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Sex and gender differences in developmental
programming of metabolism
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ABSTRACT

Background: The early life environment experienced by an individual in utero and during the neonatal period is a major factor in shaping later life
disease risk-including susceptibility to develop obesity, diabetes, and cardiovascular disease. The incidence of metabolic disease is different
between males and females. How the early life environment may underlie these sex differences is an area of active investigation.

Scope of review: The purpose of this review is to summarize our current understanding of how the early life environment influences metabolic
disease risk in a sex specific manner. We also discuss the possible mechanisms responsible for mediating these sexually dimorphic effects and
highlight the results of recent intervention studies in animal models.

Major conclusions: Exposure to states of both under- and over-nutrition during early life predisposes both sexes to develop metabolic disease.
Females seem particularly susceptible to develop increased adiposity and disrupted glucose homeostasis as a result of exposure to in utero
undernutrition or high sugar environments, respectively. The male placenta is particularly vulnerable to damage by adverse nutritional states and
this may underlie some of the metabolic phenotypes observed in adulthood. More studies investigating both sexes are needed to understand how

changes to the early life environment impact differently on the long-term health of male and female individuals.
© 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION

1.1. Developmental programming of metabolic disease

Obesity and diabetes rates are increasing at an unprecedented rate
around the world. While several genetic polymorphisms linked to
obesity have been discovered [1,2], these are few, only account for
small increases in body weight, and explain less than 5% of the
heritability of the condition. This suggests that environmental factors
play a key role in determining risk of these conditions. The early life
environment experienced by an individual in utero and during the
neonatal period is now recognized as a major factor in shaping later life
disease risk-including susceptibility to develop obesity, diabetes, and
cardiovascular disease (see Table 1).

An association between the early life environment and later life metabolic
disease incidence was first reported by Hales and Barker, who proposed
the “Thrifty Phenotype Hypothesis” based on their observations of an
association between low birth weight (as a proxy for reduced fetal growth)
and cardio-metabolic disease in adulthood [3,4]. Further studies examining
individuals who were in utero during the Dutch Hunger Winter (a famine in
the Netherlands discussed in more detail later in this review) confirmed the
association between in utero under-nutrition and the development of
metabolic disease and suggested it was a causative relationship [5]. As
well as the detrimental effects of exposure to under-nutrition in utero, there

is now a wealth of evidence that demonstrates early life exposure to over
nutrition - for example in cases of maternal obesity, diabetes or neonatal
over nutrition - is also associated with increased metabolic disease
incidence in individuals later in life. Comparative studies of siblings born
before and after the mother underwent weight loss surgery have revealed
that the children born after the mother had lost weight had greater
insulin sensitivity, reduced adiposity, and reduced blood pressure
compared to their siblings born when the mother was obese [6].

1.2. Sex differences in the incidence of obesity and diabetes

Globally, obesity is more prevalent in women than in men [7], although
this varies by country, and, in the UK and USA, obesity is more
prevalent in men [8,9]. A recent study that tested 100 of the most
common variants associated with differences in body size and shape
found that 44 of the loci associated with waist to hip ratio - commonly
associated with increased adiposity phenotypes - are differentially
expressed in males and females [10], which may explain some of the
variance in obesity rates. Sex differences in growth are apparent from
the very early stages of development; male fetuses grow faster as early
as the pre-implantation stage [11], demonstrating fundamental dif-
ferences in growth and metabolism between the sexes. Some of this
difference may be due to the genotype of an individual as the number
of X chromosomes affects adiposity, suggesting that genes expressed
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Table 1 — Summary of reported sexually dimorphic phenotypes in humans (H), non-human primates (NHP), rodents (R), and sheep (S). The color of the box

indicates whether the studies reported male (blue shading) or female (pink shading) to be more affected by the maternal environment.

Maternal Maternal obesity Maternal diabetes and/ or high
undernutrition and/or over sugar diet
and/or IUGR nutrition
' BMI and adiposity 1 adiposity males (H) | ! adiposity and skin fold thickness
Bod females (H) [56, 57] [82] females (H) [84, 86]
we(i)glft / 1 sub-cutaneous f body weight males | ! body weight females (H) [85]
adiposity adiposity females (NHP) | (R) [87, 88]
[71] 1 adiposity females 1 adiposity females (R) [152]
(HD) [83]
U glucose tolerance U glucose tolerance females (R) [89,
Glucose females (R) [89] 152]
tolerance Hyperglycemia females (H) [84]
f cholesterol, In utero or postnatal ! HOMA- IR and hyperinsulinemia
triglycerides females exposure: females (H) [84]
Insulin/ | GD [58] hypothalamic leptin
q resistance males (R)
leptin/ [95]
metabolic S o
In utero exposure: Hyperinsulinemia and hyperleptinemia
profile hypothalamic leptin females (R) [152, 153]
resistance females (R)
[95]
I CNS disorders males | Gene expression Gene expression changes hypothalamus
(H) [59, 60] changes hypothalamus | males (R) [89]
Learning deficits males | and forebrain males
(NHP) [73] (R) [89, 91]
CNS Hypothalamic
inflammation males
(R) [92]
Anxiety behavior
females (NHP) [93]
. M 11BHSD1 males (R,S)
Liver [68, 69]
U placental size males U placental oxidative | U placental weight females (R) [153]
(H) [122, 123] capacity males (H)
[121]
U placental size, !
Placenta inflammation males
(R) [120]
1 placental size, U
fetal/ placental ratio
females (H) [126]

on the X chromosome can regulate body weight [12—14]. Also, the
female sex hormone estrogen has been widely suggested to be pro-
tective against obesity (discussed later). Furthermore, different sen-
sitivities to metabolic hormones and adipokines such as leptin and
insulin, which interestingly are often altered as a result of the nutri-
tional environment in early life, may underlie some of the sex differ-
ences in prevalence of type 2 diabetes and obesity.

The purpose of this review is to summarize our current understanding
of how the early life environment influences metabolic disease risk in a
sex specific manner. We also discuss the possible mechanisms
responsible for mediating these sexually dimorphic effects and high-
light the results of recent intervention studies in animal models and
how these can be translated to a human scenario.

2. SEXUAL DIMORPHISM IN SYSTEMS REGULATING ENERGY
HOMEOSTASIS

2.1. The central nervous system
Perhaps unsurprisingly, differences in brain structure are inherent
and present from before birth. Among the most basic difference is the

observation that male neonates have a larger total brain volume than
females [15]. The female sex hormone estradiol has been suggested
to regulate neurogenesis and cell migration, as well as cell death
during early development of many brain regions, including the hy-
pothalamus. Absence or increased expression of the sex hormones
during the perinatal period therefore causes permanent changes to
neuronal architecture [16—18]. Estrogen is produced initially by the
corpus luteum and later by the placenta and is maintained at a high
level throughout pregnancy such that both sexes are exposed equally.
The primary source of the male sex hormone testosterone is the fetal
Leydig cells, which develop in males just after sex determination; in
humans, by 9 weeks post conception, genitalia have begun to
develop and testosterone is produced [19]. A perinatal testosterone
surge occurs in humans in the second trimester [20] and in rodents in
the first week of neonatal life (which interestingly in both species
coincides with the timing of development of hypothalamus [21,22]). In
males, during gestation, testosterone enters the brain and is con-
verted to estradiol via aromatase. This process is responsible for
masculinization of the brain [23]. Diet and sex specific factors
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continue to interact to regulate neurogenesis in the adult hypothal-
amus, when estradiol appears to have an inhibitory effect on neu-
rogenesis [24—26].

The sex hormones potently control food intake and body weight [27]. In
general, male animals are larger and consume more food than fe-
males, and even when expressed as kilocalories per gram body
weight, daily food intake is greater in male than female rodents [28].
This is partly explained by the fact that estrogen exerts an inhibitory
effect on meal size and daily food intake, as well as regulating diurnal
feeding patterns [29,30]. The hypothalamus, a brain region essential
for the regulation of energy homeostasis, is highly sexually dimorphic.
This dimorphism is not just restricted to the areas of the hypothalamus
that are responsible for regulating fertility and reproduction. For
instance, pro-opiomelanocortin (POMC) neurons within the arcuate
nucleus of the hypothalamus (ARC) show differences in number and
function between sexes, which may be in part due to the action of sex
steroids on this neuronal population. Male mice have less anorexigenic
POMC neurons within the ARC, which may explain their increased food
intake compared to female animals. This seems to be an organizational
effect of testosterone during development as neonatal testosterone
administration to female mice results in a ‘masculinization’ and
lowering of POMC neuron number within the ARC [31].

Gao and colleagues have shown that the number of excitatory gluta-
matergic synapses onto POMC neurons varies throughout the estrous
cycle in mice, and this is likely due to changes in estrogen levels as
injection of estradiol directly into the hypothalamus causes an increase
in excitatory synapses onto POMC neurons [32]. Furthermore, Mackay
et al. have shown that perinatal exposure to the estrogen-like com-
pound BPA also causes rewiring within the ARC [33], similar to the well
reported effects of leptin administration on the neonatal hypothalamus
[34]. Glucose sensing in the hypothalamus is also different between
the sexes, which is reported to be due to the effects that estrogen has
on modulating glucose sensing at a cellular level [35,36]. Differences
in nutrient sensing and neuronal plasticity during development could
result in different vulnerability to programming by the nutritional
environment.

Recently, studies using genetically modified mice to investigate the
role of different sub-populations of POMC neurons within the ARC in
feeding control have revealed interesting sex differences in function.
Shi et al. showed that leptin receptor expressing POMC neurons in
females appear to be required for energy balance and fat distribution,
whereas in male mice leptin receptor expressing POMC neurons are
more important in maintaining glucose homeostasis [37,38].
Furthermore, serotonin receptor expressing POMC neurons are
responsible for regulating food intake, energy expenditure, and body
weight in males, but only food intake in females [39]. Glutamatergic
signaling in POMC neurons is thought to be a major way in which the
activity of these neurons is altered in response to changing energy
status, but knock out of the glutamate transporter VGlut2 on POMC
neurons results in an increased body weight phenotype in male but not
female mice [40], suggesting that glutamatergic signaling might not be
as important in female animals. As POMC neuronal networks are both
essential for regulating energy homeostasis and frequently shown to
be regulated by the early life environment, sex differences in POMC
neuron function warrant further investigation to see if they underlie
sexually dimorphic phenotypes.

2.2. Metabolic hormones and adipokines

Circulating plasma leptin levels are different between males and fe-
males, but it is important to note that the pattern is the opposite way
around in humans compared to rodents: in rodents, males have higher

circulating leptin levels than females, whereas in humans, females have
increased circulating levels of leptin for any degree of adiposity
[27,41,42]. Females of both species are inherently more insulin resistant
and have higher circulating insulin levels than males from birth [43—
45], which explains why female rodents show a reduced anorectic
response to intra-cerebroventricular insulin injection [46]. The pheno-
type of the neuronal insulin receptor knock-out mouse is different be-
tween male and female animals, with female animals showing
hyperphagia and a greater increase in adiposity than male knock out
animals [47]. Given the potential role of insulin as a programming factor,
particularly in diabetic pregnancies [48], this could be extremely relevant
to the sex specific prevalence of programming phenotypes.

2.3. Adipose tissue

Sex differences in the accrual of adipose tissue in different depots (for
review see [49]) has significant effects on metabolic phenotype, as
adipokine production, insulin sensitivity and free fatty acid (FFA)
release varies between depots. The expression of leptin mRNA is
increased in subcutaneous adipocytes compared to omental adipo-
cytes, and the ratio of subcutaneous to omental leptin mRNA is higher
in females than males [50]. Also, it has been shown that the metabolic
rate per kilogram of adipose tissue is higher in women than men [51].
Some of the sex differences in adipose tissue are likely due to the
sexually dimorphic role of adipocyte estrogen receptors in modulating
adipose tissue expansion, inflammation, and fibrosis [52].

There are also differences in how the brain innervates peripheral or-
gans such as adipose tissue, which may impact their function: pseudo-
rabies neuronal tracing experiments show that males have more
neurons projecting from the hypothalamus to abdominal fat, whereas
females have more projections to subcutaneous fat [53]. Sex differ-
ences in adipose tissue are not limited to white adipose depots, as
females have more brown adipose tissue and an enhanced capacity to
beige their adipose tissue [54]. The mass changes that occur in adi-
pose tissue gene expression in response to diet induced obesity are
different between males and females, demonstrating significant dif-
ferences in how obesity affects adipose tissue [55]. Given that the
majority of programming phenotypes involves changes to the amount,
distribution, or function of adipose tissue, sex differences such as
these in the transcriptional response to a challenge such as obesity are
an interesting potential underlying mechanism.

3. SEXUALLY DIMORPHIC RESPONSES TO EARLY LIFE
PROGRAMMING

3.1. Under nutrition and nutrient restriction during early life
Invaluable insight into the effects of exposure to under nutrition during
the in utero period has been provided by studying individuals who were
in utero during the Dutch Hunger Winter, which was a six-month
famine that occurred in the western part of the Netherlands during
the Second World War. The rapid onset and abrupt end of the famine
has provided a unique opportunity to study the effects of under
nutrition during specific time windows of pregnancy.

Individuals who were in utero during the famine display a range of
disease phenotypes as adults, with many of the phenotypes varying
depending on sex and the time of exposure to the famine (i.e. early or
late gestation) [5]. Increased body mass index (BMI), waist circum-
ference, and adiposity have been observed in females but not males
who were exposed to the famine in utero [56,57]. More recent studies
have also shown a disrupted lipid profile (increased cholesterol and
triglycerides) specifically in female individuals who were exposed to
the famine [58].
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Interestingly, there was an increased incidence of spina bifida and
other central nervous system disorders in male neonates exposed to
the famine [59], and as adults, famine-exposed males have been
shown to have decreased brain volume [60], suggesting male
vulnerability to neurological damage. This is similar to the significant
amount of evidence that male babies born pre-term are more likely to
suffer adverse neurological outcomes than females [61,62]. In general,
premature birth seems to result in more severe adverse outcomes in
boys than girls [63], with increased mortality rates in male pre-term
infants [61]. In surviving pre-term infants, body composition is
altered independently of body weight, demonstrating that an increase
in terms of gross weight of the baby is not sufficient to show recovery
at the time of hospital discharge [64]. As decreased lean mass, which
is most commonly seen in male pre-term infants, is associated with
adverse neurological outcomes [65], this is an important issue to
consider when treating and monitoring pre-term infants. Another study
has reported increased skin fold thickness in pre-term males but not
females at the equivalent of 36 weeks gestation [66], which may
precede increases in adiposity through to adulthood.

Although many studies have been carried out in animal models on the
effects of under nutrition or intra-uterine growth restriction (IUGR) on
later life metabolic health, the results do not always corroborate the
observations from human cohorts. Very early studies showed that
among the offspring of pregnant rats underfed during early gestation,
the males offspring displayed hyperphagia and obesity later in life, but
female offspring were unaffected [67]. Maternal nutrient restriction in
both rodents and sheep has also been reported to cause gender
specific changes in gene expression in the liver and adipose tissue of
fetuses, with males showing an increase in 77(8hsd1, H6pd, and
Cebpoc mRNA expression in response to nutrient restriction that is
absent in female fetuses [68,69]. In a non-human primate (NHP)
model, maternal nutrient restriction near the end of pregnancy caused
reduced growth of male but not female fetuses. Interestingly, the
reduced fetal growth of male fetuses was associated with adipocyte
hypertrophy and increased markers of white and brown cell adipo-
genesis [70]. Another recent paper studying an NHP model of IUGR
showed that female offspring have increased total cholesterol, low-
density lipoprotein, and subcutaneous fat. These changes were ab-
sent in male offspring, although they did display an increase in peri-
cardial fat deposition [71]. In a study aiming to discover the effects of
maternal under nutrition specifically during either gestation or the early
post-natal period lactation, the authors reported that under nutrition
during pregnancy caused increased adiposity and leptin levels in male
and female offspring alike, whereas under nutrition restricted to the
post-natal period had no effect on adiposity of male offspring but
decreased adiposity of female offspring [72]. Further studies in an NHP
model have shown male specific deficits in behavioral outcomes in
response to maternal nutrient restriction during pregnancy [73],
consistent with reports from the Dutch Hunger Winter studies that
males are more vulnerable to adverse neurological outcomes.

3.2. Obesity and over nutrition during early life

Obesity is rapidly increasing among women of childbearing age
[74,75]; in many Western countries, one in five women is obese at the
time of conception [76]. It has been known for some time that there is
an association between maternal BMI and offspring BMI. 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 [77—79]. Some authors have suggested that the link between
maternal obesity and diabetes and offspring BMI is due simply to the
effects of shared genetics or immediate effects on the child’s birth
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weight. However, most recent studies find that adjustment for birth
size does not attenuate associations between maternal obesity and
childhood obesity. Furthermore, although some of the fetal—maternal
association is due to shared genetics, a recent study has shown that
genetic loci affecting the mother's weight independently affect
offspring birth weight via the in utero environment independent of fetal
genetics [80,81].

A longitudinal analysis of children from obese pregnancies has re-
ported increased body fat at 2—6 years of age in male children
compared to children from a normal weight pregnancy. However, the
adiposity of female children in the same study was not affected by
maternal obesity [82]. Conversely, studies of maternal weight before
pregnancy have demonstrated that the association between maternal
pre-pregnancy BMI and offspring growth pattern from 0 to 7 years of
age is stronger in females than males [83]. There is also considerable
evidence that females are more susceptible to developmental pro-
gramming by a diabetic mother or father [84—86], and this is dis-
cussed in more detail later.

The majority of animal models studying the effects of exposure to
maternal obesity and/or over nutrition have reported results of mixed sex
cohorts or focused exclusively on male offspring. There is now a wealth
of evidence in animal models from rodents to NHP that maternal obesity
causes increased adiposity, disrupted glucose homeostasis and car-
diovascular dysfunction. Many rodent models of maternal (and even
grandmaternal) obesity have suggested that females are more sus-
ceptible to programming of glucose homeostasis, whereas males are
more susceptible to changes in adiposity and body weight [87—89].
However, one study that examined both sexes in a rodent model of
maternal obesity reported that while both sexes are hyperphagic, female
exposed animals showed a larger increase in food intake [90].

Many groups have reported that offspring exposed to maternal obesity
show widespread changes in gene expression in the brain, and,
interestingly, the few studies that have examined both sexes show that
more genes are dysregulated in the hypothalamus (including Crh and
Glut3) and forebrain in male than female offspring [89,91]. Similarly,
male animals exposed to neonatal over nutrition are more susceptible
to develop hypothalamic inflammation [92]. The lack of inflammation in
females may be in part due to estrogen, as this hormone is protective
against free fatty acid-induced inflammation in primary neuronal cul-
tures [92].

Although behavioral phenotypes have been less studied in the context
of maternal obesity, Sullivan et al. have reported that maternal over
nutrition results in increased anxiety like behavior in female offspring
only in a NHP model [93]. The disparity between this observation and
the previous studies that reported a stronger neuronal phenotype in
male offspring of obese mothers may arise as a result of the apparent
increased vulnerability of females to programming of the hypotha-
lamic—pituitary—adrenal axis that is heavily involved in regulation of
stress responses [94].

A recent study by Sun et al. revealed that male offspring exposure to a
HFD during either gestation or lactation displayed decreased leptin
sensitivity in the hypothalamus, whereas in female offspring,
decreased leptin sensitivity was caused only by in utero exposure to
HFD, revealing a sexual dimorphism in the timing of programming of
leptin sensitivity that may be linked to sex differences in development
[95]. A further study investigating the effects of exposure to maternal
over nutrition during either gestation or the lactation period has shown
female-specific programming of glucose homeostasis also occurs
during the in utero period [89]. These studies highlight the importance
of including both sexes in programming studies, as programming
during the perinatal period clearly differentially affects offspring of each
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sex, and there may be different critical windows of development be-
tween sexes when energy homeostasis systems are particularly
vulnerable to programming.

4. MECHANISMS MEDIATING SEXUAL DIMORPHIC
PROGRAMMING

4.1. Epigenetics

Epigenetic regulation of the genome is integral to correct embryonic
development. As some of the molecular machinery required for
maintaining the epigenome is altered by nutritional status [96,97], this
represents a plausible mechanism by which changes in the in utero
environment can be translated into permanent changes in gene
expression in the developing offspring. During the pre-implantation
stage of development, mass demethylation of the genome occurs in
order to ensure the totipotency required for the rest of development.
Interestingly, the timing of demethylation is different in the maternal
and paternal pronucleus, with rapid demethylation of the paternal
genome happening at an earlier developmental stage [98,99]. This
mass demethylation is followed by specific de novo methylation that
remains relatively stable throughout the rest of life. The flexibility of
epigenetic marks makes it possible for environmental factors to alter
the epigenome in a sex specific manner, especially if the activity of the
epigenetic machinery varies with nutritional state and by sex.
Differences in the expression levels of the DNA methyltransferase
enzymes (DNMTs) are observed early in development between male
and female blastocysts as well as at later developmental stages
[100,101], and these appear to be maintained through to adult life in at
least some organs [102]. Differences in the activity of the DNMT en-
zymes may explain the dramatic sex differences in global genomic
DNA methylation pattern that are evident in peripheral blood in
adulthood [103]. Sex differences in epigenetic marks are not limited to
those related to DNA methylation; widespread differences in histone
modifications have been reported in the neonatal mouse brain [104].
The sex differences in DNMT levels may be due to the presence of sex
hormones, as DNMT 1, 3a, and 3b are down regulated by progesterone
[105]. A link between sex hormones and epigenetic machinery was
confirmed recently in a study that showed intra-hippocampal infusion
of estradiol increased DNMT3a and 3b expression, and also stimulated
specific histone acetylation marks and altered the expression of His-
tone Deacetylase (HDAC) 1 and 2 [106].

Given how easily changes in the in utero environment could translate
into changes in the epigenome, it is not surprising that many re-
searchers have examined epigenetic modifications in the context of
early life programming. Maternal nutrient restriction during pregnancy
results in epigenetic modification of hepatic DNA and, consequently,
gene expression [107,108]. Maternal obesity causes an increase in
expression of miRNA126 in adipose tissue that, in turn, leads to
decreased translation of /rs7 mRNA and therefore adipose tissue in-
sulin resistance in these animals [109]. Sexually dimorphic differences
in epigenetic determinants of chromatin structure in response to IUGR
have been reported in the rodent cerebrum and hippocampus [110].
Furthermore, genome wide changes in methylation pattern have been
observed in individuals who were in utero during the Dutch Hunger
Winter, and the majority of these are sex specific, and could therefore
explain the sexually dimorphic occurrence of obesity and other dis-
eases in this cohort [111]. Further human studies have shown that
maternal obesity alters the expression of miRNA210 in the placenta of
female offspring specifically [112,113]. Due to the widespread
changes seen in global DNA methylation state as a result of changes in
early life nutrition, several groups have examined the potential of

methyl donor supplementation in the maternal diet during obese or
nutrient-restricted pregnancies as an intervention strategy. Interest-
ingly, these studies have reported sexually dimorphic effects on the
growth of offspring [114,115], as well as in DNA methylation levels in
specific regions of the brain [115,116].

In addition to the effects of maternal nutritional status at the time of
conception and during pregnancy, there is emerging evidence that
paternal nutritional state at the time of conception alters the sperm epi-
genome, thus providing a novel route through which paternal nutritional
state can program changes in fetal gene expression [117,118].

4.2. Placenta: a major source of sex differences

As the placenta develops early on in development from extra em-
bryonic tissues, genetically it has the same sex as the fetus. This
means that sex differences in the anatomy and growth of the placenta
are apparent from the start of pregnancy; male placentas are phys-
ically smaller but more efficient when assessed by the placental
weight required to support a fetus [119]. This may mean that male
placentas have less reserve capacity in the face of a change in
environment. Indeed, changes in placental morphology and increased
placental inflammation in the offspring of obese mothers are stronger
in male than female rodent offspring [120], and although the human
male placenta ordinarily has a higher antioxidant capacity this is lost
when exposed to maternal obesity [121]. A decreased placental size
was reported among all individuals exposed to the Dutch hunger
winter, but the reduction in size was greater in males than females
[122,123].

It has also been suggested that male placentas may be more sus-
ceptible to environmental changes because they have lower levels of
the X-linked gene O- GIcNAc transferase (OGT), which is required in the
placenta for some epigenetic processes. Reduced OGT expression
could result in male placentas having less of the histone repressive
mark H3K2me3, meaning that they are more susceptible to environ-
mental changes that influence levels of this histone modification thus
having greater consequences for placental function and development
of the male fetus [124,125]. However, not all studies have found the
male placenta to be more susceptible to programming by the in utero
environment. A recent study comparing placentas from lean and
overweight women found increased placental weight and thickness,
plus lower fetal-to-placenta weight ratio in overweight pregnancies,
but these changes were seen only in female placenta [126]. Given the
essential role that the placenta plays in nutrient transfer to the fetus
and in supporting fetal growth, it is imperative that more research is
conducted to understand how changes to nutritional state during
pregnancy impacts differently in male and female placentae.

4.3. Role of metabolic hormones in developmental programming
and how they could contribute to sex differences

Both circulating levels and the sensitivity to metabolic hormones varies
vastly between sexes [46]. As these metabolic hormones also play
integral roles in the development of major hypothalamic pathways
required for maintaining energy homeostasis [127] and in responses to
changing nutrient status (e.g. glucose levels), they have the potential to
mediate some of the sex differences in phenotypes seen in response to
changes in nutrition during the early life environment.

Rodents undergo a postnatal surge in circulating leptin levels that is
independent of food intake but required for correct hypothalamic
development [34]. In humans, leptin levels rise throughout gestation
and peak just before birth. Interestingly, cord blood leptin levels are
different between neonates as female babies have higher levels [128].
In mice, disruption of the post-natal leptin surge by neonatal leptin
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antagonism on post-natal day 9 causes sexually dimorphic effects on
hypothalamic neuropeptide expression. Female animals show in-
creases in Bdnf, Cart, and LepR mRNA as well as increased cell death
in response to neonatal leptin antagonism on this specific post-natal
day, but these effects are absent from male animals [129]. Blockage
of the neonatal leptin surge by prolonged administration of a leptin
antagonist also causes sexually dimorphic effects on hypothalamic
neuropeptide expression [130]. At the other end of the scale, experi-
mental hyperleptinemia induced during the neonatal period causes
differential changes in renal function and thus blood pressure regu-
lation in male and female mice but with a more severe hypertensive
phenotype seen in female than male animals [131]. Although
increased sympathetic tone appears to be responsible for the hyper-
tension and subsequent renal interstitial damage in both sexes, renal
sympathetic nerve denervation prevents interstitial damage in the
kidneys in female mice only [131].

A recent paper by Samuelsson et al. suggests that melanocortin-4
receptor (MC4R) neurons in the paraventricular nucleus of the hypo-
thalamus (PVH) are responsible for mediating the hypertensive
phenotype often reported in the offspring of obese mothers [132]. This
study also revealed interesting sex differences in the involvement of
the melanocortin system in hypertensive phenotypes. Male MC4R
knock-out mice showed an increased mean arterial pressure, whereas
female MC4R knock-out mice did not. Furthermore, replacing MC4Rs
specifically in the PVH resulted in an increased heart rate (HR) in fe-
male mice compared to full body MC4R KO animals, but this effect on
heart rate was absent in male mice with a PVH specific MC4R reac-
tivation. These results suggest that melanocortin signaling in the PVH
mediates different aspects of cardiovascular function between the
sexes and may explain why modification of signaling through this
system by the early life environment causes different cardiovascular
phenotypes in male and female offspring.

4.4. Protective actions of estrogens and how they may impact on
susceptibility to early life programming

The estrogen family and its two respective receptors, ERa. and ERp,
have been widely suggested to be protective against obesity, T2DM,
and cardiovascular disease. This has been extensively reviewed
elsewhere [133]. Estrogens have significant effects on insulin and
leptin sensitivity and on the body’s response to changes in glucose
levels [46,134—136]. As these metabolic hormones and nutrients are
all implicated as ‘programming factors’ mediating the effects of sub-
optimal nutrition during early life on long term health outcomes, the
actions of estrogens in different tissues involved in maintaining energy
homeostasis is a likely cause of the sexual dimorphism observed in
susceptibility to early life programming.

One important cellular component that estrogens can exert significant
effects on is mitochondria. Differences in mitochondrial number and
function have been suggested to underlie the differences in life span
between the sexes [137] and may also be responsible for some of the
differences in response to the early life nutritional environment. Fe-
males have increased mitochondrial number in skeletal muscle, adi-
pose tissue, and heart [138—140], and recent experiments have
shown that the sex hormones have opposing effects on mitochondrial
biogenesis in adipocytes where estradiol promotes and testosterone
reduces mitochondrial proliferation [139]. Estradiol also directly
modulates mitochondrial bioenergetic function and stimulates mito-
chondrial biogenesis in skeletal muscle [138,141]. Overexpression of
the estrogen receptor protects pancreatic -cells from apoptosis by
preserving mitochondrial function and suppressing endoplasmic re-
ticulum stress in the face of cellular stress [142]. Despite this,
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maternal obesity appears to impact mitochondrial function in female
offspring tissues more than in males. Female offspring of obese
mothers are more susceptible to mitochondrial damage in their
placenta, kidney, and skeletal muscle [112,143,144]. The source of
mitochondrial damage in the offspring may be by transmission from
the mother, as mitochondrial dysfunction has been reported in oocytes
of obese mothers [144,145].

Estradiol has been shown to have a neuroprotective role as it can
regulate processes such as re-myelination and inflammation after
brain injury [146—148]. This could mean that estradiol also has a
protective role against some of the neuronal alterations caused by
malnutrition in the early life period [149] and explains the high degree
of sexual dimorphism seen in neuronal phenotypes, particularly in
response to undernutrition during the early life period as discussed
earlier. It has recently been shown that prenatal estradiol exposure
induces hypothalamic insulin resistance in males [150]. Given that the
high insulin levels in an obese pregnancy have been suggested as a
strong candidate for programming alterations to hypothalamic path-
ways [48], an insulin desensitizing effect of estradiol would have
significant effects on how maternal obesity impacts hypothalamic
function differentially in males and females.

5. ARE FEMALES MORE SENSITIVE TO CHANGES IN GLUCOSE
AVAILABILITY DURING EARLY LIFE THAN MALES?

As more studies begin to investigate the effects of maternal over
nutrition in both sexes, there is intriguing evidence emerging that fe-
males may be more sensitive to exposure to increased glucose levels
during early life. Human studies have shown that females are more
susceptible to programming by a diabetic mother or father than males
[84,85]. Furthermore, in a study investigating how maternal glucose
tolerance is associated with offspring adiposity, increased adiposity
was observed in male offspring of gestational diabetic mothers, but
there was no increase in adiposity in male offspring if the mother only
had “intermediate” glucose intolerance. However, female children
show increased adiposity in response to “intermediate” maternal
glucose intolerance, suggesting they may be more sensitive to
increased, in utero glucose levels [86]. Given how many cases of
gestational diabetes are thought go undiagnosed [151] and therefore
unmanaged, this has important implications for the future health of
babies, especially females.

Rodent studies have shown that a maternal diet high in sucrose during
pregnancy has greater effects on metabolic phenotype in female
offspring than males, causing widespread dysfunction to glucose ho-
meostasis, adiposity and cardiac health [89,152]. Similarly, a maternal
high fructose diet caused decreased placental weight, along with
increased plasma leptin, fructose and glucose levels in female offspring,
but these phenotypes were not observed in male siblings [153].

The way that males and females handle changes to glucose levels as
adults is very different. It is well known that counter regulatory re-
sponses to changing glucose levels are highly sexually dimorphic. In
humans it has been shown that this is not due to different glycemic
thresholds for hypoglycaemia detection, and could therefore be due to
decreased inputs to the CNS from peripheral tissues such as adipose
tissue and liver in females [154]. Furthermore, a recent study on the
effects of diet on lifespan in Drosophila has shown that a high sucrose
diet has a greater effect on shortening lifespan in females than males
[155]. Therefore, males and females likely respond differently to
glucose levels outside of the normal range when in utero, and this
could explain the more severe phenotypes reported in female in-
dividuals across a range of species.
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6. SEXUAL DIMORPHISMS IN INTERVENTION STUDIES

Although more and more studies are emerging in the field of devel-
opmental programming trialling translatable interventions, few of these
have reported the results of the intervention in offspring of both sexes.
Several studies have shown that maternal exercise during an obese
pregnancy can prevent some of the detrimental phenotypes in
offspring, including a rescue of placental lipid deposition, and offspring
glucose and insulin tolerance [156,157]. So far, few groups have re-
ported the effects of this intervention in both male and female
offspring. The current studies suggest that maternal exercise has
equally beneficial effects in both sexes on improving glucose tolerance
[157,158], but results in a rescue of hyperleptinemia and increased
adiposity in male offspring only [159].

Administration of resveratrol to mothers during pregnancy has been
shown to have positive effects on the placenta in an NHP model of
maternal obesity [160,161] and in preventing offspring obesity,
glucose intolerance, and hypertension [162,163]. To date, only one
study has examined the effects of resveratrol supplementation during
an obese pregnancy on both sexes, and have shown that resveratrol
rescues increased body weight phenotypes in both sexes, but may
affect different adipose depots [164]. A study examining the admin-
istration of resveratrol to mothers in a model of maternal protein re-
striction has reported positive outcomes in both sexes, but particularly
in male offspring, in which resveratrol supplementation rescues the
decreased body weight caused by maternal nutrient restriction [165].
However, some studies have urged caution over the administration of
resveratrol during pregnancy, as it may have some negative outcomes
if given to lean mothers [164] and on specific organ systems in the
offspring of obese mothers [161]. Similar caution may be warranted
over the use of metformin, which is commonly prescribed for gesta-
tional diabetes as it improves maternal outcomes such as insulin
sensitivity and reduces gestational weight gain. Metformin is also
being trialled as an intervention in obese pregnancies [166]. However,
a recent study has shown that metformin prescribed for use during
pregnancies complicated by polycystic ovary syndrome causes
increased BMI in children at 4 years of age [167], showing that the use
of metformin during pregnancy needs to also be carefully considered.

7. CONCLUSION

Pregnancies in which the nutritional state of the mother and fetus are
compromised, be it over- or undernutrition, result in widespread
detrimental effects to offspring long term cardio-metabolic health, and
many of these effects are sexually dimorphic. Sex differences in the
action of sex and metabolic hormones, the epigenome, and in how the
placenta responds to a change in nutritional state during pregnancy are
all likely candidates underpinning sexually dimorphic offspring phe-
notypes. Future research will elucidate whether the offspring pheno-
types observed after interventions during a nutritionally compromised
pregnancy are also sexually dimorphic. As in the field of metabolism as
a whole, more studies investigating both sexes are urgently needed if
we are to understand how changes to the early life environment impact
differently on the long-term health of male and female individuals.

ACKNOWLEDGEMENTS
LD is funded by a Sir Henry Wellcome Postdoctoral Fellowship (089939/2/09/2).

Work in the Bouret lab is supported by the National Institutes of Health (DK84142 and
DK102780), the Foundation for Prader Willi Research, and the Saban Research

Institute. Work in the Ozanne lab is supported by the British Heart Foundation (RG/17/
12/33167) and the Medical Research Council (MRC_MC_UU_12012/5).

CONFLICTS OF INTEREST

The authors have no conflicts of interest to declare.

REFERENCES

[1] Warrington, N.M., Howe, L.D., Paternoster, L., Kaakinen, M., Herrala, S.,
Huikari, V., et al., 2015. A genome-wide association study of body mass
index across early life and childhood. International Journal of Epidemiology
44:700—712.

Speliotes, E.K., Willer, C.J., Berndt, S.Il, Monda, K.L., Thorleifsson, G.,

Jackson, A.U., et al., 2010. Association analyses of 249,796 individuals

reveal 18 new loci associated with body mass index. Nature Genetics 42:

937—948.

Hales, C.N., Barker, D.J., Clark, P.M., Cox, L.J., Fall, C., Osmond, C., et al.,

1991. Fetal and infant growth and impaired glucose tolerance at age 64. BMJ

303:1019—1022.

Barker, D.J., Hales, C.N., Fall, C.H., Osmond, C., Phipps, K., Clark, P.M.,

1993. Type 2 (non-insulin-dependent) diabetes mellitus, hypertension and

hyperlipidaemia (syndrome X): relation to reduced fetal growth. Diabetologia

36:62—67.

Schulz, L.C., 2010. The Dutch Hunger Winter and the developmental origins

of health and disease. Proceedings of the National Academy of Sciences of

the United States of America 107:16757—16758.

Guenard, F., Deshaies, Y., Cianflone, K., Kral, J.G., Marceau, P., Vohl, M.C.,

2013. Differential methylation in glucoregulatory genes of offspring born

before vs. after maternal gastrointestinal bypass surgery. Proceedings of the

National Academy of Sciences of the United States of America 110:11439—

11444,

Kanter, R., Caballero, B., 2012. Global gender disparities in obesity: a review.

Advances in Nutrition 3:491—498.

[8] Flegal, K.M., Kruszon-Moran, D., Carroll, M.D., Fryar, C.D., Ogden, C.L.,
2016. Trends in obesity among adults in the United States, 2005 to 2014.
Journal of the American Medical Association 315:2284—2291.

[9] NHS Digital Statistics Team, 2017. Statistics on obesity, physical activity and
diet.

[10] Winkler, T.W., Justice, A.E., Graff, M., Barata, L., Feitosa, M.F., Chu, S., et al.,
2015. The influence of age and sex on genetic associations with adult body
size and shape: a large-scale genome-wide interaction study. PLoS Genetics
11:¢1005378.

[11] Mittwoch, U., 1993. Blastocysts prepare for the race to be male. Human
Reproduction 8:1550—1555.

[12] Chen, X., McClusky, R., Chen, J., Beaven, S.W., Tontonoz, P., Arnold, A.P.,
et al.,, 2012. The number of x chromosomes causes sex differences in
adiposity in mice. PLoS Genetics 8:¢1002709.

[13] Tiffin, G.J., Rieger, D., Betteridge, K.J., Yadav, B.R., King, W.A., 1991.
Glucose and glutamine metabolism in pre-attachment cattle embryos in
relation to sex and stage of development. Journal of Reproduction and
Fertility 93:125—132.

[14] Chen, X., McClusky, R., ltoh, Y., Reue, K., Arnold, A.P., 2013. X and Y
chromosome complement influence adiposity and metabolism in mice.
Endocrinology 154:1092—1104.

[15] Dean, D.C., Planalp, E.M., Wooten, W., Schmidt, C.K., Kecskemeti, S.R.,
Frye, C., et al., 2018. Investigation of brain structure in the 1-month infant.
Brain Structure and Function 223:1953—1970.

[16] Davis, A.M., Seney, M.L., Stallings, N.R., Zhao, L., Parker, K.L., Tobet, S.A.,
2004. Loss of steroidogenic factor 1 alters cellular topography in the mouse

2

3

[4

[5

[6

[7

14 MOLECULAR METABOLISM 15 (2018) 8—19 © 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

www.molecularmetabolism.com


http://refhub.elsevier.com/S2212-8778(18)30309-0/sref1
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref1
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref1
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref1
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref1
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref2
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref2
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref2
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref2
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref2
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref3
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref3
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref3
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref3
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref4
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref4
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref4
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref4
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref4
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref5
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref5
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref5
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref5
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref6
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref6
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref6
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref6
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref6
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref7
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref7
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref7
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref8
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref8
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref8
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref8
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref9
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref9
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref10
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref10
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref10
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref10
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref11
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref11
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref11
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref12
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref12
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref12
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref13
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref13
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref13
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref13
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref13
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref14
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref14
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref14
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref14
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref15
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref15
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref15
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref15
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref16
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref16
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

ventromedial nucleus of the hypothalamus. Journal of Neurobiology 60:424—
436.

[17] Biidefeld, T., Grgurevic, N., Tobet, S.A., Majdic, G., 2008. Sex differences in
brain developing in the presence or absence of gonads. Developmental
Neurobiology 68:981—995.

[18] McCarthy, M.M., 2008. Estradiol and the developing brain. Physiological
Reviews 88:91—124.

[19] Arnold, A.P., Gorski, R.A., 1984. Gonadal steroid induction of structural sex
differences in the central nervous system. Annual Review of Neuroscience 7:
413—442,

[20] Abramovich, D.R., 1974. Human sexual differentiation—in utero influences.
Journal of Obstetrics and Gynaecology of the British Commonwealth 81:
448—453.

[21] Koutcherov, Y., Mai, J.K., Paxinos, G., 2003. Hypothalamus of the human
fetus. Journal of Chemical Neuroanatomy 26:253—270.

[22] Bouret, S.G., Draper, S.J., Simerly, R.B., 2004. Formation of projection
pathways from the arcuate nucleus of the hypothalamus to hypothalamic
regions implicated in the neural control of feeding behavior in mice. Journal
of Neuroscience 24:2797—2805.

[23] Phoenix, C.H., Goy, R.W., Gerall, A.A., Young, W.C., 1959. Organizing action
of prenatally administered testosterone propionate on the tissues mediating
mating behavior in the female Guinea pig. Endocrinology 65:369—382.

[24] Lee, D.A., Yoo, S., Pak, T., Salvatierra, J., Velarde, E., Aja, S., et al., 2014.
Dietary and sex-specific factors regulate hypothalamic neurogenesis in young
adult mice. Frontiers in Neuroscience 8:157.

[25] Bless, E.P., Reddy, T., Acharya, K.D., Beltz, B.S., Tetel, M.J., 2014. Oestradiol
and diet modulate energy homeostasis and hypothalamic neurogenesis in the
adult female mouse. Journal of Neuroendocrinology 26:805—816.

[26] Bless, E.P., Yang, J., Acharya, K.D., Nettles, S.A., Vassoler, F.M.,
Byrnes, E.M., et al., 2016. Adult neurogenesis in the female mouse hypo-
thalamus: estradiol and high-fat diet alter the generation of newborn neurons
expressing estrogen receptor o.. eNeuro 3.

[27] Asarian, L., Geary, N., 2013. Sex differences in the physiology of eating.
American Journal of Physiology - Regulatory, Integrative and Comparative
Physiology 305:R1215—R1267.

[28] Wang, G., 1925. The changes in the amount of daily food-intake in the albino
rat during pergnancy and lactation. American Journal of Physiology, 736—
741.

[29] Asarian, L., Geary, N., 2006. Modulation of appetite by gonadal steroid
hormones. Philosophical Transactions of the Royal Society of London B
Biological Sciences 361:1251—1263.

[30] Chen, X., Wang, L., Loh, D.H., Colwell, C.S., Tache, Y., Reue, K., et al., 2015.
Sex differences in diurnal rhythms of food intake in mice caused by gonadal
hormones and complement of sex chromosomes. Hormones and Behavior
75:55—63.

[31] Nohara, K., Zhang, Y., Waraich, R.S., Laque, A., Tiano, J.P., Tong, J., et al.,
2011. Early-life exposure to testosterone programs the hypothalamic mela-
nocortin system. Endocrinology 152:1661—1669.

[32] Gao, Q., Mezei, G., Nie, Y., Rao, Y., Choi, C.S., Bechmann, I., et al., 2007.
Anorectic estrogen mimics leptin’s effect on the rewiring of melanocortin
cells and Stat3 signaling in obese animals. Nature Medicine 13:89—94.

[33] Mackay, H., Patterson, Z.R., Khazall, R., Patel, S., Tsirlin, D., Abizaid, A.,
2013. Organizational effects of perinatal exposure to bisphenol-A and
diethylstilbestrol on arcuate nucleus circuitry controlling food intake and
energy expenditure in male and female CD-1 mice. Endocrinology 154:
1465—1475.

[34] Bouret, S.G., Draper, S.J., Simerly, R.B., 2004. Trophic action of leptin on
hypothalamic neurons that regulate feeding. Science 304:108—110.

[35] Santiago, A.M., Clegg, D.J., Routh, V.H., 2016. Estrogens modulate ventro-
lateral ventromedial hypothalamic glucose-inhibited neurons. Molecular
Metabolism 5:823—833.

I

MOLECULAR
METABOLISM

[36] Santiago, A.M., Clegg, D.J., Routh, V.H., 2016. Ventromedial hypothalamic
glucose sensing and glucose homeostasis vary throughout the estrous cycle.
Physiology & Behavior 167:248—254.

[37] Shi, H., Strader, A.D., Sorrell, J.E., Chambers, J.B., Woods, S.C., Seeley, R.J.,
2008. Sexually different actions of leptin in proopiomelanocortin neurons to
regulate glucose homeostasis. American Journal of Physiology. Endocrinology
and Metabolism 294:E630—E639.

[38] Shi, H., Sorrell, J.E., Clegg, D.J., Woods, S.C., Seeley, R.J., 2010. The roles of
leptin receptors on POMC neurons in the regulation of sex-specific energy
homeostasis. Physiology & Behavior 100:165—172.

[39] Burke, LK., Doslikova, B., D’Agostino, G., Greenwald-Yarnell, M.,
Georgescu, T., Chianese, R., et al., 2016. Sex difference in physical activity,
energy expenditure and obesity driven by a subpopulation of hypothalamic
POMC neurons. Molecular Metabolism 5:245—252.

[40] Dennison, C.S., King, C.M., Dicken, M.S., Hentges, S.T., 2016. Age-depen-
dent changes in amino acid phenotype and the role of glutamate release from
hypothalamic proopiomelanocortin neurons. The Journal of Comparative
Neurology 524:1222—1235.

[41] Havel, P.J., Kasim-Karakas, S., Dubuc, G.R., Mueller, W., Phinney, S.D.,
1996. Gender differences in plasma leptin concentrations. Nature Medicine 2:
949—950.

[42] Saad, M.F., Damani, S., Gingerich, R.L., Riad-Gabriel, M.G., Khan, A.,
Boyadjian, R., et al., 1997. Sexual dimorphism in plasma leptin concentra-
tion. Journal of Clinical The Journal of Cinical Endocrinology and Metabolism
82:579—584.

[43] Hawkes, C.P., Hourihane, J.0., Kenny, L.C., Irvine, A.D., Kiely, M.,
Murray, D.M., 2011. Gender- and gestational age-specific body fat per-
centage at birth. Pediatrics 128:e645—e651.

[44] Manios, Y., Moschonis, G., Papandreou, C., Siatitsa, P.E., latridi, V., Liforiki, I.,
et al., 2014. Female sex, small size at birth and low family income increase
the likelihood of insulin resistance in late childhood: the Healthy Growth
Study. Pediatric Diabetes 15:41—50.

[45] Murphy, M.J., Metcalf, B.S., Voss, L.D., Jeffery, A.N., Kirkby, J.,
Mallam, K.M., et al., 2004. Girls at five are intrinsically more insulin resistant
than boys: the Programming Hypotheses Revisited—The EarlyBird Study
(EarlyBird 6). Pediatrics 113:82—86.

[46] Clegg, D.J., Riedy, C.A., Smith, K.A., Benoit, S.C., Woods, S.C., 2003. Dif-
ferential sensitivity to central leptin and insulin in male and female rats.
Diabetes 52:682—687.

[47] Briining, J.C., Gautam, D., Burks, D.J., Gillette, J., Schubert, M., Orban, P.C.,
et al., 2000. Role of brain insulin receptor in control of body weight and
reproduction. Science 289:2122—2125.

[48] Vogt, M.C., Paeger, L., Hess, S., Steculorum, S.M., Awazawa, M., Hampel, B.,
et al., 2014. Neonatal insulin action impairs hypothalamic neurocircuit for-
mation in response to maternal high-fat feeding. Cell 156:495—509.

[49] Fuente-Martin, E., Argente-Arizon, P., Ros, P., Argente, J., Chowen, J.A.,
2013. Sex differences in adipose tissue: it is not only a question of quantity
and distribution. Adipocyte 2:128—134.

[50] Montague, C.T., Prins, J.B., Sanders, L., Digby, J.E., O’Rahilly, S., 1997.
Depot- and sex-specific differences in human leptin mRNA expression:
implications for the control of regional fat distribution. Diabetes 46:342—
347.

[51] Nookaew, I., Svensson, P.A., Jacobson, P., Jernas, M., Taube, M., Larsson, .,
et al., 2013. Adipose tissue resting energy expenditure and expression of
genes involved in mitochondrial function are higher in women than in men.
Journal of Clinical The Journal of Cinical Endocrinology and Metabolism 98:
E370—E378.

[52] Davis, K.E., D Neinast, M., Sun, K., M Skiles, W., D Bills, J., A Zehr, J.,
2013. The sexually dimorphic role of adipose and adipocyte estrogen re-
ceptors in modulating adipose tissue expansion, inflammation, and fibrosis.
Molecular Metabolism 2:227—242.

MOLECULAR METABOLISM 15 (2018) 8—19 © 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (hitp://creativecommons.org/licenses/by/4.0/). 15

www.molecularmetabolism.com


http://refhub.elsevier.com/S2212-8778(18)30309-0/sref16
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref16
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref17
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref17
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref17
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref17
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref18
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref18
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref18
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref19
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref19
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref19
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref19
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref20
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref20
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref20
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref20
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref20
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref21
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref21
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref21
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref22
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref22
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref22
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref22
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref22
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref23
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref23
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref23
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref23
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref24
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref24
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref24
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref25
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref25
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref25
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref25
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref26
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref26
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref26
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref26
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref27
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref27
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref27
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref27
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref28
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref28
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref28
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref29
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref29
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref29
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref29
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref30
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref30
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref30
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref30
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref30
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref31
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref31
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref31
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref31
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref32
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref32
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref32
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref32
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref33
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref33
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref33
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref33
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref33
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref33
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref34
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref34
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref34
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref35
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref35
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref35
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref35
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref36
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref36
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref36
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref36
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref37
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref37
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref37
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref37
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref37
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref38
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref38
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref38
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref38
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref39
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref39
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref39
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref39
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref39
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref40
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref40
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref40
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref40
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref40
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref41
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref41
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref41
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref41
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref42
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref42
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref42
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref42
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref42
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref43
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref43
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref43
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref43
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref44
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref44
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref44
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref44
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref44
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref45
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref45
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref45
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref45
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref45
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref45
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref46
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref46
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref46
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref46
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref47
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref47
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref47
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref47
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref48
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref48
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref48
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref48
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref49
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref49
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref49
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref49
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref50
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref50
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref50
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref50
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref51
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref51
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref51
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref51
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref51
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref51
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref52
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref52
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref52
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref52
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref52
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

Review

[53] Adler, E.S., Hollis, J.H., Clarke, I.J., Grattan, D.R., Oldfield, B.J., 2012.
Neurochemical characterization and sexual dimorphism of projections from
the brain to abdominal and subcutaneous white adipose tissue in the rat.
Journal of Neuroscience 32:15913—15921.

[54] Frank, A.P., Palmer, B.F., Clegg, D.J., 2017. Do estrogens enhance acti-
vation of brown and beiging of adipose tissues? Physiology & Behavior 187:
24-31.

[55] Grove, K.L., Fried, S.K., Greenberg, A.S., Xiao, X.Q., Clegg, D.J., 2010. A
microarray analysis of sexual dimorphism of adipose tissues in high-fat-
diet-induced obese mice. International Journal of Obesity (London) 34:
989—1000.

[56] Ravelli, A.C., van Der Meulen, J.H., Osmond, C., Barker, D.J., Bleker, 0.P.,
1999. Obesity at the age of 50 y in men and women exposed to famine
prenatally. American Journal of Clinical Nutrition 70:811—816.

[57] Stein, A.D., Kahn, H.S., Rundle, A., Zybert, P.A., van der Pal-de Bruin, K.,
Lumey, L.H., 2007. Anthropometric measures in middle age after exposure to
famine during gestation: evidence from the Dutch famine. American Journal
of Clinical Nutrition 85:869—876.

[58] Lumey, L.H., Stein, A.D., Kahn, H.S., Romijn, J.A., 2009. Lipid profiles in
middle-aged men and women after famine exposure during gestation: the
Dutch Hunger Winter Families Study. American Journal of Clinical Nutrition
89:1737—1743.

[59] Brown, A.S., Susser, E.S., 1997. Sex differences in prevalence of congenital
neural defects after periconceptional famine exposure. Epidemiology 8:55—
58.

[60] de Rooij, S.R., Caan, M.W., Swaab, D.F., Nederveen, A.J., Majoie, C.B.,
Schwab, M., et al., 2016. Prenatal famine exposure has sex-specific effects
on brain size. Brain 139:2136—2142.

[61] Frondas-Chauty, A., Simon, L., Branger, B., Gascoin, G., Flamant, C.,
Ancel, P.Y., et al., 2014. Early growth and neurodevelopmental outcome in
very preterm infants: impact of gender. Archives of Disease in Childhood -
Fetal and Neonatal Edition 99:F366—F372.

[62] Skidld, B., Alexandrou, G., Padilla, N., Blennow, M., Vollmer, B., Adén, U.,
2014. Sex differences in outcome and associations with neonatal brain
morphology in extremely preterm children. The Journal of Pediatrics 164:
1012—1018.

[63] Méansson, J., Fellman, V., Stiernqvist, K., ESG authors, 2015. Extremely
preterm birth affects boys more and socio-economic and neonatal variables
pose sex-specific risks. Acta Paediatrica 104:514—521.

[64] Simon, L., Frondas-Chauty, A., Senterre, T., Flamant, C., Darmaun, D.,
Rozé, J.C., 2014. Determinants of body composition in preterm infants at the
time of hospital discharge. American Journal of Clinical Nutrition 100:98—
104.

[65] Frondas-Chauty, A., Simon, L., Flamant, C., Hanf, M., Darmaun, D.,
Rozé, J.C., 2018. Deficit of fat free mass in very preterm infants at discharge
is associated with neurological impairment at age 2 years. The Journal of
Pediatrics 196:301—304.

[66] Simsek, M., Ergenekon, E., Beken, S., Kulali, F., Unal, S., Kazanci, E., et al.,
2015. Skinfold thickness of preterm newborns when they become late
preterm infants. Nutrition in Clinical Practice 30:266—273.

[67] Jones, A.P., Friedman, M.I., 1982. Obesity and adipocyte abnormalities in
offspring of rats undernourished during pregnancy. Science 215:1518—
1519.

[68] Kwong, W.Y., Miller, D.J., Wilkins, A.P., Dear, M.S., Wright, J.N., Osmond, C.,
et al., 2007. Maternal low protein diet restricted to the preimplantation period
induces a gender-specific change on hepatic gene expression in rat fetuses.
Molecular Reproduction and Development 74:48—56.

[69] Guo, C., Li, C., Myatt, L., Nathanielsz, P.W., 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.

[70]

[71]

[72]

[73]

[74]

[73]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

85]

(86]

Tchoukalova, Y.D., Krishnapuram, R., White, U.A., Burk, D., Fang, X,
Nijland, M.J., et al., 2014. Fetal baboon sex-specific outcomes in adipocyte
differentiation at 0.9 gestation in response to moderate maternal nutrient
reduction. International Journal of Obesity (London) 38:224—230.

Kuo, A.H., Li, C., Mattern, V., Huber, H.F., Comuzzie, A., Cox, L., et al., 2018.
Sex-dimorphic acceleration of pericardial, subcutaneous, and plasma lipid
increase in offspring of poorly nourished baboons. International Journal of
Obesity (London).

Howie, G.J., Sloboda, D.M., Vickers, M.H., 2012. Maternal undernutrition
during critical windows of development results in differential and sex-specific
effects on postnatal adiposity and related metabolic profiles in adult rat
offspring. British Journal of Nutrition 108:298—307.

Rodriguez, J.S., Bartlett, T.Q., Keenan, K.E., Nathanielsz, P.W., Nijland, M.J.,
2012. Sex-dependent cognitive performance in baboon offspring following
maternal caloric restriction in pregnancy and lactation. Reproductive Sciences
19:493—504.

King, J.C., 2006. Maternal obesity, metabolism, and pregnancy outcomes.
Annual Review of Nutrition 26:271—291.

Danaei, G., Finucane, M.M., Lu, Y., Singh, G.M., Coawan, M.J.,
Paciorek, C.J., et al., 2011. National, regional, and global trends in fasting
plasma glucose and diabetes prevalence since 1980: systematic analysis of
health examination surveys and epidemiological studies with 370 country-
years and 2.7 million participants. Lancet 378:31—40.

Zera, C., McGirr, S., Oken, E., 2011. Screening for obesity in reproductive-
aged women. Preventing Chronic Disease 8:A125.

Fraser, A., Tilling, K., Macdonald-Wallis, C., Sattar, N., Brion, M.J.,
Benfield, L., et al., 2010. Association of maternal weight gain in pregnancy
with offspring obesity and metabolic and vascular traits in childhood. Cir-
culation 121:2557—2564.

Laitinen, J., Power, C., Jarvelin, M.R., 2001. Family social class, maternal
body mass index, childhood body mass index, and age at menarche as
predictors of adult obesity. American Journal of Clinical Nutrition 74:287—
294.

Boney, C.M., Verma, A., Tucker, R., Vohr, B.R., 2005. Metabolic syndrome in
childhood: association with birth weight, maternal obesity, and gestational
diabetes mellitus. Pediatrics 115:6290—e296.

Beaumont, R.N., Warrington, N.M., Cavadino, A., Tyrell, J., Nodzenski, M.,
Horikoshi, M., et al., 2018. Genome-wide association study of offspring birth
weight in 86 577 women identifies five novel loci and highlights maternal
genetic effects that are independent of fetal genetics. Human Molecular
Genetics 27:742—756.

Hughes, A.E., Nodzenski, M., Beaumont, R.N., Talbot, O., Shields, B.M.,
Scholtens, D.M., et al., 2018. Fetal genotype and maternal glucose have
independent and additive effects on birth weight. Diabetes 67:1024—1029.
Andres, A., Hull, H.R., Shankar, K., Casey, P.H., Cleves, M.A., Badger, T.M.,
2015. Longitudinal body composition of children born to mothers with normal
weight, overweight, and obesity. Obesity (Silver Spring) 23:1252—1258.
Oostvogels, A.J.J.M., Hof, M.H.P., Gademan, M.G.J., Roseboom, T.J.,
Stronks, K., Vrijkotte, T.G.M., 2017. Does maternal pre-pregnancy overweight
or obesity influence offspring’s growth patterns from birth up to 7years? The
ABCD-study. Early Human Development 113:62—70.

Krishnaveni, G.V., Veena, S.R., Hill, J.C., Kehoe, S., Karat, S.C., Fall, C.H.,
2010. Intrauterine exposure to maternal diabetes is associated with higher
adiposity and insulin resistance and clustering of cardiovascular risk markers
in Indian children. Diabetes Care 33:402—404.

Gerlini, G., Arachi, S., Gori, M.G., Gloria, F., Bonci, E., Pachi, A., et al., 1986.
Developmental aspects of the offspring of diabetic mothers. Acta Endo-
crinologica - Supplementum (Copenh) 277:150—155.

Regnault, N., Gillman, M.W., Rifas-Shiman, S.L., Eggleston, E., Oken, E.,
2013. Sex-specific associations of gestational glucose tolerance with child-
hood body composition. Diabetes Care 36:3045—3053.

16 MOLECULAR METABOLISM 15 (2018) 8—19 © 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

www.molecularmetabolism.com


http://refhub.elsevier.com/S2212-8778(18)30309-0/sref53
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref53
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref53
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref53
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref53
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref54
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref54
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref54
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref54
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref55
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref55
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref55
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref55
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref55
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref56
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref56
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref56
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref56
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref57
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref57
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref57
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref57
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref57
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref58
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref58
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref58
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref58
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref58
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref59
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref59
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref59
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref60
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref60
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref60
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref60
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref61
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref61
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref61
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref61
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref61
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref62
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref62
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref62
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref62
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref62
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref63
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref63
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref63
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref63
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref64
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref64
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref64
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref64
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref65
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref65
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref65
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref65
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref65
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref66
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref66
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref66
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref66
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref67
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref67
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref67
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref68
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref68
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref68
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref68
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref68
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref69
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref69
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref69
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref69
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref69
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref70
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref70
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref70
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref70
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref70
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref71
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref71
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref71
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref71
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref72
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref72
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref72
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref72
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref72
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref73
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref73
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref73
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref73
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref73
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref74
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref74
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref74
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref75
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref75
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref75
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref75
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref75
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref75
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref76
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref76
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref77
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref77
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref77
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref77
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref77
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref78
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref78
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref78
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref78
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref79
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref79
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref79
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref79
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref80
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref80
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref80
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref80
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref80
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref80
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref80
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref81
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref81
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref81
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref81
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref82
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref82
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref82
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref82
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref83
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref83
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref83
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref83
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref83
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref84
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref84
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref84
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref84
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref84
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref85
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref85
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref85
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref85
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref86
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref86
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref86
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref86
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

[87] Pankey, C.L., Walton, M.W., Odhiambo, J.F., Smith, A.M., Ghenis, A.B.,
Nathanielsz, P.W., et al., 2017. Intergenerational impact of maternal over-
nutrition and obesity throughout pregnancy in sheep on metabolic syndrome
in grandsons and granddaughters. Domestic Animal Endocrinology 60:67—
74.

[88] Fuente-Martin, E., Granado, M., Garcia-Caceres, C., Sanchez-Garrido, M.A.,
Frago, L.M., Tena-Sempere, M., et al., 2012. Early nutritional changes induce
sexually dimorphic long-term effects on body weight gain and the response
to sucrose intake in adult rats. Metabolism 61:812—822.

[89] Dearden, L., Balthasar, N., 2014. Sexual dimorphism in offspring glucose-
sensitive hypothalamic gene expression and physiological responses to
maternal high-fat diet feeding. Endocrinology 155:2144—2154.

[90] 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. Hyper-
tension 51:383—392.

[91] Edlow, A.G., Guedj, F., Pennings, J.L., Sverdlov, D., Neri, C., Bianchi, D.W.,
2016. Males are from Mars, and females are from Venus: sex-specific fetal
brain gene expression signatures in a mouse model of maternal diet-induced
obesity. American Journal of Obstetrics and Gynecology 214:623.e621-
623.6610.

[92] Argente-Arizon, P., Diaz, F., Ros, P., Barrios, V., Tena- Sempere, M., Garcia-
Segura, L.M., et al., 2018. The hypothalamic inflammatory/gliosis response to
neonatal overnutrition is sex and age dependent. Endocrinology 159:368—387.

[93] Sullivan, E.L., Grayson, B., Takahashi, D., Robertson, N., Maier, A.,
Bethea, C.L., et al., 2010. Chronic consumption of a high-fat diet during
pregnancy causes perturbations in the serotonergic system and increased
anxiety-like behavior in nonhuman primate offspring. Journal of Neuroscience
30:3826—3830.

[94] Carpenter, T., Grecian, S.M., Reynolds, R.M., 2017. Sex differences in early-
life programming of the hypothalamic-pituitary-adrenal axis in humans
suggest increased vulnerability in females: a systematic review. Journal of
Developmental Original Health Disease 8:244—255.

[95] Sun, B., Purcell, R.H., Terrillion, C.E., Yan, J., Moran, T.H., Tamashiro, K.L.,
2012. Maternal high-fat diet during gestation or suckling differentially affects
offspring leptin sensitivity and obesity. Diabetes 61:2833—2841.

[96] Chiang, E.P., Wang, Y.C., Chen, W.W., Tang, F.Y., 2009. Effects of insulin and
glucose on cellular metabolic fluxes in homocysteine transsulfuration,
remethylation, S-adenosylmethionine synthesis, and global deoxyribonucleic
acid methylation. Journal of Clinical The Journal of Cinical Endocrinology and
Metabolism 94:1017—1025.

[97] Nieman, K.M., Rowling, M.J., Garrow, T.A., Schalinske, K.L., 2004. Modu-
lation of methyl group metabolism by streptozotocin-induced diabetes and
all-trans-retinoic acid. Journal of Biological Chemistry 279:45708—45712.

[98] Santos, F., Peters, A.H., Otte, A.P., Reik, W., Dean, W., 2005. Dynamic
chromatin modifications characterise the first cell cycle in mouse embryos.
Developmental Biology 280:225—236.

[99] Sanz, L.A., Kota, SK., Feil, R., 2010. Genome-wide DNA demethylation in
mammals. Genome Biology 11:110.

[100] Bermejo-Alvarez, P., Rizos, D., Rath, D., Lonergan, P., Gutierrez-Adan, A.,
2008. Epigenetic differences between male and female bovine blastocysts
produced in vitro. Physiological Genomics 32:264—272.

[101] Galetzka, D., Weis, E., Tralau, T., Seidmann, L., Haaf, T., 2007. Sex-specific
windows for high mRNA expression of DNA methyltransferases 1 and 3A and
methyl-CpG-binding domain proteins 2 and 4 in human fetal gonads. Mo-
lecular Reproduction and Development 74:233—241.

[102] Xiao, Y., Word, B., Starlard-Davenport, A., Haefele, A., Lyn-Cook, B.D.,
Hammons, G., 2008. Age and gender affect DNMT3a and DNMT3b
expression in human liver. Cell Biology and Toxicology 24:265—272.

I

MOLECULAR
METABOLISM

[103] Zhang, F.F., Cardarelli, R., Carroll, J., Fulda, K.G., Kaur, M., Gonzalez, K.,
et al., 2011. Significant differences in global genomic DNA methylation by
gender and race/ethnicity in peripheral blood. Epigenetics 6:623—629.

[104] Tsai, H.W., Grant, P.A., Rissman, E.F., 2009. Sex differences in histone
modifications in the neonatal mouse brain. Epigenetics 4:47—53.

[105] Yamagata, Y., Asada, H., Tamura, I., Lee, L., Maekawa, R., Taniguchi, K.,
et al., 2009. DNA methyltransferase expression in the human endometrium:
down-regulation by progesterone and estrogen. Human Reproduction 24:
1126—1132.

[106] Zhao, Z., Fan, L., Frick, K.M., 2010. Epigenetic alterations regulate estradiol-
induced enhancement of memory consolidation. Proceedings of the National
Academy of Sciences of the United States of America 107:5605—5610.

[107] Lillycrop, K.A., Phillips, E.S., Jackson, A.A., Hanson, M.A., 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. Journal of Nutrition 135:1382—1386.

[108] Lillycrop, K.A., Slater-Jefferies, J.L., Hanson, M.A., Godfrey, K.M.,
Jackson, A.A., Burdge, G.C., 2007. Induction of altered epigenetic regulation
of the hepatic glucocorticoid receptor in the offspring of rats fed a protein-
restricted diet during pregnancy suggests that reduced DNA methyl-
transferase-1 expression is involved in impaired DNA methylation and
changes in histone modifications. British Journal of Nutrition 97:1064—1073.

[109] Fernandez-Twinn, D.S., Alfaradhi, M.Z., Martin-Gronert, M.S., Duque-
Guimaraes, D.E., Piekarz, A., Ferland-McCollough, D., et al., 2014. Down-
regulation of IRS-1 in adipose tissue of offspring of obese mice is pro-
grammed cell-autonomously through post-transcriptional mechanisms.
Molecular Metabolism 3:325—333.

[110] Ke, X., Lei, Q., James, S.J., Kelleher, S.L., Melnyk, S., Jernigan, S., et al.,
2006. Uteroplacental insufficiency affects epigenetic determinants of chro-
matin structure in brains of neonatal and juvenile IUGR rats. Physiological
Genomics 25:16—28.

[111] Tobi, EW., Lumey, L.H., Talens, R.P., Kremer, D., Putter, H., Stein, A.D., et al.,
2009. DNA methylation differences after exposure to prenatal famine are com-
mon and timing- and sex-specific. Human Molecular Genetics 18:4046—4053.

[112] Muralimanoharan, S., Guo, C., Myatt, L., Maloyan, A., 2015. Sexual dimorphism
in miR-210 expression and mitochondrial dysfunction in the placenta with
maternal obesity. International Journal of Obesity (London) 39:1274—1281.

[113] Prince, C.S., Maloyan, A., Myatt, L., 2017. Maternal obesity alters brain
derived neurotrophic factor (BDNF) signaling in the placenta in a sexually
dimorphic manner. Placenta 49:55—63.

[114] Giudicelli, F., Brabant, A.L., Grit, I, Parnet, P., Amarger, V., 2013. Excess of
methyl donor in the perinatal period reduces postnatal leptin secretion in rat
and interacts with the effect of protein content in diet. PLoS One 8:668268.

[115] Carlin, J., George, R., Reyes, T.M., 2013. Methyl donor supplementation
blocks the adverse effects of maternal high fat diet on offspring physiology.
PLoS One 8:63549.

[116] McKee, S.E., Zhang, S., Chen, L., Rabinowitz, J.D., Reyes, T.M., 2018.
Perinatal high fat diet and early life methyl donor supplementation alter one
carbon metabolism and DNA methylation in the brain. Journal of Neuro-
chemistry. https://doi.org/10.1111/jnc.14319 [Epub ahead of print].

[117] Krawetz, S.A., 2005. Paternal contribution: new insights and future chal-
lenges. Nature Reviews Genetics 6:633—642.

[118] Donkin, I., Versteyhe, S., Ingerslev, L.R., Qian, K., Mechta, M., Nordkap, L.,
et al, 2016. Obesity and bariatric surgery drive epigenetic variation of
spermatozoa in humans. Cell Metabolism 23:369—378.

[119] Eriksson, J.G., Kajantie, E., Osmond, C., Thornburg, K., Barker, D.J., 2010.
Boys live dangerously in the womb. American Journal of Human Biology 22:
330—335.

[120] Kim, D.W., Young, S.L., Grattan, D.R., Jasoni, C.L., 2014. Obesity during
pregnancy disrupts placental morphology, cell proliferation, and inflammation

MOLECULAR METABOLISM 15 (2018) 8—19 © 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (hitp://creativecommons.org/licenses/by/4.0/). 17

www.molecularmetabolism.com


http://refhub.elsevier.com/S2212-8778(18)30309-0/sref87
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref87
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref87
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref87
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref87
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref88
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref88
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref88
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref88
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref88
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref89
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref89
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref89
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref89
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref90
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref90
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref90
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref90
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref90
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref90
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref91
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref91
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref91
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref91
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref91
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref91
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref92
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref92
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref92
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref92
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref93
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref93
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref93
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref93
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref93
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref93
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref94
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref94
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref94
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref94
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref94
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref95
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref95
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref95
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref95
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref96
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref96
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref96
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref96
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref96
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref96
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref97
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref97
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref97
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref97
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref98
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref98
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref98
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref98
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref99
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref99
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref100
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref100
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref100
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref100
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref101
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref101
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref101
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref101
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref101
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref102
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref102
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref102
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref102
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref103
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref103
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref103
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref103
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref104
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref104
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref104
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref105
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref105
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref105
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref105
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref105
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref106
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref106
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref106
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref106
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref107
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref107
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref107
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref107
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref107
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref108
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref108
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref108
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref108
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref108
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref108
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref108
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref109
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref109
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref109
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref109
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref109
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref109
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref110
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref110
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref110
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref110
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref110
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref111
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref111
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref111
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref111
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref112
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref112
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref112
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref112
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref113
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref113
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref113
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref113
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref114
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref114
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref114
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref115
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref115
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref115
https://doi.org/10.1111/jnc.14319
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref117
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref117
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref117
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref118
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref118
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref118
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref118
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref119
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref119
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref119
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref119
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref120
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref120
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

Review

in a sex-specific manner across gestation in the mouse. Biology of Repro-
duction 90:130.

[121] Evans, L., Myatt, L., 2017. Sexual dimorphism in the effect of maternal
obesity on antioxidant defense mechanisms in the human placenta. Placenta
51:64—69.

[122] van Abeelen, A.F., de Rooij, S.R., Osmond, C., Painter, R.C., Veenedaal, M.V.,
Bossuyt, P.M., et al., 2011. The sex-specific effects of famine on the as-
sociation between placental size and later hypertension. Placenta 32:694—
698.

[123] Roseboom, T.J., Painter, R.C., de Rooij, S.R., van Abeelen, A.F.
Veenendaal, M.V., Osmond, C., et al., 2011. Effects of famine on placental
size and efficiency. Placenta 32:395—399.

[124] Howerton, C.L., Bale, T.L., 2014. Targeted placental deletion of OGT re-
capitulates the prenatal stress phenotype including hypothalamic mitochon-
drial dysfunction. Proceedings of the National Academy of Sciences of the
United States of America 111:9639—9644.

[125] Bale, T.L., 2016. The placenta and neurodevelopment: sex differences in
prenatal vulnerability. Dialogues in Clinical Neuroscience 18:459—464.

[126] Mando, C., Calabrese, S., Mazzocco, M.l., Novielli, C., Anelli, G.M.,
Antonazzo, P., et al., 2016. Sex specific adaptations in placental biometry of
overweight and obese women. Placenta 38:1—7.

[127] Bouret, S.G., 2010. Role of early hormonal and nutritional experiences in
shaping feeding behavior and hypothalamic development. Journal of Nutrition
140:653—657.

[128] Bellone, S., Rapa, A., Petri, A., Zavallone, A., Strigini, L., Chiorboli, E., et al.,
2004. Leptin levels as function of age, gender, auxological and hormonal
parameters in 202 healthy neonates at birth and during the first month of life.
Journal of Endocrinological Investigation 27:18—23.

[129] Mela, V., Diaz, F., Gertler, A., Solomon, G., Argente, J., Viveros, M.P., et al.,
2012. Neonatal treatment with a pegylated leptin antagonist has a sexually
dimorphic effect on hypothalamic trophic factors and neuropeptide levels.
Journal of Neuroendocrinology 24:756—765.

[130] Mela, V., Diaz, F., Lopez-Rodriguez, A.B., Vazquez, M.J., Gertler, A.,
Argente, J., et al., 2015. Blockage of the neonatal leptin surge affects the
gene expression of growth factors, glial proteins, and neuropeptides involved
in the control of metabolism and reproduction in peripubertal male and fe-
male rats. Endocrinology 156:2571—2581.

[131] Oosterhuis, N.R., Fernandes, R., Maicas, N., Bae, S.E., Pombo, J.,
Gremmels, H., et al., 2017. Extravascular renal denervation ameliorates ju-
venile hypertension and renal damage resulting from experimental hyper-
leptinemia in rats. Journal of Hypertension 35:2537—2547.

[132] Samuelsson, A.S., Mullier, A., Maicas, N., Oosterhuis, N.R., Eun Bae, S.,
Novoselova, T.V., et al., 2016. Central role for melanocortin-4 receptors in
offspring hypertension arising from maternal obesity. Proceedings of the
National Academy of Sciences of the United States of America 113:12298—
12303.

[133] Morselli, E., Santos, R.S., Criollo, A., Nelson, M.D., Palmer, B.F., Clegg, D.J.,
2017. The effects of oestrogens and their receptors on cardiometabolic
health. Nature Reviews Endocrinology 13:352—364.

[134] Sandoval, D.A., Ertl, A.C., Richardson, M.A., Tate, D.B., Davis, S.N., 2003.
Estrogen blunts neuroendocrine and metabolic responses to hypoglycemia.
Diabetes 52:1749—1755.

[135] Machinal, F., Dieudonne, M.N., Leneveu, M.C., Pecquery, R., Giudicelli, Y.,
1999. In vivo and in vitro ob gene expression and leptin secretion in rat
adipocytes: evidence for a regional specific regulation by sex steroid hor-
mones. Endocrinology 140:1567—1574.

[136] Ainslie, D.A., Morris, M.J., Wittert, G., Turnbull, H., Proietto, J.,
Thorburn, A.W., 2001. Estrogen deficiency causes central leptin insensitivity
and increased hypothalamic neuropeptide Y. International Journal of Obesity
and Related Metabolic Disorders 25:1680—1688.

[137] Tower, J., 2006. Sex-specific regulation of aging and apoptosis. Mechanism
of Ageing and Development 127:705—718.

[138] Capllonch-Amer, G., Shert-Roig, M., Galmés-Pascual, B.M., Proenza, A.M.,
Llado, I., Gianotti, M., et al., 2014. Estradiol stimulates mitochondrial
biogenesis and adiponectin expression in skeletal muscle. Journal of Endo-
crinology 221:391—403.

[139] Capllonch-Amer, G., Llado, I., Proenza, A.M., Garcia-Palmer, F.J.,
Gianotti, M., 2014. Opposite effects of 17-f estradiol and testosterone on
mitochondrial biogenesis and adiponectin synthesis in white adipocytes.
Journal of Molecular Endocrinology 52:203—214.

[140] Khalifa, A.R., Abdel-Rahman, E.A., Mahmoud, A.M., Ali, M.H., Noureldin, M.,
Saber, S.H., et al., 2017. Sex-specific differences in mitochondria biogenesis,
morphology, respiratory function, and ROS homeostasis in young mouse
heart and brain. Physiology Reports 5.

[141] Torres, M.J., Kew, K.A., Ryan, T.E., Pennington, E.R., Lin, C.T., Buddo, K.A.,
et al., 2018. 17f-Estradiol directly lowers mitochondrial membrane micro-
viscosity and improves bioenergetic function in skeletal muscle. Cell Meta-
bolism 27:167—179.e167.

[142] Zhou, Z., Ribas, V., Rajbhandari, P., Drew, B.G., Moore, T.M., Fluitt, A.H.,
et al., 2018. Estrogen receptor o protects pancreatic -cells from apoptosis
by preserving mitochondrial function and suppressing endoplasmic reticulum
stress. Journal of Biological Chemistry 293:4735—4751.

[143] Taylor, P.D., McConnell, J., Khan, L.Y., Holemans, K., Lawrence, K.M., Asara-
Anane, H., et al., 2005. Impaired glucose homeostasis and mitochondrial
abnormalities in offspring of rats fed a fat-rich diet in pregnancy. American
Journal of Physiology - Regulatory, Integrative and Comparative Physiology
288:R134—R139.

[144] Saben, J.L., Boudoures, A.L., Asghar, Z., Thompson, A., Drury, A., Zhang, W.,
etal., 2016. Maternal metabolic syndrome programs mitochondrial dysfunction
via germline changes across three generations. Cell Reports 16:1—8.

[145] Wu, L.L., Russell, D.L., Wong, S.L., Chen, E.M., Tsai, T.S., St John, J.C.,
et al., 2015. Mitochondrial dysfunction in oocytes of obese mothers: trans-
mission to offspring and reversal by pharmacological endoplasmic reticulum
stress inhibitors. Development 142:681—691.

[146] Arevalo, M.A., Santos-Galindo, M., Bellini, M.J., Azcoitia, I., Garcia-
Segura, L.M., 2010. Actions of estrogens on glial cells: implications for
neuroprotection. Biochimica et Biophysica Acta 1800:1106—1112.

[147] Garcia-Ovejero, D., Azcoitia, |., Doncarlos, L.L., Melcangi, R.C., Garcia-
Segura, L.M., 2005. Glia-neuron crosstalk in the neuroprotective mecha-
nisms of sex steroid hormones. Brain Research Reviews 48:273—286.

[148] Vegeto, E., Belcredito, S., Etteri, S., Ghisletti, S., Brusadelli, A., Meda, C.,
et al., 2003. Estrogen receptor-alpha mediates the brain antiinflammatory
activity of estradiol. Proceedings of the National Academy of Sciences of the
United States of America 100:9614—9619.

[149] Carrillo, B., Collado, P., Diaz, F., Chowen, J.A., Pérez-Izquierdo, M., Pinos, H.,
2017. Physiological and brain alterations produced by high-fat diet in male
and female rats can be modulated by increased levels of estradiol during
critical periods of development. Nutritional Neuroscience, 1—11.

[150] Wang, H.H., Zhou, C.L., Lv, M., Yang, Q., Li, J.X., Hou, M., et al., 2018.
Prenatal high estradiol exposure induces sex-specific and dietarily reversible
insulin resistance through decreased hypothalamic INSR. Endocrinology 159:
465—476.

[151] Sovio, U., Murphy, H.R., Smith, G.C., 2016. Accelerated fetal growth prior to
diagnosis of gestational diabetes mellitus: a prospective cohort study of
nulliparous women. Diabetes Care 39:982—987.

[152] Samuelsson, A.M., Matthews, P.A., Jansen, E., Taylor, P.D., Poston, L., 2013.
Sucrose feeding in mouse pregnancy leads to hypertension, and sex-linked
obesity and insulin resistance in female offspring. Frontiers in Physiology 4:14.

[153] Vickers, M.H., Clayton, Z.E., Yap, C., Sloboda, D.M., 2011. Maternal fructose
intake during pregnancy and lactation alters placental growth and leads to

18 MOLECULAR METABOLISM 15 (2018) 8—19 © 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

www.molecularmetabolism.com


http://refhub.elsevier.com/S2212-8778(18)30309-0/sref120
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref120
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref121
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref121
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref121
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref121
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref122
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref122
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref122
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref122
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref123
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref123
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref123
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref123
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref124
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref124
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref124
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref124
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref124
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref125
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref125
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref125
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref126
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref126
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref126
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref126
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref127
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref127
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref127
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref127
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref128
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref128
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref128
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref128
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref128
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref129
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref129
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref129
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref129
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref129
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref130
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref130
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref130
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref130
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref130
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref130
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref131
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref131
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref131
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref131
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref131
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref132
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref132
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref132
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref132
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref132
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref133
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref133
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref133
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref133
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref134
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref134
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref134
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref134
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref135
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref135
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref135
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref135
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref135
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref136
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref136
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref136
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref136
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref136
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref137
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref137
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref137
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref138
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref138
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref138
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref138
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref138
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref139
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref139
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref139
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref139
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref139
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref140
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref140
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref140
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref140
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref141
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref141
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref141
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref141
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref141
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref142
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref142
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref142
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref142
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref142
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref143
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref143
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref143
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref143
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref143
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref143
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref144
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref144
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref144
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref144
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref145
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref145
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref145
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref145
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref145
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref146
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref146
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref146
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref146
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref147
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref147
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref147
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref147
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref148
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref148
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref148
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref148
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref148
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref149
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref149
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref149
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref149
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref149
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref150
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref150
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref150
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref150
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref150
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref151
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref151
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref151
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref151
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref152
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref152
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref152
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref153
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref153
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

MOLECULAR METABOLISM 15 (2018) 8—19 © 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

sex-specific changes in fetal and neonatal endocrine function. Endocrinology
152:1378—1387.

Davis, S.N., Shavers, C., Costa, F., 2000. Differential gender responses to
hypoglycemia are due to alterations in CNS drive and not glycemic thresh-
olds. American Journal of Physiology. Endocrinology and Metabolism 279:
E1054—E1063.

Chandegra, B., Tang, J.L.Y., Chi, H., Alic, N., 2017. Sexually dimorphic ef-
fects of dietary sugar on lifespan, feeding and starvation resistance in. Aging
(Albany NY) 9:2521—2528.

Fernandez-Twinn, D.S., Gascoin, G., Musial, B., Carr, S., Duque-
Guimaraes, D., Blackmore, H.L., et al., 2017. Exercise rescues obese
mothers’ insulin sensitivity, placental hypoxia and male offspring insulin
sensitivity. Scientific Reports 7:44650.

Stanford, K.., Lee, M.Y., Getchell, K.M., So, K., Hirshman, M.F,,
Goodyear, L.J., 2015. Exercise before and during pregnancy prevents the
deleterious effects of maternal high-fat feeding on metabolic health of male
offspring. Diabetes 64:427—433.

Stanford, K.I, Takahashi, H., So, K., Alves-Wagner, A.B., Prince, N.B.,
Lehnig, A.C., et al., 2017. Maternal exercise improves glucose tolerance in
female offspring. Diabetes 66:2124—2136.

Vega, C.C., Reyes-Castro, L.A., Bautista, C.J., Larrea, F., Nathanielsz, P.W.,
Zambrano, E., 2015. Exercise in obese female rats has beneficial effects on
maternal and male and female offspring metabolism. International Journal of
Obesity (London) 39:712—719.

0'Tierney-Ginn, P., Roberts, V., Gillingham, M., Walker, J., Glazebrook, P.A.,
Thornburg, K.L., et al., 2015. Influence of high fat diet and resveratrol
supplementation on placental fatty acid uptake in the Japanese macaque.
Placenta 36:903—910.

Roberts, V.H., Pound, L.D., Thorn, S.R., Gillingham, M.B., Thornburg, K.L.,
Friedman, J.E., et al., 2014. Beneficial and cautionary outcomes of

www.molecularmetabolism.com

[162]

[163]

[164]

[165]

[166]

[167]

I

MOLECULAR
METABOLISM

resveratrol supplementation in pregnant nonhuman primates. The FASEB
Journal 28:2466—2477.

Li, S.W., Yu, H.R., Sheen, J.M., Tiao, M.M., Tain, Y.L., Lin, I.C., et al., 2017. A
maternal high-fat diet during pregnancy and lactation, in addition to a
postnatal high-fat diet, leads to metabolic syndrome with spatial learning and
memory deficits: beneficial effects of resveratrol. Oncotarget 8:111998—
112013.

Zou, T., Chen, D., Yang, Q., Wang, B., Zhu, M.J., Nathanielsz, P.W., et al.,
2017. Resveratrol supplementation of high-fat diet-fed pregnant mice pro-
motes brown and beige adipocyte development and prevents obesity in male
offspring. Journal of Physiology 595:1547—1562.

Ros, P., Diaz, F., Freire-Regatillo, A., Argente-Arizon, P., Barrios, V.,
Argente, J., et al., 2018. Resveratrol intake during pregnancy and lactation
modulates the early metabolic effects of maternal nutrition differently in male
and female offspring. Endocrinology 159:810—825.

Vega, C.C., Reyes-Castro, L.A., Rodriguez-Gonzalez, G.L., Bautista, C.J.,
Vazquez-Martinez, M., Larrea, F., et al., 2016. Resveratrol partially prevents
oxidative stress and metabolic dysfunction in pregnant rats fed a low protein
diet and their offspring. Journal of Physiology 594:1483—1499.

Chiswick, C., Reynolds, R.M., Denison, F., Drake, A.J., Forbes, S.,
Newby, D.E., et al., 2015. Effect of metformin on maternal and fetal out-
comes in obese pregnant women (EMPOWaR): a randomised, double-blind,
placebo-controlled trial. Lancet Diabetes Endocrinology 3:778—786.

Engen Hanem, L.G., Stridsklev, S., Jdliusson, P.B., Salvesen, O.,
Roelants, M., Carlsen, S.M., et al., 2018. Metformin use in PCOS pregnancies
increases the risk of offspring overweight at 4 years of age; follow-up of two
RCTs. Journal of Clinical The Journal of Cinical Endocrinology and Meta-
bolism. https://doi.org/10.1210/jc.2017-02419 [Epub ahead of print].

19


http://refhub.elsevier.com/S2212-8778(18)30309-0/sref153
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref153
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref153
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref154
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref154
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref154
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref154
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref154
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref155
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref155
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref155
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref155
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref156
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref156
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref156
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref156
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref157
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref157
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref157
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref157
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref157
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref158
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref158
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref158
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref158
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref159
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref159
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref159
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref159
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref159
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref160
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref160
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref160
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref160
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref160
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref161
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref161
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref161
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref161
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref161
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref162
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref162
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref162
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref162
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref162
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref163
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref163
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref163
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref163
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref163
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref164
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref164
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref164
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref164
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref164
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref165
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref165
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref165
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref165
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref165
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref166
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref166
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref166
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref166
http://refhub.elsevier.com/S2212-8778(18)30309-0/sref166
https://doi.org/10.1210/jc.2017-02419
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

	Sex and gender differences in developmental programming of metabolism
	1. Introduction
	1.1. Developmental programming of metabolic disease
	1.2. Sex differences in the incidence of obesity and diabetes

	2. Sexual dimorphism in systems regulating energy homeostasis
	2.1. The central nervous system
	2.2. Metabolic hormones and adipokines
	2.3. Adipose tissue

	3. Sexually dimorphic responses to early life programming
	3.1. Under nutrition and nutrient restriction during early life
	3.2. Obesity and over nutrition during early life

	4. Mechanisms mediating sexual dimorphic programming
	4.1. Epigenetics
	4.2. Placenta: a major source of sex differences
	4.3. Role of metabolic hormones in developmental programming and how they could contribute to sex differences
	4.4. Protective actions of estrogens and how they may impact on susceptibility to early life programming

	5. Are females more sensitive to changes in glucose availability during early life than males?
	6. Sexual dimorphisms in intervention studies
	7. Conclusion
	Acknowledgements
	Conflicts of interest
	References


