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ABSTRACT: Understanding the mechanisms in-
volved in the control of feed intake and regulation of
energy balance has increased greatly in recent years,
thanks in part to the discovery of leptin, an event that
ushered in a renaissance in research in this field. Over
the last 5 yr, several other neuropeptides that affect
feed intake and energy balance have been discovered,
including cocaine- and amphetamine-regulated tran-
script, melanin-concentrating hormone, orexin/hypo-
cretin, and agouti-related protein. In addition, new
roles have been defined for previously discovered fac-
tors, such as galanin and neuropeptide Y. These recent
advances have been possible because of new technolog-
ies, including cloning, transgenics, genomics, and bi-
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Introduction
Advances in genetic manipulation technologies, such

as targeted mutagenesis and gene cloning, have allowed
investigators to better define the roles and mechanisms
of a number of factors involved in feeding behavior and
energy-balance regulation and to begin to define the
interrelationships among these factors. To date, over
30 neuropeptides and neurotransmitters have been
shown to be involved in the homeostatic mechanism
for regulation of feed intake and energy balance. The
ability to measure small changes in gene-expression
levels and to inactivate specific genes has made it
possible to identify where many of these factors fit into
this feedback loop. In addition, genetic manipulation
has been used to identify previously unknown
regulators of energy balance, including intracellular
processing enzymes and transcription factors. The
picture that is evolving is that of a complex redundant
system that functions under normal conditions to
minimize the effects of short-term fluctuations in
energy intake and expenditure.
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oinformatics. For example, positional cloning tech-
niques have been used to identify the genes for these
peptides and factors and their receptors. Knowledge
about specific transcription factor-binding motifs in
promoter regions allows development of specific agents
that alter gene expression. By using transgenic and
cloning techniques, genes can be added or deleted, and
transcription can be enhanced or suppressed to produce
new animal models for studying interactions among
factors. Over the next few years, the combination of
microarray techniques and proteomics with sophisti-
cated informatics tools will continue to provide funda-
mental insights into the complex physiological pro-
cesses involved in feeding behavior and metabolism.

Genetic and Transgenic Models and the Neurochemical
Coding of Feeding Behavior

Genetic models of obesity have been extensively stud-
ied over the last 50 yr, particularly the fa/fa rat, the
ob/ob mouse, and db/db mouse. Although obesity in
these rodent models was known to be caused by single
gene defects, the technology has only recently been
available to determine the specific genes involved. The
identification of the genes for leptin and its receptor was
an important breakthrough and has led to a number of
other discoveries in the field of feeding behavior and
body weight regulation research.

Leptin

In 1994 and 1995, the leptin and leptin-receptor
genes were shown to be the genes responsible for the
obesity syndromes in the ob/ob mouse and in the db/
db mouse and fa/fa rat (Zhang et al., 1994; Yamashita
et al., 1997), respectively. Leptin and its receptors com-
prise the major pathway for relaying the metabolic state
of adipose tissues, the primary site of leptin synthesis,
to the brain. Leptin receptors have been localized in
areas in the hypothalamus that contain other neuropep-
tides and neurotransmitters known to be involved in
feeding behavior and energy-balance regulation. By us-
ing selective mutation of the genes that encode some
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of these neuropeptides, it has been possible to identify
specific neuronal pathways involved in transduction of
the leptin signal, as well as those involved more broadly
in energy-balance regulation.

Neuropeptide Y

Neuropeptide Y (NPY) has been studied extensively
for its effects on feeding behavior and energy-balance
regulation. Central administration of NPY has been
shown to cause hyperphagia, and, with chronic admin-
istration, obesity (Stanley et al., 1985; Miner et al.,
1989; Billington et al., 1994). Synthesis and secretion
of NPY are increased during food deprivation and
weight loss (Sahu et al., 1992; Kalra et al., 1997; Kalra
et al., 1999) and in several models of genetic obesity,
including ob/ob mice, db/db mice and fa/fa rats (Sana-
cora et al., 1990; Wilding et al., 1992; Dryden et al.,
1995). These and other findings have suggested an im-
portant link between leptin and NPY signaling. Unex-
pectedly, though, NPY knockout mice have normal feed
intake and body weight and respond appropriately to
food deprivation and leptin administration, findings
that complicate the interpretation of NPY’s role in en-
ergy-balance regulation (Erickson et al., 1996; Palmiter
et al., 1998). Deletion of both NPY and leptin genes
resulted in mice that had body weights and fat mass
halfway between those of normal lean and ob/ob mice
(Erickson et al., 1996). Thus, although leptin and NPY
systems interact, the obesity that results from leptin
deficiency does not seem solely due to lack of inhibition
of NPY secretion, as had been suggested from earlier
experiments. More recent studies involving targeted
disruption of NPY receptor subtypes, as well as studies
with agonists and antagonists to specific NPY receptor
subtypes, are beginning to shed some light on the com-
plexity within the NPY system. For example, disruption
of the Y5 receptor gene resulted in development of late-
onset obesity due to hyperphagia, and disruption of the
Y1 receptor gene resulted in reduced metabolic rate,
impaired insulin secretion, and down-regulation of un-
coupling protein-2 (UCP-2) in white adipose tissue
(Kushi et al., 1998; Marsh et al., 1998; Pedrazzini et
al., 1998).

Corticotropin-Releasing Factor

Corticotropin-releasing factor (CRF) has also been
proposed as an important factor in energy-balance regu-
lation, based on findings from pharmacological studies.
It is also another good example of how genetic manipu-
lation has been used to demonstrate complexity of phys-
iological functions in energy-balance regulation. Injec-
tion of CRF into the brain, particularly into the hypo-
thalamic paraventricular nucleus, decreased
spontaneous feeding as well as feeding stimulated by
a variety of means, and chronic administration of CRF
resulted in weight loss (Levine et al., 1983; Morley,
1987; Schwartz et al., 1995). Conversely, blockade of

CRF action through the use of specific antagonists or
immunoneutralization caused hyperphagia and inhib-
ited stress-induced anorexia (Krahn et al., 1986; Hulsey
et al., 1995). Because CRF is also the primary physiolog-
ical regulator of ACTH secretion from the pituitary,
using genetic manipulations to produce generalized
CRF deficiency or oversecretion in mice has not pro-
vided helpful information about its role in energy-bal-
ance regulation. Transgenic mice with overexpression
of CRF demonstrated an increase in anxiogenic behav-
ior, increased secretion of corticosteroids, and Cushing’s
Syndrome-like obesity (Stenzel-Poore et al., 1992,
1994). Deletion of the CRF gene and the resulting defi-
ciency of CRF caused reduced viability in mice due to
insufficient levels of corticosteroids (Muglia et al.,
1997).

Another approach to studying CRF’s role in energy-
balance regulation has been to create transgenic mice
overexpressing CRF binding protein, either under con-
trol of a pituitary-specific promoter or under control
of the more ubiquitous metallothionine-1 promoter. In
both cases, feed intake was enhanced, consistent with
a decreased availability of CRF (Burrows et al., 1998;
Lovejoy et al., 1998).

Corticotropin-releasing factor mediates its actions
via two receptor subtypes, CRF-1 and CRF-2. The CRF-
2 receptors are thought to be primarily responsible for
CRF’s effects on feeding behavior and energy balance
(Martinez et al., 1998). Transgenic mice with CRF-1
receptor deficiency had reduced adrenal response to
stress and decreased anxiety levels, indicating the role
of this receptor subtype in stress-related reactions
(Smith et al., 1998; Turnbull et al., 1999). Recently,
CRF-2-deficient mice have been produced by targeted
mutation of the CRF-2 gene (Kishimoto et al., 2000).
The males, but not females, were shown to have en-
hanced anxiety without changes in hypothalamic-pitu-
itary-adrenal axis activity. Neither males nor females
showed any changes in feeding behavior, thus calling
into question the role of CRF-2 receptors in energy-
balance regulation. However, urocortin, an endogenous
peptide that preferentially binds CRF-2 receptors, has
been shown to reduce feed intake and to promote weight
loss without affecting the stress response (Asakawa et
al., 1999). Thus, further investigation into the role of
the CRF receptors and their endogenous ligands is
needed to determine the importance of this system in
feeding behavior and energy-balance regulation.

Pro-Opiomelanocortin-Derived Peptides

A number of peptides derived from pro-opiomelano-
cortin (POMC) seem to be involved at several levels in
energy-balance regulation. The opioid system, includ-
ing β-endorphin, dynorphins, and enkephalins and
their receptors (µ-, κ-, and δ-opioid receptors), seems to
be involved in stimulation of feeding (Baile et al., 1986).
Transgenic mice have been produced in which a specific
opioid peptide or receptor has been either deleted or
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overproduced, but the focus of these studies has been on
their roles in anxiety, pain, or reward, and not feeding
behavior or energy balance (Matthes et al., 1996; Rubin-
stein et al., 1996; Kieffer, 1999). Thus, how these pep-
tides fit into the feeding circuit has not yet been fully ex-
plored.

The melanocortin family of peptides is also derived
from POMC. One such peptide, α-melanocyte-stimulat-
ing hormone, has been shown to inhibit feeding in rats
and mice (Fan et al., 1997), an effect that is mediated
primarily by a specific melanocortin receptor subtype,
MC-4 (Marsh et al., 1999). Studies of obese mice with
the naturally occurring Ay autosomal dominant muta-
tion, caused by overexpression of agouti peptide, led to
the discovery of a similar peptide that is expressed only
in the arcuate nucleus of the hypothalamus, agouti-
related peptide (AGRP) (Ollmann et al., 1997; Wilson
et al., 1999). Both agouti peptide and AGRP are specific
and potent antagonists of MC-4 receptors, and
transgenic mice overexpressing either agouti peptide
or AGRP are phenotypically identical to the naturally
occurring Ay mutant obese mice. Obesity can also be
produced by targeted deletion of the MC-4 receptor gene
(Huszar et al., 1997). These findings suggest that AGRP
and the MC-4 receptor play an important role in energy-
balance regulation. The finding that MC-4 receptor-
deficient mice were resistant to leptin administered ei-
ther centrally or peripherally suggests that the MC
system is downstream of leptin (Marsh et al., 1999).
However, targeted disruption of the MC-4 gene in ob/ob
mice had an additive effect on weight gain and adiposity
(Boston et al., 1997); thus, leptin’s effects on feeding
and adiposity do not appear to be mediated exclusively
through changes in melanocortin signaling.

Melanin-concentrating Hormone

Another peptide that has been identified through ge-
netic manipulation as having an important role in en-
ergy-balance regulation is melanin-concentrating hor-
mone (MCH). Pharmacological studies indicated that,
compared with NPY, MCH had only a weak orexigenic
effect when administered centrally, and chronic admin-
istration had no effect on weight gain (Rossi et al.,
1997). However, in contrast to NPY gene deletion, MCH
gene deletion resulted in decreased feed intake, body
weight, and adiposity, and increased metabolic rate
(Shimada et al., 1998), thus suggesting a physiological
role for MCH in energy-balance regulation. Several
studies have been carried out to investigate the interac-
tion between leptin and MCH systems. In one study,
leptin administered peripherally in ob/ob mice de-
creased feed intake and body weight, but unexpectedly
resulted in increased hypothalamic levels of MCH and
MCH mRNA (Huang et al., 1999). In another study,
however, leptin administered centrally in rats de-
creased MCH levels (Sahu, 1998b). Leptin administra-
tion has also been shown to block MCH-induced feeding
(Sahu, 1998a). It has been suggested that leptin acts

postsynaptically to prevent MCH-induced feeding
(Sahu, 1998a), but further work will be necessary to
define the interrelationships between the leptin and
MCH pathways.

Cocaine- and Amphetamine-Regulated Transcript

Cocaine- and amphetamine-regulated transcript
(CART) peptides are some of the most recently identi-
fied peptides thought to be involved in feeding behavior.
The discovery of CART peptides also illustrates how
some of the newer technologies in genomics and proteo-
mics have been used to identify physiologically im-
portant peptides. Cocaine- and amphetamine-regulated
transcript mRNA were identified on the basis of their
increase in the brain following cocaine or amphetamine
treatment in rats (Douglass et al., 1995). Once the
mRNA sequence was known, it was possible to predict
the amino acid sequence of the protein product. The
amino acid sequence indicated that it had characteris-
tics in common with other well-known peptide neuro-
transmitter precursors, even though the CART mRNA
sequence was not homologous to any other mRNA
(Gautvik et al., 1996; Strand, 1999). The gene for CART
peptides has now been characterized in both humans
and mice (Douglass and Daoud, 1996; Adams et al.,
1999), along with several CART peptides that are pro-
duced through posttranslational modifications (Kuhar
and Yoho, 1999).

The CART peptides are localized in specific areas of
the brain, including those associated with reinforce-
ment and reward (Koylu et al., 1998), stress and endo-
crine regulation (Kristensen et al., 1998), sensory pro-
cessing (Koylu et al., 1998), and feeding (Elmquist et
al., 1999). There is good evidence that CART peptides
play an important role in the control of feed intake and
that CART and leptin pathways are linked. Injection
of CART peptides into the cerebral ventricular system
decreased feeding, and injection of CART antibodies
stimulated feeding (Lambert et al., 1998). The CART
peptides are colocalized with leptin receptors in hypo-
thalamic neurons, both fa/fa rats and ob/ob mice have
reduced levels of CART mRNA in the arcuate nucleus,
and administration of leptin to ob/ob mice increased
CART mRNA (Elias et al., 1998; Kristensen et al.,
1998). Because CART peptides have functions in other
physiological systems, the relative importance of its
effects on feeding is not yet known. However, once spe-
cific CART receptors have been identified, it will be
possible to explore their roles in feeding behavior and
energy-balance regulation more fully.

Malonyl-CoenzymeA

Recently, findings from a study investigating the ef-
fects of a synthetic inhibitor of fatty acid synthase
(FAS), C75, have demonstrated a potent and dose-de-
pendent suppression of feed intake and loss of body
weight (Loftus et al., 2000). This effect was independent



Baile & Della-FeraE174

of leptin, and it seemed to be mediated through suppres-
sion of NPY expression in the hypothalamus. The mech-
anism for the inhibition of feeding seems to be related to
levels of malonyl CoA, the substrate of FAS, in specific
areas of the hypothalamus. Thus, malonyl CoA levels
in hypothalamic neurons may act as a signal of fuel
status.

Genetic Modification of Adipose Tissue

Genetic manipulation has been used to identify spe-
cific intracellular proteins and signaling molecules in-
volved in energy-balance regulation. Many of these in-
clude factors involved in adipose tissue function. An
early example was the use of a transgenic toxigene
approach to ablate brown fat in mice, resulting in devel-
opment of obesity due to reduction in thermogenesis
(Lowell et al., 1993; Klaus et al., 1998). Targeting ge-
netic modifications to adipocytes through the use of
adipocyte-specific promoters, such as the aP2 gene pro-
moter, has led to other important findings about adipo-
cyte function. Transgenic mice overexpressing β-1 ad-
renergic receptors (β1-AR) in adipocytes were shown
to have reduced adipose tissue mass and resistance to
diet-induced obesity (Soloveva et al., 1997). Mice with
targeted disruption of β3-AR had reduced energy expen-
diture, increased adipose tissue mass, and increased
feed intake, but also had upregulation of β2- and β1-AR
gene expression, indicating an important interaction
among adrenergic receptor subtypes in adipose tissue
(Susulic et al., 1995).

Adipose tissue mass has also been altered through
manipulation of uncoupling protein (UCP) genes and
the glucose transporter-4 (GLUT-4) gene. Overexpres-
sion of GLUT-4 in adipose tissue of transgenic mice
resulted in obesity caused solely by adipocyte hyperpla-
sia (Gnudi et al., 1996). Increased adipose tissue expres-
sion of UCP-1 resulted in decreased subcutaneous fat
in mice fed a high-fat diet and prevented development
of obesity in Ay genetically obese mice (Kopecky et al.,
1995, 1996). Surprisingly, though, inactivation of the
UCP-1 gene did not cause obesity, possibly as a result of
increased expression of UCP-2 (Enerback et al., 1997).

A variety of other cellular components have been
identified as having a role in regulation of adipose tissue
mass through the use of targeted deletion of genes or
enhancement of gene expression. For example, deletion
of the gene for the RII subunit of protein kinase A
resulted in reduced adipose tissue mass and resistance
to dietary-induced obesity (McKnight et al., 1998). Like-
wise, disruption of HMGIC, a protein primarily ex-
pressed in undifferentiated mesenchymal cells, reduced
obesity caused by leptin deficiency in ob/ob mice (An-
and et al., 2000). Transgenic mice having no white adi-
pose tissue were generated by targeting adipose tissue
expression of A-ZIP, a protein that prevents DNA bind-
ing of certain transcription factors (C/EBP and Jun fam-
ilies) (Moitra et al., 1998). These mice also had many
biochemical defects and reduced viability.

Genetic Modification in Food-Producing
Animals

The use of transgenic technologies to alter production
traits in livestock holds tremendous promise for the
future of the animal-production industries; however,
there are major limitations to overcome, including in-
sufficient information about which genes to target and
the low efficiency and high cost of producing transgenic
livestock. Information about factors involved in energy-
balance regulation that has been obtained from studies
of transgenic mouse models can suggest certain direc-
tions for experiments in livestock, but currently there
are few actual examples where this has been done. Re-
cently, transgenic pigs with a zinc-inducible porcine GH
gene have been produced (Nottle et al., 1999). Expres-
sion of GH in these pigs is regulated by zinc content in
the feed, thereby reducing the potential development
of adverse effects of continuously high GH levels. These
pigs have increased growth rate, feed efficiency, and
muscle-to-body fat ratio.

A naturally occurring genetic mutation in certain
breeds of cattle is responsible for double muscling, or
muscle hyperplasia. This trait has been reproduced in
transgenic mice with targeted deletion of growth-differ-
entiating factor-8 (also known as myostatin), an inhibi-
tor of muscle growth (McPherron et al., 1997). Because
the myostatin gene has been mapped to the same locus
as that for muscle hypertrophy in cattle (Smith et al.,
1997), myostatin could be a potentially useful target
for genetic manipulation in other breeds of cattle, as
well as in other meat-producing animals.

The Future: Genetic Modification, Genomics,
and Proteomics

At the cutting edge of research into many physiologi-
cal and pathophysiological processes are the technolog-
ies employed in genomics and proteomics. Genomics,
the study of all genetic information, is expected to lead
to the development of gene-based therapeutics, small-
molecule drugs, and diagnostic tests for the detection
of genetic conditions. For example, genotyping is used to
help determine which genes are responsible for specific
inherited traits. Identification of these genetic markers
provides a means of understanding the mechanisms
behind certain inherited traits. It has long been known
that traits of economic importance such as litter size
in swine, growth efficiency, lean-meat yield, and meat
quality and palatability in both cattle and swine are
genetically determined. As much as 50% of the varia-
tion in these traits can be explained by the specific
combinations of genes that define each animal’s ge-
nome. The remaining variation is due to preharvest
management and environmental influences, including
animal health, feed quality and availability, and post-
harvest processing.

The discovery and use of single nucleotide polymor-
phisms in genes linked to specific traits and inherited
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Figure 1. Comparative gene expression analysis

diseases have provided an important impetus for geno-
mic research. Single-nucleotide polymorphisms repre-
sent natural genetic variability occurring at high den-
sity in the genome, and their properties and density
make them useful markers or tools for identifying trait-
associated genes in as yet uncharacterized parts of
the genome.

Methods currently employed for detection of genetic
variability, such as sequencing, are often complex,
costly, and inaccurate. However, the development of
enzymatic mutation detection assays has greatly accel-
erated the process of gene discovery and characteriza-
tion (Inganas et al., 2000). With these assays, mis-
matches can be localized within two to four codons of
the actual position, thus reducing the length of the DNA

fragment that must be sequenced for confirmation and
greatly simplifying evaluation of the final sequencing
data.

Genetic-modification techniques have led to tremen-
dous growth in information about the physiology of feed
intake and energy-balance regulation; however, some
of the strategies used in the past have been inadequate
for deciphering the various roles of factors involved.
More recent advances in gene-targeting techniques of-
fer the possibility of controlling gene expression in both
time- and site-specific ways. For example, the use of
tissue-specific promoters, such as the adipocyte-specific
promoter aP2, allows genetic modifications to be limited
to specific cell types. Likewise, specific control elements
that regulate the activity of transgenes can be used to
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Figure 2. Comparative proteomic analysis can be used to determine treatment-related changes in protein expression,
and subsequently identify which genes are involved.

induce or suppress gene expression. Temporal control
of gene expression has been achieved through the use
of a transcriptional transactivator that is responsive to
the presence or absence of tetracycline (Gossen et al.,
1995). The use of a zinc-inducible porcine GH gene in
pigs (described above) is an example of application of
this technique in animal production.

The creation of artificial chromosomes may provide
a means of introducing gene clusters into the genome.
Pronuclear injection of artificial chromosomes con-
structed in bacteria has been carried out in mice and
resulted in germline transmission as well as expression
of the transgene (Yang et al., 1997). This method could

be used to create cell lines that would provide nuclei for
nuclear transfer, a technique that has already proven
successful in a number of species, including cattle and
sheep. However, there are still many technical hurdles
to overcome in combining targeted genetic modification
techniques with efficient use of nuclear transfer in live-
stock (Wilmut et al., 1997; Cibelli et al., 1998; Boquest
et al., 1999)

Genomics is generating massive amounts of new in-
formation that is likely to take decades to be even par-
tially understood and utilized. Interpretation and appli-
cation of this information are limited in part by the
lack of information about the control of gene expression,
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translation, co- and posttranslation modifications, etc.
The “proteome” is defined as the protein complement
of the genome, including the different proteins oc-
curring in an organism in space and time, such as the
co- and posttranslational modifications of proteins. Pro-
teomics, the study of these postgenomic steps, provides
a means of identifying and characterizing disease-spe-
cific proteins, as well as proteins that play important
roles in growth, reproduction and metabolism (Figures
1 and 2). Once these proteins are identified, they can
be targeted for the development of both diagnostic tools
and therapeutic treatments. The development, integra-
tion, and automation of large-scale analytical tools and
the emergence of sophisticated informatics approaches
are making this possible.

Through the marketing of a diverse array of geno-
mics-based products in animal-production industries,
research initiatives will support these industries to
more efficiently produce a variety of products, including
the following:

• Genome scans for the localization of genes influ-
encing production efficiency and product quality
(value);

• Marker-assisted selection programs to support
breeding and marketing of food-producing animals
possessing enhanced genetic merit for value;

• Diagnostic services to assist animal-production
facilities to derive increased value from the im-
proved management and marketing of the inherent
genetic variation within these sectors;

• Genomics “tools” to facilitate the processes of gene
discovery, patenting, and ownership; and

• The development of gene-based products targeted
toward pharmaceutical applications for the im-
provement of value.

Conclusion

The development of transgenic technologies has pro-
vided new opportunities for studying the basic mecha-
nisms involved in control of feed intake and energy-
balance regulation. Just within the last few years, ma-
jor advances have been made in our understanding of
these systems, as well as our appreciation of their com-
plexities. However, the techniques used to create ge-
netic modifications are still relatively crude, and most
have only been applied in mice. Important advance-
ments in these technologies will allow combination of
tissue-specific promoters with elements that provide for
temporal control of gene expression. Evolving techno-
logies of genomics and proteomics, combined with pow-
erful data mining and analysis techniques being devel-
oped, offer the best opportunity for unraveling the de-
tails of complex physiological systems, such as those
involved in control of feed intake and regulation of en-
ergy balance.

Implications

New technologies being developed in genomics and
proteomics are bringing about revolutionary changes

in animal agriculture. Genomic research is providing
information necessary for better understanding the
physiology of feed intake and growth regulation and for
developing customized genetics. As much as 50% of the
variation in important traits, such as control of feed
intake, can be accounted for by specific combinations
of genes. Once identified, transgenesis can be used to
modify genes responsible for growth characteristics,
and animals can be selected for specific niche markets
for enhanced value capture. In the future, accepted and
efficient means of introducing new genes associated
with important traits will be used to greatly improve the
efficiency of production. As the world faces increasing
population growth pressures, these new technologies
will be used to develop solutions to the problem of pro-
viding sufficient, nutritious, and safe food in environ-
mentally sound ways.
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