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Brief Communication
Maternal obesity programs increased leptin gene
expression in rat male offspring via epigenetic
modifications in a depot-specific manner
Simon Lecoutre 1, Frederik Oger 1, Charlène Pourpe 1, Laura Butruille 1, Lucie Marousez 1,
Anne Dickes-Coopman 1, Christine Laborie 1, Céline Guinez 1, Jean Lesage 1, Didier Vieau 1,
Claudine Junien 2,3, Delphine Eberlé 1, Anne Gabory 2, Jérôme Eeckhoute 4, Christophe Breton 1,*
ABSTRACT

Objective: According to the Developmental Origin of Health and Disease (DOHaD) concept, maternal obesity and accelerated growth in neonates
predispose offspring to white adipose tissue (WAT) accumulation. In rodents, adipogenesis mainly develops during lactation. The mechanisms
underlying the phenomenon known as developmental programming remain elusive. We previously reported that adult rat offspring from high-fat
diet-fed dams (called HF) exhibited hypertrophic adipocyte, hyperleptinemia and increased leptin mRNA levels in a depot-specific manner. We
hypothesized that leptin upregulation occurs via epigenetic malprogramming, which takes place early during development of WAT.
Methods: As a first step, we identified in silico two potential enhancers located upstream and downstream of the leptin transcription start site
that exhibit strong dynamic epigenomic remodeling during adipocyte differentiation. We then focused on epigenetic modifications (methylation,
hydroxymethylation, and histone modifications) of the promoter and the two potential enhancers regulating leptin gene expression in perirenal
(pWAT) and inguinal (iWAT) fat pads of HF offspring during lactation (postnatal days 12 (PND12) and 21 (PND21)) and in adulthood.
Results: PND12 is an active period for epigenomic remodeling in both deposits especially in the upstream enhancer, consistent with leptin gene
induction during adipogenesis. Unlike iWAT, some of these epigenetic marks were still observable in pWAT of weaned HF offspring. Retained
marks were only visible in pWAT of 9-month-old HF rats that showed a persistent “expandable” phenotype.
Conclusions: Consistent with the DOHaD hypothesis, persistent epigenetic remodeling occurs at regulatory regions especially within intergenic
sequences, linked to higher leptin gene expression in adult HF offspring in a depot-specific manner.

� 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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expansion
1. INTRODUCTION

According to the Developmental Origin of Health and Disease (DOHaD)
concept [1], maternal obesity and accelerated growth in neonates
predispose offspring to obesity and metabolic pathologies [2]. Thus,
white adipose tissue (WAT) is an important target of developmental
programming [3,4]. In mammals, WAT has a dual role in storing lipid
and in controlling energy homeostasis through secretion of leptin [5]. In
rodents, adipose tissue growth and adipogenesis mainly develop
during lactation [4,6,7]. Adipogenesis occurs throughout the life time
suggesting that WAT remains expandable throughout life. During
critical developmental time windows of fetal and neonatal life,
adipocyte stem cells are plastic and highly sensitive to maternal factors
[8]. Genetics and nutritional and hormonal factors influence the relative
contributions of hyperplasia (cell number increase) and hypertrophy
(cell size increase) to the growth of WAT [9e11]. However, little is
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known about the cellular and molecular mechanisms underlying the
phenomenon known as developmental programming [4,12]. Among
them, epigenetic modifications are likely to play an important role
[4,12,13]. Epigenetics can be defined as somatically heritable states of
gene expression resulting from changes in chromatin structure without
alterations in the DNA sequence, including DNA and histone modifi-
cations and chromatin remodeling [13]. DNA methylation occurs at
cytosines, mainly in the CpG dinucleotide, to form 5-methylcytosine
(5 mC) and serves to establish long-term gene silencing [14]. 5-
hydroxymethylcytosine (5 hmC) is another important cytosine modifi-
cation catalyzed by the enzymes of the TET family [15]. Although its
role is not fully elucidated, 5 hmC is enriched in active transcriptional
regulatory regions. In particular, 5 hmC is enzymatically produced in
WAT, where it plays a regulatory role in adipogenesis [16e19]. Histone
modifications influence chromatin structure and, hence, the ability of
critical DNA-associated regulatory proteins that control transcription to
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gain access to the DNA. In particular, elevated H3K4me1/H3K27ac and
lower H3K9me3 marks are linked to promoter and enhancer activation
during adipocyte differentiation [16,20]. Epigenetic marks may serve
as a memory of exposure, in early life, to inappropriate environments
[21]. These persistent marks may ultimately induce long-term changes
in gene expression [4,12]. Few studies have reported that maternal
nutritional manipulations modulate gene expression profile in WAT’s
offspring via epigenetic mechanisms [22e26]. However, the concept
of continued editing of early-life epigenetic markings or memories
during adult life is based on evidence from limited experimental
studies, especially in WAT programming [24,26].
We previously showed that adult rat offspring from high-fat diet-fed
dams (called HF) exhibited hypertrophic adipocyte, hyperleptinemia,
and increased leptin mRNA levels in a depot-specific manner [27].
Depot-specific differences are closely associated with differential
cardiometabolic risks [10,28]. We hypothesized that leptin upregula-
tion occurs via epigenetic malprogramming, which takes place early
during development of WAT. Epigenetic modifications of the leptin
promoter play a role in leptin expression during adipocyte differenti-
ation and in obesity-related leptin upregulation. In addition to the
promoter sequence, intergenic regions that have yet to be determined
are likely to regulate leptin gene expression [25,29e34]. Here, we
identified two potential enhancers (i.e., upstream and downstream)
using bioinformatics analysis. We showed, for the first time, that
maternal obesity differently affects epigenetic remodeling of the pro-
moter and the two enhancers linked to higher leptin gene expression
during visceral perirenal (pWAT) and subcutaneous inguinal (iWAT)
deposits development in HF neonates. We also reported that retained
active marks that are correlated with persistent increased leptin mRNA
levels occur in a depot-specific manner in adult obesity-prone HF
offspring.

2. MATERIALS AND METHODS

2.1. Animals
Animal use accreditation by the French Ministry of Agriculture (No.
04860) has been granted to our laboratory for experimentation with
rats. Experiments were conducted in accordance with the principles of
laboratory animal care (European Communities Council Directive of
1986, 86/609/EEC). One-month-old virgin female Wistar rats were
purchased from Charles River Laboratories (L’Arbresle, France) and
housed in individual cages in a humidity-controlled room with a 12:12-
h lightedark cycle. Food and water were available ad libitum. After two
weeks of acclimatization on a control (C) diet (3.85 kcal/g with 10% of
total calories as fat consisting of soybean oil (5.6%) and lard (4.4%),
70% as carbohydrate and 20% as protein; D12450J, Research Diets,
New Brunswick, NJ, USA), female rats were fed either a high-fat (HF)
diet (5.24 kcal/g with 60% of total calories as fat consisting of soybean
oil (5.6%) and lard (54.4%), 20% as carbohydrate and 20% as protein;
D12492B, Research Diets, New Brunswick, NJ, USA) or a C diet for 16
weeks (n ¼ 30 per group). After mating with a male rat fed a C diet,
22-week-old pregnant females were transferred into individual cages
with free access to water and to their respective diets (C or HF diet)
throughout gestation and lactation. At parturition, pups were weighed
and sexed. Litter size was adjusted to 8 pups per dam (four males and
four females). During lactation, body weight of pups was assessed on
postnatal days (PND) 12 and 21. Only male offspring have been used
for further analysis. After weaning, male offspring from C or HF dams
were housed individually with free access to water and C diet. Body
weight of animals was measured weekly until 9 months of age. Male
offspring were sacrificed at 3 different stages: PND12, PND21, and 9
MOLECULAR METABOLISM 6 (2017) 922e930 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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months of age (n ¼ 10 from C or HF dams). To obviate any litter ef-
fects, animals used for each experiment were randomly chosen in
different litters, and only a limited number of animals (n ¼ 1 to 2) was
used from each litter. The protocol has been previously described
(Figure S1) [27].

2.2. Plasma and tissue collections
12-day-old and 21-day-old neonates were separated from their dams
for 6 h and 9-month-old rats were fasted 16 h before they were
sacrificed by decapitation (between 9 and 10 a.m.). Trunk blood
samples were collected into pre-chilled tubes containing EDTA (20 ml
of a 5% solution) and centrifuged at 4000 g for 10 min at 4 �C. Plasma
was stored at �20 �C. Fat pads were weighed, frozen in liquid ni-
trogen, and stored at�80 �C. For histology experiments, animals were
fixed by intracardiac perfusion using buffered 4% paraformaldehyde
solution.

2.3. Quantification of plasma leptin levels
Serum leptin concentrations were determined using a murine ELISA kit
(Bertin Pharma, Cayman medical, USA) [27]. The assay sensitivity was
0.04 ng/ml and the intra-and inter-assay coefficients of variation were
5.4% and 7.3%.

2.4. Morphometric analysis of adipose tissue
Fat pad mass as well as cell-size distributions were measured in pWAT
and iWAT as previously described [27]. For histology experiments,
tissues were post-fixed for 24 h in buffered 4% paraformaldehyde
solution and embedded in paraffin. Fixed tissues were then cut into
serial 10 mm sections, mounted on gelatine-coated slides, and stained
with hematoxylin of Groat and phloxin (2%), according to standard
laboratory protocols. Sections were examined using light microscopy
(Leica DM IRE2), and photomicrographs were captured at 20�
magnification. The surface of adipocytes was evaluated in ten
randomly selected fields of vision of a minimum of 500 adipocytes
using Image J software (NIH, USA). Total cell number is a direct
measure reflecting hyperplasia. The number of cells was estimated as
previously described [11,27].

2.5. Pyrosequencing analysis
Genomic DNA was extracted from frozen WAT using a DNA extraction
kit (DNeasy blood and tissue kit, Qiagen, Courtaboeuf, France) and
modified with sodium bisulfite using the EpiTect Fast Bisulfite Con-
version kit (Qiagen, Courtaboeuf, France) according to the manufac-
turer’s protocol. The percentage of cytosine methylation was
determined by pyrosequencing bisulfite converted DNA using Pyro-
Mark Q24 (Qiagen, Courtaboeuf, France). Pyrosequencing primers
were designed to amplify leptin CpG sites (Table S1). PCR was per-
formed with 20 ml final reaction volumes with 1.5 ml of bisulfite DNA
(10 ng), 10 ml of QuantiTect EurobioGreen PCR Mix Hi-ROX (Eurobio,
Les Ulis, France), 7.7 ml of H2O, and 0.4 ml of each primer set (10 mM).
Sequencing reactions used 10 ml of PCR product and 20 ml of
0.375 mM sequencing primer (Qiagen, Courtaboeuf, France). Pyrose-
quencing assays were validated with a DNA methylation scale (0%,
5%, 25%, 50%, 75% and 100%) (EpigenDX, Hopkinton, USA). Each
assay included a bisulfite conversion check to verify full conversion of
the DNA.

2.6. (Hydroxy)methylated DNA immunoprecipitation
(Hydroxy)methylated DNA immunoprecipitation assays were performed
as previously described [16]. Genomic DNA was sonicated using a
Bioruptor (Diagenode, Liège, Belgique) to produce fragments ranging
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 923
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in size from 200 to 500 bp. 10 mg of fragmented, heat-denatured DNA
(10 min at 95 �C) were incubated overnight at 4 �C with either a mouse
monoclonal antibody directed against 5-methylcytosine methylcytosine
(MeDIP) (Mab-081-100) or a rabbit polyclonal antibody directed
against 5-hydroxymethylcytosine (HMeDIP) (CS-HMC-100), respec-
tively (Diagenode, Liège, Belgique). Reactions were performed in a
final volume of 500 ml of IP buffer (10 Mm sodium phosphate, pH 7.0,
140 mM NaCl, 0.05% Triton X-100). Immunocomplexes were
precipitated by incubation with 40 ml of BSA-coated protein A/G
magnetic beads (Dynabeads, Thermo Fischer Scientific) for 2 h at 4 �C.
Beads were subsequently washed three times with 1 ml of IP buffer
and finally incubated with proteinase K (280 mg/ml) overnight at 55 �C
in a buffer containing 50 mM TriseHCl (pH8.0), 10 mM EDTA, and
0.5% SDS. (Hydroxy)methylated DNA was recovered by phenol-
chloroform extraction followed by ethanol precipitation.

2.7. Chromatin immunoprecipitation
ChIP assays were performed as previously described [16] with anti-
bodies against H3K4me1, H3K27ac, and H3K9me3 (Abcam, Cam-
bridge, UK, ab8895, ab4729 and ab1773) and IgG (Cell Signaling
Technology, Danvers, USA, #2729) as a negative control.

2.8. RNA isolation and real-time PCR
Leptin mRNA levels were determined by RT-qPCR using SyberGreen-
based chemistry as previously described [27]. Cyclophilin A (PpiA)
and Ribosomal Protein Lateral Stalk Subunit P1 (RPLP1) were used as
reference genes for RT-qPCR. DNA (hydroxy)methylation, H3K4me1,
H3K27ac, and H3K9me3 levels were analyzed using immunoprecipi-
tated and input DNA as control. The primers are listed (Table S1).
Figure 1: Adiposity and leptin mRNA levels are affected in hyperleptinemic HF offspr
a C diet (called C) or high-fat diet-fed dams (called HF) were assessed on postnatal days
offspring was determined before sacrifice (A). Adiposity (%) is defined as the weight of who
WAT (pWAT) and inguinal WAT (iWAT) was calculated (C). Serum leptin concentrations of b
determined by RT-qPCR (E). Relative gene expression in the C group at PND12 was set to 1.
Data were analyzed using two-way ANOVA followed by Bonferroni post hoc test. * Effec
(xP < 0.05). n ¼ 10 per group and per age.
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2.9. Bioinformatics identification of two potential enhancers
regulating leptin gene expression
Public functional genomic data [16,20] were downloaded from Gene
Expression Omnibus or the UCSC Genome Browser. The identification
procedure has been detailed in Figures S3,S4. CisMapper model was
used to predict the involvement of identified genomic areas in the
transcriptional regulation of the leptin gene [35]. Genomic sequences
were aligned between mouse and rat by the EMBOSS needle [36].

2.10. Statistical analysis
All data are expressed as means � standard error of the mean (SEM).
Statistical analysis was carried out using GraphPad Prism6. A direct
comparison between a pair of groups was made using an unpaired
Student’s t test or a two-way analysis of variance (ANOVA) for repeated
measures followed by a Bonferroni post hoc test, where appropriate.
Pearson test was used to assess correlations. P values <0.05 was
considered statistically significant.

3. RESULTS

3.1. Offspring from obese dams are predisposed to adiposity in a
depot-specific manner
At PND12 and PND21, HF rats were heavier than C animals (Figure 1A)
with elevated adiposity (Figure 1B). Both pWAT and iWAT deposits of
HF offspring were larger when normalized to body weight (Figure 1C).
Both fat pads exhibited an increase in average adipocyte area
(Figure 2AeC,EeG) as reflected by the shift to the left of the curve and
total cell number (Figure 2D,H). At 9 months of age, both groups had
comparable body weight (Figure 1A) whereas HF offspring showed
ing in a depot-specific manner. Different parameters of male offspring from dams fed
12 (PND12) and 21 (PND21) and 9 months of age (9M). Body weight of C and HF male
le visceral and subcutaneous fat pads relative to body weight (B). Fat index for perirenal
oth groups were determined by ELISA (D). Leptin mRNA levels in pWAT and iWAT were
Ppia and Rplp1 were used as standard genes. All data are presented as means � SEM.
t of maternal obesity (*P < 0.05, **P < 0.01 and ***P < 0.001); x Effect of fat pad
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Figure 2: Adipocytes of HF offspring display hypertrophy and hyperplasia in a depot-specific manner. Representative photomicrographs of paraffin-embedded sections
(scale bars ¼ 100 mm) and percentage of adipocytes in a given size range (area in mm2) in pWAT (A, E, I) and iWAT (B, F, J) at PND12 (AeB), PND21 (EeF), and 9M (IeJ).
Average of adipocyte surface (C, G, K) was determined in hematoxylin-eosin-stained sections and total cell number (D, H, L) was calculated by dividing fat mass by the average
diameter of adipocyte at PND12 (C, D), PND21 (G, H), 9M (K, L). All data are presented as means � SEM. Data were analyzed using two-way ANOVA followed by Bonferroni post
hoc test. * Effect of maternal obesity (*P < 0.05, **P < 0.01 and ***P < 0.001); x Effect of fat pad (xP < 0.05). n ¼ 5 per group and per age.
higher adiposity (Figure 1B). Unlike iWAT (Figure 1C,JeL), increased
adiposity was associated with higher weight of pWAT (Figure 1C) and
increases in both adipocyte surface (Figure 2I,K) and cell number
(Figure 2L).

3.2. Offspring from obese dams display persistent hyperleptinemia
and increased adipose tissue leptin mRNA levels in a depot-specific
manner
HF offspring had higher plasma leptin concentration at PND12, PND21,
and 9 months compared with C rats (Figure 1D). In pWAT, HF offspring
showed increased leptin mRNA levels at the three stages whereas in
iWAT, higher leptin mRNA levels were only observed at PND12 and
PND21 (Figure 1E). Leptin mRNA levels and plasma concentration are
correlated with average adipocyte area and total cell number in both
deposits (Figure S2).

3.3. Offspring from obese dams show persistent epigenetic mark
modifications in the leptin promoter in a depot-specific manner
We first assessed epigenetic mark modifications in the leptin promoter
of both deposits. To do this, we analyzed single CpG sites by bisulfite
pyrosequencing. This technique does not distinguish between 5 mC
and 5 hmC [37]. To differentiate between the distribution and levels of
MOLECULAR METABOLISM 6 (2017) 922e930 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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5 hmC and 5 mC marks, we then measured the enrichment of 5 hmC
and 5 mC by MeDIP-qPCR and HMeDIP-qPCR.
At PND12, in pWAT, three CpG (�298, �436, �471) showed lower
percentage of modifications in the leptin promoter of HF offspring
(Figure 3BeE). This was associated with a decrease in 5 mC
(Figure 3F) and an increase in 5 hmC (Figure 3G). At PND21 and 9
months of age, HF offspring exhibited lower modifications in two CpG
sites (�298, �471) (Figure 3BeE) and a reduction of H3K9me3 only
at PND21 (Figure 3J) but no variation was detectable in MeDIP and
HMeDIP (Figure 3FeG). No change was observed in the leptin pro-
moter of iWAT (Figure 3).

3.4. Identification of two potential transcriptional enhancers
regulating leptin gene expression
In addition to the promoter, other regions called enhancers whose se-
quences have yet to be established, located mainly located in intergenic
regions, are likely to regulate gene expression [20]. Several studies
support this notion for leptin gene expression [25,29e34]. In line with
these findings, the epigenome of intergenic regions was more affected
than promoter regions in offspring of perinatallymalnourished dams [38].
Active transcriptional enhancers in adipocytes are characterized by a
specific epigenetic signature which includes H3K27ac and 5 hmC [16].
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 925

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 3: The leptin promoter exhibits persistent depletion in 5 mC in pWAT of HF offspring. Epigenetic modifications of four CpG indicated in gray (A) and located in the
leptin promoter at �298 bp (B), �436 bp (C), �471 bp (D) and �491 bp (E) of the transcription start site were assessed in male C and HF offspring in two fat pads (pWAT and
iWAT) at PND12, PND21 and 9 months. To discriminate the nature of DNA modifications, DNA extracted from both depots was immunoprecipitated with antibodies against DNA
methylation (MeDIP) (F), DNA hydroxymethylation (HMeDIP) (G) and subject to qPCR using primers of the targeted regions. Histone modifications were measured after chromatin
immunoprecipitation with antibodies against H3K4me1 (H), H3K27ac (active mark) (I) or H3K9me3 (inactive mark) (J) and qPCR using primers of targeted regions. Immuno-
precipitation with normal rabbit IgG was used as a negative control. All data are presented as means � SEM. Data were analyzed using two-way ANOVA followed by Bonferroni
post hoc test. * Effect of maternal obesity (*P < 0.05, **P < 0.01 and ***P < 0.001). n ¼ 4e6 per group.

Brief Communication
Using these signatures, we have generated comparative chromatin
state maps and discriminated two potential enhancers of the leptin
gene activated during adipocyte differentiation (i.e., enhancers gaining
H3K4me1/H3K27ac/5 hmc during differentiation) identified by ChIP-
seq and HMeDIP-seq in 3T3-L1 cells [16,20]. The two potential up-
stream and downstream enhancers are located 42 kb upstream and
4.4 kb downstream of the leptin transcription start site, respectively
(Figures S3,S4). The involvement of the two enhancers in the tran-
scriptional regulation of the leptin gene was validated by the Cis-
Mapper model (Table S2) [35].

3.5. Offspring from obese dams show persistent epigenetic mark
modifications in the upstream enhancer in a depot-specific manner
At PND12, in both fat pads, the percentage of modifications of the four
CpG (�42812, �42826, �42833, �42835 bp) was lower in the
926 MOLECULAR METABOLISM 6 (2017) 922e930 � 2017 The Authors. Published by Elsevier GmbH. T
upstream enhancer of HF offspring (Figure 4BeE). This was consistent
with loss of 5 mC (Figure 4F) and enrichment of active marks such as 5
hmC (Figure 4G) and H3K27ac (Figure 4I). A tendency towards
enrichment of active H3K4me1 (Figure 4H) and loss of inactive mark
H3K9me3 (Figure 4J) were observed in the upstream enhancer of HF
offspring.
At PND21 and 9 months of age, the four CpG dinucleotides within the
upstream enhancer of pWAT were similarly affected by maternal
obesity. CpGs displayed a decrease in percentage of modifications
(Figure 4BeE). This was correlated with lower levels of 5 mC
(Figure 4F) and H3K9me3 (Figure 4J) and higher levels of 5 hmC
(Figure 4G) and H3K27ac (Figure 4I). A tendency towards enrichment
of active H3K4me1 (Figure 4H) was observed in the upstream
enhancer of HF offspring (Figure 4H). No change was observed in the
upstream enhancer of iWAT (Figure 4BeE). No persistent changes
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: The upstream enhancer displays persistent depletion in 5 mC and H3K9me3 and enrichment in 5hmc and H3K4me1/H3K27ac in pWAT of HF offspring.
Epigenetic modifications of four CpG indicated in gray (A) and located in the upstream enhancer at �42812 bp (B), �42826 bp (C), �42833 bp (D) and �42835 bp (E) of the
transcription start site were assessed in male C and HF offspring in two fat pads (pWAT and iWAT) at PND12, PND21, and 9 months. To discriminate the nature of DNA
modifications, DNA extracted from both depots was immunoprecipitated with antibodies against DNA methylation (MeDIP) (F), DNA hydroxymethylation (HMeDIP) (G) and subject to
qPCR using primers of targeted regions. Histone modifications were measured after chromatin immunoprecipitation with antibodies against H3K4me1 (H), H3K27ac (active mark) (I)
or H3K9me3 (inactive mark) (J) and qPCR using primers of the targeted regions. Immunoprecipitation with normal rabbit IgG was used as a negative control. All data are presented
as means � SEM. Data were analyzed using two-way ANOVA followed by Bonferroni post hoc test. * Effect of maternal obesity (*P < 0.05, **P < 0.01 and ***P < 0.001). n ¼ 4e
6 per group.
were observed in the downstream enhancer of both fat pads
(Figure S5). Consistently, all these epigenetic changes were correlated
with leptin mRNA levels at PND12, PND21, and 9M in both deposits.

4. DISCUSSION

In the current study, we showed that persistent increased leptin mRNA
levels in HF offspring’s WAT may occur via epigenetic mechanisms
which take place during the early postnatal period. In WAT, increased
leptin mRNA levels are correlated with hypertrophy [39] and modified
methylation of the leptin promoter. However, the underlying molecular
mechanisms and the sequences regulating leptin gene expression
remain unclear. In addition to the promoter sequence, additional re-
gions that are not yet determined are expected to regulate leptin gene
MOLECULAR METABOLISM 6 (2017) 922e930 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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expression [25,29e34]. As a first step, we identified in silico two
potential enhancers (i.e. upstream and downstream) involved in the
transcriptional regulation of the leptin gene that exhibit strong dynamic
epigenomic remodeling (i.e., increased H3K4me1/H3K27ac, DNA
hydroxymethylation and decreased DNA methylation) during adipocyte
differentiation [16,20].
We previously showed that HF offspring had a normal birthweight and,
then, exhibited a rapid weight gain during lactation, a key period of
adipose tissue development [4,27]. The accelerated postnatal growth
in offspring is frequently associated with persisting adiposity
throughout life [40]. HF offspring showed elevated plasma leptin
concentration throughout life. Although plasma leptin is considered as
a function of adipose tissue mass, plasma leptin levels and leptin gene
expression are not only a result of greater adiposity [41]. In addition,
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 927
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further experiments are needed to determine the extent to which
maternal obesity may affect central and peripheral leptin sensitivity in
HF offspring. Here, we found that among iWAT and pWAT, only the
latter showed a persistent “expandable” (i.e. hypertrophy, hyperplasia)
phenotype with elevated leptin mRNA levels in adulthood. Contrary to
subcutaneous WAT, increased visceral WAT mass is strongly associ-
ated with cardiometabolic risk and mortality [10,28]. The varying
outcomes may reflect differences in postnatal programming. One
possible reason is the heterogeneity of the adipose lineage between fat
depots in terms of spatiotemporal adipogenic potential, gene expres-
sion profile, growth rate, and biological properties [9,28]. Numerous
studies demonstrated that the ability of adipose precursors to differ-
entiate during adipogenesis is dependent on the anatomic location and
the local microenvironment, leading to the concept of depot-specific
adipogenesis [13,42]. Thus, subcutaneous depots have increased
rates of adipose turnover and new adipocyte formation compared to
other visceral fat mass [43,44]. An emerging hypothesis is that
anatomically distinct WAT depots (i.e., visceral and subcutaneous fat
pads) likely represent distinct “mini-organs” [10,28]. During lactation,
adipocyte stem cells are plastic and highly sensitive to maternal factors
[8]. Thus, maternal obesity and modified milk composition may in-
fluence offspring’s energy and hormonal status [45,46], thereby
modifying the expression of the leptin gene via epigenetic changes in a
depot-specific manner. In rodents, few studies have examined depot-
and sex-specific consequences of maternal obesity in offspring’s WAT
and there is little agreement among them [4]. We previously demon-
strated that maternal obesity programs visceral depots only in HF male
offspring [27]. Given the sex-specific nature of fat depots and the
sexual dimorphism in developmental programming mechanisms [47],
further experiments are needed to determine whether iWAT is a target
of programming in HF female offspring.
We then decided to assess the kinetic of epigenetic changes within
three regulatory regions linked to increased leptin gene expression
during development of offspring’s WAT and in adulthood. PND12 is an
active period for epigenomic remodeling (i.e., lower DNA methylation
and inactive histone modification H3K9me3 and higher DNA hydrox-
ymethylation and active histone modification H3K4me1/H3K27ac) in
both fat pads, especially in the upstream enhancer, consistent with
leptin gene induction during adipogenesis. Unlike iWAT, some of these
epigenetic marks were still observable in pWAT of weaned HF
offspring. The global reduction of marks between lactation and
weaning may reflect modified offspring’s food intake from milk to solid
diet. Retained active marks (i.e., the promoter and the upstream
enhancer) were only observed in pWAT of adult HF offspring and were
correlated with persistent increased leptin gene expression, hyper-
trophy and higher weight. Although additional studies are required to
assess the functionality of the upstream enhancer, we speculate that
this region is more active in pWAT of HF offspring resulting in long-
term effects on leptin gene expression. Consistent with these find-
ings, changes in cytosine modifications during developmental pro-
gramming take place not only at promoters but also at additional
regulatory regions within intergenic sequences [38]. Both enhancers
display at least 80% sequence homology between mouse and rat.
These two regions are partially conserved between rat and human with
68.8% sequence homology for the upstream enhancer and 56.4%
sequence homology for the downstream enhancer. Recent studies
comparing key selected mammals showed that enhancers are far less
evolutionarily stable than are promoters across species and that
sequence conservation is a rather poor predictor of functionality [48].
However, the fact that, unlike the downstream enhancer, the upstream
enhancer displays similar epigenomic remodeling (enrichment in
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H3K27ac and H3K4me1/2/3) during human adipose stem cells dif-
ferentiation suggests that the upstream enhancer is also functional and
active in human adipocytes [20]. We also showed that the global 5 mC
level of leptin regulatory sequences in 9-month-old HF offspring was
lower than 12-day-old HF neonates, suggesting that a demethylation
process occurs during development of WAT.
5 mC is the only known modification that targets the DNA itself and is
usually associated with gene silencing [14]. In most cases, the extent
of 5 mC of a promoter is inversely correlated with the activity of the
respective gene. Generally, 5 mC physically blocks the binding of a
transcription factor to its target, leading to gene silencing. The role of 5
hmC in the regulation of transcriptional activity is still not well un-
derstood. 5 hmC can be considered as a demethylation intermediate or
as a stable epigenetic mark that is enriched in active genomic region
[49]. The enrichment of H3K4me1/H3K27ac and the reduction of
H3K9me3 are characteristic of enhancer and promoter activation [20].
These processes take place on a large scale during adipocyte differ-
entiation [20,50]. A potential limitation of our approach lies in the fact
that we performed DNA analysis using whole WAT, which may contain
different cell type abundance depending on the stage of development.
However, gene expression profiling using several endothelial, he-
matopoietic, and immune cell markers suggests that the composition
of HF offspring’s WAT is not modified regardless of the stage of
development.
Besides epigenetic programming mechanisms, alterations of hor-
mone and metabolic environment during fetal and neonatal devel-
opment can contribute to persistent deregulation of energy
homeostasis in progeny. Although underlying mechanisms remain
unclear, increased hormone levels in the fetal compartment or
neonate may result in long-term fat expansion with permanent
changes in mRNA and plasma hormone levels in adulthood. Over the
past few decades, the adipocytokine leptin has been considered as
the main programming factor of the hypothalamus adipose-axis that
plays a pivotal role in the body weight set point [41]. Several studies
support the notion that fat expansion with persistent changes in leptin
expression and sensitivity in HF offspring may be partly due to
increased neonatal leptin levels, whose origin remains open to debate
(i.e. breast milk, developing WAT). First, perinatal leptin administra-
tion and amplified postnatal leptin surge have long-term detrimental
effects resulting in leptin resistance, increased leptin gene expres-
sion, and higher adiposity in adulthood [46,51]. Second, leptin dis-
plays marked neurotrophic effects on hypothalamic neuronal
development [52]. Third, leptin directly activates adipogenesis by
promoting differentiation of preadipocytes [53], whereas it shows
antilipogenic effects on mature adipocytes [54].

5. CONCLUSION

Overall, our data show that editing of early-life epigenetic markings
occur during development of WAT and might persist throughout life in a
depot-specific manner. Consistent with the DOHaD hypothesis, it may
account for fat pad differences in the long-term effects on leptin gene
expression and “expandable phenotype” observed in adult obesity-
prone progeny.
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