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Abstract: According to the Developmental Origin of Health and Disease (DOHaD) concept, maternal 
obesity and the resulting accelerated growth in neonates predispose offspring to obesity and associated 
metabolic diseases that may persist across generations. In this context, the adipose tissue has emerged 
as an important player due to its involvement in metabolic health, and its high potential for plasticity 
and adaptation to environmental cues. Recent years have seen a growing interest in how maternal obe-
sity induces long-lasting adipose tissue remodeling in offspring and how these modifications could be 
transmitted to subsequent generations in an inter- or transgenerational manner. In particular, epige-
netic mechanisms are thought to be key players in the developmental programming of adipose tissue, 
which may partially mediate parts of the transgenerational inheritance of obesity. This review presents 
data supporting the role of maternal obesity in the developmental programming of adipose tissue 
through epigenetic mechanisms. Inter- and transgenerational effects on adipose tissue expansion are 
also discussed in this review. 
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1. INTRODUCTION 

 Obesity and associated metabolic diseases have become a 
global epidemic over the past decades. Obesity is defined as 
an increased body weight due to excessive accumulation of 
white adipose tissue (WAT) [1]. It is associated with the 
development of type 2 diabetes mellitus, nonalcoholic fatty 
liver disease, cardiometabolic diseases, some types of can-
cers, asthma and neurodegenerative diseases [1]. The world-
wide prevalence of obesity has nearly tripled since 1975, 
with 13% of the world’s adults being obese [2]. Environ-
mental factors such as overnutrition, sedentary lifestyle and 
chemical exposure are the major contributors to the rapidly 
increasing prevalence [1]. Indeed, genetic variation only 
accounts for a modest proportion (<10%) of the risk of de-
veloping obesity at the population level [3]. This modest 
effect has heightened interest in identifying the “missing 
heritability” on the risk of developing obesity [4]. Interest-
ingly, studies on both humans and animal models suggest 
that susceptibility to obesity is influenced by the perinatal 
environment, which initiates a vicious cycle of elevated dis-
ease risk across generations. This implies an epigenetic basis 
for obesity transmission [5]. 
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1.1. Heritability of Obesity 
 The concept of developmental origins of health and dis-
ease (DOHaD) proposes that adverse events, such as malnu-
trition, during the perinatal period can play a key role in the 
development of obesity later in life. This concept states that 
a poor nutrition environment in utero or during infancy can 
program gene expression and the metabolic profile of off-
spring to anticipate similar exposure to be experienced post-
natally [6]. Unfortunately, this phenotype might become 
maladaptive, especially if the environment in later life differs 
from perinatal exposure. The importance of perinatal growth 
period was first highlighted by David Barker, who demon-
strated that intrauterine growth retardation and low birth 
weight were associated with increased risk of obesity and 
cardiometabolic disorders during adulthood [6]. For instance, 
studies of the Dutch Hunger Winter, a severe famine that 
took place in the German-occupied Netherlands towards the 
end of World War II (1944-1945), has been very informative 
[7]. Offspring of mothers exposed to the famine had lower 
birth weights, though paradoxically a higher incidence of 
obesity, hypertension, glucose intolerance during adult life 
than the general population. In particular, low birth weight 
infants with rapid catch-up growth in the first years of life 
had the highest risk of obesity and metabolic syndrome in 
adulthood [7]. Subsequent studies reported similar findings 
in subjects exposed to maternal overnutrition and/or obesity 
during pregnancy and lactation [8]. Thus, the relationship 
between birth weight and later body mass index, waist-to-hip 



Adipose Tissue Programming and Epigenetics Current Genomics, 2019, Vol. 20, No. 6    429 

ratio and percent body fat exhibits a U-shaped curve such 
that those born small or large have an increased risk of obe-
sity later in life [8]. It is currently well accepted that envi-
ronmental stress during the first 1,000 days after fertilization 
strongly influences metabolic health not only in the current 
generation but over several generations. 
 The association between maternal obesity and its inheri-
tance in offspring is of particular concern because 15%-40% 
of pregnant women are obese [9]. In humans, maternal obe-
sity is mostly associated with macrosomia [10, 11] and an 
increased risk of obesity and cardiometabolic dysfunction in 
the progeny both in childhood [12, 13] and in adulthood [14, 
15]. Guenard et al. showed that the siblings born after the 
mother had lost weight are less obese and exhibit improved 
cardiometabolic risk profiles carried into adulthood as com-
pared to their siblings born when the mother was obese [16]. 
Maternal obesity may have immediate effects such as im-
paired organ growth during development whereas effects 
such as metabolic programming may be latent and may oc-
cur later in life in response to further stimuli [17]. This raises 
the question as to how the memory of early events is stored 
and later expressed, despite continuous cellular turnover. 
Among different underlying mechanisms, epigenetic modifi-
cations provide a potential molecular basis for the missing 
heritability in obesity. 

1.2. Mechanisms of Epigenetic Regulation 
 The term “epigenetics,” which literally means “on top of 
genetics”, defines a variety of regulatory processes that can 
impact on phenotypes and be inherited in later generations 
without changing the genetic code itself [18]. These proc-
esses introduce mitotically and meiotically heritable marks 
on the chromatin, such as DNA (hydroxy)methylation, his-
tone post-translational modifications (PTMs) and small and 
long non-coding RNA-associated gene silencing [19]. DNA 
methylation, which results from the transfer of a methyl 
group, by DNA methyltransferase (DNMT), to the cytosine 
residue within CpG dinucleotides to form 5-methylcytosine 
(5mC), promotes gene silencing. 5-hydroxymethylcytosine 
(5hmC) is another important cytosine modification catalyzed 
by the enzymes of the ten-eleven translocation methylcyto-
sine dioxygenase (TET) family that serves as an intermediate 
for demethylation. It can also promote chromatin opening at 
transcriptional regulatory regions. Chromatin structure and 
accessibility, which are crucial for the regulation of gene 
expression, are also controlled by PTMs on histones. For 
example, acetylation of histone H3 lysine residues (H3Kac) 
and methylation of H3K4 (H3K4me3) are associated with 
active transcription while methylation of H3K9 (H3K9me3) 
generally indicates silenced chromatin. In particular, ele-
vated H3K4me1/H3K27ac and lower H3K9me3 marks are 
linked to promoter and enhancer activation during adipocyte 
differentiation [20]. These histone PTMs are catalyzed by 
various enzymes, including histone acetyltransferase (HAT) 
as well as histone deacetylase (HDAC) whose activities are 
sensitive to cellular energy status [21, 22]. 
 The complete repertoire of all these epigenetic marks in 
an individual is known as the epigenome. Exposures to the 
environmental impact on our epigenome and determine what 
and who we are. For instance, epigenomic differences be-

tween monozygotic twins, who share the same genome, may 
be an important contributing factor to phenotypic discor-
dance. In humans, the critical period of the first 1000 days 
after fertilization mentioned above arises from the highly 
plastic and adaptive nature of the epigenome during this 
timeframe [23]. Previous studies have shown that maternal 
overnutrition and obesity during this crucial period alter the 
epigenome of the progeny [24], thereby potentially causing 
differential individual susceptibility to obesity and obesity-
associated metabolic diseases. This review presents data on 
how maternal overnutrition (i.e., high-fat (HF) diet) and obe-
sity influence the offspring's predisposition to obesity and 
how this is developmentally programmed, by focusing on the 
changes in WAT phenotype through epigenetic mechanisms. 

2. DEVELOPMENTAL ORIGIN OF ADIPOSITY 
2.1. Adipose Tissue Organogenesis 
 The deleterious effects of maternal obesity seem to oper-
ate during periods of development where epigenetic mecha-
nisms are particularly dynamic and sensitive to environ-
mental cues. The most sensitive window for WAT epige-
nome programming is during adipogenesis, which is the ter-
minal differentiation of adipocyte precursors into mature 
adipocytes [5, 25, 26]. However, the timing of this window 
differs between species.  
 WAT resides as depots at distinct locations throughout 
the body. The main WAT depots are positioned subcutane-
ously and viscerally, i.e., within the abdominal cavity. In 
rodents, the development of subcutaneous adipose tissue 
(SAT) occurs during late gestation, between the 14th and 18th 
day, and its development continues during lactation until 
weaning. In contrast, visceral adipose tissue (VAT) forma-
tion is mainly initiated after birth [27]. In adult mice, the 
adipocyte reservoir remains fairly stable with a renewal of 
10-20% of adipocytes per month [27]. In humans, WAT be-
gins to develop during the second trimester of pregnancy 
between the 14th and the 24th week of gestation [28, 29]. 
During lactation, total fat mass increases rapidly due to the 
increase in fat cell size and number. The second peak of ac-
celerated fat expansion occurs during puberty [30]. After 
puberty, adipocyte number and size become relatively stable 
in lean individuals with an annual turnover of 8% [31]. Al-
though new adipocytes can be generated throughout life, 
such ability diminishes with age due to the reduction in the 
adipogenic progenitors population [32]. In adulthood, SAT 
depots have higher adipocyte turnover rates and new adipo-
cyte formation in comparison with VAT [33, 34]. The femo-
ral SAT of normal-weight young individuals expand through 
hyperplasia during overfeeding [35]. However, this adipo-
genic ability decline with age and obesity [36]. 
 Thus, an anabolic nutritional and hormonal milieu during 
the perinatal period is believed to strongly influence adipo-
cyte stem cells that are highly plastic and very sensitive to 
maternal factors. 

2.2. Differentiation of White Adipocyte 
 WAT is a highly heterogeneous organ that exhibits depot 
specificity in many features, including the developmental 
origin of adipocytes. Mouse study suggests that adipocytes 
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in SAT and VAT depots originate from distinct cell lineages 
[37]. Lineage tracing in mice indicates that VAT depots 
originate from Wilms tumor 1 (WT1)-expressing precursors 
during development, a marker restricted to the intermediate 
and lateral plate mesoderm [38]. However, the precise origin 
of VAT seems to vary from depot to depot [27]. For exam-
ple, in mice, adipocytes in the head and neck are generated 
from the neuroectoderm cells expressing a marker of neural 
crest (Sox10) [39]. Adipocytes in SAT descend from the 
cells marked by the homeobox gene Paired related ho-
meobox 1 (Prx1) [40]. Overall, lineage tracing demonstrated 
that individual adipose depots are composed of adipocytes 
that are derived from distinct precursor populations and may 
contain progenitors through distinct lineages [41]. Together, 
these findings suggest a highly complex regulatory system 
that instructs the spatiotemporal development of different 
WAT depots. Thus, perturbation of the developmental pro-
gramme could have huge impact on the whole body adipos-
ity in the future.  
 During WAT development, progenitors become mature 
adipocytes through a two-phase differentiation process [42]. 
It is difficult to characterize distinct intermediate cellular 
stages between progenitors and mature adipocytes. For prac-
tical purposes, two main phases of adipocytes formation are 
described. The first phase, also termed “commitment”, re-
sults in the conversion of the multipotent progenitors to 
preadipocytes. This phase is then followed by “terminal dif-
ferentiation”, during which specified preadipocytes acquire 
the characteristics of the mature adipocytes. They develop 
the ability to store lipids in a large monolocular lipid droplet 
and display endocrine properties as they secrete a repertoire 
of proteins termed adipocytokines that mediate a range of 
metabolic and inflammatory processes, including adipocyte-
specific factors such as adiponectin and leptin [43]. 
 The predominant source of our knowledge regarding adi-
pogenesis has been established from several clonal preadipo-
cyte cell lines, mostly murine 3T3-L1. Adipogenesis in-
volves a complex and highly orchestrated gene expression 
program. The transcription factors CCAAT-enhancer-
binding proteins (C/EBP) α, β and δ and peroxisome prolif-
erator-activated receptor (PPAR) γ are the principal regula-
tors of adipogenesis. In 3T3-L1 cells, C/EBPβ and C/EBPδ 
are quickly expressed within 4 hours after the induction of 
differentiation, which trigger the expression of C/EBPα and 
PPARγ. Subsequently, C/EBPα and PPARγ activate genes 
that define mature adipocyte phenotypes (AdipoQ, Leptin, 
Glut4, Plin1, Lpl…) [44-46]. Key players coordinating the 
differentiation of human adipocytes have also been identified 
in transcriptomic profiling of mature adipocytes derived 
from human mesenchymal stem cells [47, 48]. 

2.3. Chromatin Features in Adipocytes 
 In order to express adipocyte-specific genes, changes in 
chromatin conformation at specific developmental stages are 
necessary. This process is regulated through the remodelling 
of cell-specific histone marks and DNA (hy-
droxy)methylation orchestrated by specific transcription fac-
tors. Prior to terminal differentiation, the global state of 
chromatin in preadipocytes remains highly dynamic, which 
allows active expression of a wide range of genes [49]. 

These dynamics in chromatin architecture may be attributed 
to the function of transcription factors called « pioneer fac-
tor », which can directly bind condensed chromatin and ini-
tiate chromatin opening for transcription. In undifferentiated 
adipocyte, the adipocyte-specific genes (Pparγ, Cebpα, 
Zfp423 gene loci) are considered to be in a poised state ow-
ing to the bivalent presence of the active H3K4me3 and re-
pressive H3K9me3 marks in their promoters [50].  
 During the early phase of adipocyte differentiation, the 
“bivalent domains” are resolved to “open domains” contain-
ing monovalent H3K4me3 mark. This dynamic modulation 
of the chromatin landscape during the first hours of adipo-
cyte differentiation is associated with the recruitment of mul-
tiple early transcription factors (including C/EBPβ/δ, gluco-
corticoid receptor, signal transducer and activator of tran-
scription 5A, retinoid X receptor and mediator complexes) 
to chromatin regions to induce a reorganization of the chro-
matin structure. These events coincide with the removal of 
repressive histone marks, such as the H3K9me3 and the en-
richment of active chromatin marks, including H3K27ac, 
and H3K4me3, as well as DNA hydroxymethylation, in the 
promoters of adipocyte-specific genes and many of the 
PPARγ-binding sites [46]. Interestingly, some early tran-
scription factors (such as C/EBPβ) are found to bind PPARγ 
binding sites before the binding of PPARγ, suggesting that 
complexes containing C/EBPβ assist subsequent binding of 
PPARγ at these sites in late adipogenesis [49]. Thus, early 
chromatin remodeling primes genomic regions to allow the 
expression of CEBPα and PPARγ and their specific binding 
on the chromatin [46]. Altogether, a wave of chromatin-
mediated through multiple mechanisms prepares the preadi-
pocyte for the adipogenic actions of PPARγ and C/EBPα 
during terminal differentiation. 
 Genome-wide profiling of PPARγ by chromatin im-
munoprecipitation coupled with sequencing demonstrated 
that PPARγ binding sites are specifically enriched in the 
vicinity (mostly in intergenic and intronic regions) of most 
adipocyte specific-genes that are induced throughout adipo-
genesis [20, 51]. PPARγ itself is also a mediator of the 
chromatin remodeling that constitutes a key step for the in-
duction of genes that define mature adipocyte phenotype, 
including Glut4, Leptin, AdipoQ and Fatty acid synthase 
[46]. Mechanistically, ectopic expression of PPARγ in pre-
adipocytes increases the acetylation level of histone 3 lysine 
9 (H3K9ac) at some PPARγ binding sites, which enhances 
binding efficiency [52]. PPARγ is also able to open up 
chromatin for transcription by the upregulation and recruit-
ment of histone methyltransferases such as Setd8 and 
MLL3/4 [53, 54].  
 The epigenetic remodeling machinery in adipocyte pre-
cursors responds to environmental cues, including hormones, 
nutrients and metabolites derived from energy metabolism 
[55]. For example, histone acetylation is mediated by histone 
acetyltransferases (HATs), which utilize acetyl-CoA as a 
substrate. On the other hand, deacetylation of histone is me-
diated by enzymes called histone deacetylases (HDACs), 
including the sirtuins, that use nicotinamide adenine 
dinucleotideamine (NAD+) as a co-factor. Acetyl-CoA, the 
level of which is known to indicate glucose availability, is 
usually elevated in the fed state, whereas NAD+ accumulates 
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in the fasted state [22]. Thus, cellular metabolism and energy 
state are closely coupled with epigenetic remodelling, which 
orchestrates the developmental program of WAT. 
 Hence, in the context of the DOHaD, alterations of the 
maternal environment could affect adipogenesis through 
disturbance to the epigenome resulting in WAT dysfunction. 
In addition to immediate effects on the prenatal and neonatal 
development of WAT in offspring, the perturbed epigenome 
may persist throughout life, thereby increasing the risk for 
obesity in later life. Moreover, these epigenetic marks can 
act as a “memory” for the environment experienced and be 
passed on to yet later generations. 

3. MATERNAL OBESITY ALTERS ADIPOSE TISSUE 
FUNCTION IN OFFSPRING THROUGH EPIGE-
NETIC MECHANISMS 
3.1. Adipose Tissue Expansion Programming 
 Although definitive proof supporting a direct link be-
tween maternal obesity and obesity in offspring is lacking, 
animal studies have shed light on the possible mechanisms 
through which this linkage can be established (Fig. 1). 
 In obesity, WAT expands either by hyperplasia (increase 
in adipocyte number) or hypertrophy (increase in adipocyte 
size), where the latter is associated with insulin resistance 
and inflammation, as well as increased risk of metabolic dis-
eases including type 2 diabetes [56, 57]. Previous studies 
have shown that maternal obesity impacts adipogenesis from 
the perinatal period [58-60] to adulthood [60, 61], resulting 
in an imbalance between adipocyte hyperplasia and hyper-
trophy and predisposition to obesity and associated meta-
bolic diseases. The expression of adipogenic transcription 
factors such as ZFP423, CEBPβ, and PPARγ, during the 
development in offspring, is altered by maternal obesity, 
which results in metabolic dysfunction in WAT [59-63]. Of 
note, zinc finger protein (ZFP) 423 was identified as an im-
portant determinant of adipogenesis by promoting PPARγ 
expression [64] through the BMP/SMAD signaling pathway 
[65]. Dysregulation in its activity thus directly impacts the 
development of WAT and hence whole-body metabolism. 
Indeed, Yang et al. reported that male offspring of obese 
mother mice showed higher weight gain and adiposity corre-
lated with persistently elevated ZFP423 activity in WAT 
[59]. The authors showed that the persistent increased in 
ZFP423 expression arises from the epigenomic remodeling 
of the Zfp423 promoter, which occurs early during WAT 
development. As a key developmental gene, the Zfp423 
promoter exhibits a high density of CpG sites and is charac-
terized by a “bivalent” region with the enrichment of both 
inactive (H3K27me3) and active (H3K4me3) histone marks 
[66]. Consistent with increased adipogenic potential, the 
repressive epigenetic marks H3K27me3 and DNA methyla-
tion were lower in the Zfp423 promoter, whereas the enrich-
ment of H3K4me3 was higher in fetal WAT (embryonic day 
14.5) from obese mother mice [59]. At weaning, elevated 
ZFP423 activity results in increased and accelerated adipo-
cyte differentiation, and hence higher adiposity through hy-
perplasia [59-61]. Persistent DNA hypomethylation in the 
Zfp423 promoter and increased gene expression were associ-
ated with attenuated adipose expansion by hyperplasia in 
adulthood when challenged with a HF diet [60]. The authors 

conclude that accelerated adipogenesis early in life, due to 
maternal obesity, leads to premature exhaustion of the stock 
of resident adipocyte progenitors in WAT for more healthy 
expansion. Consequently, WAT undergoes adipocyte hyper-
trophy, a cause of hypoxia, inflammation and metabolic dys-
function [56]. 
 We have previously demonstrated another mechanism by 
which maternal obesity leads to impaired WAT expansion 
and metabolic dysfunction in offspring. In rats, WAT of off-
spring from obese dams had persistently lower PPARγ2 
mRNA and protein expression [63]. This persistent reduction 
in PPARγ2 expressions may occur, at least in part, through 
epigenomic remodeling in the Pparγ2 promoter, taking place 
early during AT development. The exact underlying molecu-
lar mechanisms for this observation remain unclear. How-
ever, it is well established that DNA methylation and histone 
modifications regulate the PPARγ expression in WAT [67, 
68]. During adipogenesis, the PPARγ expression is posi-
tively regulated through DNA demethylation [67] as well as 
the enrichment of active marks H3Kac, H4Kac [69] and 
H3K4me3 [20] at its promoter region. In weanling rats from 
obese dams, reduced PPARγ2 mRNA levels were observed 
together with DNA hypermethylation and lower enrichment 
of H3ac and H3K4me3 active marks in Pparγ2 promoter 
region. Moreover, higher DNMT activity parallels the in-
crease in global DNA methylation and CpGs methylation in 
the Pparγ2 promoter. In adulthood, DNA hypermethylation 
in the Pparγ2 promoter and the reduction of Pparγ2 mRNA 
expression levels were still observable [63, 70].  
 Several studies have reported that lower PPARγ2 expres-
sion is associated with WAT dysfunction and alteration of 
the ability of WAT expansion [71]. Given that, PPARγ2 
promotes adipogenesis and lipid deposition and storage 
within adipocytes, it may seem paradoxical that maternal 
obesity reduces the PPARγ2 expression in WAT of off-
spring. It might be seen as an adaptative mechanism to pre-
vent further fat accumulation and detrimental WAT expan-
sion [72]. The purpose of this inter-generational effect on 
WAT development warrants further research. 
 Increasing evidence support an important role in the nu-
tritional status of lactating mothers in the development of 
obesity in their offspring as they enter adulthood. Given that, 
lactation coincides with the developmental window of WAT 
in rodents, the quality of milk intake could have a long-
lasting effect on WAT programming. Butruille et al. ana-
lysed milk composition and found that maternal HF feeding 
only during lactation induced qualitative changes in breast 
milk fatty acid (FA) composition (higher n-6/n-3 polyunsatu-
rated FA ratio and lower medium-chain FA content) [73]. 
Pups feeding on this breast milk were predisposed to in-
creased weight gain throughout life, showing hyperplasia in 
VAT with increased expression of stearoyl-CoA desaturase-
1 (SCD1), a key enzyme of FA metabolism [73]. In adult-
hood, the overexpression of SCD1 was associated with re-
duced DNA methylation in Scd1 promoter surrounding a 
PPARγ-binding region suggesting a functional link between 
PPARγ and DNA methylation at this site. Thus, it is tempt-
ing to speculate that low methylation levels facilitate more 
PPARγ binding to induce SCD1 expression or conversely 
the binding of PPARγ itself promotes DNA demethylation 
through interaction with TET enzymes [74]. Interestingly, 
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Fig. (1). Inter- and transgenerational inheritance of adipose tissue dysfunction in offspring from obese mothers. Maternal obesity im-
plies that three generations are exposed to the nutritional environment: the pregnant mother (F0), the fetus (F1) and the germline of the fetus 
(the future F2). Altered nutritional and hormonal microenvironment induced by maternal obesity (F0) may alter chromatin remodeling during 
adipose tissue development in the prenatal or postnatal period (F1), as can the germline of the fetus (the future F2). These epigenetic remodel-
ing leads to the deregulation of many genes essential for the adipocyte function. Once the epigenomic changes are established during the 
perinatal period, they might persist into adulthood as an epigenetic memory, resulting in obesity predisposition in adulthood. These are con-
sidered to be parental effects, leading to intergenerational epigenetic inheritance. A transgenerational effect refers to that found only in the F3 
generation, which is not exposed to direct malnutrition as experienced by F0-F2 generations. (A higher resolution / colour version of this figure 
is available in the electronic copy of the article). 

hypomethylation of one of the CpGs in this region was al-
ready detected in pups during lactation. Thus, it is plausible 
that breast milk with altered FA composition leads to in-
creased PPARγ expression through epigenetic remodeling 
during suckling, in turn, adjusts key FA-related genes (i.e., 
Scd1) for long-term adaptation in WAT [73]. 

3.2. Adipocytokine Expression Programming 
 The WAT metabolic dysfunction plays an important role 
in the development of a chronic low-grade proinflammatory 
state associated with insulin resistance [57]. 
 Leptin, first described as a satiety hormone [75], is the 
best known proinflammatory adipocytokine that increases in 
proportion to WAT mass. WAT of offspring from obese 
dams exhibits higher leptin mRNA expression levels, which 
are associated with hyperleptinemia, adipocyte hypertrophy 
and metabolic disorders [25, 26]. Leptin is a critical regula-
tor of many physiological functions, ranging from satiety to 
immunity [75, 76]. However, the mechanisms underlying 
leptin gene expression remain unclear. Using a rat model, it 
has been confirmed that offspring from HF diet-fed dams 

prior to and during gestation and lactation displayed persis-
tently higher whole-body adiposity, hyperleptinemia and ele-
vated leptin gene expression in VAT [70, 77]. During the lac-
tation period, the up-regulation of the leptin gene expression 
correlated with higher DNA hydroxymethylation and active 
histone modifications H3K4me1/H3K27ac especially in an 
upstream enhancer [77]. These histone marks were still re-
tained marks that were visible in VAT of adult rats from obese 
dams that showed a persistent “expandable” (i.e., persistent 
hypertrophy and hyperplasia) phenotype. In line with these 
findings, maternal HF diet feeding during pregnancy and/or 
lactation in mice leads to persistent hypermethylation of 
H4K20 in the promoter region of the leptin gene in offspring 
that may persist across multiple generations [78-80]. 
 Interestingly, WAT inflammation and macrophage infil-
tration can be transmitted across generations through epige-
netic mechanisms. In addition to leptin, elevated pro-
inflammatory markers in WAT, possibly originating from 
immune cell infiltration, have been detected in the fetus of 
obese mice fed an HF diet before mating and throughout 
gestation [81]. One-month-old rat offspring from HF diet-fed 
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dams during gestation and lactation also displayed higher 
pro-inflammatory cytokine mRNA expression levels in 
WAT [82]. Thus, Ding et al. showed that multigenerational 
HF diet feeding in female mice results in gradually increased 
WAT weight, pro-inflammatory markers and immune cell 
infiltration associated with a gradual decrease in DNA meth-
ylation of inflammation-associated genes (i.e., Toll-like re-
ceptors) in WAT across generations (up to F2) [83]. How-
ever, the effects of maternal HF diet versus maternal obesity 
on offspring’s WAT inflammation remain unclear. Indeed, in 
utero exposure to a maternal HF diet results in increased pro-
inflammatory markers in WAT of adult offspring in mice, 
independently of maternal obesity [84]. It also remains to be 
determined whether inflammation is a cause or consequence 
of transmitted WAT dysfunction [85-87]. 
 Taken together, these findings demonstrate that maternal 
obesity results in the changing of early-life epigenetic marks 
in WAT during its development in offspring early in life, 
which could explain the long-term effects on WAT function. 
To what extent such developmental epigenetic mechanisms 
influence WAT development at a genome-wide level re-
mains a challenging question. 

4. INTER- AND TRANSGENERATIONAL INHERI-
TANCE OF ADIPOSE TISSUE EXPANSION 
 It is well established from animal studies that maternal 
obesity predisposes the progeny to increased adiposity and 
associated metabolic disorders across multiple generations. 
However, care should be taken when talking about inter- and 
transgenerational inheritance. When a mother is obese, three 
generations are effectively exposed simultaneously to this 
“insult”: the mother (F0), the fetus (F1) and the germline of 
the fetus (the future F2). These are considered to be direct 
parental effects on the somatic cells of the developing F1 
embryo/fetus and also on the developing embryonic germ 
cells (which will become F1 adult gametes) and, in turn, di-
rectly affect F2 offspring. Thus, maternal obesity can have 
intergenerational effects in F1 and F2 generations [5]. A 
transgenerational effect, therefore, refers to that only found 
in F3 generation in the absence of the initial nutritional 
stimulus [88, 89]. 
 The majority of studies so far concentrated on the inter-
generational effects of maternal obesity (i.e., altered metabolic 
phenotypes up to the F2). As illustrated above [59-61, 63, 73, 
77, 83], among the mechanisms of epigenetic transmission, 
histone and DNA methylation modifications are considered to 
be of key importance. Maternal obesity may result in the 
modifications of nutritional and hormonal milieu of somatic 
cells (adipocyte-derived stem cells, preadipocytes and adipo-
cytes) of the fetus (F1) as well as the germline of the fetus (the 
future F2). During the perinatal period, changes in energy and 
hormonal status may lead to aberrant activity of the epigenetic 
machinery that may, in turn, alter chromatin remodeling and 
DNA methylation during the adipogenesis in offspring. His-
tone-modifying enzyme activity and all methyl transferases 
(histone and DNA) are dependent on intermediary metabolites 
as substrates and hormonal responses [5, 90], therefore acting 
as a mediator for the crosstalk between the epigenome and the 
environment. Once established during the perinatal period, the 
epigenomic changes might persist into adulthood memory, 
resulting in obesity predisposition in adulthood (Fig. 1). 

 There are very few studies investigating the effects of 
transgenerational effects of maternal obesity. Human epide-
miological studies suggest that grandparental overnutrition 
increases the rates of diabetes and cardiovascular disease risk 
in F2 [91]. Increased risk for obesity was observed in chil-
dren whose parents were of normal weight but whose grand-
parents were obese [92]. Using rodent models [93, 94], it has 
been shown that maternal obesity results in increased body 
weight and adiposity in mice that are transmitted up to the 
F3 generation in the absence of any further nutritional stimu-
lus. Although the implication of epigenetic mechanisms in 
intergenerational effects is well accepted, the underlying 
mechanisms and the role of epigenetic marks in these effects 
are less well established. Indeed, true transgenerational epi-
genetic inheritance in mammals requires that epigenetic traits 
are transmitted through germline and are stably passed on for 
more than three generations maternally. Global epigenetic 
resetting during germline development and following fertili-
zation represents a very efficient system to remove pre-
existing epigenetic modifications, which limits the transmis-
sion of epigenetic signatures. Despite this limitation, it has 
been shown that maternal obesity programs F3 female body 
size through the paternal lineage [93]. These findings are 
consistent with animal studies showing evidence of paternal 
transmission, where sperms carry the epigenetic modifica-
tions to be passed on through the male progeny [95-101]. 
 To date, studies on transgenerational effects of maternal 
obesity demonstrated that the male germline is a major 
player in transferring phenotypic traits in a transgenerational 
manner. However, the sperm methylome might not consti-
tute the major carrier for the transmission [94]. Although the 
implication of histone modifications can not be totally ex-
cluded [95], small noncoding RNAs present in the male 
germline have emerged as an alternative mode of transgen-
erational epigenetic inheritance [94], regulating chromatin 
remodeling, DNA methylation, histone modifications and are 
important for germ cell development [102, 103]. 

CONCLUSION AND FUTURE PERSPECTIVES 
 To deal with the pandemic of obesity with a preventive 
approach, understanding of the molecular mechanisms in-
volved in epigenetic regulation of WAT programming be-
comes essential. Thus, further investigation is needed to un-
derstand how the fate of adipocyte progenitors is controlled 
through DNA methylation and histone modification, and how 
environmental conditions (i.e., maternal obesity) may subse-
quently affect gene expression during WAT development. In 
addition to DNA methylation, elucidating the dynamics of the 
recruitment of enzymes that govern PTMs of histones and the 
transcriptional consequences of specific modifications will be 
highly valuable to establish an understanding of how an obe-
sogenic environment may affect WAT development. Develop-
ing techniques in epigenomics (i.e., high-throughput DNA 
sequencing) to provide larger scale genome-wide profiling of 
global methylation and chromatin landscapes will be valuable. 
Methods using a high-throughput CRISPR-Cas9 screening 
system for epigenome editing could allow efficient characteri-
zation of crucial epigenetic marks that can be used for future 
therapeutic use [104]. 
 Overall, understanding how environmental conditions 
(i.e., maternal obesity) can be relayed through epigenetics to 
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the transcriptional machinery, and regulate the developmen-
tal program of WAT could lead to the discovery of novel 
therapeutic targets. Indeed, epigenetic effectors may repre-
sent attractive targets of WAT programming to counteract 
the deleterious effects of maternal obesity at an early stage. 
Two series of experiments have already validated this inno-
vative approach. On the one hand, dietary supplementation 
of methyl donors in mothers was found to alleviate the ad-
verse consequences of perinatal malnutrition [105, 106]. On 
the other hand, pharmacological modulation of the epige-
nome through drugs has already been recognized as a prom-
ising new treatment strategy targeting various diseases [107].  

CONSENT FOR PUBLICATION 

 Not applicable. 

FUNDING  

 None. 

CONFLICT OF INTEREST 

 The authors declare no conflict of interest, financial or 
otherwise. 

ACKNOWLEDGEMENTS 

 Declared none. 

REFERENCES 
[1] González-Muniesa, P.; Mártinez-González, M-A.; Hu, F.B.; De-

sprés, J-P.; Matsuzawa, Y.; Loos, R.J.F.; Moreno, L.A.; Bray, 
G.A.; Martinez, J.A. Obesity. Nat. Rev. Dis. Primers, 2017, 3, 
17034. 

 [http://dx.doi.org/10.1038/nrdp.2017.34]  
[2] WHO 2018 Obesity and overweight. Available online at: 

http://www.who.int/news-room/factsheets/detail/obesity-and-
overweight.  

[3] Hanson, M.A. Developmental origins of obesity and non-
communicable disease. Endocrinol. Nutr., 2013, 60(Suppl. 1), 10-
11. 

 [http://dx.doi.org/10.1016/S1575-0922(13)70017-2]  
[4] Maher, B. Personal genomes: The case of the missing heritability. 

Nature, 2008, 456, 18-21. 
 [http://dx.doi.org/10.1038/456018a]  
[5] Lecoutre, S.; Petrus, P.; Rydén, M.; Breton, C. Transgenerational 

epigenetic mechanisms in adipose tissue development. Trends En-
docrinol. Metab., 2018, 29, 675-685. 

 [http://dx.doi.org/10.1016/j.tem.2018.07.004]  
[6] Barker, D.J.P. Developmental origins of adult health and disease. J. 

Epidemiol. Community Health, 2004, 58, 114-115. 
 [http://dx.doi.org/10.1136/jech.58.2.114]  
[7] Lumey, L.H.; Stein, A.D.; Susser, E. Prenatal famine and adult 

health. Annu. Rev. Public Health, 2011, 32, 237-262. 
 [http://dx.doi.org/10.1146/annurev-publhealth-031210-101230]  
[8] Parlee, S.D.; MacDougald, O. Maternal nutrition and risk of obe-

sity in offspring: The Trojan horse of developmental plasticity. Bio-
chim. Biophys. Acta, 2014, 1842, 495-506. 

 [http://dx.doi.org/10.1016/j.bbadis.2013.07.007]  
[9] Yu, Z.; Han, S.; Zhu, J.; Sun, X.; Ji, C.; Guo, X. Pre-pregnancy 

body mass index in relation to infant birth weight and offspring 
overweight/obesity: A systematic review and meta-analysis. PLoS 
One, 2013, 8e61627 

 [http://dx.doi.org/10.1371/journal.pone.0061627]  
[10] Gaudet, L.; Ferraro, Z.M.; Wen, S.W.; Walker, M. Maternal obe-

sity and occurrence of fetal macrosomia: A systematic review and 
meta-analysis. BioMed Res. Int., 2014, 2014, 1-22. 

 [http://dx.doi.org/10.1155/2014/640291]  
[11] Cedergren, M.I. Maternal morbid obesity and the risk of adverse 

pregnancy outcome. Obstet. Gynecol., 2004, 103, 219-224. 
 [http://dx.doi.org/10.1097/01.AOG.0000107291.46159.00]  
[12] Boney, C.M.; Verma, A.; Tucker, R.; Vohr, B.R. Metabolic syn-

drome in childhood: association with birth weight, maternal obe-
sity, and gestational diabetes mellitus. Pediatrics, 2005, 115, e290-
e296. 

 [http://dx.doi.org/10.1542/peds.2004-1808]  
[13] Whitaker, R.C. Predicting preschooler obesity at birth: The role of 

maternal obesity in early pregnancy. Pediatrics, 2004, 114, e29-
e36. 

 [http://dx.doi.org/10.1542/peds.114.1.e29]  
[14] Brisbois, T.D.; Farmer, A.P.; McCargar, L.J. Early markers of adult 

obesity: A review. Obes. Rev., 2012, 13, 347-367. 
 [http://dx.doi.org/10.1111/j.1467-789X.2011.00965.x]  
[15] Cooper, R.; Hyppönen, E.; Berry, D.; Power, C. Associations be-

tween parental and offspring adiposity up to midlife: The contribu-
tion of adult lifestyle factors in the 1958 British Birth Cohort 
Study. Am. J. Clin. Nutr., 2010, 92, 946-953. 

 [http://dx.doi.org/10.3945/ajcn.2010.29477]  
[16] Guenard, F.; Deshaies, Y.; Cianflone, K.; Kral, J.G.; Marceau, P.; 

Vohl, M-C. Differential methylation in glucoregulatory genes of 
offspring born before vs. after maternal gastrointestinal bypass sur-
gery. Proc. Natl. Acad. Sci. USA, 2013, 110, 11439-11444. 

 [http://dx.doi.org/10.1073/pnas.1216959110]  
[17] Desai, M.; Jellyman, J.K.; Ross, M.G. Epigenomics, gestational 

programming and risk of metabolic syndrome. Int. J. Obes., 2015, 
39, 633-641. 

 [http://dx.doi.org/10.1038/ijo.2015.13]  
[18] Bird, A. Perceptions of epigenetics. Nature, 2007, 447, 396-398. 
 [http://dx.doi.org/10.1038/nature05913]  
[19] Skvortsova, K.; Iovino, N.; Bogdanović, O. Functions and mecha-

nisms of epigenetic inheritance in animals. Nat. Rev. Mol. Cell 
Biol., 2018, 19, 774-790. 

 [http://dx.doi.org/10.1038/s41580-018-0074-2]  
[20] Mikkelsen, T.S.; Xu, Z.; Zhang, X.; Wang, L.; Gimble, J.M.; 

Lander, E.S.; Rosen, E.D. Comparative epigenomic analysis of 
murine and human adipogenesis. Cell, 2010, 143, 156-169. 

 [http://dx.doi.org/10.1016/j.cell.2010.09.006]  
[21] Lu, C.; Thompson, C.B. Metabolic regulation of epigenetics. Cell 

Metab., 2012, 16, 9-17. 
 [http://dx.doi.org/10.1016/j.cmet.2012.06.001]  
[22] Berger, S.L.; Sassone-Corsi, P. Metabolic signaling to chromatin. 

Cold Spring Harb. Perspect. Biol., 2016, 8, a019463. 
 [http://dx.doi.org/10.1101/cshperspect.a019463]  
[23] Indrio, F.; Martini, S.; Francavilla, R.; Corvaglia, L.; Cristofori, F.; 

Mastrolia, S.A.; Neu, J.; Rautava, S.; Russo Spena, G.; Raimondi, 
F. Epigenetic matters: The link between early nutrition, micro-
biome, and long-term health development. Front Pediatr., 2017, 5, 
178. 

 [http://dx.doi.org/10.3389/fped.2017.00178]  
[24] Lee, H-S. Impact of maternal diet on the epigenome during in utero 

life and the developmental programming of diseases in childhood 
and adulthood. Nutrients, 2015, 7, 9492-9507. 

 [http://dx.doi.org/10.3390/nu7115467]  
[25] Lecoutre, S.; Breton, C. The cellularity of offspring’s adipose tis-

sue is programmed by maternal nutritional manipulations. Adipo-
cyte, 2014, 3, 256-262. 

 [http://dx.doi.org/10.4161/adip.29806]  
[26] Lecoutre, S.; Breton, C. Maternal nutritional manipulations pro-

gram adipose tissue dysfunction in offspring. Front. Physiol., 2015, 
6, 158. 

 [http://dx.doi.org/10.3389/fphys.2015.00158]  
[27] Berry, D.C.; Jiang, Y.; Graff, J.M. Emerging roles of adipose pro-

genitor cells in tissue development, homeostasis, expansion and 
thermogenesis. Trends Endocrinol. Metab., 2016, 27, 574-585. 

 [http://dx.doi.org/10.1016/j.tem.2016.05.001]  
[28] Poissonnet, C.M.; Burdi, A.R.; Bookstein, F.L. Growth and devel-

opment of human adipose tissue during early gestation. Early Hum. 
Dev., 1983, 8, 1-11. 

 [http://dx.doi.org/10.1016/0378-3782(83)90028-2]  
[29] Poissonnet, C.M.; Burdi, A.R.; Garn, S.M. The chronology of 

adipose tissue appearance and distribution in the human fetus. 
Early Hum. Dev., 1984, 10, 1-11. 

 [http://dx.doi.org/10.1016/0378-3782(84)90106-3]  
[30] Knittle, J.L.; Timmers, K.; Ginsberg-Fellner, F.; Brown, R.E.; 

Katz, D. The growth of adipose tissue in children and adolescents. 



Adipose Tissue Programming and Epigenetics Current Genomics, 2019, Vol. 20, No. 6    435 

Cross-sectional and longitudinal studies of adipose cell number and 
size. J. Clin. Invest., 1979, 63, 239-246. 

 [http://dx.doi.org/10.1172/JCI109295]  
[31] Spalding, K.L.; Arner, E.; Westermark, P.O.; Bernard, S.; 

Buchholz, B. Dynamics of fat cell turnover in humans. Nature, 
2008, 453, 783-787. 

 [http://dx.doi.org/10.1038/nature06902]  
[32] Du, M.; Yin, J.; Zhu, M.J. Cellular signaling pathways regulating 

the initial stage of adipogenesis and marbling of skeletal muscle. 
Meat Sci., 2010, 86, 103-109. 

 [http://dx.doi.org/10.1016/j.meatsci.2010.04.027]  
[33] Björntorp, P. Number and size of adipose tissue fat cells in relation 

to metabolism in human obesity. Metabolism, 1971, 20, 703-713. 
 [http://dx.doi.org/10.1016/0026-0495(71)90084-9]  
[34] Salans, L.B.; Cushman, S.W.; Weismann, R.E. Studies of human 

adipose tissue adipose cell size and number in non-obese and obese 
patients. J. Clin. Invest., 1973, 52, 929-941. 

 [http://dx.doi.org/10.1172/JCI107258]  
[35] Tchoukalova, Y.D.; Votruba, S.B.; Tchkonia, T.; Giorgadze, N.; 

Kirkland, J.L.; Jensen, M.D. Regional differences in cellular 
mechanisms of adipose tissue gain with overfeeding. Proc. Natl. 
Acad. Sci. USA, 2010, 107, 18226-18231. 

 [http://dx.doi.org/10.1073/pnas.1005259107]  
[36] van Harmelen, V.; Röhrig, K.; Hauner, H. Comparison of prolifera-

tion and differentiation capacity of human adipocyte precursor cells 
from the omental and subcutaneous adipose tissue depot of obese 
subjects. Metabolism, 2004, 53, 632-637. 

 [http://dx.doi.org/10.1016/j.metabol.2003.11.012]  
[37] Hepler, C.; Vishvanath, L.; Gupta, R.K. Sorting out adipocyte 

precursors and their role in physiology and disease. Genes Dev., 
2017, 31, 127-140. 

 [http://dx.doi.org/10.1101/gad.293704.116]  
[38] Chau, Y.; Bandiera, R.; Serrels, A.; Martínez-estrada, O.M.; Qing, 

W.; Lee, M.; Slight, J.; Thornburn, A.; Berry, R.; Mchaffie, S. Vis-
ceral and subcutaneous fat have different origins and evidence 
supports a mesothelial source. 2014, 16.  

 [http://dx.doi.org/10.1038/ncb2922]  
[39] Billon, N.; Dani, C. Developmental origins of the adipocyte line-

age: new insights from genetics and genomics studies. Stem Cell 
Rev., 2012, 8, 55-66. 

 [http://dx.doi.org/10.1007/s12015-011-9242-x]  
[40] Sanchez-Gurmaches, J.; Hsiao, W-Y.; Guertin, D.A. Highly selec-

tive in vivo labeling of subcutaneous white adipocyte precursors 
with Prx1-Cre. Stem Cell Rep., 2015, 4, 541-550. 

 [http://dx.doi.org/10.1016/j.stemcr.2015.02.008]  
[41] Sanchez-Gurmaches, J.; Guertin, D.a. Adipocyte lineages: Tracing 

back the origins of fat. Biochim. Biophys. Acta Mol. Basis Dis., 
2014, 1842, 340-351. 

 [http://dx.doi.org/10.1016/j.bbadis.2013.05.027]  
[42] Rosen, E.D.; Walkey, C.J.; Puigserver, P.; Spiegelman, B.M. Tran-

scriptional regulation of adipogenesis Transcriptional regulation 
of adipogenesis. 2000, p. 1293-1307. 

[43] Cristancho, A.G.; Lazar, M.A. Forming functional fat: A growing 
understanding of adipocyte differentiation. Nat. Rev. Mol. Cell 
Biol., 2011, 12, 722-734. 

 [http://dx.doi.org/10.1038/nrm3198]  
[44] Stahl Madsen, M.; Siersbaek, R.; Boergesen, M.; Nielsen, R.; 

Mandrup, S. Peroxisome Proliferator-Activated Receptor γ and 
C/EBPα synergistically activate key metabolic adipocyte genes by 
assisted loading. Mol. Cell. Biol., 2014, 34, 939-954. 

 [http://dx.doi.org/10.1128/MCB.01344-13]  
[45] Siersbæk, R.; Baek, S.; Rabiee, A.; Nielsen, R.; Traynor, S.; Clark, 

N.; Sandelin, A.; Jensen, O.N.; Sung, M.H.; Hager, G.L. Molecular 
architecture of transcription factor hotspots in early adipogenesis. 
Cell Rep., 2014, 7, 1434-1442. 

 [http://dx.doi.org/10.1016/j.celrep.2014.04.043]  
[46] Siersbæk, R.; Nielsen, R.; Mandrup, S. Transcriptional networks 

and chromatin remodeling controlling adipogenesis. Trends Endo-
crinol. Metab., 2012, 23, 56-64. 

 [http://dx.doi.org/10.1016/j.tem.2011.10.001]  
[47] Yi, X.; Wu, P.; Liu, J.; Gong, Y.; Xu, X.; Li, W. Identification of 

the potential key genes for adipogenesis from human mesenchymal 
stem cells by RNA-Seq. J. Cell. Physiol., 2019, 234, 20217-20227. 

 [http://dx.doi.org/10.1002/jcp.28621]  
[48] Karahuseyinoglu, S.; Kocaefe, C.; Balci, D.; Erdemli, E.; Can, A. 

Functional structure of adipocytes differentiated from human um-

bilical cord stroma-derived stem cells. Stem Cells, 2008, 26, 682-
691. 

 [http://dx.doi.org/10.1634/stemcells.2007-0738]  
[49] Siersbaek, R.; Nielsen, R.; John, S.; Sung, M-H.; Baek, S.; Loft, 

A.; Hager, G.L.; Mandrup, S. Extensive chromatin remodelling and 
establishment of transcription factor ‘hotspots’ during early adipo-
genesis. EMBO J., 2011, 30, 1459-1472. 

 [http://dx.doi.org/10.1038/emboj.2011.65]  
[50] Matsumura, Y.; Nakaki, R.; Inagaki, T.; Yoshida, A.; Kano, Y.; 

Kimura, H.; Tanaka, T.; Tsutsumi, S.; Nakao, M.; Doi, T. 
H3K4/H3K9me3 bivalent chromatin domains targeted by lineage-
specific DNA methylation pauses adipocyte differentiation. Mol. 
Cell, 2015, 60, 584-596. 

 [http://dx.doi.org/10.1016/j.molcel.2015.10.025]  
[51] Siersbaek, M.S. Loft, a.; Aagaard, M.M.; Nielsen, R.; Schmidt, 

S.F.; Petrovic, N.; Nedergaard, J.; Mandrup, S. Genome-wide pro-
filing of peroxisome proliferator-activated receptor in primary 
epididymal, inguinal, and brown adipocytes reveals depot-selective 
binding correlated with gene expression. Mol. Cell. Biol., 2012, 32, 
3452-3463. 

 [http://dx.doi.org/10.1128/MCB.00526-12]  
[52] Lefterova, M.I.; Steger, D.J.; Zhuo, D.; Qatanani, M.; Mullican, 

S.E.; Tuteja, G.; Manduchi, E.; Grant, G.R.; Lazar, M. Cell-specific 
determinants of peroxisome proliferator-activated receptor gamma 
function in adipocytes and macrophages. Mol. Cell. Biol., 2010, 30, 
2078-2089. 

 [http://dx.doi.org/10.1128/MCB.01651-09]  
[53] Wakabayashi, K.; Okamura, M.; Tsutsumi, S.; Nishikawa, N.S.; 

Tanaka, T.; Sakakibara, I.; Kitakami, J.; Ihara, S.; Hashimoto, Y.; 
Hamakubo, T. The peroxisome proliferator-activated receptor 
gamma/retinoid X receptor alpha heterodimer targets the histone 
modification enzyme PR-Set7/Setd8 gene and regulates adipogene-
sis through a positive feedback loop. Mol. Cell. Biol., 2009, 29, 
3544-3555. 

 [http://dx.doi.org/10.1128/MCB.01856-08]  
[54] Lefterova, M.I.; Haakonsson, A.K.; Lazar, M.; Mandrup, S. PPAR 

gamma and the global map of adipogenesis and beyond. Trends 
Endocrinol. Metab., 2014, 25, 293-302. 

 [http://dx.doi.org/10.1016/j.tem.2014.04.001]  
[55] Öst, A.; Pospisilik, J.A. Epigenetic modulation of metabolic deci-

sions. Curr. Opin. Cell Biol., 2015, 33, 88-94. 
 [http://dx.doi.org/10.1016/j.ceb.2014.12.005]  
[56] Ghaben, A.L.; Scherer, P.E. Adipogenesis and metabolic health. 

Nat. Rev. Mol. Cell Biol., 2019, 20, 242-258. 
 [http://dx.doi.org/10.1038/s41580-018-0093-z]  
[57] Reilly, S.M.; Saltiel, A.R. Adapting to obesity with adipose tissue 

inflammation. Nat. Rev. Endocrinol., 2017, 13, 633-643. 
 [http://dx.doi.org/10.1038/nrendo.2017.90]  
[58] Muhlhausler, B.; Smith, S.R. Early-life origins of metabolic dys-

function: role of the adipocyte. Trends Endocrinol. Metab., 2009, 
20, 51-57. 

 [http://dx.doi.org/10.1016/j.tem.2008.10.006]  
[59] Yang, Q-Y.; Liang, J-F.; Rogers, C.J.; Zhao, J-X.; Zhu, M-J.; Du, 

M. Maternal obesity induces epigenetic modifications to facilitate 
Zfp423 expression and enhance adipogenic differentiation in fetal 
mice. Diabetes, 2013, 62, 3727-3735. 

 [http://dx.doi.org/10.2337/db13-0433]  
[60] Liang, X.; Yang, Q.; Fu, X.; Rogers, C.J.; Wang, B.; Pan, H.; Zhu, 

M-J.; Nathanielsz, P.W.; Du, M. Maternal obesity epigenetically al-
ters visceral fat progenitor cell properties in male offspring mice. J. 
Physiol., 2016, 594, 4453-4466. 

 [http://dx.doi.org/10.1113/JP272123]  
[61] Borengasser, S.J.; Zhong, Y.; Kang, P.; Lindsey, F.; Ronis, M.J.J.; 

Badger, T.M.; Gomez-Acevedo, H.; Shankar, K. Maternal obesity 
enhances white adipose tissue differentiation and alters genome-
scale DNA methylation in male rat offspring. Endocrinology, 2013, 
154, 4113-4125. 

 [http://dx.doi.org/10.1210/en.2012-2255]  
[62] Desai, M.; Jellyman, J.K.; Han, G.; Lane, R.H.; Ross, M.G. Pro-

grammed regulation of rat offspring adipogenic transcription factor 
(PPARγ) by maternal nutrition. J. Dev. Orig. Health Dis., 2015, 6, 
530-538. 

 [http://dx.doi.org/10.1017/S2040174415001440]  
[63] Lecoutre, S.; Pourpe, C.; Butruille, L.; Marousez, L.; Laborie, C.; 

Guinez, C.; Lesage, J.; Vieau, D.; Eeckhoute, J.; Gabory, A. Re-
duced PPARγ2 expression in adipose tissue of male rat offspring 



436    Current Genomics, 2019, Vol. 20, No. 6 Lecoutre et al. 

from obese dams is associated with epigenetic modifications. 
FASEB J., 2018, 32, 2768-2778. 

 [http://dx.doi.org/10.1096/fj.201700997R]  
[64] Gupta, R.K.; Arany, Z.; Seale, P.; Mepani, R.J.; Ye, L.; Conroe, 

H.M.; Roby, Y.A.; Kulaga, H.; Reed, R.R.; Spiegelman, B.M. 
Transcriptional control of preadipocyte determination by Zfp423. 
Nature, 2010, 464, 619-623. 

 [http://dx.doi.org/10.1038/nature08816]  
[65] Hammarstedt, A.; Hedjazifar, S.; Jenndahl, L.; Gogg, S.; Grünberg, 

J.; Gustafson, B.; Klimcakova, E.; Stich, V.; Langin, D.; Laakso, 
M. WISP2 regulates preadipocyte commitment and PPARγ activa-
tion by BMP4. Proc. Natl. Acad. Sci. USA, 2013, 110, 2563-2568. 

 [http://dx.doi.org/10.1073/pnas.1211255110]  
[66] Wang, B.; Yang, Q.; Harris, C.L.; Nelson, M.L.; Busboom, J.R.; 

Zhu, M-J.; Du, M. Nutrigenomic regulation of adipose tissue de-
velopment - role of retinoic acid: A review. Meat Sci., 2016, 120, 
100-106. 

 [http://dx.doi.org/10.1016/j.meatsci.2016.04.003]  
[67] Fujiki, K.; Kano, F.; Shiota, K.; Murata, M. Expression of the 

peroxisome proliferator activated receptor gamma gene is repressed 
by DNA methylation in visceral adipose tissue of mouse models of 
diabetes. BMC Biol., 2009, 7, 38. 

 [http://dx.doi.org/10.1186/1741-7007-7-38]  
[68] Zwamborn, R.A.J.; Slieker, R.C.; Mulder, P.C.A.; Zoetemelk, I.; 

Verschuren, L.; Suchiman, H.E.D.; Toet, K.H.; Droog, S.; Slag-
boom, P.E.; Kooistra, T. Prolonged high-fat diet induces gradual 
and fat depot-specific DNA methylation changes in adult mice. Sci. 
Rep., 2017, 7, 43261. 

 [http://dx.doi.org/10.1038/srep43261]  
[69] Salma, N.; Xiao, H.; Mueller, E.; Imbalzano, A.N. Temporal re-

cruitment of transcription factors and SWI/SNF chromatin-
remodeling enzymes during adipogenic induction of the perox-
isome proliferator-activated receptor gamma nuclear hormone re-
ceptor. Mol. Cell. Biol., 2004, 24, 4651-4663. 

 [http://dx.doi.org/10.1128/MCB.24.11.4651-4663.2004]  
[70] Lecoutre, S.; Deracinois, B.; Laborie, C.; Eberlé, D.; Guinez, C.; 

Panchenko, P.E.; Lesage, J.; Vieau, D.; Junien, C.; Gabory, A. De-
pot- and sex-specific effects of maternal obesity in offspring’s adi-
pose tissue. J. Endocrinol., 2016, 230, 39-53. 

 [http://dx.doi.org/10.1530/JOE-16-0037]  
[71] Corrales, P.; Vidal-Puig, A.; Medina-Gómez, G. PPARs and meta-

bolic disorders associated with challenged adipose tissue plasticity. 
Int. J. Mol. Sci., 2018, 19, 2124. 

 [http://dx.doi.org/10.3390/ijms19072124]  
[72] Lukaszewski, M-A.; Mayeur, S.; Fajardy, I.; Delahaye, F.; Dutriez-

Casteloot, I.; Montel, V.; Dickes-Coopman, A.; Laborie, C.; 
Lesage, J.; Vieau, D. Maternal prenatal undernutrition programs 
adipose tissue gene expression in adult male rat offspring under 
high-fat diet. Am. J. Physiol. Endocrinol. Metab., 2011, 301, E548-
E559. 

 [http://dx.doi.org/10.1152/ajpendo.00011.2011]  
[73] Butruille, L.; Marousez, L.; Pourpe, C.; Oger, F.; Lecoutre, S.; 

Catheline, D.; Görs, S.; Metges, C.C.; Guinez, C.; Laborie, C. Ma-
ternal high-fat diet during suckling programs visceral adiposity and 
epigenetic regulation of adipose tissue stearoyl-CoA desaturase-1 
in offspring. Int. J. Obes., 2019. 

 [http://dx.doi.org/10.1038/s41366-018-0310-z]  
[74] Fujiki, K.; Shinoda, A.; Kano, F.; Sato, R.; Shirahige, K.; Murata, 

M. PPARγ-induced PARylation promotes local DNA demethyla-
tion by production of 5-hydroxymethylcytosine. Nat. Commun., 
2013, 4, 2262. 

 [http://dx.doi.org/10.1038/ncomms3262]  
[75] Caron, A.; Lee, S.; Elmquist, J.K.; Gautron, L. Leptin and brain-

adipose crosstalks. Nat. Rev. Neurosci., 2018, 19, 153-165. 
 [http://dx.doi.org/10.1038/nrn.2018.7]  
[76] Abella, V.; Scotece, M.; Conde, J.; Pino, J.; Gonzalez-Gay, M.A.; 

Gómez-Reino, J.J.; Mera, A.; Lago, F.; Gómez, R.; Gualillo, O. 
Leptin in the interplay of inflammation, metabolism and immune 
system disorders. Nat. Rev. Rheumatol., 2017, 13, 100-109. 

 [http://dx.doi.org/10.1038/nrrheum.2016.209]  
[77] Lecoutre, S.; Oger, F.; Pourpe, C.; Butruille, L.; Marousez, L.; 

Dickes-Coopman, A.; Laborie, C.; Guinez, C.; Lesage, J.; Vieau, 
D. Maternal obesity programs increased leptin gene expression in 
rat male offspring via epigenetic modifications in a depot-specific 
manner. Mol. Metab., 2017, 6, 922-930. 

 [http://dx.doi.org/10.1016/j.molmet.2017.05.010]  

[78] Masuyama, H.; Mitsui, T.; Nobumoto, E.; Hiramatsu, Y. The ef-
fects of high-fat diet exposure in utero on the obesogenic and 
diabetogenic traits through epigenetic changes in adiponectin and 
leptin gene expression for multiple generations in female mice. En-
docrinology, 2015, 156, 2482-2491. 

 [http://dx.doi.org/10.1210/en.2014-2020]  
[79] Masuyama, H.; Hiramatsu, Y. Additive effects of maternal high fat 

diet during lactation on mouse offspring. PLoS One, 2014, 9, 
e92805. 

 [http://dx.doi.org/10.1371/journal.pone.0092805]  
[80] Masuyama, H.; Hiramatsu, Y. Effects of a high-fat diet exposure in 

utero on the metabolic syndrome-like phenomenon in mouse off-
spring through epigenetic changes in adipocytokine gene expres-
sion. Endocrinology, 2012, 153, 2823-2830. 

 [http://dx.doi.org/10.1210/en.2011-2161]  
[81] Murabayashi, N.; Sugiyama, T.; Zhang, L.; Kamimoto, Y.; 

Umekawa, T.; Ma, N.; Sagawa, N. Maternal high-fat diets cause in-
sulin resistance through inflammatory changes in fetal adipose tis-
sue. Eur. J. Obstet. Gynecol. Reprod. Biol., 2013, 169, 39-44. 

 [http://dx.doi.org/10.1016/j.ejogrb.2013.02.003]  
[82] del Bas, J.M.; Crescenti, A.; Arola-Arnal, A.; Oms-Oliu, G.; Arola, 

L.; Caimari, A. Grape seed procyanidin supplementation to rats fed 
a high-fat diet during pregnancy and lactation increases the body 
fat content and modulates the inflammatory response and the adi-
pose tissue metabolism of the male offspring in youth. Int. J. Obes., 
2015, 39, 7-15. 

 [http://dx.doi.org/10.1038/ijo.2014.159]  
[83] Ding, Y.; Li, J.; Liu, S.; Zhang, L.; Xiao, H.; Chen, H.; Petersen, 

R.B.; Huang, K.; Zheng, L. DNA hypomethylation of inflamma-
tion-associated genes in adipose tissue of female mice after 
multigenerational high fat diet feeding. Int. J. Obes., 2014, 38, 198-
204. 

 [http://dx.doi.org/10.1038/ijo.2013.98]  
[84] Umekawa, T.; Sugiyama, T.; Du, Q.; Murabayashi, N.; Zhang, L.; 

Kamimoto, Y.; Yoshida, T.; Sagawa, N.; Ikeda, T. A maternal 
mouse diet with moderately high-fat levels does not lead to mater-
nal obesity but causes mesenteric adipose tissue dysfunction in 
male offspring. J. Nutr. Biochem., 2015, 26, 259-266. 

 [http://dx.doi.org/10.1016/j.jnutbio.2014.10.012]  
[85] Shimobayashi, M.; Albert, V.; Woelnerhanssen, B.; Frei, I.C.; 

Weissenberger, D.; Meyer-Gerspach, A.C.; Clement, N.; Moes, S.; 
Colombi, M.; Meier, J.A. Insulin resistance causes inflammation in 
adipose tissue. J. Clin. Invest., 2018, 128, 1538-1550. 

 [http://dx.doi.org/10.1172/JCI96139]  
[86] Kammoun, H.L.; Kraakman, M.J.; Febbraio, M.A. Adipose tissue 

inflammation in glucose metabolism. Rev. Endocr. Metab. Disord., 
2014, 15, 31-44. 

 [http://dx.doi.org/10.1007/s11154-013-9274-4]  
[87] Kraakman, M.J.; Kammoun, H.L.; Allen, T.L.; Deswaerte, V.; 

Henstridge, D.C.; Estevez, E.; Matthews, V.B.; Neill, B.; White, 
D.A.; Murphy, A.J. Blocking IL-6 trans-signaling prevents high-fat 
diet-induced adipose tissue macrophage recruitment but does not 
improve insulin resistance. Cell Metab., 2015, 21, 403-416. 

 [http://dx.doi.org/10.1016/j.cmet.2015.02.006]  
[88] Heard, E.; Martienssen, R.A. Transgenerational epigenetic inheri-

tance: Myths and mechanisms. Cell, 2014, 157, 95-109. 
 [http://dx.doi.org/10.1016/j.cell.2014.02.045]  
[89] Grossniklaus, U.; Kelly, W.G.; Kelly, B.; Ferguson-Smith, A.C.; 

Pembrey, M.; Lindquist, S. Transgenerational epigenetic inheri-
tance: how important is it? Nat. Rev. Genet., 2013, 14, 228-235. 

 [http://dx.doi.org/10.1038/nrg3435]  
[90] Sharma, U.; Rando, O.J. Metabolic inputs into the epigenome. Cell 

Metab., 2017, 25, 544-558. 
 [http://dx.doi.org/10.1016/j.cmet.2017.02.003]  
[91] Kaati, G.; Bygren, L.O.; Pembrey, M.; Sjöström, M. Transgenera-

tional response to nutrition, early life circumstances and longevity. 
Eur. J. Hum. Genet., 2007, 15, 784-790. 

 [http://dx.doi.org/10.1038/sj.ejhg.5201832]  
[92] Davis, M.M.; McGonagle, K.; Schoeni, R.F.; Stafford, F. Grand-

parental and parental obesity influences on childhood overweight: 
implications for primary care practice. J. Am. Board Fam. Med., 
2008, 21, 549-554. 

 [http://dx.doi.org/10.3122/jabfm.2008.06.070140]  
[93] Dunn, G.A.; Bale, T.L. Maternal high-fat diet effects on third-

generation female body size via the paternal lineage. Endocrinol-
ogy, 2011, 152, 2228-2236. 



Adipose Tissue Programming and Epigenetics Current Genomics, 2019, Vol. 20, No. 6    437 

 [http://dx.doi.org/10.1210/en.2010-1461]  
[94] Sarker, G.; Berrens, R.; von Arx, J.; Pelczar, P.; Reik, W.; 

Wolfrum, C.; Peleg-Raibstein, D. Transgenerational transmission 
of hedonic behaviors and metabolic phenotypes induced by mater-
nal overnutrition. Transl. Psychiatry, 2018, 8, 195. 

 [http://dx.doi.org/10.1038/s41398-018-0243-2]  
[95] Masuyama, H.; Mitsui, T.; Eguchi, T.; Tamada, S.; Hiramatsu, Y. 

The effects of paternal high-fat diet exposure on offspring metabo-
lism with epigenetic changes in the mouse adiponectin and leptin 
gene promoters. Am. J. Physiol. Metab., 2016, 311, E236-E245. 

 [http://dx.doi.org/10.1152/ajpendo.00095.2016]  
[96] Fullston, T.; McPherson, N.O.; Owens, J.A.; Kang, W.X.; Sande-

man, L.Y.; Lane, M. Paternal obesity induces metabolic and sperm 
disturbances in male offspring that are exacerbated by their expo-
sure to an “obesogenic” diet. Physiol. Rep., 2015, 3e12336 

 [http://dx.doi.org/10.14814/phy2.12336]  
[97] de Castro Barbosa, T.; Ingerslev, L.R.; Alm, P.S.; Versteyhe, S.; 

Massart, J.; Rasmussen, M.; Donkin, I.; Sjögren, R.; Mudry, J.M.; 
Vetterli, L. High-fat diet reprograms the epigenome of rat sper-
matozoa and transgenerationally affects metabolism of the off-
spring. Mol. Metab., 2016, 5, 184-197. 

 [http://dx.doi.org/10.1016/j.molmet.2015.12.002]  
[98] de Castro Barbosa, T.; Alm, P.S.; Krook, A.; Barrès, R.; Zierath, 

J.R. Paternal high-fat diet transgenerationally impacts hepatic im-
munometabolism. FASEB J., 2019, fj.201801879RR. 

 [http://dx.doi.org/10.1096/fj.201801879RR]  
[99] Wei, Y.; Yang, C-R.; Wei, Y-P.; Zhao, Z-A.; Hou, Y.; Schatten, 

H.; Sun, Q-Y. Paternally induced transgenerational inheritance of 
susceptibility to diabetes in mammals. Proc. Natl. Acad. Sci. USA, 
2014, 111, 1873-1878. 

 [http://dx.doi.org/10.1073/pnas.1321195111]  
[100] Donkin, I.; Barrès, R. Sperm epigenetics and influence of environ-

mental factors. Mol. Metab., 2018, 14, 1-11. 

 [http://dx.doi.org/10.1016/j.molmet.2018.02.006]  
[101] Champroux, A.; Cocquet, J.; Henry-Berger, J.; Drevet, J.R.; Kocer, 

A. A decade of exploring the mammalian sperm epigenome: Pater-
nal epigenetic and transgenerational inheritance. Front. Cell Dev. 
Biol., 2018, 6, 50. 

 [http://dx.doi.org/10.3389/fcell.2018.00050]  
[102] Holoch, D.; Moazed, D. RNA-mediated epigenetic regulation of 

gene expression. Nat. Rev. Genet., 2015, 16, 71-84. 
 [http://dx.doi.org/10.1038/nrg3863]  
[103] Hur, S.S.J.; Cropley, J.E.; Suter, C.M. Paternal epigenetic pro-

gramming: Evolving metabolic disease risk. J. Mol. Endocrinol., 
2017, 58, R159-R168. 

 [http://dx.doi.org/10.1530/JME-16-0236]  
[104] Thakore, P.I.; Black, J.B.; Hilton, I.B.; Gersbach, C.A. Editing the 

epigenome: Technologies for programmable transcription and epi-
genetic modulation. Nat. Methods, 2016, 13, 127-137. 

 [http://dx.doi.org/10.1038/nmeth.3733]  
[105] Burdge, G.C.; Lillycrop, K.A.; Phillips, E.S.; Slater-Jefferies, J.L.; 

Jackson, A.A.; Hanson, M.A. Folic acid supplementation during 
the juvenile-pubertal period in rats modifies the phenotype and epi-
genotype induced by prenatal nutrition. J. Nutr., 2009, 139, 1054-
1060. 

 [http://dx.doi.org/10.3945/jn.109.104653]  
[106] Cordero, P.; Milagro, F.I.; Campion, J.; Martinez, J.A. Maternal 

methyl donors supplementation during lactation prevents the hy-
perhomocysteinemia induced by a high-fat-sucrose intake by dams. 
Int. J. Mol. Sci., 2013, 14, 24422-24437. 

 [http://dx.doi.org/10.3390/ijms141224422]  
[107] Arrowsmith, C.H.; Bountra, C.; Fish, P.V.; Lee, K.; Schapira, M. 

Epigenetic protein families: A new frontier for drug discovery. Nat. 
Rev. Drug Discov., 2012, 11, 384-400. 

 [http://dx.doi.org/10.1038/nrd3674] 

 
 
 


