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Abstract
In obesity, endocrine and metabolic perturbations, including those induced by chronic activation of the hypothalamus–pituitary–adrenal axis, are associated with the accumulation of adipose tissue and inflammation. Such changes are attributable to a combination of genetic and epigenetic factors that are influenced by the environment and exacerbated by chronic activation of the hypothalamus–pituitary–adrenal axis. Stress exposure at different life stages can alter adipose tissue metabolism directly through epigenetic modification or indirectly through the manipulation of hypothalamic appetite regulation, and thereby contribute to endocrine changes that further disrupt whole-body energy balance. This review synthesizes current knowledge, with an emphasis on human clinical trials, to describe metabolic changes in adipose tissue and associated endocrine, genetic and epigenetic changes in the obese state. In particular, we discuss epigenetic changes induced by stress exposure and their contribution to appetite and adipocyte dysfunction, which collectively promote the pathogenesis of obesity. Such knowledge is critical for providing future directions of metabolism research and targets for treating metabolic disorders.
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Introduction
Adipose tissue, in addition to providing a reservoir of energy, serves as an endocrine organ, as it synthesizes and secretes a diverse array of hormones and cytokines that regulate metabolic homeostasis and control various physiological functions such as energy metabolism, thermoregulation, food intake, and glucose homeostasis [1–3].
There are two major types of adipose tissue—white adipose tissue (WAT), which is mainly composed of white adipocytes that are designed for energy storage, and brown adipose tissue (BAT), containing brown adipocytes that largely function to dissipate energy in the form of heat during non-shivering thermogenesis [4]. More recently, a third type of adipocyte—beige (also called brite/inducible BAT), was found to arise in WAT in response to various cues such as chronic cold exposure and sympathomimetic treatments, with thermoregulatory and energy balance functions [5].
WAT is distributed throughout the body mainly in the subcutaneous (sWAT), visceral (vWAT), inter- (itMAT) and intramuscular (iMAT) as well as bone marrow (MAT) depots [6], among which sWAT and vWAT are of the most metabolic importance. sWAT emerges prior to vWAT during embryonic development [7]. sWAT is located underneath the skin and is primarily responsible for energy storage [8]. In humans, about 80% of body adipose tissue is sWAT, with the main depots being abdominal, subscapular (upper back), gluteal and thigh, while vWAT contributes to 6–20% of total body fat [9]. vWAT is distributed inside the peritoneum and around internal organs (e.g. stomach, liver, intestines and kidneys), and protects the tissue as physical padding [8]. vWAT can be sub-divided into mesenteric, retroperitoneal and omental depots in humans, and also the perigonadal depot in rodents, in accordance with its location [8]. Increased vWAT accumulation is positively associated with the onset of metabolic diseases [10], whereas accretion of sWAT is more benign, having little association with the development of metabolic disorders [11]. There are two cellular mechanisms for adipose tissue expansion: hypertrophy and hyperplasia. Hypertrophy is characterized by enhanced triglyceride storage and associated expansion of existing adipocytes, while hyperplasia refers to the increase in adipocyte cell number. Hypertrophy is predominant in adulthood obesity as it is observed in all overweight and obese individuals [12], whereas hyperplasia is a mark of the severity of obesity [13].
Stress may play a role in the development of obesity. Cortisol is an essential glucocorticoid involved in the stress response. Adult males with visceral obesity had increased awakening cortisol responses (analyses based on salivary samples), whereas adult females with subcutaneous obesity had no such change [14]. Though no association was found between body mass index (BMI) and urinary cortisol secretion regardless of sex [15], a positive correlation was observed between BMI and urinary cortisol metabolite (5α- and 5β-tetrahydrocortisol) excretion [16]. 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1), which converts cortisone to cortisol, with its overexpression associated with central obesity, had increased activity in the adipose tissue and reduced hepatic activity in adult females with a higher BMI [16]. Maternal obesity also induced higher baseline cortisol in the offspring, with an impaired stress response [17] and predisposition to metabolic alterations and adiposity [18]. These results collectively indicate that stress exposure is associated with alterations in adipose tissue metabolism and the pathogenesis of obesity.
This review focuses on the relationship between stress and adipose tissue physiology in the obese state. Integrating knowledge from human clinical trials and animal models, we discuss endocrine, genetic, and epigenetic changes in adipose tissue as a consequence of early- and later- life stress exposure. Such knowledge is critical to provide new insights for the direction of research in nutrition and metabolism.
Fat mass and adipose tissue distribution
World Health Organization (WHO) defines obesity as “abnormal or excessive fat accumulation that may impair health” and a BMI ≥ 30 is classified as obese in adults, whereas for young children and adolescents, the standard was made according to the WHO Growth Reference [19]. Current studies also adopt a percentage body fat ≥ 25% in men and ≥ 35% in women as a criterion for obesity diagnosis [20]. Gender, age and ethnic group are the major variables predicting fat mass in obesity [21]. The US National Health and Nutrition Examination Survey (NHANES) reported higher prevalence of extreme adiposity (on the basis of the 80th percentile of percentage body fat) in Mexican-Americans than non-Hispanic (NH) whites and blacks in boys but not girls aged 8–19 years [22]. In adults, fat mass tended to be higher in white men and women compared to black men and women, respectively, at a fixed BMI [23]. Young adults (18–29 years) had a lower percentage of fat mass than the elderly (≥ 70 years), and there were differences among ethnic groups (Mexican–American > NH white > NH black) whereas there was no difference among these groups in the elders regardless of sex [24]. Moreover, without a significant difference in BMI, middle-aged overweight/obese women had higher percentage body fat masses than men [25]. According to NHANES 1999–2004, percentage extremity fat (of the total mass in the corresponding arm/leg) in males from all ethnic groups decreased during adolescence then increased again throughout later life at the same percentile of the age groups, whereas in women, percentage of extremity fat continued increasing until 79 years of age, then dropped slightly in later life. Moreover, in males among all ethnic groups, percentage extremity fat had a lower reduction during adolescence and greater increase in later life in those in the ≤ 50th percentile than those in the > 50th percentile, and the reduction in percentage leg fat continued until 59 years of age before it went back up in those in the > 50th percentile. In females among all ethnic groups, percentage extremity fat had a greater increase until 79 years of age in those in the ≤ 50th percentile than those in the > 50th percentile, whereas the decrease later in life did not differ among percentiles. In males among all ethnic groups, like the percentage extremity fat, the percentage trunk fat reduces during adolescence and then increases again throughout later life, with a slight reduction after 79 years of age. This reduction during adolescence was higher in those in the > 50th percentile than those in the ≤ 50th percentile in Mexican Americans, but not NH white or black individuals, while the increase later in life was lower in those in the > 50th percentile among all ethnic groups. In females among all ethnic groups, there was a greater increase in percentage trunk fat until 79 years of age in those in the ≤ 50th percentile, whereas a greater reduction from 79 years of age onward was only observed in the ≤ 50th percentile of Mexican Americans [26]. At BMI = 30, Chinese and South Asians (adjusted for age and sex by cohort means) had more vWAT than the Europeans, while sWAT was similar between Chinese and Europeans but greater in South Asians [27].
Brown fat also changes during the progression to obesity. BAT activity is greater in lean healthy females than in males, and in young people than in older adults [28]. In BAT-active subjects, BAT function is inversely correlated with BMI [29] as well as percentage body fat mass, whereas those with BMI > 35 and percentage body fat mass > 30% barely showed any detectable BAT activity [30]. Specifically, obese male subjects had a lower percentage of active BAT volume in all 6 depots (cervical, supraclavicular, axillary, mediastinal, paraspinal and abdominal) and lower BAT activity in 5 depots (except cervical) than their lean healthy counterparts. The greatest difference in the volume was observed in the paraspinal depot, while the activity difference differed the most in the supraclavicular depot—the most BAT-active depot in healthy lean males, between lean and obese males [31]. The main findings of these studies are summarized in Table 1.Table 1Fat mass and adipose tissue distribution


	Reference
	Gender
	Age
	Race
	BMI
	Main findings

	[22]
	Both
	8–19
	Mexican American
Non-Hispanic black
Non-Hispanic white
	Boysa:
21.8 ± 0.14
Girls:
22.1 ± 0.15
	Overall prevalence of adiposity is positively associated with BMI in children and adolescents
Prevalence of high BMI (≥ 95 percentile of BMI-for-age) and high adiposity (≥ 80th percentile of percentage body fat) are higher in Mexican–American than non-Hispanics boys, whereas high BMI has higher prevalence in non-Hispanic black girls
Prevalence of high adiposity in all BMI groups are lowest in non-Hispanic black boys and girls
Body fat (%) is lower in non-Hispanic blacks than Mexican-Americans, but BMI is lower in non-Hispanic black boys while higher in girls than Mexican–American counterparts

	[23]
	Both
	≥ 20
	Hispanic
Mexican American
Non-Hispanic black
Non-Hispanic white
	≥ 25
	No overall difference in the prevalence of obesity between males and females
Non-Hispanic black women have the highest prevalence of obesity than women in other ethnic groups
Prevalence of severe obesity (BMI > 35) is higher in non-Hispanic blacks than whites in both sexes
Whites have relatively higher fat mass than blacks at a fixed BMI

	[25]
	Both
	53.5 ± 13.9
	Caucasian descent
	27.8 ± 4.9
	In both males and females, those without metabolic syndrome have lower BMI, body fat (%), waist circumferences, waist to hip ratios, fasting plasma insulin and glucose levels, plasma triglyceride and uric acid levels, as well as systolic blood pressure together with higher HDL than those with metabolic syndrome
Body fat (%) is positively correlated with age, BMI, waist circumference and waist to hip ratio, while negatively correlated with height
Overall body fat (%) is higher in overweight/obese females than males, whereas waist circumference is higher in age-matched males

	[26]
	Both
	≥ 8
	Mexican American
Non-Hispanic black
Non-Hispanic white
	All rangesb
	Females have higher absolute and relative fat mass than males at all ages
Trunk and extremity fat (%) are lower in males than females at all ages in all ethnic groups, and lower in adolescence then increased in adulthood in males whereas both increased to 79 years of age in females
Extremity fat (%) reduction is lower and increase is higher in males in the ≤ 50 th percentile than > 50 th percentile from all ethnic groups, whereas for trunk fat (%), this is only in Mexican-Americans
Trunk and extremity fats (%) have higher increase in females in the ≤ 50 th percentile than > 50 th percentile from all ethnic groups

	[27]
	Both
	30–65
	Aboriginal
Chinese
European
South Asian
(living in Canada)
	≥ 18.5
	Body fat (%) is higher in Aboriginals and South Asians than Europeans
vWAT and sWAT are lower in Europeans than in Chinese and South Asians

	[28]
	Both
	Middle agedc
	N/A
	Not specifiedc
	Females have greater amount and more active BAT than males
BAT activity is greater in young than older adults and in people with lower BMI and fasting glucose levels

	[29]
	Both
	Male:
35.8 ± 9.0
Female:
38.8 ± 8.8
	N/A
	Male:
23.8 ± 2.6
Female:
21.1 ± 2.3
	Under cold exposure, younger subjects have higher BAT activity than older ones, and BAT activity is mainly found in supraclavicular and paraspinal regions
BAT activity is inversely related to BMI, vWAT and total fat mass

	[30]
	Both
	39.2 ± 8.1
	N/A
	42.1 ± 3.8
	Obese individuals have reduced cold-induced thermogenesis and BAT activity

	[31]
	Male
	Lean:
22.5 ± 4.9
Obese:
28.8 ± 4.7
	N/A
	Lean:
23.2 ± 1.9
Obese:
34.8 ± 3.3
	Obese males have less BAT activity than lean males, but more potential to achieve BAT expansion upon cold exposure
BAT is highly concentrated in cervical, supraclavicular, axillary, mediastinal, paraspinal, and abdominal regions


aBMI was calculated as [body weight (kg)/height2 (m2)] as in adults, but adiposity was described as “percentiles of BMI-for-age” from the CDC growth charts
bDistribution of BMI and the prevalence of obesity was determined within each age group
cAverage age and BMI were calculated within BAT positive versus BAT negative groups, not given for the sampling population



Depot-specific adipose tissue physiology
Obese females store more dietary fat in sWAT, especially in the lower body, whereas vWAT is the preferred depot for dietary fat storage in obese males [32]. A recent study identified 414 differentially-expressed genes between sWAT and vWAT, among which 60 were associated with obesity-related traits (e.g. waist to hip ratio) [33]. Pathway analysis revealed that genes involved in extracellular matrix (ECM) remodeling were highly enriched in the sWAT, which may confer the functional morphology of adipocytes in sWAT to exert a protective effect, while genes involved in inflammation were highly enriched in vWAT, which confirms its role in the pathogenesis of metabolic diseases. Moreover, developmental genes belonging to the homeobox (HOX) family were also differentially expressed in sWAT and vWAT, with HOXC and HOXD clusters being highly expressed in sWAT and HOXB being highly expressed in vWAT, which may contribute to the functional characteristics of the depots [33]. Genes related to adipocyte metabolism (proliferation, differentiation, lipid turnover, etc.), adipokine secretion, and ion channels and cell signaling are also differentially expressed in sWAT and vWAT, according to transcriptome studies [34–36].
Upon exposure to excessive lipids in the circulation, hypertrophy occurs to adapt to extra energy storage, which increases fat mass and triggers hyperplasia [37]. Preadipocytes from sWAT express more of adipogenic master regulators peroxisome proliferator-activated receptor gamma (PPARγ) and CCAAT/enhancer binding protein α, and thus these cells are more capable of extensive replication and rapid adipogenesis than the preadipocytes from vWAT. Interestingly, the vWAT preadipocytes show a catch-up growth pattern after 60 days of culturing in vitro [32]. Additionally, an increase in endocannabinoids, which promote adipogenesis and triglyceride uptake through the upregulation of PPARγ, was only observed in visceral obesity [38]. Postprandial free fatty acid (FFA) release is greater in abdominal than in lower body obesity, indicating a faster rate of lipolysis in the visceral adipocytes which are inherently resistant to the antilipolytic effect of insulin [39]. Moreover, vWAT is more susceptible to TNFα-induced apoptosis, whereas sWAT is more sensitive to aging and sequential loss of lipid storage capacity (reviewed in [32]).
Expansion of adipose tissue in the obese state has been categorized into two types: metabolically healthy—with preferred lipid storage in sWAT, and metabolically unhealthy—with excessive vWAT and ectopic fat accumulation [40]. Accumulation of sWAT in the lower body is associated with lower circulating triglycerides and glucose but greater high density lipoprotein (HDL) and insulin sensitivity, while accumulation of abdominal sWAT may be involved in the pathogenesis of insulin resistance and cardiovascular diseases, although the association is not as strong as for vWAT [38]. Impaired expandability of sWAT upon excessive lipid storage can result in the accumulation of vWAT [40]. As vWAT attaches and shares the vasculature with internal organs, lipid metabolites and adipokines are directly secreted from these adipocytes into the portal vein, leading to the disruption of homeostasis in hepatocytes and impacts on glucose and lipid metabolism, which eventually contribute to the onset of insulin resistance [38]. Apart from sWAT and vWAT, in contrast to the increased MAT that is accompanied by lowered mineral density in anorexia nervosa, obese adolescents [41] and adults (excluding postmenopausal women) [42] had less MAT with greater bone mineral density than healthy controls, while postmenopausal obese women had increased MAT due to the lack of estrogen [43] but the association between MAT and total fat/vWAT/sWAT masses were controversial among studies, which may suggest a unique role of MAT in endocrine modulation and the progression of adiposity [42]. To the contrary, both itMAT and iMAT increased in obese subjects, but only itMAT had a similar distribution and association with inflammation and insulin resistance as in vWAT [6].
Rapid expansion of adipose tissue with limited vascularization induces hypoxia in obesity. The hypoxic adipocytes secrete chemokines which attract macrophages and trigger the inflammatory responses [44]. Many proinflammatory cytokines, including but not limited to those from the interleukin cytokine family, interferon γ, TNFα, monocyte chemoattractant protein 1, and plasminogen activator inhibitor 1, etc., are more abundant in vWAT than in sWAT, which may be related to the enriched lymph nodes and milky spots for immunocompetent molecules in visceral depots such as the omentum [32, 38]. Hypertrophy of adipocytes from vWAT in the obese state stimulates the secretion of proinflammatory cytokines in the adipose tissue and results in increased vascular permeability, which attracts macrophages. Increased infiltration and proliferation of macrophages in adipose tissue sustains the inflammatory response, and further stimulates lipolysis in the surrounding adipocytes to provide energy for the immune system. The increased circulating FFAs in turn facilitate the maturation of preadipocytes and adipocyte hypertrophy, which ultimately leads to metabolic dysregulation [45, 46].
Interestingly, BAT also recruits macrophages and secretes proinflammatory cytokines, which trigger the inflammatory response. Inflammation in BAT inhibits the proliferation of brown adipocytes through interrupting catecholamine signaling and the differentiation of brown adipocytes by downregulating PPARγ, while promoting apoptosis of brown adipocytes through TNFα, which together alter the thermogenic activity of BAT [47, 48].
In summary, in response to increased energy intake, adipose tissue expands in a depot-dependent manner, with differences between white and brown tissue activity. These changes likely determine whether the onset of obesity will be associated with metabolic disruptions that have negative health consequences such as the case with preferential accumulation of vWAT. Obesity can be described as a chronic state of mild inflammation, and adipocyte hypoxia and macrophage infiltration likely lead to changes in circulating cytokines and hormones that influence metabolism and other physiological processes, thereby exacerbating the pathogenesis of the obese condition.
Adipokines, lipokines and endocrine disruption in obesity
Adipose tissue is one of the largest endocrine organs, secreting a diverse assortment of hormones and pro-inflammatory factors [2]. In addition, both white and brown adipocytes secret exosomes, which is the major source of circulating microRNAs (miRNAs) [49]. These miRNA-containing exosomes are sequentially taken up by cells in other tissues. Therefore, exosomal miRNAs are considered to be another type of adipokine, and essential for intra- and inter-tissue cell-to-cell communications to regulate energy homeostasis [50]. The abundance of vWAT exosomes were found to be negatively correlated with BMI in teenage girls [50]. Among those differentially expressed miRNAs in vWAT between obese and lean girls, the majority are involved in TGF-β and Wnt/β-catenin signaling pathways, which regulate adipogenesis and inflammatory responses [51, 52]. In morbidly obese men, plasma miR-130b, which promotes adipose tissue inflammation and insulin resistance [53], and miR-423-5p, which promotes angiogenesis [54], were decreased [55]. Interestingly, both were increased in obese prepubertal children [56], suggesting age and severity differences in circulating miRNA levels in obesity.
In BAT, expression of exosomal miR-92a was upregulated and accompanied by whitening of the BAT in mice fed a high fat diet (HFD). Meanwhile, serum exosomal miR-92a level was negatively correlated with BAT activity and BAT glucose uptake rates in healthy adults [57]. miR-92a was later found to be highly expressed in the endothelial cells of the vascular wall in patients with advanced coronary atherosclerotic plaques. Its target genes are actively involved in inflammation and atherosclerosis [58]. These results suggest that miR-92a may be used as a marker to track BAT activity and monitor inflammatory responses during the early onset of obesity.
Lipids secreted by adipose tissue that function as signaling molecules among tissues to regulate lipid metabolism are called lipokines [59]. Endogenous lipokine 12,13-dihydroxy-9Z-octadecenoic acid (12,13-diHOME) concentration was positively correlated with BAT activity upon cold exposure and negatively correlated with BMI, circulating triglycerides, leptin and fasting plasma insulin and glucose levels [60]. It enhanced fatty acid uptake and lipid oxidation in BAT activated by β3-adrenergic stimulation [60]. However, in diet-induced obese mice, exogenous supplementation of 12,13-diHOME for 2 weeks did not alter body weight, circulating FFAs or glucose tolerance albeit there was a decrease in circulating triglycerides [60]. Further research is required to fully elucidate its physiological effects.
Another type of adipose-derived lipokine is fatty acid esters of hydroxy fatty acids (FAHFAs), which are composed of one fatty acid molecule and one hydroxy fatty acid molecule on an ester bond [61]. A total of 51 families of FAHFA exist in both WAT and BAT [62]. The major effects of FAHFAs include reducing inflammation mediated by adipose-derived macrophages, increasing glucose-induced insulin secretion and insulin-stimulated glucose uptake in adipocytes by enhancing glucose transporter type 4 (GLUT4) translocation [63]. Thus, FAHFAs have been proposed as a promising treatment for type II diabetes. Although individuals with insulin resistance had reduced FAHFA levels in sWAT [63], little is known about the function of FAHFAs in adipose tissue metabolism, for instance, effects on lipid uptake and circulating lipid profiles. To date, no association of FAHFA abundance and fat mass has been reported.
Leptin is an adipose-derived cytokine (adipokine) that is secreted in proportion to body fat mass [64]. Although rapid accumulation of adipose tissue in the obese state is accompanied by elevated leptin, which regulates energy homeostasis by suppressing food intake and promoting energy expenditure, decreased amounts of soluble leptin receptors as well as reduced leptin transport across the blood brain barrier (BBB), and reduced leptin signaling in the hypothalamus result in hyperleptinemia and eventually leptin resistance [65]. Moreover, there is growing evidence that leptin resistance can be partly attributed to obesity-associated hypothalamic inflammation [66]. The hypothalamic arcuate nucleus (ARC), which contains first-order appetite regulatory neurons neuropeptide Y (NPY)/agouti-related peptide (AgRP) and proopiomelanocortin (POMC)/cocaine-amphetamine-regulated transcript (CART) [67, 68], is a primary site of leptin action. Leptin suppresses food intake by upregulating POMC mRNA while inhibiting NPY/AgRP mRNA in the ARC [69]. Reduced leptin transport across the BBB leads to decreased production of POMC, which suppresses food intake [70]. Mice with the leptin receptor gene knockout in brain endothelial and epithelial cells consumed more of a high-fat, but not chow diet, and had more body fat, indicating a higher sensitivity to food reward under the obese state due to reduced leptin receptor expression (71).
In addition to suppressing food intake, leptin also promotes lipolysis and fatty acid oxidation in adipose tissue as well as insulin-stimulated glucose uptake and oxidation in muscle while inhibiting hepatic gluconeogenesis and insulin synthesis and secretion in the pancreas [72]. Leptin resistance thus results in decreased lipolysis, fatty acid oxidation, and insulin sensitivity but increased hepatic glucose production and circulating insulin levels. Increased circulating glucose and insulin together with decreased insulin sensitivity contribute to hyperglycemia and hyperinsulinemia, while excessive circulating lipids resulting from decreased fatty acid oxidation lead to hyperlipidemia [70]. Detailed molecular mechanisms of leptin regulation of glucose and lipid metabolism are reviewed in [73].
While an increase in fat mass influences central control of energy intake, disruption of energy intake further induces abnormalities in peripheral lipid metabolism and glucose homeostasis. In the obese state, circulating ghrelin—an orexigenic factor secreted in the stomach and ARC, is reduced due to excessive energy intake [74]. Ghrelin promotes food intake through the activation of NPY/AgRp neurons in the ARC, which is also mediated by uncoupling protein 2 (UCP2) [75]. UCP2 is highly expressed in adipose tissue and contributes to the regulation of ATP production, mitochondrial function, and lipid metabolism. Its expression is reduced in obese subjects, with more of a reduction in the abdominal vWAT than sWAT compared to lean healthy controls, regardless of an overall greater expression in vWAT than sWAT [76]. The sWAT UCP2 is positively correlated with both circulating and depot-specific adiponectin levels, and lowered adiponectin is associated with insulin resistance and dyslipidemia in obese subjects [76]. In contrast, expression of UCP2 in pancreatic islets was higher in obese than lean mice, which further led to reduced ATP production and decreased secretion of insulin [77]. Increased β-cell mass and insulin secretion were observed in diet- and gene mutation-induced obese mice, which may compensate for the increased metabolic demand because of insulin resistance under the obese state [78]. However, insulin resistance will gradually progress to overt diabetes when islets fail to compensate for insulin resistance due to β-cell dysfunction and apoptosis as the expansion of mass gradually decreases, which is coupled with increased cellular apoptosis and dysfunction which could contribute to reduced insulin sensitivity and eventually insulin resistance (detailed mechanisms reviewed in [79]).
As the endogenous ligand of the growth hormone (GH) secretagogue receptor (GHS-R), reduced ghrelin is associated with lowered GH levels in obesity [80]. Decreased GH release from the anterior pituitary to the circulation and faster GH clearance may contribute to declined synthesis of insulin-like growth factor 1 (IGF-1) in adipose tissue (although circulating IGF-1 tends to be normal in most studies), which together are associated with reduced lipolysis and the accumulation of fat, especially in vWAT [81].
Leptin and ghrelin not only affect food intake and glucose and lipid metabolism, but also reproductive physiology in obesity. While ghrelin decreases firing activity of gonadotropin-releasing hormone (GnRH) neurons, and suppresses secretion of luteinizing hormone (LH) in humans and rodents [82], kisspeptin, which is regulated by leptin [83], promotes sex hormone secretion via modulating GnRH pulse [84]. Decreased expression of kisspeptin in the ARC was observed in female mice that are centrally resistant to leptin signaling and prone to obesity-induced infertility [85]. Similarly, in HFD-induced male mice, increased circulating leptin and decreased testosterone and LH were observed together with decreased expression of leptin receptor, kisspeptin, and GnRH, indicating a role in obesity-induced male hypogonadism [86]. Consistent with this, lower LH and follicle-stimulating hormone (FSH) levels and lower sex hormone binding globulin (SHBG) were observed in both premenopausal [87] and postmenopausal [88] obese females, and lower total testosterone, FSH, and SHBG were observed in obese males compared to their respective healthy counterparts [89]. However, total estrogen was lower in premenopausal but higher in postmenopausal obese females compared to respective age-matched healthy counterparts [90] with no difference in free estrogen regardless of the menopausal state [91]. Both free and total testosterone levels increased in obese females regardless of the menopause state compared to the healthy counterparts, with an overall higher testosterone level in premenopausal females [91]. In contrast, there was more free estrogen in obese than healthy males [89]. In males, lowered hepatic production of SHBG due to the disruption of endocrine homeostasis under the obese state, such as hyperinsulinemia, resulted in lowered binding of testosterone and thus more free testosterone. As adipose tissue expansion promotes the production of aromatase, an enzyme that converts free testosterone to estrogen, low total testosterone is often observed in obese males, which alters the negative feedback from GnRH and further induces hypogonadism [92]. In the healthy state, testosterone stimulates catecholamine-induced lipolysis and inhibits triglyceride uptake in abdominal adipose tissue. Thus, reduced testosterone in obese males contributes to increased vWAT accumulation to further exacerbate obesity, forming a “self-perpetuating cycle” [93].
Intriguingly, in contrast to the lowered testosterone in obese males, in obese females, hyperinsulinemia promotes the ovarian production of androgens, leading to increases in both total and free testosterone, or hyperandrogenism [92]. Estrogen production in postmenopausal females is solely dependent on the conversion of androgen by aromatase, whereas premenopausal females can also produce estrogen in functional ovaries and the metabolic clearance rate is higher than in postmenopausal females [94]. Therefore, increased estrogen in postmenopausal obese females may be due to the conversion of androgen while decreased levels in premenopausal obese females may be attributed to simultaneously increased clearance of estrogen [90]. An increased clearance of estrogen in premenopausal obese females may be protective for ovary functions as hyperestrogenism could induce endometrial hyperplasia and thereby impair fertility [92]. Estrogen upregulates the expression of antilipolytic α2A-adrenergic receptor only in sWAT [95]. Meanwhile, the estrogen receptor is highly expressed in sWAT in females [96]. Thus, premenopausal females preferentially deposit fat in sWAT. Due to the dramatic reduction in endogenous estrogen and increase in androgens, fat accumulation shifted from sWAT to vWAT in postmenopausal females, leading to the increased propensity for metabolically unhealthy obesity [96]. Moreover, estrogen suppresses appetite through the direct stimulation of central POMC/CART neurons and inhibition of NPY/AgRP neurons in the ARC, as well as potentiating the release of satiating cholecystokinin peptide from the small intestine upon food consumption. Testosterone, in contrast, increases food consumption frequency through the suppression of POMC/CART [97]. Thus, fluctuation of sex hormones in the obese state may exacerbate fat mass accumulation and endocrine disturbances through the promotion of food intake.
Obesity is also directly associated with an altered stress response. Hyperactivation of the hypothalamus–pituitary–adrenal (HPA) axis is observed in obesity. There is greater production of corticotropin-releasing factor (CRF) from the hypothalamic paraventricular nucleus (PVN) that initiates the stress response and the pituitary’s release of adrenocorticotropic hormone (ACTH), which sequentially promotes the secretion of glucocorticoids [98], in obese than lean subjects [81]. Meanwhile, increased urinary-free cortisol was only observed in abdominal obesity [81]. This may be explained by the fact that vWAT has more abundant mineralocorticoid receptors (MR), which have higher cortisol binding affinity than glucocorticoid receptor (GR), compared to sWAT, and that the expression of MR in human fat, especially in vWAT, is positively related to BMI [65]. Elevation of cortisol in obesity results from the expansion of adipose tissue mass, where the highly expressed enzyme 11β-HSD1 converts the inactive cortisone to active cortisol [92]. Cortisol promotes hepatic gluconeogenesis whereby insulin secretion is stimulated, and lipoprotein lipase (LPL) activity is enhanced in abdominal adipose tissue to further exacerbate vWAT accumulation [81]. In addition, both insulin and glucocorticoids regulate NPY expression in vWAT, which was higher in centrally obese rats [99]. In turn, NPY promotes adipocyte proliferation and differentiation, and long-term NPY overexpression induces adipose tissue insulin resistance [100]. Aside from NPY, the HPA axis and orexin interactively stimulate each other under stress exposure to regulate adipose tissue and insulin homeostasis. Central infusion of orexin A activates CRF neurons and downstream effectors [101]. Exogenous orexin A also directly stimulates cortisol secretion from human adrenocortical cells [102]. Meanwhile, central CRF administration also activates orexin neurons [103]. Central activation of orexin stimulates food intake [104], which may contribute to sequential accretion of fat. In HFD-induced obese rats, expression of orexin receptor 1 (OX1R) was decreased in vWAT and negatively correlated with fat mass, plasma triglycerides and fasting insulin [105]. Orexin A administration increased GLUT4 mRNA and triglyceride content in differentiated 3T3-L1 adipocytes via OX1R [105]. Exogenous orexin A also decreased blood glucose and increased insulin and leptin levels in mice [106]. These results collectively suggest a therapeutic potential of orexin A/OX1R in stress-induced metabolic abnormalities.
Alterations in the HPA axis in the obese state may also lead to thyroid dysfunction. The release of thyroid-stimulating hormone (TSH) from the anterior pituitary is inhibited by elevated cortisol [107], whereas circulating TSH is positively correlated with BMI and leptin, although obese subjects had a similar thyroid hormone profile as healthy counterparts [108]. Free triiodothyronine (T3) and total T3 levels in obese subjects were further positively correlated with TSH [109]. The slight increase in TSH and T3 may result from enhanced gene expression in the PVN guided by leptin [110]. Increased T3 was postulated to be an adaptation to the positive energy balance in the obese state as T3 promotes energy expenditure [111]. However, lower expression of TSH and T3 receptors were found in the adipose tissue of obese patients, leading to more free TSH and T3 but less negative feedback, which further stimulates the production of TSH and T3, eventually leading to thyroid hormone resistance and thyroid dysfunction [110] (summarized in Fig. 1).[image: ../images/12986_2020_513_Fig1_HTML.png]
Fig. 1Endocrine disruptions in the obese state. Increased fat mass in obesity results in greater secretion of leptin from adipose tissue, while the expression of leptin receptor and transport of leptin across the blood–brain barrier (BBB) are reduced, leading to lowered leptin signaling and eventually leptin resistance. Sequentially, kisspeptin, which is modulated by leptin, is lowered, leading to hypogonadism in obese males and hyperandrogenism in obese females through the regulation of the hypothalamic-pituitary–gonadal (HPG) axis. Meanwhile, expansion of β-cell mass in the obese state is associated with increased production of insulin, which is further exacerbated by leptin resistance, leading to hyperinsulinemia. Hyperinsulinemia also contributes to the disturbance in sex hormones in obese males and females, which eventually promotes food intake while inhibiting lipid mobilization. Increased food intake inhibits the secretion of ghrelin, resulting in decreased production of growth hormone (GH) and reduced lipid mobilization. Moreover, an increase in fat mass in the obese state promotes the release of thyroid-stimulating hormone (TSH), which then increases the activation of triiodothyronine (T3) via the hypothalamic-pituitary-thyroid (HPT) axis, while the expression of TSH receptor is lowered in the obese state, leading to reduced negative feedback and more release of free TSH and T3 into the circulation. These events lead to thyroid dysfunction and reduced energy expenditure which eventually contribute to fat mass accretion. Finally, obesity is associated with increased production of cortisol and hyperactivation of the hypothalamic–pituitary–adrenal (HPA) axis, which abnormally modulates stress responses later on, thereby influencing food intake and in turn fat mass


In summary, accretion of excessive adipose tissue induces changes in the endocrine system, which results in altered appetite, reproduction and stress responses. Such changes in turn negatively affect lipid metabolism and adipocyte function, eventually exacerbating the obese and inflammatory state and may induce other chronic metabolic diseases.
Genetic association of obesity and lipid metabolism
Endocrine changes in obesity are associated with differences in gene expression regulation, which can be affected by genetic background or epigenetic modifications. There are two types of genetic obesity—monogenic, which results from a single gene mutation with or without syndromes like cognitive defects, and polygenic, which is caused by the interplay of multiple genes with moderate interaction with the environment [112].
Monogenic obesity is rare and often causes early-onset and severe obesity. The genetic causes of syndromic monogenic obesity are not fully elucidated to date, while all genes that contribute to non-syndromic monogenic obesity are involved in energy homeostasis through the leptin-melanocortin pathway [113].
Polygenic obesity is the most common form of obesity. Meta-analysis of large-scale genome-wide association studies (GWAS) identified 941 near-independent BMI-associated single nucleotide polymorphisms (SNPs) [113], most of which were within 138 differentially expressed genes involved in neurogenesis and development of the central nervous system [114]. Loci associated with obesity overlapped with genes involved in appetite and energy regulation, lipid metabolism and adipogenesis, as well as insulin secretion and action [112]. Moreover, both familial and twin studies showed that total body fat mass as well as regional fat mass (e.g. trunk fat and lower body fat) are heritable [115].
A recent GWAS revealed SNPs in/near 25, 6 and 26 genes known to be independently associated with arm, leg and trunk fat ratios (calculated by dividing corresponding depot fat mass by total body fat mass), respectively, with another 36 genes being associated with both leg and trunk fat ratios, 3 genes associated with both arm and trunk fat ratios, and 1 gene associated with both arm and leg fat ratios [116]. Only one locus near the gene a disintegrin and metalloproteinase with thrombospondin motifs-like 3 (ADAMTSL3) was associated with fat ratios in all three depots [116]. ADAMTSL3 was previously found to be associated with waist and hip circumferences [117]. Moreover, whole-exome sequencing revealed one mutation in ADAMTSL3 that is associated with type II diabetes in a Japanese family [118]. It was also found to be differentially expressed in hepatic insulin resistant subjects [119]. Mutations in ADAMTSL3 has also been associated with plasma HDL level alteration in families with premature coronary artery disease and acute myocardial infarction [120]. These studies suggest that SNPs in ADAMTSL3 contribute to abnormal lipid and glucose metabolism in obesity. Sex-stratified analyses further revealed higher SNP heritability of all traits in females (~ 21–25%) than in males (~ 11–15%), with the majority of variants being associated with leg and/or trunk fat ratios [116]. SNPs of genes related to ECM maintenance and remodeling as well as cell-ECM interaction enriched in reproductive, musculoskeletal and adipose tissues were highly associated with leg and trunk fat ratios in females, but not males, indicating a critical role of ECM regulatory genes in the variability of female body fat distribution [116]. ECM maintenance is essential for adipocyte function and insulin secretion. ECM components like fibronectin, membrane type 1-matrix metalloproteinase, secreted protein acidic and rich in cysteine, collagen I and collagen VI regulate adipocyte differentiation, maturation and hypertrophy [121]. In obese humans, expression of collagen VI, α3 is decreased in sWAT, which can be reversed by weight loss, whereas leptin dose-dependently reduced its expression in vitro [122], indicating a protective role of leptin to prevent fibrosis. Mutation of the α3 chain of collagen V in ECM resulted in reduced adipocyte GLUT4 translocation and eventually insulin resistance in mice [121]. In turn, insulin also regulates the maturation of ECM components through post-transcriptional processing mediated by protein modifying and processing enzymes [123].
One study using genetic risk score, which aggregates multiple SNPs as they are inherited together from the parents, suggested that genes involved in sex hormone as well as SHBG production were also associated with vWAT accumulation [9]. Additionally, differences in sex hormone production and sex-specific body fat distribution patterns are also associated with the number of X chromosomes, as males with an extra X chromosome (e.g. Klinefelter syndrome) had less testosterone production and higher abdominal adiposity, which may be explained by the variants of genes inducing the escape of X inactivation [9].
In summary, genetic factors may predispose a person to obesity by altering central and peripheral regulation of energy homeostasis. Moreover, heritability also provides explanation for regional fat mass differences among individuals. Such heritability is more significant in females than males, which is associated with sex hormone and X chromosome activity.
Epigenetic modifications in obesity and effects on adipose tissue metabolism
Epigenetic changes are modifications such as methylation, acetylation, phosphorylation, ubiquitination, and SUMOylation that are attached to either the DNA or histone proteins [124]. These changes are important gene expression regulatory mechanisms and can be heritable. One of the first large scale epigenome-wide association studies (EWAS) in adults from European origin revealed that methylation in intron 1 of hypoxia inducible factor 3 alpha subunit gene (HIF3A), which regulates cellular oxygen concentration and promotes adipocyte differentiation, was positively correlated with BMI in both whole blood and sWAT [125]. Further investigation revealed that methylation of the same locus in HIF3A was higher in vWAT than that in sWAT, which corresponded to lower mRNA expression in vWAT relative to sWAT in the middle-aged Caucasian population. HIF3A methylation in vWAT was positively correlated with sWAT, vWAT, and hip fat masses and negatively correlated with adiponectin levels after adjusting for age, gender and BMI, while that in sWAT was negatively correlated with age [126]. Moreover, greater methylation of HIF3A at the same position in blood DNA was also observed in obese children [127], whereas modulation of HIF3A methylation status by nutrients suggested that methylation is the consequence, but not cause of obesity [128]. Consistent with this conclusion, although EWAS identified over 370 CpG sites being associated with BMI, thus far, Mendelian randomization and longitudinal studies have provided evidence that changes in BMI preceded the changes in DNA methylation, and the strength of BMI-methylation association varied among ethnic groups [129]. As reviewed in [112], EWAS also showed that differentially methylated genes involved in adipogenesis, lipogenesis, fatty acid oxidation, lipoprotein metabolism as well as insulin signaling and inflammation in sWAT and/or vWAT were related to obesity traits, and about 30% of the methylated loci were further associated with the nearby SNPs, which may suggest a role for SNP-directed DNA methylation and sequential gene expression changes in obesity. A recent methylome-wide association study demonstrated that males and females with abdominal obesity shared over 75% similarities in methylation patterns in white blood cell DNA [130]. Candidate gene methylation analyses support the results from EWAS in that methylation in genes involved in appetite regulation and lipid metabolism in adipose tissue was associated with body fat mass and fat distribution, plasma triglyceride and lipoprotein levels, and genes involved in circadian rhythm regulation were also associated with obesity-related traits [112]. It should be noted that most of the EWAS recruited middle-aged Caucasian males and females although epigenetic status changes upon aging and epigenetic patterns and the strength of the association with obesity-related traits differs among ethnic groups [129]. Epigenetic status is highly influenced by environmental factors such as diet, physical activities, and medication, and methylation of the same gene in different tissues or depots may also differ [112]. Therefore, future research should focus on a wider range of ages in different ethnic groups with the comparison of methylation status in various tissues/adipose depots.
PPARγ is the master transcriptional regulator that is indispensable for adipogenesis. Decreased adipose tissue expression of PPARγ in obesity is associated with inflammation, lipodystrophy as well as insulin resistance [131]. Methylation of PPARγ in sWAT is positively correlated with vWAT mass [132], and PPARγ expression is lower in vWAT than sWAT [133]. Pax transactivation domain-interacting protein promotes the trimethylation of histone 3 lysine 4 (H3K4) and the enrichment of H3K4 methyltransferases in the promoter region to activate PPARγ [134]. Acetylation of H3K9 and H3K27 in the promoter region of PPARγ increases during adipogenesis, together with downregulation of deacetylases, which inhibits adipogenesis [135]. Activated PPARγ upregulates the expression of SET domain bifurcated 8—a histone lysine methyl transferase that monomethylates H4K20, which in turn further enhances the expression of PPARγ, as well as its downstream targets in adipogenesis [135].
Trimethylated H3K4 was also enriched in the promoter region of LPL and IL-6 in normoglycemic morbid obese subjects (BMI > 40 and glucose < 100 mg/dL), and positively correlated with BMI and insulin resistance [136]. Also, there was reduced histone deacetylase 6 in the abdominal vWAT of obese subjects, which was associated with impaired deacetylation of cell death-inducing DNA fragmentation factor alpha-like effector C, leading to the fusion of lipid droplets and thus the accumulation of fat in the obese state [137].
Stress-induced epigenetic changes in energy metabolism
Environmental factors, such as mental or nutritional stressors or pollutants, can contribute to the onset of obesity through epigenetic modifications. Maternal undernutrition during gestation causes hypermethylation of LEP and increased risk of dyslipidemia in the offspring [138]. Similarly, maternal overnutrition induces epigenetic changes in the offspring. Offspring from rats fed a HFD throughout gestation and lactation had higher body weights, increased sWAT and vWAT masses, and hyperleptinemia at weaning compared to those from low fat diet (LFD) fed dams [139]. Moreover, the greater body weight, epididymal fat mass as well as the higher calorie intake persisted into adulthood, even when they were switched to a LFD, compared to their LFD counterparts whose dams also consumed the LFD [139]. At the molecular level, mRNA abundance of Npy and Agrp decreased, while leptin receptor expression increased in the ARC of the offspring from HFD-fed dams, which was accompanied by hypermethylation of the promoter and enhancer regions of hypothalamic Pomc at weaning. While the expression of Npy and Agrp became comparable in LFD-fed offspring from either HFD- or LFD-fed dams, greater leptin receptor expression and hypermethylation in the promoter, but not enhancer of Pomc persisted in LFD-fed offspring from HFD-fed dams at 17 weeks after weaning. No methylation difference was detected in offspring fed either the LFD or HFD that were from LFD-fed dams, indicating the critical role of long-term maternal overnutrition in epigenetic alterations associated with appetite regulation and adipose tissue physiology in the offspring [139]. Indeed, in term placenta from obese women there was lower expression of leptin receptor and adiponectin receptors, DNA hypermethylation of LEP on the fetal side, as well as hypo- and hypermethylation of adiponectin and adiponectin receptor 2, respectively, on the maternal side, compared to the age-matched healthy women [140]. Changes in the enrichment of dimethylated H3K9—a transcriptional repressor in the promoter of adiponectin and monomethylated H4K20—a transcriptional activator in the promoter of leptin also contributed to maternal obesity-induced alterations in leptin and adiponectin expression in the offspring, which was associated with abnormalities in adipose tissue metabolism [141].
Maternal mental stress is also involved in the pathogenesis of obesity in the offspring through epigenetic modifications. Hypermethylation of glucocorticoid receptor gene NR3C1 and 11β-HSD2 was observed in the cord blood of infants exposed to maternal mental stress [142]. 11β-HSD2 inhibits the conversion of cortisone to its active form cortisol and is highly expressed in the placenta [143]. Hypermethylation of 11β-HSD2 and NR3C1 could result in lowered 11β-HSD2 activity and lowered binding of cortisol, leading to elevated free cortisol in the offspring which causes alteration in the HPA axis as well as the propensity to accumulate vWAT [38]. The positive correlation of prenatal stress exposure and offspring glucocorticoids is conserved in 14 vertebrate species according to a meta-analysis [144]. However, there are conflicting results for the effect of maternal stress exposure on offspring cortisol in human studies because cortisol/glucocorticoid levels can be affected by sample type (hair, saliva or urine), sampling time (day or night) and the age of the offspring (at birth, childhood, adolescence or adulthood), etc. [145]. Thus, one should exercise caution in drawing too many conclusions from these studies.
Long-term stress-induced chronic elevation of glucocorticoids results in over-production of leptin from adipose tissue and insulin from the pancreas, thereby reducing the sensitivity of leptin and insulin in the brain, which sequentially leads to leptin and insulin resistance and loss of appetite suppression by inhibiting NPY/AgRP neurons in the ARC [146]. Chronic stress also enhances the preference for sweet and fatty foods, which is attributed to the alteration of the mesolimbic dopamine reward system due to consistently elevated glucocorticoids [147]. Frequent ingestion of highly palatable foods repeatedly stimulates the reward system and in turn reduces the dopaminergic pathways in the brain, leading to a higher threshold of comfort feelings from palatable food, which results in overeating and obesity [147]. The gene promoters for tyrosine hydroxylase and the dopamine transporter, which are involved in dopamine synthesis and transport, respectively, were highly methylated in the ventral tegmental area (VTA)—the central reward circuitry, while those in the hypothalamus were hypomethylated compared to rats without HFD-induced obesity. These methylation differences were negatively correlated with mRNA quantities in the brain and corresponded to increased food intake but a blunted response to highly palatable food [148]. Chronic HFD ingestion also decreased the expression of μ-opioid receptor in the VTA of adult male mice, which was associated with increased DNA and H3K9 methylation, increased binding to methyl CpG-binding protein 2 and decreased acetylation of H3 in the promoter region [149]. Additionally, HFD induced hypermethylation at the promoter region of Lep and Pparg2 (encoding PPARγ isoform 2 in mice) in the vWAT, but not sWAT, in adult male mice, whereas vWAT mRNA and circulating leptin were increased and Pparg2 expression was decreased in vWAT [150]. Increased global methylation in T cells, B cells and T-cytotoxic cells were also observed in the peripheral blood of HFD-fed pigs, and was associated with the increased infiltration of macrophages in vWAT and the maintenance of inflammation in adipose tissue [151]. In summary, these results suggest that abnormalities in appetite regulation induced by chronic stress exposure during adulthood promotes excess ingestion of highly palatable food and increases adiposity through epigenetic modification of genes encoding factors that are involved in lipid metabolism and the immune response, which together contribute to the onset of metabolic diseases.
Conclusions and implications for future research
In summary, reduced lipid mobilization and exacerbated inflammation within adipose tissue in the obese state is mainly attributed to the insensitivity/resistance of hormones driven by obesity-induced overproduction. Traits associated with appetite regulation, lipid metabolism and inflammation are heritable in obesity. Physiological changes may precede the epigenetic modifications observed in obese patients, whereas exposure to stressors during early- and later-life could promote the pathogenesis of obesity through epigenetic modifications directly in adipose tissue or through central (hypothalamic) regulation of the stress response and feeding behavior.
Epigenetic modifications are sensitive to the type and intensity of the stressors. While experimental animals can be confined to the same housing and nutritional regimen, the human epigenome is affected by diverse factors in the environment [152]. It is important to bear in mind that epigenetic modifications may not necessarily cause changes in gene expression. Thus, future research should integrate the results of epigenetic changes and gene/protein expression changes, and the analyses should incorporate environmental variables. Moreover, although studies have been carried out with rodents, focusing on the effect of maternal overnutrition and distress on metabolic alterations in the offspring, there is little knowledge at the molecular level, especially the direct epigenetic changes in adipose tissue. It is of vital importance to understand the role of epigenetic modifications in stress-induced alterations in adipose tissue physiology and corresponding mechanisms. Such information is critical to facilitate the identification of novel preventative strategies and therapeutic targets to manage stress-induced obesity and metabolic diseases.
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