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ATSTRACT 
Rodent models in which monogenic alterations cause obesity in the absence of environmental changes 
have confirmed earlier inferences regarding the biologic/genetic control of energy balance in mammals. 
Spontaneous models of obesity in rodents have identified fundamental molecular/cellular systems 
underlying the control of feeding and energy homeostasis, including the melanocortin system and CNS 
circuits that respond to leptin. Engineered mutations in rodents have revealed additional genes and 
pathways participating in the control of body weight. Most genes that impact body weight and adiposity 
affect the brain systems that control “regulatory” and/or hedonic aspects of feeding behavior. Effects on 
energy expenditure are frequently present, but of smaller magnitude.  Differences in adipocyte 
physiology between obese and lean individuals appear to be largely secondary phenomena . Most of the 
rodent monogenic obesities have human orthologs that result in comparably severe obesity-related 
phenotypes.  While these mutations are rare, they confirm that the molecular predicates for the control of 
body weight in humans are fundamentally the same as those in the rodents. Engineered mutants in 
rodents have also permitted the analysis of putative genetic contributors to obesity in humans, as well as 
providing an initial blueprint of the molecular components, pathways and physical interconnections of 
these systems.  

 

INTRODUCTION 

Historically, obesity has been considered a disorder of voluntary behaviors, exacerbated by the ready 
availability of food and reduced need for energy expenditure afforded by modern societies. Rodent 
models in which monogenic alterations provoke obesity in the absence of environmental changes have, 
however, conclusively demonstrated the biologic control of energy balance in mammals.  Indeed, 
orthologs of many of these genes cause or contribute to obesity in humans.  Spontaneous mono and 
polygenic models of obesity in rodents (along with obesity phenotypes of engineered mutations) have 
identified fundamental molecular/cellular systems underlying the control of feeding and energy 
homeostasis.  Importantly, most genes that impact body weight and adiposity affect the brain systems 
that control feeding.  Genetic studies in rodents have provided an initial blueprint of the molecular 
constituents and interconnection of these systems.   

The first law of thermodynamics and body weight regulation. 
The first law of thermodynamics (the conservation of energy) dictates that body energy stores reflect the 
difference between energy taken in and energy expended.  More intake with relatively less expenditure 
leads to energy storage (generally, in adipose tissue); conversely, when expenditure exceeds intake, 
energy/fat stores decline.  In this context, energy is generally taken in by eating (or drinking calorie-
containing beverages). Behaviorally, two related systems govern eating (1): The circuits that control the 
incentive and reward values (wanting and liking) of food, and the satiety system, which promotes meal 
termination associated with the sensation of “fullness.”  Each of these systems is subject to long and 



 

short-term regulation. They are physiologically integrated, but for simplicity frequently studied and 
described as distinct entities. 

Energy loss/expenditure includes energy consumed but not absorbed (and which therefore passes out of 
the body in the stool; this is ~5% under most normal circumstances); energy metabolized in the process 
of breaking down and storing nutrients (diet-induced thermogenesis); energy metabolized to maintain 
baseline cellular functions  at rest (resting metabolic rate, BMR); and energy consumed in  physical 
activity (non-resting energy expenditure; NREE) (2).  RMR accounts for about 70% of total energy 
expenditure (TEE) in sedentary adults, and is determined by body composition, age, wakefulness, and 
genetic factors. NREE is the next largest contributor, averaging approximately 20% of TEE. In sedentary 
individuals, low-level physical activities (fidgeting, short bouts of ambulation, etc.) make up most of 
NREE. Smaller amounts of energy (7%) are accounted for by diet-induced thermogenesis.  Recently, 
there has been growing interest in the contributions of the gut microbiome to systemic energy 
homeostasis by possible effects on the efficiency of nutrient utilization in the gut and the consequences 
of such bacterial metabolism for release of metabolites that could affect energy intake or expenditure (3). 

Adipose tissue represents the major repository for ingested energy that exceeds immediate needs (2). 
The energy density of adipose tissue is nearly 10-fold greater than muscle (protein) or liver (glycogen). 
The ability to store such energy protects against environmental vicissitudes that might result in 
starvation, fetal wastage, and inability to provide sufficient breast milk to the young. Therefore, it is likely 
that evolution has promoted genes/alleles that favor energy storage and conservation. The existence of 
environments in which excess calories are readily available with minimum or no effort is a very recent 
occurrence in human evolution. Human genetic “makeup” is presumably designed for the opposite 
circumstance.  Contrary to earlier prevailing views, adipose tissue is not a passive energy depot, but 
participates in homeostatic processes that regulate food intake (e.g. production of leptin), and storage 
(e.g., insulin) and release (e.g., catecholamines) of the acylglycerides stored within them (4). 

Spontaneous obesity in rodents provides the first clues to the genetic underpinnings of energy 
balance 
In 1902, French geneticist L. Cuenot described the obese Yellow (Ay/a) mouse, which had been bred and 
maintained by European mouse fanciers since the 1800s (5). This was the first report of a spontaneously 
obese mouse, which prompted investigation of additional spontaneous obese mouse models, including 
by investigators at the Jackson Laboratories (Jax) in Bar Harbor, Maine.  

The autosomal recessive obese (ob) mutation was discovered at Jax in 1949-50, after spontaneously 
arising in a non-inbred strain (6). Sixteen years later, a phenotypically similar mouse was identified (7). 
The diabetic state of these latter animals (studied on the diabetes-prone coisogenic KsJ background) 
distinguished them from ob (studied on the B6 background) and hence the mutation was designated 
diabetes (db).  In 1990, Coleman and colleagues described additional, milder recessive obese mutations 
in mice: tubby (tub), and fat (fat)(8,9).  Fewer obesity-related spontaneous mutations have been detected 
in rats, due in part to the absence of explicit screening of large numbers of progeny for such phenotypes, 
and the greater cost of rat husbandry. In addition to identifying mutations in genes identical to some of 
the murine genes above (e.g. leptin receptor mutations in db mice and the Zucker and Koletsky 
rats(10,11)), however, the OLETF obese rat has also been described (12). 

Each of these mutant animals is hyperphagic compared to controls.  Furthermore, classic genetic studies 
revealed that each of these obese phenotypes had predictable, monogenetic heritability, demonstrating 
the genetic underpinnings of feeding, as well as overall energy balance.  The subsequent finding that 



 

some of these rodent obesity genes control body weight in humans confirms that biologic/genetic factors 
control feeding and the predisposition to obesity in humans, as well as in rodents (13). 

Transgenic models 
In addition to spontaneous models of obesity, genetic engineering (generally in mice) has provided many 
examples in which genetic alterations modulate body weight and adiposity.  In the early 1980s, genetic 
manipulation techniques  became available in rodents, enabling the analysis of systemic and organ-
specific effects on physiology of one or more genes selected by the investigator (14).  Several genes 
important for energy balance that have been examined by such approaches are discussed below.  
Historically, gene manipulation in mammals has been accomplished by one of two distinct means: 
standard transgenesis and gene targeting. 

In standard transgenesis, artificial genes (often comprising promoter sequences designed to produce 
desired patterns of expression plus the coding sequences for the molecule to be expressed) are directly 
introduced into a fertilized oocyte, which is then implanted in a female surrogate to permit the 
development of the transgenic animal (15).  In this method, the site of the transgene insertion in the 
genome is random; hence, the insertion may inadvertently disrupt endogenous genes, and the 
expression pattern may be influenced by the site of insertion as well as by the promoter sequences used.  
The use of very large genomic regions (such as those derived from bacterial artificial chromosomes 
(BACs)) to drive the gene of interest can mitigate some, but not all, of these expression issues (16).  
Multiple independent transgenic lines must therefore be screened to identify correctly-expressing 
progeny.   

Gene targeting is accomplished by using homologous recombination to introduce genetic sequences 
designed to modify specific genes, while leaving the rest of the genome intact (17).  Generally, 
manipulated DNA sequences are introduced into undifferentiated murine embryonic stem (ES) cells to 
recombine with native DNA, producing a modified ES cell line in which a specific gene is inactivated (a 
“knockout” or KO) or altered by editing or by the introduction of new genetic material (a “knockin” or KI) .  
The modified ES cells are then injected into blastocysts, which are implanted into surrogate mothers.  
The resultant pups generally contain cells derived from the ES cells along with cells donated by the 
recipient blastocyst (hence, these animals are termed “chimeras”).  The chimeras are then bred in an 
effort to obtain germline transmission of the ES cell-derived genes.  Thus, while gene targeting is quite 
specific in terms of the types and locations of manipulations, the use of ES cells requires a greater up-
front investment of time and resources (generating the homologous targeting construct, screening ES 
cell clones for correct targeting, breeding for germline transmission, etc.) than does standard 
transgenesis.   

New technologies have emerged over the past several years that promise to facilitate gene targeting.  
These generally involve the use of site-specific nucleases (zinc finger nucleases, TALENs, CRISPRs, 
etc.) to create breaks in the genomic DNA of fertilized oocytes or ES cells (18,19).  These site-specific 
breaks can be employed not only to produce KO animals, but also to increase the efficiency of site-
specific recombination within the oocyte, so that the co-injection of homologous templates can be used to 
generate KI animals without the use of ES cells. 

In addition to the production of standard KO animals, and animals with edited coding or regulatory 
sequences in specific genes, gene targeting is also commonly used to produce conditional null or 
specific gene-expressing animals, often by employing the Cre recombinase/LoxP system (19).  This 
bacteriophage-derived system is composed of two components- Cre (a site-specific DNA recombinase) 



 

and LoxP (the short DNA sequences recognized by Cre).  In most versions of the system, Cre removes 
the DNA sequences that are flanked by LoxP sites (“floxed”).  By combining tissue-specific Cre 
expression with floxed genes of interest, the floxed genes may be disrupted in a tissue- and time-specific 
manner.  Cre-expressing animals may be generated by standard transgenesis (with the caveats, above, 
regarding site of integration), or can be delivered to specific sites in the genome by homologous 
targeting.  Animals carrying floxed alleles are produced by delivering LoxP sites to the desired locations 
in the genome by homologous targeting.   

While many homologous targeting events are designed to be benign, they may have unintended 
consequences for the expression of the targeted gene (e.g., alterations in expression) or surrounding 
genes; these must be controlled for carefully.  Another important consideration in mouse models of 
obesity generated by gene targeting is genetic background effects. Targeting has been most consistently 
successful in the 129 mouse strain because the ES cells of 129 mice are relatively easy to culture and 
manipulate. However,  this strain exhibits increased levels of anxiety in response to environmental  
stressors that could potentially distort food intake and metabolic phenotypes (20). ES cells from C57BL/6 
require carefully controlled in vitro conditions, and even then, often fail to transmit the introduced 
mutation to the germ line. Serial backcrossing of a progenitor 129 or other strains, e.g., C57BL/6, can be 
used to transfer the mutation to a more suitable “background”. For example, mice overexpressing 
melanin-concentrating hormone (MCH) have an obese phenotype only when backcrossed for 7 
generations onto the C57BL/6J background. On an FVB background, they appear to have a normal 
phenotype with regard to body composition (21). 

PATHWAYS INITIALLY REVEALED BY SPONTANEOUSLY OCCURRING MUTATIONS 

Obese and Diabetes reveal the endocrine control of energy balance.  

The obese (ob; now Lepob) mouse was identified as an autosomal recessive mutation in a noninbred 
strain (Stock V) at Jackson Laboratory in 1949 (6). Mice segregating for the obese gene were 
backcrossed for many generations to generate a congenic line on the C57BL/6J background strain. Lepob 
mice on C57BL/6J, despite their early-onset obesity and transient glucose intolerance, are not diabetic; 
however, the Lepob mutation coisogenic on the diabetes-prone C57BL/KsJ line results in severe, early-
onset type 2 diabetes (22). 

Diabetes (db; now Leprdb) is a spontaneous recessive mutation that was first noted in a C57BL/KsJ 
mouse colony at the Jackson Laboratory. The KsJ Leprdb mutant is hyperphagic and obese, but also 
develops severe type 2 diabetes (7). Backcrossing Leprdb onto the C57BL/6J background attenuates the 
diabetic phenotype; C57BL/6J-Leprdb is virtually identical to C57BL/6J-Lepob. 

Douglas Coleman, at Jackson Labs, looking for the molecular predicates of the lipostatic system posited 
by Kennedy (23) and Hervey (24), performed parabiosis (joined circulation) studies coupling Lepob mice 
to either wild-type or Leprdb mice (25). The Lepob mouse became lean when joined to a wild type, but, 
when joined to a Leprdb mouse, the Lepob mouse died of starvation. These findings led Coleman to 
hypothesize that a blood-borne factor regulating body weight might be deficient in Lepob, but circulating at 
high levels in the blood of Leprdb mice. He suggested that obese was the secreted factor and diabetes its 
receptor (25,26).  

In 1994, the gene encoding Lepob was isolated by positional cloning (27) by a group at Rockefeller 
University, and its product, leptin, was shown to be produced primarily in adipocytes. Leptin is a type 1 
cytokine, similar in structure to IL-6.  Lepob mice lack circulating leptin by virtue of an R105X mutation 



 

that creates a premature stop codon sequence in the leptin gene, resulting in a truncated protein that is 
rapidly degraded (27).   

The gene (Lepr) that encodes the receptor for leptin (LepR) was identified by expression cloning (28); the 
first genetic mutation in Lepr was identified in the Leprdb mouse (10,29,30), thus confirming the 
conceptual model proposed by Coleman: the obesity of the Leprdb mouse was due to a mutation that 
precluded leptin signaling by the receptor that binds the ob gene product.  

Alternative splicing of the Lepr transcript produces multiple isoforms of the receptor (which is a cytokine 
receptor similar to members of the IL6 receptor family): LepRa, -b, -c, -d, and so forth (Figure 1).  The 
mutation in the Leprdb mouse results from a splicing defect that causes the 3′ terminal exon (18a) of 
leptin receptor isoform a (Lepr-a) to be inserted into Lepr-b. A stop codon at the end of exon 18a 
prevents transcription of the Lepr-b terminal exon, so that LepRa is produced in place of LepRb 
(10,29,30). Because the Leprdb mouse synthesizes all leptin receptor isoforms except LepRb, it is clear 
that this isoform (which contains JAK box and STAT3 domains) is critical to the control of energy 
homeostasis (31).  Indeed, restoration of LepRb on a background null for all other LepR isoforms 
restores energy balance (32). 

Figure 1. LepR isoforms and function. LepRa (Ra) represents the mostly highly expressed short form of 
LepR; LepRb (Rb) is the long form. Exon 17 contains half of a Jak docking site (BOX1) common to Ra, 
Rb and Rc, while exon 18b contains additional motifs required for full Jak2 binding (BOX2) and STAT3 
signaling (31,33). Circulating leptin binding protein consists of extracellular domain that has been 
cleaved from the cell surface, along with the LepRe splice variant that lacks a transmembrane domain. 
Humans do not generate the splice variant, so that all LepRe is produced by cell surface cleavage, 
presumably by membrane associated metalloproteases (33). 

LepRa, -c, -d and the other so-called “short” isoforms contain the same first 17 exons as LepRb, but 
diverge within the intracellular domain.  LepRb is the only isoform that mediates classical Jak-STAT 
signaling, as this isoform alone contains the motifs required to interact with Jak2 and to bind STAT 
proteins for downstream signaling (Figure 1)(34).  While the function of LepRb is clear, the functions of 



 

the short isoforms are not, although they have been speculated to function in leptin transport into the 
brain and/or a source of cleaved, circulating extracellular LepR (which, along with LepRe comprises the 
major circulating leptin-binding protein) (35). The biological role(s) of soluble LepR isoforms (sLEPR) are 
unclear. Human obesity and fasting are associated with decreased circulating sLEPR; pregnancy with 
increased sLEPR. sLEPR can block LEP transport across the BBB(36-40).  

The physiologic function of leptin. 

Disruption of Lep function results in hyperphagia and obesity, and leptin administration to Lepob mice (but 
not Leprdb animals), reduces food intake and adiposity, sparing lean tissue (41-43).  Thus, Lepob and 
Leprdb mice demonstrate that fat mass (along with both energy intake and expenditure) can be controlled 
by a single molecule.  Leptin represents a powerful biologic controller of feeding and energy balance, 
revealing the existence of an endocrine system that controls feeding and energy balance.  In humans, 
leptin deficiency also elicits a severe obesity phenotype: A rare, recessively inherited LEP mutation was 
discovered in two children who are members of a highly consanguineous Pakistani family (44). As with 
the Lepob mutation in mice, this frameshift mutation introduces a premature stop codon that truncates the 
leptin protein. While rare, additional leptin-deficient individuals (all of whom are severely obese) have 
been identified.  Daily subcutaneous administration of recombinant leptin dramatically and selectively 
reduces body fat to normal levels in these individuals (45).  A few humans homozygous for LEPR 
mutations have also been identified; these individuals present a severe obese phenotype similar to those 
lacking leptin, although – as anticipated -  they are not responsive to exogenous leptin (46).  In these 
patients, growth hormone deficiency and central hypothyroidism are phenotypes seen more frequently 
than in leptin deficiency per se.   It is important to note that mice (47) and humans (48) heterozygous for 
null mutations of either LEPR or LEP are more obese than suitable controls.  It is thus possible that 
individuals heterozygous for functionally null mutations of these and other genes encoding molecular 
components of the various signaling pathways regulating energy homeostasis discussed in this review 
constitute a significant proportion of the very obese.  Additionally, heterozygosity for several of these 
mutations would be expected to produce even greater levels of obesity.  The increasing use of exome 
sequencing in evaluating instances of severe obesity will lead to the detection of more instances of 
obesity caused by such oligogenic mechanisms. 

While the role for leptin in the control of appetite and adiposity initially dominated the thinking about its 
biology, it rapidly became clear that leptin has other functions, and that the effects of high leptin are not 
as dramatic as those of low leptin.  Indeed, obese rodents and humans exhibit high circulating 
concentrations of leptin, commensurate with their high levels of leptin-producing adipose tissue (49,50).  
Similarly, in contrast to the Lepob mice, increasing leptin to supraphysiologic levels in normal animals 
modestly and briefly blunts food intake and body weight [effect may be more striking than this]. Likewise, 
supraphysiological doses of leptin have only modest effects on body weight in obese and non-obese 
humans (51).  Thus, the absence of leptin appears to convey a more powerful signal than does its 
excess.  Also, Lepob mice (and their human counterparts) display additional phenotypes, including 
impaired growth and gonadal axis function, diminished immune function, infertility, and decreased energy 
expenditure due to low sympathetic nervous system tone and thyroid function- all of which are reversed 
by leptin treatment (52).  The lack of leptin also promotes increased hepatic glucose production, and 
leptin treatment suppresses hyperglycemia in models of several diabetes, including T1D (53).  This 
constellation of phenotypes resulting from low leptin mirrors the physiologic response to starvation; 
indeed, leptin treatment attenuates many of these consequences of very low adiposity (54).  Thus, 
normal leptin concentrations signal the repletion of energy (fat) stores to mitigate hunger and enable 
energy expenditure, while low leptin indicates the dearth of adipose reserves and promotes food-seeking 



 

and the conservation of remaining fat by reducing energy expenditure.  The concentration of leptin 
constituting such a signal of adequacy of fat stores may differ among individuals, reflecting genetic, 
developmental and acquired differences in the CNS molecules and circuits comprising this system (55). 

Transgenic animals that lack adipose tissue exhibit a syndrome that mirrors that of lipodystrophic 
humans (who lack adipose tissue on a congenital or acquired basis): In spite of their leanness, 
lipodystrophic people and animals exhibit hyperphagia along with a predisposition to insulin resistance,  
diabetes and other endocrine and metabolic abnormalities that are not corrected even with caloric 
restriction (56,57).  Due to their dearth of adipose tissue, leptin levels are low and leptin treatment 
improves their hunger and endocrine/metabolic abnormalities.  Indeed, leptin was recently approved for 
the treatment of lipodystrophy syndromes in humans (58). 

A leptin-regulated neural network underlies energy balance. 

The similar phenotypes of Lepob and Leprdb mice (along with the inability of leptin to alter physiology in 
Leprdb mice) indicates that leptin action on LepRb-expressing cells must mediate its effects.  Consistent 
with its behavioral effects (e.g., on feeding) and its effects on the neuroendocrine and autonomic 
systems, most LepRb-expressing cells lie in the brain.  Indeed, transgenic overexpression of LepRb 
throughout the central nervous system (CNS) partially corrects the obesity syndrome of Leprdb-3J mice 
(which lack all LepR isoforms) (32). Similarly, ablation of CNS LepRb using a neuron-specific Cre in 
combination with a floxed (Leprflox) allele promotes hyperphagia, neuroendocrine failure, and obesity 
(59).  Some tissues outside of the CNS express LepRb, but the physiologic role for leptin action on these 
non-CNS cells remains unclear.   

Within the brain, the majority of LepRb-expressing neurons are found within the hypothalamus and 
brainstem, consistent with the known roles for these structures in the control of feeding and endocrine 
and autonomic function (60-62).  While LepRb ablation in the nucleus tractus solitarius (NTS) in the 
brainstem reduces satiety (consistent with the known role of this brain structure), pan-hypothalamic 
ablation of LepRb promotes a phenotype very similar in quality and magnitude to that of whole-body null 
Leprdb animals (63).  Furthermore, ablation of LepRb from broadly-distributed hypothalamic vGat- or 
Nos1-expressing neurons promotes dramatic hyperphagia and obesity (64,65).  Smaller, more 
circumscribed sets of hypothalamic LepRb neurons have also been implicated, as well. Within the 
arcuate nucleus (ARC), an important satiety center in the brain, excision of Leprflox by Pomccre and 
Agrpcre modestly increases feeding and adiposity (66,67).  Ablation of LepRb in the SF1-expressing 
ventromedial hypothalamic nucleus (VMH) blunts the increase in energy expenditure that accompanies 
increased adiposity, and deletion of SF1 in the lateral hypothalamic area (LHA, which is associated with 
motivation) diminishes motor activity and promotes obesity (68,69).  LepRb neurons in the ventral 
premammillary nucleus (PMv) play roles in reproduction (70).  Importantly, many additional groups of 
LepRb cells in the hypothalamus (especially the ARC and dorsomedial hypothalamic nucleus (DMH)) 
and brainstem have as yet undetermined functions.  

Spontaneously-arising Agouti mice reveal the crucial role for the hypothalamic melanocortin 
system in energy balance.  

Expression of the agouti gene (a) normally occurs intermittently in the hair follicle resulting in the 
production of alternate yellow and black pigment bands of the resulting hair; this admixture produces the 
agouti coat color (71). The molecule acts as primarily as an inverse agonist at the melanocortin receptor 
(MC1R in skin).   



 

The Yellow mutation of the agouti locus (Ay/a) is also termed ‘lethal yellow’, since homozygotes for the 
allele are prenatal lethal. Yellow was bred by mouse fanciers in Europe beginning in the 1800s, and was 
notable for the dominant inheritance of its striking yellow coat color and obesity proportional to the 
intensity of the yellow coat (5). In 1960, another spontaneous agouti mutation was detected in the 
Jackson Laboratory colony; viable yellow (Avy) (72). The original, lethal, yellow mutation is a deletion of 
the Raly gene, which causes a fusion of the constitutively active Raly promoter to the agouti gene, 
resulting in ectopic continuous overexpression of agouti in all somatic (including brain) cells.  Avy/a is also 
the result of ectopic overexpression of agouti; this mutation results from insertion of a retrovirus-like 
repetitive intracisternal A particle (IAP) into a noncoding exon of agouti. The resulting splice variant fuses 
the constitutively active Raly promoter to the agouti gene, allowing constitutive overexpression of agouti 
in all somatic (including brain) cells. 

The increased body weight of Ay/a and Avy/a mice results mainly from hyperphagia, and reflects both 
increased fat mass and lean body mass (with increased body length) (73). By contrast, Lepob and Leprdb 
mice have a selective expansion of fat mass due to increased food intake, decreased energy 
expenditure, preferential storage of excess calories as fat, decreased body length and lean body mass 
(74). Thus, agouti overexpression affects food intake similarly to leptin, but alters energy expenditure 
less dramatically.  

The agouti gene encodes agouti signaling protein (ASP), a peptide with a high affinity for melanocortin 
receptors. The yellow coat color of the Ay/a mouse results from continuous overexpression of agouti in 
the skin which blocks (mainly by inverse agonist effects) alpha-melanocyte-stimulating hormone (a-MSH) 
signaling at melanocortin-1 receptors (MC1R) in the hair follicle (71,75). Since a-MSH activates 
melanocytes to initiate synthesis of eumelanin (black pigment) instead of phaeomelanin (yellow pigment), 
antagonism of a-MSH by ASP elicits a yellow coat color. ICV administration of a-MSH and a-MSH 
agonists decreases food intake and body weight; overexpression of agouti in the Ay/a brain antagonizes 
the anorectic action of a-MSH signaling as well as blunting the endogenous activity of the receptor, thus 
causing hyperphagia.  

Melanocortin receptors- the role for MC4R in energy balance. 
  The brain contains two predominant melanocortin receptor isoforms- melanocortin receptor-3 and -4 
(MC3R and MC4R, respectively) (76).  Both isoforms are potently activated by a-MSH. MC4R is 
expressed in the PVN, DMH, VMH and LHA(75), all of which are hypothalamic sites crucial for the 
control of food intake.  Mice homozygous for a targeted deletion of Mc4r display substantial hyperphagia, 
3- to 5-fold increased adiposity, and 50-100% increased body weight compared to littermate controls, 
while maintaining the same absolute lean body mass as +/+ littermates (77). Heterozygosity for the Mc4r 
null mutation elicits an intermediate phenotype.  

Mc4r-/- mice also have increased linear growth, as is characteristic of Ay/a mice (77). Mc4r-deficient mice 
maintain core body temperature when exposed to a cold challenge (78), suggesting that sympathetic 
tone is not reduced to the same extent as it is in Lepob and Leprdb mice.  Oxygen consumption of Mc4r-/- 

mice is reduced by 20% as compared to weight-matched controls, however, indicating that MC4R 
mediates some control of energy expenditure, in addition to affecting feeding. 

Approximately 4% of morbid human obesity (BMI > 40 kg/m2) is due to mutations in MC4R (79-81). 
Preserved lean mass and increased stature are also evident in the human MC4R deficiency syndrome, 
as in rodent models (82).  Most obesity associated with MC4R mutations has been attributed to 
heterozygosity for such mutations (83). Severe childhood obesity results from a null MC4R receptor, 
generated by missense, frame shift, deletion, and nonsense mutations (82). MC4R mutations are 



 

codominantly inherited, and heterozygous family members are overweight, suggesting that these 
mutations impair the function of the normal gene product, unlike null mutations in Mc4r-/- mice.  Genome-
wide association studies (GWAS) have revealed common non-coding polymorphisms within MC4R that 
are associated with increased adiposity (84). These are likely variants affecting the transcription rate of 
the gene. 

Agouti-related peptide (AgRP) blocks MC4R signaling. 
 An homology search to identify a protein with a normal physiological function comparable to ASP in the 
brain revealed a candidate with 25% amino acid homology to ASP (Agouti-related peptide; AgRP) (71).  
Eutopic Agrp expression is restricted to a set of neurons in the ARC that contain the orexigenic 
neuropeptide Y (NPY), and which are activated by fasting or leptin deficiency, consistent with a role in 
controlling (promoting) food intake (85).  In vitro binding studies showed that AgRP binds the MC1, MC3 
and MC4 receptors, and mice globally overexpressing AgRP (like Agouti mice) are hyperphagic and 
obese compared to nontransgenic littermates (86).  AgRP differs from ASP in that it does not block 
eumelanin synthesis to elicit a yellow coat color when transgenically overexpressed in mice.  MC4R 
exhibits significant constitutive activity in vitro; ASP and AgRP not only block binding of a-MSH to the 
MC4R, but also suppress MC4R constitutive signaling, i.e., act as inverse agonists (71).  In support of a 
physiological role for the orexigenic action of AgRP, fasted animals show increased expression of ARC 
Agrp mRNA, as do Lep ob and Lepr db mice (86).  ICV administration of AGRP to rats elicits a long-lasting 
hyperphagic response (71).  

Interestingly, however, mice congenitally  null for Agrp or Npy exhibit minimal alterations in energy 
balance, as do compound Npy-/-;Agrp-/- mice (87). This lack of phenotype apparently reflects 
developmental compensation/reprogramming, however, since mice in which AgRP neurons are ablated 
early in development exhibit normal energy balance, while ablation of these cells in adults results in 
aphagia and death by starvation (88,89).  Thus, AgRP likely plays an important physiologic role in the 
promotion of feeding, presumably by blocking melanocortin receptor action.   

MC3R also contributes to the control of adiposity. 
  Centrally administered AgRP causes hyperphagia in Mc4r-/- mice (90), supporting a role for an 
additional brain melanocortin receptor in the regulation of body weight. The MC3R is expressed in the 
ARC, DMH and VMH (75). In comparison to the MC4R, the MC3R has reduced affinity for AGRP, and 
increased affinity for a-MSH. Mc3r-/- mice develop late onset obesity accompanied by a 2-fold increase in 
fat mass (91,92). These effects are considerably smaller than the 3- to 5-fold increased adiposity 
observed the Mc4r null mouse.  The Mc3r-/- mouse displays normal food intake, but reduced locomotor 
activity and increased respiratory quotient (reduced fatty acid oxidation) on high-fat chow as compared to 
contols, suggesting alterations in energy partitioning when challenged with a high-fat diet. Thus, while 
MC3R does not impact feeding to the same extent as MC4R, it nonetheless plays a role in the control of 
energy expenditure/metabolism, and nutrient partitioning, and thus plays a role in the control of adiposity.  
GWAS have not identified SNPs in the region of MC3R as risk alleles for increased body weight, 
however. 

Proopiomelanocortin (POMC).  
 POMC, the precursor peptide for melanocortin receptor agonists and endorphins with effects on 
ingestive behaviors, is expressed in both the anterior pituitary and the hypothalamus (76). In the anterior 
pituitary, POMC is processed to ACTH and b-lipotropin. In the intermediate lobe of the pituitary, and in 
the hypothalamus, ACTH is processed further to a-MSH and CLIP.  Pomc-/- mice generated by gene 
targeting weigh twice as much as wild-type littermates at 12 weeks of age, and are hyperphagic when 



 

presented with either standard or high-fat chow (93). Daily intraperitoneal injection of a-MSH to Pomc-/- 
mice caused a 46% weight loss over a 2-week period with a concomitant darkening of coat color. To 
investigate specifically the role of a-MSH in body weight regulation, Pomc null mice have been rescued 
by transgenic overexpression of POMC in the pituitary but not the brain (94). Homozygous pituitary 
rescue mice are 33% heavier than Pomc null mice, indicating that a-MSH deficiency in the brain causes 
the obesity phenotype and that circulating glucocorticoids restored with pituitary Pomc replacement have 
an additive effect to increase body weight. 

Functionally consequential mutations in POMC have been identified in humans. Human subjects have 
been described who are 1) compound heterozygous for mutations in exon 2 of POMC that result in 
premature termination of transcription as well as a frameshift mutation that disrupts the common binding 
site of a-MSH and ACTH, or 2) homozygous for a nucleotide transversion mutation in exon 3 that 
truncates POMC protein at codon 79, resulting in trace or undetectable amounts of circulating a-MSH 
and ACTH (95). These individuals exhibit early onset obesity and red hair because of the a-MSH 
deficiency, and are adrenal insufficient due to a lack of circulating ACTH.  In a number of instances the 
accompanying adrenal insufficiency has led to death in infancy. Hence, suspicion of this diagnosis 
should be considered to constitute an urgent medical issue. 

Syndecans.  
Cell surface heparan sulfate proteoglycans (HSPGs) modulate ligand-receptor interactions at neural 
synapses (96). In vitro studies suggest that HSPG syndecan-1 may bind to AgRP, facilitating AgRP 
binding to MC4R. In accord with this model, transgenic mice overexpressing syndecan-1 exhibit late-
onset obesity. The endogenous hypothalamic analogue of syndecan-1 is syndecan-3, and fasted mice 
show a four-fold induction of syndecan-3 mRNA in hypothalamic areas involved in energy balance. 
When challenged by a 16-hour fast, syndecan-3-/- mice exhibit blunted refeeding, presumably due to the 
decreased binding of AgRP to MC4R.  

Fat reveals roles for peptide processing systems in the control of energy balance 

Fat.  
The fat mutation was first identified at the Jackson Laboratory in a colony of inbred HRS/J mice (9). Cpe 
fat mice exhibit apparent hyperinsulinemia as early as four weeks of age followed by obesity at 8 to 12 
weeks. Approximately 77% of the measured insulin is proinsulin, thus bioactive insulin levels are normal.  
By a positional candidate gene approach, a TàC point mutation in Cpefat (which results in a S202P 
transversion) was identified in carboxypeptidase E (CPE) (97). CPE is an enzyme that cleaves COOH-
terminal dibasic residues arginine and lysine in prohormone precursors of insulin, enkephalin, POMC, 
NPY, melanin concentrating hormone (MCH), cholecystokinin (CCK), oxytocin (OXT), and vasopressin 
(AVP). Transgenic overexpression of insulin in Cpefat mice does not correct the obesity, suggesting that 
aberrant processing of one of the other peptides targets of CPE contributes to their increased fat mass 
(98).  POMC is cleaved by prohormone convertase 1 (PC1, also called PCSK1 or PC1/3) and PC2 
(PCSK2) to generate a precursor peptide that is further cleaved by CPE to generate active aMSH; 
miscleavage of POMC may account for the obesity in Cpefat mice. 

One missense polymorphism in human CPE has been identified: a CàT transversion (99). This mutation 
results in a non-conservative R283W amino acid substitution that greatly decreases CPE enzymatic 
activity and is associated with early onset type 2 diabetes.   

Prohormone convertases. 
 Mice null for PC1 are runted, hypoadrenal, and hypogonadal, presumably due to impaired processing of 



 

POMC, GhRH and GnRH (100). The runting and other endocrine phenotypes apparently mask effects on 
adiposity.  Mice homozygous for the milder Pcsk1N222D mutation develop hyperphagic obesity associated 
with impaired processing of POMC to α-MSH; these animals are not dwarfed. (101).  Proinsulin, 
prothyrotropin releasing hormone, progastrin, proneurotensin and prodynorphin are also incompletely 
processed in these animals.  Human PC1 deficiency caused by missense and splice site mutations in the 
PC1 gene also results in a disorder characterized by obesity and hypocortisolemia as well as 
hypogonadism (102).   

Animals null for PC2 are not obese, although they exhibit phenotypes consistent with other defects in 
peptide processing (103); this lack of obesity may result from the partial activity of the POMC PC1 
product on MC3/4R even in the absence of PC2, combined with other hormonal and neural changes in 
these animals.  No humans defective in PC2 function have been identified to this point.   

Prolyl carboxypeptidase.  
 PRCP is a serine protease that cleaves the COOH-terminal amino acid from substrate proteins where 
the penultimate amino acid is a proline residue (substrate preferences are X-P-F-COOH and X-P-V-
COOH) (104).  In general, PRCP inactivates biologically active peptides.  The COOH-terminal sequence 
of the 13 amino acid α-MSH molecule is PV; removal of V abrogates the ability of α-MSH to decrease 
food intake. Prcp-null mice are lean with increased sensitivity to exogenous α-MSH.  Presumably, 
mutations in PRCP also alter the inactivation of other peptides. 

OTHER SPONTANEOUSLY-OCCURRING RODENT MUTATIONS LEADING TO OBESITY 

Tubby. 
 The tubby mutation arose spontaneously at Jackson Laboratory in the C57BL/6 strain (9). These mice 
have a mild, late-onset obesity apparent by 8 to 12 weeks of age that is associated with hyperinsulinemia 
without hyperglycemia. Tubby results from a GàT transversion that interferes with normal intron excision 
(105). The result is an aberrant transcript in which a 44-base pair deletion at the 3′ end of the gene is 
replaced with a 24-base pair intronic segment that is usually spliced out. Tub-/- mice are phenotypically 
indistinguishable from tubby, suggesting that the phenodeviant that occurred in the Jackson Laboratory 
colony had a loss-of-function mutation in the tubby gene. Lack of detectable tubby protein or transcript in 
tubby mice further supported this finding.  

The precise physiological mechanism(s) underlying the obesity of tubby mice remain unknown (105), but 
the tubby mutation also produces retinal and cochlear degeneration, which is seen in primary ciliopathies 
such as the Bardet-Biedl and Alstrom syndromes.  (See below).  The tubby gene product, TUB, binds to 
membrane phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) and is released upon PtdIns(4,5)P2 
hydrolysis.  A variety of data suggest an important role for TUB in GPCR signaling and trafficking, as well 
as insulin and leptin signaling, via the primary cilium (106).  

Mahogany and mahoganoid. 
 The spontaneous, autosomal recessive coat color mutations, mahogany (mg) and mahoganoid (md), 
were first reported over forty years ago (71). When crossed to Ay/a mice, both mg and md darken coat 
color and attenuate obesity. Positional cloning of mg identified a gene orthologous to the human 
immune-response protein attractin (atrn), the gene product of which accumulates on the surface of 
activated T cells and subsequently facilitates the interaction between T cells and antigen by “attracting” 
macrophages (107).  Atrn encodes a single transmembrane protein with a glycosaminoglycan side chain 
that has been suggested to chaperone agouti to melanocortin receptors. Atrn is expressed widely in the 
brain, as well as the skin, heart, kidney, liver and lung of wild-type mice. The Atrnmg mutation in mice is 



 

due to a ~5-kb retroviral insertion in intron 11 that disrupts Atrn expression, and which permits a relative 
increase in eumelanin expression in the hair follicle, resulting in dark fur, presumably as a consequence 
of increased melanocortin signaling at the melanocortin-1 receptor (MC1R).  Atrnmg mutants also have 
10-15% reduction in body weight and have 20-40% less body fat content than littermate controls.  
Deficiency of Atrn in Ay/a mice reduces body weight and adiposity by increasing energy expenditure 
rather than reducing food intake, suggesting melanocortin-independent mechanisms of action.  Indeed, 
Atrn mg mice may have neurological deficits (108), and the zitter mutation, which causes hypomyleination 
in rats, results from an 8-bp deletion in Atrn at a splice donor site that decreases Atrn expression.  Thus, 
Atrn function may not be entirely Ay/melanocortin-dependent. 

The mahoganoid locus, Mgrn1 (mahogunin; RING finger 1), is located  2 cM from the centromere of 
chromosome 16 (109,110). Five mutations at this locus have been identified: md, md3J, md4J, md5J, and 
md6J. The Mgrn1md mutation is a 5-kB IAP element intronic insertion between exons 11 and 12, which 
attenuates expression. Similar to the mg phenotype, the Mgrn1md mouse is lean, and the allele reduces 
body weight and darkens the yellow coat color of Ay/a mice. The Mgrn gene product contains a RING 
finger domain consistent with ubiquitin E3 ligase function. Although the spontaneous mutations at the 
Mgrn1 locus do not cause neurological degeneration, the Mgrn1md-nc mutation generated by caffeine 
mutagenesis results in histopathological changes similar to those seen in Atrnmg and the zitter rat (111).  
Both mahoganoid and mahogany convey their effects on ASP signaling by effects on endosomal 
trafficking of MC4R (112).  

THE USE OF TRANSGENIC MODELS TO STUDY SYSTEMS INVOLVED IN ENERGY BALANCE 

Hypothalamic circuits important for energy balance 
AgRP/NPY neurons, their mediators and modulators.   
The AgRP-expressing neurons of the ARC also contain NPY, as well as the fast inhibitory 
neurotransmitter, GABA (113).  These neurons are inhibited by leptin and activated by fasting and leptin 
deficiency; their activation promotes feeding and decreases energy expenditure, while their ablation 
results in lethal anorexia (88,89).   

Mediators of AgRP/NPY neuron function. 
As noted above, Agrp and Npy proteins have been ablated individually and in combination, with little 
effect upon energy balance in wild-type animals, although their ablation modestly attenuates the obesity 
of Lepob/ob animals (87).  In contrast, blockade of GABA release from these neurons, via the cre-mediated 
deletion of the vesicular GABA transporter (vGat) results in leanness and interferes with the response to 
ghrelin or food restriction, suggesting that these neurons (and especially GABA release therefrom) is 
crucial for promoting food intake, especially in response to signals of negative energy balance (113).  
Detailed studies of animals ablated for AgRP neurons have also suggested that GABA release from 
AgRP cells into the brainstem parabrachial nucleus is especially important for the stimulation of feeding 
by AgRP neurons (114). 

NPY receptors.  
NPY receptors are G-protein coupled receptors; six NPY receptors have been identified: Y1, Y2, Y3, Y4, 
Y5, and Y6 (115).  Y1 and Y5 are localized to the hypothalamus and ICV administration of Y1- and Y5 
receptor antagonists reduce food intake. Mice with targeted Y1 disruption show a variable and sex-
dependent alterations in energy balance [139]; however, Y5-deficient mice develop mild obesity (116).  
Indeed, Lepob/ob;Y5-/- mice are  not different than Lepob/ob mice in terms of energy balance. In addition, 



 

both Y1- and Y5-deficient mice are hyperphagic in response to centrally administered NPY, suggesting 
the existence of an additional NPY receptor or receptors that regulate food intake. 

Hypothalamus-specific deletion of the Y2 receptor by viral delivery of Cre recombinase in Y2Flox mice 
results in a significant decrease in food intake and body weight(117).  The endogenous peptide YY1-36, a 
Y2 ligand co-localized with GLP-1 in the L-type endocrine cells of the GI mucosa, stimulates food intake; 
however, its cleavage product peptide YY3-36 (PYY3-36), a Y2 agonist primarily secreted from endocrine 
cells lining the gastrointestinal tract, decreases food intake (118). Thus, the Y2 receptor may have dual 
functionality that is determined by the PYY moiety that binds to it. 
 
Ghrelin, GHSR, and GOAT.  
 Ghrelin is a hormone released from cells in the epithelium of the stomach, duodenum, ileum, cecum and 
colon (119); its pharmacologic administration promotes dramatic feeding (120).  The receptor for ghrelin 
is the growth hormone secretagogue receptor (GHSR), and ghrelin acylation is required for GHSR 
activation.  Ghrelin is acylated (octanoylated) by ghrelin O-acyl transferase (GOAT) in the cells that 
synthesize it (121).  Diurnal release of ghrelin into the circulation coincides with the initiation of meals, 
and decreases over the course of each meal (122); ingested fatty acids are required for ghrelin acylation, 
so that active ghrelin only increases prior to meals in animals that have fed over the prior 24 hours.  
GHSR is highly expressed on AgRP/NPY cells (as well as some other cells) in the hypothalamus, and 
ghrelin activates AgRP/NPY cells.  Ghrelin is also expressed in the epsilon cells of the islets of 
Langerhans where it may act as a brake on glucose-induced insulin release by direct effects on the beta 
cell and/or antagonism of GLP1 secretogogues (123). 

Consistent with the modest baseline phenotypes of mice null for the individual neurotransmitters 
employed by AgRP/NPY neurons, mice null for ghrelin, GHSR, or GOAT exhibit no detectable alterations 
in baseline energy balance, and only modest defects in refeeding (124).  It is possible that some of the 
lack of effect of Npy, Agrp, Ghrelin, Ghsr, or Goat deletion reflects developmental reprogramming that 
occurs with defects in AgRP/NPY neurons during circuit formation, however, since ablation of these 
neurons early in development produces little effect on body weight, while their ablation in adults results in  
lethal anorexia (88,89).  

Serotonin (5HT) receptor 2c.   
The 5HT2cR is expressed in the ARC, PVN, LHA, and anterior hypothalamic nucleus (AH) of the 
hypothalamus (125). Agonists of the 5HT2cR promote weight loss, and several are in clinical trials or 
approved for the treatment of obesity.  Deletion of 5ht2cr produces hyperphagic obesity that is 
accentuated by high fat diet.  A subset of ARC POMC neurons express 5ht2cr, and the Pomccre-
mediated reactivation of a null 5ht2cr allele in these cells attenuates the food intake and obesity in the 
5ht2cr null mice (126).  The effect of 5HT2cR activation may vary by nucleus, but, in aggregate, 5ht2cr 
mutant mice confirm the important role for this receptor in energy balance. 

Single-minded-1 (SIM1) and the PVH.  
In mice, Sim1 encodes a transcription factor required for the development of the PVH, an integrative 
hypothalamic nucleus in which a-MSH, NPY and 5-HT are released (127). Many PVH neurons contain 
MC4R, Y1R and/or 5-HT2cR.  Ablation of the PVH in rodents produces a profound hyperphagia (128).  
The PVH contains a diverse constellation of neuronal subtypes, including those that express oxytocin 
(OXT), corticotropin releasing hormone (CRH), vasopressin (AVP), thyroid hormone releasing hormone 
(TRH), and others.  Many of these molecules are thought to participate in energy balance, as well as 
their well-recognized neuroendocrine functions. 



 

Human Single-minded-1 (SIM1) deficiency was discovered by karyotyping in three case studies of young 
obese patients with small deletions or translocations at the human SIM1 locus on chromosome 6 (127). 
Homozygous deletion of Sim1 is embryonic lethal in mice. Sim1+/- mice are normal until 4 weeks of age, 
when they develop hyperphagic obesity (129).  These mice display reduced numbers of neuronal nuclei 
in the PVH with a proportional decrease in overall size of the PVH. Presumably, the decreased number 
of PVH neurons in these mice diminishes anorexic “tone” from the PVH, leading to hyperphagia and 
obesity in the Sim1+/- mice, as well as in rare human patients with SIM1 mutations.  Additionally, deletion 
of Mc4r with Sim1cre recapitulates the hyperphagia and obesity of Mc4r-/- mice, as does the ablation of 
Mc4r in the PVH by virus-mediated cre delivery (130,131).  Thus, PVH SIM1-expressing neurons 
represent crucial direct targets for MC4R action and for energy balance.  Understanding the roles for the 
various subsets of PVH SIM1 neurons in the control of energy balance has been more difficult, however.  
Ablation of Mc4r from OXT, AVP, and CRH neurons does not alter energy balance (131). 

Oxytocin.  
 A variety of pharmacologic data suggest important roles for PVH-derived OXT in the control of feeding; 
the injection of OXT into the region of the NTS promotes satiation (132).  However, genetic data argue 
against an important role of OXT or OXT neurons in energy balance.  Not only do Oxt-/- animals display 
no alteration in feeding or energy balance, but neither the activation nor the ablation of PVH OXT 
neurons in adult animals alters food intake (133,134). 

Corticotropin releasing hormone. 
 CRH increases glucocorticoid secretion via the hypothalamic-pituitary-adrenal axis, but also acts on a 
number of CNS circuits. Centrally administered CRH produces decreased food intake and weight loss 
(135); conversely, elevated CRH promotes activation of the HPA axis and promotes Cushing’s syndrome 
with increased central adiposity due to peripheral glucocorticoid excess.  While inactivation of Crh 
causes glucocorticoid deficiency, it has no impact on energy homeostasis (136).  Similarly, while 
antagonism of the receptors for CHR (CRH1 and CRH2) leads to increased food intake, decreased 
energy expenditure and increased body weight (137), CRH receptor-deficient mice display normal 
regulation of body weight (138).  Thus, while PVH CRH neurons and CRH signaling are crucial for the 
control of the HPA axis and for stress responses, CRH and its receptors do not appear to play an 
important role in the control of energy balance by the PVH. 

Vasopressin (AVP). 
  In addition to magnocellular AVP neurons (mainly located in the SON) that project to the posterior 
pituitary to control fluid balance, PVH AVP cells project widely throughout the brain.  While the deletion of 
Mc4r from these cells does not alter energy balance, the pharmacogenetic activation of these cells 
modestly suppresses food intake, suggesting that these cells may play some role in the control of energy 
balance, even though they do not represent direct targets of melanocortin action (131,139). 

Steroidogenic factor-1 (SF1) and the VMH.  
Steroidogenic factor 1 (Sf1; Nr5a1) is a transcriptional modulator expressed in the dorsomedial portion of 
the VMH- a hypothalamic nucleus implicated in the regulation of body weight (140). The VMH contains 
neurons that express LepRb, MC3R and other receptors involved in body weight regulation. Although 
Sf1-deficient mice were first described in 1994, early death due to adrenal insufficiency prevented 
characterization of this mouse in adulthood. By performing adrenal transplantation, it was possible to 
observe late-onset obesity in Sf1 -deficient mice, which resembles the mild obesity phenotype of MC3R 
deficiency. Sf1-deficient, adrenal-transplanted mice appear normal until 8 weeks of age, when their body 
weights diverge from their wild-type littermates. By 6 months, Sf1-/- mice are 72% heavier than controls 



 

due primarily to increased body fat, with no differences observed in linear growth. The obesity of these 
animals appears to result largely from decreased energy expenditure.  Sf1cre has been used to delete 
LepRb from the VMH; this manipulation decreases energy expenditure and accentuates obesity in high-
fat diet-fed animals (68).  Many SF1-containing VMH neurons also contain the neuropeptide PACAP (the 
product of the Adcyap gene), which may contribute to the control of energy expenditure (141).  Thus, 
Sf1-mediated manipulation of the dorsomedial VMH has revealed a crucial role for this region in the 
control of energy expenditure and thus overall energy balance.   

Reward circuitry: 
 The lateral hypothalamic area (LHA) and mesolimbic dopamine (DA) system. 
While the ARC, PVH, and (to a lesser extent) VMH mediate net anorexic tone, the LHA (together with the 
mesolimbic DA system) modulates behavioral incentive- including the drive to eat (1).  While lesions of 
the ARC or LHA promote hyperphagia and obesity, destruction of the LHA abolishes the motivation to 
feed, resulting in starvation.  While many details of these reward circuits remain to be discovered, LHA 
neurons modulate the mesolimbic DA system by projections to the ventral tegmental area (VTA; where 
the DA cell bodies lie) and the striatum (a crucial target of VTA DA neurons).   

The VTA and DA. 
 Mice that lack tyrosine hydroxylase (TH) cannot make the precursor for catecholamines and are 
deficient in DA, noradrenaline and adrenaline; these animals die between embryonic day 11.5 and 15.5; 
restoring TH in noradrenergic neurons generates viable mice that synthesize noradrenaline and 
adrenaline normally, but do not synthesize DA in neurons of the mesolimbic DA system (142). DA-
deficient pups nurse normally until 2 weeks of age, but thereafter fail to thrive due an inability to wean 
themselves onto solid food unless supplemented with the DA precursor, L-DOPA, suggesting that DA is 
required for normal ingestive behavior (as well as activity). However, ingestive behavior data that 
implicate dopamine as a stimulator of food intake may be confounded by the roles of dopamine in the 
initiation of motor activity and reward mechanisms.  

The LHA. 
 Both leptin and the melanocortins have been implicated in the control of two important sets of neurons 
that lie within the LHA.  One population contains the neuropeptide melanin concentrating hormone 
(MCH; not related to POMC or any of its derivative peptides) (143).  MCH promotes feeding, and animals 
null for MCH (or its receptor) are lean (144).  The MCH receptor is located on the primary cilium, and 
some of the effects of ciliopathies on adiposity may be conveyed by effects on this receptor (see 
discussion of ciliopathies below).   A distinct set of LHA neurons express the neuropeptide hypocretin 
(HCRT; also known as orexin) (145,146).  Based upon early acute pharmacologic studies, HCRT was 
originally conceived of as an orexigen; subsequent work has revealed animals null for HCRT or its 
receptors to be mildly obese, however (147).  Indeed, narcolepsy, which results from the loss of HCRT 
action in mice and humans, is associated with increased adiposity (148).  Most of the effect of HCRT 
administration or Hcrt mutation on energy balance results from decreased physical activity and energy 
expenditure.  Similarly, the LepRb-containing neurons that control HCRT neurons have been identified- 
these contain neurotensin (NT) and lie in the LHA, intermingled with the HCRT cells (149-151).  Ablation 
of LepRb from these LHA cells prevents the normal regulation of HCRT neurons and results in 
decreased motor activity and energy expenditure.  Both LHA LepRb neurons and HCRT cells project to 
the VTA, and parameters of DA neuron function are altered in mice lacking LepRb in NT neurons, as well 
as in Leprob/ob and Leprdb/db mice.   

Genes involved in insulin and leptin signaling. 



 

 
Transcription factors involved in leptin signaling.  
 LepRb, like other Type 1 cytokine receptors, activates signal transducers and activators of transcription 
(STATs) as a major component of its signaling pathway (31).  During leptin signaling, tyrosine 
phosphorylated residues on LepRb recruit STAT3 and STAT5, which are then phosphorylated by Jak2 to 
promote their trafficking to the nucleus.  In the nucleus, STATs bind DNA and modulate gene expression.  
STAT3 mediates the majority of leptin action, since disruption of the binding site for STAT3 on LepRb 
causes a severe obesity phenotype in mice that is similar to the obesity syndrome of Leprdb/db mice (152).  
Similarly, disruption of Stat3 in the forebrain or in LepRb-expressing POMC, or AgRP neurons results in 
obesity in mice (153,154).  While the brain-wide disruption of the genes encoding both isoforms of 
STAT5 (STAT5a and STAT5b) causes mild late-onset obesity, the deletion of Stat5a/b specifically in 
LepRb neurons produces no detectable phenotype, suggesting that STAT5 signaling is not required for 
leptin action in vivo (155-157).  STAT5 represents a major mediator of GM-CSF signaling, however, and 
mice null for GM-CSFR in the brain animals are obese, suggesting that the role for STAT5 in energy 
balance may be linked to the action of GM-CSF or other cytokines different than leptin (156). 

Insulin receptor.  
Like leptin, insulin circulates in proportion to fat mass, and alters neuropeptide expression in the 
hypothalamus via receptors located in the ARC, PVN, and DMH (158).  ICV insulin has been reported to 
decrease food intake in rats and mice.  Furthermore, mice deleted for insulin receptor (Insr) throughout 
the CNS display a modest late-onset obesity (more prominent in females), and are more susceptible to 
diet-induced obesity than wild-type mice (159).  Thus, CNS INSR signaling plays a role in energy 
balance.  Deletion of Insr in skeletal muscle causes modest increases in adiposity, presumably by 
decreasing insulin-stimulated glycogen storage in muscle and concomitantly increasing glucose uptake 
in adipose tissue (hence, due to changes in nutrient partitioning) (160).  Conversely, deletion of Insr from 
adipose tissue produces lipodystrophy (161).   

The IRS-protein/PI 3-kinase pathway. 
  The tyrosine phosphorylation of insulin receptor substrate proteins (IRS-proteins; IRS-1, -2, -3, and -4) 
represents the first downstream step in insulin signaling (162).  Tyrosine phosphorylated IRS-proteins 
engage downstream molecules, such as those in the phosphatidylinositol 3-kinase (PI3-kinase) pathway, 
to mediate insulin action.  While deletion of Irs1 interferes primarily with peripheral insulin action and the 
growth axis, deletion of Irs2 affects pancreatic beta cells and the brain to cause insulin deficient diabetes 
(due to islet failure) and obesity.  Restoration of Irs2 in the islets of Irs2-/- mice or brain-specific ablation of 
Irs2 results in normoglycemic obesity, consistent with a role for brain IRS2 signaling in energy balance 
(163).  Indeed, deletion of Irs2 from LepRb-expressing neurons promotes obesity, albeit a milder obesity 
than observed in animals deleted for Irs2 throughout the brain.  While leptin modulates the IRS-
proteinàPI3-kinase pathway, deletion of Irs2 itself does not interfere with leptin action, suggesting that 
IRS2 may primarily play a role in brain insulin action (164).  Deletion of Irs4, which is expressed in 
neurons of the hypothalamus, modestly alters energy balance.  A variety of subunits and downstream 
effectors of the PI3-kinase signaling pathway have also been deleted in several neuronal populations in 
mice (35).  These produce phenotypes generally consistent with the notion that PI3-kinase is important 
for the proper function of the POMC and AgRP neurons that modulate energy balance- at least in part by 
controlling the firing of these important neurons.  Similarly, ablation of the gene encoding the PI3-kinase 
inhibited transcription factor, FOXO1, tends to augment insulin and leptin action in vivo (165). 

mTOR and autophagy. 
  The mechanistic target of rapamycin complex 1 (mTORC1) is activated by PI3-kinase signaling and 



 

nutrient (especially amino acid) availability to promote cellular anabolic processes while blunting 
autophagy (166).  ICV amino acids activate hypothalamic mTOR and promote satiation, while blockade 
of hypothalamic mTORC1 using the inhibitor, rapamycin, promotes hyperphagia- suggesting a role for 
mTORC1 in producing satiety (167).  The role for mTORC1 in the hypothalamic control of energy 
balance may be complicated, however, as neuronal firing also activates mTORC1, and mTORC1 is 
increased in AgRP/NPY neurons during fasting (168).  Furthermore, lifelong activation of mTORC1 or 
inactivation of autophagy (via deletion of Atg7) in POMC neurons promotes hyperphagic obesity in mice 
(169,170).  

Tyrosine phosphatases and other inhibitors of insulin and leptin signaling. 
  Protein tyrosine phosphatase-1B (PTP1B) dephosphorylates cognate tyrosine kinases (including those 
associated with INSR and LepRb) to terminate signaling (171,172).  In addition to exhibiting increased 
insulin sensitivity, Ptp1b-/- mice are lean compared to controls and are resistant to weight gain on a high-
fat diet, suggesting increased leptin action in these animals.  Indeed, animals in which Ptp1b is disrupted 
throughout the brain, or specifically in LepRb or POMC neurons demonstrate increased leanness and 
enhanced leptin action (173,174).  Other phosphatases may also limit insulin and/or leptin signaling:  
Mice null for Rptpe or Tcptp also demonstrate leanness and increased leptin sensitivity (175).  

Suppressors of Cytokine Signaling (SOCS proteins), including SOCS1 and SOCS3, bind to activated 
cytokine receptor/Jak2 kinase complexes (including the LepRb/Jak2 complex) to mediate their inhibition 
and degradation (176).  SOCS proteins may also inhibit INSR and other related tyrosine kinases.  Leptin 
signaling via STAT3 promotes Socs3 expression in hypothalamic LepRb neurons; SOCS3 protein binds 
to phosphorylated Tyr985 of LepRb to attenuate LepRb signaling (177).  The physiologic importance of 
this pathway is demonstrated by the leanness of mice containing a substitution mutation of LepRb Tyr985  
(binding site for SOCS3 on LEPR; see figure above) and the similar phenotype of mice lacking Socs3 in 
the brain or in LepRb neurons (178,179).  While LepRb Tyr985 also mediates the recruitment of the 
tyrosine phosphatase SHP2 (aka, PTPN1), data from cultured cells suggest that SHP2 mediates ERK 
pathway signaling by LepRb, and disruption of Ptpn1 in the brain, in LepRb neurons, or in POMC 
neurons, promotes obesity (31).   

SH2B1. 
  SH2B1 binds to activated Jak2, as well as to the INSR, TrkB, and a few other receptor tyrosine kinase 
complexes to increase their activity and mediate aspects of downstream signaling (180).  Sh2b1-/- mice 
display a complex phenotype that includes obesity; brain-specific absence of Sh2b1 also promotes 
obesity in mice (181,182).  Thus, SH2B1 signaling in the brain is required for energy balance, perhaps 
due to its requirement for correct signaling by multiple receptors involved in energy homeostasis.  
Furthermore, the phenotype of several human patients with morbid obesity, developmental delay, and 
behavioral disorders are associated with chromosomal deletions (16p11.2)  or coding variants involving 
SH2B1 (183).  Indeed, GWAS studies have suggested a role for common variants in SH2B1 in human 
obesity (84).   

Other transcription factors.  
 The transcription factor BSX is found in AgRP neurons, where its expression is regulated by leptin and 
feeding status (184).  Deletion of Bsx in mice reduces the increase in Npy and Agrp expression, and 
associated hyperphagia, in food-deprived mice, suggesting a role for BSX in the function of AgRP 
neurons and in feeding control.  While its role in leptin action is not known, the disruption of Atf3 (which 
encodes a STAT3-responsive member of the AP1 family of transcription factors) in a poorly-
characterized set of hypothalamic neurons also causes obesity in mice (185).   



 

The peroxisome-proliferator activated receptor (PPAR) family of nuclear transcription factors modulates 
genes encoding proteins involved in lipid homeostasis (186). PPARa induces hepatic genes that promote 
mitochondrial uptake and beta-oxidation of free fatty acids, and PPARa agonists (fibrates) are used 
clinically to lower circulating triglycerides and free fatty acids. Ppara-/- mice exhibit mild late-onset 
obesity that may partially result from decreased energy expenditure, but food intake is increased in these 
animals, and no increase in feed efficiency is observed, suggesting that increased food intake may 
ultimately drive this phenotype (187).  PPARg is expressed primarily in adipose tissue, and promotes 
adipocyte differentiation and storage of triacylglycerols in adipose depots (186).  PPARg agonists 
(thiazolidinediones, TZDs) increase insulin sensitivity and have been used in the treatment of type 2 
diabetes.  PPARg agonists promote weight gain and, although Pparg-/- is embryonic lethal), Pparg+/- 
mice weigh 14% less than wild-type C57BL/6 mice, and have a 70% reduction in WAT mass. These mice 
display an elevated metabolic rate, and also a decrease in food intake.  Indeed, while the primary effect 
of PPARg manipulation of body weight and adiposity was previously assumed to results from direct 
adipose tissue action, genetic and pharmacologic manipulation of PPARg in the brain has revealed that 
brain PPARg action promotes increased feeding, which accounts for the energy balance effects of 
PPARg (188-190).  A common polymorphism of PPARG has been associated with BMI in GWAS studies 
(84). 

Mouse Models of human obesity syndromes. 
 
Brain-derived neurotrophic factor (BDNF)/TrkB signaling. 
  BDNF, a member of the neurotropin family, is widely expressed in the nervous system during 
development, as well as being expressed within several brain regions important for energy homeostasis 
in adults (191).  It acts via its receptor, TrkB, to control a variety of basic neural processes, including 
proliferation, survival, and plasticity.  Given its many important roles in the CNS, alteration in BDNF 
expression (or that of its receptor, TrkB) would be predicted to interfere with multiple processes.  Indeed, 
humans haploinsufficient for BDNF display impaired cognitive function and hyperactivity, in addition to 
hyperphagic obesity (192,193).  Mutations in TrkB produce similar hyperphagia and obesity in rare 
human patients, along with impaired cognitive function and nociception (194).  Interestingly, a coding 
polymorphism in BDNF (Val66Met) is associated both with obesity and with binge eating disorders in 
humans (195), consistent with the role for BDNF/TrkB signaling in energy balance, and suggesting a 
broader role for this system in the genetic determination of adiposity in humans.  Indeed, alteration of 
TrkB and/or BDNF function in the hypothalamus of mice promotes obesity (196,197).  Furthermore, 
polymorphisms in BDNF are associated with risk for obesity in human GWAS studies (84).   

Ciliopathies. 
  A subset of mutations causing defects in primary cilia promote obesity syndromes (198,199).  The 
primary cilium is found on most cells; while structurally related to motile cilia (such as flagella), the 
primary cilium is immotile and does not participate in propulsion.  The primary cilium plays a crucial 
sensory role in cells, including cell-specific sensing, such as olfaction in sensory epithelium, 
photoreception in retinal cells, mechanical transduction in kidney cells, and signaling via a variety of cell 
surface receptors, including many GPCRs.  A broad group of disease-causing human mutations have 
now been recognized to result from mutations in genes affecting ciliary functions (the “ciliopathies”).  The 
clinical presentation of these diseases variably includes anosmia, retinal degeneration, kidney 
malformations, and a variety of developmental and neural defects, many of which are idiosyncratic to the 
particular gene that is mutated.  A number of these mutations produce obesity in addition to the other 
phenotypes noted above, both in mice and humans.  Included in these obesity-causing ciliopathies are 



 

Bardet-Biedel Syndrome (BBS), McKusic-Kaufman Syndrome, Alström Syndrome, and, possibly,  
Joubert Syndrome.   

Structural defects are apparent in the primary cilia of humans with BBS and the mice segregating for 
mutations in these genes (200,201).  The structural changes may not themselves account for the 
functional derangements associated with these mutations.  The BBS proteins, which constitute a “BBS-
some” complex associated with the base of the primary cilium/basal body, participate in the trafficking of 
proteins to and within the cilium.  Indeed, mutations affecting IFT88, a protein specific for trafficking 
within the cilium, in mice results in an obesity phenotype similar to that produced by mutations in BBS 
genes (202).  While the particular protein(s) whose impaired trafficking may underlie this obesity is not 
yet clear, the primary cilium is crucial for signaling via a variety of receptor signaling pathways, including 
the WNT and SHH pathways, tyrosine kinases (such as the receptor for PDGF), MCHR, and numerous 
GPCRs.  There is also evidence for impaired leptin receptor signaling in mice segregating for Bbs (203)– 
though attributed by some to the consequences of weight gain per se (204)ref] - and Rpgrip1l mutations 
(205).   Such alterations could impair the development or function of a variety of neural circuits important 
for the regulation of energy balance.  The deletion of Ift88 from POMC neurons produces a portion of the 
obesity phenotype observed in the complete null, suggesting roles for multiple cell types (and perhaps 
multiple signaling pathways) in the complete ciliopathy phenotype (202).  

FTO. 
  The human locus with the strongest GWAS linkage to adiposity (a polymorphism located in the human 
FTO locus) also contributes the largest amount to the genetic component of polygenic human obesity 
(206).  Multiple mechanisms for the regulation of energy balance have been proposed for this alteration.  
In mice, Fto is expressed in the brain, including in hypothalamic feeding centers, where its expression is 
modulated by leptin and feeding status (207).  Furthermore, its role in controlling food intake and body 
weight is suggested by the lean phenotype of Fto-/- mice, although these animals present a complex 
phenotype that includes runting (208).  In contrast, mice ubiquitously overexpressing Fto or 
overexpressing Fto in the brain demonstrate increased food intake and adiposity (209).  Alternatively, the 
Fto locus is adjacent to the Rpgrip1l gene, which encodes a protein involved in primary cilium function; 
the non-coding sequence variant in intron 1 of Fto are physically associated (in linkage disequilibrium) 
with alleles of a transcription factor (Cux1) binding site that, by binding in the intron affects expression of 
a ciliary gene, Rpgrip1l (205). Hence, the effects of the FTO alleles may be conveyed via effects on 
RPGRIP1L.  Recently, it has been suggested that these Fto-associated polymorphisms lie within a long-
range enhancer element that modulates the expression of a downstream gene, Irx3 (210).  The Fto 
polymorphism predicts the expression of hypothalamic Irx3, not Fto, in mice.  Mice null for Irx3 or that 
overexpress a dominant negative Irx3 mutant in the hypothalamus demonstrate increased leanness. It is 
possible, of course, that the Fto intronic variants are affecting the expression of multiple genes other than 
Fto itself. In fact, the strength of the association is consistent with that possibility. 

Prader-Willi syndrome (PWS) 
PWS presents in infancy with low birth weight, hypotonia and poor feeding, with a progressive transition 
to hyperphagia and obesity starting after age 2 or 3 years.  Additional features include short stature 
(correctible with growth hormone therapy), central hypogonadism, characteristic behaviors (especially 
around feeding), and often cognitive impairment (211,212).  Most instances result from a 5-7 Mb deletion 
of an imprinted region (PWS region) on the paternal chromosome 15 (15q11-q13) and are non-recurrent.  
Within this deletion lie a number of genetic elements, including the genes encoding MAGEL2 and 
NECDIN, which are thought to be involved in neural development and function, and a complex non-
coding locus.  Non protein -coding genes in this interval  include a transcribed non-coding gene (SNURF-



 

SNRPN) that encodes a multitude of C/D box small nucleolar (sno-) RNA genes, including SNORD116.  
The RNA products of these SNORD genes are thought to be involved in RNA editing, perhaps of specific 
mRNA species.  A small number of individuals with PWS phenotypes associated with microdeletions of 
the implicated region on chromosome 15 have reduced the number of candidate genes for this syndrome 
(211).  These patients have demonstrated obesity, developmental delay, hypogonadism, and all major 
features of PWS. The minimum critical deletion region contains only non-coding genes, including, the 
SNORD116 gene cluster, IPW, and SNORD109A.  The Snord116 locus has been deleted from mouse 
models, which display a growth defect and behavioral abnormalities, including a relative hyperphagia 
that develops after weaning, but which is balanced by increased energy expenditure (213).  Thus, the 
effects of SNORD116 likely contribute to PWS, but may not account for all of the phenotypes.  The 
functions of Necdin and Magel2 have also been examined in genetically targeted mouse models. 
Magel2-/- mice display early growth retardation with a mild increase in adiposity, and Necdin-/- mice 
display early postnatal respiratory failure along with a subset of PWS-associated behaviors (214-216).  
Thus, the full PWS likely results from the combined effects of multiple genes; several genes within the 
PWS region also likely contribute to the maximal obesity phenotype.  It is not yet clear how each of the 
loci within the PWS alter neurophysiology and/or which neurons they might specifically affect energy 
balance.  As with BBS, some of these genes are likely to be affecting brain structural 
development/connectivity as well as more conventional signaling pathways.   Understanding the 
molecular physiology of PWS (and BBS) is likely to identify novel genes in the control of energy 
homeostasis in non-syndromic obesities.  

MODELS THAT PROBE ROLES FOR SATIETY SYSTEMS IN ENERGY BALANCE. 
 
A variety of gut-derived signals including peptides (such as cholecystokinin (CCK), glucagon-like peptide-
1 (GLP1), and amylin (a.k.a., islet amyloid polypeptide)) and vagal signals converge on hindbrain circuits 
in the NTS to promote satiation and meal termination (217).  These systems are crucial for the short-term 
control of feeding, and their pharmacologic manipulation may be therapeutically important.  Injection of 
CCK, GLP-1, or amylin, including into the hindbrain, promotes meal termination.  Furthermore, 
supraphysiologic/pharmacologic agonism of GLP1 and amylin receptors not only induces satiation, but 
promotes modest weight loss.  It is not clear that these systems modulate long-term feeding under 
physiologic conditions, however. 

CCK.  
CCK is a gastrointestinal hormone secreted in response to ingestion of a meal by enteroendocrine “I” 
cells located primarily in the duodenum. Many of these cells co-express other peptides affecting ingestive 
behavior (ghrelin, GIP, PYY). CCK induces a transitory sensation of satiety, secretion of pancreatic 
enzymes and gallbladder contraction. CCK-A receptors are located on vagal afferents of the stomach 
and the liver and transduce signals via the vagal nerve to satiety centers in the brainstem, eliciting a brief 
reduction in food intake (for a review, see (218)). CCK-B receptors are located diffusely throughout the 
brain, but their role in the satiety effect of CCK has not been demonstrated. The Otsuka Long-Evans 
Tokushima Fatty (OLETF) rat is an outbred strain of Long-Evans rats used experimentally as a model of 
type 2 diabetes. This animal has a 34% increase in food intake resulting from larger meal size, 
accompanied by a 23% increase in body weight at 15 weeks as compared to lean Long-Evans rats 
(219). In 1994, a mutation in the CCK-A receptor (CCKAR) of OLETF rats was identified; this 6847-base-
pair deletion disrupts the Cckar promoter, reducing receptor expression.  While CCK decreases meal 
size and duration, compensatory increases in meal frequency prevent CCK from producing long term 
effects on total food intake or body weight.  Indeed, deletion of Cckar in mice does not cause obesity, 



 

suggesting that the OLETF phenotype results from a number of genetic variants that act in concert with 
the Cckar mutation.  

GLP1. 
 GLP-1 functions as an incretin (stimulator of insulin secretion) following its release from L-cells of the 
duodenum after nutrients enter the intestine (220).  GLP1 can also modulate satiety: ICV GLP-1 (or 
GLP1R agonists) potently suppress food intake in rats and mice, while the GLP-1 receptor antagonist, 
exendin (9-37), increases short-term food intake. Some of the effects of GLP1 on food intake may be due 
to delayed gastric emptying.  Glp1r-/- mice exhibit decreased circulating insulin concentrations during a 
glucose tolerance test, suggesting that GLP1R is important for glucose-stimulated insulin secretion 
(GLP-1 acting as an “incretin”).  Body weight and food intake are unaffected by ablation of GLP-1R, 
however, suggesting that (like CCK and CCKAR) this system primarily modulates short-term satiation, 
rather than long-term energy balance, under normal physiologic circumstances. 

INTERACTIONS OF THE IMMUNE SYSTEM AND ENERGY BALANCE 
 
Inflammatory signals are proposed to mediate several distinct metabolic responses.  Clearly, strong 
acute inflammatory stimuli (including those associated with systemic infection, cancer, etc.) decrease 
appetite and increase energy expenditure, promoting cachexia.  Conversely, obesity is associated with 
increased low-grade inflammation that appears limited to particular tissues, such as adipose tissue and 
the hypothalamus.  This low-grade “metabolic inflammation” is associated with insulin resistance and 
obesity.  A variety of animal models have been employed to explore the interaction of inflammatory 
signals and energy balance/metabolism.  

Systemic immune signaling promotes negative energy balance.  
 Lipopolysaccharide (LPS) administration, which produces some of the metabolic consequences of 
bacterial infection, blunts appetite; the mechanism of this hypophagia overlaps with the systems that 
control energy balance, as the LPS-induced anorexia requires the melanocortin system (221).  
Consistent with the induction of negative energy balance by systemic inflammation, alterations that blunt 
inflammation generally blunt inflammatory anorexia.  While not altering baseline energy balance in chow-
fed animals, deletion of IL-1b converting enzyme (ICE; which is essential for IL-1b activity), prevents 
LPS-induced anorexia in mice (222).  The inflammatory system may also contribute to the control of 
energy balance under normal physiology, as well: adiposity is increased in Il6-/- and Gmcsf-/- mice, and in 
mice with impaired macrophage function due to the targeted deletion of Mac-1 or LFA-1 (or their 
receptor, ICAM-1) (223).  Conversely, mice with constitutively increased IL-1 receptor signaling induced 
by targeted deletion of the endogenous IL-1 receptor antagonist, Il1ra, display reduced body mass 
compared to wild-type littermates (224).  

Metabolic inflammation. 
  Obesity is associated with increased production of a number of cytokines (including TNFa) in adipose 
tissue, resulting primarily from the activation of adipose tissue macrophages and other immune cells 
(225,226).  Indeed, a number of manipulations that decrease adipose tissue inflammation ameliorate the 
metabolic dysfunction associated with obesity.  While interference with generalized macrophage function 
may increase adiposity, as noted above, other manipulations that alter their pro-inflammatory (versus 
anti-inflammatory) nature increase leanness and improve metabolic function (227,228).  Similarly, 
interfering with the Nf-kb pathway (which is crucial for the response to a variety of inflammatory stimuli) in 
the liver improves metabolic function in obese mice.  Some data also suggest a contributory role of 
hypothalamic inflammation, including gliosis, in promoting obesity.  However, debate continues regarding 



 

whether this inflammation provokes or attenuates obesity, virus-mediated interference with Nf-kb 
signaling in the hypothalamus ameliorates obesity and metabolic dysfunction (229).  The ER stress in 
adipose tissue and the hypothalamus, potentially a consequence of metabolic inflammation, is also 
associated with obesity (230).  Genetic or pharmacologic interference with ER stress ameliorates obesity 
and insulin resistance in rodent models. 

ENERGY EXPENDITURE AS A DETERMINANT OF ADIPOSITY 
With few exceptions, most of the systems that dramatically alter energy balance act primarily via the 
control of feeding; isolated alterations in energy expenditure promote more modest changes in energy 
balance that may be synergistic with effects on ingestive behavior, and may be detected under specific 
environmental and experimental conditions.  Increases in energy expenditure and negative energy 
balance promote a compensatory increase in feeding.  Similarly, decreased energy expenditure will 
cause the accretion of adipose mass, which tends to restrain feeding.  For instance, interference with 
normal VMH function (discussed above) decreases diet-induced energy expenditure, and promotes 
increased adiposity only when animals are provided high caloric density diets. The adipokine leptin, 
which is responsive to acute and chronic changes in adipose tissue energy stores plays an important role 
in promoting these reciprocal responses.  

However, the physiological responses to reductions in energy stores – increased drive to eat, reduced 
energy expenditure – are much stronger than the response to increased energy stores (55).  

Animal models with altered energy expenditure.  
 Uncoupling protein 1 (UCP1, which is found primarily in brown and beige adipose tissue (BAT)) allows 
dissipation of the electrochemical gradient across the inner mitochondrial membrane, releasing energy 
as heat (231).  Ablation of BAT in mice expressing diphtheria toxin A driven from the UCP1 promoter or 
congenital deletion of Ucp1 fails to alter adiposity at thermoneutrality, although adiposity increases 
slightly relative to controls in animals raised at temperatures colder than thermoneutrality, since these 
animals fail to substantially increase energy expenditure in response to the cold challenge (232).  
Similarly, the phenotype of mice null for the b3-AR was not as severe as predicted: fat mass in male mice 
is only slightly increased, even in animals consuming a high-energy diet under non-thermoneutral 
conditions (233). Also, “b-less” mice, with a global targeted deletion of all three b-adrenergic receptor 
isoforms, have only slightly increased body fat (22.2 % ± 0.9 as compared to 16.2% ± 1.9 for wild type 
controls) on high fat diet under non-thermoneutral (233). 

Increased sympathoadrenal activity in adipose tissue activates a signaling cascade that induces 
phosphorylation of regulatory subunits of protein kinase A (PKA), which in turn inhibits lipogenesis and 
increases lipolysis. Deletion of the regulatory subunit II b of PKA (RII b ) , found mainly in WAT, BAT and 
brain, causes a compensatory increase in RI a , a subunit isoform that constitutively upregulates PKA 
activity (234). RII b -/- mice therefore have constitutively increased cAMP in response to sympathetic 
activation in adipose depots, with secondary elevation of metabolic rate and body temperature, and a 
50% reduction in WAT pad weight despite a compensatory hyperphagia.   

ALTERATIONS IN ADIPOSE TISSUE THAT AFFECT ENERGY BALANCE 
 
Glucocorticoids and adipocyte 11-β–hydroxysteroid dehydrogenase type 1 (11βHSD-1). 
 11βHSD-1 is the enzyme that catalyzes the conversion of cortisone to biologically active cortisol. 
Visceral obesity is associated with elevated cortisol secretion due to increased local activity of 11βbHSD-
β1 in adipose tissue, but normal levels of circulating glucocorticoids (235). Transgenic overexpression of 



 

11βHSD-1 driven by the aP2 promoter (to confer adipose tissue specificity) produced mice that 
consumed 17.1% more calories than lean controls and thus gained 16% more weight by 9 weeks of age, 
and weighed 21% more calories than controls when administered a high-fat diet. A 3.7-fold increase in 
the mesenteric (visceral) fat pad weight was detected (236).  These findings suggest that increased 
production of glucocorticoids in adipose tissue drives the visceral obesity syndrome, although the 
increased food intake in these animals implicates potential non-local mechanisms. 

CONCLUSIONS 

The mice and rats described in this essay provide proof that body weight and composition are regulated 
by specific genes that participate in complex neural and metabolic pathways that determine energy 
intake and expenditure. The identification of molecules responsible for the single gene obesities in these 
animals has expedited the discovery of many other molecules, pathways and developmental processes 
that constitute the still only incompletely understood mechanisms for energy homeostasis that interact 
with developmental and environmental processes to determine body mass and composition. Their 
existence provides definitive refutation of vitalist/psychological notions that have permeated the field of 
energy intake and metabolism, and provides the heuristic, reductionist framework in which ongoing 
research on these questions should be conducted. It is likely that major genes and their modifiers, as 
well as allelic variants of a larger number of genes with lesser individual impact, will eventually account 
for both qualitative and quantitative aspects of the critical phenotypes in rodents and humans. As this 
chapter demonstrates, mice and rats provide a powerful resource for the discovery and study of the 
constituent molecules, and for hypothesis generation regarding the same processes in humans. The 
ability to refine the characterization of the behavioral and metabolic phenotypes that are controlled by 
these genes –in rodents and humans– will add greatly to the power of genetics to reduce the complex 
continuous phenotypes that are the physiologic “stuff” of energy homeostasis to their constituent 
molecular events. 

 
 
References 
1. Berthoud HR. Interactions between the "cognitive" and "metabolic" brain in the control of food 

intake. Physiol Behav 2007;  
2. Leibel RL. Energy in, energy out, and the effects of obesity-related genes. N Engl J Med 2008; 

359:2603-2604 
3. Ridaura VK, Faith JJ, Rey FE, Cheng J, Duncan AE, Kau AL, Griffin NW, Lombard V, Henrissat 

B, Bain JR, Muehlbauer MJ, Ilkayeva O, Semenkovich CF, Funai K, Hayashi DK, Lyle BJ, Martini 
MC, Ursell LK, Clemente JC, Van Treuren W, Walters WA, Knight R, Newgard CB, Heath AC, 
Gordon JI. Gut microbiota from twins discordant for obesity modulate metabolism in mice. 
Science 2013; 341:1241214 

4. Ahima RS, Flier JS. Adipose tissue as an endocrine organ. Trends Endocrinol Metab 2000; 
11:327-332 

5. cuenot l. [Les races pures et leur combinaisons chez les souris]. Arch Zool Exper Gener 1905; 
3:123-132 

6. Ingalls AM, Dickie MM, Snell GD. Obese, a new mutation in the house mouse. The Journal of 
heredity 1950; 41:317-318 

7. Hummel KP, Dickie MM, Coleman DL. Diabetes, a new mutation in the mouse. Science 1966; 
153:1127-1128 

8. Coleman DL. Diabetes-obesity syndromes in mice. Diabetes 1982; 31:1-6 
9. Coleman DL, Eicher EM. Fat (fat) and tubby (tub): two autosomal recessive mutations causing 

obesity syndromes in the mouse. The Journal of heredity 1990; 81:424-427 



 

10. Chua SC, Jr., Chung WK, Wu-Peng XS, Zhang Y, Liu SM, Tartaglia LA, Leibel RL. Phenotypes of 
mouse  diabetes  and rat  fatty  due to mutations in the OB (Leptin) receptor. Science 1996; 
271:994-996 

11. Phillips MS, Liu Q, Hammond HA, Dugan V, Hey PJ, Caskey CJ, Hess JF. Leptin receptor 
missense mutation in the fatty Zucker rat [letter]. Nature Genetics 1996; 13:18-19 

12. Kawano K, Hirashima T, Mori S, Saitoh Y, Kurosumi M, Natori T. Spontaneous long-term 
hyperglycemic rat with diabetic complications. Otsuka Long-Evans Tokushima Fatty (OLETF) 
strain. Diabetes 1992; 41:1422-1428 

13. Ramachandrappa S, Farooqi IS. Genetic approaches to understanding human obesity. J Clin 
Invest 2011; 121:2080-2086 

14. Palmiter RD, Brinster RL, Hammer RE, Trumbauer ME, Rosenfeld MG, Birnberg NC, Evans RM. 
Dramatic growth of mice that develop from eggs microinjected with metallothionein-growth 
hormone fusion genes. Nature 1982; 300:611-615 

15. Brinster RL, Chen HY, Trumbauer M, Senear AW, Warren R, Palmiter RD. Somatic expression of 
herpes thymidine kinase in mice following injection of a fusion gene into eggs. Cell 1981; 27:223-
231 

16. Yang XW, Gong S. An overview on the generation of BAC transgenic mice for neuroscience 
research. Current protocols in neuroscience / editorial board, Jacqueline N Crawley  [et al] 2005; 
Chapter 5:Unit 5 20 

17. Capecchi MR. Altering the genome by homologous recombination. Science 1989; 244:1288-1292 
18. Hsu PD, Lander ES, Zhang F. Development and applications of CRISPR-Cas9 for genome 

engineering. Cell 2014; 157:1262-1278 
19. Rossant J, Nagy A. Genome engineering: the new mouse genetics. Nature medicine 1995; 

1:592-594 
20. Dockstader CL, Rubinstein M, Grandy DK, Low MJ, van der Kooy D. The D2 receptor is critical in 

mediating opiate motivation only in opiate-dependent and withdrawn mice. Eur J Neurosci 2001; 
13:995-1001 

21. Ludwig DS, Tritos NA, Mastaitis JW, Kulkarni R, Kokkotou E, Elmquist J, Lowell B, Flier JS, 
Maratos-Flier E. Melanin-concentrating hormone overexpression in transgenic mice leads to 
obesity and insulin resistance. J ClinInvest 2001; 107:379-386 

22. Naggert JK, Mu JL, Frankel W, Bailey DW, Paigen B. Genomic analysis of the C57BL/Ks mouse 
strain. Mammalian genome : official journal of the International Mammalian Genome Society 
1995; 6:131-133 

23. Kennedy GC. The role of depot fat in the hypothalamic control of food intake in rats. ProcRSoc 
1953; 140:578-592 

24. Hervey GR. A hypothetical mechanism for the regulation of food intake in relation to energy 
balance. The Proceedings of the Nutrition Society 1969; 28:54A-55A 

25. Coleman DL. Effects of parabiosis of obese with diabetic and normal mice. Diabetologia 1973; 
4:294-298 

26. Coleman DL, Hummel KP. The effects of hypothalamics lesions in genetically diabetic mice. 
Diabetologia 1970; 6:263-267 

27. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. Positional cloning of the 
mouse obese gene and its human homologue. Nature 1994; 372:425-432 

28. Tartaglia LA, Dembski M, Weng X, Deng N, Culpepper J, Devos R, Richards GJ, Campfield LA, 
Clark FT, Deeds J, Muir C, Sanker S, Moriarty A, Moore KJ, Smutko JS, Mays GG, Woolf EA, 
Monroe CA, Tepper RI. Identification and expression cloning of a leptin receptor, OB-R. Cell 
1995; 83:1263-1271 

29. Chen H, Charlat O, Tartaglia LA, Woolf EA, Weng X, Ellis SJ, Lakey ND, Culpepper J, Moore KJ, 
Breitbart RE, Duyk GM, Tepper RI, Morgenstern JP. Evidence that the diabetes gene encodes 
the leptin receptor: Identification of a mutatioan in the leptin receptor gene in db/db mice. Cell 
1996; 84:491-495 

30. Lee GH, Proenca R, Montez JM, Carroll KM, Darvishzadeh JG, Lee JI, Friedman JM. Abnormal 
splicing of the leptin receptor in  diabetic  mice. Nature 1996; 379:632-635 



 

31. Robertson SA, Leinninger GM, Myers MG, Jr. Molecular and neural mediators of leptin action. 
Physiol Behav 2008; 94:637-642 

32. Kowalski TJ, Liu SM, Leibel RL, Chua SC, Jr. Transgenic complementation of leptin-receptor 
deficiency. I. Rescue of the obesity/diabetes phenotype of LEPR-null mice expressing a LEPR-B 
transgene. Diabetes 2001; 50:425-435 

33. Chua SC, Jr., Koutras IK, Han L, Liu SM, Kay J, Young SJ, Chung WK, Leibel RL. Fine structure 
of the murine leptin receptor gene: Splice site suppression is required to form two alternatively 
spliced transcripts. Genomics 1997; 45:264-270 

34. Kloek C, Haq AK, Dunn SL, Lavery HJ, Banks AS, Myers MG, Jr. Regulation of Jak kinases by 
intracellular leptin receptor sequences. J Biol Chem 2002; 277:41547-41555 

35. Allison MB, Myers MG, Jr. 20 years of leptin: connecting leptin signaling to biological function. 
The Journal of endocrinology 2014; 223:T25-35 

36. Chan JL, Bluher S, Yiannakouris N, Suchard MA, Kratzsch J, Mantzoros CS. Regulation of 
circulating soluble leptin receptor levels by gender, adiposity, sex steroids, and leptin: 
observational and interventional studies in humans. Diabetes 2002; 51:2105-2112 

37. Gavrilova O, Barr V, Marcus-Samuels B, Reitman M. Hyperleptinemia of pregnancy associated 
with the appearance of a circulating form of the leptin receptor. Journal of Biological Chemistry 
1997; 272:30546-30551 

38. Tu H, Kastin AJ, Hsuchou H, Pan W. Soluble receptor inhibits leptin transport. Journal of cellular 
physiology 2008; 214:301-305 

39. Banks WA, Kastin AJ, Huang W, Jaspan JB, Maness LM. Leptin enters the brain by a saturable 
system independent of insulin. Peptides 1996; 17:305-311 

40. Huang L, Wang Z, Li C. Modulation of circulating leptin levels by its soluble receptor. J Biol Chem 
2001; 276:6343-6349 

41. Halaas JL, Gajiwala KS, Maffei M, Cohen SL, Chait BT, Rabinowitz D, Lallone RL, Burley SK, 
Friedman JM. Weight-reducing effects of the plasma protein encoded by the obese gene. 
Science 1995; 269:543-546 

42. Pelleymounter MA, Cullen MJ, Baker MB, Hecht R, Winters D, Boone T, Collins F. Effects of the 
obese gene product on body weight regulation in ob/ob mice. Science 1995; 269:540-543 

43. Campfield LA, Smith FJ, Guisez Y, Devos R, Burn P. Recombinant mouse OB protein: Evidence 
for a peripheral signal linking adiposity and central neural networks. Science 1995; 269:546-549 

44. Montague CT, Farooqi IS, Whitehead JP, Soos MA, Rau H, Wareham NJ, Sewter CP, Digby JE, 
Mohammed SN, Hurst JA, Cheetham CH, Earley AR, Barnett AH, Prins JB, O'Rahilly S. 
Congenital leptin deficiency is associated with severe early-onset obesity in humans. Nature 
1997; 387:903-908 

45. Farooqi IS, Jebb SA, Langmack G, Lawrence E, Cheetham CH, Prentice AM, Hughes IA, 
McCamish MA, O'Rahilly S. Effects of recombinant leptin therapy in a child with congenital leptin 
deficiency. NEnglJMed 1999; 341:879-884 

46. Clement K, Vaisse C, Lahlou N, Cabrol S, Pelloux V, Cassuto D, Gourmelen M, Dina C, 
Chambaz J, Lacorte JM, Basdevant A, Bougneres P, leBouc Y, Froguel P, Guy-Grand B. A 
mutation in the human leptin receptor gene causes obesity and pituitary dysfunction. Nature 
1998; 392:398-401 

47. Chung WK, Belfi K, Chua M, Wiley J, Mackintosh R, Nicolson M, Boozer CN, Leibel RL. 
Heterozygosity for Lep(ob) or Lep(rdb) affects body composition and leptin homeostasis in adult 
mice. The American journal of physiology 1998; 274:R985-990 

48. Farooqi IS, Wangensteen T, Collins S, Kimber W, Matarese G, Keogh JM, Lank E, Bottomley B, 
Lopez-Fernandez J, Ferraz-Amaro I, Dattani MT, Ercan O, Myhre AG, Retterstol L, Stanhope R, 
Edge JA, McKenzie S, Lessan N, Ghodsi M, De Rosa V, Perna F, Fontana S, Barroso I, Undlien 
DE, O'Rahilly S. Clinical and molecular genetic spectrum of congenital deficiency of the leptin 
receptor. N Engl J Med 2007; 356:237-247 

49. Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Stephens TW, Nyce MR, Ohannesian JP, 
Marco CC, McKee LJ, Bauer TL, Caro JF. Serum immunoreactive-leptin concentrations in 
normal-weight and obese humans. NEnglJMed 1996; 334:292-295 



 

50. Frederich RC, Hamann A, Anderson S, Lollmann B, Lowell BB, Flier JS. Leptin levels reflect body 
lipid content in mice: evidence for diet-induced resistance to leptin action. NatMed 1995; 1:1311-
1314 

51. Heymsfield SB, Greenberg AS, Fujioka K, Dixon RM, Kushner R, Hunt T, Lubina JA, Patane J, 
Self B, Hunt P, McCamish M. Recombinant leptin for weight loss in obese and lean adults - A 
randomized, controlled, dose-escalation trial. Jama-Journal of the American Medical Association 
1999; 282:1568-1575 

52. Ahima RS, Saper CB, Flier JS, Elmquist JK. Leptin regulation of neuroendocrine systems. Front 
Neuroendocrinol 2000; 21:263-307 

53. Schwartz MW, Seeley RJ, Tschop MH, Woods SC, Morton GJ, Myers MG, D'Alessio D. 
Cooperation between brain and islet in glucose homeostasis and diabetes. Nature 2013; 503:59-
66 

54. Ahima RS, Prabakaran D, Mantzoros CS, Qu D, Lowell BB, Maratos-Flier E, Flier JS. Role of 
leptin in the neuroendocrine response to fasting. Nature 1996; 382:250-252 

55. Leibel RL. Molecular physiology of weight regulation in mice and humans. International journal of 
obesity 2008; 32 Suppl 7:S98-108 

56. Shimomura I, Hammer RE, Ikemoto S, Brown MS, Goldstein JL. Leptin reverses insulin 
resistance and diabetes mellitus in mice with congenital lipodystrophy [In Process Citation]. 
Nature 1999; 401:73-76 

57. Ebihara K, Ogawa Y, Masuzaki H, Shintani M, Miyanaga F, Aizawa-Abe M, Hayashi T, Hosoda K, 
Inoue G, Yoshimasa Y, Gavrilova O, Reitman ML, Nakao K. Transgenic overexpression of leptin 
rescues insulin resistance and diabetes in a mouse model of lipoatrophic diabetes. Diabetes 
2001; 50:1440-1448 

58. Morrow T. Myalept approved for treatment of disorders marked by loss of body fat. Managed care 
2014; 23:50-51 

59. Cohen P, Zhao C, Cai X, Montez JM, Rohani SC, Feinstein P, Mombaerts P, Friedman JM. 
Selective deletion of leptin receptor in neurons leads to obesity. J Clin Invest 2001; 108:1113-
1121 

60. Patterson CM, Leshan RL, Jones JC, Myers MG, Jr. Molecular mapping of mouse brain regions 
innervated by leptin receptor-expressing cells. Brain Res 2011;  

61. Elmquist JK, Bjorbaek C, Ahima RS, Flier JS, Saper CB. Distributions of leptin receptor mRNA 
isoforms in the rat brain. J Comp Neurol 1998; 395:535-547 

62. Scott MM, Lachey JL, Sternson SM, Lee CE, Elias CF, Friedman JM, Elmquist JK. Leptin targets 
in the mouse brain. J Comp Neurol 2009; 514:518-532 

63. Ring LE, Zeltser LM. Disruption of hypothalamic leptin signaling in mice leads to early-onset 
obesity, but physiological adaptations in mature animals stabilize adiposity levels. J Clin Invest 
2010; 120:2931-2941 

64. Vong L, Ye C, Yang Z, Choi B, Chua S, Jr., Lowell BB. Leptin Action on GABAergic Neurons 
Prevents Obesity and Reduces Inhibitory Tone to POMC Neurons. Neuron 2011; 71:142-154 

65. Leshan RL, Greenwald-Yarnell M, Patterson CM, Gonzalez IE, Myers MG, Jr. Leptin action 
through hypothalamic nitric oxide synthase-1-expressing neurons controls energy balance. 
Nature medicine 2012;  

66. van de Wall E, Leshan R, Xu AW, Balthasar N, Coppari R, Liu SM, Jo YH, MacKenzie RG, 
Allison DB, Dun NJ, Elmquist J, Lowell BB, Barsh GS, de Luca C, Myers MG, Jr., Schwartz GJ, 
Chua SC, Jr. Collective and individual functions of leptin receptor modulated neurons controlling 
metabolism and ingestion. Endocrinology 2008; 149:1773-1785 

67. Balthasar N, Coppari R, McMinn J, Liu SM, Lee CE, Tang V, Kenny CD, McGovern RA, Chua 
SC, Jr., Elmquist JK, Lowell BB. Leptin Receptor Signaling in POMC Neurons Is Required for 
Normal Body Weight Homeostasis. Neuron 2004; 42:983-991 

68. Dhillon H, Zigman JM, Ye C, Lee CE, McGovern RA, Tang V, Kenny CD, Christiansen LM, White 
RD, Edelstein EA, Coppari R, Balthasar N, Cowley MA, Chua S, Jr., Elmquist JK, Lowell BB. 
Leptin directly activates SF1 neurons in the VMH, and this action by leptin is required for normal 
body-weight homeostasis. Neuron 2006; 49:191-203 



 

69. Kim KW, Zhao L, Donato J, Jr., Kohno D, Xu Y, Elias CF, Lee C, Parker KL, Elmquist JK. 
Steroidogenic factor 1 directs programs regulating diet-induced thermogenesis and leptin action 
in the ventral medial hypothalamic nucleus. Proc Natl Acad Sci U S A 2011;  

70. Donato J, Jr., Cravo RM, Frazao R, Gautron L, Scott MM, Lachey J, Castro IA, Margatho LO, Lee 
S, Lee C, Richardson JA, Friedman J, Chua S, Jr., Coppari R, Zigman JM, Elmquist JK, Elias CF. 
Leptin's effect on puberty in mice is relayed by the ventral premammillary nucleus and does not 
require signaling in Kiss1 neurons. J Clin Invest 2011; 121:355-368 

71. Barsh GS, He L, Gunn TM. Genetic and biochemical studies of the Agouti-attractin system. J 
Recept Signal Transduct Res 2002; 22:63-77 

72. Dickie MM. Mutations at the agouti locus in the mouse. The Journal of heredity 1969; 60:20-25 
73. Lu D, Willard D, Patel IR, Kadwell SH, Overton L, Kost T, Luther M, Chen W, Woychik RP, 

Wilkison WO, Cone RD. Agouti protein is an antagonist of the melanocyte-stimulating-hormone 
receptor. Nature 1994; 371:799-802 

74. Coleman DL. Obese and diabetes: two mutant genes causing diabetes-obesity syndromes in 
mice. Diabetologia 1978; 14:141-148 

75. Cone RD. The melanocortin receptors: Agonists, antagonists, and the hormonal control of 
pigmentation. Recent ProgHormRes 1996; 51:287-318 

76. Butler AA, Cone RD. The melanocortin receptors: lessons from knockout models. Neuropeptides 
2002; 36:77-84 

77. Huszar D, Lynch CA, Fairchild-Huntress V, Dunmore JH, Fang Q, Berkemeier LR, Gu W, 
Kesterson RA, Boston BA, Cone RD, Smith FJ, Campfield LA, Burn P, Lee F. Targeted disruption 
of the melanocortin-4 receptor results in obesity in mice. Cell 1997; 88:131-141 

78. Ste ML, Miura GI, Marsh DJ, Yagaloff K, Palmiter RD. A metabolic defect promotes obesity in 
mice lacking melanocortin-4 receptors. ProcNatlAcadSciUSA 2000; 97:12339-12344 

79. Vaisse C, Clement K, Guy-Grand B, Froguel P. A frameshift mutation in human MC4R is 
associated with a dominant form of obesity. Nature Genetics 1998; 20:113-114 

80. Loos RJ, Lindgren CM, Li S, Wheeler E, Zhao JH, Prokopenko I, Inouye M, Freathy RM, Attwood 
AP, Beckmann JS, Berndt SI, Jacobs KB, Chanock SJ, Hayes RB, Bergmann S, Bennett AJ, 
Bingham SA, Bochud M, Brown M, Cauchi S, Connell JM, Cooper C, Smith GD, Day I, Dina C, 
De S, Dermitzakis ET, Doney AS, Elliott KS, Elliott P, Evans DM, Sadaf Farooqi I, Froguel P, 
Ghori J, Groves CJ, Gwilliam R, Hadley D, Hall AS, Hattersley AT, Hebebrand J, Heid IM, Lamina 
C, Gieger C, Illig T, Meitinger T, Wichmann HE, Herrera B, Hinney A, Hunt SE, Jarvelin MR, 
Johnson T, Jolley JD, Karpe F, Keniry A, Khaw KT, Luben RN, Mangino M, Marchini J, McArdle 
WL, McGinnis R, Meyre D, Munroe PB, Morris AD, Ness AR, Neville MJ, Nica AC, Ong KK, 
O'Rahilly S, Owen KR, Palmer CN, Papadakis K, Potter S, Pouta A, Qi L, Randall JC, Rayner 
NW, Ring SM, Sandhu MS, Scherag A, Sims MA, Song K, Soranzo N, Speliotes EK, Syddall HE, 
Teichmann SA, Timpson NJ, Tobias JH, Uda M, Vogel CI, Wallace C, Waterworth DM, Weedon 
MN, Willer CJ, Wraight, Yuan X, Zeggini E, Hirschhorn JN, Strachan DP, Ouwehand WH, 
Caulfield MJ, Samani NJ, Frayling TM, Vollenweider P, Waeber G, Mooser V, Deloukas P, 
McCarthy MI, Wareham NJ, Barroso I, Kraft P, Hankinson SE, Hunter DJ, Hu FB, Lyon HN, 
Voight BF, Ridderstrale M, Groop L, Scheet P, Sanna S, Abecasis GR, Albai G, Nagaraja R, 
Schlessinger D, Jackson AU, Tuomilehto J, Collins FS, Boehnke M, Mohlke KL. Common 
variants near MC4R are associated with fat mass, weight and risk of obesity. Nat Genet 2008; 
40:768-775 

81. O'Rahilly S, Farooqi IS. Human obesity as a heritable disorder of the central control of energy 
balance. International journal of obesity 2008; 32 Suppl 7:S55-61 

82. Farooqi IS, Keogh JM, Yeo GS, Lank EJ, Cheetham T, O'Rahilly S. Clinical spectrum of obesity 
and mutations in the melanocortin 4 receptor gene. N Engl J Med 2003; 348:1085-1095 

83. Farooqi IS, Yeo GS, Keogh JM, Aminian S, Jebb SA, Butler G, Cheetham T, O'Rahilly S. 
Dominant and recessive inheritance of morbid obesity associated with melanocortin 4 receptor 
deficiency. J Clin Invest 2000; 106:271-279 

84. Speliotes EK, Willer CJ, Berndt SI, Monda KL, Thorleifsson G, Jackson AU, Allen HL, Lindgren 
CM, Luan J, Magi R, Randall JC, Vedantam S, Winkler TW, Qi L, Workalemahu T, Heid IM, 
Steinthorsdottir V, Stringham HM, Weedon MN, Wheeler E, Wood AR, Ferreira T, Weyant RJ, 



 

Segre AV, Estrada K, Liang L, Nemesh J, Park JH, Gustafsson S, Kilpelainen TO, Yang J, 
Bouatia-Naji N, Esko T, Feitosa MF, Kutalik Z, Mangino M, Raychaudhuri S, Scherag A, Smith 
AV, Welch R, Zhao JH, Aben KK, Absher DM, Amin N, Dixon AL, Fisher E, Glazer NL, Goddard 
ME, Heard-Costa NL, Hoesel V, Hottenga JJ, Johansson A, Johnson T, Ketkar S, Lamina C, Li S, 
Moffatt MF, Myers RH, Narisu N, Perry JR, Peters MJ, Preuss M, Ripatti S, Rivadeneira F, 
Sandholt C, Scott LJ, Timpson NJ, Tyrer JP, van Wingerden S, Watanabe RM, White CC, 
Wiklund F, Barlassina C, Chasman DI, Cooper MN, Jansson JO, Lawrence RW, Pellikka N, 
Prokopenko I, Shi J, Thiering E, Alavere H, Alibrandi MT, Almgren P, Arnold AM, Aspelund T, 
Atwood LD, Balkau B, Balmforth AJ, Bennett AJ, Ben-Shlomo Y, Bergman RN, Bergmann S, 
Biebermann H, Blakemore AI, Boes T, Bonnycastle LL, Bornstein SR, Brown MJ, Buchanan TA, 
Busonero F, Campbell H, Cappuccio FP, Cavalcanti-Proenca C, Chen YD, Chen CM, Chines PS, 
Clarke R, Coin L, Connell J, Day IN, Heijer M, Duan J, Ebrahim S, Elliott P, Elosua R, Eiriksdottir 
G, Erdos MR, Eriksson JG, Facheris MF, Felix SB, Fischer-Posovszky P, Folsom AR, Friedrich 
N, Freimer NB, Fu M, Gaget S, Gejman PV, Geus EJ, Gieger C, Gjesing AP, Goel A, Goyette P, 
Grallert H, Grassler J, Greenawalt DM, Groves CJ, Gudnason V, Guiducci C, Hartikainen AL, 
Hassanali N, Hall AS, Havulinna AS, Hayward C, Heath AC, Hengstenberg C, Hicks AA, Hinney 
A, Hofman A, Homuth G, Hui J, Igl W, Iribarren C, Isomaa B, Jacobs KB, Jarick I, Jewell E, John 
U, Jorgensen T, Jousilahti P, Jula A, Kaakinen M, Kajantie E, Kaplan LM, Kathiresan S, Kettunen 
J, Kinnunen L, Knowles JW, Kolcic I, Konig IR, Koskinen S, Kovacs P, Kuusisto J, Kraft P, Kvaloy 
K, Laitinen J, Lantieri O, Lanzani C, Launer LJ, Lecoeur C, Lehtimaki T, Lettre G, Liu J, Lokki ML, 
Lorentzon M, Luben RN, Ludwig B, Manunta P, Marek D, Marre M, Martin NG, McArdle WL, 
McCarthy A, McKnight B, Meitinger T, Melander O, Meyre D, Midthjell K, Montgomery GW, 
Morken MA, Morris AP, Mulic R, Ngwa JS, Nelis M, Neville MJ, Nyholt DR, O'Donnell CJ, 
O'Rahilly S, Ong KK, Oostra B, Pare G, Parker AN, Perola M, Pichler I, Pietilainen KH, Platou 
CG, Polasek O, Pouta A, Rafelt S, Raitakari O, Rayner NW, Ridderstrale M, Rief W, Ruokonen A, 
Robertson NR, Rzehak P, Salomaa V, Sanders AR, Sandhu MS, Sanna S, Saramies J, 
Savolainen MJ, Scherag S, Schipf S, Schreiber S, Schunkert H, Silander K, Sinisalo J, Siscovick 
DS, Smit JH, Soranzo N, Sovio U, Stephens J, Surakka I, Swift AJ, Tammesoo ML, Tardif JC, 
Teder-Laving M, Teslovich TM, Thompson JR, Thomson B, Tonjes A, Tuomi T, van Meurs JB, 
van Ommen GJ, Vatin V, Viikari J, Visvikis-Siest S, Vitart V, Vogel CI, Voight BF, Waite LL, 
Wallaschofski H, Walters GB, Widen E, Wiegand S, Wild SH, Willemsen G, Witte DR, Witteman 
JC, Xu J, Zhang Q, Zgaga L, Ziegler A, Zitting P, Beilby JP, Farooqi IS, Hebebrand J, Huikuri HV, 
James AL, Kahonen M, Levinson DF, Macciardi F, Nieminen MS, Ohlsson C, Palmer LJ, Ridker 
PM, Stumvoll M, Beckmann JS, Boeing H, Boerwinkle E, Boomsma DI, Caulfield MJ, Chanock 
SJ, Collins FS, Cupples LA, Smith GD, Erdmann J, Froguel P, Gronberg H, Gyllensten U, Hall P, 
Hansen T, Harris TB, Hattersley AT, Hayes RB, Heinrich J, Hu FB, Hveem K, Illig T, Jarvelin MR, 
Kaprio J, Karpe F, Khaw KT, Kiemeney LA, Krude H, Laakso M, Lawlor DA, Metspalu A, Munroe 
PB, Ouwehand WH, Pedersen O, Penninx BW, Peters A, Pramstaller PP, Quertermous T, 
Reinehr T, Rissanen A, Rudan I, Samani NJ, Schwarz PE, Shuldiner AR, Spector TD, Tuomilehto 
J, Uda M, Uitterlinden A, Valle TT, Wabitsch M, Waeber G, Wareham NJ, Watkins H, Wilson JF, 
Wright AF, Zillikens MC, Chatterjee N, McCarroll SA, Purcell S, Schadt EE, Visscher PM, 
Assimes TL, Borecki IB, Deloukas P, Fox CS, Groop LC, Haritunians T, Hunter DJ, Kaplan RC, 
Mohlke KL, O'Connell JR, Peltonen L, Schlessinger D, Strachan DP, van Duijn CM, Wichmann 
HE, Frayling TM, Thorsteinsdottir U, Abecasis GR, Barroso I, Boehnke M, Stefansson K, North 
KE, McCarthy MI, Hirschhorn JN, Ingelsson E, Loos RJ. Association analyses of 249,796 
individuals reveal 18 new loci associated with body mass index. Nat Genet 2010; 42:937-948 

85. Barsh G, Gunn T, He L, Wilson B, Lu X, Gantz I, Watson S. Neuroendocrine regulation by the 
Agouti/Agrp-melanocortin system. Endocr Res 2000; 26:571 

86. Ollmann MM, Wilson BD, Yang YK, Kerns JA, Chen Y, Gantz I, Barsh GS. Antagonism of central 
melanocortin receptors in vitro and in vivo by agouti-related protein. Science 1997; 278:135-138 

87. Qian S, Chen H, Weingarth D, Trumbauer ME, Novi DE, Guan X, Yu H, Shen Z, Feng Y, Frazier 
E, Chen A, Camacho RE, Shearman LP, Gopal-Truter S, MacNeil DJ, Van Der Ploeg LH, Marsh 
DJ. Neither Agouti-Related Protein nor Neuropeptide Y Is Critically Required for the Regulation of 
Energy Homeostasis in Mice. MolCell Biol 2002; 22:5027-5035 



 

88. Luquet S, Perez FA, Hnasko TS, Palmiter RD. NPY/AgRP neurons are essential for feeding in 
adult mice but can be ablated in neonates. Science 2005; 310:683-685 

89. Gropp E, Shanabrough M, Borok E, Xu AW, Janoschek R, Buch T, Plum L, Balthasar N, Hampel 
B, Waisman A, Barsh GS, Horvath TL, Bruning JC. Agouti-related peptide-expressing neurons 
are mandatory for feeding. NatNeurosci 2005; 8:1289-1291 

90. Marsh DJ, Hollopeter G, Huszar D, Laufer R, Yagaloff KA, Fisher SL, Burn P, Palmiter RD. 
Response of melanocortin-4 receptor-deficient mice to anorectic and orexigenic peptides. 
NatGenet 1999; 21:119-122 

91. Butler AA, Kesterson RA, Khong K, Cullen MJ, Pelleymounter MA, Dekoning J, Baetscher M, 
Cone RD. A unique metabolic syndrome causes obesity in the melanocortin-3 receptor-deficient 
mouse. Endocrinology 2000; 141:3518-3521 

92. Chen AS, Marsh DJ, Trumbauer ME, Frazier EG, Guan XM, Yu H, Rosenblum CI, Vongs A, Feng 
Y, Cao L, Metzger JM, Strack AM, Camacho RE, Mellin TN, Nunes CN, Min W, Fisher J, Gopal-
Truter S, MacIntyre DE, Chen HY, Van Der Ploeg LH. Inactivation of the mouse melanocortin-3 
receptor results in increased fat mass and reduced lean body mass. NatGenet 2000; 26:97-102 

93. Smart JL, Low MJ. Lack of proopiomelanocortin peptides results in obesity and defective adrenal 
function but normal melanocyte pigmentation in the murine C57BL/6 genetic background. Ann N 
Y Acad Sci 2003; 994:202-210 

94. Smart JL, Tolle V, Otero-Corchon V, Low MJ. Central dysregulation of the hypothalamic-pituitary-
adrenal axis in neuron-specific proopiomelanocortin-deficient mice. Endocrinology 2007; 148:647-
659 

95. Krude H, Biebermann H, Luck W, Horn R, Brabant G, Gruters A. Severe early-onset obesity, 
adrenal insufficiency and red hair pigmentation caused by POMC mutations in humans. Nat 
Genet 1998; 19:155-157 

96. Reizes O, Benoit SC, Strader AD, Clegg DJ, Akunuru S, Seeley RJ. Syndecan-3 modulates food 
intake by interacting with the melanocortin/AgRP pathway. Ann N Y Acad Sci 2003; 994:66-73 

97. Naggert JK, Fricker LD, Varlamov O, Nishina PM, Rouille Y, Steiner DF, Carroll RJ, Paigen BJ, 
Leiter EH. Hyperproinsulinaemia in obese fat/fat mice associated with a carboxypeptidase E 
mutation which reduces enzyme activity. Nat Genet 1995; 10:135-142 

98. Fricker LD, Leiter EH. Peptides, enzymes and obesity: new insights from a 'dead' enzyme. 
Trends Biochem Sci 1999; 24:390-393 

99. Chen H, Jawahar S, Qian Y, Duong Q, Chan G, Parker A, Meyer JM, Moore KJ, Chayen S, 
Gross DJ, Glaser B, Permutt MA, Fricker LD. Missense polymorphism in the human 
carboxypeptidase E gene alters enzymatic activity. Human mutation 2001; 18:120-131 

100. Zhu X, Zhou A, Dey A, Norrbom C, Carroll R, Zhang C, Laurent V, Lindberg I, Ugleholdt R, Holst 
JJ, Steiner DF. Disruption of PC1/3 expression in mice causes dwarfism and multiple 
neuroendocrine peptide processing defects. Proceedings of the National Academy of Sciences of 
the United States of America 2002; 99:10293-10298 

101. Lloyd DJ, Bohan S, Gekakis N. Obesity, hyperphagia and increased metabolic efficiency in Pc1 
mutant mice. Human molecular genetics 2006; 15:1884-1893 

102. Jackson RS, Creemers JWM, Ohagi S, Raffin-Sanson ML, Sanders L, Montague CT, Hutton JC, 
O'Rahilly S. Obesity and impaired prohormone processing associated with mutations in the 
human prohormone convertase I gene. Nature Genetics 1997; 16:303-306 

103. Berman Y, Mzhavia N, Polonskaia A, Furuta M, Steiner DF, Pintar JE, Devi LA. Defective 
prodynorphin processing in mice lacking prohormone convertase PC2. Journal of neurochemistry 
2000; 75:1763-1770 

104. Wallingford N, Perroud B, Gao Q, Coppola A, Gyengesi E, Liu ZW, Gao XB, Diament A, Haus 
KA, Shariat-Madar Z, Mahdi F, Wardlaw SL, Schmaier AH, Warden CH, Diano S. 
Prolylcarboxypeptidase regulates food intake by inactivating alpha-MSH in rodents. J Clin Invest 
2009; 119:2291-2303 

105. Noben-Taruth K, Naggert JK, North MA, Nishina PM. A candidate gene for the mouse mutation  
tubby Nature 1996; 380:534-538 

106. Mukhopadhyay S, Jackson PK. Cilia, tubby mice, and obesity. Cilia 2013; 2:1 



 

107. Gunn TM, Miller KA, He L, Hyman RW, Davis RW, Azarani A, Schlossman SF, Duke-Cohan JS, 
Barsh GS. The mouse mahogany locus encodes a transmembrane form of human attractin. 
Nature 1999; 398:152-156 

108. Kuramoto T, Kitada K, Inui T, Sasaki Y, Ito K, Hase T, Kawagachi S, Ogawa Y, Nakao K, Barsh 
GS, Nagao M, Ushijima T, Serikawa T. Attractin/mahogany/zitter plays a critical role in 
myelination of the central nervous system. Proc Natl Acad Sci U S A 2001; 98:559-564 

109. Phan LK, Lin F, LeDuc CA, Chung WK, Leibel RL. The mouse mahoganoid coat color mutation 
disrupts a novel C3HC4 RING domain protein. J Clin Invest 2002; 110:1449-1459 

110. He L, Gunn TM, Bouley DM, Lu XY, Watson SJ, Schlossman SF, Duke-Cohan JS, Barsh GS. A 
biochemical function for attractin in agouti-induced pigmentation and obesity. Nat Genet 2001; 
27:40-47 

111. He L, Lu XY, Jolly AF, Eldridge AG, Watson SJ, Jackson PK, Barsh GS, Gunn TM. Spongiform 
degeneration in mahoganoid mutant mice. Science 2003; 299:710-712 

112. Overton JD, Leibel RL. Mahoganoid and mahogany mutations rectify the obesity of the yellow 
mouse by effects on endosomal traffic of MC4R protein. J Biol Chem 2011; 286:18914-18929 

113. Tong Q, Ye CP, Jones JE, Elmquist JK, Lowell BB. Synaptic release of GABA by AgRP neurons 
is required for normal regulation of energy balance. NatNeurosci 2008;  

114. Wu Q, Boyle MP, Palmiter RD. Loss of GABAergic signaling by AgRP neurons to the 
parabrachial nucleus leads to starvation. Cell 2009; 137:1225-1234 

115. Chambers AP, Woods SC. The role of neuropeptide Y in energy homeostasis. Handbook of 
experimental pharmacology 2012:23-45 

116. Marsh DJ, Hollopeter G, Kafer KE, Palmiter RD. Role of the Y5 neuropeptide Y receptor in 
feeding and obesity. Nature medicine 1998; 4:718-721 

117. Sainsbury A, Schwarzer C, Couzens M, Fetissov S, Furtinger S, Jenkins A, Cox HM, Sperk G, 
Hokfelt T, Herzog H. Important role of hypothalamic Y2 receptors in body weight regulation 
revealed in conditional knockout mice. Proc Natl Acad Sci U S A 2002; 99:8938-8943 

118. Batterham RL, Cowley MA, Small CJ, Herzog H, Cohen MA, Dakin CL, Wren AM, Brynes AE, 
Low MJ, Ghatei MA, Cone RD, Bloom SR. Gut hormone PYY(3-36) physiologically inhibits food 
intake. Nature 2002; 418:650-654 

119. Kirchner H, Heppner KM, Tschop MH. The role of ghrelin in the control of energy balance. 
Handbook of experimental pharmacology 2012:161-184 

120. Tschop M, Smiley DL, Heiman ML. Ghrelin induces adiposity in rodents. Nature 2000; 407:908-
913 

121. Yang J, Brown MS, Liang G, Grishin NV, Goldstein JL. Identification of the acyltransferase that 
octanoylates ghrelin, an appetite-stimulating peptide hormone. Cell 2008; 132:387-396 

122. Heppner KM, Tong J, Kirchner H, Nass R, Tschop MH. The ghrelin O-acyltransferase-ghrelin 
system: a novel regulator of glucose metabolism. Curr Opin Endocrinol Diabetes Obes 2011; 
18:50-55 

123. Tong J, Prigeon RL, Davis HW, Bidlingmaier M, Tschop MH, D'Alessio D. Physiologic 
concentrations of exogenously infused ghrelin reduces insulin secretion without affecting insulin 
sensitivity in healthy humans. J Clin Endocrinol Metab 2013; 98:2536-2543 

124. Castaneda TR, Tong J, Datta R, Culler M, Tschop MH. Ghrelin in the regulation of body weight 
and metabolism. Front Neuroendocrinol 2010; 31:44-60 

125. Marston OJ, Garfield AS, Heisler LK. Role of central serotonin and melanocortin systems in the 
control of energy balance. Eur J Pharmacol 2011; 660:70-79 

126. Sohn JW, Xu Y, Jones JE, Wickman K, Williams KW, Elmquist JK. Serotonin 2C receptor 
activates a distinct population of arcuate pro-opiomelanocortin neurons via TRPC channels. 
Neuron 2011; 71:488-497 

127. Holder JL, Jr., Butte NF, Zinn AR. Profound obesity associated with a balanced translocation that 
disrupts the SIM1 gene. Hum Mol Genet 2000; 9:101-108 

128. Elmquist JK, Elias CF, Saper CB. From lesions to leptin: hypothalamic control of food intake and 
body weight. Neuron 1999; 22:221-232 



 

129. Holder JL, Jr., Zhang L, Kublaoui BM, DiLeone RJ, Oz OK, Bair CH, Lee YH, Zinn AR. Sim1 gene 
dosage modulates the homeostatic feeding response to increased dietary fat in mice. Am J 
Physiol Endocrinol Metab 2004; 287:E105-113 

130. Balthasar N, Dalgaard LT, Lee CE, Yu J, Funahashi H, Williams T, Ferreira M, Tang V, 
McGovern RA, Kenny CD, Christiansen LM, Edelstein E, Choi B, Boss O, Aschkenasi C, Zhang 
CY, Mountjoy K, Kishi T, Elmquist JK, Lowell BB. Divergence of melanocortin pathways in the 
control of food intake and energy expenditure. Cell 2005; 123:493-505 

131. Shah BP, Vong L, Olson DP, Koda S, Krashes MJ, Ye C, Yang Z, Fuller PM, Elmquist JK, Lowell 
BB. MC4R-expressing glutamatergic neurons in the paraventricular hypothalamus regulate 
feeding and are synaptically connected to the parabrachial nucleus. Proc Natl Acad Sci U S A 
2014; 111:13193-13198 

132. Atasoy D, Betley JN, Su HH, Sternson SM. Deconstruction of a neural circuit for hunger. Nature 
2012; 488:172-177 

133. Sutton AK, Pei H, Burnett KH, Myers MG, Jr., Rhodes CJ, Olson DP. Control of food intake and 
energy expenditure by nos1 neurons of the paraventricular hypothalamus. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 2014; 34:15306-15318 

134. Wu Z, Xu Y, Zhu Y, Sutton AK, Zhao R, Lowell BB, Olson DP, Tong Q. An obligate role of 
oxytocin neurons in diet induced energy expenditure. PLoS One 2012; 7:e45167 

135. Morley JE, Levine AS. Corticotrophin releasing factor, grooming and ingestive behavior. Life 
sciences 1982; 31:1459-1464 

136. Muglia L, Jacobson L, Dikkes P, Majzoub JA. Corticotropin-releasing hormone deficiency reveals 
major fetal but not adult glucocorticoid need. Nature 1995; 373:427-432 

137. Heinrichs SC, Lapsansky J, Lovenberg TW, De Souza EB, Chalmers DT. Corticotropin-releasing 
factor CRF1, but not CRF2, receptors mediate anxiogenic-like behavior. Regulatory peptides 
1997; 71:15-21 

138. Bale TL, Picetti R, Contarino A, Koob GF, Vale WW, Lee KF. Mice deficient for both corticotropin-
releasing factor receptor 1 (CRFR1) and CRFR2 have an impaired stress response and display 
sexually dichotomous anxiety-like behavior. The Journal of neuroscience : the official journal of 
the Society for Neuroscience 2002; 22:193-199 

139. Pei H, Sutton AK, Burnett KH, Fuller PM, Olson DP. AVP neurons in the paraventricular nucleus 
of the hypothalamus regulate feeding. Molecular metabolism 2014; 3:209-215 

140. Tran PV, Lee MB, Marin O, Xu B, Jones KR, Reichardt LF, Rubenstein JR, Ingraham HA. 
Requirement of the orphan nuclear receptor SF-1 in terminal differentiation of ventromedial 
hypothalamic neurons. Mol Cell Neurosci 2003; 22:441-453 

141. Hawke Z, Ivanov TR, Bechtold DA, Dhillon H, Lowell BB, Luckman SM. PACAP neurons in the 
hypothalamic ventromedial nucleus are targets of central leptin signaling. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 2009; 29:14828-14835 

142. Robinson S, Sotak BN, During MJ, Palmiter RD. Local dopamine production in the dorsal striatum 
restores goal-directed behavior in dopamine-deficient mice. BehavNeurosci 2006; 120:196-200 

143. Qu D, Ludwig DS, Gammeltoft S, Piper M, Pelleymounter MA, Cullen MJ, Mathes WF, Przypek J, 
Kanarek R, Maratos-Flier E. A role for melanin-concentrating hormone in the central regulation of 
feeding behavior. Nature 1996; 380:243-247 

144. Shimada M, Tritos NA, Lowell BB, Flier JS, Maratos-Flier E. Mice lacking melanin-concentrating 
hormone are hypophagic and lean. Nature 1998; 396:670-674 

145. de Lecea L, Kilduff TS, Peyron C, Gao X, Foye PE, Danielson PE, Fukuhara C, Battenberg EL, 
Gautvik VT, Bartlett FS, II, Frankel WN, van den Pol AN, Bloom FE, Gautvik KM, Sutcliffe JG. 
The hypocretins: Hypothalamus-specific peptides with neuroexcitatory activity. 
ProcNatlAcadSciUSA 1998; 95:322-327 

146. Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM, Tanaka H, Williams SC, Richardson 
JA, Kozlowski GP, Wilson S, Arch JR, Buckingham RE, Haynes AC, Carr SA, Annan RS, 
McNulty DE, Liu WS, Terrett JA, Elshourbagy NA, Bergsma DJ, Yanagisawa M. Orexins and 
orexin receptors: A family of hypothalamic neuropeptides and G protein-coupled receptors that 
regulate feeding behavior. Cell 1998; 92:573-585 



 

147. Funato H, Tsai AL, Willie JT, Kisanuki Y, Williams SC, Sakurai T, Yanagisawa M. Enhanced 
orexin receptor-2 signaling prevents diet-induced obesity and improves leptin sensitivity. Cell 
Metab 2009; 9:64-76 

148. de Lecea L, Sutcliffe JG. The hypocretins and sleep. FEBS J 2005; 272:5675-5688 
149. Louis GW, Leinninger GM, Rhodes CJ, Myers MG, Jr. Direct innervation and modulation of orexin 

neurons by lateral hypothalamic LepRb neurons. The Journal of neuroscience : the official journal 
of the Society for Neuroscience 2010; 30:11278-11287 

150. Goforth PB, Leinninger GM, Patterson CM, Satin LS, Myers MG, Jr. Leptin acts via lateral 
hypothalamic area neurotensin neurons to inhibit orexin neurons by multiple GABA-independent 
mechanisms. The Journal of neuroscience : the official journal of the Society for Neuroscience 
2014; 34:11405-11415 

151. Leinninger GM, Opland DM, Jo YH, Faouzi M, Christensen L, Cappellucci LA, Rhodes CJ, Gnegy 
ME, Becker JB, Pothos EN, Seasholtz AF, Thompson RC, Myers MG, Jr. Leptin action via 
neurotensin neurons controls orexin, the mesolimbic dopamine system and energy balance. Cell 
Metab 2011; 14:313-323 

152. Bates SH, Stearns WH, Schubert M, Tso AWK, Wang Y, Banks AS, Dundon TA, Lavery HJ, Haq 
AK, Maratos-Flier E, Neel BG, Schwartz MW, Myers MG, Jr. STAT3 signaling is required for 
leptin regulation of energy balance but not reproduction. Nature 2003; 421:856-859 

153. Xu AW, Ste-Marie L, Kaelin CB, Barsh GS. Inactivation of signal transducer and activator of 
transcription 3 in proopiomelanocortin (Pomc) neurons causes decreased pomc expression, mild 
obesity, and defects in compensatory refeeding. Endocrinology 2007; 148:72-80 

154. Piper ML, Unger EK, Myers MG, Jr., Xu AW. Specific physiological roles for Stat3 in leptin 
receptor-expressing neurons. Mol Endocrinol 2007;  

155. Lee JY, Muenzberg H, Gavrilova O, Reed JA, Berryman D, Villanueva EC, Louis GW, Leinninger 
GM, Bertuzzi S, Seeley RJ, Robinson GW, Myers MG, Hennighausen L. Loss of Cytokine-STAT5 
Signaling in the CNS and Pituitary Gland Alters Energy Balance and Leads to Obesity. PLoSONE 
2008; 3:e1639 

156. Reed JA, Clegg DJ, Smith KB, Tolod-Richer EG, Matter EK, Picard LS, Seeley RJ. GM-CSF 
action in the CNS decreases food intake and body weight. J ClinInvest 2005; 115:3035-3044 

157. Singireddy AV, Inglis MA, Zuure WA, Kim JS, Anderson GM. Neither signal transducer and 
activator of transcription 3 (STAT3) or STAT5 signaling pathways are required for leptin's effects 
on fertility in mice. Endocrinology 2013; 154:2434-2445 

158. Sipols AJ, Baskin DG, Schwartz MW. Effect of intracerebroventricular insulin infusion on diabetic 
hyperphagia and hypothalamic neuropeptide gene expression. Diabetes 1995; 44:147-151 

159. Bruning JC, Gautam D, Burks DJ, Gillette J, Schubert M, Orban PC, Klein R, Krone W, Muller-
Wieland D, Kahn CR. Role of brain insulin receptor in control of body weight and reproduction 
[see comments]. Science 2000; 289:2122-2125 

160. Bruning JC, Michael MD, Winnay JN, Hayashi T, Horsch D, Accili D, Goodyear LJ, Kahn CR. A 
muscle-specific insulin receptor knockout exhibits features of the metabolic syndrome of NIDDM 
without altering glucose tolerance. MolCell 1998; 2:559-569 

161. Nandi A, Kitamura Y, Kahn CR, Accili D. Mouse models of insulin resistance. Physiol Rev 2004; 
84:623-647 

162. White MF. Insulin signaling in health and disease. Science 2003; 302:1710-1711 
163. Lin X, Taguchi A, Park S, Kushner JA, Li F, Li Y, White MF. Dysregulation of insulin receptor 

substrate 2 in beta cells and brain causes obesity and diabetes. J ClinInvest 2004; 114:908-916 
164. Sadagurski M, Dong XC, Myers MG, Jr., White MF. Irs2 and Irs4 synergize in non-LepRb 

neurons to control energy balance and glucose homeostasis. Molecular metabolism 2014; 3:55-
63 

165. Ren H, Orozco IJ, Su Y, Suyama S, Gutierrez-Juarez R, Horvath TL, Wardlaw SL, Plum L, 
Arancio O, Accili D. FoxO1 Target Gpr17 Activates AgRP Neurons to Regulate Food Intake. Cell 
2012; 149:1314-1326 

166. Fingar DC, Blenis J. Target of rapamycin (TOR): an integrator of nutrient and growth factor 
signals and coordinator of cell growth and cell cycle progression. Oncogene 2004; 23:3151-3171 



 

167. Cota D, Proulx K, Smith KA, Kozma SC, Thomas G, Woods SC, Seeley RJ. Hypothalamic mTOR 
signaling regulates food intake. Science 2006; 312:927-930 

168. Villanueva EC, Munzberg H, Cota D, Leshan RL, Kopp K, Ishida-Takahashi R, Jones JC, Fingar 
DC, Seeley RJ, Myers MG, Jr. Complex regulation of mammalian target of rapamycin complex 1 
in the basomedial hypothalamus by leptin and nutritional status. Endocrinology 2009; 150:4541-
4551 

169. Mori H, Inoki K, Munzberg H, Opland D, Faouzi M, Villanueva EC, Ikenoue T, Kwiatkowski D, 
MacDougald OA, Myers MG, Jr., Guan KL. Critical role for hypothalamic mTOR activity in energy 
balance. Cell Metab 2009; 9:362-374 

170. Quan W, Kim HK, Moon EY, Kim SS, Choi CS, Komatsu M, Jeong YT, Lee MK, Kim KW, Kim 
MS, Lee MS. Role of hypothalamic proopiomelanocortin neuron autophagy in the control of 
appetite and leptin response. Endocrinology 2012; 153:1817-1826 

171. Klaman LD, Boss O, Peroni OD, Kim JK, Martino JL, Zabolotny JM, Moghal N, Lubkin M, Kim YB, 
Sharpe AH, Stricker-Krongrad A, Shulman GI, Neel BG, Kahn BB. Increased energy expenditure, 
decreased adiposity, and tissue-specific insulin sensitivity in protein-tyrosine phosphatase 1B-
deficient mice. Mol Cell Biol 2000; 20:5479-5489 

172. Zabolotny JM, Bence-Hanulec KK, Stricker-Krongrad A, Haj F, Wang Y, Minokoshi Y, Kim YB, 
Elmquist JK, Tartaglia LA, Kahn BB, Neel BG. PTP1B regulates leptin signal transduction in vivo. 
Dev Cell 2002; 2:489-495 

173. Banno R, Zimmer D, De Jonghe BC, Atienza M, Rak K, Yang W, Bence KK. PTP1B and SHP2 in 
POMC neurons reciprocally regulate energy balance in mice. J Clin Invest 2010; 120:720-734 

174. Bence KK, Delibegovic M, Xue B, Gorgun CZ, Hotamisligil GS, Neel BG, Kahn BB. Neuronal 
PTP1B regulates body weight, adiposity and leptin action. NatMed 2006; 12:917-924 

175. Loh K, Fukushima A, Zhang X, Galic S, Briggs D, Enriori PJ, Simonds S, Wiede F, Reichenbach 
A, Hauser C, Sims NA, Bence KK, Zhang S, Zhang ZY, Kahn BB, Neel BG, Andrews ZB, Cowley 
MA, Tiganis T. Elevated hypothalamic TCPTP in obesity contributes to cellular leptin resistance. 
Cell Metab 2011; 14:684-699 

176. Alexander WS, Starr R, Metcalf D, Nicholson SE, Farley A, Elefanty AG, Brysha M, Kile BT, 
Richardson R, Baca M, Zhang JG, Willson TA, Viney EM, Sprigg NS, Rakar S, Corbin J, Mifsud 
S, DiRago L, Cary D, Nicola NA, Hilton DJ. Suppressors of cytokine signaling (SOCS): negative 
regulators of signal transduction. J LeukocBiol 1999; 66:588-592 

177. Bjorbaek C, Lavery HJ, Bates SH, Olson RK, Davis SM, Flier JS, Myers MG, Jr. SOCS3 
mediates feedback inhibition of the leptin receptor via Tyr985. J Biol Chem 2000; 275:40649-
40657 

178. Mori H, Hanada R, Hanada T, Aki D, Mashima R, Nishinakamura H, Torisu T, Chien KR, 
Yasukawa H, Yoshimura A. Socs3 deficiency in the brain elevates leptin sensitivity and confers 
resistance to diet-induced obesity. NatMed 2004;  

179. Bjornholm M, Munzberg H, Leshan RL, Villanueva EC, Bates SH, Louis GW, Jones JC, Ishida-
Takahashi R, Bjorbaek C, Myers MG, Jr. Mice lacking inhibitory leptin receptor signals are lean 
with normal endocrine function. J ClinInvest 2007; 117:1354-1360 

180. Rui L. SH2B1 regulation of energy balance, body weight, and glucose metabolism. World journal 
of diabetes 2014; 5:511-526 

181. Ren D, Li M, Duan C, Rui L. Identification of SH2-B as a key regulator of leptin sensitivity, energy 
balance, and body weight in mice. Cell Metab 2005; 2:95-104 

182. Ren D, Zhou Y, Morris D, Li M, Li Z, Rui L. Neuronal SH2B1 is essential for controlling energy 
and glucose homeostasis. J ClinInvest 2007; 117:397-406 

183. Doche ME, Bochukova EG, Su HW, Pearce LR, Keogh JM, Henning E, Cline JM, Saeed S, Dale 
A, Cheetham T, Barroso I, Argetsinger LS, O'Rahilly S, Rui L, Carter-Su C, Farooqi IS. Human 
SH2B1 mutations are associated with maladaptive behaviors and obesity. J Clin Invest 2012; 
122:4732-4736 

184. Nogueiras R, Lopez M, Lage R, Perez-Tilve D, Pfluger P, Mendieta-Zeron H, Sakkou M, Wiedmer 
P, Benoit SC, Datta R, Dong JZ, Culler M, Sleeman M, Vidal-Puig A, Horvath T, Treier M, 
Dieguez C, Tschop MH. Bsx, a novel hypothalamic factor linking feeding with locomotor activity, 
is regulated by energy availability. Endocrinology 2008; 149:3009-3015 



 

185. Lee YS, Sasaki T, Kobayashi M, Kikuchi O, Kim HJ, Yokota-Hashimoto H, Shimpuku M, Susanti 
VY, Ido-Kitamura Y, Kimura K, Inoue H, Tanaka-Okamoto M, Ishizaki H, Miyoshi J, Ohya S, 
Tanaka Y, Kitajima S, Kitamura T. Hypothalamic ATF3 is involved in regulating glucose and 
energy metabolism in mice. Diabetologia 2013; 56:1383-1393 

186. Wright MB, Bortolini M, Tadayyon M, Bopst M. Minireview: Challenges and Opportunities in 
Development of PPAR Agonists. Mol Endocrinol 2014; 28:1756-1768 

187. Tordjman K, Bernal-Mizrachi C, Zemany L, Weng S, Feng C, Zhang F, Leone TC, Coleman T, 
Kelly DP, Semenkovich CF. PPARalpha deficiency reduces insulin resistance and atherosclerosis 
in apoE-null mice. J Clin Invest 2001; 107:1025-1034 

188. Long L, Toda C, Jeong JK, Horvath TL, Diano S. PPARgamma ablation sensitizes 
proopiomelanocortin neurons to leptin during high-fat feeding. J Clin Invest 2014; 124:4017-4027 

189. Ryan KK, Li B, Grayson BE, Matter EK, Woods SC, Seeley RJ. A role for CNS PPARgamma in 
the regulation of energy balance. Nature medicine 2011;  

190. Lu M, Sarruf DA, Talukdar S, Sharma S, Li P, Bandyopadhyay G, Nalbandian S, Fan W, Gayen 
JR, Mahata SK, Webster NJ, Schwartz MW, Olefsky JM. Brain PPARgamma promotes obesity 
and is required for the insulin-sensitizing effect of thiazolidinediones. Nature medicine 2011;  

191. Greenberg ME, Xu B, Lu B, Hempstead BL. New insights in the biology of BDNF synthesis and 
release: implications in CNS function. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 2009; 29:12764-12767 

192. Gray J, Yeo GS, Cox JJ, Morton J, Adlam AL, Keogh JM, Yanovski JA, El Gharbawy A, Han JC, 
Tung YC, Hodges JR, Raymond FL, O'Rahilly S, Farooqi IS. Hyperphagia, severe obesity, 
impaired cognitive function, and hyperactivity associated with functional loss of one copy of the 
brain-derived neurotrophic factor (BDNF) gene. Diabetes 2006; 55:3366-3371 

193. Han JC, Liu QR, Jones M, Levinn RL, Menzie CM, Jefferson-George KS, Adler-Wailes DC, 
Sanford EL, Lacbawan FL, Uhl GR, Rennert OM, Yanovski JA. Brain-derived neurotrophic factor 
and obesity in the WAGR syndrome. N Engl J Med 2008; 359:918-927 

194. Gray J, Yeo G, Hung C, Keogh J, Clayton P, Banerjee K, McAulay A, O'Rahilly S, Farooqi IS. 
Functional characterization of human NTRK2 mutations identified in patients with severe early-
onset obesity. International journal of obesity 2007; 31:359-364 

195. Mercader JM, Saus E, Aguera Z, Bayes M, Boni C, Carreras A, Cellini E, de Cid R, Dierssen M, 
Escaramis G, Fernandez-Aranda F, Forcano L, Gallego X, Gonzalez JR, Gorwood P, Hebebrand 
J, Hinney A, Nacmias B, Puig A, Ribases M, Ricca V, Romo L, Sorbi S, Versini A, Gratacos M, 
Estivill X. Association of NTRK3 and its interaction with NGF suggest an altered cross-regulation 
of the neurotrophin signaling pathway in eating disorders. Hum Mol Genet 2008; 17:1234-1244 

196. Kernie SG, Liebl DJ, Parada LF. BDNF regulates eating behavior and locomotor activity in mice. 
EMBO J 2000; 19:1290-1300 

197. Unger TJ, Calderon GA, Bradley LC, Sena-Esteves M, Rios M. Selective deletion of Bdnf in the 
ventromedial and dorsomedial hypothalamus of adult mice results in hyperphagic behavior and 
obesity. The Journal of neuroscience : the official journal of the Society for Neuroscience 2007; 
27:14265-14274 

198. Sharma N, Berbari NF, Yoder BK. Ciliary dysfunction in developmental abnormalities and 
diseases. Curr Top Dev Biol 2008; 85:371-427 

199. Zaghloul NA, Katsanis N. Mechanistic insights into Bardet-Biedl syndrome, a model ciliopathy. J 
Clin Invest 2009; 119:428-437 

200. Davis RE, Swiderski RE, Rahmouni K, Nishimura DY, Mullins RF, Agassandian K, Philp AR, 
Searby CC, Andrews MP, Thompson S, Berry CJ, Thedens DR, Yang B, Weiss RM, Cassell MD, 
Stone EM, Sheffield VC. A knockin mouse model of the Bardet-Biedl syndrome 1 M390R 
mutation has cilia defects, ventriculomegaly, retinopathy, and obesity. Proc Natl Acad Sci U S A 
2007; 104:19422-19427 

201. Hernandez-Hernandez V, Pravincumar P, Diaz-Font A, May-Simera H, Jenkins D, Knight M, 
Beales PL. Bardet-Biedl syndrome proteins control the cilia length through regulation of actin 
polymerization. Hum Mol Genet 2013; 22:3858-3868 



 

202. Davenport JR, Watts AJ, Roper VC, Croyle MJ, van Groen T, Wyss JM, Nagy TR, Kesterson RA, 
Yoder BK. Disruption of intraflagellar transport in adult mice leads to obesity and slow-onset 
cystic kidney disease. Curr Biol 2007; 17:1586-1594 

203. Seo S, Guo DF, Bugge K, Morgan DA, Rahmouni K, Sheffield VC. Requirement of Bardet-Biedl 
syndrome proteins for leptin receptor signaling. Hum Mol Genet 2009; 18:1323-1331 

204. Berbari NF, Pasek RC, Malarkey EB, Yazdi SM, McNair AD, Lewis WR, Nagy TR, Kesterson RA, 
Yoder BK. Leptin resistance is a secondary consequence of the obesity in ciliopathy mutant mice. 
Proc Natl Acad Sci U S A 2013; 110:7796-7801 

205. Stratigopoulos G, LeDuc CA, Cremona ML, Chung WK, Leibel RL. Cut-like homeobox 1 (CUX1) 
regulates expression of the fat mass and obesity-associated and retinitis pigmentosa GTPase 
regulator-interacting protein-1-like (RPGRIP1L) genes and coordinates leptin receptor signaling. J 
Biol Chem 2011; 286:2155-2170 

206. Yang J, Loos RJ, Powell JE, Medland SE, Speliotes EK, Chasman DI, Rose LM, Thorleifsson G, 
Steinthorsdottir V, Magi R, Waite L, Smith AV, Yerges-Armstrong LM, Monda KL, Hadley D, 
Mahajan A, Li G, Kapur K, Vitart V, Huffman JE, Wang SR, Palmer C, Esko T, Fischer K, Zhao 
JH, Demirkan A, Isaacs A, Feitosa MF, Luan J, Heard-Costa NL, White C, Jackson AU, Preuss 
M, Ziegler A, Eriksson J, Kutalik Z, Frau F, Nolte IM, Van Vliet-Ostaptchouk JV, Hottenga JJ, 
Jacobs KB, Verweij N, Goel A, Medina-Gomez C, Estrada K, Bragg-Gresham JL, Sanna S, 
Sidore C, Tyrer J, Teumer A, Prokopenko I, Mangino M, Lindgren CM, Assimes TL, Shuldiner 
AR, Hui J, Beilby JP, McArdle WL, Hall P, Haritunians T, Zgaga L, Kolcic I, Polasek O, Zemunik 
T, Oostra BA, Junttila MJ, Gronberg H, Schreiber S, Peters A, Hicks AA, Stephens J, Foad NS, 
Laitinen J, Pouta A, Kaakinen M, Willemsen G, Vink JM, Wild SH, Navis G, Asselbergs FW, 
Homuth G, John U, Iribarren C, Harris T, Launer L, Gudnason V, O'Connell JR, Boerwinkle E, 
Cadby G, Palmer LJ, James AL, Musk AW, Ingelsson E, Psaty BM, Beckmann JS, Waeber G, 
Vollenweider P, Hayward C, Wright AF, Rudan I, Groop LC, Metspalu A, Khaw KT, van Duijn CM, 
Borecki IB, Province MA, Wareham NJ, Tardif JC, Huikuri HV, Cupples LA, Atwood LD, Fox CS, 
Boehnke M, Collins FS, Mohlke KL, Erdmann J, Schunkert H, Hengstenberg C, Stark K, 
Lorentzon M, Ohlsson C, Cusi D, Staessen JA, Van der Klauw MM, Pramstaller PP, Kathiresan 
S, Jolley JD, Ripatti S, Jarvelin MR, de Geus EJ, Boomsma DI, Penninx B, Wilson JF, Campbell 
H, Chanock SJ, van der Harst P, Hamsten A, Watkins H, Hofman A, Witteman JC, Zillikens MC, 
Uitterlinden AG, Rivadeneira F, Zillikens MC, Kiemeney LA, Vermeulen SH, Abecasis GR, 
Schlessinger D, Schipf S, Stumvoll M, Tonjes A, Spector TD, North KE, Lettre G, McCarthy MI, 
Berndt SI, Heath AC, Madden PA, Nyholt DR, Montgomery GW, Martin NG, McKnight B, 
Strachan DP, Hill WG, Snieder H, Ridker PM, Thorsteinsdottir U, Stefansson K, Frayling TM, 
Hirschhorn JN, Goddard ME, Visscher PM. FTO genotype is associated with phenotypic 
variability of body mass index. Nature 2012; 490:267-272 

207. Stratigopoulos G, Padilla SL, LeDuc CA, Watson E, Hattersley AT, McCarthy MI, Zeltser LM, 
Chung WK, Leibel RL. Regulation of Fto/Ftm gene expression in mice and humans. Am J Physiol 
Regul Integr Comp Physiol 2008; 294:R1185-1196 

208. Boissel S, Reish O, Proulx K, Kawagoe-Takaki H, Sedgwick B, Yeo GS, Meyre D, Golzio C, 
Molinari F, Kadhom N, Etchevers HC, Saudek V, Farooqi IS, Froguel P, Lindahl T, O'Rahilly S, 
Munnich A, Colleaux L. Loss-of-function mutation in the dioxygenase-encoding FTO gene causes 
severe growth retardation and multiple malformations. Am J Hum Genet 2009; 85:106-111 

209. Church C, Moir L, McMurray F, Girard C, Banks GT, Teboul L, Wells S, Bruning JC, Nolan PM, 
Ashcroft FM, Cox RD. Overexpression of Fto leads to increased food intake and results in 
obesity. Nat Genet 2010; 42:1086-1092 

210. Smemo S, Tena JJ, Kim KH, Gamazon ER, Sakabe NJ, Gomez-Marin C, Aneas I, Credidio FL, 
Sobreira DR, Wasserman NF, Lee JH, Puviindran V, Tam D, Shen M, Son JE, Vakili NA, Sung 
HK, Naranjo S, Acemel RD, Manzanares M, Nagy A, Cox NJ, Hui CC, Gomez-Skarmeta JL, 
Nobrega MA. Obesity-associated variants within FTO form long-range functional connections with 
IRX3. Nature 2014; 507:371-375 

211. Buiting K. Prader-Willi syndrome and Angelman syndrome. Am J Med Genet C Semin Med Genet 
2010; 154C:365-376 



 

212. Whittington J, Holland A. Neurobehavioral phenotype in Prader-Willi syndrome. Am J Med Genet 
C Semin Med Genet 2010; 154C:438-447 

213. Ding F, Li HH, Zhang S, Solomon NM, Camper SA, Cohen P, Francke U. SnoRNA Snord116 
(Pwcr1/MBII-85) deletion causes growth deficiency and hyperphagia in mice. PloS one 2008; 
3:e1709 

214. Bischof JM, Stewart CL, Wevrick R. Inactivation of the mouse Magel2 gene results in growth 
abnormalities similar to Prader-Willi syndrome. Hum Mol Genet 2007; 16:2713-2719 

215. Mercer RE, Kwolek EM, Bischof JM, van Eede M, Henkelman RM, Wevrick R. Regionally 
reduced brain volume, altered serotonin neurochemistry, and abnormal behavior in mice null for 
the circadian rhythm output gene Magel2. Am J Med Genet B Neuropsychiatr Genet 2009; 
150B:1085-1099 

216. Muscatelli F, Abrous DN, Massacrier A, Boccaccio I, Le Moal M, Cau P, Cremer H. Disruption of 
the mouse Necdin gene results in hypothalamic and behavioral alterations reminiscent of the 
human Prader-Willi syndrome. Hum Mol Genet 2000; 9:3101-3110 

217. Grill HJ. Distributed neural control of energy balance: contributions from hindbrain and 
hypothalamus. Obesity(SilverSpring) 2006; 14 Suppl 5:216S-221S 

218. Bray GA. Afferent signals regulating food intake. The Proceedings of the Nutrition Society 2000; 
59:373-384 

219. Moran TH. Unraveling the obesity of OLETF rats. Physiol Behav 2008; 94:71-78 
220. Campbell JE, Drucker DJ. Pharmacology, physiology, and mechanisms of incretin hormone 

action. Cell Metab 2013; 17:819-837 
221. Marks DL, Ling N, Cone RD. Role of the central melanocortin system in cachexia. Cancer Res 

2001; 61:1432-1438 
222. Yao JH, Ye SM, Burgess W, Zachary JF, Kelley KW, Johnson RW. Mice deficient in interleukin-

1beta converting enzyme resist anorexia induced by central lipopolysaccharide. The American 
journal of physiology 1999; 277:R1435-1443 

223. Dong ZM, Gutierrez-Ramos JC, Coxon A, Mayadas TN, Wagner DD. A new class of obesity 
genes encodes leukocyte adhesion receptors. ProcNatlAcadSciUSA 1997; 94:7526-7530 

224. Hirsch E, Irikura VM, Paul SM, Hirsh D. Functions of interleukin 1 receptor antagonist in gene 
knockout and overproducing mice. Proc Natl Acad Sci U S A 1996; 93:11008-11013 

225. Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor necrosis factor-à: 
Direct role in obesity-linked insulin resistance. Science 1993; 259:87-91 

226. Hotamisligil GS. The role of TNFalpha and TNF receptors in obesity and insulin resistance. 
JInternMed 1999; 245:621-625 

227. Lumeng CN, Saltiel AR. Inflammatory links between obesity and metabolic disease. J Clin Invest 
2011; 121:2111-2117 

228. Ferrante AW, Jr. The immune cells in adipose tissue. Diabetes Obes Metab 2013; 15 Suppl 3:34-
38 

229. Cai D, Liu T. Hypothalamic inflammation: a double-edged sword to nutritional diseases. Ann N Y 
Acad Sci 2011; 1243:E1-39 

230. Ozcan L, Ergin AS, Lu A, Chung J, Sarkar S, Nie D, Myers MG, Jr., Ozcan U. Endoplasmic 
reticulum stress plays a central role in development of leptin resistance. Cell Metab 2009; 9:35-51 

231. Kozak LP, Harper ME. Mitochondrial uncoupling proteins in energy expenditure. Annu Rev Nutr 
2000; 20:339-363 

232. Lowell BB, S-Susulic V, Hamann A, Lawitts JA, Himms-Hagen J, Boyer BB, Kozak LP, Flier JS. 
Development of obesity in transgenic mice after genetic ablation of brown adipose tissue. Nature 
1993; 366:740 

233. Bachman ES, Dhillon H, Zhang CY, Cinti S, Bianco AC, Kobilka BK, Lowell BB. betaAR signaling 
required for diet-induced thermogenesis and obesity resistance. Science 2002; 297:843-845 

234. Cummings DE, Brandon EP, Planas JV, Motamed K, Idzerda RL, McKnight GS. Genetically lean 
mice result from targeted disruption of the RII beta subunit of protein kinase A. Nature 1996; 
382:622-626 

235. Kershaw EE, Flier JS. Adipose tissue as an endocrine organ. JClinEndocrinolMetab 2004; 
89:2548-2556 



 

236. Masuzaki H, Yamamoto H, Kenyon CJ, Elmquist JK, Morton NM, Paterson JM, Shinyama H, 
Sharp MG, Fleming S, Mullins JJ, Seckl JR, Flier JS. Transgenic amplification of glucocorticoid 
action in adipose tissue causes high blood pressure in mice. J Clin Invest 2003; 112:83-90 

 


