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Strategies and Potential
Molecular Targets for Obesity

Treatment
L. Arthur Campfield,” Francoise J. Smith, Paul Burn

Obesity is an increasingly prevalent and important health problem. Although treatment
is available, the long-term maintenance of medically significant weight loss (5 to 10
percent of initial body weight) is rare. Since 1995 there has been an explosion of research
focused on the regulation of energy balance and fat mass. Characterization of obesity-
associated gene products has revealed new biochemical pathways and molecular tar-
gets for pharmacological intervention that will likely lead to new treatments. Ideally, these
treatments will be viewed as adjuncts to behavioral and lifestyle changes aimed at
maintenance of weight loss and improved health.

Obesity is an increasingly prevalent, costly,
and important health problem throughout
the world (I, 2). In the United States, the
prevalence of obesity in adults is now 32%,
and the prevalence in children has risen by
40% over the last 16 years. Similar trends
are being seen worldwide (I).

Obesity is a particularly challenging
medical condition to treat because of
its complex etiology. Body weight repre-
sents the integration of many biological
and environmental components. The en-
vironmental components (3) can be mod-
ulated through behavioral changes such
as healthy eating and physical activ-
ity, whereas the biological components
are much more difficult to address. Chang-
es in body weight are resisted by very
robust physiologic mechanisms that we
are only beginning to understand (4-6).
However, the recent explosion of research
on the altered biochemical pathways
caused by single gene mutations in ani-
mal models of obesity has dramatically
expanded our knowledge base of these
physiologic mechanisms (6). As a result,
efforts to develop innovative anti-obesity
drugs have intensified. Here, we discuss
some of the potential drug targets that
have emerged from this “new science” of
obesity.
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Assessing the Efficacy of
Obesity Treatments

Traditionally, the efficacy of a new obesity
treatment is assessed by its effect on body
weight. By this criterion, a treatment is
considered successful if it (i) prevents fur-
ther weight gain, (ii) induces a 5 to 10%
weight loss from the initial body weight,
and (iii) allows long-term maintenance of
the weight loss once it is achieved (I, 7).
Recently, an alternative, medically
based outcome measure for obesity treat-
ment has been advocated by scientists and
physicians (7). Rather than focusing pri-
marily on body weight, body fat, or the body
mass index (BMI = weight/height?), this
measure, called “metabolic fitness,” tracks
the metabolic health of obese individuals.
Metabolic fitness is defined as the absence
of biochemical risk factors associated with
obesity, such as elevated fasting concentra-
tions of cholesterol, triglycerides, glucose,
or insulin; impaired glucose tolerance; or
elevated blood pressure. In this school of
thought, weight loss is viewed not as a goal
but as a modality to improve health (7).
Many studies have shown that during peri-
ods of weight loss there is a uniform im-
provement in the profile of risk factors (1).
Interestingly, reductions in the biochemical
risk factors may not always be dependent on
weight loss. For example, insulin sensitivity
and cholesterol levels can be improved by
physical activity in the absence of weight
loss (1, 3, 8). The hope is that by using

73. Supported by grants from the NIH (DK 17844, DK
54080, DK 54890, DK 12829, DK 52989, and NS
32273), the Diabetes Endocrinology Research Cen-
ter and Clinical Nutrition Research Unit of the Univer-
sity of Washington, and the Merit Review Program of
the Department of Veterans Affairs and funds from
the Division of Metabolic Diseases, Hoffmann-La
Roche, Nutley, NJ.

metabolic fitness as a measure of success,
health professionals can shift the patient’s
focus from unrealistic, culturally imposed
goals (for example, dress size or belt size), to
the more appropriate and achievable goal of

better health (7).

Classes of Anti-Obesity Drugs

Anti-obesity drugs can be classified accord-
ing to their primary mechanism of action
on energy balance. When daily energy in-
take matches daily energy expenditure,
body weight remains constant. If intake
exceeds expenditure, then a state of positive
energy balance is achieved and body weight
will increase. Conversely, if energy expen-
diture exceeds intake, then a state of nega-
tive energy balance is achieved and body
weight will decrease. The goal of all anti-
obesity drugs is to induce and maintain a
state of negative energy balance until the
desired weight loss is achieved (4, 5, 9-11).

There are four general classes of anti-
obesity drugs. (i) Inhibitors of energy (food)
intake (or appetite suppressants) reduce
hunger perception, increase the feeling of
fullness, and reduce food intake by acting
on brain mechanisms. As a result, these
drugs facilitate compliance with caloric re-
striction. (ii) Inhibitors of fat absorption
reduce energy intake through a peripheral,
gastrointestinal mechanism of action and
do not alter brain chemistry. (iii) Enhancers
of energy expenditure act through periph-
eral mechanisms to increase thermogenesis
without requiring planned increases in
physical activity. (iv) Stimulators of fat mo-
bilization act peripherally to reduce fat mass
or decrease triglyceride synthesis or both
without requiring planned increases in
physical activity or decreases in food intake.
Importantly, the beneficial actions of all
four drug classes can be easily overcome by
increased intake of food (especially calori-
cally dense food items) or decreased volun-
tary physical activity. )

The major drugs used to treat obesity are
shown in Table 1. Currently, the only drugs
approved for use are a small set of centrally
acting appetite suppressants that reduce
food intake by modulating the concentra-
tions of monoamine neurotransmitters (se-
rotonin and norepinephrine or norepineph-
rine alone) in the brain. This modulation
can occur at the level of neurotransmirter
release or re-uptake or both. The identifi-
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cation of the specific subtypes of serotonin
receptors involved in the regulation of food
intake is a major focus of research. Appetite
suppressants generally produce an average
weight loss of about 10% of initial body
weight (1).

One of these drugs, dexfenfluramine
(Redux), was approved by the Food and
Drug Administration (FDA) in June 1996.
Although some concerns had been raised
about the possible risk of primary pulmo-
nary hypertension and loss of serotonergic
neurons, the drug was approved on the basis
of its low risk/benefit ratio and extensive
clinical experience in Europe and, indeed,
was the first anti-obesity drug approved in
the United States in more than 20 years. In
response to an unexpected cluster of reports
of heart valve disease (valve leakage, seen
best on echocardiograms) in obese patients
who had been treated with dexfenfluramine
or a combination of older anti-obesity drugs
(fenfluramine and phentermine), both
dexfenfluramine and fenfluramine were
withdrawn from the global market by the
manufacturer in September 1997. It is not
yet known if the heart valve leakage ob-
served was due to action of the drugs on the
central or peripheral serotonin system or to
another unknown mechanism. The Nation-
al Institutes of Health issued a recommen-
dation in November 1997 that all individ-
uals treated with these drugs, alone or in
combination with phentermine, visit their
physicians for assessment of their medical
condition. Subsequently, the FDA ap-
proved sibutramine (Meridia), a combined
serotonin and norepinephrine re-uptake in-
hibitor. In contrast to dexfenfluramine, sib-
utramine does not stimulate the release of
serotonin from nerve endings (12).

Orlistat (Xenical), a new drug currently
under FDA review, acts by an entirely dif-
ferent mechanism that does not affect the
brain. It specifically targets pancreatic
lipases, enzymes that digest fat into fatty
acids and monoglycerides that can be ab-
sorbed into the body. When the lipases are
blocked, about one-third of the fat passes
through the gastrointestinal tract and is
excreted, which reduces the amount of fat
absorbed and stored in fat cells (13).

Potential Targets for New
Anti-Obesity Medicines

Perhaps the most significant new target is
the recently isolated hormone OB (the
product of the obesity gene OB, also known
as leptin), which has rapidly become appre-
ciated as a critical signal in the regulation of
body fat and body weight. OB is produced
by fat cells, circulates in the blood, and
enters the brain where it functions to re-
duce food intake, reduce serum glucose and
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insulin levels, and increase metabolic rate,
ultimately leading to a reduction in fat mass
and body weight (6). Mice deficient in OB
are obese, and administration of exogenous
OB to these mice causes dramatic reduc-
tions in food intake and body weight (14,
15). It also causes reduction of food intake
and body weight when administered to lean
mice, rats, and monkeys (6). OB mediates
its effects through a specific receptor, OB-

is shown in Fig. 1 (6).

The next generation of medicines to
treat obesity may target the OB pathway. If
OB has all, or even some, of the same
biological activities in humans as in mice, a
single drug that activates the OB pathway
may have multiple therapeutic benefits: It
may not only suppress appetite and increase
metabolic rate, but may also reduce the
amount of body fat.

Obese humans have increased serum
levels of OB, suggesting that obesity is due

R, which has been cloned and characterized
(16). A model of the OB signaling pathway

Fig. 1. A schematic model of some of the important elements of the OB signaling pathway that regulates
body energy balance [adapted from (6)].

Table 1. Classes of anti-obesity drugs. (There are no current drugs that enhance energy expenditure.)

Drug Target Mechanism Status
Inhibitors of energy intake (appetite suppressants)
Fenfluramine Serotonergic Inhibits serotonin re-uptake Withdrawn
neurons and stimulates serotonin
release
Phentermine Noradrenergic Inhibits norepinephrine FDA approval
neurons re-uptake
Fenfluramine and Serotonergic and Inhibits serctonin re-uptake Combination of
phentermine noradrenergic and stimulates serotonin individually
(Fen/Phen) neurons release; inhibits approved drugs
norepinephrine re-uptake (fenfluramine
now withdrawn)
Dexfenfluramine Serotonergic Inhibits serotonin re-uptake Withdrawn
(Redux) neurons and stimulates serotonin
release
Sibutramine Serotonergic and Inhibits serotonin and FDA approval
(Meridia) noradrenergic norepinephrine re-uptake
neurons
OB (leptin) OB receptor Activates OB receptor in In phase Il clinical

brain and reduces food trials

intake
Inhibitors of fat absorption
Pancreatic lipase Inhibits fat absorption
Stimulators of fat mobilization
OB receptor Mobilization of fat mass

Crlistat (Xenical) Under FDA review

OB (leptin) In phase Il clinical

trials
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to a decreased sensitivity to OB, not a
deficiency of OB (6, 17). Thousands of
obese individuals have been screened for
mutations in the OB and OB-R genes. Thus
far, three families have been found to have
mutations. Two cousins (male and female)
from a large consanguineous family from
India have homozygous frameshift muta-
tions resulting in the deletion of a single
guanine nucleotide in OB, and as expected,
they have low or undetectable levels of
functional OB. They were both normal
weight at birth and then rapidly became
severely obese, just like OB-deficient, obese
mice (18). Three obese members of a Turk-
ish family have recently been shown to
carry a homozygous missense mutation in
OB that is associated with low serum levels
of OB (19). Finally, three severely obese
sisters in a large consanguineous family of
Kabilian origin have been found to be ho-
mozygous for a splice-site mutation in the
OB-R gene; the mutant gene is predicted to
encode a truncated form of OB-R that lacks
both the transmembrane and intracellular
domains and, therefore, presumably has no
signaling function. There were no signs of
pubertal development in two of the adult
sisters (20), consistent with studies in mice
and humans showing that OB also has a
role in reproductive development (21).
These findings strongly suggest that OB

Fig. 2. A conceptual represen-
tation of the currently known
mouse and human obesity gene
products and the brain path-
ways in which they may act. On
the left is the afferent imb of the
OB pathway; fat cells (oval with
“ob”, bottom left) secrete OB
protein (circles) into the blood-
stream and brain capillaries
(shown in cross-section), which
then enters the brain by a re-
ceptor-mediated transport sys-
tem (half ellipse). The middle di-
agrams show an array of model
classes of OB-responsive neu-
rons (rectangles). OB binds to
its receptor, OB-R (encoded by
the db gene) and alters the ex-
pression of the genes indicated
(oomc, npy, “?*, crh, and tub),
producing the specific neu-
ropeptides shown (on the right
side of the rectangles). “Z”, “W”,
and “?" denote presently un-
known neuropeptides. The biol-
ogy of TUB is unknown (47). On
the right is a model neuronal

network schematically represented by the large nerve ending with receptors
for the indicated neuropeptides and proteins. This network forms the efferent
limb of the OB pathway, through which it controls energy balance by mod-
ulating ingestive behavior, metabolism, autonomic nervous system, energy
expenditure, reproduction, and as yet unidentified actions (“??7?”). Note that
each of these biological actions is probably determined by multiple neu-

www.sciencemag.org ¢ SCIENCE ¢ VOL. 280 « 29 MAY 1998

REGULATION OF BODY WEIGHT: ARTICLES

plays an important role in the regulation of
body fat, body weight, and reproductive
function in humans.

The observation that most obese individ-
uals have elevated serum levels of OB has
prompted speculation that human obesity
can arise from reduced brain responsiveness
to OB. This hypothesis is supported by stud-
ies of diet-induced obese (DIO) mice. When
lean AKR/] mice are fed a high-fat, energy-
dense diet, they become obese and their
serum levels of OB and insulin rise (14). In
comparison to lean AKR/] mice, the DIO
mice require higher intraperitoneal doses of
OB to alter food intake, metabolism, and
body fat. Recent studies indicate that brain
responsiveness to OB is reduced in these
obese animals and can be reversed by weight
loss (22). Thus, in terms of OB-based ther-
apy for obesity, a reasonable goal would be
to identify the molecular determinants of
reduced OB responsiveness and then devel-
op low molecular weight compounds that
enter the brain and act on these molecules
to increase responsiveness to OB. In princi-
ple, a drug that overcomes the weak link or
links in the brain pathway that prevent the
message conveyed by OB from producing an
appropriate response in obese individuals
would provide an elegant solution to obesity
treatment.

Several additional proteins have been

implicated in human obesity and may pro-
vide other therapeutic targets. A concep-
tual representation of the currently known
mouse and human obesity gene products
and the brain pathways in which they may
act is shown in Fig. 2. On the left is the
afferent limb of the OB pathway: OB is
secreted by fat cells, circulates in the
blood, and is transported into the brain. In
the middle of the figure is an array of
model classes of neurons that are respon-
sive to OB, each producing a specific neu-
ropeptide. On the right is a model neuro-
nal network, the efferent limb of the OB
pathway, that controls energy balance
through actions on ingestive behavior, the
autonomic nervous system, hormones,
metabolic rate, and energy expenditure.
This network responds to all of the
neuropeptides thought to be involved in
the control of energy balance: neuropep-
tide Y (NPY), agouti-related peptides, pro-
opiomelanocortin (POMC) and POMC
products including a-melanocyte stimulat-
ing hormone (a-MSH) and possibly other
melanocortin-4 receptor (MC4-R) ligands,
corticotropin releasing hormone (CRH or
CRF) and the closely-related urocortin, mel-
anocyte-concentrating hormone (MCH),
galanin, orexin {also known as hypocretin),
and TUB. The network also responds to
the gastrointestinal hormones cholecysto-

ropeptides or proteins. The mouse or the human character represents mu-
tations in specific genes associated with obesity in mice and humans. The
arrow with OB shows that it can also act directly on the neuronal network.
According to this scheme, potential anti-obesity drugs can be based on any
intervention between the neuropeptide synthesis or release and activation of
its receptor.
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kinin, bombesin, and glucagon-like pep-
tide—1 (GLP-1), as well as OB, AGOUTI,
and growth hormone (GH) (23). Mutations
in specific genes that are associated with
obesity in mice and humans are indicated by
the mouse or human character in the figure.

A mutation in the agouti gene is respon-
sible for obesity in a strain of yellow mice
(24). Recent genetic and pharmacological
research strongly suggests that AGOUTI
causes obesity by blocking MC4-R in the
brain (25, 26). Mice deficient in MC4-R
develop late-onset obesity and alterations
in their peripheral metabolism (25). This
observation, combined with experiments
with MC4-R agonists (which decrease food
intake) and antagonists (which increase
food intake), indicates that MC4-R is part
of a physiological pathway that normally
inhibits food intake and fat storage. This
pathway may play an important role in
late-onset obesity (26).

A mutation in the gene fat (27) causes
obesity in mice by decreasing the amount of
an enzyme, carboxypeptidase E (CPE), that
may be involved in the final stages of pro-
cessing insulin and POMC and other hor-
mones. Interestingly, an obese person has
been identified who carries a mutation in the
gene for prohormone convertase—1 (PC-1),
an enzyme that catalyzes a reaction preced-

Table 2. Potential therapeutic targets for new
anti-obesity drugs.

Target Type of drug

Inhibitors of energy intake
(appetite suppressants)

Serotonin Re-uptake inhibitors
Norepinephrine Re-uptake inhibitors
Dopamine Re-uptake inhibitors
OB receptor Agonists

NPY receptor (Y5, Y1) Antagonists

MC4 receptor Agonists
Agouti-related peptides  Agenists

POMC Antagonists

MCH receptor Antagonists

CRH receptor/CRH Antagonists

binding proteins

Urocortin Antagonists

Galanin receptor Antagonists
Orexin‘hypocretin Antagonists

CCK-A receptor Agonists

GLP-1 receptor Agonists

Bombesin Agonists

Enhancers of energy expenditure

UCP2/UCP3 Stimulators of
expression/activity
PKA Stimulators
-3 Adrenergic Agonists
receptor
Stimulators of fat mobilization
OB receptor Agonists
PKA Stimulators
-3 Adrenergic Agonists
receptor
GH receptor Agonists
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ing that catalyzed by CPE (28). These find-
ings indicate that correct processing of cer-
tain, as yet unknown, proteins and hormones
can be essential for mice and humans to
maintain a lean body composition.

NPY is the most widely distributed neu-
ropeptide in the brain, and it exerts multi-
ple biological effects. In addition to being
one of the most potent appetite stimulators
in animals, it appears to be one of the
mediators of OB action in the brain (29).
There is currently much interest in identi-
fying the NPY receptor subtypes that medi-
ate the effects of NPY on food intake and
energy balance. Other potential targets are
uncoupling protein 2 (UCP2) and 3
(UCP3). These proteins, which are ex-
pressed in peripheral tissues, belong to a
family of proton transporters that, when
activated, may cause increased thermogen-
esis, leading to reduced storage of fat (30).

According to the scheme shown in Fig.
2, potential anti-obesity drugs can be based
on any intervention between the neuropep-
tide and its receptor that would alter the
biological responses mediated by the neuro-
nal network—in particular, food intake,
metabolism, and energy expenditure. These
potential drugs, listed in Table 2, can be
classified as inhibitors of energy intake, en-
hancers of energy expenditure, and stimu-
lators of fat mobilization.

Many pharmaceutical companies have
large programs directed at the development
of new modulators of monoamine neuro-
transmitters and neuropeptide receptor ago-
nists or antagonists. In addition to the well-
documented effect of serotonin modulation
on food intake, there is strong evidence that
modulation of dopamine or norepinephrine
has an effect (31). There is also a large
effort to develop antagonists for specific
NPY receptors (Y5, Y1) that have been
associated with food intake (32). Among
the newer targets, MC4-R has attracted a
lot of attention. Selective MC4-R agonists
could inhibit food intake, and because AG-
OUTI inhibits MC4-R, analogs of the ag-
outi-related peptides may also serve as ap-
petite suppressants. It is widely believed
that the endogenous ligand of MC4-R is
a-MSH or another product of POMC pro-
cessing; thus, compounds that increase
POMC levels may also reduce food intake
(33). Other potential neuropeptide targets
for appetite suppressants include receptors
for MCH, CRH (and the closely related
urocortin), galanin, opioid peptides, and
the recently discovered orexin (hypocre-
tins) (23, 34).

Receptors for three well-known gastro-
intestinal hormones are also targets for the
development of appetite suppressants. Cho-
lecystokinin (CCK) is released from the
intestine in response to meals and plays

an important role in meal termination.
CCK-A receptor agonists reduce meal size
and food intake in animals (35). Bombesin
reduces food intake when injected into ro-
dents; thus, bombesin receptor agonists may
be useful as appetite suppressants (36). Al-
though GLP-1 has been under study as an
endogenous stimulator of insulin release
from the pancreas in humans, it was recent-
ly shown that brain administration of
GLP-1 to rats reduces food intake (37). If
gastrointestinal and other side effects can
be avoided, GLP-1 receptor agonists may
also be useful for reducing food intake.

New targets for drugs that enhance en-
ergy expenditure include the aforemen-
tioned uncoupling proteins (UCP2 and
UCP3) and the well-characterized enzyme
protein kinase A (PKA). Mice in which
PKA is dysregulated (by inactivation of
the PKA subunit RII B) are lean and
resistant to diet-induced obesity (38).
Thus, in theory, pharmacologic stimula-
tion of PKA may cause increased thermo-
genesis and fat mobilization.

Another drug target in this category is
the B-3 adrenergic receptor, which has been
extensively studied. Large development
programs have identified several agonists.
Early nonselective compounds that were
B-adrenergic receptor agonists increased
thermogenesis in obese humans, but they
had unwanted side effects including in-
creased heart rate or tremor (39). These
drugs also increase fat mobilization in ani-
mals. Newer, apparently selective, B-3 ad-
renergic receptor agonists have not in-
creased thermogenesis in humans, and the
search for more effective agonists continues.

Drugs that would potentially stimulate
fat mobilization include growth hormone
(GH) receptor agonists, OB, PKA stimula-
tors, and B-3 adrenergic receptor agonists.
In animal studies, administration of GH
increases lean muscle mass and reduces fat
mass. The role of GH in the treatment of
obesity is currently heing evaluated in clin-
ical trials (40).

Conclusions

Complementary investigations at the phar-
macologic, physiologic, and behavioral lev-
els will be critical to the evaluation of all
new anti-obesity drugs. The most effective
pharmacologic treatments are likely to be
those that involve the use of a combination
of drugs, each with a distinct mechanism of
action, or a single drug with multiple activ-
ities. Indeed, if OB is found to have the same
biological activities in humans as in rodents,
a drug targeting this pathway could theoret-
ically have multiple beneficial activities.
Obesity is a chronic disease, and the
possibility of long-term treatment—either
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continuous or intermittent treatment

throughout adult life—is a concept that is

receiving more attention. In this context,
the risk-benefit and quality-of-life analy-
ses of pharmacologic treatment become
increasingly important. Vigorous dialog
between health care professionals, pa-
tients, the research community, and regu-
latory authorities is needed to define, in
objective and quantifiable terms, the min-
imum efficacy required to justify long-
term treatment. Safety considerations are
critical. For example, because women
make up the largest group seeking treat-
ment for obesity, potential drugs must be
tested in long-term studies for possible
undesired effects on reproductive function
and hormonal status.

Innovative drugs will be most effective
when they are used as adjuncts to, rather
than substitutes for, lifestyle changes to im-
prove the metabolic fitness, health, and
quality of life for obese individuals. Such
drugs will likely be part of sequential or
combined treatment programs tailored to
individual patients. In summary, although
the path to innovative medicines for obesi-
ty is strewn with many obstacles, the recent
progress in the “new science” of obesity
provides hope that the future of obesity
treatment will be bright.
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Eating Disorders:
Progress and Problems
B. Timothy Walsh* and Michael J. Devlin

Recent research on-Anorexia Nervosa and Bulimia Nervosa has yielded an increasingly
detailed understanding of the range of biological and psychological abnormalities as-
sociated with these eating disorders. Inherited vulnerabilities, cultural pressures, and
adverse individual and family experiences all appear to contribute to the onset of extreme
dieting, binge eating, and purging. Once initiated, these behaviors give rise to multiple
physiological disturbances, some of which may serve to perpetuate the iliness. Although
there have been substantial advances in the management of Bulimia Nervosa, the goal
of offering effective treatment to all individuals with eating disorders remains elusive. This
article reviews current thinking on the etiology and treatment of the two major eating
disorders and a related syndrome, Binge Eating Disorder.

Over the past 25 years, Anorexia Nervosa
(AN) and Bulimia Nervosa (BN), the two
officially recognized eating disorders, have
become a major focus of attention among
both the research community and the gen-
eral public. Together these illnesses affect
about 3% of women over their lifetime, and
BN, the more common disorder, appears to
be increasing in incidence. The causes of
AN and BN remain enigmatic. Cultural
and environmental factors are thought to
play a role, as eating disorders are generally
more common in industrialized than in de-
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veloping nations. The possible etiologic
role of biological factors has been difficult
to study because the disorders are relatively
rare and because good animal models do not
yet exist. Although significant strides have
been made in developing effective treat-
ments for BN, AN remains difficult to treat,
especially over the long term. Here we pro-
vide an overview of recent progress.

Anorexia Nervosa: An Old Enigma

AN is among the most disabling and lethal
of psychiatric disorders. Although it is
sometimes attributed to the widespread
practice of dieting among women in the
late twentieth century, the first case of AN
was reported 300 years ago and by 1874 the
syndrome was already well described (1).
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