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Abstract

:

Alarming statistics show that the number of people affected by excessive weight has surpassed 2 billion, representing approximately 30% of the world’s population. The aim of this review is to provide a comprehensive overview of one of the most serious public health problems, considering that obesity requires an integrative approach that takes into account its complex etiology, including genetic, environmental, and lifestyle factors. Only an understanding of the connections between the many contributors to obesity and the synergy between treatment interventions can ensure satisfactory outcomes in reducing obesity. Mechanisms such as oxidative stress, chronic inflammation, and dysbiosis play a crucial role in the pathogenesis of obesity and its associated complications. Compounding factors such as the deleterious effects of stress, the novel challenge posed by the obesogenic digital (food) environment, and the stigma associated with obesity should not be overlooked. Preclinical research in animal models has been instrumental in elucidating these mechanisms, and translation into clinical practice has provided promising therapeutic options, including epigenetic approaches, pharmacotherapy, and bariatric surgery. However, more studies are necessary to discover new compounds that target key metabolic pathways, innovative ways to deliver the drugs, the optimal combinations of lifestyle interventions with allopathic treatments, and, last but not least, emerging biological markers for effective monitoring. With each passing day, the obesity crisis tightens its grip, threatening not only individual lives but also burdening healthcare systems and societies at large. It is high time we took action as we confront the urgent imperative to address this escalating global health challenge head-on.
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1. Introduction


The World Health Organization defines obesity as an “abnormal or excessive accumulation of fat that poses a risk to health” [1,2]. However, can the medical community continue to treat obesity solely as a risk factor? This has been an unanswered question for more than 50 years, during which time obesity has continued to rise rapidly to pandemic proportions. Today, with an estimated 650 million adults and 124 million children affected in 2016, obesity is recognized as a complex, chronic, and multifactorial disease. The economic impact of obesity is substantial, with obesity-related healthcare costs alone projected to exceed USD 190 billion annually in the United States [2]. In addition, obesity is associated with reduced productivity, increased absenteeism, and reduced work capacity, resulting in significant economic losses at both the individual and societal levels [2,3].



The causes of obesity are multifaceted, including genetic, epigenetic, psycho-social, and microenvironmental factors. We are now gaining a better understanding of the upregulation of food cravings in the brain of obese individuals, as well as the role of gut hormones, adipose tissue, and gut dysbiosis in regulating appetite and satiety in the hypothalamus [4].



Oxidative stress triggers inflammatory cascades, while inflammation increases oxidative stress through various pathways, creating a reciprocal relationship. Dysbiosis, in turn, contributes to oxidative stress and inflammation through microbial-derived metabolites, lipopolysaccharides, and altered gut permeability. These interactions form a triad of intertwined mechanisms that perpetuate the pathophysiology of obesity and its complications [5].



Embracing a holistic approach that addresses oxidative stress, chronic inflammation, and dysbiosis is pivotal in developing effective preventive strategies and comprehensive management approaches to tackle the global obesity epidemic.



Obesity has traditionally been viewed as a condition resulting from excessive storage of energy in fat cells due to an imbalance between energy intake and expenditure [6]. Current research, however, has shown that the sources and quality of nutrients in the diet may play a more important role than quantity in weight control and disease prevention [7,8]. These studies have suggested that alterations in the gut microbiota and branched-chain amino acid (BCAA) metabolism may play an important role in the development and progression of obesity [9,10]. The gut microbiota, a diverse community of microorganisms that inhabits the gastrointestinal tract, has been shown to regulate energy metabolism and immune function, among other physiological processes [11]. Meanwhile, BCAAs, a group of essential amino acids that cannot be synthesized by the body and must be obtained from the diet, have been implicated in the pathogenesis of obesity and related metabolic disorders [10,12].



While environmental factors such as diet and physical activity play an important role in the development of obesity, there is some increasing evidence that genetic factors also play a key role in determining an individual’s susceptibility to obesity. Polygenic forms of obesity are influenced by the interaction of several genetic factors and are more common than monogenic forms [8]. Understanding the genetic basis of obesity is important because it can provide valuable insights into the underlying mechanisms of the disease and help identify new targets for therapeutic intervention.



From the perspective of fundamental research and the translation of results from experimental medicine into clinical practice, we consider the use of animal models to be an important tool for understanding the pathophysiology of obesity and developing effective interventions for its prevention and treatment. Among animal models, rodents have been extensively used because of their genetic, physiological, and metabolic similarities to humans. In particular, rodent models of obesity have provided valuable insights into the genetic basis of the disease and the mechanisms underlying its development and progression. In recent years, preclinical research has focused on the relationship between oxidative stress and chronic inflammation in obesity [13,14]. In particular, oxidative stress has been identified as a primary trigger of the inflammatory response.



However, the psychogenic factor plays a decisive role in the development of obesity [15]. Research has shown that there is a strong association between stress and weight gain, with obesity being more common in people with PTSD [16]. Chronic inflammation, a common denominator in both obesity and PTSD, serves as a potential mechanistic link, impacting neural circuits involved in stress response, emotion regulation, and appetite control. Furthermore, the complex association between obesity, chronic inflammation, and mental disorders extends beyond PTSD, encompassing other psychiatric conditions such as depression and anxiety disorders [17,18]. Therefore, in this paper, we will provide a comprehensive review of the current literature on the relationship between obesity and PTSD, with a particular focus on the mechanisms of high cortisol levels and sympathetic overactivity.



Despite significant public health efforts, the prevalence of obesity continues to rise at an alarming rate. Behavioral and lifestyle changes remain the cornerstone of obesity management, but epigenetic interventions, pharmacotherapy, and bariatric surgery have also emerged as important tools in the fight against obesity. Pharmacotherapy involves the use of drugs to aid weight loss, mainly by reducing appetite, increasing satiety, or blocking the absorption of fat. Bariatric surgery involves surgical modification of the gastrointestinal tract to induce weight loss. Despite their potential benefits, both drug therapy and bariatric surgery have limitations and risks. Medications can cause side effects and drug interactions and may not be effective for all patients [19]. Bariatric surgery carries risks such as infection, bleeding, and malnutrition and requires significant lifestyle changes after surgery [20]. It is therefore important to carefully consider the risks and benefits of these interventions on a case-by-case basis.



To sum up, this comprehensive review explores the intricate relationship between obesity, the gut-brain axis, chronic inflammation, epigenetics, and mental disorders, addressing the interconnected nature of these factors, transcending traditional boundaries, and embracing a holistic perspective in tackling this global epidemic. By bridging the gap between disciplines, adopting innovative research methodologies, and fostering collaboration, we can forge a path toward effective preventive strategies and personalized therapeutic interventions.




2. Rodent Models of Obesity


Our understanding of obesity and its complex interactions is largely due to the use of animal models, a practice that dates back to ancient Greece. Certain parameters must be met for the selection of an animal model: pathophysiological similarities to human disease, phenotypic similarity to disease status, simplicity, replicability, reproducibility, and cost-effectiveness [21]. Two frequently-used research models in this particular medical field are mice and rats [22]. All models have pros and cons that need to be taken into consideration before deciding upon a specific one (Table 1).



2.1. Monogenic Models


Animals with a single gene abnormality are referred to as monogenetic animal models [22]. They are reliable and efficient tools that are frequently used to investigate obesity [22]. These models have a molecular map that is well-structured [22]. However, they differ from people in one important manner: how they perform their energy distribution and fat deposition [22]. Generally speaking, they do not accurately represent human disorders [22,23].



Ob/ob mice were brought to light in 1949 by researchers at the Jackson Laboratory [24]. The gene product for this mutation had not been named leptin until 1994 when it was genetically identified as a single base pair deletion [22,25,26,27]. Due to their early-onset obesity, which is characterized by high energy income and low energy output, these mice are frequently employed [22,24,28].



Db/db mice–both the db/db mouse (short for diabetes) and the ob/ob mouse model have an abnormality in the leptin receptor gene, causing impaired leptin signaling [22,23,24]. These mice are characterized by high energy input and low energy output, which triggers early-onset obesity, insulin resistance, lower-than-normal insulin levels, and hypothermia [22]. Additionally, they are infertile, and their growth is hampered by a lack of growth hormones [22,24,25,26,29].



S/s mice–in the s/s mouse model, the long signaling pathways through which leptin exerts its functions are impaired [23,27,30]. In contrast to the ob/ob or db/db models, the s/s mice have an abnormally high appetite, are fat, have a standard body size, and are fertile [22,26].



B6 (cg)-Tubtub/J–tubby (tub), an autosomal recessive mutation, occurred by chance in a C57BL/6J colony [22,31]. Tub expression in the hypothalamic arcuate, paraventricular, and ventromedial nuclei implies a function in controlling body weight or food behavior [22,32].



Zucker Fatty Rat–ZFR, or the Zucker (fa/fa), is the offspring of the cross between the 13 M strain of rats from Merck and Sherman and was developed by L. M. Zucker and T. F. Zucker in 1961 [22,33,34]. The ZFRs’ mutation of the leptin receptor makes them have a rather weak response to leptin, making them phenotypically close to ob/ob and db/db mice [22,29,35].



Otsuka Long-Evans Tokushima Fatty rat–OLETF rats are deficient in type A cholecystokinin (CCK) receptors, which contributes to their phenotype [36]. They represent an important means of observing unbalanced eating behavior, as CCK impairs satiety [22,26].




2.2. Polygenic Models


Seeing as human obesity is influenced by numerous genes, polygenic models, as opposed to monogenic models, offer greater data on the nature of obesity [22,25]. The following are a few of the most popular polygenic models [22].



New Zealand obese mice resemble the ob/ob strain in many ways. Type 2 diabetes and obesity exclusively occur in males [22,24,25,37].



Tsumura and Suzuki obesity and diabetes mice–polygenic obesity, insulin resistance, polydipsia, hyperglycemia, polyuria, and hyperinsulinemia are characteristics of male TSOD mice [22,38,39].



Kuo Kondo-Ay mice–KK-Ay mice have unique adiposity and are grossly overweight. At eight weeks of age, they show hyperphagia, hyperglycemia, hyperinsulinemia, and glucose intolerance [22,38,40].



M16 mice–the M16 mouse develops early-onset obesity and moderate hyperglycemia alongside hyperphagia, hyperinsulinemia, and hyperleptinemia [25,41,42].




2.3. Genetically Modified Mice


Mice that have been genetically altered are frequently employed in research to examine biological processes in vivo, modify diseases, and study genetic factors [22,43]. Mice are thought to be the mammals best suited for this task since they share human organ and tissue structures [22,43].



Transgenic mice–to simplify obtaining animals with hereditary traits that are exactly like those observed in people that are obese, these types of research models were developed [22,23].



	
Corticotropin-releasing factor overexpressing mice.



	
Melanin-concentrating hormone overexpressing (MCH-OE) mice.



	
Overexpression of 11β-hydroxysteroid dehydrogenase Type 1 (11β HSD1) mice.



	
Overexpression of glucose transported subtype 4.



	
UCP-DTA Mice






Knockout mice (KO) are an important weapon in exploring prospective plans for the production of cures for certain diseases, including drug-based and genetic therapeutic approaches [22]. Another important purpose of these mouse models is to understand the function and importance of specific genes [22]. They are a great way to analyze the metabolic activities of particular genes and mimic human illnesses [22,44].



	
Beta-3 adrenergic receptor knockout mice.



	
Bombesin receptor subtype 3 knockout mice.



	
Deletion of the neuronal insulin receptor (NIRKO) in mice.



	
Disruption of the neuropeptide-Y receptor (NPY1R) in mice.



	
Knockout of the serotonin 5-HT-2C receptor gene.



	
Neuropeptide Y receptor Y2 (NPY2R) knockout mice.







2.4. Drug-Induced and Surgery-Induced Models of Obesity


The hypothalamus plays a consequential role in signaling between the gut and brainstem and in regulating signals responsible for energy input and output, among other functions [22]. Chemical models are obtained by generating lesions in specific nuclei of the hypothalamus [22]. The lesions generated there can be produced mechanically, through surgical intervention, by using radio waves or electrolysis, or chemically by deploying neuronal toxins such as bipiperidyl mustard, monosodium glutamate, ibotenic acid, gold thioglucose, and kainic acid [22,45]. Ovariectomy is used as a surgical model to study obesity in women [22].



	
Ventromedial hypothalamus damage.



	
Hypothalamic paraventricular nucleus damage.



	
Arcuate nucleus damage.



	
Ovariectomy.







2.5. Diet-Induced Obesity (DIO)


Due to the fact that they enable us to mimic the most prevalent underlying factor causing this disease in humans, diet-induced obesity (DIO) animal models are helpful for research into the polygenic origins of obesity: an unhealthy diet [22,24,46,47]. Most widely employed laboratory animals, mice, and rats, are put on a special obesity-inducing diet designed to echo the particularities of the human metabolic syndrome as closely as possible [22].



	
High-fat diet (HFD)/exposure to high-fat and palatable diets.



	
High-carbohydrate diet (HCD).



	
Cafeteria diet (CAF).



	
Maternal overfeeding and exposure to high-fat diets.






Animal obesity models have played and continue to play a major role in understanding the intricacies of this disease, which has earned the title of a global epidemic. There is a wide range of models, each with its advantages and disadvantages, allowing researchers many different approaches to preventing or even treating obesity, which affects more than one billion people worldwide.





3. Genetic Forms of Obesity


It is well known that the incidence of obesity has increased rapidly with urbanization, but despite the negative effects of an obesogenic society, there is high individual variability in body weight [48,49]. The concept of an innate cause of obesity was described as early as 1907 by Von Noorden, and numerous studies have since strengthened this hypothesis [48,49]. Stunkard et al. (1986) conducted a study of 540 adopted Danish twins and concluded that the weight of the twins in adulthood was the same as that of their biological parents, even when they were raised in adoptive families [50]. Bouchard et al. (1990) showed in their study that there is a statistically significant similarity between monozygotic twins in weight gain (under overfeeding conditions), and a systematic review of twin studies estimated the heritability of obesity to be 45–90% [48,51]. Wardle et al. (2008) supported the hypothesis of a genetic influence on obesity by demonstrating a significant concordance in body weight between monozygotic and dizygotic twins [52].



In recent years, new genes that play a crucial role in this complex trait have been identified as a result of the availability of new and highly accurate diagnostic methods, in particular whole-exome sequencing [48,49]. The genetic factors involved in obesity lead to variable phenotypes, and there are three broad clinical presentations: monogenic obesity, polygenic obesity, and syndromic obesity [49].



Polygenic obesity is the most common phenotypic expression of obesity. It is caused by a complex interaction between genetic susceptibility and the obesogenic environment. Overeating, a sedentary lifestyle, a lack of sleep, and stress all increase individual genetic susceptibility [49,53].



Monogenic obesity is inherited in a Mendelian pattern, is rare, and is characterized by a severe early onset, typically before 10 years old. It is most commonly caused by mutations of the genes involved in the leptin-melanocortin axis, which plays a pivotal role in the hypothalamic control of food intake. This type of obesity is frequently associated with endocrinologic dysfunction [49,54].



Syndromic obesity is a term used when severe obesity is associated with intellectual disability, dysmorphic features, organ abnormalities, or signs of hypothalamic dysfunction. It can be caused by the mutation of a single gene or a larger chromosomal region and transmitted in an autosomal or X linked manner, but it can also be caused by de novo genetic mutations. Over 100 syndromes associated with obesity have been described, but the most common are Prader–Willi (PWS) and Bardet-Biedl (BBS) syndromes. The identification of syndromic obesity is important because it is often associated with specific comorbidities that may require prevention or at least assessment and treatment [49,55].



PWS is the most common cause of syndromic obesity, with an incidence of 1 in 20,000–25,000 births worldwide. It has complex effects on the metabolic, endocrine, and neurological systems. The disease is characterized by severe neonatal hypotonia, feeding difficulties with failure to thrive in the first years of life, followed by hyperphagia and the gradual development of morbid obesity in later childhood, dysmorphic features, developmental delay behavioral problems, hypogonadism, growth hormone deficiency, and hypothyroidism [49,56]. PWS is caused by the inactivation of the critical Prader–Willi region of the paternal chromosome [48].



BBS is a non-motile ciliopathy characterized by retinal dystrophy (progressive night blindness, photophobia, and loss of central and color vision), obesity and its complications, postaxial polydactyly, cognitive impairment, hypogonadotropic hypogonadism, and genitourinary malformations. At least 19 different genes have been implicated in the disease, all of which play a role in the normal functioning of the primary cilium, which appears to play a role in energy homeostasis [48,49,57].



Other causes of syndromic obesity include Cohen syndrome, Alström syndrome, X fragile syndrome, Borjeson–Forssman–Lehmann syndrome, 16p11.2 deletion syndrome, kinase suppressor of Ras2 (KSR2) variants, TUB mutations, ACP1, TMEM18, and MYT1L deletion [49].



The genes identified in monogenic obesity are most commonly involved in the hypothalamic leptin-melanocortin pathway. The central nervous system regulates food intake through the hypothalamic leptin-melanocortin axis, which receives signals from tissues. Signals are received from the gut by hormones such as ghrelin, peptide YY, cholecystokinin, glucagon-like peptide, and mechanoreceptors that measure distention, from the pancreas by insulin, or by the adipokine hormones (leptin and adiponectin). This axis is a key regulator of energy homeostasis and is activated by leptin and insulin receptors on the surface of neurons located in the arcuate nucleus. There are two types of neurons involved in the feedback loop: the pro-opiomelanocortin and cocaine and amphetamine-related transcript neurons (POMC/CART), which play a role in the production of the anorexigenic peptide POMC, and another set of neurons, which play a key role in the production of the orexigenic peptides agouti-related peptide (AGRP) and neuropeptide Y (NPY). POMC is processed by two enzymes to produce peptides such as α-, β- and γ-melanocyte stimulating hormone (MSH) and β-endorphins. AGRP and α-MSH compete for the same receptor, the melanocortin-4 receptor (MC4R); when α-MSH binds to the receptor, the result is anorexigenic signals, but when AGRP binds, the result is orexigenic signals. Mutations at any level of these regulatory mechanisms will result in monogenic obesity [48].



3.1. Leptin and Leptin Receptor Mutations


Leptin is a protein encoded by a gene located on chromosome 7q31.3. It is secreted into the blood from adipocytes, crosses the blood–brain barrier, binds to GABAergic neurons in the hypothalamus, induces satiety signals, and inhibits NPY and AGRP. Congenital leptin deficiency is characterized by the rapid onset of severe obesity caused by hyperphagia and its complications such as hyperinsulinemia, hepatic steatosis, and dyslipidemia. These patients may also have hypogonadotropic hypogonadism and T-cell dysfunction, leading to severe infections. Mutations in the gene that encodes the leptin receptors lead to similar symptoms as leptin gene mutations. The Food and Drug Administration has approved the administration of metreleptin for the treatment of congenital leptin deficiency, but it cannot be used in patients with leptin receptor mutations [48,58].




3.2. Pro-Opiomelanocortin (POMC) Mutations


Congenital POMC deficiency results in a deficiency of POMC peptides, including ACTH, α-MSH, and β-endorphins. Patients develop early-onset obesity, red hair, and hypopigmentation due to α-MSH deficiency and adrenal insufficiency due to ACTH deficiency, requiring rapid glucocorticoid replacement therapy [48,59].




3.3. Melanocortin Receptor (MC4R) Deficiency


MC4R deficiency is the most common cause of monogenic obesity and is typically characterized by obesity, increased bone mineral density, increased linear growth in early childhood, hyperphagia, and severe hyperinsulinemia [48,60].




3.4. Proconvertase (PC1/2) Deficiency


Proconvertase deficiency causes severe early-onset obesity, adrenal, gonadotropic, somatotropic, and thyrotropic insufficiency, postprandial hypoglycemia secondary to reduced insulin processing, severe neonatal malabsorption, and central diabetes insipidus [48].




3.5. Single-Minded Homologue of Drosophila (SIM1) Deficiency


SIM1 is expressed in the hypothalamus, and its mutations are associated with hyperphagia and food impulsivity with consequent obesity, impaired concentration, memory deficit, emotional lability, or autism spectrum disorder [48].




3.6. NTRK2/BDNF Mutations


Brain-derived neurotrophic factor (BDNF) regulates the energy balance through two receptors, p75 and TrkB. Mutations in the gene for TrkB but not p75 can cause severe obesity [48,61].




3.7. SH2B1 Mutations


Src homology 2 B adapter protein 1 (SH2B1) is a key endogenous positive regulator of leptin sensitivity. SH2B1 mutations are associated with severe early-onset obesity, insulin resistance, reduced height, hyperinsulinemia but without diabetes, delayed speech, and aggressive behavior [48,62].




3.8. Kinase Suppressor of Ras 2 (KSR2) Mutations


KSR2 mutations lead to obesity due to hyperphagia, a reduced metabolic rate, and severe insulin resistance [48].





4. Oxidative Stress and Obesity


Oxidative stress is defined as an imbalance between the production and scavenging of various ROS and reactive nitrogen species (RNS); this imbalance occurs either through the overproduction of reactive species or through a reduction in their defense mechanisms. ROS include molecules such as hydrogen peroxide (H2O2), superoxide (O2•−), and the hydroxyl radical (OH−); at the cellular level, several sources of ROS are recognized: leakage of electrons from complexes I and III of the electron transport chain with formation of superoxide (electron leakage), increase in the redox status of macrophages and neutrophils in the presence of pathogens (respiratory burst), and formation of superoxide radicals in reactions catalyzed by NADPH oxidases (NOXs) and xanthine oxidase (XO) [63,64,65,66].



The mechanisms that protect the cell from the damaging action of free radicals work with the help of enzymatic and non-enzymatic antioxidant systems; the enzymatic system comprises enzymes (e.g., glutathione peroxidases (GPXs), catalase (CAT), superoxide dismutases (SODs), peroxiredoxins (PRDXs)) localized in different cell compartments (mitochondrial matrix, cytosol, peroxisomes) [67]. Endogenous cofactors (glutathione, lipoic acid) and exogenous antioxidants from the diet (vitamin C, vitamin E, carotenoids, polyphenols, selenium, and zinc) also contribute to antioxidant defense mechanisms [68,69].



Scientific data links oxidative stress to obesity. Some mechanisms, such as hyper-glycaemia, chronic inflammation, increased free radical formation, increased muscle lipids, hyperleptinemia, low antioxidant capacity, altered mitochondrial function, and endothelial dysfunction, may explain the association of obesity with increased ROS production. [70,71,72].



During prolonged hyperglycemia, advanced glycosylation end products (AGE) lead to the activation of some cell surface receptors (RAGE), which activate nuclear factor-kB (NF-kB). This activation initiates the transcription of intracellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule (VCAM-1), which promote ROS production and inflammation [73,74]. Another mechanism that favors free radical formation in obese patients with hyperglycemia is the stimulation of the polyol pathway, in which glucose is converted to sorbitol, a compound that has been shown to cause oxidative damage [75]. In addition, sorbitol formation by aldose reductase uses NADPH and thus indirectly reduces available reduced glutathione, which exacerbates the oxidative effect [76,77].



Inflammation is a known cause of oxidative stress in obesity. Overweight patients have low-grade chronic inflammation and increased oxidative stress. Several inflammatory triggers have been suggested, such as hypoxia in adipose tissue, mechanical stress due to the interaction between the extracellular matrix and hypertrophic adipose tissue, and increased intestinal permeability that may lead to the presence of gut-derived antigens in plasma and dietary components. The mechanism of obesity-related inflammation is not fully understood, but an increase in inflammatory markers has been observed in obesity [78]. It is thought that the pro-inflammatory cytokines (tumor necrosis factor-alpha (TNF-α), interleukin (IL)-1β and IL-6) released by hypertrophic adipose tissue activate monocytes and their differentiation into macrophages with an increase in oxidative stress [79]. Activation of the NF-κB pathway by cytokines may also play a role in ROS production [80,81]. Furthermore, at the adipose tissue level, adipokines may stimulate chemotaxis with macrophage recruitment [82].



Adipokines, including leptin, adiponectin, visfatin, resistin, apelin, and plasminogen activator inhibitor type 1 (PAI-1), are secreted by dysfunctional adipose tissue and play a role in both inflammation and the initiation and maintenance of oxidative stress [78,83]. Leptin has a hypothalamic-mediated effect on food intake, and its plasma concentration is proportional to adipose tissue expansion. Several mechanisms explain the link between leptin and oxidative stress: direct production of H2O2 and OH-, decrease in antioxidant enzyme synthesis (paranoxaze-1), stimulation of monocyte proliferation and their transformation into macrophages, and also the production of inflammatory cytokines that increase NADPH oxidase production [70]. Visfatin, one of the recently discovered adipokines, increases the production of pro- and anti-inflammatory cytokines and generates ROS, particularly superoxide, and H2O2. It has been shown that visfatin-mediated ROS generation is associated with phosphorylation of the NF-κB pathway and is independent of activation of mitogen-activated protein kinases (MAPKs) [84].



Other mechanisms of free radical generation in obesity include mitochondrial and peroxisomal oxidation reactions during fatty acid degradation. Hyper-trophic adipocytes in obese patients have a lower density of insulin receptors and a higher density of beta-3 adrenergic receptors, favoring lipolysis mechanisms with the formation of free fatty acids (FFA) [85]. The production of FFA leads to the accumulation of fats and glucose in adipose, muscle, and liver tissues, which promotes the increased synthesis of free radicals through oxidative reactions [86,87].



Obesity may also induce oxidative stress through more complex mechanisms involving respiratory dynamics. Overweight patients have been shown to have an increased respiratory rate and may have mild hypoxemia with high free radical production [88]. Furthermore, obstructive sleep apnea is often observed in obese patients [89]. This pathology causes episodes of hypoxia/reoxygenation, which is also a cause of oxidative stress [90].



Although free radicals play a physiological, local role in processes such as antibody defense, apoptosis, and necrosis, they also exert systemic deleterious effects by damaging lipids, proteins, carbohydrates, and DNA [91]. On a macroscale, these phenomena manifest as damage to the cardiovascular, neurological, digestive, and renal systems and may play a role in carcinogenesis [92,93,94,95,96].



We have summarized some of the mechanisms that generate oxygen-free radicals in obesity. It seems that the increase in oxidative stress in obese people is known and leads to several comorbidities associated with obesity, but not all mechanisms that generate free radicals are fully understood. Further studies are needed to demonstrate both the influence of free radicals on obesity and the mechanisms by which obesity may generate oxidative stress. Since some of the comorbidities associated with obesity are life-threatening, it is necessary to find new therapies that target the molecules involved.




5. Environmental Factors and Obesity


Persistent organic pollutants (POPs) are organic chemicals that are persistent, semi-volatile, and bioaccumulative and are considered a major threat to human health and the world’s ecosystems [97]. Approximately 900 active compounds are currently used as pesticides worldwide in 60,000 preparations used to treat more than 4 billion hectares of land [98]. Recently identified POPs have adverse effects on humans and can be divided into three categories:




	
Pesticides: aldrin, chlordane, dichlorodiphenyltrichloroethane (DDT), dieldrin, endrin, heptachlor, hexachlorobenzene, mirex, toxaphene;



	
Industrial chemicals: hexachlorobenzene, polychlorinated biphenyls (PCBs);



	
By-products: hexachlorobenzene; polychlorinated dibenzo-p-dioxins; polychlorinated dibenzofurans (PCDD/PCDF); and PCBs [99].








These chemicals and some solvents cause weight gain, and it is proposed that they interfere with weight homeostasis by altering weight-controlling hormones, modifying sensitivity to neurotransmitters, or altering sympathetic nervous system activity [100]. Environmental factors, including agrochemicals, may contribute to the rapid increase in the incidence of obesity, T2D (type 2 diabetes), and other aspects of the MetS (metabolic syndrome) observed in recent decades [101]. Although the mechanisms by which environmental chemicals induce obesity are not fully understood, several hypotheses have been put forward to explain the obesogenic effect [102].



Adipocytes are known to arise during embryogenesis from mesenchymal cells derived from the lateral layer of the mesoderm. Adipogenesis is a complex, multi-component, controlled process during which mesenchymal stem cells (MSCs) differentiate into mature adipocytes. Adipogenesis involves two stages: determination and terminal differentiation. In the determination phase, pluripotent stem cells are transformed into unipotent preadipocytes. During terminal differentiation, preadipocytes acquire the phenotype and functional characteristics of mature adipocytes. The current consensus is that the number of white adipocytes is fixed by the end of childhood and that all factors that increase the number of adipocytes in early life lead to a lifelong increase in the number of white adipocytes [103]. Early life events, including exposure to obesogenic factors, that alter the fate of MSCs could predispose the exposed individual to increased numbers of white adipocytes and consequently obesity [104].



There are several signaling pathways that converge to regulate MSC differentiation:




	
Peroxisome proliferator-activated receptor γ (PPARγ)-dependent pathway. PPARγ is a marker of adipocyte differentiation, and its ectopic expression is sufficient to induce fibroblast transformation according to the adipogenic program. PPARγ can bind to bisphenol A (BPA), perfluorinated compounds (PFCs), and phthalates, resulting in stimulation of adipogenesis in vitro and in vivo by promoting differentiation and acquisition of mature adipocyte characteristics such as insulin sensitivity, lipid synthesis and transport, and secretion of adipocyte-specific proteins [102,105,106]. Using a human adipose-derived stromal cell-based adipogenesis assay, Foley et al. found that some agrochemicals, including triphenyltin hydroxide, lactofen, triflumizole, halosulfuron-methyl, cyfluthrin, flufenacet, isoxaflutole, piperonyl butoxide, pyraclostrobin, and tebufenozide, may have moderate to strong activity on human adipogenesis [107].



	
Sex steroid hormones play an important role in the development of adipose tissue, and their imbalance can lead to dyslipidemia and obesity [108]. Many agrochemicals, such as dichlorodiphenyldichloroethylene (DDE), have been shown to inhibit 5α-reductase, the main enzyme that converts testosterone to dihydrotestosterone [109]; others, including DDT, can affect the expression levels and/or activity of several cytochrome P450 (P450) enzymes involved in the metabolism of steroid hormones [110,111] and the development of obesity. Numerous in vitro studies using reporter gene assays have demonstrated the estrogenic and antiandrogenic effects of agrochemicals [108].



	
There is considerable evidence of a strong link between exposure to endocrine disrupting chemicals (EDCs) such as polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), perfluoroalkyl substances (PFASs), phthalates, BPA, and perchlorate and thyroid disorders [112]. Many of these chemicals alter the balance between energy storage and expenditure, disrupting the thyroid signaling pathway and contributing to the development of obesity [113].



	
Numerous studies have shown that agrochemicals could affect the composition and function of gut microbiota and play an important role in agrochemical-induced toxicity [114,115,116]. Serum levels of organochlorine pesticides (cis-nonachlor, oxychlordane, and trans-nonachlor) were positively correlated with high levels of Methanobacteriales, which were associated with higher body weight and waist circumference [117].








In summary, technical and scientific progress has reached a high level in all areas, including organic chemicals, which are widely used in agriculture. However, pollutants and agrochemicals play a significant role in the development of obesity through various mechanisms and effects. We stress the importance of involving the public in the decision-making process for the monitoring and control of POPs. This process should be transparent to all interested groups of citizens and should provide free access to data on POPs.




6. Stress, PTSD, and Obesity-Related Morbidities


6.1. Stress


The discussion about obesity would not be complete without placing it in the background of everyday challenges, including stress and the extreme phenomenon of PTSD (which allows a better understanding of stress only by magnifying some of its features). Obesity cannot be reversed over a long period of time without resolving the trauma that caused it [118]. A major problem is the increasing stigmatization of the obese population; the prejudice associated with the personality and socio-professional performance of obese people only reinforces the vicious cycle of eating disorders [119]. The reduced physical activity that accompanies this new paradigm of living in a digital ecosystem, surrounded by an obesogenic digital food environment, reduces healthy ways of reducing stress and encourages the development of obesity [119,120].



Stress is a common contributor to the onset and progression of addiction [121]. Given that obese people report greater food cravings and consume larger portions in response to food cues (sights, sounds, and smells), obesity can be seen as a result of food addiction [122]. Moreover, flavor additives in ultra-processed foods increase palatability, promote hedonic eating, and interfere with homeostatic control of food intake [123]. Increased activation of mesocorticolimbic circuits, particularly dopamine and glutamate transmission in the nucleus accumbens (NAc), has been shown to correlate with weight gain and difficulty in weight loss. On the other hand, experimental data indicate that obese rats are more susceptible to the effects of cocaine, suggesting a bidirectional connection between weight gain and activation of the reward system [122,124]. Severe obesity has also been linked to decreased brain expression of D2 receptors, which indirectly stimulate endorphin release and appetite [125].



Strong and sustained activation of the sympathetic nervous system (SNS) and hypothalamic-pituitary-adrenal (HPA) axis during stress leads to hyperglycemia, hypercortisolism, inflammation, and insulin resistance [126,127]. Furthermore, Kim points out that the main deleterious effects of stress are caused primarily by alterations in neural circuits that affect the functions of all body systems [128]. Brain-induced stress changes are reversible, with the prefrontal cortex (PFC) and the hippocampus (HPC) recovering more quickly than the amygdala [129].



In acute stress, hyperglycemia represents a survival-optimizing response, but prolonged allostatic load from chronic stress leads to a downward spiral of metabolic imbalance and increases the risk of T2D [129,130]. In metabolic syndrome, hyperinsulinemia favors activation of the sympathetic nervous system, as shown by increased plasmatic and urinary concentrations of norepinephrine (NE) [131,132,133]. Stimulation of the parasympathetic nervous system improves glycemic control and insulin sensitivity in prediabetic patients [134].



In addition, stress-induced hypercortisolemia leads to changes in the brain circuits that control food intake, favoring increased intake of palatable foods [129]. Trauma in childhood, in particular, has a very detrimental effect on brain development [135].



The metabolism of lipids is deeply affected by stress, as demonstrated by the effect of stress on enzymes such as hepatic lipase, lipoprotein lipase, cholesterol esterase, HMG-CoA reductase, acyltransferase, acyl-CoA dehydrogenase, and others [134].




6.2. PTSD


Epidemiological studies in pediatric and adult populations show that PTSD is associated with a variety of comorbidities and doubles the risk of T2D, metabolic syndrome, and obesity [16,118,131,136,137,138,139,140,141,142,143,144,145]. Interestingly, a reduction in body weight may predict improvement in PTSD, and recovery from PTSD is associated with a reduced risk of T2D [137,146,147]. In PTSD, obesity caused by HPA dysregulation is exacerbated by unhealthy behaviors (high-fat, high-carbohydrate eating, smoking, alcohol consumption, reduced adherence to medication, sedentarism, insomnia) [131,148,149].



According to the DSM-5 criteria for PTSD, a person who has been exposed to a horrific event (either directly or by learning that a relative or close friend has suffered trauma) may experience unwanted disturbing memories, nightmares, emotional distress, and physical reactivity [150]. Studies about at-risk populations (refugees, victims of war, natural disasters, terrorism, domestic violence and accidents, sexual assault, healthcare workers during the COVID pandemic, COVID survivors, and war veterans) have found prevalence rates between 5% and 20% [131]. However, the actual prevalence could be even higher, as only part of the exposed population seeks treatment due to social stigma or a lack of resources [151,152,153,154]. Normally, in some situations, specific dental problems found in PTSD (myofascial pain, tooth bruxism, temporo-mandibular joint disorders, and tooth sensitivity) should alert the healthcare professional and facilitate the diagnosis [155].



Simplistically, PTSD is a fear disorder caused by exaggerated consolidation of fear memory or impaired extinction learning of trauma-related fear. This has profound effects on the entire body, leading to alterations of the neurotransmitters and the neuroendocrine system, mitochondrial dysfunction, metabolic changes, and proinflammatory changes [131,136,151,156,157]. Interestingly, only a small proportion of individuals exposed to a similar type of stress develop PTSD, so there is a genetic susceptibility that favors the pathology. Moreover, genotypes with the same SNP manifest different phenotypes under similar circumstances, which explains the heterogeneity of PTSD subtypes [158]. Most studies suggest that PTSD is characterized by low cortisol levels, but there are also studies showing that PTSD is correlated with high cortisol levels [140,156].



In obese patients, inflammation is triggered by sympathetic-induced activation of innate immunity, which promotes infiltration of M1-polarized macrophages in adipose tissue and lymphocytes and monocytes in the pancreas [129,131]. Chronic inflammation associated with prolonged stress opens up a vicious cycle as cytokines such as IL-6, the markers of inflammation, stimulate the stress response [134,159].



High levels of inflammatory markers such as TNF-alfa, IL -1beta, IL-6, and CRP are elevated in both obesity and PTSD, indicating a common pathological link [104,106,111,113,135,136]. The bidirectional relationship between obesity, inflammation, and PTSD is also confirmed by the fact that TNF-alfa is associated with prolonged fear memory and administration of anti-inflammatory therapy reduces anxiety symptoms [106,111,137]. Moreover, high TNF levels have been associated with alterations in insulin signaling, and treatment with neutralizing TNF antibodies has improved insulin resistance [159].



Recent data suggest that glucocorticoids increase the expression of fatty acid synthase and play an important role in the formation of adipose tissue by facilitating the conversion of pre-adipocytes into mature adipocytes [129].



Most of the hormonal regulators of appetite interfere with the fear response, either reinforcing the memory of the fear or enabling the extinction of the traumatic recollections.



Body weight depends on a multitude of factors, including those that regulate appetite. Two clusters of neurons located in the hypothalamic infundibular nucleus are important in this direction: POMC neurons that release α-MSH with anorexigenic properties and NPY neurons that release NPY orexigenic peptide [129,160,161]. These neuronal populations express leptin and insulin receptors that allow fine regulation in response to dynamic changes in metabolic status.



Interestingly, as POMC neurons exhibit increased vulnerability to stress, NPY action dominates, and the result leads to increased appetite and food intake [162]. NPY induces anxiolysis through inhibitory effects on corticotropin-releasing hormone (CRH) and norepinephrine signaling, reduces the acquisition of contextual fear memories, and stimulates the extinction of conditioned fear memories [131,163]. Glucocorticoids increase NPY levels, and obese individuals exhibit high levels of this hormone [129,131]. In contrast, PTSD is characterized by low levels of NPY; however, these levels reach the normal range after recovery from the illness or the administration of fluoxetine [131,161].



In PTSD, leptin levels are considered a neuroendocrinological marker for the hypervigilant state [161]. Although leptin exhibits anorexigenic effects and promotes the extinction of fear memories, hyperinsulinemia in PTSD patients results in leptin resistance, leading to increased appetite, decreased memory performance, and impaired synaptic plasticity in the hippocampus [16,131,138]. Normalization of insulinemia after weight loss attenuates leptin resistance and increases NPY levels, with beneficial effects on the HPA axis [138].



Ghrelin helps maximize individual survival during stress, facilitates the encoding of fear memories, and stimulates appetite [131]. Stress has been shown to increase ghrelin levels.



Adiponectin, the most abundant adipokine, facilitates environmental adaptation by reducing contextual fear memories and is inversely correlated with PTSD severity [161]. As adiponectin acts as a potential risk biomarker, the pharmacological elevation of adiponectin levels is a conceivable treatment for this pathology [138,144,164]. There is a parallel between PTSD and obesity, as low adiponectin levels correlate with obesity, and weight loss is associated with increased levels and improved insulin sensitivity [165].



Insulin-like growth factor 1 (IGF1) acts on orexin neurons from the lateral hypothalamus and exhibits anxiolytic properties, modulates coping behavior, reduces vulnerability to stress, but also promotes obesity due to stimulation of cell proliferation [166]. Part of its effect is due to the modulation of the GABA, glutamate, and serotoninergic systems [167].



High insulin levels in people with obesity and metabolic syndrome lead to low insulin sensitivity in the brain, decreased dopamine release after food intake, and consequently, an increased need to eat high-calorie, palatable foods [129].



A high-fat, high-sugar diet, obesity, or early stress exposure in rats reduces BNDF signaling and levels, leading to altered neuroplasticity and impaired learning [135,168]. BNDF activates the HPA axis by stimulating the release of CRH.



The main pathological link between obesity and stress is the dysregulation of the HPA axis. Some polymorphisms of genes involved in optimal HPA axis function (FKBP5, NR3C1, CRHR1, SLC6A4, and OXTR) have been associated with increased susceptibility to stress and a high risk of mental disorders [156,158,169,170]. The heritability of PTSD is estimated to be up to 20% [151,171].



Furthermore, exposure to stress leads to epigenetic changes (particularly affecting methylation) that are passed on transgenerationally, probably as an evolutionary adaptation to prolonged adverse living conditions [142]. Low methylation in the FKBP5, NR3C1, and CRHR1 genes has been associated with childhood adversity, and reduced methylation in the insulin-like growth factor 1 (IGF2) genes has been demonstrated in adults whose pregnant mothers suffered starvation in the winter of 1944–1945 [142,156]. Most interesting is the phenomenon described in Holocaust survivors and their offspring, where the first generation showed high methylation levels, whereas the second generation showed low methylation levels and lower self-reported anxiety [172,173].



After exposure to stress and elevated cortisol levels, FKBP5 (allele rs1360780) shows demethylation in intron 7 and consequently increased transcription of FKBP5 [169,174]. As FKBP5 is a co-chaperone of GR that inhibits GR binding and nuclear translocation of the ligand-receptor complex, increased expression of FKBP5 results in inhibition of glucocorticoid (GC) action and GC resistance [135,156,175,176]. GC resistance, along with HPA axis dysregulation and hypercortisolism, precedes hyperinsulinemia and obesity. The chronic fatigue associated with GC resistance further increases the risk of developing obesity [177,178].



Interestingly, increased methylation of SNPs in the FKBP5 gene (e.g., rs9296158) and some CRHR1 gene polymorphisms that produce high levels of CRH are associated with cortisol hypersensitivity and hypercortisolism and represent a distinct PTSD phenotype from that characterized by hypercortisolism [156].



As decreased anxiety levels are associated with low methylation of FKBP and low methylation is provoked by GC concentration, together with the fact that hypercortisolism is considered a risk factor for PTSD, it can be hypothesized that administration of dexamethasone/corticosterone at the time of trauma might improve memory extinction and interrupt the vicious cycle of HPA dysregulation and obesity [131,142,156,174]. Other pharmacological interventions for PTSD include selective FKBP5 blockers and CRHR1 antagonists [156,158,179]. Given the pathological processes that characterize PTSD, there are also some therapies that can alleviate the severity of the condition: metformin, thiazolidinediones, PPAR agonists, angiotensin receptor type I blockers, angiotensin converting enzyme inhibitors, cannabinoid receptor antagonists (upregulation of adiponectin), quercetin, coenzyme Q10, and resveratrol (improvement of mitochondrial dysfunction) [136]. Given the high cost of treating patients, early intervention and treatment are beneficial for the best outcomes.



The strong correlation between the methylation process and the severity of PTSD is also underlined by the fact that mindfulness and cognitive behavioral therapy reduced FKBP5 methylation and alleviated clinical symptoms [158,180].



Epigenetic regulatory mechanisms following stress/traumatic events have also been described for BDNF genes, IGF2, and the CYP17A1 gene, which is involved in the production of the enzyme 17-alpha-hydroxylase, which converts cortisol to cortisone [142].



Both obesity and PTSD can be described as metabolic disorders in which mitochondrial dysregulation is the central cellular alteration [136,181,182]. These pathologies also share common features such as dysregulation of fatty acid metabolism, disruption of the tricarboxylic acid cycle, and altered peroxisome proliferator-activated receptor (PPAR) function [136,181,183,184].



Another link between obesity and PTSD is demonstrated by functional magnetic resonance imaging, which shows alterations in analogous brain areas responsible for emotion, memory, reward, motivation, and volitional control [16,185,186]. Obese individuals showed greater food cue-induced activation in the hippocampus/amygdala, hypofunction of the medial and dorsal prefrontal cortex responsible for inhibitory processes, and neurodegeneration-induced reduced hippocampal volume [185,186,187,188].



Interestingly, obesity is associated with reduced hippocampal volume, but hippocampal deficits facilitate an enhanced stress response, data that further emphasize the bidirectional relationship between obesity and stress [189]. Animal models, as well as clinical data, suggest that acute stress disrupts activity in the prefrontal cortex and amygdala [190].



Altered activity in the prefrontal cortex predisposes to increased food intake, as the immediate reward of eating (due to dopamine release in the amygdala) overrides awareness of the long-term negative consequences of choosing unhealthy foods [191,192]. Interestingly, atenolol and propranolol reduce psychological distress by reducing adrenergic activity, making beta-blockers useful in the treatment of anxiety and PTSD (when given immediately after the event) [193,194].



Recent data suggest that obesity is associated with cognitive performance decline, with metabolically unhealthy individuals showing a faster rate of deterioration than the rest of the population [195]. Chronic exposure to GC, hyperinsulinemia, and insulin resistance impair synaptic plasticity, affecting learning and memory [196,197]. Stress-induced dysbiosis also disrupts the blood-brain barrier.




6.3. Obesity Never Comes on Its Own


It is unanimously accepted that obesity has been identified as a multifaceted risk factor for a range of serious medical conditions, including but not limited to type 2 diabetes, cardiovascular disease, gallstone disease, non-alcoholic fatty liver disease, acute pancreatitis, certain cancers, chronic kidney disease, ischemic stroke, obstructive sleep apnea, osteoarthritis, psychiatric comorbidities, and infertility [198].



Understanding the link between obesity and its associated complications is of paramount importance for developing effective prevention and management strategies. One of the main pillars of current public health policy is the association between T2D and obesity. As we know to date, T2D has reached epidemic proportions worldwide, and its strong association with obesity has been well established [199]. Obesity, characterized by excess adiposity, particularly visceral adipose tissue, is a major risk factor for the development of insulin resistance and subsequent T2D. The adipose tissue itself functions as an active endocrine organ, releasing a variety of adipokines, such as leptin, adiponectin, and resistin, which play crucial roles in glucose homeostasis and insulin sensitivity. In obesity, the dysregulation of adipokine secretion leads to a state of chronic low-grade inflammation and adipose tissue dysfunction, contributing to the pathogenesis of insulin resistance [200]. Additionally, adipose tissue expansion is accompanied by an increased release of free fatty acids into the circulation, which further promotes insulin resistance in peripheral tissues such as skeletal muscle and the liver. Adipose tissue dysfunction also impairs the production and release of adiponectin, an adipokine with insulin-sensitizing properties, further exacerbating insulin resistance [201]. Furthermore, obesity is closely linked to other metabolic abnormalities, including dyslipidemia, hypertension, and systemic inflammation, collectively referred to as metabolic syndrome. These comorbidities further contribute to the development and progression of T2D. Importantly, the bidirectional relationship between obesity and T2D creates a vicious cycle, as hyperglycemia resulting from insulin resistance promotes further adipose tissue dysfunction and exacerbates obesity [202].



In addition to the well-known metabolic and cardiovascular complications associated with obesity, emerging evidence suggests a link between the novel concepts of diabetes, non-alcoholic fatty liver disease (NAFLD), and thrombosis [203]. Insulin resistance, a key feature of T2D, plays a central role in the development and progression of NAFLD. It promotes hepatic lipid accumulation by enhancing the release of free fatty acids from adipose tissue and impairing lipid oxidation in the liver. On the other hand, NAFLD contributes to the development and exacerbation of insulin resistance by releasing inflammatory cytokines and adipokines that interfere with insulin signaling pathways. Moreover, both conditions are associated with systemic inflammation, oxidative stress, and dyslipidemia, which further fuel the pathogenesis of each other [204]. The presence of NAFLD in individuals with T2D is associated with an increased risk of developing advanced liver disease, including non-alcoholic steatohepatitis (NASH), fibrosis, and cirrhosis. Conversely, T2D is a strong predictor of NAFLD progression and the development of complications, such as hepatocellular carcinoma [205].



While NAFLD is primarily considered a hepatic manifestation of the metabolic syndrome, emerging evidence suggests that it is also associated with an increased risk of thrombotic events. The mechanisms underlying the association between NAFLD and thrombosis are complex and multifactorial. One proposed mechanism is the systemic inflammation and endothelial dysfunction observed in NAFLD, which can promote a prothrombotic state. Inflammatory cytokines, such as TNF-alpha and IL-6, derived from the liver and adipose tissue, contribute to endothelial dysfunction and activation of the coagulation cascade [206]. Furthermore, NAFLD is often accompanied by metabolic abnormalities, including insulin resistance, dyslipidemia, and hyperglycemia, all of which can further contribute to the prothrombotic milieu. Additionally, NAFLD is associated with alterations in coagulation factors and fibrinolytic pathways, such as increased levels of plasminogen activator inhibitor-1 (PAI-1), decreased tissue plasminogen activator (tPA) activity, and elevated levels of fibrinogen [207]. These abnormalities may disrupt the delicate balance between coagulation and fibrinolysis, favoring thrombus formation. The bidirectional relationship between NAFLD and thrombosis highlights the interplay between liver dysfunction, metabolic derangements, and the coagulation system. Recognizing the association between obesity and thrombosis is crucial for risk assessment, prevention, and management strategies. The identification of novel biomarkers, such as adipokines, inflammatory markers, and endothelial dysfunction markers, has provided insights into the underlying mechanisms linking obesity and cardiovascular events [208]. Furthermore, lifestyle interventions targeting weight loss, physical activity promotion, and dietary modifications have demonstrated their effectiveness in reducing cardiovascular risk in obese individuals with T2D. Pharmacological interventions, including anti-diabetic medications and lipid-lowering agents, play a crucial role in managing T2D and mitigating cardiovascular risk. In conclusion, understanding the complex interplay between obesity, T2D, and cardiovascular events is essential for developing effective preventive strategies, early detection, and comprehensive management approaches to reduce the burden of cardiovascular disease in this high-risk population.





7. Microbiota, Branched Chained Amino Acids and Obesity


7.1. Microbiota


As obesity has become a global epidemic in recent years, leading to a serious health crisis, it has been the subject of much research. It is well known that the etiology of obesity is a complex interaction between dietary, genetic, endocrinological, environmental, socio-economic, and cultural factors [209]. Recent research emphasizes the role of the gut microbiota, an important environmental factor, not only in the pathophysiology of obesity but also in the pathophysiology of related metabolic disorders. The gut microbiota appears to influence not only the progression of obesity but also its onset [210,211].



The gut microbiome of healthy, normal-weight individuals is complex and diverse, consisting mainly of Firmicutes, Bacteroides, Proteus, Actinomycetes, Fusobacteria, and Verrucomicrobia [212]. The gut microbiota consists of a dominant, sub-dominant, and transient microbiota [213]. The diversity of the gut microbiota can fluctuate rapidly over a few weeks, depending on dietary intake, stress levels, hormones, and physical activity, while another component is stable and resilient. The latter consists mainly of microorganisms inherited at birth and those established during the first years of life (especially the first 1000 days) [214,215]. The gut microbiota has a variety of important functions, such as the biodegradation of polysaccharides, the production of short-chain fatty acids, the enrichment of specific lipopolysaccharides, and the production of vitamins and essential amino acids [212]. Any disturbance of the structure, functions, and metabolism of the gut microbiota leads to pathological processes, including obesity [212].



An impoverished microbiota, with low microbial diversity or an excess of Gram-negative bacteria, tends to increase local inflammation in the gut and the porosity of the intestinal epithelium. This increase in intestinal permeability allows unwanted components (food fragments or microbes, toxins, and endotoxins, including lipopolysaccharides) to cross the intestinal barrier and enter the body, leading to chronic inflammation and insulin resistance. Recent data suggest that obesity and related diseases are associated with profound gut dysbiosis [216,217]. Several studies have shown that the diversity of the microbiota is lower in obese individuals [212].



In addition, several studies have shown that stress is associated with changes in the composition of the microbiota, the levels of junction proteins (both in the gastrointestinal tract and in the brain), and the concentration of monoamine transmitters [218,219]. The mechanisms linking stress and alterations of the gut microbiota are unknown; however, there has been evidence that mucin secretion, impaired gut motility, and norepinephrine-induced modifications in gene expression of some bacteria could contribute to changes in the microbiota. In addition, digestive microbiota may be altered by changes in dietary patterns, such as increased consumption of highly palatable foods encountered during periods of stress [218].



In 2004, Bäckhed et al. were the first to substantiate the hypothesis that gut microbiota is linked to obesity. In their studies with germ-free mice, they showed that transplantation of gut microbiota from conventionally reared mice into germ-free mice resulted in increased monosaccharide absorption, hepatic lipogenesis, and insulin resistance under starvation conditions, leading to the accumulation of excess adipose tissue [220]. The composition of the gut microbiota is even distinctly related to the degree of obesity [221].



There is strong evidence in the literature from sequencing of the 16S rRNA gene that obesity is associated with two dominant bacterial phyla: Firmicutes and Bacteroidetes. There are studies in mice that conclude that in obese individuals, the concentration of Bacteroidetes decreases by 50% and the concentration of Firmicutes increases proportionally [222,223]. Later, similar disturbances in the gut microbiota were found in obese children, and it was hypothesized that changes in Firmicutes and Bacteroidetes phyla may be an important indicator of childhood obesity [224,225,226,227,228]. A high concentration of Firmicutes is associated with markers of brown adipocytes in subcutaneous adipose tissue (but not in visceral adipose tissue), suggesting a positive effect on subcutaneous obesity [212]. However, there are conflicting results in the literature, as there are studies that report a statistically insignificant change in the concentration of Bacteroides and Firmicutes phyla in obese individuals [212,229,230].



Over time, many researchers have linked obesity to specific bacteria, such as the family Christensenellaceae and the genera Methanobacteriales, Lactobacillus, Bifidobacteria, and Akkermansia [212]. The Christensenellaceae family belongs to the phylum Firmicutes and is positively associated with weight loss and inversely associated with body mass index [231].



Depommier et al. (2019) conducted a randomized, double-blind, placebo-controlled pilot study in overweight and obese insulin-resistant volunteers with the primary endpoint of assessing safety, tolerability, and metabolic indicators (insulin resistance, circulating lipids, visceral adiposity, and body mass) after daily oral supplementation with Akkermansia muciniphila bacteria [232]. They showed that supplementation with Akkermansia muciniphila improved metabolic indicators and reduced body weight, fat mass, and hip circumference compared with the placebo group [232].



Croversy et al. (2017) showed that the effects of Lactobacillus on body weight are species-specific, as they found that Lactobacillus paracasei is inversely associated with obesity, whereas Lactobacillus reuteri and Lactobacillus gasseri are positively correlated with obesity [233]. Considering these results, it seems that bacteria of the same genus can affect the gut microbiota differently. In addition, low levels of Bifidobacterium are also associated with obesity [212]. The bacterium Methanobrevibacter smithii and the genera Faecalibacterium, Oscillibacter, and Alistipes are found in lower concentrations in the gut microbiota of obese people than in normal-weight people [211].



The microorganisms found in the gut microbiome of obese people induce a number of molecular processes that ultimately promote obesity. An important role is attributed to the metabolites of the gut microbiome: lipopolysaccharides (LPS) and short-chain fatty acids (SCFAs). Microorganisms from the gut microbiota may be a trigger for the systemic inflammation found in obese individuals. LPS, a membrane component of Gram-negative microorganisms, induces a chronic inflammatory process, and SCFAs induce adipocyte differentiation and promote adipogenesis. In obese individuals, LPS causes metabolic endotoxemia and chronic inflammation, leading to adipocyte hyperplasia and the proliferation of adipocyte precursors, whereas in normal-weight individuals, the microbiome can reduce intestinal LPS levels and thus adipogenesis [209].



Dysbiosis also affects the secretion of inflammatory cytokines, and it is known that obesity is associated with high levels of IL-6, TNF-alpha, and C-reactive protein [234].



Recent studies have shown that obese individuals have a distinct gut microbiota profile that regulates adipocyte accumulation and is more adept at extracting energy from the diet than normal-weight individuals, which appears to be related to a high concentration of short-chain fatty acids (SCFAs) [213,220,235]. Teixeira reported that a higher concentration of stool SCFAs is associated with increased waist circumference and adiposity [236]. Although SCFAs have beneficial effects on maintaining normal body weight by regulating appetite and lipid and glucose metabolism, when they are in excess, they extract more energy from the diet and promote weight gain [209].



The gut microbiota also influences the regulation of the gut-brain axis through peptide YY, pancreatic polypeptide, and glucagon-like peptide 1, which are secreted by enteroendocrine cells that are widely distributed throughout the gut epithelium. These hormones have anorexigenic effects when they bind to receptors in the brain and influence feeding behavior, and there is evidence that their concentration is lower in obese subjects than in non-obese subjects. There are also studies showing that the expression of genes encoding anorexigenic neuropeptides, such as proglucagon and BDNF, is decreased in obese people [210,212,237].



The gut microbiome also influences the secretion of GABA and serotonin, both of which affect appetite control. GABA stimulates feeding, while serotonin suppresses appetite and maintains balance [210].



Microorganisms from the gut microbiota can alter the expression of the fasting-induced adipose factor. Fasting-induced adipose factor is an inhibitor of lipoprotein lipase, and as a result of its alteration, triglycerides will accumulate in adipose tissue. A high level of triglycerides in adipocytes will lead to the accumulation of triglycerides in other organs, and this process will eventually induce insulin resistance [209].



As the gut microbiome is an essential factor in the pathophysiology of obesity, it may be a potential target for new therapeutic approaches. Due to the close relationship between microbiota and peripheral and central nervous system function, the concept of psychobiotics is currently being developed; one strategy would be to improve mental health outcomes by administering prebiotics and probiotics [219,238]. Special attention should be paid to the consumption of foods without food additives, as there is evidence that the addition of various flavors to highly processed foods can alter the composition of the microbiota and support the obesogenic process [239].



In addition, the microbial ecosystem of the gastrointestinal system acts as a thermogenic organ and could be a potential therapeutic intervention to address energetic disorders ranging from premature growth failure to adult obesity [240].



The inability of the microbiota to convert tryptophan into indoles that activate the aryl hydrocarbon receptor leads to impaired mucosal barrier integrity and decreased GLP-1 secretion, ultimately favoring the development of the metabolic syndrome. As supplementation with a Lactobacillus strain alleviates the metabolic disturbance, supplementation with the natural aryl hydrocarbon receptor ligand-producing bacteria has the potential to be a novel preventive or curative treatment for metabolic syndrome [241].




7.2. Branched Chained Amino Acids and Obesity


Branched-chain amino acids (BCAAs)–leucine, isoleucine, and valine are essential amino acids that are not produced by the body and must therefore be obtained from food. All three BCAAs together make up about 20% of total protein and account for a third of the essential amino acids in the diet. However, bacteria that are part of the human microbiota have been found to be able to synthetase BCAAs [242]. Interestingly, there is increasing evidence that BCAAs, or branched-chain α-keto acids (BCKAs), in addition to hyperactivation of mTOR signaling, are involved in the induction of oxidative stress, mitochondrial dysfunction, apoptosis, and, more importantly, insulin resistance and/or impaired glucose metabolism, all of which are key factors in the pathogenesis of metabolic disorders [243,244,245,246,247].



The available data on the relationship between BCAAs (particularly leucine) and insulin resistance is contradictory. BCAAs have been shown to have different or even opposite effects depending on the metabolic state (predominance of either catabolic or anabolic activity) [248].



According to Cuomo et al. (2022), a low-BCAA diet is often associated with promoting metabolic health. High levels of BCAAs are associated with a number of metabolic disorders, including insulin resistance, obesity, and diabetes. Further studies in rats have shown that low consumption of BCAAs is associated with reduced insulin resistance and fat accumulation [242]. In fact, the relationship between BCAAs and insulin resistance is stronger than the relationship between insulin resistance and lipoprotein levels. Western diets containing more than 20% BCAAs are one of the major factors contributing to the increase in type 2 diabetes and obesity worldwide [242]. Metabolomics data has shown that an increase in blood levels of BCAAs can predict the onset of type 2 diabetes more than 10 years in advance [249].



On the other hand, an association has been found between high plasma leucine levels and reduced all-cause mortality [250]. In obese animals, leucine and isoleucine alleviate insulin resistance and promote the browning of white adipose tissue [251]. Some authors suggest that dietary supplementation with leucine in obesity improves mitochondrial dysfunction, reduces inflammatory processes, and decreases body weight [252,253]. As butyrate is known to improve human metabolism by increasing mitochondrial activity, reducing metabolic endotoxemia, and activating gluconeogenesis in the gut (via gene expression and/or hormone release), the beneficial effects of leucine supplementation may be explained by leucine-induced stimulation of colonic butyrate and propionate production by gut bacteria [254].



Recent data shed light on these conflicting results: leucine supplementation in situations where catabolic processes predominate improves lipid oxidation and mitochondrial function in skeletal muscle, whereas supplementation of this amino acid when the body is characterized by anabolic processes leads to BCAA accumulation with mitochondrial dysfunction and incomplete lipid oxidation [248].





8. Epigenetics of Obesity


Many studies suggest that obesity is the result of an interaction between the epigenome and environmental factors. Unlike genetic factors, which are fixed at birth, epigenetic modifications are dynamic and can be influenced by diet, stress, physical activity, sleep patterns, microbiota, alcohol intake, and exposure to endocrine disruptors. These changes in genes, without variation in the nucleotide sequence of genes, can be transmitted intergenerationally or even transgenerationally [255,256]. Modifications that occur during intrauterine development exhibit the greatest impact on fetal health. Simply put, low calorie intake during pregnancy induces epigenetic changes in the fetus that ensure its survival in conditions of food scarcity. However, this metabolic survival pattern results in a thrifty phenotype, which is associated with an increased risk of obesity when exposed to a hypercaloric diet later in life [257,258].



Epigenetic modifications include DNA methylation, histone modifications, and non-coding RNA-mediated regulation (ncRNAs).



	
The first process, DNA methylation, is the best studied: hypermethylation at the 5′ position of a cytosine residue, specifically at cytosine-phosphate-guanine dinucleotides (CpG) in promoter regions, is generally associated with transcriptional repression, whereas hypomethylation and intragenic methylation are associated with gene activation [257,258,259,260]. Since a large number of DNA methylations have been described in obese patients, from a practical point of view, it is necessary to identify those specific gene changes that affect the transcriptional network responsible for body weight regulation and are consistently associated with weight gain [257]. For example, DNA methylation of the adiponectin gene in subcutaneous adipose tissue or the POMC gene at the neuronal level has been shown to correlate strongly with body mass index [259]. Interestingly, epigenetic changes are in principle a consequence of weight gain and not a determinant, as previously thought, according to an analysis of a group of 5387 people [258]. To date, DNA methylation in some genes has been shown to be associated with appetite control, insulin signaling, and metabolic processes.






In this context, we envisage that pharmacologically induced epigenetic modulation will be of interest in the future. This can be achieved by influencing the activity of DNA methyltransferases (DNMTs) involved in methylation and the ten-eleven translocation (TET) proteins that reverse this process [259,261,262]. In fact, some DNMT inhibitors, 5-azacytidine, and 5-aza-20-deoxycytidine (decitabine), approved for certain hematological malignancies, are being reconsidered in the light of methylation blockade [263]. Animal studies have already shown that these substances are modulators of adipogenesis, with distinct effects at different stages [264]. There is also renewed interest in metformin, which, by activating AMP-activated protein kinase (AMPK), facilitates the phosphorylation (and subsequent inhibition) of enzymes such as DNMTs, histone acetyltransferases (HATs), histone methyltransferases (HMTs), and class II histone deacetylases (HDACs) [265]. In addition, SAM supplementation, which is a universal methyl donor to both DNMTs and HMTs, can serve as a therapeutic intervention for obesity. Other supplements, such as resveratrol, nicotinamide riboside, genistein, epigallocatechin 3-gallate, and curcumin, have also proven promising results in experimental studies [259,266].



In terms of the effect of different diets on epigenetic changes, at one end of the spectrum are hypercaloric regimens, which modulate the methylome depending on their composition. Ling’s study showed that supplementation with PUFA (750 kcal/day) for 7 weeks increased methylation processes for 1797 genes, including IL6, insulin receptor, neuronal growth regulator 1 (NEGR1), and POMC. On the other hand, in the same study, the saturated fatty acid (SFA) overfed group was associated with methylation of only 125 genes (of which as few as 47 were common to both PUFA and SFA groups). Analysis of the data highlighted that correlations between DNA methylation and mRNA levels (gene expression) were only evident in the SFA-supplemented group, despite similar weight gain in the two groups [267]. Interestingly, several papers have suggested that DNA methylation of mitogen-activated protein kinase 7 (MAPK7), melanin-concentrating hormone receptor 1 (MCHR1), splicing factor SWAP homolog (SFRS8) in adipose tissue, and NPY and POMC in leukocytes could be used as markers to predict weight gain [267].



On the other pole, hypocaloric diets also induce epigenetic changes in genes such as ATP10A, AQP9, CD44, DUSP22, HIPK3, TNNT1, and TNNI3, to name just a few. The methylation of these genes can be used as biological markers that certify therapeutic success in obesity [258]. Worryingly, it is worth noting that the epigenome is more susceptible to changes with exposure to hypercaloric diets than it is with calorie restriction.



	2.

	
Histones are proteins around which DNA is wrapped, forming a structure called chromatin. Regarding histone modifications, numerous phosphorylation, methylation, acetylation, adenosine diphosphate (ADP) ribosylation, and carbonylation processes have been identified in the amino-terminal tails of histones in obese patients [257,258]. Of particular interest is the acetylation of PPARγ2 (a key regulator of important transcriptional pathways) during adipogenesis. Through chromatin remodeling, these histone modifications have effects such as increasing the expression of some genes or silencing others (acetylation catalyzed by histone acetyltransferases (HATs) favors transcription, whereas deacetylation catalyzed by HDACs is associated with suppression).







Murine studies have shown that histone carbonylation in adipose tissue can be considered a redox-related epigenetic marker, confirming the strong link between obesity, oxidative stress, and chronic inflammation. Remarkably, clinical studies have shown that insulin resistance correlates with reduced histone modifications in adipose tissue. These data have been confirmed by cell culture studies showing that this type of epigenetic change is mediated by the nicotine adenine dinucleotide (+)−dependent HDACs (SIRT family) and occurs 3 days after induction of insulin resistance with palmitic acid [268,269].



Sodium butyrate, an HDAC inhibitor, has been reported to reduce high-fat diet-induced obesity [259].



	3.

	
NcRNA molecules, such as microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs), do not encode proteins but play important regulatory roles in gene expression. Extremely interesting data suggest that adipose tissue cells produce miRNAs that are encapsulated in small extracellular vesicles and then released into circulation [270]. Adipose tissue-derived miRNAs (miR-31, miR-519d, mi-R222, miR-130b, miR-15b, miR-125b, miR-122, and miR-142), which are considered novel adipokines, can be used as biological markers of weight gain. Additionally, recent data validates the traditional concept of milk siblings. Breast milk contains abundant amounts of miRNA-148a, miR-152, miR-29b, and miR-21, which confer epigenetic similarities between babies who have consumed milk from the same mother [271].







It is also of practical importance to know that obesity plays a role in reprofiling the type of miRNA released into the circulation, thus influencing insulin resistance, inflammatory processes, and the tumor microenvironment.



Furthermore, miRNAs play important roles in gene regulation (by cleaving mRNA or inhibiting protein translation), making them extremely valuable therapeutic targets. One such example could be targeting miRNAs that affect NO synthase and Sirtuin 1, with a potential beneficial effect on ameliorating the oxidative stress and endothelial dysfunction seen in obesity.



One future prospect is to repurpose compounds that are already in advanced stages of clinical evaluation for the treatment of obesity. For example, MRX34, a liposomal miR-34a, may have a beneficial effect in the treatment of obesity. However, the phase I clinical trial of this compound as an antineoplastic therapy failed due to severe immune side effects. Miravirsen, an antisense oligonucleotide drug inhibitor of miR-122 (phase II for hepatitis C), is also of potential interest for use in patients with hepatic steatosis and obesity [272].



circRNAs are known to compete with miRNA/mRNA binding and interfere with their functions. CircRNAs are reported to regulate the differentiation of adipocytes [259]. Similar functions have also been described for long non-coding RNAs (lncRNAs) [260].



Knowledge of fetal programming is an important preventive tool. Optimizing the mother’s diet and providing a safe environment during pregnancy can play a prophylactic role in combating obesity in (at least) the next two generations [255]. Perhaps unsurprisingly, children born after maternal bariatric surgery have a different epigenetic inheritance compared to children born before the intervention [260]. On the other hand, in the adult population, understanding the epigenetic patterns that favor the upregulation of obesity-promoting genes and discovering the methods to reverse the obesity-associated methylome (association of specific diets, nutraceuticals, exercise, and new therapeutic agents) open the way to personalized epigenetic medicine [257]. There is also an urgent need to use specific biological markers to identify at-risk populations—individuals who are resistant to weight loss and prone to rapid weight regain.




9. Pharmacotherapy of Obesity


Obesity, a chronic disease with significant complications in all age groups, has reached pandemic proportions. In Europe, obesity is the fourth most common risk factor for developing a non-communicable disease and has been associated with increased cardiac mortality, a higher risk of thirteen types of cancer, and reduced quality of life [119].



In this complicated puzzle represented by the pathology of obesity, it is unlikely that only one drug will be the silver bullet that represents a complete solution to such a large problem. Therefore, the best therapeutic results are obtained by combinations of drugs that also allow for lowering the doses and decreasing the side effects. Current medication includes four drugs approved by the FDA for short-term use (phentermine, phendimetrazine, diethylpropion, and benzphetamine) and six medications (orlistat, phentermine-topiramate, naltrexone-bupropion, liraglutide, semaglutide, and setmelanotide) for long-term use [273]. Established guidelines advise that drug treatment should be stopped or modified if at least 5% weight loss is not achieved after 12 weeks of drug treatment [274].



However, given that weight loss leads to a significant reduction in the chronic complications of obesity, the number of drugs currently in use is extremely small. Even in this context, recent data indicate that anti-obesity medications are underused, with only 2% of the obese population taking them [19,274]. There are many possible reasons for this: insufficient knowledge about these drugs, low accessibility due to high prices, low adherence due to side effects, the modest weight loss that these drugs can achieve, the poor reputation of drugs withdrawn from the market due to poor safety profiles, and the stigma associated with obesity that reduces access to health-care services [119].



A detailed understanding of the pathophysiological mechanisms underlying the onset of obesity has led to the discovery of new drugs and therapeutic strategies with the potential to alleviate this disease. Although a wide range of drugs are already used in obesity therapy, extensive preclinical and clinical ongoing studies aim to discover and bring to market new weight-loss drugs. It is hoped that the new molecules will bring benefits in terms of fewer side effects, greater weight loss, longer periods of optimal weight maintenance, and a lower cost/benefit ratio compared to current anti-obesity medication.



The increased interest in this area of research is reflected in the plethora of non-invasive approaches for treating obesity, including drugs that target numerous pathophysiological pathways (from the central nervous system, gastrointestinal tract, adipose tissue, kidney, liver, and skeletal muscle) but also modern delivery systems, gene therapy, and vaccines [275].



A synthetic overview of the pharmacotherapy for obesity from its beginnings to date is presented in Table 2.



A comprehensive review of obesity-promoting factors should include drugs that cause significant weight gain, such as glucocorticoids, antipsychotics (clozapine and olanzapine), antidepressants (tricyclic antidepressants and paroxetine belonging to selective serotonin reuptake inhibitors), antidiabetics (sulfonylureas and thiazolidinediones), antiepileptics (valproate), antihypertensives (beta-blockers), and oral contraceptives, to name but a few [432,433]. Fortunately, drugs have a variable risk of associated weight gain, with significant variation within classes; this characteristic allows switching from a molecule associated with significant weight gain to one with a lesser effect on BMI [434].



Despite advances in understanding the multifaceted nature of obesity, effective interventions that promote sustained weight loss and prevent weight regain remain elusive. Behavioral changes play a pivotal role in obesity prevention and management. However, achieving long-term adherence to healthy behaviors remains a significant challenge [435]. Further research is needed to identify novel strategies that can motivate individuals to adopt and maintain healthy lifestyles. Investigating personalized approaches, such as tailored dietary recommendations, physical activity programs, and psychological interventions, can optimize behavioral changes and enhance their sustainability. Exploring new targets and pathways, leveraging emerging technologies, and conducting rigorous clinical trials can lead to the discovery of novel pharmacological interventions. Additionally, investigating combination therapies and personalized medicine approaches may optimize treatment outcomes by tailoring interventions to individual characteristics and underlying biological mechanisms. Research should focus on identifying the most effective combinations, dosage regimens, and treatment durations to maximize weight loss, minimize adverse effects, and prevent weight regain.



Addressing the challenges in obesity prevention and treatment requires multidisciplinary collaborations and comprehensive investigations. Researchers, clinicians, policymakers, and industry stakeholders must join forces to exchange knowledge, share resources, and foster innovation. Large-scale epidemiological studies, clinical trials, and translational research should be conducted to generate robust evidence that informs clinical practice and policy development. Furthermore, promoting data sharing and standardization of research protocols will facilitate the comparison and integration of findings, accelerating progress in the field.



The one-size-fits-all approach to obesity prevention and treatment has yielded limited success, necessitating a paradigm shift toward personalized medicine [436]. This article underscores the importance of considering individual genetics and lifestyle factors in obesity management. By recognizing the inherent interplay between an individual’s genetic makeup, environmental exposures, and lifestyle choices, we can unlock a new era of precision medicine that optimizes treatment outcomes and promotes sustainable weight loss. Advancements in genetic research have unraveled the intricate role of genetics in obesity susceptibility and response to interventions. Personalized medicine harnesses this knowledge by integrating genetic information into clinical decision-making. Genetic profiling can identify individuals at higher risk of obesity, allowing for targeted prevention strategies tailored to their specific needs. Additionally, understanding genetic variations that influence drug metabolism and response can aid in the selection of pharmacological interventions, optimizing treatment outcomes, and minimizing adverse effects [437]. While genetics lay the foundation, lifestyle factors are equally crucial in the development and management of obesity. Personalized medicine recognizes this intricate interplay by considering an individual’s unique circumstances, such as dietary preferences, physical activity levels, socioeconomic factors, and psychosocial aspects.



Digital health technologies, such as wearable devices, mobile applications, and remote monitoring systems, offer unprecedented opportunities for personalized obesity management. These technologies provide real-time data on physical activity, dietary patterns, sleep quality, and other relevant metrics. By integrating this data with genetic information, healthcare providers can develop personalized intervention plans, offer real-time feedback, and facilitate remote coaching, ultimately empowering individuals to take control of their health and make informed choices.



Implementing personalized medicine approaches in obesity management does come with challenges. Ensuring accessibility and affordability of genetic testing, addressing privacy concerns, and promoting health equity are critical considerations. Additionally, the ethical implications of genetic information and its potential impact on individuals’ psychosocial well-being must be carefully addressed [438]. Collaborative efforts among healthcare professionals, policymakers, researchers, and ethicists are essential to navigate these challenges and ensure the responsible and equitable implementation of personalized medicine in obesity care. To harness the full potential of personalized medicine in obesity prevention and treatment, the translation of research findings into clinical practice is paramount.




10. Bariatric Surgery


Obesity is a widespread health problem with a major impact on the health and general well-being of the population and massive healthcare costs. Estimates by the World Obesity Federation of global obesity rates by 2030 are grim. More than one billion people are expected to be obese. One in five women and one in seven men will be affected [439]. As the prevalence of obesity continues to rise, especially in low- and middle-income countries, some experts in the field consider bariatric surgery as a possible solution to the coming obesity pandemic [440].



Since its introduction, bariatric surgery has been accepted and practiced worldwide and has proven to be one of the most effective methods of achieving sustained and reliable weight loss. Numerous studies have shown improved outcomes in all population groups that have undergone surgery compared with other methods, such as pharmacological approaches or lifestyle and dietary changes [441]. The improved outcomes are not only in terms of weight loss but also in terms of improvement and even remission of the most common comorbidities associated with obesity (hypertension, T2D, dyslipidemia, and sleep apnea) [442]. These surgical procedures, also known as metabolic surgery because of their profound effect on the anatomy and physiology of the digestive tract, are based on the principles of restriction, malabsorption, or a combination of the two [443]. The two most commonly performed procedures worldwide are longitudinal sleeve gastrectomy (LSG) and Roux-en-Y gastric bypass (RYGB). In addition to reducing excess body weight, long-term control of all metabolic comorbidities is equally important [444].



Bariatric surgery can now be safely considered for appropriately selected adolescents and patients over the age of 70, as several randomized trials and meta-analyses have demonstrated long-term safety and efficacy. As of November 2022, more than 20 years after the first recommendations for bariatric surgery, the American Society of Metabolic and Bariatric Surgery (ASMBS) and the International Federation for the Surgery of Obesity and Metabolic Disorders (IFSO) have updated the criteria for bariatric surgery and lowered the threshold as follows:




	
Patients with a BMI >35 kg/m2 with or without comorbidities and who do not present a high anesthetic surgical risk;



	
Patients with a BMI of 30–34.9 kg/m2 with one or more obesity-related comorbidities or with significant impairment of quality of life (T2D, essential hypertension, dyslipidemia, sleep apnea, or non-alcoholic fatty liver disease) [445].








Most studies show very good and consistent weight loss at 12 months after surgery. For both LSG and RYGB, the percentage of excess body weight loss is over 60% [446]. Although good results are consistent for the vast majority of patients, bariatric surgery is not without risk. In addition to the usual complications common to most laparoscopic surgeries, patients who have undergone bariatric surgery need to be closely monitored both clinically and nutritionally [447].



Micronutrient deficiencies can be a common problem following metabolic surgery, and many patients may require routine vitamin and mineral supplementation [448]. These deficiencies are usually explained by reduced dietary intake and anatomical and physiological changes in the gastrointestinal tract, particularly in the case of malabsorptive procedures [449,450,451]. Vitamin B12, which is only available exogenously, must be carefully monitored and supplemented. Unmonitored patients may develop anemia due to altered gastrointestinal absorption. Micronutrient deficiencies are usually more severe after RYGB than after LSG.



Perhaps one of the most spectacular improvements after bariatric surgery is the remission of T2D. The beneficial effects on glucose metabolism have been extensively studied. Criteria for complete remission of T2D include fasting plasma glucose <100 mg/dL and/or HbA1c <6% for at least 1 year after surgery in the absence of glucose-lowering pharmacological treatment. Complete remission for 5 or more years is considered curative [452]. Most randomized clinical trials report remission rates of 60–80% 2 years after surgery. There is still a risk of T2D recurrence in the postoperative period, but glycemic control remains satisfactory and insulin resistance has improved [453]. Most studies tend to focus on biomedical aspects such as weight loss and clinical and biological improvement of comorbidities, but improvement in quality of life (QoL) is equally important, especially as the number of procedures performed worldwide continues to increase [454]. QoL is severely impaired in obese patients and is directly proportional to BMI. In addition to weight loss, bariatric surgery has been shown to improve several aspects of QoL, including patient satisfaction, self-esteem, body image, and physical and social functioning [441,455,456].



Obesity is a complex and chronic disease with multiple and incompletely elucidated mechanisms. After more than half a century of study and research, the ideal solution remains elusive. Complete treatment cannot be achieved by bariatric surgery alone. Patients still need long-term nutritional and psychological counseling. The best results are achieved by an informed patient with realistic expectations, a well-trained surgeon, and a multidisciplinary team.




11. Implementation Gap and Public Health Strategies


Despite significant progress in understanding the causes and contributing factors of obesity, the implementation of effective interventions has been disappointingly slow. Barriers to translating scientific evidence into practical solutions range from systemic issues, such as limited funding and resource allocation, to societal factors, such as cultural norms and social inequalities. The prevailing societal norms that promote sedentary lifestyles and unhealthy food environments contribute to an obesogenic environment (Figure 1). Moreover, cultural practices, traditions, and beliefs about food, body image, and physical activity influence individual behaviors and can pose challenges to the adoption of healthier habits [457,458]. Addressing these cultural and societal influences requires targeted and culturally sensitive interventions that respect and take into account different perspectives and values. Negative attitudes, stigma, and discrimination towards individuals with obesity are significant barriers that impede access to care, social support, and positive health-seeking behaviors. In addition, psychological factors such as stress, depression, and low self-esteem can undermine motivation and hinder sustained behavior change efforts [459].



Furthermore, the complexity of obesity demands a comprehensive and integrated approach across multiple sectors, including healthcare, education, urban planning, and food policy. The fragmented nature of these sectors hinders coordinated efforts and impedes the translation of knowledge into practical action [460]. The lack of coordinated efforts among stakeholders, including policymakers, healthcare providers, and community organizations, has also hindered progress.



Policy interventions have proven to be effective in reshaping environments and promoting healthier choices. Examples include implementing sugar-sweetened beverage taxes, food and nutrition labeling regulations, and restrictions on the marketing of unhealthy foods and beverages to children. These policy changes have the potential to influence consumer behaviors, reduce the use of unhealthy products, and encourage the adoption of healthier alternatives. Creating supportive environments that facilitate physical activity and healthy eating is crucial for obesity prevention. Promoting walkable communities, building bike lanes, and establishing parks and recreational facilities can encourage regular physical activity. Additionally, improving access to affordable, nutritious foods through initiatives such as farmers’ markets, urban gardens, and healthy food retail programs can enhance healthy eating behaviors [461].



Education plays a pivotal role in empowering individuals with knowledge and skills to make informed choices regarding their health. School-based interventions that incorporate nutrition education, physical activity programs, and healthy lifestyle curricula have shown positive outcomes in preventing obesity among children. Similarly, workplace wellness programs that offer health education, physical activity opportunities, and healthy food options can contribute to obesity prevention among adults. Engaging communities in obesity prevention efforts foster social support, promotes collective action, and addresses local needs and priorities. Community-based programs, such as family-focused interventions, peer support groups, and community gardens, have shown promise in promoting healthy behaviors and reducing obesity rates. By involving community members in the planning and implementation of interventions, these initiatives can have a lasting impact on obesity prevention [461,462].



Preventive measures for children are particularly important because of the long-term health effects of obesity in early life. Promoting breastfeeding, implementing nutrition standards in schools, and restricting the marketing of unhealthy foods to children are effective strategies that can shape healthier behaviors from an early age. By investing in comprehensive early intervention programs, we can build a strong foundation for lifelong health and reduce the risk of obesity-related complications [463].



Addressing obesity in adults requires a multifaceted approach that combines policy changes, community engagement, and individual empowerment. Implementing workplace wellness programs, offering nutrition and physical activity counseling, and providing access to evidence-based weight management programs are effective strategies to support adults in their weight management journey. By equipping adults with the necessary tools and resources, we can improve health outcomes and reduce the burden of obesity-related chronic diseases. The obesity pandemic demands urgent and concerted efforts to implement effective preventive measures. By leveraging policy changes, environmental modifications, educational initiatives, and community engagement, we can make substantial progress in curbing the obesity crisis. These examples of successful interventions highlight the potential impact of evidence-based strategies for both children and adults. By scaling up these initiatives and tailoring them to local contexts, we can create supportive environments, empower individuals, and ultimately reduce the burden of obesity, leading to a healthier future for generations to come.




12. Conclusions


The global incidence of obesity has increased dramatically since 1975, making it the leading lifestyle-related risk factor for premature death. To address this problem, WHO has proposed a Global Action Plan for the Prevention and Control of Noncommunicable Diseases 2013–2020 [1,2]. Tackling obesity is key to achieving the Sustainable Development Goals and is a priority in the European Work Programme 2020–2025: United Action for Better Health [119]. While progress has been made in identifying the causes and contributing factors of obesity, the implementation of effective interventions has been slow [3,4]. There is a need to translate knowledge into action. Prevention, public health education, and policy interventions are critical strategies to address the obesity pandemic, given the role of gene-environment interactions in human health and disease. Epigenetics may help explain why genetics alone cannot explain the prevalence of obesity [6]. Overall, a comprehensive understanding of mechanisms and the translation of research findings into clinical practice are essential for the development of effective strategies to combat the growing obesity epidemic and its chronic complications. Further research is needed to identify effective behavioral changes and develop safer and more effective medications. Preventive measures, targeting both children and adults, are critical to reversing the obesity epidemic. In the future, personalized medicine approaches that take into account individual genetics and lifestyle factors may hold promise for more effective prevention and treatment of obesity.



In conclusion, the growing obesity epidemic demands our immediate attention and calls for collective action. The staggering prevalence of obesity, coupled with its associated chronic complications, presents a formidable challenge that cannot be ignored. It is imperative that researchers, healthcare professionals, policymakers, and the public come together in a unified front to tackle this pressing issue head-on.
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Figure 1. Key players at the “table” of obesity. 
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Table 1. Pros and cons of various animal models of obesity. Adapted from [23].
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	Model
	Species
	Examples
	Pros
	Cc





	1
	Monogenic
	Mice and rats
	
	
ob/ob mice



	
db/sb mice



	
s/s mice



	
B6 (cg)–Tubtub/J [22]



	
Zucker fatty rat [22]



	
Otsuka Long-Evans fatty rat





	
	
Dependable and practical



	
Quick age development



	
Inexpensive



	
Controlled reproduction in high numbers



	
Ability to perform low-density lipoprotein experiments (LDL) by controlling environmental factors



	
Well-defined molecular marker map





	
	
Requires technical knowledge



	
Fat storage and energy usage are different from that of humans



	
Not equivalent to a human disease








	2
	Polygenic
	Mice
	
	
New Zealand obese mice [22]



	
Tsumura and Suzuki obesity and diabetes mice [22]



	
Kuo Kondo-Ay mice



	
M16 mouse





	
	
Easy technique



	
Often used animal model



	
Inexpensive and practical model



	
Relatable to obesity in humans





	
	
Requires technical knowledge








	3
	Transgenic and Knockout
	Mice
	Transgenic

	
Corticotropin-Releasing Factor-Overexpressing Mice



	
Melanin-concentrating hormone overexpressing (MCH-OE) mice



	
Overexpression of 11β-hydroxysteroid dehydrogenase type 1 (11β HSD1) mouse [22]



	
Overexpression of glucose transporter subtype 4 [22]



	
UCP-DTA mouse





Knockout

	
Beta-3 adrenergic receptor knockout mice



	
Bombesin receptor subtype 3 knockouts



	
Deletion of the neural insulin receptor (NIRKO) mouse



	
Disruption of the Neuropeptide-Y 1 receptor (NPY1R) mice



	
Knockout of the Serotonin 5-HT-2C Receptor Gene



	
Neuropeptide Y Receptor Y2 (NPY2R) knockout mice





	
	
Dependable and practical



	
Genetic tools available; genetic targeting is possible





	
	
Requires technical knowledge








	4
	Diet

induced
	Rats and mice
	
	
High carbohydrate-fed (HCD)



	
Diet-induced obese cafeteria (CAF)



	
Maternal overfeeding and exposure to high-fat diets



	
Zucker fatty rat





	
	
Covers both hereditary and diet-related factors



	
Rapidly occurring obesity and lack of insulin response



	
Extremely comparable to obesity in humans



	
Inexpensive



	
Covers most elements of human metabolic syndrome X





	
	
Technical standards not sufficiently regulated



	
Not time efficient



	
Overly obese animal models may occur








	5
	Unfamiliar
	Bats and seals
	Dietary
	
	
These models go through seasonal fat storage cycles





	
	
The genetic basis has not yet been established



	
Cannot develop in-house colonies








	6
	Non-human primates
	Macaques, baboons, rhesus monkeys
	Dietary
	
	
Very similar from an anatomical and physiological point of view. It is relevant in terms of translation.



	
Blood sampling endoscopy and laparoscopy biopsies are possible





	
	
Expensive to maintain



	
Approved facilities are limited



	
Long life cycle and animals are uniparous








	7
	Seasonal
	Hamsters
	
	
Syrian hamster



	
Siberian hamster





	
	
Photoperiodism





	
	
Poor standardized animal model








	8
	Non-mammalian
	Fish except for zebrafish
	Dietary
	
	
Quick lifecycle



	
Inexpensive





	
	
Unique anatomical and physiological features








	9
	Sizeable animals
	Cats, dogs, and pigs
	Dietary
	
	
Closely related to humans from a genetic standpoint



	
Possibility of performing cannulations



	
Closely related to humans from a pharmacokinetic point of view



	
New model





	
	
Highly complex



	
Specially designed laboratories are a must



	
Long life cycle



	
Little information available about this animal model








	10
	Chemical or Surgical
	Rats
	
	
Lesions of the ventromedial hypothalamus (Monosodium glutamate; Electrical ventromedial hypothalamus lesion)



	
Damage of the hypothalamic paraventricular nucleus



	
Ovariectomy





	
	
Highly dependable and practical



	
Avoiding using hazardous chemicals on organisms





	
	
Technical expertise



	
Surgical protocols required



	
High difficulty in locating VMH, PVN, and ARC of the brain



	
Post-surgical protocols required



	
High mortality is to be expected
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Table 2. Overview of pharmacotherapy for obesity.
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	Targeted Pathway
	Pathophysiologic Basis
	Drug
	Side Effects/Observations





	Polypharmacy
	
	
Combined ampheta-mines, diuretics, thyroid hormones





	Agent type: energy intake and expenditure

	
Rainbow pills approved in 1941–1968 (FDA) [273]





	
	
Insomnia, palpitations, anxiety, increase in heart rate and blood pressure, death [276]








	Sympathicomimetic
	
	
Release of norepi-nephrine, dopamine, and serotonin at the nerve terminals



	
Inhibition of the reuptake of monoamines, increasing their synaptic levels [277]





	Agent type: energy intake and expenditure

	
Methamphetamine approved in 1947–1979 (FDA)





	
	
High risk for abusiveness and addiction [276]








	Sympathicomimetic
	
	
Amphetamine con geners



	
Direct α-adrenergic agonism



	
Indirect stimulation of norepinephrine release, similar to ephedrine’s effect [278]





	Agent type: energy intake and expenditure

	
Phenylpropanolamine approved in 1976–2000 (FDA) [273]





	
	
Hemorrhagic stroke [276]








	Sympathicomimetic
	
	
Phenylalkylamine sympathomimetic, similar to amphetamine [279]





	Agent type: energy intake and expenditure

	
Phenmetrazine (active compound) 1956–present (FDA)



	
Phendimetrazine * (prodrug) 1959–present (FDA) for short term use





	
	
Nausea, diarrhea, dry mouth [276,280]








	Sympathicomimetic
	
	
Amphetamine congeners [273]





	Agent type: energy intake and expenditure

	
Diethylpropion/am-fepramone * was approved in 1959 (FDA) for short-term use, withdrawn in 2022 (EMA) [281]





	
	
Pulmonary hypertension, psychiatric disorders [276,282,283]








	Sympathicomimetic
	
	
Amphetamine congeners [273]





	Agent type: energy intake and expenditure

	
Benzphetamine * approved in 1960 (FDA) for short term use





	
	
Agitation, anxiety, confusion, dizziness, fast heartbeat








	Sympathicomimetic
	
	
α1-adrenergic agonist



	
Modulates neuronal activity in the nucleus accumbens shell, acting on dopamine D1 and D2 receptors [284]





	
	
Cathine (D-norpseudoephedrine) approved in 1975 (EMA) for short- term use, ≤12 weeks [276]





	
	
Tachycardia, increase in blood pressure, restlessness, sleep disorder, and depression [276,285]








	Sympathicomimetic
	
	
A norepinephrine and serotonin reuptake inhibitor





	Agent type: energy intake

	
Sibutramine 1997–2010 (FDA, EMA)





	
	
Headache, insomnia, dry mouth, constipation, non- fatal myocardial infarction, and stroke (in individuals with pre- existing cardio-vascular diseases) [276,286]








	Sympathicomimetic
	
	
Amphetamine congeners [273,287]





	Agent type: energy intake and expenditure

	
Phentermine * 1959–present (FDA) for short-term use





	
	
Dry mouth, insomnia, palpitations, tachycardia, hypertension, anxiety, dizziness, and constipation [274,276,286]








	Sympathomimetic/anticonvulsant
	
	
Phentermine in creases mainly norepinephrine in the hypothalamus [275]



	
Topiramate blocks voltage dependent sodium channels, glutamate receptors, and carbonic anhydrase, and augments GABA activity, promotes taste aversion, decreases caloric intake, and stimulates lipolysis [287]





	Agent type: energy intake

	
Phentermine/topiramate * approved in 2012 (FDA) for adults with BMI ≥ 30 kg/m2 or BMI ≥ 27 kg/m2 with at least one weight-related comorbidity but refused twice by EMA [288]





	
	
Elevation in heart rate, mood and sleep disorders, cognitive impairment, depression, suicidal ideation, metabolic acidosis, paresthesia, dry mouth



	
An increased risk of cleft lip/palate in infants with exposure during the first trimester of pregnancy [274,289,290]








	Sympathomimetic
	
	
ß3-adrenergic recep-tor agonist, which primarily targets the brown adipose tissue [291]





	Agent type: energy expenditure

	
Mirabegron approved in 2012 (FDA) for treating incontinence, phase II for obesity [292]





	
	
Hypertension (most com monly), nasopharyngitis, and urinary tract infection [276,293,294,295]








	Combinations Targeting the Neurotransmitters and Neuropeptides
	
	
Bupropion is a reuptake inhibitor of dopamine and norepinephrine that promotes activation of the central melanocortin pathways



	
Naltrexone is a com petitive MOR and DOR antagonist that exhibits synergic effects with bupropion (increases the release of anorexigenic melanocortins such as α-MSH and β-MSH



	
Naltrexone diminishes the feedback inhibition caused by beta-endorphins which are known to stimulate food intake) [287,288,296]





	Agent type: energy intake

	
Bupropion/Naltrexone * 2014 (FDA), 2015 (EMA) [288]–indicated for long term use



	
The combination of bu-propion with zonisamide was also investigated (phase II) [297]





	
	
Nausea, constipation, head ache, vomiting, dizziness, insomnia, dry mouth, seizures, and palpitations [273,276,287,289]



	
Caution in patients treated with antidepressants and some antipsychotics [274]








	Combinations targeting the Neurotransmitters
	
	
Multimode inhibitor of norepinephrine, serotonin, and dopamine reuptake/beta1 blocker





	Agent type: energy intake

	
Tesofensine/metoprolol (phase IIb–for hypothalamic obesity) [290]





	
	
Increased heart rate for tesofensine [298,299]








	Targeting Dopamine pathway
	
	
Dopamine reuptake in hibitor



	
Increases brain synap-tic dopamine action on the nucleus accumbens, and striatum [300]





	Agent type: energy intake and expenditure

	
Methylphenidate (phase III) [289,301] (approved by FDA for the treatment of attention-deficit/hyperactivity disorder or narcolepsy)





	
	
Irritability and insomnia [302]








	Targeting Serotonin pathway
	
	
Stimulates the release of serotonin and inhibits its reuptake in the synaptic cleft





	Agent type: energy intake

	
Fenfluramine 1973–1997 (FDA)



	
Fenfluramine associated with phentermine (never approved by FDA)



	
Dexfenfluramine 1996–1997 (FDA)





	
	
Valvular regurgitation in sufficiency (direct stimulation of 5- H T2B receptors on the interstitial cells of the mitral and aortic valves), primary pulmonary hypertension, and cardiac fibrosis [273,303,304]








	Targeting Serotonin pathway
	
	
Suppression of NPY/AgRP neurons



	
Stimulatation of POMC/CART neurons



	
Activation of melanocortin 4 receptor pathway [305]





	Agent type: energy intake 5-HT2C receptor agonist

	
Lorcaserin 2012–2020 (FDA), never approved by the EMA [287,306,307].





	
	
Increased incidence of certain cancers








	Cannabinoids pathway
	
	
Decreases appetite, enhances thermogenesis, and diminish lipogenesis



	
Cannabidiol activates the endocannabinoid system, 5HT-1A receptors, PPAR- γ and inhibits anandamide reuptake [308]





	Agent type: energy intake CB1 R inverse agonist

	
Rimonabant never approved by FDA, 2006–2008 EMA [290]



	
Taranabant (discontinued)



	
AM251 (preclinical) [309]





Peripheral CB1 R inverse agonist

	
AM6545 [275]



	
JD5037 (phase I for Nonalcoholic steatohepatitis) [310,311]



	
FB-024 for kidney disease [273]





CB2 R antagonist

	
JWH-015 (preclinical)





Cannabidiol solution

	
RAD011 (phase III–for Prader-Willi syndrome) [308,312]





	
	
Hepatic abnormalities, diarrhea, fatigue, vomiting, and somnolence (cannabidiol) [313]



	
Warnings regarding drug-drug interactions [313]








	Entero-endocrine pathway Incretin mimetics

Glucagon-like peptide-1 (GLP-1)
	
	
Decreases appetite through direct activation of POMC/CART neurons [273,276] and suppression of AgRP/NPY neurons through GABA-dependent signaling [273,276]





	Agent type: energy intake GLP-1 agonists/analogs Human GLP-1 backbone:

	
Liraglutide * approved in 2014 (FDA), 2015 (EMA) for the treatment of adult obesity; approved in 2020 (FDA), 2021 (EMA) for the treatment of obesity in adolescents aged 12–17 years [314]



	
Semaglutide * approved in 2014 (FDA), 2015 (EMA) for adults with BMI ≥ 30 kg/m2 or BMI ≥27 kg/m2 with at least one weight-related comorbidity), approved in 2021 (FDA), 2022 (EMA) for teens ages 12 and up who have a BMI at or above the 95th percentile for their age and sex [315,316].



	
Dulaglutide (registered for the treatment of T2D) but exhibiting weight reducing effects [294,317]





Exendin-4 backbone:

	
Exenatide (registered for the treatment of T2D) but exhibiting weight reducing effects [294]



	
Lixisenatide





Pipeline drugs:

	
Efpeglenatide (phase III)



	
Rybelsus (phase III)



	
Danuglipron (PF-06882961) (phase II)



	
GLPR- NPA (phase I)



	
PF-07081532 (phase I) [276,318]



	
Noiiglutide (SHR20004) (phase II) [319]



	
LY3502970 (phase II) [320]



	
XW003 (phase II) [289,321]



	
XW004 (phase I) [273]





	
	
Increased heart rate, hypo glycemia, constipation, diarrhea, nausea, vomiting, headache, reversible increases in amylase/lipase activity (liraglutide) [287,289,322]



	
Nausea, vomiting, diarrhea, abdominal pain, constipation, and headache (semaglutide) [289]



	
Warnings about personal or family history of medullary thyroid carcinoma or in patients with multiple endocrine neoplasia syndrome type 2, pregnancy [289]



	
Semaglutide induces greater weight loss compared to currently FDA-approved drugs (of up to 15–30% of baseline body weight as compared to 5–10%), which opens a new era in the pharmacotherapy of obesity [273,323]








	Entero-endocrine pathway–Incretin mimetics
	
	
Increases insulin production and decreases hepatic glucose overproduction





	Agent type: energy intake DPP-4 inhibitor

	
Yogliptin (phase III for T2D) [273]





	
	
Potentially reduced risk for acute pancreatitis described for drugs found already in use for the treatment of T2D [324]








	Entero-endocrine pathway–Incretin mimetics

Glucose- dependent insulinotropic polypeptide (GIP) pathway–also known as gastric inhibitory polypeptide [325]
	
	
Postprandial potentiation of insulin secretion



	
Activation and blocking of the GIPR receptor have both been shown to decrease body weight



	
GIP regulates energy metabolism via CNS GIPR signaling [276,325]





	Agent type: energy intake GIPR agonists

	
GIPR agonist long acting (phase I for T2D)



	
ZP 6590 (preclinical for obesity) Antagonistic GIPR antibodies [325,326,327]





GIP Receptor Antagonist

	
SKL-14959 [328]





	
	
GIP Receptor Agonism Attenuates GLP-1 Receptor Agonist-Induced Nausea and Emesis [329,330]








	Pancreatic hormones pathway

Glucagon
	
	
Increases blood glu-cose levels [331]



	
Stimulates lipolysis and thermogenesis in brown adipose tissue



	
Satiety via mediated via the liver-vagus-hypothalamus axis [276]



	
The thermogenic effect is determined by the feeding status [276,332]





	Agent type: energy intake Glucagon Analog

	
HM15136 (phase I) [276]



	
NN9030/NNC9204–0530 [273]





Non-peptide glucagon receptor antagonist

	
Bay 27–9955, LY2409021–discontinued [333]





	
	
Not known to date








	Entero-endocrine pathway

(twincretins)

GIP/GLP-1
	
	
Mimics the actions of native GIP at the GIP



	
Diminishes GLP-1 re-ceptor internalization



	
Acts on arcuate nu-cleus and other hypothalamic regions, parietal cortex, insula, putamen, orbitofrontal cortex, adipose tissue, and gastrointestinal tract [289,334]





	Agent type: energy intake GIP/GLP-1 dual agonist

	
Tirzepatide * 2022 (FDA) [294,335,336]



	
GIP/GLP peptide I (phase I–for T2D)



	
GIP/GLP peptide II (phase I–for T2D)



	
SCO-094 (phase I) [331]



	
NN9709, formerly MAR709 and RG7697 (phase II–stopped) [276,331,337]



	
CT-868 (phase II)



	
AMG133 (phase I) [273]



	
GMA106 (phase I) [338]



	
CT-388 (phase I) [289,339]





	
	
Gastrointestinal side effects: nausea, diarrhea, vomiting, mild hypoglycemia [289,336,340]



	
Caution for people with a personal or family history of medullary thyroid carcinoma. Patients with a history of multiple endocrine neoplasia type 2 (MEN 2) [294]








	Pancreatic-entero-endocrine pathway

GLP1/glucagon
	
	
Mimics the effects of GLP-1 and glucagon receptor activation [289]





	Agent type: energy intake GLP1/glucagon dual agonists

	
Cotadutide (MEDI0382) (phase IIb)



	
BI 456,906 (phase II)



	
Efinopegdutide (JNJ-64565111/HM12525A/MK6024 (phase IIa)



	
Mazdutide (IBI362/LY3305677) (phase III) [289,331,341,342]



	
JNJ-54728518 (phase I) [331]



	
NN9277/NNC9204–1177 (phase I–stopped)



	
CT-868 (phase 2)



	
DD01 (phase 1)



	
ZP2929 (phase I)



	
TT-401 (phase II for D2T)





Oxyntomodulin (OXM) analogs [276,343]

	
G3215 (phase I)



	
IBI362/LY3305677 (phase II)



	
MOD-6031 (phase I)



	
OPK-88003/LY294487 [273] (phase II)





Oxytocin (phase II–for hypothalamic obesity) [289]
	
	
Nausea and vomiting (cotadutide and efinopegdutide) [333,344]



	
Caution for patients with cardiovascular conditions (oxytocin) [345]








	Pancreatic-entero-endocrine pathway

GLP1/GIP/glucagon
	
	
Mimics the effects of GLP1, GIP, and glucagon activation



	
Acts on the parietal cortex, insula, putamen, orbitofrontal cortex, arcuate nucleus and other hypothalamic regions, gastrointestinal tract, adipose tissue, liver





	Agent type: energy intake GIP/GLP1/glucagon tri-agonists

	
HM15211 (phase II for NASH)



	
Peptide 20 (MAR423) (phase I) [331]



	
Retatrutide (LY3437943) (phase II) [289,331,346]



	
SAR441255 (phase I -stopped) [273]



	
NN9423/NNC9204–1706 (phase I) [273]





	
	
Not known to date








	Entero-endocrino pathway

Cholescystokinin (CCK)
	
	
Short-term regulator of food intake reduction



	
Transmits the satiety signal via the vagus to the brainstem, from which the satiety signal is projected to the hypothalamus [276]





	Agent type: energy intake Cholecystokinin-1 receptor agonist

	
GI181771X [347,348] (phase II–stopped)



	
NN9056 (preclinical) [349,350]





Positive allosteric modulators of CCK type 1 receptor–under investigation (preclinical) [351]
	
	
Delayed gastric emptying of solids [350], did not reduce body weight (GI181771X) [352]



	
Induce acute pancreatitis and pancreas neoplasia in rodents, but not in primates [349]








	Entero-endocrine pathway

Peptide tyrosine tyrosine (PYY)
	
	
Co-secreted from the intestinal L cells as PYY1-36, together with GLP1



	
The bioactive form is PYY3-36 produced by cleavage of 2 amino-acid residues from PYY1-36 by DPP-IV



	
PYY3–36 is a high-affinity agonist at the NPY receptor type 2 (Y2R).



	
Decreases activity of NPY neurons and activate POMC neurons [276,353]





	Agent type: energy intake PYY3–36 analogues

	
NN9747 (PYY 1562 analogue)



	
PYY analogue in combination with metreleptinb (leptin analogue) or amylin analog [350]



	
NN9748, NNC0165-1875 (phase I)



	
NNC0165-1875 in combination with semaglutide (phase II) [276]



	
Combination of PYY, GLP-1, and oxyntomodulin administered as subcutaneous infusion [354]





	
	
Nausea was described in compounds from the same class [355]








	Entero-endocrine pathway

Neuropeptide Y
	
	
Orexigenic neuro peptide belonging to the neuropeptide Y family



	
Is found at all levels of the gut–brain, and brain–gut axis [353]



	
Promotes energy storage in white adipose tissue



	
Inhibits brown adipose tissue activation [356]





	Agent type: energy intake Type 5 neuropeptide Y receptor antagonist

	
MK-0557 [278] (phase II) [275,357]



	
Velneperit (phase IIb) [275,294,358]





	
	
Good tolerance [275]








	Melanocortin system
	
	
Activation of POMC/CART neurons leads to the secretion of α- MSH, which activates MC4R to inhibit food intake



	
Activation of NPY/AgRP neurons leads to the secretion of AgRP, which stimulates food intake through blocking of the melanocortin 4 receptor (MC4R) [276]





	Agent type: energy intake Structurally related MC4R agonist

	
Setmelanotide * approved in 2020 (FDA), 2021 (EMA)–treatment of obesity in patients aged 6 or older with proopiomelanocortin (POMC), proprotein convertase subtilisin/kexin type 1 (PCSK1) or leptin receptor (LEPR) deficiency, confirmed by genetic testing); approved in 2022 (FDA, EMA) for Bardet-Biedl syndrome) [276,287,289,359,360]



	
LY2112688, MC4- NN-0453, MK-0493, AZD2820 (stopped in clinical phases due to lack of efficacy) [361]





	
	
Injection site reactions, hyperpigmentation, nausea, spontaneous penile erections in males, depression, and suicidal ideation (setmelanotide) [362]








	Entero-endocrine pathway

Ghrelin pathway
	
	
Short-term regulators, secreted in anticipation of food intake)



	
Ghrelin is one of the most important orexigenic neuropeptides and represents the ligand of the growth hormone secretagogue receptor (GHS-R1a)



	
In fat tissue, ghrelin increases fat storage [363]



	
Uses vagal signaling, in order to stimulate food intake [363]



	
Activation of NPY/AgRP neurons in the hypothalamus [276]





	Agent type: energy intake Ghrelin neutralization:

	
CYT009- GhrQb vaccine (phase I, lack of efficacy)



	
NOX-B11-2 and NOX-B11-3 spiegelmers, antisense polyethylene glycol-modified L-oligonucleotides capable of specifically binding a target molecule (preclinical) [276,364]





GHS-R1a Antagonists

	
[D-Lys-3] GHRP-6, YIL-781, JMV2866, JMV2844, TZP-301 [364]





GHS-R1a Inverse Agonists

	
[D-Arg1, D-Phe5, D-Trp7,9, Leu11] substance P





Bitter taste receptor (T2R) antagonists

	
ARD-101 (phase II) [365]





Ghrelin-O-acyltransferase (GOAT) inhibitor:

	
GLWL 01 (phase II for Prader-Willi) [19,366]





GHSR antagonists and inverse agonists:

	
Liver-enriched antimicrobial peptide 2 (LEAP2), the des-acyl form of ghrelin (DAG) (phase I) [276,367]





	
	
AZP-531–discontinued due to hyperphagia in patients with Prader–Willi syndrome [276]








	Leptin

pathway
	
	
Long-term regulators of food intake



	
Communicates signals to the cerebral cortex conforming to the amount of lipid stored in the organism.



	
Inhibits orexigenic pathways and activate anorexigenic pathways targeted to suppress appetite



	
Activation of POMC neurons and inhibition of AgRP neurons in the ARC [276,368]



	
Site of action: adipose tissue, liver, hypothalamus [289]





	Agent type: energy intake Recombinant analog of the human hormone leptin

	
Metreleptin * approved in 2014 (FDA), 2018 (EMA) for individuals with congenital leptin deficiency



	
MetHuLeptin [368]



	
Pegylated recombinant leptin PEG-OB [368,369]





Leptin sensitizers:

	
ERX1000 (phase I) [273,289]



	
Withaferin A (bioactive A compound derived from traditional Chinese medicinal herbs of the Celastraceae family) (phase I)



	
Celastrol (C28 steroidal lactone derived from Ashwagandha) (preclinical) [370,371]



	
Leptin/amylin discontinued [276]





	
	
Low effect in polygenetic obesity



	
Antibodies appearance (metreleptin) [372]








	Amylin

pathway
	
	
Decreases homeostatic food intake



	
Co-secreted with insulin from the pancreatic β- cells



	
Activates calcitonin gene-related CGRP signaling through the AP area postrema.



	
Signaling through the mesolimbic dopamine system in the ventral tegmental area and the nucleus accumbens (NAcc) [276,294]





	Agent type: energy intake Amylin agonists

	
Pramlintide registered for T2D treatment [373]



	
Cagrilintide (phase III) in combination with semaglutide [276,289,294]



	
AC164204, AC164209 (davalintide in combination with GLP-1R analogue) (preclinical) [275]



	
NNC0174-0833 (phase II) [275,289]



	
ZP8396 (phase I) [273,276]





	
	
Administered in different combinations [294]








	Amylin and calcitonin

pathway
	
	
Calcitonin of mammalian origin promotes insulin sensitivity



	
Salmon calcitonin decreases gastric emptying, enhances energy expenditure, and promotes satiety [374]





	Agent type: energy intake Dual- acting amylin and calcitonin receptor agonists (DACRAs)

	
KBP-089 (phase II–T2D)



	
Davalintide (AC2307) –discontinued



	
KBP-088 [375]



	
KBP-042 (phase II–T2D) [276]





	
	
Weight loss in animal models








	Sodium-glucose co-transporters (SGLT) pathway
	
	
Blocks reabsorption of filtered glucose in the kidney, increasing urinary glucose excretion and reducing blood glucose levels



	
Site of action: kidney, adipose tissue





	Agent type: energy expenditure

	
SGLT2 inhibitors registered for the treatment of T2D but exhibiting weight loss effects: canagliflozin, dapagliflozin, empagliflozin, bexagliflozin [19,294]



	
Dual sodium-glucose transporter (SGLT)-1 and -2 inhibitor licogliflozin (LIK066) [376,377], sotagliflozin for T2D [378]





	
	
Gastrointestinal dose-related side effects: diarrhea, flatulence, urinary infections, ketoacidosis (SGLT2)



	
SGLT2 and phentermine co administration resulted in significant body weight reduction from baseline compared to monotherapy [275]








	Modulation of PPAR gamma pathway
	
	
Regulation of adipocyte differentiation and lipid storage





	Agent type: energy storage

	
AMG 133 (phase I) [379]



	
MBL949 [289,380]





	
	
Not known to date








	Phosphodiesterase-4 (PDE4) pathway
	
	
Influences the expression of the adipogenesis genes such as SREBP1C, FABP4, Glut4, and regulators as PPAR-γ via activation of the AMPK-mediated pathway [381]





	Agent type: energy storage and expenditure PDE4/5 inhibitor

	
Roflumilast (phase III) [382]



	
Tadalafil (phase II)





	
	
Mainly gastro-intestinal [383]








	Sirtuin 1 (Sirt1) pathway
	
	
Modulates energy metabolism



	
Influences transcription of factors via the PPAR pathway [384]





	Agent type: energy storage

	
NS-0200 (combination of leucine, metformin, and sildenafil) (phase II) [385]





	
	
Not serious








	Targeting mitochondrial uncouplers pathway
	
	
Increase energy expenditure, increase mitochondrial inefficiency, and renders ATP less efficient



	
At therapeutic doses can protect cells against death but in high concentrations are cytotoxic due to a drop in ATP concentration and lysosomal membrane permeabilization [276]





	Agent type: energy expenditure

	
2,4–dinitrophenol (DNP) 1933–1938 (FDA)



	
BAM15 (preclinical) [276]





	
	
Side effects: hyperthermia, tachycardia, diaphoresis, fever, tachypnoea, and death [273]



	
Benefits: improves insulin sensitivity in multiple tissues








	Fibroblast growth

factor 21 (FGF21) pathway
	
	
Secreted mainly from the liver in fasting conditions



	
Activation of brown fat thermogenesis and augmented secretion of adiponectin [276,294,386]





	Agent type: energy expenditure FGF21 analog:

	
LY2405319 (modified human FGF21 expressed in yeast)



	
PF05231023 (two FGF21 joint with an IgG backbone) [387]



	
Pegbelfermin (BMS986036) (peglylated human FGF21)



	
Efruxifermin (AKR-001 Fc-FGF21 engineered fusion protein) (phase I–for D2T) [388]



	
AMG876 [246,299,386,387,389]





FGF21-receptor agonists:

	
C3201–HAS



	
MimAb1



	
39F7 mAb





FGF21 mimetics:

	
BFKB8488A



	
NGM313 [389,390]





FGF21/FGFR1c/β-Klotho signaling

	
LLF580 (phase I)



	
MK-3655/NGM313 (phase I)



	
NN9499/NNC0194-0499 (phase I)





	
	
Raised heart rate and blood pressure (PF-05231023)



	
Moderate bone resorption








	Farnesoid X receptor (FXR) (also known as bile acid receptor) pathway
	
	
Effects also mediated by FGF 19 and 21



	
CYP7A1 inhibition stimulates cholesterol excretion into bile and intestinal lumen [391]





	Agent type: energy expenditure FXR agonist obeticholic acid derivatives:

	
EDP-305, INT-767, INT-787





Non-steroidal compounds:

	
MET409, tropifexor, cilofexorlization, vonafexor, TERN-101, ASC42, EDP-297, HPG1860, and HPG7233 (phases I and II for NASH) [391]





	
	
Pruritogenic potency of obeticholic acid derivatives [392]








	Fibroblast growth

factor receptor 4 (FGFR4) pathway
	
	
Decreases the body’s ability to store fat while simultaneously increasing fat burning and energy expenditure [393,394]





	Agent type: energy expenditure FGFR4 inhibitor

	
IONIS-FGFR4Rx an anti sense drug that diminishes the production of FGFR4 in the liver and fat tissues (phase II) [395]





	
	
Expected not to produce any CNS side effects are due to the fact that it is not distributed to the brain [396].








	Macrophage inhibitory cytokine 1 (MIC-1; also known

as growth differentiation factor GDF15) pathway
	
	
Belongs to TGF-β superfamily



	
Activation of the GDNF family receptor α- like (GFRAL) [397]



	
GDF15-GFRAL-mediated regulation of food intake is by a central mechanism [397]



	
Possible induction of nausea and engagement of emetic neurocircuitries [276]





	GDF15 agonist/analog

	
LA- GFD15 (phase I)



	
LY–3,463,251 (phase I)



	
JNJ-9090/CIN-109 (phase I) [276]





	
	
Mild gastrointestinal side effects [398]








	Cholinergic pathway
	
	
Releases GLP-1 and PYY [399]





	Agent type: energy intake α7-nAChR agonist

	
GTS-21/DMXB-A (phase I) [273]





	
	
Not known to date








	Activin type II receptor (ActRII) pathway
	
	
Prevents the actions of natural ligands that negatively regulate skeletal muscle growth



	
Activates functional brown adipogenesis and thermogenesis through increasing mitochondrial function [275]





	Agent type: energy expenditure A fully humanized monoclonal antibody against activin type 2 receptors

	
Bimagrumab (BYM338) (phase II) [400]





	
	
Mild diarrhea and muscle spasms [400]








	Glabridin (prenylated isoflavan from the roots of Glycyrrhiza glabra)

[401]
	
	
Acts on signaling pathways, including NF-κB, MAPK, Wnt/β-catenin, ERα/SRC-1, PI3K/AKT, and AMPK



	
Site of action: muscles, Liver





	Agent type: energy expenditure Glabridin analogue

	
HSG4112 (phase I) [273,402]





	
	
Not known to date








	Labisia pumila extract
	
	
Upregulation of PPARgamma pathway [403]





	Agent type: energy storage

	
SKF7 (phase II) was accepted as a food supplement in 2015 in the EU [404,405]





	
	
Not known to date








	Probiotics
	
	
Anaerobic, Gram



The negative and mucin-degrading bacterium of the phylum Verrucomicrobia [406]





	Agent type: energy absorption

	
Akkermansia muciniphila WST01 strain (phase II) [407]





	
	
Damaged the intestinal barrier



	
Changes the bile acid metabolic profile when administered after antibiotics [408]








	Melatonin pathway
	Influences circadian rhythm, gut microbiota, sleep patterns, α7nAChR, and the opioidergic system [409,410]

	
Protects against obesity-induced renal side-effects by inhibiting endoplasmic reticulum stress/apoptosis pathway [411]





	Agent type: energy expenditure [412]

Melatonin receptor agonists for the treatment of circadian rhythm sleep-wake disorders

	
Prolonged-release melatonin (approved by EMA)



	
Agomelatine (approved by EMA)



	
Tasimelteon (approved by FDA and EMA)



	
Ramelteon (approved by FDA) [410,413]





	
	
Safe in the short-term treatment and without abuse potential (tasimelteon) [414]



	
Low-dose melatonin supplementation was not associated with low testosterone levels [415]








	Thyroid hormones pathway
	
	
Upregulates free fatty acid uptake and oxidation stimulating lipolysis



	
Enhances mitochondrial biogenesis and respiration, leading to increased energy expenditure.



	
Activation of bile acid synthesis [391]





	Agent type: energy expenditure THR-β agonist

	
ASC41 (phase II for NASH) [416]





	
	
Reduced cardiac effects due to the fact that the TRβ receptor subtype is mainly expressed in the liver compared with TRα, which is mainly expressed in the heart [417]








	Methionine aminopeptidase (MetAP) 2 pathway [299]
	
	
Reduces fat biosynthesis, and increases fat oxidation and lipolysis [288]





	Agent type: energy expenditure MetAP2 inhibitor

	
Beloranib (ZGN-440) (phase III for Prader-Willi Syndrome) [418]





	
	
Injection site bruising, venous thrombotic events [419]








	Vitamin E pathway
	
	
Regulates pathways of lipid metabolism and fatty acid biosynthesis



	
Reduces the expression of transcription factors regulating adipogenesis and increasing apoptosis of adipocytes [420]





	
	
Tocotrienols (phase I) [289,421]





	
	
Not known to date








	Diacylglycerol acyltransferase 1 (DGAT) pathway
	
	
DGAT1 plays a role in very VLDL synthesis



	
DGAT2 plays a role in steatosis





	Agent type: energy storage DGAT1 inhibitor

	
AZD7687 [422] DGAT2 inhibitor



	
Ervogastat/PF-06865571 [273]





	
	
Nausea, vomiting and diarrhoea (DGAT1 inhibitor) [423]



	
Well tolerated (DGAT2 inhibitor) [423]








	Monoacylglycerol O-acyltransferase 2 (MGAT2) inhibitor
	
	
Facilitates the absorption of dietary fat in the small intestine



	
Interferes with triglyceride resynthesis in the small intestine



	
Plays a role in hepatic lipid metabolism [424,425]





	Agent type: energy storage MGAT2 inhibitor

	
BMS-963272 (phase I)



	
S-309309 [273]



	
JTP-103237 (preclinical) [424,426,427]





	
	
Not known to date








	Fat absorption
	
	
Reduces fat absorb-tion by up to 30% [287,428]





	Agent type: energy absorption Intestinal lipase inhibitor

	
Orlistat * approved in 1999 (FDA), 1998 (EMA) for long time use Inhibits pancreatic and gastric lipase



	
Cetilistat (phase II)





	
	
Oily rectal leakage, abdomi-nal distress, abdominal pain, flatulence with discharge, fecal urgency, steatorrhea, fecal incontinence, and increased defecation [286,289]



	
Better tolerance of cetilistat compared to orlistat [294]








	Nutrients absorption
	
	
Mechanical mode of action



	
Composed of modi-field cellulose cross-linked with citric acid that absorbs water to occupy about one-fourth of the average stomach volume, promoting fullness [287]





	Agent type: energy absorption Hydrogel matrix

	
Gelesis100 (FDA approved in 2019 for adults with a BMI of at least 25 kg/m2, with or without comorbidities) [429,430]





	
	
Side effects: abdominal dis-tension, infrequent bowel movements, and dyspepsia [287]



	
Should be considered food when administered simultaneously with drugs [287,431]












* Drugs in current use.
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