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Based on the concept of Developmental Origin of Health and Disease, both human and
animal studies have demonstrated a close link between nutrient supply perturbations
in the fetus or neonate (i.e., maternal undernutrition, obesity, gestational diabetes
and/or rapid catch-up growth) and increased risk of adult-onset obesity. Indeed, the
adipose tissue has been recognized as a key target of developmental programming
in a sex-and depot-specific manner. Despite different developmental time windows,
similar mechanisms of adipose tissue programming have been described in rodents
and in bigger mammals (sheep, primates). Maternal nutritional manipulations reprogram
offspring’s adipose tissue resulting in series of alterations: enhanced adipogenesis and
lipogenesis, impaired sympathetic activity with reduced noradrenergic innervations and
thermogenesis as well as low-grade inflammation. These changes affect adipose tissue
development, distribution and composition predisposing offspring to fat accumulation.
Modifications of hormonal tissue sensitivity (i.e., leptin, insulin, glucocorticoids) and/or
epigenetic mechanisms leading to persistent changes in gene expression may account
for long-lasting programming across generations.

Keywords: adipocyte, hypertrophy, hyperplasia, fetal programming, epigenetic mechanisms, inflammation,
obesity

Epidemiological and clinical studies demonstrated that nutrient supply perturbations in the fetus or
neonate (i.e., maternal undernutrition, obesity, gestational diabetes and/or rapid catch-up growth)
are associated with higher adiposity in adulthood (Ravelli et al., 1999). Based on the concept of
Developmental Origin of Health and Disease (Barker, 2004), it has been hypothesized that maternal
nutritional manipulations during the perinatal period may program the development and cause
dysfunction in offspring’s adipose tissue later in life. Over the past decade, an increasing number of
data from human and animal studies have validated this concept (Lukaszewski et al., 2013; Lecoutre
and Breton, 2014).

Several types of adipose tissue coexist in mammals. Although their properties are quite different,
they exhibit similar cell composition: mature adipocytes (i.e., lipid storage compartment) and
a stromal vascular fraction (a heterogeneous population of cell types including adipose stem
cells). The white adipose tissue (WAT) constitutes the main energy reserve, storing triglycerides
(TG) during periods of positive energy balance by promoting lipogenesis. Two distinct processes
account for WAT growth. First, adipogenesis (i.e., increased adipocyte number) relies on the
recruitment and the commitment of adipose stem cells to adipocyte lineage. The differentiation
of preadipocytes into adipocytes are regulated by several adipogenic and lipogenic transcription
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factors such as peroxisome proliferator-activated receptor-y
(PPARy), CCAAT/enhancer binding protein (C/EBPa, B, y),
the sterol regulatory element-binding protein 1c (SREBP1c) as
well as fatty acid synthesis enzymes such as fatty acid synthase
(FAS). Second, lipogenesis (i.e., increased adipocyte size) depends
on the synthesis and the storage of TG in mature adipocyte
(Figure 1). Fat cell number and lipolysis are also controlled by
the activity of the WAT sympathetic system (Bowers et al., 2004).
The brown adipose tissue (BAT) differs from WAT by its cell
origin (Seale et al., 2009). Brown adipocytes dissipate energy
via thermogenesis mediated via BAT-selective genes such as
uncoupling protein 1 (UCP1) and transcription factors [PPARa
and PPARY coactivator 1-a (PGC1-a)]. Despite high similarities
to brown adipocytes, brite adipocytes (brown-in-white) derive
from a distinct origin and are closer to the white adipocyte cell
lineage. Several studies in rodents showed that WAT browning
(i.e., enhanced brite adipocytes) can be induced by prolonged

cold exposure, treatment with B-adrenergic agonists (via p3-
adrenoreceptor activation) and endurance exercise (Vosselman
etal., 2013).

Because adipose tissue development occurs at different
periods during the perinatal period in rodents (i.e., mainly at
the end of gestation, throughout lactation and adolescence)
and in bigger mammals (i.e., before birth), the window of
vulnerability to environmental factors differs between species
(Muhlhausler and Smith, 2009; de Oliveira et al., 2013). However,
regardless of the difference in the timing of adipogenesis
and adipose tissue development, closely related mechanisms
underlying perinatal programming have been reported in
altricial and precocial species (Lukaszewski et al., 2013;
Lecoutre and Breton, 2014). In this context, we provide a
brief overview on the repercussion of perinatal nutritional
manipulations on adipose tissue functionality in programmed
offspring.
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FIGURE 1 | Schematic representation of programmed
mechanisms in offspring’s adipose tissue of malnourished
dams. Overall, offspring from malnourished dams display increased
adipogenesis/lipogenesis and inflammation as well as decreased
lipolysis within adipose tissue. Red arrows indicate programmed
activation (+) or inhibition (—) of major processes controlled by
hormones that may predispose offspring to fat accumulation. The
accumulation of triglycerides (TG) may be due to increased
esterification of either free fatty acids released from lipoproteins,
catalyzed by lipoprotein lipase (LPL) (dashed arrow), or free fatty
acids synthesized from glucose metabolism mainly driven by lipogenic
enzymes. Leptin acting via its receptor (JAK2/STAT3 signaling
pathway) may activate preadipocyte proliferation and/or inhibit lipolysis.
Insulin after binding to its receptor (IRS/PISK/Akt signaling pathway)
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may promote the TG formation via activation of glucose entry (i.e.,
increased GLUT4 translocation) (dashed arrow) and lipogenic enzymes.
Insulin also shows anti-lipolytic effects and may activate adipogenesis.
Increased adipogenesis and decreased lipolysis may be due to
impaired activity of the sympathetic system (via noradrenaline).
Glucocorticoids (GC) that bind intracellular receptor may activate
adipogenesis and lipogenesis whereas they inhibit lipolysis. Thus, both
increased circulating GC levels and intracellular GC sensivity (i.e.,
modified GR, MR, 11 B-HSD1, 11 B-HSD2 relative abundance and
activities) can directly impact on adipose tissue function. The
pro-inflammatory state might be due to either immune cell infiltration
(dashed arrow) and/or local expression of pro-inflammatory mediators.
The pro-inflammatory state may also originate, at least in part, from
increased GC sensitivity within  WAT.
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Maternal Nutritional Manipulations Alter
Adipogenesis and Lipogenesis in
Offspring’s Adipose Tissue

Low Birth-Weight Offspring

Three principal models of maternal undernutrition leading to
low birth weight have been developed: maternal low-protein
diet (LP), maternal food restriction (FR) and uterine artery
ligation (mimicking uteroplacental insufficiency) in pregnant
dams.

Maternal LP during gestation and lactation results in
a reduction in adipose cell size of rat offspring (Ferland-
McCollough et al., 2012). Analysis of WAT of adult offspring
from LP dams revealed an upregulation of C/EBPa and
PPARy gene expression (Guan et al, 2005) with increased
rate of cultured preadipocyte proliferation (Bieswal et al,
2004). In addition, adult rats from LP dams displayed elevated
miRNA-483-3p expression levels that may reduce the capacity
of lipid storage contributing to limit adipocyte hypertrophy
(Ferland-McCollough et al., 2012). In contrast, rat offspring
from 50% food-restricted (FR50) dams during gestation from
day 10 to term (Desai et al, 2008) or from 70% food-
restricted (FR70) dams throughout the gestation (Lukaszewski
et al, 2011) showed hypertrophic adipocytes. Newborn rats
from FR50 dams displayed higher preadipocyte proliferation,
C/EBPs and PPARy expression, along with adipocyte TG
accumulation in vitro (Yee et al, 2012). Prior to the onset
of overt obesity, increased adipocyte size was associated with
elevated expression levels of factors promoting lipogenesis
(i.e., SREBPI1c, FAS, leptin) in weanling pups (Desai et al.,
2008) and adult offspring (Lukaszewski et al, 2011) from
FR dams. Similarly, uterine artery ligation of pregnant dams
causes an upregulation of PPARy gene expression in WAT
of rat offspring before increased adiposity (Joss-Moore et al.,
2010).

Several animal model and human studies have highlighted
the deleterious effect of rapid postnatal growth, especially
when overfeeding paradigms during lactation (i.e., hypercaloric
maternal diet, cross-fostering pups, reduced litter size) were
applied in low-birth-weight offspring. In particular, the mismatch
between pre- and postnatal energy supply was closely related
to increased adipogenesis and higher risk of obesity later
in life (Druet et al, 2012). Consistent with these findings,
postnatal overfeeding of rat pups from LP dams promoted higher
proliferation and differentiation rate of cultured preadipocytes
(Bol etal., 2008). Overfed adult offspring from FR dams exhibited
higher adiposity along with increased lipogenic (Lukaszewski
et al,, 2011) and clock genes (Sutton et al., 2010) in a depot-
specific manner. The latter suggests that circadian rhythm
disruptions may participate to the adult-onset obesity. Similar
patterns of programming are observed in sheep, which show
great similarities with the development of human adipose tissue.
Low birth-weight lamb with atrophied fat depots displayed
progressive fat accumulation along with increased PPARy gene
expression through accelerated postnatal growth (Muhlhausler
and Smith, 2009).

Maternal Overfeeding

Numerous models of maternal overfeeding and obesity [i.e.,
high-fat (HF) or cafeteria diet] before and/or during gestation
and/or lactation were described in the literature. In most
cases, despite normal birth weight, offspring of obese dams
are sensitized to postnatal adiposity, adipocyte hypertrophy and
weight gain.

Several rodent and sheep models of maternal obesity
demonstrate that maternal obesity at conception enhances
adipogenesis from the fetal period (Muhlhausler and Smith, 2009;
Borengasser et al., 2013) to adulthood (Murabayashi et al., 2013)
resulting in higher WAT mass and larger adipocytes. Overfeeding
during lactation and/or postweaning periods leading to catch-up
growth, consistently worsen adipogenesis programming (Desai
and Ross, 2011; Guberman et al., 2013). Upregulated PPARY is
one of the characteristic feature of enhanced adipogenesis and fat
expansion in programmed offspring of obese dams (Samuelsson
et al., 2008; Muhlhausler and Smith, 2009). This is associated
with downregulated PPARYy corepressors (Desai and Ross, 2011).
In addition to higher amount of TG along with lipoprotein
lipase (LPL) activity within WAT (Figure 1), obesity prone-
rats from cafeteria-diet-fed dams throughout gestation and
lactation exhibited modified fatty acid composition (Benkalfat
et al, 2011). In rodents, the predisposition of adiposity in
offspring following maternal overfeeding occurs in a sex- and
species-dependent manner. In accordance with these findings,
only female offspring of mice from HF-fed dams throughout
gestation and lactation displayed hypertrophied adipocyte with
blunted lipolytic capacities (Samuelsson et al.,, 2008). Using a
similar maternal nutritional paradigm, we observed an opposite
phenotype in rat offspring (i.e., male obese vs. lean female).
Maternal gestational diabetes also predispose adult offspring
to adipocyte hypertrophy and obesity (Steculorum and Bouret,
2011), suggesting that modified insulin and/or glucose levels
during the perinatal period program adipose dysfunction in
offspring (Figure 1).

Modified Energy Intake During the Suckling
Period

Given that the lactation coincides with the period of maximum
adipogenesis in rodents, the modification of milk intake
by rearing pups in small (overnutrition) or large litters
(undernutrition) has been used extensively to investigate adipose
tissue development.

In rats, neonatal overfeeding (i.e., pups reared in small
litters) led to rapid weight gain during lactation that remains
visible until adulthood. The perinatal period is characterized by
hyperinsulinemia, known to participate to the developmental
programming of fat accumulation (Figure1). During this
period, adipose tissue expansion is due both to hyperplasia
(i.e., higher preadipocyte and stromal cell numbers) and
hypertrophy (i.e., enhanced lipogenesis such as LPL activity)
within WAT. In adult offspring, increased adiposity mainly
resulted from adipocyte enlargment [i.e., higher lipogenesis and
modified sensitivity of glucocorticoid (GC)] in a depot-specific
manner (Boullu-Ciocca et al., 2008) (Figure 1). Similar outcomes
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(i.e., neonatal hyperinsulinemia, hypertrophied adipocytes,
exacerbated lipogenesis and obesity later in life) were also
associated with artificially reared rat pups fed a formula high
in carbohydrate-derived energy. These findings highlight the
importance of modified perinatal glucose and/or insulin levels
in programming events (Srinivasan et al., 2008). In contrast,
both paradigms of neonatal underfeeding in rats (i.e., pups
reared in large litters or breastfed by FR30 dams) resulted in
lean phenotype with smaller adipocytes and protection to diet-
induced obesity (Patterson et al., 2010; Palou et al., 2011).

Maternal Nutritional Manipulations Impair
Sympathetic Activity in Offspring’s Adipose
Tissue

We showed that perinatal maternal undernutrition (FR50 model
during the last week of gestation and lactation) resulted in a delay
in the development of gonadal WAT in male rat at weaning. The
neonatal WAT was characterized by the appearance of brown-
like adipocytes and increased markers of thermogenesis (i.e.,
UCP1, PGCla and PPARa). This phenomenon might, at least in
part, rely on exacerbated WAT sympathetic activity recruited in
offspring to promote browning, thereby increasing the capacity
for adaptive thermogenesis (Delahaye et al., 2010). In agreement
with these findings, adult rat male offspring from FR20 dams
during the first 12 days of pregnancy, but not females, displayed
an increase in adipose tissue cellularity along with alterations
of WAT sympathetic innervations (Garcia et al., 2011). Reduced
BAT mass and UCP1 activity were also closely related to impaired
sympathetic activity and lipolysis in adult rats reared in small
litters (Xue et al., 2007).

Offspring of Malnourished Dams Show
Increased Inflammatory Response in
Adipose Tissue

Offspring of malnourished dams displayed chronic low-grade
obesity-associated inflammation characterized by elevation of
inflammatory factors in plasma (i.e.,TNF-a, IL-6 and MCP-1)
and expression of pro-inflammatory mediators in WAT. The
latter may be due to increased production of cytokines by
adipocytes and/or immune cells that infiltrated within WAT.
The hallmark of the WAT inflammatory is the appearance prior
to overt obesity. Thus, elevated pro-inflammatory markers in
WAT, possibly originating from immune cell infiltration were
reported in fetus of obese mice fed a cafeteria diet before
mating and throughout gestation (Murabayashi et al., 2013). This
phenomenon occurred at an early stage of WAT development in
line with increased storage of TG in prenatally undernourished
adult sheep (Sharkey et al., 2009) and rat offspring following
uteroplacental insufficiency (Joss-Moore et al, 2010). Rat
offspring reared in small litters (Boullu-Ciocca et al., 2008) as well
as juvenile offspring from obese HF-fed rats (Del Bas et al., 2015)
also displayed a early postnatal induction of pro-inflammatory
cytokine mRNA expression levels in WAT that were exacerbated
under HF diet. However, in utero HF diet exposure may result

in increased pro-inflammatory markers in WAT of adult mice
offspring, independently of maternal obesity (Umekawa et al.,
2015). The pro-inflammatory state may also originate, at least in
part, from modified GC sensitivity within WAT (Lee et al., 2014).
However, it remains to determine whether inflammatory changes
are cause or consequence of fat accumulation.

Programming Mechanisms

Numerous studies regarding nutritional manipulations in
the perinatal period using different opposite paradigms
(undernutrition vs. overfeeding) pointed out the fact that
redundant mechanisms rely on the programming of adult
offspring’s adipose tissue. Some of them occur in a gender-specific
manner.

Plasma Hormone Levels and Tissue
Sensitivity

Over the past few decades, the adipocytokine leptin has been
considered as the main programming factor of the hypothalamus
adipose-axis. Originally, leptin was described as a hypothalamic
neurotrophic factor involved in the plasticity and hardwiring
of the appetite regulatory circuits in the hypothalamus (Bouret
et al., 2004). Numerous studies indicated that perinatal leptin
manipulations result in increased risk of adult-onset obesity
(Breton, 2013). Indeed, altered postnatal leptin surge during
lactation observed in undernourished (Delahaye et al., 2008;
Palou et al., 2012) or overnourished rodent (Kirk et al., 2009)
is associated with fat accumulation in adulthood. In addition,
early postnatal leptin blockage increases susceptibility to diet
induced obesity in rats (Attig et al., 2008) whereas administration
ofleptin during the postnatal period reverses obesity in prenatally
undernourished adult rats (Vickers et al., 2008). Interestingly,
leptin may act directly on adipose tissue via binding to its
receptor to increase preadipocyte proliferation (Bol et al., 2008)
and has differential morphogenesis effects on male and female
adipocytes (Guo et al., 2009). It may also inhibit lipogenesis
in already developed adipocytes (Huan et al., 2003) (Figure 1).
Insulin has been also reported as programming factor on the
hypothalamus adipose-axis. Thus, perinatal manipulations of
insulin levels (Breton, 2013) and altered insulin signaling in the
hypothalamus (Vogt et al., 2014) result in fat accumulation in
offspring. Fat cells respond to insulin after binding to its receptor
and activation of the PI3K/Akt signaling pathways by activating
adipogenesis/lipogenesis and inhibiting lipolysis (Poulos et al.,
2010) (Figure 1).

The link between chronic excess of plasma GC levels and
adiposity as observed in Cushing’s syndrome suggested that
altered GC metabolism may also predispose to fat expansion.
This observation has led to the hypothesis that perinatal
hypercorticosteronemia due to disturbed HPA axis feedback
might be a key factor in offspring’s WAT programming (Breton,
2013). First, GC alone or in interaction with insulin is known
to regulate in vitro and in vivo the differentiation of adipocyte
precursors (i.e. increased C/EBPa, PPARy) and lipogenic
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genes (Figure 1). Second, GC may be the source of chronic
inflammatory conditions in WAT by inducing inflammation-
related gene expression and pro-inflammatory immune cell
infiltration (Lee et al., 2014).

In addition to higher systemic GC levels, local induction
of GC activity within WAT due to modified GR, MR,
11B-hydroxysteroid ~dehydrogenase type 1 (118-HSD1),
118-hydroxysteroid = dehydrogenase type 2 (11B-HSD2)
relative abundance, may also account for increased adiposity
(Lee et al, 2014) (Figurel). Several studies using maternal
nutritional manipulation models support this notion. Perinatally
undernourished offspring of precocious species (primate,
sheep) that are sensitized to weight gain, exhibited increased
glucocorticoid receptor (GR) and 11B-HSD1 gene expression,
enzyme that regenerates intracellular GC by converting inactive
GC metabolites to active GC during WAT development. This
phenomenon takes place in utero during early fetal development
of adipose tissue in female but not male primate (Guo et al,
2013). In low birth weight lambs, the modified GC sensitivity
was mainly observed during catch-up growth period along
with decreased 118-HSD2 that modifies active GC to inactive
metabolites (Gnanalingham et al., 2005). In rodents, obesity-
prone rat reared in small litters and from diabetic dams also
exhibited an induction of GR and 11B-HSD1 gene expression in
WAT during the postnatal period. The increase in intracellular
GC sensitivity paralleled accelerated WAT growth but took
place before overt obesity (Boullu-Ciocca et al., 2008). Why
postweaning HF diet accentuates the GC sensitivity within WAT
remains to be determined.

The action of GC in WAT is far less than clear but mainly
depends on local balance of active GC versus inactive GC
metabolites by 118-HSD1 and 11B-HSD2 (Lee et al, 2014).
In accordance with this notion, we observed a modified 118-
HSD1/11B-HSD?2 ratio in adult rat offspring from FR70 dams
throughout gestation as well as from HF-fed dams throughout
gestation and lactation (Lukaszewski et al., 2011). In particular,
the depot-specific decreased 118-HSD1/118-HSD2 ratio might
be seen as an adaptive mechanism to limit fat accumulation
(Lukaszewski et al., 2011).

Epigenetic and Transgenerational
Mechanisms

Parental nutritional manipulations during critical developmental
time windows may permanently modulate gene expression
profiles in progeny via epigenetic mechanisms (i.e, DNA
methylation, histone modification and non-coding RNA
modifications). Thus, the implication of these epigenetic
processes have become increasingly important. It might account
for increased risk of adult-onset non-communicable diseases
such as obesity (Lillycrop and Burdge, 2012). In particular,
perinatally unbalanced maternal diet was showed to induce
epigenetic changes in offspring genome resulting in long-lasting
modification of the transcriptional control of adipogenesis
(Musri and Parrizas, 2012) and/or in inflammation (Toubal
et al,, 2013). An isocaloric LP diet given to dams throughout

gestation and lactation affects the CpG site methylation of
the leptin promoter, adipose expression and plasma levels in
adult offspring mice (Jousse et al., 2011). A similar LP diet
applied to rat dams leads to higher miRNA-483-3p levels,
known to reduce adipose tissue expandability in rat offspring
(Ferland-McCollough et al., 2012). Maternal obesity in female
mice induces increased gene expression of Zfp423, a key
transcriptional factor initiating adipogenic commitment, along
with lower promoter methylation levels in fetal offspring (Yang
et al,, 2013). Similarly, weanling rats from obese dams display
greater adipocyte differentiation, increased Zfp423, PPARy and
C/EBPP mRNA expression levels along with specific alterations
in DNA methylation of CpG sites (Borengasser et al., 2013).
Maternal HF diet during pregnancy also leads to histone
modifications within leptin and adiponectin promoter regions
that may affect adipocytokine gene expression in mouse offspring
(Masuyama and Hiramatsu, 2012).

Perinatal perturbations of fetus/neonate nutrient supply
program obesity differently according to the sex of the offspring
(Samuelsson et al., 2008; Garcia et al., 2011; Guo et al., 2013).
The basis of the sex specific programming effects remains
elusive but could reflect direct interactions between maternal
nutritional signals and mechanisms and/or factors involved in
sex differences in development (i.e., differences in patterns and
in timing of development and influence of steroid hormone
exposure during the perinatal period) (Aiken and Ozanne, 2013).
This phenomenon may be due, at least in part, to gender-specific
epigenetic modifications during early stages of the development.
In agreement with this notion, the global methylation profile
in placenta as well as gene expression pattern was obviously
different between male and female offspring from HF-fed obese
mice (Gallou-Kabani et al., 2010). Changes to the epigenome
associated with first generation phenotype can last through
subsequent generations to promote transgenerational inheritance
via both maternal and paternal lineages. In the first generation,
somatic programming may acutely affect tissue, leading to
offspring phenotype. At the same time, the germ cell lineage
which transmits genetic and epigenetic information from one
generation to the next, may undergo epigenome reprogramming
during their development (Dunn et al., 2011). Based on the
transgenerational inheritance concept, the multigenerational HF-
driven obesity may be seen as a vicious circle that may participate
to the transmission of obesity. Accordingly, HF-fed female
progeny of obese mice dams displayed WAT inflammation
and obesity three generations. Multigenerational
changes in DNA hypomethylation on inflammatory genes
contribute, at least in part, to these phenomena (Ding et al.,
2014). In humans, epidemiological studies using the Dutch
famine birth cohort have also highlighted transgenerational
transmission of obesity (i.e., increased neonatal adiposity of the
second generation offspring from undernourished mothers)
(Painter et al., 2008).

Interestingly, maternal diet supplementation (including
methyl donors) during gestation and/or lactation might partially
prevent the obese phenotype of offspring (Cordero et al., 2014).
Although underlying mechanisms remain elusive, epigenetic
processes (i.e., modified methylation status) may account for

over
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deprogramming events (Lillycrop et al., 2005). Thus, maternal
diet supplementation via offspring’s epigenome changes may
constitute a promising strategy (perhaps even prevention) for
early intervention in order to alleviate deleterious programming
effects of maternal malnutrition.

References

Aiken, C. E., and Ozanne, S. E. (2013). Sex differences in developmental
programming models. Reproduction 145, R1-R13. doi: 10.1530/REP-11-0489

Attig, L., Solomon, G., Ferezou, J., Abdennebi-Najar, L., Taouis, M., Gertler,
A, et al. (2008). Early postnatal leptin blockage leads to a long-term leptin
resistance and susceptibility to diet-induced obesity in rats. Int.J. Obes. (Lond.)
32, 1153-1160. doi: 10.1038/ij0.2008.39

Barker, D. J. (2004). The developmental origins of chronic adult disease. Acta
Paediatr. 93, 26-33. doi: 10.1111/j.1651-2227.2004.tb00236.x

Benkalfat, N. B., Merzouk, H., Bouanane, S., Merzouk, S. A., Bellenger, J., Gresti,
J., et al. (2011). Altered adipose tissue metabolism in offspring of dietary obese
rat dams. Clin. Sci. (Lond.) 121, 19-28. doi: 10.1042/CS20100534

Bieswal, F., Hay, S. M., McKinnon, C., Reusens, B., Cuignet, M., Rees, W. D,,
et al. (2004). Prenatal protein restriction does not affect the proliferation and
differentiation of rat preadipocytes. J. Nutr. 134, 1493-1499.

Bol, V. V., Reusens, B. M., and Remacle, C. A. (2008). Postnatal catch-up growth
after fetal protein restriction programs proliferation of rat preadipocytes.
Obesity 16, 2760-2763. doi: 10.1038/0by.2008.417

Borengasser, S. J., Zhong, Y., Kang, P., Lindsey, F., Ronis, M. J., Badger, T. M.,
etal. (2013). Maternal obesity enhances white adipose tissue differentiation and
alters genome-scale DNA methylation in male rat offspring. Endocrinology 154,
4113-4125. doi: 10.1210/en.2012-2255

Boullu-Ciocca, S., Achard, V., Tassistro, V., Dutour, A., and Grino, M. (2008).
Postnatal programming of glucocorticoid metabolism in rats modulates
high-fat diet-induced regulation of visceral adipose tissue glucocorticoid
exposure and sensitivity and adiponectin and proinflammatory adipokines
gene expression in adulthood. Diabetes 57, 669-677. doi: 10.2337/db07-1316

Bouret, S. G., Draper, S. J., and Simerly, R. B. (2004). Trophic action of leptin
on hypothalamic neurons that regulate feeding. Science 304, 108-110. doi:
10.1126/science.1095004

Bowers, R. R,, Festuccia, W. T., Song, C. K., Shi, H., Migliorini, R. H., and
Bartness, T. J. (2004). Sympathetic innervation of white adipose tissue and its
regulation of fat cell number. Am. J. Physiol. Regul. Integr. Comp. Physiol. 286,
R1167-R1175. doi: 10.1152/ajpregu.00558.2003

Breton, C. (2013). The hypothalamus-adipose axis is a key target of developmental
programming by maternal nutritional manipulation. J. Endocrinol. 216,
R19-R31. doi: 10.1530/JOE-12-0157

Cordero, P., Milagro, F. I, Campion, J., and Martinez, J. A. (2014).
Supplementation with methyl donors during lactation to high-fat-
sucrose-fed dams protects offspring against liver fat accumulation when
consuming an obesogenic diet. J. Dev. Orig. Health Dis. 1, 1-11. doi:
10.1017/5204017441400035X

Del Bas J. M, Crescenti, A., Arola-Arnal, A., Oms-Oliu, G., Arola, L., and Caimari,
A. (2015). 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 adipose tissue metabolism of the male
offspring in youth. Int. J. Obes. (Lond.) 39, 7-15. doi: 10.1038/ij0.2014.159

Delahaye, F., Breton, C., Risold, P. Y., Enache, M., Dutriez-Casteloot, I., Laborie,
C., etal. (2008). Maternal perinatal undernutrition drastically reduces postnatal
leptin surge and affects the development of arcuate nucleus POMC neurons in
neonatal male rat pups. Endocrinology 149, 470-475. doi: 10.1210/en.2007-1263

Delahaye, F., Lukaszewski, M. A., Dutriez-Casteloot, I, Montel, V., Dickes-
Coopman, A., Laborie, C., et al. (2010). Maternal perinatal undernutrition
programs a “brown-like” phenotype of gonadal white fat in male rat at
weaning. Am. J. Physiol. Regul. Integr. Comp. Physiol. 299, R101-R110. doi:
10.1152/ajpregu.00604.2009

de Oliveira, J. C., Lisboa, P. C., de Moura, E. G., Barella, L. F., Miranda, R. A., Malta,
A, et al. (2013). Poor pubertal protein nutrition disturbs glucose-induced

Acknowledgments

This work was supported by grants from the French Ministry of
Education and grants of the Conseil Régional du Nord-Pas de
Calais.

insulin secretion process in pancreatic islets and programs rats in adulthood
to increase fat accumulation. J. Endocrinol. 216, 195-206. doi: 10.1530/JOE-12-
0408

Desai, M., Guang, H., Ferelli M. Kallichanda, N., and Lane, R. H.
(2008). Programmed upregulation of adipogenic transcription factors in
intrauterine growth-restricted offspring. Reprod. Sci. 15, 785-796. doi:
10.1177/1933719108318597

Desai, M., and Ross, M. G. (2011). Fetal programming of adipose tissue: effects
of intrauterine growth restriction and maternal obesity/high-fat diet. Semin.
Reprod. Med. 3,237-245. doi: 10.1055/s-0031-1275517

Ding, Y., Li, J, Liu, S, Zhang, L, Xiao, H., Li, J, et al. (2014). DNA
hypomethylation of inflammation-associated genes in adipose tissue of female
mice after multigenerational high fat diet feeding. Int. J. Obes. (Lond.) 38,
198-204. doi: 10.1038/1j0.2013.98

Druet, C., Stettler, N., Sharp, S., Simmons, R. K., Cooper, C., Smith, G. D., et al.
(2012). Prediction of childhood obesity by infancy weight gain: an individual-
level meta-analysis. Paediatr. Perinat. Epidemiol. 26, 19. doi: 10.1111/j.1365-
3016.2011.01213.x

Dunn, G. A, Morgan, C. P, and Bale, T. L. (2011). Sex-specificity in
transgenerational epigenetic programming. Horm. Behav. 59, 290-295. doi:
10.1016/j.yhbeh.2010.05.004

Ferland-McCollough, D., Fernandez-Twinn, D. S., Cannell, I. G., David, H.,
Warner, M., Vaag, A. A,, et al. (2012). Programming of adipose tissue miR-483-
3p and GDF-3 expression by maternal diet in type 2 diabetes. Cell Death Differ.
19, 1003-1012. doi: 10.1038/cdd.2011.183

Gallou-Kabani, C., Gabory, A., Tost, J., Karimi, M., Mayeur, S., Lesage, J., et al.
(2010). Sex- and diet-specific changes of imprinted gene expression and DNA
methylation in mouse placenta under a high-fat diet. PLoS ONE 5:¢14398. doi:
10.1371/journal.pone.0014398

Garcia, A. P., Palou, M., Sdnchez, J., Priego, T., Palou, A., and Picd, C. (2011).
Moderate caloric restriction during gestation in rats alters adipose tissue
sympathetic innervation and later adiposity in offspring. PLoS ONE 6:¢17313.
doi: 10.1371/journal.pone.0017313

Gnanalingham, M. G., Mostyn, A., Symonds, M. E., and Stephenson, T. (2005).
Ontogeny and nutritional programming of adiposity in sheep: potential
role of glucocorticoid action and uncoupling protein-2. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 289, R1407-R1415. doi: 10.1152/ajpregu.00375.
2005

Guan, H., Arany, E,, van Beek, J. P., Chamson-Reig, A., Thyssen, S., Hill, D.
J., et al. (2005). Adipose tissue gene expression profiling reveals distinct
molecular pathways that define visceral adiposity in offspring of maternal
protein-restricted rats. Am. J. Physiol. Endocrinol. Metab. 288, E663-E673. doi:
10.1152/ajpendo.00461.2004

Guberman, C., Jellyman, J. K., Han, G., Ross, M. G., and Desai, M. (2013).
Maternal high-fat diet programs rat offspring hypertension and activates the
adipose renin-angiotensin system. Am. J. Obstet. Gynecol. 209, el-e8. doi:
10.1016/j.2j0g.2013.05.023

Guo, C, Li, C, Myatt, L., Nathanielsz, P. W., and Sun, K. (2013). Sexually
dimorphic effects of maternal nutrient reduction on expression of genes
regulating cortisol metabolism in fetal baboon adipose and liver tissues.
Diabetes 62, 1175-1185. doi: 10.2337/db12-0561

Guo, K., Mogen, J., Struzzi, S., and Zhang, Y. (2009). Preadipocyte transplantation:
an in vivo study of direct leptin signaling on adipocyte morphogenesis and
cell size. Am. J. Physiol. Regul. Integr. Comp. Physiol. 296, R1339-R1347. doi:
10.1152/ajpregu.90691

Huan, J. N, Li, J., Han, Y., Chen, K., Wu, N., and Zhao, A. Z. (2003). Adipocyte-
selective reduction of the leptin receptors induced by antisense RNA leads to
increased adiposity, dyslipidemia, and insulin resistance. J. Biol. Chem. 278,
45638-45650. doi: 10.1074/jbc.M304165200

Frontiers in Physiology | www.frontiersin.org

May 2015 | Volume 6 | Article 158


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Lecoutre and Breton

Perinatal programming of adipose tissue

Joss-Moore, L. A., Wang, Y., Campbell, M. S., Moore, B., Yu, X., Callaway,
C. W, et al. (2010). Uteroplacental insufficiency increases visceral
adiposity and visceral adipose PPARgamma2 expression in male rat
offspring prior to the onset of obesity. Early Hum. Dev. 3, 179-185. doi:
10.1016/j.earlhumdev.2010.02.006

Jousse, C., Parry, L., Lambert-Langlais, S., Maurin, A. C., Averous, J., Bruhat, A,,
et al. (2011). Perinatal undernutrition affects the methylation and expression
of the leptin gene in adults: implication for the understanding of metabolic
syndrome. FASEB J. 25, 3271-3278. doi: 10.1096/1j.11-181792

Kirk, S. L., Samuelsson, A. M., Argenton, M., Dhonye, H., Kalamatianos, T.,
Poston, L., et al. (2009). Maternal obesity induced by diet in rats permanently
influences central processes regulating food intake in offspring. PLoS ONE
4:¢5870. doi: 10.1371/journal.pone.0005870

Lecoutre, S., and Breton, C. (2014).The cellularity of offspring’s adipose tissue is
programmed by maternal nutritional manipulations. Adipocyte 3, 256-262. doi:
10.4161/adip.29806

Lee, M. J., Pramyothin, P., Karastergiou, K., and Fried, S. K. (2014).
Deconstructing the roles of glucocorticoids in adipose tissue biology and the
development of central obesity. Biochim. Biophys. Acta 1842, 473-481. doi:
10.1016/j.bbadis.2013.05.029

Lillycrop, K. A., and Burdge, G. C. (2012). Epigenetic mechanisms linking early
nutrition to long term health. Best Pract. Res. Clin. Endocrinol. Metab. 26,
667-676. doi: 10.1016/j.beem.2012.03.009

Lillycrop, K. A., Phillips, E. S., Jackson, A. A., Hanson, M. A., and Burdge, G.
C. (2005). Dietary protein restriction of pregnant rats induces and folic acid
supplementation prevents epigenetic modification of hepatic gene expression
in the offspring. J. Nutr. 135, 1382-1386.

Lukaszewski, M. A., Eberl¢, D., Vieau, D., and Breton, C. (2013). Nutritional
manipulations in the perinatal period program adipose tissue in
offspring. Am. J. Physiol. Endocrinol. Metab. 305, E1195-E1207. doi:
10.1152/ajpendo.00231.2013

Lukaszewski, M. A., Mayeur, S., Fajardy, 1., Delahaye, F., Dutriez-Casteloot, L,
Montel, V., et al. (2011). Maternal prenatal undernutrition programs adipose
tissue gene expression in adult male rat offspring under high-fat diet. Am. J.
Physiol. Endocrinol. Metab. 301, E548-E559. doi: 10.1152/ajpendo.00011.2011

Masuyama, H., and Hiramatsu, Y. (2012). Effects of a high-fat diet exposure
in utero on the metabolic syndrome-like phenomenon in mouse offspring
through epigenetic changes in adipocytokine gene expression. Endocrinology
153, 2823-2830. doi: 10.1210/en.2011-2161

Muhlhausler, B., and Smith, S. R. (2009). Early-life origin of metabolic
dysfunction: role of the adipocyte. Trends Endocrinol. Metab. 2, 51-57. doi:
10.1016/j.tem.2008.10.006

Murabayashi, N., Sugiyama, T., Zhang, L., Kamimoto, Y., Umekawa, T., Ma,
N., et al. (2013). Maternal high-fat diets cause insulin resistance through
inflammatory changes in fetal adipose tissue. Eur. J. Obstet. Gynecol. Reprod.
Biol. 169, 39-44. doi: 10.1016/j.ejogrb.2013.02.003

Musri, M. M., and Pérrizas, M. (2012). Epigenetic regulation of
adipogenesis. Curr. Opin. Clin. Nutr. Metab. Care 15, 342-349. doi:
10.1097/MCO.0b013e3283546fba

Painter, R. C., Osmond, C., Gluckman, P., Hanson, M., Phillips, D. I, and
Roseboom, T.J. (2008). Transgenerational effects of prenatal exposure to the
Dutch famine on neonatal adiposity and health in later life. BJOG 115,
1243-1249. doi: 10.1111/j.1471-0528.2008.01822.x

Palou, M., Konieczna, J., Torrens, J. M., Sdnchez, J., Priego, T., Fernandes, M. L.,
etal. (2012). Impaired insulin and leptin sensitivity in the offspring of moderate
caloric-restricted dams during gestation is early programmed. J. Nutr. Biochem.
23, 1627-1639. doi: 10.1016/j.jnutbio.2011.11.005

Palou, M., Torrens, J. M., Priego, T., Sanchez, J., Palou, A., and Picé, C. (2011).
Moderate caloric restriction in lactating rats programs their offspring for a
better response to HF diet feeding in a sex-dependent manner. J. Nutr. Biochem.
6, 574-584. doi: 10.1016/j.jnutbio.2010.05.001

Patterson, C. M., Bouret, S. G., Park, S, Irani, B. G., Dunn-Meynell, A. A,, and
Levin, B. E. (2010). Large litter rearing enhances leptin sensitivity and protects
selectively bred diet-induced obese rats from becoming obese. Endocrinology
151, 4270-4279. doi: 10.1210/en.2010-0401

Poulos, S. P., Hausman, D. B., and Hausman, G. J. (2010). The development and
endocrine functions of adipose tissue. Mol. Cell Endocrinol. 323, 20-34. doi:
10.1016/j.mce.2009.12.011

Ravelli, A. C., van Der Meulen, J. H., Osmond, C., Barker, D. J., and Bleker, O.
P. (1999). Obesity at the age of 50 y in men and women exposed to famine
prenatally. Am. J. Clin. Nutr. 70, 811-816.

Samuelsson, A. M., Matthews, P. A., Argenton, M., Christie, M. R., McConnell, J.
M., Jansen, E. H., et al. (2008). Diet-induced obesity in female mice leads to
offspring hyperphagia, adiposity, hypertension, and insulin resistance: a novel
murine model of developmental programming. Hypertension 5, 383-392. doi:
10.1161/HYPERTENSIONAHA.107.101477

Seale, P., Kajimura, S., and Spiegelman, B. M. (2009). Transcriptional control of
brown adipocyte development and physiological function-of mice and men.
Genes. Dev. 23, 788-797. doi: 10.1101/gad.1779209

Sharkey, D., Symonds, M. E., and Budge, H. (2009). Adipose tissue inflammation:
developmental ontogeny and consequences of gestational nutrient
restriction in offspring. Endocrinology 150, 3913-3920. doi: 10.1210/en.
2008-1784

Srinivasan, M., Mitrani, P., Sadhanandan, G., Dodds, C., Shbeir-ElDika, S.,
Thamotharan, S., et al. (2008). A high-carbohydrate diet in the immediate
postnatal life of rats induces adaptations predisposing to adult-onset obesity.
J. Endocrinol. 197, 565-574. doi: 10.1677/JOE-08-0021

Steculorum, S. M., and Bouret, S. G. (2011). Maternal diabetes compromises the
organization of hypothalamic feeding circuits and impairs leptin sensitivity in
offspring. Endocrinology 152, 4171-4179. doi: 10.1210/en.2011-1279

Sutton, G. M., Centanni, A. V., and Butler, A. A. (2010). Protein malnutrition
during pregnancy in C57BL/6] mice results in offspring with altered circadian
physiology before obesity. Endocrinology 4, 1570-1580. doi: 10.1210/en.2009-
1133

Toubal, A., Treuter, E., Clément, K., and Venteclef, N. (2013). Genomic and
epigenomic regulation of adipose tissue inflammation in obesity. Trends
Endocrinol. Metab. 24, 625-634. doi: 10.1016/j.tem.2013.09.006

Umekawa, T., Sugiyama, T., Du, Q., Murabayashi, N., Zhang, L., Kamimoto,
Y., et al. (2015). A maternal mouse diet with moderately high-fat levels
does not lead to maternal obesity but causes mesenteric adipose tissue
dysfunction in male offspring. J. Nutr. Biochem. 26, 259-266. doi: 10.1016/
j.jnutbio

Vickers, M. H., Gluckman, P. D., Coveny, A. H., Hofman, P. L., Cutfield, W. S,,
Gertler, A, et al. (2008).The effect of neonatal leptin treatment on postnatal
weight gain in male rats is dependent on maternal nutritional status during
pregnancy. Endocrinology 149, 1906-1913. doi: 10.1210/en.2007-0981

Vogt, M. C., Paeger, L., Hess, S., Steculorum, S. M., Awazawa, M., Hampel,
B., et al. (2014). Neonatal insulin action impairs hypothalamic neurocircuit
formation in response to maternal high-fat feeding. Cell 156, 495-509. doi:
10.1016/j.cell.2014.01.008

Vosselman, M. J., van Marken Lichtenbelt, W. D., and Schrauwen, P. (2013).
Energy dissipation in brown adipose tissue: from mice to men. Mol. Cell.
Endocrinol. 379, 43-50. doi: 10.1016/j.mce.2013.04.017

Xue, B., Rim, J. S., Hogan, J. C., Coulter, A. A., Koza, R. A., and Kozak, L. P.
(2007). Genetic variability affects the development of brown adipocytes in
white fat but not in interscapular brown fat. . Lipid. Res. 48, 41-51. doi:
10.1194/jlr.M600287-JLR200

Yang, Q. Y., Liang, J. F., Rogers, C. J., Zhao, J. X, Zhu, M. J,, and Du, M.
(2013). Maternal obesity induces epigenetic modifications to facilitate Zfp423
expression and enhance adipogenic differentiation in fetal mice. Diabetes 11,
3727-3735. doi: 10.2337/db13-0433

Yee, J. K., Lee, W. N, Ross, M. G., Lane, R. H., Han, G., Vega, ], et al. (2012).
Peroxisome proliferator-activated receptor gamma modulation and lipogenic
response in adipocytes of small-for-gestational age offspring. Nutr. Metab.
(Lond.) 9:62. doi: 10.1186/1743-7075-9-62

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Lecoutre and Breton. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

May 2015 | Volume 6 | Article 158


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	Maternal nutritional manipulations program adipose tissue dysfunction in offspring
	Maternal Nutritional Manipulations Alter Adipogenesis and Lipogenesis in Offspring's Adipose Tissue
	Low Birth-Weight Offspring
	Maternal Overfeeding
	Modified Energy Intake During the Suckling Period

	Maternal Nutritional Manipulations Impair Sympathetic Activity in Offspring's Adipose Tissue
	Offspring of Malnourished Dams Show Increased Inflammatory Response in Adipose Tissue
	Programming Mechanisms
	Plasma Hormone Levels and Tissue Sensitivity
	Epigenetic and Transgenerational Mechanisms
	Acknowledgments
	References


