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The study of adipose tissue has received considerable attention due to its importance not just in maintaining body energy

homeostasis but also in playing a role in a number of other physiological processes. Beyond storing energy, adipose

tissue is important in endocrine, immunological, and neuromodulatory functions, secreting hormones that participate in the

regulation of energy homeostasis.
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1. Adipose Tissue

Beyond storing energy, adipose tissue is important in several processes, such as the modulation of energy homeostasis,

metabolism, and the regulation of the immune system . Adipose tissue is considered an endocrine organ since it

produces and secrets molecules that can exert their action in surrounding or distant tissues . Adipose tissue is

composed of adipocytes, pre-adipocytes, endothelial cells, fibroblasts, and some immune cells such as macrophages,

dendritic cells, and T cells that contribute to the release of metabolites, lipids, cytokines, and adipocytokines . Hormones

and adipocytokines produced by adipocytes affect the central nervous system, skeletal muscle, liver, bone, and other

tissues, which have been studied extensively in the last two decades, establishing that these factors play a preponderant

role in the homeostasis of body glucose, through endocrine, autocrine, and paracrine mechanisms. Adipocytokines are

essential for the balance between appetite and satiety, body fat reserve and energy expenditure, glucose tolerance,

insulin release and sensitivity, cell growth, inflammation, angiogenesis, and reproduction .

Under physiological conditions, adipose tissue plays a central role in keeping the homeostasis of the entire body serving

as the main storage for excess energy; namely energy that is used during fasting, thus preserving proteins, regulating

metabolism, satiety, reproduction, and enhancing the immune response in pathogenic invasion .

Adipocytes that have a large drop of lipids, called unilocular adipose cells, form part of the white adipose tissue and cells

with multiple small drops of lipids, called multilocular adipose cells, constitute the brown adipose tissue . White adipose

tissue is the most abundant and is distributed throughout the body, mainly as perivascular and visceral fat . It produces

and secretes adipocytokines, glucocorticoids, and sex hormones . Brown adipose tissue is considered thermogenic and

its color reflects its numerous mitochondria . UCP1 decoupling protein is responsible for modifying oxidative

phosphorylation in mitochondria, causing a decrease in ATP production and increasing heat production by this tissue .

Brown adipose tissue has a regulatory function in body temperature via adaptive thermogenesis, regulating the

concentration of circulating triglycerides, storing glucose, and secreting prostaglandins, nitric oxide, adipsin, and other

adipocytokines .

The beige adipose tissue has an intermediate diameter between white and brown adipose tissue . Originally, it was

observed mainly in response to cold . However, factors such as diet, physical, pre and probiotic activity, and drugs,

among others, are able to induce the transdifferentiation (to beige or brown) of white adipose tissue. This tissue has the

function of storage or energy expenditure, according to physiological needs .

The excessive adiposity that occurs in obesity (excess of white adipose tissue) disrupts the metabolic balance of the

adipose tissue, producing a negative impact on the homeostasis of the human body. Therefore, obesity is the causality of

a group of chronic and complex diseases such as cardiovascular diseases, metabolic syndrome, type 2 diabetes , and

even some types of cancer .

2. Adipose Tissue as an Endocrine Organ

Adipose tissue, besides being an energy reservoir, is an important endocrine organ as it produces several hormones that

participate in the regulation of homeostasis. A positive imbalance of adipose tissue (accumulation of fatty acids over a BMI
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24.9 kg/m ) generates structural and functional changes in this tissue, favoring the secretion of deleterious adipocytokines

related to insulin signaling and those that benefit a pro-inflammatory state, which could promote the development of

metabolic and cardiovascular diseases (see Figure 1) . One of the first of these hormones discovered was leptin ,

which suppresses food intake by inducing satiety, along with increasing energy expenditure. Leptin levels are positively

correlated with the amount of adipose tissue and it is secreted mainly by visceral white adipose tissue . Adiponectin

is a hormone secreted by subcutaneous white adipose tissue which has anti-inflammatory and insulin-sensitizing

functions . In overweight or obese people with insulin resistance, plasma adiponectin levels are low . Resistin is

another hormone secreted by adipose tissue and has a close relationship with obesity and diabetes, notably contributing

to insulin resistance and vascular inflammation . Fibroblast growth factor 21 (FGF21) is a protein produced by adipose

and other tissues, with thermogenic effects that promote the transdifferentiation from beige to brown adipose tissue. Like

adiponectin, it has insulin-sensitizing effects and in overweight or obese patients, plasmatic concentrations are elevated

. Vaspin (also serpin A12) is an inhibitor of serine protease, which acts as an insulin-sensitizing adipocytokine ,

that is increased in obese patients, promoting insulin resistance and decreasing glucose tolerance . Visfatin is another

hormone involved in glucose homeostasis and, like acylation-stimulating protein (ASP), is preferentially involved in fat

storage .

Figure 1. Adipocytokines and other molecules are secreted by adipose tissue. (+) Beneficial effect on energy

homeostasis; (−) Negative effect on energy homeostasis.

Adipose tissue secretes inflammatory cytokines such as interleukin-6 (IL-6), IL-8, interferon-γ (INF-γ), and plasminogen

activator inhibitor-1 (PAI-1) . Other molecules secreted by adipose tissue include retinol-binding protein 4 (RBP4),

omentin, angiotensinogen, macrophage migration inhibitory factor (MIF), lipoprotein lipase (LPL), prostaglandins,

estrogens, and glucocorticoids . All these molecules influence homeostatic processes, affecting health positively or

negatively and resulting in the development of several diseases, such as type 2 diabetes mellitus (T2DM), metabolic

syndrome, and several types of cancer (breast, cervical, endometrial, renal, and gastrointestinal). Even more, adipose

tissue dysfunction can lead to psychiatric disorders, such as depression, dementia, insomnia, and many other .

3. Definition and Incidence of Overweight and Obesity

The Body Mass Index [BMI (kg/m , weight of the person divided by the square of their height)] is used to define and

diagnose obesity according to the clinical guidelines of the World Health Organization (WHO) . In adults, the WHO

defines overweight as a BMI of 25.0 to 29.9 kg/m  and obese as a BMI > 30.0 kg/m . In addition, obesity is classified into

three levels of severity: class I (BMI 30.0–34.9 kg/m ), class II (BMI 35.0–39.9 kg/m ), and class III (BMI > 40.0 kg/m ) .

For every 5-unit increase in BMI above 25.0 kg/m , overall mortality increases by 29%, vascular mortality by 41%, and

diabetes-related mortality by 210% .

Obesity is often stigmatized and associated with a false perception that it is primarily caused by a lack of willpower,

leading to inappropriate dietary choices and physical inactivity. However, there is abundant literature-based evidence

presenting obesity as a complicated chronic medical condition caused by multiple genetic, environmental, metabolic, and

behavioral factors .
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Obesity increases the probability of developing several other diseases and pathological conditions that are linked to

increased mortality, such as type 2 diabetes mellitus (T2DM), cardiovascular disease (CVD), metabolic syndrome (MetS),

chronic kidney disease (CKD), hyperlipidemia, hypertension, non-alcoholic fatty liver disease (NAFLD), certain types of

cancers, obstructive sleep apnea, osteoarthritis, depression, and neurodegenerative disorders .

The pathogenesis of obesity is complex, with environmental, socio-cultural, physiological, medical, genetic, epigenetic,

and numerous other factors contributing to the cause and persistence of this condition .

4. Causes or Mechanisms of Obesity

4.1. Genetic Factors

Data show that around 40 to 70% of the variations in obesity in humans are the result of genetic factors . While

environmental changes have increased the rate of obesity, genetic factors play a key role in the development of this

condition, with nearly 100 genes related to obesity and fat distribution . It is clear that in the same environment,

some people become obese and others do not.

Genetic causes of obesity can be classified as (A) monogenic causes that result in a single mutation located mainly in the

leptin–melanocortin pathway. Many of the genes, such as AgRP (Agouti-related peptide), PYY (peptide tyrosine tyrosine,

and orexigenic), or MC4R (melanocortin-4 receptor), were identified as causing monogenic obesity and deregulating

appetite and body weight control systems, where hormonal signaling (ghrelin, leptin, and insulin) is sensed by receptors

located in the hypothalamus (arcuate nucleus) . (B) Syndromic obesity, as the result of severe obesity due to

neurodevelopmental abnormalities and other organ/system malformations. This can be caused by mutations in a single

gene or a chromosomal region that spans multiple genes . (C) Polygenic obesity, caused by the cumulative contribution

of several genetic alterations. The presence of these types of alterations causes an increase in caloric intake, an increase

in appetite, a reduced control of satiety, and a higher tendency to store body fat and to a sedentary lifestyle .

There are also several genetic, neuroendocrine, and chromosomal syndromes that cause obesity, such as Prader-Willi

syndrome (PWS), which is a neurodevelopmental disorder involving hypothalamic dysfunction and leading to impaired

secretion of several hormones  and polycystic ovary syndrome, an endocrine disorder that results in increased body fat

mass  associated with deletions such as 16p11.2, 2q37 (brachydactylic mental retardation syndrome), 1p36

(monosomy 1p36 syndrome), 9q34 (Kleefstra syndrome), 6q16 (PWS-like syndrome), 17p11.2 (Smith Magenis

syndrome), and 11p13 (WAGR syndrome) . All of these conditions show an energy imbalance between calories intake

and expenditure as the main cause of obesity .

4.2. Fat Cells

The excess of calories from food intake results in an accumulation of fat in adipocytes . This enlargement and/or

increase in the number of fat cells to adapt to increased fat storage establish the initial pathological lesion in obesity. The

accumulation of ectopic fat, such as visceral, cardiac, and muscle fat, is associated with several factors when adipocytes

have already reached their maximal storage capacity . Nevertheless, as the group of Scherer showed, a complete

abolition of adipose tissue involved in inflammation was associated with several adverse metabolic readouts . In other

words, inflammation in a healthy dose is important during adipose expansion. The increase in the size of the adipocyte

eventually generates an inflammatory microenvironment due to an alteration of the homeostasis between the adipocyte

and the surrounding cells, mainly resident macrophages . The alteration of a healthy expansion in adipocyte size

produces an increase in the secretion of several inflammatory adipocytokines, such as leptin, IL-6, TNF-α,

angiotensinogen, adipsin, free fatty acids, and lactate, while the levels of anti-inflammatory molecules secreted, such as

adiponectin, decreases .

4.3. Dysregulation of Energy Balance

Genes and the environment interact in a complex manner in physiological processes that regulate energy balance and

body weight . Two groups of neurons located in the arcuate nucleus of the hypothalamus are inhibited or stimulated by

ghrelin and leptin, they are thus hormones that control energy balance by regulating food intake and energy expenditure,

namely AgRP and POMC neurons. Brain regions external to the hypothalamus also contribute to the regulation of energy

balance through sensory signals, cognitive processes, memory, and attention .

Reducing food intake or increasing physical activity generates a negative energy balance, activating adaptive

compensatory mechanisms that preserve vital functions . Conversely, at rest, there is a relative reduction in energy
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expenditure, seeking food and metabolic processes that depend on the magnitude and duration of caloric restriction .

An increase in the stimulation of the orexigenic center could explain a subtle and often inappropriate increase in appetite

and food intake, limiting weight loss associated with interventions such as physical exercise programs. It is important to

always consider obesity as a chronic disease, that requires long-term monitoring and weight control since there is a high

relapse rate in those people who have managed to lose weight .

4.4. Metabolic and Physiological Effects

As mentioned, adipocytes synthesize signaling molecules (adipocytokines) and hormones and their secretion and effects

are influenced by the distribution and amount of adipose tissue in the body . The excessive secretion of

proinflammatory adipocytokines by adipocytes and macrophages within adipose tissue leads to low-grade systemic

inflammation in people with obesity .

Triglyceride breakdown in adipocytes leads to the release of free fatty acids which are then transported in the plasma to

sites where they can be metabolized. In overweight people and to a greater extent in those with obesity, free fatty acid

levels are often elevated, reflecting the increased mass of adipose tissue .

Lipids are not only stored in adipose tissue; they are also stored in other cell types in organelles called liposomes, located

near mitochondria . For example, liposomes in hepatocytes increase in size, forming large vacuoles, which are

observed in a series of pathological states such as non-alcoholic fatty liver disease, steatohepatitis, and cirrhosis ,

generating cell dysfunction and apoptosis .

Elevated levels of free fatty acids, proinflammatory cytokines, and intermediary lipids, such as ceramides, in non-adipose

tissues, contribute to impaired insulin signaling and a state of insulin resistance . All these metabolic and anatomical

findings are some of the pathophysiological mechanisms caused by dyslipidemia in obesity, type 2 diabetes, obesity-

related liver disease, and osteoarthritis; they are also implicated in the development of some cancers, likely owing to the

association with elevated levels of tumor-promoting molecules .

There is cumulative evidence showing a complex interplay between obesity and both the central nervous system and the

peripheral nervous system. These associations are quite complex because they not only involve the so-called

organokines (adipokines, myokines, and hepatokines) acting on the nervous system but they also involve hormones and

factors secreted by the nervous tissue acting on other organs. Furthermore, there is also evidence that associates

inflammation-related obesity to a leaky gut , with alterations in the gut microbiota, through which intact Gram (−)

bacteria or broken-down products of its wall pass through the intestinal epithelium and reach the bloodstream . The

wall of Gram (−) bacteria is rich in lipopolysaccharides, also called endotoxin, which is a Pathogen Associated Molecular

Pattern (PAMP) recognized by the Toll-like receptor 4, a member of the Toll family of receptors, involved in triggering pro-

inflammatory signaling through NF-kappa B transcription factor  that activates the expression of several genes

associated with inflammation, like cytokines and chemokines. Of note, humans are significantly more sensitive to LPS

than other species . Finally, sympathetic nervous system hyperactivity in some overweight or obese individuals might

produce multiple pathophysiological processes (see Figure 2) such as arterial hypertension, heart disease, a heart attack,

and chronic kidney disease, all associated with insulin resistance, dyslipidemia, and type 2 diabetes .
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Figure 2. Some pathways by which excess adipose tissue produces risk factors or chronic diseases. ANS, Autonomic

Nervous System; RAAs, Renin–Angiotensin–Aldosterone System. ↑ imply an increase.
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