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A wealth of animal and human studies demonstrate that perinatal exposure to adverse metabolic condi-
tions – be it maternal obesity, diabetes or under-nutrition – results in predisposition of offspring to
develop obesity later in life. This mechanism is a contributing factor to the exponential rise in obesity
rates. Increased weight gain in offspring exposed to maternal obesity is usually associated with hyper-
phagia, implicating altered central regulation of energy homeostasis as an underlying cause. Perinatal
development of the hypothalamus (a brain region key to metabolic regulation) is plastic and sensitive
to metabolic signals during this critical time window. Recent research in non-human primate and rodent
models has demonstrated that exposure to adverse maternal environments impairs the development of
hypothalamic structure and consequently function, potentially underpinning metabolic phenotypes in
later life. This review summarizes our current knowledge of how adverse perinatal environments pro-
gram hypothalamic development and explores the mechanisms that could mediate these effects.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

In recent years, global metabolic disease levels have reached
epidemic proportions. Worldwide obesity has nearly doubled since
1980; and upwards of 10% of adults worldwide are now classified
as diabetic (primarily with type 2 diabetes) (Organisation WH,
2014). Current figures also highlight a worrying rise in adolescent
obesity and Type 2 diabetes (T2DM). Given the significant
co-morbidities associated with obesity, the increasing incidence
of obesity represents an enormous social and financial burden on
society.

The recent rise in obesity prevalence cannot be attributed to an
individual’s lifestyle and diet alone. A hereditary element to obesity
susceptibility is undisputed, but the rapid nature of the world-wide
increase in obesity suggests the increased incidence is not solely
down to genetic predisposition (Maher, 2008). Indeed only a small
proportion of the body mass index (BMI) variation within the pop-
ulation can be explained by known genetic variants (of which there
are around 30), suggesting there is an interaction between genetic
factors and the environment (Speliotes et al., 2010). The current
obesogenic environment of high – fat, high – sugar diets and
increasingly sedentary lifestyles is undoubtedly fuelling the obesity
crisis. However, evidence from numerous clinical and experimental
studies show that the occurrence of many non-communicable
diseases – including obesity – can be influenced by the early life
environment (Fernandez-Twinn and Ozanne, 2010). Adverse
changes to maternal metabolic phenotype (be it obesity, diabetes
or under-nutrition) before, during and after pregnancy compromise
offspring development by contributing to a sub-optimal in utero
and neonatal environment.

The central nervous system (CNS) is a key player in metabolic
regulation, and receives constant updates on energy status from
the periphery, which it integrates in order to coordinate adjust-
ments to appropriate physiological parameters. Over the past
two decades the importance of the hypothalamus in regulating
whole body energy homeostasis has become increasingly clear
(Myers and Olson, 2012). The importance of the hypothalamus in
maintaining both energy and glucose homeostasis, and the relative
plasticity of hypothalamic development suggests disruptions to
hypothalamic development – leading to altered hypothalamic
function – may underpin increased metabolic disease risk later in
life.

The purpose of this review is to summarize our current under-
standing of how the early life environment influences hypothala-
mic development, structure and ultimately function in later life.
We also discuss the possible mechanisms responsible for mediat-
ing the effects of the early life environment on hypothalamic
development, and highlight areas of experimental discord and gaps
in knowledge within the field.
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1.1. Different early life exposures with common long term outcomes on
offspring metabolic health

1.1.1. In utero under-nutrition
The link between low birth weight – as a crude measure of

restricted fetal growth – and later cardio-metabolic disease risk
was first noted in the seminal papers by Barker et al. (1989),
Hales et al. (1991), and Hales and Barker (1992), in which they pro-
posed the ‘‘Thrifty Phenotype Hypothesis”, postulating that poor in
utero nutrition drives fetal metabolic adaptations that would be
beneficial should the baby be born into an environment with lim-
ited access to food. However, if the baby is born into an environ-
ment where food is plentiful, these fetal adaptations may
become detrimental to metabolic health. The original observations
made by Hales and Barker in the Hertfordshire birth cohort have
since been reproduced in many different populations worldwide
(Hales and Barker, 2001), and valuable insight into the effects of
exposure to under-nutrition have been made in studying individu-
als exposed to the Dutch Hunger Winter in utero (Schulz, 2010).
The Thrifty Phenotype Hypothesis has since been encompassed
within the broader terms of the ‘‘Developmental Origins of
Health and Disease” hypothesis, which takes into account fetal
adaptations due to a range of maternal environments such as
increasingly prevalent obesity and over-nutrition (Gillman, 2005).

1.1.2. Maternal obesity
Obesity is rapidly increasing among women of a childbearing

age (King, 2006; Danaei et al., 2011), with one in five women obese
at the time of conception (Zera et al., 2011). It has been known for
some time that there is an association between maternal BMI and
offspring BMI. Analysis of the 1958 British birth cohort revealed
that the BMI of offspring increases proportionally with BMI of par-
ents (Lake et al., 1997). Additionally high maternal BMI before and
during pregnancy is a predictor of offspring obesity, adiposity and
metabolic syndrome as a young adolescent and as an adult (Fraser
et al., 2010; Laitinen et al., 2001; Boney et al., 2005).

Compared to siblings born before the mother underwent baria-
tric surgery and subsequent weight loss, children born after sur-
gery display an improved metabolic profile as adolescents. In
particular, offspring born post-surgery have decreased birth
weight and macrosomia, decreased obesity incidence, increased
insulin sensitivity, lower blood pressure, improved lipid profile
and decreased adiposity (Smith et al., 2009; Guenard et al., 2013;
Kral et al., 2006). These findings are consistent with the hypothesis
that development in utero within an obesogenic environment
increases the risk of obesity and metabolic dysfunction.
Importantly the decrease in transmission of obesity to offspring
after weight loss surgery occurs even in mothers who remain over-
weight despite their weight loss (Kral et al., 2006), showing that a
complete reduction of body weight is not necessary to see
improvements in offspring outcome, and suggesting that body
weight per se is not the most important maternal programming
factor. This concept is further supported by results from studies
in non-human primates, and is discussed later in the review
(Section 5.2).

1.1.3. Gestational diabetes mellitus
Maternal glucose levels during pregnancy – independent of dia-

betes – can impact on offspring metabolic outcome. In non-
diabetic mothers, average circulating glucose levels have been
shown to positively correlate with offspring body fat percentage
and BMI as an infant (Ehrlich et al., 2011; Rinala et al., 2009).

Gestational diabetes mellitus (GDM) is diagnosed when glucose
intolerance occurs either at the onset of pregnancy, or later during
gestation. Maternal GDM is particularly common among over-
weight and obese mothers, and as such the prevalence is increasing
in line with the obesity epidemic (Ferrara, 2007). Current estimates
suggest that 10% of pregnancies are complicated by diabetes (Anna
et al., 2008). Studies of siblings discordant for in utero GDM expo-
sure show that in utero exposure to diabetes programs metabolic
disease risk in the offspring. Children born after maternal diabetes
diagnosis have a significantly higher risk of T2DM later in life than
siblings born before the mother developed diabetes; additionally
among non-diabetic offspring of diabetic mothers, the exposed off-
spring have an increased BMI compared to their unexposed sib-
lings (Dabelea et al., 2000).

1.1.4. Post-natal growth as a predictor of metabolic disease risk
It is becoming increasingly apparent that rapid post-natal

growth is associated with later life disease risk. One of the biggest
risks for later life metabolic disease appears to be crossing growth
percentiles during early life. A high weight velocity in the early
post-natal period is often found in combination with small for ges-
tational age (SGA) births, and may explain why a low birth weight
predisposes offspring to metabolic disease (Crowther et al., 1998).
Additionally, studies of the ALSPAC cohort and others have
revealed a rapid post-natal weight velocity is linked to insulin
resistance and increased T2DM risk (Ong et al., 2004). The effects
of rapid post-natal weight gain are long lasting; it has been demon-
strated that peak weight velocity up to 2 years old is positively cor-
related with blood pressure, waist circumference and BMI at
31 years of age (Tzoulaki et al., 2010).

Infant nutrition during the early post-natal period has a signif-
icant impact on early growth and metabolic disease risk in adult-
hood. Infants fed a nutrient-enriched formula feed display
accelerated early growth compared to breast fed infants, and
increased overweight and obesity risk as adults (Singhal et al.,
2010; Ong et al., 2006; Harder et al., 2005). Thus, developmental
programming in humans is not limited to the in utero environment
and nutritional status during the post-natal environment has a
considerable impact on later life metabolic disease risk.

2. Insight from animal models of maternal programming

Whilst it is primarily desirable to examine data from human
studies when investigating maternal programming of offspring
metabolic systems, a greater understanding of the heritability of
obesity between mother and offspring is needed to better interpret
human studies. Additionally, the majority of human studies are
inevitably complicated by confounding factors such as diet and
lifestyle. Therefore researchers have utilized animal models with
a controlled genetic background, and in which pre- and post-
natal diet of both the mother and offspring can be strictly regu-
lated. Recently, the use of genetically altered rodent models has
enabled researchers to begin to examine the molecular mecha-
nisms underpinning programming of offspring phenotype.
Information obtained from these studies, alongside physiological
observations from larger mammalian species such as non-human
primates (NHP) and sheep, will be instrumental in understanding
how the early life nutritional environment shapes later life meta-
bolic disease risk.

2.1. Maternal obesity

NHP offspring of mothers fed a high-fat diet (HFD) display
increased adiposity (McCurdy et al., 2009), non-alcoholic fatty liver
disease (NAFLD) (Grant et al., 2011) and pancreatic inflammation
and insulin resistance (Nicol et al., 2013). It has also been reported
that the offspring in this model develop a range of neuronal pheno-
types, including female specific increased anxiety-like behavior,
circadian disruption and alterations to the fetal thyroid axis (Fan
et al., 2013; Suter et al., 2011, 2012; Sullivan et al., 2010).
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One of the most consistent findings in rodent studies of mater-
nal obesity is increased body weight in offspring (Ashino et al.,
2012; Bayol et al., 2007; Ferezou-Viala et al., 2007; Shankar
et al., 2008; Nivoit et al., 2009). This usually begins during the early
post-natal period and continues throughout adult life. Offspring
obesity is often accompanied by insulin resistance, progressively
disrupted glucose homeostasis and the development of T2DM later
in life (Ashino et al., 2012; Ferezou-Viala et al., 2007; Samuelsson
et al., 2008, 2013). Pancreatic b-cell dysfunction (Cerf et al.,
2005; Cerf, 2010) as well as insulin resistance contributes to the
development of T2DM and hypothalamic dysfunction could con-
tribute to both of these parameters.

In order to make translatable observations in rodent models of
maternal obesity, it is important to note that in many rodent mod-
els the dams display a 10–20% increase in body weight as a result
of the HFD consumption. According to many human classifications,
this would result in the dams being labeled ‘over-weight’ rather
than obese. However, the recent use of highly palatable diets com-
bining high fat and high sucrose content have led to several recent
papers in which the dams show up to a 30% increase in body
weight, making the metabolic state of dams in these studies more
similar to the human classification of obesity.
2.2. Maternal glucose levels

Gestational diabetes is commonly associated with fetal macro-
somia (Song et al., 2012; Plagemann et al., 1998; Oh et al., 1988), as
a result of increased fetal insulinemia in response to high maternal
glucose levels. Perhaps surprisingly, the fetus can develop insulin
resistance whilst still in utero as a result of maternal hyper-
glycemia (Catalano et al., 2009). Macrosomic GDM offspring dis-
play increased body weight, hyperinsulinemia and reduced
glucose tolerance as adults (Oh et al., 1988). Additionally, maternal
hyperglycemia has significant effects on placental growth and
function (Cisse et al., 2013), which may explain the alterations to
birth weight commonly reported in GDM offspring.
2.3. Maternal under-nutrition and intra-uterine growth restriction

NHP models of gestational under-nutrition have reported a
wide range of offspring phenotypes, including disrupted cardiac
function (Clarke et al., 2015), altered hepatic function leading to
glucose intolerance (Li et al., 2013; Nijland et al., 2010; Guo
et al., 2013) and increased activation of the HPA axis (Li et al.,
2013). A loss of hepatic and pancreatic function resulting ulti-
mately in loss of glucose homeostasis has also been reported in
sheep models of under-nutrition and IUGR (George et al., 2012;
Gardner et al., 2005; Ford et al., 2007). In rodents, both models of
total calorie restriction (Garofano et al., 1999), and macro nutrient
restriction (most commonly reduced protein in the maternal diet)
result in a loss of glucose homeostasis in offspring (Ozanne et al.,
2003), and this phenotype is worsened with age (Petry et al.,
2001). Mimicking human studies, the effects of exposure to mater-
nal low protein during gestation are exacerbated by rapid post-
natal catch up growth, resulting in a strong T2DM-like phenotype
Fig. 1. Comparison between human and rodent neuronal development. During human
occur during gestation. However, in rodents full synapse connectivity is not established u
murine hypothalamic neurons involved in regulation of energy balance appear between e
hypothalamus is established during the first four weeks of post-natal life.
in offspring that are cross fostered to a control diet-fed dam in the
post-natal period (Ozanne and Hales, 2004; Berends et al., 2013).

3. Hypothalamic development

3.1. Development of hypothalamic circuits governing energy
homeostasis

Due to the relatively immature stateatwhich rodentoffspringare
born, full hypothalamic development does not occur during gesta-
tion. Roughly speaking, neurogenesis in rodents occurs pre-natally,
whilst full circuit formation and connectivity is not achieved until
the post-natal period (Fig. 1). Therefore both the fetal and neonatal
period represent critical periods of vulnerability of the hypothala-
mus. Early studies of neurogenesis using thymidine labeling sug-
gested the majority of neurons in the murine hypothalamus are
formed between E11 and E14 (Shimada and Nakamura, 1973).
Recent studies using more sophisticated labeling methods have
identified a peak in hypothalamic neurogenesis at E12 and further
characterized neurogenesis in individual hypothalamic nuclei. The
majority of neurons in the paraventricular nucleus (PVH) and dorso-
medial nucleus (DMH) are generatedbetween E12and E14,whereas
the arcuate nucleus (ARC) and ventromedial nucleus (VMH) have
longer periods of neuronal generation from E12 to E16 (Ishii and
Bouret, 2012; Padilla et al., 2010). In contrast to rodents, neurogen-
esis and circuit formation are both achieved predominantly during
the pre-natal period in humans and NHP (Koutcherov et al., 2003;
Graysonet al., 2006) (Fig. 1). In thehuman fetushypothalamicnuclei
can be characterized as lateral, core or midline structures when
grouped by location and timing of development. Lateral hypothala-
mic structures are the first to develop between 9 and 14 weeks of
gestation, followed by the development of core structures (mainly
intra-hypothalamic projections) between 15 and 23 weeks. Lastly,
mid-line structures such as the ARC and PVH develop during the
morphogenetic period after 34 weeks of gestation (Koutcherov
et al., 2003).

One of the critical periods of hypothalamic development is the
generation of the neuronal projections originating in the ARC that
are key components of the energy balance circuitry. In rodents
these connections are formed post-natally. Studies by Bouret
et al. have elegantly demonstrated that projections from the ARC
do not represent an adult distribution until P18, with connections
specifically between the ARC and PVH forming between P8 and P10
(Bouret et al., 2004). Further studies in rodents have demonstrated
that orexigenic neuropeptide Y (NPY) positive neurons from the
ARC innervate the PVH at P10 and P11, but brainstem NPY positive
neuronal fibers arrive at the PVH much earlier and are present
from P2 (Singer et al., 2000). In comparison, in the NHP the devel-
opment of NPY positive projections from the ARC occurs during the
third trimester of gestation, and offspring are born with an abun-
dance of NPY positive fibers originating from the ARC. However,
the pattern of ARC projections seen in the NHP in late gestation
is less dense than in adults, suggesting further refinement of the
connectivity occurs in the post-natal period (Grayson et al., 2006).

In the pre-natal and early post-natal stages of development it is
imperative for offspring to maintain a positive energy balance to
brain development both neurogenesis and the formation of functional connectivity
ntil the early post-natal period. Of particular interest for hypothalamic development,
mbryonic days 12 and 16 and functional connectivity between different nuclei of the
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enable adequate growth, therefore homeostatic feedback control of
energy intake doesn’t begin until relatively late in the post-natal
period. In rodents, the plasticity of the hypothalamus during early
life is reflected in the often paradoxical roles of pathways involved
in energy homeostasis during early development. The PVH inte-
grates NPY and pro-opiomelanocortin (POMC) signals from the
ARC and regulates downstream parameters of energy homeostasis,
and this connectivity is flexible during rodent post-natal develop-
ment. Melnick et al. reported a developmental switch in NPY and
melanocortin effects on specific neuronal populations in the PVH
during the third post-natal week (i.e. neurons changed from being
NPY responsive to melanocortin responsive) (Melnick et al., 2007).

Recently, Baquero et al. have published two elegant papers
demonstrating the highly plastic nature of the hypothalamus dur-
ing development. The first of these reported that during the early
postnatal period leptin depolarizes NPY neurons, in stark contrast
to leptin hyperpolarisation of NPY neurons in adult mice
(Baquero et al., 2014). The second publication demonstrates the
re-wiring of synaptic input onto NPY neurons that occurs during
early post-natal life, in particular the increase in inhibitory
GABAergic tone onto arcuate NPY neurons that occurs up until
10 weeks of age in mice (Baquero et al., 2015). This early domi-
nance of orexigenic signals allows the newborn to maintain a pos-
itive energy balance for early post-natal growth, before switching
to an adult profile after the rapid growth required for early devel-
opment is achieved.

NPY is also expressed transiently in areas of the rodent CNS out-
side of the ARC during the early post-natal period. It has been sug-
gested that the novel expression of NPY in neurons in the DMH and
peri-fornical region (in addition to the ARC) during development is
another mechanism by which the newborn maintains a positive
energy balance. The expression of NPY increases in these novel
areas between P0 and P4, and reaches a peak by P16. However by
P30 NPY expression reflects that of adult distribution and is limited
to the ARC (Singer et al., 2000). By conducting an extensive charac-
terization of POMC and NPY neuron development, Padilla et al.
demonstrated that a subpopulation of POMC precursors give rise
to a population of orexigenic NPY neurons (Padilla et al., 2010).
This intriguing process likely allows tight coupling of these two
opposing neuronal pathways in adulthood, however cell fate deci-
sions such as this that occur during the perinatal periodmay be vul-
nerable to programming by maternal and offspring nutrient status.

The data described in this section is essentially limited to
rodents, as there is a distinct lack of data on hypothalamic develop-
ment in relation to NHP and humans. Although the highly
Fig. 2. Role of metabolic hormones in development of hypothalamic circuitry. Recent pap
for the correct formation of projections from the ARC to the PVH. The involvement of m
vulnerable to disruption in instances where these hormone levels are altered due to the m
been shown to be vulnerable to disruption upon exposure to maternal obesity, GDM o
environments impact on the development of the hypothalamic circuitry highlighted in do
these circuits.
conserved functions of hypothalamic regions between rodents
and higher organisms suggest that many developmental mecha-
nisms may be shared, our knowledge of NHP and human hypotha-
lamic development is far from complete.

3.2. Programming of hypothalamic development

A common cause of the increased body weight observed in off-
spring of obese dams is hyperphagia (Nivoit et al., 2009;
Samuelsson et al., 2008), implicating altered CNS regulation of food
intake as an underlying cause of the programmed metabolic phe-
notypes. The plasticity of hypothalamic development during the
perinatal period means it is susceptible to disruption by exposure
to adverse environments, and represents a mechanism by which
changes in metabolic homeostasis are permanently programmed
in offspring.

3.2.1. Neurogenesis and cell number
Our knowledge on how the perinatal environment impacts on

early neurogenesis in the hypothalamus is limited, but one study
has reported that the fetuses of HFD-fed dams display increased
neurogenesis around the third ventricle during gestation, and
increased neuronal migration from this area to other areas of the
hypothalamus where neurons ultimately display an orexigenic
phenotype (Chang et al., 2008). Furthermore, Plagemann and col-
leagues have demonstrated that offspring exposure to GDM results
in the malformation of medio-basal hypothalamic nuclei, which
may be secondary to reduced neuron formation (Harder et al.,
2001; Franke et al., 2005; Fahrenkrog et al., 2004). Whilst this
remains the extent of our knowledge of maternal programing of
hypothalamic neurogenesis, a recent paper has demonstrated that
exposure to maternal obesity alters the expression of genes in the
Notch signaling pathway – a key regulator of neural stem cell dif-
ferentiation – in cerebral neural stem cells of offspring (Yu et al.,
2014), and thus similar mechanisms may act in the hypothalamus.

3.2.2. Intra-hypothalamic connectivity
Intra-hypothalamic projections, particularly those originating

in the ARC, are particularly susceptible to programming by the
perinatal environment (Fig. 2). The offspring of GDM mothers dis-
play decreased projections of AgRP and POMC neuronal fibers from
the ARC to PVH as adults, which is due to disrupted axonal projec-
tions rather than decreased neurogenesis in the ARC (Steculorum
and Bouret, 2011). Furthermore, cross-fostering of control off-
spring to a GDM dam during the lactation period has been shown
ers have shown that the metabolic hormones leptin, ghrelin and insulin are required
etabolic hormones in normal hypothalamic development leaves the hypothalamus
aternal nutritional state. Intra-hypothalamic connections shown in solid lines have
r under-nutrition. It is not fully understood whether adverse perinatal nutritional
tted lines, nor whether metabolic hormones are involved in the correct formation of
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to cause perturbations to the development of hypothalamic energy
balance circuitry, suggesting exposure to milk from a diabetic
mother could cause long term changes to body weight and food
intake in offspring (Fahrenkrog et al., 2004).

Vogt et al. have recently carried out a wider characterisation of
ARC connections in the offspring of obese dams, and reported
reduced ARC projections to the PVH, DMH and lateral hypothala-
mus (Vogt et al., 2014). This programming of ARC projections
occurs even when offspring exposure to maternal obesity is limited
to the suckling period, which corresponds with the reported timing
of development of these projections. This suggests that the dis-
rupted circuitry reflects a disruption of axonal projections, rather
than a cellular defect. As well as maternal diet, the exact composi-
tion of offspring diet during the early post-natal period impacts on
hypothalamic development, as neonatal mice fed a diet containing
either low omega-6 or high omega-3 fatty acid display reductions
in both anorexigenic and orexigenic projections from the ARC to
the PVH (Schipper et al., 2013).

Decreased POMC projections from the ARC to the PVH are also
reported in offspring exposed to IUGR (Coupe et al., 2010;
Delahaye et al., 2008), revealing that opposite nutritional chal-
lenges have similar effects on hypothalamic connectivity.
Whether the changes in hypothalamic structure reported in these
divergent nutritional states are a result of neurodevelopmental
adaptation or dysfunction remains to be elucidated. However these
common effects on hypothalamic connectivity may explain how
these different nutritional challenges in early life have the same
effect on regulation of energy balance later on in life.

Recently, Sanders et al. have made some interesting progress in
uncovering the molecular mechanisms underpinning the reduction
in ARC to PVH projections that are commonly reported in offspring
exposed to an adverse perinatal environment. This group reported
that the classical axon guidance molecule Netrin-1 and its recep-
tors are expressed along the ARC to PVH tract during late gestation,
suggesting Netrin signaling may be key to the formation of projec-
tions along this route (Sanders et al., 2014). They further demon-
strated altered expression of key Netrin receptors on NPY
neurons in offspring exposed to maternal obesity, and proposed
that disruption of Netrin signaling mediates the decreased NPY
projections from the ARC to the PVH in offspring exposed to mater-
nal obesity (Sanders et al., 2014).

A recent publication from the Bouret laboratory has demon-
strated a previously unknown role for the metabolic hormone
ghrelin in development of projections from the ARC to the PVH
(Steculorum et al., 2015). This is particularly interesting given
the recent finding that neonatal over-nutrition causes central ghre-
lin resistance (Collden et al., 2015), and demonstrates that changes
to both ghrelin and leptin levels caused by the perinatal nutritional
environment can have long term consequences for hypothalamic
development (discussed in Section 4.1).

3.2.3. Gene expression and neuropeptide profile
Given the altered hypothalamic structure that has been

reported in offspring exposed to an adverse early life environment,
it is perhaps not surprising that the perinatal environment can also
impact on the expression and regulation of hypothalamic neu-
ropeptides. Such changes in functional pathways within the
hypothalamus can perturb the fine balance between orexigenic
and anorexigenic pathways, thus changing the overall tone of
hypothalamic control and underpinning food intake phenotypes
commonly observed in offspring.

Offspring exposure to maternal obesity and/or over-nutrition
have been shown to cause significant changes to expression of
feeding related genes at a basal state in the hypothalamus
(Chang et al., 2008; Page et al., 2009; Gout et al., 2010), plus
changes to the normal gene regulation in response to metabolic
state (Dearden and Balthasar, 2014; Chen and Morris, 2009; Chen
et al., 2014). Reported changes in gene expression may change
the tone of feeding regulation within the hypothalamus, and reflect
an altered body weight set-point. Poon et al. identified distinct
populations of hypothalamic neurons expressing low- and high-
levels of orexigenic neuropeptides, and found that isolated
hypothalamic neuronal cultures from E19 offspring exposed to
HFD in utero display a shift from low to high orexigenic peptide
expressing neuronal populations (Poon et al., 2012).

GDM offspring are reported to display altered expression of cat-
echolamines in the hypothalamus, in particular increased levels of
both noradrenaline and dopamine in the PVH, and an increase in
NPY positive neurons in the ARC (Plagemann et al., 1998, 1998).
Plagemann and colleagues have demonstrated that offspring expo-
sure to GDM results in significant disruptions to the expression of
neuropeptides in both orexigenic and anorexigenic circuits (Harder
et al., 2001; Franke et al., 2005). Interestingly, this phenotype can
be rescued by pancreatic islet transplantation in GDM dams, sug-
gesting that either maternal hyperglycemia or hypoinsulinemia is
the main contributor to programming of hypothalamic malforma-
tions in the offspring. Similar changes in the gene expression of key
feeding regulated neuropeptides has been reported in both rodent
and NHP models of maternal under-nutrition and IUGR (Guo et al.,
2013; Rocha et al., 2014; Li et al., 2013; Cripps et al., 2009), again
demonstrating that distinct adverse environments result in similar
hypothalamic outcomes.

Unfortunately, many of the above-mentioned studies have pro-
vided conflicting reports as to whether the expression of anorexi-
genic and orexigenic genes is increased or decreased in offspring.
This may be due to differences in the individual set up of the study
(i.e. mother’s diet and metabolic state, age and sex of offspring) or
because some groups have investigated the hypothalamus as a
whole and not examined transcription in individual areas.
However it is clear the perinatal environment has the potential
to program dysfunction in hypothalamic neuropeptide pathways
at the level of gene expression, and this may be a molecular mech-
anism underpinning some of the physiological phenotypes
reported in offspring.

Hyperphagia in offspring exposed to maternal obesity and/or
GDM is frequently associated with resistance to the anorectic adi-
pokine leptin (Franco et al., 2012; Glavas et al., 2010; Kirk et al.,
2009). Central leptin resistance has been attributed to changes in
the expression and regulation of downstream hypothalamic neu-
ropeptides such as NPY and AgRP (Kirk et al., 2009; Chen et al.,
2009). An association has also been reported between hyperphagia
in offspring and increased expression of the Fat mass and obesity-
associated (FTO) gene, variants of which are associated with
increased risk of obesity (Caruso et al., 2011).

3.2.4. Food preferences and reward-related feeding
Maternal obesity can also influence offspring feeding behavior

and dietary preferences. Maternal consumption of a junk food or
HFD – resulting in maternal obesity – has been reported to increase
the preference for fatty and sugary food in offspring, leading to
obesity (Bayol et al., 2007; Ong and Muhlhausler, 2011). The off-
spring of obese mothers also display increased frequency of feed-
ing episodes, and a longer duration of feeding during a given
episode (Wright et al., 2011). Interestingly, it has also been
reported that the offspring of obese mothers may display alter-
ations to reward systems in the brain that could explain the fre-
quently reported hyperphagia. Several studies have reported
programming of the mesolimbic reward system in offspring,
resulting in altered activation in response to diverse stimuli includ-
ing feeding (Ong and Muhlhausler, 2011; Naef et al., 2008).
Furthermore it has been demonstrated that the offspring of dams
fed a junk food diet display increased hypothalamic levels of
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serotonin and dopamine (Wright et al., 2011). Whilst indiscrimi-
nate increases in the activity of both the seretoninergic and
dopaminergic systems do not explain the observed altered feeding
behavior, it demonstrates the widespread effects of maternal obe-
sity on all aspects regulating offspring food intake.
3.2.5. Neuronal nutrient sensing and activation
Although less studied, there is some evidence that exposure to

an adverse nutritional state during early life can alter electrophys-
iological responses of hypothalamic neurons. Whereas distinct
subpopulations of PVH neurons from control animals are excited
by metabolic signals including melanocortins and NPY in slice
preparation, neurons from neonatally over-nourished rats display
a switch from activation to inhibition following application of
these peptides (Davidowa et al., 2003). Unfortunately, indiscrimi-
nate changes in PVH neuronal responses to both orexigenic and
anorexigenic signals do not explain the obese phenotype observed
in offspring in other models of neonatal over-nutrition. However,
parvo-cellular PVH neurons that are normally excited by anorexi-
genic signals of adiposity such as leptin and insulin are inhibited
by these same signals in rats exposed to neonatal over-nutrition
(Davidowa et al., 2006). The rewiring in responses of these neurons
is thought to occur partly through inhibitory input from GABA
interneurons, as blockade of GABA signaling normalizes neuronal
responses in neonatally over-nourished animals. Furthermore,
both neonatal under- and over-nutrition alters the basal firing rate
of LHA neurons, as well as their electrical response to dopamine
and CCK administration (Zippel et al., 2003). These studies demon-
strate that perinatal nutrition can have significant effects on neu-
ronal activation, resulting in negative feedback from metabolic
signals such as leptin, insulin and melanocortins being replaced
by positive feedback signals. This type of adjustment of neuronal
response to nutrient status could underpin a difference in body
weight set point, causing the hypothalamus to ‘defend’ a higher
body weight and result in increased body weight phenotypes in
offspring. It is important to note that the neuronal activity changes
in neonatally over-nourished rats mentioned above are not inde-
pendent of offspring body weight. However, alterations in VMH
nutrient sensing have been reported in rat offspring exposed to a
maternal HFD when the offspring do not themselves display a body
weight phenotype, demonstrating that changes to hypothalamic
neuronal activity independent of offspring body weight can occur
(Le Foll et al., 2009).

Recently, Plagemann and colleagues have used a novel system
to examine the effects of transient exposure to hyperglycemia
independent of other metabolic factors during early life by artifi-
cially modulating glucose levels in chick embryos inside eggs.
Exposure to hyperglycemia during late gestation results in
decreased neuronal glucose sensitivity in hypothalamic brain
slices, and altered expression of glucose transporters (Tzschentke
et al., 2015). The authors propose that these changes in hypothala-
mic glucose sensing – which are independent of changes to the off-
spring’s body weight – are indicative of pre-natally acquired
hypothalamic glucose resistance that could contribute to the
development of diabetes later in life.
4. Hunting for the ‘programming factor’

Despite the rapidly increasing number of human and animal
studies, the mechanisms underpinning maternal programming of
offspring metabolic disease risk are still unclear. Simply put, we
still have little idea of the ‘programming factor’ through which
maternal nutritional status impacts on offspring in utero develop-
ment. The identification of programming factor(s) is imperative
from an intervention perspective, to know what to target and
whether the intervention should target the mother or the fetus.
Both obesity and diabetes cause changes to the hormonal milieu,
which is of particular significance when these disease states occur
during pregnancy as the developing fetus is exposed to altered
levels of maternal metabolic hormones.

Recently, attention has focused on the roles of metabolic hor-
mones in hypothalamic development. Although circulating factors
such as insulin and leptin are classically thought of as regulating
metabolic state, both have roles in neuronal development. The dual
roles of these hormones is a powerful mechanism for coupling neu-
ronal development with fetal nutrient status, allowing transmis-
sion of signals to the developing organism in response to
alterations in the nutritional environment, and enabling neuronal
adaptation in line with the Thrifty Phenotype Hypothesis.
However, the involvement of metabolic hormones in neuronal
development also leaves the brain extremely vulnerable to dis-
rupted development if the maternal metabolic milieu is altered
due to, e.g. obesity or diabetes, and may cause maladaptive
responses.

4.1. Potential mechanisms: leptin

Leptin is most commonly thought of as an adipokine responsi-
ble for activating hypothalamic pathways that lower food intake
and increase energy expenditure. However, during the early post-
natal period in rodents high circulating levels of leptin do not cause
a decrease in food intake, an observation that led to the identifica-
tion of a separate role for leptin in hypothalamic maturation.

The majority of leptin activated neurons in the mouse hypotha-
lamus are generated on E12 (Ishii and Bouret, 2012). Despite this,
leptin deficient ob/ob mice do not display a metabolic phenotype
as neonates, suggesting a different role for leptin during the early
post-natal period (Mistry et al., 1999). Additionally, the expression
of leptin receptors within the brain changes during early develop-
ment, suggesting a change in the role of leptin in the CNS. At P4,
leptin receptor (LepR) expression is restricted to cells lining the
third ventricle, but an acute leptin challenge activates intracellular
signaling in this region at P4 but not P14-revealing a developmen-
tal change in the site of leptin action (Cottrell et al., 2009). Further
studies have revealed transient expression of the LepR during early
neonatal life in areas not associated with energy expenditure,
including the cortex, hippocampus and laterodorsal nucleus of tha-
lamus (Caron et al., 2010).

A series of classical experiments in the ob/ob mice by Bouret
have elegantly revealed a neurotrophic role for leptin in the
hypothalamus during early post-natal development, as ob/ob mice
display a permanent reduction in neural projections from the ARC
(Bouret et al., 2004). Importantly, this phenotype can be rescued by
exogenous leptin treatment on P12 but not during adulthood,
demonstrating that the neurotrophic actions of leptin are limited
to a tight developmental window. More recently Bouyer et al. have
further defined hypothalamic development in the environment of
leptin deficiency, demonstrating that ob/ob mice display decreased
AgRP and a-MSH projections specifically to neuroendocrine PVH
cells, and decreased AgRP projections to pre-autonomic PVH cells
(Bouyer and Simerly, 2013) (Fig. 2). Interestingly, a-MSH projec-
tions to pre-autonomic cells appear to be leptin independent.
Furthermore, AgRP projections to pre-autonomic but not neuroen-
docrine PVH cells can be rescued by exogenous leptin administra-
tion from P4 to P14. Further research by Bouret et al. suggests that
leptin can only activate individual hypothalamic nuclei after they
have been innervated by ARC fibers, thus the neurotrophic role of
leptin is responsible for the ability of leptin to then activate other
hypothalamic areas (Bouret et al., 2004). Signaling through the
LepR is necessary for leptin’s role in neurite outgrowth from the
ARC, and distinct signaling pathways downstream of the LepR have
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differing roles in the formation of energy balance circuitry (Bouret
et al., 2012).

In rodents, during the second post-natal week a surge in leptin
levels occurs independent of fat mass (Ahima and Hileman, 2000),
and is not associated with changes in body weight, glucose or insu-
lin levels. The observation by Bouret et al. that defective hypotha-
lamic projections in the ob/ob mice can be rescued by exogenous
leptin at a time correlating with the endogenous leptin peak
fuelled speculation that the leptin surge is involved in the matura-
tion of neuroendocrine pathways, and that disruption of the leptin
surge would have consequences for hypothalamic development.
Subsequent research in rodent models has shown this to be true.
Sub-cutaneous administration of leptin from P2 (to mimic an early
leptin surge) results in a long-term decrease in food intake and
decreased ghrelin levels, but no change in body weight.
Conversely, ablation of the leptin peak using a leptin antagonist
has no effect on food intake but causes decreased adult body
weight and sexually dimorphic changes in hypothalamic gene
expression (Granado et al., 2011; Mela et al., 2012).

In light of these observations that experimentally altering the
leptin surge causes long-term phenotypes, leptin and the leptin
surge have attracted a lot of interest as candidates linking defective
development to permanent programming of offspring energy
homeostasis. Kirk et al. have demonstrated that the offspring of
obese dams display an amplified and prolonged leptin surge, which
is accompanied by decreased AgRP positive neuronal innervation
of the PVH and associated with hyperphagia in adulthood (Kirk
et al., 2009). Both Delahaye and Coupe have reported that IUGR
results in a reduced post-natal leptin surge in rats, which is associ-
ated with decreased hypothalamic POMC projections from the ARC
to the PVH in adult animals (Coupe et al., 2010; Delahaye et al.,
2008). The observation that both a lack of leptin surge (in ob/ob
mice and in IUGR) and an increased or prolonged leptin surge (with
maternal obesity) perturb hypothalamic development suggests
there is a U-shaped curve in relation to leptin signaling and off-
spring metabolic disease risk.

It is worth noting that the importance, or indeed presence, of a
leptin surge similar to the phenomena noted in rodents in humans
and NHP is yet to be confirmed. A post-natal leptin surge has been
observed in sheep, although it occurs sooner after birth than in
rodents (Long et al., 2011). It has been reported that in sheep,
maternal obesity abolishes the leptin surge possibly via increased
cortisol levels in the post-natal period. This is associated with
hyperphagia and increased body weight in offspring in adulthood
(Long et al., 2011).

In humans, maternal leptin levels increase throughout the first
and second trimesters, reaching a peak during the third trimester
and returning to pre-pregnancy levels almost immediately at par-
turition (Schubring et al., 1998).The placenta is a major source of
leptin during pregnancy, however fetal adipose tissue is capable
of producing leptin as early as 6–10 weeks of gestation
(Atanassova and Popova, 2000). Fetal leptin levels are directly cor-
related with fetal adipose levels (Clapp and Kiess, 1998), suggest-
ing any contribution from maternal and placental leptin is slim.
Further supporting this, research suggests that the vast majority
of the placental- produced leptin is transported into the maternal
circulation (Linnemann et al., 2000), suggesting that the main
source of fetal leptin is fetal organs (Lepercq et al., 2001).
However the amount of maternal leptin produced from maternal
adipose tissue that is transported to the fetus is unknown.

The common adverse effects of disruption of the leptin surge
seem to suggest that the correct regulation of leptin in the post-
natal period is critical for development. However it has also been
demonstrated that an adverse environment during early life can
program offspring metabolism independent of leptin signaling
(Cottrell et al., 2011). Additionally, Vickers et al. found that whilst
neonatal leptin treatment rescued the metabolic phenotype in
female and male IUGR offspring, the treatment programmed a
metabolic phenotype in control male offspring (Vickers et al.,
2005, 2008). Clearly a better understanding is needed before we
can begin to develop effective and translatable intervention strate-
gies based on manipulation of leptin levels in the CNS.

4.2. Potential mechanisms: insulin

It is difficult to study the effects of insulin on hypothalamic
development in vivo, as it is often not possible to examine the
effects of insulin administration per se independent of hypo-
glycemia. This has meant that insulin has received less attention
as a potential programming factor than leptin. However, early
studies suggested that insulin has a neurotrophic function and
can promote neurite outgrowth in cultured neuronal cells (Bhat,
1983; Recio-Pinto and Ishii, 1984; Schechter and Abboud, 2001).
Indeed, insulin signaling is essential for axon guidance in droso-
phila (Song et al., 2003). It has also been reported that insulin defi-
ciency, rather than hyperglycemia, is responsible for the impaired
neurotrophic response to injury observed with T1DM (Pierson
et al., 2003). Current knowledge on the molecular mechanisms
through which insulin signaling promotes neurite outgrowth is
limited, but some groups have suggested a role for insulin signaling
in stabilizing microtubule machinery (Mill et al., 1985; Wang et al.,
2014).

Maternal hyperinsulinemia and insulin resistance are com-
monly observed among both obese and gestational diabetic moth-
ers. It has been demonstrated in a rodent model that maternal
insulin injections between days 15 and 20 of gestation cause
delayed onset obesity in offspring and increases in both hypothala-
mic noradrenaline levels and noradrenergic neuron innervation of
the PVH (Jones et al., 1995, 1996). However, as only limited
amounts of insulin can cross the placenta, it is unlikely that the
programming of offspring in this case is due to fetal hyperinsuline-
mia, and may in fact be a fetal response to maternal hypoglycemia
induced by the insulin injections.

Plagemann et al. have experimentally modeled neonatal hyper-
insulinemia by inserting hypothalamic insulin implants in rat neo-
nates at P2 and P8. This results in increased body weight,
hyperinsulinemia and impaired glucose tolerance in adulthood,
as well as morphological alterations to hypothalamic nuclei includ-
ing the ARC and VMH (Plagemann et al., 1992, 1999). This pheno-
type is not exclusive to acute hypothalamic administration of
insulin, as daily sub-cutaneous insulin injections from P8 to P11
also result in increased body weight, hyperinsulinemia and
impaired glucose tolerance, as well as a reduced volume of the
VMH in adulthood (Harder et al., 1998). However it should be
noted that this latter model fails to control for the effects of insulin
on glucose levels separately from the other hormonal actions of
insulin. The use of genetically modified mice with defective insulin
signaling allows researchers to examine the effects of insulin sig-
naling independent of glucose levels. A recent study by Vogt
et al. utilized mice lacking the insulin receptor specifically on
POMC neurons to demonstrate that insulin signaling in POMC neu-
rons is responsible for the disruption of these projections to pre-
autonomic neurons of the PVH in offspring exposed to maternal
over-nutrition during the post-natal period (Vogt et al., 2014)
(Fig. 2).

4.3. Potential mechanisms: epigenetic regulation of the genome

The molecular mechanisms by which changes in the perinatal
environment are transmitted to the fetus, and the process by
which phenotypes are induced are not yet fully understood.
However the stable nature of these phenotypes throughout the
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lifetime of the exposed offspring, and the recently reported inter-
generational transmission of programming effects suggests perma-
nent changes in gene expression. In utero regulation of epigenetic
machinery has recently received a lot of interest as a potential
mechanism for causing permanent, heritable changes to gene
expression.

Maternal environment-mediated alterations to epigenetic
markers are a likely source of the transcriptional changes com-
monly observed in offspring. In a recent study of siblings born
before and after maternal gastric bypass surgery, significant differ-
ences in the methylation of glucoregulatory genes were observed
in blood samples (Guenard et al., 2013). It has previously been
reported in a NHP model that maternal diet modulates SIRT1 his-
tone de-acetylase activity independently of maternal obesity
(Suter et al., 2012), thus dietary programming of epigenetic pro-
cesses in offspring is certainly possible. It has also been reported
that DNA methyl transferase activity is regulated by glucose levels,
resulting in changes to global DNA methylation levels, although
conflicting reports exist as to whether there is a positive or nega-
tive correlation between glucose and methylation state (Olsen
et al., 2012; Chiang et al., 2009). Li et al. have recently demon-
strated that the major epigenetic modifications distinguishing
astrocytes and neurons within the hypothalamus occur post-
natally and are nuclei specific, thus changes to offspring nutrient
status affecting epigenetic machinery during the early post-natal
period could have widespread consequences on cell fate decisions
(Li et al., 2014).

Tissue specific expression of the insulin gene in pancreatic beta
cells in both humans and rodents is associated with hypomethyla-
tion of specific CpG sites in the insulin promoter (Kuroda et al.,
2009), and methylation of the leptin promoter has also been shown
to be responsible for tissue specific expression of this locus (Marchi
et al., 2011). Thus these genes may be particularly susceptible to
epigenetic dysregulation in utero, and changes to the promoter
methylation pattern of these genes could cause altered expression
and subsequent changes in offspring physiology. Indeed, in
humans it has been reported that the methylation state of the lep-
tin promoter on the fetal side of the placenta is positively corre-
lated with circulating maternal glucose levels (Bouchard et al.,
2010). Thus maternal hyperglycemia results in decreased leptin
expression in the placenta, and could therefore affect offspring
development. Furthermore, in rodents it has been demonstrated
that late gestational HFD exposure causes hypermethylation of
the leptin receptor promoter in offspring adipose tissue, which is
associated with decreased gene expression (Khalyfa et al., 2013).

There is emerging evidence that an adverse in utero environ-
ment can also cause epigenetic dysregulation in hypothalamic
energy homeostasis pathways. Neonatal over-nutrition causes
hypermethylation of the POMC promoter in the hypothalamus
specifically at CpG dinucleotides within the Specificity Protein 1
(Sp1) binding site, resulting in a lack of POMC mRNA regulation
in response to leptin or insulin (Plagemann et al., 2009).
Similarly, offspring exposed to maternal obesity in utero display
hypermethylation of a region 500 bp upstream of the ATG site in
the POMC gene, which corresponds with decreased pomc expres-
sion and increased body weight (Marco et al., 2014).

Conversely, it has been reported that sheep offspring exposed to
IUGR display increased H3K9Ac and decreased H3K27Me3 modifi-
cations associated with the POMC promoter, and decreased methy-
lation at a POMC proximal promoter region. These changes are
observed specifically in the hypothalamus, although they are not
associated with a corresponding change in mRNA or circulating
POMC levels (Stevens et al., 2010; Begum et al., 2012).
Interestingly the latter study also reported reduced DNMT activity
in the hypothalamus, suggesting that changes to epigenetic
regulation as a result of IUGR may be widespread.
5. Important considerations

5.1. Critical periods of development: gestation vs. the early post-natal
period

It is now widely accepted that sub-optimal nutrition during
either gestation or the early post-natal period has adverse effects
on offspring metabolic outcome, and that the consequences of
exposure during these developmental periods can differ. Indeed,
the findings from the Dutch Hunger Winter cohort revealed that
exposure to famine even during specific periods of gestation had
hugely varying outcomes on offspring phenotype (Schulz, 2010).
In order to develop effective intervention strategies, it is important
to understand the programming effects of maternal nutrition dur-
ing gestation and the post-natal period both separately and com-
bined. Although this is an important issue that needs to be
further understood, few studies in rodents have attempted to dif-
ferentiate the effects of maternal nutrition during gestation and
lactation.

Several rodent studies have suggested that post-natal exposure
to maternal obesity is as – if not more – important than in utero
exposure in programming offspring metabolic phenotype.
Obesity-prone rat pups fostered to lean dams at birth remain obese
but develop a gradual improvement in insulin sensitivity; whereas
lean pups fostered to an obese dam develop increased adiposity
and insulin resistance, as well as changes in the expression of
hypothalamic neuropeptides (Gorski et al., 2006). Furthermore
recent research has demonstrated that exposure to maternal obe-
sity exclusively during the post-natal period is sufficient to disrupt
hypothalamic development (Vogt et al., 2014). The mechanism
underlying offspring hypothalamic programming during the post-
natal period is unknown, but it is likely to involve changes to
maternal milk composition that result in neonatal over-nutrition
and hormonal changes.

In contrast to development of the rodent brain, the vast major-
ity of human and NHP neuronal development occurs in utero. So
how does the post-natal programming observed in rodent models
translate to human development? Although the majority of NHP
hypothalamic circuit formation occurs in utero, there is some fur-
ther development of these connections during early neonatal life
(Grayson et al., 2006). Furthermore, the increased metabolic dis-
ease risk associated with infant formula feeding shows that
although the time windows of specifics of development may be dif-
ferent between rodents and humans, nutrition that promotes
accelerated growth during this period in both species increases
obesity risk. Whether any of these post-natal programming effects
are mediated through changes to hypothalamic structure and func-
tion after birth in humans and NHP remains to be discovered.
5.2. Maternal diet composition and maternal obesity vs. high fat
feeding

It is becoming increasingly clear that offspring are extremely
sensitive to the exact composition of maternal diet, and differences
in the choice of maternal diet are likely to be the cause of conflict-
ing results between studies (see Table 1). This is an issue in the
field of maternal programming in general that needs to be resolved
in order to make any meaningful comparisons from the research
that has been undertaken in rodent models.

It appears that female offspring are particularly vulnerable to
programming caused by exposure to a high-sugar environment
during gestation. This may explain why many studies using simply
high fat, rather than high fat and high sucrose, diets do not report a
strong phenotype in female offspring. Interestingly, female suscep-
tibility to high sucrose levels has also been noted in human dietary
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studies. A study in Finland has found that the consumption of sugar
enriched drinks as an adolescent is directly linked to adult BMI in
women but not men (Nissinen et al., 2009).

In order to develop effective intervention strategies and health
guidelines, it is also imperative that the impact of maternal diet vs.
maternal obesity per se on offspring phenotype is assessed. In
human studies it is hard to examine separately the confounding
factors of maternal obesity and maternal diet, as attempts to mon-
itor maternal diet are inherently flawed by the inaccuracy of food
intake surveys. Animal models have proved more successful in sep-
arating metabolic parameters associated with maternal obesity in
order to ascertain which factors have the greatest effect on off-
spring health. Important observations have been made in a NHP
model examining the effects of maternal HFD consumption but
not maternal obesity per se by using diet-resistant females who
remain lean despite consuming a HFD. These studies have sug-
gested that exposure to maternal HFD alone (without maternal
obesity) causes changes in offspring liver function (McCurdy
et al., 2009; Grayson et al., 2010). Furthermore, switching the diet
of NHP obese females immediately prior to pregnancy reverses the
alterations observed in offspring hypothalamic feeding pathways –
despite the mothers remaining obese – suggesting that this pheno-
type is mediated by the maternal diet (McCurdy et al., 2009;
Grayson et al., 2010).

Conversely, in a reversed version of this experiment in mice it
has been shown that the offspring of both ‘lifetime’ HFD-fed dams
and dams fed an HFD only during gestation and lactation display
the same phenotype of adult obesity, suggesting that maternal
nutrition during gestation and lactation is as important as mater-
nal nutrition and metabolic state pre-conception (Howie et al.,
2009). Other groups have more recently utilized rodent models
Table 1
Comparison of maternal diets used in studies that report hypothalamic programming in
offspring phenotypes, which are often sex specific. In particular, female offspring glucose ho
diet including high sucrose. It is also interesting to note the various degrees of increase in
even no weight gain in dams that are consuming a calorie- rich diet still result in strong

Study Diet Timing of
exposure

Maternal b
weight inc

Kirk et al. (2009) 45% fat, Special dietary
services (45% fat
+ sucrose)

Pre- and during
gestation/
lactation

30% increa

Samuelsson et al. (2008) 45% fat, Special dietary
services (45% fat
+ sucrose)

Pre- and during
gestation/
lactation

25% increa

Samuelsson et al. (2013) High sucrose Pre- and during
gestation/
lactation

20% increa

Vogt et al. (2014) C1057, Altromin (55%
fat)

Lactation No change

Sun et al. (2012) D12492, Research diets
(60% fat)

Gestation and/or
lactation

No change

Khalyfa et al. (2013) D12492, Research diets
(60% fat)

G12 - lactation No matern
weight da
reported

Page et al. (2009) D12451, Research diets
(45% fat)

Pre- and during
gestation/
lactation

10% increa

Sanders et al. (2014) D12451, Research diets
(45% fat)

Pre- and during
gestation/
lactation

25% increa

Dearden and Balthasar
(2014)

D12331 Research diets
(58% fat + sucrose)

Gestation and
lactation

No change

Chen and Morris (2009)
and Chen et al. (2009,
2008)

Cafeteria diet (34% fat) Pre- and during
gestation/
lactation

25% increa

Chen et al. (2014, 2012) SF03-020 Specialty
Feeds (43% fat)

Pre- and during
gestation/
lactation

20% increa
in which the dam consumes a calorie rich diet but is not over-
weight to show conclusively that maternal diet alone can program
strong metabolic phenotypes in offspring (Vogt et al., 2014;
Dearden and Balthasar, 2014; Sun et al., 2012; Khalyfa et al.,
2013). These studies carry an important message for the develop-
ment of human health guidelines, and suggest that lifestyle
intervention alone (i.e. the mother switching to a healthy diet
pre-pregnancy) may be sufficient to ameliorate metabolic
phenotypes in offspring (Fig. 3).

5.3. Sexual dimorphism in hypothalamic programming

Gender differences in developmental programming have so far
been largely ignored, with most studies including only male off-
spring. However, recent studies in which both sexes were included
suggest that offspring responses to the early metabolic environ-
ment are highly sexually dimorphic (Samuelsson et al., 2013;
Dearden and Balthasar, 2014; Mela et al., 2012; Vickers et al.,
2011). This may be due to inherent gender differences in hypotha-
lamic development, or gender specificity of the adaptive response
to environmental challenges. Sexual dimorphism in offspring phe-
notype has important implications for the development of health
guidelines and therapeutic interventions.

The hypothalamic melanocortin system is sexually dimorphic;
male mice have less POMC neurons than female mice, which is
thought to underlie the hyperphagia observed in male compared
to female mice (Nohara et al., 2011). Treatment of neonatal female
mice with testosterone decreases POMC neuron number in the ARC
and increases food intake (Nohara et al., 2011). It has also been
reported that male and female rats differ in their sensitivity to
ICV leptin and insulin administration (Clegg et al., 2003).
offspring. The choice and timing exposure of maternal diet has significant effects on
meostasis appears to be more susceptible to programming by exposure to a maternal
maternal body weight caused by different diet options, as even studies with little or
offspring phenotypes.

ody
rease

Species/
strain

Sex Offspring phenotype

se Rat Male Increased leptin surge, decreased ARC-
PVH projections

se C57bl6J M + F Hyperphagia, hypertension, disrupted
glucose homeostasis

se C57bl6J M + F Male + female: hypertension
Female only: disrupted glucose
homeostasis

C57bl6J Male Male: disrupted glucose homeostasis,
decreased ARC- PVH projections

Rat M + F Disrupted glucose homeostasis, ARC
leptin resistance

al body
ta

C57bl6J Male Hyperphagia, altered methylation leptin
and LepR genes

se Rat Male Altered hypothalamic gene expression

se C57bl6J Male Decreased ARC-PVH projections, altered
Netrin signaling

CD1 M + F Male: altered PVH gene expression
Female only: disrupted glucose
homeostasis

se Rat Male Hyperphagia, altered hypothalamic gene
expression and regulation in response
fasting

se Rat Male Altered hypothalamic gene expression
and regulation in response glucose
changes



Fig. 3. Maternal programming of offspring metabolic disease risk: opportunities for intervention. In utero exposure to maternal obesity, diabetes or under-nutrition increases
offspring susceptibility to metabolic disease. This creates a vicious cycle by which the next generation is also exposed to adverse nutritional conditions in utero. Recent
research from animal models suggests the cycle could be broken in the pre-pregnancy period by non-invasive lifestyle interventions such as a change to the maternal diet, as
well as more serious surgical weight loss interventions in the mother. During pregnancy, both lifestyle and therapeutic interventions are being trialed currently in human
cohorts. Recent research from animal models highlights the importance of some therapeutic interventions being sex specific.
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Strikingly, although male rats display a 24-h reduction in food
intake after ICV insulin injection, this response is completely
absent in female mice. Given the role of insulin and leptin in
hypothalamic development, these inherent differences in sensitiv-
ity may confer different risk on offspring exposed to an adverse
perinatal environment. Indeed, sexually dimorphic hypothalamic
responses to leptin antagonism during the early post-natal period
suggest sex differences in the sensitivity to leptin during the peri-
natal period (Mela et al., 2012) can ultimately affect hypothalamic
development differently in males and females. Whether increased
insulin sensitivity would put male offspring at an advantage or dis-
advantage when exposed to altered hormone levels during the
perinatal period remains to be determined, but certainly warrants
further investigation.

A recent study by Sun et al. revealed that male offspring expo-
sure to a HFD during either gestation or lactation resulted in
decreased leptin sensitivity in the medio-basal hypothalamus at
P10, whereas in female offspring decreased leptin sensitivity was
caused only by in utero exposure to HFD, revealing a sexual dimor-
phism in programming of leptin sensitivity that may be linked to
sex differences in development (Sun et al., 2012). Furthermore, it
has also been shown that male and female offspring have different
periods of susceptibility to programming by maternal over-
nutrition (Dearden and Balthasar, 2014). Studies such as these
highlight the importance of including both sexes in programming
studies, as programming during the perinatal period clearly differ-
entially affects offspring of each sex.

6. Future work-defining intervention strategies

Maternal programming creates a vicious cycle by which mater-
nal diet, weight or glycemic status can increase offspring suscepti-
bility to metabolic disease. These offspring during their
pregnancies have their own children whom are also exposed to
an adverse in utero environment and this continues through subse-
quent generations (Fig. 3). Drastic weight loss interventions such
as bariatric surgery, whilst effective, are expensive and invasive
and thus not practical to control this sequence of events on a large
scale. Furthermore, some studies suggest that women are more
likely to have SGA births after bariatric surgery, due to nutrient
deficiency if the pregnancy occurs too soon after surgery (Dalfra
et al., 2012; Lesko and Peaceman, 2012). Therefore identification
and implementation of more tractable therapies such as lifestyle
interventions, potentially during pregnancy, is essential to break
the cycle. We are still far from identifying the mechanisms that
underlie developmental programming in response to an adverse
in utero or early postnatal environment, but this is crucial in order
to develop therapeutic interventions and appropriate guidelines
for pregnant women. Furthermore, critical developmental periods
need to be defined in order to appropriately time intervention.

Maternal dietary supplementation is an attractive option for
therapies targeting fetal development, as indicated by the success
of folic acid supplementation in reducing the incidence of neural
tube defects. Recent reports from rodent models suggest that
maternal diet supplementation with methyl donors blocks some
of the adverse effects of maternal obesity on offspring physiology
(Carlin et al., 2013), suggesting that changes to global methylation
levels contribute to offspring phenotype.

Numerous studies have implicated maternal insulin sensitivity
and glucose homeostasis as an underlying cause mediating off-
spring phenotypes in response to maternal weight. If maternal glu-
cose homeostasis is indeed a key factor, then normalizing maternal
glucose tolerance independent of body weight should be an effec-
tive intervention. Exercise is an effective way to improve insulin
sensitivity and thus glucose homeostasis in obese subjects (Conn
et al., 2014). Small lifestyle changes before and/ or during preg-
nancy are more likely to be successfully adopted by patients than
severe changes and heavy therapeutic regimes. Additionally, preg-
nancy itself is an ideal opportunity to promote lifestyle changes as
women have increased motivation to improve their own health for
the benefit of their unborn child. A study promoting lifestyle
changes such as moderate exercise and improved dietary choices
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in overweight pregnant women is currently being carried out in
the UK (Briley et al., 2014). Follow up of both the mother and off-
spring from this study will be an important indicator of whether
lifestyle interventions are sufficient to improve the maternal meta-
bolic milieu and offspring metabolic disease risk, and provide
important public healthcare messages. Such information will be
critical if we are to break the cycle of obesity transmission from
parent to child and halt the increasing prevalence of metabolic
disorders.
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