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Abstract

:

The incidence of obesity has dramatically increased over the last decades. Recently, there has been a growing interest in the possible association between the pandemics of obesity and some endocrine-disrupting chemicals (EDCs), termed “obesogens”. These are a heterogeneous group of exogenous compounds that can interfere in the endocrine regulation of energy metabolism and adipose tissue structure. Oral intake, inhalation, and dermal absorption represent the major sources of human exposure to these EDCs. Recently, epigenetic changes such as the methylation of cytosine residues on DNA, post-translational modification of histones, and microRNA expression have been considered to act as an intermediary between deleterious effects of EDCs and obesity development in susceptible individuals. Specifically, EDCs exposure during early-life development can detrimentally affect individuals via inducing epigenetic modifications that can permanently change the epigenome in the germline, enabling changes to be transmitted to the next generations and predisposing them to a multitude of diseases. The purpose of this review is to analyze the epigenetic alterations putatively induced by chemical exposures and their ability to interfere with the control of energy metabolism and adipose tissue regulation, resulting in imbalances in the control of body weight, which can lead to obesity.
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1. Introduction


Adipose tissue represents the main storage of energy in the human body [1]. It is now recognized that adipose tissue function is regulated by endocrine system and that it behaves as an endocrine organ producing hormones. Therefore, inappropriate deposits of fat could be derived from interference in the hormonal control of adipose tissue functions and be themselves responsible for endocrine dysregulations [2].



Obesity is a metabolic condition characterized by the expansion of fat mass due to the increase in size (hypertrophy) and number (hyperplasia) of adipocytes [1]. Since 1980, the prevalence of obesity has more than doubled globally, and therefore, this condition is a serious threat to human health [3]. Nowadays, the incidence of obesity reaches about 600 million adults, and around 40 million children under the age of five years are overweight or obese. Worryingly, 80% of these children remain obese in adulthood [4]. Obesity is associated with and contributes to the development of several chronic disorders, including diabetes mellitus, metabolic syndrome, cardiovascular diseases, carcinogenesis, and infertility [3,5,6].



Dysregulation of endocrine and metabolic systems associated with environmental factors and genetic heritability represent the main causes of the widespread pandemic of obesity [7]. Exposure to certain environmental pollutants, especially present in wealthy industrialized countries, leads to an alteration of the endocrine system. Most of these pollutants are molecular analogues of natural estrogens and are classified as endocrine-disrupting chemicals (EDCs). These compounds, having a high affinity for estrogenic and androgenic receptors (ERs), modulate the endocrine pathways and can contribute to the global increase of diseases including obesity, diabetes, neurological disorders, and cancers [8,9].



Recently, EDCs captured scientists’ attention in consideration of their ability to modulate the epigenetic status of exposed individuals [10,11,12].



The epigenome can be considered a link between individual genetic background and the environment and determines the ability of an organism to response and adapt to environmental changes [13]. Individual phenotype is determined by both genotype and epigenotype. Their interaction with aberrant environmental conditions may produce modifications in gene expression. Diet and other environmental conditions influence epigenetic plasticity that, together with genetic modifications, is associated with the development of common complex diseases [13,14,15,16,17,18].



Endocrine disruptors can alter the epigenetic pathways, and, especially in children, they induce epigenetic modifications during development, responsible for an increased susceptibility to obesity. Therefore, the knowledge of epigenetic events induced by these substances is fundamental to define the role of EDCs in health assessment and onset of obesity.




2. Epigenetics and Obesity


Epigenetic mechanisms regulate gene expression through reversible heritable changes that are transmitted across generations and that do not alter DNA sequence. The most studied epigenetic processes controlling gene expression through changes of chromatin architecture and binding of transcription factors are the methylation of cytosines within CpG dinucleotides, post-translational modifications of histones (i.e., acetylation/deacetylation or methylation/demethylation of lysine residues) catalyzed by histone-modifying enzymes [1], and microRNAs regulating multiple mRNAs [19,20,21,22,23,24,25]. Environmental factors, including EDCs, may be involved in obesity development by altering the epigenetic mechanisms [26,27,28] (Figure 1).



Several studies have investigated the association between DNA methylation and obesity in human tissue. The largest published epigenome-wide association study involved 5465 individuals and identified 37 CpG sites associated with body mass index [12]. These methylation sites are located within different genes involved in several metabolic processes, such as HIF3A, CPT1A, ABCG1, and SREBF1 genes [29]. HIF3A encodes for the hypoxia-inducible factor 3 subunit alpha, regulating responses to low oxygen (hypoxia) [16]; CPT1A encodes the enzyme carnitine palmitoyltransferase 1A, playing a role in carnitine-dependent transport across the mitochondrial membrane; ABCG1 is involved in macrophage cholesterol and phospholipids transport; SREBF1 encodes for a transcription factor associated with lipid metabolism [30]. Other CpG sites were identified in several genes whose methylation status was associated with body mass index (BMI) and waist circumference; these CpG sites are located in the body of the suppressor of cytokine signaling 3 (SOCS3) gene, in the 3′ untranslated region of the zinc finger protein 771 (ZNF771) gene, and in the transcription start site of the LIM domain-containing 2 (LIMD2) gene [31].



Transcriptional analyses also showed associations between histone-modifying enzymes and obesity [1]. Indeed, expression of some histone deacetylases (HDACs), a class of enzymes regulating adipocyte differentiation and metabolism, has been found reduced in the adipose tissue of obese women [32]. Overnutrition in rodents and humans influences the expression of SiRT1, an enzyme belonging to the class III HDACs implicated in adipogenesis regulation. In obese patients, it has been observed that circulating levels of sirtuins are strongly modulated by environmental factors such as diet [33]. Various HDAC inhibitors have been produced based on different HDACs activities. These HDAC inhibitors are generally used to treat some forms of cancer. Indeed, it has been reported that down-regulation of HDAC3 decreases tumor proliferation [34]. In obesity, inactivation of HDAC3 increases or decreases the expression of different genes related to lipidogenesis and fatty acid and lipid oxidation. For instance, a HDAC3-selective inhibitor, RGFP966, is capable of activating fatty acid oxidation genes in the small intestine of C57B2/6WT mice [34]. Therefore, selective HDAC3 inhibitors might represent a potential therapeutic strategy in the treatment of obesity. Moreover, histone demethylases, another group of histone-modifying enzymes involved in adipocyte differentiation [1], have been linked to the development of obesity-associated inflammation [35]. In certain mouse models of obesity, a decreased expression of the histone demethylase LSD1 was found [36]. This enzyme is responsible for promoting brown fat differentiation, leading to a decrease in fat deposition and prevention of an obese phenotype [1].



MicroRNAs (miRNAs), small molecules that sequester the mRNA for degradation and/or prevent its translation by interfering with translation machinery, are also involved in both adipose tissue expandability and insulin resistance. For example, in adipose tissue from humans with low birthweight, increased levels of miR-483 and inhibition of the growth differentiation factor 3 (GDF-3) have been found. As consequence, the expandability of adipose tissue is reduced and ectopic fat deposition, which is one of the main causes determining insulin resistance, is increased [37].



Another illustrative example is miR-33. This miRNA regulates both glucose and lipid metabolism. Mice with reduced miR-33 expression are characterized by an abnormal food intake, causing obesity and insulin resistance [37]. By contrast, elevated expression of miR-128-1 is involved in human obesity. Indeed, miR-128-1 is broadly expressed in human adipose tissue, muscle, and liver and regulates the expression of genes encoding PPAR transcription factors and other modulators involved in fatty acid oxidation, energy expenditure, and inflammation [38]. Mice with a reduced expression of miR-128-1 fed with a calorie-rich diet are characterized by increased insulin sensitivity derived from reduced weight gain and less fat accumulation [38]. Several other miRNAs have been involved in the onset of obesity. Among these, miR-19, miR-29, miR-103, miR-107 and miR-451 have all been found expressed in obese mice [39,40,41,42].




3. Epigenetic Changes Induced by Obesogenic EDCs Exposure


EDCs are considered a heterogeneous group of natural (e.g., plant phytoestrogens) or synthetic compounds (e.g., industrial solvents, plastics, heavy metals, pesticides/herbicides) that cause health problems in an intact organism and its progeny by changing endocrine function. By binding to hormone receptors, EDCs influence downstream patterns regulated by specific hormones and lead to an imbalance in metabolism [43,44]. Dioxin and dioxin-like compounds, plastic components such as bisphenol A (BPA) and phthalates, parabens, and various flame retardants represent different examples of EDCs. Although heterogeneous, EDCs display some general characteristics shared by different components of the group. For instance, EDCs promote their adverse effects even at very low doses of exposure, and their action is stronger if it takes place during critical developmental periods, such as fetal life, infancy, puberty, and pregnancy [45,46,47]. In addition, the onset of disease promoted by EDCs is evident many years after the exposure [48]. Although EDCs show a very low affinity for hormone receptors compared to natural ligands, they can cause profound damage in several tissues. In general, since different classes of EDCs are released by human activities into the environment, they all together contribute to the development of a disease, and it is difficult to predict the detrimental effect associated with a specific EDC [49]. A possible association between the increase of global obesity and the spread of industrial chemicals into the environment was initially proposed in the early 2000s [50]. Afterwards, Grun and Blumberg introduced the term “obesogens” to indicate “xenobiotic chemicals that can disrupt the normal developmental and homeostatic controls over adipogenesis and/or energy balance” [51]. The effects of obesogenic environmental pollutants on adipose tissue expansion are stronger if the exposure happens during the prenatal or early-life period [52]. Obesogens target transcription regulators that are involved in the control of lipid homeostasis as well as adipocytes’ proliferation and differentiation. Due to their lipophilic property, EDCs accumulate in the adipose tissue over the years [53,54]. This produces a continuous spiral, promoting the EDC-induced expansion of adipose tissue and therefore the possibility to store larger amounts of additional EDCs [19]. Several obesogenic EDCs are known to affect the activity of a group of nuclear hormone receptors known as peroxisome proliferator-activated receptors (PPARs). Among those, PPARγ is considered the master regulator of adipogenesis, and it is associated with the control of lipids and glucose metabolism [55,56,57]. PPARγ is therefore the main target of obesogenic EDCs. In addition, since PPARs heterodimerize with the retinoid X receptors (RXRs) to induce transcription, RXRs can also be a target of obesogenic EDCs [58,59]. Although epigenetic effects of EDCs have been well described, the exact mechanisms by which they interfere with epigenetic marks still remain unknown. In general, it has been proposed as a global action, where EDCs affect the abundance or the activity of epigenetic regulators, such as DNA methyltransferases, and/or their cofactors, such as methyl donor SAM (s-adenosylmethionine), or they could have a gene-specific action, influencing the regulation of locus-specific epigenetic patterns (Figure 2).



Below is presented a description of the main EDCs more commonly associated with obesity and the epigenetic changes caused by exposures to them that are responsible for the development of obesity and other related disorders (Table 1).



3.1. Bisphenol A


Bisphenol-A (BPA) is an organic synthetic compound largely used in the manufacture of polycarbonate plastics and epoxy resins, two components used in many consumer products, including food containers, baby bottles, medical devices, and the lining of food cans [81]. BPA is one of the most produced chemicals worldwide; indeed, it has been estimated that the production of BPA each year reaches about 6 million tons [82]. Foods and water can be contaminated by BPA monomers because of its leaching from the plastic containers. BPA has been associated with many diseases such as diabetes mellitus, obesity, polycystic ovarian disease, cardiovascular disease, thyroid, reproductive and neurodevelopmental disorders, and cancers [83,84,85,86].



BPA interacts with several ERs, including ERα and ERβ, and these interactions regulate the expression of estrogen-responsive genes [87,88,89]. The relative binding affinity of BPA for these receptors is much lower than that of estradiol, although it binds with high specificity and a binding affinity constant (KD) of 5.5–5.7 nM to ERRgamma. This receptor represents the most recently identified member of the estrogen-related receptor (ERR) family, and it is present in the developing embryo and neonate. Therefore, it could be responsible for some for the effects of BPA during development [90]. Since both pancreatic islets and adipocytes express functional ERs [91], they become targets of BPA, which can induce insulin resistance, alteration in pancreatic beta-cell function, hepatotoxicity, and obesity [61]. Urinary BPA concentration in man has been associated with a high incidence of obesity [92]. In addition, a positive correlation between BPA urinary levels and insulin resistance was found in obese children regardless of BMI. This could be linked to the effect of BPA on the expression of adiponectin and resistin genes, as demonstrated in adipocyte cultures [93]. In these cells, BPA is capable of reducing adiponectin production and secretion and induce resistin expression, a condition that generally characterizes obese subjects, where adiponectin levels are usually reduced and resistin levels are elevated, determining insulin resistance [94].



Experiments conducted in 3T3-L1 cells (mouse fibroblast cells that can differentiate into adipocytes) and human adipose stromal/stem cells have demonstrated that BPA promotes the expression of PPARγ and c/EBPα, the two master regulators of adipogenesis, increases triglyceride content, and inhibits adiponectin release [61]. Globally, these effects stimulate adipogenesis. Interestingly, the adipogenic effects of BPA are mediated not only by estrogen receptors, but also by the influence on the activity of other enzymes, including 11beta-hydroxysteroid dehydrogenase type 1 [95], thyroid receptor/retinoid X receptor, or mammalian target of rapamycin signaling pathways [96]. BPA may induce changes in DNA methylation and determine histone modifications [60]. In vitro studies conducted in 3T3-L1 cells exposed to BPA confirm that this compound decreases global DNA methylation and enhances adipocyte differentiation [60]. This study demonstrates that altered epigenetic gene regulation may play a role in the link between BPA exposure and obesity development. In male rats, early-life exposure to BPA is responsible for increased fat/lean mass and adulthood hepatic steatosis with reduced mitochondrial function. These alterations are accompanied by changes in the epigenetic regulation of genes involved in hepatic beta-oxidation, such as the carnitine palmitoyltransferase (Cpt1a) gene. Here, BPA exposure promotes the binding of several transcription factors induced by modifications in DNA methylation and histone marks, such as histones H3 and H4 acetylation (H3Ac, H4Ac), histone di-methylation on lysine 4 on histone H3 (H3Me2K4), and histone tri-methylation on lysine 36 on histone H3 (H3Me3K36). Therefore, BPA toxicity is determined by both DNA methylation and histone modifications [62].




3.2. Diethylstilbestrol


Diethylstilbestrol (DES) is a synthetic non-steroidal estrogen that was prescribed between 1940 and 1971 to pregnant women to prevent adverse pregnancy outcomes [97]. Studies conducted in animals have suggested that exposure to DES during the prenatal or perinatal period increased the susceptibility to develop obesity during growth [63]. One possible explanation is that early exposure to DES may alter the genetic and epigenetic programming of adipocytes and their distribution.



In mice, an increase has been reported in circulating levels of leptin and pro-inflammatory cytokines, such as interleukin 6 (IL-6), considered markers of adiposity, during the early phase of exposure to DES. In addition, DES exposure has also been linked to alterations in glucose metabolism accompanied by pancreatic beta-cell hyperplasia [63,64]. DES exposure may potentially determine epigenetic effects, although epigenetic mechanisms that associate DES with obesity are still unclear. Recent studies demonstrated that many long non-coding RNAs (lncRNAs) regulate adipogenesis [98] and lipid homeostasis [99] and are regulated by nutrient factors and metabolic hormones [100]. Interestingly, several cancer-related lncRNAs are dysregulated/co-expressed in obesity, suggesting that obesity-associated lncRNAs may promote cancers. Therefore, data associating miRNA induction by EDCs and obesity-induced cancers could represent a link between EDCs exposure, miRNA expression, and obesity onset. As an example, in a breast cancer cell line (MCF-7), Bhan and coauthors have demonstrated that BPA and DES induce the expression of oncogenic long non-coding RNA HOTAIR (HOX transcript antisense RNA) [65], a potential oncogene having a significant impact on tumor cell viability, proliferation, and invasion [100,101]. A recent study demonstrated that a sedentary lifestyle further increases circulating exosomal HOTAIR in obese subjects, but not in lean subjects [43]. Ectopic expression of HOTAIR in abdominal preadipocytes produced an increase in the differentiation and expression of key adipogenic genes including PPARγ and LPL (lipoprotein lipase), the main enzyme of lipid storage in adipocytes [66]. Thus, one possibility is that a large increase in HOTAIR expression as a consequence of BPA and DES exposure may drive an increase in the differentiation in abdominal preadipocytes determining regional adiposity.




3.3. Phthalates


Phthalates are diesters of phthalic acid and are used to improve the flexibility, transparency, and durability of plastic materials, such as polyvinyl chloride (PVC). For this reason, they are present in many consumer products, including children’s toys, food and beverage packaging, and medical devices. Human exposure to phthalates is generally due to dermal contact with PVC and plastic materials that release phthalates or by inhalation or ingestion [102].



Mice models have shown that phthalates’ metabolites represent one of the causes of the increasing incidence of metabolic disease and that a close correlation between phthalates, increased adipogenesis, and insulin resistance exists [67]. Indeed, during adipocyte differentiation, phthalates activate PPARγ receptors [68]. A recent study has demonstrated a correlation between urinary excretion of phthalates’ metabolites and obesity in both males and females, and phthalates exposure in children increases the risk of obesity [69]. These effects can be determined by the anti-androgenic actions of these compounds, which low cause androgenic activity and are responsible for the development of overweight and obesity [103,104]. DNA methylation represents a potential mechanism by which phthalate exposure in utero may exert long-term effects. An example is the study conducted by Miura and collaborators on DNA methylation in the cord blood of 203 mother–child pairs after di-2-ethylhexyl phthalate (DEHP) exposure. The results obtained have identified increased methylation changes associated with prenatal DEHP exposure at the level of genes related to metabolism, the endocrine system, and signal transduction. Further, increased methylation changes associated with DEHP exposure may contribute to the effects of prenatal exposure to this chemical on fetal growth [67].



Among the phthalates, butyl benzyl phthalate (BBP) is ubiquitously present in multiple products and can enter cells, bioaccumulate, and lead to extensive exposure to humans. Studies showed that 3T3-L1 preadipocytes exposed to BBP were induced to differentiate into mature adipocytes [67,105,106] and were characterized by the induction of miR-34a-5p expression, a key miRNA involved in obesity. In parallel, a decrease in the expression levels of Nampt and Sirt1, two target genes of miR-34a-5p, is observed, along with another significant epigenetic regulator, Sirt3 [67]. Zhang and collaborators have demonstrated that BBP exposure may regulate insulin signaling by altering vital epigenetic regulators, such as long noncoding RNA H19, and their downstream pathways [70].




3.4. Organochlorine and Organophosphate Pesticides


Organochlorine pesticides (OCPs) are chlorinated hydrocarbons that were used from 1940 to 1960. Although banned in several countries, some of these compounds tend to persist in the environment and bioaccumulate [71], posing a serious risk to worldwide human health. OCPs have been substituted by organophosphates (OPPs) that are esters of phosphoric acid and are commonly used as insecticide [72]. The first largely used compound of this group and one of the mostly known is dichlorodiphenyltrichloroethane, or DDT. Due to their high lipophilicity, these compounds become stored in fatty tissue and may act as endocrine disrupters [71]. Their presence in human adipose tissue has been linked to obesity and insulin resistance, probably due to their interference in PPARγ gene expression, production of inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), and anti-androgenic effect [73]. A recent study demonstrated that a breakdown product of DDT, p,p’-dichlorodiphenyldichloroethylene (DDE), enhances adipogenesis and intracellular lipid accumulation in 3T3-L1 cells through the up-regulation of some proteins involved in lipid storage, such as fatty acid-binding protein 4 and sterol regulatory element-binding protein-1c [107]. Early-life exposure to OPPs has been associated with hyperinsulinemia and hyperlipidemia, characteristic features of a prediabetic condition. In addition, human ApoE-targeted replacement mice showed an increase in food intake and weight gain after chronic dietary exposure to chlorpyrifos, one of the most frequently used OPPs worldwide. This suggested that genetic factors may also modulate the response to toxic exposure to OPPs and the susceptibility to the development of obesity and other related metabolic dysfunctions [108].



Pesticides can be used as an example of how exposure to EDCs during development causes alterations in epigenetic gene regulation, leading to adipogenic or obesity-related effects. Studies in 3T3-L1 preadipocytes have demonstrated that tributyltin chloride (TBT) exposure is associated with a global DNA reduced methylation level, promoting adipocyte differentiation [60]. This phenomenon has also been observed in adipose-derived stromal cells (ADSCs) isolated from mice exposed in utero to TBT. These cells presented an increased trend to differentiate into adipocytes rather than osteocytes [74]. ADSCs are characterized by a demethylation in the promoter region of some PPARγ target genes, such as Fapb4. These cells are also characterized by an enhancement in PPARγ levels that is not accompanied by changes in DNA methylation levels. This increase could be due to a demethylation of lysine 27 on histone H3 (H3K27me3) after pesticides exposure [75].




3.5. Inhaled Pollutants


Toxic environmental particles represent a worldwide public health problem. They originate from a variety of sources, including industrial sources, automobile traffic, and natural disasters, such as volcanic eruptions and forest fires [76,77]. Generally, the classification of air pollutants is based on the source of their origin, their chemical composition, and the mode and space of their release that could be gaseous or particulate and indoor or outdoor. Regardless of their origin, these pollutants are a mixture of gases and particulate matter (PM) with toxic effects [109]. Data from large epidemiological studies have indicated an association between air pollution exposure and cardiovascular morbidity and mortality [110], as well as increased lung cancer risk [111,112]. Moreover, a meta-analysis study indicated that PM2.5 susceptibility to cardiovascular diseases is strongly influenced by obesity, suggesting that obese people show a higher risk of developing cardiovascular disease after exposure to inhaled pollution particles. Moreover, long-term exposure to PM enhances the expression of local pro-inflammatory mediators that translocate from the lung into the circulation, leading to an increase of the classic systemic inflammatory response that paves the way for the onset of obesity, type 2 diabetes, insulin resistance, and metabolic syndrome [78].



An association between PM2.5 exposure and nonalcoholic fatty liver disease (NAFLD) has also been described, and it is due to the potential of the pollutants to promote cytokines secretion from the Kupffer cells in the liver [56]. Moreover, systemic inflammation induced by inhaled pollutants activates the hypothalamic–pituitary–adrenal (HPA) axis that in turn inhibits somatotropic, thyrotropic, and gonadal axes, all exerting relevant effects on body composition and weight gain [113,114]. Thus, the dysregulation of the HPA axis caused by inhaled pollutants might cause such endocrine perturbations that impact body composition, leading to obesity and non-transmissible chronic disease onset.



Polycyclic aromatic hydrocarbons (PAHs), a family of air pollutants generated during incomplete combustion with both carcinogenic and endocrine-disrupting properties, may also influence obesity development. These substances bind to DNA and might alter the methylation state of PPARγ and PPARγ target genes, therefore acting as “obesogens” [79].




3.6. Flame Retardants


Flame retardants, such as polybrominated diphenyl ethers (PBDEs) and polybrominated biphenyls (PBBs), are a group of EDCs generally added to manufactured materials, such as plastics, textiles, and surface finishes and coatings to prevent or slow the further development of ignition. A positive association between serum PBDEs and body mass index was found in several studies [115,116,117,118].



An example of how these EDCs can produce epigenetic effects associated with obesity development is given by the flame retardant BDE-47. This compound is responsible for a dose-dependent adipocyte differentiation and a reduction in global DNA methylation levels [60], as demonstrated in the PPARγ2 gene promoter. Moreover, exposure to BDE-47 generally leads to the increased expression of different adipogenic genes, including leptin gene (LEP), although their expression levels are not linked to changes in DNA methylation [80].





4. Epigenetic Inheritance Determined by Obesogenic EDCs


Different environmental toxicants, including the fungicide vinclozolin [119,120], plastics (bisphenol A and phthalates) [121], pesticide (diethylmetatoluamide and permethrin) [122], dioxin [123], hydrocarbons [124], and DTT [125], are reported to be responsible for the epigenetic inheritance of adult-onset disease in future generation progeny. The mechanisms of this non-genetic form of inheritance are based on germline transmission of epigenetic information across generations [119,120]. The alterations in the germline epigenome caused by an environmental insult escape the epigenetic reprogramming that happens after fertilization. As consequence, all derived cell types will have an altered epigenome and transcriptome determining the susceptibility to develop adult-onset disease across generations [126,127].



Recently, a prospective study has been published that was conducted on a children’s cohort at ages 2, 4, 6, and 8 years to evaluate the relationship between CpG methylation status and BMI in relation to maternal exposure to BPA. The study demonstrated that there was an increase in the methylation levels associated with the IGF2R gene at age 2, but not at age 6, in the group whose mothers presented high BPA urinary levels during pregnancy. Changes in IGF2R methylation levels were associated with increased BMI during ages 2–6 in girls, but not in boys, suggesting that a possible sensitive period of DNA methylation occurs during development and that BPA exposure, by modulating the methylation status, may influence BMI during development in a sex-specific manner [128]. Manikkam et al. reported that the pesticide methoxychlor, an approved insecticide and pesticide replacing DDT in agricultural application, is capable of inducing DNA methylation changes in the sperm of the F3 generation of gestating rats. These differentially methylated regions (DMR), called epimutations, are found to be specific to methoxychlor exposure and are associated to an increased incidence of obesity and kidney and ovary diseases [129]. In mice, the offspring of dams exposed to elevated PAHs levels during gestation presented with increased weight and fat mass as well as higher gene expression of PPARγ, C/EBPα, Cox2, FAS, and adiponectin and lower DNA methylation in the PPARγ promoter. Similar differences in phenotype and DNA methylation extended through the grand-offspring mice [79].



These data indicate that prenatal environmental exposures may induce increased weight, fat mass, adipose gene expression, and epigenetic changes not only in the progeny, but also through the grand-offspring generations (F2, F3).




5. Discussion and Conclusions


Although the field of environmental obesogens is still young, the studies included in this review indicate that exposure to EDCs may determine epigenetic modifications and underlie the development of obesity and obesity-related diseases during the entire life. Adipocytes are strongly influenced by EDCs exposure, being themselves endocrine cells producing and receiving endocrine signals from different endocrine tissues. The obesogen effects of EDCs are determined by different elements, including genetic, epigenetic, and environmental factors, such as parental dietary habits and lifestyle. The mechanisms determining the obesogen effects of EDCs early in life could be different since they can be modulated by the action of individual (chronic) exposure to EDCs throughout the entire life span. Moreover, the epigenetic alterations produced by exposure to EDCs can also be transmitted to future generations.



Up to now, in the context of obesogenic EDCs and epigenetic modifications, the general picture of the interplays between DNA methylation, histone modifications, and noncoding RNA is still uncompleted, with most studies being focused on DNA methylation. Early-life EDCs exposure can alter epigenetic programming of obesity by activating or inhibiting nuclear receptors and other transcription factors, which in turn recruit chromatin-modifying complexes, such as methyl- and acetyltransferases, which regulate the expression of the target genes by directly altering epigenetic marks [130]. As described before, the principal research of obesogenic EDCs has been focused on PPARγ, considered the main target of obesogens. In particular, some EDCs, including TBT, BDE-47, and PAHs, bind to PPARγ and determine the alteration of its methylation status and of its target genes. Now, other mechanisms of EDC action have been discovered. As an example, BPA can induce the activation of ERα, which binds to estrogen-responsive elements present in the promoter of the histone tri-methyltransferase EZH2 and recruits other coregulators, such as histone acetyltransferases and methyltransferases. These proteins create a permissive state of chromatin and expression of EZH2 protein that trimethylates target genes, potentially affecting global epigenetic gene regulation [131,132]. Other studies have demonstrated that EDCs exposure can also regulate the expression and enzymatic activity of DNA methyltransferases and affect the level of their cofactors such as the methyl donor SAM, which is involved in several methylation reactions [133].



Further epidemiological studies linking EDCs exposure, epigenetic gene modifications, and obesity are needed in humans to better understand the effects of developmental exposure to EDCs and identify epigenetic biomarkers related to adult-onset obesity. DNA methylation can be considered a useful target for examining the effects of developmental exposure to EDCs, providing relevant information on the relationships between EDCs exposure and health. As an example, promoter methylation of retinoid X receptor in umbilical cord tissue is linked to 26% of the variation in childhood adiposity [134] and could therefore be used as target for evaluating the effects of EDCs exposure.



In conclusion, additional studies focused on the discovery of epigenetic biomarkers through omics technologies could enable key fundamental knowledge to understand the effects of developmental exposure to EDCs and latent onset of obesity in humans.
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Figure 1. Schematic representation showing how the interplays between environmental factors and genetic variation contribute to obesity development through epigenetic mechanisms. 
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Figure 2. EDCs-induced epigenetic alterations. EDCs exposure may alter the levels of DNA methyltransferase (DNMT), histone modifiers, and SAM, as well as non-coding RNAs. All these events modify DNA methylation patterns and chromatin state and expression at specific genomic loci, determining changes in gene expression. SAM = s-adenosylmethionine. 
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Table 1. Characteristics and epigenetic effects of the main obesogenic EDCs.
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	Endocrine Disruptor
	Description
	Obesogenic Actions
	Epigenetic Effects
	Refs.





	Bisphenol A (BPA)
	Synthetic organic compound used in polycarbonate and resins. Commonly detected in water bottles, food containers, and metal-based cans.
	Stimulation of adipogenesis

Induction of insulin resistance

Alteration of pancreatic beta-cell function

Hepatotoxicity

Induction of adulthood hepatic steatosis

Reduction in mitochondrial function
	Reduction in global DNA methylation

Changes in histone marks (H3Ac, H4Ac, H3K4me2, H3K36me3)
	[60]

[61]

[62]



	Diethylstilbestrol (DES)
	Synthetic estrogen used to prevent adverse pregnancy outcomes.
	Stimulation of markers of adiposity (leptin and proinflammatory cytokines, [IL-6])

Alteration in glucose metabolism and pancreatic beta-cell hyperplasia
	Increased expression of long non-coding RNA HOTAIR.
	[63]

[64]

[65]

[66]



	Phthalates
	Diesters of phthalic acid, widely used in the production of plastic products (children’s toys, food packaging, medical devices, and furnishings).
	Increased adipogenesis and insulin resistance

Strong correlation between urinary levels of phthalates’ metabolites and obesity
	Increased DNA methylation at level of genes related to metabolism

Increased expression of miR-34a-5p and of long non-coding RNA H19 and its downstream pathway
	[67]

[68]

[69]

[67]

[70]



	Organochlorine (OCPs) and Organophosphate (OPPs) Pesticides
	OCPs are chlorinated hydrocarbons used from the 1940s to the 1960s and are still detected in tap water.

OPPs represent up to 50% of all the insecticide use worldwide.
	Stimulation of adipogenesis

OPPs accumulate in adipose tissue and influence PPARγ gene expression and production of inflammatory cytokines
	Decreased global DNA methylation in both adipose-derived stromal cells (ADSCs) and 3T3-L1 preadipocytes

Increased demethylation of lysine 27 on histone H3 (H3K27me3)
	[71]

[72]

[73]

[60]

[74]

[75]



	Inhaled pollutants
	Toxic environmental particles originate from a variety of sources (industrial pollution, automobile traffic, natural disasters).
	Stimulation of the classic systemic inflammatory response associated with obesity, type 2 diabetes, insulin resistance, and metabolic syndrome
	Altered DNA methylation status of PPARγ and PPARγ target genes
	[76]

[77]

[78]

[79]



	Flame retardants
	Group of compounds that prevent or slow the further development of ignition.
	Stimulation of adipocytes differentiation

Strong association between polybrominated diphenyl ethers (PBDEs) exposure and body mass index
	Reduction in global DNA methylation
	[80]
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