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PREFACE

Therising prevalence of obesity among children and adultsisone of the most signifi-
cant threatsto our nation’ shealth aswe enter the 21st century. Among ahost of disorders
associated with obesity that affect multiple organ systems, the escalating preval ence of
type 2 diabetes and conditions associated with the metabolic syndrome and cardiovas-
cular disease are the most worrisome. For these reasons, it isincreasingly important for
clinical endocrinologists and other health care providers to be informed about break-
throughs in obesity research and to become engaged in the clinical care of the obese
patient. Although our medical journals and the popular press are including more and more
articles about obesity-related topics, there is a need to sort, synthesize, and interpret this
information into asinglereadabletext. Thus, the primary purpose of thisvolume of Contem-
porary Endocrinology, entitled Treatment of the Obese Patient, is to inform clinicians of
recent scientific advancesin obesity research and to provide an up-to-datereview of current
treatment issues and strategies. To provide the most useful and authoritative text, we
have selected chapter authors who are not only expertsin their fields of study but who
are also able to translate important and emerging concepts to the practicing clinician.

The volumeisdivided into two parts. Part 1 covers new discoveriesin the physi-
ological control of body weight, as well as the pathophysiology of obesity. The most
exciting breakthroughsin obesity research over the past decade have come from agrowing
appreciation of the critical pathways that control food intake, energy expenditure, and
peripheral nutrient metabolism including the emerging evidence of the role of adipose
tissueasan endocrineorgan. Each of theseevolving areasiscoveredinitsentirety inthis
volume. Chapters 1 through 3 address the neuroregulation of appetite, the role of gut
peptides in providing peripheral signals of nutrient balance to the brain, and the new
biology of the endocannabanoid system. In Chapters 4 and 5, the pathophysiology of
adipokines and role of free fatty acids, insulin, and ectopic fat in the metabolic
dysregulation of obesity are reviewed. Chapter 6 examines the provocativerole of fetal
origins and birth weight in the causation of obesity. Finally, Chapters 7 and 8 provide a
comprehensivereview of new developmentsin body composition in health and disease,
and therole of alterations of energy expenditure in the development of obesity.

In Part 2, we turn to arange of issues that are central to the clinical management
of obese patients. This section beginswith an informative review of the socioeconomic
aspects of obesity. Chapters 10 through 12 address the comprehensive assessment and
evaluation of the obese adult patient, the pathophysiology and approach to the patient
with polycystic ovarian syndrome, and management of the obese patient with diabetes.
Chapters 13 through 15 provide an excellent review and discussion of three dietary
approachesthat have been advocated in thetreatment of obesity—energy density, glycemic
index, and low-carbohydrate diets. The role of physical activity is covered in Chapter 16.
Communication, counseling, and motivational interviewing, keys to changing patient
behavior, areconsidered in Chapter 17. Chapters 18 through 20 turn our attentionto new
developments in the pharmacotherapy of obesity, surgical approaches and outcomes, and
management of micronutrient deficiencies in the postbariatric surgical patient. Lessons
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learned from individuas who have succeeded in losing weight and maintaining a reduced
obese statelong term: members of the National Weight Control Registry arediscussed in
Chapter 21. Lastly, asuccinct summary of evaluation and management of the pediatric
obese patient is reviewed in Chapter 22.

Treatment of the Obese Patient isatimely and informative text for all health care
providersfacing the challengesof hel ping their patients managetheir weight. Our inten-
tion isto provide aresource that will both stimulate and engage clinicians to take part
moresuccessfully inthe obesity-care process. Wehopewe have accomplished thisgoal .

Robert F. Kushner, mp
Daniel H. Bessesen, mb
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1 Neuroregulation of Appetite

Ofer Reizes, PhD, Stephen C. Benoit, PhD,
and Deborah ]. Clegg, PhD
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Summary

This chapter reviews current literature on hormonal and neural signalscritical for theregulation
of individual meals and body fat. Body weight is regulated via an ongoing process called energy
homeostasis, or the long-term matching of food intake to energy expenditure. Reductions from an
individual’s “normal” weight owing to alack of sufficient food lowers levels of adiposity signals
(leptin and insulin) reaching the brain from the blood, activates anabolic hormones that stimulate
food intake, and decreases the efficacy of meal-generated signals (such as cholecystokinin) that
normally reduce meal size. A converse sequence of events happens when individuals gain weight,
adiposity signalsareincreased, catabolic hormones are stimulated, and the consequenceisareduc-
tionin food intake and a normalization of body weight. The brain also functions asa“fuel sensor”
and thereby senses nutrients and generates signals and activation of neuronal systems and circuits
that regulate energy homeostasis. This chapter focuses on how these signals are received and inte-
grated by the central nervous system.

Key Words: Hypothalamus; arcuate nucleus; body weight regulation; neuropeptides; central
nervous system (CNS); obesity.

INTRODUCTION

Body weight (or, more accurately, body adiposity) isatightly regulated variable. To
maintain body fat stores over long periods of time, caloric intake must precisely match
expenditure. Such a process relies on the complex interactions of many different physi-
ological systems. As an example, one negative feedback system is composed of hor-
monal signalsderived from adiposetissuethat inform the central nervoussystem (CNS)

From: Contemporary Endocrinology: Treatment of the Obese Patient
Edited by: R. F. Kushner and D. H. Bessesen © Humana Press Inc., Totowa, NJ

3



4 Reizes, Benoit, and Clegg

about the status of peripheral energy stores. These signal sfrom adiposetissue or periph-
eral fat storesform oneside of the hypothesized feedback loop. Thereceiving sideof this
regulatory system includes one or more central effectors that translate adiposity infor-
mation into appropriate subsequent ingestive behavior. When the system detects low
levels of adipose hormones, food intake is increased, whereas energy expenditure is
decreased. On the other hand, in the presence of high adiposity signals, food intake is
reduced and energy expenditureincreased. Inthisway, the negativefeedback system can
maintain energy balance or body adiposity over long periods of time by signalsin the
CNS.

THE DUAL-CENTERS HYPOTHESIS

Historically, the conceptual framework that dominated thinking about therole played
by the hypothalamus in the control of food intake was the dual-centers hypothesis pro-
posed by Stellar in 1954 (1). In the same year that the discovery of leptin refocused
attention on the role of the hypothalamus in energy balance, Psychological Review
honored thisarticleasone of the 10 most influential articlesit had publishedinacentury
of publications. Stellar eloquently argued that the hypothalamus is the central neural
structure involved in “motivation” generally and in the control of food intake more
specifically. This control is divided into two conceptual categories controlled by two
separate hypothalamic structures. Thefirst category was* satiety” and wasthought to be
controlled by the ventromedial hypothalamus (VMH). The most important data that
contributed to thishypothesiswere that bilateral |esions of the VMH resulted in ratsthat
ate more than controls and became obese. These lesioned rats were thought to have a
defectinsatiety; therefore, theVMH wasdescribed asbeing a“ satiety” center. Addition-
aly, experimentally thelesion could bereplicated by electrical stimulation of theVMH,
which also caused the animals to stop eating—in other words, these experiments dem-
onstrated arole for the VMH in enhancing satiety. In contrast to the VMH, the lateral
hypothalamic area(LHA) wasthought to bethe* hunger” nucleus, aslesionsof the LHA
resulted in rats that under-ate and lost body weight. Additionally, electrical stimulation
of the LHA caused eating in sated animals. Therefore, the VMH was thought to be the
satiety center and the LHA was considered the hunger center. This characterization of
thebrainwas called the dual -centershypothesi sand was the dominant conceptuali zation
of how the CNS controlled food intake for almast 30 yr.

CNS Regulation of Food I ntake

CNS regulation of food intake was originally thought to be controlled by the VMH
and theLHA; however, several challengeswere madeto thisearly hypothesis. Thefirst
was arealization that there are limitations to our understanding of the neurocircuitry
using the lesions as an experimental approach to understanding CNS function. Conclu-
sionsmade about larger lesion studieswere difficult to interpret because lesionsusually
destroyed all fibersin the nuclei, not just those fibers of specificinterest. An additional
problem was that there are consequences of the lesion not directly tested. For example,
although lesions of the VMH result in hyperphagic and obese rats, they also result in
rapid and dramatic increases in insulin secretion from pancreatic B-cells (2). Indeed,
exogenous peripheral insulin administration resultsinincreased food intake, and repeated
administration can result in rapid weight gain (3). Therefore, in addition to regulating
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Fig. 1. Cartoon drawing of a coronal section of the brain. It represents the key nuclei in the
hypothalamus that influence food intake and body weight regulation. There are peripheral sig-
nals, leptin, insulin, and ghrelin, which interact with the hypothalamus; these are depicted with
arrows pointing to the arcuate nucleus. Additionally, there are signals that originate in the
brainstem, CCK and GL P-1; these are depicted with an arrow and are denoted as arising fromthe
brain stem. Last, there are nutrients and neurostransmitters that interact with many of the hypo-
thalamic nuclei, and there are arrows that represent their interactions. The hypothalamic nuclei
arerepresented as shapes, and these shapes arelabeled as: arcuate (ARC), ventromedial nucleus
(VMH), paraventricular nucleus (PVN), and lateral hypothalamus (LH). The concept conveyed
hereisthat there are orexigenic (anabolic) neuropeptides that stimulate food intake, and there are
anorexigenic (catabolic) neuropeptides, nutrients, and neurostransmittersthat decrasefood intake.

“satiety,” the VMH also appears to have an important role in the regulation of insulin
secretion (2). Further research supported the VMH’ srolein regulating additional func-
tionsother then satiety. In particular, |ater dataindicated that it wasnot cell bodiesinthe
VMH but rather fibers running from the paraventricular nucleus (PVN) to the brainstem
that were critical for the effect of VMH lesions on insulin secretion (4,5). So although
the changes in insulin secretion were potentially responsible for the effects of VMH
lesions on food intake and body weight, this control of insulin secretion may not be
directly mediated by the VMH.

Another challenge to the dual-centers hypothesis came from work out of Grill’slab,
which focused on transection of the neuraxis at different levels by utilizing the chronic
decerebrate rat. The chronic decerebrate rat has a complete transection of the neuraxis
at the mesodiencephalic junction that isolates the caudal brainstem, severing all neural
input from more rostral structures such as the hypothalamus. Hence, neither the VMH
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nor LHA (nor any other hypothal amic nuclei, for that matter) could exert direct influence
on the motor neurons in the brainstem critical for executing ingestive behavior (6).
Despite acomplete loss of neural input from the hypothalamus, the chronic decerebrate
animal hasthe ability to engage in consummatory behavior and to adjust that behavior
in response to both external and internal stimuli. Chronic decerebrate rats respond ap-
propriately to taste stimuli (6-9). More importantly, chronic decerebrate rats demon-
strate satiety, and the size of the mealsisinfluenced in the same manner asin anormal
rat (6,8). The caudal brainstem is therefore sufficient to integrate internal regulatory
signalsthat limit meal size into ongoing ingestive behavior independent of the hunger
and satiety centersof thehypothalamus. These datasuggest that thereare several regions
inthe CNSthat mediatethecontrol of foodintake and that no singlebrain areaconstitutes
either a“hunger” or a“satiety” center.

CNS Regulation by Adiposity Signals and Effector Pathways

These challengesto the dual -centers hypothesis|ed to new model sfor understanding
therole of the hypothalamusin the control of food intake. Other research hasfocused on
emphasizing factors and signaling pathways that control long-term energy balance.
Adult mammals typically match their caloric intake to their caloric expenditure in a
remarkably accurate fashion. Inthe 1950s K ennedy postul ated that animals could regu-
late their energy balance by monitoring the major form of energy storage in the body,
adipose mass (10). When caloric intake exceeds caloric expenditure, fat stores are ex-
panded; when cal oric expenditure exceedscal oric intake, fat storesarereduced. In other
words, if the size of the adipose mass could be monitored, energy intake and energy
expenditure could beadjusted to keep adi pose mass constant and thereby keeptheenergy
equation balanced over long periods of time.

Thereare at | east two peripherally derived hormonesthat provide key afferent infor-
mation to the CNSfor body weight regulation. Leptin, apeptide hormone secreted from
adipocytesin proportion to fat mass, has received tremendous attention during the last
decade. Considerable evidence has been derived that implicates leptin as one of the
body’ sadiposity signals (11-14). Leptinlevelsin theblood correlate directly with body
fat, and peripheral or central administration of leptin reduces food intake and increases
energy expenditure.

Importantly, leptin levels are better correlated with subcutaneous fat than with vis-
ceral fat in humans, such that the reliability of leptin as an adiposity signal varies with
the distribution of body fat. There is a sexual dimorphism with respect to the way in
which body fat is distributed. Males tend to have more body fat located in the visceral
adipose depot, whereas femalestend to have morefat in the subcutaneous depot. Because
femalestend to have more subcutaneousfat than males, onthe average, leptinistherefore
abetter correlate of total adiposity in femalesthan in males (15). Further, when energy
balance is suddenly changed (for example, if an individual isfasted for aday), plasma
leptin levels decrease far more than body adiposity in the short term (16-18). Hence,
although much has been written about leptin as an adiposity signal, itisnot ideal in and
of itself, suggesting that other signals may exist. One candidate is the pancreatic hor-
mone, insulin.

Insuliniswell knownfor itsrolein regulating glucose homeostasis; however, an often
under-represented role for insulin is as an adiposity signal. Plasma insulin levels also
directly correlatewith adiposity, and although leptinisabetter correlate of subcutaneous



Chapter 1 / Neuroregulation of Appetite 7

adiposity, insulin correlates better with visceral adiposity (19-22). Moreover, when
energy balance changes, there are changesin plasmainsulin that closely follow changes
in homeostasis (23). Therefore, both leptin and insulin can be considered adiposity
signals, eachindicating something different to the brain; insulinisacorrel ate of visceral
adiposity and leptinisacorrel ate of subcutaneous adiposity and, together or separately,
they are markers of changes of metabolic status.

CONTROL OF ENERGY INTAKE

Food intakein mammals, including humans, occursin distinct boutsor meals, and the
number and size of meals over the course of a day comprises the meal pattern. Food
intake isthought to be regulated by signalsfrom the gut, brainstem, and hypothalamus.
M ost humansare quitehabitual inthat they eat approximately the same number of meals,
and at the sametime of day (24,25). Factorsor signal sthat control when mealsoccur are
different fromthosethat control whenthey end—i.e., different factorscontrol meal onset
and meal size (25,26). Historically, meal onset wasthought to be areflexive responseto
areduction in the amount or availability of some parameter related to energy. Changes
in glucose levels were posited to stimulate meals; this was coined the “glucostatic”
theory. This theory put forth the idea that a reduction of glucose utilization by sensor
cellsin the hypothalamus of the brain caused the sensation of “hunger” and atendency
to start ameal (27,28). An additional hypothesis was generated about what stimulates
“hunger”; this was associated with changes in fuel, either from changes in body heat,
upon fat utilization by theliver, or upon the generation of adenosinetriphosphate (ATP)
and other energy-rich molecules by cellsin the liver and/or brain (29-32).

Food intake may be stimulated for reasons other than simple changesin energy sub-
strates. An alternative hypothesisfor meal generation isthat most meals areinitiated at
times that are convenient or habitual, and thus based on socia or |earned factors as
opposed to fluxes of energy within the body (33). In this schema, the regulatory control
over food intake is exerted on how much food is consumed once ameal is started rather
than on when the meal occurs(34,35). Therefore, individuals have flexibility over their
individualized meal patterns, and thisisinfluenced by their environment and lifestyle.
Hence, therearefactorsand signal sthat areregul atory control sthat determinemeal size,
and thisis generally equated with the phenomenon of satiety or fullness (26).

Satiety

Meals are considered to be regulated—there are initiation and cessation cues that
signal the beginning and completion of the meal, respectively. If the cessation cue is
controlled by signals that arise from the brain and gut, then the individual must have a
meansof measuring reliably how much food hasbeen eaten—i..e., thenumber of calories
consumed, or perhapsthe precise mix of carbohydrates, lipids, and proteins, and/or other
food-related parameters. Consumption must be monitored asthe meal progresses so the
person knows when to say “I'm full” and put down the fork (26). Some parameters or
signals might provide the important feedback during an ongoing meal. These signals
may be in the form of vision, smell, or taste to gauge the amount of energy consumed.
However, several typesof experimentshavefound that any suchinputisminimal at best.

To determine whether the gut conveys a signal to end the meal, animals have been
experimentally implanted with a gastric fistula (36). When the fistulais closed, swal-
lowed food enters the stomach, is processed normally, and moves into the duodenum.
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When thefistulaisopen, swallowed food enters the stomach and then exitsthe body via
the fistula, in a process called sham eating. In both instances the visual, olfactory, and
taste inputs are the same, but the amount eaten varies considerably. When the fistulais
closed (representing what happensin anormal meal), animals eat normal-sized meals;
when the fistula is open (representing the experimental condition, or sham eating),
animalscontinueeatingfor longinterval sand consumevery large meal s(36—38). Hence,
whatever signals an individual uses to gauge how many calories have been consumed
must arise no more proximally than the distal stomach and/or small intestine.

Asingested food interactswith the stomach and intestine, it elicitsthe secretion of an
array of gut peptides and other signals that function to coordinate and optimize the
digestive process. In 1973 Gibbs and Smith and their colleagues reported that the gut
peptide, cholecystokinin (CCK), actsasasatiety signal, suggesting that this peptide may
regulate the size of meals. When purified or synthetic CCK is administered to rats or
humans prior to a meal, it dose-dependently reduced the size of that meal (39-43).
Further support of a role of endogenous CCK in eliciting satiety is indicated by the
observation that the administration of specific CCK-1 receptor antagonists prior to a
meal causesincreased meal sizein animalsand humans(44—47) and reducesthe subjec-
tive feeling of satiety in humans (44).

Endogenousfactorsthat reducethe size of meal sare considered satiety signals. There
areseveral different gut peptidesthat normally contributeto reductionsin meal size and
number (48,49). Besides CCK, gastrin-releasing peptide (GRP) (50), neuromedin B
(51), enterostatin (52,53), somatostatin (54), glucagon-like peptide (GLP)-1 (55,56),
apolipoprotein A-1V (57), and peptide Y'Y (PY Y)3-36 (58) areall peptidessecreted from
the gastrointestinal system that have been reported to reduce meal size when adminis-
tered systemically. Amylin (59,60) and glucagon (61,62) secreted from the pancreatic
islets during meals also have this property.

These peptides signal the central nervous system via multiple mechanisms but all
contribute to the phenomenon of satiety. The mechanism thought to be used by most is
toactivatereceptorsonvagal afferent fiberspassingtothehindbrain (e.g., CCK [63-65],
glucagon [66,67]), or to stimulate the hindbrain directly at sites with arelaxed blood—
brain barrier (e.g., amylin [68,69]). Signals from different peptides, aswell as signals
related to stomach distension, are thought to be integrated either within the vagal fibers
themselves or in the hindbrain, asthey generate an overall signal that ultimately causes
the individual to stop eating (70-73).

In summary, when food is eaten, it interacts with receptors lining the stomach and
intestine, causing therelease of peptides and other factorsthat coordinate the process of
digestionwiththeparticul ar food being consumed. Some of the peptidesprovideasignal
to the nervous system, and asthe integrated signal accumulates, it ultimately createsthe
sensation of fullness and contributes to cessation of eating.

An important and generally unanswered question concerns whether satiety signals
have therapeutic value to treat obesity. Thus, if satiety signals reduce individual meals
(e.g., by administering CCK prior to each meal), individuals may adjust by increasing
their frequency of eating, thereby maintaining total daily intake essentially constant
(74,75). CCK and the other gut-derived satiety signals have very short half-lives, onthe
order of one or afew minutes. Of note, rats with a genetic ablation of functional CCK-
1receptorsgradually becomeobeseover their lifetimes(76). Hence, long-acting analogs
of the satiety signals may have efficacy in causing weight loss. Thisis an area of con-
siderable research activity at present.
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INTEGRATION OF ADIPOSITY SIGNALS

The information about total body fat derived from insulin and leptin must be inte-
grated with satiety signals as well as with other signals related to learning, social situ-
ations, stress, and other factors, for thecontrol systemto bemaximally efficient. Although
the nature of theseinteractionsisnot well understood, several generalizationsor conclu-
sions can be made. For one, the negative feedback circuits related to body fat and meal
ingestion can easily be overridden by situational events. As an example, even though
sati ety signalsmight indicate that no morefood should be eaten during an ongoing meal,
the sight, smell, and perceived palatability of an offered dessert can stimulate further
intake. Likewise, even though an individual is severely underweight and food is avail-
able, theinfluenceof stressorscan precludesignificant ingestion. Because of thesekinds
of interactions, trying to relate food intake within an individual meal to recent energy
expenditure or to fat storesisfutile, at least in the short term. Rather, the influence of
homeostatic sighal sbecomes apparent only when intakeisconsidered over longer inter-
vals. That is, if homeostatic signals predominated, arelatively large intake in one meal
should be compensated by reduced intake in the subsequent meal. However, detailed
analyses have revealed that such compensation, if it occursat all, isapparent in humans
only when intervals of one or more days are considered (77,78). This phenomenon was
initially demonstrated in arigorous experiment using rabbits, where weekly intake cor-
related better with recent energy expenditure than did intake after 1 or 3 d (79).

Homeostatic controls over food intake act by changing the sensitivity to satiety sig-
nals. The adiposity signalsinsulin and leptin alter sensitivity to CCK. Hence, when an
individual hasgained excessweight, moreinsulin andleptin stimulatethe brain, and this
in turn renders CCK more efficacious at reducing meal size (80-84). This association
continues until the individual or animal becomes obese and resistant to the adiposity
signals leptin and insulin.

Thefeeding circuitry isintegrated. Asdiscussed above, satiety signalsthat influence
meal size interact with vagal afferent fibers and continue into the hindbrain (85,86),
where meal size is ultimately determined (87). At the same time, the hypothalamic
arcuate nucleus receives adiposity signals (Ieptin and insulin) as well as information
related to ongoing meals from the hindbrain. Through integration of these multiple
signal's, metabolism and ingestion are monitored (11-14,88).

Importantly, leptin and insulin fill distinct nichesin the endocrine system. Although
leptin has been implicated in several systemic processes, such as angiogenesis, the
primary role of leptin appearsto be as a negative-feedback adiposity signal that actsin
the brain to suppress food intake and net catabolic effector (22,89,90). Consistent with
this, animals lacking leptin or functional leptin receptors are grossly obese. Insulin (as
previously mentioned), in contrast, has a primary action in the periphery to regulate
blood glucose and stimulate glucose uptake by most tissues. Analogous to leptin, how-
ever, deficitsin insulin signaling are also associated with hyperphagiain humans, and
animals that lack normal insulin signaling in the brain are also obese (22,89-92).

The potential for redundancy between leptin and insulin has been highlighted by
several recent studiesin which leptin and insulin have been found to share both intrac-
ellular and neuronal signaling pathways. Themelanocortin system haslong been thought
to mediate the central actions of leptin (see “Melanocorting’ section), though recent
studiesindicate insulin stimulated the expression of the melanocortin agonist precursor
peptide pro-opiomelanocortin (POMC) in fasted rats and insulin-induced hypophagiais
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blocked by a non-specific melanocortin receptor antagonist (93-98). Furthermore,
phosphatidylinositol-3-OH kinase (Pl (3)K), an intracel lular mediator of insulin signal -
ing (99), appearsto play acrucial rolein theleptin-induced anorexiasignal transduction
pathway as well (99). Leptin functionally enhances or “sensitizes” some actions of
insulin. The underlying molecular mechanisms for the insulin-sensitizing effects of
leptin are unclear, and studies are conflicting regarding the effect of leptin on insulin-
stimulated signal transduction. Whereas the long form of the leptin receptor has the
capacity to activate the JAK/STAT3 (100,101) and mitogen-activated protein kinase
(MAPK) pathways, leptin is aso able to stimulate tyrosine phosphorylation of insulin
receptor substrate (IRS-1) (101), and to increase transcription of fos, jun (102).

CENTRAL SIGNALS RELATED TO ENERGY HOMEOSTASIS

Neural circuitsin the brain that control energy homeostasis can be subdivided into
those that receive sensory information (afferent circuits), those that integrate the infor-
mation, and those that control motor, autonomic, and endocrine responses (efferent
circuits). Peptidessuch asinsulin, leptin, and CCK—i.e., adiposity and satiety signals—
areafferent signalsthat influencefood intake. Additional, moredirect, metabolicsignals
arisewithinthebrainitself and a soinfluencefoodintake, and these are discussed bel ow.

Substrates such as glucose and/or fatty acidsare utilized in most cellsin the body and
can be captured or released as energy. As oxygen combines with these substratesin the
mitochondria of the cell, water and carbon dioxide are produced, and the substrate’s
energy istransferred into molecules such as ATP that can be used as needed to power
cellular processes. Most cellsin the body have complex means of maintaining adequate
ATP generation because they are able to oxidize either glucose or fatty acids. Hence, if
one or the other substrate becomes|ow, enzymatic changes occur to increase the ability
of thecell rapidly to take up and oxidize the alternate fuel. Compromising the formation
of ATP disables cells, and when it occursin the brain, generates a signal that leads to
increased eating (32,103-105).

It has been posited that specific cells/neuronsin the brain function asfuel sensorsand
thereby generate signals that interact with other neuronal systems to regulate energy
homeostasis (32,105). The brain is sensitive to changes in glucose utilization because
neurons primarily use glucose for energy. Recently, it has been demonstrated that in
addition to sensing changes in glucose levels, the brain also responds to and uses fatty
acids as sensor to influence food intake.

When energy substrates are abundant, most cell sthroughout the body have the ability
to synthesize fatty acids from acetyl CoA (TCA cycle intermediate) and malonyl CoA
via the cellular enzyme, fatty acid synthase (FAS). When FAS activity is inhibited
locally in the brain by the drug C75, animals eat less food and over the course of afew
days, selectively lose body fat (106—108). One interpretation of these findings is that
there are some hypothalamic cells that have the ability to sense changesin fatty acids,
and thesearethecritical populationsof cellsthat areresponsiblefor energy homeostasis
(109). The anorexic activity of C75 appears to require brain carbohydrate metabolism
(110), further supporting a critical role of key hypothalamic cells in the regulation of
energy homeostasis. Consistent with this, increases of either carbohydrate or long-chain
fatty acid availability locally in the arcuate nucleus leads to reduced food intake and
signals are sent to the liver to reduce the secretion of energy-rich fuels into the blood
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Table 1

Neuropeptides/Hormones/Nutrients/Neurotransmitters

Anabolic Catabolic

M elanin-concentrating hormone (M CH)
Hypocretin—orexin

Neuropeptide Y (NPY)

Agouti-related protein (AgRP)

Ghrelin

Cocaine—amphetamine-related transcript (CART)
Corticotropin-rel easing hormone (CRH) and urocortin
Proglucagon (GLP-1, GLP-2)

Serotonin

Ciliary neurotrophic factor (CNTF)
Pro-opiomelanocortin (POMC)

- e e e e

P

(111). These findings further support the concept that some brain neurons can utilize
either glucose or lipidsfor energy and hencefunction asoverall energy sensors(e.g., see
refs. 31,32,112).

These nutrient-sensing cellsin the brain have begun to be more fully characterized.
As previously mentioned, there are glucose-sensing neurons/cells, and these appear to
contain receptors and enzymes that are consistent with another type of cell that senses
changesin glucose, the pancreatic 3-cells. Like B-cells, certain populations of neurons
and gliadetect changesin glucose level sand generate signal sthat i nfluence metabolism
and behavior (113,114). Infurther support of anintegrated system, thereisevidencethat
the same or proximally close neurons contain receptorsfor leptin and insulin. What can
be imagined from the current findings is that the brain is a critical “nutrient-
sensing” organ; thereisapopul ation of neuronsthat collectively sampledifferent classes
of energy-richmolecules(i.e., glucoseand fatty acids) aswell ashormoneswhoselevels
reflect adiposity throughout the body (i.e., insulin and leptin). These same neurons
appear al soto be sensitiveto the myriad neuropeptidesknownto beimportant regul ators
of energy homeostasis (32), which will be described more fully below.

Anabolic Effector Systems
NEUROPEPTIDE Y

NeuropeptideY (NPY) isoneof themost potent stimulatorsof foodintake (115-117),
and is proposed to be an anabolic effector that induces positive energy balance. NPY is
a highly expressed peptide in the mammalian CNS (118,119), and is well conserved
across species. Hypothalamic NPY neurons are found primarily in the arcuate (ARC)
and dorsomedial nuclei, andin neuronssuch asthe PV N (120-125). Endogenousrelease
of NPY isregulated by energy balance. Specifically, inthe ARC, food deprivation, food
restriction, or exercise-induced negative energy balance each resultsin upregulation of
NPY mRNA inthe ARC and increased NPY protein. Repeated administration of NPY
resultsin sustained hyperphagiaand rapid body weight gain (126,127). The response of
the NPY system to negative energy balance is mediated, at least in part, by the fallsin
both insulin and leptin that accompany negative energy balance. Central insulin or
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central/peripheral leptin infusion attentuates the effect of negative energy balance and
reduced NPY mRNA levelsin the ARC (128-131).

The ARC NPY system has received the most experimental attention; however, there
isalso evidencethat implicatesthe dorsal medial hypothalamus (DMH) NPY systemin
theregulation of food intake. Therole of NPY inthe DMH inregulation of body weight
is most evident in several genetic murine obesity models, such as in tubby and agouti
lethal yellow mice, wherethese animalsare hyperphagic, yet have no elevationsin ARC
NPY mRNA, but do have elevationsin DMH NPY mRNA (132-134). Ratsthat do not
make a specific receptor for the classic gut-satiety factor, CCK, have elevated body fat
mass (135), with elevated NPY mRNA inthe DMH but not the ARC. Thereisgrowing
evidencethat pointsto the hypothesisthat there are multipleinputsthat determine NPY
activity in both the ARC and DMH.

There has been considerable controversy about the importance of the NPY system
because micewith atargeted del etion of the NPY genedo not show adramatic phenotype
interms of their regulation of energy balance (136). Interestingly, when NPY -deficient
mice are crossed with obese ob/ob mice, the resultant mice with both NPY and leptin
deficiency weigh less than ob/ob mice that have an intact NPY system, indicating that
the NPY system contributes significantly to the obesity of ob/ob mice (137). Thisis
consistent with data showing elevated NPY levelsin the hypothalamus of ob/ob mice.
However, anumber of other murinemodel s of obesity have no apparent differencewhen
crossed with NPY -deficient mice (138). Thusone conclusion that could bereached from
experimentson NPY -deficient micesuggeststhat NPY’ simportance may not beasgreat
as the physiological evidence has indicated. Alternatively, NPY -deficient mice may
compensate for developing in the absence of NPY signaling (139,140).

A recent report has further demonstrated the critical role of NPY neurons in the
arcuate nucleus. Bruning and colleaguesinduced targeted expression of atoxin receptor
to neurons expressing agouti-related protein (AgRP) (141). NPY and AgRP (discussed
in Melanocortin section) are coexpressed in a subset of arcuate nuclei. These are the
critical NPY/AgRP neuronsthat are believed to mediate many of the effectsof leptinand
insulin on food intake. Using this technique, the investigators were able to induce cell
death specifically inthese neuronsin atemporal manner (141). In contrast to the embry-
onicdel etion of theneurons, micewith adult targeted del etion of theNPY /AgRP neurons
stopped eating and lost significant amounts of body adiposity. Indeed, the embryonic
ablation of these neurons is consistent with ablation of the individual NPY and AgRP
neuropeptides. Thiselegant study confirmstheimportant roleof thesecellsinthenormal
regulation of energy balance. Although they are compelling, the datapoint to theimpor-
tance of the neurons, not the unique neuropeptides NPY and AgRP (141).

Thereareseveral NPY receptorsthat arecritical for the physiol ogical effectsobserved
following NPY administration. Both the Y 1 and Y 5 receptors have significant expres-
sion in areas of the hypothalamus that are sensitive to the orexigenic effects of NPY.
However, both pharmacological (142—147) and transgenic approaches to assessing the
relative contributions of Y1 and Y5 receptors have resulted in conflicting data. There
remains some specul ation for the existence of an unidentified NPY receptor that contrib-
utessignificantly to the feeding response (148). Over theyears, the NPY receptorshave
attracted asignificant interest by the biotechnol ogy and pharmaceutical industries(149).
Despite thisindustry investment, NPY antagonists have failed to show significant effi-
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cacy in preclinical obesity models (150). Therefore, it isunlikely that we will see NPY
pharmacological agentsin the clinic in the near future.

M ELANIN-CONCENTRATING HORMONE

Aspreviously described, the LHA was known as an areacritical for the regul ation of
food intake and fluid intake and was first reviewed in Stellar’s original papers in the
1940s and 1950s. There are at least two peptides released from the LHA that appear to
mediate these effects: melanin-concentrating hormone (MCH) and orexin (see
“Hypocretin/Orexin™). MCH regulates food intake and its expression is increased in
obese ob/ob mice (151). When MCH isdelivered into the ventricular system it potently
increases food intake (152,153) and water intake (154). Unlike NPY, repeated admin-
istration of MCH does not result inincreased body weight (155). Importantly, micewith
targeted deletion of MCH have reduced food intake and decreased body weight and
adiposity (156), unlike the NPY-null mice. Recent evidence indicates that MCH is
potently regulated by estrogen and may be an important component of mediating the
effects of estrogen on food intake and energy balance (157). Because there are MCH
projectionsand receptorsthat are broadly distributed throughout the neuraxis, and com-
bined with the fact that the MCH knockout animal islean, it islikely that MCH has a
significant role in the regulation of food intake. Several MCH antagonists have been
describedintheliteratureand all appear to reducebody weight, food intake, and fat mass
(158,159). Indeed, several pharmaceutical companies have begun evaluation of MCH-
selective antagonists in humans (160).

HyYPOCRETIN/OREXIN

“Hypocretins’ (161) and “orexins’ (162) are two names given to the same peptide.
Hypocretin is the more commonly used term in sleep/wake cycle research, whereas
orexin is more commonly used in food intake research. The orexins consist of two
peptides (ORX-A and ORX-B) and two receptors, and although the cell bodies are
located in close proximity to MCH-expressing neuronsin the LHA, thetwo systems do
not colocalize to any significant extent (163). Considerable evidence indicates that
central administration of ORX-A increases food intake (164,165). Like MCH, orexins
haveabroad distribution pattern and avariety of evidencelinksthe ORX systemdirectly
to the control of arousal (166,167).

In further support of the CNS being an integrated system, the LHA is positioned to
receive information about nutrients and information concerning the levels of adiposity
signalsthat aretransmitted to the LHA viaprojectionsfromthe ARC. There are signifi-
cant hypothalamic connections among the ARC, the PVN, and the LHA. Projections
from the ARC synapse on both MCH and ORX neurons in the LHA (168). NPY and
melanocortin neurons from the ARC interact in aspecific way with MCH and the ORX
systemsinthe LHA (164,165,169,170), suggesting that it istied to energy homeostasis.
Additionally, ORX mRNA in the LHA is inhibited by leptin (162) and increased by
decreased glucose utilization (171).

GHRELIN

Ghrelin is the endogenous ligand for the growth hormone secretagog receptor
(172,173). Endocrine cells of the stomach secrete ghrelin, and consistent withitsrole as
an anabolic effector, centrally and peripherally administered ghrelin resultsin increased
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foodintakeinbothrats(174,175) and humans(176). Ghrelininfusion resultsindramatic
obesity, and circulating ghrelin levels are increased during fasting and rapidly decline
after nutrients are provided to the stomach (172,173; for review, seeref. 177). Ghrelin
bindsto the growth hormone secretagog receptor, whichisfound in the arcuate nucleus
of thehypothalamus. NPY -producing cellsinthe ARC arecritical mediatorsof theeffect
of ghrelin (178-181). Finally, clinical evidence pointsto elevated levels of ghrelinin
weight-reduced patients (182) with the notable exception of patients who have been
successfully treated for obesity by gastric bypass, inwhom circulating ghrelinlevelsare
close to undetectable (183).

Aspreviously discussed, there are numerous peptides secreted from the stomach and
intestines that influence food intake. Gastrointestinal signals are thought to be released
to restrain the consumption of excess caloriesand to minimizetheincrease of postpran-
dial blood glucose (34). Gastrointestinal signalsreduce meal size and providesignalsas
to the complexity of macronutrients consumed. The fact that only one gastrointestinal
peptidestimulatesfoodintake speakstotheimportanceof limitingmeal size. Theghrelin
signaling pathway has received much publicity in the media and attention by pharma-
ceutical companies(184). Thedatasuggest that ghrelin antagonistsmay bepotent inhibi-
tors of food intake and good weight loss agents (185). Indeed, several studies indicate
that antagonists may be potent food intake inhibitors in lean rodents, though evidence
in high-fat-fed diet-induced obese rodents is lacking (186).

CATABOLIC EFFECTOR SYSTEMS

Catabolic systems are those that are activated during positive energy balance. These
systems oppose those previously described, which are activated during negative energy
balance. When animals or humans consume calories in excess of their requirements,
body weightisgained. Additionally, if animalsare forced to consume caloriesin excess
of their needs, voluntary food intake dropsto near zero and the animal sgain body weight
(187,188). These data provide further evidence that body weight is tightly regulated.
Hence animals not only have potent regulatory responses to being in negative energy
balance, but they al so possess regulatory responsesto being in positive energy balance.
Catabolic systems are defined here as those that are activated during positive energy
balance and that act to reduce energy intake and/or to increase energy expenditure and
thereby restore energy storesto its defended levels.

Cocaine-Amphetamine-Related Transcript

Cocaine-amphetamine-related transcript (CART) (189) wasfirst identified asagene
whoseexpressionisregulated by cocaineand amphetamine. CART isexpressed in many
of the POMC-expressing neurons in the ARC. CART expression is reduced during
negative energy balance and is stimulated by leptin (190). Exogenous administration of
CART peptidefragmentsinto the ventricular system potently reducesfood intake (190—
192) and ventricular administration of antibodiesto CART producesignificant increases
inintake, implicating arolefor endogenous CART intheinhibition of food intake (190).
However, at these samedoses, CART al so producesanumber of other behavioral actions
that make its exact role in the control of food intake unclear (193). CART is a very
prevalent peptide and its distinct role in the regulation of food intake and body weight
isfurther confused by data indicating that when delivered specifically into the arcuate
nucleus, CART actually produces an increase in food intake (194).
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Corticotropin-Releasing Hormone and Urocortin

Corticotropin-releasing hormone (CRH) is synthesized in the PVN and LHA and is
negatively regulated by levels of glucocorticoids. CRH isakey controller of the hypo-
thalamic—pituitary axis (HPA), which regulates glucocorticoid secretion from the adre-
nal gland. Administration of CRH into the ventricular system potently reduces food
intake, increasesenergy expenditure, and reducesbody weight (195,196). Aspreviously
mentioned, when animals are overfed, they voluntarily reduced their food intake, and
CRH mRNA in the PVN is also potently increased by involuntary overfeeding (188).
The role of CRH in the regulation of food intake and body is complex owing to the
presence of abinding protein withinthe CNSand evidencethat inhibition of thisbinding
protein results in decreased food intake (197).

Urocortin is a second peptide in the CRH family. Urocortin administration reduces
food intake but unlike what occurs following CRH, reductions in food intake are not
associated with other aversive effects (198). Urocortin is produced in the caudal
brainstem and hasprominent projectionstothe PV N (199). Giventhecentral importance
of the CRH systemto activity of the HPA axis, theimportant rol e of peripheral glucocor-
ticoidsin controlling metabolic processes, and theinverserel ationshi p between peripheral
leptin and glucocorticoid levels, unraveling the complicated relationship of the CRH/
urocortin systemsin control of energy balance remains acritical but elusive goal. (For
amore thorough review of the CRH system and energy balance see refs. 200,201)

Proglucagon-Derived Peptides

Preproglucagonisapeptide madebothinthe periphery andinthe CNS. Preproglucagon
encodes two peptides with described central activity: glucagon-like-peptide 1 (GLP-1)
and glucagon-like-peptide 2 (GL P-2). Both peptidesare madein the L-cells of thedistal
intestine and have well-described functions in the periphery, with GLP-1 critical for
enhancing nutrient-induced insulin secretion (202) and GL P-2 playing animportant role
in maintenance of the gut mucosa (203). Preproglucagon is also made in a distinct
population of neuronsin the nucleus of the solitary tract, with prominent projectionsto
the PVN and DMH (204,205) as well as to the spinal cord. Preproglucagon neurons
appear to betargets of leptin, as peripheral leptin administration inducesfosexpression,
amarker of neuronal activation, inthem (206,207). Both GL P-1 and GL P-2 havedistinct
receptors, with the GLP-1 receptor found predominantly in the PVN and the GLP-2
receptor in the DMH. When administered into the ventricular system, GLP-1 produces
aprofound reductioninfood intake and antagoniststo the GL P-1 receptor increase food
intake (208,209). However, exogenous GL P-1 administration is aso associated with a
number of the symptoms of visceral illness (210,211), and GLP-1 receptor antagonists
can block the visceral illness effects of thetoxin LiCl (212,213). GLP-2 administration
isassociated with aless potent anorectic response but one that appears not to be accom-
panied by the symptomsof visceral illnessassociated with GLP-1 (214). Theinteraction
of these two cosecreted peptides is yet to be determined.

Serotonin

Serotonin has been implicated in body weight and food intake regulation, based on
animal and human studies (215). Serotonin affectsfeeding behavior by promoting satia-
tion and al so appearsto play arolein carbohydrateintake (216). Theactivity of serotonin
is observed in several hypothalamic nuclei in the medial hypothalamus, notably the
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PVN, VMHI, suprachiasmatic, and LHA of the hypothalamusnuclei (217). There are at
least 14 serotonin receptor subtypes, but the receptor subtypes implicated in feeding
include5HT 14, 5SHT g, SHT ¢, 5SHT1p, SHT54, and 5HT 3 (218). Importantly, enhance-
ment or stimulation of serotonergic activity leads to decreased food intake, whereas
attenuation or inhibition of serotonergic activity leadsto increased food intake. Indeed,
clinical evidencefor the importance of the serotonergic system derivesfrom the highly
efficacious drugs dexfenfluramine and fenfluramine (215). Both were dual -acting 5SHT-
reuptake and 5HT-releasing agents that were potent satiety drugs used as obesity thera-
peutics. They were withdrawn from the clinic because of untoward effects on the heart
valve, perhapsrelated to their activity at peripheral 5HT g receptor stimulation. Newer
serotonergic agonists are being developed to selectively stimulate the 5HT ¢ receptor
subtype(219). Infact, SHT ¢ null mice are obeseand hyperphagic (220). Finally, recent data
show that seratonergic signaling, specifically SHT, receptors, requires melanocortinergic
signaling to inhibit feeding (221).

Ciliary Neurotrophic Factor and Axokine

Ciliary neurotrophicfactor (CNTF) isaneuronal survival factor showntoinduceweight
lossin rodents and humans (222,223). CNTF leadsto areduction in food intake and body
weight apparently viaactivating pathwaysthat mimicleptin, though unlikeleptin, CNTF
isactivein leptin-resistant diet-induced obese mice (224). Interestingly, CNTF-treated
rodents and humans|ose weight and maintain the reduced body weight for along period
after cessation of treatment. The implication of these observations suggeststhat CNTF
resets the body weight “set point,” or changes the weight the body defends. But the
reason was not understood, although recent datafrom the Flier [aboratory shed light on
apotential mechanism for the maintenance of theweight 10ss(225). Flier and colleagues
showed that CNTF induces neuronal cell proliferation in hypothalamic feeding centers.
The new cells show functional leptin responsiveness. The data provide an explanation
for the prolonged wei ght |oss maintenance but do not explain how CNTF induces satiety
and leadstoweight loss. Initial datainrodentsappeared to indicatethat CNTF somehow
suppresses the appetite-enhancing neuropeptide NPY (226).

Melanocortins

The action of leptin, and possibly insulin, on feeding behavior is transduced by the
melanocortin signaling pathway in the hypothalamus (227). The arcuate nuclei in the
hypothalamus contain two distinct populations of neuronsthat highly expresstheleptin
receptor. Theseneuronsarethe POM C and agouti-rel ated protein (AgRP)/NPY neurons,
which project onto neuronsin the paraventricular and lateral hypothalamic areaknown
to express the melanocortin receptors. The POMC-containing neurons secrete the
melanocortin agonist o-M SH, whereas the AgRP/NPY -containing neurons secrete the
melanocortin antagonist AgRP. Leptin appears to reciprocally regulate these nuclei.
Low leptin levels lead to increased expression of AgRP and reduced expression of
POMCand a-MSH. Incontrast, highleptinlevelslead toincreased expression of POMC
and reduced expression of AgRP.

Theimportance of the melanocortin signaling pathway in feeding behavior and body
weight was originaly uncovered by mouse fanciers characterizing coat color pheno-
types in the mouse (228). One of these mutations, named agouti lethal yellow, had a
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yellow coat color and was obese. Over the past decade, the details of this unusual
mutation were elucidated, as well as its relevance to human obesity. The signaling
system involves the melanocortin receptor and two functionally opposing ligands, an
agonist derived from the POM C peptide and an antagonist, AQRP (229,230). I nactivat-
ing mutationsin the receptor aswell asthe activating ligand, o—M SH, lead to hyperph-
agiaand obesity in both rodentsand humans (231-233). Likewise, overexpression of the
antagonist, AgRP, also leads to obesity in rodents (234).

Therearefivemammalian melanocortin receptor subtypesinvolvedin diverse physi-
ological processes such as feeding behavior, energy balance, pigmentation, and stress
response (235,236). Themelanocortin-3 and -4 receptors (MC3R, MC4R) are expressed
inthe brain and implicated in body weight and feeding behavior regulation. The MC1R
is expressed in the skin and implicated in skin and hair pigmentation. The MC2R is
expressed intheadrenal gland and implicated inthe stressresponse, part of the hypotha-
lamic—pituitary adrenal (HPA) axis. Finally, the MC5R isubiquitously expressed inthe
periphery and implicated in sebaceous gland physiology.

The melanocortin receptors, particularly the MC4R, have attracted significant phar-
maceutical attention (237). Indeed, pharmacological validation for the role of the
melanocortin receptors in feeding behavior derives based on the peptide nonspecific
melanocortin agonist melanotan 11 (MTII) (238,239). Rodent and human studies with
MTII indicatethat melanocortinagonism|eadsto reduced foodintake. Themelanocortin
receptorsareinvolved in avariety of physiological process, thusidentifying aselective
agonist has been quite complicated. Despite significant biotechnology and pharmaceu-
tical interest, pharmacol ogical modulatorsof MC4R are not likely to appear intheclinic
in the near future.

Syndecan-3

Syndecan-3, a neuronal heparan sulfate proteoglycan (HSPG), was recently identi-
fied as amodulator of feeding behavior by acting as a coreceptor for the melanocortin
receptorsin the hypothalamus (240). Syndecan-3 expression is regulated by nutritional
status; ablation of the gene leads to reduced food intake and resistance to high-fat diet-
induced obesity (241). The finding was quite unexpected, but provides a novel mecha-
nism for regulating body weight. Syndecan-3 is a member of a family of four type |
transmembrane HSPGs that act as coreceptors for diverse cell surface receptors (242).
As coreceptors, the syndecans modulate a variety of cellular and physiological pro-
cesses. Syndecan functionisregulated by transcriptional, post-transcriptional, and post-
translational processes. Syndecans are also regulated by cleavage of their extracelluar
domaininaprocesscommonly referred to asshedding (243). Rel ease of theextracel lular
domain can inactivate the signaling modulated by the syndecans.

Regulation of feeding behavior by syndecan-3islikely modulated by cleavage of its
extracellular domain by shedding (244). Transgenic expression of syndecan-1, a ho-
molog of syndecan-3, in the hypothalamus leads to hyperphagia and obesity in mice
(240). Notably, the hypothal amic expressed syndecan-1 cannot be shed, suggesting |oss
of feeding regulation. Infact, injection of shedding inhibitorsinto the hypothal amus of
normal rodentsleadsto hyperphagia. Syndecan-3ispoisedto play aroleinthe hypotha-
lamic regulation of feeding behavior modulated by synaptic plasticity. Recent datafrom
theHorvath and Simmerly |aboratoriesindicate that rewiring of the arcuate nuclei inthe
hypothalamus occursin response to leptin (245,246). The data indicate that excitatory
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and inhibitory synapses on the POMC and AgRP/NPY neurons can rapidly changein
responseto adiposity signals such asleptin. Syndecan-3 hasbeenimplicated in synaptic
plasticity changes involved in hippocampus-dependent memory (247). Therefore, itis
likely that syndecan-3 can also play a related role in the synaptic plasticity changes
occurring in the hypothalamus.

CONCLUSIONS

Theresearch and topics presented in thisreview are by no meansthe entirety of work
into the CNS regulation of food intake and appetite. In fact, there are rich areas of
investigation that we have been ableto mention only briefly. The important conclusion
from all of thiswork is, however, that the regulation system—and specifically the CNS
control of thisregulation—isdiverseandyet exquisitely integrated. Fromsignalsarising
in the gastrointestinal tract, to hormonesthat convey adiposity information, to the mul-
tiplenuclei inthe brain that receive and coordinate the behavioral response, each part of
the system represents not an independent entity, but rather an important piece of a
complex whole.
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Summary

Obesity occurs as a result of excessive energy intake and /or reduced energy expenditure. The
hypothalamus is the principal region in the central nervous system that regulates appetite and energy
homeostasis by incorporating neural and hormonal signals from the periphery. A large number of
such hormones (gut peptides) are synthesized and secreted by cells in the gastrointestinal tract in
addition to its function as a digestive system. Increasing evidence supports the role of gut peptides
as short-term satiety signals regulating appetite and food intake. The anorexigenic gut peptides
include PYY, PP, oxyntomodulin (OXM), GLP-1, and CCK. They are secreted mainly from the
intestine, inhibit appetite, and promote satiety, whereas ghrelin, the only orexigenic peptide pro-
duced by the stomach, increases food intake. In this chapter we discuss the pathophysiology of gut
peptides in health and disease.

Key Words: Gut peptides; polypeptide YY (PYY); oxyntomodulin; glucagon-like protein
(GLP)-1; ghrelin; obesity; neuropeptide Y (NPY); pro-opiomelanocortin (POMC).

INTRODUCTION

The main function of the gut is digestion and absorption of food through mechanical

and enzymatic processes. However, the gastrointestinal (GI) system produces and se-
cretes gut peptides by nerve and gland cells in the mucosa. These exert diverse physi-
ologic functions including gut motility, acid secretion, appetite control, and regulation
of food intake. The latter is accomplished in consortium with neuronal signals and

psychological and habitual behavior, which may result in a considerable variation in
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energy intake and energy expenditure on a day-to-day basis. However, for body weight
to remain constant in the long term, there should be a tight control between energy intake
and energy expenditure. An imbalance in energy homeostasis would thus result in either
excessive fat storage and obesity or weight loss and cachexia.

The hypothalamus is the principal region in the central nervous system that regulates
energy intake and energy expenditure. It contains several nuclei that elicit multiple
activities, including appetite control, when stimulated or inhibited. Integrated complex
neural and hormonal signals are communicated to the appetite centers in the hypothala-
mus from a peripheral satiety system that includes the gut and adipose tissue. The
neuroregulation of appetite is discussed in detail in Chapter 1. In this chapter we concen-
trate onthe role of gut peptides as short term regulators of appetite. The long-term signals
from adipose tissue that encode energy stores are discussed in Chapters 4 and 5.

Gut peptides act in a paracrine fashion, via the circulation, and/or act directly on the
CNS. They also act as a gut nutriment sensor by signaling the appetite centers in the brain
via the vagal or sympathetic afferents. In addition, many of the gut peptides and their
receptors are also produced locally as neurotransmitters in the CNS regulating food
intake.

Several gut hormones produced by the intestine and pancreas have been shown to
inhibit food intake (anorexigenic) (Table 1). These include peptide YY3-36 (PY'Y3-36),
pancreatic polypeptide (PP), cholecystokinin (CCK), oxyntomodulin (OXM), and glu-
cagon-like peptide (GLP)-1, whereas ghrelin, produced in the stomach, is the only gut
peptide known to stimulate feeding (orexigenic). In the past decade, numerous studies
have made great advances in our understanding of the important sensing and signaling
roles of gut peptides in the regulation of food intake and energy homeostasis.

This chapter discusses the pathophysiological roles of orexigenic and anorexigenic
gut peptides in the regulation of food intake.

HYPOTHALAMIC CIRCUITRY

Central Pathways

In addition to neuroregulation, discussed in the previous chapter, the hypothalamus
integrates chemical and humoral signals from the gut, and hormonal signals from the
periphery (adipose tissue), for the regulation of appetite and energy homeostasis. It
contains several nuclei—the lateral nuclei, ventromedial nucleus (VMN), dorsomedial
nucleus (DMN), paraventricular nucleus (PVN), perifornical, and arcuate nuclei—and
anatomically, it is in close proximity to the brain stem, amygdala, and higher brain
centers that are involved in appetite control. Despite its small size—only 1% of the brain
mass—it plays a major role in bridging peripheral signals with central pathways that
control the vegetative and (neuro)endocrine functions of the body.

The arcuate nucleus (ARC), positioned at the base of the hypothalamus with an
“incomplete” blood-brain barrier, is subjected to direct exposure to factors in the general
circulation such as gut peptides. It contains two subsets of neurons: a stimulatory neuron
(orexigenic) containing neuropeptide Y (NPY) and agouti-related peptide (AgRP), and
an inhibitory neuron (anorexigenic) containing pro-opiomelanocortin (POMC) (Fig. 1).
The latter is a precursor of a.-melanocyte-stimulating hormone (o-MSH), and cocaine-
and amphetamine-regulated transcript (CART). The o.-MSH produces its anorexigenic
effects mainly via melanocortin receptors (MCRs). Of the five identified MCRs, MC3R
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Table 1

Anorexigenic and Orexigenic Gut Hormones

Peptide Sites of synthesis Stimulus Actions Mediation of action Molecular forms
Anorexigenic
OXM L-cells of distal ileum  Meal Inhibits food intake GLP-1 receptor
and colon Calorie content Inhibits gastric acid secretion Glucagon receptor —
Pancreas Fat Inhibits gastric motility Suppression of ghrelin
CNS Reduces pancreatic enzyme secretion
GLP-1 L-cells of distal small ~ Meal Incretin effect on insulin secretion GLP-1 receptor GLP-17-36
ileum, colon Suppresses glucagon release GLP 17-37
Pancreas Promotes pancreatic 3-cell growth
CNS Inhibits food intake
Delays gastric emptying
Inhibits gastric secretion
Inhibits lipase secretion
PYY3-36 L-cells of distal ileum,  Meal Inhibits food intake Y2 receptor PYY 1-36
colon, rectum Fat and protein Reduces gastric motility Inhibits NPY PYY 3-36
CNS Calorie content Inhibits gallbladder secretion
CCK, gastric acid, Inhibits pancreatic secretion
bile acid, bombesin,
IGF-1
PP PP-cells in islets Inhibits pancreatic enzyme secretion Y4 receptors —
of Langerhans Inhibits food intake
CNS Gallbladder relaxation
CCK I-cells of duodenum, Food ingestion, Stimulates pancreatic exocrine secretion CCK A Multiple
jejunum protein, fat Stimulates gallbladder contraction CCKB Intestinal
CNS Delays gastric emptying CCK-33, CCK-8
Enteric nerve ending Inhibits gastric acid secretion
Reduces food intake
Increases satiety
Stimulates bowel motility
Orexigenic
Ghrelin Stomach, small bowel,  Fasting Promotes GH release GHS receptor —

colon
Hypothalamus

Increases food intake
Promotes gastric motility
Promotes PP release

CCK, cholecystokinin; CNS, central nervous system; GHS, growth hormone secretagogue, GLP-1 glucagon-like peptides-1; PP, pancreatic polypeptide; PYY,

peptide YY.
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Brain Stem

GUT Adipose Tissue

Fig. 1. Gut peptide regulation of appetite. Schematic diagram of the gut-brain, gut—gut, and gut—
adipose tissue interactions. MC3/MC4 R, melanocortin 3and 4 receptors; YR, Y receptors; NPY/
AgRP, neuropeptide Y and agouti-related peptide neurons in the arcuate nucleus in the hypo-
thalamus; POMC/CART, pro-opiomelanocortin and cocaine—amphetamine-regulated peptide;
PVN, paraventricular nucleus; NTS, nucleus tractus solitarius; AP, area postrema; BBB, blood—
brain barrier.

and MC4R, present in high density in the PVN, have been shown to be important in the
regulation of food intake (1). o-MSH is a natural endogenous agonist, whereas AgRP is
an endogenous antagonist of the MC3/MC4 receptors (2). Disruption of the MCR path-
way has been shown to be associated with extreme obesity (4). In fact, transgenic animals
lacking the POMC gene, having MC4R mutations, or overexpressing AgRP have been
shown to be hyperphagic and obese (3,4). In humans, MC4 receptor mutations have been
shown to be the most common known cause of single gene (monogenic) obesity (5,6).
On the other hand, NPY, with a shorter half-life compared with AgRP, is proposed to
exert its effect via Y receptors. Six subtypes of these have been described (Y1-Y6)
(Table 2) (7-10). NPY has a higher affinity to Y1 and Y5 receptors. These are available
in high abundance in the nucleus tractus solitarius (NTS), from which NPY neurons
project to the PVN.

Neuron projections from the arcuate nucleus extend to the PVN and DMN (Fig. 1).
Activated neuronal pathways in the PVN signal the NTS, which also integrates signals
from the sympathetic and vagal afferent fibers. The PVN also coordinates input from
melanin-concentrating hormone (MCH)-producing neurons in the lateral hypothalamus
and other brain areas, such as the area postrema, brainstem, and amygdala, that have
impact on food intake. The latter has some areas that increase feeding and other areas that
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inhibit feeding. It is worth noting that areas in the brainstem and amygdala control the
mechanics of feeding including salivation, taste, chewing, and swallowing. Destruction
of these areas would thus cause the animal to lose its recognition for the type and/or
quality of food.

Peripheral Signals

Insulin from the pancreas, leptin from adipose tissue, and gut peptides (PY'Y3-36,
GLP-1, CCK, and OXM) from the gastrointestinal tract (GIT) are known anorexigenic
hormones/peptides. They directly inhibit NPY/AgRP and stimulate POMC/CART inthe
arcuate nucleus (11). Reciprocal to this is the orexigenic gut peptide ghrelin. Ghrelin
stimulates NPY/AgRP and inhibits POMC/CART (discussed in “Ghrelin Mechanism of
Action”), thereby promoting meal initiation and increasing food intake. Whereas leptin
and insulin are known to be long-term regulators of adiposity and energy expenditure,
gut peptides are short-lived signals controlling food intake. They are sensed by the
hypothalamus on a meal-to-meal and/or day-to-day basis along with other neural, me-
chanical, and nutrient gut sensing signals. Here we discuss the anorexigenic and
orexigenic gut peptides.

ANOREXIGENIC GUT PEPTIDES

PP Fold Family of Peptides

The PP fold family of peptides include peptide YY (PYY) and PP from the gut and
NPY from the central nervous system. These peptides are structurally similar. They are
all small (36 amino acid) peptides containing several tyrosine residues. They are char-
acterized by a specific tertiary structure known as the PP fold, and they become biologi-
cally active following COOH-terminal amidation. The PP fold tertiary structure
consists of a characteristic u-shape double helix: one ocand one polyproline, connected
by a B-turn unit. The PP fold peptides appear to exert their effects through the Y
receptors (Y1-Y6), which are classified according to their affinity toPY'Y, PP, and NPY
fragmentsand analogs (7) (Table 2). Although they are all seven-domain transmembrane
receptors that inhibit adenylate cyclase by coupling to G-proteins, the Y1 receptor also
increases intracellular calcium and the Y2 receptor regulates calcium and potassium
channels. Y1 through Y5 are present centrally in the brain, and peripherally in the
intestine, pancreas, heart, muscle, and blood vessels. However, the Y6 receptors are
found mainly in the periphery (intestine, muscle, heart, and spleen) and are nonfunc-
tional in man. They have diverse functions including stimulation/suppression of appe-
tite, reduction of intestinal secretion, vasoconstriction, and analgesia. Table 1
summarizes the distribution and functions of these receptors.

PYY

PYY, a gut-derived peptide, was first isolated from porcine intestine (12). Although
itis virtually absent in the stomach, it is widely expressed in the intestine. It is produced
by the L-cells throughout the intestine, but predominantly in the ileum and colon, with the
highest levels being produced in the rectum (13,14). PYY is colocalized with GLP-I and
has a 42% and 70% amino acid homology with PP and NPY, respectively. There is
evidence that PYY is also produced by the pancreas (though not in humans), adrenal
medulla, and the CNS (hypothalamus, medulla, pons, and spinal cord) (14).
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Table 2
Affinity, Distribution, and Actions of the Known Y Receptor Superfamily
Receptor High-affinity peptide  Low-affinity peptide  Distribution Proposed
actions
Y1 NPY, PYY PP Cortex DRG Analgesia
Amygdala Anxiolysis
Hypothalamus T Appetite
Blood vessels Vasoconstriction
Y2 NPY, PYY, PYY PP Hypothalamus  Anorexia
(Presynaptic)  (3-36) DRG Analgesia
Hippocampus T Memory
Intestine { Secretion
Y4 PP,NPY (2-36), NPY/PYY fragments Hypothalamus  TAppetite
NPY (3-36), PYY, PYY (3-36) Amygdala
NPY/PYY Thalamus
Intestine,
pancreas, heart,
muscle
Y5 NPY, PYY, NPY/PYY fragments Hypothalamus T Appetite
NPY (2-36), Thalamus ™ ACTH
NPY (3-36), NTS
PYY (3-36),
NPY/PYY
Y6 (mouse) PP, NPY/PYY C-terminal Intestine
NPY fragments Spleen
Y6 A truncated non-functional receptor in man produced by deletion Heart, muscle,

in sixth TM domain

DRG- dorsal root ganglion; NTS, nucleus tractus solitarius

PYY is released into the circulation 15 min following food ingestion. Once in circu-
lation, the native form PY'Y 1-36 undergoes N-terminal, Tyr-pro, truncation by the action
of dipeptidyl peptidase IV (DPPIV) to produce the 34-amino-acid form, PYY3-36 (15).
Thisisthe active circulating form of PY'Y, which has been shown to cross the incomplete
blood-brain barrier around the base of the hypothalamus by nonsaturable mechanisms.
Postprandial plasma levels of PY'Y 3-36 plateau after 1 to 2 h, but remain elevated for up
to 6 h.

PYY3-36 is released into the circulation in proportion to the number of calories
ingested (16) but not to gastric distension. Meal composition has also been shown to
affect PYY release. Higher plasma levels of PY'Y are achieved after isocaloric meals of
fat compared with those of proteins and carbohydrates (17,18). Anumber of other factors
have been shown to stimulate PY'Y release, including CCK, gastric acid, bile acid infu-
sion to ileum and colon, insulin-like growth factor (IGF)-1, bombesin, and calcitonin
gene-related peptide. Neural signals—for example, vagal stimuli—have also been impli-
cated (19,20). Evidence to support the latter is the increase in PYY levels in response to
the presence of food in the duodenum, before its arrival to the L-cells in the ileum. In
contrast, release of the peptide is inhibited during fasting (9,21), and by GLP-1 (22).

intestine, spleen
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PYY Actions. PYY has numerous actions on the gut. It delays gastric emptying and
gastric and pancreatic secretions, and increases the absorption of fluid and electrolytes
in the ileum after a meal. PYY also inhibits food intake. This has been discovered
recently. The peripheral administration of PY'Y, firstreported to reduce appetite in 1993,
has gained further support from subsequent animal and human studies. Indeed, in the
past decade, a number of studies have demonstrated the anorexigenic effects of PY'Y 3-
36. In mice, administration of PY'Y3-36, peripherally (8,23-25), and centrally, by direct
injection to the arcuate nucleus (8), was shown to acutely reduce food intake. This
reduction in food intake was shown to continue on chronic peripheral administration of
the peptide, resulting in reduced weight gain (8).

In contrast, PYY administration to the third, lateral, or fourth cerebral ventricles
potently stimulates food intake in rodents. These findings may indicate, on the one hand,
that PY'Y mightexert its effects through multiple complex pathways resulting in variable
effects, depending on its location being central or peripheral. On the other hand, it might
indicate that perhaps the PYY molecule undergoes configurational changes during its
passage through the blood—brain barrier, resulting in alteration in its effect.

Mechanism of Action. PYY has been shown to exert its effects primarily through
binding to the Y receptors. Though it has some affinity to Y1 and Y5 receptors, it
particularly binds with higher affinity to the Y2 receptors (9,26). The anorexigenic effect
of PYY3-36 is absent in Y2 receptor knockout mice (8,27) and was shown to be com-
pletely blocked by a Y2 receptor antagonist (26,28). Peripheral administration of PYY
3-36 has been shown to cause c-fos activation, a marker of neuronal activation, and
expression in the arcuate nucleus (8). Involvement of the melanocortin system has been
proposed to explain this effect of PY'Y via the Y2 receptors. Y2 is a presynaptic inhibi-
tory receptor of the orexigenic NPY neurons and mRNA expression/release in the arcu-
ate nucleus. NPY neurons inhibit POMC neurons via GABA mediation. Therefore,
inhibition of the NPY neurons results in a reciprocal activation of POMC neurons.
Inhibition of NPY and activation of POMC induces appetite suppression (29). However,
this cannot fully explain PYY3-36’s mechanism of action. The anorectic effects of
peripheral PYY3-36 were retained in POMC knockout mice doubting the necessity of
melanocortin peptides for the action of PY'Y 3-36. In support of this, MC4R knockout and
agouti mice are shown to be sensitive to the anorectic effects of peripherally adminis-
tered PY'Y3-36 (24). These findings support the notion that PY'Y may exert its effect
through multiple pathways. Therefore, it is tempting to propose that although the Y1 and
Y5 receptors have lower affinities for PYY, they might override the actions of Y2
receptors when they are exposed directly to increasing amounts of PY'Y. This might be
the reason for the contrasting actions of PY'Y when injected to different parts of the brain.
The reduction in the orexigenic effects of centrally administered PYY inboth Y1 and Y5
receptor knockout mice (30) further supports this. In addition, the area postrema appears
to be yet another mechanism through which PY'Y 3-36 exerts its effect. For example, in
rats, ablation of the area postrema results in an increase in the acute anorectic effects of
PYY3-36 (31).

PYY3-36 has also been shown to inhibit food intake in man. A single infusion of
PYY3-36 caused a 30% and 31% reduction in food intake in a free-choice meal 2 h
postinfusion (8,21) in both obese and lean individuals. Subjective hunger feeling was
also reduced with the reduction in calorie intake without changes in gastric emptying
(21). The appetite reducing effect of PYY3-36 persisted for 24 h in both lean and obese
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subjects, despite PY'Y3-36 levels retuning to basal levels, which implies that PY'Y3-36
may be an important physiological postprandial satiety signal. This supports the findings
in the animal studies and suggests that, unlike leptin, PYY resistance (17,32) seems
unlikely. Therefore, much interest has been put into PY'Y3-36’s role in the pathogenesis
of obesity and its possible future therapeutic role as an antiobesity treatment (17). The
effects of PY'Y3-36 have been the subject of immense scrutiny and controversy (33-35),
however, with some laboratories claiming inability to reproduce the experiments in the
animal studies. Interestingly and more recently, the acute inhibitory effect of PY'Y3-36
on food intake was confirmed by other studies in rodents (23,31) and primates (36).
Halatchev et al. confirmed that intraperitoneal (IP) administration of PYY3-36 inhibits
food intake in a dose-dependent manner in rodents in both dark-phase food intake and
following a fast (24). In addition, the cumulative effect of chronic injection of PY'Y on
food intake and weight reductions was also reproduced (37). Several factors are likely
to contribute to this controversy and the outcome of these delicate behavioral studies.
These include different methodologies and protocols, different strains of animals, vari-
able immunoassay methods of PY'Y measurements, poor handling techniques, and stress
conditions under which the experiments are conducted. In fact, the stress caused by
handling and IP injections has been shown to cause a 32% reduction in food intake in
nonacclimatized mice compared with acclimatized mice (38). Acute stress is also known
to increase NPY neuron expression, which is likely to override the anorectic effects of
PYY3-36.

Insulin sensitivity has also been shown to be improved by PY'Y 3-36. In animal models of
diabetes, long-term peripheral administration of PYY 3-36 has been shown to improve
glycemic control (37) as a consequence to reduced food intake, body weight, and visceral fat.

Although all the above support a possible therapeutic role of PYY in obesity, in
practice this is still not established based on the current knowledge on the identified
molecular configuration of the peptide thus far.

PYY Levels in Normal Physiology and Disease. PY'Y3-36 is inversely related to
body mass index (BMI). Obese patients have relatively lower basal levels of PYY3-36
compared with lean subjects. Even though attenuated, the postprandial response of
PYY3-36inthese patientsisstill present (9,21). However, fasting levels are not elevated
in morbidly obese patients, suggesting that the latter is a specific metabolic state (33).
PYY levels are subject to diurnal variation. It has been shown to be higher during night
sleep (in nonshift workers), which may explain why we do not feel hungry during sleep.
Interestingly, levels have been shown to be higher in lean subjects as compared with
obese ones during sleeping hours. This may partly contribute to the latter’s diverse eating
habits.

On the other hand, higher PY'Y concentrations were shown in the cerebrospinal fluid
(CSF) of patients with eating disorders such as bulimia nervosa and binge-eating disor-
ders (39). However, the occurrence of low levels of PYY in patients with anorexia
nervosa might fall into a different complex psychological entity.

PY'Y3-36 appears to increase ina number of gastrointestinal conditions and following
abdominal surgery (40-42). These conditions are usually associated with wasting status
and reduced body weight, which further supports PY'Y’s role as an anorexigenic peptide
and a satiety agent. Higher levels of PYYY have also been demonstrated in diseases such
as malabsorption syndromes including tropical sprue, chronic pancreatitis, and celiac
disease (43), following small-intestinal surgery, and with acute gut infection and inflam-
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matory bowel disease (44). In these conditions elevated levels of PY'Y 3-36 have been
suggested to contribute to the recovery of the disease process. PYY is known to reduce
gastric motility, secretion and gallbladder contractility, and bile acid secretion. This
delays gastric emptying and subsequently the passage of nutrients to the diseased intes-
tine thereby promoting a natural rest to the gut. This will also allow the gut’s adaptation
to the new condition (33,40). Levels are also elevated in other cachectic conditions, such
as cardiac cachexia (45) and in cachexia associated with chronic kidney disease (CKD)
(46). Clearance of PYY through the impaired renal function might be partly the culprit
in the latter.

PaNcreEATIC PoLYPEPTIDE

PP, discovered well before PYY (47), is another anorexigenic peptide, produced by
the PP cells of the islets of Langerhans (48,49) and, to a lesser extent, by the exocrine
pancreas, colon, and rectum. PP immunoreactivity has also been shown in adrenal
medulla (in rats) and porcine hypothalamic extracts, and PP mRNA has been detected
by RT-PCR in rat brain.

PP level is subject to diurnal variation, being lowest early in the morning and highest
in the evening. As with PYY, it is released in response to meal ingestion in proportion
to caloric content of the meal. The release of the peptide is biphasic; although itincreases
with consecutive meals (50), the total amount released remains constant based on the
caloric load. Once in the circulation PP levels remain elevated up to 6 h.

PP release is stimulated by gastric distension; for example, water ingestion has been
showntosignificantly increase PP release. Vagal tone also appearsto regulate PP release
both postprandially and throughout the day. Propantheline has been shown to block
both the diurnal (in fasting) and the postprandial levels of PP by 60%. The latter is
shown to be abolished by vagotomy.

Circulating levels of PP are increased by ghrelin, motilin, secretin (51-53) and adr-
energic stimulation, and are reduced by somatostatin and its analogs (54). PP level has
an inverse relationship with BMI, with higher levels in anorectic than in obese subjects
(55,56). This supports its role as an anorexigenic peptide; however, not all studies have
been able to confirm this. Transgenic mice, with overexpression of PP, have reduced
food intake and low lean body mass (48). However, obese animal models show lower
sensitivity to the effects of PP compared with the high sensitivity observed in lean
animals. Peripheral administration of PP reduces food intake in animals (57) as well as
in humans (58,59). In 10 healthy volunteers calorie intake was reduced by 21% within
2 h and 33% within 24 h post-PP infusion at a rate of 10 pmol/kg/min (58). In patients
with Prader-Willi syndrome, iv infusion of PP was shown to reduce food intake (59).

Itisthoughtthat PP exerts its anorectic effects onthe ARC nucleus. Unlike PYY, there
is no evidence to support PP’s ability to cross the blood barrier. This may be partly
attributable to the difference between the N-terminal moieties of the two peptides. C-fos
expression and PP accumulation has been shown in area postrema following iv admin-
istration of PP. Y4 receptors, to which PP has a high affinity and are highly expressed
in the area postrema, are suggested to be mediating this effect. Y5 receptors are also
postulated to mediate the anorectic effects of PP, as no response is observed in Y5
receptor knockout mice. However, results from other studies are conflicting, as Y5
antisense oligonucleotides do not appear to block the PP anorectic effects. Other postu-
lated mechanisms for the anorectic effects of PP are viathe NPY and the orexin pathway,
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suppression of ghrelin, and vagal neurons. Both NPY and mRNA expression are reduced
following peripheral PP administration, and PP has reduced effect following vagotomy.
PP administration also reduced ghrelin expression in the stomach.

As with PYY, PP becomes orexigenic when directly administered into the third ven-
tricle, although the mechanism of this is not known.

Cholecystokinin

CCK, originally isolated from the intestine, has been extensively investigated and
reviewed with regard to its role as a regulator of food intake (60,61). Multiple forms of
CCK, varying in length from 8 to 83 amino acids, have been isolated from the intestine,
blood, and brain (60). Though they differ in size, they originate from a single gene
resulting in the formation of different molecular forms by post-translational processing
(60,62). CCK is produced primarily by the I-cells in the duodenum and jejunum and, to
a lesser extent, in the ilial mucosa (60). CCK-58, -33, -22, and -8 are the main forms that
are released from I-cells into the plasma. However, CCK is also produced in the brain,
in which it is one of the most abundant peptides, and by the enteric nerve endings, where
they act as neurotransmitters. The biologically active form of CCK shares a sequence
(carboxy terminus) homology with gastrin (60). Two receptors have been identified for
CCK: CCKp (CCK 1) receptor in the Gl tract and CCKg (CCK 2) receptor in the brain,
through which the peptide exerts its biological actions (63,64) (see “Mechanism of
Action” below).

CCK is a known satiety peptide; it slows gastric emptying and inhibits gastric acid
secretion, but stimulates intestinal motility and gallbladder contraction, and increases
pancreatic exocrine secretion. All these help the digestion process. CCK is known to
inhibit food intake in humans and rodents (65,66). The food inhibitory actions of CCK
are enhanced by gastric distension, which implies that chemoreceptors are involved.
However, the duration of its action is short, with a half-life of only 1 to 2 min. Therefore,
no anorectic effect is observed if CCK is administered more than 15 min before meal
intake (62). In addition, chronic administration of CCK, although it reduces food intake,
increases meal frequency. Consequently, long-term administration does not appear to
have any effects on body weight (60). This suggests that CCK is a short-term inhibitor
of food intake.

MEecHANISM OF ACTION

CCK exerts its effect via the CCK A and B receptors. Both are seven-domain trans-
membrane receptors from the G protein-coupled receptor superfamily. The CCK A
receptor, primarily alimentary, mediates gallbladder contraction, relaxation of the
sphincter of Oddi, pancreatic growth, and enzyme secretion. It delays gastric emptying,
and inhibits gastric acid secretion by binding to sulfated CCK peptides. CCK A receptors
have also been found in the pituitary, myenteric plexus, and areas of the midbrain. CCK
B is the predominant receptor in the brain, but is also found in the stomach and pancreas.
Itislessrestrictive, withastructure identical to the gastrin receptor, and binds nonsulfated
CCK peptides (67).

In addition, circulating CCK sends satiety signals to the ARC via the vagal stimuli
through the NTS and area postrema, and/or directly by crossing the blood-brain barrier.
Peripheral administration of CCK, at doses sufficient to inhibit food intake, has been
shown to induce synthesis of c-fos in brainstem, NTS and the dorsal vagal nucleus (68).
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Fig. 2. Preproglucagon products. GRPP, glicentin-related pancreatic polypeptide; GLP-1, glu-
cagon-like peptide -1 (7-36); GLP-2, glucagon-like peptide-2; SP-1, spacer peptide-1; SP-2,
spacer peptide-2; SP, signal peptide.

Vagotomy blocks the effect of CCK on food intake indicating neuronal requirement for
the mediation of CCK action to the CNS. Rats lacking functional CCK A receptors are
diabetic, hyperphagic, and obese (69,70), whereas receptor-deficient mice have been
shown to have normal body weight.

Proglucagon Gene Products

Post-translational processing of preproglucagon results in the production of several
peptides in the gut, pancreas, and brain (Fig. 2). These include oxyntomodulin (OXM)
and GLP-1 and GLP-2 peptides, which are involved in the regulation of food intake.
Prohormone convertase enzymes 1 and 2 cleave preproglucagon and produce different
products, depending on the tissue. Inthe pancreas, glicentin-related pancreatic polypep-
tide (GRPP), glucagon, and GLP-1and GLP-2 are produced. The latter two are cosecreted
as a large inactive peptide. However, in the intestine and the brain, where the post-
translational processing is similar, glicentin, glucagon, GLP-1, and GLP2 are produced.
Glucagon remains in the large inactive peptide, whereas glicentin is cleaved to GRPP,
with an inactive N-terminal, and oxyntomodulin (Fig. 2) (17).

OXYNTOMODULIN

Oxyntomodulinis a 37-amino-acid peptide produced in the L-cells of the small intes-
tine along with GLP-1 and GLP-2 (71) (Fig. 2).

OXM shows a diurnal variation, with the lowest levels being early in the morning and
higher levels peaking in the evening (72). Similar to the rest of the anorexigenic peptides,
itisreleased in proportion to food ingestion and calorie intake (71). Raised plasma levels
of OXM have been shown to inhibit gastric acid secretion and motility in both humans
and rodents. Italso stimulates intestinal glucose uptake and decreases pancreatic enzyme
secretion in rats.
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Recent evidence supports an anorexigenic role for OXM in both animals and humans.
Inanimals, central administration of OXM has been shown to acutely inhibit food intake
(73,74), and chronic intracerebroventricular (ICV) and IP administration reduces both
food intake and weight gain (74,75). The latter is thought to be the effect of reduced food
intake as well as increased energy expenditure (75). In humans, Cohen and coworkers
(76) demonstrated a significant reduction in hunger scores and calorie intake (in a free-
choice buffet meal by 19.3%) following parentral administration of OXM. More recently,
Whynneetal. (77) have confirmed that the appetite inhibitory effect of OXM is long-lasting,
resulting in significant weight reduction. In this study, subcutaneous injections of OXM
three times per day for 30 d, in a double-blind placebo-controlled trial in 26 overweight
human volunteers, was shown to significantly reduce weight (5.5 Ib in the active group
compared with 1 Ibinthose on placebo) (77). Exercise and diet were fixed in both groups.
Weight reduction in those subjects was shown to be associated with decreased leptin and
increased adiponectin levels (77).

It has been shown that OXM exerts its actions via the GLP-1 and glucagon receptors
(78). Therefore, exendin 9-39, which can act either as a GLP-2 receptor antagonist and/
or a GLP-1 agonist, can block the actions of both GLP-1 and OXM (17). GLP-1R is
presentin the NTS and the arcuate nucleus in addition to its widespread presence periph-
erally. It is present in the gastrointestinal tract, lung, pancreas, and heart. Interestingly,
exendin 9-39 administration into the arcuate nucleus abolishes the peripheral effects of
OXM butnotthat of GLP-1(74). Thissuggests an arcuate site of action for OXM, whereas
GLP-1 acts via the brain stem. Further evidence suggests different neuronal activation
between OXM and GLP-1. OXM has a lower affinity (2-fold) to GLP-1 receptors com-
pared with GLP-1 (79). This may suggest that other mechanisms might be involved in
mediating the anorexigenic effects of OXM. Activation of the neuronal c-fos expression
in the arcuate nucleus, but not in the brainstem region, was observed following IP admin-
istration of OXM and exendin 9-39 (75,78). This pattern of activation is different from
that seen following GLP-1 administration (74).

An additional mechanism whereby OXM may exert its effect on appetite is via sup-
pression of ghrelin. In rodents and humans, peripheral administration of OXM results in
reduction of circulating ghrelin by 20% (74) and 44% (76), respectively.

The human studies on OXM effect on appetite control may indicate a novel potential role
that OXM may have as an antiobesity therapeutic agent. However, more studies research is
required to develop the drug into a more user-friendly format (77).

GLucAGON-LIKE PepTIDE-1

Along with OXM, GLP-1 is also produced by post-translational processing of
preproglucagon in the L-cells in the distal ileum (80). Postprandially, GLP-1 is rapidly
secreted in response to food intake (81,82). Two equally potent forms (GLP-17-37 and
GLP-17-36) have been identified, which undergo rapid inactivation and cleavage by
dipeptidyl peptidase IV (DPP V). As a consequence GLP-1’s half-life becomes very
short (1-2 min) in the circulation.

Similar to OXM, GLP-1 secretion is regulated by both nutritional and neural/hor-
monal signals, and its action is mediated via GLP-1R. Actions of GLP-1 on the CNS are
complex and are mediated via the dorsal vagal complex acting through the area postrema
(83). In rats, similar to OXM, GLP-1 results in c-fos, a marker of neuronal activation,
expression in the brainstem (74).
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GLP-1 Actions. In addition to its central actions, including the transduction of aver-
sive signals, regulation of learning and memory, and neuroprotection, GLP-1 acts as a
regulatory peptide in appetite control. GLP-1 inhibits food intake (84,85), reduces gas-
tric secretion and motility, and increases gastric satiety. Central administration of GLP-1
in rodents has been shown to inhibit food intake, which, if continued, results in weight loss
(84). Seemingly peripheral administration causes reduced food intake (85-87).

Human studies have shown that peripheral administration of GLP-1 inhibits food
intake in normal (88), diabetic (89), and nondiabetic obese men (90) in a dose-dependent
manner. Subcutaneous injection of GLP-1 in obese subjects over 5 d was shown to cause
a 15% reduction in calorie intake (90) and 0.5 kg weight loss. Although low levels have
been shown in obese subjects that normalize after weight loss (86), the anorectic effects
of GLP-1 have been shown to be preserved in obesity (90). GLP-1 also decreases gastric
emptying, resulting in increased satiety, which may further explain its effect on food
intake (91).

GLP-1is an incretin mimetic that has been found to upregulate insulin gene expres-
sion (92). It promotes meal-induced insulin secretion, resulting in reduced blood glucose
level. Lower blood glucose level is also achieved via a GLP-1 inhibitory effect on
glucagon secretion and reduced gastric emptying. The latter slows the rate of nutrient
transit to the small intestine, leading to decreased glycemic excursion after meal inges-
tion (91,93). Both intravenous and subcutaneous infusions have been shown to normal-
ize blood glucose levels in poorly controlled diabetics. HbAlc was shown to be reduced
by 1.3% over a 6-wk period of subcutaneous infusion of GLP-1 in addition to a 2-kg
weight loss (94). GLP-1 also stimulates B-cell proliferation and promotes islet cell
neogenesis (95). This is thought to be mediated through GLP-1R.

The collective actions of GLP-1 resulting in inhibition of food intake, reduction in
weight, a glucose-dependent reduction in blood glucose level, and improvement in
diabetes control made it an ideal candidate in the treatment of diabetes. Its therapeutic
application is of immense importance in diabetic patients who are increasingly over-
weight and suffer from drug-related hypoglycaemia.

OREXIGENIC GUT PEPTIDES

Ghrelin

Ghrelin, the endogenous ligand for the growth hormone secretagog receptor (GHS-
R), was discovered in 1999 (96,97). It is produced from preproghrelin peptide in the
oxyntic gland in the fundus of the stomach, but not in the pylorus (97). Ghrelin is also
produced, though to a lower extent, in the small and large intestine (96). Various ghrelin
variants are produced from alternative splicing, but the mature molecule is a 28-amino-
acid peptide with an octanoyl acyl group on its third amino acid residue. This is acquired
after post-translational modification and is essential for its action on appetite (98). There
is evidence for ghrelin expression in other tissues, including the hypothalamus, pan-
creas, lungs, ovaries, and testes. In the hypothalamus ghrelin expression is shown in the
ARC adjacent to the orexigenic neurons; NPY and AgRP, PVN, DMN, and VMN;
however, its physiological role needs to be established (99,100). Circulating levels
change throughout the day in relations to meals, increasing during fasting, peaking just
before food intake, and decreasing postprandially (101-104). Ghrelin reaches trough
levels 60 to 120 min after food intake. As with other peptides, levels are subjectto diurnal
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variations, being high at night and declining in the early hours of the morning along with
leptin levels. The postprandial decline of ghrelin is proportional to calorie intake and
nutrient sensing but not stomach volume load. In keeping with this, glucose, but not
water/saline, infusion into the stomach caused suppression of ghrelin (105). However,
no changes in ghrelin level were observed without normal gastric emptying, which
suggests a requirement for a postgastric factor. The effect of glucose on ghrelin is
independent of insulin actions. Further studies in humans showed that carbohydrate, and
to a lesser extent fat, reduces, whereas protein appears to stimulate, ghrelin levels in
normal (106) and type 1 diabetic patients (107). However, the micronutrient content and
calorie load can not wholly explain the postprandial suppression of ghrelin; other factors
might be involved. Whereas leptin, GHRH, testosterone, thyroid hormone, and para-
sympathetic activity upregulate ghrelin, insulin, somatostatin, growth hormone, and
PYY3-36 result in its downregulation.

GHRELIN ACTION

Ghrelin has a number of known effects, including release of growth hormone (GH),
ACTH, and prolactin, increasing gastric motility, acid secretion in the cephalic phase
response of food intake (108), and promoting cell proliferation. Since its discovery,
accumulating evidence supports its orexigenic effects and its role in the regulation of
body weight. In both animal and human studies ghrelin has been shown to contribute in
signaling the preprandial hunger and meal initiation (97,109). In animals, acute admin-
istration of ghrelin increases food intake (110,111), whereas chronic administration
results in hyperphagia and obesity (112). It is worth noting that the effects of ghrelin on
food intake and adiposity are independent of its effect on GH. Central administration of
ghrelin, by direct injection into the ICV or ARC, stimulates food intake and can be
inhibited by pretreatment with ghrelin antagonists/antibodies. This suggests that ghrelin
is an endogenous regulator of food intake. Ghrelin shows similar effects in humans;
following intravenous ghrelin administration, appetite and food intake increase by 28%
in normal volunteers, though this effect is short-lived (113). However, satiety is not
changed postprandially following ghrelin administration (113).

MEcHANISM OF ACTION

Evidence supports ghrelin exerting its effects mainly via the orexigenic peptides
NPY/AgRP in the hypothalamus. ICV injection of ghrelin increases NPY/AgRP gene
expression and blocks the anorexic actions of leptin. NPY/AgRP antibodies or NPY Y1
receptor antagonists abolish ghrelin-induced feeding, but ghrelin antibodies do not inhibit
NPY-induced feeding. Electrophysiological studies have shown that ghrelin activates
NPY neurons and inhibits POMC, with the former being postsynaptic and the latter a
presynaptic effect. Peripheral administration of ghrelin also results, though reduced, in
c-fos expression primarily at the ARC site. This suggests that ghrelin might reach the
ARC through the incomplete blood-brain barrier at the base of the hypothalamus. In
keeping with this, animals with damaged ARC show GH response, though reduced, but
no feeding effects after ghrelin administration.

Ghrelin neurons are expressed elsewhere in the brain. An increase in c-fos activation
following central ghrelin administration has been shown in the ARC, PVN, DMN, the
lateral hypothalamus, and the area postrema and NTS in the brainstem (114,115). The
central ghrelin neurons also terminate on orexin-containing neurons within the lateral
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hypothalamus (LH) (116), which have been shown to be stimulated following ICV
ghrelin injection.

Despite the above evidence supporting its orexigenic effect, ghrelin appears not to be
the only factor in meal initiation and food intake. Recently, ghrelin infusions in six men
and one woman with previous complete truncal vagotomy had no effect on food intake
(117). Thissuggests thatan intact vagal nerve is required for ghrelin’s stimulatory effect.

GHRELIN IN PHYsIoLoGY AND DISEASE

In addition to calorie intake and meal composition, ghrelin levels appear to be influ-
enced by the nutritional status of the individual. The basal level is shown to be reduced
in chronic obesity with an attenuated postprandial response (118-120). The latter may
explain persistent eating habits in obese patients. Paradoxically, the level is increased
during fasting, cachexia (121), in states of malnutrition, and in patients with anorexia
nervosa (122). Interestingly, and contrary to these findings, ghrelin levels are reduced
after a Roux-en-Y gastric bypass, but not other forms of antiobesity surgery, despite
massive weight loss (33). One explanation might be that the surgery involves the removal
of the ghrelin-secreting part of the stomach (33,123), although the real mechanism is still
unknown. However, in addition to the mechanical restriction owing to reduced stomach
size and hence reduced meal portions, it has been hypothesized that the decreased ghrelin
level in these patients might be the reason for maintaining their weight loss.

GUT HORMONE SYNERGISM AND/OR ANTAGONISM

From the previous sections it is evident that multiple factors are involved in the
regulation of food intake and energy homeostasis in which gut hormones appear to play
a central role. Here we propose three different interactive processes (Fig. 1): gut-brain
interaction; gut—gut interaction; and gut-adipose interaction.

Gut-Brain Interaction

Gut peptides increase/reduce food intake by binding to specific neurons in the appetite
centers in the brain. This can be via specific known or even yet unknown receptors, direct
effect from the circulation, and/or through neuronal activation outside the blood-brain
barrier. Peripheral and central administration of both the orexigenic and anorexigenic gut
peptides results in c-fos activation in the arcuate nucleus. Suppression/activation of NPY
neurons and NPY mRNA expression and reciprocal effect in POMC neurons following
gut peptide administration is associated with altered feeding control. Several receptors
that are involved in mediating the actions of gut peptides in the hypothalamus and brain-
stem have now been identified (Table 2). In support of this, receptor knockout animals
have defective food intake and body weight. Similarly, defects in MC4 receptors have
been described in human forms of obesity. However, the central effect of these gut
peptides is abolished in vagotomized animals, indicating the importance of neural path-
ways in connecting the signals to the hypothalamus and other appetite centers in the brain.

Gut-Gut Interaction

Three mechanisms appear to regulate this: first, the effect of nutrients, and meal size,
and composition on the release of gut peptides; second, the synergistic and antagonistic
actions of gut peptides; and third, the effect of gut peptides on gut secretion, motility, and
gastric emptying.
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In addition to external cues, following food ingestion, various factors affect the re-
lease and circulating levels of gut peptides and thereby their effect on the appetite centers
in the brain. Nutriment sense within the gut (17) influences PY'Y, PP, and OXM release,
whereas stomach distension influences the release of PP and CCK, which indicates the
effects of chemoreceptors. A higher calorie intake results in a more sustained release of
PYY and consequently a reduction in calorie intake in the subsequent 12 to 24 h. Recip-
rocal to this, ghrelin is suppressed postprandially proportional to meal caloric content,
assisting and further promoting satiety and meal termination.

Gut hormones appear to act both in synergism and antagonism. Interestingly, increas-
ing evidence suggest that whichever way they work they appear to complement each
other to promote satiety. Some gut peptides share structural homology (PY'Y3-36 and
PP), cosecreted from the same cell line (PYY3-36, OXM and GLP-1), and have been
shown to be products of the same gene (OXM and GLP-1). These are all known anor-
exigenic peptides. Exendin, a GLP-1 receptor agonist, and PY'Y act synergistically, but
through different mechanisms to reduce food intake (124). CCK is well known to pro-
duce early satiety (60,62), but the meal-to-meal duration is longer than what can be
explained by CCK levels. Therefore, it is in order to suggest a sequential release and
suppression of gut hormones to sustain the diurnal pattern of food intake. For example,
ghrelin peaks before food ingestion and is suppressed postprandially, during which
CCK, one of the earliest peptides released, promotes early satiety, whereas persistence
of PYY3-36 and OXM levels prevent the animal (human) from continuous eating and
reduce subsequent calorie intake in the following 12 to 24 h (21,76). In contrast, GLP-
1 has been shown to suppress PYY3-36 (22); however, the short half-life of GLP-1 in
circulation might be yet another explanation for the persistent release of PY'Y. Similarly,
OXM has been suggested to exert its anorexigenic effect, at least partly, through the
suppression of ghrelin. To some extent, this may explain the suppression of ghrelin
postprandially in addition to its suppression by nutriment sense in the gut.

Another action of gut peptides PY'Y, OXM, and PP is the reduction of gastric motility.
This will delay gastric emptying, and consequently the persistence of food/nutrients in
the gut. The latter may produce a satiating effect through three mechanisms: (1) activa-
tion of chemoreceptors; (2) activation of the vagal afferents; and (3) persistence release
of PYY and OXM.

Gut-Adipose Interaction

Guthormones have been shown to interact with long-term signals from adipose tissue.
GLP-1 is known to improving insulin sensitivity and, thereby, glycemic control. In
rodents, peripheral administration of PY'Y3-36 for 4 wk resulted in improved glycemic
control; reduce body weight and visceral fat (33). Recently, Wynne et al. (77) showed
a significant reduction in leptin and an increment in adiponectin, markers of adiposity,
associated with reduced body weight in 14 patients who had subcutaneous OXM injec-
tions for 4 wk.

CONCLUSION

Obesity causes premature death of about 2 million people a year worldwide, and its
prevalence is rising. The decision to eat or not and/or alterations in energy expenditure
are central to the dilemma of increased body adiposity. The appetite centers in the brain
receive neural, humoral, and hormonal signals from the periphery for the regulation of
food intake and energy homeostasis.
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Gut peptides are secreted from the gastrointestinal tract either before or after each

meal. They can act synergistically or antagonistically to each other, but in a sequential
manner and in consortium with neural and long-term signals from adipose tissue. Recent
advances in establishing their identification, characterization, and their increasingly
recognized effect on appetite and gastrointestinal motility has contributed tremendously
to our understanding of the central regulation of appetite and energy homeostasis. We
are now entering a new era for discovering their novel potential roles as single agents or,
perhaps more likely, in combination in the treatment of obesity.
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Summary

The body’s endogenous endocannabinoid system includes two endogenous agonists for cannabinoid-
(CB)-1 receptors, anadamide and 2-arachidonoyl-glycerol (2-AG). Both of these endocannabinoids
(ECs) are fatty acid signals derived from cell membranes. They exert a coordinated action at multiple
tissues to promote increased food intake, lipogenesis, and storage of fat. Endocannabinoids interact
with multiple hypothalamic circuits and transmitter systems to stimulate food intake in general, and
they also act in reward areas of the brain to selectively enhance intake of palatable foods. Activation
of CB1 receptors increases enzyme activity that causes de novo fatty acids to be formed in the liver
and circulating lipids to be taken up by fat cells. All these actions are reversed in animals lacking
CB1 receptors, and there is growing evidence that activity of the endocannabinoid system is toni-
cally increased in animal and human obesity. Acute or chronic administration of selective synthetic
CB1 antagonists to overweight or obese individuals causes weight loss, reduced waist circumfer-
ence, and an improved lipid and glycemic profile. Developing ligands for endocannabinoid recep-
tors is an important novel therapeutic strategy for the treatment of metabolic dysregulation.

Key Words: Satiety; lipogenesis; obesity; anandamide; 2-arachidonoyl-glycerol; CB1 recep-
tors; food intake; leptin.

INTRODUCTION

Energy Homeostasis

Energy homeostasis is a term that encompasses the collective processes whose goal
is to provide adequate supplies of energy to the body’s organs. This includes stocking
fuel storage depots such as fat and liver cells with ample supplies, as well as recruiting
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the stored energy back from these depots and distributing them to tissues as needed. It
also includes procuring new sources of energy, whether by the consumption of food or
by the de novo synthesis of utilizable high-energy molecules by liver and other tissues.
All these processes are controlled by a complex and highly integrated network of cells
in strategic locations in the body that continuously monitor the energy use and antici-
pated energy needs of each tissue; at the same time, the network continuously monitors
energy available in storage depots, what will be entering the blood from ingested food
still within the gastrointestinal system, and energy that may be available to eat in the
external environment. Myriad neural and hormonal signals participate in this regulation,
with the goal of ensuring that active tissues have what they need when they need it.

The previous decades saw tremendous growth in our understanding of many of the
signals involved in energy homeostasis. Dozens of neurotransmitters, neuropeptides,
and other signals were newly described and found to fit the general model depicted in
Fig. 1. Information relevant to the regulation of energy intake and metabolism is detected
by sensory cells in strategic organs, and they in turn generate signals that are relayed to
other cells, especially to the brain, so that any necessary action can be taken. Most signals
transferring information between cells in the body are derived from modified amino
acids (e.g., glutamate and y-aminobutyric acid [GABA]) or biogenic amines (e.g., sero-
tonin, acetylcholine, and the catecholamines), or are composed of chains of amino acids
formed into biologically active peptides. Lipids in the form of steroids have long been
known to be important signaling molecules, and other signaling lipids in the form of
modified fatty acids have recently been added to the list. Finally, energy-rich molecules
themselves, including glucose and some fatty acids, are also recognized to function as
key signals in this system. For a review, see ref. (1).

Energy Homeostasis and the Endocannabinoid System

In this chapter we review the endocannabinoid system. It represents a novelly described
and quite different kind of intercellular signaling system within the body, and we focus on
how it influences energy homeostasis as well as how it might be exploited to treat obesity
and its complications. Although synthetic and plant-derived cannabinoids such as A°-
tetrahydrocannabinol (A%-THC) have long been recognized to influence food intake, it
is only relatively recently that endogenous cannabinoids (endocannabinoids [ECs]) gen-
erated within the body have been identified, and it is very recently that the scope of their
influence on energy homeostasis has started to become revealed, along with potential
therapeutic implications.

THE ENDOCANNABINOID SYSTEM

The endocannabinoid system includes cannabinoid receptors called CB1 and CB2
that are located on cell membranes, along with the endogenous ligands that bind to them
and the enzymes that synthesize, degrade, and/or reuptake the ligands. Key ligands
include the endogenous agonists anandamide and 2-arachidonoyl-glycerol (2-AG).
Exogenous compounds can also access and bind to the same receptors, and numerous
plant-derived and synthetic CB1 and CB2 agonists and antagonists are available for
research and under consideration for therapeutic purposes. Marijuana (Cannabis sativa)
has long been recognized to stimulate hunger and food intake in addition to its other
effects, and A%-THC, its active principle, is an agonist at CB1 receptors in the brain.



Chapter 3 / Endocannabinoids 51

Learning, habits, stress,
reward/hedonics,
circadian rhythms, the
social situation

Catabolic: (e.g., PVN) ‘
Reduce Food Intake
Reduce Body Fat  [CRH,
Oxytocinj

Anabolic: (e.g., LHA)
Increase Food Intake MCH S
Increase Body Fat 4

Orexin

Hindbrain

Energy Intake and

Hypothalamus |
Expenditure

White Fat

ARC 4 Y
\ Transporter L::'t:n.:l:'As_- E@ ig: ‘A(-SIL\;'P-L
() S e e ()" : Glucagon,
< L e— Insulin Amylin,
T — Ghrelin,
Brain Capillary * N Glucose Pancreas PYY
\ %, FFAs +
~ e ¥
{
Liver
Ghrelin\

Gl Tract

Fig. 1. Model of signals controlling energy homeostasis. During meals, signals such as cholecys-
tokinin (CCK), glucagon-like peptide (GLP)-1, apolipoprotein A-1V (apo A-1V), peptide-YY
(PYY), and others that arise from the digestive viscera (stomach, intestine, pancreas, and liver)
trigger nerve impulses in sensory nerves traveling to the hindbrain, where they influence meal
size. Other signals related to meals such as amylin and ghrelin, and signals related to body fat
content such as leptin and insulin, collectively called adiposity signals, circulate in the blood to
the brain. Adiposity signals are transported through the blood—brain barrier in the region of the
hypothalamic arcuate nucleus (ARC) and interact with catabolic neurons that synthesize pro-
opiomelanocortin (POMC) and secrete o.-MSH, or with anabolic neurons that secrete NPY and
AgRP. These neurons in turn project to other hypothalamic areas including the paraventricular
nuclei (PVN) and the lateral hypothalamic area (LHA). The net output of the PVN is catabolic
and includes transmitters such as corticotropin-releasing hormone (CRH) and oxytocin. Signals
from the PVN enhance the potency of satiety signals in the hindbrain. The net output of the LHA,
on the other hand, is anabolic, and includes melanin-concentrating hormone (MCH) and the
orexins. These signals suppress the activity of the satiety signals.

Cannabinoid Receptors

CB1 was the first cannabinoid receptor to be characterized; it is found in the central
nervous system, adipose tissue, the liver and many other tissues (2,3). CB2 receptors
were subsequently identified and are localized mainly in the immune system; and they
share a48% homology with CB1 (4-6). Both are 7-transmembrane-spanning G-, recep-
tors (negatively coupled to adenylyl cyclase and positively coupled to mitogen-activated
protein Kinase) (3,5). CB1 receptors are also positively coupled to inwardly rectifying
potassium channels and negatively coupled to several subtypes of calcium channels
(7,8).
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Distribution of Cannabinoid Receptors

CB1 receptors are among the most abundant G protein-coupled receptors in the brain,
having similar densities as receptors for GABA and glutamate-gated ion channels (5,9).
The distribution of CB1 receptors in the central nervous system is heterogeneous, with
higher densities in the basal ganglia, hippocampus, and cerebellum (10). Although CB1
expression in the hypothalamus, a key integrative area in the regulation of energy ho-
meostasis, is relatively low, activation of hypothalamic CB1 has profound effects (9).
Within the brain, CB1 receptors are expressed by glial astrocytes as well as by neurons
(11). Activation of CB1 on astrocytes increases available energy to local neuronal cir-
cuits, and the administration of cannabinoid agonists increases overall energy metabo-
lism in the brain (12).

CB1 receptors are also expressed by peripheral nerves and are located on nerve
terminals innervating the gastrointestinal tract (as well as within the enteric nervous
system [13-15]), as well as other organs involved in energy regulation, including white
adipose tissue, liver, and skeletal muscle (16—20). There are several recent reviews of the
characteristics and functions of CB receptors (3,5,6,21).

Although CB2 receptors are located mainly in tissues of the immune system (22), they
have recently also been identified in neurons in several regions of the brain (23). It may
therefore be the case that CB1 and CB2 within the brain have differing functions, and
that selective CB1 or CB2 ligands could be used to differentiate manipulation of the
neural circuits controlling energy homeostasis from those controlling mood, memory, or
other behaviors influenced by ECs. Consistent with this, selective CB1 and CB2 ligands
were found to differentially influence emesis in ferrets (23).

Endogenous Cannabinoid Ligands

All ECs identified so far are amides, esters, or ethers of arachidonic acid, a long-chain
polyunsaturated fatty acid that is a constituent of cell membranes (3). ECs bind both CB1
and CB2 receptors with differential selectivity. Anandamide (the ethanolamide of arachi-
donic acid) was the first described EC (24), and 2-AG was identified later (25). Other
putative ECs that have been identified include noladin ether (ether-linked analog of 2-
AG), virhodamine (ester of arachidonic acid and ethanolamine), and N-arachidonoyl
dopamine (3). Neither the mechanisms of synthesis and deactivation, nor the specific
functions, have been characterized for these other compounds (21).

ENDOCANNABINOID BIOLOGY

Synthesis and Degradation

Both anandamide and 2-AG are synthesized from cell membrane phospholipids, and
their biosynthetic pathways have been recently reviewed (3,5,26,27). Unlike the case for
many neural signals that are synthesized and stored in vesicles until needed, ECs are
made de novo as neurons become hyperactive (28), and they are immediately released
into the extracellular space of synapses (see Fig. 2). As they bind to CB1, a sequence of
intracellular events is elicited, and the ECs are then rapidly eliminated via reuptake and
degradation by neurons and glial cells (27,29-31). This model of EC synthesis, action,
and degradation has been described as an “on demand” process that is utilized by neurons
mainly during periods of high-frequency membrane stimulation (28) or sudden bursts of
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Fig. 2. Model of GABAergic neuron that expresses CB1 receptors. Action potentials in the
presynaptic GABAergic neuron cause depolarization of the nerve terminal where synaptic
vesicles containing GABA are stored. Some of the GABA is then released into the synaptic cleft,
and it diffuses to the postsynaptic neuron and interacts with GABA receptors. This initiates two
events. One is inhibition of the postsynaptic neuron, and the other is stimulation of synthesis of
endocannabinoids (ECs) from the postsynaptic membrane. The ECs diffuse retrogradely across
the synaptic cleft and interact with CB1 receptors on the presynaptic membrane. This has the
effect of reducing the amount of GABA released during subsequent depolarizations of the pr-
esynaptic membrane. The consequence of this is that there is less inhibition of the postsynaptic
membrane as a result of the action of the ECs.

action potentials (32); however, there may be important exceptions to this generality in
some areas of the brain.

Distribution

The concentrations of ECs within the brain vary considerably by area (10,33). 2-AG
is around two orders of magnitude more abundant than anandamide in most brain areas,
with the highest levels of both occurring in the brainstem, hippocampus, and striatum
(34); the two can be synthesized in the same tissues independent of one another (5). Both
anandamide and 2-AG are also produced in several peripheral tissues, including skin,
gut, liver, adipose tissue, and testis (26,34). Anandamide circulates in the blood, where
it is bound to albumin (35). Anandamide and 2-AG each bind to both CB1 and CB2
receptors, although with differing affinities. 2-AG is a full agonist at CB1, whereas
anandamide is a partial CB1 agonist (36). Anandamide also binds to the transient recep-
tor potential vanilloid receptor 1 (TRPV1 or capsaicin receptor) (37).

Function as Retrograde Neurotransmitter

Many CNS CB1 receptors are localized presynaptically on GABAergic interneurons
(33,38). Endocannabinoids released from postsynaptic membranes therefore must dif-
fuse or be transported retrogradely, back across the synaptic cleft, in order to interact
with CB1 and thereby decrease the release of presynaptic neurotransmitter, as dia-
grammed in Fig. 2. The generally accepted model is that when electrical activity in the
form of repeated action potentials and consequent depolarization in the presynaptic
neuron (a GABAergic neuron in the example in Fig. 2) becomes especially high and
sustained, the continuous bombardment of the postsynaptic membrane (by GABA) results
in the accumulation of intracellular Ca2* in the postsynaptic neuron. One important con-
sequence of the elevated calcium is that enzymes that synthesize ECs become activated
in the postsynaptic neuron’s cell membrane, generating anandamide and/or 2-AG. These
EC molecules then rapidly diffuse retrogradely back across the synapse, where they bind
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to CB1 receptors on the presynaptic membrane. Activation of CB1 results in reduced
transmitter (GABA) release from the presynaptic neuron in response to further action
potentials. Hence, when activity passing across the synapse from the pre- to the postsyn-
aptic neuron becomes sufficiently high, the EC system can be recruited to provide a kind
of brake, decreasing the amount of neurotransmitter (GABA in the example) reaching
the postsynaptic cell.

Continuing with the same example, because GABA typically has a net inhibitory
effect on postsynaptic neurons, as activity in the GABAergic neuron increases, and as
the amount of GABA released into the synapse consequently increases, the degree of
inhibition of the postsynaptic cell caused by GABA also increases. As this intensifies,
intracellular calcium in the postsynaptic cell activates the EC system with the net effect
of causing less GABA to be released, consequently reducing the degree of inhibition of
the postsynaptic cell. To provide a perhaps more relevant (albeit hypothetical) example,
increased activity in a particular presynaptic neuron might be sensitive to signals from
the gastrointestinal system during a meal, signals that are integrated with other kinds of
information to elicit satiation and ultimately stop ingestion at some point during the
meal. This is accomplished through the release of GABA onto (postsynaptic) neurons
in circuits that function to prolong the meal. However, on occasions when the food being
eaten tastes particularly palatable, or when the social situation is particularly pleasing,
other inputs to the same postsynaptic neuron might increase its level of intracellular
Ca?*. Hence, when meal-inhibitory inputs in the form of GABA start arriving, the
postsynaptic neuron is more likely to initiate the synthesis and release of ECs, ultimately
reducing GABA release from the presynaptic neuron. This in turn would result in dis-
inhibition of the postsynaptic neuron with the consequence that the duration of the meal
would be prolonged. Conversely, providing a CB1 antagonist would effectively block
the disinhibition, resulting in reduced food intake in the same situations. The important
point is that activity at CB1 receptors determines the amount of neurotransmitter released
from certain presynaptic neurons. Because many CB1 receptorsare located on GABAergic
neurons, cannabinoid agonists generally have a disinhibiting effect, whereas CB1 antago-
nists have a net inhibitory effect on those same circuits.

Although CB1 receptors are located on many GABAergic neurons, where they are
involved with what has been termed a depolarization-induced suppression of inhibition,
they are also found on neurons that have excitatory influences on postsynaptic cells—
i.e., some glutamatergic neurons also express CB1, which is therefore involved with
depolarization-induced suppression of excitation (39).

Constitutive Release of ECs

Research on EC biology is progressing at a rapid rate. One consequence is that excep-
tions to the general model proposed above have become apparent. For example, although
increased intracellular calcium is necessary for EC synthesis and release in most neu-
ronal circuits (40), others appear to be calcium-independent (41,42). More pertinent to
this review, although ECs are generally thought to be synthesized and released only
when presynaptic neurons become highly activated, there is evidence for constitutive
release, in the absence of external stimulation, in both the hippocampus (43) and the
arcuate nucleus (ARC) in the hypothalamus (44). In the latter case, neurons in the ARC
that synthesize pro-opiomelanocortin (POMC) and that initiate a net catabolic response,
including reducing food intake when activated, have been reported to secrete ECs con-
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stitutively, in the absence of external stimulation. These locally released ECs in turn
suppress presynaptic GABAergic inputs to the same POMC cells. In this situation, the
POMC cells are chronically disinhibiting themselves (44). What is particularly intrigu-
ing is that when exogenous cannabinoid agonists are administered, they elicit a some-
what different profile of actions than the constitutively released cannabinoids—whereas
the endogenously released ECs suppress only the inhibitory GABAergic inputs to the
POMC cells, exogenously administered cannabinoids additionally suppress excitatory
glutamatergic inputs to the same POMC neurons (44). The adiposity hormone, leptin,
has important actions on these same POMC neurons in the ARC. Leptin directly stimu-
lates the POMC neurons (45), and the ability of leptin to reduce food intake depends on
the melanocortin transmitters released by the POMC neurons (46). Leptin also reduces
EC activity in the ARC, and obese animals deficient in leptin have elevated hypotha-
lamic, but not cerebellar, ECs levels (47), implying that ECs may normally exert a net
anabolic tone in the hypothalamus, and especially within the ARC, that favors food
intake and fat storage.

ENDOCANNABINOIDS AND REGULATION OF ENERGY BALANCE

Early animal studies demonstrated that systemic or oral administration of A°>-THC
potently increases food intake. Administration of CB1 antagonists, conversely, blocks
the orexigenic action of exogenous cannabinoid agonists and also decreases food intake
and body weight in laboratory animals (reviewed in ref. 16). Based on these promising
observations, considerable research is currently under way to elucidate the mechanisms
of action of endocannabinoids and to determine the feasibility of using cannabinoid
antagonists to treat obesity and its complications (48,49).

Anabolic Actions of Cannabinoids

The endocannabinoid system influences energy balance at many sites in the brain and
throughout the body, with the net and highly coordinated effect being anabolic—i.e.,
increased EC activity enhances food intake and favors the storage of fat. Within the
brain, ECs are located in both hypothalamic (where they influence caloric homeostasis
by stimulating food intake) and extrahypothalamic (where they influence reward mecha-
nisms, in part by increasing the hedonic value of food) circuits. Both networks contribute
to excessive eating when EC activity is high. Within peripheral organs including adipose
tissue, liver, and skeletal muscle, locally produced ECs are also anabolic, contributing
to lipogenesis and fat storage and reduced energy expenditure. In the gastrointestinal
system, ECs are thought to increase fuel absorption and decrease satiety. Hence, the
endocannabinoid system is a multileveled, highly coordinated cell-signaling system that
biases behavioral and metabolic processes to favor becoming obese. Importantly, the
same system is thought to have an important role in facilitating food intake and energy
storage during the early stages of life, including facilitating suckling in newborns (50).
Consistent with all this, genetic polymorphisms of components of the endocannabinoid
system have been associated with overweight and obesity in humans (51).

ENDOCANNABINOID SYSTEM AND THE HYPOTHALAMUS

Arcuate Nucleus. As reviewed in other chapters in this book, the hypothalamus is an
important integrative center for the control of energy homeostasis (see Fig. 1). Neurons
in the hypothalamic ARC are sensitive to the circulating adiposity signals, leptin and
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insulin (45,52,53), and the ARC in turn projects to many other sites in the hypothalamus
and elsewhere in the brain. Two categories of ARC neurons are particularly relevant to
this review. ARC POMC neurons synthesize the catabolic neurotransmitter, a-melano-
cyte-stimulating hormone (a-MSH), which acts at melanocortin receptors to elicit
reduced food intake and body weight. Increased leptin and/or insulin, a signal of
increased body fat, stimulates POMC neurons, initiating the catabolic response. As
discussed above, POMC cells in the ARC release ECs (44), and leptin inhibits
endocannabinoid activity there, facilitating its overall catabolic action (47). The levels
of hypothalamic ECs are increased in genetically obese rodents with defective leptin
signaling, and treatment of these genetically obese mice with a CB1 antagonist attenu-
ates their hyperphagia and retards their weight gain, implying that overactivation of the
endocannabinoid system may be a contributing factor in some animal models of genetic
obesity (47).

Other ARC neurons synthesize the anabolic neurotransmitters neuropeptide Y (NPY)
and agouti-related protein (AgRP). NPY acts on Y receptors throughout the hypothala-
mus to stimulate food intake, whereas AgRP antagonizes o.-MSH, thus attenuating the
catabolic action of POMC cells (see reviews in refs. 52,54,55). It has recently been
reported that cannabinoid agonists increase the secretion of NPY in the hypothalamus
(56), consistent with ECs increasing food intake. The important point is that hypotha-
lamic circuits controlling energy homeostasis are highly complex, utilizing both ana-
bolic and catabolic transmitters. Understanding the role of the EC system in influencing
these circuits is still in its infancy.

Several general statements can be made, however. Hypothalamic 2-AG levels in-
crease during fasting, decline as animals are re-fed, and return to normal values when
animals eat to satiation (57,58), consistent with a role in modulating appetite (59). CB1
mRNA has been colocalized with many hypothalamic neuropeptides involved in energy
regulation, including corticotropin-releasing hormone (CRH), cocaine—amphetamine-
regulated transcript (CART), prepro-orexin, and melanin-concentrating hormone (MCH)
(16), and as discussed above, CB1s are also expressed by GABAergic neurons entering
the ARC (44).

Intrahypothalamic Cannabinoids Increase Food Intake. Intrahypothalamic ad-
ministration of A%-THC increases food intake in laboratory rats (60,61) and facilitates
eating elicited by electrical stimulation of the brain (62). Anandamide also increases
food intake when injected into the hypothalamus (63,64), and pretreatment with the
selective CB1 antagonist SR141716 (rimonabant) administered intrahypothalamically
attenuates anandamide-induced hyperphagia (63). Anandamide also stimulates food
intake when administered systemically (65).

CB1 Knockout Animals. Animals lacking CB1 (CB1-- mice) have reduced food
intake, decreased body weight, and a lean phenotype (16,66,67). The brains of these mice
have increased levels of neuropeptides that suppress food intake (16), and they do not
become obese on a high-fat diet (66). CB1~~ mice have increased sensitivity to the
catabolic action of leptin (66) and they do not increase their food intake as much as
control mice when administered orexigenic compounds such as NPY (47 68). These
findings suggest that activation of CB1 is necessary for NPY’s orexigenic action. SR
141716 also attenuates the hyperphagia elicited by ghrelin (69) and by orexin A (70), and
CB1s are coexpressed with orexin 1 receptors (71). Hence, the actions of several
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orexigenic peptides within the hypothalamus, including NPY, orexin 1, and ghrelin, are
facilitated by ECs.

Asdiscussed above, ECs are also important in the hypothalamic POMC/melanocortin
system. Administration of SR141716 attenuates the orexigenic effect of melanocortin
antagonists (72), but the administration of melanocortin agonists does not block the
action of cannabinoid agonists, suggesting that endocannabinoids act “downstream” of
melanocortins (72). The important point is that ECs interact with many levels of the
neurocircuitry in the hypothalamus and other locations in the brain that control food
intake (67).

ENDOCANNABINOID SYSTEM AND BRAIN REWARD SYSTEMS

Limbic System. Brain areas that control hedonic or reward aspects of food, some-
times referred to as “liking” (pleasure/palatability) and “wanting” (appetite/incentive
motivation) perceptions associated with the availability and variety of food, include
many corticolimbic structures (73-75). This complex system is composed of a series of
synaptically interconnected circuits linking the prefrontal cortex, the amygdala, the
ventral tegmental area, the nucleus accumbens, and the ventral pallidum. This integrated
network connects forebrain, hindbrain, and midbrain areas with hypothalamic areas and
is thus able to modulate food intake (74,75).

Palatability. It is widely hypothesized that the rewarding properties of popular foods
represent an important obstacle for effective weight control in Western societies. Because
of this, systems that control the mechanisms of hedonics and reward value of food are
obvious targets for novel pharmacological agents. In the 1970s anecdotal observations
of humans smoking marijuana indicated that they have increased appetite and often have
induced cravings for palatable foods (reviewed inref. 76). Studies in rats found increased
preference for palatable foods such as sucrose following administration of AS-THC (77).
Rats treated with AS-THC in fact overconsume food, eating as much in single meals as
rats that have been fasted for a day (78). These observations are consistent with the
hypothesis that ECs help mediate palatability or other positive aspects of food (79). This
hypothesis has gained support through studies with CB1 antagonists. Systemic
SR141716 specifically reduces intake of alcohol, sucrose, and other sweet foods in
animals (80-82), and in some reports cannabinoid antagonists reduce the intake of bland
foods as well (83 84).

Both anandamide and 2-AG levels are increased in limbic areas of rats that have been
fasted, whereas only 2-AG is increased in the hypothalamus (58), indicating both that
brain ECs are responsive to fasting and that there are differences in the response between
the caloric homeostasis and reward areas of the brain. When rats are ingesting a palatable
food, hypothalamic 2-AG levels decrease (85). Rats maintained on a palatable diet for
10 wk, besides becoming obese, express less CB1 mRNA in several limbic areas (85).
Further evidence for adirectrole of the endocannabinoid system in reward circuits is that
when 2-AG was administered directly into the shell of the nucleus accumbens, a limbic
area with particularly high levels of CB1 and that is strongly associated with reward
processes, a rapid and profound hyperphagia was elicited (58).

Dopamine and Serotonin. The neurotransmitter dopamine (DA) is recognized to be
an important mediator of the rewarding effects of food and drugs of abuse (73). CB1 has
recently been observed to be coexpressed with dopamine D1 and D2 receptors within the
limbic system (86), and marijuana selectively increases DA release in the nucleus
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accumbens (87). Consistent with this, increased DA and EC levels have been correlated
with the craving for palatable foods (88). Serotonin, another neurotransmitter involved
with both reward and food intake (89), also interacts with the endocannabinoid system
(90). Serotonin 5-HT1B receptors are coexpressed with CB1 in several limbic areas (86),
and the combined administration of SR141716 and dexfenfluramine (a drug that in-
creases serotonin activity) have additive effects in reducing food intake (91). Consistent
with this, drugs that modulate serotonin activity are frequently prescribed to treat depres-
sion, obesity, and/or eating-related disorders (92).

Opioids. ECs also interact with endogenous opioid circuits (88,93). There is consid-
erable anatomical overlap of CB1, opioid receptors, and their respective endogenous
ligands in brain areas involved with food intake and reward mechanisms (10,94,95).
Levels of endogenous opioids are increased in the hypothalamus following administra-
tion of A°-THC to rats (96,97). Conversely, rats chronically treated with the exogenous
opioid, morphine, have decreased 2-AG and CB1 in several limbic areas (98). Interac-
tions between the endocannabinoid and opioid systems have been hypothesized to be a
critical component for the rewarding aspects of the intake of food and also to provide a
molecular basis for drug or food dependence (99). As an example, the administration of
selective CB1 agonists increases consumption of palatable beverages in rats; this effect
is blocked by the opioid receptor antagonist naloxone (81). When subthreshold doses of
naloxone and SR 141716 are combined, they potently suppress food intake and signifi-
cantly attenuate the hyperphagia caused by the administration of A%>-THC (100). There
are also synergistic interactions between cannabinoid and opioid antagonists (101,102).

In sum, the endocannabinoid system is positioned in the brain to have a profound
influence over the ingestion of food. Within the hypothalamus, ECs interact with cir-
cuitry controlling caloric homeostasis and the regulation of body weight, exerting a net
anabolic effect. Within the limbic area of the brain, ECs interact with circuitry control-
ling hedonic or reward aspects of food, again acting to increase ingestion, especially of
palatable foods. An important point is that pharmacological manipulation of EC activity,
in either direction, has profound effects on food intake.

ENDOCANNABINOID SYSTEM AND PERIPHERAL METABOLISM

CB1ispresentinseveral tissues related to energy homeostasis as well as in peripheral
nerve terminals (14,103), consistent with the hypothesis that peripheral metabolic mecha-
nisms might be directly modulated by the endocannabinoid system independent of and
in addition to modulation by central pathways.

Sustained Weight Loss With Chronic Cannabinoid Stimulation

When mice are fed a palatable high-fat diet, they overeat and become obese. In one
series of experiments, mice maintained on the palatable diet and chronically adminis-
tered the CB1 antagonist (SR 141716) ate less food (104-106). What is particularly
important is that the anorectic action of the antagonists lessened and then disappeared
altogether over a week or two in spite of continued dosing, indicating apparent tolerance
tothe behavioral action (105). Nonetheless, there was a sustained—and, in fact, increased—
reduction of body weight and body fat mass over the next several weeks despite the fact
that food intake was normal, strongly implying that other actions of the CB1 antagonists
were continuing to exert metabolic effects (104,105). At the end of the experiments, mice
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receiving the CB1 antagonists chronically had reduced body weight, body fat, plasma
leptin, and plasmainsulin, and an improved lipid profile (104,105), perhaps through the
ability of the drug to increase adiponectin expression and secretion from adipose tissue
(17,107). Adiponectin, unlike other adipokines, improves insulin sensitivity and induces
fatty acid oxidation in muscle and liver (108).

Perhaps related to these findings, experiments using CB1-- mice revealed that the
lean phenotype is caused predominantly by a decrease in caloric intake when the mice
are young, whereas peripheral metabolic factors are the major cause of maintaining the
lean phenotype in the adults (16). As discussed previously, CB1-/~ mice are resistant to
diet-induced obesity. They maintain their lean phenotype and they do not develop hyper-
glycemia or insulin resistance (66). The key point from these experiments is that chronic
treatment with a selective CB1 antagonist causes reduction of body fat as well as
improvement in many symptoms commonly associated with metabolic syndrome, and
although there is an early transient reduction of food intake when animals are started on
the antagonist, it cannot account for the sustained improvement in metabolic parameters.
The strong inference is that selective CB1 antagonists act directly through other than
behavioral means to accomplish this. Consistent with this, chronic treatment with the
CB1 antagonist altered gene expression profiles in both white and brown adipose tissue
to favor fat oxidation and increased thermogenesis (106).

Adipose Tissue

White adipocytes express CB1 receptors (16,17,20), and in vitro experiments demon-
strate that the CB1 agonist WIN-55,212 stimulates adipocyte differentiation and increases
the activity of lipoprotein lipase; both actions are blocked by pretreatment with SR
141716 (16). These findings imply that EC activity in white fat has the potential to
facilitate growth of new fat cells as well as an enhanced ability to remove fat from
circulating lipoproteins and deposit it into fat cells. Furthermore, as adipocytes mature,
they express a greater amount of CB1, and CB1 expression is higher in adipocytes of
obese as opposed to lean animals (17). Studies in humans also indicate that mature
adipocytes have increased CB1 expression as compared to preadipocytes. However, in
contrast with the observations reported in obese animals, obese humans have decreased
CB1 expression in their adipose tissue relative to lean humans (20).

Energy Expenditure

There is also evidence that ECs reduce energy expenditure. The administration of the
CB1 antagonist SR141716 reportedly increases glucose uptake and basal oxygen con-
sumption of skeletal muscle from genetically obese mice (19), and chronic administra-
tion of SR141716 elicits increased expression of genes for thermogenesis in brown
adipose tissue (106).

Gastrointestinal Tract

The gastrointestinal tract is an important source of signals generated during meals that
help to create satiation and limit meal size (109-111). Most meal-generated satiation and
satiety signals reach the hindbrain via vagal afferent nerves, and the signal is then relayed
to the hypothalamus and other areas in the brain that control food intake. The vagal
sensory signals also activate reflexes that travel in vagal efferent nerves back to the
gastrointestinal tract. CB1 has been localized in all parts of these circuits, including
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Table 1
Key Characteristics and Actions of the Endocannabinoid System

e Endocannabinoids are fatty acid signals derived from arachidonic acid in cell membranes.

» Endocannabinoid agonists act at CB1 receptors in the brain and other organs to cause a net
anabolic effect.

 Inthe brain, endocannabinoids stimulate caloric intake, especially intake of palatable foods,
by functioning as retrograde inhibitors of synaptic activity.

 Inliver, adipose tissue, skeletal muscle, and the gastrointestinal system, endocannabinoids
facilitate the formation and storage of lipids, decrease satiety, and decrease energy expendi-
ture.

» Obesity is characterized by increased levels of endocannabinoids and their receptors; acute
or chronic administration of selective CB1 antagonists causes weight loss, loss of body fat,
and improved glucose and lipid profiles in overweight and obese patients.

being expressed in vagal afferent nerves (112), neurons in the dorsal vagal complex
(113), and vagal efferent nerves (114). The observation that cholecystokinin (CCK)
inhibits the expression of CG1 on vagal afferents (112) is consistent with CCK’s role as
a satiety signal that reduces food intake (109-111). In the small intestine, anandamide
levels are greatly increased after animals have been fasted, and this effect is reversed
when the animals are re-fed (14), again consistent with a role of ECs in influencing food
intake via modulation of gastrointestinal signals. ECs in fact modulate many aspects of
gastrointestinal function, including gastric emptying and intestinal peristalsis (15).

Liver

There is also evidence that ECs are active in the liver. ECs are produced in the liver
(18), where they help regulate hepatic blood flow (115). Activation of CB1 in hepatic
tissue increases de novo fatty acid synthesis through the induction of lipogenic enzymes
(18), and high-fat diet obese mice have increased activity of this hepatic lipogenic
pathway as well as elevated expression of CB1 and increased anandamide levels (18).

To summarize, the picture of EC activity that has been developing over the past several
years isone of adiverse intercellular communication system that creates a netanabolic tone
or bias. This is manifest in the brain as an increased tendency to consume more food, and
especially hedonically pleasing food. In several organs including adipose tissue, the liver,
skeletal muscle, and the gut, ECs favor the intake of food and the formation and storage
of fat while simultaneously decreasing energy expenditure. The observation that the ad-
ministration of CB1 antagonists to normal and especially obese animals reverses many of
these actions implies that CB1 antagonists may be useful for treating obesity and related
metabolic complications. These points are summarized in Table 1.

An important and as yet unanswered question is whether the improvement seen in
metabolic parameters in adipose tissue, liver, and elsewhere when CB1 antagonists are
administered is caused by the drug’s blocking the action of constitutively released ECs,
or whether the CB1 receptors are “autoactive,” providing a constant anabolic tone.
Evidence for the latter is that CB1 have been reported to be precoupled to G-protein
signaling systems (116), and there is evidence that the CB1 antagonist that was used in
the chronic experiments, SR 141716, isan inverse agonist as well as an antagonistat CB1
receptors (117).
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CLINICAL USE OF CB1 ANTAGONISTS

SR 141716

The selective CB1 antagonist SR 141716 (rimonabant or Acomplia; Sanofi-
Synthelabo), when administered to marijuana smokers, caused weight loss in over-
weight and obese subjects without causing adverse side effects (118). Based on this and
the promising studies on animals (reviewed previously), SR 141716 has been used in
randomized, double-blind clinical trials to determine its efficacy in treating obesity and
related metabolic complications. Several Phase 11 clinical trials named R1O (Rimonabant
In Obesity) were initiated starting in 2001 and included more than 6600 overweight or
obese patients with or without comorbidities who were given SR141716 (5 or 20 mg) or
placebo for up to 2 yr (119 — 121). All subjects were on a calorie-restricted diet and
underwent a run-in period of diet alone prior to being randomized to drug or placebo
conditions.

RIO Trials

RIO-North America investigated the absolute change in weight during the first year
of treatment and the prevention of weight gain after rerandomization in the second year
(119), whereas RIO-Europe evaluated change of weight over the entire 2-yr period
(120). RIO-Lipids (121) and RIO-Diabetes evaluated the effect of rimonabant on the
specific comorbidity factors, hyperlipidemia and diabetes, respectively.

There is an impressive consistency across all the studies that have been published to
date. Subjects lose weight and have reduced waist circumference, and both the lipid
profile and parameters of glucose homeostasis are improved. The effect is dose-depen-
dent, and dropout rates were similar for placebo and drug conditions. In RIO-Lipids,
1036 obese patients with a body mass index (BMI) of 27 to 40 kg/m?2 and dyslipidemia
were randomized in a double-blind trial to receive either rimonabant (5 or 20 mg/d) or
placebo for 1 yr (Fig. 3) (121). Patients treated with the larger dose (20 mg) lost a mean
of 8.6 kg of body weight, which was significantly greater than the 2.3 kg lost by the
placebo group following the run-in period. The percentage of patients who lost more than
10% of their body weight was significantly higher in the 20 mg rimonabant group than
in the placebo group. Taking 20 mg rimonabant was also associated with a significant
reduction in waist circumference, plasma triglycerides, and C-reactive protein, and an
increase in HDL cholesterol and plasma adiponectin. There was also a shift to larger
particle-sized LDLs in the rimonabant group. With regard to carbohydrate metabolism,
patients receiving rimonabant had reduced plasma insulin and fasting glucose, and a
reduced glucose area-under-the-curve during an oral glucose tolerance test. Finally, the
number of patients in the 20 mg rimonabant group that were classified with metabolic
syndrome was significantly reduced. The drug was generally well tolerated; the most
frequently reported side effects of receiving 20 mg rimonabant were nausea, dizziness,
and upper respiratory tract infections (121).

Comparable results have recently been reported in the RIO-Europe study after 1 yr of
treatment, although the subjects in that experiment did not have dyslipidemia (120).
Significantly more patients in the 20 mg rimonabant group achieved 5% or more weight
loss as well as 10% or more weight loss. They also had sufficient reduction in waist
circumference to be associated with a 30% decrease in intra-abdominal adiposity (122).
As was seen in RIO-Lipids, there was also a significant improvement in glycemic and
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Fig. 3. SR141716 (rimonabant) decreases body weight in overweight and obese humans over the
course of 1yr. In RIO-Europe, a total of 1507 patients with body-mass index 30 kg/n or greater,
or body-mass index greater than 27 kg/m? with treated or untreated dyslipidemia, hypertension,
or both, were randomized to receive double-blind treatment with placebo, 5 mg rimonabant, or
20 mg rimonabant once daily in addition to a mild hypocaloric diet (600 kcal/d deficit). (*p <
0.05; ** p < 0.01; redrawn from ref. 120).

lipid profiles (120). There were no interactions among weight loss and sex, changes in
metabolic parameters, or reduction in waist circumference. Importantly, analyses of
both studies suggest that the improvement in the lipid and glycemic profiles is greater
than could be explained by the decrease of body weight. Hence, as has also been observed
in animal experiments, rimonabant causes improved metabolic parameters beyond its
effects on food intake and body weight. In summary, the first data obtained from clinical
trials indicate that the pharmacological blockade of CB1 has therapeutic potential for the
treatment of obesity and its associated risk factors.

CONCLUSION

Endocannabinoids are fatty acid signals derived from cell membranes in the brain and
many other tissues. Although they influence numerous systems and behaviors, this
review has focused on their coordinated action at multiple tissues to act at CB1 receptors
and promote increased food intake, lipogenesis, and the storage of fat. Within the brain,
endocannabinoids interact with hypothalamic circuits as well as with reward areas to
enhance intake of palatable foods. Within adipose tissue and liver, endocannabinoids
increase expression of enzymes that remove fat from the blood and store it in cells, as
well as enzymes that facilitate the de novo generation of fatty acids. There is also evi-
dence that cannabinoid activity in the gastrointestinal tract and in skeletal muscle also
contributes to the net anabolic action. Converging evidence indicates that activity of the
endocannabinoid system is tonically increased in animal and human obesity, and that
animals lacking cannabinoid receptors are resistant to becoming obese. Consistent with
these findings, acute or chronic administration of selective synthetic CB1 antagonists to
overweight or obese individuals results in weight loss, reduced waist circumference, and
an improved lipid and glycemic profile. Developing ligands for endocannabinoid recep-
tors is an important novel therapeutic strategy for the treatment of metabolic
dysregulation.



Chapter 3 / Endocannabinoids 63

[e0)

10.

11.
12.

13.
14.

15.

16.

17.

18.

19.

20.
21.
22.
23.
24.
25.
26.
27.
28.

29.

REFERENCES

. Seeley RJ,, Woods SC. Monitoring of stored and available fuel by the CNS: implications for obesity.

Nat Rev Neurosci 2003;4(11):901-909.

. Matsuda LA, etal. Structure of a cannabinoid receptor and functional expression of the cloned cDNA.

Nature 1990;346(6284):561-564.

. Piomelli D. The molecular logic of endocannabinoid signalling. Nat Rev Neurosci 2003;4(11):873-884.
. Munro S, Thomas KL, Abu-Shaar M. Molecular characterization of a peripheral receptor for cannab-

inoids. Nature 1993;365(6441):61-65.

. Freund TF, Katona I, Piomelli D. Role of endogenous cannabinoids in synaptic signaling. Physiol Rev

2003;83(3):1017-1066.

. Howlett AC, etal. International Union of Pharmacology. XXVII. Classification of cannabinoid recep-

tors. Pharmacol Rev 2002;54(2):161-202.

. Howlett AC, et al. Cannabinoid physiology and pharmacology: 30 years of progress. Neuropharma-

cology 2004;47 Suppl 1:345-358.

. Pertwee RG. Pharmacology of cannabinoid CB1and CB2 receptors. Pharmacol Ther 1997;74(2):129-180.
. Breivogel CS, Childers SR. The functional neuroanatomy of brain cannabinoid receptors. Neurobiol

Dis 1998;5(6 Pt B):417-431.

Herkenham M, et al. Characterization and localization of cannabinoid receptors in rat brain: a quan-
titative in vitro autoradiographic study. J Neurosci 1991;11(2):563-583.

Stella N. Cannabinoid signaling in glial cells. Glia 2004;48(4):267-277.

Costa B, Colleoni M. Changes in rat brain energetic metabolism after exposure to anandamide or
delta(9)-tetrahydrocannabinol. Eur J Pharmacol 2000;395(1):1-7.

Pertwee RG. Cannabinoids and the gastrointestinal tract. Gut 2001;48(6):859-867.

Gomez R, et al. A peripheral mechanism for CB1 cannabinoid receptor-dependent modulation of
feeding. J Neurosci 2002;22(21):9612-9617.

Duncan M, Davison JS, Sharkey KA. Endocannabinoids and their receptors in the enteric nervous
system. Aliment Pharmacol Therapeut 2005;22:667-683.

Cota D, et al. The endogenous cannabinoid system affects energy balance via central orexigenic drive
and peripheral lipogenesis. J Clin Invest 2003;112(3):423-431.

Bensaid M, et al. The cannabinoid CB1 receptor antagonist SR141716 increases Acrp30 mRNA
expression in adipose tissue of obese fa/fa rats and in cultured adipocyte cells. Mol Pharmacol
2003;63(4):908-914.

Osei-Hyiaman D, et al. Endocannabinoid activation at hepatic CB(1) receptors stimulates fatty acid
synthesis and contributes to diet-induced obesity. J Clin Invest 2005;115(5):1298-1305.

Liu YL, etal. Effects of the cannabinoid CB1 receptor antagonist SR141716 on oxygen consumption
and soleus muscle glucose uptake in Lep(ob)/Lep(ob) mice. Int J Obes Relat Metab Disord
2005;29(2):183-187.

Engeli S, et al. Activation of the peripheral endocannabinoid system in human obesity. Diabetes
2005;54:2838-2843.

Begg M, et al. Evidence for novel cannabinoid receptors. Pharmacol Therapeut 2005;106:133-145.
Klein TW, et al. The cannabinoid system and immune modulation. J Leucocyte Biol 2003;74:486—496.
Van Sickle MD, et al. Identification and functional characterization of brainstem cannabinoid CB2
receptors. Science 2005;310:329-332.

Devane WA, etal. Isolation and structure of a brain constituent that binds to the cannabinoid receptor.
Science 1992;258(5090):1946-1949.

Mechoulam R, et al. Identification of an endogenous 2-monoglyceride, present in canine gut, that
binds to cannabinoid receptors. Biochem Pharmacol 1995;50(1):83-90.

Sugiura T, et al. Biosynthesis and degradation of anandamide and 2-arachidonoylglycerol and their
possible physiological significance. Prostaglandins Leukot Essent Fatty Acids 2002;66(2-3):173-192.
Bisogno T, Ligresti A, Di Marzo V. The endocannabinoid signalling system: biochemical aspects.
Pharmacol Biochem Behav 2005;81:224-238.

DiMarzo ., Bifulco M, De Petrocellis L. The endocannabinoid system and its therapeutic exploitation.
Nat Rev Drug Discov 2004;3(9):771-784.

Beltramo M, et al. Functional role of high-affinity anandamide transport, as revealed by selective
inhibition. Science 1997;277(5329):1094-1097.



64

Woods and Cota

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.

49.
50.

51.

52.
53.

54.
55.

56.

57.

58.

Hillard CJ, et al. Accumulation of N-arachidonoylethanolamine (anandamide) into cerebellar granule
cells occurs via facilitated diffusion. J Neurochem 1997,69:631-638.

Hillard CJ, et al. Synthesis and characterization of potent and selective agonists of the neuronal
cannabinoid receptor (CB1). J Pharmacol Exp Ther 1999;289(3):1427-1433.

Brown SP, Brenowitz SD, Regehr WG. Brief presynaptic bursts evoke synapse-specific retrograde
inhibition mediated by endogenous cannabinoids. Nature Neurosci 2003;6:1048-1057.

Pazos MR, et al. Functional neuroanatomy of the endocannabinoid system. Pharmacol Biochem
Behav 2005;81:239-247.

Bisogno T, et al. Brain regional distribution of endocannabinoids: implications for their biosynthesis
and biological function. Biochem Biophys Res Commun 1999;256(2):377-380.

Bojesen IN, Hansen HS. Binding of anandamide to bovine serum albumin. J Lipid Res 2003;44(9):
1790-1794.

Sugiura T, et al. Evidence that the cannabinoid CB1 receptor is a 2-arachidonoylglycerol receptor.
Structure-activity relationship of 2-arachidonoylglycerol, ether-linked analogues, and related com-
pounds. J Biol Chem 1999;274(5):2794-2801.

Zygmunt PM, et al. Vanilloid receptors on sensory nerves mediate the vasodilator action of
anandamide. Nature 1999;400:452-457.

Katona I, et al. Presynaptically located CB1 cannabinoid receptors regulate GABA release from axon
terminals of specific hippocampal interneurons. J Neurosci 1999;19(11):4544-4558.

Alger BE. Retrograde signaling in the regulation of synaptic transmission: focus on endocannabinoids.
Prog Neurobiol 2002;68:247-286.

Di Marzo V, et al. Formation and inactivation of endogenous cannabinoid anandamide in central
neurons. Nature 1994;372:686-691.

Kim J, et al. Activation of muscarinic acetylcholine receptors enhances the release of endogenous
endocannabinoids in the hippocampus. J Neurosci 2002;22:10,182-10,191.

Varma N, et al. Metabotropic glutamate receptors drive the endocannabinoid system in hippocampus.
J Neurosci 2001;21:RC188(1-5).

Losonczy A, Biro AA, Nusser Z. Persistently active cannabinoid receptors mute a subpopulation of
hippocampal interneurons. Proc Natl Acad Sci USA 2004;101:1362-1367.

Hentges NT, Low MJ, Williams JT. Differential regulation of synaptic inputs by constitutively re-
leased endocannabinoids and exogenous cannabinoids. J Neurosci 2005;25:9746-9751.

Xu AW, et al. PI3K integrates the action of insulin and leptin on hypothalamic neurons. J Clin Invest
2005;115:951-958.

Seeley R, et al. Melanocortin receptors in leptin effects. Nature 1997;390(Nov 27):349.

DiMarzo V, et al. Leptin-regulated endocannabinoids are involved in maintaining food intake. Nature
2001;410(6830):822-825.

Pagotto U, et al. The emerging role of the endocannabinoid system in endocrine regulation and energy
balance. Endocr Rev 2006;27:73-100.

Wadman M, Appetite downer awaits approval. Nature 2005;437:618-619.

Fride E, et al. Critical role of the endogenous cannabinoid system in mouse pup suckling and growth.
Eur J Pharmacol 2001;419(2-3):207-214.

Sipe JC, et al. Overweight and obesity associated with a missense polymorphism in fatty acid amide
hydrolase (FAAH). Int J Obes Relat Metab Disord 2005.

Schwartz MW, et al. Central nervous system control of food intake. Nature 2000;404(6778):661-671.
Woods SC, et al. Signals that regulate food intake and energy homeostasis. Science 1998;280(5368):
1378-1383.

Flier JS. Obesity wars: molecular progress confronts an expanding epidemic. Cell 2004;116:337-350.
Woods SC, et al. Signals that regulate food intake and energy homeostasis. Science 1998;280:1378-
1383.

Gamber KM, Macarthur H, Westfall TC. Cannabinoids augment the release of neuropeptide Y in the
rat hypothalamus. Neuropharmacology 2005;49:646—-652.

Hanus L, et al. Short-term fasting and prolonged semistarvation have opposite effects on 2-AG levels
in mouse brain. Brain Res 2003;983(1-2):144-51.

Kirkham TC, et al. Endocannabinoid levels in rat limbic forebrain and hypothalamus in relation to
fasting, feeding and satiation: stimulation of eating by 2-arachidonoyl glycerol. Br J Pharmacol
2002;136(4):550-557.



Chapter 3 / Endocannabinoids 65

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.
80.

81.

82.

83.

Horvath TL, Endocannabinoids and the regulation of body fat: the smoke is clearing. J Clin Invest
2003;112(3):323-326.

Anderson-Baker WC, McLaughlin CL, Baile CA. Oral and hypothalamic injections of barbiturates, ben-
zodiazepines and cannabinoids and food intake in rats. Pharmacol Biochem Behav 1979;11(5):487-491.
Verty AN, McGregor IS, Mallet PE. Paraventricular hypothalamic CB(1) cannabinoid receptors are
involved in the feeding stimulatory effects of Delta(9)-tetrahydrocannabinol. Neuropharmacology
2005;49:1101-1109.

Trojniar W, Wise RA. Facilitory effect of delta 9-tetrahydrocannabinol on hypothalamically induced
feeding. Psychopharmacology (Berl) 1991;103(2):172-176.

Jamshidi N, Taylor DA. Anandamide administration into the ventromedial hypothalamus stimulates
appetite in rats. Br J Pharmacol 2001;134(6):1151-1154.

Williams CM, Kirkham TC. Anandamide induces overeating: mediation by central cannabinoid (CB1)
receptors. Psychopharmacology (Berl) 1999;143(3):315-317.

Hao S, et al. Low dose anandamide affects food intake, cognitive function, neurotransmitter and
corticosterone levels in diet-restricted mice. Eur J Pharmacol 2000;392(3):147-156.

Ravinet Trillou C, etal. CB1 cannabinoid receptor knockout in mice leads to leanness, resistance to diet-
induced obesity and enhanced leptin sensitivity. Int J Obes Relat Metab Disord 2004;28(4):640-648.
Wiley JL, etal. CB1 cannabinoid receptor-mediated modulation of food intake in mice. Br JPharmacol
2005;145:293-300.

Poncelet M, et al. Overeating, alcohol and sucrose consumption decrease in CB1 receptor deleted
mice. Neurosci Lett 2003;343(3):216-218.

Tucci SA, et al. The cannabinoid CB1 receptor antagonist SR141716 blocks the orexigenic effects of
intrahypothalamic ghrelin. Br J Pharmacol 2004;143(5):520-523.

Hilairet S, et al. Hypersensitization of the orexin 1 receptor by the CB1 receptor: evidence for cross-
talk blocked by the specific CB1 antagonist, SR141716. J Biol Chem 2003;278(26):23,731-23,737.
Haj-Dahmane S, Shen RY.The wake-promoting peptide orexin-B inhibits glutamatergic transmission
to dorsal raphe nucleus serotonin neurons through retrograde endocannabinoid signaling. J Neurosci
2005;25(4):896-905.

Verty AN, et al. Evidence for an interaction between CB1 cannabinoid and melanocortin MCR-4
receptors in regulating food intake. Endocrinology 2004;145(7):3224-3231.

Berridge KC, Food reward: brain substrates of wanting and liking. Neurosci Biobehav Rev
1996;20(1):1-25.

Berthoud HR. Multiple neural systems controlling food intake and body weight. Neurosci Biobehav
Rev 2002;26(4):393-428.

Kelley AE, et al. Corticostriatal-hypothalamic circuitry and food motivation: Integration of energy,
action and reward. Physiol Behav 2005;86:773-795.

Abel EL, Cannabis: effects on hunger and thirst. Behav Biol 1975;15(3):255-281.

Brown JE, Kassouny M, Cross JK. Kinetic studies of food intake and sucrose solution preference by
rats treated with low doses of delta9-tetrahydrocannabinol. Behav Biol 1977;20(1):104-110.
Williams CM, Rogers PJ, Kirkham TC. Hyperphagia in pre-fed rats following oral delta9-THC.
Physiol Behav 1998;65(2):343-346.

Kirkham TC, Williams CM. Endogenous cannabinoids and appetite. Nutr Res Rev 2001;14:65-86.
Freedland CS, et al. Effects of SR141716A on ethanol and sucrose self-administration. Alcohol Clin
Exper Res 2001;25(2):277-282.

Gallate JE, McGregor IS. The motivation for beer in rats: effects of ritanserin, naloxone and SR
141716. Psychopharmacology (Berl) 1999;142(3):302-308.

Simiand J, et al. SR 141716, a CB1 cannabinoid receptor antagonist, selectively reduces sweet food
intake in marmoset. Behav Pharmacol 1998;9(2):179-181.

Colombo G, et al. Appetite suppression and weight loss after the cannabinoid antagonist SR 141716.
Life Sci 1998;63(8):PL113-PL117.

84. Freedland CS, Poston JS, Porrino LJ. Effects of SR141716A, a central cannabinoid receptor antago-

nist, on food-maintained responding. Pharmacol Biochem Behav 2000;67(2):265-270.

85. Harrold JA, etal. Down-regulation of cannabinoid-1 (CB-1) receptors in specific extrahypothalamic

regions of rats with dietary obesity: a role for endogenous cannabinoids in driving appetite for
palatable food? Brain Res 2002;952(2):232-238.



66

Woods and Cota

86

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Hermann H, Marsicano G, Lutz B. Coexpression of the cannabinoid receptor type 1 with dopamine
and serotonin receptors in distinct neuronal subpopulations of the adult mouse forebrain. Neuro-
science 2002;109(3):451-460.

Gardner EL, Vorel SR. Cannabinoid transmission and reward-related events. Neurobiol Dis
1998; 5(6 Pt B):502-533.

Tanda G, Goldberg SR. Cannabinoids: reward, dependence, and underlying neurochemical mecha-
nisms—a review of recent preclinical data. Psychopharmacology (Berl) 2003169(2):115-134.
Rada P, Avena NM, Hoebel BG. Daily bingeing on sugar repeatedly releases dopamine in the
accumbens shell. Neuroscience 2005;134:737-744.

Wurtman RJ, Wurtman JJ. Brain serotonin, carbohydrate-craving, obesity and depression. Obes Res
1995;3 Suppl 4:477S-480S.

Rowland NE, Mukherjee M, Robertson K. Effects of the cannabinoid receptor antagonist SR 141716,
alone and in combination with dexfenfluramine or naloxone, on food intake in rats. Psychopharma-
cology (Berl) 2001;159(1):111-116.

Halford JC, et al. Serotonin (5HT) drugs: effects on appetite expression and use for the treatment of
obesity. Curr Drug Targets 2005;6:201-213.

Fattore L, et al. Cannabinoids and reward: interactions with the opioid system. Crit Rev Neurobiol
2004;16(1-2):147-158.

Mansour A, et al. The cloned mu, delta and kappa receptors and their endogenous ligands: evidence
for two opioid peptide recognition cores. Brain Res 1995;700(1-2):89-98.

Rodriguez JJ, Mackie K, Pickel VM. Ultrastructural localization of the CB1 cannabinoid receptor in
mu-opioid receptor patches of the rat caudate putamen nucleus. J Neurosci 2001;21(3):823-833.
Corchero J, et al. delta-9-Tetrahydrocannabinol increases prodynorphin and proenkephalin gene
expression in the spinal cord of the rat. Life Sci 1997;61(4):PL39-PL43.

CorcheroJ, FuentesJA, Manzanares J. delta 9-Tetrahydrocannabinol increases proopiomelanocortin gene
expression in the arcuate nucleus of the rat hypothalamus. Eur J Pharmacol 1997;323(2-3):193-195.
Vigano D, et al. Chronic morphine modulates the contents of the endocannabinoid, 2-arachidonoyl
glycerol, in rat brain. Neuropsychopharmacology 2003;28(6):1160-1167.

Corchero J, Manzanares J, Fuentes JA. Cannabinoid/opioid crosstalk in the central nervous system.
Crit Rev Neurobiol 2004;16(1-2):159-172.

Kirkham TC, Williams CM. Synergistic effects of opioid and cannabinoid antagonists on food intake.
Psychopharmacology (Berl) 2001;153(2):267-270.

Chen RZ, et al. Synergistic effects of cannabinoid inverse agonist AM251 and opioid antagonist
nalmefene on food intake in mice. Brain Res 2004;999(2):227-230.

Williams CM, Kirkham TC. Reversal of delta 9-THC hyperphagia by SR141716 and naloxone but
not dexfenfluramine. Pharmacol Biochem Behav 2002;71(1-2):333-340.

Massa F, et al. The endogenous cannabinoid system protects against colonic inflammation. J Clin
Invest 2004;113(8):1202-1209.

Hildebrandt AL, Kelly-Sullivan DM, Black SC. Antiobesity effects of chronic cannabinoid CB1
receptor antagonist treatment in diet-induced obese mice. Eur J Pharmacol 2003;462(1-3):125-132.
Ravinet Trillou C, et al. Anti-obesity effect of SR141716, a CB1 receptor antagonist, in diet-induced
obese mice. Am J Physiol Regul Integr Comp Physiol 2003;284(2):R345-R353.

Jbilo O, et al. The CB1 receptor antagonist rimonabant reverses the diet-induced obesity phenotype
through the regulation of lipolysis and energy balance. FASEB J 2005;19:1567-1569.

Poirier B, et al. The anti-obesity effect of rimonabant is associated with an improved serum lipid
profile. Diabetes Obes Metab 2005;7(1):65-72.

Yamauchi T., et al. Adiponectin stimulates glucose utilization and fatty-acid oxidation by activating
AMP-activated protein kinase. Nat Med 2002;8(11):1288-1295.

Moran TH, Kinzig, KP. Gastrointestinal satiety signals Il. Cholecystokinin. Am J Physiol
2004;286:G183-G188.

Strader AD, Woods SC. Gastrointestinal hormones and food intake. Gastroenterology 2005;128(1):
175-191.

Woods SC. Gastrointestinal satiety signals I. An overview of gastrointestinal signals that influence
food intake. Am J Physiol 2004;286:G7-G13.

Burdyga G, et al. Expression of cannabinoid CB1 receptors by vagal afferent neurons is inhibited by
cholecystokinin. J Neurosci 2004;24:2708-2715.



Chapter 3 / Endocannabinoids 67

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Van Sickle MD, et al. Delta9-tetrahydrocannabinol selectively acts on CB1 receptors in specific
regions of dorsal vagal complex to inhibit emesis in ferrets. Am J Physiol 2003;285:G566-G576.

Derbenev AV, Stuart TC, Smith BN. Cannabinoids suppress synaptic input to neurones of the rat
dorsal motor nucleus of the vagus nerve. J Physiol (Lond) 2004;559:923-938.

Batkai S, et al. Endocannabinoids acting at vascular CB1 receptors mediate the vasodilated state in
advanced liver cirrhosis. Nat Med 2001;7(7):827-832.

Mukhopadhyay S, et al. The CB(1) cannabinoid receptor juxtamembrane C-terminal peptide confers
activation to specific G proteins in brain. Mol Pharmacol 2000;57:162-170.

Bouaboula M, et al. A selective inverse agonist for central cannabinoid receptor inhibits mitogen-
activated protein kinase activation stimulated by insulin or insuloin-like growth factor 1. Evidence
for a new model of receptor/ligand interactions. J Biol Chem 1997;272:22,330-22,339.

Huestis MA, et al. Blockade of effects of smoked marijuana by the CB1-selective cannabinoid
receptor antagonist SR141716. Arch Gen Psychiatry 2001;58(4):322-328.

Cleland JG, et al. Clinical trials update and cumulative meta-analyses from the American College of
Cardiology: WATCH, SCD-HeFT, DINAMIT, CASINO, INSPIRE, STRATUS-US, RIO-Lipids
and cardiac resynchronisation therapy in heart failure. Eur J Heart Fail 2004;6(4):501-508.

Van Gaal LF, etal. Effects of the cannabinoid-1 receptor blocker rimonabant on weight reduction and
cardiovascular risk factors in overweight patients: 1-year experience from the RIO-Europe study.
Lancet 2005;365(9468):1389-1397.

Després JP, Golay A, Sjostrom L. Effects of rimonabant on metabolic risk factors in overweight
patients with dyslipidemia. N Engl J Med 2005;353:2121-2134.

Despres JP, Lemieux I, Prud’homme D. Treatment of obesity: need to focus on high risk abdominally
obese patients. Br Med J 2001;322(7288):716-720.






4 Obesity and Adipokines

Nicole H. Rogers, ms, Martin S. Obin, PhD,
and Andrew S. Greenberg, MD

CONTENTS

INTRODUCTION TO ADIPOSE TISSUE

INFLAMMATORY ALTERATIONS IN ADIPOSE TissUE WiTH OBESITY
RoLE oF REcIoNAL ADIPOSE TisSUE DEPOTS IN METABOLISM
PATHoLOGY-AssocIATED CHANGES IN ADIPOKINES

CONCLUSION

REFERENCES

Summary
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are commonly referred to as stromal—vascular cells. Adipose tissue has traditionally been consid-
ered a passive storage energy depot that, indeed, does serve as a long-term reservoir for fuel stored
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redefined and greatly expanded our understanding of the physiological role of AT. We now appre-
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stasis and systemic metabolism. This appreciation derives in large part from the identification of
multiple AT-secreted factors that modulate central and peripheral processes. These include free
fatty acids, which have significant effects on glucose and insulin homeostasis, as well as bioactive
peptides termed adipokines. Adipokines act in an autocrine, paracrine, and/or endocrine fashion to
promote metabolic homeostasis, and integrate adipose tissue, liver, muscle, and CNS physiology.

There are currently more than 50 known adipokines, as well as locally generated hormones and
metabolites that, together, affect multiple physiological functions including food intake, glucose
homeostasis, lipid metabolism, inflammation, vascular tone, and angiogenesis. Because they affect
such diverse and important processes, regulation of adipokine secretion from AT is critically impor-
tant to regulating systemic metabolism. Notably, increased AT mass (as in obesity) induces char-
acteristic qualitative and quantitative changes in adipose tissue metabolism and adipokine secretion.
These changes are now implicated in the development of metabolic syndrome and its progression
to more severe obesity-associated pathologies, including type 2 diabetes and cardiovascular disease.

Key Words: Adiponectin; leptin; adipose tissue; adipocyte; cytokine; tumor necrosis factor-o;
adipokines; mononcyte-chemoattractant protein; interleukin-6; inflammation; plasminogen activa-
tor inhibitor-1; 11-f hydroxydehydrogenase-1.

From: Contemporary Endocrinology: Treatment of the Obese Patient
Edited by: R. F. Kushner and D. H. Bessesen © Humana Press Inc., Totowa, NJ

69



70 Rogers, Obin, and Greenberg

INTRODUCTION TO ADIPOSE TISSUE

Adipose tissue (AT) is composed of adipocytes and a diverse population of
nonadipocytes that are commonly referred to as stromal—vascular cells (SVC). Adipose
tissue has traditionally been considered a passive storage energy depot that serves as a
long-term reservoir for fuel stored as triglyceride. However, laboratory, clinical, and
epidemiological studies over the past decade have redefined and greatly expanded our
understanding of the physiological role of AT. We now appreciate that AT is an endo-
crine organ with important roles in maintaining whole-body energy homeostasis and
systemic metabolism. This appreciation derives in large part from the identification of
multiple AT-secreted factors that modulate central and peripheral processes. These
include free fatty acids (FFA), which have significant effects on glucose and insulin
homeostasis, as well as bioactive peptides termed adipokines. Adipokines act in an
autocrine, paracrine, and/or endocrine fashion to promote metabolic homeostasis, and
integrate adipose tissue, liver, muscle, and CNS physiology.

There are currently more than 50 known adipokines, as well as locally generated
hormones and metabolites that, together, affect multiple physiological functions includ-
ing food intake, glucose homeostasis, lipid metabolism, inflammation, vascular tone,
and angiogenesis (Fig. 1) (1). Because they affect such diverse and important processes,
regulation of adipokine secretion from AT is critically important to regulating systemic
metabolism. Notably, increased AT mass (as in obesity) induces characteristic qualita-
tive and quantitative changes in adipose tissue metabolism and adipokine secretion.
These changes are now implicated in the development of metabolic syndrome and its
progression to more severe obesity-associated pathologies, including type 2 diabetesand
cardiovascular disease.

The goal of this chapter isto provide the practicing physician withan overview of clinically
relevant adipokines, the pathophysiological impacts of their dysregulation in obesity, and
current therapies directed at ameliorating this dysregulation and/or its sequelae.

Before describing the specific actions of adipokines, it is important to understand that
adipocytes have an active role in modulating normal health. Our understanding of the
role of adipocytes in maintaining normal metabolism was enhanced by a series of elegant
experimentsthat utilized mice that were genetically engineered to not express adipocytes.
These fatless, or lipoatrophic, mice were found to have elevated circulating levels of
fatty acids, hyperglycemia, and hypertriglyceridemia. Additional abnormalites included
increased hyperglycemia and insulin resistance (2). Remarkably, transplantation of
adipocytes back into the lipoatrophic mice normalized many of these metabolic param-
eters. These observations could be explained by the fact that adipocytes serve as a
reservoir of fatty acids and/or secrete hormones that modulate systemic metabolism.

Leptin

The discovery that was perhaps the greatest catalyst in propelling understanding of
adipokines was that of leptin. The discovery of this adipocyte hormone was revealed by
the identification of a single gene and its protein product that was able to explain the
phenotype of the ob/ob mouse, a recessive, genetic model of obesity (3). Ob/ob mice are
extremely hyperphagic, obese, insulin-resistant, and infertile. By using genetic analysis,
it was discovered that these mice produced a mutant RNA for the leptin protein. The
product of the ob gene was termed leptin, which is both exclusively synthesized and
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Fig. 1. Adipose tissue as an endocrine organ.

secreted by adipocytes and circulates in the blood. Possibly owing to an estrogen effect,
serum levels are higher in females than males, even after correcting for body fat (4).
Administration of leptin to ob/ob mice demonstrated proof of the concept, as it signifi-
cantly reduced food intake while ameliorating obesity, insulin resistance, hyperlipi-
demia, and abnormal glucose homeostasis (5,6). Initial experiments demonstrated that
ob/ob mice were extremely sensitive to leptin’s ability to modulate food intake by acting
on the hypothalamus. By crossing the blood-brain barrier and directly affecting hypo-
thalamic pathways, leptin activates anorexigenic signals and suppresses orexigenic sig-
nals. Leptin thus controls appetite via the hypothalamic network, and the lack of leptin
signaling to the hypothalamus sends a very strong message of hunger (7). There are
extremely rare obese individuals who, secondary to genetic abnormalities, do not express
leptin and who, upon exogenous adminstration of leptin, will have a significant decrease
in body weight, primarily by reducing appetite (8).

Interestingly, leptin may act beyond the central nervous system and exert peripheral
effects. In rodents leptin directly acts on muscle cells, adipocytes, and the 3-cells of the
pancreas to increase energy expenditure (9). One of the most exciting observations was
that leptin directly activates an intracellular signaling pathway resulting in activation of
AMP-activated kinase (AMPK) in mouse skeletal muscle (10). In animals as well as
humans, AMPK, the metabolic sensor of the cell, is activated by both exercise and
antidiabetic drugs such as thiazolidinediones (TZDs). One of the most significant effects
of AMPK is its ability to increase fatty acid oxidation by promoting entry of fatty acids
into mitochondria and inhibiting lipogenesis. In addition, AMPK, similar to insulin,
increases glucose uptake in skeletal muscle (11).

Leptin treatment of lipoatrophic mice was found to ameliorate the associated insulin
resistance and diabetes (12). These studies in rodents were followed by pioneering studies
in lipoatrophic humans who lack fat. Lipoatrophic diabetes is an extremely rare condition
in humans. In general, individuals with lipoatrophic diabetes have hypertriglyceridemia,
sometimes reaching levels that require plasmapheresis. These individuals suffer from
ectopic fat deposition in skeletal muscle and liver, the latter resulting in hepatomegaly
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and steatohepatitis. In addition, these individuals often are hyperglycemic to the point
of requiring antidiabetic medicines. In a series of exciting studies, investigators at the
NIH found that leptin administration in lipoatrophic individuals, in general, ameliorated
the diabetes, steatohepatitis, and hypertriglyceridemia (13,14). As far as the underlying
mechanisms, although leptin significantly reduced food intake, there are also data from
human studies to suggest that leptin may be acting on peripheral tissues to ameliorate this
metabolic disorder (14). Inaddition, although itis beyond the scope of this chapter, leptin
has also been suggested to be important in modulating the neurohormonal regulation of
puberty (15).

Although initial hopes were raised that exogenous leptin administration might ame-
liorate human obesity, it soon become apparent that with increasing obesity, leptin levels
actually go up. This observation suggested that obese humans develop resistance to the
antiobesity effects of leptin. Consistent with this hypothesis, exogenous administration
of supraphysiologic levels of leptin to obese individuals in general did not ameliorate
obesity (16). Investigations in animals revealed that leptin can increase an intracellular
protein that blocks leptin effects on intracellular pathways, reducing its efficacy.

One possible therapeutic role for leptin in body weight regulation may be in maintain-
ing long-term weight loss. Obese individuals who lose weight have a significantly
reduced metabolic rate and reduced thyroid hormone levels (17,18). Weight-reduced
humans have decreased leptin levels. Administration of leptin to these individuals
appears to maintain energy expenditure, skeletal muscle work efficiency, and thyroid
hormone levels, thus enhancing the likelihood of maintaining weight loss. These and
other studies have suggested that leptin, though increased in response to fasting, may act
asa “thermostat” to maintain body weight at a certain set point. With weight loss in obese
individuals, reduced leptin levels may act to reduce metabolic and hormonal pathways
and increase appetite as a means to return to previous weight levels. Conversely, increases
in obesity may result in leptin resistance.

In summary, leptin is an extremely important adipokine whose secretion and synthe-
sis is increased with obesity. Leptin appears to regulate both central and peripheral
pathways that modulate energy and metabolic homeostasis. Unfortunately, with obesity,
individuals become resistant to these salutary benefits of leptin. Leptin—and under-
standing leptin physiology—may ultimately prove beneficial to the maintenance of lost
weight. Additionally, the discovery of leptin was the initial, critical finding that has
catalyzed the understanding of central pathways that regulate food intake.

Adiponectin

Adiponectin, also called gelatin-binding protein (GBP)28 (19), adipocyte comple-
ment-related protein (Acrp30) (20), AdipoQ (21), and adipose most abundant gene
transcript 1 (apMI) (22), was discovered at approximately the same time as leptin, in
1995. Similar to leptin, adiponectin is expressed exclusively by mature adipocytes, and
increases dramatically with differentiation of preadipocytes to adipocytes (23). How-
ever, unlike leptin, its expression does not increase with obesity, but as will be discussed
later, it decreases. Adiponectin circulates in plasma in the microgram-per-milliliter
range, which is the highest plasma concentration of any of the adipose-secreted proteins,
most of which are in the nanogram-per-milliliter range (24). Production of both leptin
and adiponectin production is higher in subcutaneous fat than the deeper visceral depots
(25), and similarly, the concentration of this hormone tends to be higher in females than
in males (26).
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Interestingly, adiponectin proteins can bind to each other in varying numbers, and the
resulting combinations appear to have differing levels of importance in terms of their
effects on metabolic homeostasis. In particular, adiponectin circulates as low-molecu-
lar-weight (LMW) and high-molecular-weight (HMW) forms (27). The HMW form has
been shown to be the most metabolically active, with its primary effects thought to be
on the liver (28). Initially, a fragment of the adiponectin molecule lacking the N-termi-
nus, referred to as the “globular domain,” was thought to have significant metabolic
effects, as suggested by animal studies (29). However, its presence has not yet been
confirmed and it most likely does not normally circulate in humans, leaving the physi-
ological significance unclear (30).

Adiponectin, like leptin, has a critical role in whole-body metabolism and insulin
sensitivity. This adipocyte hormone appears to significantly affect liver metabolism,
where it suppresses hepatic glucose output (31). The antidiabetic drugs, TZDs, are
known to increase adiponectin expression (32). Like leptin and TZDs, adiponectin has
been shown to activate AMPK. In fact, in adiponectin-deficient mice, TZDs cannot
activate AMPK in liver and muscle (33). Unlike leptin, adiponectin levels decrease with
obesity (34). Such reduced levels of adiponectin have been suggested to significantly
increase the risk of developing metabolic disorders such as metabolic syndrome, diabe-
tes, and atherosclerosis.

Studies of adiponectin polymorphisms pointed toward the importance of alterations
in this protein in promoting deleterious metabolic disorders and obesity. Kissebah et al.
used genetic mapping techniques to demonstrate that the chromosomal adiponectin gene
location is strongly correlated with components of metabolic syndrome in patients (35).
Polymorphisms in the adiponectin gene have been linked with risk for diabetes (36).
Polymorphisms resulting in hypoadiponectinemia are additionally associated with insu-
lin resistance, diabetes, and cardiovascular disease (CVD), and polymorphisms in the
receptor have also been associated with diabetes (37).

In addition, adiponectin gene polymorphisms have been associated with severe obe-
sity in both children and adults (38). Although adiponectin is the only known adipose-
specific protein that declines with obesity (39), weight loss significantly increases
adiponectin levels (40). Rimonabant, a drug recently developed to treat obesity and
metabolic syndrome, significantly increased serum adiponectin levels in patients (41).

Case-control studies have shown altered adiponectin levels to be an independent risk
factor for the development of type 2 diabetes (42,43). Increased plasma levels of this
protein are associated with increased insulin sensitivity and glucose tolerance (44).
Decreased circulating adiponectin, as well as decreased adipose tissue concentrations,
are associated with insulin resistance (45,46). For example, in obese monkeys as well as
humans that develop diabetes, the fall in adiponectin levels strongly correlates with the
onset of insulin resistance (47,48).

Mice lacking adiponectin have diet-induced insulin resistance (49), and administra-
tion of adiponectin to rodent models of type 2 diabetes results in a very significant
improvement in insulin resistance (50). Full-length adiponectin has been demonstrated
to increase AMPK activity in both liver and skeletal muscle (51). Importantly, these
insulin-sensitizing effects are seen even in normal animals (52). Adiponectin adminis-
tration also reverses the insulin resistance observed in lipoatrophic mice, known to have
low adiponectin levels (50).

Interestingly, it has been shown that even without a change in total serum adiponectin
levels, increasing the proportion of complexes that are in the HMW form increases
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insulin sensitivity (53). Intriguingly, TZDs increase the ratio of HMW multimers, which
is thought to have greater ameliorative effects on metabolic abnormalities than total
adiponectin (54). Likewise, some patients with changes in total adiponectin values, but
no difference in the proportion that are of the HMW form, fail to see improvement in
insulin sensitivity (53). As a result of these findings, the Scherer lab has coined the term
“adiponectin sensitivity index” (S), which refers to the relative level of HMW form of
adiponectin to total adiponectin in circulation (53).

Adiponectin abnormalities have also been implicated in the development of athero-
sclerosis. Markers of dyslipidemia, including low HDL-C levels, hypertriglyceridemia,
and smaller, denser LDL-C, have all been correlated with hypoadiponectinemia, inde-
pendent of body fat (55). Furthermore, higher serum triglycerides, apo B-48, and apo C-
111 levels are predicted by low serum adiponectin levels (56). Hypoadiponectinemia is
also an independent risk factor for developing hypertension (57) and heart disease (58),
and patients with coronary heart disease have lower concentrations of adiponectin than
controls, even after controlling for body mass index (BMI) (47,59).

Likewise, animal models demonstrate that exogenous administration of adiponectin
protects against the development of diet-induced atherosclerosis (60), as well as limiting
damage in an experimental animal model of acute myocardial infarction (61). Mecha-
nistically, it seems that adiponectin can stimulate nitric oxide production in vascular
endothelial cells, thus increasing vasodilation (62). Furthermore, adiponectin is thought
to stimulate angiogenesis. Accordingly, mice lacking adiponectin have decreased angio-
genic activity following ischemia, and overexpression of adiponectin increases angio-
genesis (61).

Adiponectin also inhibits vascular smooth muscle cell proliferation, as well as inhibiting
expression of scavenger receptor class A proteins (58), which are thought to recruit athero-
genic lipid particles into macrophages. The antiatherogenic capabilities of adiponectin may
also be due in part to its anti-inflammatory properties. By inhibiting myocardial expression
of tumor necrosis factor (TNF)-o, adiponectin decreases expression of monocyte adhesion
molecules in the vascular wall and inhibits the transformation of macrophages to foam cells.
Furthermore, adiponectin inhibits plaque formation by downregulating adhesion molecules
such as vascular cell adhesion molecule (VCAM) (63).

Very recently, anew family of highly conserved proteins, homologous to adiponectin,
hasbeenidentified (64). Invitro models suggest that some of these “adiponectin paralogs”
may have metabolic effects similar to adiponectin, rendering them plausible pharmaco-
logical targets.

In summary, adiponectin blocks many key components of the atherogenic process,
and is currently a very promising drug target for preventing atherosclerosis.

INFLAMMATORY ALTERATIONS IN ADIPOSE TISSUE WITH OBESITY

The profile of adipokines synthesized and secreted in adipose tissue changes dramati-
cally as individuals become obese. One of the first clues that adiposity alters adipose
tissue function was that adiposity was associated with increased expression of inflam-
matory cytokines, in particular TNF-o and interleukin (IL)-6 (65). TNF-o. is a member
of a family of secreted proteins that are characteristically produced by immune cells.
Cytokines can exert their effect locally via paracrine/autocrine signaling, as well as
circulating in the blood to act on distal tissues. TNF-o was initially implicated in the
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pathogenesis of the cachexia associated with cancer and infectious diseases. In fact, one
laboratory initially referred to TNF-o. as cachetin (66). It was therefore an initial surprise to
find that obese individuals had increased expression levels of TNF-o in their adipose
tissue (67,68).

Subsequent studies demonstrated a second AT-derived cytokine, IL-6, to be elevated
in the serum of obese individuals and significantly correlated with FFA levels (69).
Interestingly, more than 90% of IL-6 in adipose tissue was produced by nonadipocyte
cells. In 2003 two separate laboratories independently reported a key observation con-
cerning the appearance of macrophages in obese adipose tissue (70,71). There was a
strong correlation between macrophage numbers with increasing adipocyte cell size
(essentially reflecting increasing amounts of adipocyte triglyceride) and obesity. Adi-
pose tissue macrophages were found to secrete several cytokines, including TNF-o and
IL-6, as well as bioactive mediators of nitric oxide. These cytokines and other inflam-
matory mediators produced by macrophages are thought to alter adipocyte metabolism
and function, as well as adipokine profile (72,73), and are further discussed later in the
“TEN-o” and “IL-6" sections.

Interestingly, macrophage infiltration in adipose tissue appeared to precede or coin-
cide with significant insulin resistance in obese rodents. The underlying mechanism(s)
of macrophage infiltration remains unclear. The immune factor, monocyte chemotactic
protein (MCP)-1 is one factor that has been suggested to be involved in recruiting
macrophages in adipose tissue (74). Macrophages in obese animals and humans have
been described to predominantly localize and form granuloma-type structures around
dead adipocytes (75). It remains unclear whether the necrotic adipocytes promote mac-
rophage infiltration into adipose tissue or if the macrophages enter the adipose tissue and
actually kill adipocytes. Regardless, the residual insoluble triglyceride droplet from
dead adipocytes may be viewed by the body as analogous to a foreign body, as the
macrophages appear to surround, sequester, and scavenge the residual lipid droplet in
similar manner.

Future studies (including those in our own laboratory) are aimed at understanding the
basis of macrophage infiltration, adipocyte cell death, and adipose tissue inflammation.
New information regarding the inflammatory state in obese adipose tissue, as well as
how inflammatory cells contribute to or are causal to obesity-related diseases, will be
critical to future pharmacological intervention.

Obesity is associated with increased fatty acids, one of the products of adipocyte
lipolysis. Fatty acids are released from adipose tissue and then enter the circulation.
Increases in circulating levels of fatty acids have been demonstrated to promote insulin
resistance in both skeletal muscle and liver, as well as increase hepatic gluconeogenesis
(76,77). The role and regulation of fatty acids in metabolism and obesity are discussed
in detail in Chapter 5 of this book.

ROLE OF REGIONAL ADIPOSE TISSUE DEPOTS IN METABOLISM

In discussing the role of adipose tissue in modulating systemic metabolism, although
controversial to some, we will now address the growing evidence suggesting that differ-
ent adipose tissue depots may each have distinct influences on metabolism. It has been
observed that insulin-resistant individuals often have increased central or visceral fat, or
more specifically, increased fat accumulation in omental and mesenteric anatomic re-
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gions. Fatty acids and cytokines secreted from omental and mesenteric fat empty into the
portal vein, directly exposing the liver to these factors. As the liver is important in
regulating glucose and very-low-density lipoprotein (VLDL) production, these factors
may influence hepatic metabolism. Recent reports also suggest that visceral adiposity,
but not total adiposity, is a better determinant of metabolic disturbance such as insulin
resistance (78,79). Finally, antidiabetic drugs such as TZDs have been shown to differ-
entially affect the various fat depots—for example, reducing central fat accumulation
while increasing subcutaneous fat (80). It seems that as active investigation of this area
continues, accumulating evidence may point to a potential differential role for the vari-
ous AT depots in promoting abnormalities such as insulin resistance.

PATHOLOGY-ASSOCIATED CHANGES IN ADIPOKINES

Tumor Necrosis Factor-o.

Of recent intense study, TNF-a has been at the center of attention as a mediator of
obesity. Earlier observations in the literature revealed that adipose tissue expression of
TNF-o was positively correlated with insulin resistance in humans (67-69) and that as
humans became obese, adipose tissue expression of TNF-o increased (67). It is now
known that the vast majority, approx 95%, of TNF-o.in adipose tissue of obese individu-
alsissynthesized by macrophages, with only asmall percentage released fromadipocytes
(81). Nonetheless, it is not well understood how these two sources of TNF-o, from both
the adipocytes themselves and the infiltrated macrophages, contribute to obesity-asso-
ciated disease etiology.

Ingeneral, plasma levels of TNF-ocare low and do not correlate with obesity or insulin
resistance (69). It is known that one role for TNF-a is for it to stimulate an increase in
expression of other proinflammatory molecules, such as IL-6 and MCP-1 (82), as well
as to positively feed back on its own expression (73). Thus, it is currently believed that
circulating TNF-o is likely to be contributing to the chronic inflammation accompany-
ing obesity through this cytokine amplification cascade.

Animal data indicate that this cytokine, when found in increased amounts in plasma,
does promote insulin resistance in peripheral tissues. When rats are chronically admin-
istered TNF-o, skeletal muscle is less able to utilize glucose in response to insulin (83).
Incubation of adipocytes with TNF-o. increases lipolysis (84,85), downregulates glu-
cose transporter type 4 (GLUT4) receptors in adipose tissue (83), and interferes with the
insulin signaling cascade (86). Mice that lack TNF-o. receptors and TNF-o. protein are
protected from obesity-induced insulin resistance. These animals also display decreased
circulating FFA, as well as protection from obesity-induced defects in insulin signaling
in both muscle and adipose tissue (87).

Unfortunately, in vivo human research is less conclusive. In obesity, adipose tissue
TNF-o does not appear to be secreted into the bloodstream; however, adipose tissue
TNF-o does correlate with insulin resistance (69,88). Presumably the cytokine influ-
ences systemic metabolism by altering adipocyte gene and protein expression as well as
metabolism. Along these lines, cellular studies indicate that TNF-o. may reduce the
mMRNA and protein expression of adiponectin (73).

Treatment of obese humans with TZDs reduces adipose tissue production of TNF-o.
and adipose tissue inflammation. However, treatment of obese patients and type 2
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diabetics with neutralizing TNF-o antibodies did not improve insulin sensitivity (89).
Interpretation of these antibody studies is confounded, however, by whether the admin-
istered antibodies actually have access to the TNF-o within the different adipose depots.
Interestingly, TNF-o. may contribute to the development of obesity-associated sleep
apnea. Administration of anti-TNF-o. appears to improve sleep apnea (90).

In summary, with obesity, adipose tissue produces increased amounts of TNF-o.. The
primary source of this cytokine appears to be macrophages. The cytokine is not secreted
by adipose tissue in significant amounts. However, it appears to alter systemic metabo-
lism by increasing adipocyte lipolysis, releasing fatty acids into the circulation, and
reducing adipocyte production of adiponectin.

Interleukin-6

IL-6 is a pleiotropic cytokine produced by adipose tissue, immune cells (91), and
contracting muscle fibers (92). It functions by activating various signaling cascades via
binding to receptors, which exist in both membrane-bound and soluble forms. It has been
shown to have multiple, sometimes contradictory, physiological effects on the periph-
ery, particularly muscle, liver, and endothelium.

Visceral depots release two to three times as much IL-6 as subcutaneous adipocytes
(93), and high levels of this cytokine are found circulating in the serum. It has been
estimated that up to 35% comes from adipose tissue (88); thus, the majority of circulating
IL-6 is derived from nonadipose sources.

As an inflammatory molecule, IL-6 is involved in the immune system’s host defense
to tissue injury. As mentioned earlier, it is thought that IL-6 expression in adipose tissue
is induced in a paracrine fashion by other proinflammatory molecules, such as TNF-a
(94), though whether IL-6 itself is proinflammatory or anti-inflammatory in adipose
tissue is still unclear (95). Both higher circulating levels of IL-6 and increased adipose
tissue concentrations are associated with obesity. Furthermore, weight loss results in a
decrease in IL-6 serum concentrations (96). Importantly, in obesity, unlike other situa-
tions, IL-6 is chronically elevated, and this chronic elevation may result in detrimental
alterations in systemic metabolism.

Higher concentrations of adipose tissue IL-6 are associated with insulin resistance
(96). In a study that carefully examined adipose tissue and systemic insulin sensitivity,
including measures of serum fatty acids, IL-6, and TNF-o in the lean and obese, insulin
resistance was most highly correlated with serum measures of IL-6. Additionally, serum
IL-6 correlated with serum measurements of fatty acids (69). However, it is currently
unclear as to whether this is merely a reflection of the correlation between insulin
resistance and inflammation, or is in fact a causal relationship. One possible effect of IL-
6 may be indirect in the sense that IL-6 has been reported to decrease adiponectin levels
(96). Additionally, IL-6 can increase lipolysis (97). Another possibility is that IL-6 can
inhibit insulin by increasing the cellular expression of suppressor of cytokine signaling
(SOCS)-3, anegative regulator of both leptinand insulin signaling. IL-6-induced SOCS-
3expression has been demonstrated in skeletal muscle, adipocytes (98), and hepatocytes
(99). In vivo experiments further confirm that IL-6 decreases insulin sensitivity in the
liver (100).

As with type 2 diabetes, there is some evidence that IL-6 has a role in the early
pathogenesis of cardiovascular disease. This inflammatory cytokine is reported to be an
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independent marker of increased mortality in patients with unstable coronary artery
disease (101). Furthermore, increased serum IL-6 concentrations tend to parallel
dyslipidemia (102). A partial explanation may be the increase in adipocyte lipolysis, as
noted above. Itis known that IL-6 infusion in humans results in higher serum FFA (103).
However, the exact role that the cytokine plays, and whether it is more than simply a
reflection of the correlation between atherosclerosis and inflammation, is still to be
determined.

Similar to observations for TNF-a, serum levels of IL-6 are also correlated with
obesity-associated sleep apnea and have been implicated in its pathogenesis (104-107).
Increased cytokine levels and associated sleep disturbances have been proposed to be
consequences of metabolic syndrome (108).

In summary, adipose tissue and serum levels of IL-6 increase with obesity. There is
evidence that IL-6 has some anti-inflammatory actions, perhaps as a brake to inflamma-
tory states. In certain situations, IL-6 has been suggested to have beneficial effects on
systemic metabolism. However, obesity is associated with chronic elevations of I1L-6
that may promote adipocyte lipolysis, insulin resistance, and other metabolic alterations.

Monocyte Chemoattractant Protein-1

The primary function of MCP-1, a proinflammatory chemokine, is thought to be the
mediation of monocyte trafficking (109). In adipose tissue, adipocytes, stromal-vascu-
lar cells, and macrophages probably all contribute to adipose secretion of this protein
(110,111). MCP-1 has both local and systemic effects, with all effects mediated by its
receptor, the CCR2 receptor (74).

As an adipokine with very low basal expression, normal plasma levels of MCP-1 are
virtually undetectable. However, MCP-1 is significantly induced by inflammatory
molecules such as TNF-o.and IL-1 (112). Its expression is also induced by insulin, even
in insulin-resistant cells (113).

MCP-1 is hyperexpressed in adipose tissue from obese mice compared with control
animals (114). Plasma and adipose tissue levels of this protein are also increased with
increasing adiposity/BMI (115). Likewise, levels are decreased after weight reduction
(115). MCP-1 has also been implicated in type 2 diabetes: patients with type 2 diabetes
have higher circulating levels of MCP-1 (116).

Chronic incubation of adipocytes with insulin results in the synthesis and secretion of
MCP-1. This occurs even though certain other actions of insulin are blocked with chronic
incubation. Interestingly, incubation of adipocytes with MCP-1 in vitro results in decreased
insulin-stimulated glucose uptake (113).

Animal studies suggest that MCP-1 could contribute negatively to cardiovascular
disease. Blocking the MCP-1 pathway with gene therapy can prevent atheroma forma-
tion (117), as well as slow the progression of established lesions (111). The jury is still
out, however, as to whether this adipokine contributes to the pathogenesis of atheroscle-
rosis, or is merely a marker (115).

Insummary, MCP-1 is a cytokine that is thought to promote macrophage recruitment
into AT. The chronically elevated levels of insulin that are often seen with obesity may
promote the synthesis and secretion of MCP-1 from adipocytes. Though more research
is needed, these higher levels of MCP-1 may then have distinct metabolic effects, pos-
sibly contributing to the development of metabolic disease.
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Plasminogen Activator Inhibitor-1

Plasminogen activator inhibitor (PAI)-1 is released by adipocytes, as well as other
adipose tissue constituents, with visceral fat contributing higher amounts compared to
subcutaneous depots (81). This adipokine acts as an inhibitor of fibrinolysis and
proteinolysis (118), thereby helping to maintain vascular homeostasis. Higher levels of
this protein promote increased susceptibility to clotting, a critical event in the pathogen-
esis of such conditions as myocardial infarction and stroke. Its release is also induced by
the proinflammatory cytokine TNF-o (119).

Plasma levels of PAI-1 are elevated with obesity and strongly correlated with visceral
adiposity (120). It appears that secretion from AT isincreased in obese individuals (121).
Interestingly, mice that lack PAI-1 are completely protected against high-fat diet-in-
duced obesity (122). Even ob/ob mice, as a model of genetic morbid obesity, are pro-
tected (123). This suggests that PAI-1 effects are not limited to clotting but may have
other systemic effects.

Interestingly, plasma levels of PAI-1 are predictive of type 2 diabetes, independent
of insulin resistance (124). TZD treatment results in a decrease in plasma levels (125).
As with MCP-1, even insulin-resistant cells can continue to produce PAI-1 when ex-
posed to insulin, suggesting that this protein may be regulated by a pathway that does not
become resistant to the effects of insulin (126).

The primary role of PAI-1 is to help maintain vascular homeostasis (127). This protein
is actually implicated in the pathogenesis of cardiovascular disease, with plasma levels
being a strong predictor of future cardiovascular disease development (128). It will be
interesting to follow the results of future studies when it might be determined how PAI-
1 contributes to obesity-related pathologies.

11B Hydroxydehydrogenase-1

Cushing’s disease or administration of exogenous glucocorticoids such as prednisone
are often associated with increased weight gain, central adiposity, increased food intake,
insulin resistance, and in certain individuals, increased likelihood of developing diabe-
tes. However, in general, obese individuals do not have increased circulating levels of
cortisol. Interestingly, over the past few years, research has demonstrated that certain
enzymes can actually convert inactive cortisol metabolites into active cortisol. One of
the first hints that AT was in fact an endocrine organ was its identification as a major site
for steroid hormone metabolism (129).

11BHydroxydehydrogenase (113HSD)-1 is an enzyme that converts circulating inac-
tive metabolites of glucortiocoids into the active hormone, cortisol. This enzyme has
been detected in liver, lung, brain, vasculature, and adipose tissue (130). 11BHSD-1
increases local adipose tissue cortisol levels by converting local inactive cortisol me-
tabolites, although it does not alter serum levels (131). In the strictest sense, 113HSD-
lisnotatrue adipokine, as it is not a secreted protein. However, because expression and
local effects of this enzyme are manifest as elevated cortisol levels, 113 HSD-1 can be
considered an adipokine.

Animal experiments have provided insight into the role of 113HSD-1 in obesity and
obesity complications. Adipocyte-specific overexpression of 11BHSD-1 in mice results
in increased visceral adiposity and hyperphagia. In addition, these animals develop
insulin resistance (132). Interestingly, mice that do not express 11BHSD-1 are resistant
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to high fat diet-induced obesity (133,134). Interestingly, obese humans appear to have
increased adipose tissue concentrations of the enzyme (131), possibly contributing to the
development of central adiposity. Furthermore, healthy volunteers given an 113HSD-1
inhibitor called carbenoxolone showed increased insulin sensitivity (135).

In summary, adipocytes from obese individuals appear to express increased levels of
11BHSD-1, which converts inactive cortisol metabolites into cortisol. In rodents,
adipocyte-specific overexpression of this enzyme mimics many attributes of metabolic
syndrome. While the exact mechanisms are not yet clear, increased local levels of
11BHSD-1 in adipose tissue may promote metabolic syndrome. The identification of
inhibitors of 11BHSD-1 is currently a research focus of pharmaceutical companies.

CONCLUSION

Although historically adipocytes have been thought of basically as a reservoir of
triglyceride, it is clear that AT can synthesize and secrete local as well as systemic
mediators of metabolism. Thus, AT can be viewed as an endocrine organ. In lean indi-
viduals small adipocytes secrete adipokines, such as leptin and adiponectin, which pro-
mote healthy metabolic homeostasis. However, with the onset of obesity, a
macrophage-mediated profile is observed in AT. Multiple cytokines, such as TNF-o and
IL-6, are secreted, with some acting locally in AT and some being released into the circu-
lationtoactat distal sites. Inaddition, these cytokines canact locally to increase adipocyte
release of fatty acids and to reduce adiponectin levels. Chronically, thisaltered adipokine
secretion that accompanies obesity significantly contributes to the development of insu-
lin resistance, metabolic syndrome, atherosclerosis, and diabetes.

REFERENCES

1. Trayhurn P, Wood IS. Adipokines: inflammation and the pleiotropic role of white adipose tissue. Br
J Nutr 2004;92(3):347-355.

2. Gavrilova O, Marcus-Samuels B, Graham D, et al. Surgical implantation of adipose tissue reverses
diabetes in lipoatrophic mice. J Clin Invest 2000;105:271-278.

3. Zhang Y, Proenca R, Maffei M, et al. Positional cloning of the mouse obese gene and its human
homologue. Nature 1994;372(6505):425-432.

4. Havel P, Kasim-Karakas S, Dubuc G, et al. Gender differences in plasma leptin concentrations. Nat
Med 1996;2:949-950.

5. Halaas J, Gajiwala K, Maffei M, et al. Weight-reducing effects of the plasma protein encoded by the
obese gene. Science 1995;269:543-546.

6. Pelleymounter MA, Cullen MJ, Baker MB, et al. Effects of the obese gene product on body weight
regulation in ob/ob mice. Science 1995;269(5223):540-543.

7. Friedman JM, Halaas JL. Leptin and the regulation of body weight in mammals. Nature 1998;
395(6704):763-770.

8. FarooqilS, Matarese G, Lord GM, etal. Beneficial effects of leptin on obesity, T cell hyporesponsiveness,
and neuroendocrine/metabolic dysfunction of human congenital leptin deficiency. J Clin Invest
2002;110(8):1093-1103.

9. Bjorbaek C, Kahn BB. Leptin signaling in the central nervous system and the periphery. Recent Prog
Horm Res 2004;59:305-331.

10. Minokoshi Y, Kim YB, Peroni OD, et al. Leptin stimulates fatty-acid oxidation by activating AMP-
activated protein kinase. Nature 2002;415(6869):339-343.

11. Iglesias MA, Ye JM, Frangioudakis G, et al. AICAR administration causes an apparent enhancement of
muscle and liver insulin action in insulin-resistant high-fat-fed rats. Diabetes 2002;51(10):2886—2894.

12. Shimomura I, Hammer R, Ikemoto S, et al. Leptin reverses insulin resistance and diabetes mellitus in
mice with congenital lipodystrophy. Nature 1999;401:73-76.



Chapter 4 / Obesity and Adipokines 81

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Oral E, Simha V, Ruiz E, et al. Leptin-replacement therapy for lipodystrophy. N Engl J Med
2002;346:570-578.

Javor ED, Cochran EK, Musso C, et al. Long-term efficacy of leptin replacement in patients with
generalized lipodystrophy. Diabetes 2005;54(7):1994-2002.

Farooqi IS. Leptin and the onset of puberty: insights from rodent and human genetics. Semin Reprod
Med 2002;20(2):139-144.

Heymsfield S, Greenberg A, Fujoka K, et al. Recombinant leptin for weight loss in obese and lean
adults: a randomized, controlled, dose escalation trial. JAMA 1999;282:1568-1575.

Rosenbaum M, Goldsmith R, Bloomfield D, et al. Low-dose leptin reverses skeletal muscle, auto-
nomic, and neuroendocrine adaptations to maintenance of reduced weight. J Clin Invest 2005;115(12):
3579-3586.

Rosenbaum M, Murphy EM, Heymsfield SB, et al. Low dose leptin administration reverses effects of
sustained weight-reduction on energy expenditure and circulating concentrations of thyroid hor-
mones. J Clin Endocrinol Metab 2002;87(5):2391-2394.

Nakano Y, Tobe T, Choi-Miura NH, et al. Isolation and characterization of GBP28, a novel gelatin-
binding protein purified from human plasma. J Biochem (Tokyo) 1996;120(4):803-812.

Scherer PE, Williams S, Fogliano M, etal. A novel serum protein similar to C1q, produced exclusively
in adipocytes. J Biol Chem 1995;270(45):26,746-26,749.

Hu E, Liang P, Spiegelman BM. AdipoQ is a novel adipose-specific gene dysregulated in obesity. J
Biol Chem 1996;271(18):10,697-10,703.

Maeda K, Okubo K, Shimomura I, et al. cDNA cloning and expression of a novel adipose specific
collagen-like factor, apM1 (AdiPose Most abundant Gene transcript 1). Biochem Biophys Res
Commun 1996;221(2):286—289.

Chandran M, Phillips SA, Ciaraldi T, et al. Adiponectin: more than just another fat cell hormone?
Diabetes Care 2003;26(8):2442-2450.

Fantuzzi G. Adipose tissue, adipokines, and inflammation. J Allergy Clin Immunol 2005;115(5):911-
919; quiz 920.

Matsuzawa Y, Funahashi T, Kihara S, etal. Adiponectin and metabolic syndrome. Arterioscler Thromb
Vasc Biol 2004;24(1):29-33.

Bottner A, Kratzsch J, Muller G, et al. Gender differences of adiponectin levels develop during the
progression of puberty and are related to serum androgen levels. J Clin Endocrinol Metab
2004;89(8):4053-4061.

Trujillo ME, Scherer PE. Adiponectin—journey from an adipocyte secretory protein to biomarker of
the metabolic syndrome. J Intern Med 2005;257(2):167-175.

Fisher FF, Trujillo ME, Hanif W, et al. Serum high molecular weight complex of adiponectin corre-
lates better with glucose tolerance than total serum adiponectin in Indo-Asian males. Diabetologia
2005;48(6):1084-1087.

Freubis J, Tsao T-S, Javorschi S, etal. Proteolytic cleavage product of 30-kDa aidpocyte complement-
related protein increases in fatty acid oxidation in muscle and causes weight loss in mice. Proc Natl
Acad Sci USA 2001;98:2005-2010.

Tomas E, Tsao T-S, Saha AK, et al. Enhanced muscle fat oxidation and glucose transport by ACRP30
globular domain: Acetyl-CoA carboxylase inhibition and AMP-activated protein kinase activation.
PNAS 2002;99(25):16,309-16,313.

Combs TP, Berg AH, Obici S, et al. Endogenous glucose production is inhibited by the adipose-
derived protein Acrp30. J Clin Invest 2001;108(12):1875-1881.

Bouskila M, Pajvani UB, Scherer PE. Adiponectin: a relevant player in PPARgamma-agonist-medi-
ated improvements in hepatic insulin sensitivity? Int J Obes (Lond) 2005;29 Suppl 1:S17-S23.
Nawrocki AR, Rajala MW, Tomas E, et al. Mice lacking adiponectin show decreased hepatic insulin
sensitivity and reduced responsiveness to peroxisome proliferator-activated receptor gamma agonists.
J Biol Chem 2006;281(5):2654-2660.

Arita Y, Kihara S, Ouchi N, et al. Paradoxical decrease of an adipose-specific protein, adiponectin, in
obesity. Bioc Biophys Res Commun 1999;2:79-83.

Kissebah AH, Sonnenberg GE, Myklebust J, et al. Quantitative trait loci on chromosomes 3 and 17
influence phenotypes of the metabolic syndrome. Proc Natl Acad Sci USA 2000;97(26):14,478—
14,483.

Hara K, Boutin P, Mori Y, et al. Genetic variation in the gene encoding adiponectin is associated with
an increased risk of type 2 diabetes in the Japanese population. Diabetes 2002;51(2):536-540.



82

Rogers, Obin, and Greenberg

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Wang H, Zhang H, Jia Y, et al. Adiponectin receptor 1 gene (ADIPOR1) as a candidate for type 2
diabetes and insulin resistance. Diabetes 2004;53(8):2132-2136.

Bouatia-Naji N, Meyre D, Lobbens S, et al. ACDC/adiponectin polymorphisms are associated with
severe childhood and adult obesity. Diabetes 2006;55(2):545-550.

Diez JJ, Iglesias P. The role of the novel adipocyte-derived hormone adiponectin in human disease.
Eur J Endocrinol 2003;148(3):293-300.

Yang WS, Lee WJ, Funahashi T, et al. Weight reduction increases plasma levels of an adipose-derived
anti-inflammatory protein, adiponectin. J Clin Endocrinol Metab 2001;86(8):3815-3819.

Despres JP, Golay A, Sjostrom L. Effects of rimonabant on metabolic risk factors in overweight
patients with dyslipidemia. N Engl J Med 2005;353(20):2121-2134.

Lindsay RS, Funahashi T, Hanson RL, et al. Adiponectin and development of type 2 diabetes in the
Pima Indian population. Lancet 2002;360(9326):57-58.

Spranger J, Kroke A, Mohlig M, et al. Adiponectin and protection against type 2 diabetes mellitus.
Lancet 2003;361(9353):226-228.

Yamauchi T, Oike Y, Kamon J, et al. Increased insulin sensitivity despite lipodystrophy in Crebbp
heterozygous mice. Nat Genet 2002;30(2):221-226.

Pellme F, Smith U, Funahashi T, et al. Circulating adiponectin levels are reduced in nonobese but
insulin-resistant first-degree relatives of type 2 diabetic patients. Diabetes 2003;52(5):1182-1186.
Kern PA, Di Gregorio GB, Lu T, et al. Adiponectin expression from human adipose tissue: relation
to obesity, insulin resistance, and tumor necrosis factor-alpha expression. Diabetes 2003;52(7):1779-
1785.

Hotta K, Funahashi T, Bodkin NL, etal. Circulating concentrations of the adipocyte protein adiponectin
are decreased in parallel with reduced insulin sensitivity during the progression to type 2 diabetes in
rhesus monkeys. Diabetes 2001;50(5):1126-1133.

Yamamoto Y, Hirose H, Saito I, et al. Adiponectin, an adipocyte-derived protein, predicts future
insulin resistance: two-year follow-up study in Japanese population. J Clin Endocrinol Metab
2004;89(1):87-90.

Maeda N, Shimomura I, Kishida K, et al. Diet-induced insulin resistance in mice lacking adiponectin/
ACRP30. Nat Med 2002;8(7):731-737.

Yamauchi T, Kamon J, Waki H, et al. The fat-derived hormone adiponectin reverses insulin resistance
associated with both lipoatrophy and obesity. Nat Med 2001;7(8):941-946.

Yamauchi T, Kamon J, Minokoshi Y, et al. Adiponectin stimulates glucose utilization and fatty-acid
oxidation by activating AMP-activated protein kinase. Nat Med 2002;8(11):1288-1295.

Berg AH, Combs TP, Du X, et al. The adipocyte-secreted protein Acrp30 enhances hepatic insulin
action. Nat Med 2001;7(8):947-953.

Pajvani UB, Hawkins M, Combs TP, et al. Complex distribution, not absolute amount of adiponectin,
correlates with thiazolidinedione-mediated improvement in insulin sensitivity. J Biol Chem
2004;279(13):12,152-12,162.

Tsuchida A, Yamauchi T, Takekawa S, et al. Peroxisome proliferator-activated receptor (PPAR) o
activation increases adiponectin receptors and reduces obesity-related inflammation in adipose tissue:
comparison of activation of PPARa, PPARY, and their combination. Diabetes 2005;54(12):3358—
3370.

Cnop M, Havel PJ, Utzschneider KM, et al. Relationship of adiponectin to body fat distribution, insulin
sensitivity and plasma lipoproteins: evidence for independent roles of age and sex. Diabetologia
2003;46(4):459-469.

Chan DC, Watts GF, Ng TW, et al. Adiponectin and other adipocytokines as predictors of markers of
triglyceride-rich lipoprotein metabolism. Clin Chem 2005;51(3):578-585.

Iwashima Y, Katsuya T, Ishikawa K, et al. Hypoadiponectinemia is an independent risk factor for
hypertension. Hypertension 2004;43(6):1318-1323.

Kumada M, Kihara S, Sumitsuji S, et al. Association of hypoadiponectinemia with coronary artery
disease in men. Arterioscler Thromb Vasc Biol 2003;23(1):85-89.

Ouchi N, Kihara S, Arita Y, et al. Novel modulator for endothelial adhesion molecules: adipocyte-
derived plasma protein adiponectin. Circulation 1999;100(25):2473-2476.

Okamoto Y, Kihara S, Ouchi N, et al. Adiponectin reduces atherosclerosis in apolipoprotein E-
deficient mice. Circulation 2002;106(22):2767-2770.

Shibata R, Sato K, Pimentel DR, et al. Adiponectin protects against myocardial ischemia-reperfusion
injury through AMPK- and COX-2-dependent mechanisms. Nat Med 2005;11(10):1096-1103.



Chapter 4 / Obesity and Adipokines 83

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

T7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Chen H, Montagnani M, Funahashi T, et al. Adiponectin stimulates production of nitric oxide in
vascular endothelial cells. J Biol Chem 2003;278(45):45,021-45,026.

Goldstein BJ, Scalia R. Adiponectin: a novel adipokine linking adipocytes and vascular function. J
Clin Endocrinol Metab 2004;89(6):2563-2568.

Wong GW, Wang J, Hug C, et al. A family of Acrp30/adiponectin structural and functional paralogs.
Proc Natl Acad Sci USA 2004;101(28):10,302-10,307.

Hotamisligil GS, Spiegelman BM. Tumor necrosis factor a: A key component of the obesity-diabetes
link. Diabetes 1994;43:1271-1278.

Beutler B, Greenwald D, Hulmes J, et al. Identifty of tumor necrosis factor and the macrophage-
secreted factor cachetin. Nature 1985;316:552-554.

Hotamisligil GS, Arner P, Caro JF, et al. Increased adipose tissue expression of tumor necrosis factor-
alpha in human obesity and insulin resistance. J Clin Invest 1995;95(5):2409-2415.

Kern PA, Saghizadeh M, Ong JM, et al. The expression of tumor necrosis factor in human adipose
tissue: regulation by obesity, weight loss, and relationship to lipoprotein lipase. J Clin Invest
1995;95:2111-2119.

KernPA, Ranganathan S, Li C, etal. Adipose tissue tumor necrosis factor and interleukin-6 expression
in human obesity and insulin resistance. Am J Physiol Endocrinol Metab 2001;280(5):E745-E751.
Weisherg SP, McCann D, Desai M, et al. Obesity is associated with macrophage accumulation in
adipose tissue. J Clin Invest 2003;112(12):1796-1808.

Xu H, Barnes G, Yang Q, et al. Chronic inflammation in fat plays a crucial role in the development
of obesity-related insulin resistance. J Clin Invest 2003;112:1821-30.

Fasshauer M, Kralisch S, Klier M, et al. Adiponectin gene expression and secretion is inhibited by
interleukin-6 in 3T3-L1 adipocytes. Biochem Biophys Res Commun 2003;301(4):1045-1050.
Wang B, Jenkins JR, Trayhurn P. Expression and secretion of inflammation-related adipokines by
human adipocytes differentiated in culture: integrated response to TNF-alpha. Am J Physiol Endocrinol
Metab 2005;288(4):E731-E740.

Weisberg SP, Hunter D, Huber R, et al. CCR2 modulates inflammatory and metabolic effects of high-
fat feeding. J Clin Invest 2006;116(1):115-124.

Cinti S, Mitchell G, Barbatelli G, et al. Adipocyte death defines macrophage localization and function
in adipose tissue of obese mice and humans. J Lipid Res 2005;46(11):2347-2355.

Boden G. Role of fatty acids in the pathogenesis of insulin resistance and NIDDM. Diabetes 1997;46:
3-10.

Shulman G. Cellular mechanism of insulin resistance. J Clin Invest 2000;196:171-176.

Carr DB, Utzschneider KM, Hull RL, et al. Intra-abdominal fat is a major determinant of the National
Cholesterol Education Program Adult Treatment Panel Il criteria for the metabolic syndrome. Dia-
betes 2004;53(8):2087-2094.

Gastaldelli A, Miyazaki Y, Pettiti M, et al. Metabolic effects of visceral fat accumulation in type 2
diabetes. J Clin Endocrinol Metab 2002;87:5098-5103.

Miyazaki Y, Mahankali A, Matsuda M, et al. Effect of pioglitazone on abdominal fat distribution and
insulin sensitivity in type 2 diabetic patients. J Clin Endocrinol Metab 2002;87(6):2784-2791.
Fain J, Bahouth S, Madan A. TNF- alpha release by the nonfat cells of human adipose tissue. IntJ Obes
Relat Metab Discord 2004;28:616-622.

Gerhardt CC, Romero IA, Cancello R, et al. Chemokines control fat accumulation and leptin secretion
by cultured human adipocytes. Mol Cell Endocrinol 2001;175(1-2):81-92.

Moller DE. Potential role of TNF-alpha in the pathogenesis of insulin resistance and type 2 diabetes.
Trends Endocrinol Metab 2000;11(6):212-217.

Souza SC, Yamamoto M, Franciosa M, etal. BRL blocks the lipolytic actions of tumor necrosis factor-
alpha (TNF-a): a potential new insulin-sensitizing mechanism for the thiazolidinediones. Diabetes
1998;47:691-695.

Zhang H, Halbleib M, Ahmed F, et al. Tumor necrosis factor-alpha stimulates lipolysis in differenti-
ated human adipocytes through activation of extracellular signal related kinase and elevated
extracelular related kinase and elevation of intracellular cCAMP. Diabetes 2002;51:2929-2935.
Hotamisligil GS, Murray DL, Choy LN, etal. TNF-ainhibits signaling from insulin receptor. Proc Natl
Acad Sci USA 1994,91:4854-4858.

Uysal K, Wiesbrock S, Marino M, et al. Protection from obesity-linked insulin resistance in mice
lacking TNF-a function. Nature 1997;389:610-614.



84

Rogers, Obin, and Greenberg

88

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

111.

Mohamed-Ali V, Goodrick S, Rawesh A, et al. Subcutaneous adipose tissue releases interleukin-6,
but not tumor necrosis factor-alpha, in vivo. J Clin Endocrinol Metab 1997;82(12):4196-4200.
Ofei F, Hurel S, Newkirk J, etal. Effects of an engineered human anti-TNF-alpha antibody (CDP571)
on insulin sensitivity and glycemic control in patients with NIDDM. Diabetes 1996;45(7):881-885.
Vgontzas A, Zoumakies E, Lin H, et al. Marked decrease in sleepiness in patients with sleep apnez
by etanercept, a tumor necrosis factor-alpha antagonist. J Clin Endocrinol Metab 2004;89:4409-
4412,

van Hall G, Steensberg A, Sacchetti M, et al. Interleukin-6 stimulates lipolysis and fat oxidation in
humans. J Clin Endocrinol Metab 2003;88(7):3005-3010.

Steensberg A, van Hall G, Osada T, et al. Production of interleukin-6 in contracting human skeletal
muscles can account for the exercise-induced increase in plasma interleukin-6. J Physiol 2000;529
Pt 1:237-242.

Fried SK, Bunkin DA, Greenberg AS. Omental and subcutaneous adipose tissues of obese subjects
release interleukin-6: depot difference and regulation by glucocorticoid. J Clin Endocrinol Metab
1998;83(3):847-850.

Rotter V, Nagaev I, Smith U. Interleukin-6 (IL-6) induces insulin resistance in 3T3-L1 adipocytes
and is, like 1L-8 and tumor necrosis factor-alpha, overexpressed in human fat cells from insulin-
resistant subjects. J Biol Chem 2003;278(46):45,777-45,784.

Kristiansen OP, Mandrup-Poulsen T. Interleukin-6 and diabetes: the good, the bad, or the indifferent?
Diabetes 2005;54 Suppl 2:5114-S124.

Fernandez-Real JM, Ricart W. Insulin resistance and chronic cardiovascular inflammatory syn-
drome. Endocr Rev 2003;24(3):278-301.

Trujillo ME, Sullivan S, Harten I, etal. Interleukin-6 regulates human adipose tissue lipid metabolism
and leptin production in vitro. J Clin Endocrinol Metab 2004;89(11):5577-5582.

RieussetJ, Bouzakri K, Chevillotte E, etal. Suppressor of cytokine signaling 3 expression and insulin
resistance in skeletal muscle of obese and type 2 diabetic patients. Diabetes 2004;53(9):2232-2241.
Senn JJ, Klover PJ, Nowak IA, et al. Suppressor of cytokine signaling-3 (SOCS-3), a potential
mediator of interleukin-6-dependent insulin resistance in hepatocytes. J Biol Chem 2003;278(16):
13740-13746.

Kim HJ, Higashimori T, Park SY, etal. Differential effects of interleukin-6 and -10 on skeletal muscle
and liver insulin action in vivo. Diabetes 2004;53(4):1060-1067.

Lindmark E, Diderholm E, Wallentin L, et al. Relationship between interleukin 6 and mortality in
patients with unstable coronary artery disease: effects of an early invasive or noninvasive strategy.
JAMA 2001;286(17):2107-2113.

Pickup JC, Mattock MB, Chusney GD, et al. NIDDM as a disease of the innate immune system:
association of acute-phase reactants and interleukin-6 with metabolic syndrome X. Diabetologia
1997;40(11):1286-1292.

Stouthard JM, Romijn JA, Van der Poll T, et al. Endocrinologic and metabolic effects of interleukin-
6 in humans. Am J Physiol 1995;268(5 Pt 1):E813-E819.

Vgontzas A, Papanicolaou D, Bixler E, et al. Sleep apnea and daytime sleepiness and fatigue: relation to
visceral obesity, insulin resistance, and hypercytokinemia. J Clin Endocrinol Metab 2000;85:1151-1158.
Vgontzas A, Papnicoaou D, Bixler E, et al. Elevation of plasma cytokines in disorders of excessive
daytime sleepiness: role of sleep disturbance and obesity. J Clin Endocrinol Metab 1997;82:1313-1316.
Vgontzas A, Papnicolaou D, Bixler E, et al. Circadian interleukin-6 secretion and quantity and depth
of sleep. J Clin Endocrinol Metab 2000;84:2603-2607.

Vgontzas AN, Papanicolaou DA, Bixler EO, et al. Sleep apnea and daytime sleepiness and fatigue:
relation to visceral obesity, insulin resistance, and hypercytokinemia. J Clin Endocrinol Metab
2000;85(3):1151-1158.

Vgontzas AN, Bixler EO, Chrousos GP. Sleep apnea is a manifestation of the metabolic syndrome.
Sleep Med Rev 2005;9(3):211-224.

Boisvert WA. Modulation of atherogenesis by chemokines. Trends Cardiovasc Med 2004;14(4):161-165.
Wellen KE, Hotamisligil GS. Obesity-induced inflammatory changes in adipose tissue. J Clin Invest
2003;112(12):1785-1788.

Inoue S, Egashira K, Ni W, et al. Anti-monocyte chemoattractant protein-1 gene therapy limits
progression and destabilization of established atherosclerosis in apolipoprotein E-knockout mice.
Circulation 2002;106(21):2700-2706.



Chapter 4 / Obesity and Adipokines 85

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.

131.

132.

133.

134,

135.

Juge-Aubry CE, Henrichot E, Meier CA. Adipose tissue: a regulator of inflammation. Best Pract Res
Clin Endocrinol Metab 2005;19(4):547-566.

Sartipy P, Loskutoff DJ. Expression profiling identifies genes that continue to respond to insulin in
adipocytes made insulin-resistant by treatment with TNF-alpha. J Biol Chem 2003;278(52):52,298-
52,306.

Sartipy P, Loskutoff DJ. Monocyte chemoattractant protein 1 in obesity and insulin resistance. Proc
Natl Acad Sci USA 2003;100(12):7265-7270.

Christiansen T, Richelsen B, Bruun JM. Monocyte chemoattractant protein-1 is produced in isolated
adipocytes, associated with adiposity and reduced after weight loss in morbid obese subjects. Int J
Obes (Lond) 2005;29(1):146-150.

Nomura S, Shouzu A, Omoto S, et al. Significance of chemokines and activated platelets in patients
with diabetes. Clin Exp Immunol 2000;121:437-443.

Ni W, Egashira K, Kitamoto S, et al. New anti-monocyte chemoattractant protein-1 gene therapy
attenuates atherosclerosis in apolipoprotein E-knockout mice. Circulation 2001;103(16):2096-2101.
Kershaw EE, Flier JS. Adipose tissue as an endocrine organ. J Clin Endocrinol Metab 2004;89(6):
2548-2556.

Samad F, Uysal KT, Wiesbrock SM, et al. Tumor necrosis factor alpha is a key component in the
obesity-linked elevation of plasminogen activator inhibitor 1. Proc Natl Acad Sci USA 1999;96(12):
6902-6907.

Wajchenberg BL. Subcutaneous and visceral adipose tissue: their relation to the metabolic syndrome.
Endocr Rev 2000;21(6):697-738.

Alessi MC, Bastelica D, Morange P, et al. Plasminogen activator inhibitor 1, transforming growth
factor-betal, and BMI are closely associated in human adipose tissue during morbid obesity. Diabe-
tes 2000;49(8):1374-1380.

Ma LJ, Mao SL, Taylor KL, et al. Prevention of obesity and insulin resistance in mice lacking
plasminogen activator inhibitor 1. Diabetes 2004;53(2):336—346.

Schafer K, Fujisawa K, Konstantinides S, et al. Disruption of the plasminogen activator inhibitor 1
gene reduces the adiposity and improves the metabolic profile of genetically obese and diabetic ob/
ob mice. FASEB J 2001;15(10):1840-1842.

Festa A, D’Agostino RJ, Haffner S, The Insulin Resistance Atherosclerosis Study. Elevated levels
of acute-phase proteins and plasminogen activator inhibitor-I predict the development of type 2
diabetes; the insulin resistance atherosclerosis study. Diabetes 2002;51:1131-1137.

Mertens I, Van Gaal LF. Obesity, haemostasis and the fibrinolytic system. Obes Rev 2002;3(2):85-101.
Samad F, Pandey M, Bell PA, Loskutoff DJ. Insulin continues to induce plasminogen activator
inhibitor 1 gene expression in insulin-resistant mice and adipocytes. Mol Med 2000;6(8):680-692.
Skurk T, Hauner H. Obesity and impaired fibrinolysis: role of adipose production of plasminogen
activator inhibitor-1. Int J Obes Relat Metab Disord 2004;28(11):1357-1364.

Juhan-Vague I, Alessi M-C, Mavri A, etal. Plasminogen activator inhibitor-1, inflammation, obesity,
insulin resistance and vascular risk. J Thromb Haemost 2003;1(7):1575-1579.

Siiteri PK. Adipose tissue as a source of hormones. Am J Clin Nutr 1987;45(1 Suppl):277-282.
Seckl JR, Walker BR. Minireview: 11beta-hydroxysteroid dehydrogenase type 1- a tissue-specific
amplifier of glucocorticoid action. Endocrinology 2001;142(4):1371-1376.

Rask E, Olsson T, Soderberg S, et al. Tissue-specific dysregulation of cortisol metabolism in human
obesity. J Clin Endocrinol Metab 2001;86(3):1418-1421.

Masuzaki H, Paterson j, Shiyama H, et al. A transgenic model of visceral obesity and the metabolic
syndrome. Science 2001;294:2166-2170.

Kershaw EE, Morton NM, Dhillon H, et al. Adipocyte specific glucocorticoid inactivation protects
against diet-induced obesity. Diabetes 2005;54:1023-1031.

Morton N, Paterson J, Masuzaki H, et al. Novel adipose tissue-mediated resistance to diet-induced
visceral obesity in 11 beta-hydroxysteroid dehydrogenase type 1-deficient mice. Diabetes
2004;53:931-938.

Walker BR, Connacher AA, Lindsay RM, et al. Carbenoxolone increases hepatic insulin sensitivity
in man: a novel role for 11-oxosteroid reductase in enhancing glucocorticoid receptor activation. J
Clin Endocrinol Metab 1995;80(11):3155-3159.






S Free Fatty Acids, Insulin Resistance,
and Ectopic Fat

David E. Kelley, mD

CONTENTS

INTRODUCTION

History oF CoNcEPT OF INSULIN RESISTANCE

Grucose—FFA SuBsTrRATE COMPETITION

THE Goob Sipe oF GLucose—FFA SusTRATE COMPETITION
MEeTABOLIC CHALLENGE OF MAINTAINING MACRONUTRIENT BALANCE
Poor TiMING oF FAT OxIDATION IN OBESITY

BiocHEMICAL DETERMINANTS OF METABOLIC INFLEXIBILITY
EcTtoric FAT IN LiVER AND MuUsCLE

CONCLUSIONS

REFERENCES

Summary

The development of obesity induces resistance to the effect of insulin to stimulate uptake of
glucose and suppress release of fatty acids. These metabolic impairments are inter-related and
competition between glucose and fatty acids is a key aspect of the pathogenesis of insulin resistance.
Another important factor is that fat calories accumulate within muscle and liver and the presence of
an increased fat content in these organs correlates with severity of insulin resistance. This chapter
reviews recent findings and background concepts regarding “ectopic fat” and substrate competition
and how these contribute to obesity induced insulin resistance.

Key Words: Free fatty acids; insulin resistance; ectopic fat; macronutrients.

INTRODUCTION

Insulin resistance (IR) occurs commonly in obesity and is closely related to the increase
inadiposity. There are a number of aspects of adiposity that contribute to the pathogenesis
whereas another aspect of fat distribution concerns that located with liver and muscle.
In this book, intra-abdominal adiposity is discussed in a separate chapter; this chapter
will focus on ectopic fat and on the topic of substrate competition between glucose and
fatty acids, which is also regarded as strongly influencing IR in obesity.
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Ectopic fat is a term that refers to the accumulation of stored fat within muscle, liver,
and potentially other tissues important for the pathogenesis of complications of IR, such
as myocardium and pancreatic B-cells. However, it is normal for myocytes and hepato-
cytes to contain stored triglyceride, which, like glycogen, is a depot of readily available
substrate. Therefore, the term “ectopic fat” is a misnomer, but this limitation aside, the
term has value for descriptive purposes. One of the axioms that will be explored in this
chapter is that myocytes and hepatocytes with ectopic fat can be viewed as a recapitu-
lationatacellular level the systemic pathophysiology that characterizes obesity. Ectopic
fat derives from perturbations in the balance between storage and oxidation of fat,
obviously, but also in interaction with carbohydrate availability.

With regard to “substrate competition” between free fatty acids (FFA) and glucose,
it is most common to frame this as pathophysiology rather than physiology, and to posit
that FFA is the “culprit” substrate. This perception certainly resonates with much that
is understood about the pathogenesis of IR in obesity, yet is only part of the story. With
substrates, as with much else, competition is more often healthy than unhealthy. In fact,
competition between glucose and FFA is an essential part of the ebb and flow of daily
life in the transitions between fed and fasted conditions. Moreover, in obesity, recent
work indicates that glucose competitively inhibits oxidation of fat and that this may be
as important in generating metabolic problems as the converse, which is FFA inhibition
of glucose utilization.

HISTORY OF CONCEPT OF INSULIN RESISTANCE

If it can be argued that there is ambiguity concerning whether substrate competition
is always adverse for metabolism or whether it is glucose or FFA that causes problems,
then this note of ambiguity might also be extended to a consideration of IR itself. Insulin
resistance has been an enigma since it was initially described 75 yr ago (1). It is custom-
ary that a pathophysiological process like IR is regarded as a mechanism of disease. But
there is another perspective. There is an emerging body of evidence that IR is a highly
regulated adaptation that protects, or at least partially protects, the very organ systems
(muscle, adipocytes, and liver) that are pivotal in generating IR. This latter perspective
has relevance to the discussion of both substrate competition and ectopic fat.

Even at the inception of the concept of IR, it was recognized to be a process that did
not fit into established paradigms for categorizing endocrine disorders. Endocrine dis-
orders, then as now, can nearly always be categorized into those of hormone deficiency
and those of hormone excess. Insulin resistance is a chimera of these. Itis amanifestation
of deficient hormone action but one that is not accounted for by insulin deficiency.

Insulin resistance was initially described by Himsworth in the 1930s (1-3).
Himsworth, a physician then beginning to implement treatment with insulin, the “won-
der drug” of that age, was perceptive in noticing that some diabetic patients appeared
refractory to this treatment. To test this concept, he gave research volunteers, nondiabetics
and diabetics, injections of glucose, alone and with insulin injections, and noted the
effect on the glycemic responses. This procedure revealed “responders” and
“nonresponders.” The descriptions of the respective clinical characteristics that were
made by Himsworth foreshadowed clinical criteria that remain effective for distinguish-
ing between individuals with type 1 compared with type 2 diabetes. Yet despite these
provocative and seminal observations, the concept of IR did not take firm root in the
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contemporary sensibilities of the pathogenesis of diabetes mellitus; that was to come
years later, and the current public health implications were not then anticipated.

Thirty years following the seminal work of Himsworth, the development of the radio-
immunoassay to measure plasma insulin revealed hyperinsulinemia in many with glu-
cose intolerance (4) and in obesity, even in the absence of glucose intolerance.
Development of clinical investigation techniques to quantify insulin action in humans
demonstrated that insulin resistance is almost always present in glucose intolerance and
type 2 diabetes. An association between hypertriglyceridemia and insulin resistance
began to be recognized in the 1970s, and later a connection with essential hypertension
was also perceived (5). Insulin resistance is now perceived as a major metabolic risk
factor and a target for intervention. Indeed, interventions that ameliorate insulin resis-
tance, notably by weight loss and physical activity, commonly yield multifactorial risk
reductions across these domains of glucose homeostasis, hyperlipidemia, and hyperten-
sion.

In the past seven decades much about insulin resistance has been delineated, yet some
fundamental issues remain enigmatic. Is insulin resistance truly a disease, or is it a
physiological adaptation that like most yields a mixed bag of beneficial compensation
and other unfavorable consequences? It is little debated that as a consequence of IR,
much of the body—the vasculature in particular—suffers unfavorable effects. Yetit can
be postulated that at a cellular level, in particular that of a fat-laden hepatocyte or a fat-
laden myocyte, insulin resistance is a defensive posture evoked to protect the cell (and
the organ) against further excesses of substrate. This ambiguity as to whether insulin
resistance is a disease or a regulated adaptation with some redeeming features will
resurface at several junctures in this chapter in discussing substrate competition and
ectopic fat.

GLUCOSE-FFA SUBSTRATE COMPETITION

Inthe early 1960s, Randle and colleagues established the principle that glucose-FFA
substrate competition can contribute to the pathophysiology of IR in diabetes mellitus
(DM) and obesity (6). In a series of biochemical studies, it was demonstrated that pro-
vision of FFA reduced glucose utilization by skeletal muscle, especially oxidative
muscle. The studies by Randle were performed with in vitro preparations of muscle, yet
highly analogous findings can be demonstrated in vivo both in animals and in human
studies. Indeed, it is quite remarkable and has been repeatedly demonstrated in clinical
investigations that a lipid infusion can acutely induce IR even in healthy, normal-weight
individuals. Several hours of infusion of a lipid emulsion (of a composition as is used for
parenteral nutrition) is not only sufficient to induce IR, but does so with a consequent
metabolic profile that is nearly identical to that observed in type 2 DM and obesity (7,8).

Effect of FFA Infusion

Inthe author’s laboratory, the effect of FFA infusion to induce IR was examined using
the paradigm of a lipid emulsion infused only at a rate that maintained plasma FFA at
the usual fasting (postabsorptive) levels despite insulin infusion (9). In these studies,
insulin was infused to achieve steady-state levels in the upper physiological range for
insulin, 500 to 600 pmol. Each of the participants, lean, healthy young men, had two
studies, one being an insulin infusion/glucose clamp with concomitant lipid emulsion
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infusion and the other without the lipid emulsion. Asis typical in individuals with normal
insulin sensitivity, this rate of insulin infusion dramatically suppressed plasma FFA to
approximately one-tenth the fasting level. The lipid emulsion infusion was sufficient to
sustain plasma FFA at the fasting level. Otherwise, the study conditions were similar
with matched concentrations for glucose and insulin. The infusion of lipid emulsions
induced insulin resistance; it required approximately one-third less glucose to maintain
euglycemia than in studies without the infusion of the lipid emulsion.

Metabolic profiles of glucose metabolism were measured by assessing rates of glu-
cose oxidation, release of lactate, and glycogen formation (9). FFA induced a substantial
impairment in glycogen formation as well as a significant, though less dramatic, inhibi-
tion of glucose oxidation. As a proportion of glucose uptake, the release of lactate was
increased. A key conclusion that can be drawn from these studies is that the effect of
insulin to stimulate increased glucose uptake into skeletal muscle is contingent on the
effectiveness with which insulin suppresses plasma fatty acids. This is a point to which
we will later return in discussing the importance of IR in the suppression of lipolysis as
central to the pathogenesis of IR in obesity. The second main point to be made concern-
ing these data is that this profile of reduced glucose uptake, markedly suppressed gly-
cogen formation, impaired glucose oxidation, and a relative increase in the proportion
of glucose uptake accounted for by lactate release from muscle is precisely the pattern
observed in obesity and type 2 diabetes (10). This remarkable similarity in metabolic
profiles infers the importance of FFA in the pathogenesis of IR.

Fasting plasma concentrations of FFA are only modestly increased in most glucose-
tolerant obese men and women. This is interesting, as by definition, the mass of adipose
tissue is greatly increased. Thus rates of appearance of FFA (FFA flux) are actually
decreased if expressed per kilogram of fat mass and, as mentioned previously, only
modestly increased when expressed on the basis of fat-free mass, the tissues of FFA
consumption. Fasting plasma concentrations of FFA are generally increased in most
patients with type 2 diabetes, by approx 10 to 20% above values in normal-weight or
overweight glucose tolerant individuals. In cross-sectional studies, fasting levels of
plasma FFA are often observed to correlate negatively with insulin-stimulated rates of
glucose metabolism (i.e., insulin sensitivity) (11). Nonetheless, there is not major dec-
ompensation with regard to fasting conditions of fatty acids. Typically, stronger corre-
lations are observed for insulin-suppressed levels of plasma FFA in relation to insulin
sensitivity (11). Clinical investigations have revealed that overnight lowering of FFA in
patients with type 2 diabetes improves IR (12).

In obesity and in type 2 diabetes, the effect of insulin to suppress plasma FFA is
blunted; this impairment is, in certain respects, more evident than are fasting abnormali-
ties. Levels of plasma FFA during insulin infusion have repeatedly been shown to cor-
relate in arobust manner with the severity of IR. Following weight loss there is improved
insulin suppression of lipolysis and plasma FFA; this is a key metabolic aspect that
contributes to improvement of IR (13).

Regional Patterns of Adiposity

Resistance to insulin suppression of plasma FFA is influenced by regional patterns of
adiposity, by apredominance of large adipocytes, and by altered endocrine and adipokine
activity of adipose tissue. Insulin resistance of adipose tissue tends to be more pro-
nounced, with an upper body predominance of adiposity as compared to lower body, or
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gluteal-femoral, predominance of adiposity. There are regional differences across
depots of adipose tissue in responsiveness to insulin in suppressing lipolysis.
Adipocytes from omentum and mesenteric adipose tissue have higher basal rates of
lipolysis and suppress less in response to insulin than adipocytes from gluteal femoral
adipose tissue (14). Thus, regional differences in adipocyte metabolism with regard to
insulin sensitivity of lipolysis may be an important mechanism accounting for differing
relationships of these depots with systemic insulin sensitivity. The majority of systemic
fatty acid flux derives from abdominal subcutaneous adipose tissue (15). This reflects
both the greater absolute amount of adiposity in this depot than in visceral AT (VAT),
and the regional differences in adipocyte metabolism mentioned above. Preceding the
contemporary emphasis on characterizing obesity by assessing patterns of adipose tissue
distribution, obesity research centered on assessments of adipocyte size and number.
Obesity is associated with larger adipocytes (16). Adipocyte size in abdominal subcu-
taneous adipose tissue is a risk factor for type 2 diabetes independent of overall obesity
and central adiposity (17). Large adipocytes have higher rates of lipolysis and may have
altered patterns of adipokine secretion that contribute to insulin resistance.

THE GOOD SIDE OF FFA-GLUCOSE SUBSTRATE COMPETITION

The experiments performed by Randle and colleagues provided a basis for scientists
to think about the adverse aspects of substrate competition, but a series of equally
important studies, performed in the 1950s and 1960s by Andres and colleagues at Johns
Hopkins, delineated healthy or positive aspects of glucose—FFA substrate competition
(18). Inclinical investigations, Andres and colleagues showed that during fasting condi-
tions, FFA is the predominant oxidative substrate for skeletal muscle (18). The respiratory
quotient (RQ)—the quotient of carbon dioxide release to oxygen consumption—across
the forearm during fasting conditions was approx 0.80, denoting that lipid oxidation
accounted for the majority of energy expenditure. The RQ reflects the chemical compo-
sition of the substrate being oxidized and is 1.0 for purely glucose oxidation and 0.70 for
purely lipid oxidation. The low RQ by skeletal muscle during fasting conditions indi-
cates low reliance on glucose oxidation and only minor glucose uptake, with a fractional
extraction of 1to 2%. This contrasts markedly with the 40% or more extraction of plasma
FFA by muscle during fasting conditions. There are several implications for metabolic
health from these findings. First, in this context of fasting metabolism, use of FFA rather
than glucose by muscle spares glucose for the CNS. From the perspective of obesity,
these studies demonstrate the importance of skeletal muscle as a site for disposal of FFA
and oxidation of fat calories.

In the sections that follow, three metabolically adverse aspects of glucose—FFA sub-
strate competition will be discussed. The first, which has already been described, is the
adverse effect of FFA that impairs the effect of insulin to stimulate glucose utilization
by muscle. The second concept that will be addressed is the adverse effect of hypergly-
cemia to inhibit utilization of FFA, even in the setting of fasting concentrations of
insulin. The third concept that will be presented is “metabolic inflexibility,” an aspect
of the pathophysiology of obesity that is characterized by diminished capacity of muscle
to switch between glucose and FFA in the transition from fed to fasted conditions.
However, before addressing these, it is worthwhile to frame out the macronutrient chal-
lenges of glucose and lipid oxidation at a whole body level and as these pertain to weight
regulation.
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METABOLIC CHALLENGE OF MAINTAINING MACRONUTRIENT
BALANCE

Macronutrient Balance

One way to frame a discussion of substrate competition is to consider what is required
to maintain macronutrient balance in a normal-weight, weight-stable individual. To
maintain macronutrient balance, the amounts of carbohydrate and fat that are consumed
daily must be oxidized. Intake of calories in excess of the amounts oxidized leads of
course to weight gain, whereas negative energy balance must be achieved to accomplish
weight loss. Carbohydrates typically comprise 40 to 50% of daily caloric intake in an
average American diet. For this discussion, this will be assumed to be approx 1,000 kcal
(or 250 g). Daily ingestion of carbohydrate is considerable as compared with systemic
glycogen. Stores of glycogen are relatively small at approx 500 g, just twice the amount
of daily consumption. It is interesting to consider that a 75-kg man or woman can be
estimated to consume his or her body weight in carbohydrates annually. Most of this
glycogen, 400 g, is contained in skeletal muscle. In muscle, glycogen stores are kept
remarkably stable, and seldom is expanded above this; indeed, increases of muscle
glycogen induce IR (19). A point that can be taken from this is that there is a metabolic
priority placed on carbohydrate oxidation given the rather small and tightly regulated
capacity for glycogen storage.

In accord with this principle, it is estimated that following meal ingestion, approxi-
mately one-third of the carbohydrate content of the meal is oxidized promptly by the
CNS, and the other two-thirds, divided approximately equally between liver and muscle
with minor fractions into other organ systems, is split between oxidization and glycogen.
Maintaining normal insulin sensitivity is based in large measure on maintaining capacity
to readily activate glucose oxidation in response to meal ingestion and to readily activate
glycogen storage.

With regard to achieving a balance among amounts consumed, oxidized, and stored
for fat, the considerations are quite different from glucose. Daily consumption of approx
40% of calories as fat is now common, meaning that about 1,000 kcal of fat are ingested
per day and must be oxidized to maintain a zero net balance. A 75-kg man can be
estimated to have 10 kg of fat mass, or 90,000 stored kcal. Thus, oxidizing 1,000 kcal
of fat per day is less than 1% of lipid reserves, whereas the proportion for glucose was
that daily oxidation of dietary carbohydrate was equivalent to approx 50% of stored
glycogen. In obesity, by definition, the calories stored as fat are greatly increased, by a
factor of at least two even for Class | obesity.

Arguably, one of the greatest metabolic challenges individuals face in the context of
modern lifestyles is to create opportunities that favor fat oxidation. Fasting or under-
nourishment creates this opportunity, but happens rarely in modern life. Indeed, with a
schedule of three meals daily, a majority of the 24 h is spent in postprandial metabolism.
The other physiological circumstance for promoting fat oxidation is low- to moderate-
intensity physical activity, especially sustained duration of physical activity. For many
in modern society, careful scheduling and a commitment to undertake daily exercise are
required as work and daily living no longer require manual labor. Thus, the structure of
modern life impedes the physiology of fat oxidation and disposes instead to fat storage.
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Physiological Effects of Insulin

There is a second point that can be taken from this review of daily partitioning of
ingested fat between oxidation and storage: because of the quite small fractional turn-
over of the pool of stored fat, there is implicitly a strong metabolic primacy for tightly
regulating fractional release of stored FFA. Insulin is crucial in regulating this process,
normally having potent effects to govern rates of lipolysis. In normal-weight individu-
als, it is estimated that a circulating insulin concentration of ~15 pU/mL, or only twice
normal fasting levels of insulin, is sufficient to achieve 50% suppression of fasting rates
of lipolysis. This is of higher sensitivity than the effect of insulin to control hepatic
production of glucose and far more sensitive than the levels of insulin that are needed to
achieve robust stimulation of glucose uptake into skeletal muscle. Therefore, one sum-
mation of normal insulin action is that this promotes glucose oxidation rather than that
of fat, along with maintenance of quite small storage depots of glycogen, and tightly
conserves fat storage, parsimoniously releasing a minute fraction of this depot even
when levels of insulin are near physiological nadir.

Thereisanintrinsic priority in carbohydrate metabolismto oxidize glucose and thereby
not overload the relatively modest capacities that exist for glucose storage. For fatty acid
metabolism, there isnota prominent limitation on the capacity to store fat, and the priority
to oxidize fat is conditional on circumstances of fasting or exercise. Rather, a key priority
is to control fractional release of FFA. The dysfunction of substrate competition that
underlies the pathophysiology of IR in obesity represents the collision of these two
metabolic priorities; one of the main consequences of this collision is the accumulation
of ectopic fat. Thus, the stage and conditions for substrate competition are set.

POOR TIMING OF FAT OXIDATION IN OBESITY

Glucose-Induced Fat Inhibition

More than a decade ago, the author’s laboratory began to assess substrate competition
in type 2 diabetes and obesity from the perspective of whether fat oxidation is appropri-
ately regulated during fasting conditions. Using arteriovenous limb balance methods to
assess oxygen and carbon dioxide exchange across the leg, we observed an elevated RQ
across the leg after an overnight fast in type 2 DM (20), which denoted a decreased
reliance on fat oxidation. Furthermore, there was reduced fractional extraction of fatty
acids across the leg in type 2 DM (21). Experimentally, in lean, healthy volunteers, an
increase in RQ across the leg was induced by hyperglycemia, even without elevation of
insulin or marked suppression of plasma fatty acids; an even more pronounced effect was
observed in obese, nondiabetic individuals (22). Thus, increased glucose availability
was associated with depressed reliance on fat oxidation during fasting conditions. The
elevated RQ response was associated with activation of pyruvate dehydrogenase (PDH)
in muscle (22), the outer mitochondrial membrane enzyme complex controlling entry of
glycolytic flux into the Krebs cycle for oxidation.

Thus, the pattern of glucose induced inhibition of fat oxidation in many respects is a
mirror image of the opposite pattern of perturbations induced by elevating fatty acids,
in which a blunting of the normal rise in RQ stimulated by insulin, and impaired activa-
tion of PDH are among key physiological alterations caused by elevated plasma fatty
acids (9).
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Metabolic Inflexibility

These clinical investigations began to outline aspects of “insulin resistance” in skel-
etal muscle in obesity and type 2 diabetes that were manifest during fasting conditions.
Studies performed in obesity provided a more complete picture, one that integrated the
perturbations previously well described during insulin-stimulated conditions with the
fasting phenotype. Amongst a group of forty obese but nondiabetic volunteers, equally
divided between menand women, an elevated RQ across the leg was observed compared
with the RQ of lean men and women during fasting conditions (23). During insulin-
stimulated conditions, using the glucose clamp method, the RQ across the leg increased
in lean volunteers, to a value that denoted nearly complete reliance on glucose oxidation.
However, in the obese volunteers, the values for RQ across the leg remained unchanged
from the basal value obtained after an overnight fast (23). The failure to increase RQ
across the leg under insulin stimulation was clearly a manifestation of IR, but what was
equally striking were the findings that values for RQ by muscle remained simply remained
static and inappropriate to the physiological context of either fasting or insulin-stimulated
conditions. This “metabolic inflexibility” appears to represent a detachment of muscle
to respond to normal homeostatic cues of either fasting or insulin. Furthermore, the
concept of metabolic inflexibility as a phenotype of IR in muscle raised the idea that
perhaps this might be a target for intervention, perhaps one that is in certain respects
separate from that of rectifying diminished insulin-stimulated glucose metabolism (24).

BIOCHEMICAL DETERMINANTS OF METABOLIC INFLEXIBILITY

Delineating a physiological phenotype of metabolic inflexibility, a term we have used
to describe the failure of oxidative metabolism in skeletal muscle in IR to fully adapt to
either fat oxidation during fasting conditions or glucose oxidation during insulin-stimu-
lated conditions, raised questions concerning the biochemical basis of this impairment.
In collaboration with Jean-Aime Simoneau, an examination of potential factors intrinsic
to muscle was begun; from the beginning, this work focused on mitochondria. It was
observed that muscle from obese individuals and from those with type 2 DM had
reduced activity of oxidative enzymes, such as those of the Krebs cycle and the fatty
acid B-oxidation pathway, as well as reduction in activity of carnitine-palmitoyl trans-
ferase (CPT) (25-27). Using single-fiber histochemical methods, He et al. (28) found
that muscle oxidative enzyme activity was lower in obesity and in type 2 DM regardless
of fiber type. More specific studies of mitochondria in the biopsy samples of human
skeletal muscle, by Ritov et al. (29), were used to assess activity of NADH-oxidase, the
activity of complexes I through IV of the electron transport chain (ETC) in muscle from
lean and obese nondiabetic volunteers and from those with type 2 DM. Conjunctive
studies of mitochondrial morphology were carried out using transmission electron mi-
croscopy (TEM). NADH-oxidase activity was significantly lower in skeletal muscle in
obesity compared with lean volunteers, and lower still in type 2 DM; overall, a reduction
by approx 40% was noted compared with ETC activity in muscle from lean volunteers
(30). Mitochondria were smaller in obesity and type 2 DM (30). Both of these param-
eters—ETC activity and mitochondrial size—correlated with systemic insulin sensitiv-
ity, indicating that mitochondrial dysfunction was a cell biology component of IR.
Subsequently, gene array studies of skeletal muscle have found that decreased expres-
sion of nuclear genes encoding mitochondrial proteins, including constituents of the
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ETC, occurs intype 2 DM and in those at risk for type 2 DM (31,32). Also, noninvasive
imaging of oxidative phosphorylation, using nuclear magnetic resonance spectroscopy,
indicated impaired mitochondrial function in association with the IR in those at high risk
for developing type 2 DM (33). Additionally, whereas insulin infusion was found to
induce expression of genes encoding mitochondrial proteins in muscle of lean, healthy
volunteers, this effect is blunted in type 2 DM (34).

ECTOPIC FAT IN LIVER AND MUSCLE

For at least adecade, it has been recognized that the intramyocellular content of lipids
(IMCL) can be strongly associated with IR (35). During the past several years, similar
findings with regard to hepatic steatosis have also emerged from a number of investigators.
Thus, increases of IMCL and hepatic steatosis are two aspects of body composition that
are now perceived to be closely related to the pathogenesis of IR in obesity and type 2 DM.

Skeletal muscle and liver normally contain small amounts of triglyceride, far smaller
than that contained in adipose tissue. In obesity, these repositories can be greatly in-
creased. Hepatic steatosis occurs commonly in obesity, especially in visceral obesity and
especially in type 2 DM (36), and is strongly correlated with IR. In patients with type 2
DM, the amount of insulin required to achieve glycemic control is correlated to the
amount of hepatic steatosis (37), indicating the importance of this depot to the pathogen-
esis of hepatic insulin resistance. Hepatic steatosis is also correlated with the severity of
dyslipidemia (36).

IMCL is increased in obesity, in type 2 DM, and in first-degree relatives of those with
type 2 DM. A strong possibility is that mitochondrial dysfunction limits capacity for fat
oxidation, which contributes to accumulation of IMCL. Elevated fatty acid delivery is
also a key factor leading to hepatic steatosis and increased muscle lipid content. There
are emerging data that FFA uptake into muscle, mediated by fatty acid transporters, is
increased in obesity and type 2 DM. Thus, increases of uptake in the face of reduced or
at least finite capacity for fat oxidation and energy expenditure during sedentary condi-
tions leads to triglyceride accumulation. In addition, part of the pathophysiology may
entail increases in malonyl CoA that inhibit CPT I, and thus, fat oxidation.

Although IMCL has served as a useful marker for IR in muscle, it is not clear, how-
ever, that it is specifically the accumulation of triglyceride that mediates IR. There is
uncertainty as to which aspect of IMCL induces IR. It is postulated that other lipid
moieties may actually induce signaling that mediates IR. One candidate is diacyl glyc-
erol (DAG), whichiis often increased in conjunction with IMCL and can activate protein
kinase C (PKC), certain isoforms of which lead to serine phosphorylation and impede
insulinsignaling (35). Other candidate lipids include long-chain acylCoA and ceramides.
Unfortunately, at this juncture, there are conflicting results in the literature, and a con-
sensus as to how the connection between IMCL and IR is mediated remains somewhat
uncertain. One concept is that the IMCL induces a low-grade inflammatory condition
within myocytes, and a similar postulate has gained considerable acceptance with regard
to the metabolic repercussions of hepatic steatosis as well. Part of this conundrum as to
whether IMCL is causative for IR in muscle is that IMCL is increased not only in
sedentary obese individuals but also in lean, endurance-trained athletes (38). The latter
group maintains very high levels of insulin sensitivity despite levels of IMCL that are
similar to those found in obesity. A key difference is that in muscle of lean, endurance-
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trained athletes, there is a heightened oxidative capacity and a high reliance on fat
oxidation during fasting conditions and during physical activity. This, as earlier described,
contrasts quite vividly with the suppressed oxidative capacity of skeletal muscle in obese,
sedentary individuals and with the concomitant reduced reliance on fat oxidation. So, it
is also speculated that an aspect of IMCL that triggers IR is its relationship to rates of fat
oxidation and the turnover time of lipid droplets. In athletes, the pool of IMCL would be
continually depleted by exercise and then refilled, as occurs for glycogen, whereas in
obese, sedentary individuals the pool of IMCL may stay more stagnant, perhaps vulnerable
to peroxidation and more susceptible to the generation of lipids that directly signal IR.

CONCLUSIONS

In metabolism of fatty acids, as in other domains of life, location and timing prove to
be quite crucial. Certainly one perspective concerning the pathogenesis of IR is that
accumulation of fat in the wrong locations and inopportune timing in the patterns of
reliance on fat oxidation can lead to IR and disorders of glucose homeostasis. Ironically,
one of the best therapeutic approaches to alleviate the metabolic complications of in-
duced by glucose—FFA substrate competition and ectopic fat is to promote physical
activity. Physical activity, by enhancing oxidative capacity of muscle, does help to
restore as well a greater reliance on fat oxidation during fasting conditions and restore
metabolic flexibility in suppressing fat oxidation during insulin-stimulated conditions.
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Summary

Epidemiological studies suggest that maternal undernutrition, obesity, and diabetes during ges-
tation and lactation can all produce obesity in offspring. Animal models provide a means of assess-
ing the independent consequences of altering the pre- versus postnatal environments on a variety of
metabolic, physiologic, and neuroendocrine functions that lead to the development of offspring
obesity, diabetes, hypertension, and hyperlipidemia. During the gestational period, maternal mal-
nutrition, obesity, type 1 and type 2 diabetes, and psychological, immunological, and pharmacologi-
cal stressors can all promote offspring obesity. Normal postnatal nutrition can sometimes reduce the
adverse impact of some of these prenatal factors but may also exacerbate the development of obesity
and diabetes in offspring of dams that were malnourished during gestation. The genetic background
of the individual is also an important determinant of outcome when the perinatal environment is
perturbed. Individuals with an obesity-prone genotype are more likely to be adversely affected by
factors such as maternal obesity and high-fat diets. Many perinatal manipulations are associated
with reorganization of the central neural pathways that regulate food intake, energy expenditure,
and storage in ways that enhance the development of obesity and diabetes in offspring. Both leptin
and insulin have strong neurotrophic properties so that either an excess or an absence of either during
the perinatal period may underlie some of these adverse developmental changes. Because perinatal
manipulations can permanently and adversely alter the systems that regulate energy homeostasis,
it behooves us to gain a better understanding of the factors during this period that promote the
development of offspring obesity as a means of stemming the tide of the emerging worldwide
obesity epidemic.
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INTRODUCTION

An epidemic of obesity of unprecedented magnitude is sweeping the world without
apparent regard for geographic boundaries, socioeconomic status, or degree of techno-
logical advancement (1-7). This is of particular concern because of the associated meta-
bolic syndrome (hypertension, dyslipidemia, diabetes), which raises the morbidity and
mortality of obesity (8—12). The obesity epidemic has become particularly problematic
in the United States (13-15). The prevalence of obesity has significantly increased
among the US population over the past 30 yr; data from 1999 to 2002 estimated that
almost a third of adults were obese and that this increased prevalence crossed all age,
gender, and racial/ethnic groups (16). Of even greater concern is the increasing preva-
lence of childhood obesity, which was estimated to be one in six US children from 1999
to 2002 (14-17). This is an ominous sign for the future, as maternal obesity is associated
with reduced offspring energy expenditure (18) and an increased risk of obesity (19,20).
Although most obesity follows a polygenic mode of inheritance (21-24), it is clear that
the current epidemic of obesity cannot be caused by alterations in genotype because of
the very shortinterval over which it has occurred. This makes it likely that environmental
factors have provided the impetus for the current epidemic.

Throughout human history there have been cycles of famine interspersed with periods
of plenty (25). Alhough it is controversial, the “thrifty gene” hypothesis posits that these
cycles have selected for individuals who can withstand periods of famine by being able
to ingest and store as many calories as possible during times of plenty as a buffer against
times of famine (26). The problem with such individuals comes when food is readily
obtainable at low financial and energetic cost (27). Add to this the logarithmic increase
in “supersized” portions of highly palatable, high-fat foods and the result is the recipe
for an obesity epidemic, particularly in genetically predisposed individuals.

However, the epidemic of obesity has also struck in underdeveloped countries where
periods of famine still occur. Studies of individuals who were in utero during the Euro-
pean famine that followed World War 11 suggest that maternal undernutrition during the
first two trimesters was associated with an increased risk of obesity and/or type 2 dia-
betes mellitus (T2DM) in their offspring (28-30). This led Barker (31) to postulate that
human fetuses in such circumstances adapt to a limited supply of nutrients by perma-
nently changing their physiology to become more metabolically efficient. These meta-
bolically programmed changes underlie the development of a number of diseases in later
life, including obesity, T2DM, coronary heart disease, stroke, and hypertension (29, 31—
34). Besides maternal obesity and undernutrition, both T2DM or type 1 diabetes (T1DM)
during pregnancy and lactation can also predispose offspring to develop obesity and
T2DM (35-37). Based onsuch human epidemiological dataand animal studies reviewed
below, Waterland and Garza (38) proposed the concept of “metabolic imprinting” by
which a variety of perturbations that occur during a critical developmental window will
have a persistent effect that lasts into adulthood. Because most human studies are retro-
spective and therefore uncontrolled, a number of investigators have turned to animal
models to test hypotheses about the effects of perturbing the perinatal environment on
the development of obesity and metabolic syndrome in offspring. Animal models allow
us to control for the independent effects of the pre- versus postnatal environment. They
also allow us to assess the effect of perturbations of the perinatal environment on the
function of neural pathways that are critical regulators of energy homeostasis. These
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studies can be generally grouped into those in which the entire perinatal period is manipulated
orwhere either the pre- or postnatal environment is specifically altered to affect the offspring.

GESTATION, LACTATION, AND MATERNAL ENVIRONMENT

The majority of human beings are raised with their biological mothers. This means
that they are exposed to the maternal environment throughout gestation and lactation,
as well as through the rest of their formative years. Thus, outcome in humans is
dependent not only on the biological effects of the perinatal maternal environment but
also on a number of psychosocial and socioeconomic variables. Because these variables
are not major factors in animal models, these models are best suited for investigating the
effects of altering the metabolic perinatal environment on offspring outcome. Rodent
models also have the advantage that lifelong patterns of food intake and body weight are
generally established by the second week of life as long as dietary content is held con-
stant thereafter (39,40). Whereas human studies can only suggest a relationship, it is
clear that maternal obesity throughout gestation and lactation in rats leads to the devel-
opment of obesity and metabolic syndrome in offspring (41-48). The one caveat is that
the diets required to produce maternal obesity may themselves have an effect that is
independent of the presence of obesity and a genetic predisposition to become obese. For
example, feeding dams high-fat diets throughout the perinatal period produces obesity
inall offspring in certain rat strains (44,49), whereas it is clear that genetic predisposition
is a critical determinant of the way in which such maternal diets affect the development
of offspring obesity (41,42).

To separate out the independent effects of genotype, obesity, and diet on offspring,
we used rats that were selectively bred from the outbred Sprague-Dawley strain to be
either prone or resistant to the development of diet-induced obesity (D10) on amoderate
(high-energy [HE]) fat diet (50). Similar to the inheritance of much human obesity (21),
the DIO and diet-resistant (DR) phenotypes are also inherited as polygenic traits
(43,50,51). Onalow-fat diet, DIO and DR rats are both lean. However, when the caloric
density and fat content of the diet are increased, only DIO rats become obese,
hyperinsulinemic, glucose-intolerant, hypertensive, and hyperlipidemic on the HE diet
(50,52-55). The phenotype of the DIO and DR rats has remained stable for more than
35generations (50,55), making these rats ideal for the separating the genetic from dietary
factors influencing the development of obesity in offspring. When DIO dams were made
obese on an HE diet throughout gestation and lactation, their offspring became more
obese than those of DIO dams fed a low-fat diet. But dietary fat was not the critical
determinant of this obesity, as offspring of DR dams fed an HE diet became no more
obese than those of dams fed a low-fat diet (41,42). Furthermore, the presence of mater-
nal obesity also had no impact on offspring of DR dams. Offspring of DR dams made
obese during gestation and lactation on a highly palatable diet became no more obese
than those whose dams remained lean on either a low-fat or an HE diet. These studies
demonstrate how important the interactions among genotype, diet, and the metabolic
state of the dam are on the development of offspring obesity. They also strongly suggest
that an obesity-prone genotype is a critical determinant of the outcome of manipulations
of the perinatal environment.

Besides genetic background, the macronutrient composition of the maternal diet has
important independent effects on the development of offspring obesity. Although maternal
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high-fat diets generally promote offspring obesity (44,49), this effect is dependent on the
type of fats in the diet. Diets with high omega-6 fatty acid contents produce obese
offspring with increased hepatic lipid content and hepatic insulin resistance (56). On
the other hand, diets high in essential fatty acids fed to dams throughout late gestation
and lactation have the opposite effect: they appear to protect against offspring obesity
and insulin resistance (57-59). Maternal diets high in carbohydrate content can have a
similar protective effect on offspring (60) and can actually alter the preference for
carbohydrates in offspring when fed to dams throughout gestation and lactation (61).
Protein content of the maternal diet is also important. When dams are fed a severely
protein-restricted diet throughout gestation and lactation, their offspring become obese,
insulin-resistant, hyperlipidemic, and hypertensive as adults. These adverse outcomes
are magnified even more when the protein-restricted diet is replaced by a highly palat-
able one atweaning (62,63). This outcome isalso dependent on gender. Female offspring
of damsthat are protein-restricted throughout gestation and lactation actually have lower
body weights, food intake, and increased insulin sensitivity as adults (64).

Finally, maternal diabetes also has a deleterious effect on offspring. Mothers with
T2DM produce offspring that become obese and have abnormalities of insulin secretion
(65), whereas T1DM during pregnancy produces both cardiovascular dysfunction (66)
and accelerated growth through the first 6 to 10 wk of adult life (67).

Prenatal Influences on Offspring

Itis not surprising that major alterations in the metabolic milieu in which a fetus grows
can markedly affect its development. Cross-fostering studies in which pups are placed
with surrogate dams shortly after birth suggest that prenatal factors account for 61 to 96%
of the variance in body weight gain in male and 35 to 92% in female offspring (68).
Offspring of dams fed a high-fat diet during gestation became more obese than those
whose dams were fed a low-fat diet, even if the high-fat offspring were fostered with
dams on a low-fat diet throughout lactation (49,69). As suggested by human epidemio-
logical studies, malnutrition during gestation can also result in obese offspring. To
model these studies, Jones and colleagues (70,71) restricted the caloric intake of dams
by up to 50% during the first two trimesters of pregnancy. Male (but not female) off-
spring of these calorically restricted dams became hyperphagic, gained more weight
beginning at weaning (71), and became obese as adults (70,71). This finding may be
dependent on the specific rat strain used, as others found that gestational undernutrition
produced obese female but lean male offspring (72). The timing of caloric restriction
during gestation in rats may also not be as critical as it appears to be in humans, as 30%
caloric restriction during the last trimester produced obesity in offspring of dams with
an obesity-prone, insulin-resistant genotype (43). Also, severe maternal undernutrition
(70% caloric restriction) throughout the entire pregnancy produced low-birthweight
offspring that had stunted linear growth but then became hyperphagic, obese,
hyperinsulinemic, hypertensive, and hypoactive as adults (73,74).

Maternal exposure to a variety of stressors during gestation can also affect offspring
development. Administration of endotoxin (75), tumor necrosis factor-o, or interleukin-
6 (76) to dams during the first two trimesters of gestation produces offspring that become
obese as adults. Somewhat paradoxically, immunosuppressant corticosteroid (dexam-
ethasone) injections of dams during the first two trimesters produced effects on offspring
that were virtually identical to those seen in offspring of dams injected with
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Table 1
Prenatal Factors That Influence Body Weight of Offspring

Factors That Promote Obesity in Offspring
— Maternal dietary factors
e High-fat diets (49,69)
 Diets high in omega-6 fatty acids (56)
e Protein-restricted diets (62—64)
e Energy-restricted diets (28-30,43,70,71-74)
— Maternal type 1 or 2 diabetes (35-37,65,86)
— Maternal insulin treatment (82,83)
— Maternal stress hormones and cytokines
« Endotoxin (75)
e Tumor necrosis factor-o. (76)
 Interleukin-6 (76)
» Dexamethasone (43,76)
Factors That Protect Against Development of Obesity in Offspring
— Maternal dietary factors
 Diets high in essential fatty acids (57-59)
 Diets high in carbohydrate (60)

proinflammatory agents over this same period (76). However, dexamethasone injections
during the third trimester can also produce obesity and insulin resistance in offspring of
dams with a genetic predisposition to develop insulin resistance and DIO (43). Thus,
depending on the type and timing, a variety of maternal stressors during gestation can
promote obesity and insulin resistance in adult offspring.

The hormonal milieu to which the fetus is exposed during gestation can also have a
major impact on its development. Both insulin and leptin are important in this regard.
Aside from itsrole in glucose homeostasis, insulin has important trophic properties on neural
development (77-79). Although not all studies agree (80), maternal insulin may actually
cross the placenta and enter the fetal circulation (81). This could explain why offspring
of rat dams injected daily with insulin during the last trimester develop obesity as adults
(82). In keeping with its neurotrophic properties, such gestational insulin injections lead
to major alterations in the development of hypothalamic norepinephrine circuits (82,83).
Maternal hyperinsulinemia and hyperglycemia, such as that which occurs in gestational
diabetes, can increase glucose transport across the placenta (84), leading to fetal hyperg-
lycemia and hyperinsulinemia (85). This prenatal environment is associated with
increased fetal weight (86). On the other hand, the low birthweight of offspring of
mothers with T2DM might be caused by insulin resistance that develops in the fetus,
causing reduced effectiveness of insulin as a trophic factor and resultant in utero growth
retardation (87). As with exogenous administration of insulin (82,83), offspring of dams
with hyperinsulinemia during gestation have abnormal hypothalamic norepinephrine
(NE) circuitry inassociation with adult obesity (41,42). However, this outcome is depen-
dent on genotype, as it occurs in offspring of hyperinsulinemic DI1O but not DR dams.

Leptin also significantly affects the developing fetus and its nervous system (88 —93).
Leptin also plays a role in embryo implantation (94). A significant amount of leptin is
produced by the placenta (95,96) and cord blood leptin levels correlate positively with
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birth weight and body mass index (97). Insulin treatment of TADM mothers increases
placental leptin production (98), leading to increased cord-blood leptin levels (99). In
normal pregnancies, maternal leptin levels increase progressively during gestation and
are higher at term than in nonpregnant women (100). Besides being produced by the
placenta, leptin undergoes transplacental transport. In keeping with rising maternal
leptin levels, placental transport and the resultant fetal plasma leptin levels are increased
10-fold during the last trimester of gestation (101). Thus, both maternal obesity and
hyperinsulinemia can produce fetal hyperleptinemia. Since leptin has neurotrophic prop-
erties, such hyperleptinemia might have a major impact on brain development and the
central pathways involved in energy homeostasis (93,102,103).

Postnatal Influences on Offspring

Although the prenatal environment has a major impact on the developing fetus, a
number of postnatal factors can alter the development of ingestive behavior in neonates
and predispose them to develop obesity and metabolic syndrome as adults. Metabolic,
hormonal, and behavioral interactions of pups with their dams are critical factors in this
regard. Maternal milk is composed primarily of fatty acids (104-106) and the compo-
sition of milk understandably has a major impact on the developing neonate. Because
maternal milk contains more fat than carbohydrate, neonates utilize fatty acids and
ketone bodies as their primary energy substrates. During suckling, neonates transport
ketone bodies preferentially over carbohydrates across the blood-brain barrier, and
ketone bodies serve as the primary energy substrate for neuronal and glial metabolism
(107,108). Blockade of both fatty acid oxidation (lipoprivation) (109) and glucose oxi-
dation (glucoprivation) (110) increase food intake in adults. But, despite the high lipid
content of their diets, feeding in response to such lipoprivation does not develop in rat
pups until 12 d of age, and glucoprivic feeding does not occur at any time during suckling
(111-113). Nor are gastric filling or postaborptive metabolic signals major determinants
of intake in neonates as they are in adults. Rather, osmotic load appears to be the most
important regulator of feeding (113,114). This osmoregulatory effect may be mediated
by cholecystokinin (CCK), which can cause satiety in neonates as early as the second
week of life (115).

As would be expected, maternal diet is a primary determinant of milk composition.
“Cafeteria diets” composed of highly palatable junk foods increase the long-chain and
decrease the medium-chain fatty acid content of maternal milk and have an additive
effect to the presence of maternal obesity in lowering the protein and raising the long-
chain fatty acid content of milk (104). Diets high in polyunsaturated fatty acids have the
effect of lowering pup body weight and adiposity and leptin levels (58). Feeding dams
ahigh-fatdietalso accelerates the onset of independent feeding in neonates by 1to 2 days
(116) in association with increased weight gain (117) and the development of hyperten-
sionand abnormal glucose homeostasis as adults (118). Furthermore, feeding successive
generations of dams a high-fat diet leads to progressive increases the level of obesity of
their offspring (119). This feed-forward effect may have important relevance to the
increasing incidence of obesity in the developed world.

Under conditions somewhat comparable to bottle-feeding, high-carbohydrate diets
can produce obesity in pups. When pups are artificially raised away from their dams and
fed a high-carbohydrate diet by gastric tube, they develop obesity and insulin resistance
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Table 2
Postnatal Factors That Affect the Risk of Developing Obesity

Factors That Promote Obesity in the Pup
— Maternal high-fat diet (117-119)
Maternal high-carbohydrate diets (120-124)
Small litter size (39,40,128-132,136)
Being raised by an obese dam (137,138)
Hypothalamic Insulin administration (150)
Factors That Protect Against the Development of Obesity in the Pup
— High polyunsaturated fat diet (58)
— Being raised by an obesity-resistant dam (137,138)
— Being raised by a diabetic dam (140)
— Large litter size (39,128-131)
— Leptin administration (90,1443,144)

as compared to those fed either a low-fat, low-carbohydrate, or high-fat diet (120-123).
This effect is most marked in female offspring (123,124); therefore their obesity carries
forward to their offspring, even when those offspring are raised under normal perinatal
conditions (123). Finally, whereas maternal protein malnutrition during pregnancy low-
ers offspring birthweight, this effect can be overcome by fostering those offspring with
dams fed anormal diet postnatally. Unfortunately, such “recuperated” offspring become
more obesity-prone and develop hypertension when subsequently fed a cafeteria diet
(62,125,126), suggesting that the increased metabolic efficiency developed by the
fetuses in utero predisposed them to become obese as adults (127). As with artificial
rearing on high-carbohydrate diets, this effect of gestational protein malnutrition carries
over into subsequent generations (64). Again, these feed-forward effects might be an
important contributor to the upward spiral of obesity incidence in our society.

The quantity of food available during suckling is also a determinant of the develop-
ment of obesity in pups. Kennedy first used large and small litter sizes as a strategy to
alter the intake of neonates (39). He, and later others, showed that rat pups raised in small
litters were heavier at weaning and gained more weight as adults, whereas those raised
in large litters gained less weight than pups raised in normal-size litters (39,40,128-130).
These differences in weight gain appeared to be due to early differences in milk avail-
ability and intake (39,130). The increased weight gain of adult rats raised in small litters
is associated with the development of obesity (128,129,131,132), hyperleptinemia (133),
abnormal insulin secretion (134), insulin resistance (132), and dyslipidemia (135). Inter-
estingly, the postweaning weight gain seen in the original Kennedy study was not asso-
ciated with increased intake as a function of body weight (39), suggesting that reduced
energy expenditure rather than actual hyperphagia was responsible for the subsequent
development of obesity (136). Thus, the amount of milk consumed during the suckling
period and the content of that milk, as determined by maternal diet and metabolic status,
can have an enormous impact on the subsequent development of obesity.

Although maternal obesity and gestational diabetes promote the development of
obesity and insulin resistance in offspring, cross-fostering studies demonstrate that
altering the postnatal maternal environment can overcome even genetic predisposi-
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tions to become obese or lean. Raising pups with an obesity-prone genotype with an
obesity-resistant dam can attenuate their development of insulin resistance and/or obe-
sity, whereas raising obesity-resistant pups with genetically obese dams causes them to
develop obesity and insulin resistance (137,138). Also, pups born to mothers made
diabetic during gestation are heavier and hyperinsulinemic at weaning (65,139), whereas
offspring of normal dams fostered to diabetic dams develop early postnatal growth delay
and decreased body weight gain (140). Whereas stressing the dam during the last trimes-
ter of gestation produces smaller, obese offspring (43), this effect can be reversed by
handling the pups repeatedly during the postnatal period (141).

Both leptin and insulin can affect development during the postnatal period. Rat
pups are born relatively undeveloped as compared with human infants. They have little
body fat and produce very little leptin over the first 7 to 10 d of life (142). Depending
on the doses given, pups may (90,143,144) or may not (89) respond to exogenous leptin
administration by reducing their weight gain or adiposity during this period. It is likely
that leptin given during this early postnatal period primarily increases metabolic rate
rather than reducing food intake (145). Elevated leptin levels in the milk of obese dams
might alter the metabolism of their pups through a similar mechanism, as leptin can be
absorbed from the milk and enter the circulation of the pup during this early postnatal
period (146-149). When leptin is administered orally to pups at 4 d of age, it not only
reduces their adiposity and brown adipose tissue thermogenic capacity but also decreases
theirendogenous production of leptin (149). Aside from altering metabolic rate, leptin also
acts on the developing neonatal nervous system through its neurotrophic properties
(102,103). For example, the hypothalamic pathways that are critical regulators of energy
homeostasis do not develop normally in the absence of leptin or intact leptin signaling
(91,93). Exogenous leptin administration during the first 2 wk of life to normal animals
can also affect the development of these pathways (90). Insulin may also play an impor-
tant neurotrophic role during this critical period. Direct injections into the rat hypothala-
mus on the eighth day of life significantly alter the development of hypothalamic areas
involved in the control of energy homeostasis in normal rats (150).

PERINATAL ENVIRONMENT AND BRAIN DEVELOPMENT

The brain is undoubtedly the master controller of energy homeostasis, but it requires
neural, hormonal, and metabolic signals from the body and external environment to
perform this task. Mammals have evolved a unique set of “metabolic sensing” neurons
to receive these multiple inputs from the periphery. These neurons are arrayed in mul-
tiple interconnected sites throughout the brain (151-154). These neurons were originally
recognized as “glucose-sensing” because, unlike most neurons that use glucose only to
fuel their metabolic needs, these neurons utilize glucose as a signaling molecule to
alter their firing rate when ambient glucose levels change (155,156). It is now clear that
many of these same glucose-sensing neurons also utilize metabolites such as lactate
(157-159), ketone bodies (160), and fatty acids (161) as signaling molecules. They also
have receptors for and respond to hormones such as leptin and insulin (162-166). Because
of their ability to use metabolic substrates, as well as hormones and peptides associated
with adiposity, gut function, and feeding, we have called them “metabolic-sensing”
neurons (153,167). Hindbrain areas such as the nucleus tractus solitarius, area postrema,
raphe pallidus and obscurus, and A2/C2 areas contain such metabolic sensing neurons
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(168-174). Some of these receive direct neural inputs from sensors in peripheral organs
such as the gastrointestinal tract and hepatic portal vein (169,175-177). Metabolic sens-
ing neurons within the hindbrain express the monoamines NE, epinephrine (Epi), and
serotonin (5HT) (168,170,172) and neuropeptides such as neuropeptide Y (NPY) and
pro-opiomelanocortin (POMC) (178,179). These hindbrain neurons relay information
from the periphery to hypothalamic areas that mediate feeding behavior and metabolic
processes involved in the control of energy homeostasis (179-184), as well as to limbic
and forebrain structures involved in the affective and rewarding properties of food
(185,186). Metabolic sensing neuronsalso reside in the hypothalamus. Neurons express-
ing NPY and POMC in the hypothalamic arcuate nucleus (ARC) receive inputs from
hindbrain metabolic sensing neurons, as do several neuropeptide and neurotransmitter
expressing neurons within the paraventricular nucleus (PVN) and lateral hypothalamus
(LH). The PVN and LH are major effector areas involved in neuroendocrine function,
food intake, energy assimilation, and energy expenditure (180-183,187-190).

Although much more of brain development occurs postnatally in rodents than it does
in primates (92,191-194), there are enough similarities that we can learn a great deal
from developmental studies in rodents. Neuropeptides and neurotransmitters affecting
various aspects of energy homeostasis can be grouped according to their predominantly
catabolic, anabolic, or reward-related properties. Many neuropeptide and transmitter
systems also serve other functions besides the regulation of energy homeostasis. How-
ever, regulation of energy homeostasis seems to be the primary role of ARC and hind-
brain NPY and POMC neurons (92,195-202). Neuropeptide Y is a prototypic anabolic
neuropeptide that increases food intake and decreases energy expenditure when injected
into areas around the hypothalamus (195-197,203). POMC is the precursor of a-mel-
anocyte-stimulating hormone (a-MSH), which is a prototypic catabolic peptide that acts
on melanocortin 3 and 4 receptors (MC3/4R) to inhibit intake and increase energy
expenditure (198,204-207). The ARC NPY neurons also produce agouti-related peptide
(AgRP), which is a unique neuropeptide as it is the only known example of an endog-
enous inverse agonist (functional antagonist) of the MC3/4Rs (208-210). Thus, activa-
tion of ARC NPY neurons leads to the release of both a potent anabolic peptide and a
potent inhibitor of the catabolic melanocortin system. The anabolic NPY and catabolic
POMC neuron projections from the ARC to the neurohumoral output neurons inthe PVN
and LH overlap almost completely. In rats, these projections from the ARC do not reach
their targets until the eighth to tenth day of life (92,191,192). Hindbrain NE and Epi
neurons also project to hypothalamic targets, where they modulate the expression and
release of NPY, AgRP and o-MSH (182,183,211). But these catecholamine neurons do
not fully innervate their hypothalamic targets until the end of the third postnatal week
in rats (193).

Although human and rodent brains develop at different pre- and postnatal stages, the
same general principles apply. The development of a coherent, distributed network of
metabolic sensing neurons and their efferent pathways is dependent on the preprogrammed
arrival of afferents, which then determine the function of target neurons (212). This
programming is dependent on an number of trophic factors, which include leptin and
insulin (91-93,102,213-216). Because the development of critical pathways involved in
energy homeostasis in rodents continues well into the postnatal period, it can be influ-
enced by both pre- and postnatal environmental conditions. It is likely that similar
principles hold for human beings, although the timing of pathway development occurs
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earlier than in rodents. In rats, maternal obesity throughout gestation and weaning has
a major impact on the development of monoamine pathways from the hindbrain to the
hypothalamus. Offspring of obese dams with a genetic predisposition to develop DIO
have abnormal development of both NE and 5HT projections to the hypothalamus (42).
These offspring become more obese as adults in association with a reduced complement
of NE reuptake transporters in the PVN as compared to that seen in offspring of either
lean or obese obesity-resistant dams or lean DIO dams (41,42). Because NE is removed
from the synapse after release primarily by reuptake into NE axon terminals, reduction
of reuptake transporters would increase synaptic NE availability at receptors. This should
predispose such animals to become obese, as acute injections of NE into the PVN
increase food intake and chronic administration causes hyperphagia and obesity
(217,218). Thus, the reduced complement of NE transporters in the PVN of offspring of
obese DIO dams may explain why they become obese and hyperinsulinemic as adults,
even when fed low-fat diets from weaning (41).

Obese DIO dams are hyperinsulinemic during gestation and lactation (41). Maternal
hyperinsulinemia may promote offspring obesity. Injection of insulin into nonobese
dams during the last trimester is produces obese offspring that have increased PVN NE
innervation and release (82,83). This similarity to the offspring of obese DIO dams
suggests that gestational hyperinsulinemia leading to increased PV N synaptic NE levels
may be a common factor promoting offspring hyperphagia and obesity. Because leptin
also has trophic effects on neural pathways, hyperleptinemia associated with maternal
obesity might also play a role in promoting offspring obesity. Leptin is secreted into the
milk and can elevate plasma leptin levels in pups that ingest it (146,149). Thus, maternal
hyperleptinemia might alter development of pathways in the pups by direct transfer from
the dams’ milk to the pups’ bloodstream (90).

Once obesity develops, it effectively becomes a permanent condition, particularly in
genetically predisposed individuals (219-223). This appears to be due to a neural set
point that resides in the network of metabolic sensing neurons involved in energy ho-
meostasis and is determined by a host of factors including genetic predisposition, diet
composition, sex, and environmental conditions (220,221,224-231). Regardless of the
starting point, the brain and periphery interact to preserve adipose stores when food
supply is limited. Thus, during prolonged periods of caloric restriction, rats and humans
maintain a reduced level of energy expenditure (219,222,223,232). When allowed ad
libitum access to food, they increase their intake and maintain a reduced level of energy
expenditure until they regain their previous level of obesity (220-223). This protective
mechanism undoubtedly underlies the high recidivism rate in the treatment of human
obesity (233,234). Thus, the best “treatment” for obesity is probably primary prevention.
This is particularly the case in certain individuals who appear to have their neural cir-
cuitry wired in such a way as to promote the development of obesity when they are
presented with a diet relatively high in calories and fat content. For example, rats that
express the DIO genotype have a number of inborn abnormalities of oxidative metabo-
lism (235), leptin (236,237) and insulin sensitivity (238), glucose-sensing (187,239-
241), and neuropeptide (242,243) and neurotransmitter function (244-249) that
predispose them to become obese when fed a high-fat diet. In many cases, development
of obesity on such diets in adult rats is associated with actual normalization of these
neural functions, suggesting that obesity might be the “normal” physiologic state of
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these animals (225,240,244,246,249-251). Whereas the function and anatomy of these
pathways can be altered in adults, the developmental period is the most important time
for intervening in obesity-prone individuals. Injection of dams and the injection of dams
(82,83) and neonates with insulin (252) alters development of several neural pathways
involved in the regulation of energy homeostasis. So does raising rats in large or small
litters (253-256), feeding dams either a high-fat or high-carbohydrate diet (60,257—
259), gestational diabetes (260) and maternal undernutrition (261). The majority of
changes in neural function induced by these manipulations promote the development of
obesity and/or insulin resistance, especially when the individual is exposed to high-fat
diets later in life.

CONCLUSIONS

A variety of perturbations of both the pre- and postnatal environments can alter
ingestive behavior and energy expenditure and storage in offspring. The outcome of such
perturbations is dependent on both the genetic background and gender of the offspring.
Many of these manipulations permanently alter the development of neural pathways
involved in the regulation of energy homeostasis, leaving the individual with a raised
body weight set point that predisposes them to become obese when food is abundant and
the energy expenditure required to attain food is minimized. Given the worldwide obe-
sity epidemic and the particularly high rate of obesity in children, it is likely that initial
prevention will be the most effective way to stem the tide of this epidemic. Thus, it is
imperative that we gain better insights into the conditions that promote or ameliorate the
development of obesity during the perinatal period.
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Summary

This chapter examines common methods for measuring body composition in obesity. These
methods range from simple anthropometric measures that indirectly assess adiposity to more com-
plex measures such as magnetic resonance imaging (MRI) and computed tomography (CT) that are
able to directly measure numerous tissues in vivo. Anthropometric measurements are inexpensive,
and are readily used in clinical settings and epidemiological studies, but lack precision to accurately
quantify specific fat depots. On the other hand, imaging techniques such as MRI and CT are asso-
ciated with high accuracy, but are limited by their availability and high cost. Application of other
body composition measurement techniques such as dual-energy X-ray absorptiometry and magnetic
resonance spectroscopy will also be considered. The focus of this review is on strengths and limi-
tations of these body composition measurement techniques, and how they advance our understand-
ing of how body composition influences the associations between obesity, morbidity, and mortality.

Key Words: Magnetic resonance imaging (MRI); magnetic resonance spectroscopy (MRS);
computed tomography (CT); visceral adipose tissue; waist circumference; waist-hip ratio; fat dis-
tribution; liver fat.

INTRODUCTION

Interest in the measurement of body composition in obesity research is largely moti-
vated by discovery of the underlying associations with morbidity and mortality. Obesity-
related health risk is typically identified in large-scale, epidemiological studies that
employ simple anthropometric methods (e.g., body mass index [BMI] and/or waist
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circumference) to identify the phenotypes associated with the greatest health risk. The
findings from epidemiological studies identify targets for studies that use sophisticated
methods such as magnetic resonance imaging and computerized tomography to measure
body-composition components that help explain the associations between anthropomet-
ric measures and obesity-related health risk. In this chapter we examine the strengths and
limitations of common methods for measuring body composition in obesity, and discuss
how these measures advance understanding of the mechanisms that link obesity, mor-
bidity, and mortality.

ANTHROPOMETRY

Anthropometry is the science of measuring the human body, and includes measures
such as weight, stature, girth, skinfolds, and body diameters. Anthropometric measures
have been employed extensively to determine the association between obesity and related
morbidity (1-6) and mortality (1,7-12). It is generally assumed that the associations
between anthropometric measures and health risk are explained by the corresponding
ability of anthropometry to predict body composition—in particular, body fat distribu-
tion independent of gender, age, and race. Although this may be true from a population
perspective, the utility of anthropometric measures to determine human body composi-
tion on an individual basis is limited.

Body Mass Index

BMI is the measure commonly used in clinical settings for the identification of indi-
viduals at increased health risk. BMI is calculated using an individual’s weight in kilo-
grams divided by their height in meters squared. Height and weight are relatively simple
measures, but in large studies they are often collected by self-report. Both men and
women tend to overestimate their height and underestimate their weight, wherein the
overestimation of height is increased with decreasing height, and the extent of the under-
estimation of weight is increased with increasing weight (13). Accordingly, reports sug-
gest that as many as 41% of men and 27% of women self-report as being overweight or
normal weight (13), when in fact they are obese.

BMI is positively associated with morbidity (1,2) and has a U- or J-shaped relation-
ship with mortality (1,7-9). Based on the associations among BMI, morbidity, and
mortality, BMI categories for normal weight (18.5-24.9 kg/m?), overweight (25.0-29.9
kg/m2), and obese (=30.0 kg/m?2) have been established for the Caucasian population
(14).

It is commonly held that a high BMI is associated with increased health risk or
mortality because of its association with adiposity. Indeed, within a given population,
BMI is positively associated with adiposity (Fig. 1). It is noteworthy, however, that this
relationship is altered by numerous factors such as age (15), gender (15), race (16), and
physical activity patterns (17). For example, for a given age and BMI, women tend to
have 12% more body fat than men (15). Similarly, for a given BMI, white men aged 60
to 79 yr tend to have 4 to 5% more body fat than white men aged 20 to 39 years (15).

It is important to appreciate that although there is a strong association between BMI
and adiposity within a given population, BMI is a poor indicator of adiposity and/or lean
mass on an individual basis. Indeed, despite presenting with a common BMI, adiposity
levels between individuals may vary substantially (Fig. 1). Interestingly, it is reported
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that factors that influence the association between BMI and adiposity may also influence
the association between BMI and health risk (8,16,18). For example, Stevens et al. (18)
report that mortality risk at a given BMI decreases with age. In other words, having a
BMI of 29 is associated with a greater relative risk of death in individuals 30 to 44 yr of
age than individuals greater than 65 yr of age. Similarly, it has been proposed that the
mortality rate associated with a given BMI is higher in men than in women (8).

Race also influences the level of adiposity for a given BMI (16) and may explain why
observational studies report very high incidences of obesity-related metabolic disorders
despite a very low obesity prevalence when using the Caucasian BMI cut-points in some
Asian populations (16). Consequently, in 2004 the World Health Organization released
revised BMI cut-points for certain Asian populations that were derived to reflect body
fat values similar to Caucasian populations (19). However, mortality studies in Asian
populations (20,21) show a similar J-shaped pattern with increasing BMI and mortality,
wherein the nadir of the curve lies around 22 to 26 kg/m2, a finding that is quite compa-
rable to those in Caucasian populations (8,9). Thus, although itis clear that adiposity and
health risk tend to increase with increasing BMI independent of age, gender, and race,
the magnitude of the increment in adiposity and health risk with increasing BMI is
influenced by these factors, and are therefore important to consider when examining
these relationships.

There isalso substantial evidence that a low body mass or BMI may also be associated
with increased health risk and mortality (9). It is thought that a low BMI may be indica-
tive of low lean mass representing a separate pathway linking BMI with disease (9). In
fact, BMI is positively related to lean and skeletal muscle mass in both men and women,
although there is a clear gender difference in this association (Fig. 1). However, the
relationship between skeletal muscle mass and BMI is also influenced by age (22) and
physical activity patterns (23). Further, as with total adiposity, substantial interindividual
variation in lean and skeletal muscle mass exists for a given BMI. These observations
confirm that determination of body composition using BMI on an individual basis is
limited.

Waist Circumference

In 1947, Jean Vague (4) first recognized the importance of fat distribution in the
assessment of health risk. Vague suggested that a preferential deposition of fat within the
abdominal area, or an android body shape, may be associated with more deleterious
outcomes than fat deposition in the lower body, or a gynoid fat distribution. Subsequent
to this initial observation, a substantial amount of research has indicated that excess
abdominal adiposity is associated with increased health risk. Abdominal obesity is com-
monly assessed using waist circumference, and it is now established that waist circum-
ference is associated with morbidity and mortality independent of BMI (5).

Despite a growing literature establishing waist circumference as an independent pre-
dictor of morbidity and mortality (12), absent is a consensus as to the ideal placement
of waist circumference when measuring abdominal obesity. Common landmarks
include the visible narrowing of the waist, last rib, top of the iliac crest, or the
midpoint between the last rib and the iliac crest. However, review of the literature
reveals that waist circumference measures have been taken anywhere within a region
bordered by the sternum to the iliac crest in the upright or supine position. Fortunately,
waist circumferences at different measurement sites tend to be highly correlated, and
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Waist Circumference

(cm)*
Men Women
Last Rib 89.89(0.9) 84.2% (0.6)

Narrowest Waist 88.8 (0.7) 82.8Y (0.6)
Midpoint® 90.3% (0.7)  85.6° (0.8)
lliac Crest 90.32 (0.6) 87.47(0.7)

* Values are Mean (Within Subject Variation)
Men (n=49), Women (n=62)

Fig. 2. Comparisons among waist circumference measures at four different measurement sites
in men and women. Within-subject variation based on repeat measurements on the same day in
49 men and 62 women. T Midpoint between the last rib and the iliac crest. Adapted from Table
3, ref. 24.

Seidell et al. (3) report that the associations between waist circumferences and serum
lipids were not significantly altered by measurement site. However, Wang et al. demon-
strated that there isa substantial difference (~4.5 cm) in the absolute waist circumference
measured at the minimal waist versus the iliac crest in 62 women with a wide range in
age (36 + 18, 7-76 yr) and adiposity (BMI: 26 + 8, 9-43 kg/m?) (24) (Fig. 2). Conversely,
in a similar group of 49 men (age: 37 £ 16, range 10-83 yr; BMI: 25 = 5, range 10-32
kg/m?2) this difference between measurements across the four sites was seen to be quite
modest (~1.0 cm). Owing to these differences in measurement site and methodology, it
is often difficult to compare waist circumference measures across studies or to create
meaningful guidelines for clinicians or the general population.

The National Institutes of Health (NIH) has published sex-specific waist circumfer-
ence cutoffs (men: 102 cm, women: 88 c¢cm) to denote health risk in all individuals,
regardless of their BMI (25). However, unlike the BMI categories, these waist circum-
ference cutoffs were not determined using the association with morbidity or mortality,
but were derived by using the waist circumference values that corresponded to a BMI of
30 in Caucasian men and women, respectively. These waist circumference cut-points
appear to be appropriate for non-Hispanic blacks and Mexican Americans (26), but are
likely too high for most Asian populations (27). The appropriate cutoffs that should be
employed to determine health risk in those populations remain the subject of investigation.

It is also important to note that men and women tend to underestimate their waist size
when measured using a traditional measuring tape, wherein the underestimation increases
with increasing waist size (28). Consequently, only 35.5% of abdominally obese men
(=102 cm) and 44.9% of abdominally obese women (=88 cm) correctly classified them-
selves into the highest health risk category. However, the good news is that when those
same individuals used a tape measure with a spring mechanism, the error of measurement
was reduced to 0.5 cm and 0.4 cm in men and women, respectively, and only 2% of the
sample misclassified their waist circumference category. This suggests that spring-loaded
tape measures may be a useful tool for minimizing the underestimation of waist circum-
ference and may provide an accurate method for self-assessment of health risk.
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Fig. 3. Relationship between waist circumference and visceral and abdominal subcutaneous fat
inmen and women. Men (closed diamonds, solid line, N =230), Women (open diamonds, dashed
lines, N = 251). Adapted from ref. 40.

The association between waist circumference and health risk may be explained by its
corresponding association with abdominal subcutaneous and/or visceral fat (Fig. 3).
Indeed, waist circumference is a strong predictor of both visceral fat (r = 0.64-0.89) (29—
35) and abdominal subcutaneous fat (r = 0.53-0.98) (30-35). Because visceral fat is a
strong correlate of morbidity (36—39) and mortality (12), considerable attention has been
given to the ability of waist circumference to predict visceral fat. Although itis clear that
waist circumference is the single best anthropometric predictor of visceral fat, substan-
tial interindividual variation in visceral fat deposition exists for a given waist circumfer-
ence. Previous studies report that the error associated with estimates for visceral fat using
waist circumference is approx 25 to 35% (29,31-33). The substantial interindividual
variation is explained in large measure by corresponding variation in the relationship
between visceral and subcutaneous fat. In other words, the relationship between visceral
and subcutaneous fat varies substantially among individuals (33,35).

There are also many factors such as age, gender, and fitness that influence the relation-
ship between waist circumference and visceral fat and abdominal subcutaneous fat
(17,40,41). For a given waist circumference, the amount of visceral fat would be
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expected to be greater in an older individual than in a younger individual, and for a given
age, men would be expected to have a greater amount of visceral fat than women. For
example, an older man (>50 yr of age) with a waist circumference of 102 cm would be
expected to have 70% more visceral fat than would a 25-yr-old man with the same waist
circumference, and 140% more visceral fat than a 25—yr-old woman (40). It is unclear
whether race influences the quantity of visceral fat for a given waist circumference, but
it may explain why waist circumference cut-points sometimes differ between races.

Although often overlooked, BMI is also a significant predictor of regional fat depots
such as visceral or abdominal subcutaneous fat. Studies generally report weaker corre-
lation coefficients for BMI and visceral fat (r = 0.41-0.85) (29-35), but similar corre-
lation coefficients for abdominal subcutaneous fat and BMI (r = 0.52-0.94) (29-35) as
compared to waist circumference. Furthermore, BMI is a significant predictor of regional
fat depots such as visceral or abdominal subcutaneous fat, independent of waist circum-
ference (30).

It is interesting to note that in our study sample (42-45) waist circumference is also
positively associated with whole body skeletal muscle mass and lean mass with associa-
tions that are quite comparable to those observed using BMI (Fig. 4). However, similar
to BMI, there is substantial interindividual variation in lean and skeletal muscle mass for
a given waist circumference.

Waist-to-Hip Ratio

Another anthropometric measure used for characterizing obesity phenotype is the
waist-to-hip ratio (WHR). Several prospective epidemiological studies in the 1980s
reported that WHR was a significant predictor of type 2 diabetes (6), coronary heart
disease (46), cardiovascular disease, and death (10,11) in both men and women. Subse-
quently a plethora of studies have confirmed these initial observations. In particular, a
recent large epidemiological study reported that WHR was a significant predictor of
myocardial infarction in a sample of 27,000 men and women with a large range in age
and adiposity from 52 countries. In fact it was reported that WHR was a stronger predic-
tor myocardial infarction than BMI or waist circumference alone (47).

Similar to waist circumference, WHR is a significant correlate of visceral fat in men
(r=0.56-0.90) (32-35,48-50) and women (r =0.31-0.68) (29,32,35,48-50). Similarly,
WHR is a significant correlate of abdominal subcutaneous fat (r = 0.42-0.76) (33—
35,51). Although these associations are generally similar to those observed for waist
circumference and BMI, a WHR score can be difficult to interpret, as an elevated waist
circumference or a low hip circumference may be responsible for an elevated WHR. As
mentioned above, waist circumference is positively related with whole-body skeletal
muscle mass. However, waist circumference is more strongly associated with abdominal
and total adiposity than skeletal muscle, especially in women (Fig. 4).

As assessed by a single abdominal magnetic resonance imaging (MRI) image at the
L4-L5 intervertebral space, there is 1.6 to 4.8 times more fat than skeletal muscle in
obese men and 2.1 to 7.3 more times more fat than skeletal muscle in obese women
(unpublished data). Thus, differences in waist circumference are more influenced by
adiposity as opposed to skeletal muscle. This is not true for hip circumferences, as the
ratio of subcutaneous fat to skeletal muscle area is much more variable. For example, as
assessed by a single MRI image at the hip, the ratio of fat to skeletal muscle can range
from 0.3to 1.7 in men and 0.7 to 5.0 in women. In other words, two men with the same
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hip circumference can have nearly two times as much fat as muscle in the thigh or more
than two times as much muscle as fat. Thus, using a hip circumference alone, itis unclear
whether the tissue composition is predominantly fat or skeletal muscle. Consequently,
a small hip circumference could indicate low muscle mass, and may be associated with
elevated health risk through decreased functionality or underlying disease. Conversely,
a small hip circumference may also reflect low levels of lower body fat. Thus, interpre-
tation of the WHR becomes even more complicated, as an elevated WHR could be the
result of elevated abdominal fat (high waist circumference), low levels of lower body
lean mass, low levels of lower body fat mass, or a combination (low hip circumference).

Another issue when trying to interpret WHR and health risk is that there is no univer-
sally accepted landmark for measurement of hip circumference. Common measurement
sites for hip circumference range from the iliac crest to the greatest protrusion of the
buttocks, and thus the range of landmarks employed for waist and hip circumference
across studies may confound interpretation of WHR. For example, Ross etal. (32) report
that WHR using waist circumference measured at the last rib, but not the umbilicus, was
associated with visceral fat in obese women. Conversely, in that study waist circumfer-
ence alone at both landmarks was significantly associated with visceral fat.

Anthropometry and Change in Body Composition in Obesity

Waist circumference is commonly used to assess change in abdominal obesity.
Changes in waist circumference are associated with changes in visceral fat in response
to dietand/or exercise weight loss (Fig. 5) (35,50,52). Itis reported that a 1-cm reduction
in waist circumference corresponds to a 4% reduction in visceral fat; however, there was
a substantial amount of variance (standard deviation = 4%) in this relationship. The
variation inthis associationis in part due to changes in subcutaneous fat and/or lean mass
that mask the ability of waist circumference to accurately distinguish changes in abdomi-
nal tissues.

When examining the utility of WHR to estimate changes in body composition, a
principal limitation of a ratio score becomes clear. Owing to the nature of ratio scores,
changes in the ratio could be due to alterations in the numerator (waist) or the denomi-
nator (hip). For example, a reduction in the WHR after an exercise intervention could be
due to reductions in the waist circumference or increases in the hip circumference due
to increases in lower body muscle mass. Similarly, larger reductions in the hip circum-
ference relative to the waist could result in no change or even an increase in the WHR
despite significant diet- and/or exercise-induced weight loss. Furthermore, as mentioned
before, reductions in waist or hip circumference with weight loss could be a consequence
of reductions in fat or lean mass. Thus, a change or lack of change in the ratio score is
difficult to interpret. Therefore, changes in WHR may not necessarily reflect changes in
abdominal adiposity. This is reinforced when examining the relationship between cor-
responding changes in WHR and visceral fat. Unlike waist circumference, changes in
WHR are not consistently associated with corresponding changes in visceral fat (Fig. 6)
(35,50,52). A primary example of the limits inherent to the interpretation of WHR when
trying to assess body composition change in obesity studies is reflected in Fig. 7. In
response to weight loss due to a negative energy balance, the mobilization of fat is rarely
restricted to the abdomen. In fact, two-thirds of the fat loss in our studies (42—-45) was
seen to be from sites outside of the abdominal region (Fig. 8).
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Fig. 5. Relationship between visceral fat and waist circumference, and changes in visceral fatand
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Women (open diamonds, N = 77). Data taken from refs. 42—45.
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Panel A: Men (closed diamonds, N = 96), Panel B: Women (open diamonds, N = 77). Data taken
from refs. 42—45.

Body Diameters

Selected body diameters, commonly taken in the sagittal plane in the abdominal area,
are associated with cardiovascular disease (53) and mortality (54). As with waist circum-
ference and WHR, abdominal sagittal diameters are associated with visceral (29,31,32,
34,55,56) and abdominal subcutaneous fat (34,55). Although there is some variability
in the literature, waist circumference and abdominal sagittal diameters generally show
similar associations with visceral fat (sagittal diameters: r =0.60-0.95, waist circumfer-
ence: r = 0.66-0.97) (29,31,32,34,55,56), and abdominal subcutaneous fat (sagittal
diameters: r = 0.92-0.95, waist circumference: r = 0.91) (34,55). Perhaps owing to
simplicity of measurement, waist circumference is a more common measure of abdomi-
nal obesity in clinical settings. To date there are no established values for sagittal diam-
eter that denote health risk and/or abdominal obesity for agiven individual or population.
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Skinfolds

Detailed descriptions of skinfolds and their utility for measuring total and regional
adiposity in vivo are provided elsewhere (57-62). Briefly, skinfold calipers are used to
measure the thickness of a double layer of folded skin and fat at various anatomical
locations such in the arms, legs, and torso (57,59-61). Skinfold measures are useful for
estimating total adiposity, but are unable to directly measure visceral fat. There are
several published equations that use various skinfold combinations to estimate total
body fat with various degrees of accuracy (standard error of estimate [SEE]: 3-7%) (59).
Triceps and subscapular skinfolds are the most commonly acquired skinfolds (59), and
are obtained in large epidemiological studies such as the National Health and Nutrition
Examination Study (NHANES) (63) and the Fels Longitudinal Study (58). The acqui-
sition of these measures require expertise and are subject to higher inter- and intraobserver
error than circumferences (62). It is generally reported that skinfold equations tend to
overestimate total fat in extremely lean and underestimate total fat in extremely obese
individuals (58,64).

BIOELECTRIC IMPEDANCE ANALYSIS

The use of bioelectric impedance analysis (BIA) as a method of body composition in
obesity has been the subject of several excellent reviews (60,61,65). BIA uses the con-
ductivity of the body to estimate fat-free mass and fat mass (60,61,65). Conductivity is
based on the presence of free ions or electrolytes in body water. As the highest concen-
trations of body water are in skeletal muscle or fat-free mass, measures of electrical
conductivity are proportional to total body water and fat-free mass. However, conduc-
tivity is also affected by many other factors such as temperature, distribution of fluid
within the intra- and extracellular compartments, the cross-sectional area of the limbs,
and the length of the body (60,61,65). Further studies comparing BIA with other mea-
sures have reported contrasting results. Depending on the model and equation, BIA has
been reported to overestimate and underestimate fat mass in obese individuals (66).

DUAL-ENERGY X-RAY ABSORPTIOMETRY

Although originally designed for the measurement of bone mineral content, dual-
energy X-ray absorptiometry (DEXA) is commonly used to assess total and regional fat
and fat-free mass in vivo (60,61). DEXA assesses body composition by measuring the
attenuation of X-rays emitted using pencil- or fan-beam technology at two energy levels
asittraverses the body (60,61). Measures of total and regional skeletal muscle (CV = 1-
7%) (67—69) and fat mass (CV = 1-7%) (68) using either pencil- or fan-beam technology
are highly repeatable, but results may differ between the two methods or model types
(e.g., Lunar, Holigic, etc.) (70). In addition to the scanner type (pencil- or fan-beam),
measures of fat and fat-free mass using DEXA are affected by the software used (algo-
rithms), and the sagittal diameter and hydration status of the individual (71). Application
of DEXA isalso limited in obesity studies by the size of the subject, as obese individuals
may exceed the weight (250 to 350 Ib) and size (193-197 cm by 58-65 cm) limits of the
machine (71). In addition, increased tissue thickness, such as that found in obese indi-
viduals, is associated with a phenomenon called beam hardening that may result in an
underestimation of the true fat content (68,72). A whole-body scan using DEXA requires
15 to 35 min, depending on the scanner, and is relatively easy to use in most populations,
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as it requires very little effort from the participant (71). In addition, the radiation expo-
sure associated with DEXA is less than that for computed tomography (CT), and is
readily available at a significantly lower cost.

DEXA measures of appendicular or total skeletal muscle mass are highly associated
with corresponding values obtained by CT or MRI (r =0.86-0.98) (67,69,72—74). Simi-
larly, DEXA measures of appendicular fat mass are strongly associated with CT-fat mass
(r = 0.91-0.99) (72,74). There is also a tight association between total fat mass, as
measured by the four-compartment model, and fan-beam DEXA (r = 0.98) (72).

DEXA has also been used to measure abdominal adiposity. Within the abdominal
region, DEXA measures of total abdominal fat correlate very well to measures by CT
(r=0.87-0.98) (75,76) in both black and Caucasian men and women (75). However,
DEXA can assess body composition only two-dimensionally. Thus, it is unable to dif-
ferentiate subcutaneous fat from visceral fat. Accordingly, the association between
DEXA measures of abdominal fat (r =0.51-0.90) (48,75-77) and CT- or MRI-measured
visceral fat tend to be weaker than with total abdominal fat. In fact, some have argued
that the associations between visceral fatand DEXA-measured abdominal fat is no better
than those observed with simple anthropometry such as waist circumference (r = 0.61—
0.89) (75,76) and sagittal diameter (r = 0.68-0.93) (48,75,76). In a study by Snijder et
al. (75), DEXA-measured trunk fat explained only an additional 1 to 4% of the variance
in visceral fat beyond sagittal diameter or waist circumference alone, in Caucasian men
and black women. In that study none of the models that included DEXA trunk fat were
significantly better than the estimates derived from sagittal diameter in combination with
waist circumference (75). There is some evidence that DEXA may be more useful for
predicting visceral adiposity beyond anthropometry alone in black men (75) and Cau-
casian women (48,75); however, in those studies; models with DEXA and anthropom-
etry accounted for only 60 to 80% of the total variance (75).

There are very few studies in obese humans that have examined the ability of DEXA
to detect changes in fat mass or skeletal muscle as compared to criterion methods such
as the four-compartment model or CT, and none as compared with whole-body MRI.
Some researchers have examined the ability of DEXA to measure changes in fat by
adding pads of lard to the abdomen of a given individual. Two studies have reported that
DEXA underestimates the fat content in the lard pads when placed in the trunk region
by 40 to 50%, but accurately detected more than 90% of the fat content from the same
lard pads when placed in the thigh region (72,78). It has been suggested that this may
have been due to a limitation of older software to accurately assess body composition
(79). However, this is unlikely to be the sole explanation, as this observation was also
reported in one of the aforementioned studies (72) that used a more recent software
version. More likely, this is probably due to the increased sagittal thickness of the
individual with the addition of the fat pads. As mentioned previously, it is documented
that high tissue thicknesses can cause beam hardening and an underestimation of fat
mass (68,72).

Results from studies wherein DEXA is employed to measure change in body compo-
sition in obese persons suggest that DEXA underestimates changes in lean tissue mass
and overestimates changes in fat mass compared with criterion measures, such as the
four-compartment model or CT (64,80,81). Further, it is reported that the change in
scores derived using DEXA tend to be no better than those derived using simpler mea-
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sures such as BMI or BIA (64,80). For example, in obese premenopausal women,
although DEXA consistently overestimated fat mass (~10%) and underestimated fat-
free mass (~7%) before and after a 14% diet-induced weight loss intervention, it did
report comparable mean decreases in fat (11.5 vs 10.9 kg) and fat-free mass (1.6 vs 2.0 kg)
as compared with the four-compartment model (64). The authors concluded that DEXA
provides unbiased estimates of fat loss in response to caloric restriction; however, those
estimates were also no better than those derived using a simple equation with BMI (mean
difference vs four-compartment model: 0.6 + 2.1 vs -0.3 £ 2.1, DEXA vs BMI, respec-
tively). Similarly, astudy by Tylavsky etal. (81) reported that in response to a 7% weight
loss in women, changes in the thigh fat mass and lean mass as measured by CT were
correlated with changes as measured by fan-beam (fat: r =0.67, lean mass: r = 0.55) and
pencil-beam (fat: r = 0.66, lean mass: r = 0.60) DEXA (81). However, again both fan-
and pencil-beam DEXA tended to underestimate changes in lean tissue mass (-24.9 g
and —-11.8 g vs —44.7 g) and overestimate changes in fat mass (-112.1 g and —-48.5 g vs
—45.7 g) in the thigh as compared with CT.

The accuracy of DEXA to measure changes in fat-free mass in response to a resistance
training program is also unclear, as studies using DEXA have reported differing results
from other criterion measures such as CT and the four-compartment model (82 -84). For
example, Nelson et al. (82) report that DEXA did not detect small changes in appendicu-
lar fat-free (skeletal muscle) mass that were identified using a single CT image in the
mid-thigh, in response to a 1-yr resistance training program in postmenopausal women.
On the other hand, Houtkooper et al. (83) suggest that DEXA may be a more sensitive
measure of changes in fat-free mass than the four-compartment model or underwater
weighing. In response to a different 1-yr resistance exercise regimen in postmenopausal
women, DEXA identified significant increases in fat-free mass, which was not reported
with the four-compartment model or underwater weighing. We would suggest that the
opposite may also be true. That DEXA identified significant increases in fat-free mass
that was not evident using the four-compartment model which is arguably a criterion
measure, may indicate that the results using DEXA was a spurious observation, and that
DEXA is not a good measure of changes in fat-free mass. Clearly, more research is
needed in order to validate DEXA as a reliable measure of fat and fat-free changes
before DEXA can truly be called a “gold standard” measure for body composition
assessment (84).

IMAGING METHODS OF BODY COMPOSITION IN OBESITY

Imaging methods are considered the most accurate available for in vivo quantification
of body composition at the tissue level. CT and MRI can be used to measure fat and
skeletal muscle in vivo, and are the only methods available for measurement of internal
tissues and organs (60,61,85). Although access and cost remain obstacles to routine use,
these imaging approaches are increasingly available, and are now used extensively in
body composition research.

Computed Tomography: Quantification of Tissue Size

CT uses ionizing radiation and differences in tissue X-ray attenuation characteristics
to construct cross-sectional images of the body (60,61). The X-ray attenuation is deter-
mined mainly by the density of the matter, and is expressed as an attenuation coefficient
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or more commonly, in Hounsfield units (HU), which is a linear scale relative to air and
water (-1000 and 0 HU, respectively). Cross-sectional CT images are composed of
picture elements or pixels, each of which has a CT number or HU value on a gray scale
that reflects the molecular composition of the tissue. Although CT is more assessable
than MRI, exposure to radiation precludes its use for multiple-image whole-body tissue
quantification, and limits applicability in children and premenopausal women.

Magnetic Resonance Imaging: Quantification of Tissue Size

MRI does notemploy ionizing radiation, but rather is based on the interaction between
strong magnetic fields and hydrogen nuclei (protons), which are abundant in all biologi-
cal tissues, and form the basis for generation of fat and muscle images (60,86). As MRI
is not associated with any known adverse side effects, it is the method of choice for
assessing whole-body tissue composition. However, the image acquisition time for MRI
issignificantly longer than CT and image analysis is more complex and time-consuming.
Using multiple-image protocols acquired with standard clinical magnets (e.g., 1.5
Tesla), acquisition of whole-body MRI data for fat and lean mass can be acquired in
about 45 min (42,87,88).

Determination of Tissue Area

CT and MRI images are normally analyzed using a similar approach. The perimeter
of the tissue of interest can be traced using a light pen, trackball, or mouse-controlled
pointer (89); the area within the perimeter can be calculated by multiplying the number
of pixels in the region of interest by their known area. Alternatively, image segmentation
algorithms can be used that identify all pixels within a selected range of intensities (e.g.,
HU for CT) believed to be representative of a specific tissue (90). The latter approach,
however, is considered more problematic when applied to MRI than to CT images for
three reasons: (1) the distributions of pixel intensity (gray-scale) values for different
tissues overlap more for MRI than for CT images; (2) noise from respiratory motion blurs
the borders between tissues in the abdomen to a greater extent in MRI than in CT; and
(3) inhomogeneity in the magnetic field can produce “shading” at the peripheries of MRI
images (33).

Determination of Tissue Volume and Mass

If multiple CT or MRI images are obtained, tissue volumes can be calculated by
integrating the cross-sectional area data from consecutive images. Because the acquisi-
tion and analysis of contiguous images over the whole body or a given region is very
time-consuming and expensive, axial images are typically collected with gaps between
images (e.g., space between the top of one image and the bottom of the next image),
usually ranging from 20 to 40 mm. Volumes are then calculated using various geometric
models based on the tissue areas in the images and the distance between adjacent images
(42,87,91,92). Because tissue densities for adipose tissue, skeletal muscle, and organs
are fairly constant from person to person, CT and MRI volume measures for these tissues
can be converted to mass units by multiplying the volume by the assumed density values
for that tissue. For example, the constant densities for adipose tissue and skeletal muscle
are 0.92 g/cm3 and 1.04 g/cm3, respectively (93). Density values are also available for
the brain and visceral organs, although these vary from organ to organ (94).
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Abdomen at L4-L5

Mid-Thigh
Age 39 years 38 years
Body Mass Index 33.2 kg/m? 32.0 kg/m?
Skeletal Muscle at L4-L5 160.2 cm? 97.6 cm?
Skeletal Muscle at Mid-Thigh 433.3 cm? 374.6 cm?
Whole Body Skeletal Muscle 31.3 kg 17.6 kg

Fig. 9. Differences in abdominal muscle at L4—-L5 and thigh muscle in two obese premenopausal
women with high and low levels of whole-body skeletal muscle mass as measured by magnetic
resonance imaging.The skeletal muscle is outlined by the white dotted line.

Measurement of Skeletal Muscle Mass

MRI and CT are the only measures available for in vivo quantification of body com-
position at the tissue level; accordingly, they are commonly used to measure skeletal
muscle mass. Measures of skeletal muscle by a single CT and MRI image have been
reported to be strongly correlated with results from cadaver sections across a wide range
of values (r = 0.97, SEE = 10%), with a low coefficient of variation (CV ~2%) (85). By
comparison with cadaver values, the error associated with MR1 was further improved to
<1% when volume measures were acquired using multiple images. However, this is a
very time-consuming and expensive process. Consequently, a single image at the mid-
thigh is commonly used as a proxy measure of whole-body skeletal muscle in both men
and women (R2=0.77-0.79) (95). Interestingly, Lee et al. (95) have also reported that
abdominal muscle measured using a single image at L4-L5 is a significant predictor of
whole-body muscle mass in a cohort of middle-aged men (R?2=0.63) and women (R%=
0.58) across awide range of adiposity (Fig. 9). As abdominal obesity is also an important
predictor of future morbidity and mortality, measurement of skeletal muscle in addition
to abdominal adiposity using the same image may be of clinical importance. However,
the utility of this measure to predict total muscle mass in the elderly population, where
muscle mass may be of greater concern, is unclear and warrants further investigation.
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Fig. 10. Visceral fat and abdominal subcutaneous fat deposition at various measurement sites
across the abdomen in men. Each data point represents the mean visceral or abdominal subcu-
taneous fat at each intervertebral space and midpoint of each vertebral body between L5-S1 and
T10-T11 in 85 Caucasian men. Adapted from ref. 96.

Measurement of Visceral Fat

Radiographic imaging is the only in vivo method available to quantify visceral fat.
Measurement of visceral fat in vivo has stimulated great interest because a plethora of
data consistently demonstrates that visceral fat is an independent predictor of both
morbidity (36—39) and mortality (12). In this way it is important to note that similar to
waist circumference, there is no consensus as to the optimal location for measurement
of visceral fat. It has been suggested that T10-T11 and L5-S1 may represent the ana-
tomical boundaries for portally drained visceral fat, and that a contiguous image protocol
within this region may represent the gold-standard measure. However, this approach is
labor-intensive and, in the case of CT, would be associated with substantial radiation
exposure. Consequently, visceral fat is normally assessed using a single MRI or CT
image. Visceral fat measures at any given anatomical level using a single image are
highly correlated with mass measures using multiple image protocols, and also tend to
be highly intercorrelated, although there may be a substantial difference in the absolute
amount of visceral fat measured (Fig. 10) (96). Historically, visceral fat is measured
using asingle image at L4-L5. However, Kuk etal. (96) report that visceral fat at the L1-
L2 level may be a stronger predictor of the total visceral fat mass and metabolic syn-
drome (Fig. 11) than visceral fat measured at the commonly used L4-L5 level in
Caucasian men. Because visceral fat distribution is influenced by sex and race, it is
unclear whether measurement site also influences the association with metabolic risk in
non-Caucasian populations.
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Fig. 11. Odds ratios for prevalent metabolic syndrome using National Cholesterol Education
Program (NCEP) criteria according to measurement locat