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Abstract

:

The concept of Developmental Origin of Health and Disease (DOHaD) postulates that adult-onset metabolic disorders may originate from suboptimal conditions during critical embryonic and fetal programming windows. In particular, nutritional disturbance during key developmental stages may program the set point of adiposity and its associated metabolic diseases later in life. Numerous studies in mammals have reported that maternal obesity and the resulting accelerated growth in neonates may affect adipocyte development, resulting in persistent alterations in adipose tissue plasticity (i.e., adipocyte proliferation and storage) and adipocyte function (i.e., insulin resistance, impaired adipokine secretion, reduced thermogenesis, and higher inflammation) in a sex- and depot-specific manner. Over recent years, adipose progenitor cells (APCs) have been shown to play a crucial role in adipose tissue plasticity, essential for its development, maintenance, and expansion. In this review, we aim to provide insights into the developmental timeline of lineage commitment and differentiation of APCs and their role in predisposing individuals to obesity and metabolic diseases. We present data supporting the possible implication of dysregulated APCs and aberrant perinatal adipogenesis through epigenetic mechanisms as a primary mechanism responsible for long-lasting adipose tissue dysfunction in offspring born to obese mothers.
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1. Introduction


Childhood obesity represents a pressing global public health challenge that requires effective preventive measures [1,2]. Numerous observational studies conducted in humans have demonstrated a connection between exposure to maternal obesity during perinatal development and an increased risk of obesity and metabolic disorders later in life [3,4,5,6,7,8]. This finding aligns with the principles of the Developmental Origins of Health and Disease (DOHaD) hypothesis, which suggests that the predisposition to obesity can be influenced during fetal development [9]. The DOHaD hypothesis emphasized that improving maternal well-being can, in turn, positively impact the health of offspring. This underscores the importance of focusing on maternal metabolic health as a new, valuable clinical treatment. However, there are ethical challenges in empirically investigating the DOHaD hypothesis at the cellular and molecular levels due to restrictions related to accessing fetal tissue.



The developmental origin of obesity perpetuates a concerning cycle of metabolic diseases that persist across generations. In recent decades, there has been a two-fold increase in obesity and its related metabolic disorders, reaching epidemic proportions [10]. Primary factors contributing to the development of type 2 diabetes (T2D) include obesity and the dysfunction of white adipose tissue (WAT), which lead to insulin resistance [11]. It is important to note that insulin resistance can initiate locally within hypertrophic adipocytes long before glucose intolerance becomes apparent [12]. When WAT’s capacity for expansion is exhausted, surplus fat begins to accumulate in other tissues, such as skeletal muscle and the liver, resulting in systemic insulin resistance [13,14]. Additionally, chronic inflammation within WAT plays a pivotal role in triggering insulin resistance and T2D in individuals with obesity [11]. Indeed, the restructuring of WAT due to obesity triggers local inflammatory responses that can extend systemically, culminating in widespread insulin resistance and T2D [11,15,16].



The adaptability of WAT to an obesogenic environment, specifically its ability to sequester and buffer toxic lipids, relies on a resident pool of adipocyte progenitor cells (APCs) that can be enlisted for adipogenesis. Recent research has pinpointed the late fetal and lactation periods as critical developmental windows that establish the number and characteristics of APCs, influencing the trajectory of fat accumulation throughout childhood, adolescence, and adulthood [17,18,19]. These groundbreaking studies underscore the perinatal environment as a pivotal regulator of postnatal adiposity and adipose tissue plasticity. Nevertheless, the impact of maternal obesity on APCs within the offspring’s WAT remains largely unexplored.



In this review, we aim to provide insights into the developmental timeline of lineage commitment and differentiation of APCs and their role in predisposing individuals to obesity and metabolic diseases. We will also summarize the potential role of aberrant perinatal adipogenesis as a primary mechanism responsible for the programming of obesity and its associated complications in offspring born to mothers with obesity or diabetes during pregnancy.




2. Maternal Health and Determination of Metabolic Programming in Offspring


The concept of the DOHaD suggests a connection between early developmental environmental factors and the predisposition to metabolic disorders in later life. This concept posits that an inadequate nutritional environment during the perinatal period, whether due to undernutrition or overnutrition, can program or imprint the development of key tissues responsible for regulating energy balance. This programming can lead to lasting physiological changes, resulting in disrupted energy balance and the development of metabolic diseases, such as obesity and T2D [20].



The concept, originally known as the Barker hypothesis or fetal programming, originated from epidemiological studies. David Barker was the first to observe a link between intrauterine growth retardation and low birth weight, and an increased risk of metabolic syndrome-related diseases in adulthood [20]. The Dutch famine of 1944–1945 is an illustration of the offspring of famine-exposed mothers exhibiting low birth weight and a higher incidence of dyslipidemia, obesity, and T2D in later life [21]. More recently, adults born during the Chinese famine of 1959–1961 were also found to have an increased susceptibility to overweight and T2D, significantly contributing to China’s current T2D epidemic [22]. David Barker introduced the notion of a “thrifty phenotype”, highlighting the importance of development on metabolic health in adulthood. He argued that nutritionally inadequate conditions during pregnancy not only affected fetal growth but also triggered enduring alterations in insulin secretion and glucose metabolism [23]. Among individuals born with low birth weight who had rapid catch-up growth due to postnatal hypercaloric nutrition, a significant acceleration in the development of adult-onset diseases was observed [24]. As suggested by the predictive adaptive response concept, the degree of incongruity between the prenatal and postnatal environments stands as the central paradigm in developmental metabolic programming [25].



In recent decades, there has been a concerning global surge in the prevalence of obesity and T2D, overshadowing the issue of malnutrition. A growing number of children are now exposed to intrauterine conditions characterized by maternal obesity and other metabolic complications, including T2D, hypertension, and dyslipidemia [26]. Even in cases where mothers are not obese, metabolic challenges during pregnancy, such as excessive gestational weight gain and elevated maternal blood glucose levels, exert a significant impact on fetal growth and may result in long-term consequences [27]. Children born under these circumstances are at risk of facing an obesogenic environment during both childhood and adulthood. Therefore, it is crucial to conduct solid research to gain further insights into the long-lasting impacts of maternal obesity and gestational metabolic dysfunctions.



Elevated maternal blood glucose levels are associated with increased fetal growth, a condition known as macrosomia [28]. According to the Pedersen hypothesis, macrosomia results from the transplacental transport of glucose in the presence of maternal hyperglycemia, which leads to increased insulin secretion from the fetal pancreas [29]. Substantial evidence, including findings from the Hyperglycemia and Adverse Pregnancy Outcome (HAPO) study, emphasizes the pivotal role of maternal hyperglycemia. The HAPO study established a clear linear relationship between maternal glucose levels and birth weight [30]. However, it is now recognized that other factors, such as maternal obesity, also significantly contribute to the risk of obstetric complications and the promotion of excessive fetal adiposity [9,27]. Epidemiological evidence underscores a positive correlation between maternal body mass index (BMI) and the future health of offspring, particularly increasing the likelihood of cardiovascular diseases and T2D [31,32]. Children born to mothers who lost a significant amount of weight following bariatric surgery exhibit a lower prevalence of overweight and obesity and improved cardiometabolic indicators during adolescence compared to their siblings born before their mothers underwent the surgical procedure [33]. Additionally, infants with macrosomia born to mothers with gestational diabetes mellitus (GDM) face an increased risk of developing metabolic syndrome during childhood [3]. Some studies have also demonstrated that the offspring of mothers with GDM have a heightened susceptibility to obesity, T2D, and/or impaired insulin sensitivity and secretion [34]. Furthermore, a study investigated the relationship between maternal BMI and offspring adiposity, using a sample of 105 mother-infant pairs examined approximately two weeks after delivery. The study revealed significant positive correlations between maternal BMI and newborn adiposity. For each incremental increase in maternal BMI, there was an approximately 8 mL increase in WAT volume, illustrating a robust and direct connection between maternal body composition and the developmental expansion of WAT [35]. Thus, siblings born after their mother had lost weight were less obese and exhibited improved cardiometabolic risk profiles persisted into adulthood, compared to their siblings born when their mother was obese [36]. Maternal obesity may have immediate effects, such as impaired organ growth during development, while other effects, such as metabolic programming, may manifest later in response to further stimuli [37]. In mice, offspring born to females with GDM exhibit multiple metabolic dysfunctions in adulthood, including increased body weight, hyperphagia, and insulin resistance [38]. In conclusion, there is evidence supporting the notion that both maternal adiposity and glucose levels contribute to excess fat accumulation in the fetus.



Nonetheless, a significant revelation highlights the enduring influence of early postnatal overnutrition, resulting in persistent changes in energy balance and increased susceptibility to obesity and insulin resistance throughout adulthood. It is noteworthy that maternal obesity during lactation in rodents has more adverse metabolic consequences on offspring than maternal obesity during pregnancy [39]. These findings underscore the significance of early childhood as a critical developmental phase in which nutritional challenges or metabolic imbalances carry long-term consequences on body weight regulation. There is substantial evidence indicating that maternal obesity significantly affects milk composition. Obese rats produce milk with higher energy and fat content compared to lean rats. Additionally, feeding rats a Western-style diet during lactation reduces milk protein and increases milk fat [40,41,42,43,44]. In humans, maternal body adiposity is correlated with the concentration of leptin in breast milk [45,46,47,48,49]. Furthermore, both maternal serum and breast milk levels of adiponectin are inversely related to infant weight and abdominal circumference [50]. Nevertheless, the exact role played by adipokines in maternal milk in the metabolic programming of offspring remains an area of ongoing research [45]. Given the influence of obesity on adipokine levels in both plasma and breast milk, along with its ability to alter the nutrient composition of milk, it has been demonstrated that maternal obesity negatively affects breastfeeding success in humans and lactation performance in rodents [45,51]. Furthermore, the duration of lactation plays a pivotal role in metabolic programming [45]. Extending the lactation period has been found to effectively protect rat pups against diet-induced obesity in adulthood by enhancing brown adipose tissue (BAT) [52]. In contrast, early weaning has been shown to lead to increased adiposity, insulin resistance, and dyslipidemia in adult rats [53].



The adverse consequences of maternal obesity seem to become apparent during developmental periods where epigenetic processes are highly dynamic and sensitive to environmental cues. The most sensitive period for epigenetic programming of WAT is during adipogenesis, which marks the differentiation of APCs into mature adipocytes [9]. However, it is important to note that the timing of this critical window can vary among different species. Although there is no definitive evidence establishing a direct link between maternal obesity and predisposition to adiposity in offspring, different animal studies have provided valuable insights into the potential mechanisms underlying this connection [37,54].




3. Adipose Tissue Organogenesis


3.1. Role of Adipose Tissue


Adipocyte roles extend beyond their ability to store excess calories as fat in large droplets. Although this energy storage is advantageous from an evolutionary perspective, it is a feature exclusive to vertebrates [55]. Besides their role as energy depots, adipocytes offer various other vital functions. For instance, in colder climates, animals tend to have more adipose tissue, which provides better insulation and the ability to generate heat [56]. Adipocytes also act as cushions, particularly in areas exposed to mechanical stress, like the palms, buttocks, and heels [11]. Internally, adipose tissue cushions vital organs such as the heart, adrenal glands, kidneys, and ovaries. Furthermore, in warm-blooded mammals, there is a distinct class of adipocytes, called brown or beige/brite adipocytes, which originates from the browning of subcutaneous WAT, which plays a key role in energy expenditure and heat generation [57]. Adipocytes respond to the body’s signals by either storing or releasing nutrients upon requirement. During times of nutrient shortage, where blood glucose levels drop, hormones like glucagon or noradrenaline stimulate adipocytes. These signals activate lipases, enzymes responsible for breaking down stored fats, resulting in the release of non-esterified fatty acids and glycerol from lipid droplets into the bloodstream [58]. These released nutrients are then utilized by organs like the liver and skeletal muscles. Conversely, during nutrient abundance, insulin inhibits lipases and promotes glucose uptake and de novo lipogenesis [58]. These lipids are then stored in lipid droplets to save the excess nutrients for later use. During obesity-related metabolic decline, genetic and epigenetic modifications leading to increased collagen and inflammatory cytokine production, cell senescence, and death restrain the capacity of adipocytes to effectively respond to various external signals, particularly insulin [11,15,16,59,60]. This leads to higher levels of glucose and lipids in the bloodstream.




3.2. Adipose Tissue Development


The primary development of adipose tissue and adipogenesis occurs during the critical phases of pregnancy and lactation, during which alterations in the perinatal environment likely imprint lasting changes in the characteristics of offspring adipose tissue. In rodents, adipogenesis is active during the perinatal period, primarily during the last week of gestation. The initial appearance of fat cells is observed between the 14th and 18th days of gestation, and this process intensifies during early postnatal life, extending until puberty [17,18,61,62,63]. Subcutaneous inguinal adipocytes emerge during the perinatal period, while most intra-abdominal depots develop after birth [64]. It is noteworthy that more than half of visceral adipocytes and over 20% of subcutaneous adipocytes in adult mice emerge from the differentiation of APCs during the early pubertal period, specifically between postnatal days 18 and 34 [18].



In humans, adipogenesis and development of adipose tissue predominantly occur before birth. The onset of adipogenesis typically begins around the 14th to 17th week of gestation, initially forming clusters of fat lobules [65]. This process initiates in the head and neck region, subsequently extending to the trunk and later to the limbs [65,66]. By the 28th week of gestation, fat depots become more organized [65]. Following birth, both the number and size of adipocytes increase. In a cross-sectional study involving children, adipocyte size reaches adult levels between 6 months and 1 year of age and then gradually decreases between one and two years [67]. The number of adipocytes experiences another surge during adolescence [68]. Therefore, the quantity of adipocytes within a specific depot is predominantly established during early life and remains relatively constant throughout adulthood [68]. However, recent studies suggest that adipogenesis may indeed contribute to the expansion of adipose tissue through hyperplasia in adults, albeit with notable regional variations [69]. BAT was initially documented in 1551 by Conrad Gesner, a Swiss naturalist, in the interscapular region of marmots. In 1902, when Hatai first described BAT in human embryos, it was referred to as “an interscapular gland corresponding to the so-called hibernating gland of lower animals” [70]. In contrast to WAT, BAT tissue emerges before WAT and is readily identifiable at birth in most mammals [71].




3.3. Adipogenesis


Adipocytes originate from multipotent mesenchymal stem cells (MSCs). Adipogenesis commences with MSCs committing to the adipogenic lineage, followed by their differentiation into preadipocytes [72,73,74]. These preadipocytes then undergo terminal differentiation to become mature adipocytes, capable of storing lipids in large monolocular lipid droplets and exhibiting endocrine functions. In contrast to our relatively limited understanding of the commitment phase, it is apparent that the adipogenic commitment process involves the integration of various pro- and anti-adipogenic growth-factor signals. Canonical WNT pathways (especially WNT5, WNT6, WNT10a, and WNT10b), TGFβ, and platelet-derived growth-factor (PDGF) signaling have been demonstrated to inhibit adipogenesis [72,73,75]. On the other hand, pro-adipogenic signals encompass insulin, bone-morphogenic-protein (BMP) signaling (especially BMP2 and BMP4), and extracellular matrix (ECM) composition and associated stiffness [11,73]. For instance, BMP2 and BMP4 activate SMAD4 and its heterodimeric partners. Activated SMAD4, in turn, promotes terminal differentiation in preadipocytes by stimulating the transcription of PPARγ [76]. Notably, BMP4 induces the nuclear entry of the PPARγ transcriptional activator, zinc-finger protein 423 (ZFP423) [77], by dissociating an intracellular protein complex between Wnt1-inducible-signaling pathway protein 2 (WISP2) and ZFP423. This complex dissociation allows ZFP423 to enter the nucleus, thus activating PPARγ transcription and committing precursor cells to the adipocyte lineage [77]. The activation of PPARγ stimulates the expression of numerous genes defining terminally differentiated adipocyte phenotypes [78,79,80]. During adipogenesis, epigenetic mechanisms are thought to be crucial in orchestrating the activity of transcription factors and chromatin conformation changes in the developmental program of APCs [74,78,81,82,83,84]. Epigenetic mechanisms during adipogenesis have been previously reviewed in detail in [73,74,82,84,85]. Thus, in the context of the DOHaD, epigenetic remodeling during adipogenesis and their persistence (consistent with modified gene expression levels) may act as a “memory” for the perinatal environment experienced sensitizing offspring to obesity and its associated metabolic diseases later in life.




3.4. Formation of the Progenitor Cell Reservoir during Fetal Development


Adipose tissue can primarily expand in two ways: hypertrophy, which is the enlargement of existing adipocytes, and hyperplasia, which entails the formation of new adipocytes from preadipocyte precursors. Although the number of adipocytes in a specific depot is mainly established early in life and remains relatively stable through adulthood, differentiated adipocytes can significantly increase in size. However, recent studies in rodents have revealed that, during extended periods of excess calorie intake, new adipocytes can develop from preadipocytes, contributing to the expansion of adipose tissue [64,86,87,88,89]. These adult preadipocytes are typically fibroblast-like and often found near blood vessels [90,91,92]. The balance between hypertrophic expansion and adipogenesis in an individual significantly influences their metabolic health [68,93,94,95]. The establishment of APCs and adipocyte populations in adipose tissue occurs during early development, making the perinatal phase a crucial period that determines the trajectory of rapid fat accumulation during the neonatal and pubertal stages of development [9,18,68,96]. This perinatal phase programs the setpoint for adiposity in the long term [97].




3.5. Developmental Origin


Growing evidence indicates that fetal and adult adipogenesis are governed by distinct precursor cell populations and transcriptional regulatory mechanisms. Thus, distinct cell compartments may control adipose tissue development and homeostasis. Two distinct phases of adipocyte generation have been identified, originating from two independent APC sub-populations. One becomes active during the perinatal period, contributing to the development of adipose tissue, while the other is activated in adulthood for adipocyte turnover and the generation of new adipocytes if necessary. Despite both developmental and adult APCs being specified during the developmental period and expressing PPARγ, they exhibit distinct microanatomical, functional, morphogenetic, and molecular profiles [92].



In terms of cell population, some studies suggest that adult APCs arise from a specialized cell cluster present in mouse embryos at E10.5. This cluster is characterized by the expression of Pparγ and Dlk1 genes [92,98]. These cells, located in the dorsal mesenteric region, actively contribute to the formation of adipocytes in adulthood and can persist throughout an individual’s life. However, they do not participate in the embryonic development of adipose tissue. These cells migrate to adipose tissue depots through the vascular system [92,98]. Other in vivo studies have shown that during fetal development of inguinal WAT, proliferating CD24+ APCs express Plin1 and Adipoq [99], which are typically associated with mature adipocytes in adults [100]. These CD24+ PLIN1+ ADIPOQ+ APCs reside as clusters and are postnatally distributed along growing adipose vasculature (i.e., mural cell phenotype), in contrast to the adult preadipocytes present in the stromal vascular fraction [99].



At the molecular level, the role of some transcriptional factors is different depending on whether they govern fetal and adult adipogenesis. Thus, it has been observed that C/EBPα, a pro-adipogenic transcription factor, is not necessary for the maturation of APCs in inguinal and perigonadal WAT during postnatal development but plays a critical role in adult adipogenesis [101]. Likewise, the PI3K-AKT2 pathway, which is required for obesity-induced adipogenesis, does not participate in developmental WAT growth [87]. Recent findings also suggest that ZFP423, responsible for activating the master regulator of adipogenesis, PPARγ, plays a crucial role in the terminal differentiation of subcutaneous white adipocytes during fetal adipose tissue development, whereas it is mainly involved in maintaining the fate of white adipocytes in adult mice [102,103,104]. These studies reinforce the notion that developmental and adult APCs might be distinct populations, warranting separate investigation and characterization.





4. Determinants of Adipose Tissue Expansion during Health and Disease


4.1. Adipose Tissue Cellularity


The developmental and metabolic decisions shaping adipocyte cell number are set early in development. Therefore, disrupted formation of APCs and aberrant perinatal adipogenesis may permanently impact the adipocyte hyperplastic capacity, replacement, and overall cellularity throughout life. However, there are considerable inter-individual variations in the number of adipocytes, and the factors that determine this are yet unknown. In adulthood, adipose tissue size typically remains relatively stable under normal conditions but is highly responsive to dietary challenges, particularly high-calorie diets. Therefore, the total number and size of adipocytes largely remain unchanged after adolescence [105,106,107], with the replacement of adipocytes that have been turned over by newly formed adipocytes [68,86,108,109,110]. In young adult mice, it has been observed that approximately 1% to 1.5% of APCs undergo replication each day [111]. Additionally, the rate of adipogenesis in these mice has been estimated to range from 10% to 15% per month [86,110]. In humans, metabolic labeling studies using deuterium have indicated that adipocytes have a half-life of around 6 months, which translates to a turnover rate of approximately 60% per year [112]. However, retrospective studies utilizing radiocarbon (14C) birth dating of cells have indicated a considerably lower annual turnover rate for adipocytes, estimated at approximately 10% [68]. Nonetheless, it is worth noting that this turnover rate tends to gradually decrease with age due to the impaired regenerative capacity of APCs and the aging of the microenvironment [86,96].



In response to an excess of calories, mature adipocytes exhibit remarkable hypertrophic potential, capable of enlarging to several hundred micrometers in diameter [113]. Additionally, the expansion of fat mass can also occur through hyperplasia [64,86,87,88,114,115,116]. Importantly, the capacity to produce new adipocytes from APCs varies across different adipogenic sites (i.e., visceral vs. subcutaneous), and these processes are subject to distinct regulatory mechanisms with diverse outcomes. Studies in rodents suggest that female mice present more APCs in WAT compared to males [64,87,88]. For example, the increase in visceral WAT in males involves a combination of adipocyte hyperplasia and hypertrophy in both mice [64,88,103,117] and humans [118]. In male mice, subcutaneous WAT does not significantly undergo hyperplasia in response to obesogenic stimuli, possibly due to the microenvironmental conditions that suppress the APCs’ potential to undergo adipogenesis [64,87,88]. By contrast, female mice under HFD exhibit APC hyperplasia (probably mediated by estrogen) in both visceral and subcutaneous WAT [88]. Although hyperplasia is influenced by sex hormones in various WAT depots, the precise mechanism by which sex hormones determine adipocyte hyperplasia or hypertrophy is still not fully known [88]. Overall, these data underscore the existence of depot and sex-selective mechanisms governing adipose tissue expansion.




4.2. Adipose Tissue Expansion and Metabolic Diseases


Recent studies suggest that both the quality and quantity of adipose tissue play significant roles in maintaining metabolic health. It is well accepted that the accumulation of hypertrophic visceral WAT in males is detrimental to metabolic health, while hyperplastic subcutaneous WAT in females may be protective [88]. Thus, the impairment of the expandability of WAT (hypertrophy vs. hyperplasia) is considered to be one of the key factors in the development of obesity and related metabolic diseases later in life.



On the one hand, the adipose tissue expandability hypothesis posits that when subcutaneous WAT fails to adequately expand in response to energy stressors, it can lead to ectopic lipid accumulation in other organs (including skeletal muscle and liver), resulting in insulin resistance and type 2 diabetes [13]. In general, adipocyte hypertrophy is associated with a lower number of fat cells and insulin resistance, regardless of sex and body fat levels, whereas adipocyte hyperplasia is associated with better insulin sensitivity [93,95,119]. Thus, the disturbance of adipogenesis is associated with the risk of development of metabolic disorders [120,121], and hyperplastic obesity might have a protective role against such metabolic disturbances [122]. However, some studies indicate that people with insulin resistance or T2D have a higher proportion of small adipocytes, suggesting hyperplasia, compared to healthy individuals. Although there is some debate regarding the role of impaired adipogenesis in causing obesity-related problems [69], data suggest that difficulties in expanding small adipocytes are linked to insulin resistance [123,124,125,126] and that adipocyte number has significant implications for obesity management and prevention.



On the other hand, the adipocyte number hypothesis suggests that obesity in infancy results from an excessive increase in the number of adipocytes, leading to a higher adipocyte count throughout life and making individuals more susceptible to obesity at all ages [127,128]. This hypothesis is based on cross-sectional studies involving individuals without and with obesity [96,129] and validated by animal studies [105,130,131,132]. It aligns with the idea that infants with obesity are highly likely to suffer from it during adulthood [133]. Specifically, accelerated infant growth is linked to a higher risk of developing chronic non-communicable diseases, including obesity, T2D, and cardiovascular disease [134,135,136,137]. Rapid growth during infancy is primarily driven by overfeeding and excessive calorie intake [138,139].



Despite differences in developmental timing, rodents and humans share several mechanisms in WAT expansion. Rodent models have been mainly used to investigate the effects of maternal obesity on WAT development and function and to decipher underlying programming mechanisms. Accelerated neonatal growth can be induced in mice and rats by reducing litter size at birth or overfeeding mothers, leading to rapid weight gain and later metabolic issues like obesity, insulin resistance, and impaired glucose tolerance [140]. These long-term metabolic diseases can be attributed to alterations in the central nervous system, often resulting in increased energy intake or in peripheral tissues, especially adipose tissue, leading to increased lipid storage [9,38,39,141]. In particular, when discussing accelerated perinatal growth, we are referring to the swift accumulation of fat in perinatal WAT depots. This happens because the intrauterine environment and breast milk stimulate the proliferation of APCs, causing more stem cells to become adipocytes or undergo terminal differentiation. It has been recently shown that the number of embryonic APCs alone is decisive for the WAT mass in adult animals [142] (Figure 1). Maternal obesity has been linked to an acceleration in neonatal growth, an enhanced process of adipogenic differentiation within fetal adipose tissue, and an augmentation of central adiposity in offspring at the time of weaning [143,144,145,146]. Notably, these alterations in early-life adiposity can have enduring effects into adulthood (Figure 1). This phenomenon has been observed in various model species, including rodents, sheep, and non-human primates, which have shown an increased predisposition to obesity in the offspring of obese mothers.



In rat models, it has been consistently observed that male offspring of obese dams exhibit adipocyte hypertrophy compared to their counterparts from non-obese mothers [144,147,148,149]. However, the data regarding adipocyte hyperplasia is somewhat conflicting, with some studies suggesting an increase in adipocyte hyperplasia [148] while others indicate impairment [144]. Additionally, while both male and female offspring of obese mothers exhibit increased WAT mass, the mechanisms underlying this expansion seem to be sexually dimorphic. In the case of rat models of maternal obesity, an increase in adipocyte cell size has been observed in males, but this increase is not as pronounced in female offspring [148,149]. However, mechanisms underlying these observed differences between obesity-prone males and females remain elusive. In sheep models, fetuses of obese ewes develop increased fat depots due, at least in part, to adipocyte hypertrophy, particularly during late gestation when compared to fetuses of lean mothers [150,151,152,153] (Figure 1).




4.3. Link between Accelerated Perinatal Growth and Dysfunctional WAT in Offspring


The underlying mechanisms linking accelerated perinatal growth and dysfunctional WAT later in life remain elusive. Recent data suggest that epigenetic modifications could play a role in shaping WAT plasticity [9,154]. These negative effects on WAT development due to perinatal suboptimal nutrition may occur during critical periods, such as gestation and lactation, which establish the pool of APCs. During these phases, adipogenesis is highly active, and APCs are particularly sensitive to epigenetic changes. Fluctuations in energy and metabolic factors within cells, as well as alterations in hormonal signals in their microenvironment, can influence the development of APCs through epigenetic modifications that lead to changes in gene expression. Hence, the alteration of epigenetic marks on APCs during these critical developmental periods might underlie the long-term consequences of inadequate nutrient intake. These epigenetic marks can persist throughout an individual’s life and even be transmitted to future generations, potentially contributing to the transgenerational inheritance of obesity through epigenetic mechanisms. The concept of ongoing modification of early-life epigenetic imprints or memories during adulthood is supported by several studies [9,154].



Several studies have previously shown that both maternal obesity and accelerated growth during lactation can influence the plasticity of offspring’s WAT in obesity-prone rodents via transcriptional alterations in a sex- and depot-specific manner [9,149,154,155]. Recently, using a rat model of maternal diet-induced obesity, our group has reported data supporting the role of maternal obesity in the developmental programming of WAT through epigenetic mechanisms. Maternal obesity has distinct effects on the epigenetic remodeling of the promoter and enhancer sequences linked to higher leptin and lower Pparγ gene expression in both visceral and subcutaneous fat pads during development. It was also showed that epigenetic marks associated with persistent increased leptin and decreased Pparγ mRNA levels (i.e., methylation, hydroxymethylation, and histone post-translational modifications) are retained in a depot-specific manner into adulthood [156,157]. In line with these findings, using a mouse model, a recent study demonstrated that maternal obesity attenuates PPARγ nuclear migration in APCs early in gestation, impairing offspring organogenesis and adipogenesis by increasing preadipocyte proliferation in parallel with precocious lipid accumulation in subcutaneous fat pads [158]. During lactation, active epigenomic remodeling has been observed in the stearoyl-CoA desaturase1 gene (i.e., reduced DNA methylation in Scd1 promoter surrounding a PPARγ-binding region), a key enzyme of lipogenesis in visceral fat pads in obesity-prone male offspring [159]. Consistent with these findings, using a rat model of maternal diet-induced obesity, an increase in Zfp423 mRNA expression levels and reduced DNA methylation in the promoter of stromal vascular cells isolated from visceral fat pads of obesity-prone adult offspring has been reported. These transcriptional and epigenetic modifications were linked to enhanced adipocyte differentiation and accelerated adipogenesis [160]. Another study, using a mouse model of maternal obesity, demonstrated that enhanced adipocyte progenitor cell differentiation and adipogenesis were associated with increased Zfp423 gene expression through persistent epigenetic modifications (i.e., DNA hypomethylation in the promoter) from the fetal period to adulthood [161]. However, exacerbated adipogenesis during perinatal development impairs the proliferation of adipose progenitor cells and WAT plasticity in adulthood [144].



Such a failure in progenitor self-renewal might result in the exhaustion of the pool, as observed in adipose lineage-tracing experiments after prolonged rosiglitazone administration, a strong PPARγ agonist that promotes adipogenesis [114]. These findings shed light on a mechanism for the limited plasticity of WAT in the offspring of obese mothers, suggesting that the APC pool may be predisposed to exhaustion. If future studies confirm this phenomenon, it could emerge as a significant mechanism linking maternal obesity to premature aging and functional decline of WAT. In accordance with this observation of reduced expansion capacity, the offspring’s WAT of obese mothers exhibits larger adipocytes, a characteristic linked to inflammatory responses [162]. This inflammatory state in WAT is a hallmark of obesity-induced metabolic dysfunction resulting in impaired glucose tolerance and insulin sensitivity [11]. In line with these findings, some studies suggest that loss of WAT hyperplastic potential is associated with enhanced susceptibility to insulin resistance [11,86].



In summary, maternal obesity leads to persistent epigenetic changes in key genes that control the development of fat cells in the offspring’s WAT. This may disrupt the renewal of APCs during the expansion of WAT, hindering its ability to undergo further expansion. This process may result in hypertrophy of adipocytes, causing hypoxia and inflammation. These findings shed light on a critical and innovative mechanism connecting maternal obesity to the inflexibility of WAT and metabolic issues in offspring. It also introduces a new avenue for exploring developmental programming by examining epigenetic changes in APCs (Figure 2).





5. Conclusions


Early-life programming is becoming an established concept which states that the environment during early development affects health and disease in adulthood. Based on the DOHaD hypothesis, it will be increasingly important to better understand the involvement of epigenetic mechanisms in the programming of offspring’s APCs from obese dams. Thus, a better knowledge of the epigenomic changes that occur during the processes governing adipogenesis and adipogenic program in response to maternal obesity could be the basis for the development of therapeutic approaches as reprogramming strategies (i.e., nutritional interventions, pharmacological modifications of the epigenome) to reverse these programming effects.
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Figure 1. Perinatal environment plays a crucial role in adipogenesis, shaping both early and adult adipose tissue plasticity. Early-life obesity encourages the formation of fat cells (i.e., higher adipose precursor cells (APCs) proliferation) and programs the expansion of adipose tissue. It may result in exacerbated adipogenesis (i.e., higher hypertrophy and/or hyperplasia) throughout life. On the one hand, these processes may raise the body’s adiposity level, contributing to the onset of childhood obesity that may persist in adulthood. On the other hand, the APCs may deplete prematurely, leading to impaired adipose tissue plasticity and its associated metabolic diseases later in life. 
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Figure 2. Epigenetic memory hypothesis: unraveling the mechanism connecting maternal obesity to adipose tissue dysfunction in offspring. Maternal obesity may create an unfavorable nutritional and hormonal milieu, influencing chromatin remodeling during perinatal adipogenesis. This intracellular remodeling may impact the gene-regulatory machinery and gene expression patterns, resulting in impaired adipocyte function. The epigenomic changes initiated in the perinatal period may persist into ad