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Obesity is an abnormal or excessive accumulation of fat that represents a health risk, and it is characterized by
reaching a body mass index (BMI) equal to or greater than 30 kg/m2. Obesity is a chronic disease of multifactorial
etiology that involves an energy imbalance, genetic and epigenetic factors, alterations in glucose and lipid
metabolism, disorders of adipose tissue functioning, neuroendocrine dysregulation, and alterations in the intestinal

microbiota, among others.
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| 1. Introduction

Obesity is defined as an abnormal or excessive accumulation of fat that represents a health risk, and it is
characterized by reaching a body mass index (BMI) equal to or greater than 30 kg/m? [, Its prevalence continues
to increase in all age groups in Europe and some American countries [, and it is estimated that more than 60% of
the population is obese or overweight 12, |schemic heart disease, the leading cause of death worldwide, is tightly
linked to obesity 31, which is also related to ischemic or hemorrhagic strokes !, representing the second global
cause of death, as well as high blood pressure, type 2 diabetes mellitus (DM2), metabolic syndrome, and cancer &
Bl. Furthermore, obesity is correlated with significant causes of work disability, such as low back pain and
osteoarticular diseases, which significantly impact the financial resources of healthcare systems (. Despite this,

the general population still fails to fully grasp the severity of this metabolic disorder 2],

Obesity has a complex origin. In addition to the energy imbalance, some foods promote the pro-inflammatory
pathway of eicosanoids, such as arachidonic acid and linoleic acid, among others, related to obesity and other

chronic non-communicable diseases. However, obesity involves multiple etiopathogenic factors.

| 2. Genetic Factors

It is estimated that the genetic load may be responsible for the development of obesity by 40 to 70% 8. So far,
researchers have identified 227 gene variants and over 300 single nucleotide polymorphisms (SNPs) linked to
obesity 4. In genome-wide association studies, more than 1100 independent obesity-associated loci have been

identified. Although monogenic obesity can happen, polygenic alterations are more frequently observed.
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Some of the most studied alterations include the mutation of the leptin (LEP) and leptin receptor (LEPR) genes,
which causes a deficiency of the LEP protein and, therefore, alterations in the satiety stimulus with increased
appetite. Some rearrangements in the sequence of the proprotein convertase subtilisin/kexin type 1 (PCSK1),
proopiomelanocortin (POMC), and melanocortin-4 receptor (MC4R) genes have also been studied, which cause
the expression of the Agouti-related protein that, when binding to the melanocortin-2 receptor accessory protein
(MRAP) 4, increases the appetite. Changes in the Ras2 suppressor protein kinase gene (KSR2) affect energy
consumption and expenditure by interacting with adenosine monophosphate-activated protein kinase (AMPK) and
the cyclic-adenosine monophosphate response-element-binding protein 3-regulatory factor (CREBRF), which
participates in the storage and use of cellular energy €.

Other widely studied alterations include loss-of-function variants of the gene that encodes adenylate cyclase 3,
which is widely distributed, predominantly in adipose and subcutaneous tissue, but also participates in the correct
functioning of the MC4R gene 8 and in the synthesis of cyclic adenosine monophosphate (CAMP), which functions
as a second messenger in the glucagon-like peptide-1 (GLP-1) signaling pathway, the hormone ghrelin and the
melanocortin-stimulating hormone [, POMC, Fat Mass and Obesity (FTO) &, interleukin 6 (IL-6) (X9 perilipin
(PLIN) 1 adiponectin (ADIPOQ) 12 [ Ep 131 | EpR 141 pOMC 23] genes, the family of peroxisome proliferator-
activated receptors (PPAR) 28! and the uncoupling proteins (UCPs) 4, which are related to the activation of
thermogenesis. These genes and their metabolic and signaling pathways have a close relationship with systemic
oxidative stress and inflammation, both linked to the development of obesity and the appearance of many

associated comorbidities [EI18],

| 3. Epigenetic Factors

Epigenetics plays a fundamental role in the expression of the obesity phenotype. Epigenetic modifications are
modulations in gene expression without changes in the deoxyribonucleic acid (DNA) 22 This modulation can be
induced through DNA modifications, histone alterations, non-coding ribonucleic acids (RNAs), or adenosine

triphosphate (ATP)-dependent chromatin remodeling complexes 29,

Histone methylation and DNA methylation are common modifications through which some environmental factors
can prevent the expression of specific genes or DNA segments 819 Histone methylation consists of adding a
methyl group to lysine and arginine of histones, which are DNA packaging proteins. Methylated histones adhere
strongly to the DNA, keeping the chain condensed, and, in this way, do not allow the integration of transcription
factors, which means that the information from that section of DNA cannot be expressed. This process is also
known as transcriptional gene silencing (TGS). DNA methylation occurs because DNA-methyltransferase adds a
methyl group to cytokines, generally in regions rich in guanine and cytosine. These regions are called “CpG
islands” and are part of the non-coding DNA, but their importance lies in the fact that they are usually located in the
promoter region of most genes 2921 DNA methylation of CpG islands, in addition to maintaining the compact
configuration of chromatin, prevents the integration of transcription factors and thus also produces gene silencing.
Other modifications include acetylation, which favors gene expression; deacetylation, which inhibits gene

expression; or modulation of the expression of some non-coding RNAs, such as microRNAs (miRNAs) [18120122]
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The main importance of epigenetics is that unlike genotype and genetic changes, epigenetic changes are
modifiable and, in many cases, reversible (221, However, epigenetic modifications that persist can be replicated and
conserved in mitosis or meiosis 29[22123] 5o they can be transmitted to subsequent generations 2423l Epigenetic
modifications can be induced by external factors such as diet, physical activity, inflammatory processes, stress,
etc., and they can occur during pregnancy or throughout life 12231 with critical moments of greater susceptibility in
the fetal and neonatal stages. Although some prenatal epigenetic modifications are unstable, others remain in

adulthood but can be corrected with interventions, such as exercise or favorable dietary changes [121231[26]

Maternal malnutrition or obesity can cause intrauterine modifications that affect DNA methylation 121241 Similarly,
obesity prior to pregnancy or overnutrition during pregnancy favors a pro-inflammatory state or insulin resistance
that stimulates the release of pro-inflammatory molecules such as interleukins (IL) and tumor necrosis factor (TNF-
a), and the expression of adipogenic factors in the mother and the fetus 24, Exposure to these alterations can
cause histone modification and DNA methylation, with a consequent increase in the expression of adipogenic and
lipogenic genes that favor obesity in other stages of extrauterine life (241231271 One of the genes studied is POMC,
which, in cases of hypermethylation, can disrupt the regulation of food intake even in the presence of leptin and
insulin (221, Maternal obesity also promotes methylation and increases leptin expression, leading to hypersecretion
and functional resistance to leptin from infancy or later in life 24l Likewise, a high-fat diet during pregnancy
produces more acetylation of histone H3K14 and lower sirtuin-1 (SIRT1) gene expression in the liver and heart.

This decrease in SIRT1 expression favors the presence of fatty liver, obesity, DM2, and diabetic cardiomyopathy
[28][29]

The diet throughout the lives is crucial in epigenetics. Consuming high levels of saturated fat leads to DNA
methylation in adipose tissue and alters the expression of 28 messenger RNAs. A diet with polyunsaturated fats
induces multiple methylations, but these do not generate changes in gene expression, although both diets have a
similar effect on weight gain 9. High concentrations of palmitate increase histone acetyltransferase activity 23, On
the contrary, calorie restriction for more than eight weeks reduces hypermethylation in some genes affected by a
high-fat diet. However, the adverse effects of insufficient overfeeding are quickly noticeable, while the positive
effects of a calorie-restricted diet take longer to impact DNA methylation changes 22123, The above partly explains
the benefits produced by metabolic surgery (restrictive, malabsorptive or combined technique) 2%, which causes a
sudden and sustained reduction in caloric intake, contributing to energy balance. After six to 12 months, it induces
favorable effects on promoter methylation of the pyruvate dehydrogenase kinase 4 (PDK4) gene and proliferator-
activated receptor coactivator g-1 alpha (PGC-1a), among other genes 191 Dietary folate deficiency has been
related to a more significant volume of fat mass, insulin resistance, increased risk of DM2, decreased DNA

methylation of lymphocytes, and changes in DNA methylation of 236 CpG sites and genes associated with obesity
[25),

A sedentary lifestyle, exercise, and moderate or intense physical activity have also been recognized as epigenetic
modifiers. In individuals with a history of low physical activity, exercise for six months produced changes in the
DNA methylation of 7663 genes, including some related to obesity, such as the cAMP response element-binding
protein 4 (CREB4), elongation of very long-chain fatty acid proteins (ELOV), glucose transporter 4 (GLUT4), and
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hormone-sensitive lipase (HSL) 2123 Furthermore, a relationship has been reported between exercise and the
expression of proinflammatory cytokines such as IL-6 and TNF-a [2132], Subjects who exercise periodically have
lower expression of proinflammatory cytokines and are better adapted when they are released. Although exercise-
induced methylation changes can be observed from the first session, the duration of this epigenetic modification is

longer with chronic exercise exposure 211,

| 4. Energy Imbalance

Excessive caloric intake, compared to individual requirements, contributes to the development of obesity B3I, This
explains the growing incidence of obesity, since food consumption high in fat and sugar has increased globally,
coupled with decreased physical activity 33341351 The state of positive energy balance is characterized by caloric
intake greater than energy expenditure. This originates from a complex interaction of behavioral, environmental,
physiological, genetic, and social factors influenced by interactions between individuals, families, institutions,

organizations, and communities 28!,

A fundamental element in the regulation of energy balance is physical activity, which regularly requires 60 minutes
per day for children and 150 minutes per week for adults [23l. Insufficient physical activity is favored by societal
changes, leading to a significant decrease in total energy expenditure. Furthermore, when obesity occurs during

childhood, it predisposes the individual to develop obesity in later stages of life (23],

| 5. Neuroendocrine Dysregulation

The regulation of energy expenditure and intake involves several body systems, such as the nervous system,
digestive system (including the liver and pancreas), and adipose tissue cells, which play a crucial role BZ. Obesity
is correlated with the dysregulation of many signaling pathways, including hormones, cytokines, neurotransmitters,
neuropeptides, adipokines, chemokines, growth factors, proliferation molecules, differentiation factors, antioxidant
enzymatic systems, non-enzymatic antioxidants, and the overexpression or underexpression of many genes [28l.
These alterations can begin gradually and progressively, activating other neuroendocrine responses and promoting

dysfunction. The principal occurrences of this pathophysiology are summarized below.

The foods consumed are digested into macronutrients (carbohydrates, lipids, and proteins) to be used in the body,
and the excess nutrients are stored for later use. In the presence of insulin, excess of glucose is polymerized into
glycogen in the liver and striated muscle. The excess of macronutrients can only be stored in adipose tissue, which
requires being transformed into triglycerides in the liver. In its catabolic process, glucose generates acetyl
coenzyme A (Acetyl-CoA) that can pass into the anabolic pathway for the synthesis of fatty acids (lipogenesis),
mainly in adipose tissue and the liver B2, Amino acids are catabolized to generate intermediates of the Krebs
cycle, from where they can leave the mitochondria as citrate and be metabolized to form Acetyl CoA for lipogenesis
(4041l These fatty acids are re-esterified and linked to glycerol-3-phosphate to form triglycerides, which are

transported from the liver in very low-density lipoprotein (VLDL) molecules and stored in adipose tissue 2. Mature
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adipocytes can store a large number of triglycerides, increasing their volume up to 20 times through hypertrophy
391 Furthermore, this excessive growth favors adipocyte hypoxia, the release of reactive oxygen species (ROS),
and inflammatory cytokines that activates adipogenesis (adipocyte hyperplasia), another mechanism to increase

storage capacity 431,

Adipogenesis develops from multipotent mesenchymal stem cells related to preadipocytes, which remain available
in the vascular stroma of adipose tissue and undergo mitotic clonal expansion and differentiation of adipocytes to
white adipose tissue that has triglyceride storage functions, or to brown adipose tissue with thermogenesis
functions 4. The CCAAT/enhancer-binding protein B (C/EBP)B and C/EBP &, which are highly sensitive to
adipogenic stimuli, increase from the initial stages [43l451146] gnd stimulate the expression of the C/EBPa, sterol
regulatory element-binding binding protein 1 (SREBP-1) and the expression of the peroxisome proliferator-
activated receptor y (PPARY), which has an essential role in the final phases of adipogenesis € and regulates the
increase in adipogenic factors, including C/EBPa expression itself, in a positive feedback mechanism 43, Because
adipose tissue is not a passive storage space but rather a tissue with endocrine, paracrine, and autocrine
functions, new mature adipocytes are capable of not only increasing storage capacity but also releasing
adipocytokines, some of which function as neurotransmitters and participate in the neuroendocrine regulatory

complex 471,

In healthy individuals, leptin, an adipocytokine, is typically present at 5 to 15 ng/mL 8. However, its expression is
influenced by various factors, including diet, insulin secretion, glucocorticoids, cytokines, and the amount of
adipose tissue 48143 Under normal conditions, it can cross the blood—brain barrier by facilitated diffusion and
induce satiety and energy consumption by stimulating POMC and inhibiting neuropeptide Y. However, high
concentrations induce a state of leptin resistance that favors the presence of obesity and other metabolic
alterations by limiting the stimulation of extracellular signal-regulated kinases (ERK) 1 and 2, mitogen-activated

protein kinase (MAPK), and other downstream factors 29,

Adiponectin is secreted mainly by adipose tissue and has multiple functions, including (a) its participation as a
promoter of the substrate of the insulin receptor IRS 1 and 2, which promotes insulin sensitivity; (b) activator of
AMPK, which also promotes insulin sensitivity and the oxidation of fatty acids, and (c) MAPK activator, which
stimulates glucose uptake [BHB2 However, obesity decreases serum adiponectin concentrations, with a
consequent decrease in insulin sensitivity 125 By reducing insulin sensitivity, insulin-dependent glucose
transport decreases, which favors the presence of high plasma glucose concentrations and the consequent
glucotoxicity that increases insulin resistance, creating positive feedback with glucose concentrations. Because
insulin performs other functions, a series of metabolic pathways are triggered, including increased adipogenesis

and lipogenesis B2,

| 6. Neuropsychological Factors

Multiple neurophysiological and psychological mechanisms related to adipose dysfunction or some food

consumption participate in the regulation of appetite, hunger, satiety, and the psychological state, developing a
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bidirectional axis 23,

Many pathways are involved in this process, e.g., the dopaminergic system, which widely influences mood,
addictions, motivation, and hunger regulation 455561 Dopamine acts on the nigrostriatal, mesolimbic, and
mesocortical systems of the central nervous system by binding to the RD-1, 2, 3, and 4 receptors, resulting in
appetite diminution. In obesity, these receptors decrease in number, affinity, and capacity to activate second

messengers, thus inducing orexigenic effects 58],

The serotonergic system also plays an important role. Serotonin is produced from the amino acid L-tryptophan,
present in some protein foods, and sweet foods facilitate the crossing of L-tryptophan through the blood-brain
barrier, as well as its 5-HT metabolite 7. Various serotonin reuptake inhibitors have been used to treat obesity.
The serotonergic system also plays an important role in regulating hunger, acting on the raphe nucleus and

stimulating the neurotransmitter Gamma-Aminobutyric Acid (GABA) B,

The GABA-mediated GABAergic system also can regulate satiety 28 GABA is related to pleasurable sensations
and the feeling of reward, like dopamine. There are two receptors for GABA, type A and type B, whose activation
stimulates the Agouti-related peptide (AgRP), which, through negative feedback, inhibits GABA, generating greater
food consumption. Subjects with depressive and anxiety disorders frequently present alterations in the regulation of
this system 7158,

The neural system also influences energy intake, which branches into two pathways, cannabinoids and opioids.
This system controls enkephalins, nociceptins, and endorphins, which influence hunger and the consumption of
palatable foods (8l Obesity patients regularly have a deregulation of this neurophysiological system, thus
increasing their energy intake. The receptors involved in this system are R-CB1 and R-CB2 in the cannabinoid
pathway, and R-3, R-k, and R-p in the opioid pathway 8. Stress represents another important factor in the
etiology of obesity 4551, Acute stress inhibits appetite; however, under continued stress, adrenal glands release
cortisol, which increases appetite, particularly for foods high in fat, sugar, or both, with inhibition of the limbic

system B4,

Stress is also related to sleep deprivation, which contributes to weight gain B4, The “emotional ingestion” is
another risk factor for obesity. It is characterized by food intake as a way to suppress or attenuate negative
emotions B2IB4] Al of these feelings, emotions, and psychological states interact directly with neurophysiological
systems and food, forming a multidirectional axis of emotions—neurotransmitters—food where each of these

variables influences the others.

| 7. Gut Microbiota

Another important factor in the etiopathogenesis of obesity is the intestinal microbiota. This is the set of
communities of living microorganisms colonizing the intestine and plays a critical role in the health—disease

balance in the individual. The composition of the human microbiome results from millions of years of coevolution
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and selective pressure, selecting a specialized community to live in the intestinal environment and achieving a
mutualistic relationship and a state of balance with the host that is beneficial, both for humans and for the
microorganisms they harbor 2. Among all of the ecological niches found in the human body, the gastrointestinal
tract (GIT) is the one with the greatest diversity and abundance of microbial taxa. In the proximal regions of the
GIT, there is a low concentration of microorganisms due to the acidic pH and the rapid transit of the bolus;

meanwhile, in the distal region (colon), the most significant number of microbes is found (€2,

The intestinal microbiota has a vital role in energy balance since these microorganisms can metabolize an
enormous amount of compounds from the diet, produce metabolites related to the hunger—satiety process, as well
as a large number of hormones and neurotransmitters such as serotonin, which induces satiety [61I62][63] |
humans, the gut microbiota mainly comprises five distinct phyla: Actinobacteria, Bacteroidetes, Verrucomicrobia,
Firmicutes, and Proteobacteria. Bacteroidetes and Firmicutes represent up to 90% of all intestinal bacteria 4. The
microbiota’s impact on host physiology is supported by a growing body of evidence that highlights multiple
pathways, including improved energy utilization, immune system changes, metabolic signaling, and inflammatory

pathways 59,

Dysbiosis, an alteration in the composition of the microbiota, has been linked to three distinct mechanisms that can
occur at the same time: (a) the loss of “beneficial” bacteria, (b) an overgrowth of potentially dangerous bacteria,
and (c) a reduction in microbial diversity 5. It can also lead to an increase in caloric intake to the detriment of
basal and total energy expenditure, but a correlation has also been identified between the existing intestinal
microbiota and metabolic and nutritional status. In this way, healthy individuals have a greater amount of
Bacteroidetes than Firmicutes, but industrialized diets low in dietary fiber cause a decrease in Bacteroidetes and
an increase in Firmicutes 831631 |n addition to bacteria, intestinal archaea, fungi, and viruses participate in the

etiopathogenesis of obesity 63,

The microbiota can contribute significantly to the promotion of weight gain and fat storage and the generation of
insulin resistance 68, DM2, a pathology associated with obesity, also involves dysbiosis, which can also favor
infections due to changes in the regulation of receptors in immune cells. An example is infection by fungal species
of the genus Rhizopus, which is the causal agent of the severe infection called rhinocerebral mucormycosis 87,
The correlation between obesity and the bacterial composition of the human microbiome has been established
through previous investigations, with particular attention given to members of the Christensenellaceae family and

the Methanobacteriales, Lactobacillus, Bifidobacteria, and Akkermansia genera [68],

More recently, it has been identified that the Christensenellaceae family is linked to weight loss, showing an inverse
correlation between its relative presence and an individual's body mass index (BMI) B2, In particular, it has been
shown that Akkermansia muciniphila plays a crucial role in regulating body weight, and supplementation with this

bacterium significantly improves the metabolic parameters of overweight and obese individuals 2.

The Lactobacillus and Bifidobacterium genera are recognized for promoting intestinal health. They have been used

as traditional probiotics that significantly affect the balance of the intestinal microecology in humans, but the effects
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on body weight in overweight individuals vary depending on the species of Lactobacillus; specifically, a negative
correlation was found between the abundance of Lactobacillus paracasei and obesity, while the abundance of
Lactobacillus reuteri and Lactobacillus gasseri showed significant correlations with obesity development £,
Therefore, it can be summarized that the participation of the intestinal microbiota in weight control focuses on
bacterial diversity, some specific species found, the metabolites that bacteria produce and are absorbed
intestinally, the relationship between the microbiota, the immune system, inflammation, and oxidative stress, the
participation of metabolites in gene expression, acting as transcription factors, and the capacity of the microbiota to

degrade, biotransform and metabolize compounds from the diet [/,

| 8. Other Etiopathogenic Factors

There are medications associated with the development of obesity, known as obesogenic drugs, which include
mineralocorticoids, glucocorticoids, insulin, and some antidiabetic or antihypertensive drugs, among many others.
On the other hand, there are obesogenic molecules known as endocrine disruptors, mainly in foods (due to
agrochemicals) and plastic containers, which interfere with the function and/or signaling of various hormones,
neurotransmitters and neuropeptides, including androgenic and progestin sex hormones and peptides related to
satiety and hunger, such as LEP, ghrelin, peptide YY, neuropeptide Y, GLP-1, and serotonin 3],

Circadian rhythms related to sleep—wake also play an important role in controlling energy balance, whose
deregulation can cause greater hunger and lower basal energy expenditure. Several mediators regulate this
system; however, the most important are cortisol, melatonin, growth hormone, and CLOCK genes 74, There are
viruses related to the obesity process, known as obesogenic viruses, among which is Adenovirus 36, which
increases insulin sensitivity in adipocytes, generating more significant lipogenesis while reducing the expression
and secretion of leptin, thus increasing hunger 2. Likewise, many psychological, cultural, social, economic,
climatic, political, and geographical factors determine eating patterns, the type of food available, the amount of

physical exercise performed, as well as the quantity and quality of the nourishment consumed [Z8!,
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