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Most human obesity is inherited as a polygenic trait which is largely refractory to medical therapy
because obese individuals avidly defend their elevated body weight set-point. This set-point is mediated
by an integrated neural network that controls energy homeostasis. Epidemiological studies suggest that
perinatal and pre-pubertal environmental factors can promote offspring obesity. Rodent studies demon-
strate the important interactions between genetic predisposition and environmental factors in promoting
obesity. This review covers issues of development and function of neural systems involved in the regu-
lation of energy homeostasis and the roles of leptin and insulin in these processes, the ways in which
interventions at various phases from gestation, lactation and pre-pubertal stages of development can
favorably and unfavorably alter the development of obesity n offspring. These studies suggest that early
identification of obesity-prone humans and of the factors that can prevent them from becoming obese
could provide an effective strategy for preventing the world-wide epidemic of obesity.

Published by Elsevier Inc.
1. Introduction

Over the last 20 years a world-wide epidemic of obesity has
developed which affects both adult [1–10] and childhood popula-
tions [10–13]. The major adverse health impact of this epidemic
is due to the association of obesity with co-morbidities such as dia-
betes, cardiovascular disease, hypertension, hyperlipidemia, psy-
cho-social and other disorders that either shorten life or reduce
the quality of life of affected individuals [14–19]. Once obesity
develops, available pharmacological and behavioral interventions
have a dismal track record of producing long-term weight loss in
affected individuals. Aside from labor- and resource-intensive
weight loss programs, more than 90% of obese individuals who lose
weight, regain it within 1–2 years [20,21]. Such figures emphasize
the importance of identifying factors that predispose individuals to
become obese so that they can be prevented from becoming obese
in the first place. Among the most important of these predisposing
factors are genetic background and the perinatal environment. As
much as 70% of human obesity is inherited, predominantly in a
polygenic fashion [22–24]. While, many studies to be reviewed
here point to alterations in the pre- and postnatal environment
as major determinants of the predisposition of offspring to become
obese, it is becoming increasingly clear that the impact of such per-
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turbations are affected by the genetic background of the effected
individual. Thus, the focus of this review will be on the interactions
between genetic background and the perinatal environmental fac-
tors that determine the propensity of offspring to become obese. It
will also cover the various issues involved in the neural control of
energy homeostasis and the current state of our knowledge of how
the brain and periphery interact to regulate this process.
1.1. Evidence for perinatal influences on offspring obesity in humans

Dorner [25] carried out the first epidemiological studies sug-
gesting a causal link between perinatal metabolic factors and the
development of metabolic diseases in offspring. They found an in-
creased prevalence of obesity in offspring of mothers who were
undernourished during the famine that occurred in Germany dur-
ing World War II as compared to offspring from the same geo-
graphical regions who were in utero after the war. From this he
proposed that abnormal levels of systemic hormones and neuro-
transmitters produced by either genetic defects or deficient envi-
ronments occurring during brain development can act as
teratogens producing abnormal brain organization leading to per-
manent dysfunctions of fundamental processes such as metabo-
lism [26]. He later showed that men who were born during the
food shortages during and after the war (1943–1947) had a lower
incidence of type 1 diabetes mellitus (T1DM), but a more than a
50% higher incidence of T2DM compared to comparable subjects
born after the food shortages occurred [27]. In addition, Ravelli
nt interactions affecting systems regulating energy homeostasis and obes-
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and colleagues [28,29] periodically assessed the offspring of moth-
ers who were undernourished (400–800 calories per day) during
various phases of gestation as a result of the Dutch Hunger Winter
that occurred in the western Netherlands after World War II. The
outcomes varied somewhat depending upon the timing of follow
up and the groups examined. They first found that 19 year old male
offspring undernourished in utero during the first two trimesters
were more than twice as obese as controls who were in utero after
the rationing occurred [28]. However, when men and women were
followed up at 50 years of age, gestationally undernourished fe-
males but not males had a higher body mass index (BMI) than con-
trols [30]. On the other hand, those subjected to undernutrition
during mid- to late gestation had lower birth weights and devel-
oped insulin resistance with impaired glucose tolerance at age 50
[29].

Based on these studies, Hales and Barker [31] modified Neel’s
original idea of a ‘‘thrifty genotype” and proposed that perinatal
undernutrition led to a ‘‘thrifty phenotype” which predisposed to
the development of T2DM. Subsequently, Subsequently, Barker
[32] proposed that human fetuses adapt to a limited supply of
nutrients by permanently programming changes in their physiol-
ogy and metabolism. This ‘‘Barker Hypothesis” is generally credited
with giving birth to the field of fetal origins of adult diseases which
has been extended to include coronary heart disease and the re-
lated disorders: stroke, diabetes and hypertension. Later retrospec-
tive studies of infants of T1DM mothers vs. those from mothers
with gestational diabetes showed both increased birth weight
and a higher incidence of overweight from 1 to 4 years of age
[33]. Furthermore, maternal obesity and/or diabetes have been
associated with increased birth weight and often an increase in
body weight gain and obesity in their offspring [34–39]. However,
it is important to note that evidence linking increased birth weight,
often thought to predispose to adult obesity, is controversial [40]
and the association of intrauterine growth retardation to adverse
outcomes in adulthood is not fully consistent across all studies
[41]. Interestingly, the apparent paradox whereby either a nutri-
tional surfeit or dearth during gestation can lead to offspring obes-
ity is mirrored by the fact that insulin deficiency (TIDM) and
insulin excess (T2DM) during pregnancy both increase the risk that
offspring will develop obesity and T2DM [42,43].

One possible reason for such apparent paradoxical findings in
human retrospective epidemiological studies is that there is no
way to separate the effects of genetic background from perinatal
and later postnatal environmental factors. While up to two-thirds
of human obesity is inherited in a polygenic fashion [22–24], envi-
ronment clearly plays a critical role in determining the metabolic
fate of such individuals. A variety of studies have shown correla-
tions between maternal and/or paternal obesity or BMI and off-
spring obesity or BMI [44–47]. However, not surprisingly, a
maternal ‘‘obesogenic” environment appears to have an indepen-
dent effect on the development of obesity and the metabolic syn-
drome in their offspring [13,39,48–52]. Breast feeding is one
major way in which a mother can influence the nutritional status
of her infant. Breast feeding has generally been considered to offer
some protection against the development of offspring obesity [53–
58]. Such a conclusion is likely to be biased by the content of the
control populations of non-breast fed infants fed formula since for-
mula content has varied over the years and by geographic loca-
tions. For example, the possible overnutrition and adverse effects
of formula feeding on offspring glucose and lipid metabolism,
obesity and blood pressure [59] may be related to formula protein
content [60]. Furthermore, breast milk from mothers with T1DM
appears to predispose their offspring to become obese and glucose
intolerant later in childhood [61]. Thus, many genetic, perinatal
metabolic and nutritional factors contribute to the ultimate out-
come of offspring. Sorting out the relative role of these factors in
Please cite this article in press as: B.E. Levin, Developmental gene � environme
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humans has been quite difficult for a variety of reasons that will
be addressed below.

1.2. Questions about the regulation of energy homeostasis and obesity
that affect gene � environmental interactions on offspring

1.2.1. Is there a thrifty genotype?
Neel [62] first proposed that there was a thrifty genotype that

evolved to enable hunter–gatherer humans to better withstand
the rigors imposed by unstable cycles of energy excess and scar-
city. He postulated that such a genotype would predispose individ-
uals to become obese and glucose intolerant in Western societies
when food supplies were abundant. This hypothesis was modified
by Hales and Barker [31] in an attempt to reconcile the finding that
gestational undernutrition often predisposes to offspring T2DM. In
theory, such a thrifty genotype or phenotype should confer a com-
petitive survival advantage to individuals by maximizing their
ability to ingest and store large amounts of energy during periods
of food surfeit and minimizing their energy expenditure during
periods of severe shortage. However, as pointed out by Speakman
[63,64], there is little evidence to support such a competitive
advantage for either survival or reproduction, at least during peri-
ods of famine. In fact, there might even be a competitive disadvan-
tage conferred by storage of too many calories as fat which would
expose such individuals to increased risk of predation. In addition,
there is little evidence to suggest that obese or obesity-prone hu-
mans are more efficient at holding onto stored calories than are
obesity-resistant individuals during periods of energy deficit.
While this might be the case, it appears that all individuals, regard-
less of their starting weight, maximize the conservation of energy
stores when caloric intake is restricted [65]. Most tellingly, since at
least one-third of most human populations are obesity-resistant,
no one has answered the question of why there are so many of
such individuals left in any given population. Thus, even if there
is a thrifty genotype, it may be that this is due to genetic drift
rather than true competitive selection pressure.

While it is unlikely that this argument will be settled by cur-
rently available information, it is possible that a sizable population
of obesity-resistant humans has survived over the millennia be-
cause they were able to migrate away from famine-stricken areas
and thus maintain a population of individuals with a lean geno-
type. Regardless of whether a thrifty genotype exists and confers
a competitive survival advantage, the fact is that certain popula-
tions, such as that in the US, contain very high percentage of over-
weight and obese individuals [66,67]. One hypothesis is that
obesity-prone individuals have an inherited and/or acquired pre-
disposition to ignore or minimize the impact of increasing levels
of negative feedback signals such as leptin and insulin that reflect
increasing adipose stores during the development and mainte-
nance of obesity. In the human population there are several ex-
treme examples of such impaired negative feedback that lead to
extreme obesity. These include individuals who make little or no
leptin [68] or have congenital deficiency of the leptin receptor
[69]. Others lack the ligands or receptors that effectuate the pow-
erful downstream catabolic effects of leptin signaling in the brain
[70,71].

1.2.2. Is there a set-point for body weight regulation?
Based on a number of studies in rodents, Keesey and colleagues

[72–77] have argued that there is a set-point about which body
weight and adiposity are defended and that this set-point resides
in central pathways that regulate energy homeostasis. But this
concept has met with resistance by those [78] who argue that
the defended body weight reflects a ‘‘settling point” which is
reached when all of the internal and external hormonal, metabolic
and behavioral are summated and integrated by the pathways that
nt interactions affecting systems regulating energy homeostasis and obes-
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regulate overall energy homeostasis. By this line of reasoning, such
a settling point should be infinitely changeable as long as the in-
puts to the system are capable of changing. However, this idea does
not account for the apparent fixed upregulation of the defended
body weight that occurs in the majority of obese humans [20,21]
and some strains of obesity-prone rodents [79–81]. In these in-
stances, the defended body weight can be moved upward but, with
rare exceptions, cannot be moved back downward in the absence
of surgical intervention. Thus, the recidivism rate in the treatment
of obesity is generally greater than 90% in the absence of surgical
interventions [82]. Similarly, both outbred and selectively bred rats
that are obesity-prone will maintain their elevated body weight
set-point, even after several months of caloric restriction
[79,81,83–85]. Likewise, experimentally induced overfeeding of
humans and rodents, regardless of the starting body weight, results
in compensatory reduction in intake and increase in energy expen-
diture which returns them to their initial level of body weight
when overfeeding ceases [65,76,83,86,87].

It is important to note that this type of defense against overfeed-
ing is seen when humans are paid to overeat a large number of cal-
ories or when rodents are either force-fed or provided with a highly
palatable diet that causes them to massively overeat. Such over-
feeding is often kept at persistently elevated levels for the duration
of these studies such that subjects are persistently in a state of ex-
cess energy intake vs. expenditure. On the other hand, when an ele-
vated obese set-point is established by chronic, more gradual,
smaller caloric excess, intake and expenditure more rapidly come
into a homeostatic balance which is avidly defended against caloric
restriction. Thus, the rate and degree of weight gain may determine
whether an elevated set-point will be defended. Massive overfeed-
ing stimulates catabolic and inhibits anabolic systems, while more
gradual accretion of calories may fall below the threshold of detec-
tion required for catabolic systems to become activated. In addition,
palatability and the rewarding properties of the diet engage reward
pathways in the brain that appear to operate by different mecha-
nisms than those activated by overfeeding [83].

Given the critical role of the central nervous system in regulat-
ing the defended body weight [88], the persistent upregulation of
the defended body weight resulting from chronic, gradual mild
to moderate excess intake is reminiscent of the neural plasticity
that underlies the formation of long-term memories that occurs
throughout life. Current evidence suggests that environmental
interventions during the formation of hypothalamic pathways in-
volved in energy homeostasis regulation can alter neural plasticity
to perpetuate long-term changes in the defended body weight
[89,90]. On the other hand, selective lesions in the distributed net-
work of brain sites involved in the regulation of energy homeosta-
sis can alter the defended body weight [91,92]. While such brain
lesions have been proposed and even attempted as a treatment
for obesity in humans [93], the permanence and potential compli-
cations inherent in such surgical lesions makes their use more an
act of desperation than a potential practical treatment for the cur-
rent obesity epidemic.

1.3. A brief overview of energy homeostasis regulation

Energy homeostasis is the balance between intake on the one
hand and expenditure on the other. Excess caloric intake over
expenditure is stored primarily as adipose tissue and this storage
depot is utilized as a primary fuel source during periods of energy
deficit. The regulation of energy homeostasis reflects an ongoing
dialogue between the internal and external environments and
the brain. The brain both senses and integrates a multitude of hor-
monal, metabolic and hard wired neural signals from peripheral
sensors and organs in its role as the primary regulator of both
the control of individual meals and the long-term balance between
Please cite this article in press as: B.E. Levin, Developmental gene � environme
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intake and expenditure (Fig. 1). Leptin is produced primarily in adi-
pose depots in proportion to their size and acts as the prototypic
signal for keeping the brain informed about the status of peripheral
adipose stores [94,95]. When intake exceeds expenditure, depot
size increases and leptin levels rise to provide a tonic, negative
feedback on anabolic (increased intake, decreased expenditure)
and a positive feedback on catabolic (decreased intake, increased
expenditure) neural circuits. Plasma insulin, although of pancreatic
origin, indirectly reflects adipose levels [96,97] and acts as an addi-
tional negative feedback signal [98]. Various gut neuropeptides are
produced in response to both pre- and post-ingestive factors to
modulate short-term regulation of individual meals [99,100].
Many of these peptides act on receptors on vagal and sympathetic
afferents whose central processes terminate in critical regulatory
brainstem areas [100] (Fig. 1). In addition, a variety of metabolic
substrates such as glucose, fatty acids, ketone bodies and lactate,
as well as cytokines produced in the periphery, signal the brain
via these same autonomic afferents and by being transported
across the blood–brain barrier [101–103] (Fig. 1). These signals
are sensed and integrated by a distributed network of ‘‘metabolic
sensing” neurons located in key areas of the hindbrain and fore-
brain (Fig. 1). These systems are complex and highly intercon-
nected. In general, the midline nuclei of the hindbrain (nucleus
tractus solitarius (NTS) and dorsal motor vagal complex) and hypo-
thalamus (arcuate (ARC), ventro-medial (VMN), paraventricular
(PVN) and dorso-medial (DMN) nuclei) are involved in the meta-
bolic aspects of energy sensing and responding [101–103]. The
integrated signals from these nuclei are relayed to efferent neuro-
endocrine and autonomic areas of the hypothalamus (PVN and lat-
eral hypothalamic area (LHA)) and hindbrain. In addition, neurons
in areas of the brain involved in motivation, reward (ventral teg-
mental area, extended amygdala) and memory (hippocampus)
are engaged by many of the same afferent signals from the periph-
ery [101–103] (Fig. 1). Metabolic sensing neurons in many of these
areas express receptors for catabolic (leptin and insulin) and ana-
bolic (ghrelin) hormones and transporters for a variety of meta-
bolic factors from the periphery. These hormones provide phasic
and tonic inputs that alter the metabolic impact and reward va-
lence and salience of a given signal for production of memories
and plastic change involved in energy homeostasis regulation
[104–106]. Although the components of this network are widely
distributed across both the periphery and central nervous system,
site specific lesions of critical areas within this network (such as
the ventro-medial hypothalamus (VMH = ARC + VMN), LHA or
DMN) can markedly alter the defended body weight [91,92].

Of all the neurons known to be involved in the regulation of en-
ergy homeostasis, those in the ARC are perhaps the best character-
ized and among the most important. ARC neurons expressing both
neuropeptide Y (NPY) and agouti-related peptide (AgRP) project to
the PVN, LHA and other brain areas where the release of these pep-
tides provides an anabolic stimulus [88]. They also project locally
onto neighboring neurons which express proopiomelanocortin
(POMC). POMC neurons project to most of the same targets as do
NPY/AgRP neurons. In these neurons, POMC is cleaved to a-mela-
nocyte stimulating hormone (a-MSH) which acts on melanocor-
tin-4 (MC4R) and -3 receptors to produce a catabolic response.
Importantly, the main action of AgRP is as a functional antagonist
(inverse agonist) at the MC3/4R’s [107]. The downstream targets of
these neurons include those expressing thyroid hormone and cor-
ticotrophin releasing hormone in the PVN and orexin (hypocretin)
and melanin concentrating hormone in the LHA [108–110]. Thy-
roid hormone is a critical regulator of thermogenesis, while corti-
cotrophin releasing hormone is a primary mediator of the
hypothalamo-pituitary–adrenal axis. In the LHA, orexin and mela-
nin concentrating hormone neurons project widely throughout the
neuraxis to areas mediating arousal, reward, motor activity and a
nt interactions affecting systems regulating energy homeostasis and obes-
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Fig. 1. Steps of neural maturation that can be influenced by leptin (Lep) and insulin (Ins). Precursor cells differentiate into either glia or neurons. The latter migrate from their
birth place to the position they occupy in the mature nervous system and then send out axonal projections to target areas. Some of these axons establish connections with
target neurons (cell bodies and/or dendrites). This interaction provides trophic support for and allows survival of the presynaptic neuron. Those neurons which do not
establish functional contacts undergo cell death (apoptosis). While most new neuron formation (neurogenesis) occurs before E18 in the hypothalamus, it now appears that
neurogenesis can continue well into adult life. Steps at which leptin and/or insulin have effects to promote various steps of neuronal maturation are labeled by red ovals.
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host of other functions. Thus, these PVN and LHA neurons can be
considered second order neurons by which ARC NPY/AgRP and
POMC neurons effect the highly complex behavioral, physiological,
hormonal and neural activities required for the regulation of en-
ergy intake, expenditure and storage (Fig. 1). In addition, the LHA
neurons have reciprocal connections with reward and memory
areas of the brain, as well as downstream integration centers in
the hindbrain [111].

Many of these same neurons involved in the regulation of energy
homeostasis, including ARC NPY/AgRP and POMC neurons, are also
the targets of neural, hormonal and metabolic signals produced in
the periphery as a part of an ongoing dialogue between the brain
and periphery. These were fist described as ‘‘glucosensing” because,
as opposed to the vast majority of neurons that utilize glucose as a
primary metabolic substrate to fuel their ongoing energy require-
ments [112], these specialized sensing neurons utilize glucose as
a signaling molecule that regulates their membrane potential, neu-
ral activity and transmitter/peptide release[111,113,114]. In these
neurons, various intracellular metabolic pathways modulate the
production of ATP, AMP, nitric oxide, reactive oxygen species and
other intracellular messengers from glucose. These metabolic prod-
ucts then act on ion channels, such as the ATP-dependent K+ chan-
nel, to alter membrane potential and neuronal activity [103].
Glucose excited (GE) neurons increase and glucose inhibited (GI)
neurons decrease their activity as brain glucose levels rise and are
affected oppositely as glucose levels fall [103]. In addition to glu-
cose, many of these same neurons can utilize long chain fatty acids
as signaling molecules [115–118] and many also have receptors for
hormones and peptides such as insulin, leptin and ghrelin [119].
Thus, the terms metabolic or nutrient sensors are probably the best
descriptors for such neurons. ARC NPY/AgRP and POMC neurons,
dopamine neurons in the ventral tegmental area and substantia ni-
gra and noradrenergic neurons in the NTS are prototypic examples
of such multimodal metabolic sensing neurons [103]. Again, it is
important to emphasize that, although most of these neurons can
play important independent roles in the regulation of energy
homeostasis, their most important function is as part of a widely
distributed network that includes both the brain, its neuroendo-
crine effector systems and peripheral target organs and the meta-
bolic and peptide-hormone sensors they contain.
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1.4. Development of systems regulating energy homeostasis

Progenitor cells arise in a number of sites throughout the ner-
vous system differentiate during development into glial and neural
elements (Fig. 2). In the hypothalamus, new neuron formation
(neurogenesis) takes place in the neuroepithelial lining of the third
cerebral ventricle [120–124]. These new neurons migrate to their
ultimate positions and then send axonal projections to their target
areas. Those axons that form functional target connections survive
while those that do not undergo apoptotic cell death [125,126].
Among the many issues of using rodents as surrogate models for
humans is that there are critical differences in the timing of brain
development between humans and rodents. In fact, we know more
about the development of the rodent than primate brain. In non-
human primates, hypothalamic neurogenesis occurs during the
first few months of gestation [127]. Limited human studies suggest
that early hypothalamic neurogenesis occurs during weeks 9–10 of
gestation [128–132]. In non-human primates the anabolic NPY/
AgRP ARC–PVN projections develop during the late second trimes-
ter (by gestational day 100). The mature pattern fully develops by
gestational day 170 [133]. In human fetuses, NPY immunoreactive
fibers are detected in the ARC and in the PVN by 21 weeks of ges-
tation [132]. On the other hand, previous data suggest that most
rodent hypothalamic neurons differentiate into mature neurons
at embryonic days 12–16 (E12–16) [134], where birth of the pup
occurs at �E22. However, it is now clear that some hypothalamic
neurogenesis continues into early postnatal, and possibly into
adult life in rodents [120,123,124]. It is unknown whether similar
continued neurogenesis occurs in humans. Finally, rodent ARC–
PVN projections are not completed until P12–14 in rodents [135–
137] although manipulations such as caloric restriction during
the post-weaning period (after 3 weeks of age) can still alter the
development of these pathways [138]. Thus, while rodent studies
suggest that various interventions made during the formation of
the ARC–PVN pathways can alter the development of obesity, the
marked differences between the developmental patterns of the ro-
dent and primate brains make it difficult to decide when it might
be most expeditious to intervene during human development to
promote generation of neural pathways that prevent offspring
from becoming obese.
nt interactions affecting systems regulating energy homeostasis and obes-
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Fig. 2. The distributed network of central metabolic sensing neurons (red stars) and the peripheral inputs that allow them to monitor peripheral metabolic activity and the
status of adipose stores. Metabolic sensing neurons in the nucleus tractus solitarius (NTS) receive hardwired vagal and sympathetic afferents from peripheral sensing
elements (green stars) in the portal vein, small intestines and carotid body. Neural projections from the NTS disseminate these neural signals to metabolic sensing neurons
the hypothalamus (arcuate (ARC), ventromedial (VMN), dorsomedial (DMN), paraventricular (PVN) nuclei, lateral hypothalamic area (LHA)) and areas of the extended
amygdala which also have transporters, receptors and sensing apparatus for metabolic substrates (glucose, lactate, ketone bodies, long chain free fatty acids (FA)), hormones
(insulin, leptin) and cytokines generated in peripheral organs. Additional metabolic sensing neurons also reside in the caudal ventrolateral medulla (CVLM), rostral
ventrolateral medulla (RVLM), dorsal vagal complex (DVC), raphe pallidus (RPa) and obscurus (Rob), substantia nigra (SN), area postrema (AP), locus coeruleus (LC), ventral
tegmental area (VTA) and striatum. All of these metabolic sensing neurons integrate the neural, metabolic and hormonal signals from the periphery which results in
alterations in membrane potential, action potential frequency and neurotransmitter/peptide release. Their efferent outputs regulate the behavioral, metabolic, hormonal and
physiological functions involved in energy homeostasis (intake, expenditure, storage).
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Finally, brain areas outside the hypothalamus involved in the
regulation of energy homeostasis undergo different temporal pat-
terns of development in rodents. For example, the pathways from
the hindbrain to the hypothalamus are fully developed at birth
[139–142]. In addition brain areas involved in motivation and re-
ward do not fully develop functionally until well into the postnatal
period. For example, pathways in the medial prefrontal cortex in-
volved in fear conditioning in rats develop fully only by P17–24
[143], while the dopamine innervation of the forebrain areas in-
volved in reward and decision making (prefrontal cortex, basolat-
eral and central nuclei of the amygdala) can still be altered by
various interventions as late as P30–60 [144]. The cannabinoid
and opiate systems in the prefrontal cortex and nucleus accumbens
continue to develop from P29 to P49 [145]. Functionally, some of
these same pathways in humans develop over a prolonged period
from 8 to 27 years of age [146,147]. Thus, even in humans, there
exists a broad window of opportunity by which external interven-
tions might be undertaken to favorably alter the development of
neural systems involved in the regulation of energy homeostasis.
1.5. Issues involved in the study of development and function of
systems regulating energy homeostasis

Before considering the various interventions that can affect the
development of neural and other systems involved in the regula-
tion of energy homeostasis and how they promote offspring obes-
Please cite this article in press as: B.E. Levin, Developmental gene � environme
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ity and diabetes, there are a number of important factors that must
be taken into account regarding experimental methodologies that
can markedly affect the outcome of such interventions.
1.5.1. How do neurohumoral and metabolic signals reach the brain?
The blood–brain barrier is comprised of tight junctions between

vascular endothelial cells in brain microvessels. These tight junc-
tions prevent diffusion of most substances into the brain. Instead,
they undergo facilitated transport down a concentration barrier
to enter the brain [148]. Leptin, insulin and most metabolic sub-
strates (glucose, lactate, ketone bodies) are transported across this
barrier [149], while many gut peptides such as peptide YY, gluca-
gon-like peptide-1 and cholecystokinin and transmitters such as
norepinephrine, epinephrine and serotonin are not [148]. The
requirement for such transport, as well as rapid uptake by neurons
and astrocytes, accounts for the fact that extracellular glucose lev-
els in the brain are maintained at only 10–20% of blood levels
across virtually the entire neuraxis [150–152]. However, there
are several brain areas, known as the circumventricular organs,
which have fenestrated blood vessels which do allow for free diffu-
sion of substances into the surrounding neuropil [153,154]. The
median eminence and area postrema are two of the most impor-
tant of these since the former lies just ventro-medial to the ARC
and the latter lies dorso-medial to the NTS. There is still consider-
able controversy as to whether ARC neurons are exposed to plasma
levels of various peptides, hormones and metabolic substrates. On
nt interactions affecting systems regulating energy homeostasis and obes-
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the one hand, there appears to be limited or no diffusion of sub-
stances such as glucose from the median eminence to the ARC over
short periods of time because of the extensive network of tanycyte
processes that effectively compartmentalize the ARC (and NTS) and
wall them off from the median eminence and possibly the area
postrema [151,154–157]. On the other hand, there are some fenes-
trated vessels that originate in the median eminence that extend
up into the medial ARC [153,158]. Despite these, it is unlikely that
there is significant free diffusion of small molecules such as glu-
cose from the median eminence into the ARC since extracellular
glucose levels in the ARC are comparable to those of the adjacent
VMN rather than those found in plasma [151]. However, ARC neu-
rons do send axons into the median eminence and these axons are
capable of uptake and retrograde transport to their cell bodies of
substances that do not cross the blood–brain barrier [159]. ARC
astrocytes also take up such substances [160] but such uptake is
generally a slow process which occurs over several hours.

Another general assumption is that various substances found in
the cerebrospinal fluid can enter the brain in a manner that mimics
normal physiological delivery of these substances across the
blood–brain barrier. Such an assumption led to the common prac-
tice of introducing various test substances into the ventricular sys-
tem to assess their effects on energy homeostasis. However,
because neurons in the ARC, VMN and NTS are separated from
the ventricular system by tanycytes which express tight junctions
similar to those found in brain microvessels [156,161,162], it is
likely that many of those substance either do not enter those nuclei
directly or that they may have unanticipated secondary effects due
to requirement of primary uptake by the metabolically active tany-
cytes. These glia cells express glucose transporters (Glut-1 and -2)
and glucokinase [163,164], the hexokinase responsible for gluco-
sensing in many neurons [164,165]. They also possess neurotrans-
mitter transporters and receptors [166,167] and type 2 deiodinase
[168]. Tanycytes also accumulate substances such as insulin-like
growth factor I [169]and b-endorphin [170] and are contacted by
axon terminals of neurons expressing serotonin [171,172] and opi-
oids [173] and are reversibly destroyed by toxins such as alloxan
[174]. Finally, tanycyte processes extend laterally and ventrally
to subdivide the VMN and ARC into compartments which effec-
tively walls off ARC neurons from most of the fenestrated vessels
of the median eminence [155,175].

1.5.2. Pharmacology vs. physiology
It is common practice to inject hormones and peptides either

peripherally or into the brain to evaluate their potential roles in
the regulation of energy homeostasis. In most cases, the levels
reached using either route far exceed those seen during normal
diurnal or feeding cycles. In the brain, with the exception of glu-
cose and lactate, the actual extracellular levels of hormones such
as leptin and insulin, peptides such as NPY, AgRP, a-MSH and ghre-
lin, metabolites such as free fatty acids are largely unknown due to
technical issues involved in their measurement. Thus, we are left in
the unenviable position of having to define ‘‘relevant” dosages by
their behavioral or physiologic effects. Add to this the fact that hor-
mones such as leptin and insulin are most often (but not always)
injected in a bolus into the cerebrospinal fluid or brain producing
a rapid increase in levels. . . a situation that virtually never occurs
under physiological conditions where levels of such hormones
change over much longer periods of time and likely exert tonic
rather than phasic influences on neural function.

Thus, there are a number of factors that limit our ability to
extrapolate data obtained from many studies carried out in rodents
or other animal models to derive useful conclusions about their
relevance to human beings and the impact of environmental and
developmental factors upon the development of obesity and diabe-
tes in offspring. Nevertheless, such animal models can still provide
Please cite this article in press as: B.E. Levin, Developmental gene � environme
ity, Front. Neuroendocrinol. (2010), doi:10.1016/j.yfrne.2010.02.005
significant insights that might allow us to identify critical factors
that affect human obesity and diabetes as long as they are evalu-
ated with a full understanding of their limitations.

1.6. Perinatal and pre-pubertal factors that cause offspring obesity by
altering the development of their energy homeostatic systems

Both the type and timing of external interventions can have a
major impact on the development of neural systems involved in
the regulation of energy homeostasis. There are two broad catego-
ries of possibly interrelated changes which affect offspring devel-
opment during the perinatal and pre-pubertal periods; epigenetic
changes in gene expression and physical alterations of organ devel-
opment that are not necessarily dependent upon altered gene
expression. Non-Mendelian, or epigenetic modifications of genes
can occur by methylation or histone acetylation. Such alterations
of gene structure can markedly alter gene expression regulating or-
gan formation and neural pathways involved in the regulation of
energy homeostasis. Prader–Willi syndrome exemplifies a disease
caused by imprinting of one parental gene which affects both en-
ergy homeostasis and neural development. Such imprinting inhib-
its expression of genes at the 15q11-q13 locus which undergo
histone methylation on the maternal chromosome [176]. The Prad-
er–Willi syndrome is characterized by hypotonia, early life feeding
difficulties followed by obsessive/compulsive food seeking, hyper-
phagia and obesity in association with short stature and hypogo-
nadism [177]. In addition to such well described syndromic
disorders, modifying the perinatal nutritional environment can
also cause epigenetic changes that alter the phenotypic character-
istics of offspring. For example, supplementing the maternal diet of
yellow agouti mice with a diet high in methyl donors increases
methylation of CpG islands on genes resulting in altered offspring
coat color [178]. In addition to nutritional interventions, high lev-
els of maternal licking and grooming and arched-back nursing alter
offspring histone acetylation and transcription factor NGFI-A bind-
ing to a hippocampal glucocorticoid receptor gene promoter re-
gion. This affects both offspring glucocorticoid receptor
expression and hypothalamic–pituitary–adrenal responses to
stress. This effect can be reversed either by cross-fostering to dams
exhibiting low levels of these behaviors or by central infusion of a
histone deacetylase inhibitor [179].

Aside from epigenetic changes in gene expression, perinatal
interventions can also alter the development of specific organ sys-
tems through changes in the metabolic and hormonal milieu of the
perinatal environment. Barker [180] proposed the idea that fetal or
early life environmental perturbations can program organ develop-
ment resulting in adverse health conditions in adult life. This afore-
mentioned Barker hypothesis was later applied specifically to
perinatal environmental effects leading to offspring type 2 diabetes
[31]. While epigenetic changes in gene function might be involved
in these processes, they are not necessarily required. Maternal
caloric or protein undernutrition is a commonly studied interven-
tion in rodents [29,30,181–191] which is used to mimic the obser-
vations that gestational undernutrition in humans increases the
risk of offspring obesity and diabetes [25,28,29,192]. On the other
hand, maternal obesity during gestation and/or lactation can also
predispose to offspring obesity and insulin resistance [184,193–
197]. Importantly, perinatal and pre-pubertal dietary manipula-
tions have long-lasting effects on the development and function
of hypothalamic pathways and systems involved in the regulation
of energy homeostasis [117,138,198–204,195].

No concrete evidence provides mechanisms to explain the par-
adox that both perinatal undernutrition and overnutrition can pro-
duce offspring obesity. Hales and Barker [205] proposed that poor
fetal and infant growth and the subsequent development of the
metabolic syndrome are a direct result of early life undernutrition
nt interactions affecting systems regulating energy homeostasis and obes-
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by which the fetus attempts to compensate for limited nutritional
resources by increasing metabolic efficiency to aid survival both
pre- and postnatally. On the other hand, while it might seem logi-
cal that perinatal overnutrition could lead to permanent offspring
obesity, the mechanisms that produce such obesity are still a mat-
ter of current investigation. However, as will be seen below, be-
cause of their critical roles in the development of neural systems
regulating energy homeostasis, increased levels of insulin and lep-
tin in the pre- and early postnatal environments may well be
important factors that increase the predisposition of offspring of
obese mothers to become obese.
1.7. Leptin and insulin play critical roles in the development of energy
homeostatic systems (Fig. 2)

A large number of factors can influence the development of
neural systems that regulate energy homeostasis. Most of these
have been studied in depth only in rodent brains. Leptin and insu-
lin are among the most important of such factors because of their
well documented roles in the ongoing regulation of energy homeo-
stasis and because they also affect neuronal migration, survival
(neurotropic) and process outgrowth (neurotrophic) of developing
neurons [89,90,206–209]. Mice lacking leptin (ob/ob) and mice
(db/db) and rats (selectively bred ‘‘DIO”) with deficient leptin sig-
naling have abnormal development of ARC–PVN axonal projections
of anabolic NPY/AgRP and catabolic proopiomelanocortin (POMC)
neurons involved in the regulation of energy homeostasis
[89,90]. Importantly, leptin replacement in ob/ob mice from P4
to P12, but not in adult life, can fully restore these pathways
[89]. On the other hand, injection of insulin into the dam during
the last week of gestation [198,210,211] or direct hypothalamic
insulin injections in neonates at P2 or P8 alters hypothalamic
development in association with adult onset obesity [212,213]. It
is unclear whether the alterations produced by differences in leptin
and insulin signaling involve epigenetic modifications of genes or
by directly altering the physical properties of the developing ner-
vous system.

During gestation, leptin and/or its receptors are produced by
the placenta in humans [214–219], sheep [220,221] and rodents
[222–225]. The degree to which leptin is transported into the fetal
circulation is still a matter of some controversy. Similarly, maternal
insulin or other hormones, amino acids and glucose may be trans-
ported across the placenta where they can alter the development
of the brain and other organs in humans and rodents [226–230].
During early postnatal development, both leptin and insulin are se-
creted into maternal milk where they can be absorbed into the in-
fant circulation to potentially affect brain and organ formation,
metabolic function and obesity development [231–238]. Although
the data are conflicting and highly dependent upon the timing,
duration, dosage and route of administration [232,237,239,240],
several studies suggest that early postnatal exposure of suckling
neonates to high levels of leptin, prior to the normal increase seen
during the second week of lactation [241], can predispose them to
develop diet-induced obesity and/or hyperinsulinemia as adults
[242–247]. Thus, depending upon a number of factors, exposure
of the developing fetus and neonate to high levels of leptin and/
or insulin associated with maternal obesity may well be the critical
pathogenic factors leading to the development of obesity in their
offspring.
2. Gene � environment effects upon systems regulating energy
homeostasis and the development of obesity

Most studies of perinatal factors that affect offspring obesity
have been carried out either retrospectively in humans or in ani-
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mal models where possible genetic predispositions towards obes-
ity could not be (in the case of humans) or were not considered
(in the case of rodents). With some exceptions [197], the impor-
tance of gene � environment interactions acting to predispose off-
spring to become obese has largely been ignored. We originally
addressed this issue by developing substrains of rats which we
selectively bred for their propensity to develop diet-induced obes-
ity (DIO) or to be diet-resistant (DR) when fed a 31%, 25% sucrose
high energy (HE) diet [248]. The subsequent DIO and DR pheno-
types have been remarkably stable over more than 45 generations.
While the genes underlying their phenotypes have not been iden-
tified, the DIO phenotype has been transmitted to the obesity-
resistant inbred Fischer F344 rat strain to produce a small but
obesity-prone, insulin resistant F.DIO rat [249]. Such studies and
others suggest a polygenic transmission of the DIO phenotype with
its associated hyperphagia, obesity, insulin resistance, hyperten-
sion and hyperlipidemia which develop only when they consume
a diet with increased caloric, fat and sucrose content [250]. Impor-
tantly, their polygenic inheritance and phenotypic expression clo-
sely mimic many of the characteristics of a majority of obese
humans [22,24].

An inborn resistance to the behavioral and physiological effects
of leptin on systems regulating energy homeostasis is a critical fea-
ture of the DIO rat. From as early as P10, they have reduced activa-
tion of signaling pathways downstream of the long, signaling form
of the leptin receptor (Lepr-b) in the ARC [90]. This is associated
with a reduced anorectic and thermogenic effect of leptin [251]
and decreased expression of the Lepr-b gene [252,253], binding
of leptin to its receptor in the ARC, VMN and DMN [104]and the
excitatory effects of leptin on their VMN neurons [201]. In keeping
with leptin’s trophic effect on developing ARC–PVN AgRP and a-
MSH neuronal projections, DIO rats, like ob/ob and db/db mice
[89], show maldevelopment of these pathways [90]. DIO rats also
have altered development of the VMN which includes reduced
neuronal dendritic arborization [254] and overall size [255] of this
nucleus which plays a critical role in the regulation of energy
homeostasis [256]. In addition to inborn leptin resistance, DIO rats
are also resistant to central anorectic effects of insulin [257]. This is
paralled by reduced hypothalamic binding of insulin to its recep-
tors in the ARC [104]. In addition to defective hormonal responses
and neuropeptide pathway development, DIO rats also have al-
tered hypothalamic norepinephrine, dopamine and serotonin
metabolism before they become obese [255,258–260]. Finally,
DIO rats have increased sensitivity to the inhibitory effects of both
glucose and long chain fatty acids on VMN neurons [117]. Their al-
tered glucosensing at the neuronal level is paralleled by reduced
physiological responses to the central effects of glucose [261–
263]. Thus, the differential responsiveness of DIO and DR rats to
the development of obesity and insulin resistance, along with their
well characterized defects in leptin, insulin and glucose signaling
make these two substrains ideal for the study of gene � environ-
ment interactions affecting the development of obesity and diabe-
tes in their offspring.

We first used the DIO and DR rats to assess the effects of mater-
nal obesity � genotype on the development of offspring obesity.
Making DIO dams obese during gestation and lactation caused
their adult offspring to become obese and insulin resistant, even
when fed only a low fat diet from weaning [193]. Importantly, nei-
ther feeding DR dams HE diet nor making them obese on a highly
palatable liquid diet during gestation and lactation altered the
obesity resistance of DR offspring fed HE diet as adults [193]. In
association with their increased predisposition to become obese,
offspring of obese DIO dams also had a reduction in PVN, ARC
and VMN norepinephrine reuptake transporters [195]. Since most
norepinephrine is removed from the synapse by reuptake into ax-
ons terminals by these transporters, a reduced complement of
nt interactions affecting systems regulating energy homeostasis and obes-
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these reuptake transporters should increase synaptic norepineph-
rine content, a condition which increases food intake and causes
obesity in rats [195,264]. In addition to the effects on norepineph-
rine pathways, maternal obesity in DIO and DR dams was associ-
ated with enlargement of the areal extent of both the VMN and
DMN in their offspring suggesting that this particular developmen-
tal effect is independent of genetic background. Instead it might be
due to the hyperinsulinemia and hyperleptinemia exhibited by
both sets of obese dams [195]. Also, despite the fact that their off-
spring did not become obese as adults, offspring of obese DR dams
had an increased complement of norepinephrine transporters in
the PVN. Such an increase should reduce synaptic norepinephrine
and possibly decrease ongoing feeding. These offspring of obese
DR dams also had a generalized increase in serotonin reuptake
transporters in all hypothalamic areas [195].

We have studied the responsiveness of individual neurons in
the VMN because of the critical role of this nucleus in the regula-
tion of both energy [256] and glucose homeostasis [265–268]. Off-
spring of lean DIO dams have fewer VMN neurons that are either
excited or inhibited by leptin than do offspring of lean DR dams.
Maternal intake of HE diet during gestation and lactation reduces
the number of leptin-excited neurons in both DIO and DR offspring.
However, maternal obesity proportionally reduces a greater num-
ber of such leptin-excited neurons in the offspring of obese DIO
dams [201]. The VMN is also in enriched in metabolic sensing neu-
rons which respond to both glucose and long chain fatty acids.
Whereas 3–4 week old offspring of lean DIO dams have twice as
many VMN neurons that are inhibited by glucose (GI neurons) than
do those of lean DR dams, this difference is eliminated in offspring
of obese DIO dams [117]. Similarly, while offspring of lean DIO
dams have more GI neurons that are either excited or inhibited
by oleic acid than do lean DR offspring, maternal obesity enhances
this difference in DIO offspring [117]. Thus, VMN neurons in DIO
rats are generally less responsive to both hormonal and metabolic
signals from the periphery than are those from DR rats and this dif-
ference is exaggerated by maternal intake of HE diet and the devel-
opment of obesity in DIO dams.

Because outgrowth of ARC NPY/AgRP and POMC neurons to the
PVN occurs postnatally in rodents, manipulation of the environ-
ment during this period can have major effects on the development
of these pathways [89,90,137,269]. It is likely that postnatal devel-
opment of other neural pathways and/or metabolic outcomes of
offspring can also be affected by gene � environment interactions
during this period. For example, cross-fostering mice with an obes-
ity-prone genotype to genetically lean dams at birth ameliorates
their obesity, while fostering lean mice to obesity-prone dams
makes the genetically lean mice obese [197]. Similarly, fostering
offspring of lean DR dams to obese (but not lean) DIO dams causes
the offspring to become obese and insulin resistant when fed HE
diet as adults [233]. Their obesity is associated an anabolic profile
in the VMH, i.e. significant increases in ARC AgRP and decreases in
VMN Lepr-b and insulin receptor mRNA expression [233]. These
alterations in peptides and receptors appear to be mediated by
maternal milk content. Milk from obese DIO dams has very low
levels of both poly- and mono-unsaturated fatty acids and, despite
having relatively low plasma insulin levels during lactation, their
milk has a marked increase in insulin levels [233] which can there-
by increase offspring blood levels by direct absorption [234,235].
Presumably because of it neurotrophic and neurotropic properties,
increasing hypothalamic insulin levels by direct injections during
this period cause altered hypothalamic neuronal morphology and
density, particularly in the VMN [212]. Most importantly, such
insulin-induced changes are associated with the development of
obesity during adult life [213]. As an example, human babies breast
fed by diabetic mothers have an increased incidence of obesity and
glucose intolerance later in life [61]. Thus abnormal milk composi-
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tion appears to be a major factor predisposing cross-fostered DR
pups to become obese as adults. Disappointingly, fostering off-
spring of either lean or obese DIO dams to lean DR dams has essen-
tially no protective effect on their propensity to become obese on
HE diet as adults [233]. Thus, there is a genotype specific effect
of altering the pre- and early postnatal environment on the pro-
pensity of selectively bred DIO and DR rats to become obese and
on the underlying neuronal responsiveness of hypothalamic neu-
rons to hormones and metabolic substrates that regulate energy
homeostasis.

Exercise is another factor that can alter the predisposition to
and maintenance of obesity in humans and rodents [101,270–
272]. In adult and juvenile rodents, exercise generally produces
weight loss only in obese males. Unlike lean males and obese fe-
males which compensate for increased energy expenditure and
weight loss by increasing their caloric intake, obese males fail to
do so and lose weight [138,273–276]. However, this weight and
adipose loss is maintained only as long as exercise continues in
the adult [277]. We hypothesized that early onset exercise might
have a more long-lasting effect on lowering body weight and adi-
posity in DIO rats by altering the structure and/or function of the
neural pathways involved in energy homeostasis regulation. Thus,
when male DIO rats were fed HE diet but also provided with a run-
ning wheel from four weeks of age, they gained less weight than
did sedentary DIO rats on HE diet. Moreover, when their wheels
were removed, they maintained their reduced body weight and
adiposity gain for up to two and a half months [276]. Three, but
not two weeks, of running wheel exposure was sufficient to main-
tain this post-exercise obesity protection despite continued intake
of HE diet [276]. At least part of this exercise-induced effect was
due to increased sensitivity to the anorectic effects of leptin in
association with increased binding of leptin to its receptor in asso-
ciation with increased leptin-induced downstream signaling [138].
Importantly, this increased leptin sensitivity persisted for at least
four weeks after exercise cessation, even though it had no effect
on ARC–PVN neuropeptide pathway development [138]. On the
other hand, caloric restriction of sedentary DIO rats fed HE diet
during this same period not only caused an increase in obesity
when the rats were subsequently allowed ad libitum intake, but
also further inhibited outgrowth of outgrowth of a-MSH axons to
the PVN [138]. These studies clearly demonstrate that relatively
short-term postnatal interventions initiated prior to the onset of
puberty can have long-term effects on the regulation of energy
homeostasis and the development of obesity either by altering lep-
tin sensitivity or neuronal pathway development. These findings
further widen the window of opportunity during which interven-
tions may act to alter the long-term propensity of an individual
to develop obesity as an adult.
3. Summary and conclusions

Obesity, with its associated increases in morbidity and mortal-
ity, has so far largely resisted medical and behavioral interventions
n humans. Thus, early identification of obesity-prone individuals
and initiation of steps to prevent obesity-prone individuals from
becoming obese is the best strategy to fight the world-wide epi-
demic of obesity. Energy homeostasis is regulated by the brain
and the development of neural systems that regulate energy
homeostasis are affected by a number of perinatal and early pre-
pubertal manipulations. Thus, this developmental period repre-
sents a critical window of opportunity for initiation of interven-
tions aimed at preventing obesity. To do this, we must first
identify the individuals most likely to become obese based on their
underlying genetic predisposition and the specific factors within
the perinatal and pre-pubertal environments that are most likely
nt interactions affecting systems regulating energy homeostasis and obes-

http://dx.doi.org/10.1016/j.yfrne.2010.02.005


B.E. Levin / Frontiers in Neuroendocrinology xxx (2010) xxx–xxx 9

ARTICLE IN PRESS
to promote or prevent the development of obesity. Of these predis-
posing factors, both maternal undernutrition and maternal obesity
loom large as the two extremes of conditions that predispose off-
spring to become obese. For undernutrition, the idea that early life
undernutrition causes the fetus to compensate for limited nutri-
tional resources by increasing metabolic efficiency to aid survival
both pre- and postnatally [205] seems a logical hypothesis. For
maternal obesity, I propose that elevated levels of maternal leptin
and/or insulin during gestation and lactation may exert a critical,
maladaptive effect on the neural systems that regulate energy
homeostasis to increase the likelihood of their offspring becoming
obese, particularly in genetically predisposed individuals. It re-
mains unclear whether these important perinatal factors associ-
ated with maternal undernutrition and obesity exert their effects
by epigenetic effects on gene expression and/or on the develop-
ment of critical organs systems and neural pathways.

Thus, many challenges lie ahead for scientists in this field to
move beyond our largely descriptive studies to those that identify
the genetic, molecular, cellular and biochemical mechanisms by
which the maternal environment so markedly alters the metabolic
phenotype of offspring. While these are ambitious goals, the avail-
ability of animal models that mimic the human conditions associ-
ated with obesity development and maintenance provide hope
that we will eventually reach these goals. Our own experience sug-
gests that including a genetic predisposition for obesity as an
experimental variable in studies in animal models is critical since
a majority of human obesity is inherited as a polygenic trait
[22,24,278,279]. Furthermore, our studies suggest that a profitable
area for exploration is the identification of specific factors pro-
duced by alterations of the perinatal nutritional and metabolic
environments and physiological interventions such as exercise that
increase the inhibitory feedback of signals such as leptin as a strat-
egy for producing pharmacological interventions to prevent and/or
treat early onset obesity.
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