiponectin and a reduction in circulating leptin, both after gas-
tric bypass and sleeve gastrectomy (Faraj et al. 2003; Gumbau et al. 2014; Holdstock 
et al. 2003). After sleeve gastrectomy in rodents, leptin levels decreased (Stefater 
et al. 2010), but not more than in pair-fed animals or in animals submitted to gastric 
banding (Kawasaki et al. 2015) which is consistent with the hypothesis that leptin 
correlates with body fat mass rather than being an independent player in the regula-
tion of body weight. Furthermore, research investigating the hypothesis that low 
leptin levels after gastric bypass might contribute to insufficient weight loss did not 
reveal any difference in body weight change in patients that received exogenous 
leptin during 16 weeks, in comparison to controls (Korner et  al. 2013).  
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Gastric bypass in leptin deficient ob/ob mice did not produce the same effect on 
body weight and insulin sensitizing if compared to the same operation in mice with 
diet-induced obesity (DIO), yet exogenous administration of leptin was able to 
restore the effect of gastric bypass in leptin deficient animals (Hao et al. 2015). As 
such, leptin seems to be necessary for the effects of bariatric surgery on the regula-
tion of body weight, but not in a dose-dependent manner. Interestingly, in type 2 
diabetic patients submitted to biliopancreatic diversion, remitters showed higher 
circulating leptin levels preoperatively and increased plasma adiponectin at 5 years, 
in comparison to non-remitters. Leptin levels decreased in both groups but remit-
ters had values almost three times as high 5 years after surgery (Adami et al. 2016).

Leptin secretion after bariatric surgery might be suppressed under the influence 
of high GLP-1. Patients submitted to gastric bypass that suffered from persistent 
postoperative nausea and vomiting showed significantly increased fasting plasma 
GLP-1 and decreased circulating leptin levels. Adipose tissue samples incubated 
with recombinant human GLP-1 showed significantly reduced leptin concentrations 
in culture media in comparison to samples without GLP-1 (Al-Rasheid et al. 2014). 
Another mechanism for the reduction of postoperative leptin secretion is possibly 
linked to reduced circulating free fatty acids after surgery as suggested by a study in 
patients submitted to biliopancreatic diversion (Raffaelli et al. 2015).

9.4  �The Role of the Vagal Nerve

Besides the direct effect of gut hormones on specific structures of the brain, and 
particularly the brainstem, stimulation of the vagus nerve, either mechanically or by 
gut hormones, plays an important role in the regulation of appetite and satiety, par-
ticularly through afferent signaling (de Lartigue and Diepenbroek 2016; Kentish 
and Page 2015; Kral et al. 2009). In a small study truncal vagotomy alone has been 
shown to be effective in reducing food intake and body weight in obese patients 
(Gortz et al. 1990). Recent research in Wistar rats made obese by a palatable high 
fat cafeteria diet showed that animals submitted to subdiaphragmatic truncal vagot-
omy experienced a decrease in body weight and adiposity in comparison to pair-fed 
rats, achieving and maintaining a body weight similar to animals in the control 
group fed standard rat chow. Furthermore, fasting and postprandial insulin secretion 
normalized in operated animals (Balbo et al. 2016). However, these findings con-
trast with evidence that CCK and leptin inhibit short-term feeding behavior induc-
ing the ending of a meal via afferent vagal fibers, in opposition to the orexigenic 
effect of ghrelin (Owyang and Heldsinger 2011). Additionally, PPY and GLP-1 
activate vagal afferents to decrease food intake and the effects of their peripheral or 
intraperitoneal administration are ablated after subdiaphragmatic truncal vagotomy 
or transection of the brainstem-hypothalamic pathway in rodents (Abbott et  al. 
2005a).

Nevertheless, there is evidence that “over-activation” of afferent fibers in obesity 
might lead to a loss of its effects through processes that involve synaptic plasticity 
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(Blasi 2016). As such, truncal vagotomy possibly interrupts this unfavorable feed-
back mechanism. Moreover, efferent vagal fibers are equally sectioned during this 
procedure inducing not only reduced gastrin secretion and gastric motility, but pos-
sibly also a decrease in ghrelin secretion, as can be shown after anticholinergic 
blockade of the vagal tone in human volunteers (Veedfald et al. 2016).

Interestingly, intermittent vagal nerve blockade (vBloc) therapy, a novel mini-
invasive surgical procedure for treatment of obesity and associated diseases, has 
been shown to decrease body weight and ameliorate type 2 diabetes and 
cardiovascular risk factors in obese patients (Apovian et  al. 2017; Shikora et  al. 
2016). Leads are placed on the anterior and posterior abdominal vagal trunks and 
connected to a rechargeable pacemaker-like neuroregulator that delivers current 
during at least 12 h per day. Possible mechanisms of action include vagal-mediated 
increase in brainstem receptors for leptin and CCK while plasma concentrations of 
gut peptides including gastrin remained unchanged as shown in a study in rodents, 
which is consistent with an exclusive activation of afferent fibers and blockade of 
efferent signals (Johannessen et al. 2017).

Gastric banding, a surgical procedure that creates a small gastric pouch by an 
outlet obstruction in the upper stomach without any anatomical transformation of 
the gastrointestinal tract, besides the anatomical restriction also reduces food intake 
and body weight in rats through a mechanism that involves stimulation of afferent 
vagal fibers which could be reversed by capsaicin-mediated lesioning of sensory 
fibers. Brainstem activity in the nucleus tractus solitarius (NTS) and the parabra-
chial nucleus assessed by Fos protein elevation after band insufflation decreased in 
capsaicin-treated animals (Aneta Stefanidis et al. 2016). However, capsaicin might 
not be selective for afferent vagal fibers alone but exert effects on motor fiber and 
the brainstem as well (Travagli and Anselmi 2016). In contrast, damage to efferent 
and afferent vagal structures and vagal-hindbrain communication can be shown in 
rats submitted to gastric bypass in comparison to sleeve gastrectomy or sham-
operated animals using a retrograde tracer. A reorganization of vagal circuits in the 
hindbrain was observed after sleeve gastrectomy leading to an increased density of 
vagal afferents whereas a decreased density occurred after gastric bypass, together 
with intensified microglia activation (Ballsmider et al. 2015) that is also observed 
after truncal vagotomy (Gallaher et  al. 2012). However, afferent vagal signaling 
after gastric bypass from mid and lower intestines via the celiac branch still contrib-
utes to hypophagia and weight loss after surgery as has been shown in rats submit-
ted to gastric bypass with or without sectioning of the celiac branch of the vagus 
nerve (Hao et al. 2014).

In addition to the effects on sensory vagal signaling, diet-induced obesity also 
affects efferent vagal neurons. In rodents exposed to high-fat diet for 3 months, 
neurons from the dorsal motor nucleus of the vagus (DMV) were less excitable and 
less responsive to GLP-1 and CCK than controls. However, in animals submitted to 
gastric bypass, these effects were reversed whereas morphological changes per-
sisted, possibly attributable rather to diet than to obesity itself (Browning et  al. 
2013).
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9.5  �Striatal Dopamine Homeostasis and Opioid Receptor 
Modulation After Surgery

The regulation of body weight, food intake, hunger, and satiety is not only subject 
to homeostatic signals but also modulated by hedonic and reward driven behavior. 
The mesolimbic dopamine pathway is involved in substance abuse and in excessive 
food intake beyond satiation by mechanisms that include conditioning or reward 
learning (Hall et al. 2014; Lutter and Nestler 2009; Nummenmaa et al. 2012) and 
also essential in the quest for nutritional value (McCutcheon 2015). Consequently, 
absence of DA in genetically modified mice lead to early death from starvation 
which could be prevented by its exogenous administration (Szczypka et al. 2001), 
which underscores the central role of DA signaling in the context of food intake. It 
can be shown that mesolimbic dopamine expression is subject to activation (ghrelin) 
and inhibition (e.g., leptin and insulin) by gut and adipose tissue peptides that are 
modulated by bariatric surgery (Palmiter 2007). Using fMRI, increased dopaminer-
gic signaling into the nucleus accumbens can also be shown after the presentation 
of highly palatable food to obese patients in comparison to controls, associated with 
possibly dopamine-mediated activation of the dorsal striatum (Rothemund et  al. 
2007). However, the presence of dopamine D2 receptors in any brain region assessed 
by positron emission tomography (PET) with selective radioligands was not distinc-
tive in obese or lean subjects. On the other hand, μ-opioid receptors in regions 
linked to reward processing like the ventral striatum, the insula, and thalamus were 
decreased in obese patients, suggestive of downregulation of the reward system that 
might lead to compensative overeating (Karlsson et al. 2015).

In DIO mice submitted to gastric bypass, DA levels in the dorsal striatum were 
increased 4 weeks after surgery in comparison to controls, and associated with 
reduced body weight, adiposity, and food intake (Reddy et al. 2014) but dopaminer-
gic transmission markers (dopamine transporter and tyrosine hydroxylase) in the 
midbrain and preference for high-fat diet were reduced after gastric bypass surgery 
in Sprague-Dawley rats (Barkholt et al. 2016). In another experimental study, gas-
tric bypass upregulated striatal D1 receptors in operated animals, particularly under 
high-fat feeding conditions whereas diet-induced weight loss had no effect. 
Vagotomy attenuated the effect of surgery on striatal dopamine expression, a finding 
that underscores the role of afferent vagal fibers on eating behavior. Apparently, 
gastric bypass increases the production of oleoylethanolamide (OEA) in the lower 
intestine, which increases striatal dopamine levels via activation of afferent vagal 
fibers through the peroxisome proliferator-associated receptor-α (PPAR-α) (Hankir 
et al. 2017).

Regarding sweet taste and glucose intake, the effect of duodenal-jejunal bypass 
on sweet-seeking behavior was assessed in a rodent model. After surgery, animals 
satiated by an intra-gastric glucose preload showed significantly reduced craving for 
the non-caloric sweetener sucralose. This was associated with an abolished DA 
expression in the dorsal but not in the ventral striatum in response to glucose in 
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operated rats in comparison to sham surgery. However, optogenetic activation of D1 
receptor neurons in the dorsal striatum was able to override this effect and induced 
increased sweet-seeking behavior in rats submitted to duodenal-jejunal bypass (Han 
et al. 2015).

Modulation of food choice has been assessed after gastric bypass in obese sub-
jects. Reduced reward value for sweet and fat taste was observed after surgery using 
a setting that involved progressive ratio tasking (Miras et al. 2012). In another study, 
a questionnaire measuring the motivation to consume highly palatable foods was 
used to assess the hedonic drive to consume sweet and fatty food. In parallel, actual 
food intake was assessed by a second survey focusing on food frequency. After 
surgery, a reduced hedonic drive for the consumption of highly palatable food was 
observed while dietary habits showed an increased intake in protein-rich food and 
vegetables, in detriment of snacks and sugar containing beverages (Miras et  al. 
2012). Similar changes were observed after sleeve gastrectomy (Coluzzi et  al. 
2016). Taken together with results of previously mentioned animal studies, these 
observations are suggestive of underlying mechanisms involving DA-mediated 
changes in striatal activation after surgery. However, results might be biased by the 
influence of dietary counseling during the pre- and postoperative management.

In human obese patients submitted to bariatric surgery, the hedonic and reward 
driven food intake has been assessed indirectly through fMRI, comparing the 
response to pictures of high and low-calorie food after gastric bypass and gastric 
banding, a purely restrictive surgical procedure. Besides increased stimulated 
plasma PYY levels, reduced BOLD activation in areas related to hedonic food 
intake and reward processing in the ventral (nucleus accumbens) and dorsal (puta-
men and caudate nucleus) was observed after gastric bypass (Scholtz et al. 2014). 
Additionally, signal intensity was also reduced in the orbitofrontal cortex, a prefron-
tal region associated with reward driven decision-making (Kringelbach and 
Radcliffe 2005). Another research group was also able to demonstrate reduced 
mesolimbic activation after visual and auditory exposition to high energy density 
food cues using fMRI in operated patients, which was associated with a reduced 
desire to eat. No change in response to low energy density food cues was observed 
(Ochner et al. 2011, 2012).

Striatal dopamine D2 receptor expression, evaluated by PET scan, decreased 
after weight loss following both gastric bypass and sleeve gastrectomy and was 
associated with less hunger and improved satiety (Dunn et al. 2010). However, con-
flicting results were reported in another study in gastric bypass patients that showed 
an increased D2 receptor availability, 6 weeks after surgery, using volumes of inter-
ests (VOIs) with a MRI and PET co-registration technique (Steele et  al. 2010). 
Recent research using single-photon emission computed tomography (SPECT) in 
patients submitted to gastric bypass demonstrated an increase in dopamine D2/3 
receptor availability after 2 years of follow-up, yet still inferior to lean controls, 
with no change in the short-term (De Weijer et al. 2014; van der Zwaal et al. 2016).

However, unfavorable results of surgery related to addiction transfer due to the 
reward deficiency syndrome might also be linked to the dopaminergic mesolimbic 
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system as an increased frequency of the dopamine D2 receptor gene A1 allele can be 
found in morbidly obese patients and individuals with alike addictions (Blum and 
Bailey 2011). As presence of the A1 allele is associated with a decreased density of 
D2 receptors (Pohjalainen et al. 1998; Thompson et al. 1997), this polymorphism 
might explain the reduced food reward leading to overeating in some obese patients 
and would be concordant with the association of a D2 receptor availability and the 
results of weight loss surgery in some fMRI studies (De Weijer et al. 2014; van der 
Zwaal et al. 2016).

9.6  �Short- and Long-Term Variation of Cognitive Function 
in Patients Submitted to Bariatric Surgery

Multiple studies have demonstrated an inverse correlation between obesity and cog-
nitive function (Boeka and Lokken 2008; Elias et al. 2003; Fagundo et al. 2012; 
Gunstad et al. 2007). The Baltimore Longitudinal Study of Aging showed that obe-
sity indexes were associated with a poorer performance in global cognitive function 
and domains like global screening measures, memory, and verbal fluency tasks but 
not in executive function and tests of attention and visuospatial ability (Gunstad 
et al. 2010). Similarly, cognitive function was impaired in patients suffering from 
obesity alone or as part of the metabolic syndrome in a study involving a Canadian 
First Nations population (Fergenbaum et al. 2009). Although evidence is mounting 
regarding the association between obesity and impaired cognitive function, study 
criteria have been heterogeneous and methodological issues might need to be 
addressed with appropriate assessment tools (Prickett et al. 2015).

Functional MRI assessing the BOLD response to a challenging cognitive task in 
patients with central obesity controls revealed alterations in the right superior fron-
tal gyrus and the left middle frontal gyrus that were related to a decline in task per-
formance and associated with increased waist circumference (Gonzales et al. 2014). 
In another study using PET to evaluate regional brain glucose metabolism, a signifi-
cant negative correlation was found between BMI and metabolic activity in the 
prefrontal cortex and the cingulate gyrus that were associated with tests for memory 
and executive function. However, no such correlation was found during cognitive 
stimulation using numerical calculations (Volkow et al. 2009).

Nevertheless, abovementioned studies were not designed to address the cause-
effect relation between obesity and impaired cognitive function or the inverse. As 
such, the assessment of cognitive function after weight loss achieved through bar-
iatric surgery would be indicative of the reversibility of impaired function and sup-
port the thesis that obesity itself interferes with cognitive performance.

In a prospective study with longitudinal assessment, bariatric surgery patients 
showed a preoperative impairment in cognitive function including attention, execu-
tive function, memory, and language. Twelve weeks after surgery, memory perfor-
mance improved in comparison to preoperative assessment and obese controls 
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(Gunstad et al. 2011). At 1 year after surgery, patients maintained improvement in 
memory performance, particularly those suffering from sleep apnea preoperatively 
and patients with a lower BMI, independent of patient age (Alosco et al. 2014a; 
Miller et al. 2013). To test the hypothesis that reduced postoperative inflammation 
might be associated with cognitive improvement, inflammatory markers like high-
sensitivity C-reactive protein were assessed, without any significant correlation to 
observed results (Hawkins et al. 2015). However, decreased leptin and increased 
ghrelin were associated with improved executive function and attention (Alosco 
et al. 2015). The same group published data regarding reevaluation at 24 and 36 
months that confirmed their previous observations on memory performance. Patients 
who regained weight between 2 and 3 years after surgery showed a decline in per-
formance of attention (Alosco et al. 2014b, c) while preserved preoperative cogni-
tive function was associated with a better outcome after surgery, possibly due to 
better compliance and adherence to therapeutic counseling (Spitznagel et al. 2013).

In contrast, a cross-sectional study comparing 50 patients who experienced sig-
nificant weight loss after gastric bypass to an age and gender matched preoperative 
control group did not find any differences regarding overall cognitive performance 
and non-food related impulsivity (Georgiadou et al. 2014). Also another compara-
tive cross-sectional study that included patients submitted to gastric bypass, sleeve 
gastrectomy, and gastric banding with an average postoperative BMI of 32.6 kg/m2 
compared to a preoperative group with a BMI > 40 kg/m2 was unable to find differ-
ences in executive function between groups. However, in both groups cognitive 
performance was inferior to expected results according to normative data (Sousa 
et al. 2012).

An experimental study using obese rodents under a high-fat diet and lean con-
trols compared the effects of sleeve gastrectomy and gastric bypass to caloric 
restriction. Metabolic health assessed by glucose metabolism and body fat distribu-
tion improved in all groups. However, rats submitted to sleeve gastrectomy showed 
an impairment in spatial learning tasks that was associated with hippocampal 
inflammation whereas pair-fed or animals submitted to gastric bypass improved 
task performance and microglial infiltration (Grayson et al. 2014). In contrast, brain 
structural abnormalities evaluated in human patients submitted to sleeve gastrec-
tomy using MRI scans showed significant improvement after surgery. Decreased 
preoperative fractional anisotropy and gray and white matter densities as well as 
increased mean diffusivity in regions associated with food intake control and cogni-
tive and emotional modulation recovered after surgery (Zhang et al. 2016).

In another study, neurocognitive evaluation before and 24 weeks after bariatric 
surgery solely revealed improvement in executive function using the Trail Making 
Test while fMRI showed postoperative normalization of increased cerebral glyco-
lytic metabolism in the right posterior cingulate gyrus and right posterior lobe of the 
cerebellum, similar to lean subjects (Marques et  al. 2014). As obesity-induced 
endothelial dysfunction might lead to cerebral hypoperfusion, oxidative stress, and 
compensatory hypermetabolism, this pathophysiological mechanism can possibly 
be reversed by weight loss (Spitznagel et al. 2015; Toda et al. 2014).
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Taken together, data from abovementioned studies supports the hypothesis that 
bariatric surgery has a favorable effect on cognitive function associated with neural 
plasticity. Nevertheless, caution is recommended as much of our knowledge derives 
from repetitive testing in a small group of patients included in the Longitudinal 
Assessment of Bariatric Surgery project.
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Chapter 10
Functional Neuroimaging in Obesity Research

Liliana Letra, Daniela Pereira, and Miguel Castelo-Branco

Abstract  Functional neuroimaging is beginning to yield valuable insights into the 
neurobiological underpinnings of the effects of obesity on neural circuits. Functional 
magnetic resonance imaging (fMRI), positron emission tomography (PET), and 
single-photon emission computed tomography (SPECT) studies have been used to 
identify aberrant activation patterns in regions implicated in reward (e.g., striatum, 
orbitofrontal cortex, insula), emotion and memory (e.g., amygdala, hippocampus), 
sensory and motor processing (e.g., insula, precentral gyrus), and cognitive control 
and attention (e.g., prefrontal cortex, cingulate) in obese individuals. Although a 
great amount of research using these techniques has already unveiled the influence 
of different neural response patterns on obesogenic behaviors, in this chapter we 
will, otherwise, try to highlight the effects of obesity on specific neuronal circuits 
and discuss recent developments in fMRI-based neurofeedback approaches as an 
alternative in obesity treatment.
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10.1  �Introduction

It is well established that obesity is associated with disrupted cognitive, affective, 
and other neurobehavioral circuits. The bidirectional interplay between adipose tis-
sue and the central nervous system has been targeted in several neuroimaging stud-
ies that have provided, in the last decade, exciting new developments. In this context, 
functional magnetic resonance imaging (fMRI), positron emission tomography 
(PET), single-photon emission computed tomography (SPECT), and functional 
near-infrared spectroscopy (fNIRS) have been valuable tools in unveiling the neuro-
biology beneath this association.

fMRI most commonly uses blood-oxygen level dependent (BOLD) effect as an 
endogenous contrast mechanism based on paramagnetic properties of deoxyhemo-
globin. Since its inception, fMRI has been widely used in cognitive and behavioral 
neuroscience to assess brain activity during task performance or resting state. 
Stimuli can be presented in a block design, a simpler and statistically more efficient 
method to detect effect even at the individual level such as in clinical practice; or as 
an event-related design, randomized and with higher specificity and flexibility, 
despite lower statistical power. Data analysis can also be performed differently 
according to the investigator’s particular hypothesis and previous knowledge, con-
sidering whole-brain BOLD contrast or focusing in selected regions-of-interest 
(ROI’s). More recently, fMRI also offers the possibility of addressing interactions 
between brain areas, building up networks with functional or effective (causal) con-
nectivity studies. All this diversity in fMRI methodology is, simultaneously, the 
origin of its flexible and wide application and the justification for the contradictory 
results we will report along this chapter.

In the last decade, fMRI has largely replaced PET-FDG (fluorodeoxyglucose) in 
the cognitive neuroscience scene, mainly due to its higher spatial resolution. 
However, nuclear medicine imaging techniques, including PET and SPECT, still 
have an important role in functional neuroimaging such as providing information 
about biodistribution of particular molecules in brain tissue through administration 
of specific radioactive tracers and subsequent gamma rays detection. Dopamine 
(DA) receptor levels, for example, can be inferred with these techniques. Since the 
dopaminergic circuit is linked with reward neural mechanisms, PET/SPECT imag-
ing is particularly attractive to study behavioral changes related to eating disorders.

A drawback of both fMRI and nuclear medicine techniques is the low temporal 
resolution. fNIRS, a noninvasive vascular-based technology, offers not only a simi-
lar temporal resolution as fMRI but also portability, ease of application, and low 
cost. It can measure the cortical concentration changes of both oxygenated and 
deoxygenated hemoglobin based on their intrinsic optical absorption. However, the 
limited spatial resolution, the impossibility of exploring deeper brain structures, and 
the lower signal-to-noise ratio (SNR) do not allow fNIRS to take out the gold-
standard status of fMRI in functional neuroimaging. In the obesity context, literature 
reporting the use of fNIRS is scarce and thus premature to weave considerations on 
the results.
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Although a great amount of research using the techniques described has already 
shed light on the influence of aberrant neural responsivity and functioning on obe-
sogenic behaviors, in this chapter we will, otherwise, focus on the effects of the 
so-called adiposopathy on specific neuronal circuits and discuss recent develop-
ments in neurofeedback approaches in obesity treatment.

10.2  �Neuroimaging of Obesity

From childhood to adulthood elevated body mass index (BMI) has been linked to 
cerebral macrostructural changes which include reduced total brain volume as well 
as more localized gray matter volume decrease in several areas: hippocampal for-
mation, prefrontal and orbitofrontal cortices, striatum, cerebellum, cuneus/precu-
neus, thalamus, and brainstem. Moreover, obesity seems to be positively correlated 
with white matter atrophy, though only few studies have addressed this association, 
reporting rather inconsistent findings (Figley et al. 2016). As a result of the advances 
in neuroimaging techniques in the last decades, particularly in functional imaging, 
more research has focused on the impact of obesity on the brain’s reward, atten-
tional, cognitive, and behavioral control circuits. The main findings from neuroim-
aging research in obesity-related brain activity patterns and neural network dynamic 
modulation will be described in the following paragraphs.

10.2.1  �fMRI

Cross-sectional studies evaluating BOLD response to palatable food are by far the 
most common study design found in the literature. Overall, data indicate that, when 
compared to lean matched controls, overweight/obese individuals show a different 
pattern of neural responses and network connectivity when presented with food 
stimuli. This includes greater activation in specific brain regions: (1) visual and 
anterior cingulate cortices, (2) precuneus, and (3) anterior insula, frontal operculum, 
postcentral gyrus, and rolandic operculum, which are involved in visual processing, 
encoding of stimulus salience, and somatosensory processing, respectively. In addi-
tion, these individuals also show an elevated striatal response to anticipatory food-
related cues and decreased striatal response during its consumption (Burger and 
Berner 2014). However, this type of study shows limitations in clarifying whether 
these aberrant neural responses are cause or consequence of obesogenic behaviors 
and obesity. In fact, most researchers share the opinion that these functional net-
works are highly dynamic and thus continuously modulated not only by the neuro-
biological environment but also by the influence of repetitive patterns of behavior.

Adipose tissue dysfunction is accompanied by an altered pattern of neuroendo-
crine secretion. Part of the molecules involved may impact findings from fMRI 
studies evaluating the response to palatable foods. Examples are leptin, able to 
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reduce insula and striatopallidal and increase prefrontal cortex activation. This 
could in theory reduce appetitive drive and increase inhibitory control although one 
should take into account the leptin resistant state typically found in obese (Baicy 
et al. 2007; Farooqi et al. 2007); ghrelin, an orexigenic hormone which levels fail to 
decrease in the postprandial period of obese individuals, activates the striatum, 
amygdala, orbitofrontal cortex, and anterior insula in response to food stimuli 
(Malik et  al. 2008), while anorexigenic peptides such as peptide YY (PYY) and 
glucagon-like peptide 1 (GLP-1) reduce BOLD signal in those same regions in 
fasted normal-weight individuals. However, obese individuals may present with 
lower circulating PYY and elevated GLP-1 levels, suggesting GLP-1 insensitivity, 
and thus may not fully benefit from their inhibitory action on areas associated with 
rewarding aspects of food (Burger and Berner 2014). Interestingly, insulin has also 
been associated with the modulation of food-related neural networks translated into 
reduced activation in the fusiform gyrus (bilaterally) and the right hippocampus, 
temporal superior cortex and middle frontal cortex when a visual food cue is pre-
sented (Guthoff et  al. 2010). Moreover, resting state fMRI studies have demon-
strated a positive correlation between functional connectivity strength in the left 
orbitofrontal cortex and right putamen and fasting insulin levels as well as a nega-
tive correlation between activity in these regions and insulin sensitivity (Kullmann 
et al. 2012). In obesity, with the development of insulin resistance, the pattern and 
intensity of connections within neural networks, such as the default mode network 
and temporal lobe network, are affected and likely influence brain function and 
ultimately, behavioral patterns. To our knowledge no functional neuroimaging data 
exist regarding adiponectin, the most abundant adipokine in plasma and with an 
important role in energy expenditure and insulin sensitivity. It would be of great 
interest to deepen our knowledge on the effects of obesity on brain networks by 
modulating the circulating levels of hormones and other molecules secreted by the 
adipose tissue and to evaluate their potential implication not only in food behavior 
but also in the long-term cognitive detrimental effects associated with this disease.

10.2.2  �PET and SPECT

PET and SPECT have been very useful tools in metabolic imaging research once 
they can specifically trace the uptake of a substrate, binding of a neurotransmitter or 
detect blood flow and oxygen uptake using highly selective radioactive probes. 
Cerebral glucose metabolism measured by PET-FDG has been extensively used to 
characterize metabolic brain responses in physiological and several pathological 
situations. This tracer is transported into cells and phosphorylated but, unlike glu-
cose, does not undergo glycolysis and therefore accumulates in the brain in propor-
tion with cerebral glucose consumption. In obese, global brain glucose metabolism 
seems to be greater than in lean subjects, though some authors point significant 
differences arising in more specific areas such as the parietal somatosensory cortex, 
upper cerebellum, and precuneus (Wang et al. 2002), while others report that this 
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increase is exclusively dependent on the insulin stimulus (Tuulari et al. 2013), or the 
existence of an inverse correlation between BMI and baseline brain glucose metab-
olism in prefrontal regions and in the anterior cingulate gyrus instead (Volkow et al. 
2009). It is obvious that our comprehension on how obesity influences brain glucose 
metabolism, namely brain insulin resistance, is far from being fully understood. 
Longitudinal studies would help to address the mechanisms by which weight 
changes can modulate cerebral glucose and insulin pathways, although some reports 
already exist on the beneficial effects of bariatric surgery on brain FGD-PET profile 
of these patients (Tuulari et al. 2013).

Nuclear imaging techniques have also been used to address the involvement of 
serotoninergic, dopaminergic, and opioid pathways not only in binge eating, buli-
mia, and anorexia but also in obesity not associated with eating disorders, which 
constitutes the majority of cases. Serotonin (5-HT) is a key neuromodulator involved 
in fundamental cerebral functions such as appetite and mood. In obesity, the levels 
of brain 5-HT transporters have been inconsistently reported as up- or downregu-
lated, and this is in part due to the inclusion of obese patients with eating disorders 
in these cohorts (Haahr et al. 2012; Kuikka et al. 2001; Koskela et al. 2007; Wu et al. 
2017). In fact, although some selective serotonin reuptake inhibitors (SSRIs) can 
reduce weight (Halford et al. 2007) and lorcaserin, a selective 5-HT2C agonist, has 
been approved for the treatment of obesity, the inconsistent response to these drugs 
indicates the existence of interindividual variations in serotonergic activity or sensi-
tivity (Bello and Liang 2011; Nigro et al. 2013) and underlines the importance of 
other pathways in the pathophysiology of obesity.

DA is one of the most important neurotransmitters involved in the modulation of 
prefrontal activity, thus regulating executive functions and eating behavior, and con-
sequently constitutes a molecule of great interest in this field of research. It is a 
central player in the mesolimbic reward circuit although the association between 
striatal dopamine D2 receptor (DRD2) levels or its transporter (DAT) availability 
and obesity has been inconsistently demonstrated (de Weijer et al. 2011; Chen et al. 
2008; van de Giessen et al. 2013). A meta-analysis including five studies on D2R 
availability according to BMI using [11C]raclopride has failed to establish a strong 
association between these two variables, though it is recognized that DA is closely 
related with food intake (Guo et al. 2014). On the other hand, there is considerable 
evidence on the interactions between opioid and dopamine systems, since the 
μ-opioid receptor (MOR) is able to modulate the mesolimbic dopamine system in 
ventral tegmental area and striatum, two key areas implicated in reward processing. 
Besides having significantly lower MOR availability when compared with lean con-
trols, obese subjects are also prone to disruptions in the DA-MOR interaction 
(Tuominen et  al. 2015), suggesting that research on treatment of obesity should 
follow more holistic strategies, taking into consideration the complex etiopathogeny 
of this metabolic disorder.

Finally, some studies have otherwise investigated regional cerebral blood flow 
(rCBF) changes in those with high BMI using SPECT imaging. Willeumier et al. 
(2011) have demonstrated for the first time that overweight individuals presented 
decreased rCBF in the prefrontal cortex and anterior cingulate gyrus when com-
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pared to lean matched controls. These changes may negatively impact behavioral 
responses, but whether this deficit precedes weight gain or is an acquired feature of 
obesity is still elusive. In fact, this remains the main unanswered question in obesity 
functional neuroimaging research, and thus an important gap that should be explored 
in more comprehensive conceptual frameworks underlying the design of future 
studies.

10.3  �Neurofeedback Based on rt-fMRI: A Promising 
Therapeutic Approach in Obesity

Neurofeedback, which may be viewed as operant conditioning of brain activity, was 
traditionally performed based on electroencephalography (EEG) with beneficial 
effects both on behavioral and imaging measures (Levesque et al. 2006; Kouijzer 
et  al. 2009). However, this approach is limited by the low spatial resolution and 
inaccessibility to deep brain structures. Neurofeedback based on real-time fMRI 
(rt-fMRI), with its improved anatomical precision, has recently emerged as a pos-
sible solution for this drawback. Simultaneously, it offers the opportunity of study-
ing the neurophysiological basis of behavior or disease and the neuroplastic changes 
induced by therapeutic intervention.

Introduced by Cox two decades ago (Cox et al. 1995), rt-fMRI provides nonin-
vasive online assessment to brain function. In turn, this allows targeting brain 
regions or networks, while the individual is inside the scanner, and the implementa-
tion of experimental paradigms including neurofeedback. Instant and continuously 
updated BOLD contrast signals are fed back to subjects, who try to voluntarily 
modulate their own brain activity on the defined target, adapting and learning strate-
gies to achieve task success. When proved the efficiency of those self-provided 
strategies, they may subsequently be transferred to more practical brain-computer 
interfaces (BCI’s), such as EEG or fNIRS, and also applied in real-life situations as 
they may possibly outlast neurofeedback sessions.

Rt-fMRI neurofeedback still represents a technical challenge (namely related to 
the delay of feedback, image resolution and SNR) and methodological improve-
ments are ongoing (see Weiskopf 2012 for a revision on this topic). The feedback 
modality, training structure, and type of physiological target are also being debated, 
as well as the therapeutic value of this technique and transfer strategies. However, 
preliminary data in healthy individuals and in disorders such as depression, 
Parkinson’s disease, stroke, chronic pain, addition, and schizophrenia (Ruiz et al. 
2014) are encouraging. Individuals were able to autoregulate their brain activity 
through this method and this learned regulation of localized brain regions seems to 
affect brain dynamics.

Taking into account the substantial knowledge about pathophysiology of obeso-
genic behavior produced by neuroimaging in the last decades, as previously 
reviewed on this chapter, rt-fMRI neurofeedback seems to be an attractive therapeu-
tic tool in obesity, promoting positive reinforcement and self-efficacy (Bartholdy 
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et al. 2013). To our knowledge, only three studies addressed rt-fMRI neurofeedback 
using food stimuli on the context of eating disorders.

On the first exploratory study, 11 lean and 10 obese healthy male individuals 
(Frank et  al. 2012) attempted to regulate BOLD signal in anterior insular cortex 
(AIC), known to be involved in gustatory perception and reward elicited by food 
cues. Since AIC is also involved in emotional processing, participants were 
instructed to think about something subjectively positive or negative, with any strat-
egy, to try to regulate the feedback signal. After six training sessions distributed on 
2 days, obese participants showed enhanced regulation ability, while the four lean 
individuals were not able to regulate at all. From those who were successful in self-
regulation, lean participants had stronger functional connectivity during upregula-
tion of the AIC and medial temporal and medial cingulate cortex. That is, obese 
people seem to have greater ability to upregulate AIC, which in lean people is prob-
ably achieved at the expense of increased network connectivity. This preliminary 
study inaugurated the research on fMRI-BCI training in obese, which may be based 
on AIC, in control regions (such as dorsolateral prefrontal cortex—dlPFC) or in a 
whole network related to reward and gustatory perception.

The same investigation group explored precisely the interplay between executive 
functions and reward processing, traduced by the functional connectivity between 
dlPFC and ventromedial prefrontal cortex (vmPFC), respectively, in a recent neuro-
feedback study (Spetter et al. 2017). Eight participants with overweight or obesity 
were trained for 4 weeks to increase dlPFC-vmPFC functional connectivity during 
visualization of appetitive high and unhealthy high-calorie food pictures. All par-
ticipants were able to upregulate functional connectivity between dlPFC and vmPFC 
with an incremental increase across three consecutive runs, but not across four indi-
vidual training sessions, suggesting that the training effect did not endure between 
days, at least with the number of sessions applied. Furthermore, in a food choice 
behavioral task performed on each session, there was a tendency to choose less 
unhealthy food post-training, that contrast with a trend to greater food intake, mea-
sured with three types of snacks offered to the subjects. Interestingly, dlPFC activity 
(but not vmPFC) was increased during upregulation contrasted to passive viewing 
and also when comparing first to the fourth session, possibly indicating that self-
regulation was dependent on executive control and its influence in the reward sys-
tem. In line with the previous paper (Frank et al. 2012), insula emerged once more 
as a key area in appetitive and emotional processing that participants were able to 
self-regulate, showing enhanced activation of the inferior frontal gyrus(IFG)/insula 
during upregulation vs. passive viewing.

The third neurofeedback study with food stimuli was performed in a healthy 
population (10 females) and had an innovative approach involving downregulation 
training instead of the more common (and easier) upregulation (Ihssen et al. 2017). 
Another novel feature of this experiment was the use of the cue size as feedback 
(decreased size corresponding to successful downregulation), rather than adding a 
symbolic indicator of brain activity (typically a thermometer). The authors called 
this new methodology “motivational neurofeedback.” Target brain areas were indi-
vidually defined trough a functional localizer run and included mainly limbic and 
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subcortical structures, which were successfully downregulated by participants dur-
ing neurofeedback runs. Moreover, in contrast with findings reported by Frank et al. 
(2012), prefrontal cortex “control regions” had not increased activation during regu-
lation. That is, deactivation of motivational areas, particularly the amygdala and left 
insula, achieved with neurofeedback did not seem to be dependent on “top-down” 
control. More important, behavioral data showed a significant hunger reduction 
after training, which was positively related with right amygdala downregulation, 
suggesting some efficacy of the neurofeedback protocol.

Conceptually and according to these promising preliminary data, rt-fMRI neuro-
feedback is a potential therapeutic tool in eating disorders and simultaneously an 
interface to understand pathological neural mechanisms implicated in obesogenic 
behavior. Neurofeedback protocols individually tailored (using functional localizer 
runs), with innovative stimuli and mainly focussed on reward circuits, executive 
structures, and motivational areas, must be tested at a larger scale (both in terms of 
number of sessions and participants number) and contemplating transfer strategies 
to more practical EEG-based BCI tools.

10.4  �Conclusion and Final Remarks

Neuroimaging research has undoubtedly contributed to a more thorough under-
standing of regional neural activity abnormalities associated with obesity, although 
the understanding of its dynamics and causal interactions are still poorly under-
stood. Functional neuroimaging techniques have witnessed, in the last years, tre-
mendous advances, and if initially they were almost exclusively used as research 
tools in cognitive neuroscience and neuropsychology, at present they are increas-
ingly deployed in other areas of research, such is the case of obesity. Unfortunately, 
the methods currently used to determine body adipose tissue content did not keep 
up with neuroimaging developments. Most of the studies still use BMI as the main 
or the only adiposity measure, although it does not distinguish lean from adipose 
tissue neither reflects the degree of adipose tissue dysfunction. More accurate tech-
niques such as bioelectrical impedance analysis should be used in the future to 
overcome methodological incongruities in this field of research (Verney et al. 2016).
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