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Childhood obesity: behavioral aberration
or biochemical drive? Reinterpreting the
First Law of Thermodynamics
Robert H Lustig
INTRODUCTION

S U M M A RY
Childhood obesity has become epidemic over the past 30 years. The First
Law of Thermodynamics is routinely interpreted to imply that weight gain is
secondary to increased caloric intake and/or decreased energy expenditure,
two behaviors that have been documented during this interval; nonetheless,
lifestyle interventions are notoriously ineffective at promoting weight loss.
Obesity is characterized by hyperinsulinemia. Although hyperinsulinemia
is usually thought to be secondary to obesity, it can instead be primary,
due to autonomic dysfunction. Obesity is also a state of leptin resistance,
in which defective leptin signal transduction promotes excess energy
intake, to maintain normal energy expenditure. Insulin and leptin share a
common central signaling pathway, and it seems that insulin functions as
an endogenous leptin antagonist. Suppressing insulin ameliorates leptin
resistance, with ensuing reduction of caloric intake, increased spontaneous
activity, and improved quality of life. Hyperinsulinemia also interferes
with dopamine clearance in the ventral tegmental area and nucleus
accumbens, promoting increased food reward. Accordingly, the First
Law of Thermodynamics can be reinterpreted, such that the behaviors of
increased caloric intake and decreased energy expenditure are secondary
to obligate weight gain. This weight gain is driven by the hyperinsulinemic
state, through three mechanisms: energy partitioning into adipose tissue;
interference with leptin signal transduction; and interference with extinction
of the hedonic response to food.
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REVIEW CRITERIA
I searched for original articles focusing on energy balance and obesity in
MEDLINE and PubMed from 1994 to 2005. The search terms I used were
“insulin”, “insulin resistance”, “leptin”, and “leptin resistance”. All papers
identified were English-language full-text papers. I also searched the reference
lists of identified articles for further papers.
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We are in the midst of an unprecedented rise
in prevalence and severity of obesity, especially in children.1 Although common wisdom
dictates that obesity is an interaction between
genetics and environment, the gene pool has
not changed in the last 30 years, but the environment has. Examination of the BMI distribution histogram2 demonstrates that even those
at the lower end of the BMI curve are gaining
weight. Whatever is happening is happening
to everyone, suggesting an environmental
trigger. This observation is also reflected in the
increased prevalence of obesity in developing
countries.3 This review will address the relationship between changes in the environment and
the neuroendocrinology of human energy
balance, particularly as it applies to the current
childhood obesity epidemic.
THE FIRST LAW OF THERMODYNAMICS

Energy balance obeys the First Law of
Thermodynamics, which states: “The energy
within a closed system remains constant”. This
law is usually interpreted as “If you eat it (energy
intake), you must burn it (energy expenditure),
or you will store it (weight gain)”. This view
is buttressed by studies of increased caloric
intake4 and decreased energy expenditure5 in
children. This interpretation of the First Law
of Thermodynamics promulgates the idea that
obesity is the result of pathologic behavior on
the part of the obese person, which invokes the
concept of personal responsibility, and permits
absolution of responsibility by governments
and the business community. The concept of
personal responsibility is, however, not tenable
in children. No child chooses to be obese. Obese
children are ostracized by their peers, and their
quality of life, as measured by self-reported
distress, is comparable to those receiving cancer
chemotherapy.6 Young children, among whom
obesity is rampant,1 are not responsible for their
food choices and are incapable of accepting
personal responsibility.
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BLM is not successful in the majority of obese
children.8 Behavior is defined as “a stereotyped
motor response to a physiological stimulus”. This
definition implies that there are physiological
bases underpinning behavior. This relationship
is evident in many medical disorders, such as
diabetes insipidus, narcolepsy, and schizophrenia.
So, what is the physiology behind gluttony and
sloth? And how does our current environment
bring about these conditions?
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Figure 1 The homeostatic pathway of energy balance. Afferent (blue),
central (brown), and efferent (white) pathways are delineated. The hormones
insulin, leptin, ghrelin, and peptide YY3–36 provide afferent information to
the ventromedial hypothalamus, relating to short-term energy metabolism
and energy sufficiency. From there, the ventromedial hypothalamus elicits
anorexigenic (α-melanocyte stimulating hormone, cocaine-amphetamine
regulated transcript) and orexigenic (neuropeptide Y, agouti-related protein)
signals to the melanocortin 4 receptor in the paraventricular nucleus and
lateral hypothalamic area. These signals lead to efferent output via the locus
coeruleus and the nucleus tractus solitarius, which activates the sympathetic
nervous system and causes adipocytes to undergo lipolysis, or via the dorsal
motor nucleus of the vagus, which activates the vagus nerve and causes energy
storage, both by increasing pancreatic insulin secretion, and (in rodents) by
increasing adipose-tissue sensitivity to insulin.9 Reproduced with permission
from reference 9 © (2001) Elsevier Inc. Abbreviations: 5-HT, serotonin
(5-hydroxytryptamine); DMV, dorsal motor nucleus of the vagus; LC, locus
coeruleus; LHA, lateral hypothalamic area; NE, norepinephrine; NTS, nucleus
tractus solitarius; PVN, paraventricular nucleus; PYY3–36, peptide YY3–36;
VMH, ventromedial hypothalamus.

BEHAVIOR IS REALLY BIOCHEMISTRY

If obesity is a result of behavior, then behavior
and/or lifestyle modification (BLM) should be
effective in mitigating the process. Indeed, as a
result of some individual successes,7 BLM has
become the cornerstone of therapy; however,
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The hypothalamus orchestrates the neuroendocrine control of energy balance, via a
complex homeostatic pathway that comprises
three arms9 (Figure 1). The first arm consists
of afferent signals to the central nervous system
(CNS). The ventromedial hypothalamus (VMH),
consisting of the arcuate and ventromedial nuclei,
contains first-order neurons with hormone receptors that receive peripheral signals related to
adiposity (leptin), metabolism (insulin), hunger
(ghrelin), and satiety (peptide YY3–36). The
second arm consists of second-order neurons,
which transduce these hormonal signals to the
paraventricular nucleus (PVN) and lateral hypothalamic area. These signals are either anorexigenic (e.g. α-melanocyte stimulating hormone,
cocaine-amphetamine-regulated transcript) or
orexigenic (e.g. neuropeptide Y, agouti-related
protein). The PVN and lateral hypothalamic area
integrate these signals via melanocortin 4 receptor
(MC4-R) occupancy to alter caloric intake and
energy expenditure.10 The third arm consists of
efferent signals via the autonomic nervous system.
The sympathetic nervous system (SNS) promotes
energy expenditure, whereas the vagus nerve
promotes energy storage11 (see below). Insulin is
part of both the afferent and efferent pathways.
Unraveling its dual role provides valuable insights
into the pathogenesis of obesity.12
The afferent pathway

Leptin as an afferent signal
The adipocyte hormone leptin conveys a signal
of peripheral energy sufficiency to neurons in the
arcuate nucleus expressing the leptin receptor.13
Leptin increases α-melanocyte stimulating
hormone and inhibits neuropeptide Y, which
reduces food intake and increases SNS activity.14
Leptin is a permissive, afferent signal for the initiation of high-energy processes, such as puberty
and pregnancy.13
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Insulin as an afferent signal, and its similarity
to leptin
Insulin receptors co-localize to the same
subpopulation of arcuate neurons as do leptin
receptors.15 Insulin gains access to the CNS via
a saturable transporter.16 In animals, acute intracerebroventricular insulin infusion decreases
feeding behavior, induces satiety, and activates the
SNS, similarly to leptin.17 Insulin and leptin both
acutely activate the insulin receptor substrate 2–
phosphatidylinositol 3 kinase (IRS-2–PI3K)
second-messenger system in VMH neurons,18
which increases neurotransmission of the central
anorexigenic signaling pathway. The importance
of insulin action in the CNS was demonstrated by
production of mice in which the insulin receptor
was knocked out specifically in the brain; these
mice cannot transduce CNS insulin signals,19 and
they become hyperphagic, obese, and infertile—
similar to leptin-deficient (ob/ob) and leptinresistant (db/db) mice. Similarly, knockout of
IRS-2 within the CNS interferes with the afferent
signal and produces obesity.20,21 These data
suggest that insulin mediates an acute afferent
signal similar to that mediated by leptin.22
The efferent pathway

The sympathetic nervous system and energy
expenditure
Anorexigenic pressure by leptin, which alters
MC4-R occupancy in the PVN,10 leads to
decreased food intake, whereas MC4-R activation in other CNS sites promotes increased energy
expenditure, through activation of the SNS23
(Figure 2A). For instance, leptin administration to
ob/ob mice promotes increased lipolysis in brown
adipose tissue, increased thermogenesis, and
increased movement, all associated with increased
energy expenditure and weight loss;24 however,
this effect is not seen in the Zucker rat strain,
which has a mutation in the leptin receptor.25
SNS activation increases energy expenditure
through glycogenolysis, and through glucose
and fatty acid oxidation via β2-adrenergic
receptor activation in skeletal muscle.26 SNS
activation also promotes lipolysis in adipocytes,
through activation of the β3-adrenergic receptor,
(which increases expression and activity of
uncoupling proteins UCP 1 and UCP 223) and
via hormone-sensitive lipase, which is responsible for breakdown of triglyceride to free fatty
acids (Figure 2B). Lastly, the SNS activates the
α2-adrenergic receptor on β cells and reduces
insulin release (Figure 2C).
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The vagus nerve and energy storage
Vagus nerve activation opposes SNS activation,
and promotes energy storage. The vagus nerve
slows the heart rate to reduce myocardial oxygen
consumption, and it promotes peristalsis and
energy substrate absorption from the alimentary
tract. In rats, vagal efferent fibers have synapses
on adipocytes (Figure 2B) and vagal activation improves insulin sensitivity and increase
the clearance of energy substrate into adipose
tissue (not yet demonstrated in humans).27
Vagal modulation of β-cell function promotes
insulin hypersecretion and increases substrate
partitioning into adipose tissue (Figure 2C).28
This action is exemplified by the M3 muscarinic
receptor knockout mouse strain, which remains
lean with low insulin secretion.29
The leptin ‘set-point’ and the starvation
response

Examination of weight-loss patterns in response
to BLM, and the effects of the obesity drugs
dexfenfluramine, sibutramine, and orlistat
demonstrate remarkable similarities.30 Each
exhibits a weight-loss phase of 4 months,
followed by a plateau. Although reduced dietary
intake and/or absorption continues, the plateau
is inviolate. Although originally viewed as a
result of noncompliance or drug tachyphylaxis,
this plateau is actually due to a decline in
resting energy expenditure (REE) that occurs
in response to the decline in serum leptin, which
offsets the reduced caloric intake. This reduction
in REE is termed the “starvation response”. Leibel
et al.31 showed that REE is dependent on nutritional status; in the energy-replete state, REE is
50 kcal/kg fat-free mass, whereas when weight
is reduced, REE is reduced to 40–42 kcal/kg
fat-free mass.32 Thus, starvation results in a 20%
increased efficiency of energy use.33 Reductions
in REE (e.g. that result from starvation or
hypothyroidism) are associated with fatigue,
malaise, decreased physical activity, and
decreased quality of life. Conversely, factors
that increase REE—primarily stimulants (e.g.
caffeine, a phosphodiesterase inhibitor that
stimulates fat oxidation)—increase wellbeing
and physical activity.34,35
It has been postulated that each human has an
individual leptin ‘set-point’—a leptin concentration at which the hypothalamus perceives a
state of energy sufficiency13—that is probably
genetically determined. Leptin concentrations
drop precipitously during periods of short-term
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leptin-deficient state. Both ob/ob mice and
leptin-deficient humans exhibit a chronic starvation response, characterized by decreased SNS
tone leading to decreased REE, decreased
physical activity, and decreased reproductive capacity; along with increased vagal tone,
which promotes increased insulin secretion
and further weight gain.38 Similarly, in the
Zucker rat strain, increased vagal tone results
in insulin hypersecretion that promotes weight
gain.39 Exogenous leptin administration above
the leptin set-point re-establishes normal autonomic function, allowing for normal REE,
increased physical activity, and weight loss due
to lipolysis.
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Figure 2 Legend opposite.

fasting (within 12 h), and decline faster than
body fat stores are depleted.36 This drop in
leptin is interpreted by the hypothalamus as
diminished energy reserve, which invokes the
starvation response (Figure 2) and brings about
alteration of efferent autonomic output in order
to conserve energy.37 Reduction in adrenergic
tone reduces skeletal muscle energy usage and
physical activity. Increased vagal tone reduces
myocardial oxygen consumption, increases
gastric motility (which increases appetite and
alimentary absorption), increases adipose tissue
insulin sensitivity, and increases pancreatic
insulin secretion. These adaptations partition
more energy to adipose tissue and raise leptin
levels back to the energy-replete state.11
The concepts of the leptin set-point and
the starvation response are exemplified by the

450 NATURE CLINICAL PRACTICE ENDOCRINOLOGY & METABOLISM
©2006 Nature Publishing Group

TWO FORMS OF CENTRAL NERVOUS
SYSTEM LEPTIN RESISTANCE
Idiopathic obesity: ‘functional’ leptin
resistance

This hypothetical CNS leptin set-point is
dysfunctional in obesity; leptin levels are
elevated, but do not trigger increased REE, lipolysis, or decreased food intake.40 In the obese
state, a higher level of leptin is required to signal
the hypothalamus to maintain a normal REE. If
energy intake declines, as occurs with dieting,
leptin levels decline, triggering the starvation
response; REE decreases, preventing further
weight loss, with increased appetite, vagal
activation, insulin hypersecretion, and increased
energy storage. Exogenous leptin administration
to obese individuals has only minor effects on
weight loss because of CNS leptin resistance;41
thus obesity is characterized as a functionally
leptin-resistant state.13
Hypothalamic obesity: ‘organic’ leptin
resistance

This phenomenon of CNS leptin resistance is
recapitulated in the syndrome of hypothalamic
obesity. Hypothalamic damage can be a sequel
of cranial insult due to head trauma, posterior
fossa brain tumors, surgery, or radiation.42
A direct relationship between hypothalamic
damage and BMI increase has been noted
in survivors of childhood brain tumors.43
Death of VMH neurons prevents normal
leptin signal transduction, resulting in organic
leptin resistance, which manifests as the starvation response. Decreased SNS tone44 leads to
decreased physical activity45 and decreased
energy expenditure. Conversely, increased
vagal tone leads to increased pancreatic insulin
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Figure 2 Central regulation of leptin signaling, autonomic innervation of adipocytes and β-cells, and the
starvation response. (A) The arcuate nucleus transduces the peripheral leptin signal as one of sufficiency
or deficiency. In leptin sufficiency, efferent fibers from the hypothalamus have synapses in the locus
coeruleus, which stimulate the sympathetic nervous system. In leptin deficiency, efferent fibers from the
hypothalamus stimulate the dorsal motor nucleus of the vagus nerve. (B) Autonomic innervation and
hormonal stimulation of white adipose tissue. In leptin sufficiency, norepinephrine binds to the
β3-adrenergic receptor, which stimulates hormone-sensitive lipase, promoting lipolysis of stored
triglyceride into free fatty acids. In leptin deficiency, vagus nerve mediated acetylcholine release
activates the M1 receptor and increases adipose tissue insulin sensitivity (documented only in rats to
date), promotes lipogenesis via uptake of glucose and free fatty acids, and promotes triglyceride uptake
through activation of lipoprotein lipase. (C) Autonomic innervation and hormonal stimulation of β-cells.
Glucose entering the cell is converted to glucose-6-phosphate by the enzyme glucokinase, generating
ATP, which closes an ATP-dependent potassium channel and results in cell depolarization. A voltagegated calcium channel opens, allowing intracellular calcium influx, which activates neurosecretory
mechanisms leading to insulin vesicle exocytosis. In leptin sufficiency, norepinephrine binds to
α2-adrenoceptors on the β-cell membrane and stimulates inhibitory G proteins. Adenyl cyclase activity
(and thus generation of its product, cyclic AMP) falls, which reduces protein kinase A levels and
reduces insulin release. In leptin deficiency, vagus activation stimulates insulin secretion through three
mechanisms.28 First, acetylcholine binds to a M3 muscarinic receptor, opening a sodium channel, which
augments the ATP-dependent cell depolarization, increases the calcium influx, and results in insulin
vesicle exocytosis. Second, acetylcholine activates a pathway that increases protein kinase C levels,
which also promotes insulin secretion. Third, vagus nerve fibers innervate L-cells of the small intestine,
which secrete glucagon-like peptide 1, which activates protein kinase A and contributes to insulin-vesicle
exocytosis. Octreotide binds to a somatostatin receptor on the β-cell that is coupled to the voltage-gated
calcium channel. Octreotide, therefore, limits calcium influx and restricts the amount of insulin
released in response to glucose.11 Reproduced with permission from reference 28 © (2003) Springer
Science and Business media. Abbreviations: + in circle and – in circle, positive and negative;
α2-AR, α2-adrenergic receptor; β3-AR, β3-adrenergic receptor; AC, adenyl cyclase; ACh, acetylcholine;
cAMP, cyclic AMP; Ca++, calcium ions; DAG, diacylglycerol; DMV, dorsal motor nucleus of the vagus
nerve; FFA, free fatty acids; Gi, inhibitory G protein; GK, glucokinase; GLP-1, glucagon-like peptide 1;
GLP-1R, GLP-1 receptor; Glu-6-PO4, glucose-6-phosphate; Glut4, glucose transporter 4;
HSL, hormone-sensitive lipase; IML, intermediolateral cell column; IP3, inositol triphosphate; K+, potassium
ions; KATP, ATP-dependent potassium channel; LC, locus coeruleus; LHA, lateral hypothalamic area;
LPL, lipoprotein lipase; M1 and M3, muscarinic receptors; MARCKS, myristoylated alanine-rich protein
kinase C substrate; Na+, sodium ions; NE, norepinephrine; PIP2, phosphatidylinositol pyrophosphate;
PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; PVN, paraventricular nucleus;
SNS, sympathetic nervous system; SS5R, somatostatin receptor type 5; SUR, sufonylurea receptor;
TG, triglyceride; VCa, voltage-gated calcium channel; VMH, ventromedial hypothalamus.

secretion28 and increased adipocyte insulin
sensitivity,27 which promotes energy storage in
adipose tissue. Patients manifest an extremely
poor quality of life, with minimal physical
activity; indeed parents complain that these
are the most morbid sequelae such children
experience.42,45 Hypothalamic obesity is classically unresponsive to diet, exercise, and most
pharmacologic manipulations.

PARADIGMS FOR IMPROVEMENT
OF LEPTIN SENSITIVITY

If obesity is a state of CNS leptin resistance,
then improving leptin sensitivity should result
in weight loss and improved quality of life. Two
strategies have so far been shown to improve
leptin sensitivity in humans.
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Forced weight loss

Rosenbaum et al.46 employed inpatient energy
restriction to generate 10% weight loss and
induce the starvation response. In these individuals, leptin declined, and REE decreased,
with commensurate decrease in serum T3 levels.
Exogenous administration of leptin in physiologic dosing to approximate the prestarvation
leptin level resulted in further weight and fat
decrease, along with return of REE and T3 levels
to the prestarvation state. In the prestarvation
state, these individuals were resistant to physiologic concentrations of endogenous leptin,
whereas in the weight-reduced state, they
were responsive to the same concentrations
of exogenously administered leptin—forced
weight loss improved their inherent leptin
sensitivity.
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Insulin suppression

Hypothalamic obesity
Bray and Gallagher47 posited that the weight
gain in hypothalamic obesity was a result of
the increased vagal tone after the VMH lesion,
resulting in insulin hypersecretion that was
evident on oral glucose tolerance testing
(OGTT). My group hypothesized that suppression of β-cell insulin release should promote
weight loss, despite the presence of ‘organic’
leptin resistance. We examined the effects of
the somatostatin analog octreotide (an agonist
of the somatostatin receptor type 5, which is
present on β-cells and inhibits the voltage-gated
calcium channel) (Figure 2C) in children with
hypothalamic obesity. A pilot, open-label trial
of subcutaneous octreotide 15 μg/kg per day
for 6 months in eight patients48 demonstrated
a BMI loss commensurate with the degree
of insulin suppression, along with decreased
caloric intake, and subjective improvements
in spontaneous physical activity and quality
of life. A double-blind, placebo-controlled
trial of octreotide in 20 individuals49 resulted
in insulin suppression and stabilization of
BMI, decreased leptin levels, decreased caloric
intake, increased spontaneous physical activity,
and improvements in quality of life commensurate with the degree of insulin suppression.
In other words, insulin suppression reversed
the starvation response.
Adult obesity
In response to the success of octreotide in
treating hypothalamic obesity, we then postulated that a subset of obese adults without
CNS insult might also exhibit increased vagal
tone and insulin hypersecretion, and might
respond favorably to octreotide-LAR (longacting release).50 Treatment of 44 obese (mean
BMI 44.1 kg/m2) adults with octreotide-LAR
(40 mg intramuscularly) at monthly intervals
for 6 months resulted in significant weight
(mean 12.6 kg) and BMI (mean 4.3 kg/m2) loss
in 8 individuals (the responders). These individuals manifested increased vagal tone, which
correlated with insulin hypersecretion during
the OGTT, as opposed to the 36 nonresponders
who demonstrated insulin resistance. Indeed,
octreotide-LAR suppressed insulin secretion
only in the 8 responders.
Recalled caloric intake demonstrated an
altered macronutrient preference, as responders
selectively reduced their carbohydrate intake.
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In the responders, leptin concentration was
reduced by 50%, but REE remained the same;
so, when corrected for fat-free mass, REE
increased. We used the change in REE:leptin
ratio as a surrogate index of the change in
leptin sensitivity in these individuals. Indeed,
the REE:leptin ratio increased in those who
lost weight. Linear regression analysis that
compared the change in REE:leptin with the
change in insulin response to OGTT demonstrated a significant negative correlation.51 In
other words, insulin suppression improved
leptin sensitivity, as measured by this surrogate index. Notably, continued treatment of
the responders for 1 year resulted in continued
weight loss (mean 15.8 kg), with no ill effects.
The beneficial effects of insulin suppression with octreotide-LAR, namely weight
loss and improved quality of life, have been
corroborated in a randomized, controlled
trial of this agent in obese adults with
insulin hypersecretion.52
Similarities between these paradigms

Forced weight loss improved leptin sensitivity, as
measured by improvements in REE and thyroid
hormone levels, in response to exogenous
leptin. Insulin suppression using octreotide
also improved leptin sensitivity, as measured by
declining leptin concentrations with increased
REE, allowing for weight loss and improved
quality of life. Both strategies share at their
core a reduction in systemic insulin concentrations. The similarity of outcome suggests that
hyperinsulinemia may be a proximate cause of
leptin resistance.
Molecular mechanisms of leptin
resistance

The mechanism(s) of leptin resistance remain
obscure. In rodents, diet-induced obesity (DIO)
promotes defective leptin signal transduction,
whether the leptin is administered peripherally
or centrally;53 however, DIO is also known to
induce hyperinsulinemia.54 Mouse models of
improved leptin sensitivity with protection
against weight gain have been demonstrated by
knockout of the protein SOCS-3 (suppressor
of cytokine signaling 3),55 which inactivates
the leptin receptor by dephosphorylating tyrosine 1138 (Figure 3).56 Parenthetically, insulin
induces SOCS-3,57 which—as detailed below—
could account for both insulin resistance and
leptin resistance.
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Figure 3 Overlap (depicted in black) between insulin and leptin signaling pathways in the ventromedial
hypothalamic neuron. Insulin stimulates the insulin receptor substrate 2–phosphatidylinositol 3 kinase
pathway, whereas leptin stimulates the Janus kinase 2–signal transduction and transcription 3
pathway; however, both the insulin receptor and the leptin receptor recruit the low-abundance-message
second messenger insulin receptor substrate 2. Lack of available insulin receptor substrate 2
for the leptin receptor following hyperinsulinemia could result in defective leptin signal transduction.
Alternatively, insulin induction of suppressor of cytokine signaling 3 could inactivate the leptin receptor,
through dephosphorylation of tyrosine 1138.80 Figure 3 was adapted by J Kushner and is modified with
permission from reference 80 © (2005) Lippincott, Williams & Wilkins. Abbreviations: 4E-BP1, eukaryotic
translation initiation factor 4E binding protein 1; Akt, protein kinase B; eIF4E, eukaryotic initiation factor 4E;
Foxo, forkhead box proteins; GRB2, growth factor receptor-bound protein 2; GSK-3β, glycogen synthase
kinase 3β; IRS-2, insulin receptor substrate 2; JAK-2, Janus kinase 2; MAPK, mitogen-activated protein
kinase; MEK, mitogen-activated extracellular-regulated kinase; mTOR, mammalian target of rapamycin;
P, phosphate; p70S6K, p70 S6 ribosomal kinase; PDK1, 3-phosphoinositide-dependent kinase 1;
PI, phosphatidylinositol; PI3K, phosphatidylinositol 3 kinase; PKCζ, protein kinase Cζ;
PTB, phosphotyrosine-binding domain; PTEN, phosphatase and tensin homolog; PTP-1B, proteintyrosine phosphatase 1B; Raf, serine–threonine protein kinase; Ras; activator of Raf; S6, 40S ribosomal
protein S6; SOCS-3, suppressor of cytokine signaling 3; SOS, son of sevenless; STAT3, signal
transduction and transactivation 3; TSC, tumor suppressor C; Tyr, tyrosine.

CROSSTALK BETWEEN INSULIN
AND LEPTIN
Acute insulin and leptin effects overlap

Insulin and leptin parallel one another’s shortterm effects in the CNS.22 Both hormones are
secreted during periods of energy sufficiency or
excess, their receptors co-localize to the same VMH
neurons, and both have similarly anorexigenic
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effects when administered directly into cerebrospinal fluid. Their similarities of action suggest
they act as dual barometers of energy stores;
insulin levels reflect short-term changes in
energy intake, whereas leptin levels reflect energy
balance over a longer period of time. Obesity is,
however, a state in which the negative feedback
that should result from chronic CNS exposure to
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insulin and leptin is ineffective; appetite remains
uncurbed and weight accrues despite adequate
energy stores.
Chronic insulin antagonizes leptin
signaling

Decreased central nervous system leptin transport
The observation that intracerebroventricular
leptin is more effective than systemic leptin
administration suggests that leptin resistance
could be due to limited availability of the
hormone in the CNS.58 Indeed, low levels of
leptin in cerebrospinal fluid have been documented in rodent models59 and in human
obesity.60 Leptin is transported into the CNS
via a transporter expressed in brain vasculature.
This transport is decreased in obesity;58 however,
insensitivity to the behavioral effects of intracerebroventricular insulin and leptin has also
been found in the chronically hyperinsulinemic
obese Zucker rat strain, and also in DIO.61
Inadequate transport into the CNS does not fully
explain the leptin resistance seen in obesity, but
may be a contributing factor.
Decreased neuronal leptin signal transduction
Although insulin and leptin bind to separate
receptors, they share the IRS-2–PI3K signal
transduction pathway.18,22 Intracellular signaling
by the leptin receptor is usually achieved through
the Janus kinase 2–signal transduction and transactivation 3 (JAK-2–STAT3) pathway (Figure 3).
Leptin’s ability to activate STAT3 in hypothalamic
neurons is reduced in DIO, which also induces
hyperinsulinemia.53 SOCS-3 and protein tyrosine phosphatase 1B are two proteins that regulate leptin sensitivity;62 decreased expression (or
knockout) of their respective genes enhances leptin
sensitivity and gives rise to phenotypically lean
mice. Studies of DIO and age-associated obesity
suggest that SOCS-3 expression is affected in these
states.63 Insulin induces SOCS-3,57 which then
inactivates signal transduction from the insulin
receptor, and inactivates the leptin receptor (by
dephosphorylating tyrosine 1138).56
In addition, both insulin and leptin receptors use the low-abundance-message secondmessenger IRS-2, in order to facilitate PI3K
activity. The role of IRS-2 in leptin resistance is,
however, controversial. One study suggested that
knockout of IRS-2 in hypothalamic neurons
promoted obesity and insulin resistance, and
prevented leptin signal transduction, conferring
a leptin-resistant state;20 another study of IRS-2
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knockout shows similar effects on promoting
obesity, but with maintenance of leptin sensitivity.21 Although not yet confirmed, these data
suggest that hyperinsulinemia and resultant
CNS insulin resistance may be a proximate cause
of leptin resistance that promotes weight gain.
Adaptive advantage for insulin’s role
as a leptin antagonist

Teleologically, what could be the biological
advantage for antagonism of leptin’s actions by
insulin in the obese state? Reversible antagonism
of leptin’s actions would be desirable in physiological phenomena in which rapid weight gain is
essential. Similar conditions can be found during
both puberty and pregnancy; two processes essential for reproduction. If leptin signaling could not
be modulated, the weight accrual necessary for
reproductive competence would be compromised. Indeed, both puberty and pregnancy are
hyperinsulinemic and insulin-resistant states,
because of the effects of sex hormones and growth
hormone on insulin sensitivity in target tissues,64
and of reciprocal increases in insulin release.
In both of these physiologic states, leptin levels
increase sharply; postpuberty or postpartum,
insulin levels fall, weight stabilizes or is lost, and
leptin levels return toward the baseline state.65,66
Insulin antagonism of leptin signal transduction
is probably an integral control mechanism to
ensure reproductive competence. In maladaptive
conditions, however, when insulin rises chronically either through pancreatic hypersecretion
(as is seen in hypothalamic obesity), or through
insulin resistance (as is seen in certain ethnic
populations, or in DIO in rodents), leptin signal
transduction is impeded, and the obese state is
either maintained or promulgated.
THE HEDONIC PATHWAY OF FOOD
REWARD

The homeostatic pathway is not the only central
arbiter of energy balance. Complementary to
the ability of both insulin and leptin to alter
feeding behavior, these hormones also modify
the ‘hedonic pathway’ (which regulates pleasurable and motivating responses to stimuli). This
pathway localizes to the ventral tegmental area
(VTA) and the nucleus accumbens (NA), with
inputs from various components of the limbic
system, including the striatum, amygdala,
hypothalamus and hippocampus. The hedonic
pathway responds to drugs of abuse, such as
nicotine and morphine. Food intake is responsive
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to activation of the hedonic pathway; for
example, administration of morphine to the
NA increases food intake in a dose-dependent
fashion.67 Dopaminergic perikarya terminals
project from the VTA to the NA, which mediates the rewarding and reinforcing properties
of various stimuli, including food and addictive
drugs. The VTA initiates feeding on the basis of
palatability rather than energy need. Stimulation
of this area triggers feeding behavior in rats that
have already been fed, provided they are given a
palatable food.
Insulin and leptin alter VTA–NA dopamine
neurotransmission

Leptin and insulin receptors are expressed in the
VTA, and both hormones have been implicated
in modulating rewarding responses to food and
other pleasurable stimuli. For instance, fasting or
food restriction (during which insulin and leptin
levels are low) increase the addictive properties of
drugs of abuse, whereas intracerebroventricular
leptin can reverse these effects.68 In rodent
models of addiction, increased addictive behavior,
and pleasurable response from a food reward,
as measured by dopamine release, is greater
after food deprivation.69 Obesity also results in
decreased density of D2 dopamine receptors as
measured by PET scanning.70
In the short term, insulin increases expression
and activity of the dopamine transporter, which
clears and removes dopamine from the synapse;
thus, acute insulin exposure blunts the reward of
food in rats.71 D2-receptor antagonists and insulin
act additively to acutely decrease the rewarding
response to a palatable sucrose solution; furthermore, insulin seems to inhibit the ability of
VTA-agonists (e.g. opioids) to increase intake
of sucrose.72 Finally, insulin blocks the ability
of rats to form a conditioned place-preference
association to a palatable food.73
Hyperinsulinemia could increase the
reward derived from food

Insulin resistance at the VTA might contribute to
obesity by preventing dopamine clearance from the
NA, thus increasing pleasure derived from food
in situations where energy stores are replete. CNS
insulin resistance sets the stage for unchecked
caloric intake in the face of positive energy balance,
as evidenced experimentally by brain-specific
insulin receptor knockout mice.19 By altering
hedonic responses to food, insulin resistance at
the VTA may drive excessive energy intake.
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WHERE DID THE HYPERINSULINEMIA
COME FROM?

Hyperinsulinemia in the pediatric age group
reflects genetic, epigenetic, and environmental
origins. Firstly, children from certain ethnic
groups have been identified to possess altered
insulin dynamics compared with those of white,
European ancestry, even before the development of obesity, which might predispose them
to increased weight gain.74 We have described
increased insulin secretion among obese
African Americans that is not explained by their
obesity.75 Secondly, the ‘fetal origins of adult
disease’ hypothesis proposes that individuals
who are either small-for-gestational-age or largefor-gestational-age at birth are prone to obesity
and the metabolic syndrome in adulthood;76
hyperinsulinemia and insulin resistance are
present in both these birthweight states, and
worsen with time.77 Premature infants also
develop insulin resistance in later life.78 Indeed,
low-birthweight babies who demonstrate the
most rapid ‘catch-up’ growth after birth are those
most likely to become obese.79 Lastly, our current
Western diet is highly insulinogenic, as demonstrated by its increased energy density, high fat
content, high glycemic index, increased fructose
composition, decreased fiber, and decreased
dairy content.80
CONCLUSIONS: REINTERPRETING THE
FIRST LAW OF THERMODYNAMICS

In this review, the CNS mechanisms underlying
weight gain are described. Within the afferent arm
of the homeostatic pathway of energy balance,
leptin and insulin are often equated because
of their short-term effects; however, the hyperinsulinemic state interferes with leptin signal
transduction, as insulin acts as an endogenous
leptin antagonist. This interference promotes
leptin resistance, which should decrease SNS
activity to reduce REE, and increase vagal activity
to promote energy storage; except that, of course,
the obese subject—of necessity—increases caloric
intake, which raises their leptin concentration
above the level at which leptin resistance occurs,
so as to maintain normal energy expenditure
and quality of life. The insulin resistance that is a
characteristic of the obese state promotes further
leptin resistance. Hyperinsulinemia also decreases
dopamine clearance and uptake in the hedonic
pathway, which promotes an increased reward of
food that causes increased food intake. This effect
also maintains the hyperinsulinemic state.
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KEY POINTS
■

Behavior has biochemical underpinnings,
particularly the pathologic behaviors in
disease states

■

Obesity is characterized by hyperinsulinemia
and leptin resistance

■

In the long term, insulin functions as an
endogenous leptin antagonist; it interferes with
leptin signal transduction resulting in increased
food intake and decreased physical activity

■

Chronic hyperinsulinemia interferes with
satiety by preventing extinction of the hedonic
response to food

■

Hyperinsulinemia has genetic, epigenetic, and
environmental inputs

Increased
appetite

Obesity

Hyperleptinemia

amenable to change; however, it will take acknowledgment of the concepts of biological susceptibility and societal accountability, and de-emphasis
of the concept of personal responsibility, to make
a difference in the lives of children.

Nucleus
accumbens
REWARD

High fat diet

Figure 4 Insulin, leptin, reward and obesity. An algorithm describing the
role of hyperinsulinemia in the dysfunction of the energy balance pathway.
Various factors can lead to hyperinsulinemia, including vagus nerve
mediated insulin hypersecretion, or hepatic and/or skeletal muscle insulin
resistance. Hyperinsulinemia interferes with leptin signal transduction in the
hypothalamus, promoting leptin resistance. This interference causes resting
energy expenditure to decrease and appetite to increase, promoting further
weight gain. In addition, hyperinsulinemia prevents dopamine reuptake at the
nucleus accumbens, thus fostering increased reward associated with eating
food, which promotes increased caloric intake. Hyperinsulinemia, therefore,
converts the homeostatic and hedonic pathways from traditional negative
feedback to feed-forward mechanisms.80 Reproduced with permission from
reference 80 © (2005) Lippincott, Williams & Wilkins. Abbreviations: GIP, gastric
inhibitory polypeptide; GLP-1, glucagon-like peptide 1; REE, resting energy
expenditure; X, inhibition.

The phenomenon of hyperinsulinemia turns
two neuroendocrine negative feedback systems
into feed-forward systems (or ‘vicious cycle’, in
which the product stimulates further substrate
production or action, rather than inhibiting it).
Hyperinsulinemia promotes increased energy
intake and decreased energy expenditure (Figure 4).
Externally, this manifests as ‘gluttony and sloth’,
but it is biochemically driven. In this paradigm, the First Law of Thermodynamics can be
expressed so that the weight gain is primary, and
the resulting behaviors are secondary: “If you
store it (obligate weight gain occurs in response
to hyperinsulinemia), and you expect to burn it
(maintain normal REE and quality of life), then
you must eat it (food intake increases)”.
Although there are numerous contributors to
hyperinsulinemia, our current food and activity
environment is the most important, and the most
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