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�Obesity as a Public Health Problem

Obesity and overweight states are characterized by an 
excessive accumulation of body fat. Depending on the amount 
of fat accumulated, but also on the individual’s genetic 
and exposure to specific environmental factors, the obese 
patient can develop several health problems. The increase 
in the prevalence of obesity and associated complications 
is considered a major public health issue that affects all 
demographic groups, irrespective of age, sex, race, education, 
or economic level [1]. The World Health Organization 
(WHO) estimates that more than 1.9 billion adults (≥18 years 
old) were overweight, and of these over 600 million were 
obese, according to worldwide data registered in 2014 [2]. 
In the United States, obesity rates have been rising in both, 
adults and children in recent years [3–5]. The maintenance of 
a healthy weight, usually achieved between 18 and 25 years 
of age, requires a life-long sustained energy equilibrium 
between energy intake and energy expended, which is affected 
not only by diet but also age, stage of development, genetic 
makeup as well as epigenetic, level of nutritional education, 
as well as physical and psychosocial interactions [6, 7].

A useful tool to define a person as obese or underweight 
is the body mass index (BMI), estimated by the relationship 
between weight and height. The age-standardized death 
rate, from any reason, was generally lowest in subjects 
with a BMI of 22.5–24.9  kg/m2 [8–10]. Moreover, deaths 
associated with high BMI are ranked fourth, behind deaths 
from hypertension, smoking, and unhealthy diets and ahead 

of deaths related to hyperglycemia, sedentary lifestyle, high 
salt intake, alcoholism, and high blood cholesterol levels 
[11]. Lastly, it is also of relevance that the association 
between nutrient intake and diseases, such as cancer, 
diabetes, cardiovascular disease (CVD) [12, 13], obesity, 
body fat distribution, hypertension, insulin resistance, and 
hyperglycemia, is well established [14–16].

Deaths from CVD, cancer, and diabetes account for 
approximately 65% of all deaths, and obesity, mainly 
abdominal adiposity, increases the risk of all these disorders. 
BMIs higher than 25 kg/m2 have a direct relationship with 
mortality due to CVD [6, 17–21]. CVD accounts for about 
38.5% of all deaths in United States. Of relevance, this figure 
has declined since the 1940s and 1960s [8], associated with 
several primary prevention activities, improved treatment for 
acute ischemic phase, and secondary intervention [22, 23].

Deaths from all cancers accounted for about 23% of the 
total [8]. As high BMI increases mortality from cancer in most 
specific sites [10, 24, 25], compared to people with normal 
weight, obesity could increase cancer incidence about 14% in 
men and 20% in women. People with BMI ≥ 40 kg/m2 could 
increase risk of death from cancer up to 52% in men and 62% 
in women [26]. Higher circulating glucose levels, low-grade 
inflammatory state, increased oxidative stress, and an altered 
bioavailability of hormones, mainly insulin, estrogens, and 
androgens, could be implicated in the rise in current cancer 
rates obesity-related. Finally, during the 1990s, in the United 
States, there was an increase of diabetes prevalence to 61%, 
and of this ≈90% were type 2 diabetes (T2D), in parallel with 
increase in the obesity rates [27]. Diabetic patients have 2–4 
times higher risk of incidents of CVD [28]. Recently, global 
mortality directly related to diabetes was observed to be 2.9 
million, about 5.2% of all deaths. Of this 2–3% was observed 
in the poorest countries, and over 8% was in the United States, 
Canada, and the Middle East. In people aged 35–64, this rates 
increased from 6% to 27% [29].

In the United States, approximately 70% of T2D patients 
are overweight and obese, and over a period of 10 years, the 
risk of diabetes rose to 27% in people who gained 5 kg or 
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more [30]. Specifically, central obesity is strongly related 
with metabolic disorders associated with insulin resistance 
and diabetes [31, 32]. The current advice to prevent and 
treat T2D includes maintaining an ideal body weight 
(BMI < 27–30 kg/m2), physical activity, limiting the intake 
of sugar and saturated fat, and increasing the consumption of 
mono- and PUFA, as well as whole grains and fiber [33–35].

�Obesity: Measurements and Assessment

Measuring body weight provides a sense of the degree of 
obesity; however, a more accurate and comparable measure 
of obesity is obtained by relating body weight to height 
[36]. The BMI is calculated as the ratio between weight 
and height squared ratio and expressed as kg/m2. Based on 
the BMI measurement, it can be discriminated low, normal 
weight, overweight, and obese states in adults. The WHO 
has standardized BMI as (1) lower than 18  kg/m2 as low 
weight; (2) between 18 and 25 kg/m2 is normal weight; (3) 
between 25 and 29.9  kg/m2 is overweight; and (4) greater 
than or equal to 30 kg/m2 is obese [37, 38]. However, the 
BMI does not provide information about body composition 
(fat-free muscle mass/fat mass) nor about the pattern of 
body fat distribution. Thus, a better measure of obesity 
that overcomes these limitations is the measurement of 
percentage of body fat (BF%), which relates total weight to 
the weight of the fat mass. Of course, this is more difficult 
to measure than the BMI limiting its daily clinical use, but 
several accurate methods exist [39]. Body composition can 
be estimated from anthropometric measurements of skinfold 
thicknesses in several anatomical regions [40]. In research, 
BF% is determined by hydrostatic weighing (body weight 
by immersion) as the gold standard [41]. Alternatively, the 
bioelectrical impedance analysis technique can directly 
estimates the amount of the fat-free mass (FFM) and 
indirectly the body fat by subtracting from total body weight 
[42]. Individuals with normal weight or overweight, but that 
also have a high BF%, exhibit a cardiovascular risk which is 
comparable to those with obesity estimated by BMI. Of note, 
it is observed that at the age of 20, a BMI equal to 30 kg/m2 
implies a 30% of BF%. However at the age of 60, the same 
BMI represents a 40% BF% in men and up to 40–50% BF% 
in older women [43].

BMI informs neither the location nor distribution of the 
excess body fat. Central obesity occurs when the excess 
of fat accumulates in the intra-abdominal area, even at the 
expense of a decreased fat accumulation in the peripheral 
adipose tissue. Several parameters can be used to measure 
central obesity. The most widely used requires measuring the 
waist circumference (WC) and hip ratio (HR) to create the 
waist-HR (WHR). Subjects having a large WC have increased 
mortality [44] despite having a BMI  <  30. Thus, high-risk 

individuals are better identified by incorporating WC and 
WHR measurements to BMI [45]. The WC measurement 
of central obesity varies with race and is currently accepted 
as >88  cm in women and >102  cm in men in the United 
States [46]. Finally, the relationship of waist circumference 
to height (WHtR) can also be used to identify adults at high 
cardiometabolic risk [47–49]. All these parameters help also 
to predict the risk of metabolic diseases such as T2D [50].

In research intensive settings, more complex and 
accurate techniques are available, such as dual-energy X-ray 
absorptiometry (DEXA), computed tomography (CT), and 
magnetic resonance imaging (MRI). DEXA estimates body 
fat distribution by scanning arms, legs, and trunk [51, 52]. 
Differentiation between abdominal subcutaneous fat and 
intra-abdominal fat, which is composed of visceral adipose 
tissue (VAT) and intraperitoneal and retroperitoneal fat, is 
better seen by MRI and CT [53, 54]. Finally, single-voxel 
magnetic resonance spectroscopy is the gold standard for 
measuring ectopic fat, outside anatomically defined fat 
depots. Ectopic fat can be estimated after separating water 
and fat signals within each voxel (using software such as 
jMRUI) [55, 56].

�Adipocyte and Adiposity Development

�Types of Adipocytes and Differentiation

When describing fat depots, it is important to differentiate 
two types of well-differentiated adipose tissues, which 
have specific distribution and function and are referred to 
as white adipose tissue (WAT) and brown adipose tissue 
(BAT) (Fig.  13.1). The WAT main function is the deposit 
of surplus energy as triacylglycerol (fat), which could 
be mobilized and offered to other metabolically relevant 
organs through hormonal signaling. The WAT is designed to 
be plastic and expand. In fact, WAT accounts from 5% to 
50% of human body weight. However, WAT is also a main 
source of endocrine signaling [57]. One of the key hormones 
is adiponectin, typically associated with metabolically 
“healthy” expansion of adipose tissue facilitating adipocyte 
lipid storage and consequently preventing ectopic lipid 
accumulation. Conversely, leptin prevents lipogenesis while 
facilitating lipolysis and fatty acid oxidation. These actions 
may be mediated centrally by activation of sympathetic 
efferent signals to both brown adipose tissue and WAT to 
induce lipolysis. Leptin has recently been suggested as 
therapy for individuals with generalized lipodystrophy, who 
frequently develop severe metabolic syndrome characterized 
by hepatic steatosis, insulin resistance, and diabetes mellitus.

Physiological expansion of WAT involves different degrees 
of hypertrophy and/or hyperplasia of adipocytes and active 
remodeling of vascular and mesenchymal stromal cells. 
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Also immune cells, endothelial cells, and undifferentiated 
or adipocyte precursor (AP) cells must also be coordinately 
developed [58]. Storage of excessive fat in WAT causes 
mechanical overload and contributes to increased risk of 
metabolic disorders. The repertoire of molecules secreted by 
adipocytes is not exhausted. Recently asprosin was described 
to be abundantly expressed in mature white adipocytes, 
accumulated in excess in the blood of humans with obesity 
and proportional to insulin levels, which has suggested 
asprosin levels may be associated with insulin resistance [59].

The role of BAT is thermogenesis contributing 
to energy expenditure and body weight regulation 
(Fig. 13.2) [60, 61]. In mammals, BAT is the primary site 
of thermogenesis in the absence of muscle contraction. 
BAT thermogenic function is mediated by the activation 
of a specific mitochondrial uncoupling protein 1 (UCP1) 
(Fig.  13.2). In humans, BAT function is particularly 
important for the control of body temperature after 

birth and in early childhood [62]. However, data from 
adipose tissue samples together with evidence provided 
by positron emission tomography coupled with computed 
tomography have established the existence of functionally 
active brown adipose tissue in adult humans [63–66]. 
Furthermore, some of these studies also relate the degree 
of activation of these sites with BAT and lower BMI, 
increased basal energy expenditure, and decreased onset 
of diabetes [67]. BAT in adult humans can be found in 
the cervical and supraclavicular [68] regions, depots 
identified as canonical BAT exhibiting similarities with 
the BAT in rodents. Lastly, recent studies have reported on 
secretory molecules from BAT, so-called batokines, which 
include fibroblast growth factor 21 (FGF21), neuregulin 4 
(NRG4), vascular endothelial growth factor A (VEGFA), 
and bone morphogenetic protein 8B (BMP8B). These 
studies indicate that similarly to WAT, the BAT may also 
play a physiological role as an endocrine organ [69].
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Fig. 13.1  Adipose tissue expands to store excess energy as fat and 
regulates fuel needs to other tissues. In WAT growth transcriptional fac-
tors such as the binding proteins CCAAT/enhancer-binding protein (C/
EBP) and PPAR-γ are fundamental. Sterol regulatory element-binding 
transcription protein-1c (SREBP-1c) activates PPAR-γ expression 
[256] and mediates lipid biosynthesis by insulin [257]. Mature WAT is 
characterized by the expression of glucose transporter 4 (GLUT4) sen-
sitive to insulin and enzymes like fatty acid synthase (FAS) and 
glycerol-2-phosphate dehydrogenase [258, 259]. During adipose tissue 
expansion, inappropriate vascular tissue development results in 
hypoxia, and death of adipocytes and macrophage infiltration is induced 
[260]. On the other hand, BAT derived from Myf5+ mesoderm progeni-
tors shares a common origin with skeletal myoblasts [261]. The devel-

opment of BAT requires that PRDM16 activates PPAR-γ coactivator 
(PGC-1α/β) or CtBPs and inhibits transcriptional factors that induce 
WAT [262, 263]. In addition, bone morphogenetic protein 7 (BMP-7) 
turns on a full program of brown adipogenesis involving induction of 
PRDM16 and PGC-1α and expression of UCP-1 which is a feature of 
brown cells [264]. Last, beige fat cells adapt functions, either like 
“WAT” when energy balance is exceeded or like “BAT” in response to 
stimuli similar to BAT activation. Today, research in identifying the 
main genes that control differentiation, development, and activation of 
BAT is highly active. (This work is licensed under a Creative Commons 
Attribution-NonCommercial (CC BY-NC 4.0) International License 
[231])
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On top of white and brown adipocytes, a third fat cell 
named beige/brite, which shares similarities with brown 
adipocytes, are found infiltrating skeletal muscle as well as 
in diverse areas of WAT [70]. Of note, beige cells are Myf5-
positive cells, a classical feature of BAT, and appear dispersed 
in WAT [71]. The term “beige” describes their similar 
morphology with white adipocytes but the inducibility of 
features similar to brown adipocytes including UCP1 activity 
with β-adrenergic stimulation [72, 73]. There is also evidence 
that beige mature adipocytes can be interconvert between 
typical white and brown adipocytes, without the need for “de 
novo” cell differentiation from precursor cells [73]. A priori, 
this could mean that the rate of lipid storage or lipid oxidation 
could be adapted and adjusted in response to external stimuli 
such as a decrease or increase in temperature. Results from 
mice indicate that activated beige cells may contribute to 
improve carbohydrate metabolism and prevent/reverse fatty 

liver [74]. In any case, the physiological relevance of these 
cells in humans is far from being confirmed.

�Effects of Hormones and Adipokines 
on Adipogenesis and Glucose Metabolism

Adipose tissue development and function are modulated by 
hormones, growth factors, secreted molecules by adipose tissue 
cells, nutritional factors, and pharmacological drugs (Fig. 13.2).

�Hormones and Growth Factors

Insulin is key anabolic hormone that contributes to adipocyte 
differentiation and lipogenesis [75]. Brown preadipocyte 
determination is also regulated by insulin through a necdin-
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Fig. 13.2  By contrast to WAT, brown adipose tissue (BAT) was 
developed especially for energy expenditure (thermogenesis) mainly 
controlled by the SNS, which highly innervates brown fat cells. BAT is 
regulated in response to cold temperatures, hormones, and diet. BAT 
abundance and activation is highest in children and decreases with age. 
BAT activity decreases with BMI, body fat, and visceral obesity. Of 
note, BAT activity is lower in diabetics than nondiabetic subjects. 
Thyroid hormones play a key role in controlling BAT activation, such as 
the cold-induced deiodinates thyroxine (T4) to the more active T3. 
Norepinephrine binds to β-ARs inducing PGC1α and expression of 
UCP1. Whereas β1-AR mediates precursors of BAT proliferation, 
β3-AR plays a key role in the thermogenic function of BAT. Another 
signal, irisin hormone, released from muscle to fat tissue, mediates the 

beneficial effects of exercise reducing diet-induced obesity and improv-
ing insulin resistance. In addition, FGF21 is secreted by adipose tissue, 
liver, and skeletal muscle, through regulating lipolysis in WAT as well 
as increasing substrate utilization by increasing fatty acid oxidation in 
the liver. This actions may be mediated increasing activity of adiponec-
tin. WAT white adipose tissue, BAT brown adipose tissue, PRDM16 PR 
domain containing 16, PPAR-γ peroxisome proliferator-activated 
receptor-γ, PGC-1α peroxisome proliferator-activated receptor γ coact-
ivator 1α, SNS sympathetic nervous system, BMI body mass index, 
FGF21 fibroblast growth factor 21. (This work is licensed under a 
Creative Commons Attribution-NonCommercial 4.0 International 
License [231])
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E2F4 interaction that represses peroxisome proliferator-
activated receptor-γ (PPAR-γ) transcription [76]. When 
in excess, hyperinsulinemia, either exogenously or 
endogenously, is a major enabler of adipose tissue expansion 
contributing to weight gain. Several molecules produced by 
cells from the adipose tissue, such as tumor necrosis factor 
alfa (TNF-α), leptin, and resistin, interact and inhibit insulin 
signaling on adipocytes.

Glucocorticoids and sexual hormones also affect the 
functionality and development of the adipose. For instance, 
the infusion of hydrocortisone increases levels of circulating 
free fatty acids (FFAs) by activating the mechanisms of 
lipolysis [77, 78]. Glucocorticoids promote adipogenesis 
by increasing the expression of both PPAR-γ transcription 
factors and C/EBPδ and decreasing the expression of pref-1 
[79]. The adipocyte also has a complete arsenal of enzymes 
that regulate the metabolism of steroid sex hormones [80]. 
Glucocorticoids control activity of 11-β-hydroxysteroid 
dehydrogenase 1 and 2 (11 βHSD1 and 2) that can change the 
active form cortisol to inactive cortisone and vice versa [81]. 
Of note this enzyme is highly expressed in visceral adipose 
tissue which may contribute to regional redistribution of 
fat [82, 83]. Another key aspect related to adipose tissue 
distribution is in sex steroids. Body fat distribution is 
different in men and women, and adipose tissue has 
activity of either cytochrome P450-dependent aromatase 
or 17-β-hydroxysteroid dehydrogenase (17βHSD) enzymes 
that can modify the repertoire of steroids. Aromatase 
mainly regulate the rate of transformation of androgens 
into estrogens, while 17βHSD regulate the formation of a 
more active form of androgens. Of note, the ratio 17βHSD/
aromatase in adipose tissue correlates directly with central 
obesity [80, 84].

Thyroid hormones are main contributors to global 
growth and development [85] by exerting an important role 
controlling energy metabolism and the function of the main 
metabolic organs such as the adipose tissue, liver, heart, skin 
tissue, or muscle [86, 87].

Growth hormone and insulin like growth factor 1 Growth 
hormone (GH) is critical for somatic growth but also has 
enormous influence of the regulation of body fat composition 
and distribution, through its lipolytic and anabolic effects 
[88].

�Major Adipokines

Adipose tissue contributes to the metabolic control 
of energy substrates such as glucose and lipids and 
interacts with several hormonal systems. The molecules 
produced by adipose tissue (adipokines) act in many 
organs including adipose, muscle, and CNS.  In obese 

and insulin-resistant patients, there are qualitative and 
quantitative changes in the repertoire of adipokines. 
For example, some adipokines increase (e.g., leptin, 
resistin), while others decrease (e.g., adiponectin) [89] 
(Figs. 13.2 and 13.3).

Leptin  Leptin is secreted by adipocytes, establishing a 
negative feedback between the amount of adipose tissue and 
satiety centers in the brain [90, 91]. Leptin also serves as a 
sensor of energy availability enabling energy demands such 
as pregnancy and adaptation to starvation [92]. Leptin levels 
decrease after weight loss, enabling saving energy adaptive 
response involving low thyroid activity, sympathetic tone, 
and decreased basal energy expenditure [93]. Thus, treating 
leptin deficiency with recombinant leptin not only reduces 
food intake and body weight [94] but also reverses infertility, 
prevents lipodystrophy-associated metabolic complications, 
and reverses impaired glucose metabolism [95–98]. The 
leptin action appears to be facilitated by insulin, glucocorti-
coids, TNF-α, estrogens, and C/EBPα and is decreased by 
androgens, β3-adrenergic activity, GH, FFAs, and PPAR-γ 
agonist [99].

Leptin also plays an essential role in energy metabolism, 
by facilitating lipid mobilization and preventing ectopic fat 
accumulation (lipotoxicity syndrome) [100, 101]. Leptin 
facilitates lipid oxidation and by doing so can reduce 
excessive fatty acid accumulation in the liver, pancreas, 
heart, kidney, and muscle tissue (Figs. 13.2 and 13.3).

Adiponectin  Adiponectin is produced in mature adipocytes 
and is more abundant in peripheral subcutaneous than vis-
ceral adipose tissue [102]. Adiponectin receptors are G 
protein-coupled highly expressed in the muscle (AdipoR1) 
and liver (AdipoR2) [103]. Through them adiponectin pro-
motes lipid oxidation in skeletal muscle and the liver and 
reduces hepatic glucose production and postprandial hyper-
glycemia [104, 105] contributing to maintain metabolic 
homeostasis.

Adiponectin deficiency, as observed in obesity, plays 
a role in the development of insulin resistance and type 2 
diabetes as suggested by the following: (a) Adiponectin 
levels have an inverse relationship with degree of obesity, 
insulin resistance, and T2D [106, 107], which is reversed by 
adiponectin treatment which results in improvement of IR 
[108]. (b) Adiponectin reduces FFA levels and is associated 
with improved lipid profile, glycemic control, and reduced 
inflammation in T2D patients [109]. (c) TNF-α plasma levels 
and its hepatic production are decreased by adiponectin 
treatment, which also improved hepatomegaly, steatosis, 
and ALT levels related with nonalcoholic fatty liver disease 
(NAFLD) [105] (Fig.  13.3). (d) The PPAR-γ agonists 
(thiazolidinediones, TZDs) redistribute lipids from central 
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obese subjects shows mainly M1 macrophages, lean subjects have high 
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arginase-1, which result in better insulin sensitivity. Whereas M1 macro-
phages use glucose for energy, M2 macrophages activate the β-oxidation 
of fatty acids [266, 268]. Finally, M1 macrophages are a principal source 
of TNF-α which, by activating Wnt signaling and suppressing expression 
of PPAR-γ, interferes with the development and function of adipocyte and 
reduces the capacity to store triglycerides [269, 270]. Peripheral adipose 
tissue will expand to an equilibrium point, and when exceeded (inflexibil-
ity), glucose and lipid uptake decline, while insulin levels rise in order to 
maintain serum glucose within the normal range [271]. In addition, inflex-
ibility is associated with early insulin resistance which increases lipolysis 

in adipose tissue, generating a redistribution of fats with systemic lipotoxic 
effects in the muscle, liver, β-cell, etc. (lipotoxicity). Furthermore, 
increased TNF-α and IL-6 levels are inversely related with peripheral and 
hepatic insulin-mediated glucose uptake [180]. The liver takes up excess 
released of FFA in serum to capacity by storing with triacylglycerol (TAG) 
and slowly fatty liver could be developed (NAFLD). Peripheral FFAs con-
tribute ~60% of total TAG stored in the liver, whereas the de novo lipogen-
esis is ~26%, and ~15% is from food [230]. On the other hand, leptin 
levels rise with adipose expansion, while adiponectin levels tend to 
decrease. The elevated leptin levels should increase β-oxidation in non-
adipose tissues, decreasing excess fatty acids in these cells. However, this 
action may be partially blocked by the anabolic effect of hyperinsulinemia, 
inducing a leptin system dysfunction (peripheral leptin resistance) [89]. In 
addition, adiponectin action improving peripheral glucose uptake and adi-
ponectin protective action on liver fat accumulation are decreased [105]. 
Finally, both leptin and adiponectin seem to regulate the deposition of fat 
in insulin-sensitive tissues by increasing β-oxidation. IFN-γ interferon-γ, 
TNF-α tumor necrosis factor-α, IL interleukin, PPAR-γ peroxisome 
proliferator-activated receptor-γ, WAT white adipose tissue, FFA free fatty 
acids, NAFLD nonalcoholic fatty liver disease, CPT-1 carnitine palmitoyl-
transferase-1, FAS fatty acid synthase, ACC Acetyl-CoA carboxylase. 
(This work is licensed under a Creative Commons Attribution-
NonCommercial 4.0 International License [231])
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to peripheral depots and also increase adiponectin levels 
and improve lipid profile and insulin sensitivity while 
improving diabetes and NAFLD [110]. This suggests 
that maintaining normal levels of adiponectin may help 
in the treatment of early-stage diabetes. However, the 
relationship between adiponectin levels and cardiovascular 
disease is not well established [111].

�Others Adipokines

Resistin has also been related to obesity, insulin resistance, 
and development of T2D.  Blocking the action of resistin 
improves insulin sensitivity [112]; however, the significance 
of resistin in glucose metabolism in human still is 
inconclusive.

Visfatin is produced predominantly by abdominal adipose 
tissue and has been suggested to have insulin-mimetic 
actions [113, 114]. However, the importance of visfatin in 
glucose metabolism is still unclear [115].

Omentin-1  Obesity decreases both omentin plasma levels 
and omentin gene expression in visceral adiposity [116]. In 
obese women with polycystic ovary syndrome (PCOS), 
glucose and insulin levels were negatively related with 
omentin-1 levels, whereas metformin treatment increased 
serum omentin levels in parallel with improvements in insu-
lin sensitivity and glycemic control [117, 118].

Obestatin is a hormone that opposes the effects of 
orexigenic effect of ghrelin. Obestatin decreases in 
subjects with diabetes and impaired glucose tolerance 
[119], and its receptors are downregulated in obesity-
associated T2D [120].

Retinol-binding protein 4  Retinol-binding protein 4 
(RBP4) is released from adipocytes and correlates with the 
degree of insulin resistance in obesity, T2D, and relatives of 
T2D patients [121–123]. The specific role of RBP4 in insulin 
resistance has not been determined.

Asprosin  Is a 140-amino-acid polypeptide, recently 
described, abundantly secreted, and expressed in WAT. Levels 
of asprosin are increased in fasting situations in healthy 
humans. Asprosin acts on the liver stimulating hepatic glu-
cose production. Asprosin administration induces a quick 
increase in plasma levels of glucose and insulin. Blocking 
asprosin actions might be beneficial for the treatment of type 
2 diabetes mellitus [59].

�Inflammatory Adipokines

TNF-α is a transmembrane protein released mostly by 
activated macrophages and also by other cell types including 
endothelial cells, adipocytes, etc. [124–126] (Fig.  13.3). 
Both TNF-α gene and its receptors are present in adipocytes 
and are expressed at higher levels in WAT [102]. TNF-α 
contributes to local and systemic inflammation, which limits 
the proliferation and differentiation of mature adipocytes. 
Increased release of TNF-α from adipose tissue contributes 
to the impairment of insulin action [127–129] and treatment 
with anti-TNF-α antibody led to improvement in glucose 
utilization in obese rats [127] at least. Similarly, obese mice 
genetically modified to ablate TNF-α had close to normal 
insulin sensitivity [129]. Moreover, weight reduction is 
associated with both improved insulin activity and decreased 
TNF-α gene expression [130]. The mechanism how TNF-α 
promotes insulin resistance may involve the decrease in the 
expression of PPAR-γ and target genes involved in lipid and 
glucose uptake [131, 132]. A link between fatty acid binding 
protein 4 (aP2), FFAs, and increased expression of TNF-α in 
obesity has been suggested [128]. Not only TNF-α but also 
interleukin-6 (IL-6) were both increased after nutritional 
fatty acid activation of Toll-like receptor 4 (TLR4) [133].

IL-6 is secreted by adipose tissue, T cells, and macrophages 
(Fig. 13.3). Adipocytes can produce IL-6, which is associated 
with C-reactive protein (CRP) levels and inflammatory states 
typically found in obese patients [134]. About 1/3 of the total 
concentration of IL-6 is produced in adipose tissue, mainly 
by visceral adipose tissue compared with peripheral adipose 
tissue [102]. It has been suggested that IL-6 levels are directly 
linked to obesity and insulin resistance [135] and to the 
inhibition of the activity of lipoprotein lipase (LPL) [136].

Chemokine molecules are potent chemoattractants of 
leucocytes and modulate the formation of reactive oxygen and 
cytokines. The chemokine molecule 5 (CXC ligand 5, CXCL5) 
is expressed at high levels by the macrophage of white adipose 
tissue [137]. Serum levels of CXCL5 are elevated in obese 
patients independently of their degree of insulin resistance 
above the levels observed in normal-weight subjects [137]. 
Furthermore CXCL5 serum levels are reduced after weight loss.

�Fatty Acid Metabolism Effects 
on Adipogenesis and Glucose Metabolism

FFAs are energy-rich molecules fundamental regulators 
of metabolism. Excess calories ingested as fat, protein, 
and carbohydrates end up stored as triglycerides in white 
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adipocytes. FFAs are also essential constituents of the cell 
membrane, influencing its fluidity and the topology of receptors, 
transporters, and other membrane proteins. In addition, FFAs 
can have hormone-like actions and serve as ligands of nuclear 
receptors controlling gene expression [138]. Although food is 
the main source of essential fatty acids, de novo endogenous 
biosynthesis could supply nonessential fatty acids [139].

Both linoleic acid (ω-6 series) and linolenic acid (ω-3 
series), have been related to decreased insulin resistance and 
CVD, must be included in the diet [140]. By contrast, excess 
saturated fatty acids and trans fats in the diet are associated 
with increased insulin resistance and risk of CVD [140].

LPL activity is increased by insulin and depends on 
apo CII and apo CIII being released by adipocytes. LPL 
is essential for FFA uptake from lipoproteins and storage 
[141]. In addition, cytoplasmic fatty acid-binding proteins 
(FABPs) facilitate intracellular transport and partition of 
FFA to specific compartments and functions [142]. FABPs 
link lipid metabolism, hormone action, and systemic energy 
homeostasis involving glucose metabolism [128].

De novo biosynthesis of saturated chain fatty acids is 
carried out mainly in the liver where acetyl-CoA is formed 
from pyruvate. Most de novo FFA are synthesized from 
acetyl-CoA and malonyl-CoA through two enzymatic steps, 
including acetyl-CoA carboxylase (ACC) and fatty acid 
synthase (FAS). The ACC controls production of short fatty 
acids which are elongated until 16-carbon palmitic acid is 
formed by FAS (cytosol). Nearly all fatty acids required 
can be synthesized from palmitic acid by several steps of 
oxidation and elongation [143]. Finally, various enzymes 
which regulate the synthesis of triglycerides are also 
implicated in glucose metabolism [144]. Overexpression 
of diacylglycerol acyltransferase 1 (DGAT1) results in 
increased adipose tissue without affecting IS but increases the 
secretion of TNF-α [145]. A remaining question is whether 
de novo lipogenesis originated from fatty acids may have a 
specific fate or contribute to specific functions different from 
the pools of FAs generated from dietary nutrients.

�Obesity Effects on Pathogenesis of Type 2 
Diabetes

Type 2 diabetes mellitus (T2D) is characterized by 
hyperglycemia, insulin resistance, and inappropriately low 
secretion of insulin. The prevalence of T2D has increases in 
parallel with the increased prevalence of obesity [146] and 
sedentary lifestyle [147]. Pathogenesis of common forms of 
T2D is complex [148], requiring the combination of different 
degrees of insulin resistance and insulin deficiency [149]. In 
addition, insulin resistance and defects in insulin secretion 
can be determined via genetic and/or varying environmental 
factors, complexity that makes difficult to isolate a single 

cause in diabetic patients [150]. However, it is clear that the 
final development of diabetes requires beta cell failure as 
suggested by the fact that obese subjects do not necessarily 
develop T2D.

The potential molecular links between obesity and increased 
risk of T2D include exacerbated inflammatory response 
with excessive cytokine secretion (TNF-α and IL-6), insulin 
resistance, defects in fatty acid metabolism and lipotoxicity, 
mitochondrial dysfunction, and endoplasmic reticulum stress. 
However, weight loss is a central intervention working on 
most forms of prediabetes, because even modest weight loss 
improves glycemic control and reduces diabetes risk.

The risk of T2D and cardiovascular disease rises with 
the amount of body fat and more particularly when fat 
accumulates in central or abdominal depots [151]. Whether 
subcutaneous fat deposition is less pathogenic than visceral 
fat is quite likely but requires further investigation. In 
addition, the contribution of the subtypes of adipose tissue to 
glucose metabolism is important. For instance, increased level 
of brown adipose tissue may help to control carbohydrate 
metabolism and prevent or reverse obesity [63, 152].

Infiltration of immune cells in adipose tissue can alter 
its metabolic functions. Although the adipose tissue is not 
the cause of obesity per se, taking advantage of the specific 
functions of the repertoire of fat cell types and functional 
characteristics of the depots including the immune cells may 
help to uncouple obesity from its complications.

The main proposed mechanisms linking obesity to 
insulin resistance and T2D include (1) increased and altered 
secretion of adipokines (TNF-α, adiponectin, leptin, etc.) 
directly to inflammation and insulin resistance; (2) ectopic 
fat deposition, predominantly in the liver, skeletal muscle, 
and ß-cell, contribute to altered fat, insulin resistance, and 
glucose metabolism; and (3) mitochondrial dysfunction 
causing a bioenergetic cellular defect leading to decreased 
insulin sensitivity and defective pancreatic ß-cell function.

�Effects of Fetal Develop on Adult Glucose 
Metabolism

The Nurses’ Health Study (NHS) of over 69,000 women 
found an inverse relationship between birth weight and adult 
diabetes [153]. A meta-analysis with an adjusted odds ratio 
of diabetes of 0.80, 95% CI 0.72–0.89 for each 1 kg increase 
in birth weight confirmed this [154]. However, a higher birth 
weight (>4.0 kg) is also be associated with an increased risk 
of diabetes [155]. Lastly, a U-shaped relationship between 
birth weight and the development of T2D was found in a 
meta-analysis. Thus, high and low birth weight are associated 
with a similar increased risk of diabetes (ORs 1.36 and 
1.47) [156] although not necessarily attributable to the same 
mechanisms.
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�Effect of Adult Obesity on Glucose 
Metabolism

After absorption in the intestine and after synthesis in the liver, 
triglycerides (TG) are transported in specialized lipoproteins 
[chylomicron and very low-density lipoprotein (VLDL)] to 
adipose and other tissues. Intracellular toxic accumulation 
of diacylglycerol and the input and output flows of FFA 
and acyl-CoA can be ameliorated by the formation and safe 
storage as TG [157]. Droplets containing TG are surrounded 
by a monolayer of phospholipids and proteins, e.g., perilipin 
(ADRP), which regulates lipid droplet formation, growth, 
and dissolution [158].

�Obesity and Lipotoxicity Syndrome

The main function of the adipose tissue is fat storage. 
Adipose release of FAs and uptake into non-adipose tissues 
must be coupled matching demand and supply. For instance, 
in fasted state or during physical exercise, the lipolysis 
in adipose tissue is increased, a process that requires 
the coordination of suppression of plasma insulin and 
elevation of contrainsulin hormones (glucagon, cortisol, 
epinephrine, etc.). However, in obesity, it is quite normal 
to reach a prolonged overfeeding state, where fat load 
may exceed the functional storage capacity of the adipose 
tissue determining a state of metabolic inflexibility, where 
lipid uptake and mobilization is inefficient (inflexibility) 
(Fig. 13.4).

Another factor contributing to its functional defect is the 
adipocyte cell size. When adipocytes enlarge in an attempt 
to increase their capacity, they also become insulin resistant. 
This makes that the antilipolytic effect of insulin is reduced 
and that lipolysis of triglycerides from the adipose tissue 
as a whole increased and the bulk FFA release is increased. 
This leak of FFA and accumulation in plasma subsequently 
promotes insulin resistance in the muscle and liver [159] 
and also inhibits insulin secretion [160], ultimately causing 
β-cell apoptosis [161].

Among the most important factors controlling adipocyte 
capacity for storage and functional switch between storage 
and lipolysis, we identify the nuclear receptor PPAR-γ as a 
key transcription factor that controls the coupling between 
lipid storage and adipogenesis and lipolysis [162]. 
In addition, the direct role of leptin on adipose tissue 
functionality has been suggested. However, common forms 
of obesity are typically characterized by leptin resistance 
predominantly located at central hypothalamic action 
[163]. Leptin action central and/or peripherally appears 
to be implicated in processes that prevent lipotoxicity in 
non-adipose tissues through the regulation of β-oxidation 
mediated in part by its effects through peroxisome 

proliferator-activated receptor-α (PPAR-α) activity. This 
proxidative effect helps to minimize the metabolic burden 
of ectopic accumulation of lipids. Patients with insulin 
resistance syndrome have lower mRNA leptin abundance 
in peripheral adipocytes than IS patients (leptin resistance), 
even though insulin treatment acutely increases leptin 
levels [89, 164]. Another factor to consider is that a chronic 
increase of β-oxidation may contribute to oxidative stress 
and to generate inflammation, which may be potentially 
harmful [163].

Adiponectin, another adipose tissue derived hormone, 
also has a major role in improving insulin sensitivity, anti-
inflammatory, anti-apoptotic, and pro-angiogenic effects 
that enhance whole body and adipose metabolic flexibility. 
Adiponectin action in adipose tissue improves both, the 
efficiency of the adipose tissue at regulating the releases of 
FFAs and increases the rate of FFA reesterification during the 
postprandial state [165]. However, the low serum adiponectin 
levels typically observed already in the early stages of insulin 
resistance are not sufficient to prevent the subsequent derail 
of adipose tissue function [89]. As part of the natural history 
toward the development of diabetes, there is progressive 
failure of the adipose tissue homeostatic mechanisms. When 
they are overwhelmed, lipids cannot be hold efficiently in 
the adipose tissue and accumulate in tissues that cannot store 
excess lipids such as the muscle, β-cells, liver, heart, and 
kidneys [101] without triggering metabolic toxic responses.

In addition with the leak of FAs, the dysfunctional 
adipose tissue also produces and releases an abnormal 
pattern of adipocytokine (e.g., decreased adiponectin 
and increases leptin, TNF-α and IL-6). This promotes an 
inflammatory state that further compromises the insulin 
sensitivity and functionality of the adipose tissue depot. 
Advancing in the natural history, the development of 
central obesity further exacerbates hyperinsulinemia 
and hyperglycemia, initially in the postprandial state 
and finally to global hyperglycemia. This phenotype 
is typically associated with hypertriglyceridemia, 
hypoalphalipoproteinemia, hypertension, and fatty liver 
(dysfunctional metabolism in the liver), a cluster of 
pathologies commonly diagnosed as metabolic syndrome 
(MetS) [166].

�Pathogenesis of Obese Type 2 Diabetes

Obese T2D is typically associated with four clinical and 
metabolic defects: obesity, insulin resistance, dysfunction 
of β-cells, and increased hepatic endogenous glucose 
production [167]. However, the mechanisms by which 
these defects progress, the way they affect each other 
and contribute to the increase of glucose levels in obese 
T2D, are not fully elucidated. In a landmark longitudinal 
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Fig. 13.4  Adipose tissue expandability and metabolic syndrome. After 
overeating with positive energy balance, adipose tissue increases its 
storage capacity, which is regulated by several factors. In individuals 
with a high capacity for storing fat, mainly when WAT is expanded 
(WAT flexibility), most, despite obesity developing, will remain nor-
mal, known as metabolically healthy obese (MHO). However, a low-
grade chronic inflammatory response is frequently observed leading to 
dysfunctional adipose tissue [272]. Therefore, a pro-inflammatory 
milieu with elevation in IL-6 and mainly TNF-α, an altered adipokines 
profile with decreased adiponectin and increased leptin levels, will 
result in a dysfunctional adipose system. Increased release of cytokines 
and adipokines is related to insulin resistance, hyperglycemia, altered 
lipid profile, and cardiovascular diseases [89, 273, 274]. Insulin resis-
tance is associated with the accumulation of lipids in non-adipose tis-
sues such as muscle (lipotoxicity), due to increased lipolysis of fatty 
acids from adipose tissue. On the other hand, when the maximal storage 
capacity of adipose tissue is achieve, dysfunctional adipose tissue 
results, and redistribution of fat is initiated. Limitation in fat storage 
capacity could be necessary and even precedes the development of 

metabolic factors. Ectopic lipid accumulation in non-adipocyte cells 
causes lipotoxicity in these organs, including inflammation and apopto-
sis. Thus, lipotoxicity in β-cells could decrease β-cell mass (β-cell dys-
function) and can cause diabetes. Increased fat in the liver leads to 
NAFLD and nonalcoholic steatohepatitis (NASH) and could cause 
hepatic dysfunction, myocardial dysfunction in the heart, the endothe-
lial fatty streak that could be a precursor of generalized arteriosclerosis, 
etc. The point at which adipose tissue begins to fail is probably influ-
enced by genetic and epigenetic factors. However, the question is: Can 
storage capacity in WAT be enhanced to meet an increased demand? 
[275] One answer in humans is treatment with PPAR-γ agonists (TZDs) 
that transfer fat from central to peripheral deposits, improve lipid pro-
file and insulin sensitivity, and reduce diabetes and NAFLD [110]. WAT 
white adipose tissue, MHO metabolically healthy obese, IL interleukin, 
TNF-α tumor necrosis factor-α, NAFLD nonalcoholic fatty liver dis-
ease, NASH nonalcoholic steatohepatitis, PPAR-γ peroxisome 
proliferator-activated receptor-γ, TZD thiazolidinedione. (This work is 
licensed under a Creative Commons Attribution-NonCommercial 4.0 
International License [231])
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study of obese subjects with high incidence of T2D (Pima 
Indians of Arizona), peripheral insulin effect (euglycemic 
clamp), acute insulin response (AIR), and endogenous 
glucose production, in those whom glucose tolerance 
deteriorated from normal (NGT) to impaired (IGT) to T2D 
over 5.1  ±  1.4  years, were measured [167]. Patients who 
developed IGT typically presented increased body weight, 
decreased insulin sensitivity, and defective acute insulin 
secretion. In those who developed an open T2D, a greater 
increase in body weight, coupled with a more severe 
insulin resistance and deterioration of insulin secretion, and 
further increase of hepatic glucose production (HGP), was 
observed. By contrast, overweight patients who maintained 
normal glucose tolerance still gained weight associated 
despite decreased insulin-stimulated glucose disposal; 
however they maintained a robust insulin secretory response 
(AIR that was increased).

Another organ that is gaining relevance in metabolic 
failure associated with diabetes is the gut. The 
gastrointestinal tract should be considered as a large 
and specialized endocrine organ that releases two major 
incretin peptides: the glucagon-like peptide1 (GLP-1) by 
L-cells (distal small intestine) and glucose-dependent 
insulinotrophic peptide (GIP) by k-cells (early small 
intestine). GLP-1 and GIP jointly contribute to rise by 
60–70% insulin released in response to a mixed meal 
[168]. In the context of the obese T2D patients, their 
β-cells generate resistance to GLP-1 and GIP [169]. Thus, 
despite their levels being normal or minimally reduced, 
their signaling in beta cells is dysfunctional. Moreover, 
GLP-1 also reduces glucagon releases by α-cells on the 
pancreas and reduces appetite. Finally, in these patients 
the GLP-1 resistance results in hyperglucagonemia 
and increased HGP and contributes to weight gain by 
promoting an orexigenic response [170].

The kidney is another point of metabolic control [171]. 
The kidney generates about 15–20% of the endogenous 
glucose production, mainly in fasting period, and is 
controlled by insulin function. But, the kidney in obese 
T2D is insulin resistant leading to an increase in its glucose 
production increases. Furthermore, the glucose filtered 
is efficiently reabsorbed by sodium glucose transporter 2 
(SGLT2) (80–90%) and SGLT1 (10–20%). During early 
stages of hyperglycemia, this capacity of reabsorption is 
increased and contributes to maintain elevated glucose levels 
but also to retain sodium and water which may contribute to 
increase high blood pressure.

Contributing to the phenotype, it could be argued that 
as insulin and amylin, which is released together with 
the insulin, have anorectic signaling properties acting in 
hypothalamus, in obese T2D this signal of insulin is likely 
to be dysfunctional so that appetite is not suppressed which 
may contribute to overweight [172, 173].

�Underlining Factors of Obesity-Induced 
Insulin Resistance

	(a)	 Inflammation and insulin resistance

Long-time overfeeding and positive energy balance require 
adipocytes to increase their number and size. Excessive 
expansion of adipose tissue is associated with metabolic 
dysfunction, changes in adipokines, increased hypoxia, immune 
cell infiltration, and attempts to remodel, cell death, and 
apoptosis. Inflammation is part of an early homeostatic response 
aimed to repair of damaged tissues (Figs. 13.3 and 13.4).

Enlargement of adipose tissue is associated with secretion 
by adipocytes of monocyte chemoattractant protein (MCP)-
1, which promotes monocyte infiltration in WAT and 
differentiation in adipose tissue macrophages (ATM) [174]. 
Moreover, adipocytes also induce the expression of the 
adhesion molecules ICAM-1 and platelet and endothelial 
cell adhesion molecule 1 (PECAM-1) on endothelial cells, 
which further attract monocytes [175]. The physiological 
role of this process is to facilitate the physiological 
remodeling of an expanding tissue. In obesity, failure to 
maintain the homeostasis of the organ results in uncontrolled 
inflammatory response generating a chronic low-grade 
inflammatory state. ATM contributes to the release of 
inflammatory factors. Of relevance macrophages share many 
adipocyte genes such as fatty acid-binding protein 4 (FABP4) 
and PPAR-γ, whereas adipocytes can express numerous 
macrophage factors such as TNF-α, IL-6, and MMPs [176]. 
Moreover, ATMs have been artificially classified as M1 
pro-inflammatory and M2 anti-inflammatory macrophages 
on the basis of membrane markers. In obesity typically, 
there is an enrichment with a greater ratio of activated M1 
than M2 macrophages [177, 178]. These pro-inflammatory 
M1 ATMs secrete pro-inflammatory cytokines such as 
TNF-α, IL-1β, and IL-6, whereas M2 ATMs secrete anti-
inflammatory cytokines including IL-10 and IL-1 receptor 
antagonist [178]. Of relevance the preferential type of ATM 
and degree of infiltration are linked with the progression 
of insulin resistance [179]. Hence, oversecretion of TNF-α 
from macrophages and to a lesser extent by adipocytes is 
a major characteristic of obesity and contributes to insulin 
resistance of obese humans [127, 180] (Fig. 13.3).

Inflammation of adipose tissue in obesity also involves 
infiltration of different T cells. Regulatory T cells (Treg) 
represent 5–20% of the CD4+ T cells and play a major 
role in controlling immune actions [181]. Treg release anti-
inflammatory cytokines, preventing macrophage infiltration 
and promoting a M2 macrophage phenotype [179]. Of 
relevance, with weight gain, a decrease in Tregs is observed 
[181], whereas there is an infiltration and activation of CD8+ 
T cells that contribute to attract macrophages in the early 
stages of obesity [182].
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Another relevant type of immune cells are the eosinophils, 
main contributors to IL-4-secretion, representing about 
4–5% of cells in WAT. Macrophages are the main target of 
IL4 promoting an anti-inflammatory M2 phenotype which 
can improve glucose metabolism through preservation of 
M2 macrophages in WAT [183]. Lastly, neutrophils also 
seem to participate in the immune cell infiltration of the AT, 
contributing to obesity-induced insulin resistance [184].

Insulin sensitivity is affected by inflammation through 
various mechanisms. TNF-α inhibits insulin action by 
altering insulin receptor substrate 1 (IRS-1), though the 
activation of its p55 receptor [185]. In addition, TNF-α, 
FFA, ROS, and hypoxia activate IκBα kinase β (IKKβ) and 
c-Jun N-terminal kinase 1 (JNK1) in WAT and the liver 
inhibiting insulin activity by changing phosphorylation 
of IRS-1 [186, 187]. Furthermore, TNF-α also inhibits 
PPAR-γ function, with it impairs lipid synthesis and fat store 
in WAT.  Moreover, inflammation increases plasma FFA 
levels through stimulation of lipolysis and reduction of TG 
synthesis, inducing insulin resistance in adipose tissue [188].

IL-1β activity requires two stress response signals. The first, 
necessary for production of pro-IL-1β, needs the activation of 
TLR4 (LPS, SFA, etc.) [189]. The second, which converts pro-
IL-1β to active IL-1β, is controlled by the NOD-like receptor 
(NLRP)3-caspase 1 inflammasome complex [190]. Formation 
of NLRP3 inflammasome is induced by stressors that include 
FFAs, glucose, adenosine triphosphate (ATP), uric acid, ROS, 
etc. [191]. Thus, activation of the NLRP3 induces caspase-1 
activity that converts pro-IL-1β to mature IL-1β. The major 
roles of NLRP3 inflammasome and caspase-1 activity in 
obesity-induced IR have been recently described [192].

Interleukin-6 is secreted by the WAT, skeletal muscle, and 
liver [193, 194]. Plasma IL-6 levels increase in overweight 
patients [195] in response to high levels of insulin and TNF-α. 
IL-6 inhibits insulin action through phosphorylation of IRS-1 
[196]. In addition, raised IL-6 plasma levels are also associated 
with steatohepatitis and liver dysfunction [194]. However, 
IL-6 appears to stimulate insulin secretion by increasing the 
number of GLP-1 receptors in β-cells [197]. Thus, increased 
IL6 may contribute to the early increase of insulin secretion 
observed in obese patients. In addition, while elevated IL-6 
secretion from WAT and the liver appears to have adverse 
metabolic effects, increased IL-6 secretion by skeletal muscle 
seems to be metabolically advantageous. In fact, physical 
inactivity has been shown to reduce skeletal muscle IL-6 
expression and secretion [198]. The difference may be that 
whereas the increase in plasma IL-6 levels induced by exercise 
results from glycogen/MAPK activation and activation of anti-
inflammatory levels of IL-1RA and IL-10 levels [199], the IL6 
secretion from adipose and the liver is mediated by NF-κB, 
thus emphasizing the pleiotropic role of IL-6.

Finally, interleukin-10 is an anti-inflammatory cytokine 
produced by monocytes, M2 ATMs, DCs, T cells, and 
B cells. Thus it is expected to play a favorable role in 
obesity-induced IR. Of relevance IL-10 is decreased in T2D 

[200], whereas weight loss increases IL-10 expression in 
WAT concurrent with diminished pro-inflammatory gene 
expression [201].

	(b)	 Mitochondrial dysfunction and obesity-induced insulin 
resistance

Mitochondria is the main site for oxidation of fatty acids 
and glucose; thus its dysfunction may contribute to FFA 
and lipid accumulation and favor IR [202]. Mitochondrial 
biogenesis is activated by insulin and diminished in subjects 
with IR [203, 204]. In humans the existence of mitochondrial 
dysfunction in obese T2D who display lower NADH:O2 
oxidoreductase activity and reduced mitochondrial size 
than lean subjects has been observed [205]. Moreover, 
mitochondrial dysfunction in obese and insulin-resistant 
patients decreases lipid metabolism in muscle compared 
with lean control subjects [205–207]. Therefore, when 
mitochondria is exposed to excess lipids for β-oxidation, 
the oxidation of glucose may be impaired contributing to 
a state of insulin resistance. Furthermore, mitochondrial 
function improves after exercise training increasing uptake 
and oxidation of glucose in parallel with an improvement in 
insulin sensitivity [208]. In addition, molecular studies have 
found a decrease in peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha (PGC1α), the key coactivator of 
mitochondrial biogenesis, and a decrease in phosphorylation 
pathways in muscle mitochondrial of T2D patients compared 
with control without diabetes [209, 210]. Thus, these studies 
have suggested the possibility of a genetic predisposition 
for mitochondrial dysfunction already observed in the 
early stages of insulin resistance and diabetes. Although a 
compensatory attempt to increase mitochondrial oxidative 
activity that could deal with the increased lipid supply in the 
short term has been shown [211], a sustained exposure to 
high-fat diet, prolonged for more than 4–6 weeks, may not 
be able to be compensated by increasing the mitochondrial 
activity leading to ectopic lipid accumulation and IR [212, 
213]. However these observations are not consistently shown 
[214, 215]. It still unclear whether the observed defects in 
mitochondria function could be due primarily to a decrease 
in their number in muscle or secondary to metabolic defects 
within the mitochondria. It is known that insulin sensitivity 
improves after weight loss, an effect that does not require 
mitochondrial function to improve or even to change. Drugs 
which inhibit mitochondrial function and ATP production 
(TZDs, metformin, etc.) improve insulin sensitivity [216]. 
Lipid infusion-induced insulin resistance also enhances 
mitochondrial β-oxidation [217]. In nonobese sedentary 
humans after a period of overfeeding, IR was increased 
without changes in mitochondrial function [218]. Also 
muscle mitochondrial function was not distinctively impaired 
in obese and T2D compared with control subjects [218, 219]. 
Finally, there is some evidence that decreased mitochondrial 
function may induce insulin sensitivity, whereas an increase 
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mitochondria function is associated with insulin resistance 
in transgenic mice [214, 215]. Thus the relationship between 
mitochondria and insulin action remains complex and still 
not well established.

	(c)	 Oxidative stress and obesity-induced insulin resistance

Mitochondria are an important source of superoxide 
generation in cells, having the greatest capacity for production 
in the electron transport chain (ETC). Under physiological 
conditions, mitochondrial superoxide contributes to 
mitochondrial function. Several studies have proposed a 
relationship between oxidative stress and IR.  Lipid infusion 
increased levels of oxidative damage markers such as 
plasma thiobarbituric acid reactive substance (TBARS) and 
was associated with a decrease in insulin sensitivity [220]. 
A decrease in intracellular reduced glutathione (GSH) is 
associated with a decreased insulin sensitivity in T2D patients. 
In addition, infusion of GSH improved oxidative damage and 
insulin sensitivity [220, 221]. However, the physiological 
contribution of ROS to insulin sensitivity and metabolic 
response remains controversial, and several studies have been 
unable to reproduce consistently these observations [222, 223].

	(d)	 Endoplasmic reticulum stress and obesity-induced 
insulin resistance

Endoplasmic reticulum (ER) is an important biosynthetic 
organelle that regulates many biological processes required 
for nutrient storage and metabolization. If the surplus of 
nutrients is greatly increased, synthesis, processing, and 
secretion of proteins may need to be increased, generating 
ER stress and dysfunction. Accumulation of unfolded or 
misfolded proteins is observed with ER stress [224]. ER 
stress is also induced by factors such as hyperglycemia, 
viral infections, hypoxia, and lipid overload or qualitative 
changes in membrane lipid composition [224]. ER stress has 
also been linked to the activation of chronic inflammation 
by activating JNK [225], raised oxidative stress, insulin 
resistance [226], and leptin resistance in obesity [227]. 
Moreover, amelioration of ER stress with drugs directly 
improves insulin sensitivity in obese mice and recently also 
observed in insulin-resistant obese patients [228]. However, 
the specific mechanisms and process by which ER stress 
induces insulin resistance in humans still remain to be fully 
elucidated.

	(e)	 Skeletal muscle glucose and lipid metabolism

Adiponectin exerts direct effects in the skeletal 
muscle where it promotes fatty acid oxidation, decreases 
intramuscular lipid accumulation, reduces toxic deposit 
of ceramides, and results in the improvement of insulin 
sensitivity [57]. Leptin also may play an insulin 
sensitizing role in muscle through the CNS or through 

the leptin receptors which are highly expressed on muscle 
and participates on its growth. Leptin’s effect seem 
more related to the enhancement in FFA oxidation and 
amelioration of lipid deposition in muscle mediated by 
AMPK activation [229].

	(f)	 Liver insulin resistance and hyperglycemia

As the key organ regulator of lipid and glucose 
metabolism, the liver is commonly affected by ectopic 
lipid accumulation (Fig.  13.4). Fatty acids accumulation 
in the liver results from imbalance of different sources: 
dietary fat, increase in lipolysis from adipocytes, and from 
de novo hepatic lipogenesis, without excluding defects 
in oxidation and on lipoprotein assembly and secretion. 
High-fat diets have been shown to produce fatty liver, 
whereas low-fat/high-carbohydrate diets have been shown 
to produce hyperinsulinemia in the context of selective 
insulin resistance and stimulation of de novo lipogenesis 
via SREBP-1c. Thus, dietary composition can have a major 
effect by affecting the relative sources of fat in the liver. 
However, an overproduction of FFAs from adipose tissue in 
the context of obesity is probably the most likely source of 
the excess triglyceride accumulating in the liver [230].

When an inflammatory environment is established in the 
adipose tissue, the whole body lipid metabolism becomes 
altered, initiating postprandial hypertriglyceridemia, because 
the liver overproduction of VLDL is not removed in time and 
remains for longer in plasma (postprandial hyperlipidemia). 
Further, because lipolysis from peripheral adipose tissue is 
exacerbated, the interstitial content of FFAs increases, which 
can be taken up by the adjacent muscle cells (↓ IS) or again 
transferred into lipoproteins to the plasma and could be 
taken up by the liver (↑ VLDL production) and other organs 
(lipotoxicity).

The ectopic accumulation of fat in the liver has 
been strongly associated with both hepatic and adipose 
tissue insulin resistance, an almost universal finding in 
nonalcoholic fatty liver disease (NAFLD) [231, 232]. 
Thus, whereas insulin sensitivity is reduced by ~45–50% 
(whole glucose disposal), the ability of insulin to inhibit 
endogenous hepatic glucose production is also decreased. 
However, not all obese individuals necessarily develop 
metabolic complications, as some remain insulin sensitive 
and do not develop fatty liver [89].

On top of all these factors, the link between obesity 
and associated metabolic abnormalities seems to be better 
related to the topography, anatomical distribution, and/
or the functional peculiarities of the adipose tissue, a 
phenomenon which seems to be more relevant in patients 
with relatively normal weight (Figs.  13.3 and 13.4). The 
mechanism(s) whereby increased visceral adiposity is 
associated with insulin resistance is unclear, but circulating 
hormones secreted from adipose tissue have been implicated 
in modulating insulin sensitivity. Importantly, adiponectin 
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receptors (AdipoR1 and AdipoR2) are expressed in the liver. 
Adiponectin is associated positively with insulin sensitivity 
and associated negatively with intra-abdominal and hepatic 
fat. Adiponectin stimulates glucose use and fatty acid 
oxidation in the liver by activating AMP-activated protein 
kinase (AMPK) and PPAR-α [57]. Moreover, adiponectin 
exerts a protective action on liver fat accumulation, favoring 
lipolysis by promoting the action of CPT-1 and enhancing 
fatty acid transport into mitochondria to undergo β-oxidation 
while preventing the action of FAS, ACO, and TNF-α and 
decreasing the expression and action of CD-36 protein that 
promotes the transport of fatty acids [105]. Adiponectin 
induces suppression of Sterol regulatory element-binding 
protein-1c (SREBP-1c) a key factor regulator of lipogenic 
gene expression in the liver. In addition, adiponectin 
lowers toxic hepatic ceramide accumulation by enhancing 
ceramidase activity. Recently it has emerged that FGF21, 
released by adipose tissue, liver, and skeletal muscle, 
increases adiponectin levels. Also treatment of T2D subjects 
with pioglitazone also increases adiponectin levels, and 
this has been associated with decreases in hepatic fat and 
correlated positively with hepatic and peripheral insulin 
sensitivity both pretreatment and posttreatment [233].

Leptin prevents de novo lipogenesis while activating 
β-oxidation of fatty acids in the liver and has anti-
inflammatory effects on the liver. Leptin increases inclusion 
of triglycerides into VLDL enabling release of lipid from the 
liver. Clinical trial is currently ongoing to show the effect of 
leptin therapy for NAFLD.

With respect to the role of the inflammatory cytokines 
IL-6 and TNF-α, the plasma levels of these two inflammatory 
cytokines are increased in subjects with NAFLD and NASH 
[89]. Moreover, peripheral blood monocyte production of 
TNF-α and IL-6 is increased in subjects with NASH [234].

�β-Cell Dysfunction in Obese T2D Subjects

In obese insulin-resistant subjects, the pancreatic β-cells 
homeostatically increase insulin secretion to maintain glucose 
levels. The mechanisms involved in this β-cell compensation 
are not well known but result in both increased generation of 
β-cells and enhanced β-cell functional responses (Fig. 13.5) 
[235, 236]. β-cell mass is increased in obese compared with 
lean subjects [237]. The signaling for compensatory β-cell 
mass expansion may include increased glucose and FFAs 
(probably the most important direct stimulus), insulin, and 
other growth factors [235]. Glucose is the natural stimulus to 
release storage granules and to synthesize insulin by β-cells. 
Glucose must enter β-cell by a special glucose transporter 
(GLUT2) increasing pyruvate and ATP/ADP ratio (glucose 
oxidation) which trigger insulin release (first phase) [238]. 
The maintenance of hyperglycemia stimulates specific 
β-cell glucokinase (GK) activity which forms glucose 6-P 
that increases insulin production (second phase) [238]. The 

expression of GK and GLT2 is directly associated with the 
differentiation of β-cells, and both are regulated by PDX1 
[239].

In addition, FFAs are essential for amplification of glucose-
stimulated insulin secretion (GSIS) and other nutrient and non-
nutrient stimulus [240]. First, the binding of FFAs to FFAR1/
GPR40 receptors increases intracellular Ca2+ necessary 
for insulin release and, second, through generation of 
malonyl-CoA (inhibits fatty acid oxidation), which increases 
intracellular LC-CoA and diacylglycerol levels (DAG), in 
the malonyl-CoA/LC-CoA pathway [240, 241]. In addition, 
nutrients stimulate L-cells in ileum, and higher fat content in 
food raises levels of glucagon-like peptide 1 (GLP-1) [242]. 
GLP-1 and FFAs can have synergistic actions increasing 
GSIS [243], which may also stimulate β-cell growth [244, 
245]. However, the incretin effect gets progressively impaired 
during the transition from IGT to diabetes. In addition, obesity 
and glucose tolerance each attenuate the incretin effect on 
β-cell function and GLP-1 response [246]. Pancreatic cells are 
connected with the parasympathetic system increasing insulin 
secretion, and its hyperactivity may be involved in the growth 
of β-cells [247]. Histological studies of the pancreas from 
necropsies and surgery have supplied important data for our 
knowledge of pathogenesis of islet β-cell dysfunction in T2D 
[237, 248]. An important research focused on the pancreas 
obtained from necropsies analyzed the total number of beta 
cells (β-cell mass), the stage of beta cell in regeneration, 
and those in apoptosis (Fig. 13.5). One hundred and twenty-
four pancreases in total from lean and obese subjects were 
investigated, both groups having normal glucose tolerance 
and T2D and the obese group having the addition of impaired 
fasting glucose (IFG) [237]. In patients with normal glucose 
tolerance, the study found that relative cell volume was 
increased in obese versus lean cases (P = 0.05) increasing the 
mechanism of neogenesis (P < 0.05). However, a decrease of 
40% and 63% in β-cell mass in IFG and T2D obese patients 
compared with obese normal glucose tolerance subject was 
also observed. Lean T2D patients compared with lean normal 
glucose tolerance subjects had a reduction of 59% in β-cell 
mass. The reduction of β-cell mass is evident in patients 
with impaired fasting glucose suggesting that the loss of 
β-cell mass starts in the early stages. Finally, the study of 
mechanisms implicated in this loss of β-cell mass found no 
significant effect on β-cell neogenesis, but β-cell death by 
apoptosis was increased [237].

�Underlying Mechanisms Implicated in β-Cell 
Failure in T2D

	(a)	 Glucotoxicity and glycation stress. Insulin secretion is 
reduced during periods of hyperglycemia, while partial 
recovery of β-cell function is achieved after control of 
glucose levels in T2D patients. Glucotoxic mechanisms 
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implicated in β-cell damage include increased 
glucosamine pathway activity and glycation stress, 
raised oxidative stress, increased ER stress, activation of 
inflammatory, and toxic accumulation of islet amyloid 
polypeptide (IAPP) [249, 250].

	(b)	 Mitochondrial dysfunction and reactive oxygen species. 
Increased surplus of glucose and FFAs raises its 
oxidation in mitochondria resulting in increased 
superoxide generation and production of uncoupling 
protein 2 (UCP2) in β-cell [251, 252].

	(c)	 Lipid effects on β-cell function. An increased surplus of 
TG/FFA in β-cells induces glucose oxidation by which 
K+ATP channel pathway can be enhanced [243]. Thus, 
more than a direct lipotoxicity effect, elevated FFAs and 

hyperlipidemia can be a major signal for a flexible 
adaptation of β-cell mass to obese-induced insulin 
resistance [243]. However, the lipotoxicity effects of 
increased FFAs on β-cell can be seen more in combination 
with chronic hyperglycemia (glucolipotoxicity) [100, 
241]. During hyperglycemia AMPK/malonyl-CoA 
signaling is stimulated, which slows down mitochondrial 
fat oxidation and promotes FFA accumulation in more 
complex lipids, some of which are lipotoxic [100, 241].

	(d)	 Islet β-cell exhaustion and ER stress. The high 
requirement of insulin synthesis initiates mechanisms 
for compensating β-cell mass and generates high 
endoplasmic reticulum (ER) activity for the production 
of proinsulin. Continuous formation of proteins 

Differentiated cellsPancreatic sten cells                                

• Multipotent sten cell (ES/iPS) /               b-cell

• Ductal stem cell

• Intraislet stem cells

P
an

cr
ea

tic
 d

uc
t  

(S
ec

un
da

ry
 m

ul
tip

ot
en

t p
ro

ge
ni

to
r)

 

Stem cell (ES/iPS
(Primary multipotent progenitor) Activin βB+ FGF2 

Betacellulin (BTC) 
Activin βA

GLP-1

Neogenesis

Apoptosis

Β-cell mass β-to-α transcriptional/epigenetic
Modification

Metabolic/
Genetic stress

Β-cell

α-to-β  

β-to-δ

δ-to-β  

β-cell
dysfunction  

Highest β-cell death

Highest β-cell death

Metabolic/genetic stress

Metabolic/genetic 
stress Highest stress

Apoptosis
DiabetesBiopotential progenitor

Acinar cell 
Endocrine progenitor
Duct cell 

d-cella-cell

PP-cellDuct cell

De-differenciated

Fig. 13.5  Pancreatic β-cell failure appears as fundamental in the 
development of hyperglycemia in T2D, although insulin resistance may 
have been present for many years [276]. Insulin levels increase rapidly 
in relation with weight gain, probably associated with impaired insulin 
action; therefore hyperinsulinemia is frequently observed at diagnosis 
of T2D in obese subjects. However, only ∼20% of obese subjects 
develop diabetes, while the remainder can maintain elevated insulin 
levels without hyperglycemia for many years. Thus, it appears that 
β-cell mass could progressively be reduced until it crosses a set point 
where insulin secretion is no longer sufficient to maintain the normal 
glycemic range in obese type 2 diabetic patients. Today, an increase in 
apoptosis of β-cells greater than a decrease in neogenesis is the most 
accepted cause for the loss of β-cell mass [237] (Fig. 13.5). β-Cell death 
can be increased by an accumulation of high toxic lipids, a human islet 
amyloid polypeptide, and finally by the generation of high levels of 
glucose in the type 2 diabetes with obesity. In addition, in obese indi-
viduals a high demand for insulin increases endoplasmic reticulum dys-
function (ER stress) and also hyperglycemia increases reactive oxygen 
species (oxidative stress) both contributing to apoptosis of β-cells. 
Thus, if β-cell mass is lower than 50%, the remaining β-cells try to 
increase their function in order to compensate, which produces chronic 
β-cell stress. Therefore, proinsulin levels are frequently increased early 
in developing T2D, probably due to ER stress of β-cells. In addition, 

proinsulin levels after hemiprancreatectomy determine the risk of 
developing diabetes, mainly in obese patients. Furthermore, the incretin 
effect is decreased in type 2 diabetes, affecting insulin secretion rates 
expressed as a percentage of insulin secretion. The incretin effect on 
total insulin secretion and β-cell glucose sensitivity and the GLP-1 
response to oral glucose were significantly reduced in diabetes com-
pared with NGT or IGT.  Glucose tolerance and obesity inhibit the 
incretin effect independently [246]. In healthy subjects, infusion of 
physiological levels of GLP-1 increase insulin secretion. However, in 
patients with type 2 diabetes, physiological levels of GLP-1 had no 
effect on insulin release, whereas the infusion of GLP-1 at pharmaco-
logical levels (1  pmol/kg/min) increased just the “late-phase” (20–
120 min) insulin response to levels similar to healthy subjects [277]. 
Furthermore, inflammatory pathways, such as increased interleukin-1β 
within islet β-cells, are involved in β-cell apoptosis in type 2 diabetes. 
Although the half-life and neogenesis rates of β-cells are difficult to 
establish in humans, it appears that β-cell can take several years to 
regenerate. However, interventions such as bariatric surgery can 
improve β-cell function in a few weeks in obese type 2 diabetes patients. 
In addition, β-cell function improved in obese T2D patients treated with 
a very-low-calorie diet (VLCD) weeks before insulin sensitivity was 
changed
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including insulin results in stress and dysfunction of 
ER which affects the normal pattern of insulin 
secretion, a significant component of β-cell failure in 
T2D [253].

	(e)	 Differentiation of undifferentiated cells to pancreatic 
β-cells

Hyperplasia, proliferation and neogenesis of pancreatic 
β-cells, may be adapted in relation to obese-induced insulin 
resistance and transitory β-cell damage. In humans pancreatic 
β-cell proliferation in pregnancy and T2D has not been 
observed. Therefore, similar to factors that induce multipotent 
stem cells (ES/iPS) to produce β-cells, we may be able to 
identify factors that inhibit pancreatic β-cell proliferation 
in various conditions. In humans, hyperglycemia progress 
is related with β-cell failure associated with a reduction of 
β-cell mass by increased apoptosis or dedifferentiation of 
β-cells during metabolic stressors such as is observed with 
obesity (Fig. 13.5).

Fate change between the different endocrine cells is 
observed under different conditions of stress. This may occur 
either directly or through a dedifferentiated state. Continued 
stress on the β-cell can lead to dedifferentiation that causes 
diabetes [254]. Future studies of some compounds that 
regulate endogenous stem-cell differentiation could lead to 
drugs that stimulate β-cells neogenesis [255].

�Multiple Choice Questions

	 1.	 Talking about “Obesity: Measurements and Assessment,” 
which one of the following statements is not correct?
	(a)	 Body mass index (BMI) is currently used to classify 

from low and normal weight to overweight and 
obese state in adults and is estimated by the weight/
height squared ratio.

	(b)	 Deaths associated with a high BMI are ranked fourth 
behind deaths from hypertension, smoking, and 
unhealthy diets, and ahead of deaths related to 
hyperglycemia, sedentary lifestyle, high salt intake, 
alcoholism, and high blood cholesterol level.

	(c)	 Several clinical parameters can be used to estimate 
central obesity, with the most widely being waist 
circumference (WC), hip ratio (HR), and waist-HR 
(WHR).

	(d)	 In research, to measure obesity and body fat 
distribution, more complex and more accurate 
techniques are used, such as dual-energy X-ray 
absorptiometry (DEXA), computed tomography 
(CT), and magnetic resonance imaging (MRI).

	(e)	 In research the single-voxel magnetic resonance 
spectroscopy is the gold standard for measuring dis-
tribution of body fat.

	 2.	 With respect to the “Adipocyte and Adiposity 
Development,” which one of the following statements is 
not true?
	(a)	 In humans there are two types of well-differentiated 

adipose tissues, which have different distributions 
and functions and are referred to as white adipose 
tissue (WAT) and brown adipose tissue (BAT).

	(b)	 The WAT is mainly related to the function of deposit 
of surplus energy as triacylglycerol, which could be 
mobilized and offered through hormonal signaling 
and has a tremendous ability to expand.

	(c)	 Adiponectin increases adipocyte lipid storage and 
prevents ectopic lipid accumulation. In addition, 
leptin decreases lipogenesis and increases lipolysis 
and fatty acid oxidation.

	(d)	 Thermogenic function of BAT is mediated by the 
activation of a specific mitochondrial uncoupling 
protein 1 (UCP1), where the saturation of the pro-
duction of ATP is dissipated as heat. Therefore, acti-
vation of these sites with BAT decreases basal 
energy expenditure and increases onset of diabetes.

	(e)	 A third fat cell similar to brown adipocytes is also 
found infiltrating skeletal muscle and in different 
areas of WAT. This could mean that the rate of lipid 
storage or lipid oxidation could be adapted and 
adjusted.

	 3.	 Which characteristics or pleiotropic effects of hormones 
and adipokines on adipogenesis and glucose metabolism 
are not correct?
	(a)	 Adipocyte differentiation and lipogenesis require 

insulin receptors and insulin action.
	(b)	 The infusion of hydrocortisone increases levels of 

circulating free fatty acids (FFA) associated with the 
activation mechanisms of lipolysis.

	(c)	 The PPAR-γ agonists (thiazolidinediones, TZDs) 
increase fat central depots, also decrease adiponec-
tin levels, worsen lipid profile and insulin sensitiv-
ity, and increase liver fat in NAFLD.

	(d)	 Leptin is secreted by fat cells, establishing a negative 
feedback between the amount of adipose tissue and 
satiety centers in the brain.

	(e)	 Adiponectin is produced in mature adipocytes and is 
higher in peripheral adipose tissue than visceral adi-
pose tissue.

	 4.	 Talking about inflammatory adipokines all is true less 
one.
	(a)	 Both TNF-α gene and its receptors are present in 

adipocytes and at higher levels in WAT.  Increased 
release of TNF-α from adipose tissue may play a 
role in the impairment of insulin action.

	(b)	 TNF-α increases the expression of PPAR-γ and 
increases expression of genes involved in lipid and 
glucose uptake.
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	(c)	 A fatty acid-binding protein (aP2) could be the link 
between FFA and increased expression of TNF-α in 
obesity.

	(d)	 About 1/3 of the total concentration of IL-6 is 
produced in adipose tissue, mainly in visceral 
adipose tissue compared with peripheral adipose 
tissue.

	(e)	 IL-6 levels are directly linked to obesity and insulin 
resistance and inhibit the activity of lipoprotein 
lipase (LPL).

	 5.	 Which of “Obesity Effects on Pathogenesis of Type 2 
Diabetes” is not completely true?
	(a)	 Type 2 diabetes mellitus (T2D), at least at the 

beginning, is characterized by hyperglycemia, 
insulin resistance, and impairment in insulin 
secretion. The prevalence has increased related with 
obesity and sedentary lifestyle but can arise genetic 
or varying environmental factors, which complicate 
finding the cause in diabetic patients.

	(b)	 The risk of T2D and cardiovascular disease rises not 
only with the amount of body fat particularly 
increases when fat accumulation is in peripheral 
depots.

	(c)	 Increased and altered secretion of adipokines in 
obesity (TNF-α, adiponectin, leptin, etc.) contrib-
utes to insulin resistance.

	(d)	 Ectopic fat deposition, predominantly in the liver, 
skeletal muscle, and ß-cell, contributes to altered fat 
and glucose metabolism.

	(e)	 Mitochondrial dysfunction and endoplasmic 
reticulum stress could be a link between obesity and 
diabetes, by decreasing insulin sensitivity and 
altering ß-cell function.

	 6.	 In relation to “Obesity and Lipotoxicity Syndrome,” 
everything is true except one statement:
	(a)	 Adipose tissue is the primary responsible for fat 

storage. Thus, a correctly functioning adipose tissue 
is necessary to maintain an adjusted delivery of sur-
plus fuel to other tissues and nontoxic storage of 
lipids.

	(b)	 When the adipocytes enlarge, it develops insulin 
resistance, and the antilipolytic effects of insulin is 
reduced. The increase of FFA in plasma results in 
more insulin resistance in muscle and liver, inhibits 
insulin secretion, and induces β-cell apoptosis.

	(c)	 Leptin secretion decreases in parallel with fat 
accumulation and as a result adipose tissue expands. 
Leptin action appears to be implicated in processes 
that increase lipotoxicity in non-adipose tissues.

	(d)	 Leptin regulates and increases β-oxidation through 
controlling peroxisome proliferator-activated 
receptor-α (PPAR-α) activity by minimizing ectopic 
accumulation of lipids.

	(e)	 Adiponectin has a major role in improving insulin 
sensitivity, anti-inflammatory, anti-apoptotic, and 
pro-angiogenic effects that enhance the metabolic 
flexibility of adipose tissue.

	 7.	 In relation with “Pathogenesis of Obese Type 2 
Diabetes,” find out the statement that is not true:
	(a)	 There are overweight subjects who maintain 

normal glucose tolerance. These can gain weight 
associated with insulin resistance (IR), but their 
acute insulin response (AIR) could be adjusted 
upward.

	(b)	 The gastrointestinal tract is a large endocrine organ 
that releases two major incretin peptides. The 
glucagon-like peptide 1 (GLP-1) by L-cells (distal 
small intestine) and glucose-dependent insulinotro-
phic peptide (GIP) by k-cells (early small intestine) 
jointly rise by 60–70% insulin released in response 
to a mixed meal.

	(c)	 GLP-1 reduces glucagon releases by α-cells on the 
pancreas and reduces appetite. In T2D patients, the 
GLP-1 resistance results in hyperglucagonemia and 
increased HGP and weight gain by eating.

	(d)	 The kidney generates about a 15–20% of the 
endogenous glucose production, mainly in fasting 
period, and is controlled by insulin function. But, 
kidney in obese T2D is insulin resistant, and glucose 
production is decreased.

	(e)	 The glucose filtered is reabsorbed by sodium 
glucose transporter 2 (SGLT2) (80–90%) and 
SGLT1 (10–20%). When hyperglycemia initiates, 
this capacity of reabsorption is increased and 
contributes to maintain elevated glucose levels and 
retention of sodium and water.

	 8.	 In relation with “β-Cell Dysfunction in Obese T2D 
Subjects,” all are correct except one:
	(a)	 In obese insulin-resistant subjects, pancreatic β-cells 

increase insulin secretion to maintain glucose lev-
els. The mechanisms involved in this β-cell compen-
sation are not well known but implicate both 
increased generation of β-cells and enhanced β-cell 
responses.

	(b)	 The signaling for compensatory β-cell mass 
expansion includes increased glucose, while mainly 
FFAs, GLP-1, and insulin decrease β-cell mass 
increasing apoptosis.

	(c)	 Glucose is the natural stimulus to release storage 
granules and to synthesize insulin by β-cells. 
Glucose must enter β-cell by a special glucose 
transporter (GLUT2) increasing pyruvate and ATP/
ADP ratio (glucose oxidation) which trigger insulin 
release (first phase of insulin secretion).

	(d)	 The maintenance of hyperglycemia stimulates 
specific β-cell glucokinase (GK) activity which 
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forms glucose 6-P that increases insulin production 
(second phase of insulin secretion).

	(e)	 Pancreatic cells are connected by the parasympathetic 
system increasing insulin secretion, and its 
hyperactivity may be involved in the growth of 
β-cells.

	 9.	 Histological studies of the pancreas from necropsies and 
surgery have supplied important data for our knowledge 
of pathogenesis of islet β-cell dysfunction in T2D. Which 
of the following one is not true?
	(a)	 In patients with normal glucose tolerance has been 

found that relative cell volume is decreased in obese 
versus lean cases decreasing the mechanism of 
neogenesis.

	(b)	 A decrease of 40% and 63% in β-cell mass in IFG 
and T2D obese patients compared with obese nor-
mal glucose tolerance subject has been also 
observed.

	(c)	 Lean T2D patients compared with lean normal 
glucose tolerance subjects had a reduction of 59% in 
β-cell mass.

	(d)	 The reduction of β-cell mass is evident in patients 
with impaired fasting glucose suggesting that the 
loss of β-cell mass starts in the early stages.

	(e)	 The study of mechanisms implicated in this loss of 
β-cell mass found no significant effect on β-cell neo-
genesis, but β-cell death by apoptosis was increased.

	10.	 Talking about “the underlying mechanisms involved in 
the failure of β-cells in T2D,” point out the incorrect 
one:
	(a)	 Insulin secretion is reduced during periods of 

hyperglycemia, while partial recovery of β-cell 
function is achieved after control of glucose levels 
in T2D patients (glucotoxic mechanisms).

	(b)	 Glucotoxic mechanisms implicated in β-cell damage 
include increased glucosamine pathway activity and 
glycation stress, raised oxidative stress, and 
increased ER stress, activation of inflammatory, and 
toxic accumulation of islet amyloid polypeptide 
(IAPP).

	(c)	 An increased surplus of TG/FFA in β-cells induces 
glucose oxidation. Thus, more than a direct 
lipotoxicity effect, elevated FFAs and 
hyperlipidemia can be a major signal for a flexible 
adaptation of β-cell mass to obese-induced insulin 
resistance.

	(d)	 The lipotoxicity effects of increased FFAs on β-cell 
can be seen more in combination with chronic 
hyperglycemia (glucolipotoxicity).

	(e)	 Continuous formation of proteins, including insulin, 
results in stress and dysfunction of endoplasmic 
reticulum (ER) activity which not affects the normal 
pattern of insulin secretion in T2D.

	11.	 The differentiation of undifferentiated cells to pancreatic 
β-cells plays a key role in the maintenance of the β-cell 
mass. Point out the incorrect of the following;
	(a)	 Hyperplasia, proliferation, and neogenesis of 

pancreatic β-cells may be adapted in relation to 
obese-induced insulin resistance and transitory 
β-cell damage.

	(b)	 In humans, hyperglycemia progress related with 
β-cell failure is associated with a reduction of β-cell 
mass by increased apoptosis and/or dedifferentia-
tion of β-cells during metabolic stressors such as is 
observed with obesity.

	(c)	 Fate change of differentiation from multipotent 
stem cells (ES/iPS) between the different endocrine 
cells is observed under different conditions of 
stress.

	(d)	 Continued stress on the β-cell could lead to its 
dedifferentiation in an α-cell, which will not affect 
the normal pattern of insulin secretion in T2D.

	(e)	 Future studies of some compounds that regulate 
endogenous stem-cell differentiation could lead to 
drugs that stimulate β-cells neogenesis.

�Correct Answers

	 1.	 (e) In research the single-voxel magnetic resonance 
spectroscopy is the gold standard for measuring distri-
bution of body fat.

	 2.	 (d) Thermogenic function of BAT is mediated by the 
activation of a specific mitochondrial uncoupling pro-
tein 1 (UCP1), where the saturation of the production of 
ATP is dissipated as heat. Therefore, activation of these 
sites with BAT decreases basal energy expenditure and 
increases onset of diabetes.

	 3.	 (c) The PPAR-γ agonists (thiazolidinediones, TZDs) 
increase fat central depots, also decrease adiponectin 
levels, worsen lipid profile and insulin sensitivity, and 
increase liver fat in NAFLD.

	 4.	 (b) TNF-α increases the expression of PPAR-γ and 
increases expression of genes involved in lipid and glu-
cose uptake.

	 5.	 (b) The risk of T2D and cardiovascular disease rises not 
only with the amount of body fat particularly increases 
when fat accumulation is in peripheral depots.

	 6.	 (c) Leptin secretion decreases in parallel with fat 
accumulation and as a result adipose tissue expands. 
Leptin action appears to be implicated in processes that 
increase lipotoxicity in non-adipose tissues.

	 7.	 (d) The kidney generates about a 15–20% of the 
endogenous glucose production, mainly in fasting 
period, and is controlled by insulin function. But, kidney 
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in obese T2D is insulin resistant, and glucose production 
is decreased.

	 8.	 (b) The signaling for compensatory β-cell mass 
expansion includes increased glucose, while mainly 
FFAs, GLP-1, and insulin decrease β-cell mass 
increasing apoptosis.

	 9.	 (a) In patients with normal glucose tolerance has been 
found that relative cell volume is decreased in obese ver-
sus lean cases decreasing the mechanism of neogenesis.

	10.	 (e) Continuous formation of proteins, including insulin, 
results in stress and dysfunction of endoplasmic reticu-
lum (ER) activity which not affects the normal pattern of 
insulin secretion in T2D.

	11.	 (d) Continued stress on the β-cell could lead to its 
dedifferentiation in an α-cell, which will not affect the 
normal pattern of insulin secretion in T2D.
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