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Preface
Globally,. there.are.more. than.1.billion.obese.people.and.another.800.million.are.
chronically.undernourished..Nearly.30,000.(half.of.them.children).die.everyday.from.
malnutrition..In.more.affluent.nations,.these.problems.are.exacerbated.by.eating.dis-
orders.and.food.insecurity..In.the.United.States,.as.many.as.10.million.females.and.
1.million.males.have.an.eating.disorder.such.as.anorexia.or.bulimia..Approximately.
25.million.more.have.binge.eating.disorder..An.estimated.35.1.million.people.live.
in.households.deemed.food.insecure.and.10.8.million.are.considered.food.insecure.
with.hunger..These.problems.stem.from.the.interplay.of.political,.economic,.agri-
cultural,.nutritional,.psychological,.physiological,.and.social.forces..Of.course,.each.
of.these.areas.is.also.multifaceted,.but.all.intersect.on.one.key.point:.all.influence.
ingestive.behavior.(when,.where,.what,.and.how.much.we.choose.to.eat)..As.a.result,.
expertise.in.each.of.these.areas.must.be.brought.to.bear.on.the.problem.of.malnu-
trition.(i.e.,.under-.and.overnutrition)..This.book.focuses.on.the.psychological.and.
biological.determinants.of.feeding,.the.governing.influences.when.food.availability.
is.not.limiting.

When.asked.to.edit.a.book.on.food.intake,.the.editors.believed.it.was.an.oppor-
tunity.not.only.to.develop.a.volume.that.summarizes.current.knowledge.of.the.fac-
tors.that.guide.food.selection.and.consumption,.but.to.do.so.in.a.way.that.highlights.
the.synergies.and.gaps.between.approaches.using.animal.models.or.human.trials..
As.you.read.the.book,.you.will.come.across.pairs.of.chapters.that.address.the.same.
topic,. but. are. surprisingly. diverse. in. their. interpretation. of. scientific. knowledge..
These.different.perspectives.are.often.complimentary.to.one.another.but.also.pro-
vide.the.reader.with.an.appreciation.of.advantages.and.limitations.that.are.provided.
by.clinical/applied.versus.basic.research..We.hope.that. this.will. leave.researchers.
working.at.different.levels.along.this.continuum.with.a.greater.appreciation.of.the.
challenges.that.each.face.and.where.future.efforts,.hopefully.collaborations,.may.be.
most.productive.and.challenging..

The.organization.of.the.book.is.such.that.we.start.with.whether,.or.not,.there.are.
mechanisms.that.control.food.intake.and.the.role.played.by.appetitive.cues..Next,.
preingestive.motivational,.cognitive,.and.orosensory.processes. that. influence.food.
acquisition,.as.well.as.the.processing.of.ingesta,.are.considered..This.is.followed.by.
chapters. addressing. intestinal,. and. postabsorptive. signaling. systems. and. metabo-
lism..The.final.contributions.focus.on.the.micro-.and.macronutrient.composition.of.
foods. linked.to. ingestive.behavior.and.the.physiologic.consequences.of.consump-
tion..The.chapters.are.contributed.by.scientists.who.are.driving.current.research.and.
thinking.on.each.of.these.topics..The.range.of.topics.discussed.in.this.book.high-
lights.the.diverse.nature.of.food.intake.research,.ranging.from.cellular.neurobiology.
to.measures.of.human.behavior..This.is.an.ever-evolving.area.of.study.that.continues.
to.incorporate.more.disciplines.as.the.complexity.of.the.reward.and.appetitive.sys-
tems.continues.to.unravel..As.you.progress.through.the.book,.it.will.also.become.
apparent.that.there.is.some.overlap.in.the.topics.that.are.discussed.by.each.author,.
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reflecting.how.complex.the.interactions.are.between.different.processes.that.influ-
ence.food.choice.and.consumption.

We.anticipate.that.this.book.will.be.a.useful.reference.tool.for.individuals.who.
range.from.experts.in.the.field.to.those.who.are.simply.interested.in.how.an.indi-
vidual.decides.what.foods.to.eat.and.how.much.to.eat..In.addition,.this.should.be.
a.useful.overview.for.graduate.students.entering.the.field.as.a.specialization.and.to.
others.in.professions,.such.as.nursing.or.dietetics,.where.the.greater.emphasis.is.on.
translating. the. science. into. practice..Making. appropriate. food. choices. and.main-
taining.an.adequate.intake.is.a.perennial.challenge.to.the.survival.of.all.organisms..
More. recently,. the. problems. of. inappropriate. food. choices. and. overconsumption.
have.become.major.global.health.issues..Therefore,.understanding.how.food.intake.
is.determined.has.important.practical.and.economic.implications.at.the.individual.
and.population.levels..The.information.in.this.book.summarizes.current.understand-
ing.of.how.the.environment,.food.composition,.and.individual.physiological.status.
influence.our.food.choices.
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1 Food	Intake:	Control,	
Regulation,	and	the	
Illusion	of	Dysregulation

Mark I. Friedman

The cause of every need of a living being is also the cause of the satisfaction of 
the need.

Eduard F.W. Pflüger, 1877

�.�   IntroductIon

Research. to. understand. the. determinants. of. food. intake. has. its. roots. in. the. field.
of. regulatory.physiology,.which.originated. from. the.work.of.Claude.Bernard.and.
Walter.Cannon..Bernard,.the.great.mid-nineteenth-century.French.physiologist,.was.
struck.by.the.constancy.of.the.body’s.internal.environment,.leading.him.to.conclude.
that.“The.fixity.of.the.internal.environment.is.the.requirement.for.a.free.life.”.About.
50.years.later,.Cannon.coined.the.term.“homeostasis”.to.refer.to.this.state.of.stabil-
ity. and. to. the. physiological. processes. that. maintain. it.1. Soon. after,. Curt. Richter.
extended.Cannon’s.concept. to. include.a.behavioral.component. that.also.serves. to.
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maintain.the.constancy.of.the.internal.milieu.2.Thus,.for.example,.the.loss.of.sodium.
not.only.triggers.secretion.of.hormones.that.cause.sodium.retention.by.the.kidneys,.
but. also. elicits. an. appetite. for. this. electrolyte.. Other. homeostatic. systems. with. a.
behavioral.component.include.those.for.blood.pressure.(hypovolemic.thirst),.blood.
osmolality.(osmotic.thirst),.and.body.temperature.(thermotaxis).

Food. intake. has. been. viewed. traditionally. within. the. framework. of. energy.
homeostasis.and.as.the.behavioral.contributor.to.maintenance.of.body.fat.content.and.
energy.balance..There.has.been.a.long.debate.over.the.extent.to.which.food.intake.
is.influenced.by.such.regulatory.factors.as.opposed.to.nonregulatory.determinants.
associated.with.the.food.environment,.like.food.palatability.and.cognitive.influences..
This.issue.has.become.particularly.acute.in.recent.years.with.the.increase.in.research.
on.human.food.intake,.which.often.generates.results.that.do.not.appear.to.fit.with.
a. regulatory.role. for.eating.behavior.3. It. is.within. this.context. that. I.was.asked. to.
address.in.this.chapter.the.question.of.“whether.there.is.regulation.of.food.intake.”

Regulation.and.control.are.inherent.in.the.concept.of.homeostasis..In.common.
parlance.the.terms.“control”.and.“regulation”.are.used.interchangeably.with.no.con-
sequence.. In.discussions.of.physiological. systems,.however,. indiscriminate.use.of.
these. words. can. distort. our. understanding. of. those. systems.. I. begin. this. chapter.
by. clarifying. the. meaning. of. “control”. and. “regulation”. in. physiological. systems.
and.then.present.a.model.describing.the.role.of.food.intake.in.energy.homeostasis,.
which.focuses.on.energy.production.as.the.regulated.variable.instead.of.body.weight.
or.energy.balance..From.this.perspective,.I.discuss.how.this.“energostatic”.model.
helps. explain. the. mistaken. impression. that. food. intake. is. dysregulated. or. poorly.
controlled,.and.I.examine.the.utility.of.the.distinction.between.regulatory.and.non-
regulatory.control.of.food.intake.

�.�   regulatIon and control

Although.“regulation”.and.“control”.are.used.synonymously.in.the.vernacular,.the.
contrast.between.the.common.meanings.of.the.terms.can.be.quite.pointed..Consider,.
for.example,. the.difference.between.“government. regulation”.versus.“government.
control”.of.scientific.research..Within.the.field.of.biology,.definitions.of.these.terms.
vary.depending.on.the.discipline,.subject.matter,.and.level.of.analysis.(molecular,.
population)..In.physiology,.“regulation”.and.“control”.have.particular.meanings.

“Regulation”.refers.to.the.capacity.to.maintain.the.constancy.of.a.physiological.
parameter.in.the.face.of.variations.in.the.internal.and.external.environments.4.In.this.
sense,.regulation.refers.to.the.performance.of.a.variable,.not.to.the.existence.of.specific.
mechanisms.5. Besides. constancy,. Brobeck6. added. another. important. feature. to. the.
meaning.of.physiological.regulation.—.the.existence.of.a.sensor.that.directs.responses.
that.serve. to.preserve. the.regulated.parameter..To.use.his.definition,.regulation.“….
denotes.the.preservation.of.a.relatively.constant.value.by.means.of.physiological.mech-
anisms.which.include.a.specialized.detector.for.the.value.or.some.function.of.it.”

There. are. several. aspects. of.Brobeck’s.definition. that. are.noteworthy..For.one,.
he.recognizes.the.impossibility.of.maintaining.a.truly.constant.physiological.state.by.
referring.to.a.“relative.constancy.”.In.this.regard,.it.is.interesting.that.the.concept.of.
homeostasis,.or.its.application.to.certain.physiological.variables.such.as.body.weight,.
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has. been. criticized. for. its. emphasis. on. constancy. despite. recognition. early. on. that.
such.stability.is.not.perfect..In.fact,.Cannon1.made.the.point.that.he.allowed.for.such.
variability.when.he.coined.the.term.“homeostasis”.by.using.the.prefix.homeo.(from.
homoio),.meaning.“like”.or.“similar,”.rather.than.homo,.meaning.“same.”.Brobeck’s.
definition.also.captures.the.dynamic.nature.of.regulation.by.inclusion.of.a.feedback.
mechanism..This.seems.self-evident,.because.it.is.difficult.to.imagine.physiological.
regulation.without.a.means.for.feedback.and.even.more.difficult.to.think.of.a.feedback.
mechanism.without.a.sensor..Finally,.in.keeping.with.Pflüger’s.quote.at.the.beginning.
of.this.chapter,.Brobeck.acknowledges.that.it.is.the.regulated.variable.that.activates.the.
sensor..In.other.words,.that.which.is.regulated.is.that.which.is.sensed.

“Control”. refers. to. the. exercise. of. influence. or. direction. over. a. process. or.
response.. In. contrast. to. regulation,. which. refers. to. the. performance. of. a. system,.
control,.as.Brobeck6.puts.it,.“describes.management.”.In.the.context.of.homeostasis,.
such.management.is.exerted.in.the.service.of.a.regulated.variable;.for.example,.respi-
ration.is.controlled.in.the.service.of.acid-base.balance,.and.heart.rate.is.controlled.to.
maintain.blood.pressure..Unlike.regulation,.control.does.not.imply.stability..Rather,.
a.controlled.process.or.response.can.vary.widely.in.order.to.help.maintain.the.rela-
tive.constancy.of.the.regulated.variable..In.other.words,.physiological.(homeostatic).
regulation.is.achieved.through.the.operation.of.controlled.processes.and.responses,.
and.if.Pflüger.and.Brobeck.are.correct,.the.regulated.variable.or.something.closely.
tied.to.it.is.exercising.this.control.

1.2.1   Is There regulaTIon of food InTake?

In.their.invitation.to.contribute.a.chapter.for.this.book,.the.editors.asked.me.to.address.
the.question.of.“whether.there.is.regulation.of.food.intake.”.It.should.be.clear.from.
the.preceding.discussion.that,.from.a.physiological.point.of.view,.the.answer.to.this.
question.is.“no.”.Food.intake.is.not.maintained.at.a.constant.level.in.spite.of.changes.
in.the.internal.and.external.environment..It.varies.widely.in.response.to.all.kinds.of.
environmental.perturbations,.such.as.those.in.ambient.temperature,.the.nutritional.
value.of.the.food,.and.reproductive.and.metabolic.status..The.idea.that.food.intake.
would.remain.relatively.constant.in.the.face.of.environmental.challenges.seems.non-
sensical..At.worst,.such.constancy.could.be.fatal.if,.for.example,.food.intake.failed.
to.increase.in.the.cold.

The.fact.that.food.intake.is.not.held.steady.in.the.face.of.changes.in.the.internal.
and. external. environments,. but. rather. varies. considerably,. in. itself. indicates. that.
food.consumption.is.managed.and.not.regulated..Thus,.the.more.complete.answer.
to.the.question.of.whether.food.intake.is.regulated.is,.“No,.it.is.controlled.”.Presum-
ably,.it.is.controlled.as.a.means.to.regulate.some.physiological.variable;.food.intake.
regulates,.but.is.not.regulated..Knowing.what.variable.food.intake.regulates.is.likely.
to.tell.us.what.controls.it.

�.�   control of energy Intake by energy MetabolIsM

Food.intake.is.affected.by.a.wide.range.of.naturally.occurring.and.experimentally.
induced.changes. in. the. internal.and.external.environments,.but.by. far. the. largest.
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and.most.persistent.changes.in.food.intake.are.associated.with.alterations.in.energy.
homeostasis.. For. example,. a. sustained,. near. doubling. of. food. intake. is. seen. in.
response.to.decreased.ambient.temperature,.caloric.dilution.of.the.diet,.lactation,.and.
experimental.diabetes.mellitus..Even.the.dramatic.hyperphagia.following.lesions.to.
the.ventromedial.hypothalamus.can.be.attributed.to.the.peripheral.metabolic.effects.
of.such.brain.damage.7.Since.manipulations.of.brain.neurochemistry.also.produce.
changes.in.peripheral.metabolism.it.is.possible.that.even.these.treatments.stimulate.
feeding.by.altering.energy.homeostasis.

Food.contains.nutrients.which.are.necessary.for.survival.besides.those.that.pro-
vide. energy.. With. an. otherwise. adequate. diet,. however,. a. lack. of. these. essential.
nutrients.is.not.felt,.and.certainly.would.not.be.fatal,.for.some.period.of.time..With-
out.food,.you.would.die.from.a.lack.of.calories.long.before.you.would.from.a.lack.of.
essential.vitamins.or.fatty.acids..Modifying.the.content.of.vitamins,.minerals,.and.
essential.fatty.acids.in.food.produces.little.or.no.change.in.food.intake,.although.it.
might.affect.the.selection.of.diet.if.an.appropriate.choice.is.available..In.contrast,.
variation.in.the.energy.content.of.food.can.result.in.pronounced,.inverse.changes.in.
food.intake.that.serve.to.maintain.energy.intake.over.a.wide.range.of.dietary.energy.
content.8.It.was.this.robust.compensatory.response.to.changes.in.dietary.energy.den-
sity.that.led.Adolph.to.conclude.that.“animals.eat.for.calories.”8

It.is.unlikely.that.animals.eat.for.food.calories.per se;.that.is,.for.the.potential.
energy.in.food.that.can.be.measured.using.a.bomb.calorimeter..Instead,.they.eat.for.
the.energy.that.is.extracted.from.food..This.is.clearly.illustrated.by.the.finding.that.
rats.with.experimental.diabetes.mellitus,.which.cannot.readily.oxidize.carbohydrate,.
but.do.easily.burn. fat. for.energy,. increase. food. intake.when. their.high-fat.diet. is.
“diluted”.with.glucose.much.like.normal.rats.do.when.their.food.is.diluted.with.non-
nutritive.cellulose.9.Adolph’s.conclusion.is.therefore.only.partially.correct..It.is.more.
accurate.to.say.that.“animals.eat.for.calories.they.can.use.”

The.energy.derived.from.food.is.realized.by.the.breakdown.of.carbohydrates,.fats,.
and.some.amino.acids.through.intracellular.metabolic.pathways,.which.ultimately.
lead. to. the. generation. of. adenosine. triphosphate. (ATP),. the. primary. biochemical.
form.of.energy..The.constancy.of.ATP.production.is.not.only.a.requirement.for.the.
free.life,.it.is.necessary.for.any.life.at.all..A.highly.complex.system.of.physiologi-
cal,.endocrine,.and.biochemical.mechanisms.assures.an.adequate.supply.of.energy-
yielding.substrates.to.tissues.and.precisely.controls.the.intracellular.processing.of.
those.fuels.to.yield.ATP.in.sufficient.amounts.to.meet.demands..Production.of.ATP.
is. tightly.coupled.with.demand,. resulting. in. relatively.stable.ATP. levels..Because.
energy-yielding.substrates.are.continually.utilized.for.ATP.production,.the.supply.of.
metabolic.fuels.ultimately.needs.to.be.replenished.from.the.external.sources..Food.
intake.serves.this.purpose.

Given. the.crucial. importance.of.maintaining.energy.production,. it. is.possible.
that.some.aspect.of.ATP.metabolism.is.the.regulated.variable.that.food.intake.serves.
to.help.keep.steady.and.that.also.provides.the.feedback.stimulus.that.controls.energy.
intake..The.most.well-known.theories.for.the.metabolic.control.of.food.intake.are.
based. on. signals. generated. by. substrates,. namely. glucose. and. fat. or. fatty. acids..
However,.all.fuels.are.eventually.broken.down.to.intermediates.that.enter.the.final.
common.metabolic.pathways.of.energy.production..Although.less.well.known,.the.
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idea.that.processes.beyond.the.level.of.individual.fuel.metabolism.generate.a.signal.
controlling.food.intake.is.not.new..Ugolev.and.Kassil10.suggested.almost.50.years.
ago.that.an.intermediate.in.the.tricarboxylic.acid.(Krebs).cycle.may.be.such.a.sig-
nal.. Since. then,. others. have. discussed. an. “energostatic”. control. of. food. intake,11.
and.along.similar.lines,.Nicolaidis12.posited.an.“ischymetric”.(from.ischys.=.power).
control.of.food.intake.that.involves.sensing.basal.metabolic.rate..Others.still.have.
focused.on.oxidative.metabolism.as.a.source.of.the.controlling.signal.7,13

Although.an.energostatic.control.of. food. intake. is. appealing. for.a.number.of.
reasons,.not.the.least.of.which.is.its.explanatory.power,7,14.the.idea.did.not.gain.much.
currency.for.a.number.of.years.because.its.mechanism.was.ill-defined..Hence,.refer-
ences. to.an.“unidentified”.or.“hypothetical”.energostat.15.More.recently,.however,.
direct. evidence. that. changes. in. ATP. production. can. affect. food. intake. has. been.
forthcoming.. In.addition. to.putting. the. focus.on.ATP.metabolism.as.a.source. for.
a.stimulus.controlling.food.intake,.studies.have.also.indicated.that.this.stimulus.is.
detected.in.the.liver.

The. liver. sits. at. the. crossroads. of. metabolism,. processing. fuels. consumed. in.
food.in.the.postabsorptive.state.and.mobilized.from.storage.during.fasting..Unlike.
other.cells,.hepatocytes.do.not.express.creatine.kinase16.and.therefore.do.not.syn-
thesize.phosphocreatine,.which.buffers.decreases. in.ATP..This. apparently.makes.
hepatocyte.ATP.concentrations.more.labile.and.more.vulnerable.to.reduction..Thus,.
in.contrast.to.other.cells,.hepatocyte.ATP.falls.during.a.relatively.short.fast17.and.is.
depleted.very.rapidly.during.ischemia.and.hypoxia.16

Considerable.evidence.suggests. that. these.changes. in.hepatic. liver.energy.status.
generate.or.constitute.a.stimulus.that.controls.food.intake.in.rats..For.example,.a.variety.
of.metabolic.inhibitors.that.reduce.liver.ATP.stimulate.feeding.behavior,18–20.and.pre-
venting.the.decrease.also.prevents.the.eating.response.21.The.decrease.in.liver.energy.
status.precedes.the.eating.response,.and.the.eating.response.wanes.as.liver.energy.status.
is.restored.22.Fasting.reduces.liver.ATP.levels,.and.the.restoration.of.liver.energy.status.
during.refeeding.tracks.the.compensatory.hyperphagia.after.fasting.17

�.�   an energostatIc Model for the 
control of food Intake

Because.generation.of.cellular.energy.depends.on.the.supply.of.metabolic.fuels,.the.
function.of.any.sensor.of.energy.production.must.be.viewed.within.a.larger.context.
of.bodily.fuel.fluxes..Figure.1.1.illustrates.the.relationships.between.pathways.of.fuel.
partitioning.and.a.sensor.of.energy.production.that.controls.energy.intake..Accord-
ing.to.this.model,.metabolic.fuels.have.three.fates:.they.can.be.(1).shunted.into.stor-
age.from.which.they.also.can.be.mobilized,.(2).expended,.for.example,.as.heat.or.
muscular.activity,.or.(3).metabolized.in.the.energy.sensor..The.supply.of.fuels.to.the.
energy.sensor.can.therefore.be.increased.or.decreased.depending.on.the.degree.to.
which.fuels.are.shunted.into.storage,.mobilized.from.storage,.and.oxidized.to.supply.
energy.to.cells.other.than.those.monitoring.energy.production.(to.brown.fat.cells,.
myocytes,.etc.).

In. addition. to. partitioning. fuels. among. tissues. (e.g.,. adipose. tissue,. muscle),.
fuels.can.also.be.partitioned.among.metabolic.pathways..This.could.be.especially.
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important.if.hepatocytes.are.energy.sensors,.given.that.these.cells.are.in.the.busi-
ness.of.synthesizing.fat.and.glycogen.and.processing.fuels.mobilized.from.storage..
Presumably,.shifts.in.hepatocellular.fuel.partitioning.could.affect.fuel.flux.through.
oxidative,.energy-yielding.pathways,.resulting.in.a.changing.signal.to.eat.

As.portrayed. in.Figure.1.1,.changes. in.hepatocyte.energy.production.generate.
a.signal.that.is.communicated.to.the.brain.to.control.food.intake..Considerable.evi-
dence.indicates.that.this.is.a.neural.signal.carried.by.vagal.afferent.neurons.23.The.
signal.could.be.bloodborne.as.well,.although.there.are.no.data.ruling.this.possibil-
ity.in.or.out..How.changes.in.hepatocyte.energy.metabolism.are.transformed.into.
a.neural. (or.humoral). signal. is.unknown..Langhans.and.Scharrer13. suggested. that.
perturbations.in.ATP.could.alter.hepatocyte.membrane.potential.by.modifying.the.
activity.of.the.sodium.pump..Consistent.with.their.hypothesis,.we.have.shown.that.
the. fructose. analogue,. 2,5-anhydro-d-mannitol. (2,5-AM),. which. stimulates. feed-
ing.by. reducing. liver.energy.status,. increases. intracellular. sodium. in.hepatocytes.
in.vitro.24.In.addition,.we.have.found.that.2,5-AM.increases.hepatocellular.calcium.
concentration,25.which.could.alter.hepatocyte.potential.or.cause.the.secretion.of.a.
paracrine.or.endocrine.signal.

It. has.probably.not. escaped. the. reader’s. attention. that. the. energostatic.model.
described.here.does.not.include.the.usual.endocrine.and.peptide.suspects.that.play.a.
crucial.role.in.many.models.for.control.of.food.intake..There.are.several.reasons.for.
this.omission..First,.the.energostatic.model.presented.here.does.not.require.inclusion.
of.endocrine.or.peptide.signaling.to.explain.changes.in.food.intake.under.a.variety.
of. conditions.7,14. Second,. hormones. (for. example,. insulin,. leptin,. ghrelin). thought.
to. control. food. intake.by.acting.as. signals.have.metabolic. actions.by. their.direct.
effects. on. peripheral. tissues,. but. also. via. their. effect. in. the. brain,26–28. which. we.
have.known.since.the.days.of.Claude.Bernard.controls.peripheral.metabolism..It.is.
therefore.unclear.whether.these.hormones.affect.food.intake.by.acting.as.signals.or.

Food

Fuels

Storage
(fat, glycogen)

Energostat
(liver)

Expenditures
(heat, muscular) 

Brain

ATP

Eat

fIgure �.�  Fuel.partitioning.and.the.signal. to.eat.under.baseline.or.steady-state.condi-
tions..Under.these.conditions,.there.is.a.balance.or.equilibrium.between.the.flux.of.fuels.into.
storage,.to.meet.the.demand.for.expenditures,.and.through.the.energostat.
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as.metabolic.modifiers..Third,.while. it. is.clear. that.manipulation.of.various.brain.
peptides.(neuropeptideY,.proopiomelanocortin,.etc.).can.affect.food.intake,.this.does.
not.necessarily.mean.they.do.so.by.being.a.part.of.a.“feeding.circuit.”.Like.peripher-
ally.secreted.hormones,.these.peptides.may.be.part.of.the.machinery.that.controls.
peripheral.metabolism..Indeed,.manipulations.of.at.least.some.of.these.brain.pep-
tides,. as. well. as. centrally. acting. metabolic. hormones,. can. have. direct. effects. on.
hepatic. metabolism,29–32. which,. in. keeping. with. the. model. presented. here,. could.
generate.a.signal.causing.changes.in.food.intake.

Although. many. questions. remain. about. how. an. energy. sensor. functions,. the.
overall.fuel.partitioning.model.presented.here.offers.a.single.framework.for.under-
standing.changes.in.food.intake.across.a.range.of.naturally.occurring.and.experi-
mental. conditions.. It. is. not. the. purpose. of. this. chapter. to. discuss. this. model’s.
explanatory.power,.which.can.be. found.elsewhere.7,14.Rather,. in.keeping.with. the.
charge.to.address.the.question.of.whether.food.intake.is.regulated,.I.will.use.this.
model. to.explain.why.food. intake.can.sometimes.mistakenly.appear. to.be.poorly.
controlled.or,.as.sometimes.described,.“dysregulated.”

�.�   the IllusIon of dysregulatIon

The.results.of.animal.experiments.performed.over.the.years.have.led.us.to.expect.
that.food.intake.changes.predictably.under.various.experimental.and.natural.condi-
tions..Food.intake.typically.decreases.after.a.period.of.overfeeding.and.increases.
after.a.fast..Intake.changes.in.an.inverse.manner.with.variation.in.the.caloric.density.
of.the.diet.or.ambient.temperature,.and.in.a.direct.fashion.with.increased.exercise..
Often. these. changes. in. food. consumption. compensate. precisely. for. the. energetic.
perturbation.and.result.in.restoration.of.body.weight.or,.more.specifically,.body.fat.
content..When.food.intake.changes.or.fails.to.change.as.expected,.it.is.considered.
“dysregulated”.or.poorly.controlled..Similarly,.it.is.also.seen.as.dysregulated.when.
it.changes.in.response.to.“nonregulatory”.factors.such.as.the.palatability.of.the.diet,.
the.amount.of.food.provided,.or.social.circumstances.

It.is.premature.to.conclude.that.food.intake.is.poorly.controlled.when.we.do.not.
yet.fully.understand.what.controls.it.or.what.in.fact.food.intake.regulates..It.might.
be.more.accurate.to.say.that.it.is.not.doing.what.we.expect.or.is.not.following.the.
rules..However,.being.faced.with.unmet.expectations.does.not.necessarily. lead. to.
the.conclusion.that.there.is.an.actual.breakdown.of.control;.it.may.be.the.expecta-
tions.or.rules.that.are.faulty,.not.the.control.of.food.intake..I.believe.this.is.the.case..
In.particular,. I. think. that. the.misperception.—.the. illusion.—.of.dysregulation. is.
rooted.largely.in.erroneous.assumptions.about.the.relationship.between.body.weight.
(fat).and.food.intake.and.the.role.of.food.intake.in.energy.balance..The.energostatic.
model.outlined.provides.a.framework.to.understand.the.apparent.discrepancies.and.
reconcile.them.with.a.properly.functioning.regulatory.control.of.food.intake.

1.5.1   regulaTory “faIlures”

The.traditional,.“lipostatic”.model.for.control.of.food.intake.postulates.a.direct.link.
between. food. consumption. and. body. fat. content;. body. fat. content. is. a. regulated.
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variable,.and.food.intake.is.controlled.by.body.fat.to.regulate.it..Consequently,.when.
food.intake.does.not.change.sufficiently.to.maintain.or.restore.body.weight.to.a.nor-
mal.or.expected.level,.it.can.be.seen.as.poorly.controlled..The.energostatic.model.
presented. here. differs. markedly. from. this. lipostatic. perspective.. In. contrast. to. a.
direct.control.of.food.intake.by.body.fat.stores,.the.energostatic.model.assumes.that.
fuel.storage.affects.food.intake. indirectly.by.altering.the.supply.of.fuels.to.or.the.
provisioning.of.fuels.within.the.energy.sensor.

Such.uncoupling.of.body.fat.content.from.control.of.food.intake.means.that.food.
intake.does.not.necessarily.have.to.change.in.an.inverse.manner.when.body.weight.is.
gained.or.lost..Thus,.rats.with.experimental.diabetes.mellitus.can.lose.most.of.their.
body.fat.yet.eat.normal.amounts.of.food.if.their.diet.contains.sufficient.amounts.of.
fat,.a.fuel.these.animals.can.ready.oxidize.9.Weight.loss.associated.with.increased.
thermogenesis.does.not.have.to.be.fully.compensated.by.increased.food.intake.if.the.
demand.for.fat.fuels.from.brown.fat.is.satisfied.by.mobilization.of.fat.stores.instead.
of.increased.consumption.of.food.(see.Figure.1.2)..Similarly,.high.energy.intakes.can.
be.maintained.when.muscular.activity.is.reduced.from.a.sustained.high.level.if.the.
fuels.otherwise.oxidized.in.muscle.are.stored.in.adipose.tissue.rather.than.supplied.
to.the.energostat.(see.Figure.1.2).at.the.expense.of.weight.gain.

The.consumption.and.storage.of.metabolic.fuels.are.two.solutions.to.the.same.
physiological.problem.of.maintaining.cellular.energy.production..Food.consump-
tion.supplies.energy-yielding.substrates.from.the.external.environment,.whereas.fuel.
stores. in. the. form. of. glycogen. and,. to. a. much. greater. extent,. fat. provide. energy.
when.fuels.from.the.outside.are.unavailable..If.there.are.different.solutions.to.the.
same.problem,.it.stands.to.reason.that.when.a.problem.is.solved.by.any.one.solution.
there.is.less.need.to.solve.it.in.other.ways..This.kind.of.trade-off.is.seen.when.food.
intake.decreases.under.conditions.of.rapid.weight.loss.either.from.obese.levels.after.

Food 

Fuels 

Storage 
(fat, glycogen) 

Energostat 
(liver) 

Expenditures 
(heat, muscular)  

Brain 

ATP 

Eat 

fIgure �.�  Partitioning.of.fuels.under.conditions.in.which.the.supply.of.fuels.to.meet.the.
demands.of.increased.expenditures.is.met.through.mobilization.of.stored.fuels.at.the.expense.
of.a.reduction.in.stored.fuels.mainly.in.the.form.of.fat..In.this.scenario,.the.supply.of.fuels.to.
the.energostat.is.unaffected,.and.food.intake.does.not.change.
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overfeeding.or.from.normal.levels.when.insulin.levels.are.reduced.(see.Figure.1.3)..
In.both.cases,.oxidation.of.fat.fuels.mobilized.from.storage.is.sufficient.to.maintain.
energy.production.in.the.energostat,.which.dampens.the.stimulus.for.feeding..To.put.
it.simply,.there.is.less.need.to.eat.food.if.you.are.eating.yourself.

The.overeating.that.accompanies.the.development.and.maintenance.of.obesity.
is.another.case.in.which.food.intake.is.seen.as.dysregulated.or.poorly.controlled..
This.hyperphagia.is.typically.thought.to.result.from.a.lack.of,.or.insensitivity.to,.a.
negative.feedback.signal.associated.with.body.fat.content.(the.role.of.environmental.
factors.such.as.access.to.a.variety.of.palatable.foods.is.discussed.in.a.later.section)..
The.uncoupling.between.body.fat.content.and.food.intake.raises.doubts.that.overeat-
ing.is.due.to.a.failure.in.a.direct.control.of.food.intake.by.body.fat..Studies.showing.
that.body.fat.content.is.restored.to.normal.after.lipectomy.or.adipose.tissue.trans-
plant.reinforce.this.conclusion.because.this.restoration.is.achieved.without.changes.
in.food.intake.33,34

The.model.presented.here.offers.an.alternative.explanation.for.the.overeating.
associated.with.obesity.that.does.not.depend.on.a.breakdown.in.the.mechanism(s).
controlling. food. intake.. In. practically. every. animal. model. of. obesity. in. which.
overeating. is. present. there. is. a. shift. in. fuel. partitioning. toward. storage. that. is.
independent. of. the. hyperphagia.. Such. a. shift. in. metabolism. has. been. observed.
prior. to. overeating. during. development. in. genetic. models35. and. after. lesions. of.
the.ventromedial.hypothalamus.(VMH).36.In.addition,.in.Zucker.rats,37.a.genetic.
model.of.obesity,.and.in.rats.with.VMH.lesions,38.body.fat.accumulates.even.when.
overeating. is.prevented..As.shown.in.Figure.1.4,. this.shift. toward.fat.deposition.
would.be.expected.to.increase.food.intake.by.diverting.metabolic.fuels.away.from.
oxidation.in.the.energy.sensor..In.this.way,.the.hyperphagia.of.obesity.is.no.dif-
ferent. than. that. which. can. occur. in. cold. ambient. temperatures. or. with. intense.
exercise,.except.that.instead.of.fuels.being.lost.as.heat.or.in.muscular.work.they.
are.lost.to.adipose.tissue.

Food 

Fuels 

Storage 
(fat, glycogen) 

Energostat 
(liver) 

Expenditures 
(heat, muscular) 

Brain 

ATP 

Eat 

fIgure �.�  Partitioning.of. fuels.during.excessive.mobilization.of.body.fat.. In. this.sce-
nario,.the.increased.supply.of.fuels.from.adipose.tissue.increases.the.flux.of.fuels.through.the.
energostat,.thereby.reducing.the.signal.to.eat.
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Obesity.induced.by.eating.a.high-fat.diet.—.diet-induced.obesity.—.is.difficult.to.
explain.from.a.lipostatic.perspective.because.it.is.not.clear.why.a.change.in.diet.would.
affect.the.presumed.negative.feedback.control.of.food.intake.exerted.by.the.amount.
of.body.fat.or.why. there. is.such.extreme. individual.variability. in. the.susceptibility.
to.diet-induced.overeating.and.obesity..In.rats,.consumption.of.high-fat.diets.results.
in.overeating.and.obesity.when.the.diet.is.also.high.in.carbohydrate.content;.a.high-
fat,.low-carbohydrate.diet.does.not.cause.diet-induced.hyperphagia.and.excess.weight.
gain.39.These.observations.are.consistent.with.the.energostatic.model,.given.that.car-
bohydrates.stimulate.the.secretion.of.insulin,.which.fosters.fat.storage.and.inhibits.fat.
oxidation..More.recent.studies.indicate.that. individual.differences.in.the.propensity.
to.overeat.and.become.obese.on.such.high-fat.diets.are.related.to.a.preexisting.capac-
ity.to.oxidize.fatty.acids.40,41.The.more.limited.the.ability.to.burn.fat,.the.greater.the.
overeating.and.weight.gain.during.high-fat.feeding..This.suggests.that,.in.addition.to.
increased.fuel.storage,.diet-induced.hyperphagia.and.obesity.may.result.from.a.preex-
isting.deficit.in.the.oxidation.of.fatty.acids,.an.important.fuel.for.the.liver.

The. energostatic. model. turns. the. lipostatic. explanation. of. overeating. in. obe-
sity.on.its.head..According.to.the.lipostatic.hypothesis,.overeating.is.an.attempt.to.
increase.body.fat. to.a.higher. than.normal. level.and. thereby. increase. the.negative.
feedback.signal.for.food.intake;.in.other.words,.you.overeat.in.order.to.become.obese..
In.contrast,.from.the.perspective.of.the.energostatic.model,.you.overeat.because.you.
are. becoming. obese;. that. is,. overeating. is. a. response. to. the. loss. of. fuels. into. fat.
stores..Thus,.the.hyperphagia.associated.with.obesity.is.not.due.to.a.malfunctioning.
control.of.food.intake,.but.rather.to.a.disordered.metabolism.that.shunts.an.excess.
of.fuels.into.storage..The.control.of.food.intake.is.not.broken,.but.in.fact.works.too.
well,.because.it.is.responding.appropriately.to.a.loss.of.oxidizable.fuel.and.energy.
production..Unfortunately,.the.fuels.are.“lost”.to.adipose.tissue.where.it.can.be.seen.
and.where.it.may.result.in.health.problems.

Food 

Fuels 

Storage 
(fat, glycogen) 

Energostat 
(liver) 

Expenditures 
(heat, muscular) 

Brain 

ATP 

Eat 

fIgure �.�  Partitioning.of.fuels.during.the.development.of.obesity..In.this.scenario,.a.pri-
mary.shift.in.the.flux.of.fuels.into.storage.compromises.the.supply.of.fuels.to.the.energostat.
and.increases.the.signal.to.eat.
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One.could.claim.that.overeating.is.poorly.controlled.eating.because.there.is.a.
gain.in.body.weight.that.can.be.detrimental.to.health.and.well.being,.but.it.seems.
hardly.fair.to.blame.food.intake.when.a.disordered.metabolism.is.at.fault..That.would.
be.analogous.to.blaming.the.hammer.rather.than.the.carpenter.for.missing.a.nail..
Seeing.food.intake.as.dysregulated.because.it.is.not.restrained.in.the.face.of.weight.
gain.also.presupposes.that.a.gain.in.body.fat.is.necessarily.a.bad.thing..From.an.evo-
lutionary.perspective,.there.may.be.little.downside.to.gaining.weight,.especially.if.
you.are.not,.like.humans,.a.prey.species.when.it.might.slow.you.down.running.from.
predators42.or.if.weight.gain.occurs.well.into.or.beyond.reproductive.age.before.the.
detrimental.health.effects.of.obesity.are.manifest..In.short,.depending.on.the.tim-
ing.and.degree,.we.can.probably.afford.to.gain.weight.and.body.fat.without.much.
downside..From.an.evolutionary.perspective,.weight.gain.may.be.neither.good.nor.
bad,.but.simply.just.a.matter.of.fact.

1.5.2   Is Body energy Balance a useful concepT?

Food.intake.is.often.viewed.in.terms.of.its.role.in.the.regulation.of.body.energy.balance,.
but.is.it.controlled.by.energy.balance,.and.for.that.matter,.is.energy.balance.regulated?

Energy.balance.is.described.by.the.formula,

. ∆Eb.=.Ei.–.Ee

wherein.∆Eb.is.a.change.in.body.energy.content,.Ei.is.energy.intake,.and.Ee.is.energy.
expenditure..This. formula. is. a. restatement.of. the.First.Law.of.Thermodynamics,.
which.pertains.to.the.conservation.of.energy.(the.amount.of.energy.in.a.system.is.
equal.to.the.energy.added.to.the.system.minus.the.energy.lost.from.it)..The.concept.
of.energy.balance.is,.in.essence,.descriptive.rather.than.explanatory.—.the.energy.
in.the.body.must.add.up.to.the.difference.between.what.energy.comes.in.and.what.
goes.out.

Even.though.obesity.is.often.cast.in.terms.of.a.disturbance.in.energy.balance,.
strictly.speaking.it.makes.little.sense.to.talk.of.being.out.of.energy.balance.because,.
by.definition,.living.organisms,.like.physical.systems,.must.always.be.in.energy.bal-
ance.or.they.would.violate.the.Laws.of.Thermodynamics..If.animals.are.always.in.
energy.balance,.it.is.difficult.to.think.of.energy.balance.as.a.regulated.variable.which.
is.maintained.by.changes.in.food.intake.because.there.would.be.nothing.to.regulate..
It. is.equally.challenging. to. imagine.what. the. feedback.signal.would.be.or.how.it.
would.be.monitored.other.than.from.outside.the.organism.because.it.is.a.theoretical.
construct.and.not.a.physiological.event.

What.is.probably.meant.in.most.cases.by.being.“out.of.energy.balance”.is.that.
food.intake.has.exceeded.or.fallen.short.of.expenditure,.resulting.in,.respectively,.a.
gain.or.loss.of.body.weight.(fat)..Again.this.is.simply.a.statement.of.fact.and.does.
little.to.offer.an.explanation.or.mechanism..From.the.perspective.of.physiological.
regulation,. the. static. nature. of. the. energy. balance. equation. masks. dynamic. rela-
tionships.between.body.fat,.food.intake,.and.expenditure.that.involve.complex.bio-
chemical,.endocrine,.and.physiological.feedback.mechanisms..When.invoked.in.the.
context.of.body.fat.maintenance,.the.energy.balance.formula.communicates.a.less.
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than.dynamic.situation.and.implies.that.the.content.of.body.fat.is.a.passive.result.of.
variations.in.energy.intake.and.expenditure..Body.energy.(fat).is.the.dependent.vari-
able,.and.intake.and.expenditure.are.the.independent.variables.

We.know,.of.course,. that.adipose. tissue. is.not. just. a. static.depository. for. fat,.
but. is.a.very.active. tissue,.which.both.stores.and.mobilizes. fat. fuels.and.secretes.
hormones.with.metabolic.actions.throughout.the.body..Keeping.these.“independent”.
capabilities.of.adipose.tissue.in.mind,.it.is.possible.to.portray.the.energostatic.model.
in.terms.of.the.energy.balance.formula..In.this.case,.we.solve.for.energy.intake.rather.
than.a.change.in.body.energy.or.fat.content.as.in

. Ei.=.∆Eb.–.Ee

and.allow.body.energy.to.vary.freely,.independently.of.food.intake..In.the.case.of.
obesity,.body.energy.increases.as.more.fuels.are.routed.to.fat.stores,.and.if.energy.
expenditure.remain.constant,.food.intake.increases.as.a.result.

1.5.3   “nonregulaTory” food InTake

A.distinction.is.often.made.between.“regulatory”.and.“nonregulatory”.controls.of.
food.intake..Regulatory,.or.sometimes.“homeostatic,”.controls.are.associated.with.
the.internal.environment,.with.physiological.regulations.and.signals..Nonregulatory.
(nonhomeostatic).controls.are.associated.with.external.influences.(e.g.,.the.palatabil-
ity,.variety,.composition,.and.availability.of.food).and.cognitive.or.cultural.factors.
(e.g.,.learning,.craving,.meal.timing)..Observation.of.an.apparently.poor.control.of.
food.intake.in.response.to.energetic.manipulations.has.lead.to.the.conclusion.that.
nonhomeostatic.controls.may.override.or.take.precedence.over.regulatory.controls,.
especially.in.humans,.and.are.largely.responsible.for.determining.how.much.food.
is.consumed.on.a.day-to-day.basis..Nonregulatory.factors,.particularly.those.associ-
ated.with.food.palatability,.variety,.portion.size,.and.accessibility,.are.also.thought.
responsible.for.overeating.and.obesity.in.humans.

Undoubtedly,.there.are.a.number.of.external.factors.that.affect.feeding.behavior,.
but.what. impact.do.they.have.on.intake.over.a. long-term,.nutritionally.significant.
interval?.And.are.they.truly.nonregulatory?.To.date,. there.remains.very.little.sci-
entific.evidence.that.an.abundance.and.variety.of.palatable.food.drives.overeating.
over. the. long-term.. The. idea. that. food. palatability. can. cause. obesity. stems. from.
“cafeteria”.studies.in.which.rats.became.obese.when.fed.cookies,.peanut.butter,.and.
other.appealing.(at.least.to.the.experimenter).foods.in.addition.to.their.regular.rat.
chow.43.A.problem.with.these.kinds.of.experiments,.as.well.as.those.in.which.rats.
are.given.sucrose.solutions.along.with.chow,.is.that.food.palatability.is.confounded.
with.a.change.in.diet.composition..In.the.case.of.cafeteria.diets,.the.change.was.from.
a.low-fat,.high-carbohydrate.chow.to.a.high-fat,.high-carbohydrate.diet,.which,.as.
discussed.earlier,.can.cause.overeating.and.obesity..This.change.in.diet.composition.
appears.critical,.because.no.overeating.and.obesity.is.observed.when.rats.are.fed.a.
variety.of.palatable.foods.while.holding.diet.composition.constant.44.In.addition,.rats.
still.overeat.and.become.obese.when.fed.a.food,.which.by.virtue.of.its.composition.
causes.overeating.and.weight.gain,.even.if.it.is.made.extremely.unpalatable.45
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To.conclude.that.the.sensory.and.hedonic.properties.of.food.are.truly.nonregula-
tory.controls.of.intake,.it.would.be.necessary.for.the.taste,.flavor,.and.palatability.
of.food.to.have.no.physiological.or.metabolic.consequences..But.we.know.they.do..
These.food.stimuli. trigger.endocrine.and.metabolic.responses.that.affect.metabo-
lism,.in.some.cases.for.hours,46.and.also.can.increase.food.intake.in.the.short.term.47.
Such.cephalic-phase.reflexes.appear.to.prepare.the.body.for.an.influx.of.nutrients..
Cephalic-phase.insulin.secretion,.for.example,.promotes.a.shift.in.metabolism.from.
a.catabolic.to.anabolic.state,.including.the.inhibition.of.fatty.acid.oxidation.and.the.
synthesis.and.storage.of.fat..Under.these.conditions,.the.energostatic.model.would.
predict.an.increase.in.the.“metabolic”.signal.to.eat..Thus,.the.effects.of.food.flavor.
and.palatability.on.food.intake.may.be.due.to.their.regulatory.effects,.which.could.
elicit.eating.or.permit.continued.intake.as.oxidizable.fuels.are.shunted.into.storage..
Perhaps.the.palatable.taste.of.dessert.“makes.room”.in.the.fuel.supply.to.sustain.or.
pique.our.appetite.despite.a.full.stomach.

Nonregulatory.cognitive.controls.of.food.intake.include.learned.habits.and.food.
cues.. For. example,. people. often. claim. they. eat. not. because. they. are. hungry,. but.
because. it. is. mealtime.. If. we. eat. only. because. it. is. time. for. breakfast,. lunch,. or.
dinner,.then.our.metabolic.state.should.be.unaffected.by.the.timing.of.meals..This.
is.not. the.case;. there. is.a.vast. literature.showing. that. the. timing.of.meals.greatly.
affects.metabolic.feeding.and.fasting.cycles.48.It.seems.plausible.that,.with.regular.
meal. timing,.both. the. readiness.and.metabolic. signals. to.eat.appear.according. to.
schedule..In.addition,.the.absence.of.perceived.hunger.does.not.mean.there.is.not.
metabolic.hunger..The.areas.of.the.brain.stem.that.receive.sensory.input.from.the.
liver.in.the.control.of.food.intake,.for.example,.are.the.same.as.those.that.receive.
signals.monitoring.other.homeostatic.parameters.of.which.we.are.unaware,.such.as.
blood.pressure.. Indeed,.such.a.disconnect.between.unconscious.metabolic.hunger.
and.perceived.hunger.may.help.account.for.the.poor.relationship.between.reported.
hunger.and.food.intake.

Food.itself.can.cause.food.intake,.and.an.overabundance.of.food.and.food.cues.
in. the. environment. are. thought. to. contribute. to. overeating. and. obesity.. Whether.
such.a.food-rich.environment. in.fact.causes.overeating.and.obesity.remains. to.be.
determined. through. experimentation.. Animal. studies. are. not. encouraging. in. this.
regard..Rats.can.be.trained.to.eat. in.response.to.an.external.stimulus.and.will.do.
so.repeatedly. throughout. the.day.whenever. that.stimulus. is.presented.49.However,.
these.animals.do.not.increase.energy.intake.on.a.daily.basis,.because.they.reduce.
their.intake.of.maintenance.diet.to.compensate.49.And.again,.it.is.not.clear.that.the.
eating.that.occurs.in.response.to.food.or.food-related.stimuli.is.truly.nonregulatory,.
because.food.and.learned.food.cues50.elicit.cephalic-phase.responses.

�.�   IMplIcatIons for research on huMans

There.is.substantial.evidence.for.a.metabolic.control.of.food.intake.in.humans,.per-
haps.involving.signaling.of. liver.energy.status..Injection.of. insulin.or. the.glucose.
analogue,.2-deoxy-d-glucose,.triggers.hunger.and.stimulates.eating.in.human.sub-
jects.51,52.Cognitive.functions.related.to.food.stimuli.are.enhanced.during.insulin-
induced.hypoglycemia.in.humans,53.a.finding.which.is.consistent.with.the.contention.
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that.metabolic. factors.can.underlie.or.modulate.cognitive.controls.of. food. intake..
Healthy. human. subjects. reduce. energy. intake. in. a. compensatory. fashion. during.
intravenous.feeding.54.This.finding.provides.strong.evidence.for.a.metabolic.control.
of.food.intake.independent.of.the.sensory.features.of.food..In.humans,.the.level.of.
liver.ATP.or.the.degree.of.restoration.of.liver.ATP.after.an.experimentally.induced.
reduction. is. inversely. correlated. with. body. mass. index. (BMI).55,56. Whether. this.
intriguing.relationship.is.a.cause.or.effect.of.obesity,.and.whether.it.is.related.to.dif-
ferences.in.food.intake,.remains.to.be.seen.

More.detailed.studies.of.the.metabolic.control.of.feeding.in.humans.are.sorely.
needed,.especially.as.our.understanding.of.this.control.in.animals.has.progressed.
beyond. the. notions. of. “glucostatic”. and. “lipostatic”. mechanisms.. A. recent. study.
using.human.subjects,.for.example,.revealed.relationships.between.blood.leptin.levels.
and.hunger.and.food.intake.that.were.independent.of.circulating.glucose.and.insulin.
concentrations.57.Experiments.on.the.metabolic.control.of.food.intake.in.humans.are.
difficult.in.many.respects,.not.the.least.of.which.is.the.need.for.invasive.procedures.
involved.in.manipulating.and.measuring.metabolic.variables..Clearly,.more.nonin-
vasive,.or.minimally.invasive,.techniques.need.to.be.developed.and.used..The.use.of.
magnetic.resonance.spectrometry.to.measure.liver.ATP.in.conscious.humans55,56.is.
an.example.that.is.relevant.to.the.energostatic.model.discussed.here..The.use.of.non-
invasive.techniques.would.improve.subject.compliance.and.also.might.permit.more.
ecologically.valid.“field”.studies.of.the.metabolic.control.of.food.intake.in.humans.

One. methodological. issue. regarding. experiments. on. the. metabolic. control. of.
food.intake.in.humans.that.could.be.dealt.with.now.pertains.to.the.nearly.invariable.
use.of.fasted.subjects,.although.there.are.exceptions.58.Human.subjects.in.metabolic.
studies,.including.those.involving.measures.of.food.intake.or.appetite,.are.typically.
fasted.overnight.in.order.to.minimize.variability.of.metabolic.parameters;.however,.
with.the.exception.of.breakfast,.people.usually.eat.before.such.prolonged.food.depri-
vation..Because.the.amount.of.food.consumed.may.be.determined.by.the.metabo-
lism.of. that. food,. it. is.possible. that.metabolic.measurements. taken.during.fasting.
would.miss.critical. relationships.between.metabolism.and.food. intake..Studies.of.
metabolism.under.normal.eating.conditions.might.provide.a.more.ecologically.and.
physiologically.valid.picture.of.the.metabolic.control.of.food.intake.

Whereas. some. studies. fail. to. demonstrate. complete. compensation. of. energy.
intake. in. response. to. changes. in. dietary. energy. content,59. others. find. good. com-
pensation.60,61.The.basis.for.this.discrepancy.is.unclear,.although.it.seems.that.stud-
ies.finding.good.compensation.tend.to.be.those.in.which.subjects.are.living.in.the.
laboratory.under.tightly.controlled.conditions..This.environment.is.similar.to.that.of.
laboratory.rats,.which.appear.to.control.food.intake.more.precisely.in.response.to.
variation.in.dietary.energy.density.than.do.free.living.humans..As.discussed.earlier.
in.this.chapter,.this.may.simply.reflect.a.difference.in.how.these.two.species.respond.
to.energetic.challenges;.rats.may.be.more.inclined.to.deal.with.such.challenges.by.
modifying.food.intake,.whereas.humans.may.do.so.by.changing.energy.storage.and.
expenditure.as.well.as.intake..It.is.also.possible.that.experience.with.food.may.affect.
how.accurately.rats.and.humans.control.food.intake.

Adult. humans. living. in.developed. countries,.who.constitute.practically. all. of.
the.subjects.used.in.experiments.on.control.of.food.intake.in.humans,.have.a.long.
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history.of.associating.a.wide.variety.of.foods.or.classes.of.foods.with.their.meta-
bolic.effects..This.stands.in.stark.contrast.to.adult.laboratory.rodents,.which.have.
an.extremely.limited.food.experience,.most.often.restricted.to.only.one.food.with.a.
relatively.constant.composition.and.energy.density..Typically,.dietary.manipulations.
in.human.studies.are.covert.in.order.to.minimize.potentially.confounding.changes.
in. the. sensory.properties.of. the. food..Therefore,. expecting. adult. humans. to.vary.
intake.in.response.to.changes.in.dietary.energy.density.(or.other.dietary.manipula-
tions).is.asking.them.to.unlearn.food–metabolism.relationships.formed.over.many.
years.of.a.rich.and.varied.food.experience..It.may.be.the.lack.of.such.experience.that.
accounts.for.the.finding.that.children.very.accurately.alter.food.intake.in.response.
to.changes.in.dietary.energy.content.62.It.would.be.interesting.to.see.if.adult.humans.
eating.a.single,.nutritionally.complete.diet.—.a.people.“chow”.—.over.a.long.period.
of.time.compensated.more.accurately.for.changes.in.its.energy.density.than.those.
with.a.varied. food.history.given. familiar. foods.with.unfamiliar.caloric.densities..
Conversely,.would.rats.with.a.long.history.of.eating.a.variety.of.foods.with.different.
energy.densities.compensate.less.well?

I.have.heard.more.than.a.few.presentations.describing.results.from.experiments.
on.nonregulatory.controls.of.food.intake.that.conclude.by.raising.the.possibility.that.
the.abundance.of.a.varied.and.palatable.food.supply.contributes.to.the.high.rates.of.
obesity.seen. in.many.developed.countries..When. the.speakers.are.asked.on.what.
basis.they.would.even.entertain.this.conclusion,.the.typical.response.is.something.
like,.“Because.I.look.out.in.the.world.and.see.all.this.food.and.all.these.obese.peo-
ple.”.Unfortunately,.that.is.pretty.much.the.extent.of.the.scientific.evidence.that.over-
eating.in.humans.is.caused.by.food.availability.and.palatability..I.am.aware.of.only.
one.study63. that.has.examined.the.effects.of.palatability.on.food.intake.in.human.
subjects.over.more.than.a.few.hours.and.observed.an.increase.in.energy.intake..Even.
in.this.case,.the.effect.was.found.in.a.subset.of.subjects.(lean,.but.not.obese),.and.the.
exposure.to.palatable.food.lasted.only.one.week,.and,.in.the.longer.term,.the.role.of.
diet.palatability.in.humans.seems.to.be.overridden.by.postingestive.consequences.of.
eating.64.If.an.excess.of.a.variety.of.palatable.food.is.an.important.cause.of.overeat-
ing.and.obesity,.it.should.be.demonstrable.in.an.experimental.context..Again,.such.
long-term.studies.in.humans.are.difficult.to.do.with.respect.to.methodology,.logis-
tics,.and.compliance,.but.they.need.to.be.done.for.experimental.evidence.to.take.the.
place.of.hand.waving.

�.�   conclusIons

The.issues.discussed.in.this.chapter.—.including.the.basic.one.of.whether.there.is.
regulation.of.food.intake.—.revolve.around.perceptions..How.we.think.about.regu-
lation.and.control.can.shape.our.understanding.of.food.intake;.for.example,.if.food.
intake.is.thought.to.be.regulated,.it.can.also.be.seen.as.dysregulated..If.food.intake.is.
viewed.as.regulating.body.fat.content,.then.the.mechanisms.for.control.of.intake.are.
thought.to.be.broken.or.out.of.control.when.changes.in.body.weight.and.food.intake.
are.uncoupled..Overeating.in.obesity,.for.example,.is.considered.the.result.of.a.faulty.
feedback.control.from.body.fat.or.a.disordered.mechanism.for.feeding.behavior..In.
contrast,.seeing.body.fat.storage.and.food.intake.as.two.solutions.to.the.problem.of.
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maintaining.energy.production.leads.to.different.conclusions..From.this.energostatic.
perspective,.dissociation.between.body.fat.and.food.intake.does.not.mean.that.the.
control.of.intake.is.broken;.indeed,.overeating.that.is.associated.with.the.develop-
ment.of.obesity.results.because.the.mechanism.for.control.of.intake.works.too.well.

Expectations.affect.perceptions..If.food.intake.fails.to.change.in.response.to.an.
energetic.challenge.as.expected,.we.see.it. is.as.poorly.controlled.or.dysregulated..
But.as.with.the.uncoupling.of.food.intake.and.body.weight,.this.dysregulation.can.
be. illusory. if. the.source.of.control. is.misplaced.(i.e.,.body.fat.versus.energy.pro-
duction).or.if.the.variable.regulated.by.food.intake.can.also.be.regulated.by.other.
means.(e.g.,.mobilization.or.storage.of.fat)..Distinctions.between.regulatory.and.non-
regulatory.controls.of.food.intake.are.warranted.if.based.on.the.initial.source.of.the.
controlling.stimulus.(e.g.,.intero-.versus.exteroceptive,.cognitive.versus.physiologi-
cal).. It. is. unquestionable. that. nonregulatory. controls. are. involved. in. determining.
food.intake.in.the.short-term,.but.it.is.at.best.premature.to.conclude.that.nonregula-
tory.controls.supplant.or.override.regulatory.controls.over.the.long-term..Given.that.
metabolic.changes.can.affect.food-related.cognitive.processes.and.cephalic.stimuli.
affect.metabolism,.the.extent.to.which.nonregulatory.controls.are.truly.nonregula-
tory.remains.to.be.resolved.

Although,.as.Claude.Bernard.wrote,.the.constancy.of.the.internal.environment.
is.a.requirement.for.the.free.life,.constancy.is.not.a.sufficient.condition..After.all,.
sessile.animals.must.maintain.homeostasis.to.survive,.but.one.could.hardly.consider.
them.free..The.ability.to.modify.behavior.is.also.necessary.for.a.truly.free.life..For.
those.who.study.the.control.of.food.intake,.it.is.the.variability.in.food.consumption.
that.we.seek.to.explain..If,.as.Pflüger.tells.us,.we.can.identify.the.regulated.variable.
that.is.kept.constant.by.variations.in.food.intake,.we.should.know.what.controls.food.
intake..In.this.chapter,.I.have.offered.an.alternative.to.commonly.held.views.by.sug-
gesting.that.food.intake.serves.to.regulate.energy.production,.not.body.fat.content.or.
energy.balance..This.framework.explains.findings.that.are.anomalous.for.more.tradi-
tional.theories.and.in.doing.so.erases.misperceptions.and.avoids.premature.abandon-
ment.of.regulatory.explanations.for.the.control.of.food.intake.
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� The	Control	of	
Food	Intake	and	the	
Regulation	of	Body	
Weight	in	Humans

David A. Levitsky

�.�   IntroductIon

A.common.belief.among.the.vast.majority.of.researchers.and.practitioners.involved.
in.the.control.of.food.intake.of.humans.is.that.body.weight.is.regulated.through.the.
control.of.food.intake..Implicit.in.this.belief.are.two.assumptions:.(1).body.weight.is.
physiologically.regulated,.and.(2).it.is.regulated.specifically.through.the.control.of.
energy.intake..These.assumptions.originate.deep.in.the.history.of.animal.physiology.
and.psychology.and.have.been.seldom.questioned..Yet.the.veracity.of.these.assump-
tions.will.determine.the.success.of.our.efforts.to.stem.the.surge.of.overweight.and.
obesity.so.evident.throughout.the.world.
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There.are.three.arguments.that.are.used.to.support.the.notion.that.body.weight.
of.humans.is.regulated.through.the.control.of.food.intake..These.three.arguments.
stem.from.the.fundamental.properties.of.body.weight,.which.are.typical.of.physi-
cal.regulatory.systems:.(1).body.weight.remains.constant.for.long.periods.of.time,.
despite.variations. in.energy. intake.and.expenditure,. (2).after.periods.of.excessive.
energy.intake.and.weight.gain,.voluntary.energy.intake.is.reduced.and.body.weight.
returns.to.pre-overfeeding.levels,.and.(3).after.periods.of.food.restriction.and.subse-
quent.weight.loss,.voluntary.energy.intake.is.increased.and.body.weight.recovers.to.
its.predeprivation.values.

2.1.1    classIc argumenT for The regulaTIon of Body 
WeIghT Through The conTrol of food InTake

�.�.�.�   constancy of body weight

There.are.several.variations.of.this.argument..One.popular.version.is.that.if.we.eat.an.
extra.chocolate.cookie.everyday.(250.kcal),.we.will.gain.about.25.pounds.in.1.year.
and.that,.because.such.a.large.weight.gain.rarely.happens,.this.is.evidence.that.con-
trol.of.intake.must.prevent.us.from.gaining.so.much.weight..A.variation.of.this.argu-
ment. is. illustrated. in. Figure.2.1.. The. average. American. eats. approximately. 2200.
kcal/day.. Over. a. period. of. a. year,. this. intake. amounts. to. approximately. 800,000.
kcal..If.energy.regulation.were.perfect,.then.at.the.end.of.a.year,.body.weight.will.
match.energy.expenditure.exactly,.and.no.gain.or.loss.in.body.weight.should.occur..
Unfortunately.that.is.not.what.happens.in.reality..The.upper.right.insert.in.Figure.2.1.
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fIgure �.�  Inset:.Mean.body.weight.for.males.and.females.corrected.for.age.estimated.
from.HANES.surveys..(Adapted.from.Zhang,.Q..and.Wang,.Y.,.Obes. Res.,.12,.1622–1632,.
2004..With.permission.).Main.figure:.Theoretical.difference.in.energy.balance.at.the.end.of.
a.year.for.a.person.who.consumed.2200.kcal.each.day.and.gained.0.98.lbs.(average.yearly.
weight.gain.of.Americans81,86).
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shows.estimates.of.mean.body.weight.for.American.males.and.females.taken.over.
the.past.15.years.143.As.is.evident.from.this.figure,.both.males.and.females.are.getting.
bigger..However,.the.increase.in.body.weight.is.slightly.less.than.a.pound.per.year.
(0.98.lb/yr).81,86.The.gain.in.body.weight.can.be.converted.to.the.amount.of.energy.
required.to.gain.this.amount.of.weight.by.multiplying.it.by.the.well.accepted.value.
of.3500.kcal/lb.to.yield.a.value.of.3430.kcal..Expressing.this.“error”.in.terms.of.the.
large.amount.of.energy.consumed.per.year.(3430.kcal/802,528.kcal).results. in.an.
error.of.less.than.0.5%..Clearly,.the.argument.goes,.such.precision.could.not.occur.
without.some.physiological,.regulatory.mechanism.operating.to.prevent.changes.in.
body.weight.

This.argument.is.valid.only.to.the.extent.that.an.alternative.mechanism.to.weight.
regulation. cannot. account. for. the. data.. Such. an. alternative. explanation. has. been.
proposed..Levitsky70.constructed.a.computer.simulation.of.changes.in.body.weight.
across.time.based.upon.three.assumptions:.(1).daily.energy.intake.is.a.random.pro-
cess.having.a.normal.distribution.and.a.mean.of.2200.kcal/day,.(2).the.amount.of.
daily.energy.expenditure.is.also.a.random.process.having.a.normal.distribution.with.
a.mean.of.2200.kcal.per.day,.(3).daily.energy.expenditure.increases.as.a.function.of.
body.mass..This.third.assumption.can.be.validated.on.the.basis.of.two.arguments..
First,.as.body.mass.increases,.the.energy.needed.to.move.the.larger.body.mass.the.
same.distance.must.also.increase..Second,.as.an.adult.increases.body.weight,.nearly.
half.of.the.weight.gain.is.lean.body.mass,.which.has.a.relatively.high.energy.require-
ment..The.computer.model.sampled.daily.from.a.normal.distribution.for.intake.and.
expenditure.and,.based.on.the.differences,.either.increased.or.decreased.body.mass..
The.model.repeatedly.produced.an.energetic.error.at.the.end.of.1.year.of.less.than.
0.5%..Because.a.model.of.the.constancy.of.body.weight.can.be.constructed.assuming.
random.distribution.of.both.energy.intake.and.energy.expenditure,.and.without.the.
proposed.properties.of.physiological.regulation,.the.argument.that.stability.of.human.
body.weight.proves.the.existence.of.physiological.regulation.cannot.be.made.

�.�.�.�   response to food depri�ation

The.deprivation.of.food.has.long.served.as.a.model.procedure.for.stimulating.eating.
behavior.and.the.motivation.to.eat..Indeed,.the.inability.to.refrain.from.eating.while.
“dieting”.is.widely.believed.to.be.the.major.reason.why.dieting.is.so.ineffective.a.
means.of.controlling.body.weight.46,94,128,140.Despite.these.common.observations.and.
the.fact. that.being.deprived.of. food.almost.always. leads. to.an. increase. in.hunger.
sensations,134.there.is.very.little.evidence.that.being.deprived.of.food.causes.overeat-
ing.in.humans..In.one.study,.spontaneous.food.consumption.measured.after.skipping.
lunch.(6-hour.food.deprivation).resulted.in.greater.intake.than.intake.after.eating.1.
hour.prior.127.But. it. is.not.clear.whether. the.food.deprivation.stimulated. intake.or.
whether.the.consumption.of.the.meal.1.hour.prior.to.testing.suppressed.eating..In.
a.subsequent.study,1.14-hour.food.deprivation.increased.intake.relative.to.a.2-hour.
deprivation..However,.imposing.a.“negative”.mood.on.the.subjects.completely.elimi-
nated.the.deprivation.effect.on.food.intake.

In. a. study. of. eating-disordered. patients,. very. little. effect. of. imposing. a. 19-
hour.food.deprivation.was.found.on.subsequent.food.intake,.except.for.one.of.the.
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three.groups.of.patients.52.Following.a.36-hour.fast,.participants.found.food.intake.
increased.only.about.20%.when.compared.to.testing.after.no.fasting.61

Figure.2.2.displays.the.results.of.a.study.conducted.in.our.lab.in.which.ad libi-
tum. food. intake.was.measured. from.Monday. to.Friday. for.3.weeks..On.Monday.
of.each.week,.the.subjects.either.(a).consumed.food.ad libitum,.(b).consumed.only.
1200.kcal,.or.(c).were.totally.fasted..Ad libitum.intake.was.measured.from.Tuesday.
to.Friday..As. is.clearly.evident. in. this.figure,.energy. intake. following. the.dietary.
manipulation.did.not.differ.between.any.of.the.deprivation.conditions..Interestingly,.
body.weight.totally.recovered.following.the.restricted.and.total.fasting.condition.

Consequently,.there.is.little.evidence.from.the.literature.supporting.the.view.that.
food.intake.in.humans.is.increased.proportionally.to.the.degree.of.food.deprivation.

�.�.�.�   response to o�erfeeding

Overfeeding.presents.an.ideal.mode.for.demonstrating.the.critical.role.that.the.con-
trol.of.food.intake. is.proposed.to.play.in. the.regulation.of.body.weight.. Inducing.
weight.gain.by.overfeeding.rats.is.followed.by.a.significant.reduction.in.subsequent.
food.intake.and.a.loss.of.body.weight.56.Despite.the.existence.of.this.relatively.direct.
test.of.the.role.of.the.control.of.food.intake.in.the.regulation.of.body.weight,.very.few.
studies.have.used.overfeeding.to.examine.the.regulation.of.food.intake.in.humans..
In.one.study,.men.of.different.ages.were.subjected.to.21.days.of.overfeeding.105.Fol-
lowing.the.period.of.overfeeding,.the.intake.of.young.men.decreased,.whereas.the.
intake.of.the.older.men.remained.constant..For.the.young.men,.different.foods.were.
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served.during.the.baseline.period.and.following.overfeeding,.making.it.difficult.to.
draw.conclusions.as.to.whether,.or.not,.the.decreased.intake.was.due.to.the.overfeed-
ing.or.to.the.difference.in.the.foods.offered.

In.another.study,.we.performed.a.direct.comparison.of.the.effects.of.overfeeding.
on.ad libitum. food.intake.in.humans.in.our.lab.74.Subjects.were.overfed.each.day.
by.about.33%.for.13.days,.and.then.allowed.to.eat.ad libitum.for.the.next.3.weeks..
Figure.2.3.shows.the.results..Despite.producing.a.significant.increase.in.body.weight.
and.complaints.from.the.subjects.that.they.couldn’t.eat.any.more,.on.the.very.next.
day,.following.the.termination.of.overfeeding,.the.subjects.returned.to.their.normal.
level.of.food.intake..Interestingly,. the.subjects.all. lost.weight.during.the.recovery.
period..What.is.important.to.recognize,.however,.is.that.the.return.to.normal.body.
weight.was.not.accomplished.through.the.control.of.food.intake,.since.after.over-
feeding,.subjects.did.not.eat.less.than.their.normal.intakes.

2.1.2   response To energy densITy of The dIeT

If.physiological.regulation.of.body.weight.operates.to.control.human.food.intake,.
then.eating.behavior.should.be.sensitive.to.changes.in.energy.density.of.the.food..
Otherwise,.consumption.of.energy-dense.diets.should.cause.obesity,.and.consump-
tion. of. energy-sparse. diets. should. cause. starvation.. The. effect. of. changes. in. the.
energy.density.of.diet.on.spontaneous.food.consumption.is.very.clear:.humans.do.
not.respond.to.changes.in.energy.density.by.making.appropriate.adjustments.in.food.
intake.. (For.a.more.complete. review.see.References. [4,69].).Despite.many.claims.
to.the.contrary,.when.people.eat.foods.having.a.decreased.energy.density,.they.do.
not. increase. their. subsequent. energy. intake. sufficiently. to.maintain.body.weight..
Figure.2.4.shows.the.results.of.a.within-subject,.weighed-food-intake.study.of.the.
effects.of.feeding.the.same.foods.that.differed.only.in.the.amount.of.dietary.fat.for.
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11.weeks.62.Not.only.is.there.no.indication.that.subjects.receiving.the.low-fat.food.
increased.intake.over.time,.but.the.incomplete.compensation.resulted.in.a.significant.
difference.in.weight.loss.between.groups.

Although.change.in.dietary.fat.is.one.of.the.most.effective.ways.to.change.energy.
density.of.the.diet,85. the.lack.of.compensation.for.change.in.energy.density.is.not.
limited. to. fat,.but.has.been.demonstated.also.when.energy.density. is.changed.by.
varying.water.and.fiber.content.7,107.Indeed,.this.lack.of.an.adjustment.of.food.intake.
to.changes.in.energy.density.has.been.observed.in.epidemiological.data68.as.well.as.
in.experimental.studies.

There.is.very.little.evidence.that.humans.display.precise.physiological.regulation.
of.energy.intake..When.deprived.of.food,.they.do.not.increase.intake.proportionally.
to.the.deficit..When.overfed,.they.do.not.decrease.intake..When.the.energy.density.
of. the.diet. is. altered,. they.do.not.make.adjustments. to. food. intake. to.maintain. a.
constant.energy.intake.

�.�   opportunIty not regulatIon

How.can.this.be?.Is.it.not.true.that.humans.regulate.their.energy.balance?.An.enor-
mous. amount. of. data. has. been. published. in. recent. years. documenting. exquisite.
physiological.pathways.through.the.gastrointestinal.track,.from.adipose.tissue,.and.
through.many.layers.of.brain-linking.detectors.of.food.and.body.stores.to.powerful.
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47833.indb   26 1/18/08   1:43:46 PM



The	Control	of	Food	Intake	and	the	Regulation	of	Body	Weight	in	Humans	 ��

stimulators.and.inhibitors.of.food.intake..Have.we.biologically.evolved.so.quickly.
that.we.do.not.use.these.fundamental,.biological.processes.that.determine.our.eating.
behavior?.Perhaps.we.have.been.viewing.the.question.from.the.wrong.perspective.

Inherent.in.the.concept.of.intake.regulation.is.an.energy.depletion/repletion.model.
of.eating.behavior..Regulation.describes.systems.that.attempt.to.maintain.some.entity.
constant..While.no.one.would.deny. the.necessity.of.eating. to.maintain.a.sufficient.
store.of.energy.in.the.body.to.sustain.and.propagate.life,.it.does.not.necessarily.follow.
that.the.behavior.of.eating.is.controlled.only.by.that.system..George.Collier.was.one.
of.the.first.to.suggest.that,.although.the.depletion/repletion.model.may.have.allowed.
us.to.identify.and.track.the.biology.of.eating.related.to.energy.depletion,.it.may.have.
obscured.the.effects.of.many.powerful,.yet.subtle,.environmental.stimuli.that.affect.
the.eating.behavior.of.animals.17,18.Whereas.Collier’s.formulations.were.directed.more.
toward.a.general.understanding.of.animal.behavior.in.its.own.environment,.Harvey.
Weingarten.developed.a.similar.idea,.but.related.it.more.directly.to.eating.behavior..
He.suggested.that.eating.behavior.was.controlled.by.two.motivational.systems.135.One.
system.was.controlled.by.the.internal.signals.and.generated.biological.signals.from.
the.classical.depletion/repletion.regulatory.model.of.feeding.system..The.other,.like.
Collier’s,.was.driven.by.external,.environmental.stimuli.associated.with.food.and.eat-
ing..Weingarten.hypothesized.that.these.two.systems.were.controlled.by.different.neu-
ral.substrates.and.presented.several.very.clever.experiments.to.support.this.view..More.
recently,.Berridge.and.Robinson12.proposed.a.similar,.yet.broader.theory.of.eating,.but.
placed.it.into.the.context.of.reward..They.suggested.that.the.neurochemical.systems.
underlying.reward.(food).in.the.mammalian.brain.may.be.divided.into.three.parts:.(1).
a.learning.system.that.involves.knowledge.about.the.reward,.(2).a.homeostatic.“need”.
that.is.driven.by.a.physiological.regulatory.system.involved.in.energy.balance,.and.(3).
a.hedonic.“want”.or.“desire”.system.that.is.independent.of.physiological.regulation,.
but.that.might.drive.the.behavior.toward.the.consumption.of.food.just.as.strongly.as.the.
homeostatic.one..A.similar.but.elaborate.version.of.this.theory.that.has.recently.been.
proposed.by.Lowe.and.Levine79.expands.the.theory.to.encompass.the.human.“dieting”.
literature.as.well..Although.all.three.of.these.models.suggest.a.nonregulatory.aspect.
of.eating.behavior,.none.actually.explains.how.the.two.systems.that.are.suggested.to.
control.eating.interact.with.each.other.

Two.models.of.eating.behavior.have.been.proposed.that.do.attempt.to.show.how.
classical. depletion/repletion. regulation. and. nonregulation. eating. integrate. into. a.
single.conceptual.framework..These.models.are.depicted.in.Figure.2.5..Herman.and.
Polivy49. suggest. that. a. boundary. exists. within. the. entire. range. of. an. individual’s.
intake..Either.a.very.low.food.intake.(food.deprivation).may.elicit.a.biological.signal.
that.will.cause.eating.to.occur,.or.a.very.high.food.intake.(gorging).will.cause.the.
biological.signal.of.the.depletion/repletion.regulatory.system.to.promote.the.cessa-
tion.of.eating..Levitsky72.suggests.that.a.range.of.body.weight.exists.(Settling-Zone).
for.each.individual..Biology.plays.two.roles.in.this.model..First,.genetics.determines.
where.on.the.scale.of.body.weights.an.individual’s.Settling-Zone.lies..Second,.bio-
logical. regulatory. mechanisms. are. activated. whenever. actual. body. weight. either.
exceeds.or.drops.below.the.Settling-Zone..What.is.common.to.both.models,.how-
ever,.is.that.with.either.the.“boundary”.or.the.“Settling-Zone”.human.food.intake.is.
controlled.primarily.by.external.stimuli.
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Boundary Model of Herman and Polivy (1984) 
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�.�   evIdence of the nonregulatIon of 
huMan feedIng behavIor

2.3.1   porTIon sIze effecT

Perhaps.one.of.the.most.powerful.demonstrations.of.an.external.stimulus.affecting.
human.food.intake.is.the.portion.size.effect..The.effect.is.quite.simple:.the.more.food.
you.put.on.a.person’s.plate,.the.more.the.person.eats..The.effect.was.first.noted.by.
Siegel,119.but.has.received.little.attention.until.fairly.recently..Booth14.reported.that.
serving.a.larger.lunch.resulted.in.greater.food.consumption..Edelman.published.a.
study.with.army.recruits38.showing.that.the.more.food.that.was.put.on.their.plate,.the.
more.they.ingested.

In.the.last.10.years,.a.considerable.amount.of.laboratory.data.has.substantiated.
the.robustness.of.the.portion.size.effect..It.is.evident.in.children,88,108.when.all.the.
foods.of.a.meal.are.altered75.or.when.a.single.component.of.the.meal.is.altered.66,109.
The.phenomenon.occurs.whether.or.not.the.foods.are.discrete,.such.as.sandwiches,111.
or.amorphous.such.as.snacks,44,111,132.or.a.liquid,.such.as.soup75,133.or.drinks.42.The.
phenomenon.occurs.not. just. in. the. laboratory.but.has.been.observed.under.more.
“free-living”.restaurant.environments.34

The.portion.size.effect.is.neither.trivial.nor.transitory..Increasing.the.size.of.the.
portion.served.at.a.single.meal.can.increase.energy.intake.by.as.much.as.50%,.or.
about.1000.kcal.75.A.recent.study.by.Rolls110.demonstrated. the.effect.of.changing.
portion.size.lasts.at.least.2.days,.and.a.recently.completed.study.in.our.lab.showed.
the.effect.of.decreasing.portion.size.for.lunch.remained.for.2.weeks.

The.inability.of.humans.to.adjust.energy.intake.when.served.an.altered.portion.
size.probably.can.account.for.the.remarkable.success.of.meal.replacements.as.an.aid.
to.weight.reduction.53.Meal.replacements.usually.are.packaged,.liquid.foods.of.fixed.
size,.containing.less.energy.than.is.normally.consumed.at.a.meal..They.are.typically.
used.to.“replace”.one.or.two.meals.during.the.day..The.third.meal.consists.of.normal.
foods,.and.the.size.is.usually.determined.by.the.subject,.though.usually.restricted.in.
energy.density.and.or.volume..Meal.replacements.are.at.least.as.effective,43,57,90,100,131.
and. in.most. cases,. superior3,35,76. to. conventional.methods.of.dietary. restriction. in.
producing.weight.loss..Meal.replacements.were.also.found.to.be.just.as.effective.as.
treatment.with.Orlistat.for.producing.weight.loss.58

Most.importantly,.the.use.of.meal.replacements.appears.to.be.quite.effective.in.
maintaining.weight.loss.36,116,41.Figure.2.6.is.adapted.from.the.Flechtner-Mors.study..
The.meal. replacement.group.used. liquid.meals. to. replace. two.meals.and.a.snack.
during.the.first.3.months.of.initial.weight.loss,.and.then.replaced.just.one.meal.and.
one.snack.for.the.4.years.of.the.study..Both.the.meal.replacement.group.and.the.con-
trol.group.received.conventional.dietary.advice..Although.there.was.some.recovery.
of. body. weight. in. the.group. receiving. the.meal. replacements. during. the.mainte-
nance.period,.their.body.weight.remained.about.8.kg.less.than.baseline.body.weight..
Also.embedded.in.this.figure.are.the.results.of.a.recent.meta-analysis.of.weight.loss.
techniques.37.The.investigators.estimated.that.conventional.nutritional.and.lifestyle.
changes.result.in.a.loss.of.5.kg.or.less.at.the.end.of.2.to.4.years,.and.that.pharmaco-
logical.therapy.produces.a.weight.loss.of.between.5.and.10.kg.at.the.end.of.2.years.
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The.degree.of.maintained.weight.loss.in.the.meal.replacement.groups.was.equivalent.
to.that.in.groups.undergoing.pharmacological.treatment.

These.studies.of.meal.replacements.have.important.implications.for.the.concept.
of.body.weight.regulation.and.the.control.of.food.intake.in.humans..First,.the.meal.
replacement. effect. is. not. limited. to. liquid. diets.. Substituting. ready-to-eat. cereals.
for.a.meal.has.been.shown.to.produce.a.significant.loss.in.body.weight.63,80.What.
is.particularly.interesting.about.these.two.studies.is.that.the.subjects.were.not.try-
ing.to.lose.weight..The.weight. loss.resulted.from.a.failure.of.humans.to.adjust. to.
the.reduced.number.of.calories.served.at.the.meal..Providing.people.with.portion-
controlled.meals.consisting.of.ordinary.foods.has.also.been.found.to.be.effective.in.
producing.a.greater.weight.loss.than.conventional.therapy.alone.59,82,137,138

What. appears. to. be. the. critical. factor. for. the. meal. replacement. effect. is. that.
the.meal.is.served.as.a.visual.package.and.is.consumed.as.a.structured.visual.unit.
comprised.of.the.package.and.the.portion..Humans.seem.to.determine.the.size.of.
their.meal.in.terms.of.visual.food.units.rather.than.through.the.use.of.any.physical.
property.of. food. that.may.be.a. surrogate. for.energy.31,44.Vision,.not.energy. regu-
lation,. appears. to.determine.human. food. intake.. It. is. particularly. interesting. that.
removing.vision.from.sighted.people.reduces.their.food.intake.by.about.23%.5,78

2.3.2   VarIeTy effecT

Another.very.powerful.controller.of.human.food.intake.that.does.not.appear.to.con-
form.to.biological.regulation.is.the.food.variety.effect..Food.variety.can.be.divided.
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47833.indb   30 1/18/08   1:43:48 PM



The	Control	of	Food	Intake	and	the	Regulation	of	Body	Weight	in	Humans	 ��

into. at. least. two.different. phenomena:. the. “food.monotony. effect”. and. “sensory-
specific. satiety.”. The. older. of. these. phenomena,. the. “monotony. effect,”. was. first.
reported. in. a. series. of. military. studies. by. Pilgrim.117,120. They. demonstrated. that,.
when. military. recruits. are. offered. the. same. or. similar. meals. daily,. a. significant.
reduction.in.daily.energy.intake.occurs.compared.to.having.access.to.varied.meals.
every.day..The.effect.has.been.replicated.many.times.15,39,45,55,67,84,93,142.The.effect.is.
not.trivial.and.may.be.responsible,.in.part,.for.the.weight-reducing.effects.of.com-
mercial. liquid. diets.. Although. some. of. the. effect. is. probably. caused. by. reduced.
portion.size,.as.discussed.above,.there.are.several.studies.that.demonstrate.that.the.
amount.consumed.actually.decreases.with.continued.use.when.the.liquid.diet.is.the.
only.food.available.15,48

Whereas.the.“monotony.effect”.refers.to.a.decline.in.energy.intake.with.repeti-
tive.meals,.“sensory-specific.satiety”.refers.to.a.reduction.in.energy.intake.within.
a.meal.�.When.different.foods.are.presented.either.sequentially,.like.meal.courses,.
or.simultaneously,6,91,124.energy.intake.is.greater.than.when.the.same.food.is.offered.
repeatedly.within.a.meal.60,98,112–114

Like.the.portion.size.effect,.the.variety.effect.is.not.trivial..Figure.2.7.is.adapted.
from.an.analysis.of.U.S..Department.of.Agriculture’s.(USDA).1977–1978.Nationwide.

�.Although.a.considerable.amount.of.work.on.stimulus-specific.satiety.has. focused.on. the.perceived.
changes. in.satiety.and. taste,. this.discussion. is. limited. to. those.studies. that.measured.directly. food.
consumed.
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fIgure �.�  Mean.daily.energy.intake.of.males.and.females.who.consumed.different.num-
ber.of.foods.within.a.3-day.interval..(Adapted.from.Smiciklas-Wright,.H.,.Krebs-Smith,.S.,.
and.Krebs-Smith,. J.,. in.What Is America Eating?: Proceedings of a Symposium,.National.
Research. Council. Food. and. Nutrition. Board,. National. Academy. Press,. Washington,. DC,.
1986,.pp..126–140..With.permission.)
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Food.Consumption.Survey128.and.shows.the.relationship.between.the.number.of.dif-
ferent.foods.consumed.in.3.days.and.the.average.daily.energy.intake..It.is.quite.evi-
dent.from.this.figure.that.daily.energy.intake.increases.markedly.with.the.number.
of.different.foods.that.are.consumed..Even.more.striking.is.that.the.increase.in.the.
variety.of. foods.consumed,.both.within.a.meal.and.between.meals,.and. the. total.
amount.eaten.is.sustained.across.days126.and.may.ultimately.result.in.an.increase.in.
fat.composition.83,106,141

Whether. or. not. variety. increases. body. weight. (fatness). depends. on. the.kinds.
of. foods. to. which. the. variety. is. linked.. McCrory. and. her. colleagues83. point. out.
that,.whereas.an.increase.in.variety.increases.the.consumption.of.all.kinds.of.foods,.
increases.in.the.variety.of.energy-dense.foods.such.as.sweets,.snacks,.and.entrées.
are.associated.with.increased.body.weight..In.addition,.an.increase.in.the.variety.of.
foods.with.low.energy.density,.such.as.vegetables,.was.found.to.be.related.to.body.
fat,.a.finding.further.supported.by.more.recent.studies.118,141

The.variety.effect.appears.sufficiently.robust.that.it.has.been.used.successfully.
as.an.adjunct.to.weight.reduction.programs..Reducing.the.variety.of.energy-dense.
foods.was.effective.in.causing.a.greater.reduction.in.food.intake.and.a.greater.rate.of.
weight.loss.than.a.standard.weight.reduction.program103.and.may.have.improved.the.
ability.of.people.to.sustain.weight.loss.following.treatment.102

2.3.3   socIal effecT�

One.of.the.most.powerful.modulators.of.human.eating.behavior.is.the.social.envi-
ronment..As.indicated.in.Figure.2.8,.the.more.people.humans.eat.with,.the.greater.
their. food. intake..As. this.figure.shows,. the. social. facilitation.effect. is.not. trivial,.
but.can.actually.produce.a.change.of.intake.on.the.order.of.about.50%..Although.
the.bulk.of. this.work.was.carried.out.by.John.de.Castro.and.his.associates.using.
food.diaries,9,21,22,24,25,27–30,104.the.social.facilitation.effect.has.been.observed.by.oth-
ers.using.different.methods.16,38,54,65

�.See.Herman.et.al.51.for.an.excellent.review.
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fIgure �.�  Mean.amount.of.food.a.person.consumes.at.a.meal.as.a.function.of.the.number.
of.people.with.whom.they.eat..(Adapted.from.de.Castro,.J.M.,.Appetite,.24,.260,.1995..With.
permission.)
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The.amount.of.food.intake.of.others.in.the.environment.can.also.influence.the.
amount. of. an. individual’s. food. intake.19,50,89,97. The. social. effect. on. eating. is. not.
always.positive..When.people.have.reason.to.believe.that.overeating.may.be.viewed.
negatively,.the.presence.of.others.actually.depresses.intake.99.People.also.tend.to.eat.
more.in.the.presence.of.family.than.in.the.presence.of.strangers,23.or.when.eating.
with.people.of.the.same,.rather.than.opposite,.gender.87.The.visual.stimulus.of.the.
presence.of. another.person. is.not. essential. to. affect. eating,.but. can.be. construed.
within. a. person’s. mind.. Thus,. simply. telling. people. how. much. food. others. have.
eaten.is.sufficient.to.affect.the.amount.that.they.eat.19,96,115

The.latter.effect.of.the.presence.of.other.people.during.an.eating.occasion.may.
explain,.in.part,.the.social.facilitation.caused.by.eating.with.more.people..The.pres-
ence.of.more.people.eating.together.increases.the.length.of.time.it.takes.to.complete.
a.meal,.as.assessed.by.correlation.studies,8,21,95,123.or.in.a.situation.where.the.number.
of.people.is.experimentally.manipulated.16.Extending.the.time.available.for.eating.
increases.the.opportunity.to.see.others.eating,.and.the.chance.of.seeing.a.food.that.
one.has.not.eaten,.and.and.distracts.from.feelings.of.being.full..All.of.these.variables.
have.been.found.to.increase.human.food.intake.

�.�   stIMulus-bound eatIng: an alternatIve 
to regulatIon theory

As.indicated.by.the.previous.discussion,.there.is.abundant.evidence.that.human.feed-
ing.behavior.is.influenced.to.a.large.extent.by.external.stimuli.or.by.cognitive.cues.that.
have.nothing.to.do.with.physiological.regulation,.but.rather,.human.expectation..Human.
eating.behavior,.to.a.very.large.extent,.appears.to.be.elicited,.rather.than.driven.

If.this.is.true,.then.human.eating.may.be.elicited.by.more.abstract.stimuli,.such.
as.food.advertisements..Indeed,.many.investigators.have.pointed.out.a.strong.corre-
lation.between.television.watching.and.obesity.2,11,32,33,92,101,129.Although.some.of.this.
relationship.may.be.due.to.a.reduction.in.activity,.there.is.evidence.that.a.significant.
correlation.exists.between.watching.television.and.energy.intake.13,125,136.Although.
some.of.the.increase.in.food.intake.while.watching.television.may.be.due.to.distrac-
tion.from.feelings.of.fullness,10.Halford.provided.the.most.convincing.evidence.that.
watching.food.commercials.actually.causes.an.increase.in.food.intake.in.children.47.
Figure.2.9.shows.the.results.of.their.study..A.group.of.school.children.watched.video.
advertisements.(taken.from.commercial.TV),.and.then.were.given.a.plate.of.snacks.
to.eat.as.much.or.as.little.as.they.liked..As.can.be.seen.in.the.figure,.after.watch-
ing.food.commercials,.the.children.ate.significantly.more.snacks.than.after.viewing.
nonfood.commercials.

About.40.years.ago,.Elliot.Valenstein.introduced.the.term.stimulus-bound.eating.
into.the.literature.to.explain.the.nonspecificity.of.hypothalamic.stimulation.to.affect.
specific.behaviors.in.the.rat.130.Stimulus-bound.eating.may.not.only.explain.the.por-
tion.size.effect,.but.may.also.be.a.cause.of.the.obesity.epidemic.that.is.so.evident.
throughout.the.world..Rather.than.focus.on.the.nonspecificity.of.induced.behaviors,.
the.term.can.be.used.to.describe.the.power.of.external.or.cognitive.signals.to.elicit.
eating.behavior.in.humans,.much.along.the.lines.of.Weingarten’s.notion.of.the.stimu-
lus.control.of.eating.20,135.It.may.also.explain.why.attempts.at.restricting.food.intake.
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are.so.futile.in.this.“obesigenic.environment,”.where.escaping.visual.food.cues.is.
almost.impossible..The.increasing.omnipresence.of.food.cues.in.the.human.environ-
ment.may.explain.the.increase.of.body.weight.seen.everywhere.in.the.world.where.
food.is.abundant.

Stimulus-bound.eating.is.subtle.and.weak,.but.the.food-related.stimuli.are.ubiq-
uitous.and.unrelenting..Only.a.very.small.and.infrequent.capitulation.to.these.food.
cues.is.sufficient.to.cause.a.significant.increase.in.body.weight..An.estimate.of.how.
small.the.indulgences.may.be.can.be.gleaned.from.Figure.2.1..The.upper.right.fig-
ure.indicates.that.we.are.gaining.weight.at.a.rate.of.0.98.lbs.per.year..Converting.to.
energy,.this.amounts.to.3430.kcal.per.year..On.a.daily.basis,.this.increase.in.weight.
can.be.caused.by.an.increase.in.energy.intake.of.less.than.10.kcal.a.day.

�.�   a possIble solutIon: regulatIon 
through cognItIon

Without.physiological.regulation,.what.can.be.done.to.prevent.the.slow.slide.toward.
obesity?.Daily.monitoring.of.body.weight.may.be.the.kind.of.tool.that.contemporary.
people.need.to.help.them.in.the.battle.of.the.bulge..While.daily.body.weight.is.a.crude.
indicator.of.the.weight.of.body.tissue.(because.of.the.variability.imposed.by.fluctua-
tions.in.body.water,.glycogen,.and.intestinal.contents),.when.plotted.over.time,.the.
trend.in.daily.body.weight.is.a.very.good.estimator.of.energy.balance..Using.fresh-
man.weight.gain.as.a.model.to.study.the.slow.insidious.increase.in.body.weight,.we.
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fIgure �.�  Mean.and.standard.error.of.the.amount.of.food.consumed.of.children.after.
they.watched.either.a.television.advertisement.about.food.or.one.without.food..(Adapted.from.
Halford,.J.C.,.Gillespie,.J.,.Brown,.V.,.Pontin,.E.E.,.and.Dovey,.T.M.,.Appetite,.42,.221–225,.
2004..With.permission.)
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provided.one.group.with.conventional.bathroom.scales.and.instructed.them.to.weigh.
themselves.every.morning,.and.to.email.their.weights.to.our.staff.73.Staff.then.plotted.
the.weight.and.returned.information.about.the.weight.trends.during.the.past.week..
The. change. in. subjects’.weight. during. the.first. 12.weeks.of. the. semester. is. plot-
ted.in.Figure.2.10..The.group.that.weighed.themselves.every.day.gained.no.weight,.
whereas.the.control.group.members,.who.were.weighed.at.the.beginning.and.end.of.
the.semester,.gained.approximately.2.kg..When.interviewed.at.the.end.of.the.trial,.
the.weight-monitoring.group.said.that.when.they.saw.their.weight.increasing.they.
decreased.the.amount.of.food.they.put.on.their.plate,.reduced.the.number.of.foods.
they.put.on.their.plate,.skipped.dessert,.and.even.skipped.a.meal,.depending.upon.
how.that.change.fit.into.their.lifestyle..Other.researchers,.too,.have.found.that.daily.
weight.monitoring.is.helpful.for.maintaining.a.loss.in.body.weight.64,77,139

Monitoring.of.daily.trends.in.body.weight.may.provide.the.feedback.required.
to.help.individuals.approximate.how.much.to.eat.on.any.given.day.in.order.to.main-
tain.their.weight.at.a.certain.level..Acting.in.this.way,.daily.weight.monitoring.may.
become.part.of.an.external.regulatory.system.that.controls.our.eating.behavior.and,.
ultimately,.determines.our.body.weight.
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�.�   appetIte and feedIng

3.1.1   appeTITIVe BehaVIors

The.modern.dictionary.defines.appetite as.the.desire.to.eat.food..It.is.perceived.as.
hunger..This.definition.is.close.to.that.used.almost.90.years.ago.by.Craig1:

An.appetite.is.a.state.of.agitation.which.continues.so.long.as.a.certain.stimulus,.which.
may.be.called.the.appeted.stimulus,.is.absent..When.the.appeted.stimulus.is.at.length.
received. it. stimulates.a.consummatory. reaction,.after.which. the.appetitive.behavior.
ceases.and.is.succeeded.by.a.state.of.relative.rest.

In. the.case.of. feeding,. the.“appeted.stimulus”. is. food.and/or. its.postingestive.
effects..This.definition.implicitly.includes.a.preconsummatory.or.appetitive.phase.
distinct.from.the.consummatory.phase..Appetite.by.either.of.these.definitions.does.
not.predict.amount.eaten..Indeed,.the.phrase.“at.length.received”.suggests.that.an.
indeterminate. foraging. period. may. occur. before. a. food. object. is. encountered.. A 
priori,.the.amount.of.food.encountered.while.foraging.is.uncertain.and,.depending.
on.the.amount,.may.or.may.not.satisfy.or.satiate.the.appetite..For.this.reason,.the.
term.appetite.should.not.be.used.to.imply.amount.eaten.

The.derived.adjective,.appetitive, has.been.used.to.describe.behaviors.such.as.
foraging. that.either.bring.organisms. into.contact.with.or.maintain.contact.with.a.
food.source..It.should.be.emphasized.that.these.two.phases.of.appetitive.behavior.are.
distinct.and.involve.quite.different.mechanisms..The.aspect.of.“coming.into.contact.
with”.generally.implies.locomotion.through.the.environment.as.in.Craig’s.“state.of.
agitation,”.what.we.ordinarily.think.of.as.foraging.or.search..It.may.be.random.in.
time.and.space,.but.more.often.is.guided.by.individual.or.socially.transmitted.memo-
ries.of.previous.successful. foraging.episode(s).and.by. the.distal. sensations. (sight,.
sound,.or.smell).of.the.food.object.

The. second. phase. of. appetitive. behavior. is. that. triggered,. in. addition. to.
sight,. sound,.and.smell,.by. the.proximate. senses.of. touch.and. taste. (the. latter,. in.
combination.with.odor,.giving.rise.to.the.global.sensation.of.flavor)..Thus,.taste.itself.
has.appetitive.qualities,.perhaps.best.encapsulated.in.a.French.saying.“L’appetit vient 
en mangeant”.(appetite.comes.with.eating)..The.object.evaluation.afforded.by.these.
proximate.senses,.especially.taste.and.odor,.is.the.primary.determinant.of.whether.
an.object.placed.in.the.mouth.is.swallowed.or.ejected.

3.1.2   consummaTory BehaVIors

This.consideration.leads.to.the.position.that.the.defining.consummatory.act.is.swal-
lowing,.not.just.placing.the.object.into.the.mouth..Swallowing,.unlike.placing.food.in.
the.mouth,.is.an.irrevocable.act:.once.swallowed,.food.cannot.normally.be.expelled.
voluntarily.(emesis,.whether.caused.by.a.toxin.or.self-induced,.does.of.course.occur.
in.some.species.but.goes.beyond.the.scope.of.this.chapter)..The.taste-reactivity.test,.
developed.by.Norgren.and.Grill,2.specifically.isolates.the.proximate.evaluative.com-
ponents. of. the. appetitive. phase.. In. this. test,. tastant. solutions. are. infused. into. the.
mouth.of.animals,.and.their.oral-motor.behaviors.are.divided.most.simply.into.accept.
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(swallowing).or.reject.(active.expulsion).categories..This.test.has.been.used.to.evalu-
ate.affective.responses.to.tastants.under.different.physiological.conditions,.with.the.
underlying. assumption. that. swallowing. implies. a. pleasant. sensory. experience. and.
expulsion. indicates. an. unpleasant. sensory. experience.. Many. of. these. oral. motor.
responses.are.organized.at.a.relatively.primitive.neural.level.(brain.stem).of.rodents.

The.proximate.appetitive.and.consummatory.phases.normally.occur.in.temporal.
alternation:.handle.and.bite/chew,.followed.by.swallowing,.and.the.sequence.repeats..
If. the. food.object. is.not.particularly. large,. then. locomotion. (foraging).may.occur.
within.the.food.patch.or.locale.(e.g.,.picking.berries.from.a.bush,.pecking.a.rotted.
tree.trunk.for.grubs,.or.grazing.a.pasture)..This.phase.or.alternation.is.terminated.
either.(1).when.a.sufficient.amount.has.been.consumed.(Craig’s.appeted.stimulus),.
in.which.case.there.is.a.behavioral.satiety.sequence,.or.(2).when.there.is.no.more.
food.available.at.an.economically.viable.cost.within.the.patch,.in.which.case.remote.
foraging.or.travel.to.a.new.patch.occurs.

So.how.do.we.define feeding?.Should. it. refer. only. to. the. consummatory. act,.
should.it.also.include.the.proximate.preconsummatory.acts.of.handling.and.chew-
ing,.and.should.it.include.both.the.remote.and.proximate.appetitive.phases?.In.many.
laboratory.studies,.the.remote.appetitive.phase.is.abrogated;.animals.are.simply.pre-
sented.with.an.edible.source,.and.their.only.choice.is.whether.to.accept.or.reject.the.
next.mouthful..As.we.will.develop.later.in.this.chapter,.this.is.an.unfortunate.omis-
sion.in.our.current.understanding.of.feeding.behavior.

�.�   MotIvatIon

3.2.1   characTerIsTIcs of moTIVaTed BehaVIor

One.of.the.hallmarks.of.behavior.is.motivation,.the.hypothetical.underlying.motive.
force..Early.theorists.considered.concepts.of.drive.and.incentive,.which.describe.the.
internal.need.for.a.commodity.and.its.external.or.sensory.allure,.respectively.(see.
Bolles3.for.review)..These.terms.have.fallen.out.of.favor,.and.in.the.case.of.feeding.
have.been.replaced.by.the.concepts.of.hunger.and.palatability,.which.are.arguably.
more.specific.

Epstein4.considered.three.defining.characteristics.to.distinguish.motivated.from.
instinctive.behaviors..The.first.characteristic.of.motivated.behavior.is.individuation,.
a.concept.that.learning.experiences.sculpt.the.future.motivation.through.the.expres-
sion.of.conditioned.operants..The.second,.also.a.learned.characteristic,.is.the.expec-
tancy.or.anticipation.of.goals..This.property.gives.the.behavior.goal-directedness..
The.third.characteristic.is.affect..The.concept.of.palatability.(defined.as.sufficiently.
acceptable.to.be.consumed).is.implicit.in.this.definition..Epstein.further.argued.that,.
so.defined,.motivated.behaviors.are. relatively. rare.compared.with.occurrences.of.
instinctive.behavior.

Useful.though.this.list.may.be,.the.three.characteristics.do.not.always.coexist,.
especially.in.animal.models..For.example,.the.taste-reactivity.test,.while.embracing.
the.third.characteristic.of.affect,.engages.little.if.any.of.the.first.two.characteristics.
of.individuation.and.expectancy..In.fact,.these.first.two.characteristics.could.be.con-
sidered.more.usually.allied.with.the.appetitive-remote.foraging.phase.that.we.have.
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emphasized,.while. the.affective.component. is.more.usually.allied.with. the.proxi-
mate.appetitive.cues.

Behavior.analysts.often.use.the.term.establishing.operation.(EO).or.motivating.
operation. (MO). to.define. the.precondition. for.behavior,5. for.example.as.24.hours.
of.food.deprivation.or.10%.weight.loss..However,.in.many.real-world.applications.
to.feeding,. the.MO(s).may.be.difficult. to. isolate,.and.so. it. is.parsimonious. to.use.
the.term.motivation.to.refer.to.the.internal.states.that.underlie.emission.of.a.goal-
directed.behavior..In.addition.to.direct.observation.as.a.change.in.behavior,.these.
states.are.potentially.observable.as.changes.in.physiology,.such.as.gene.expression,.
metabolic.activity,.and.hormonal.regulators.of.brain.function.

�.�   hoMeostasIs

One.of.the.most.enduring.concepts.relating.to.the.organization.of.motivated.behav-
iors.is.that.of.homeostasis,.originally.used.by.Cannon6.in.relation.to.observed.con-
stancy.or.narrow.normal.range.of.physiological.variables,.such.as.core.temperature.
or. blood. glucose. concentration.. The. concept. as. most. commonly. applied. requires.
that.an.ideal.value.or.set.point.be.biologically.encoded,.and.that.deviations.from.that.
set.point.be.detected.and.used.to.activate.responses,.including.motivated.behavior,.
that.will.cause.the.regulated.variable.to.return.to.the.set.point..It.should.be.noted.
that.more.elaborate,.varied,.and.flexible.types.of.homeostasis.have.been.proposed.7,8.
For.example,.a.system.with.a.biased.error.signal.could.favor.energy.deposition;.such.
homeostatic.models.have.not.been.widely.considered.by.the.field..The.application.
of.the.narrower.definition.to.a.complex.physiological.state.such.as.body.weight.is.
controversial.8,9. Nonetheless,. many. contemporary. neural. models. of. feeding,. for.
example.the.reciprocal.activation.of.hunger-modulating.neuropeptide.Y.(NPY).and.
agouti-related. protein. (AgRP). neurons. and. satiety-modulating. proopiomelanocor-
tin.(POMC).neurons.in.the.arcuate.nucleus.(see.Irani.and.Haskell-Luevano10.for.a.
review).are,.at.heart,.narrow.homeostasis.

Inextricably.linked.to.the.concept.of.homeostasis.is.that.of.physiological.need..
This.works.well.for.tightly.regulated.variables.such.as.core.temperature..If.your.set.
point. is.37°C.and.your.actual. temperature. is.36°C,. then.need.may.be.quantified,.
because.it.is.“here.and.now”.and.is.only.satisfied.when.temperature.rises.by.1°C,.
at.which.point. the.physiological.or.behavioral.adjustments.engaged.by.being.cold.
cease..However,.once.one.departs.from.a.tightly.regulated.variable,.the.concept.of.
need.becomes. arbitrary. from. the.perspectives.of.both. amount. consumed.and. the.
temporal. urgency. of. that. behavior.. As. a. hypothetical. example,. suppose. that. two.
subjects.of.identical.height/length.differ.in.body.weight.and.fat.content,.thus.body.
mass.index.(BMI)..If.both.subjects.are.now.deprived.of.food.for.24.hours.(an.MO),.
will. their.need.be. identical?.From.an.evolutionary.perspective,.clearly.not.—.the.
fatter.individual.initially.has.greater.corporeal.energy.stores.and.so.has.a.temporal.
buffer.against.periods.of.no.food,.while.the.leaner.individual.is.less.buffered..But.if.
the.subjects.were.asked.how.hungry.they.are,.they.may.both.give.similar.reports.(or.
exhibit.similar.motivated.behavior.if.nonverbal)..Likewise,.basic.homeostasis.does.
not.account.for.eating.that.occurs.in.the.absence.of.need,.as.in.eating.a.second.por-
tion.of.dessert.just.because.it.tastes.good.
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�.�   opportunIstIc perspectIve

Other.theorists,.especially.those.coming.from.an.ecological.perspective,.have.argued.
that. energy.balance. is. critically. related. to. the. environmental. controls. of. feeding..
On.an.evolutionary.timescale.these.have.been.issues.of.food.procurement..Optimal.
foraging.theory.emphasizes.that.animals.will.regulate.their.food.intake.in.relation.
to.the.energy.expenditures.necessary.to.procure.that.food.11.From.that.perspective,.
set.point.is.an.unnecessary.concept.12.In.unpredictable.environments,.animals.must.
be.opportunists. that. eat. “cheap”. food.whenever. it. is. encountered,.whether.or.not.
the.result.of.goal-directed.search..Mrosovsky8.(p..12).summarized.a.statement.by.
Cannon.as.follows:.“Homeostasis.was.for.poetry.rather.than.for.producing.grand-
children.”.Homeostasis.relates.to.an.ideal.and.perhaps.evolutionarily.infrequent.situ-
ation.when.the.commodity.itself.is.not.rate-limiting..Our.brains.have.not.evolved.in.
ideal.environments,.and.so.purely.homeostatic.models.cannot.illuminate.this.eco-
logical.aspect.

We.may.define.opportunistic feeding.in.terms.of.the.probability.of.progressing.
from.the.state.of.initial.identification.of.the.food.source.through.telereceptive.sensa-
tions.such.as.smell.or.sight.to.the.consummatory.phase.of.swallowing.(Figure.3.1)..
Thus,.in.the.presence.of.an.MO.such.as.low.body.energy.reserves,.this.probability.is.
high..In.the.absence.of.an.MO.or.the.presence.of.satiety.signals.indicative.of.recent.
feeding,.this.probability.will.be.lower,.but.may.not.be.zero,.in.which.case.“need-free.
feeding”.is.observed..Concurrent.with.this.change.in.probability.is.a.change.in.food.
acceptance.—.the.higher.the.need.the.more.substances.are.deemed.palatable..This.
latter.process.is.primarily.at.the.proximate.appetitive.level;.the.presence.or.absence.
of.locomotor.behaviors.evoked.in.the.presence.of.an.EO.will.of.course.greatly.influ-
ence.the.probability.of.encounter.

Probability of Remote Search
(foraging) for Food LOW

Probability of Consummatory
Behavior LOW 

Probability of Remote Search
(foraging) for Food HIGH 

Probability of Consummatory
Behavior HIGH –

DEFICIENCY BASED EATING  

Probability of Remote Search
(foraging) Unnecessary 

Probability of Consummatory
Behavior HIGH –

DEFICIENCY BASED EATING  

Probability of Remote Search
(foraging) Unnecessary 

Probability of Consummatory
Behavior HIGH –

HEDONIC BASED EATING 

High

MO?

Yes No

Low

MO?

NoYes 

Probability of Food Encounter
(based on current environment)

fIgure �.�  Schematic.of.how.changes.in.the.probability.of.encountering.food.in.the.envi-
ronment,.and.the.presence.or.absence.of.a.motivating.operation.(MO;.functionally,.deprivation.
or.weight.loss).affects.appetitive.(i.e.,.foraging).and.consummatory.behaviors..Note.that.we.
can.divide.feeding.into.that.based.on.need.and.not.(assumed.here.to.be.driven.hedonically).
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�.�   appetItIve behavIor In rodent Models

We.noted.earlier.that.the.vast.majority.of.modern.feeding.experiments.in.laboratory.
animals.place.little.emphasis.on.the.appetitive.phase..This.is.an.interesting.develop-
ment.because.many.early.(pre-1960).experiments.did.involve.explicit.measurement.
of. motivation,. for. example. running. an. alley. or. pressing. a. lever.. Indeed,. Miller13.
argued.that.the.true.measure.of.motivation.was.the.number.of.times.an.animal.would.
surmount.an.obstacle.to.obtain.a.goal.object.and.the.vigor.of.that.response..Yet.with.
few.exceptions,.studies.of.free-feeding.meal.patterns.and.derivatives.focus.on.the.
controls.of.meal.size.that.have.dominated.the.more.recent.literature.

3.5.1   procuremenT Versus consummaTory cosTs In raTs

One.such.exception.has.been.a.long.series.of.illuminating.studies.by.George.Collier.
and.his.colleagues.. In.a. landmark.paper,14. they.compared. the.effects.of. imposing.
two.types.of.foraging.cost.on.meal.patterns.in.rats..The.first.type.of.foraging.cost,.
which.was.termed.consummatory,.is.a.procedure.typical.of.short-session.or.open-
economy.studies.of.operant.schedules.of.reinforcement..For.now.we.consider.only.
fixed.ratio.(FR).in.which.an.animal.has.to.emit.a.certain.number.of.responses.to.
obtain.a.small.amount.of.food..Note.that.consummatory.as.used.by.Collier.differs.
from.our.earlier.definition.—.his.operational.definition.includes.not.only.swallow-
ing,.but.also.the.proximate.appetitive.aspects.including.within-patch.foraging..Using.
a.continuous-access.closed.economy.in.which.all.food.was.earned.via.the.operant,.
rats.were.willing.to.emit.thousands.of.presses.but.maintained.free.(or.low-cost).feed-
ing.patterns.in.terms.of.meal.size.and.number.of.meals.per.day.(Table.3.1)..In.rats,.
typical.free-feeding.patterns.are.8.to.12.meals.per.day.averaging.8.to.12.kcal;.a.typi-
cal.meal-defining.criterion.is.20.minutes.of.rest.

The.second.type.of.foraging.cost,.which.Collier.termed.procurement,.required.
the.rat.to.press.a.lever.a.fixed.number.of.times.to.open.a.door.behind.which.was.a.
large.bowl.of.food..The.rat.could.then.eat.as.much.as.it.wished,.but.once.it.left.the.
feeder.area.for.a.meal-defining.criterion.time,.the.door.closed.and.a.new.ratio.was.
required.when.the.rat.was.ready.to.start.a.new.access.period..Under.these.closed-

table �.�
typical Meal parameters of rats subjected to low or high 
consummatory costs or to low or high procurement costs 

type of schedule
consummatory 

fr = � (low)
consummatory 
fr = �00 (high)

procurement 
fr = � (low)

procurement 
fr = �00 (high)

Meals.per.day 27 14 10 3

Meal.size.(g) 0.9 1.2 2.1 6.5

Presses.per.day 500 75,000 10 900

Cost/45.mg.pellet 1.00 200.0 0.02 2.08

Source: Data.are.means.derived.or.interpolated.from.figures.in.Collier,.G.C.,.Hirsch,.E.,.
and.Hamlin,.P.H.,.Physiol. Behav., 9, 705,.1972..(With.permission.)

47833.indb   48 1/18/08   1:43:56 PM



Appetitive	and	Consummatory	Aspects	of	Food	Intake	in	Rodents	 ��

economy.conditions,.as.procurement.cost.increased.to.only.a.few.hundred.presses.the.
number.of.meals.per.day.decreased.to.1–2/day.and.their.size.increased.reciprocally.
(Table.3.1)..Meal. parameters. appear. to. be. exquisitely. tuned. to. the. environmental.
contingencies.of.procurement..Note.that.in.this.protocol.food.was.always.available,.
so.no.deprivation.or.explicit.MO.was.imposed.by.the.experimenter..This.definition.
of.procurement.maps.fairly.closely.onto.the.remote.aspects.of.appetitive.behavior..
So.what.appears.to.be.happening.is.that,.as.procurement.cost.increases,.the.physio-
logical.threshold.for.triggering.motivated.behavior.rises,.leading.to.longer.intermeal.
intervals..Once.the.food.encounter.occurs,.which.in.this.case.has.100%.probability.
following.a.certain.number.of.presses,.the.probability.of.continuing.an.eating.bout.in.
the.presence.of.proximate.cues.is.increased,.leading.to.larger.meal.sizes.

3.5.2   oTher specIes

Collier. has. found. similar. results. in. several. species. other. than. rats,. and. we. have.
recently. extended. the.paradigm. to.mice.15–17.We. found. that. leptin-deficient. obese.
mice. (C57BL. lep–/–). showed. similar. changes. to. lean. (wild-type). controls. in.meal.
number.as.procurement.cost.was.varied..However,.the.meal.size.of.the.lep–/–.mice.
was.consistently.higher.than.in.wild.types,.leading.to.a.net.hyperphagia.and.mainte-
nance.of.their.obese.phenotype.15

A.different.result.was.found.using.another.obese.mouse,.the.melanocortin.type.
4.receptor.knockout.mouse.(MC4RKO)..These.mice.showed.meal.number.and.size.
changes.identical.to.wild-type.controls;.as.a.result,.they.lost.weight.every.time.they.
were.tested.but.regained.it.during.experimental.holidays.of.free.feeding.16.One.pos-
sible.reason.for.this.result.is.that.MC4RKO.mice.are.unwilling.or.unable.to.emit.the.
large.numbers.of.lever.presses.that.would.be.required.to.sustain.hyperphagia..To.test.
this,.we.used.a.protocol.that.imposed.a.within-patch.foraging.cost.in.the.form.of.a.
progressive.ratio.(PR).schedule;.this.emulates.a.patch.that.is.depleting.of.resources.17.
On.the.PR.that.we.used,.the.first.pellet.in.a.meal.cost.one.press,.the.second.pellet.
two.presses,.and.so.on..Animals.terminate.an.ongoing.meal.because.they.are.func-
tionally.unwilling.to.pay.the.next.highest.price.per.pellet;.this.is.termed.the.break.or.
breaking.point.18.One.of.the.break.point.and.meal.termination.criteria.we.employed.
was.20.minutes.elapsed.without.a.pellet,.which.is.comparable.to.common.definitions.
of.a.meal.in.no.cost,.free-feeding.protocols..In.the.PR,.an.optimal.or.cost-minimiz-
ing.strategy.would.be.to.take.many.small.meals.with.intermeal.intervals.of.just.over.
20.minutes..Wild-type.controls.indeed.did.increase.their.meal.number.and.decrease.
meal.size.(Table.3.2).relative.to.a.low.consummatory.cost.condition.(about.7.to.10.
meals/day17),.but. the.surprise.was.that. the.MC4RKO.mice.took.larger.meals. than.
wild.type..Compared.with.wild-type.controls,.the.MC4RKO.mice.were.hyperphagic,.
remained.obese,.showed.a.higher.breaking.point,.and.performed.a.higher.mean.cost.
per.pellet.

This.PR.result,.as.well.as.several.other.studies.of.FR.consummatory.cost,14,19–20.sug-
gests.that.within-patch.foraging.costs.have.less.effect.on.meal.parameters.than.compa-
rable.procurement.costs..It.should.be.noted.that.these.costs.impact.different.parts.of.the.
appetitive.sequence.—.procurement.costs.occur.during.the.remote.or.distal.phase,.and.
consummatory.costs.occur.during.the.proximate.phase.(cf..Figure.3.1)..This.distinction.
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is.critical.to,.but.typically.has.not.been.made.in.research.in.the.field.of.behavioral.eco-
nomics..Conversely,.physiological.experiments.that.are.devoid.of.an.economic.choice.
are.likely.to.miss.most.of.the.motivational.aspect..Last,.although.beyond.the.present.
discussion,.animals.may.hoard.or.cache.food.rather.than.or.in.addition.to.eating,.and.
this.is.an.important.and.functionally.anticipatory.appetitive.behavior.21

�.�   defIcIency-based appetIte

Because.body.weight.or.a.correlate.of.fat.content.is.not.tightly.regulated,.it.is.difficult.
to.define.physiological.need.in.an.absolute.sense..MOs.are.the.independent.variables..
It.is.instructive.first.to.consider.behavioral.regulation.of.a.physiological.parameter.
that.is.reasonably.tightly.regulated.—.sodium.balance..Excursion.of.plasma.or.inter-
stitial.sodium.concentrations.beyond.~10%.of.the.mean.is.essentially.incompatible.
with.mammalian.life.

3.6.1   sodIum appeTITe as a model To QuanTIfy need

Sodium.appetite.has.been.used.as.a.model.drive.system.22.Some.(but.not.all).strains.
of. rodents. show.a.preference. for.near-isotonic.solutions.of.sodium.salts23,24.under.
need-free. conditions,. but. avoid. strongly. hypertonic. solutions.. Studies. of. sodium 
appetite.have.most.frequently.used.such.hypertonic.solutions.so.that.their.consump-
tion. can. be. ascribed. to. an. appetitive. state. rather. than. spontaneous. or. need-free.
ingestion..Since.it.appears.that.concentrated.sodium.solutions.are.unpalatable,.their.
consumption.is.akin.to.overcoming.an.obstacle,.as.in.Miller’s.definition.of.a.moti-
vated. behavior.. Depletion. of. body. sodium. occurs. naturally. by. prolonged. dietary.
sodium.insufficiency,25.but.experimentally.it.is.more.usually.and.rapidly.produced.
by.administration.of.a.natriuretic.agent.26

table �.�
food Intake and Meal parameters of Melanocortin-� 
receptor heterozygous (het) and homozygous (ko) Mice 
compared with wild type (wt) under progressi�e ratio 
consummatory cost

genotype
daily food Intake 

(g)
Meal size 

(mg)
number of 
Meals/day

le�er presses or 
cost per pellet

WT 4.2 180 23.3 5.6

HET 4.7a 220a 21.4 6.1a

KO 5.7b 280b 20.4 7.7b

Source: Shown.are.group.means.from.Tables.1.and.2.and.Figure.2.for.the.20-
minute.reset.criterion. to.define.a.meal,. from.Vaughan,.C..et.al.,.Pep-
tides, 27,.2829,.2006..(With.permission.)

a P.<.0.05.versus.WT.
b P.<.0.05.versus.WT.and.HET.

47833.indb   50 1/18/08   1:43:56 PM



Appetitive	and	Consummatory	Aspects	of	Food	Intake	in	Rodents	 ��

This. type.of.depletion.has.been.documented. to. increase. foraging.behavior. in.
both.natural25.and. laboratory27,28.conditions,. to. increase. the.consumption.of.NaCl.
across.the.entire.concentration.range,24.and.to.increase.the.acceptability.of.concen-
trated.NaCl.in.taste-reactivity.or.brief-access.tests.in.which.postingestive.effects.are.
minimized.29.In.other.words,.the.entire.appetitive.spectrum.from.remote.foraging.
to.proximate.consumption.is.engaged,.although.from.a.theoretical.and.a.practical.
perspective.these.can.be.separated..It.should.be.noted.in.this.regard.that.the.taste.of.
sodium.is.critical.to.the.phenomenon.of.salt.appetite.30.Indeed,.the.conditioning.of.
postingestive.events.to.sensory.properties.of.foods.or.fluids.is.overwhelmingly.if.not.
exclusively.dependent.on.taste.or.flavor.31,32

When. rats. are.depleted.of. sodium.by. administration.of. a. diuretic. and. subse-
quently. allowed. free. access. to. concentrated.NaCl. solution,. the. amount. they. con-
sume. is. dependent. on. the. time. elapsed. since. the.depletion.. At. its.maximum.~24.
hours.later,.rats.consume.2.to.4.times.as.much.sodium.as.their.actual.physiological.
deficit.26,33.When.studies.are.conducted.under.no-cost,.free-access.conditions,.their.
consumption. is. manifestly. in. excess. of. need.. We34. recently. examined. the. conse-
quences.of. imposing. a. consummatory. cost. on. this. overconsumption..Briefly,. rats.
were.depleted.of.sodium.by.daily.injection.of.the.natriuretic.agent,.furosemide.and.
were.allowed.to.replete.themselves.either.by.free.access.to.NaCl.or.in.various.PR.
operant. protocols. (emulating. costs. incurred. within. a. salt. patch),. in. each. case. for.
about.1.hour/day..The.principal.result.was.that,.while.the.rats.overconsumed.under.
no-cost.conditions,.the.imposition.of.a.within-patch.PR.caused.the.intake.to.more.
closely.match.the.estimated.physiological.need..Animals.were.willing.to.“pay”.the.
incremental.costs.until. the. true.need.was.satisfied,.but.not.beyond..This. takes.us.
back. to. Craig’s. definition. of. appetite;. his. “appeted. stimulus”. differs. between. the.
operant.(~2.milliequivalents.of.NaCl).and.no-cost.(~4.milliequivalents).conditions,.
yet.both. intakes.are.engaged.by. the.same.defined.EO.of. sodium.depletion..What.
seems.to.differ.between.the.conditions.is.that.the.probability.of.continuing.a.bout.is.
dependent.on.proximate.foraging.costs.coupled.with.the.fact.that.concentrated.NaCl.
becomes.palatable.in.a.physiological.state.of.sodium.loss..This.in.turn.implies.that.
palatability.or.more.generally.hedonic.factors.are.very.influential.in.determining.the.
probability.of.continuing,.and.possibly.initiation.of.ingestive.episodes..We.turn.now.
to.a.consideration.of.these.hedonic.factors.

�.�   hedonIc-based appetIte

If.appetite.and.food.intake.are.behaviors.that.are.regulated.exclusively.by.physiologi-
cal.parameters,.obesity.would.be.an.issue.in.only.those.few.individuals.with.genetic.
anomalies.that.short-circuit.the.homeostatic.mechanisms.of.the.hypothalamus.and.
other.brain.regions..This.is.not.the.case..Data.suggest.that.60.to.75%.of.humans.in.
developed.or.developing.countries.have.a.BMI.classifiable.as.obese.or.overweight,.a.
proportion.that.cannot.be.explained.by.genetic.variables.alone..Studies.with.animals.
demonstrate.that.caloric.overconsumption.and.subsequent.development.of.obesity.are.
modulated.by.environmental.factors.interacting.with.need.state..An.example.of.the.
behavioral.contingency.was.described.above16.in.the.MC4RKO.mice.that.lost.weight.
on.a.procurement-cost.protocol.but.not.on.a.PR.schedule..The.sensory.properties.
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of.food,.including.how.they.act.within.the.brain.and.the.associated.behavioral.con-
tingencies,.impact.appetite.and.food.intake.as.much.as.any.genetically.proscribed.
mechanisms.underlying.energy.homeostasis.

Although. food. is. a. necessary. commodity,. it. also. serves. as. a. stimulus.with.
reinforcing.and.rewarding.components..By.definition,.a.reinforcer.increases.the.
probability.of.the.future.occurrence.of.behavior.upon.which.presentation.of.the.
commodity.is.contingent..Thus,.the.consumption.of.a.pleasant-tasting.food.may.
increase.intake.independent.of.the.presence.of.discriminative.stimuli.associated.
with.need..The.taste.and.consumption.of.food.stimulate.brain.pathways.associ-
ated.with.reward.and.are.modulated.by.dopamine,.opioid,.and.endocannabinoid.
systems,. all. of. which. are. associated. with. the. acquisition. and. perseveration. of.
consummatory.behavior.35,36.With. the. increase. in.availability.of.high-fat,.high-
sugar,.palatable.foods.and.the.subsequent.increase.in.consumption.of.these.com-
modities,. it.has.been.proposed. that.some.foods.may.have.reached. the.status.of.
addicting.substances.37

3.7.1   palaTaBIlITy

On. the. cusp. between. appetitive. and. consummatory. behaviors,. food. is. put. in. the.
mouth.and.comes.into.contact.with.sensory.receptors.where.the.sensory.character-
istics.of.the.food.are.evaluated.and.inform.a.decision.concerning.ingestion.or.rejec-
tion..This.hedonic.evaluation.of.food.is.referred.to.as.palatability..The.definition.of.
palatability.sometimes.has.lead.to.a.circular.logic.in.which.increased.food.intake.
is.attributed.to.an.increase.in.the.pleasantness.of.the.food..Although.pleasantness.
rating.in.humans.may.support.this,.it.is.not.always.an.available.or.accurate.assess-
ment.in.animal.studies..For.example,.high-fat.diets.are.often.considered.palatable,.
yet. rats. may. actually. consume. fewer. grams. of. a. high-fat. diet. than. a. low-fat. diet.
when.offered. successively..However,. given. a. simultaneous. choice,. they.may.con-
sume.almost.exclusively.the.high-fat.diet..Preference.measured.via.consumption.is.
not.a.valid.marker.of.palatability,.because.rats.will.consume.a.lower.volume.of.a.
high-concentration.sucrose.solution.compared.to.a.weaker.concentration.in.a.two-
bottle.preference.test,.but.will.choose.and.lick.more.avidly.for.the.higher.concentra-
tion.in.discrete.trials..One.reason.for.the.discrepancy.is.that.consumption.measures.
involve.short-.and.long-term.postingestive.factors,.whereas.palatability.usually.is.an.
initial.or.instantaneous.evaluation..Palatability.is.not.an.intrinsic.property.of.a.food,.
but.rather.is.a.mechanism.of.the.appetitive.process.in.which.factors.that.enhance.the.
hedonic.evaluation.of.the.sensory.characteristics.of.food.may.predict.preference.and.
sometimes.levels.of.consumption.

The.evaluation.of.palatability,.either.by.self.report.in.humans.or.by.behavioral.
means.such.as.taste-reactivity.measures.in.animals,.does.not.exist.in.isolation..Food.
pleasantness.is.rated.or.decisions.to.ingest.are.made.in.the.context.of.both.physio-
logical.and.environmental.factors,.such.as.current.satiety.level.and.food.availability..
The.use.of.palatability.as.an.independent.variable.in.animal.studies.must.take.these.
factors. into.consideration,.but. they.are.experimentally. separable..Such.separation.
can.be.used,.for.example,.to.analyze.the.mechanisms.underlying.the.effect.of.phar-
macological.agents.on.food.consumption.
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�.�.�.�   endocannabinoids

Compounds. that. interfere. with. normal. endocannabinoid. function. decrease. food.
intake,.in.particular.consumption.of.sweet.and.fatty.food,.and.are.thought.to.do.so.
by.modulating.the.evaluation.of.the.palatability.of.food.38–40.However,.previous.work.
addressing.this.hypothesis.has.not.excluded.postingestional.factors.or.assessed.the.
effect.of.these.agents.on.food.choice.

Brief-access. tests. assess. proclivity. toward. a. range. of. taste. concentrations.
while.excluding.satiety.factors.by.keeping.actual.ingestion.at.a.minimum..Using.
an. apparatus. known. as. the. Davis. rig,41. we. repeatedly. presented. rats. a. range. of.
sucrose.solutions.(0.05,.0.1,.0.5,.and.1.0.M),.each.available.in.random.order.in.6-
second.trials.for.a.total.45-minute.session..After.baseline.performance.was.evalu-
ated,.rats.were.injected.with.either.the.cannabinoid.CB1.receptor.inverse.agonist.
Rimonabant.(SR141716,.3.mg/kg.i.p.).or.its.vehicle..Rimonabant.produced.a.con-
centration-dependent.rightward.shift.of.avidity.of.licking.to.the.sucrose.solutions.
(Figure.3.2). This. suggests. that. a. decrease. of. central. endocannabinoid. function.
reduces.the.hedonic.evaluation.of.sweet.independent.of.satiety.factors.and.without.
effect.on.maximal.lick.rates..Rats.administered.Rimonabant.treated.higher.con-
centrations.of.sucrose.as.though.they.were.lower..Whether.this.occurs.at.the.level.
of.taste.transduction.or.centrally.in.the.context.of.appetitive.motivation.remains.an.
important.factor.to.be.explored.

Sucrose Concentrations

St
an

da
rd

iz
ed

 L
ic

k 
Ra

te

0.0

0.2

0.4

0.6

0.8

1.0

Vehicle (50% polyethelene glycol 1 ml/mg IP) 
Rimonabant (3 mg/kg IP)

0.05 M 0.1 M 0.5 M 1.0 M 

fIgure �.�  Effect. of. Rimonabant. administration. in. male. Sprague-Dawley. rats. on.
lick. rate. of. sucrose. solutions. in. brief. access. (6. second). trials.. Solutions. were. presented.
repeatedly. in. random. order. through. a. 45-minute. session.. Standardized. lick. rate. is. the.
ratio.of.number.of.licks.of.a.commodity.compared.to.the.number.of.licks.to.water.while.
water.deprived;. this.measure. is.used.to.standardize.differences. in. lick.rates.among.rats..
Rimonabant.shifted.the.curve.to.the.right,.suggesting.a.decrease.in.avidity.for.licking.to.
sweet.solutions..(Mathes.and.Rowland,.unpublished.data,.2005.).We.thank.Dr..Alan.Spec-
tor.for.use.of.the.“Davis.rig”.apparatus.
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It. is. also. important. to. assess. the. palatability-modulating. effect. of. drugs. such.
as.Rimonabant.within.a. real-world.situation. that.presents.an.array.of. food.choices..
Administration. of. Rimonabant. has. been. shown. to. reduce. consumption. of. high-fat.
and.high-sugar.diets,42.but.preference.assessments.have.not.been.reported.previously..
Using.a.dessert.protocol.that.promotes.overconsumption.and.weight.gain.in.rats,.we.
have.recently.evaluated.the.effect.of.Rimonabant.on.choice.between.a.maintenance.
diet.(moist.chow;.1:1.Purina.5001.and.tap.water;.1.67.kcal/g).and.a.palatable.high-
caloric-density.dessert.(sugar.fat.whip;.2:1.vegetable.shortening.and.white.table.sugar;.
7.35.kcal/g)..Rimonabant.(1.mg/kg).or.vehicle.was.administered.30.minutes.prior.to.
each.daily.presentation.of. fresh. chow.and. sugar. fat.whip..Total. caloric. intake.was.
measured. for.1.week..Rimonabant. treatment.produced.a. transient.decrease. in. total.
caloric.intake.(Figure.3.3)..This.decrease.was.due.entirely.to.a.reduction.in.intake.of.
sugar.fat.whip;.calories.consumed.from.moist.chow.were.similar.between.the.groups..
This.result.suggests.that.Rimonabant.selectively.decreases.intake.of.palatable.foods..
However,.our.data.also.indicate.that.some.tolerance.to.this.effect.develops.within.1.
week,.questioning.the.long-term.efficacy.of.this.intake-suppressing.agent.

3.7.2   aVaIlaBIlITy

In.the.past.century,.advances.in.food.technology.have.made.a.variety.of.safe.foods.
readily.available..This.contrasts.with.the.feast.or.famine.environment(s).that.humans.
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fIgure �.�  Mean.effect.of.1.week.Rimonabant.(R,.1.mg/kg.i.p.).or.vehicle.(V,.50%.poly-
ethylene.glycol.1.mg/ml).administration.in.female.rats.on.24-h.total.caloric.intake.from.moist.
chow.(MC).and.sugar. fat.whip. (SFW).compared. to.baseline. (BL,.MC.only)..Rimonabant.
reduced.total.caloric.intake.by.reducing.preference.for.SFW.without.affecting.MC.intake..
(Mathes.et.al.,.unpublished.data,.2006.)
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have.endured. in.evolutionary. time. that.would.have.promoted.higher. inclusive.fit-
ness.of.individuals.who.were.able.to.consume.large.amounts.when.available.—.viz.
opportunists..Opportunism.is.now.a.disadvantage.in.a.society.that.includes.ubiqui-
tous.vending.machines.and.fast.food.restaurants.with.low-cost.menus..The.econom-
ics.of.access.to.calorically.dense.food.leading.to.overconsumption.and.patterns.of.
restriction.and.bingeing.have.been.suggested.to.be.primary.culprits.in.the.obesity.
epidemic43.and.are.important.factors.to.emulate.in.animal.models.

There.are.two.facets.of.availability.—.spatial.and.temporal.—.that.are.ecologi-
cally. intertwined.and.yet. experimentally. separable..Spatial. availability. is.defined.
as.amount.of. food.available.per.unit.area,. including.number.of. food.patches. in.a.
territory.as.well.as.the.density.of.food.within.a.patch..Temporal.availability.refers.to.
the.amount.of.food.available.per.unit.time.and,.in.particular,.when.patches.become.
available.only.at.certain.times..The.studies.to.be.discussed.in.the.following.sections.
illustrate.these.factors.under.free-food.ad libitum.access.conditions.(cf..Figure.3.1).
that.we.posit.lead.to.hedonic-based.eating.

�.�.�.�   spatial density

Tordoff44.used.the.term.obesity by choice.to.describe.a.protocol.in.which.rats.had.
24-hour.access,.in.addition.to.standard.chow,.to.either.one.or.more.bottles.of.sucrose.
solution.and.water..Rats.given.a.high.ratio.of.sucrose.to.water.bottles.consumed.more.
sucrose.than.those.rats.given.a.low.ratio.of.sucrose.to.water.bottles..This.suggests.
that.preference.as.measured.in.this.protocol.was.a.function.of.the.probability.that.an.
encountered.drinking.spout.would.contain.sucrose.rather.than.water.

We.adapted.this.protocol.to.solid.foods.by.examining.the.effect.of.spatial.avail-
ability.of.a.high-fat. food.on. total.caloric. intake..Rats.were.housed. in. rectangular.
polycarbonate.cages.fitted.with.a.food.jar.in.either.one.or.all.four.corners..The.jars.
contained.either.powdered.standard.chow.(Purina.5001;.3.34.kcal/g).or.a.high-fat.
diet.(2:1.Purina.chow.and.vegetable.shortening;.5.23.kcal/g)..In.contrast.to.Tordoff’s.
findings.with.sucrose.solutions,.all.groups.consumed.equivalent.total.calories.regard-
less.of.diet.or.spatial.availability.(Figure.3.4),.showing.that.under.these.conditions.
caloric.homeostasis.prevailed.over.any.effect.of.spatial.density..The.impact.of.spatial.
availability.on.choice.of.different.diets.and/or.consumption.of.an.optional.high.calo-
rie.source.(i.e.,.desserts.such.as.sugar.fat.whip).remains.to.be.evaluated.

�.�.�.�   temporal density and binging

To.evaluate.the.effect.of.temporal.availability,.we.examined.whether.repeated.intro-
duction.of.a.palatable.dessert.would.stimulate.intake.to.a.greater.extent.than.con-
tinuous.access. to. the. same.diet..Rats.were.presented.moist. chow.(used. in. lieu.of.
dry.chow.to.minimize.spillage)..One.group.additionally.received.a.sweet.gel.(6%.
sugar.solution.solidified.with.5%.gelatin;.0.34.kcal/g).and.another.group.received.
the.sugar.fat.whip.(7.35.kcal/g).described.earlier..The.desserts.were.available.either.
for.uninterrupted.sessions,.consisting.of.8.straight.nocturnal.hours,.or.for.intermit-
tent.sessions,.consisting.of.four.30-minute.periods.every.2.hours.over.the.same.8-
hour. nocturnal. period.. The. hypothesis. was. that. each. introduction. of. food. would.
signal.a.new.dessert.opportunity.and.so.increase.total.intake..The.results.refuted.this.
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hypothesis,.because.rats.given.uninterrupted.access.consumed.the.same.or.slightly.
more. dessert. than. those. given. intermittent. access. (Figure.3.5).. The. total. caloric.
intake.was.higher. in. those.rats.given.the.high-caloric-density.sugar.fat.whip.than.
either.the.low-calorie.gel.dessert.group.or.a.chow-only.control.group..However,.the.
total.time.available.for.consumption.(2.versus.8.hours).did.not.have.an.effect.on.des-
sert.intake.in.this.protocol.

Other.protocols.of.binge-like.eating.have.been.successful.in.showing.a.short-
term. effect. of. availability. on. food. intake.. Corwin. and. colleagues. have. estab-
lished.a.protocol.in.which.presentation.of.vegetable.shortening.to.young.female.
rats. for. a.2-hour. session.every.other.day. increases. consumption.of. shortening.
compared. to. rats. given. 2-hour. access. to. shortening. everyday.45. However,. this.
protocol.does.not.support.large.increases.in.daily.caloric.intake.or.body.weight.
gain.and.so.does.not.directly.address.the.issue.of.overconsumption..To.assess.the.
generality.of.these.findings,.and.whether.we.can.produce.overconsumption,.we.
have.modified.this.protocol.to.use.sugar.fat.whip..Our.preliminary.results.sug-
gest.that.young.female.rats.show.a.binge-like.pattern,.but.that.older.females.do.
not..It.is.important.to.evaluate.more.completely.the.conditions.under.which.this.
opportunity-based. eating.occurs. and. either.does.or.does.not. lead. to. sustained.
weight.gain.
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fIgure �.�  Mean.effect.of.spatial.availability.of.two.diet.types.on.24-hour.caloric.intake.
in. rats.. Retired. breeder. Sprague-Dawley. female. rats. were. housed. in. standard. cages. with.
either.one.or. four. food. jars,. containing.either.high-fat.diet.or.powdered.chow,.present.ad 
libitum.. One. group. had. two. jars. of. each. diet.. Mean. intakes. are. averaged. for. each. group.
over.a.1-week.baseline.(chow.only,.BLW).period,.and.three.consecutive.1-week.test.periods.
(EW1,2,3)..There.were.no.significant.group.differences.in.caloric.intake..(Mathes,.unpub-
lished.Masters.thesis,.2003.)
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�.�   conclusIons

Although.feeding.is.a.necessary.behavior.to.sustain.life,.physiological.need.is.suf-
ficient.but.not.necessary.to.initiate.feeding..The.probability.of.appetitive.and.con-
summatory.behaviors. is.based.on.opportunities.presented.within.the.environment.
interacting.with.the.short-.and.long-term.physiological.events.that.underlie.motiva-
tion.and.homeostasis..Experimental.protocols.involving.animals.must.be.aware.of.
the.distinctions.between.deficiency-based.and.hedonic.eating.and. identify.depen-
dent.measures.appropriate.to.the.part.of.the.appetitive.and.consummatory.behavior.
sequence.that.they.address..The.reductionist.approach.has.led.to.many.animal.stud-
ies.that.analyze.these.aspects.in.simple.environments.

Humans.do.not.live.in.simple.laboratory.environments,.but.do.display.the.same.
patterns.associated.with.feeding.as.seen.in.rodent.models..These.patterns.are.experi-
mentally.separable..At.the.level.of.remote.foraging,.studies.of.food.shopping.patterns,.
especially.in.relation.to.physiological.parameters.such.as.BMI.and.socioeconomic.
context,.would.be.of.relevance..At.a.more.analytical. level,.studying.the.impact.of.
economic.(price,.availability).manipulations.on.that.shopping.behavior.would.be.rel-
evant..At.the.proximate.level,.how.people.actually.eat.at.home.or.in.social.settings.
and.factors.that.affect.this.behavior.are.of.relevance..Studies.of.effects.of.portion.size.
on.intake,.essentially.absent.in.much.of.the.rodent.work.discussed.above,.are.clearly.
relevant.in.humans..Studies.of.food.opportunities.and.especially.snacks.on.consump-
tion.also.are.amenable.to.analysis..Since.self.reports,.including.food.diaries,.are.not.
uniformly. reliable,. residential. laboratory. work. may. be. the. most. useful. avenue. of.
study..Elements.of.feeding.behavior.can.be.elucidated.in.rodent.models,.but.the.holis-
tic.picture.must.be.established.in.long-term,.carefully.monitored.human.studies.
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fIgure �.�  Mean.effect.of.either.uninterrupted.(8.hours.nocturnally).or. intermittent. (4.
×.30.minutes.at.2-hour.intervals).presentation.of.either.no.dessert.(control),.sugar.gel.(SG),.
or.sugar.fat.whip.(SFW).on.total.24-hour.caloric.intake.(moist.chow.plus.dessert).in.retired.
breeder.female.Sprague-Dawley.rats.across.1.week.of.study..Intakes.of.the.SFW.groups.dif-
fered.from.ND.and.SG,.but.there.was.no.effect.of.presentation.style.(uninterrupted.versus.
intermittent)..(Mathes,.unpublished.data,.2004.)
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4 Appetite	and	Food	
Intake:	A	Human	
Experimental	Perspective

Martin R. Yeomans and Emma J. Bertenshaw

�.�   IntroductIon

Our.experience.of.appetite.is.an.essential.element.of.our.conscious.experience:.As.
humans,.we. frequently. assess.our. current. appetitive. state,. and. feelings.of.hunger.
and.cravings.for.food.can.interfere.with.our.ability.to.conduct.other.tasks..However,.
the.relationship.between.the.experience.of.appetite.and.our.actual.eating.behavior.
remains.less.clear..Although.some.progress.has.been.made.by.assessing.this.relation-
ship.based.on.diary.records.of.people.eating.in.their.normal.environment,1.this.type.
of.study.lacks.the.degree.of.control.over.behavior.needed.to.be.able.to.assess.causal.
relationships..An.alternative.approach.has.been. to.study. in.detail.eating.behavior.
under.controlled.laboratory.conditions,.and.this.chapter.reviews.what.such.studies.
have.told.us.about.the.relationship.between.appetite.and.food.intake.
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�.�   defInIng appetIte

Appetite.is.defined.in.terms.of.a.strong.urge.or.desire.for.something,.in.the.present.
context.a.desire.to.eat.food..Appetite.can.also.be.used.to.denote.a.more.specific.desire.
for.a.set.of.nutrients.(for.example,.sodium.appetite.to.describe.increased.acceptance.
of.sodium.chloride).and.is.often.associated.with.the.idea.of.urges.and.cravings.for.
food..However,.the.relationship.between.the.terms.appetite,.hunger,.and.food.craving.
remains.poorly.defined,.and.in.order.to.clarify.the.use.of.these.terms.in.this.chapter.
some.discussion.of.the.nature.of.these.terms.is.needed..Most.confusion.comes.from.
two.common.uses.of. the. term.hunger:. on.one.hand,. the. subjective. experience.of.
hunger.(indexed.by.hunger.ratings,.discussed.later.in.this.chapter).is.interpreted.as.
an.indication.of.the.current.desire.to.eat..Yet.hunger.has.also.been.used.historically.
to.describe.a.specific.set.of.physiological.processes.which.increase.the.likelihood.
of.feeding,.most.classically.with.the.idea.of.a.specific.hunger.center.in.the.brain.2.
The.term.appetite.is.broader.than.either.of.these.uses.of.the.term.hunger,.and.while.
many.researchers.use.ratings.of.hunger.to.assess.appetite,.there.remains.sufficient.
distinction.between.the.meaning.of.the.terms.hunger.and.appetite.to.warrant.their.
continued.use..In.this.chapter,.appetite.is.used.to.mean.the.immediate.desire.to.eat,.
and.hunger.state.to.mean.the.current.subjective.experience.of.appetite.

�.�   assessIng subjectIve appetIte

Experimental. studies. which. explore. the. relationship. between. appetite. and. eat-
ing.in.humans.make.widespread.use.of.our.ability.to.introspect.and.so.give.some.
expression.of.our.current.motivational.state,.through.the.use.of.appetite.ratings..The.
earliest.studies. tended. to.use.categorical,.or.Likert,.scales,.with.discrete.numbers.
representing.different. levels.of. the. relevant.experience. (Figure.4.1a)..These.scales.
have.largely.been.replaced.by.visual.analogue,.or.line-scales,.(VAS).(Figure.4.1b),.
where.experience.is.rated.on.a.continuous.dimension.between.two.extreme.possi-
bilities..A.more.recent.approach.(the.affective.generalized.labeled.magnitude.scale,.
AgLMS). (Figure.4.1c),. developed. from. the. gLMS. used. widely. to. assess. sensory.
evaluations,3.recognizes.that.such.ratings.may.not.be.truly.linear,.and.that.contrasts.
of.ratings.between.participants.may.be.confounded.by.different. interpretations.of.
the.anchors.of.unlabeled.VAS..To.get.around.this,.the.AgLMS.consists.of.a.forced.
choice.of.like.or.dislike,.followed.by.a.rating.of.the.strength.of.liking/disliking.on.
a. continuous. scale.but.with. clearer.definition.of. the. levels.of. liking.at. each. level.
of.motivation..Although.the.gLMS.has.clear.advantages.when.measuring.sensory.
evaluations,3.whether.the.AgLMS.approach.has.true.advantages.over.the.VAS.scale.
remains.unclear,.and.the.VAS.remains.the.most.widely.used.method.for.measuring.
our.experience.of.appetite.

It.has.been.suggested.that.appetite,.hunger,.and.fullness.ratings.may.all.measure.
a.single.motivational.variable,.desire. to.eat.4.This.approach.makes.scientific.sense.
unless.there.are.clear.experimental.findings.which.dissociate.these.ratings..Indeed,.
in.the.case.of.hunger.and.fullness.ratings,.it.is.clear.that.gross.patterns.of.change.in.
hunger.and.fullness.tend.to.mirror.each.other..However,.there.are.subtle.differences.
in.the.way.these.ratings.change.within.an.eating.episode.that.suggest.that.participants.
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can.reliably.distinguish.between.feelings.of.fullness.(reflecting.the.amount.of.food.
consumed).and.feelings.of.hunger.(the.desire.to.eat.more),.suggesting.that.hunger.and.
fullness.are.to.some.extent.dissociable..Perhaps.the.clearest.dissociation.between.hun-
ger.and.fullness.comes.from.studies.of.the.effects.of.gastric.distension..For.example,.
increasing.gastric.distension.using.a.barostat.reliably.increased.ratings.of.fullness,.
but.did.not.impact.on.ratings.of.hunger.5.Likewise,.infusion.of.the.gastric.hormone.
cholecystokinin.(CCK).reduced.rated.fullness.but.did.not.reliably.alter.rated.hunger,6.
although.the.combination.of.CCK.and.gastric.distension.reduced.both.hunger.and.
fullness..Along.with.other.findings,. these.data.suggest. that.people.can.distinguish.
between. feelings.associated.with.a. full.gut. (fullness).and.a.desire. to.eat. (hunger)..
These.findings.also.invalidate.experimental.approaches.based.on.rating.scales.which.
treat.appetite.as.a.linear.scale.between.“extremely.full”.and.“extremely.hungry.”7

The. most. sensitive. way. to. explore. the. relationship. between. appetite. and. food.
intake.in.the.human.experimental.laboratory.is.to.explore.changes.in.the.experience.

(a) Five-Point Categorical Scale 

How hungry do you feel?  

Not at All 1  2  3  4  5  Extremely  

(b)Visual Analogue Scale 

How hungry do you feel?  

Not at All Extremely  

Barely 
Weak 

Strong 

Moderate 

Very Strong 

Strongest Imaginable Liking/Disliking of Any Kind 

Neither Like/Dislike 

Like Dislike 

(c) Affective General Labeled Magnitude Scale 

fIgure �.�  Different.scales.used.to.assess.subjective.appetite.
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of.appetite.as.a.function.of.periods.with.and.without.eating..The.rate.at.which.hunger.
is.reinstated.after.a.set.meal.may.thus.be.a.useful.measure.of.the.degree.to.which.the.
consumed.food.generated.satiety,.and.so.offers.a.tool.to.explore.the.nature.of.satiety.
itself..In.contrast,.changes.in.rated.appetite.within.a.meal.facilitate.exploration.of.how.
different.processes. stimulated.by. the. ingested. food. (sensory.effects,. learning,. and.
postingestive.nutrients).interact.to.generate.appetite.and.so.determine.meal.size..The.
approach.of.collecting.appetite.ratings.within.a.meal8.was.built.on.a.broader.approach.
to.the.microstructural.analysis.of.eating.as.a. tool. to.explore.the.nature.of.appetite.
control.in.humans,9.which.in.turn.was.developed.from.pioneering.work.on.analyses.
of.meal.patterns.in.rodents.10,11.In.all.studies.of.eating,.the.ultimate.variable.common.
to.studies.in.humans.and.other.animals.is.the.amount.consumed,.both.in.terms.of.
mass.and.energy..However,.when.trying.to.understand.the.interrelationship.between.
appetite.and.ingestion,.subtle.differences.in.the.way.food.is.consumed.have.proved.
valuable.in.experimental.studies.with.animals.and.humans.9–14.Thus.the.rate.at.which.
eating.progresses,. the.overall.duration.of.a.meal,.bite-rate,.etc..may.all.give.clues.
about.the.nature.of.appetite.associated.with.that.eating.episode..Even.more.informa-
tion.becomes. available. if. ratings.of. appetite. are. included.progressively. across. the.
meal.and.are.then.related.to.the.amount.consumed..Such.analyses.have.shed.light.on.
many.aspects.of.appetite,.including.the.effects.of.palatability,15,16.the.effects.of.satia-
tion.and.satiety.on.appetite.in.a.meal,17–20.and.disturbances.in.appetite.in.anorexia,.
bulimia,.and.binge-eating.disorder.21–25.Adding.measures.beyond.simple.intake.thus.
provide.important.insights.into.the.fundamental.processes.underlying.appetite.con-
trol.and.how.these.may.be.disturbed.to.allow.overeating.or.anorexic.behavior.

�.�   theoretIcal fraMework for explorIng 
controls of Meal sIze

Figure.4.2. shows. three. alternative. conceptual.models. of. the. relationship.between.
the.experience.of.appetite.and.food. intake.within.a.meal..All. three.models.make.
a.distinction.between.appetite.prior.to.the.onset.of.eating.(classically.thought.of.as.
the.appetitive.phase).and.appetite.within. the.meal.(the.consummatory.phase)..All.
three.models.interpret.appetite.prior.to.a.feeding.episode.in.the.same.way,.with.a.
progressive.increase.in.appetite.during.the.interval.between.meals,.since.it.is.clear.
that.the.experience.of.“hunger”.increases.progressively.during.the.time.since.the.last.
time.food.was.ingested,.and.as.the.likelihood.of.eating.again.increases..Although.
for.simplicity.this.increase.is.illustrated.as.linear,.actual.changes.vary.depending.on.
a.multitude.of.both.internal.and.external.appetite.signals..Thus,.although.the.classic.
homeostatic.interpretation.of.these.changes.is.in.terms.of.physiological.hunger.cues.
arising.from.internal.signals.related.to.the.use.of.ingested.nutrients,.it.is.also.clear.
that.temporal.and.social.cues.may.enhance.appetite.as.well..Regardless.of.the.under-
lying.nature.of.premeal.hunger,.a.clear.prediction.is.that.the.experience.of.appetite.
at.the.onset.of.eating.should.influence.meal.size.

The.main.purpose.of.the.models.outlined.in.Figure.4.2.is.to.illustrate.alterna-
tive.accounts.of.how.appetite.might.change.once.eating.has.started,.and. it. is. this.
feature.of.appetite.which.is.the.primary.focus.of.this.chapter..The.first.two.models.
are.based.on.homeostatic.principles.that.appetite.will.decline.as.food.in.ingested,.
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with. the.simplest.model.suggesting. that. this.decrease.will.be.a. linear.function.of.
food. ingested,. and. the. second. model. suggesting. that. the. impact. of. satiation. on.
appetite.will.be.progressive..Thus,.just.as.use.of.nutrients.may.lead.to.the.onset.of.
eating,. so. according. to. homeostatic. principles,. the. cessation. of. eating. should. be.
predicted.by. the. ingestion.of.sufficient.nutrients. to. restore.nutritional.deficit..The.
predicted.relationship.between.the.experience.of.appetite.and.food.intake.is.there-
fore.a.progressive.increase.in.appetite.during.the.interval.between.meals,.and.then.
a.progressive.decrease.in.appetite.during.a.meal.as.a.consequence.of.satiation.based.
on.two.negative.feedback.systems.

The.major.problem.with.a.purely.homeostatic.account.of.meal.size.is.that.it.offers.
no.explanation.for.sensory.influences..Thus.according.to.the.approach.outlined.in.
the.first.two.models,.provided.the.nutrient.content.of.the.food.being.ingested.is.the.

Extremely

Not at All 

Ra
te

d 
A
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et

ite
 

0 End of Meal

Extremely

Not at All 

Ra
te

d 
A

pp
et

ite
 

0 End of Meal

Not at All 

(a)  (b)  

Extremely

Ra
te

d 
A

pp
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ite
 

0 End of Meal
(c)  

fIgure �.�  Three.alternative.models.of.appetite.change.during.a.meal.based.on.(a).appe-
tite.decreasing.as.a.linear.function.of.food.consumed,.(b).a.progressive.increase.in.satiation.
across.the.meal,.and.(c).an.integration.of.orosensory.positive.feedback.and.satiation.
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same,.meal.size.should.be.the.same.regardless.of.whether.the.food.has.a.pleasant.or.
unpleasant.taste..Yet.it.is.clear.that.hedonic.evaluation.has.a.major.impact.on.meal.
size..The.third.model.offers.a.conceptual.framework.through.which.to.understand.
how.this.could.arise..The.key.difference.is.the.inclusion.of.a.positive.feedback.ele-
ment.arising.from.the.hedonic.evaluation.of.the.ingested.food.which.interacts.with.
the.negative.feedback.elements.of.satiation.to.determine.overall.meal.size.

The.framework.outlined.in.Figure.4.2.allows.explicit.tests.of.the.nature.of.the.
relationship.between.appetite.and.eating,.and. laboratory-based.studies. in.humans.
provide.overwhelming.evidence.in.favor.of.a.model.integrating.positive.and.nega-
tive.feedback.processes.arising.from.hedonic.evaluation.of. the.food.on.one.hand,.
and.satiating.effects.of.the.food.on.the.other..The.rest.of.this.chapter.examines.the.
evidence.behind.this.conclusion,.and.explores.other.influences.on.meal.size.which.
help.us.understand.the.nature.of.these.feedback.mechanisms.

�.�   does hunger predIct Intake? relatIonshIps 
between appetIte and Meal sIze

If. the. experience.of. appetite,. indexed.by.hunger. ratings,. represents.motivation. to.
eat,.then.it.is.apparent.that.rated.hunger.at.the.start.of.a.meal.should.predict.meal.
size..In.practice.this.relationship.has.proved.to.be.less.clear..Some.data.are.clearly.
consistent. with. the. idea. that. the. subjective. experience. of. hunger. prior. to. a. meal.
is.a.reliable.predictor.of.meal.size..For.example,.analysis.of.self-reported.amount.
consumed.at.spontaneous.meals.recorded.using.extended.diet.diaries.reported.a.cor-
relation.between.rated.hunger.beforehand.and.the.size.of. the.meal.26.Not.all.such.
studies.based.on.diary-based.reports.find.these.effects,.however.27.It.may.be.that.the.
habitual.nature.of.the.timing.of.meals.in.real.life.may.mask.any.underlying.relation-
ship.between.the.experience.of.appetite.and.intake..For.example,.hunger.cued.by.the.
expectation.of.meals.at.a.fixed.time,.or.facilitated.by.social.interaction,.may.result.in.
people.either.eating.when.rated.hunger.is.low,.or.experiencing.transient,.cued.feel-
ings.of.hunger.when.food.in.unavailable.

One.way.of.exploring.the.relationship.between.rated.appetite.and.intake.in.the.lab-
oratory.is.to.examine.the.relationship.between.rated.appetite.and.intake.in.acute.tests.
of.intake.following.manipulations.that.should.enhance.or.decrease.appetite..One.of.
the.simplest.approaches.is.to.examine.effects.of.presatiation.through.consumption.of.
a.disguised.high-energy.preload.prior.to.the.test.meal..This.approach.does.lend.some.
support.to.the.hypothesis.that.intake.can.be.predicted.by.rated.hunger,.since.disguised.
high-energy.preloads.can.reduce.both.rated.hunger.at.the.onset.of.eating.and.subse-
quent.test.meal.intake.19,28.Moreover,.some.studies.have.found.significant.correlations.
between.pre-ad libitum.test.meal.motivational.ratings.and.subsequent.intake.29,30.How-
ever,.not.all.studies.find.such.effects..Some.preload.studies.report.reduced.intake.in.the.
absence.of.changes.in.hunger.after.loads.differing.in.energy31.or.nutrient.content,32,33.
while.others.report.that.higher.energy.loads34–36.or.higher.preload.protein.content37–39.

reduced.hunger.without.leading.to.subsequent.intake.adjustment.
Why.then.might.hunger.at.the.start.of.a.meal.be.an.unreliable.predictor.of.intake.

in.some.preload.studies?.There.are.many.potential.explanations.for.these.differences,.
some.relating.to.methodological.shortcomings.(for.example,.use.of.insensitive.rating.
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scales.or.underpowered.studies),.but.others.relating.to.the.nature.of.the.eating.experi-
ence..For.example,.it.is.well.known.that.variety.enhances.intake.40–44.Notably,.several.
preload.studies.which.employed.a.buffet-style.meal.as.the.intake.test.found.reduced.
premeal.hunger.but.no.effect.on.intake.34,36,37.The.explanation.could.be.that.preload.
energy.and/or.nutrient.content.reduced.appetite,.but.this.effect.was.then.masked.by.
stimulation.of. appetite.by.variety..Furthermore,. those. studies. cited.above.finding.
differences.in.subsequent.intake,.but.not.hunger,.used.a.homogenous.test.meal.32,33 
A.further.issue.relates.to.the.degree.to.which.test-meal.intake.may.be.influenced.by.
habitual.behaviors,.such.as.participants.consuming.all.of.a.set.serving,.so.masking.
any.effects.of.the.test.preload.manipulation.

Another.crucial. factor. influencing. the. relationship.between.rated.appetite.and.
intake.may.be.the.timing.of.the.appetite.evaluations..It.may.be.that.people.are.unable.
to.truly.judge.their.level.of.appetite.until.the.appropriate.food.cues.are.present,.and.
variability. in. the. timing.of. ratings. and.presence.of. food.cues. across. studies. then.
determine.whether.a.clear.relationship.is.found.or.not..If.our.experience.of.hunger.
reflects.an.integration.of.internal.cues.predicting.energy.need.derived.from.homeo-
static.processes.with.expectations.of.food.availability.or.hedonic.quality,.then.ratings.
of.hunger.made.in.the.absence.of.knowledge.of.available.food.is.likely.to.be.a.poor.
predictor.of.intake..To.test.this,.we.reanalyzed.data.from.studies.in.our.laboratory.
where.hunger.ratings.were.made.before.food.was.presented,.once.food.was.tasted,.
and.throughout.the.test.meal.to.test.which.rating.was.the.best.predictor.of.intake..
This.reanalysis.suggested.that.the.strongest.predictor.of.intake.was.the.hunger.rating.
made.immediately.after.the.food.to.be.consumed.had.been.tasted.(Table.4.1)..This.
reanalysis.confirms.that.differences.in.the.timing.of.ratings.of.appetite.relative.to.food.
presentation.may.have.contributed.to.the.inconsistency.in.the.literature.on.whether.
appetite.ratings.predict.subsequent.intake..These.data.also.imply.that.our.experience.
of.appetite.requires.integration.of.our.appetitive.state.at.the.onset.of.eating.with.the.

table �.�
correlations between rated hunger at various stages of a 
Meal and Meal size

pearson ra for correlation between Meal Intake and: 

data source premeal hungerb hunger after tastingb Maximum hungerb

19 0.42 0.57c 0.52c

20 0.53c 0.65c 0.58c

17 0.27d 0.51c 0.45d

18 0.31d 0.48c 0.42d

a. The.data.are.partial.correlations.between.rated.hunger.and.intake,.accounting.
for.differences.in.experimental.conditions.in.each.study.

b. “Premeal.hunger”.was.rated.in.the.absence.of.food.cues,.“Hunger.after.tasting”.
following.consumption.of.a.mouthful.of.the.food.to.be.eaten,.and.“Maximum.
hunger”.was.the.highest.rating.made.at.any.stage.during.the.eating.episode.

c. P.<.0.001.
d. p.<.0.01.
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immediate.sensory.experience.of.the.food.to.be.ingested..The.next.section.therefore.
evaluates.how.sensory.qualities.may.impact.on.the.expression.of.hunger.

�.�   understandIng posItIve feedback 
stIMulatIon of eatIng

Appetite.comes.with.eating;.the.more.one.has,.the.more.one.would.have..(French.Proverb)

The.origins.of.this.classic.French.proverb.remain.obscure,.but.the.general.implica-
tion,. that. the.more.you.eat. the.greater.your.appetite,.goes.against. the.basic.prin-
ciple.of.homeostatic.control..However,.there.is.now.substantial.evidence.that.eating.
foods.which.are.palatable,.that.is.those.which.are.rated.as.pleasant.tasting,.results.
in.marked.increases.in.meal.size..These.effects.are.equally.evident.in.human.and.
animal.studies..Giving.rats.access.to.a.diet.which.is.rich.in.fat,.sugar,.or.both.reliably.
leads.to.overeating.and.consequent.obesity.45,46.Since.sweetness.is.innately.preferred.
and. results. in.positive.hedonic. responses. in. rats. based.on. judgments.of.orofacial.
responses. to. the. sweet. taste,12. we. can. infer. that. the. positive. hedonic. response. to.
sweetness.is.the.primary.cause.of.increased.intake..Sated.rats.also.eat.little.of.an.
unpreferred. food. (such. as. their. normal. laboratory. chow). but. consume. significant.
quantities.of.a.preferred.food.such.as.sucrose.or.cookies..Manipulated.palatability.
has.similar.effects.on.short-term.eating.in.humans.47,48.The.most.widely.used.tech-
nique.is.to.modify.the.flavor.of.a.test.food.to.make.it.more.or.less.palatable,.while.
leaving.the.nutritional.components.unaltered,.and.then.to.measure.subsequent.intake.
and. the.experience.of. appetite..The.consistent.finding. is. that.volunteers.consume.
more.when.food.is.rated.as.palatable.15,16,49–60.Analysis.of.the.relationship.between.
the.relative.difference.in.liking.and.consequent.change.in.intake.(Figure.4.3).shows.
a.clear.linear.relationship..This.consistency.is.all.the.more.remarkable.considering.
that.these.data.encompass.a.wide.variety.of.foods.consumed.by.different.participants.
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Difference in Rated Palatability

fIgure �.�  The. relationship. between. differences. in. food. pleasantness. and. consequent.
increases.in.food.intake.in.humans..(Adapted.from.Yeomans,.M.R.,. in.Appetite and Body 
Weight: Integrative systems and the Development of Anti-Obesity Drugs,.Cooper,.S.J..and.
Kirkham,.T.C.,.Eds.,.Elsevier,.London,.2007,.pp..247–269..With.permission.)
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in. a. number. of. laboratories.. Effects. of.
palatability.on.meal.size.are.also.evident.
in.diary-based.data.where,.even.though.
people.generally.do.not.self-select.items.
they.rate.as.unpalatable,.hedonic.ratings.
of.the.meal.they.consumed.are.a.consis-
tent. predictor. of. meal. size. and. operate.
independently.of.hunger.61,62.The.impli-
cation.of.the.predictability.of.the.effects.
of. palatability. on. intake. is. that. these.
effects.reflect.a.set.of.processes.that.are.
sensitive. to. hedonic. evaluation. of. the.
sensory. qualities. of. food. but. are. rela-
tively. insensitive. to. the. actual. sensory.
qualities. or. nutritional. composition. of.
the.ingested.food.

What. then.are. the.processes.under-
lying. hedonic. stimulation. of. appetite?.
The.most.widely.accepted.interpretation.
of.the.effects.of.palatability.on.meal.size.is.that.this.reflects.stimulation.of.a.posi-
tive. feedback.motivational. system.associated.with.orosensory. reward.48,63.Several.
lines.of. experimental. evidence. support. the. idea. that.palatability. stimulates. appe-
tite. in. this.way. in.humans;. thus.people.eat. faster,52,64–66.chew.faster,13,67,68.and.eat.
for.longer15,64,69.when.presented.with.a.more.palatable.food.option..Moreover,.rated.
appetite.increases.in.the.early.stages.of.meals.with.a.flavored,.palatable.food.relative.
to.a.nutrient-matched.bland.version.of.the.same.food.(Figure.4.4)..All.of.these.data.
are.consistent.with.the.actions.of.a.positive.feedback.reward.system.driven.by.the.
hedonic.evaluation.of.the.sensory.qualities.of.the.food.being.consumed.

As.well.as.clear.behavioral.evidence.that.palatability.stimulates.appetite,.labo-
ratory-based.experimental.studies.in.humans.provide.some.insights.into.the.neuro-
chemical.basis.for.this.effect..Extensive.research.in.animals.provides.overwhelming.
evidence.for.an.important.role.of.opioid.peptides.in.hedonic.aspects.of.eating.70,71.
Blockade. of. opioid. receptors. using. specific. receptor. antagonists. in. humans. also.
has.effects.consistent.with.the.idea.that.these.neurochemicals.play.a.critical.role.in.
determining.the.hedonic.response.to.foods.and.consequent.stimulation.of.appetite.72.
Thus.opioid.receptor.antagonists.reduce.the.rated.pleasantness.of.a.wide.variety.of.
foods,.while.having.minimal.impact.on.sensory.evaluation,.and.cause.a.consistent.
reduction.in.short-term.food.intake..Perhaps.the.clearest.evidence.that.opioids.are.
involved. in. the. stimulation.of. appetite.by.palatability.was. the.finding. that.opioid.
blockade.reversed.the.normal.increase.in.rated.appetite.during.the.initial.phase.of.a.
test.meal.73

More.recent.attention.on.the.neurobiology.of.sensory.hedonics.has.examined.the.
role.of.the.cannabinoid.system,71,74,75.where.there.is.now.overwhelming.evidence.that.
cannabinoids.interact.with.opioid.systems.in.relation.to.the.rewarding.effects.of.food.
in. animals.. In. humans,. despite. an. anecdotal. literature. suggesting. that. marijuana.
increases. appetite,. effects. of. smoked. marijuana. on. appetite. in. laboratory. studies.
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fIgure �.�  Effects.of.manipulated.palat-
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tite,.1996,.27,.119–133..With.permission.)
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have. been. variable,76. with. typically. only. 50%. of. participants. showing. enhanced.
appetite.after.marijuana..A.more.detailed.evaluation77.of.effects.of.the.active.com-
pound.in.marijuana,.tetrahydracannabinol.(THC),.on.appetite.found.little.evidence.
of.acute.appetite.stimulation,.but.did.find.increased.daily.energy.intake.following.
chronic.dosing.with.THC,.while.an.earlier.study.found.consistent.increases.in.intake.
following.oral.THC.78.There.is.also.evidence.that.dronabinol,.an.artificial.analogue.
of.THC,.increases.appetite.in.patients.suffering.from.weight.loss.and.impaired.appe-
tite.associated.with.wasting.diseases.79,80.It.has.also.been.suggested.that.the.endo-
cannabinoid.system.may.be.upregulated.in.people.who.are.obese,81.consistent.with.
the.idea.that.overeating.and.obesity.may.both.represent.some.degree.of.heightened.
sensitivity.to.palatability.

�.�   negatIve feedback: the basIs of satIatIon and satIety

If.positive. feedback.stimulated.by. liked.sensory.qualities.serves. to.enhance.meal.
size,.what.factors.are.involved.in.the.cessation.of.feeding?.It.is.now.recognized.that.
the.processes.underlying.meal. termination. (satiation). and. subsequent. suppression.
of.appetite.(satiety).are.multifaceted.and.involve.a.complex.integration.of.cognitive,.
sensory,. postingestive. and. postabsorptive. cues.. The. sequence. of. cues. remains. to.
be. fully. clarified,. but. the. satiety. cascade. model. (Figure.4.5)82. provides. a. frame-
work.through.which.these.effects.can.be.explored..Although.a.simple.model.of.meal.
control.might.suggest. that. feeding. terminates.when.sufficient.nutrients.have.been.
ingested.to.meet.nutritional.needs,.it.is.clear.that.the.normal.rate.of.eating.means.that.
meal.termination.occurs.too.early.to.reflect.absorption.of.the.ingested.nutrients..This.
is.clear.from.analysis.of.meals.in.experimental.studies..Thus,.artificially.lengthening.
the.duration.of.a.meal.should.increase.postingestive.feedback.and.so.lead.to.reduced.
meal. size.. However,. artificially. lengthening. meal. duration. by. introducing. pauses.
in. eating. was. found. to. increase. rather. than. decrease. overall. intake. in. humans,16.
in. contradiction. to. the. idea. that. slowing. eating. rate. may. be. a. useful. component.
of. behavioral. treatments. for. overeating.83. There. is. some. evidence. that. increasing.
meal.duration.can.reduce.meal.size.in.rats,84,85.but.meal.duration.has.to.be.doubled.
before.intake.is.reduced.reliably..Further.evidence.that.immediate.ingested.nutrients.

Late Food Early 

Satiation Satiety 

Postingestive
Cognitive 

Postabsorptive

Sensory 

fIgure �.�  The.satiety.cascade..(From.Blundell,.J.E..and.Tremblay,.A.,.Nutr. Res. Rev.,.
1995,.8,.225–242..With.permission.)
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have.minimal.impact.on.meal.size.comes.from.a.study.where.energy.density.was.
increased.in.a.disguised.manner.55.Thus,.when.presented.with.a.breakfast.food.(por-
ridge).in.bland.or.palatable.form.and.either.with.high.or.low.energy.density,.energy.
density.had.no.effect.on.amount.consumed,.whereas.palatability.increased.meal.size.
(Figure.4.6)..Most. strikingly,. infusion.of.high.or. low.volumes.of. a.nutritive. soup.
while.people.were.eating.had.minimal.impact.on.the.mass.consumed,.meaning.that.
energy.consumption.was.nearly.doubled.when.voluntary.intake.was.combined.with.
intragastric.infusion.of.a.high.volume.(450.ml).of.an.energy-dense.soup.(Figure.4.7)..
Thus.actual.nutrient.content.of.the.ingested.food.appears.to.have.minimal.impact.on.
meal.termination.under.laboratory.conditions.

So.what.then.determines.meal.termination?.As.discussed.earlier,.reduced.appe-
tite.at.the.start.of.eating.tends.to.reduce.meal.size..However,.a.combination.of.cogni-
tive.and.sensory.factors.probably.determine.the.amount.consumed.once.eating.has.
started..It.is.clear.that.energy.density.and.portion.size.are.both.important.determi-
nants.of. short-term.energy. intake,.and.Figure.4.7. is.a.dramatic. indication.of.how.
differences.in.energy.density.which.are.hidden.from.the.consumer.can.greatly.affect.
short-term.energy.intake..In.the.majority.of.laboratory.studies.discussed.so.far,.por-
tion.size.was.effectively.irrelevant,.since.participants.were.unable.to.use.the.comple-
tion.of.a.portion.to.determine.when.to.stop.eating.(the.protocol.ensured.either.that.
the.amount.presented.was.far.in.excess.of.what.could.be.consumed.or.that.food.was.
topped.up.whenever.the.portion.available.fell.below.a.certain.level)..In.real.life,.how-
ever,.the.amount.consumed.may.be.better.determined.by.the.amount.served.rather.
than.how.much.of.that.serving.is.consumed..Larger.portion.sizes.have.been.shown.
to.result.in.greater.intake,35,86–89.while.other.studies.confirm.that.hidden.energy.can.
lead.to.passive.overconsumption.90,91.However,.while.these.data.further.confirm.the.
lack.of.physiological.control.of.short-term.intake.in.humans.by.ingested.nutrients,.
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fIgure �.�  Total.mass.(a).and.energy.(b).consumed.of.both.high-.and.low-energy-density.
porridge.cereal.served.both.in.a.bland.( ).and.palatable.form.( )..Bars.marked.by.dif-
ferent.letters.differ.significantly.(p.<.0.05.or.greater)..(Adapted.from.Yeomans,.M.R.,.Wein-
berg,.L.,.and.James,.S.,.Physiol. Behav.,.2005,.86,.487–499..With.permission.)
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we.are.far.from.understanding.the.nature.of.the.cognitive.factors.that.do.determine.
meal.size.

�.�   how posItIve and negatIve feedback Interact

As. can. be. seen. in. Figure.4.6,. increasing. positive. feedback. leads. to. greater. intake.
regardless.of.the.energy.content.of.the.food.consumed..Indeed,.the.combined.effects.of.
increased.palatability.and.energy.density.resulted.in.participants.consuming.2.5.times.
as.much.in.a.palatable/high-energy.condition.than.they.did.in.the.bland/low-energy.
condition.. The. ability. of. satiety. cues. generated. by. high-energy. preloads. to. reduce.
intake.is.further.compromised.by.the.palatability.of.the.food.offered.afterwards..Thus.
participants.came.close.to.compensating.for.the.energy.in.a.disguised.soup.preload.
when.the.test.lunch.was.bland,.but.only.reduced.intake.marginally.when.the.food.was.
more.palatable.20.Similar.findings.were.seen.when.the.premeal.preload.was.infused.
intragastrically.rather.than.ingested,57.in.line.with.studies.showing.that.preloads.are.
most.effective.when.ingested.orally.92.These.data.together.imply.that.positive.feedback.
systems.override.the.negative.feedback.effects.of.satiety.and.satiation.and.so.promote.
short-term. overeating.. This. has. clear. implications. for. understanding. the. causes. of.
overeating.associated.with.obesity..If,.as.has.been.widely.suggested,93–97.our.modern.
diet.is.more.energy.dense.and.palatable,.our.understanding.of.control.of.meal.size.in.
humans.based.on.these.laboratory.studies.provides.clear.evidence.that.increased.avail-
ability.of.palatable.foods.in.our.diet.will.promote.overconsumption.

�.�   learnIng, sensory hedonIcs, and satIety

Understanding.how.differences.in.palatability.enhance.intake.is.important,.but.begs.
the.question.about.why.some.foods.are.experienced.as.more.palatable.than.others..
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(Robinson,.French,.Gray,.and.Yeomans,.unpublished.data.)
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A.full.discussion.of.innate.and.acquired.components.of.hedonic.evaluation.of.fla-
vors.is.beyond.the.scope.of.this.chapter.and.has.been.the.subject.of.several.recent.
reviews.98–100.However,. some.of. the.key.arguments. relating. to.acquired.flavor. lik-
ing.are.relevant.to.understanding.the.relationship.between.appetite.and.intake..It.is.
generally.accepted.that,.with.the.notable.exceptions.of.innate.preferences.for.sweet.
and.salty.tastes,.the.majority.of.human.flavor.preferences.are.acquired..Two.learn-
ing.models.highlight.important.mechanisms.by.which.we.acquire.liking.for.novel.
flavors..The.first.model.suggests.that.the.contingent.association.between.the.flavor.of.
a.food.and.the.resulting.postingestive.effects.leads.to.appropriate.changes.in.flavor.
liking:.flavors. that.predict. illness.become.disliked,.while. those. that.predict. some.
form.of.benefit.become.liked.(flavor-consequence.learning)..The.second.model.sug-
gests.that.once.a.flavor.component.is.liked.or.disliked,.coexperience.of.a.novel.flavor.
component.and.the.liked.or.disliked.flavor.results.in.hedonic.transfer.between.these.
elements.(flavor–flavor.learning)..These.two.processes.may.operate.alongside.each.
other;.thus.consumption.of.a.novel.flavored.drink.sweetened.with.sucrose.could.pro-
mote.an.increase.in.liking.by.association.with.sweetness.and.to.associate.the.flavor.
with.the.energy.provided.by.the.sucrose..However,.recent.data101.suggest.that.these.
two.types.of.association.differ.in.terms.of.their.sensitivity.to.manipulated.appetite:.
pairing. a. drink. flavor. with. a. noncaloric. sweetener. increases. liking. for. the. flavor.
regardless.of.whether.the.association.is.acquired.when.hungry.or.sated..However,.
increased.liking.for.a.sucrose-sweetened.drink.is.greater.when.trained.hungry.than.
sated..The.implication.is.that.acquired.liking.which.is.reinforced.by.energy.may.be.
controlled.by.current.hunger.state,.whereas.those.driven.by.flavor-based.associations.
may.not..This.has.implications.for.the.overall.relationship.between.appetite,.palat-
ability,.and.intake:.the.prediction.would.be.that.appetitive.state.will.be.better.able.to.
control.meal.size.where.liking.has.been.acquired.by.flavor-nutrient.associations.than.
when.based.on.flavor–flavor.associations.

Another. learning. paradigm. that. has. significance. for. the. relationship.between.
appetite.and.intake.is.the.concept.of.learned.satiety.4.According.to.this.idea,.associa-
tions.between.the.flavor.of.a.food.and.postingestive.effects.not.only.modify.liking,.
but.also.lead.to.an.acquired.ability.to.control.intake.in.anticipation.of.the.predicted.
level. of. postingestive. satiety.. There. is. clear. evidence. for. this. acquired. control. of.
meal. size. in. animal. studies,102,103. but. evidence. in.humans. is. less. convincing.99. In.
particular,.the.widespread.finding.that.increased.energy.density,.which.should.lead.
to. greater. opportunity. for. learned. satiety. to. develop,. leads. to. increased. energy.
intake88,90,91,104,105.argues.against.any.strong.role.of.learned.satiety.in.control.of.nor-
mal.food.intake.in.humans.

�.�0   conclusIons

Laboratory-based. studies. of. normal. eating. in. humans. have. greatly. increased. our.
understanding.of.the.basic.motivational.controls.of.eating.in.general.and.the.com-
plexity.of.the.relationship.between.appetite.and.intake.in.particular..The.idea.that.
our.experience.of.appetite.can.be.used.as.a.proxy.measure.of. intake.is.clearly.an.
oversimplification,.but.the.detailed.analysis.of.appetite.changes.in.relation.to.intake.
has.allowed.us.to.start.to.dissociate.the.positive.and.negative.feedback.systems.that.
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control.short-term.food.intake..Future.research.can.build.on.these.findings.to.better.
understand.the.neural.processes.subserving.these.motivational.systems.and.thereby.
gain.greater.insight.into.appetite.control.in.general.

�.��   IMplIcatIons for the dIrectIon of 
future anIMal research

The.current.understanding.of.human.appetite.outlined.in.the.previous.discussion.raises.
many.questions,.particularly.in.relation.to.the.interaction.of.environment,.food.avail-
ability,.and.motivational.state..As.outlined.in.the.accompanying.chapter.by.Rowland.
and.Mathes.(Chapter.3),.the.vast.majority.of.studies.of.feeding.in.animals.concentrate.
on.short-term.measures.of.food.intake.for.rodents.in.environments.with.access.to.a.sin-
gle.nutritious.but.hedonically.uninteresting.food,.and.in.the.absence.of.more.detailed.
analysis.of.either.appetitive.behaviors.or.the.overall.pattern.of.ingestion..However,.the.
current.human.environment.offers.unrestricted.access.to.an.almost.limitless.variety.of.
palatable.foods,.and.faced.with.this.diet.the.incidence.of.obesity.and.overweight.has.
increased.dramatically..To.help.understand.how.the.current.human.environment.pro-
motes.overconsumption,.and.to.develop.treatments.that.may.effectively.counter.human.
obesity,.there.needs.to.be.a.shift.in.emphasis.in.animal.work.away.from.the.study.of.
the.neural.basis.of.homeostatic.controls.of.feeding.to.a.better.understanding.of.the.pro-
cesses.underlying.stimulation.of.appetite.through.palatability.and.variety..There.have.
been.significant.shifts.in.some.recent.animal.work.that.have.started.to.address.these.
issues:.for.example,.studies.that.evaluate.how.environment-specific.associations.with.
food.may.potentiate.short-term.feeding,106,107.the.specific.development.of.animal-mod-
els.of.binge-like.behavior,108,109.and.the.increased.cross-talk.between.animal.models.
of.feeding.and.drug-addiction.110,111.However,.some.of.these.approaches.tend.to.see.the.
effects.of.reward.and.pleasure.in.eating.as.separate.from.the.traditional.homeostatic.
models.that.have.been.the.main.focus.of.most.recent.research.on.control.of.ingestion..
What.perhaps.is.now.needed.is.greater.integration.of.these.approaches.to.develop.a.
better.understanding.of,.for.example,.how.palatability-induced.eating.overrides.short-
term.satiety.cues,.and.how.specific.food-related.cues.can.both.initiate.and.potentiate.
food.intake..Such.integration.will.in.turn.allow.greater.substantiation.of.the.sorts.of.
approaches.to.understanding.human.appetite.outlined.in.this.chapter.and.will.help.to.
bring.together.human.and.nonhuman.animal.research.on.appetite.
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5 Motivation	to	Eat:	Neural	
Control	and	Modulation

Dianne Figlewicz Lattemann

�.�   IntroductIon

A.dramatic.increase.in.obesity.incidence.in.Westernized.societies.has.been.observed.
over.the.past.15.years..Because.obesity.is.recognized.as.a.significant.risk.factor.for.
diabetes,.cardiovascular.disease,.several.cancers,.and.shortened.life.span,1,2.there.is.
a.new.focus.on.environmental.and.psychological.factors.that.contribute.to.overeating.
and.perturbed.energy.homeostasis..A.major.psychological.factor.which.modulates.
food.intake.is.the.hedonic.evaluation.of.food.(i.e.,.food.reward)..The.study.of.food.
reward.has.expanded.over.the.past.several.years.as.details.of.the.functional.neuro-
circuitry.are.becoming.known;.and.as.an.appreciation.has.developed.for.the.role.of.
energy.regulatory.factors.—.both.intrinsic.and.extrinsic.to.the.central.nervous.sys-
tem.(CNS).—.in.modulating.food.reward..The.goal.of.this.chapter.is.to.provide.an.
overview.of.current.knowledge.regarding.CNS.mediation.of.food.reward/motivation.
and.the.evidence.in.support.of.its.potential.regulation.or.modulation.

Historically,. studies. of. food. reward. and. studies. of. energy. homeostasis. have.
focused.upon.different.CNS.subcircuitries.and.different.signals..Studies.evaluating.
the.physiological.defense.of.caloric.intake.by.the.CNS.have.focused.upon.the.medial.
hypothalamus.(including.the.arcuate.[ARC],.ventromedial.nucleus,.and.paraventric-
ular.nucleus.[PVN]).as.a.major.anatomical.site.of.integration3,4.and.have.evaluated.
the.actions.of.hormones.and.neurotransmitters..Prior.to.this.focus,.research.identi-
fied.a.potential.role.of.circulating.glucose,.fat,.or.amino.acids.(i.e.,.the.glucostatic,.
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lipostatic,.and.aminostatic.controls);.current.research.validates.and.extends.the.valid.
contributions.of.nutrients. to.energy.homeostasis..In.addition,. in.1979,.Woods.and.
colleagues5.proposed.a.model.of.a.negative. feedback. loop.between. the.brain.and.
endocrine.energy.regulatory.signals.(circulating.factors.such.as.insulin.and.leptin,.
whose.concentrations.reflect.the.size.of.adipose.stores,.and.that.convey.this.informa-
tion. to. the.CNS),.which.has. received. substantial. experimental. support.6.Whereas.
earlier.studies.focused.on.factors.which.reflect.a.positive.energy.balance,.ongoing.
study.of.the.neuroendocrine.peptide.ghrelin7,8.emphasizes.that.there.are.also.signals.
which.reflect.negative.energy.balance.

Anatomical. studies. of. motivation. and. reward. have. focused. on. the. lateral.
hypothalamic.area. (LHA).and.midbrain.dopaminergic. (DA).cell.bodies.and. their.
projection. sites,. and. functional. studies. have. focused. on. paradigms. such. as. brain.
self-stimulation.or.self-administration.of.various.neurally.active.substances.9,10.Not.
surprisingly,.it.has.become.appreciated.that.additional.CNS.sites.have.a.role.in.medi-
ating.the.rewarding.aspects.of.stimuli..As.an.anatomical.basis.for.potential.crosstalk.
between.energy.regulatory.circuitry.and.reward.circuitry,.it.must.be.appreciated.that.
the.medial.hypothalamic.nuclei.are.extensively.connected.with.the.CNS.regions.that.
mediate.reward.and.motivation:.the.LHA,.amygdala,.select.regions.of.the.cerebral.
cortex,.the.ventral.tegmental.area.(VTA),.and.ventral.striatum.or.nucleus.accumbens.
(NAc)..For.detailed.discussion,.the.reader.is.referred.to.recent.reviews.of.the.relevant.
anatomy.and.behavioral.pharmacology.by.Berthoud.or.Kelley.11,12.In.addition.to.ana-
tomical.links.between.the.reward.circuitry.and.energy.regulatory.circuitry,.there.are.
functional.links..This.is.reflected.in.the.observation.that.fasting.or.food.restriction.
activates,.or.enhances.the.activation.of,.motivational.circuitry.as.evaluated.in.several.
different.behavioral.paradigms.13–15

�.�   MesocortIcolIMbIc cIrcuItry

Within.the.reward.circuitry,.the.mesocorticolimbic.(VTA;.ventral.tegmental.area).
dopamine.neurons,.which.project.to.the.ventral.striatum.or.NAc,.and.to.the.prefron-
tal.cortex,.have.been.viewed.as.a.central.neuroanatomical.substrate.for.reward.and.
motivation.16.Activation.of.VTA.dopamine.neurons,.and.release.of.dopamine.within.
the.NAc.in.association.with.environmental.stimuli.including.food,.have.long.been.
viewed.as. indicative.of. reward.enhancement..The. relevance.of. this.dopaminergic.
activation. remains. a. topic. of. discussion.17–20. Recent. measurements. of. DA. release.
kinetics.with.better.time.resolution.are.beginning.to.shed.some.light.on.this,.as.new.
measurements.allow.for.differentiation.between.approach.behavior,.consummatory,.
and.postconsummatory.behaviors.21,22.Specific.components.of.dopamine.signaling,.
i.e.,. the. D1. receptor23,24. and. the. reuptake. transporter. (DAT)25,26. have. been. impli-
cated.in.food.reward..Berridge.and.colleagues.have.proposed.that.mesocorticolim-
bic.dopamine.activity.reflects.an.increase.in.the.“incentive.salience”.of.a.stimulus,.
including.food.27

DA.neuronal.activation.can.be.modulated.by.the.experience.or.nutritional.status.
of.an.animal..Thus,.with.repeated.access.to.a.diet.in.a.defined.physical.environment,.
initial.exposure.leads.to.increased.release.of.dopamine.in.the.NAc.shell,.whereas.
subsequent. exposure. leads. to. either. no. increase.of. dopamine,28. or. an. increase. of.
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dopamine.in.anticipation.of.the.presentation.of.food,29.increased.release.of.dopamine.
within.a.different.part.of.the.NAc,30.and.sustained.release.of.dopamine.in.the.pre-
frontal.cortex.30,31.Further,.Wilson.and.colleagues.demonstrated.that.food-restricted.
rats.trained.to.drink.a.palatable.liquid.food.had.greater.dopamine.release.in.the.NAc.
than.free-feeding.rats.32.One.question,.then,.is.whether.these.dopamine.neurons.are.
a.target.for.neural.or.endocrine.factors.that.change.in.association.with.fasting.and.
food.restriction..Indeed,.a.neuroendocrine.milieu.exists.in.fasted.animals.that.would.
bias. them. toward.enhanced.dopaminergic. function..Adrenal.glucocorticoid. levels.
are. elevated.with. fasting,. and.Piazza. and.colleagues.have.provided.evidence. that.
glucocorticoids.can.facilitate.dopamine.release.and.dopamine-mediated.behaviors.33.
Additionally,.both.insulin.and.leptin.levels.rapidly.decrease.in.association.with.food.
restriction. or. fasting,34. and. both. inhibit. performance. in. food-reward. behavioral.
tasks. that.are.dopamine.dependent.35–37.Work. from.a.number.of. investigators.has.
demonstrated.the.presence.of.insulin.and.leptin.receptors.on.VTA.neurons,38,39.func-
tional.coupling.of.these.receptors.to.intracellular.signaling.pathways,37,39.and.in vitro.
and.in vivo.modulation.of.synaptic.mechanisms.to.decrease.dopamine.signaling.40–42.
Conversely,.new.studies.demonstrate.that.ghrelin.—.which.is.increased.in.associa-
tion.with.food.deprivation.—.can.increase.NAc.dopamine.levels43.and,.acting.at.the.
VTA,.can.stimulate.feeding44,45.and.increase.dopamine.neuronal.activity.45

�.�   braIn opIoId networks

Endogenous.opioid.neural.networks.appear.to.play.a.role.in.the.regulation.of.food.
intake,. food.hedonics,.and.food.choice. in.animals46,47.and. in.human.subjects.48–50.
Although.experimental.evidence.demonstrates.that.DA.and.the.opioids.play.some-
what. different. roles. in. the. mediation. of. food. reward,. the. neuroanatomical. cir-
cuitry.that.is.implicated.in.opioid.effects.overlaps.significantly.with.the.VTA/NAc.
reward.circuitry..Opioids. injected. into.either. the.VTA.or. the.NAc.stimulate. food.
intake,51–53.and.food-induced.DA.release.in.the.NAc.is.dependent.upon.opioid.action.
in.the.VTA.54.Thus,.in.the.mesolimbic.reward.pathway.there.is.functional.crosstalk.
between.opioids.and.dopamine.

An.enormous.literature.documents.that.endogenous.opioids.and.synthetic.opi-
ate.peptides.enhance.food.intake.55–70.One.ongoing.question.is.whether.opioids.are.
responsible. for. intake. of. food. in. general. or. only. of. pleasurable. food. intake.. The.
opioid.antagonist.naloxone.has.been.shown.to.decrease.preferentially.motivation.for,.
and.consumption.of,.a.palatable.food.(compared.to.rat.chow).in.nondeprived.rats.71–73.
Thus,.opioids.appear.to.signal.hedonic.value.of.a.food.independent.from.nutritional.
needs..However,.in.a.study.where.animals.were.deprived.of.food.for.24.hours,.then.
given.a.choice.between.a.preferred.diet.and.a.nonpreferred.diet,.the.general.opioid.
antagonist,.naltrexone,.injected.into.the.PVN.decreased.intake.of.both.diets,.but.nal-
trexone.injected.into.the.amygdala.decreased.intake.only.of.each.animal’s.preferred.
diet.74.Since.the.PVN.plays.a.larger.role.in.energy.homeostasis,.and.the.amygdala.
mediates.portions.of. the. emotional. response. to. feeding,. the. study.concluded. that.
opioids.affect.different.aspects.of.food.intake.in.different.CNS.sites.

Some.have.argued.that.opioids.specifically.enhance.intake.of.fat..Indeed,.many.
studies.support.a.role.for.opioids.in.fat.appetite.64,75–79.Other.studies,.however,.suggest.
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that.opioids.modulate. intake.of.an.animal’s.preferred. food,. regardless.of.nutrient.
content.46,47,75,80–83. The. conclusion. so. far. can. only. be. that. macronutrient. content,.
individual.preference,.and.source.of.macronutrient.all.contribute.to.the.food.choice.
an.animal.(or.person).makes..(See.Chapter.15.for.a.discussion.of.the.regulation.of.
macronutrient.intake.)

An.animal’s.energy.state.can.impact.activity.of.the.opioid.system.and.the.behav-
iors.mediated.by.opioids.84,85.With. regard. to.CNS-intrinsic.energy. regulatory.sig-
nals,. as. reviewed.by.Olszewski. and.Levine,86. the.opioid.nociceptin.may.enhance.
or. sustain. feeding.by. interacting.with. feeding-termination.neuropeptide.pathways.
such.as.alpha.melanocyte.stimulating.hormone.(α-MSH),.oxytocin,.or.corticotropin.
releasing.hormone. (CRH)..Anatomical.evidence.supports. this. interaction.as.well..
Food-restricted. rats. show. significant. reductions. in. μ-. and. increases. in. κ-opioid.
receptor.binding.in.several.forebrain.areas.related.to.food.reward.and.in.the.hind-
brain.parabrachial.nucleus.87–89.Conversely,.μ-opioid.receptor.binding.is.increased.
in. reward-related. sites. in. animals. made. obese. on. a. high-fat. diet.90. The. adiposity.
signals,.insulin.and.leptin,.decrease.intake.of.sucrose.in.nondeprived.rats.and.modu-
late.opioid.effects.on.sucrose.intake..For.example,.intraventricular.insulin.decreases.
sucrose.pellet.intake.stimulated.by.a.κ.opioid.agonist.and.acts.cooperatively.with.a.
subthreshold.dose.of.a.κ.opioid.antagonist.to.decrease.baseline.intake.of.sucrose.pel-
lets.91.Similarly,.sucrose.pellet.intake.stimulated.by.direct.intra-VTA.injection.of.the.
μ-opioid.agonist.D-Ala2-NMePhe4-Gly-ol-enkephalin.(DAMGO).can.be.inhibited.
by.concurrent.injection.of.insulin.or.leptin.into.the.same.site.37

�.�   endogenous cannabInoIds

Recent. evidence. supports. the. role. of. CNS. endogenous. cannabinoids. (endocan-
nabinoids,.or.ECs).anandamide.and.2-arachidonoyl.glycerol.(2-AG).in.food.intake..
Please.see.recent.reviews.for.detailed.discussion.of.this.system;.evidence.supports.
both.forebrain.and.hindbrain.sites.of.efficacy.to.enhance.palatable.food.intake.92–96.
Important. for. this. chapter,. current. knowledge. supports. the. concept. that. the. ECs.
may.be.at. the. interface.of.CNS.energy-regulatory.systems.and.the.reward.system.
(see.discussion.by.Ravinet.Trioulli.et.al.97)..There.is.some.evidence.demonstrating.
interaction.of.ECs.with.CNS.leptin.effects.and.also.interaction.with.the.mesocorti-
colimbic.dopamine.system.98–100.Protocols.evaluating.motivation.or.reward.certainly.
implicate.ECs.in.feeding..Thus.the.CB1.antagonist.SR141716.(rimonabant).decreases.
place. preference. conditioned. by. food,101. as. well. as. self-administration. of. food.102.
Duarte.et.al.103.demonstrated.that.relapse.to.food.intake.is.enhanced.by.a.dopamine.
D3.agonist,.and. this.effect. is.blocked.by.a.CB1.receptor.antagonist..“Progressive.
ratios”.performance.for.sucrose.self-administration. is.decreased.in.CB1.knockout.
mice.104.Finally,.LHA-stimulation-induced.feeding.is.increased.by.(exogenous).tet-
rahydrocannabinol105.and.decreased.by.CB1.antagonism.106.Together. these.studies.
argue.for.a.role.of.the.ECs.in.the.motivational.aspect(s).of.feeding..Other.than.the.
limited.studies.examining.possible.leptin-EC.interaction,.little.is.known.regarding.
the. impact.of. (extrinsic). energy. regulatory. signals.on.EC. function,.or.vice.versa..
Clearly.this.is.an.area.that.warrants.additional.study..A.recent.study.has.examined.
EC.interaction.with. the.orexigen,.ghrelin;.Tucci.et.al.107.show.that.a.dose.of.CB1.
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antagonist,.which.does.not. decrease. food. intake.on. its. own,.will. reverse. feeding.
induced.by.ghrelin.administration.into.the.PVN..This.finding.supports.a.role.of.the.
ECs.in.ghrelin.feeding.effects.within.the.medial.hypothalamus.

�.�   lateral hypothalaMIc area (lha) cIrcuItry

As.discussed.above,.a.central.neuroanatomical.substrate.for.coordinating.both.reward.
inputs.and.energy.circuitry.inputs.may.be.the.LHA..The.LHA.receives.direct.and.
indirect.limbic.inputs.and.direct.projections.from.the.ARC.(which.is.a.major.target.
for.candidate.adiposity.signals).as.well.as.numerous.intrahypothalamic.and.neuro-
endocrine.inputs.108.Lesion.experiments.conducted.over.50.years.ago.by.Anand.and.
Brobeck.revealed.a.critical.role.for.the.lateral.hypothalamus.(LHA).in.the.regulation.
of.ingestive.behavior..LHA.lesions.reduce.food.intake.and.body.weight.and.reduce.
motivation.for.pleasurable.stimuli.109.On.the.other.hand,.electrical.stimulation110.or.
glutamate.receptor.stimulation.within.the.LHA111,112.potently.stimulate.food.intake..
Additional.research.confirms.that.the.LHA.is.an.important.neural.substrate.in.the.
control.of.food.intake.(for.review.see.Bernardis.and.Bellinger113)..The.LHA.is.also.
an. important. hypothalamic. site. mediating. reward.114. Rats. robustly. self-stimulate.
electrical.current.delivered.within.the.LHA..The.LHA.sites.that.elicit.self-stimula-
tion.overlap.with.sites.that.also.stimulate.food.intake.in.response.to.electrical.stimu-
lation.115.Those. studies.demonstrate. that. the.majority.of. animals. self-stimulate. in.
response.to.a.lower.level.of.current.after.24.hours.of.food.deprivation;.thus.nutri-
tional.status.influences.the.reinforcing.and.rewarding.effect.of.lateral.hypothalamic.
self-stimulation..This.has.been.replicated.and.evaluated.by.other.investigators.116,117

The.neuropeptide.melanin-concentrating.hormone.(MCH),.uniquely.expressed.
in.the.LHA,118.has.emerged.as.a.potentially.critical.neuropeptide.at.the.interface.of.
both. feeding.behavior.and.reward/motivation.mechanisms..The.majority.of.MCH.
neurons.are.localized.to.the.perifornical.region.of.the.LHA.(a.site.from.which.self-
stimulation.can.be.robustly.elicited14,114)..Administered.centrally,.MCH.potently.stim-
ulates.food.intake.in.satiated.animals,119.and.overexpression.of.MCH.increases.fat.
intake.and.body.weight,120.whereas.MCH.knockout.mice.are.hypophagic.and.lean,121.
reminiscent.of.LHA-lesioned.animals..LHA.MCH.mRNA.expression.is.sensitive.to.
changes.in.energy.balance.and.energy.status.122,123.MCH.neurons.receive.dense.pro-
jections.from.chemically.defined.cell.groups.within.the.ARC.that.receive.both.leptin.
and.insulin.signals,108,124.and.MCH.neurons.express.the.leptin.receptor.125

�.�   addItIonal sItes In central nervous 
systeM (cns) MotIvatIonal cIrcuItry

The.nucleus.accumbens.shell.(NAcSh),.long.appreciated.for.its.involvement.in.moti-
vated.behaviors.and.reward,126–128.is.also.critical.to.feeding.behavior.via.its.connec-
tivity.with.the.LHA..MCH.receptors.are.heavily.expressed.within.the.NAcbSh,129.
and. the. LHA. exhibits. a. reciprocal. functional. projection. to. the. NAcbSh,130–132. in.
which.both.MCH.and.the.neuropeptide.orexin/hypocretin133.are.implicated..MCH.
signaling.between. the.LHA.and.AcbSh.may.play.an. important. role. in.enhancing.
the.rewarding.aspects.of.food.intake..In.support.of.this.hypothesis,.it.was.recently.
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demonstrated.that.MCH,.delivered.directly.into.the.AcbSh,.potently.stimulates.food.
intake.in.satiated.rats.134.Stimulation.of.GABAA.or.GABAB.receptors135,136.or.excit-
atory. amino. acid. receptor. antagonism. there137. potently. stimulates. food. intake,. a.
response.that.is.blocked.by.LHA.inactivation.137.The.reader.is.referred.to.the.excel-
lent.recent.review.and.discussion.on.this.topic.by.Kelley.138

Other. forebrain. structures. are. implicated. in. both. limbic. function. and. food.
reward/motivation..Studies.from.Baunez.and.colleagues.have.demonstrated.that.the.
subthalamic.nucleus.plays.a.critical.role.in.food-related.motivation.139.This.nucleus.
is.a.component.of.the.basal.ganglia.circuitry,.within.a.functional.loop.that.includes.
the.NAc.and.ventral.pallidum..Baunez.and.colleagues.observed.that.bilateral.lesion.
of. the. subthalamic. nucleus. results. in. an. increased. rate. of. eating. food. pellets,. an.
increase.in.performance.in.the.“progressive.ratios”.paradigm,.and.increased.rein-
forcing.properties.of. food-associated. stimuli..These. effects.were. situation.depen-
dent.and.not.due.to.a.nonspecific.enhancement.of.motor.responding.140.Additionally,.
specific.subcomponents.of.the.cerebral.cortex.are.integrally.involved.in.taste.rec-
ognition,.taste.memory.and.valuation,.and.executive.function.in.initiating.ingestive.
decisions.based.on.visual.and.olfactory.cues.141.Primary.taste.cortex.(i.e.,.agranular.
insular.cortex).has.efferent.connections. to. the.orbitofrontal.cortex. (OFC).and. the.
other.major.limbic.areas.and.autonomic.motor.CNS.structures..The.OFC.receives.
multimodal.inputs.including.gustatory,.olfactory,.visual,.and.somatosensory.infor-
mation..For.example,.some.OFC.neurons.respond.to.the.oral.texture.of.fat.142.Out-
puts.from.this.region.of.the.cortex.project.to.the.striatum,.the.ventral.midbrain,.and.
the.sympathetic.nervous.system.11.In.rats,.electrical.stimulation.of.the.OFC.initiates.
feeding,143.and.infusion.of.various.neuropeptides.or.neurotransmitters.into.the.OFC.
can.alter.respiratory.quotient.and.energy.expenditure.as.thermogenesis.144–146

�.�   MergIng huMan and anIMal studIes: at the frontIer

The.study.of.motivation.to.eat.(and.its.regulation.or.modulation).from.the.physiologi-
cal.perspective.is.clearly.a.field.that.is.still.in.its.infancy..The.potential.clinical.and.
public.health.significance.underlying.this.basic.knowledge.is.sufficient.to.warrant.
future.animal.studies.as.well.as.clinical.investigations..However,.the.understanding.
of.integration.of.peripheral.adiposity.signals.and.psychological.controls.of.feeding.in.
humans.is.likewise.an.emerging.field..At.this.point,.the.approach.of.functional.imag-
ing.(fMRI).is.beginning.to.yield.insights.into.the.relationship.between.physiological.
and.psychological.factors.in.human.appetite.and.feeding..Such.studies.are.investigat-
ing.the.localization.of.food.reward.in.the.CNS.under.normal.and.energy-challenged.
conditions.and.the.overlap.of.these.sites.with.loci.involved.in.drug.reward..In.humans,.
the.medial.prefrontal.cortex,.thalamus,.and.hypothalamus.appear.to.be.central.to.the.
rewarding.and.motivating.aspects.of.food.stimuli,.whereas.the.amygdala.and.OFC.
respond.to.food.cues.without.regard.to.caloric.value.147–149.In.a.study.of.brain.activ-
ity.in.response.to.glucose.taste,.Frank.et.al.147.observed.increased.right.medial.OFC.
activation.in.healthy.normal-weight.adult.women..The.marked.OFC.activation.sug-
gests.that.tastes.with.hedonic.or.emotional.value.are.represented.preferentially.in.this.
brain.region..Gottfried.et.al.148.used.fMRI.to.study.hungry.volunteers.who.were.first.
presented.with.picture–odor.pairings.and then.fed.a.meal.specific.to.the.presented.
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odor.until.sated,.simultaneously.lessening.the.subject’s.reported.value.of.the.picture..
This.devaluation.was.associated.with.strikingly.decreased.neural.responses.to.the.
picture,.in.the.left.dorsomedial.amygdala.and.OFC,.after.the.meal.in.comparison.to.
just.before.the.meal,.with.modest.decreases.in.the.ventral.striatum,.insula.and.cingu-
late..A.speculative.interpretation.of.this.study.is.that.satiety.signals.generated.during.
feeding.contribute.to.the.decrease.in.the.value.of.a.food-related.sensory.cue,.whether.
the.cue.is.primary.or.secondary.to.a.learned.association..OFC.activation.has.been.
observed.to.be.low.in.obese.(relative.to.lean).men.in.response.to.a.satiating.meal.149.
This.latter.study.strongly.suggests.a.role.of.the.OFC.in.human.energy.balance,.in.
addition.to.hedonic.valuation.of.food.150,151

Studies.investigating.localization.of.neurotransmitter.signaling.during.meal.con-
sumption.are.also.yielding.noteworthy.insights.concerning.food.reward.and.reinforce-
ment.. Small. et. al.152. used. labeled. raclopride. (a. dopamine. receptor. ligand). positron.
emission. tomography. (PET). scanning. following. a. 16-h. fast. and. a. favorite. meal. in.
normal.volunteers.to.measure.regional.dopamine.(DA).binding..Reduced.raclopride.
binding.was.observed.in.the.full.vs..hungry.state.in.the.dorsal.striatum,.indicating.DA.
release.upon.food.consumption..This.was.correlated.with.meal.pleasantness,.but.not.
with.hunger.or.satiety,.indicating.that.the.amount.of.dorsal.striatal.DA.released.cor-
relates.with.pleasure..Using.similar.imaging.methodology,.Volkow.et.al.153.correlated.
DA.release.with.eating.behavior.survey.results.and.food.stimulation.(smell.and.taste).in.
normal.volunteers..Eating.restraint.scores.were.positively.correlated.with.DA.release.
to.food.stimulation,.and.emotionality.scores.were.negatively.correlated.with.baseline.
D2.receptors.—.all.in.the.dorsal,.not.ventral,.striatum..Volkow.et.al.154.also.found.an.
increase. in.dorsal. striatal. extracellular.DA.following.nonconsumed. food.display. in.
normal-weight.fasting.subjects,.further.implicating.the.dorsal.striatum.as.the.neural.
substrate.in.the.incentive.properties.of.ingestion..Finally,.in.a.study.using.PET.scan-
ning.to.investigate.brain.DA.involvement.in.pathologically.obese.individuals,.Wang.et.
al.155.found.that.D2.receptor.availability.in.these.subjects.was.inversely.correlated.with.
body.weight.(in.contrast.to.normal-weight.controls),.suggesting.that.decreased.brain.
DA.activity.in.the.obese.may.well.predispose.them.to.excessive.food.intake.

The.collective.point.of.these.studies.is.that.the.multisensory.experience.of.feed-
ing.and.food.choice.in.humans.strongly.activates.the.limbic.forebrain,.and.activation.
patterns.differ.depending.upon.the.nutritional.status.(physiology).and.degree.of.obe-
sity.(pathophysiology).of.human.subjects..The.value.of.information.from.the.human.
studies.is.that.they.can.confirm.and.extend.findings.in.animal.studies.and.provide.
new.information.on.perceptions,.feelings,.and.sensations.associated.with.temporal.
and.functional.components.of.the.feeding.experience..Obviously.these.can.at.best.
be. inferred. from. observing. animal. behaviors.. The. combined. animal. and. human.
findings.are.powerful.because.they.will.yield.a.convergence.of. information.about.
the.functional.anatomy.of.motivation.to.eat,.which.may.provide.the.basis.for.new.
therapeutic.approaches.to.diet-induced.obesity.or.eating.disorders.
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�.�   IntroductIon

With.thousands.of.studies.published.on.topics.relevant. to.human.eating.motiva-
tion,.one.feels. immediately.daunted.by.the.prospect.of.writing.a.relatively.brief.
chapter.on. the. topic..We.knew.we.would.have. to. limit. the.range.of. topics. to.be.
covered..We.began.with.the.underappreciated.observation.that,.for.the.vast.major-
ity.of.the.existence.of.our.species,.our.motivational.challenge.has.been.to.continu-
ously.find.enough.to.eat.to.survive..Today.nearly.all.people.in.developed.countries.
consume.sufficient.calories.to.maintain.health.and.functioning,.and.most.people.
in.the.world.obtain.sufficient.calories.to.avoid.starvation..Although.malnutrition.
remains.a.very.significant.problem.in.some.countries,.the.problem.is.of.course.not.
one.of.motivation.but.of.access.to.sufficient.food..In.addition,.the.opposite.problem.
—.being.motivated.to.eat.when.no.energy.deficit.exists.—.has.contributed.to.an.
epidemic.of.overweight.and.obesity.that.has.arisen.almost.de.novo.during.the.past.
century..Historically,.much.more.research.has.been.conducted.on.the.mechanisms.
governing.the.maintenance.of.energy.balance.in.normal-weight.organisms1,2.than.
on.the.mechanisms.governing.excessive.energy.consumption.and.weight.gain..For.
all.these.reasons,.the.primary.focus.of.this.chapter.will.be.on.human.eating.moti-
vation.in.times.of.plenty.

Two.other.caveats.are.needed..First,.the.purpose.of.this.chapter.is.to.provide.a.
macro-level.perspective. (i.e.,.of. the.“forest”),.not.a.comprehensive. review.of.par-
ticular. studies. (i.e.,. the. “trees”).. The. latter. goal. is. not. only. impossible. in. a. brief.
chapter,.but.a.number.of.reviews.of.particular.subareas.of.human.eating.motivation.
are.already.available..Second,.although.we.agree.with.many.other.investigators.that.
human.food.intake.is.influenced.by.a.wide.array.of.genetic,.biological,.psychologi-
cal,. environmental,. and. cultural. variables,.we.believe. that. a. “macro”.perspective.
that.is.largely.missing.from.the.field.is.an.attempt.to.order.the.relative.importance.
of.these.multiple.determinants.of.food.intake..To.take.a.noncontroversial.example,.
most.appetite.researchers.would.presumably.agree.that.the.food.environment.is.much.
more.influential.in.determining.food.intake.(and.body.mass).than.are.beliefs.about.
the.healthfulness.of.foods..Attempting.to.make.such.differentiations.more.broadly,.
though.likely.to.be.controversial,.is.necessary.if.clinical.and.population-level.inter-
ventions.are.to.be.designed.in.the.most.rational.and.cost-effective.manner.

The. chapter. is. organized. into. sections. considering. biological,. environmental,.
and.psychosocial. influences.on.food.intake..In.each.of. these.sections.we.evaluate.
the.relative.influence.of.each.of.these.domains..Finally,.in.keeping.with.the.structure.
of.all.the.chapters.in.this.book,.we.conclude.with.several.hypotheses.generated.by.
human.research.that.might.profitably.be.tested.in.animal.models.

�.�   bIologIcal Influences

The.vast.majority.of.research.that.has.been.conducted.on.biological.underpinnings.
of.human.eating.motivation.has.been.based.on.the.dual.notions.of.metabolic.need.
emanating.from.within.a.person.and.caloric.repletion.emanating.from.foodstuffs..It.
has.long.been.assumed.that.people.are.motivated.to.eat.because.they.are.in.a.state.of.
energy.deficit.(or.are.anticipating.the.impending.development.of.an.energy.deficit)3.
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and.learn.that.food.delivers.energy.that.will.reverse.(or.prevent).such.a.state..From.
this.traditional.perspective.there.is.little.reason.to.expect.that.people.would.be.moti-
vated.to.eat.when.not.food.deprived.—.or,.conversely,.that.they.would.have.much.
motivation.to.consume.foods.with.few.or.no.calories.(because.doing.so.would.do.
little.to.satisfy.energetic.needs).

However,. there.are.vast.differences.between. the.environment. that. shaped.our.
appetitive.motivations.over.evolutionary.time.and.modern,.food-abundant.environ-
ments..These.differences.involve.dramatic.changes.in.the.widespread.availability.of.
highly.palatable.foods.and.the.greatly.reduced.level.of.energy.expenditure.required.
to. obtain. food. and. to. survive. in. hostile. environments.. Many. other. investigators.
have.documented.the.contrasting.demands.of.ancient.and.modern.environments,4,5.
wherein.prehistorical.environments.involved.frequent.periods.of.food.scarcity.and.
the. resulting.development.of.a.“thrifty”.genotype.5.As.a. result.of.agriculture.and.
other.aspects.of.the.modern.environment.in.developed.countries,.the.challenge.for.
most.people.has.changed.from.acquiring.sufficient.calories.for.survival.to.avoiding.
excessive.consumption.of.calories.to.prevent.chronic.disease.

6.2.1   BIologIcal underpInnIngs of hedonIc eaTIng

Until.recently.the.vast.majority.of.research.in.humans.and.animals.has.been.based.
on.an.energy.depletion/repletion.model.of.eating.motivation.1,2,6.However,.with.the.
emergence.of.the.global.obesity.epidemic.and.evidence.of.the.resistance.of.the.obese.
state. to. long-term.modification,. research.on.hedonically.driven.eating.has.rapidly.
accelerated. during. the. past. decade.. Nonetheless,. we. are. only. just. beginning. to.
understand.the.neurobiological.underpinnings.of.such.eating.7,8

Many. observers. have. noted. that. human. weight. regulation. is. asymmetrical,.
meaning. that. there. are.vigorous.psychological. and.biological. reactions. that. resist.
downward.deflections.in.body.weight.but.few.if.any.reactions.to.counteract.upward.
deflections..This. asymmetry.presumably.helped.our. ancestors. survive. fluctuating.
environmental.conditions.by.slowing.metabolism.and.increasing.appetitive.drive.in.
times.of.scarcity.while.maximizing.capacity.to.eat.and.store.calories.in.the.(relatively.
infrequent).times.of.plenty..A.significant.part.of.the.asymmetry.that.exists.in.rela-
tion.to.body.weight.regulation.appears.to.stem.from.a.similar.asymmetry.that.exists.
with.regard.to.eating.regulation..Regulatory.pressures.counteracting.reductions.in.
energy. intake.below.energy.needs.appear. to.be.powerful.and.relentless.9–11.When.
energy.intake.exceeds.energy.needs,.however,.there.appear.to.be.few.countervailing.
pressures.that.help.individuals.compensate.for.overconsumption..Many.studies.have.
found,.for.instance,.that.most.people.do.not.compensate.well.for.energy.intake.that.
supersedes.energy.needs.12.Thus,.if.energy.intake.exceeds.energy.requirements.by.
even.a.small.amount,.over.a.period.of.months.and.years.such.small.imbalances.can.
produce.substantial.weight.gain.

In.the.past.15.years,.animal.and.human.researchers.have.made.progress.in.dis-
tinguishing.between.homeostatic.and.hedonically.motivated.eating.13–15.Most.of.the.
research.examining.these.motives.has.so.far.been.conducted.with.nonhuman.ani-
mals..We.therefore.next.summarize.animal.research.on.hedonic.eating.(above.and.
beyond.that.covered.in.Chapter.5)...
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6.2.2   anImal models of hedonIcally moTIVaTed eaTIng

In.animals,.it.has.been.determined.that.neurological.systems.regulating.both.energy.
homeostasis.and.reward-motivated.eating.are.critical. in.food.consumption..While.
these.systems.can.be.functionally.dissociated,.they.both.overlap.and.interact.in.the.
brain..However,.by.dissociating.the.energy.homeostasis.and.reward-motivated.aspects.
of.eating,.one.can.further.explore.the.hedonic.eating.motives.that.are.so.prevalent.in.
today’s.society..Neurological.pathways.involved.in.the.processing.of.hedonic.value.
have.been.linked.to.the.opioid.peptides..Research.has.indicated.that,.when.opioid.
receptors.are.blocked.using.an.antagonist.such.as.naloxone,.consumption.of.a.palat-
able.diet.is.diminished,.while.consumption.of.a.bland.diet.is.not.affected.16.Addition-
ally,.administration.of.naloxone.has.been.shown.to.diminish.the.hedonic.effects.of.a.
palatable.food,.based.on.frequency.of.facial.expressions.suggestive.of.pleasure.17

It.has.also.been.found.that.animals.that.had.been.fed.a.diet.high.in.fat.and.sucrose.
for.7.days.displayed.elevated.expression.of.opioid.mRNA.as.compared.to.bland.diet-
fed.counterparts..This.finding.indicates.an.increase.in.endogenous.opioid.synthesis.as.
a.result.of.overconsumption.of.highly.palatable.stimulus,16.further.demonstrating.the.
role.of.opioid.peptides.in.hedonic.eating..When.the.amount.of.the.sugar/fat-rich.diet.
the.animals.were.allowed.to.consume.was.limited.in.order.to.calorie-match.the.energy.
consumed.by.those.animals.maintained.on.the.bland.diet,.decreased.expression.of.the.
same.opioid.mRNA.was.observed.in.the.animals.fed.the.bland.diet.16.This.change.in.
opioid.expression.is.attributed.to.the.reward.deprivation.effect,.in.that.the.animals.that.
had.access.to.the.sugar/fat.diet.would.consume.more.of.the.diet,.if.allowed..By.restrict-
ing.the.daily.intake,.in.order.to.calorie-match.the.control-fed.animals,.a.state.of.reward.
deprivation.may.have.been.produced..This.could.possibly.be.likened.to.a.human.model.
in.which.a.person.might. feel. sated.after. consuming.200.kcal.of. an.unflavored.hot.
cereal.but.still.feel.hungry.after.consuming.200.kcal.of.a.more.palatable,.artificially.
flavored.and.sweetened.hot.cereal..This.phenomenon.could.be.the.result.of.palatabil-
ity-induced.changes.in.the.opioid.circuitry.and.other.reward-related.neurochemicals..A.
similar.phenomenon,.labeled.“hedonic.hunger,”.may.represent.the.motive.underlying.
an.increasing.percentage.of.food.intake.in.humans.14

Based.on.a.shared.neural.network,.the.hedonic.values.of.palatable.foods.can.be.
likened.to.the.hedonic.value.of.drugs.of.abuse.18–20.One.accepted.measure.of.drug.
abuse.is.the.precipitation.of.an.aversive.state.when.the.abused.substance.is.unavail-
able,.removed,.or.when.its.effects.are.blocked..It.has.been.shown.that.somatic.signs.
of.withdrawal.can.be.precipitated.by.naloxone.in.animals.that.had.been.maintained.
on.a.highly.palatable.cafeteria-style.diet.21.Similarly,.animals.maintained.on.a.sugar-
bingeing. diet. demonstrated. signs. of. withdrawal,. similar. to. the. behaviors. seen. in.
morphine-dependent. animals,.when. injected.with.naloxone,. as. compared. to. their.
saline-injected.counterparts.or.sugar-naive,.ad libitum.chow-fed.controls.20

Further.studies.have.demonstrated.that.this.withdrawal-like.behavior.can.be.pre-
cipitated.by.simply.removing.all.food.access.(both.sugar.and.chow).in.sugar-bingeing.
rats.and.does.not.require.the.presence.of.an.opioid.antagonist.20.Further,.behavioral.
withdrawal.can.also.be.observed. in.nonenergy-deprived.animals. that.were.main-
tained.on.a.sugar-binging.diet.and.then.deprived.of.sugar.20.In.this.model,.animals.
were.allowed.continuous.access.to.rodent.chow.during.the.sugar-deprivation.phase.
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and.still.demonstrated.behavioral.indicators.of.increased.anxiety,.which.is.indica-
tive.of.behavioral.withdrawal.in.animal.models.20.Sugar-bingeing.animals.that.had.
been.subsequently.deprived.of.sugar.were.also.willing.to.work.harder.when.a.sugar.
solution.was.reintroduced.(as.measured.by.a.bar-pressing.paradigm).than.nonbing-
ing,.sugar-fed.counterparts.20.This.deprivation.effect.is.similar.to.the.behavior.seen.
in.drug-deprived,.addicted.animals.21.All.of.these.studies.lend.more.support.to.the.
similarities. in. the.hedonic.nature.—.and.potential.for.addictive-like.responses.—.
between.drugs.of.abuse.and.palatable.foods.

A.recent.study.explored.the.effects.of.the.introduction.and.removal.of.highly.pal-
atable.foods.on.neurophysiological.and.behavioral.indicators.of.anxiety..Teegarden.
and.Bale22.maintained.mice.on.two.highly.palatable.diets.for.4.weeks..The.animals.
were.then.withdrawn.from.their.palatable.diets.and.placed.on.a.normal.rodent-chow.
diet..This.change,.from.a.palatable.diet.to.a.bland.diet,.caused.an.increase.in.anxi-
ety-related.behavior.(which.is.a.well-accepted.indicator.of.“withdrawal”.in.animal.
models),.as.well.as.changes.in.the.release.of.corticotrophin-releasing.factor.(related.
to.stress),.and.in.the.expression.of.reward-related.signaling.molecules..All.of.these.
indicators.point.to.a.negative.state,.similar.to.the.state.of.withdrawal.which.is.seen.
when.drug-dependent.animals.are.deprived.of.their.addictive.substance..When.the.
palatable.food.was.again.made.available,. those.animals.previously.maintained.on.
a.palatable,.high-fat.diet.were.more.willing. to.endure.adverse.conditions. in.order.
to.regain.access.to.the.food.than.control.animals,.demonstrating.that.this.subgroup.
of.animals.desired.the.deprived.substance.more.than.their.counterparts.who.were.
maintained.on.chow.throughout.the.study.

Other.studies.have.explored.the.behavioral.effects.of.highly.palatable.food..Bar-
bano.and.Cador23.provided.food-deprived.and.sated.rats.with.access.to.chow.or.pal-
atable.chocolate.cereal.and.measured.how.fast.the.animals.ran.to.obtain.the.foods..
Food-sated.rats.ran.as.fast.for.the.palatable.food.as.food-deprived.rats.did.for.chow..
Similarly,.Corwin24.determined.that.even.in.nondeprived.rats,.limiting.access.to.a.
preferred.fatty.food.can.induce.a.binge-type.behavior..In.this.study,.all.animals.were.
allowed.ad libitum.access.to.standard.rodent.chow,.while.some.animals.additionally.
had.access.to.shortening.for.either.(1).2.hours,.3.days.a.week,.(2).2.hours.everyday,.
(3).ad libitum.access.to.shortening,.(4).or.no.shortening.access..As.the.shortening.
accessibility.decreased,. intake. for. the.2-hour.access.period. increased,.while. total.
daily.energy.intake.did.not.differ.across.groups..This.indicates.that.limiting.access.
to.a.preferred,.palatable.food.can.induce.binge-type.eating.

6.2.3   human research on hedonIcally moTIVaTed eaTIng

There.are.two.domains.of.recent.human.research.that.hold.particular.promise.for.
increasing.our.understanding.of.hedonically.motivated.eating..These.involve.neu-
roimaging.studies.(which.mostly.involve.comparisons.of.obese.and.normal-weight.
individuals).and.research.on.restrained.eating.(which.usually.involves.comparisons.
among.normal-weight.individuals.differing.in.restraint).

6.2.4   neuroImagIng sTudIes (See AlSo chapTer 14)

Independently.of.a.primarily.genetic.or.environmental.etiology.of.overweight.and.obe-
sity,.the.chronic.dysregulation.of.eating.behavior.resulting.in.positive.energy.balance.
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and.weight.gain.points.to.the.central.nervous.system.(CNS).as.the.principal.organ.of.
interest..In.fact,.decades.of.research.in.animals25.and.sporadic.cases.of.CNS.lesions.
in.humans.associated.with.obesity26.support.the.notion.that.weight.gain.and.the.con-
sequent. obesity. are. associated. with. neurofunctional. aberrations.26. However,. direct.
access. to. the.CNS,.and.especially. to. the.brain,. for. the. investigation.of. the.biology.
of.the.central.control.of.eating.behavior.has.obvious.limitations.in.humans..Among.
the.available.options,.functional.neuroimaging.(FN).—.essentially.positron.emission.
tomography.(PET).and.functional.magnetic.resonance.imaging.(fMRI).—.offer.the.
opportunity.to.explore.noninvasively.the.in vivo.physiology.of.the.brain.by.measuring.
variables.indicative.of.neurotransmitter.binding.or.local.neuronal.activity.

Depending.on.the.specific.techniques.applied,.FN.is.instrumental.in.mapping.
the.regional.brain.response.to.a.stimulus,.or.in.identifying.a.specific.neurochemical.
network..Furthermore,.FN.provides. the.opportunity. to.explore. the.whole.brain.at.
once,.without.the.shortcomings.of.a priori.assumptions.of.regions.or.pathways.of.
interest..On.the.other.hand,.several.shortcomings.need.to.be.considered:.first.and.
foremost,.the.temporal.and.spatial.scale.of.neuronal.events.which.challenge.the.reso-
lution. capabilities. of.FN,. stimulating. continuous. technical. improvement.. Second,.
the.association.between.a.stimulus.and.its.associated.functional.neuroanatomy.is.not.
necessarily.indicative.of.a.causative.role.of.one.for.the.other;.the.study.design.is.of.
the.essence.in.this.respect..In.general,.the.investigation.with.FN.of.the.pathogenesis.
of.complex.diseases,.such.as.obesity,.encounters.substantial.limitations.of.sensitivity.
and.specificity.in.the.identification.of.its.neurofunctional.markers.

Possibly.as.a.result.of. these.and.other.limitations,.FN.has.not.been.able,. thus.
far,. to. translate. to. humans. the. overwhelming. evidence. of. neurobiological. altera-
tions,. mainly. reported. in. the. hypothalamus. and. brain. stem. of. animal. models. of.
obesity..It.is.not.within.the.scope.of.this.chapter.to.review.the.few.FN.studies.report-
ing.hypothalamic.responses.to.energy.intake.in.humans.27,28.In.a.large.scheme,.this.
limited. evidence. of. hypothalamic. aberrations. in. human. obesity. emphasizes. the.
complexity.of. the.neurophysiologic.phenomena.underpinning. the.brain.control.of.
eating.behavior.in.humans..The.brain.stem.and.hypothalamus,.in.fact,.operate.at.a.
nonconscious.level,.mainly.processing.homeostatic.signals.that.provide.information.
on. shorter-. and. longer-term. energy. imbalances.. However,. what. mostly. motivates.
humans.to.start.eating.is.not.the.simple.need.to.compensate.for.an.energy.deficit..
More. often. the. driving. force. is. the. pleasure. of. consuming. palatable. food. and/or.
cultural.norms.governing.food.intake..This.suggests.that.hedonic.and.cognitive.pro-
cessing. associated. with. other. brain. regions. might. play. an. important. role. in. con-
trolling.eating.behavior,.including.limbic.and.paralimbic.areas.(processing.reward,.
emotions,. and.complex.sensory.stimulations).as.well.as. the.prefrontal. cortex.and.
other.neocortical.areas.processing.and.integrating.cognition.

Therefore,.it.is.not.surprising.that.FN.studies.have.consistently.indicated.that.the.
ingestion.of.liquid29.or.solid.food,30.as.well.as.the.sight.of.food,31.elicits.activation.
and.deactivation.of.different.brain.regions,.such.as.the.prefrontal.cortex.and.a.group.
of.limbic/paralimbic.areas.(orbitofrontal,.insula,.cingulate,.hippocampus,.striatum),.
respectively..Although.the.salience.of.food.stimulation.differed.in.these.studies.from.
mainly.homeostatic.to.mainly.hedonic.to.sensory,.the.consistency.of.these.responses.
and.the.overlap.with.reward-associated.brain.domains.is.remarkable.
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Abnormal.activation.and.deactivation.of.several.of.these.areas.were.also.dem-
onstrated.in.obese.individuals.32.Is.dopamine,.a.neurotransmitter.involved.in.reward.
processing,.responsible.for.the.differences.between.obese.and.normal-weight.individ-
uals?.Using.a.radioligand.of.the.dopamine.type.2.receptor.(DRD2).and.PET,.Wang.
et.al..found.that.the.availability.of.DRD2.is.abnormally.low.in.the.dorsal.striatum.of.
obese.individuals,.suggesting.that.obesity.might.be.a.reward.deficiency.syndrome.33

Observing.a.difference.between.obese.and.normal-weight.individuals.does.not.
indicate,.however,.whether. that.difference. is.a.consequence.or.a.cause.of.obesity..
The.ideal.study.would.require.a.longitudinal.design.with.assessments.in.the.same.
individuals.before.the.start.of.weight.gain,.during.weight.gain,.and.after.reaching.
the.steady.state..In.a.cross-sectional.comparison.between.obese,.normal-weight,.and.
formerly.obese.individuals,.Del.Parigi.et.al..reported.that.in.formerly.obese.individ-
uals.two.paralimbic.regions,.the.middle.insula.and.posterior.hippocampus,.exhibit.
an. obese-like. abnormality. in. response. to. tasting. and. ingesting. a. satiating. meal,.
respectively,.suggesting.that.they.might.represent.markers.for.the.risk.of.obesity.34.
If. confirmed,. the.findings. suggest. that. predisposition. to.obesity.may.be. reflected.
in.functional.alterations.in.brain.regions.involved.in.anticipation.and.reward,.food.
craving,.sensory.perception,.and.autonomic.control.of.digestion.(middle.insula),.as.
well.as.food.craving,.and.learning/memory.(hippocampus).

Taken.together,.these.results.show.that.FN,.although.admittedly.still.in.its.infancy,.
is.a.powerful.and.versatile.technology.for.the.investigation.of.the.biology.of.human.
eating.behavior. and. its. abnormalities..The.constant. improvement.of. the. technical.
capabilities,.combined.with.new.hypothesis-testing.study.designs,.promise.to.deliver.
fundamental.insights.into.the.pathophysiology.of.CNS.disorders.such.as.obesity.

6.2.5   resTraIned eaTIng as resIsTance To an oBesogenIc enVIronmenT

During.the.past.30.years,.one.of.the.most.widely.used.frameworks.for.understand-
ing.susceptibility.to.overeating.has.been.the.restrained.eating.model.35.This.model.
suggests.that.dieting.“sows.the.seeds.of.its.own.destruction”.by.making.dieters’.diets.
susceptible.to.disinhibiting.influences.such.as.eating.forbidden.foods.or.becoming.
emotionally.distressed..This.model. typically.assumes.that.dieting.is.motivated.by.
a. desire. to. lose. weight. to. attain. a. socially. desirable. level. of. thinness. and. attrac-
tiveness.36.(We.review.this.topic.under.the.biological.rather.than.the.psychosocial.
domain.because.we.believe.that.restraint.is.notable.primarily.because.it.is.a.proxy.
for.a.behavioral.and.biological.susceptibility.toward.weight.gain.)

However,.a.number.of.research.findings.during.the.past.10.years.have.begun.to.
paint.a.different.picture.of.restrained.eaters.and.the.reasons.for.their.susceptibility.
to.overeating..This. research.has.been. reviewed. in.several.papers,15,37–39.and.space.
prevents.a.full.exposition.here..Essentially,.research.has.shown.that.most.restrained.
eaters.are.not.dieting.to.lose.weight.and.do.not.eat.any.less.in.the.natural.environ-
ment.than.unrestrained.eaters..Indeed,.several.studies.have.found.that.measures.of.
restrained.eating.and.dieting.prospectively.predict.weight.gain.rather. than.weight.
loss..In.addition,.metabolic.characteristics.of.restrained.eaters.(e.g.,.low.leptin.levels,.
high.insulin.sensitivity).suggest.that.they.are.physiologically.prone.to.weight.gain.
(suggesting.that.they.could.be.vulnerable.to.weight.gain.even.if.their.energy.intake.
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is.no.greater.than.unrestrained.eaters.of.comparable.lean.tissue.mass)..Furthermore,.
recent.evidence.suggests. that.normal-weight.restrained.eaters.are.more.concerned.
with. not. becoming. overweight. than. they. are. about. becoming. skinny.40,41. Thus. it.
appears.that.restrained.eating.is.better.viewed.as.a.response.to,.rather.than.as.a.cause.
of,.overeating.and.weight.gain.

6.2.6   eaTIng “Beyond need”: psychologIcal or BIologIcal?

Although.behavioral.and.biological.scientists.agree.that.brain.responses.mediate.all.
behavior,.most.researchers.still.divide.eating.motives.into.those.that.are.biological.
and.psychological.in.nature..Eating.for.reasons.“other.than.biological.need”.is.usually.
assumed.to.be.caused.psychologically..This.terminology.does.not.reflect.the.belief.
that.psychological.motives.are.not.grounded.in.biology.(which.would.be.an.endorse-
ment.of.dualism).but.that.biology.plays.an.essentially.passive.role.in.psychologically.
motivated.intake..For.instance,.in.a.recent.paper.reviewing.normative.factors.causing.
excessive.food.intake,.Herman.and.Polivy42.suggested.that.“people.are.eating.bigger.
meals.not.because.their.hypothalami.have.been.altered,.but.in.spite.of.the.fact.that.
their.physiology.remains.unchanged”42.(p..763)..There.are.two.problems.with.this.
perspective..First,.there.is.evidence.that.both.consumption.of.palatable.foods22,43.and.
weight.gain25,44.do,.in.fact,.alter.aspects.of.hypothalamic.and.other.brain.circuitry..
Second,.it.seems.highly.unlikely.that.an.aspect.of.the.environment.that.was.presum-
ably.key.to.our.survival.for.eons.(the.motivation.to.find.and.consume.energy.when.
it.was.available,.even.in.the.absence.of.an.immediate.energy.need).would.have.no.
systematic.impact.on.our.biology..After.all,.we.appear.to.be.biologically.prepared.to.
both.defend.a.normal.weight.from.weight.reductions.(via.homeostatic.mechanisms).
and.to.find.and.consume.highly.palatable.food.even.if.doing.so.supersedes.energy.
needs.and.produces.weight.gain..In.this.regard,.we.agree.with.the.position.taken.by.
Berthoud8. in.a. recent.paper.describing.how.brain-based. reward.mechanisms.may.
overwhelm.the.homeostatic.control.of.body.weight..Berthoud.noted.that.“these.neu-
ral.mechanisms.depend.no.less.on.physiological.processes.than.metabolic.mecha-
nisms.do..It.is.regrettable.that.these.processes.are.often.dubbed.‘psychological’.or.
‘behavioral’.and.ranked.lower.or.treated.differently.than.‘biology’.and.‘physiology’.
by.leading.scientists.in.the.field.”

�.�   envIronMental Influences

Although.biological.factors.certainly.contribute.to.weight.gain,. the.rapid.increase.
in. rates.of.obesity.and.overweight.over.a.period.of. relative.genetic. stability. indi-
cates. that.environmental. changes.have.been. largely. responsible. for. triggering. the.
increased.weight.gain.over.the.past.three.decades.in.the.United.States.45.Of.course,.
the.environmental.changes.exert. their.effects. through.biological.mechanisms,.but.
in.this.case.the.biological.reactions.(e.g.,.to.the.sight.or.taste.of.food).play.a.more.
passive.role.in.response.to.the.constant.availability.of.highly.palatable.foods..The.
biological.diathesis. that.predisposes.most.people. to.gain.weight. in.an.obesogenic.
environment.appears.to.be.a.latent.potentiality.that.is.only.activated.when.“times.of.
plenty”.occur.not.just.sporadically.(as.presumably.occurred.over.evolutionary.time).
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but.continuously..This.latent.potentiality.appears.to.be.a.prominent.but.not.an.omni-
present.one,.so.some.individuals.are.biologically.protected.and.remain.lean.even.in.
an.obesogenic.environment.

Through. the. provision. of. easily. available,. varied,. good-tasting,. inexpensive,.
energy-dense.foods.in.increasingly.larger.portion.sizes,.the.immediate.food.environ-
ment.is.presumed.to.play.a.great.role.in.the.generation.of.energy.consumption.beyond.
energy.needs..Such.environmental.forces.can.even.work.to.usurp.biological.hunger.
and.satiety.signals..For.example,.when.participants.were.given.a.placebo.pill.that,.
they.were.told,.made.other.subjects.hungry.or.full,.those.participants.classified.as.
restrained.eaters.subsequently.ate.more.when.they.received.the.“hunger”.pill.and.less.
when.they.received.the.“fullness”.pill.46.In.addition,.when.people.are.given.larger.
portion.sizes,.they.tend.to.eat.more,.but.do.not.report.higher.levels.of.fullness.47

Environment.in.itself.is.a.complex.entity,.and.though.the.impact.on.weight.gain.
of.particular.features.of.the.food.environment.have.not.been.identified,.research.has.
pointed.to.several.facets.of.the.food.environment.that.prompt.people.to.eat.beyond.
their.energy.needs.

6.3.1   porTIon sIze

A.great.deal.of.evidence.indicates.that.increased.portion.size.causes.increased.food.
intake..The.past.few.decades.have.shown.a.dramatic.increase.in.portion.and.packag-
ing.sizes.in.developed.countries.generally.and.in.the.United.States.in.particular..This.
size.increase.is.pervasive.in.nature.and.has.been.noted.not.only.in.package.sizes,.
but.also.in.restaurant.portion.sizes,.supermarket.items,.and.even.cookbook.recipe.
sizes.48.Doubling.a.portion.size.leads.to.up.to.a.25%.increase.in.consumption.of.main.
staple.foods.(such.as.pasta),.while.a.similar.increase.in.packaging.can.lead.to.a.45%.
increase.in.intake.of.snack.foods.49

Portioning.and.packaging.provide.consumers.with.an.idea.of.what.unit.is.appro-
priate.or.optimal.to.eat.50.In.a.series.of.studies,.M&Ms.were.left.on.the.table.with.
either.a.larger.or.smaller.serving.spoon,.and.instructions.to.“take.your.fill.”.Partici-
pants.given.the.larger.scoop.ate.more.M&Ms.than.those.given.the.smaller.scoop..In.
another.study,.85.nutrition.experts.were.given.either.small.or.large.bowls.and.either.
small.or. large. ice.cream.scoops,.and. told. to.serve. themselves.as.much. ice.cream.
as.they.like.51.Despite.being.nutrition.experts,.both.the.larger.bowls.and.the.larger.
scoops.caused.participants.to.unknowingly.serve.themselves.more.ice.cream.

Package.size.seems.to.hold.great.influence.on.the.amount.of.food.people.con-
sume,.exacting.equal.or.greater.influence.over.food.consumption.than.other.identified.
environmental.factors,.such.as.taste.or.palatability..In.one.study,.moviegoers.were.
either.given.a.medium-.or.a.large-sized.bucket.of.stale.popcorn..Those.individuals.
who.were.given.the.larger.bucket.ate.appreciably.more.popcorn,.despite.its.stale.tex-
ture.and.undesirable.taste.49.Portion.size.also.has.been.shown.to.act.independently.of.
energy.density,.remaining.influential.even.as.energy.density.changes.52.Interestingly,.
when. portion. size. and. energy. density. are. simultaneously. manipulated,. additive.
effects.can.be.seen.on.overall.energy.intake..Conversely,.reduction.in.portion.sizes.
and.reduction.in.energy.density.have.been.shown.to.be.additive,.leading.to.sustained.
decrease.in.energy.intake.without.significantly.reducing.feelings.of.satiety.53
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6.3.2   energy densITy

Energy.density,.or.the.amount.of.energy.in.a.given.weight.of.food.(kcal/g),. influ-
ences.overall.energy.intake..Different.food.constituents.add.to.energy.density.dif-
ferently..For. example,. fat.greatly. increases. energy.density,.while.water.decreases.
energy.density.by.adding.weight.and.no.calories..Studies.that.examine.satiety.have.
demonstrated.that.it.is.food.volume,.rather.than.energy.intake.per se,.that.determines.
satiety.52.In.one.study,.participants.reduced.their.energy.intake.during.lunch.after.
consuming.600.ml.(about.600.kcal).of.a.preload.as.compared.to.those.individuals.
that.consumed.300.ml.(700.kcal).of.a.preload.higher.in.energy.density..This.indi-
cates.that.the.preload.with.fewer.calories.and.more.volume.(or,.the.less.energy-dense.
preload).led.to.more.of.a.feeling.of.fullness.than.the.preload.with.a.higher.energy.
content.and.energy.density,.but.a.smaller,.volume..Using.these.paradigms,.and.other.
similar.experiments,. it. is. apparent. that. the.body.utilizes.volume,.more. than. total.
energy.or.energy.density,.as.a.determinant.of.satiety..By.extension,.as.energy.density.
increases,.intake.volume.does.not.naturally.decrease.in.order.to.compensate.for.the.
added.calories,.which.can.lead.to.“passive.overconsumption”.when.individuals.con-
sume.a.lot.of.high-energy-density.foods.

6.3.3   aVaIlaBIlITy

Energy-dense,. palatable. foods. are. omnipresent. in. the. current. environment.. From.
fast.food.restaurants.on.every.corner,.to.elaborate.cafeteria.buffets,.to.snack.stands.
at.sporting.events,.palatable.food.has.become.an.unavoidable.stimulus.in.our.day-
to-day.environment..Simply. increasing.food.visibility. increases.consumption..For.
example,.when.Hershey.Kisses.are.placed.in.a.clear.container.on.an.office.worker’s.
desk,. more. of. them. are. consumed. than. when. the. same. candies. are. placed. in. an.
opaque.container.49

6.3.4   VarIeTy

In.humans,.meals. that.are.composed.of.a.variety.of. foods. lead. to.greater.energy.
intake.when.compared.to.calorie-matched.meals.that.are.only.composed.of.one.food.
type.54.Similarly,.participants. that.were.given. the. same.meal. for. several.days. ate.
less.than.those.individuals. that.were.given.a.variety.of.meals.across.the.same.set.
of.days.55,56.It.has.been.suggested.that.this.observation.can.be.attributed.to.a.“sen-
sory-specific.satiety.”57.With.repeated.exposure.to.a.food,.hedonic.ratings.have.been.
shown.to.decrease,.leading.to.a.decreased.intake.of.the.food.58.Conversely,.the.vast.
array.of.food.choices.in.supermarkets.and.restaurants.suggests.that.food.variety.is.
ultimately.leading.to.higher.energy.intake.

This.variety-driven.increase.has.been.shown.time.and.again,.using.both.meal.
and.snack.foods;.for.example,.increasing.the.available.flavors.and.colors.of.jellybeans.
increases. intake.59.These. studies.have. taken.a. step. further. to. suggest. that.greater.
variety,.even.in.a.characteristic.unrelated.to.food.taste.or.energy,.can.increase.intake..
When.Kahn.and.Wansink.provided.people.with.M&Ms.in.either.seven.or.ten.colors,.
those.that.had.the.increased.color.variety.consumed.more.candies.in.1.hour.than.the.
individuals.given.less.color.variety.59
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6.3.5   palaTaBIlITy

In.today’s.society,.where.food.consumption.is.often.driven.by.pleasure,.rather.than.a.
need.for.calories,.palatability.of.food.is.an.important.factor.in.food.intake..There.are.
many.indications.that.regular.exposure.to.palatable.food.in.and.of.itself.stimulates.
hunger.including.the.following:

. 1..Relative.to.a.bland.food,.consumption.of.a.palatable.food.actually.produces.
a.small.increase.in.hunger.early.in.a.meal,.as.well.as.a.delay.in.the.rate.of.
decline.of.palatability.as.the.meal.progresses.

. 2..Self-rated.appetite.is.increased.by.merely.seeing.a.preferred.food.

. 3..Consumption.of.an.equicaloric.palatable.as.opposed.to.a.bland.preload.pro-
duces.less.reduction.in.hunger.in.the.former.condition.

. 4..Consumption.of.palatable.foods.produces.a.more.rapid.recovery.of.hunger.
than.less.palatable.foods.up.to.3.hours.following.their.consumption.60

In.this.section.we.decomposed.environmental.influences.into.discrete.categories,.
addressing.each.one.individually..However,.in.reality.many.of.these.environmental.
influences.occur.in.conjunction..For.example,.eating.a.meal.at.a.restaurant.means.
being. bombarded. by. a. variety. of. delicious,. high-energy-density. foods,. served. in.
large.portion.sizes..These.factors.probably.combine.synergistically.to.drive.excessive.
consumption..For.instance,.if.a.bland.food.(a.plain.baked.potato).were.supersized,.
it.probably.would.not.lead.to.as.much.additional.intake.as.supersizing.French.fries..
Although.there.are.not.sufficient.long-term.studies.of.people’s.ability.to.compensate.
for.overconsumption,. it. is.plausible. that. the.combined.effect.of. these.food-related.
stimuli. in. the. environment. may. repeatedly. motivate. eating. “beyond. hunger”. and.
produce.weight.gain.

�.�   psychosocIal Influences

There.is.a.very.broad.range.of.psychosocial.variables.that.have.been.associated.with.
qualitative.and.quantitative.aspects.of.food.intake.(e.g.,.cultural.norms,.food.attitudes.
and.beliefs,.goal-setting,.decision-making,.self-efficacy,.mother–child.interactions,.
etc.)..Given.the.large.number.of.relevant.topics.and.studies,.we.will.simplify.the.task.
of. addressing. them.by.dividing. them. into. two.broad.categories..These.categories.
reflect.two.fundamentally.different.levels.of.analysis:.the.cultural.and.the.individual.
levels..It.is.also.important.to.point.out.that.psychosocial.influences.on.eating.motiva-
tion,.even.more.than.the.other.influences.we.have.discussed.(such.as.avoiding.food.
intake.because.of.dieting.or.for.religious.reasons),.are.relevant.to.both.the.promotion.
of.eating.and.to.its.inhibition.

6.4.1   culTural Influences on food InTake

Cultural.influences.on.food.intake.are.so.pervasive.and.obvious.that.documenting.
them.seems.almost.unnecessary..Such. influences.are.evident.both.within. individ-
ual. countries. (e.g.,. differences.between.Caucasian,.African.American,. and.Asian.
American.communities.within. the.United.States).and.between.countries. (e.g.,. the.
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United.States.and.France)..There.is.broad.agreement.that,.while.the.motivation.to.
meet.energy.needs.is.instinctive,.the.particular.manner.in.which.individuals.learn.to.
satisfy.these.needs.depends.mostly.on.the.familial.and.cultural.context.in.which.they.
develop.and.live.61.One.question.of.particular.relevance.to.this.chapter.is.the.extent.to.
which.these.conclusions.apply.equally.to.food.intake.that.satisfies.energy.needs.(the.
satisfaction.of.homeostatic.hunger).and.food.intake.that.surpasses.energy.needs.(the.
satisfaction.of.hedonic.hunger).

Several.studies.have.compared.eating-related.habits.and.customs.in.France.with.
those. in.either. the.United.States.or.England..Such.comparisons.are. thought. to.be.
instructive.in.understanding.the.possible.role.of.cultural.differences.in.food.intake,.
because.all.three.of.these.countries.are.highly.developed.and.modern.and.their.pop-
ulations.have.ready.access.to.a.variety.of.palatable.foods,.making.overconsumption.
more.likely..Yet.rates.of.overweight.and.obesity.are.far.lower.in.France.than.in.the.
United.States.and.England..Available.research.suggests. that.French.culture. incul-
cates.norms.for.food.intake.that.help.explain.these.differences..Rozin.et.al.62.inter-
viewed.6000. individuals. in. the.United.States.and.France,.among.other.countries..
They.asked. respondents.whether. they.would.prefer.being.given.a.choice.between.
10.or.50.ice.cream.flavors..The.50-choice.option.was.preferred.only.by.respondents.
in.the.United.States..U.S..respondents.also.expected.there.to.be.more.menu.choice.
options.in.a.restaurant.compared.to.respondents.in.other.countries..Pettinger.et.al.63.
studied.approximately.800.individuals.in.France.and.southern.England..They.found.
that.the.French.differed.from.the.English.in.using.raw.ingredients.in.cooking.more.
often,. ate. together. as. a. household. more. often,. and. were. more. likely. to. follow. a.
regular.meal.pattern.of.three.meals.per.day..The.English.more.often.relied.on.ready-
prepared.and.take-away.meals,.as.well.as.on.energy-dense.snack.foods.

It.should.also.be.noted.that.although.French.cultural.norms.appear.to.help.pro-
tect.the.French.from.the.epidemic.levels.of.obesity.seen.in.other.developed.countries,.
there.is.evidence.that.aspects.of.the.French.food.environment.also.help.prevent.the.
level.of.overconsumption.seen.in.other.countries..For.instance,.Rozin.et.al.48.found.
that,.relative.to.the.situation.in.the.United.States,.restaurant.portion.sizes.and.portion.
sizes. included. in.cookbooks.are.smaller. in.France..Taken. together,. the.preceding.
findings.suggest.that.both.normative.and.environmental.aspects.of.a.country’s.cul-
ture.can.help.prevent.overconsumption.and.weight.gain.that.might.otherwise.occur..
Indeed,.it.is.plausible.that.these.two.factors.can.combine.synergistically.to.facilitate.
weight.control.(e.g.,.even.if.people.are.taught.to.eat.appropriate.portion.sizes,.this.
cultural.practice.may.have.little.effect.if.oversized.portions.are.regularly.served.in.
restaurants.and.cafeterias).

6.4.2   cognITIVe models of IndIVIdual dIfferences In eaTIng moTIVaTIon

Psychosocial.variables.have.been.used.not.only.to.account.for.differences.in.eating.
behavior.between.ethnic,.racial,.national,.or.cultural.groups.(as.reviewed.above),.but.
also. to. account. for. individual.differences.between.people.within.a.given.cultural.
context.. A. wide. array. of. cognitively. based. theories. have. been. applied. to. under-
stand,. for. instance,. how. to.prevent. obesity,64.why. some.obese.people. are.vulner-
able.to.binge.eating,65.why.eating.disorders.are.so.persistent,66.or.how.attempts.to.
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cognitively.restrain.food.intake.can.produce.disinhibitory.eating.67.A.sampling.of.
theories.that.have.been.applied.to.understand.—.and.sometimes.to.treat.—.aberrant.
eating.behaviors. includes.self-efficacy.theory,. the. theory.of.planned.behavior,. the.
transtheoretical.model,.the.theory.of.reasoned.action,.and.self-determination.theory..
Although. these.models.have.sometimes.been.successfully.used. to.predict.various.
health-related.behaviors,.for.the.most.part.they.have.not.led.to.advances.in.the.treat-
ment.of.eating.or.weight.control.problems.64.Similarly,.although.cognitive.therapy.
techniques.have.been. added. to.behavioral.weight. loss. programs.over. the.past. 20.
years,.there.is.little.evidence.that.they.have.contributed.to.improved.outcomes.68.In.
addition,.evidence.suggests.that.the.direct.modification.of.eating.behavior.accounts.
for.improvement.in.bulimia.nervosa.more.than.the.cognitive.modification.compo-
nents.of. treatment.69.The.cognitive.model.of. restrained.eating67.has.also.not.held.
up.well. to. experimental. tests.15,37.Part.of. the. reason. that. cognitive.approaches.do.
not.have. substantial. support. for. their. efficacy. in.eating.or.weight.control.may.be.
that.cognitively.based.self-control.strategies.are.overmatched.by.the.combination.of.
an.obesogenic.environment.and.the.biobehavioral.predispositions.that.make.certain.
individuals.susceptible.to.overconsume.in.such.an.environment.70.Alternatively,.the.
reviewed.evidence.suggests. that.biological,.environmental,.and.cultural.norms.all.
have.powerful.effects.in.determining.the.eating.patterns.of.individuals..Given.this,.it.
may.simply.be.the.case.that.much.of.the.variance.in.eating.behavior.and.body.weight.
is.accounted.for.by.these.domains,.leaving.little.room.for.individual.differences.in.
cognitive.functioning.to.yield.much.influence.

�.�   Ideas for future anIMal research

With.today’s.eating.environment,.increased.food.consumption.is.being.driven.by.a.
number.of.factors..Not.only.are.people.consuming.an.increased.number.of.calories.
in.each.sitting,.but.they.are.presumably.also.eating.more.times.each.day..Given.the.
omnipresence.of.food.in.today’s.society,.it.is.hard.to.avoid.situations.in.which.highly.
palatable.food.is.present.or.readily.available..This.relatively.new.form.of.exposure.to.
—.and.frequent.consumption.of.—.palatable.foods.generates.many.testable.research.
questions..For.example,.what.are.the.effects.of.this.frequent.and.persistent.consump-
tion,.and.the.subsequent.repeated.activation.of.the.associated.reward.brain.circuitry?.
What.are.the.effects.of.being.constantly.exposed.to.and.tempted.by.palatable.food.
without.eating.it.(a.situation.that.restrained.eaters.may.often.encounter)?.Some.of.
these.questions,. such.as. inquiring. into. the.neuronal.effects.of.palatable.eating.or.
food.exposure,.can.best.be.addressed.in.animal.models.

Most.previous.research.on.restrained.eating.and.dieting.in.humans.has.assumed.
that.dieters.are.susceptible.to.overeating.because.they.are.frequently.or.chronically.
energy.deprived..However,.much.of.the.current.research.suggests.that.most.restrained.
eaters.are.not.energy.deprived,.in.an.absolute.sense,.but.are.trying.to.refrain.from.
engaging.in.hedonic.eating.(i.e.,.they.appear.to.be.eating.less.than.wanted,.not.less.
than.needed).15.Exploring.eating.behaviors.(and.their.neurophysiological.mediators).
in.animals.that.are.in.differing.levels.of.energy.balance.(negative,.neutral,.positive).
will.allow.distinctions.to.be.made.between.drivers.of.homeostatically.and.hedoni-
cally.motivated.eating.

47833.indb   107 1/18/08   1:44:19 PM



�0�	 Appetite	and	Food	Intake

Animal.models. can.be.used. to. specifically. address. the.hedonic.properties. of.
palatable.foods,.while.controlling.for.the.gustatory.sensations.and.caloric.benefits.
that. play. obvious. roles. in. the. overall. eating. process.. For. example,. sham. feeding.
(where.the.stomach.is.drained.of.all.food.through.a.fistula.in.the.stomach,.before.
caloric.absorption).could.be.used.to.examine.the.pleasurable.aspects.of.eating..Not.
only.would.this.hedonically.driven.model.allow.for.an.examination.of.the.neurologi-
cal.effects.of.frequent.access.to.palatable.foods.on.the.brain,.outside.of.the.context.
of. calories,. but. it.would. also.permit. the. exploration.of.behaviors. associated.with.
repeated. exposure. to. highly. palatable. foods.. Noncaloric. palatable. foods,. such. as.
saccharin-water,.could.also.be.used.to.address.the.effects.of.palatability.in.animals.
without.adding.the.confounding.stimulus.of.energy.

From.the.perspective.of.homeostatic.regulation,.or.of.a.set.point.for.fat.mass,.it.
makes.sense.that.the.more.one.eats,.and.the.higher.body.weight.rises,.the.weaker.
hedonic.eating.motivation.should.become..Alternatively,.the.more.positive.reinforce-
ment.is.experienced,.perhaps.the.more.one.needs.to.be.further.reinforced.in.order.to.
reach.the.same.level.of.hedonic.reward..Animal.models.could.be.used.to.determine.
if.a.homeostatic.set.point.perspective.is.most.appropriate.here,.or.if.an.ever-increas-
ing. hedonic. tolerance. model. is. more. likely.. Further,. it. could. be. determined. how.
many. of. the. consequences. of. hedonically. motivated. eating. are. due. to. the. gusta-
tory,.as.opposed.to.the.caloric.and.energy.balance.consequences.of.such.eating..It.
is.possible,.for.instance,.that.weight.gain.due.to.overconsumption.of.palatable.food.
increases,.rather.than.decreases,.the.strength.of.hedonic.motivations.to.eat.

Further. experiments. should. also. expand. the. context. of. animal. analogues. to.
increase.their.potential.relevance.to.human.appetite..For.example,.it.would.be.desir-
able. to. develop. an. animal. analogue.of. restrained,. normal-weight. individuals. that.
employs.rats.that.are.“hedonically.deprived”.(that.is,.like.human.restrained.eaters,.
they.are.exposed.frequently.to.highly.palatable.foods,.but.only.sometimes.eat.them)..
Also,. studying. animals. early. in. life,. before. they. have. experienced. high-fat. diets.
and. the.accompanying.weight.gain,.would.give. insight. into.whether. responses. to.
food.exposure.predict.degree.of. future.weight.gain.when.palatable. foods.become.
more.regularly.available..This.would.allow.for.the.determination.of.any.interactions.
between.developmental.stages.and.the.obesogenic.tendencies.of.animals.

Finally,.it.has.been.found.in.population.studies.that.increases.in.BMI.over.time.
have.not.been. linear,. in. that.a.higher.percentage.of.Americans.have.shifted.from.
overweight.to.obese.than.from.normal.weight.to.overweight.71.Could.this.mean.that.
being.overweight.makes.an.obesogenic.environment.even.more.irresistible?
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7 Orosensory	Control	
of	Feeding

Thomas R. Scott

�.�   IntroductIon

The.acquisition.of.nutrients.is.the.most.basic.of.biological.requirements..Each.crea-
ture.must. regularly.assimilate.an.array.of.nutrients. to.serve. the.biochemical.pro-
cesses.that.define.its.existence..The.single.purpose.of.human.appetite.is.to.begin.the.
alchemy.of.turning.other.organisms.into.humans.

The.sexual.motive.is.nearly.as.ancient.as.feeding,.but.more.simply.satisfied.and.
less.urgent..Indeed,.successful.reproduction.is.predicated.on.satisfactory.nutrition,.
for.insemination.requires.energy,.and.pregnancy.only.strains.nutritional.resources,.
which.therefore.must.prove.themselves.adequate.for.conception.to.occur..Sex.is.an.
activity.of.the.fed..Thirst.is.a.newcomer.among.biological.drives..It.evolved.only.in.
the.past.few.hundred.million.years.as.our.ancestors.emerged.from.the.seas.with.the.
demand.that.they.continue.to.bathe.each.cell.in.the.very.fluids.they.had.forsaken.

The.search.for.and.acquisition.of.nutrients. is.a.relentless. task.that.has.consti-
tuted.a.central.pressure.on.the.evolution.of.sensory,.motor,.and.cognitive.capacities.
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of.animals.. In. the. lethal.contest.between.predator.and.prey,. three.major. types.of.
sensory.systems.have.evolved.on.each.side:.vision,. sensitivity. to.vibration. (touch,.
hearing,.and.lateral.line.systems),.and.chemical.sensitivity.

The.chemical.senses.are.the.most.primitive.of.these.three,.having.evolved.spe-
cialized. sensory. organs. as. long. as. 500. million. years. ago. in. coelenterates.1. They.
remain.the.dominant.sensory.systems.across.the.animal.kingdom.as.well.as.within.
the.class.Mammalia..We.humans.are.unusual.mammals.in.placing.such.reliance.on.
vision.and.hearing..We.come.to.this.from.our.primate.heritage,.aloft.in.trees.or.raised.
up.by.our.bipedal.gait..The.collection.of.sensory.systems.on.our.heads.is.lifted.away.
from.the.odiferous.earth.and.provided.the.long.views.that.give.value.to.vision..Yet.
chemical.senses.are.central.to.mammalian.evolution.and.so.should.have.pervasive,.if.
sometimes.subtle,.influences.on.human.behavior..In.accord.with.their.age.and.status,.
smell.and.taste.largely.manage.the.two.most.fundamental.biological.functions:.eat-
ing.to.preserve.the.individual.and.reproduction.to.preserve.the.species..The.sense.of.
taste.has.become.more.specialized.to.serve.eating;.the.sense.of.smell,.reproduction.

Animals.sense.chemicals.that.originate.both.within.and.beyond.the.body..Inter-
nal.communication.is.accomplished.largely.through.the.release.of.chemicals.from.
one.site.and. their. recognition.at.another,.whether. it. is.200.Å.away.as. in.synaptic.
transmission,. or. perhaps. a. meter. away. as. with. leptin,. insulin,. cytokines,. or. glu-
cose..In.contrast,.the.capacity.to.detect.those.from.outside.the.body.is.only.poorly.
developed..Significant.deviations.from.a.pH.of.7.can.lead.to.sensations.of.acidity.
or.causticity.anywhere.on.the.skin,.and.certain.toxins.(poison.ivy,.poison.oak,.etc.).
may.elicit.a.histamine.response..The.skin,.however,.is.only.a.crude.chemical.detec-
tor..The.exceptions.to.this.are.the.points.where.most.chemicals.enter.the.body:.the.
nose.and.mouth..Here,.chemoreception.is.refined,.complex,.and.subtle,.for.decisions.
must.be.made.about.which.chemicals.to.admit..Smell.and.taste.are.the.beginnings.
of.a.long.chemosensory.tube.that.extends.from.the.face.through.the.intestines,.with.
receptors.along. its. length. that. are. sensitive. to. the.products. released.by.digestion..
Consequently,. the.chemical.senses.should.be.responsive.to.feedback.from.the.gut.
that.is.a.continuation.of.their.own.function,.an.implication.to.be.confirmed.later.in.
this.chapter..This.system.represents.a.core.of.chemosensitivity.that.mediates.between.
the.vast.array.of.chemicals.around.us,.and.the.subset.of.them.that.serve.our.tightly.
regulated.biochemical.needs.

Chemoreceptors.in.the.mouth.are.not.fundamentally.different.from.those.in.the.
rest.of.the.body..The.recognition.of.glucose.by.a.taste.receptor.and.by.a.β-cell.in.the.
pancreas.both.proceed.by.similar.mechanisms,.leading.to.a.perception.of.sweetness.
in.one.case,.to.a.release.of.insulin.in.the.other..The.passage.of.sodium.ions.through.
amiloride-sensitive.channels.produces.a.salty.taste.on.the.tongue,.but.sodium.resorp-
tion.in.the.kidney..The.umami.taste.of.monosodium.glutamate.and.the.recognition.of.
glutamate.throughout.the.central.nervous.system.are.probably.managed.by.the.same.
receptor,.albeit.tuned.to.different.concentrations.

What.distinguishes. the.chemical. senses. is.not. that. they. recognize. these.mol-
ecules,.but.that.they.do.so.before.the.irrevocable.decision.to.swallow.has.been.made..
Taste.is.located.at.the.interface.between.the.uncontrolled.external.chemical.world,.
and.our.highly.regulated.biochemical.environment,.and.its.primary.role.is.to.reduce.
the.former.to.the.latter..While.preliminary.assessments.are.provided.by.other.senses.
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—.notably. touch,.vision,.and.olfaction.—.and.by.central.processes.of. familiarity.
and.cultural.norms,.nonetheless,.each.chemical.that.enters.the.mouth.goes.before.a.
gustatory.judge.whose.only.verdicts.are.swallow.or.not.swallow.

As.chemical.gatekeeper,.taste.provides.an.assessment.of.the.nutritional.value.or.
toxic.consequences.of.a.potential.food..This.input.is.sent.to.at.least.four.locations:.
to.the.gut.to.help.mediate.gastrointestinal.reflexes,.to.the.hindbrain.to.control.the.
somatic.reflexes.for.ingestion.or.rejection,.to.the.thalamus.and.insular.cortex.for.a.
cognitive.appreciation.of.the.taste,.and.to.the.orbitofrontal.cortex.and.ventral.fore-
brain.to.be.integrated.with.sight,.smell,.and.texture.to.generate.an.hedonic.response.
that.provides.among.our.most.intense.pleasure.or.revulsion..It.is.the.hedonic.value.
that.determines.whether.a.bite.will.be.extended.to.a.meal,.a.meal.to.a.diet.

�.�   gustatory anatoMy

7.2.1   recepTors

Humans.vary.by.a.factor.of.100.in.the.number.of.taste.receptor.cells.they.possess,.
but.the.mean.is.about.300,000.2.They.are.gathered.in.groups.of.about.50.in.goblet-
shaped.taste.buds,.of.which.the.mean.number.in.humans.is.about.6000..Approxi-
mately. two.thirds.are. located.on.the.dorsal.surface.of. the. tongue,.where. they.are.
housed.in.small.swellings.called.papillae.(Lat:.nipple).(Figure.7.1)..On.the.front.of.
the.tongue.are.about.200.fungiform.(Lat:.mushroom-shaped).papillae,.each.of.which.
contains.from.0.to.36.buds,.with.a.mean.of.3..Thus,.a.typical.person.has.about.600.
taste.buds.in.fungiform.papillae.

On.each.lateral.margin.of.the.tongue.are.5.to.7.folds.referred.to.as.foliate.(Lat:.
leaf-shaped).papillae..The.groove.between.each.pair.of.swellings.may.contain.100.
buds,. for. a. total. of. 1200.. On. the. pos-
terior. tongue. are. 7. to. 11. circumvallate.
(Lat:. surrounded. by. a. trench). papil-
lae. arranged. in. the. form. of. a. chevron..
The. moat. that. surrounds. each. papilla.
is. lined.with. taste.buds,.a.mean.of.250.
per. papilla,. or. about. 2200. altogether..
Beyond. these.4000.buds.on. the. tongue.
surface. are. another. 2000. embedded. in.
the.soft.palate,.pharynx,.larynx,.and.epi-
glottis..Without.papillae.to.fix.their.loca-
tions,.they.are.broadly.distributed.

Taste buds.are.of.similar.shape.and.
composition.wherever.they.occur.in.the.
mouth..Each.is.a.collection.of.perhaps.50.
taste.cells,.arranged. like.sections.of.an.
orange.(Figure.7.2)..The.resulting.globu-
lar.structure.is.about.30.µm.in.diameter.
and.50.µm.in.length..At.the.base.of.the.
bud. is. a. sturdy. membrane. surrounded.

CV

Foliate

Fungiform

fIgure �.�  Sketch. of. the. human. tongue.
to. illustrate. the.form.and.location.of.fungi-
form,.foliate,.and.circumvallate.(CV).papil-
lae..(From.Mistretta,.C.M.,.Ann. N.Y. Acad. 
Sci.,.561,.277,.1989..With.permission.)
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by.flattened.cells.that.join.to.create.a.shell.in.which.the.bud.nestles..Thus,.each.is.
practically. isolated,.with.no. apparent. electrical. or. diffusional. interaction.with. its.
neighbors..At.the.top.is.a.6-µm-diameter.pore.through.which.the.microvilli.of.its.50.
receptor.cells.project.to.sample.the.environment.

Taste receptor cells.are.thought.to.be.created.continuously.from.basal.cells.at.
the.periphery.of.the.bud,.and.to.migrate.toward.the.center.where.they.are.dispatched.
after.an.average.life.span.of.10.days.

7.2.2   perIpheral nerVes

The.peripheral.anatomy.of.the.taste.system.offers.such.complexity.that.it.was.not.
clarified.until.the.1930s..Four.cranial.nerves.drain.the.diverse.gustatory.receptive.
fields,.and.the.information.they.carry.is.mixed.with.that.from.touch.and.motor.fibers.
that.travel.in.parallel.with.taste.axons.

Taste.fibers.innervating.the.front.of.the.tongue.exit.as.part.of.cranial.nerve.V.
(trigeminal),.but. soon.depart. to. join.nerve.VII. (facial)..They.are. joined.by.axons.
from. the. soft. palate. to. form. the. sensory. component. of. the. predominantly. motor.
nerve.VII..At.their.central.terminus,.they.enter.the.rostral.division.of.the.nucleus.of.
the.solitary.tract.(NTS).

Oral Cavity

Taste Pore
and

Microvilli

Tight
Junctions

Taste Bud
Cells

Synapse

Basement
Membrane Basal Cell

Nerve
Profile

Epithelium

Afferent Taste Fibers

fIgure �.�  Sketch.of.a.taste.bud.and.its.components..(From.Mistretta,.C.M.,.Ann. N.Y. 
Acad. Sci.,.561,.277,.1989..With.permission.)
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Fibers.serving.the.mid.and.posterior.regions.of.the.tongue.join.nerve.IX.(glosso-
pharyngeal).and.proceed.to.the.NTS..Those.that.serve.the.esophagus.and.epiglottis.
become.part.of.nerve.X.(vagus).and.pass.to.the.NTS.

7.2.3   cenTral TasTe sysTem

�.�.�.�   nucleus of the solitary tract (nts)

While.the.course.of.peripheral.taste.nerves.remained.controversial.into.the.twentieth.
century,.their.destination.did.not.(Figure.7.3)..All.three.terminate.in.orderly.fashion.
in.the.rostral.division.of.the.NTS.in.caudal.medulla.3–6.This.crucial.structure.receives.
taste.input.in.its.rostral.half,.touch.and.temperature.immediately.lateral.to.taste,.and.
visceral.afferents.more.medially.and.caudally..Thus.information.concerning.taste,.
which.largely.determines.which.chemicals.enter.the.body,.appropriately.terminates.
in.close.contiguity.with.touch.and.temperature.from.the.mouth.(permitting.an.early.
integration.of.some.components.of.flavor),.and.with.fibers.from.the.viscera.through.
which.the.consequences.of.having.swallowed.a.chemical.may.be.reported.

op 

ins 

VPMpc 

pbn 

VII 

IX 

X 

NTS

fIgure �.�  The.human.brain,. showing. the.sensory.pathways. for. taste. through.primary.
taste.cortex.(insula)..NTS:.nucleus.of.the.solitary.tract;.pbn:.parabrachial.nucleus;.op:.oper-
culum;.ins:.insula;.VPMpc:.parvicellular.division.of.the.ventroposteromedial.nucleus.of.the.
thalamus..(From.Pritchard,.T.C.,.in.Taste and Smell in Health and Disease, Getchell,.T.V.,.
Doty,.R.L.,.Bartoshuk,.L.M.,.and.Snow,.J.B..Jr.,.Eds.,.Raven.Press,.New.York,.1991,.p..109..
With.permission.)
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�.�.�.�   thalamic taste area

Fibers.from.the.NTS.in.primates.project. to.a.small.region.in. the.medial. thalamus.
(Figure.7.3)..About.one-third.of.the.cells.here.respond.to.taste.stimulation,7.while.oth-
ers.are.activated.by.touch.and.temperature.in.the.mouth.and.by.visceral.stimulation.of.
the.vagus.nerve..Thus,.the.intimate.relationship,.whereby.taste.is.located.between.oral.
touch.on.the.one.side.and.visceral.sensations.on.the.other,.is.apparently.maintained.

�.�.�.�   primary taste cortex

Taste.realizes.its.cortical.representation.along.the.sharp.bend.that.extends.from.the.
anterior.insula.to.the.frontal.operculum,.known.most.commonly.as.insular.cortex.
(Figure.7.3)..The.area.has.been.explored.extensively,.revealing.that.only.about.6%.of.
its.cells.respond.to.taste.stimuli.8.Others.are.activated.by.jaw.movements.or.touch.in.
the.mouth..Functional.MRI.studies.have.shown.that.humans.shown.expressions.of.
disgust.(literally,.bad.taste).experienced.activation.of.the.insula..Thus.the.same.area.
that.houses.taste.neurons.also.has.cells.that.permit.a.visual.appreciation.of.the.social.
expression. of. a. taste. experience.9. Insular. cortex. also. receives. visceral. sensations.
and.sends.axons.to.regions.that.guide.both.oral.and.visceral.reflexes.associated.with.
foods..It.has.the.components.to.be.labeled.“ingestive.cortex.”

�.�.�.�   beyond primary taste cortex

In.the.macaque,.neurons.in.insular.cortex.project.forward.to.end.in.various.subdivi-
sions.of.the.orbitofrontal.cortex.(OFC)..These.fibers.are.joined.by.those.from.vision,.
olfaction,.and.touch.to.form.a.sensory.network.from.which.an.integrated.apprecia-
tion.of.flavor.can.be.extracted..The.insula.also.projects.to.the.central.nucleus.of.the.
amygdala.(CNA),.which.has.robust.reciprocal.connections.with.OFC..The.amygdala.
is.an.important.site.for.processing.taste.information,.as.well.as.for.the.motivational.
aspects.of.eating.10.Both.OFC.and.CNA.—.receiving.parallel.input.and.themselves.
interconnected. —. project. to. the. lateral. hypothalamic. area. (LHA),. which. is. also.
involved.in.the.motivation.to.eat.

Finally,.all.forebrain.taste.areas.send.projections.back.to.the.NTS,.establishing.
a.circuit.through.which.higher-order.functions.such.as.conditioning.can.affect.the.
reflexive.acceptance.or.rejection.of.foods.

�.�   gustatory control of eatIng

7.3.1   The organIzaTIon of The TasTe sysTem

All. sensory. systems. must. build. receptors. that. are. sensitive. to. the. physical. envi-
ronment. they. are. charged. to. monitor.. With. taste,. there. are. at. least. six. receptor.
mechanisms..Four.are.committed.to.detecting.the.major.components.of.our.diet:.car-
bohydrates.(sweet),.fats,.proteins.(umami),.and.sodium.(salt);.two.others.are.vigilant.
to.the.primary.threats.to.our.biochemical.welfare:.acidity.(sour).and.toxins.(bitter)..
Two.of.the.mechanisms.—.for.salt.and.sour.—.rely.on.the.passage.of.small.sodium.
and.hydrogen.ions.through.molecular.membranes..The.other.four.require.special-
ized.protein.receptors.
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This. federation. of. receptor. mechanisms. stands. in. contrast. to. the. strategies. of.
vision,.hearing,.and.olfaction,.each.of.which.employs.a.single.receptor.process,.though.
with.receptors.tuned.to.different.parts.of.the.physical.dimension.they.are.assigned.to.
detect.(e.g.,.red.versus.blue)..Taste.is.more.akin.to.the.skin.senses,.where.touch,.pres-
sure,.temperature,.pain,.and.others.are.separate.sensations..Failed.attempts.to.integrate.
the.basic.taste.sensations.at.the.receptor.level.has.even.led.to.the.suggestion.that.taste.is.
not.a.single.sense,.but.a.series.of.half.a.dozen.senses.housed.in.a.common.location.

Yet.there.is.a.common.organizing.principle.of.taste..It.eluded.researchers.because.
gustatory.physiologists.adopted.the.vision.model.to.investigate.their.discipline,.seek-
ing.to.establish.the.relationship.between.the.physical.stimulus.(wavelength).and.the.
perceptual.result.(color)..Taste.is.faced.with.a.different.requirement..Alone.among.
the.senses,.it.must.evaluate.whether.a.stimulus.will.become.part.of.the.body..Taste.
is.charged.not.only.with.detecting.a.stimulus.as.other.sensory.systems.are,.but.also.
with.predicting.the.impact.of.that.chemical.on.the.animal’s.physiological.welfare..
The.organizing.principle.of.taste.is.not.physical,.but.physiological.11

The.effectiveness.with.which.taste.manages.this.obligation.is.demonstrated.in.
a.behavioral.study.in.which.naïve.rats.under.18-hour.fluid.deprivation.were.offered.
15-second.exposures.to.a.wide.sample.of.chemicals.that.appear.in.the.natural.envi-
ronment.12. In. these.brief. tests,.with.neither.experience.nor.postingestive.feedback.
to.guide.them,.rats.rejected.chemicals.in.direct.proportion.to.toxicity..Rats.inherit.
a.taste.system.that.permits.accurate.judgments.about.toxicity.across.a.broad.range.
of.chemicals.with.diverse.physical.characteristics..While.strychnine.and.cadmium.
possess.entirely.different.molecular.structures.and.poison.the.consumer.by.wholly.
different.mechanisms,.the.taste.system,.as.chemical.guardian.of.the.body,.has.the.
receptors. to. be. vigilant. to. both.. Moreover,. the. more. assiduously. a. chemical. was.
rejected.by. rats,. the.more. likely. it.was. to.be.described. by.humans. as. “bitter”.or.
“nauseous”;.chemicals.avidly.accepted.by.rats.were.labeled.“food-like”.or.“pleas-
ant.”. Thus. the. neural. dimension. of. nutrition. versus. toxicity. is. directly. related. to.
acceptance.versus.rejection.behavior.in.rats,.and.is.perceptually.coded.in.the.hedon-
ics.of.pleasant.or.unpleasant.experiences.by.humans..With.only.a.few.exceptions,.the.
better.a.chemical.tastes,.the.more.nutritious.it.is.

This.basic.assessment.of.whether.a.substance.is.nutritious.or.toxic.is.developed.
at.birth,.as.demonstrated.by.the.reactions.of.newborns.to.the.delivery.of.sweet,.salty,.
sour,.or.bitter.tastes.to.tongues.that.had.only.moments.before.been.cleared.of.amni-
otic.fluid.13.Sugars.elicited.licking.and.swallowing;.quinine.evoked.gaping,.rejection,.
and.crying..Indeed,.saccharin.injected.into.the.amniotic.fluid.6.weeks.before.birth.
results.in.greater.sucking.and.swallowing.behavior.in.the.fetus.

Anencephalic.neonates,.born.with.no. forebrain,. reacted. identically. to.healthy.
babies,.demonstrating. that. these. acceptance–rejection. reflexes. are.orchestrated. in.
the.hindbrain..The.critical.location.would.appear.to.be.the.NTS..This.is.the.major.
hindbrain.recipient.of.sensory.information.that.originates.within.the.body,.includ-
ing.taste,.respiration,.blood.pressure,.blood.pH,.gastrointestinal.activity,.and.pain.14.
Efferents.from.NTS.regulate.somatic.reflexes.both.for.acceptance.and.rejection,.and.
autonomic.reflexes.associated.with.digestion.

To.control.somatic.reflexes,.clusters.of.cells.in.the.ventral.regions.of.gustatory.
NTS. send. projections. to. the. retrofacial. area,. trigeminal. motor. nucleus,. nucleus.
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ambiguus,. and. hypoglossal. nucleus.. The. contrary. behavioral. reactions. of. accep-
tance.and.rejection.may.be.driven.by.anatomically.distinct.taste.inputs.15.The.greater.
superficial.petrosal.and.chorda.tympani.nerves.are.most.sensitive.to.sweet.and.salty.
stimuli.and.could.activate.circuits.that.evoke.acceptance.responses..The.glossopha-
ryngeal.nerve.is.responsive.to.sour.and.bitter.qualities.and.could.stimulate.a.separate.
population.of.NTS.taste.cells.from.which.rejection.reflexes.were.organized.

Autonomic.reflexes.are.controlled.by.a.second.set.of.axons.from.ventral.gusta-
tory.NTS,.which.travels.caudally.to.viscerosensory.NTS,.to.salivatory.nuclei,.and.to.
the.dorsal.motor.nucleus.of.the.vagus.to.invoke.parasympathetic.processes.associ-
ated.with.digestion.16.These.include.salivation,.gastric.reflexes,.and.cephalic-phase.
releases.of.digestive.enzymes.and.insulin..The.dorsal.motor.nucleus.of.the.vagus,.
whose.output.controls.these.processes,.lies.directly.beneath.the.NTS.and.sends.api-
cal.dendrites.toward.the.taste.area,.though.their.contact.with.taste.cells.of.the.NTS.
has.not.yet.been.demonstrated..These.cephalic-phase.reflexes.prepare.the.digestive.
system.for.the.nutrients.they.are.destined.to.receive.when.a.sweet.or.other.food-like.
taste.is.registered.in.NTS.

In.the.preceding.section.we.found.that.the.sense.of.taste.is.organized.to.perform.a.
general.differentiation.of.toxins.from.nutrients,.and.that.this.is.accomplished.at.a.brain.
stem.level.and.is.intact.at,.or.before,.birth.in.humans..Moreover,.this.analysis.drives.
somatic.reflexes.of.swallowing.or.rejection,.parasympathetic.reflexes.that.anticipate.
the.digestive.process.and.inform.the.hedonic.reaction.to.the.tasted.chemical..While.
providing.a.broad.and.effective.system.for.maintaining.the.biochemical.welfare.of.the.
species,.this.organization.would.not.allow.for.the.idiosyncratic.allergies.or.biochemi-
cal.needs.of.the.individual,.or.be.sensitive.to.changes.in.those.needs.over.time..The.
effects.of.experience.—.conditioned.aversions.or.preferences.—.and.of.age,.reproduc-
tive.status,.disease.state,.mineral.needs,.and.level.of.satiety.all.affect.behavioral.reac-
tions.to.foods..To.serve.these.requirements,.the.taste.code.must.be.plastic.

7.3.2   endurIng changes In TasTe Based on experIence

An.animal’s.experience.has.a.pronounced.and.enduring.effect.on.behavioral.reac-
tions.to.taste.stimuli..The.taste.experiences.of.suckling.rats.establish.preferences.that.
persist.to.adulthood.17,18.Preferences.also.develop.through.association.of.a.taste.with.
positive.visceral.reinforcement.such.as.the.delivery.of.a.nutrient.of.which.the.animal.
has.been.deprived.19–21.An.efficient.experimental.paradigm.has.been.developed.to.
create. conditioned. preferences. in. rats.22. Animals. fitted. with. gastric. cannulae. are.
offered.two.taste.solutions,.equally.preferred..Upon.licking.one,.water.is.delivered.
into. the.stomach;.with. the.other,.a. rich.nutrient.mix..After. several.days.of. trials,.
rats.overwhelmingly.select.whichever.taste.solution.was.associated.with.the.receipt.
of.nutrients..Such.learned.preferences.serve.to.bind.members.of.a.culture.together.
through.culinary.identity..Each.of.the.major.cuisines.of.the.world.is.characterized.
by.unique.flavors.delivered.with.a.nutritive.carbohydrate.load..Conditioned.prefer-
ences.for.those.tastes.serve.as.the.basis.for.the.culinary.rituals.and.social.interactions.
identified.with.its.culture.

The.activity.of.single.taste.neurons.in.the.NTS.of.rats.reflects.the.neural.changes.
that.may.underlie.these.conditioned.preferences..Upon.undergoing.the.experimental.
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procedure.described.above,.rats.developed.preferences.for.the.taste.solution.associ-
ated.with.the.gastric.infusion.of.nutrients,.as.expected..Responses.to.these,.as.well.
as. innately.appetitive. (glucose).and.aversive. (quinine). tastes.were. then.monitored.
in.the.NTS..It.was.revealed.that.whichever.taste.had.become.preferred,. its.neural.
profile.was.less.like.those.of.aversive,.and.more.like.those.of.appetitive.stimuli.23.
Thus,.in.rats,.the.taste.system.itself.is.altered.at.the.brain.stem.level.to.reflect.gusta-
tory.experiences,.and.this.alteration.may.provide.the.basis.for.food.preferences.that.
develop.throughout.life.

Contrasted.with.the.subtlety.of.conditioned.preferences.is.the.potent.and.instan-
taneous.aversion. resulting. from.a. single.pairing.of.a.novel. taste.with.nausea,. the.
conditioned.taste.aversion.(CTA)..As.opposed.to.gently.guiding.the.animal.toward.
tastes.that.have.been.associated.with.nutrients,.the.CTA.is.an.intense.alarm.to.pro-
tect. the.animal.that.survives.its.first.encounter.with.a.toxin.from.ever.consuming.
that.substance.again.24.It.is.so.readily.established,.potent,.and.enduring.that.the.CTA.
protocol.has.become.a.standard.tool.for.studying.taste.behavior.and.physiology.

The. mechanisms. underlying. the. development. of. conditioned. taste. aversions.
have.been.studied.mainly.in.rats..Taste-evoked.activity.in.the.NTS25,26.and.in.the.
parabrachial.nucleus.(PBN)27.rises.to.a.taste.that.is.paired.with.nausea..In.the.NTS,.
that. increase.is.associated.with.a.reorganization.of.inputs.such.that. the.incrimi-
nated. taste. no. longer. elicits. swallowing. reflexes. and. parasympathetic. activity.
designed.to.ingest.and.assimilate.the.chemical,.but.rather.rejection.reflexes..In.the.
PBN,.the.evoked.activity.shifts.from.a.subnucleus.associated.with.positive.hedon-
ics.to.one.normally.activated.by.aversive.tastes.28.Discrete.subnuclei.of.the.PBN.
are.hypothesized.to.send.separate.projections.to.forebrain.areas.that.analyze.taste.
quality.and.hedonics..Thus,.the.shift.in.representation.of.the.offending.taste.could.
serve.as.the.basis.for.its.reversed.hedonic.appeal,.established.in.the.brain.stem.but.
manifested.in.the.forebrain.

7.3.3   TransIenT changes In TasTe Based on physIologIcal needs

An.animal’s.choice.of.foods.is.related.to.its.physiological.condition..The.“body.wis-
dom”.demonstrated. in. cafeteria. studies.by.Richter. appears. to.be. related. to. taste-
directed.changes.in.food.preferences..Animals.deprived.of.thiamine,29.threonine,30.
or.histidine31.will.experiment.with.different.tasting.foods.until.chancing.upon.one.
that.supplies.the.missing.nutrient.

Another.need,.reflected.in.a.more.constant.and.perhaps.innate.preference,.is.for.
sodium,.whose.concentration.must.be.maintained.at.about.0.14.M.to.serve.its.func-
tions.of.electrical.conductance.and.the.provision.of.osmotic.force..Mammals.seek.out.
and.consume.salt,.and.when.plentiful,.do.so.in.excess.of.need,.as.the.American.diet.
demonstrates.32,33.This.preference.becomes.exaggerated.under.conditions.of.sodium.
deficiency..Humans.depleted.by.pathological.states34.or.experimental.manipulation35.
show.a.pronounced.craving. for. salt..Similarly,. rats. subjected. to.uncontrolled.uri-
nary.sodium.loss.following.adrenalectomy,36,37.to.acute.loss.of.plasma.volume,38.or.
to.sodium.dietary.restriction39.show.sharp.increases.in.sodium.consumption..This.
compensatory.response.to.the.physiological.need.for.salt.results.from.a.change.in.the.
hedonic.value.of.tasted.sodium..Concentrations.that.are.rejected.when.the.animal.
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is. sodium. replete. are. avidly. accepted. when. deprived.. This. change. in. taste-based.
behavior.can.also.be.traced.to.changes.in.the.neural.response.to.salt.

Activity.generated.by.sodium.in.the.peripheral.taste.nerves.declines.when.a.rat.
is.in.particular.need.of.salt,40,41.a.result.that.should.lead.to.the.observed.shift.of.the.
acceptance.curve.for.sodium.to.higher.concentrations..Recordings.in.the.NTS.reveal.
a.more.complex.adaptation. to. the.need. for. sodium..Responses. to. sodium. in. salt-
deprived.rats.declined.moderately,.as.expected.from.the.peripheral.nerve. reports..
But.an.analysis.of.the.contributions.of.individual.neurons.revealed.that.salt-respon-
sive.neurons. showed.a.precipitous. reduction. in.evoked.activity,. and. that. this.was.
partially.offset.by.an.increased.response.in.neurons.normally.tuned.to.sweet.tastes..
Thus,.the.net.effect.was.to.transfer.the.burden.of.signaling.sodium.from.salt.toward.
sweet-oriented.cells.42.Thus,.sodium.might.taste.“sweet,”.or.if.sweetness.is.only.a.
human.construct,.perhaps.“good”.to.such.a.rat..This.interpretation.transcends.a.mere.
change.in.intensity.perception.and.explains.the.eagerness.with.which.deprived.rats.
consume.sodium,.an.avidity.not.created.simply.by.decreasing.the.concentration.of.
sodium,.as. the.peripheral.nerve.work.would. imply..Whether.based.on.changes. in.
intensity.or.on.a.shift.in.perceived.quality,.however,.it.is.clear.that.adaptive.altera-
tions.in.taste.preferences.are.governed.by.modifications.in.the.sensory.code.

7.3.4   momenTary changes In TasTe Based on leVel of hunger

While. the. appreciation. of. amino. acid. or. sodium. deficiency. occurs. and. may. be.
restored.over.a.period.of.days,.the.availability.of.glucose.and.other.sources.of.energy.
is.of.almost.hourly.concern..There.must.be.an.accommodation.of. the.decision. to.
swallow.or.reject,.and.in.the.hedonic.evaluation.that.drives.that.decision,.as.the.dan-
gers.of.malnutrition.weigh.against.those.of.ingesting.a.toxin..Common.experience.
reinforces.the.results.of.psychophysical.studies:.as.hunger.increases,.foods.become.
more.palatable;.with.satiety,.less.so.43–45.There.is.now.a.body.of.data.from.rats.and.
primates.that.demonstrate.the.neural.mechanisms.underlying.these.changes.

The.first.effect.of.consuming.a.meal.is.gastric.distension..Experimentally.dis-
tending.a.rat’s.stomach.with.air.causes.the.taste.response.to.sucrose,.recorded.in.the.
NTS,.to.decline,.implying.a.less.rewarding.experience.to.the.rat.46.The.next.effect.
of.a.meal. is. to.raise.blood.sugar. levels..When.these.are. increased.experimentally.
through.an.intravenous.infusion.of.glucose,.taste.responses.to.sugar.in.the.NTS.also.
decline.47.Similar.but.smaller.effects.on.taste.activity.are.seen.with.modest.infusions.
of.insulin48.or.glucagon,49.both.of.which.result.in.the.greater.availability.of.glucose.
to.the.muscles..Thus,.each.procedure.that.delivers.glucose.to.the.body.causes.a.tran-
sient.reduction.in.sensitivity.to.sugars.in.the.NTS..This.implies.a.partial.loss.of.the.
pleasure.that.sustains.eating,.making.termination.of.a.meal.more.likely.

If.sensory.activity.in.NTS,.deep.in.the.hindbrain,.declines.with.satiety,.the.per-
ceived.intensity.of.a.taste.should.also.be.reduced..This.has.indeed.been.shown.to.
occur.in.rats.50.Humans,.however,.respond.differently..They.report.that.the.hedonic.
value.of.foods.decreases.with.satiety,.but.intensity.judgments.are.affected.to.a.lesser.
extent,. or. not. at. all.51,52.This. prompted. a. series. of. studies. in.macaques,. who. had.
proven. to.be.worthy.surrogates. for.human.gustation,53.on. the. impact.of.satiety.at.
various.synaptic.levels,.from.hindbrain.to.cortex.
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The.initial.recordings.were.from.the.NTS.to.mimic.those.from.the.rat..A.neuron.
was.isolated,.and.its.responses.to.sugar,.salt,.acid,.and.quinine.were.recorded..The.
monkey.was.then.fed.50-ml.aliquots.of.glucose,.after.each.of.which.the.responses.to.
the.same.four.taste.stimuli.in.the.NTS.were.reassessed.54.As.the.monkey.proceeded.
through.this.sequence,.and.as.avid.acceptance.of.the.glucose.eventually.progressed.
to.active.rejection,.the.responsiveness.of.NTS.neurons.remained.constant..In.con-
tradiction.to.the.findings.in.rats,.hindbrain.taste.neurons.in.primates.were.not.influ-
enced.by.the.induction.of.satiety.(Figure.7.4).

Recordings.proceeded.to.primary.taste.cortex.in.the.anterior.insula.with.the.same.
result.55.Even.as.the.macaque.progressed.from.eager.acceptance.of.glucose.to.total.
rejection,.the.responsiveness.of.taste.cells.in.insular.cortex.to.each.of.the.four.basic.
tastes.remained.constant..The.insula.has.proven.to.house.taste.cells.that.give.the.most.
precise.cognitive.evaluation.of.stimulus.quality.56.These.results.would.imply.that.this.
evaluation.is.unfettered.with.implications.for.liking.or.disliking.these.tastes.

From. the. insula,. projections. proceed. forward. to. orbitofrontal. cortex. (OFC),.
where.taste.has.at.least.two.representations.57.The.first,.with.the.higher.concentra-
tion.of.taste.cells.and.purer.representation.of.taste,.is.toward.the.midline,.in.medial.
OFC.58.Here,. taking.a.macaque. from.hunger. to.satiety.caused.variable.effects.on.
the. responsiveness.of. taste. cells..Most. showed.a.decline. in. sensitivity,. but.others.
were.unmodified.(as.were.those.at.earlier.synaptic.levels)..Moreover,.when.a.decline.
occurred,. it. was. generic. to. all. stimuli.59. In. addition,. a. subpopulation. of. neurons.
that.had.been.silent.began.responding.to.taste.stimuli.as.the.monkey.neared.satiety,.
implying.the.existence.of.an.active.component.to.satiety.

The. transitional. state. found. in.medial.OFC.—.a.partial. reflection.of.hedonic.
decline,.though.not.specific.to.the.satiating.stimulus.—.was.refined.in.the.caudola-
teral. OFC. to. which. medial. OFC. may. project.. Here,. taste. cells. were. tuned. more.
narrowly. than. at. earlier. synapses. and. responded. more. specifically. to. changing.
hedonics.60.Feeding.a.macaque.to.satiety.on.glucose.was.associated.with.a.total.loss.
of.response.to.glucose.in.the.caudolateral.OFC,.while.the.activity.evoked.by.other.
stimuli.was.nearly.unchanged.(Figure.7.5)..Just.as.humans.report.the.loss.of.appeal.
of.foods.that.they.have.consumed.to.satiety,.they.still.derive.pleasure.from.others,.
a.phenomenon.dubbed.sensory-specific.satiety.61,62.Thus.a.filling.entrée.may.still.be.
complemented.by.an.appealing.dessert.

Cells. in.caudolateral.OFC.demonstrated.other.properties. that. relate. to.human.
food.choices..A.portion.of. the. taste.cells.also.responded. to. the.sight,. smells,.and.
textures.of.foods,.though.not.to.those.of.nonfood.objects.63–65.They.would.be.ideally.
informed.to.integrate.sensory.activity.into.an.amalgam.we.know.as.flavor..Thus.in.
caudolateral.OFC.of.macaques.are.neurons.equipped. to.evaluate. the. full. sensory.
experience.of.eating.and.to.reflect.—.perhaps.direct.—.changes.in.the.desirability.of.
foods.as.a.meal.progresses.

Imaging.studies.using.positron.emission.tomography.and.functional.MRI.have.
been.conducted.on.human.subjects.to.identify.areas.associated.with.taste,.flavor,.and.
reward..Neurons.in.the.orbitofrontal.cortex.were.generally.activated.by.affectively.
charged.stimuli66,67.or.sensitive.to.the.subject’s.level.of.hunger.68,69.Whether.a.func-
tion.of.the.technical.approach.(single-neuron.electrophysiology.versus.imaging).or.
a.true.species.difference,.the.region.associated.with.hunger.and.satiety.in.humans.
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appears.considerably.larger.than.in.macaque..Most.of.the.caudal.OFC.is.activated.by.
hunger,.and.part.of.the.anterior.OFC.by.satiety.70.It.is.likely.that.the.broad.distribu-
tion.of.activity.associated.with.eating.in.human.OFC.reflects.activation.of.reward.
systems,.rather.than.flavor.perception.per se.71,72

Caudolateral. OFC. is. part. of. a. complex. that. also. includes. ventral. forebrain.
regions,.specifically.the.central.nucleus.of.the.amygdala10.and.the.lateral.hypotha-
lamic.area.73,74.Recordings.from.each.of.these.regions.reveal.activity.much.like.that.
in.caudolateral.OFC,.with.reduced.responsiveness.to.a.taste.on.which.a.macaque.is.
fed.to.satiety.75,76

�.�   conclusIons

A.progression.from.recognition.to.analysis.to.integration.takes.place.as.we.proceed.
up.the.nervous.system..Recognition.occurs.at.the.receptors..Early.analysis.at.the.level.
of.the.nucleus.of.the.solitary.tract.(NTS).permits.the.control.of.reflexes.for.accep-
tance.or.rejection,.as.well.as.of.the.parasympathetic.reflexes.that.anticipate.digestive.
processes..Cells.in.NTS.and.in.the.parabrachial.nucleus.(PBN).enable.the.associa-
tive.processes.involved.in.appetitive.and.aversive.conditioning,.and.in.the.mediation.
of.sodium.appetite..In.the.rat,.these.hindbrain.gustatory.relays.also.reflect.changes.in.
physiological.condition.of.the.animal,.from.satiety.to.hunger.over.a.period.of.hours,.
or.the.reverse.over.just.minutes.of.eating.

In.primates,.represented.in.behavioral.studies.of.humans.and.electrophysiologi-
cal.experiments.in.macaques,.the.reflexive.responses.to.taste.stimuli.appear.to.be.
managed.in.the.hindbrain,.as.in.rats..Taste.quality.is.most.accurately.represented.in.
primary.taste.cortex.in.the.insula..Beyond.this.level,.integration.is.the.major.theme,.
both.with.other.sensory.systems.and.with.central.motivational.states..In.caudolateral.
orbitofrontal.cortex,.taste.activity.converges.with.that.of.the.sight,.smell,.and.texture.
of.foods.and.is.subject.to.modification.according.to.the.monkey’s.level.of.hunger..
These.properties.are.extended.to.subsequent.processing.stages.in.the.amygdala.and.
hypothalamus..Thus.what.begins.as.an.analysis.of.chemical.structure.at.the.receptor.
becomes.a.component.of. the.assessment.of.flavor.and.serves. to.drive. the.motiva-
tional.systems.that.guide.the.selection.and.consumption.of.foods.

Throughout. the. history. of. scientific. research. on. feeding,. human. and. animal.
studies.have.approached.the.topic.from.different.perspectives,.asked.different.ques-
tions,.and.employed.different.techniques..Humans.were.addressed.in.psychophysi-
cal. studies,. animals. in. those. that. were. behavioral. and. electrophysiological.. This.
discrepancy.is.manifest.in.the.content.of.the.two.chapters.that.address.orosensory.
factors.in.feeding.in.this.volume..There.are.three.levels.of.ambiguity.that.intervene.
when.investigators.attempt.to.relate.human.and.animal.data.on.feeding:

. 1..Species differences between human and the dominant animal model:. The.
rat..Differences.in.how.humans.and.rats.process.orosensory.information.have.
been.demonstrated.both.anatomically.and.functionally..Norgren.and.his.col-
leagues79,80.have.reported.that.the.PBN.is.a.major.obligatory.synaptic.relay.for.
taste.in.rats,.whereas.gustatory.fibers.appear.to.bypass.the.PBN.in.primates..
This.difference.gains.significance.in.that.the.PBN.in.rats.sends.dual.projections,.
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both.to.the.thalamocortical.axis.and.to.a.series.of.ventral.forebrain.sites,.such.
that.cognitive.and.hedonic.components.of.a.food.may.be.processed.in.parallel..
Lacking.this.relay.in.the.PBN,.taste.in.primates.proceeds.from.the.NTS.to.the.
thalamus.and. insular.cortex.before.being.relayed. to.orbitofrontal.cortex.and.
ventral.forebrain,.thus.implying.serial.rather.than.parallel.processing.

. . . This.presumed.strategic.difference.has.functional.sequelae..Manipula-
tions.of.hunger.levels.affected.gustatory.responsiveness.in.the.hindbrains.of.
rats47–49.but.not.primates.54.Rather,.these.inevitable.impacts.are.reserved.for.
later.processing,.after.a.cognitive.analysis.of.taste.quality.has.presumably.
been.performed..This.implies.that.primates.may.identify.a.taste.and.then.
independently.determine.its.hedonic.value,.whereas.in.rats,.these.functions.
may.be.one..With.the.hindbrain.accepting.the.responsibility.of.modifying.
its.responsiveness.to.suit.the.animal’s.momentary.needs,.the.rat.may.simply.
eat.what.tastes.good.and.reject.the.rest.

. 2..Neural level:. Cortex. versus. hindbrain.. When. a. psychophysicist. requests. a.
verbal.reply.from.a.human.subject,.it.is.the.cortex.that.is.engaged..In.contrast,.
most.electrophysiology.in.rats.has.been.performed.in.hindbrain.relays:.NTS.
and.PBN..The.rat’s.thalamic.taste.relay.is.small.and.difficult.to.access,.and.
cortical.taste.responses.have.been.compromised.by.the.use.of.anesthetics.(see.
below)..Thus.the.majority.of.information.from.humans.is.cortically.mediated.
and.so.vastly.more.processed.than.responses.from.the.rodent’s.hindbrain.

. 3..Anesthetic effects:.Taste,.being.phylogenetically.old,.lies.deep.in.the.ner-
vous. system,. near. the. midline.. It. requires. penetrating. surgery. to. access.
taste.nuclei.and.therefore.general.anesthesia..The.resultant.impact.of.sup-
pressing.activity.at.higher-order.levels.of.the.CNS.is.felt.in.hindbrain.nuclei,.
whose.responses.are.typically.exaggerated.by.relief.from.the.tonic.inhibi-
tion.placed.on.them.by.forebrain.neurons..Therefore,.anesthesia.may.both.
prevent. recordings. from. rodent. cortex. and. adulterate. the. quality. of. data.
obtained.from.hindbrain.nuclei.

There.have.been.signal.advances.from.both.the.animal.and.human.sides.of.this.
dichotomy.that.have.served.to.reduce.the.ambiguities.we.face.in.interpreting.gusta-
tory.data..Electrophysiological. recordings.may.now.be.obtained. from.unanesthe-
tized.or.lightly.anesthetized.rats,. implanted.with.chronic.recording.chambers.and.
actively.licking.tastants..But.the.major.advance.in.mediating.between.human.and.
animal.studies. is. the.development.of.an.awake.primate. recording.model..Species.
differences.are.minimized,.as.verified.by.reports.demonstrating.that.taste.processing.
in.the.macaque.cortex.is.nearly.identical.to.the.taste.experiences.reported.by.humans.
in.psychophysical.studies.56.The.macaque.cortex.is.readily.accessible.and.may.be.
investigated.through.hundreds.of.recording.tracks.over.a.period.of.months,.provid-
ing.an.analogue.to.extended.psychophysical.tests.with.humans..Anesthetics.are.not.
required. for. the.painless. recording.procedures,. and. the.monkeys. sit. comfortably,.
tasting.a.variety.of.stimuli.and.offering.behavioral.reactions.to.them.

Just.as.studies.of.animals.are.becoming.more.expansive. to.approach. those. in.
humans,. so. experiments. in. humans. now. permit. an. investigation. of. activity. elic-
ited.in.the.nervous.system.by.taste.stimuli,.a.domain.formerly.restricted.to.animal.
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studies.. As. mentioned. above,. positron. emission. tomography. and. functional. MRI.
experiments.now.provide. insights. into. responses.of. the.human.nervous.system.to.
orosensory.stimulation..The.constraints.with.these.techniques.lie.in.the.lack.of.pre-
cise.localization.of.activated.neurons.and.in.the.very.newness.of.a.field.that.is.still.
seeking.accepted.standards.against.which.further.data.may.be.compared..Nonethe-
less,.imaging.studies.will.eventually.extend.the.study.of.human.responses.to.oro-
sensory.stimulation.from.the.psychophysical.to.the.neural,. to.complete.the.bridge.
between.human.and.animal.studies.
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�.�   IntroductIon

The.role.of.orosensory.factors.(OSF).in.eating.behavior.is.pivotal.to.the.adaptation.
of.an.organism.to.its.nutritional.environment..They.must.provide.reliable.informa-
tion.on.the.most.beneficial.selection.and.amount.of.food.to.ingest..If.a.given.food.(a.
mix.of.macro.and.micronutrients).has.proved.to.be.appropriate,.then.OSF.associated.
with.this.food.will.be.considered.as.pleasant.and.the.food.will.be.sought,.selected,.
and.consumed.when.the.need.to.eat.recurs..Actually,.as.we.will.see,.the.conditioned.
processes.underlying.the.adaptive.function.of.eating.behavior.can.sometimes.lead.
to. inconsistent. results. and.have.produced.difficulties. in. the. interpretation.of.data.
gathered.in.animals.and.in.humans..This.emphasizes.that.we.have.to.be.careful.in.
inferring.the.effects.of.OSF.on.eating.behavior.and.on.energy.homeostasis.and.adi-
posity.level..Moreover,.experimental.tools.are.few,.but.vary.among.authors.working.
in.this.field.of.research..In.the.present.chapter,.we.will.focus.on.the.relation.between.
OSF.and. the.different.events. involved. in.eating.behavior.as.observed. in.humans..
Problems.of.terminology,.methodology,.and.relevance.of.observation.in.free-living.
situations.will.be.raised.when.necessary.

�.�   defInItIons and MethodologIcal 
consIderatIons

8.2.1   orosensory facTors

OSF.are.usually. separated. into.distinct. components,.most. frequently.appearance,.
odor,.taste.temperature,.and.texture..Flavor.is.considered.as.the.conjunction.of.gusta-
tory.(taste).and.olfactory.(odor).cues..Odors.contribute.greatly.to.flavor.perception,.
this.being.clearly.shown.when.olfaction.is.suppressed.for.various.reasons.(respiratory.
tract.infection,.etc.),.resulting.in.hypo-.or.anosmia.and.yielding.impaired.perception.
of.flavors.1.The.distinction.between.retronasal.and.orthonasal.routes.of.olfaction.are.
also.important..They.result.in.different.activation.patterns.in.the.brain,2.with.odor.
intensity.being.modulated.diversely. in.brain.areas.according. to. the.alimentary.or.
nonalimentary.nature.of.the.odor.(e.g.,.chocolate.versus.lavender).2,3
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8.2.2   pleasure, pleasanTness, and palaTaBIlITy

The.two.main.variables.that.define.OSF.have.quantitative.and.qualitative.attributes..
Quantitative.attributes.are.often.assessed.via.their.intensity,.while.the.qualitative.
attributes. are. assessed. via. the. pleasure. they. provide.. The. term. pleasantness. is.
used.to.describe.this.affective.sensation,.and.the.term.“palatability”.is.the.generic.
word.for.the.hedonic.value.of.a.food..Although.there.is.an.assumption.of.a.shared.
understanding. of. pleasure,. this. phenomenon. is. highly. complex. and. difficult. to.
accurately.define..For.example,.a.number.of.unpleasant.sensations.become.pleas-
ant.with.repeated.experiences,.usually.due.to.the.formation.of.associations.with.
social,.cultural,.health,.and.religious.experiences.4.This.makes.understanding.the.
role.of.the.relation.between.OSF.in.appetite.and.feeding.across.different.cultures.
especially.problematic.

Palatability. is.highly. idiosyncratic.and.not.fixed.over. the. lifecycle.. It.changes.
according.to.the.various.pleasant.or.unpleasant.experiences.that.one.has.with.a.cer-
tain.food..Moreover,.the.hedonic.value.of.a.food.can.change.according.to.the.internal.
state. of. the. individual,. most. notably,. energy. balance.. This. suggests. that. it. might.
be.necessary. to.distinguish. the.general.palatability.of.a. food.from.the.oscillating.
hedonic.impressions.over.the.day..Chocolate.may.be.regarded.as.a.highly.palatable.
food.by.an. individual,.yet. rated.a. low.hedonic.value.when.sated..Thus,. failure. to.
control.for.internal.state.may.yield.erroneous.conclusions.about.individual.prefer-
ences..The.concepts.of.“intrinsic.palatability”.(constant.across.metabolic.states.and.
relatively.stable.in.time.except.where.it.may.be.durably.altered).and.“response.pal-
atability”. (modified.according. to.various. factors. including.circadian.or.metabolic.
factors).were.proposed.long.ago,5.but.have.rarely.been.incorporated.in.experiments..
This.has.practical.implications,.since.it.seems.that.individuals.distinguish.the.terms.
palatable.and.pleasant..In.one.study,.28%.of.subjects.who.were.asked.to.rate.the.pal-
atability.and.pleasantness.of.a.test.meal,.reported.“palatability”.remained.constant.
whereas.“pleasantness”.was.dramatically.decreased.6

The.term.preference.should.be.applied.only.when.comparing.two.foods.(or.more.
precisely,.their.OSF)..It.is.important.to.note.that,.if.two.foods.have.low.palatability,.
a.preference.judgment.cannot.be.interpreted.as.reflecting.high.palatability..Even.in.
this.situation,.preference.is.still.too.generic,.since.it.can.confuse.the.positive.image.
of.a.food.in.one’s.representation.and.actual.pleasure.derived.from.its.consumption.

8.2.3   measurIng palaTaBIlITy and hedonIc Value

Some. authors. state. that. palatability. should. be. considered. as. the. hedonic. evalua-
tion.of.OSF.cues.under.standardized.conditions.6.Palatability.and.hedonic.value.are.
therefore.usually.assessed.by.voluntary.reports.when,.or.immediately.after,.seeing,.
smelling,. or. tasting. a. food.. The. ratings. are. quantified. by. scores. at. various. inter-
vals..These.scales.have.either.fixed.points. (FPS).or.are.continuous,.visual.analog.
scales.(VAS)..The. latter.are.usually.considered. to.be.more.reliable7.and. therefore.
have.been.used.more.frequently.in.recent.studies..Given.that.subjects.are.asked.to.
refer.to.their.sensations.at.the.moment.of.tasting,.these.scores.should.be.considered.
as.a.hedonic.value.more.than.palatability.per se..Indeed,.to.be.consistent.with.the.
proposed.distinction.between.palatability.and.hedonic.value,.palatability.should.be.
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assessed.either.without.any. tasting.procedure.or.at. the.moment.when.this.food.is.
usually. consumed.or.most. desired..Even.under. these. conditions,. tasting.different.
samples.in.the.same.session.or.only.one.sample.per.session.leads.to.different.results.8.
In.some.studies,.subjects.rate.lists.of.foods.considered.to.have.low.and.high.palat-
ability.9.However,.this.risks.confusing.preference.for.palatability.since.subjects.prob-
ably.modulate.their.rating.according.to.the.other.listed.foods..When.a.food.is.not.
familiar.to.the.individual,.or.when.a.familiar.food’s.sensory.properties.are.modified,.
palatability.and.hedonic.values.represent.a.more.homogeneous.dimension.

Two.tasting.procedures.are.commonly.used.in.studies:.“taste.and.swallow”.and.
“taste.and.spit”.(sometimes.called.“sip.and.spit”.or.MSF,.for.modified.sham.feed-
ing)..Both.may. induce.potential. biases.due. to. the.metabolic. feedback. in. the.first.
and.displeasure.associated.with.spitting.food.in.the.second..However,. the.spitting.
process.does.not.seem.to.invalidate.the.taste.and.spit.method,.which.is.increasingly.
used.to.investigate.the.relationships.between.OSF.and.palatability,.food.intake,.or.
cephalic.responses.

8.2.4   alTerIng palaTaBIlITy and hedonIc Value

Palatability.may.be.manipulated.by.varying.familiar.OSF.(generally.flavor,.but.also.
color.or.texture)..Preferably,.these.OSF.are.novel.and.prevent.subjects.from.referring.
to.past.experiences..Different.techniques.have.been.used..Palatability.can.be.reduced.
by.an.exogenous.flavor,. such.as.citric.acid,10. that. is.generally.considered.unpalat-
able..Other.flavors.such.as.cumin.may.increase.or.decrease.palatability.according.
to.the.experimental.food.11.Some.flavors.can.yield.decreased.or.increased.palatabil-
ity.according.to.their.concentration.in.food.12.For.instance,.monosodium.glutamate.
(MSG).increases.the.palatability.of.a.main.dish.(for.example,.spinach.mousse.and.
beef).when.added.at.concentrations.ranging.from.0.3.to.1.2%,.with.the.highest.pal-
atability. observed. at. 0.6%.13. At. various. other. concentrations,. MSG. increases. the.
palatability.of.a.soup14,15.and.chicken.broth,.independent.of.salt.levels.16.Various.con-
centrations.of.salt.have.also.been.used.to.enhance.the.palatability.in.sandwiches,17.
the.highest.palatability.being.for.2%,.lower.for.4%,.and.the.lowest.for.0%..Sweetness.
has.also.been.used.by.several.authors.as.a.sensory.tool.to.modulate.palatability,18–21.
although.sweetness has.the.disadvantage.of.being.widely.familiar.and,.consequently,.
highly.susceptible.to.learned.associations.

8.2.5   modulaTIon of palaTaBIlITy

�.�.�.�   effect of Metabolic state on palatability

The. fact. that. palatability. was. not. an. invariant. property. of. a. food,. but. built. on.
the.postabsorptive.consequences.of.this.food.is.an.important.conceptual.observa-
tion.22.Preference.can.be.considered.as.a.behavioral.efferent.axis.on.a.retroactive.
loop.with.OSF.as.an.afferent.axis.and.nutrient.utilization.as.a.referential.variable..
This. is. of. course. a. simplistic. model. and. must. be. projected. on. a. time. scale,. as.
the.implications.of..metabolic.state.may.differ.across.circadian.cycles..However,.
in.eating.behavior,.one.essential.criterion.is.the.ability.of.previously.eaten.food,.
signaled.by.OSF,.to.sustain.satiety.at.least.until.the.next.eating.opportunity..This.
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satiety.power.is.not.only.dependent.on.food.composition.(proportional.and.abso-
lute.content.of. the.various.nutrients.and.type.of.macronutrients,.other.nonnutri-
tive.associated.elements),.but.also.on.individual.metabolic.processes.(for.example,.
hormonal,.enzymatic,.or.cellular).that.use.these.substrates.over.time..In.animals,.
this.is.clearly.and.repeatedly.demonstrated.using.diabetic.rats,.where.the.relative.
or.complete.impairment.of.the.capacity.to.use.glucose.leads.to.a.marked.prefer-
ence.for.OSF.signaling.fat.23.In.humans,.few.studies.have.provided.evidence.for.
this.mechanism..However,.it.has.been.demonstrated.in.children.that.the.increased.
palatability.for.OSF.associated.with.a.novel.high-fat.food.is.only.observed.when.
the.food.is.consumed.in.a.hungry.state.during.conditioning.24,25.Some.studies.dem-
onstrate. the. importance. of. metabolic. state. in. preference. conditioning. for. novel.
OSF..First.reported.in.the.laboratory,26.it.has.recently.been.shown.in.free-living.
adults.that.a.learning.procedure.can.increase.palatability.for.a.flavor27,28.associated.
with.an.energy-containing.food.if.subjects.are.hungry,.but.not.when.they.are.sated..
This.suggests.that.the.basic.processes.that.allowed.humans.to.survive.in.various.
dietary.environments.during.history.are.still.operating.today..However,.the.current.
widespread.availability.of.modern.food.challenges.this.mechanism.and.seems.to.
frequently.override.its.accuracy.

�.�.�.�   effect of habits on palatability

When.individuals.are.accustomed.to.eating.foods.with.a.high.content.of.salt,.fat,.or.
sugar,.they.will.choose.such.foods.to.alleviate.their.hunger.sensations..However,.if.
constrained.to.eat.foods.with.less.salt,.fat,.or.sugar.for.a.period.of.time,.then.they.do.
not.show.decreased.preference.for.this.diet,.but.may.develop.a.preference.for.the.new.
orosensory.version.with.the.most.commonly.experienced.sensory.property.29–32.The.
importance.of.the.presence.or.absence.of.OSF.associated.with.fat.for.the.progres-
sive.shift.in.liking.of.fat.was.shown.in.a.study.where.low-fat.foods.were.substituted.
for.high-fat.versions..Without.the.OSF.usually.associated.with.fat,.a.reduction.in.fat.
palatability.was.seen,.whereas.maintaining.the.OSF.of.fat.with.products.imitating.
fat.did.not.alter.palatability.30.This.is.one.of.the.strongest.demonstrations.published.
of.the.detrimental.role.of.maintaining.fat.OSF.in.the.diet.if.a.reduction.of.dietary.fat.
intake.is.desired.

�.�   MechanIsMs of adaptatIon to orosensory factors

8.3.1   InnaTe preferences and InTrauTerIne exposure

The.pleasantness.of.sweet.taste.is.usually.considered.innate.since.facial.expressions.
following.oral.sweet.exposure.suggest.acceptance.within.hours.of.birth,.without.any.
prior.exposure.to.a.food.item.33.Differential.suckling.movement.patterns.in.newborns.
also.document. that. they.can.discriminate.between.stimuli.with.graded.sweetness.
and.selected.other. tastes.34.Different. intensities.of.sweetness. lead. to. the. ingestion.
of.different.amounts.of.stimuli.35.Recently,.comparisons.between.newborn.human.
infants.and.nonhuman.primates.have.shown.that.they.share.common.facial.patterns.36.
The.fact.that.sour.and.bitter.induce.facial.expressions.of.distaste.demonstrates.the.
existence.of.discriminative.affective.reaction.in.early.life.and.without.postprandial.
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feedback..The.term.innate.is.used.to.convey.that.this.preference,.which.is.a.hedonic.
value,.is.not.the.consequence.of.a.conditioning.process..However,.this.inference.is.
challenged.by.the.demonstration.that.the.gustatory.system.operates.as.early.as.the.
fourth.month.of.gestation,37.and.the.amnion.contains.selected.flavors.of.food.eaten.
by. the. mother.38,39. Furthermore,. prior. exposure. to. amniotic. taste. compounds. can.
alter.hedonic.responses.at.birth,.suggestive.of.intrauterine.learning..This.was.shown.
for.carrot.flavor.mediated.by.carrot.juice.consumed.4.days.a.week.during.the.last.tri-
mester.of.pregnancy,.resulting.in.enhanced.palatability.of.the.carrot.flavor.as.judged.
by.facial.responses,.perception.by.mothers,.and.intake.40.The.association.between.
amniotic.flavor.and.fetal.development.may.initiate.positive.feedback.for.low-inten-
sity.sweetness.that.contributes.to.acceptance.of.milk.as.food..Recent.data.obtained.
in.rats.show.how.amniotic.fluid.can.acquire.appetitive.properties.when.paired.with.
a.flavor.41.The.fact.that.anencephalic.and.normal.infants.display.similar.responses.
to. these. taste. cues.argues. the. importance.of. the.hindbrain.and,. in.particular,. the.
nucleus.of.the.solitary.tract,.and.the.existence.of.a.primitive.unconditioned.mecha-
nism.that.conditioning.may.modify.afterward.

8.3.2   sponTaneous dIeT selecTIon

One.notable.experiment.took.place.some.80.years.ago,.when.Clara.Davis.allowed.
three.weaned.children.to.self-select.their.diet.from.ages.6.to.12.months..They.were.
presented.a.wide.variety.of.food.items.prepared.to.be.eaten.easily.by.a.child.and,.in.
combination,.covered.all.nutritive.needs.42.Results.showed.that.the.children.devel-
oped.preferences,.but.acquired.a.personal.dietary.selection. that.always.contained.
a. variety. of. different. food. items. and. experienced. normal. growth.. No. deleterious.
consequences.were.reported.of.this.precocious.free-food.choice,.indicating.than.an.
adaptive.mechanism.was.operant,.even.in.the.absence.of.social.or.familial.transmis-
sion..The.observation.of.their.behavior.was.greatly.in.favor.of.the.pivotal.role.of.OSF.
in.this.acquisition..Children.tried.almost.all.food.items.during.the.first.weeks,.some-
times.spitting.them.out,.but.trying.again,.adopting.the.food.or.not,.and.finally,.choos-
ing.the.amount.eaten..When.conducted.on.15.children,.similar.results.were.reported.
some.years.later.43.As.stated.by.Clara.Davis,.“….there.was.not.the.faintest.sign.of.
‘instinct’.directed.choice”.and.“Patterns.of.selective.appetite,.then,.were.shown.to.
develop.on.the.basis.of.sensory.experience,. that.is,. taste,.smell,.and.doubtless.the.
feeling.of.comfort.and.well-being.that.followed.eating.…,”.according.to.a.trial-and-
error.method..Children. learned.how. to.cope.with. their.macro-.and.micronutrient.
needs.unconsciously.and.without.imitations.of.peers.or.adults,.basing.their.behavior.
on.OSF.associated.with.the.various.food.items..It.should.be.noted,.however,.that.no.
food.contained.any.poisonous.substance,.and.therefore,.this.could.not.be.extrapo-
lated.to.humans.living.in.natural.conditions.such.as.our.ancestors.

8.3.3   neophoBIa

On.first.exposure.to.the.OSF.of.a.novel.food,.the.quantity.eaten.will.range.from.
none. to.a. limited,. “cautious”.amount. (Figure.8.1)..This. is. called.neophobia.and.
is.defined.as.“the.hesitancy.to.eat.novel.food.”44.Although.teleological,.the.usual.
explanation.is.that.this.phenomenon.facilitates.avoidance.of.poisonous.substances..
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Decreased Palatability 

Appropriate Satiety, 
Sufficient Micronutrient...  

Increased Palatability 

Social Context 
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Rejected 

Rejected 

Second Exposure to Novel Food with No Choice
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Intake  
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fIgure �.�  A.theoretical.model.of.the.cascade.leading.to.accept.or.reject.a.novel.food.item.
and.determination.of.palatability.for.a.given.individual..Social.context.can.counteract.poten-
tial.negative.postingestive.consequences.if.eating.the.food.item.provides.some.advantages.in.
terms.of.social.reward..Aversion.is.mainly.caused.by.negative.digestive.consequences,.post-
absorptive.effects.altering.primarily.palatability..The.consequences.of.postingestive.events.
on.palatability.may.vary.according.to.the.choice.or.no.choice.conditions.when.the.food.item.
is.present.again.in.the.environment.
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However,.it.should.be.noted.that.most.poisonous.substances.can.be.lethal.at.lower.
doses. than. the. amount. eaten. by. the. neophobic. animal. or. human.. Therefore,. it.
may.be.appropriate.to.separate.the.neophobia.leading.to.the.rejection.of.a.novel.
food. from. the.neophobic. response. that. leads. to. sampling.only. a. small. quantity.
of.an.item..The.latter.behavior.is.a.cautious.approach.to.avoid.any.digestive.dis-
tress. and. allows. any. postabsorptive. consequences. of. the. food’s. intake. to. occur.
before.determining.the.safe.quantity.to.ingest..That.this.behavior.is.learned.after.
experience.rather.than.phylogenetically.programmed,.is.suggested.by.the.fact.that.
food. neophobia. is. weak. before. 2. years. of. age. and. fluctuates. throughout. child-
hood.with.increased.levels.between.ages.2.and.9.years,.followed.by.a.progressive.
decrease.45–48.Interestingly,.a.neophobic.tendency,.in.regard.to.OSF.associated.with.
novel.foods,.will.persist.in.a.certain.proportion.of.the.population.during.childhood.
and.adulthood.and.will.have.consequences.for.a.variety.of.foods.included.in.the.
diet.49.With.repeated.exposures.(familiarization),.the.acceptability.of.foods.will.be.
adjusted.and.variously.incorporated.in.the.diet..In.children,.it.has.been.shown.that.
the.acceptance.of.foods.increase.with.repeated.exposures,.requiring.greater.than.
10.trials.to.stabilize.50,51

With.age,.true.novel.OSF.become.rare.and.most.flavors.or.appearances.can.be.
related.to.familiar.food.items..Every.individual.develops.an.idiosyncratic.referential.
sensory.“panel”. to.which.a.novel.complex.OSF.will.be.compared. to.determine.a.
response.on.the.first.exposure..This.may.explain.the.common,.wide.interindividual.
variability.of.responses.to.novel.foods,.even.with.neophobic.modulation.by.social.
factors,.especially.in.children,52–54.and.reassuring.visual.cues.are.provided.

8.3.4   food aVersIon

Among. the. first. postingestive. consequences. experienced. after. consumption. of. a.
food.are.the.effects.on.the.digestive.tract..Any.OSF.associated.with.malaise.such.
as. nausea. or. vomiting,. after. food. ingestion. is. likely. to. elicit. a. negative. response.
upon.subsequent.reexposure..This.occurs.through.a.classical.conditioning.process55.
(OSF.being.the.conditioned.stimulus.and.illness.the.unconditioned.stimulus).known.
as. learned. food. aversion. (LFA)56. or,.more. specifically,. conditioned. taste. aversion.
(CTA).. In.population-based. studies,57,58. it. is.usually. reported. that. about.one-third.
of.individuals.have.experienced.a.LFA,.with.one-fourth.showing.a.current.aversion..
This.prevalence.is.more.frequent.in.women.than.men..Sometimes,.this.condition-
ing.is.independent.of.the.food,.as.in.chemotherapy.for.cancer.59.Here,.the.treatment,.
and.not.the.food.eaten.prior.to.its.administration,.is.the.conditioned.stimulus..The.
malaise.associated.with.cancer.treatment.has.often.served.as.an.experimental.model.
to.study.LFA,.although.it.is.not.fully.analogous.to.the.phenomenon.in.natural.living.
conditions..Not.only.novel.and.less.preferred.foods,.but.also.familiar.and.preferred.
items.can.be. targets.of.LFA.60.Moreover,. the. temporal.pattern. is.much. less. rigid.
than.in.the.classic.Pavlovian.model,.since.some.foods.consumed.more.than.24.hours.
prior.to.the.malaise.are.targeted.for.chemotherapy-related.LFA.60,61.When.not.totally.
rejected,.the.pleasure.component.of.a.food.is.the.primary.target.of.LFA.compared.
to.intake.62.Importantly,.an.aversion.is.not.observed.after.postabsorptive.deleterious.
effects,.except.if.they.have.digestive.consequences.
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�.�   soMe probleMs of perceptIon 
of orosensory factors

8.4.1    geneTIc VarIanTs In percepTIon of orosensory 
facTors and food choIces

After. Fox. discovered. taste. blindness. to. the. bitter. taste. of. phenylthiocarbamide.
(PTC),.family.studies.showed.that.the.ability.to.taste.bitter.thiourea.compounds.
such. as. PTC. and. 6-n-propylthiouracil. (PROP). is. a. Mendelian. recessive. trait..
Approximately.70%.of.the.Caucasian.population.is.sensitive.to.these.compounds.
(tasters).at.low.concentration,.and.30%.are.not.(nontasters)..Polymorphisms.in.a.
single.gene,.TAS2R38.account.for.most.of.the.variation.among.individuals..People.
who.are.heterozygous.have.lower.sensitivities.(tasters).compared.with.those.who.
are.homozygous.for.the.taster.form.of.the.receptor.(supertasters).63.In.some.stud-
ies,.the.perceived.saltiness.of.NaCl,64.the.burn.of.capsaicin,65.and.the.intensity.of.
ethyl.alcohol66.are.perceived.as.stronger.by.tasters.and.supertasters..These.groups.
also.reportedly.discriminate. fat.when.nontasters.cannot,67,68.although. this. is.not.
confirmed.in.all.studies.69

These.genetic.variations.could.influence.taste.perception.in.humans,70.and.some.
individuals.are.specifically.insensitive.to.MSG,71.while.some.appear.to.be.specifi-
cally.insensitive.to.sucrose.72

Relations.between.taster.status.and.preferences.for.foods.have.been.examined.in.
various.studies.73.In.adults.and.children,74.there.is.no.robust.relation.between.taster.
status.and.dietary.selection,.even.in.regard.to.intake.of.plant.foods.and.beverages.with.
bitter.taste..Discrepant.results.were.found.for.fat.intake..The.preference.for.fat.and.
intake.of.fat-containing.foods.are.guided.more.by.gender.and.are.product.specific.

8.4.2   percepTIon of faT

The.paradox.of.fat.has.long.been.that.people.seemed.to.like.its.taste,75.although.fat.
was.considered.not.to.have.taste.per se..Rather,.fat.is.commonly.believed.to.be.per-
ceived.only.via.texture.and.odor..When.varied.in.milk,.the.differences.between.fat.
versions.are.primarily.based.on.characteristics.such.as.viscosity,.since.descriptive.
terms.used.by.subjects.are.associated.with.this.sensory.dimension.(e.g.,.thin,.creamy,.
greasy)..Moreover,.removing.olfactory.cues.with.a.nose.clip.does.not.impair.the.dis-
crimination.of.subjects.to.detect.fatness.76.However,.when.viscosity.of.fat.is.changed,.
either.by.heat.or.different.pressures,77,78.discrimination.is.not.altered,.suggesting.that.
viscosity.is.only.one.of.the.oral.cues.contributing.to.fat.detection..Recently,.it.has.
been.shown.that.perception.of.free.fatty.acids.is.multimodal,.with.independent.con-
tributions.of.olfactory,.gustatory,.and.somatosensory.components.79.One.important.
point.when.considering.the.orosensory.properties.of.fat.is.their.interaction.with.the.
overall.flavor.intensity,.in.particular.aroma.80.Viscosity.may.not.be.the.principal.fac-
tor,.since.it.is.shown.not.to.exert.a.strong.influence.on.aroma.perception.81.Finally,.
direct.chemodetection.of.fat.has.been.supported.by.the.description.of.preference.for.
nutritive.oil.over.mineral.oil.in.animals.deprived.of.olfactory.or.texture.cues82.even.
after.suppressing.postingestive.feedback.83.A.categorization.of.fat.tasters.and.nonfat.
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tasters.has.been.proposed.based.on. the.ability. to.discriminate.between.oleic. and.
linoleic.acids.84.However,.this.remains.to.be.verified.

�.�   dIrect effect of orosensory factors on pre- and 
postabsorptIve events Involved In eatIng behavIor

8.5.1   roles and mechanIsms of cephalIc-phase reflexes

The.accuracy.of.a.biological.system.often.requires.feed-forward.mechanisms.that.
adjust.system.performance. in.anticipation.of. future. inputs..Pavlov85.demonstrated.
that. the.presence.of. food. in. the.oral.cavity. stimulated.neurally.mediated. reflexes.
named.“psychic.secretions”.that.enhance.nutrient.digestion,.absorption,.and.metabo-
lism..All.functions.concerned.with.nutrient.loads.and.energy.that.disturb.the.inter-
nal.milieu.are.activated.by.sensory.stimulation..In.humans,.the.rapid.activation.of.
physiological.processes.has.been.documented.in.multiple.sites:.salivary.glands,.gas-
trointestinal. tract,.pancreas.(enzyme.secretion.and.hormone.release),. thermogenic.
system,.cardiovascular.system,.and.renal.system.86.Cephalic-phase.responses.can.be.
triggered.by.all.OSF,.but.also.by.the.mere.thought.of.a.palatable.food.87.They.are.
neurally.mediated.physiologic.reflexes.to.sensory.stimulation..The.vagus.nerve.is.the.
“final.common.path”.for.many.cephalic-phase.responses,.and.its.outflow.is.possibly.
modulated.by.the.ascending.visceral.nervous.afferents,.by.gut.peptides,.neuropep-
tides,.and.systemic.signals..Signals.reflecting.metabolic.status.may.also. influence.
activity.of.forebrain.sites.and.thereafter.modulate.the.vagal.outflow..Perhaps.due.to.
their.small.amplitude.(as.compared.to.the.unconditioned.responses).and.to.myriad.
of. influences,. cephalic-phase. responses. are. occasionally. difficult. to. document. in.
human. subjects.. Nevertheless,. they. appear. as. a. critical. link. between. the. sensory.
qualities.of.food.and.nutritional.status..Three.aspects.of.cephalic.phases.are.of.par-
ticular.importance.in.eating.behavior:.salivary,.insulin,.and.fat.metabolism..How-
ever,.other.cephalic.responses.have.been.described.in.humans.for.hormones.involved.
in.eating.behavior,.such.as.glucagon88.or.ghrelin.89

8.5.2   cephalIc phase of salIVary response

Salivary. function.contributes. to.mechanical. (formation.of.a. food.bolus. facilitates.
swallowing),.enzymatic.(presence.of.enzymes.such.as.alpha-amylase.and.lipase.ini-
tiating.digestion),. and. sensory. (improved.perception.of.gustatory. stimuli). dimen-
sions.of.eating.behavior;.the.latter.dimensions.being.interrelated.90.It.is.a.common.
experience.that.salivation.is.sensitive.to.OSF.related.to.food,.even.to.its.thought,91.
and.the.activating.signals.have.been.explored.experimentally.92.Salivation.has.also.
been. used. to. evaluate. motivation. to. eat. in. ways. other. than. subjective. ratings. or.
amount.eaten,.but.this.method.is.still.questionable.92.It.was.also.proposed.as.an.indi-
cator.of.palatability,93.but.this.raises.interpretative.problems,.since.unpleasant.OSF.
can. also. produce. a. high. salivary. response.. The. cephalic-phase. salivary. response.
is,.however,.mainly.a.product.of.conditioning.94.Some.known.physical.and.chemi-
cal.characteristics.of.foods,.such.as.pungency,.are.more.predictive.than.palatabil-
ity.95. Although. contradictory. results. are. found,. an. increased. salivary. response. is.
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occasionally.reported.in.restrained.eaters96–100.and.in.a.hunger.state.101.This.suggests.
that.salivary.flow.is.sensitive.to.metabolic.state..However,.simple.repeated.stimula-
tion. with. the. same. OSF. reduces. salivation,. whereas. new. OSF. restore. its. flow,102.
raising.the.possibility.of.a.link.between.intrameal.motivation.to.eat.according.to.the.
sensory-specific.satiety.mechanism.(see.Section.8.6.3).

8.5.3   cephalIc phase of InsulIn

Cephalic-phase. insulin. release. (CPIR). has. been. well. documented. in. normal.
humans.103. It. is. vagally. mediated,104. but. a. noncholinergic. contribution. is. also.
involved.105.An.increase.in.insulin.secretion.occurs.within.2.minutes.after.oral.sen-
sory.stimulation,.peaks.at.4.minutes,.and.returns.to.baseline.8.to.10.minutes.after.
stimulation.103. This. increase. is. about. 25%. above. baseline. and,. despite. its. small.
magnitude,. reduces.postprandial.glucose. levels..Thus,. the.oral. sensory. exposure.
dampens.postprandial.concentrations.of.glucose.and.insulin,105,106.with.implications.
for.glucose.tolerance.and.diabetes.prevention..In.some.work,.a.greater.frequency.of.
CPIR.occurred.in.response.to.highly.palatable.foods.compared.with.less.palatable.
foods,107,108.but.other.studies.with.female.subjects.sham-fed.with.foods.differing.in.
palatability.levels.showed.identical.CPIR.109.Sweetness.was.hypothesized.to.yield.
a. specific.CPIR,.but. this.has.not. received.convincing. support.110,111.Recent.brain.
imaging.has.reported.no.early.insulin.response.and.no.hypothalamic.activity.after.
sweet.taste.without.glucose.ingestion.112

8.5.4   cephalIc phase of faT meTaBolIsm

The.detection.of.fat.via.its.OSF.was.clearly.shown.in.a.study.where.subjects.ingested.
a.capsule.of.50.g.of.safflower.oil.followed.by.chewing.and.spitting.full-fat,.simu-
lated-fat,.or.nonfat.versions.of.cream.cheese.on.crackers,.crackers.alone,.or.no.oral.
stimulation.113.The.postprandial.peak.concentration.of.plasma.triacylglycerol.(TAG).
and.the.duration.of.elevated.levels.(over.the.next.6.hours).were.significantly.higher.
when.the.oral.cavity.had.been.exposed.to.the.full-fat.version..In.further.research,.
unsaturated.fats.were.reported.to.be.the.most.effective.stimuli.to.elicit.this.phenom-
enon.114.Although.butter.was.effective,.saturated.fat,.carbohydrate.(potatoes),.and.fat.
replacers.were.not.115.It.was.also.determined116.that.odor.alone.elicits.a.similar.effect,.
but.to.a.much.lesser.extent.(only.at.the.fourth.hour)..Fructose.and.glucose.were.also.
found.to.enhance.this.effect,117.but.this.is.not.dependent.on.sweetness.or.palatability,.
since. these. factors. were. matched. between. conditions.. Importantly,. it. was. shown.
that.this.oral.stimulation.primarily.triggered.the.release.of.fatty.acids.stored.in.the.
intestine.and.not.from.the.absorption.of.fat.immediately.ingested.118.The.role.of.this.
cephalic.phase.response.in.satiety.will.have.to.be.explored.in.coming.years.

�.�   role of orosensory factors In the 
dIfferent phases of eatIng behavIor

The.role.of.OSF.in.eating.behavior.was.particularly.well.argued.in.a.classic.series.of.
human.studies.conducted.almost.40.years.ago.119.A.pump.delivered.food.either.in.the.
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mouth.or.in.the.stomach.while.individuals.were.also.allowed.to.drink.a.liquid.meal..
Energy.balance.was.less.accurate.with.gastric.loading.than.when.OSF.were.present..
These.studies.demonstrated.that.without.the.temporal.sequence.of.OSF.followed.by.
gastric.stimulation,. the.response.to. the.energy.content.of.food.was.compromised..
The. importance. of. OSF. in. meal-induced. subjective. satiety. was. confirmed. some.
years.later.120,121

In.recent.years,.a.common.view.seems.to.have.finally.emerged.for.heuristically.
decomposing.eating.behavior.into.at.least.three.different.states,.“hunger”.(the.physio-
logical.signal.prompting.the.brain.to.initiate.food.seeking),.“satiation”.(the.processes.
leading.to.the.interruption.of.an.eating.occasion),.and.“satiety”.(the.nonhunger.state.
between.two.meals),.since.they.seem.to.be.driven.by.different.mechanisms.

8.6.1   role of orosensory facTors In hunger

Among.the.proposed.mechanisms.for.hunger,.a.triggering.role.of.glucose.has.received.
a. large.amount.of. support.due. to. the.observation.of.a. small.and. transient.prepran-
dial.decline.of.blood.glucose.in.animals122.and.humans,123.even.while.following.their.
usual.meal.pattern.124.All.eating.occasions.may.not.be.the.consequence.of.hunger..The.
simple.availability.of.palatable.foods,.appropriate.to.the.time.of.day.can.trigger.intake.
even.if. individuals.are.sated.124.As.recently.proposed,125.palatability.might.be.more.
specifically. linked. to. the. rewarding.property.of.a. food,.a.dimension.exceeding. the.
simple.adequacy.of.its.energy.content.to.relieve.hunger..There.are.two.brain.circuits.
that. are.distinct. and.possible. to. separate. experimentally,. even. in.human..However,.
via.their.roles.on.cephalic.phase.response,.in.particular.CPIR,.OSF.may.contribute.to.
enhance.glucopenia-induced.hunger.when.food.is.seen,.smelled,.and.tasted.

8.6.2   role of orosensory facTors In saTIaTIon

�.�.�.�   palatability and conditioned satiation

David.Booth126.demonstrated.in.humans.that.satiation.is.conditioned.to.the.orosen-
sory.properties.of.foods,.modifying.the.Pavlovian.scheme.in.attributing.to.food.cues.
the.status.of.a.conditioned.stimulus..Having.to.supply.immediate.energy.and.a.part.
of.the.energy.for.the.passive.period.of.the.circadian.cycle,127–129.this.behavior.should.
be.considered.as.partly.homeostatic.(motivated.by.need-state).and.partly.allostatic.
(anticipation.of.need-state).130

Relationships. between. palatability. and. satiation. are. more. complex. than. usu-
ally.described..It.is.often.said.that.they.are.linked.by.an.inverse.correlation:.greater.
palatability. is. correlated.with. lower. satiation..However,. the. relationship. is. not. so.
strong.and.has.to.be.analyzed.in.view.of.the.metabolic.state.of.the.consumer,.the.
place.of.the.energy-manipulated.food.in.the.meal,.the.sensory.properties.of.the.test.
food,.and.prior.exposure.effects.131.Conditioned.satiation.based.on.the.OSF.of.foods.
has. been. demonstrated. experimentally. under. laboratory. conditions,. but. its. accu-
racy.is.reduced.when.subjects.are.in.free-living.conditions.132,133.Effectiveness.was.
clearly.demonstrated.with.three.palatable.versions.of.bread.(according.to.preferred.
concentration.of.salt). incorporated.in.sandwich-based.lunch.meals.17.Interestingly,.
lunch.intake.was.lower.with.the.less.palatable.version.on.the.first.exposure,.but.with.
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repeated.exposures,.intakes.became.similar.between.conditions,.due.to.an.increased.
acceptance.of.the.less.palatable.version..Thus,.the.relationship.between.palatability.
and.intake.is.flexible.and.needs.to.be.considered.with.caution.

A.recent.study.showed. the.complexity.of. interpreting. the. interaction.between.
energy.content.and.OSF.in.conditioned.satiety.21.When.two.versions.of.a.meal.simi-
larly.palatable,.but.differing.in.energy.density.(high.[HED].and.low.[LED]).and.OSF.
(blueberry.versus.cinnamon,.pink.versus.neutral).were.provided.to.subjects,.they.ate.
a.similar.amount.on.the.first.exposure..An.increase.in.pleasantness.for.the.HED.ver-
sion.was.observed.on.the.next.exposure..After.two.training.days.with.a.fixed.300-g.
amount,.an.increase.in.intake.and.in.pleasantness.was.noted.for.the.LED.compared.
to.the.HED.version.

�.�.�.�   effect of Modulation of palatability on satiation

Many.studies.assess.how.various.levels.of.palatability. influence.intake.of.a.given.
food.in.a.one-time.exposure..With.very.different.methods.used.to.alter.palatability.
(see.Table.8.1),.results.generally.show.that,.on.an.individual.basis,.higher.palatability.
leads.to.increased.intake..Some.studies.report.an.impaired.response.to.changes.in.
the.energy.content.of.foods.when.palatability.increases..Thus,.30.minutes.after.dis-
guised.low-.or.high-energy.preloads.(carbohydrate.or.fat),.intake.at.a.test.meal.was.
modified.accordingly.only.when.bland,.but.not.when.palatable.134.To.better.under-
stand.the.complexity.of.the.role.of.palatability.in.eating.behavior,.efforts.should.be.
made.to.(1).improve.its.definition.and.use.subclassifications.of.some.dimensions.that.
do.not.overlap. (a.first.one.being. the.distinction.between.palatability. and.hedonic.
value),.(2).propose.a.typology.of.change.in.relation.to.each.experimental.situation,.
and.(3).match.procedures.across.laboratories.to.provide.consistent.results.

Olfactory.and.visual.factors.have.been.overlooked.when.investigating.the.role.
of.OSF.in.satiation..The.odor.and.appearance.(color).of.a.test.food.(e.g.,.custard).are.
more.predictive.of.the.amount.eaten.than.the.oral.flavor.and.texture per se.when.the.
food.is.familiar,.but.the.textural.visual.cue.is.the.major.determinant.when.it.is.not.
familiar.135.However,.all. these.dimensions.become.rapidly. interrelated,.since.with.
repetition,. odors. paired. with. a. taste. compound. acquire. its. sensory. characteristic.
such.as.sweetness.136.The.hedonic.value.for.the.odor.consistently.follows.this.evolu-
tion.with.respect.to.pleasantness.or.unpleasantness.137.Therefore,.it.may.be.important.
in.the.future.to.evaluate.whether.studies.in.laboratories.(where.olfactory.factors.are.
often.reduced.before.meals.to.limit.their.effect.on.the.main.studied.variable).are.rel-
evant.to.naturalistic.situations,.where.food.odors.strongly.influence.the.environment.
of.individuals..The.importance.of.previous.experience.and.memories.in.the.rating.of.
odor138.may.provide.new.intervention.approaches.for.dietary.improvement.

8.6.3   orosensory facTors and sensory-specIfIc saTIeTy

�.�.�.�   characteristics of sensory-specific satiety

Rolls. et. al.139. established.a.procedure. in.which.various. food. samples.with.differ-
ent. sensory. characteristics. are. tasted. and. the. pleasantness. perceived. is. rated. on.
hedonic.scales..After.that,.one.of.the.foods.is.eaten.either.ad libitum or.in.a.fixed,.but.
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table �.�
effect of Modifying palatability on food Intake

subjects Method Intake

Price.&.Grinker,.
1974

20.(14F/6M) 5.different.crackers.leading.to.
various.P.across.individuals

Increased.as.a.function.of.P

Bellisle.&.Le.
Magnen,.1981

10.(7F/3M) 5.different.sandwiches.leading.
to.various.P.across.individuals

Correlation.between.P.and.
intake.in.5.out.of.10.subjects

Bellisle.et.al.,.1984 10.(5F/5M) P+:.preferred.sandwiches;.P-:.
least.preferred.sandwiches

Increased.in.P+

Hill.et.al..1984 12.F P+:.preferred.sandwiches.and.
biscuits.meals

NR

Bobroff.&.Kissileff,.
1986

16.(8F/8M) Yogurt..P-:.cumin 100.g.more.for.each.2.point.
difference.in.P

Bellisle.et.al.,.1989 36.(18F/18M) Spinach.mousse.and.jelly.beef..
P++:.0.6%.and.P+:.1.2%.
monosodium.glutamate.

Increased.in.P+.only.

Spiegel.et.al.,.1989 9.F Sandwiches.cut.in.SFU.of.5.g..
Different.flavors.leading.to.a.
P+.and.a.P–.across.individuals

Increased.in.P+

Monneuse.et.al.,.
1991

21.(10F/11M) P+:.various.preference.among.
5.concentrations.of.aspartame.
in.a.yogurt.

Increased.in.10./.21.subjects.
for.the.P+.(correlation.ns.for.
the.group)

Perez.et.al.,.1994 32.(17F/15M) P+:.various.preferences.among.
5.concentrations.(0,.5,.10,.20.
and.40g/100.g).of.sucrose.in.a.
yogurt.

Low.correlation.between.P.
and.intake

Guy-Grand.et.al.,.
1994

7.F Conventional,.semiliquid.and.
sandwich.meals.P+.or.P–.
according.to.subject.
preferences

Increased.in.conventional.P+,.
but.not.semiliquid.or.
sandwiches

Yeomans,.1996 54.(27F/27M) Pasta.and.tomato..P+:..0.27%.
oregano,.P–:.0.54%.oregano

Increased.in.P+,.decreased.in.P–

Yeomans.et.al.,.
1997

16.M Pasta.and.tomato..P+:.0.27%.
oregano.

Increased.in.P+

De.Graaf.et.al.,.
1999

35.(26F/9M) Tomato.soup..P–:.7.5mg/g,.P–:.
15mg/g..citric.acid

Decreased.in.P–.(65%).and.
P–.(40%)

Yeomans.&.Symes,.
1999

50.M Macaroni.cheese.flavored.by.
mustard.or.cheese.leading.to.
P+.and.P–.across.individuals

Increased.in.P+

Zandstra.et.al.,.
2000

35.(25F/10M) Bread..Different.NaCl.
concentrations.(0,.2.and.4%).
leading.to.3.levels.of.P.across.
individuals

Increased.as.a.function.of.P

Yeomans.et.al.,.
2005

16.M Porridge:.High.(H).and.low.(L).
energy.density.(ED),.P+.and.
P–.by.sweetness

Increased.intake.in.the.HED.
condition.when.P+.compared.
to.P–

Note:. M:.males;.F:.females;.P+:.higher.palatability;.P–:.lower.palatability;.NR:.not.recorded;.SFU:.
solid.food.units
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substantial.amount..As.soon.as.2.minutes.after.the.end.of.consumption,.it.is.observed.
that.pleasantness.(hedonic.value).for.the.eaten.food.declines,.whereas.no.change.is.
reported.for.other.food.items.tasted.and.not.eaten..It.is.worth.noting.that.pleasantness.
for.texture140–142.and.odor141,143.of.the.eaten.food.also.decrease..Desire.to.eat.is.usu-
ally.consistent.and.exhibits.a.significant.decline..This.decline.is.generalized.to.foods.
sharing.some.orosensory.characteristics.with.the.eaten.food.143.The.perceived.inten-
sity.of.the.taste.of.the.eaten.food.is.generally.not,.or.only.weakly.decreased,.arguing.
for.a.change.in.affective.more.than.objective.facets.of.taste.144.This.was.interpreted.
as.a.demonstration.that.the.decreased.hedonic.value.of.a.food.is.the.driving.force.
of.satiation..OSF.are.essential.contributors.to.this.mechanism.via.their.progressive.
decreasing.power.to.stimulate.eating..This.phenomenon.was.called.sensory-specific.
satiety.(SSS).139.According.to.the.terminology.adopted.in.this.chapter,.satiety.may.
seem.inappropriate,.and.satiation,.the.term.for.the.mechanisms.interrupting.eating,.
more.appropriate..This.hedonic.decline.persists.for.20.to.60.minutes140.and,.in.some.
studies,.as.long.as.120.minutes,145.perhaps.contributing.to.satiety.

The.sensory.origin.of. this.phenomenon.was.highly.suggested.by. the.fact. that.
SSS.was.often. at. its.maximum.2.minutes. after. the. end.of. consumption. (prior. to.
postingestive. feedback).139.Chewing.without. swallowing. food.over.a. time. interval.
comparable.to.a.meal.(tantamount.to.a.sham.feeding).also.induces.SSS.and.elimi-
nates.a.causal. role.of.postingestive.nutritive.factors.146.However,.SSS.was.smaller.
when.food.was.chewed.and.spit.out.versus.chewed.and.swallowed.147.Smelling.food.
for.the.duration.it.would.have.been.in.the.mouth.while.eating.also.produced.SSS.146

The.magnitude.of.the.SSS.does.not.reach.its.peak.at.2.minutes.for.all.foods;.in.
particular.those.with.more.complex.or.high-fat.contents.may.not.reach.a.maximum.
for.up.to.20.minutes.142.This.suggests.that.the.hedonic.decline.may.also.have.posting-
estive.and.postabsorptive.determinants.

If.a.greater.intake.(of.mass.or.energy).increases.the.magnitude.of.this.hedonic.
decline,148,149.it.is.usually.reported.that.macronutrient.composition.and.energy.den-
sity. of. the. food. do. not. contribute. significantly. to. SSS.145,150. Some. authors. have.
reported.that.OSF.associated.with.proteins.accentuate.SSS.148,151,152.The.confounding.
of.macronutrient.composition.and.OSF.makes.the.distinction.between.them.difficult..
However,.it.has.never.been.clearly.shown.that.this.hedonic.drop.was.causal.in.the.
interruption.of.intake..No.study.has.shown.simultaneity.between.a.change.in.pleas-
antness.and.the.cessation.of.eating.

�.�.�.�   variety and Intake

SSS.could.contribute.to.the.way.OSF.enhance.intake..The.fact.that.OSF.have.the.
power.to.stimulate.intake.when.they.differ.from.the.ones.associated.with.the.eaten.
food. raises. the. possibility. that. the. variety. of. OSF. may. promote. overeating.. This.
had.been.clearly.shown.in.humans.with.energy.intake.increased.by.as.much.as.60%.
when. the. meal. consisted. of. foods. with. varying. OSF.153. Variety. in. the. fillings. of.
sandwiches.(3.versus.1).consistently.induced.an.increase.in.intake.of.14.to.18%.154,155.
This.intake-enhancing.effect.of.OSF.variety.has.been.repeatedly.reported153,155–162.
and.can.be.considered.robust..This.effect.is.so.strong.that.the.simple.tasting.of.foods.
with.OSF.different.from.those.consumed,.can.increase.intake.and.slow.the.hedonic.
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reduction.of.the.eaten.food.163,164.Related.to.this.phenomenon,.is.the.concept.of.prim-
ing..Subjects.briefly.tasting.a.food.of.high.palatability,.consumed.it.in.larger.amount.
than.without.priming.(tasting).165.This.mechanism.warrants.further.study.

If.OSF.are.augmented.to.increase.food.variety.and.therefore.promote.nutrient.
adequacy.in.populations.at.risk,166.they.may.also.contribute.to.overconsumption..In.
one.study,167.three.nutritionally.similar.diets.with.low,.medium,.or.high.variety.(5,.
10,. and.15. items.per.day,. respectively).provided.during.7.days. showed. that.daily.
intake.was.positively. associated.with.variety. and. induced. significant.weight.gain.
(about.430.g)..However,. this.effect. seems. to. require.a.high. level.of.variety,. since.
it.was.not. significant.after.8.days.of.meals.composed.either.of.one.or. three. food.
items.168.Therefore,.variety.in.the.diet.should.not.be.promoted.without.caution..Rec-
ommendations.to.increase.variety.should.focus.on.healthy.foods.169

8.6.4   role of orosensory facTors In The mIcrosTrucTure of The meal

Meals.may.be.deconstructed.into.several.subcomponents.to.observe.the.effect.of.
various.environmental.factors,.such.as.OSF,.on.each.of.them..Components.recorded.
vary.across.studies.(for.example,.chewing.time,.chewing.movement,.chewing.or.
eating. rate,. number.of. swallows,. bite. rate,. bite. size,. bite. number,. bite. duration,.
pause.number,.pause.duration,. intake.during.2-minute.bouts,.meal.duration.and.
meal.size)..Studies.conducted.on.this.topic.have.consistently.shown.that.palatabil-
ity.exerts.a.significant.influence.on.the.pattern.of.intake.during.a.meal.and,.more.
specifically,.at.the.beginning.of.the.meal.in.enhancing.eating.rate.11,12,157,158,170–173.
This.is.usually.considered.a.positive-feedback.reward.mechanism.and.is.consistent.
with. the. role. of. OSF. in. enhancing. motivation. to. eat.174. However,. alterations. in.
the.microstructure.of.the.meal.do.not.always.induce.consistent.changes.in.energy.
intake..For.example,.palatability.of.a.conventional.meal.increases.intake,.but.not.
the.microstructure.of.the.meal,.whereas.the.reverse.is.observed.for.semiliquid.or.
sandwich.meals.175

8.6.5   role of orosensory facTors In saTIeTy

There.is.a.body.of.evidence.that.satiety.is.a.state.with.strong.postabsorptive.deter-
minants.and.in.particular.the.immediate.glucose.availability.for.cells..Any.change.
that.precipitates.or.delays. this.glucose.shortage.consistently.alters. the.duration.of.
satiety.176–178

�.�.�.�   Methodological considerations

A. role. of. OSF. in. satiety. would. mean. that. OSF. may. interact. with. postabsorptive.
events. to. modify. satiety. produced. by. a. food. or. a. meal.. However,. satiety. is. com-
prised.of.three.main.dimensions.that.we.will.term:.intensity,.duration,.and.next-meal.
satiation..For.assessing.intensity,.scales.are.completed.by.subjects.at.regular.intervals.
during.the.postprandial.period..Hunger,.appetite,.desire.to.eat,.gastric.fullness,.and.
prospective.consumption.ratings.are.recorded.on.VAS..However,.the.interpretation.
of.possible.differences.between. scores. in. terms.of. actual. eating.behavior. is.quite.
speculative..As.noted.above,.the.simple.availability.of.highly.palatable.food.during.

47833.indb   148 1/18/08   1:44:39 PM



The	Role	of	Orosensory	Factors	in	Eating	Behavior	as	Observed	in	Humans	 ���

a.period.with.customarily.low.hunger.state.can.induce.intake.124.It.would.be.neces-
sary.to.show.that,.for.two.different.subjective.satiety.states,.the.power.of.palatable.
food.to.trigger.intake.(stimulate.“wanting”).varies,.and.different.palatable.versions.
of.a.food.lead.to.different.eating.initiation.thresholds..Such.studies.are.still.missing,.
although.some.authors.introduce.a.scale.assessing.“appetite.for.a.snack”17.that.may.
help.to.answer.this.question..In.the.latter.study,.the.low-palatability.version.of.a.meal.
actually.induced.a.higher.mean.appetite.for.a.snack.over.the.next.90.minutes.than.the.
two.more.palatable.meals..However,.it.is.important.to.note.that.mean.energy.intake.
at.this.meal.was.lower.than.usual,.this.being.a.confounding.factor.

The. second. dimension. of. satiety. is. duration.. An. influence. of. OSF. would. be.
exemplified. by. earlier. or. later. hunger. and. eating. following. varying. orosensory.
stimulations..To.date,. this.procedure.has.been.sparsely.used.and.mainly. to.deter-
mine.the.satiety.power.of.various.energy.or.macronutrient.compositions.of.foods.or.
meals176–182.but.not.for.OSF..The.fine.sensitivity.of.this.variable.and.its.physiological.
relevance.should.encourage.the.use.of.this.procedure.

The.third.dimension.incorporates.both.satiation.and.satiety,.since.the.measured.
variable.is.the.amount.eaten.(in.mass.and.energy).at.a.test.meal.consumed.at.a.fixed.
delay.after.the.preload..Intake.being.the.consequence.of.a.satiation.process,.this.vari-
able.is.an.assessment.of.how.satiety.(metabolic.state).induced.by.the.previous.meal.
interacts.with.satiation..This.design.is.used.by.most.authors.in.this.research.area.

�.�.�.�   effect of palatability on satiety

In.a.study.where.a.number.of.preload.attributes.(energy.and.macronutrient.content,.
weight,.volume,.texture,.and.taste).varied.and.subsequent.satiety.was.tracked,.OSF.
had.some. influence,.but.was. lower. than.energy.content.183.However,. in. this. study.
palatability.was.not.assessed.

A.palatability-induced.decrease.in.satiety.has.been.reported.by.Hill.et.al.9.120.
minutes.after.the.consumption.of.a.preferred.sandwich.and.biscuit.meal.compared.to.
a.less.preferred.version,.but.intake.was.not.measured..Two.studies19,184.(using.aspar-
tame. and. sugar,. respectively,. to. modify. palatability). resulted. in. increased. intake.
after.the.preferred.version.of.a.yogurt..Since.the.yogurts.were.consumed ad lib.and.
therefore.represented.different.preloads.between.conditions,.it.is.not.possible.to.infer.
any.specific.effect.of.palatability.on.satiety..This.distinction.between.satiation.and.
satiety.was.made.by.other.researchers10.using.tomato.soup.with.two.concentrations.
of.citric.acid.to.reduce.palatability..They.did.not.find.an.effect.of.reduced.palatability.
on.subsequent.subjective.satiety.or.intake.at.the.following.meal.(19.or.90.minutes.
later)..But.again,.these.results.revealed.that.the.reduced.palatability.of.a.food,.such.
as.a.soup.cannot.be.extrapolated.to.the.putative.intake-stimulating.effect.of.highly.
palatable.foods.

Even.when.palatability.stimulates.hunger,.it.generally.does.not.influence.gastric.
fullness.to.a.similar.magnitude,12,21,134,173.although.it.has.been.reported.20

One.possible.explanation.for.these.discrepant.results.may.be.the.appropriateness.
of.the.test.food..If.liquid.or.semiliquid.meals.are.used.to.equate.consumption.across.
conditions.and.subjects,.their.lack.of.ecological.validity.may.introduce.a.confound-
ing.factor.
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�.�.�.�   effect of sweet taste on satiety

The.putative.effect.of.sweet.taste.on.satiety.was.extensively.studied.when.artificial.
sweetener. use. expanded.. Sweetening. often. enhances. the. palatability. of. a. food,.
and.therefore.it.is.difficult.to.distinguish.between.sweet.taste.and.palatability..For.
example,.hunger.was.reduced.120.minutes.after.aspartame-sweetened.and.more.
palatable.breakfasts.were.consumed.compared.to.unsweetened.and.less.palatable.
versions.18.The.difference.occurred.immediately.after.the.most.palatable.version.
of.the.breakfast.was.consumed.and.lasted.at.least.5.hours.20

In.most.published.studies,.no.decreased.satiety.(intensity.and.satiation.at.next.
meal(s)).is.reported.after.a.sweetened.versus.unsweetened.preload.(reviewed.by.
Sorensen.et.al.185)..When.the.daily.energy.balance.is.considered,.the.substitution.
of.aspartame.for.sucrose-sweetened.beverages.seems.to.disassociate.the.energy.
content. sugar.186,187.A.delayed. enhanced. intake. effect. has. been. reported. in. one.
study.188.but.not.in.another.189.This.strategy.to.maintain.sweet.taste.without.the.
usual.associated.energy.appears.beneficial.in.populations.most.concerned.by.arti-
ficially.sweetened.beverages.190.When.sugar.is.used,.the.problem.is.discriminat-
ing.sensory.and.postingestive.factors.due.to.the.presence.of.carbohydrate.in.the.
digestive.tract.and.the.influence.of.chemoperception..A.recent.study.has.attempted.
to.solve.this.using.a.sip.and.spit.procedure191.and.incremental.sucrose.concentra-
tion.(0,.2.5,.5,.10,.and.20%)..No.alteration.of.taste.sensitivity.was.noted..Group.
mean.intake.increased.with.sucrose.concentration.up.to.the.10%.concentration..
However,.palatability.followed.the.same.pattern,.so.it.is.not.possible.to.determine.
if.sweet.taste or.palatability.was.responsible.for.this.effect..Moreover,.on.an.indi-
vidual.basis,.responses.varied.widely,.which.questions.a.robust.role.for.sweetness.
on.intake..To.separate.palatability.from.sweetness.intensity,.future.studies.should.
focus. on. novel. foods. and. select. subjects. who. similarly. like. them. with. several.
intensities.of.sweetness..Although.quite.difficult.to.accomplish,.this.would.shed.
important. insight. on. the. relation. between. sweetness. and. food. intake.. In. addi-
tion,.the.development.of.conditioned.satiation.may.strongly.modulate.short-term.
results..Biological.correlates.are.greatly.needed..In.a.study.where.blood.glucose.
and.spontaneous.meal.initiation.were.closely.monitored,.a.lower.suppression.of.
hunger. and. a. smaller. change. in. postprandial. glucose. were. found. when. sweet.
intensity.was.rated.higher.179

�.�.�.�   effect of oral fat sensation on satiety

There. is. increasing.evidence. that. the.orosensory.stimulation.by.fat. influences.not.
only.utilization.of.fat113.but.also.satiety.192.In.the.latter.study,.chewing.and.spitting.a.
high-fat.lunch.induced.a.modification.in.blood.glucose.and.insulin.consistent.with.a.
cephalic-phase.response.and.also.increased.subjective.satiety.as.rated.on.a.VAS.dur-
ing.the.following.90.minutes,.compared.to.a.water.stimulus.condition.

A. distinction. of. individuals. into. two. fat-intake. subtypes. of. the. population.
was.proposed:.usual.high-fat.eaters.(HFE).(about.47%.of.daily.energy).did.not.
distinguish. high-fat. test. foods. from. their. low-fat. versions. and. ate. a. relatively.
constant.amount.of.food,.whereas.usual.low-fat.eaters.(LFE,.about.20%.of.daily.
energy).did.detect.the.difference.in.fat.versions.and.adapted.energy.intake.to.the.
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change.in.energy.content.and.density.of.foods.193.Although.based.on.a.small.sam-
ple.of.subjects.(eight.in.each.phenotype).and.the.inability.to.determine.whether.
the.phenotype.precedes.or. follows.consumption.of. the.high-fat. diet,. this. is. an.
interesting.proposal.

Further.study.is.also.needed.on.whether.different.OSF-induced.TAG.elevations.
in.blood.have.consequences.in.terms.of.satiety..Adding.butter.to.a.lunch.increased.
duration.of.satiety.and.delayed.the.onset.of.the.next.meal.178.The.effect.was.linked.
to.increased.disposal.of.fatty.acids.for.oxidation.and.a.sparing.effect.on.glucose..An.
increased.presence.of.TAG.due.to.oral.stimulation.by.fatty.OSF.could,. in. theory,.
mimic.this.effect.and.contribute.to.enhanced.satiety..However,.adding.fat.to.a.meal.
usually.leads.to.a.reduction.in.insulin.secretion..Alternatively,.some.authors147,192,194.
have. reported. significant. increases. in. insulin. induced.by.OSF. (via. chew.and. spit.
methods).although.others.have.not.114,195.If.insulin.secretion.is.actually.stimulated.by.
fat.OSF,.this.may.favor.fat.storage,.reduce.satiety,.and.progressively.lead.to.weight.
gain..This.is.an.important.area.of.research.for.the.near.future.

�.�   conclusIons

One.of. the.most. debated.dimensions.of.OSF. is. palatability..Some.authors. have.
denied.any.involvement.of.palatability.in.the.metabolic.control.of.food.intake,130.
attributing. this. role. to. nonhomeostatic. intake..This.may.be.questioned,. since. it.
is. clearly. established. that. modulation. of. palatability. according. to. postingestive.
effects.is.a.pivotal.step.in.the.adaptive.properties.of.eating.behavior.196.A.global.
perspective.of.its.involvement.in.the.integrative.mechanism.of.the.central.nervous.
system. is. proposed. in. Figure.8.2.. It. must. be. remembered. that,. prior. to. obtain-
ing. palatability. judgments,. the. development. of. a. retroactive. loop,. based. on. the.
adequacy.of.the.food.signaled.by.OSF.to.the.body.needs,.is.necessary..The.reward.
process.requires.some.reinforcement,.and.the.satisfaction.of.body.needs,. to. this.
day,.provides.the.strongest.experimental.support..If.palatability.leads.to.the.con-
sumption. of. a. food. only. for. its. reward. effect,. resulting. in. positive. energy. bal-
ance,.this.should.not.preclude.a.homeostatic.role.for.palatability..It.is.important.to.
remember.that,.in.the.Bertino.et.al..study,197.the.palatability.of.a.regularly.tasted.
soup. increased. as. the. time. of. the. next. meal. approached. and. hunger. increased..
This. change. was. inhibited. by. an. opioid. antagonist.. Furthermore,. when. hunger.
was.triggered.by.2-deoxy-d-glucose.in.humans,.antagonizing.opioids.reduced.food.
intake.198.This.provides.some.support.for.a.contribution.of.palatability.to.the.physi-
ological.control.of.eating.behavior.

Thus,.based.on.the.various.data.presented.in.this.chapter,.palatability.seems.to.
have.several.different.consequences.for.eating.behavior:

Helps.the.selection.of.foods.of.those.items.more.adapted.to.body.needs.
Stimulates.intake.at.the.beginning.of.the.eating.occasion.in.order.to.increase.
the.amount.consumed.of.a.food.item.
Enhances.the.feeling.of.satisfaction.of.eating.
Improves.the.accuracy.of.the.association.between.the.energy.content.of.a.
food.item.and.its.OSF.

•
•

•
•
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Elevates. the. threshold. of. satiety. under. which. a. food. item. can. trigger.
intake.
Maintains.intake.of.a.food.item.even.when.the.metabolic.state.may.tend.to.
reduce.its.consumption.

These.various. functions.may. seem. redundant,. but. complete.understanding.of.
their.mechanisms.may.benefit.from.this.subdivision.
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�.�   IntroductIon

9.1.1   scope

Animal.research.in.recent.years.has.produced.many.advances.in.understanding.of.
the.operation.of.gastrointestinal.(GI).controls.of.eating.and.their.interactions.with.
other.mechanisms..The.most.progress.has.been.made.in.hormonal.controls.in.labora-
tory.mouse.and.rat.models..This.chapter.briefly.reviews.this.literature..We.emphasize.
the.normal.physiological.operation.of.the.controls.because.we.believe.this.informa-
tion.is.the.most.relevant.aspect.of.animal.models.for.the.development.of.selective,.
therapeutically.useful.controls.of.disordered.human.eating.1.Further.information.on.
this.very.active.research.area. is.available. in.several.recent.detailed.reviews.of.GI.
controls.of.eating.2–7

In. animals,. one. is. limited. to. the. study. of. behavior,. although. subjective. pro-
cesses,.such.as.food.hedonics,.can.be.modeled.with.appropriate.behavioral.tests..The.
elemental.movements.of.eating.—.licking,.chewing,.swallowing,.and.so.forth.—.are.
functionally. organized. by. the. brain. into. the. molar. functional. unit. of. eating,. the.
meal..Thus,.it.seems.to.make.neurological.and.psychological.sense.to.analyze.eating.
in.terms.of.the.controls.of.meal.initiation.(usually.called.hunger),.maintenance.of.
eating.during.the.meal.(one.aspect.of.food.reward),.meal.termination.(satiation),.and.
inhibition.of.eating.following.meals.(postprandial.satiety)..The.best.investigated.of.
these.is.the.control.of.satiation.

Information.related.to.many.GI.functions.is.relayed.to.the.brain.and.affects.eat-
ing..The.principal.means.of.communication.between.gut.and.brain.are.hormonal.
(gastrointestinal. and.pancreatic.peptides.whose. release. is. affected.by.eating).and.
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neural.(vagal.and.spinal.visceral.affer-
ent. neural. signals. originating. in. the.
gut).. Table.9.1. lists. gut. peptides. that.
presently. appear. to. have. signal. func-
tions. controlling. eating,. and. Table.9.2.
lists. potential. neural. controls. arising.
from. the. stimulation. of. gut. receptors..
Because.it.is.beyond.our.scope.to.review.
each.of.these.in.detail,.we.focus.on.a.few.
examples. that. illustrate. the. key. issues.
involved. in. establishing. GI. signals. as.
normal. physiological. controls. of. eat-
ing..Further,.we.include.the.pancreatic.
hormone.amylin,.which.acts.as.a.satiat-
ing.hormone.similar.to.gut-derived.sig-
nals.and.which.interacts.with.them..We.
also. discuss. the. operation. of. these. GI.
signals.in.animal.models.of.overeating.
and.obesity..Finally,.we.close.with.a.dis-
cussion. of. some. perspectives. relevant.
to.the.translation.of.animal.physiology.
into.human.therapeutics.

9.1.2   physIologIcal releVance of guT hormones In eaTIng

Hormones. have. been. under. consideration. as. physiological. controls. of. eating. for.
many.years..Criteria.for.evaluating.their.physiological.status.have.evolved.together.

table �.�
gut neural receptors potentially 
In�ol�ed in the physiological control 
of eating
receptor site and characteristics reference

Gastric.mechanoreceptors [17]

Hepatic.chemoreceptorsa [18,19]

Hepatic.thermoreceptors [20]

Intestinal.chemoreceptorsa [21,22]

Intestinal.mechanoreceptors [21]

Intestinal.osmoreceptors [7]

a. Here,. chemoreceptors. are. broadly. defined. to.
include. specific. nutrients. (glucose). or. their.
digestive. and. metabolic. products. or. conse-
quences.(lactate,.changes.in.hepatocyte.mem-
brane.potential,.or.changes.in.pH).

table �.�
gut peptides potentially In�ol�ed in the physiological control of eating
peptide site(s) of production site(s) of critical receptors reference

Amylin Pancreatic.B-cell Area.postrema.(AP) [8]

Apolipoprotein.A.IV Villus.epithelia ? [9]

Bombesin-like.peptides.
(GRP;.neuromedin.B)

Stomach Vagal.and.spinal.visceral.afferents [10]

Cholecystokinin.(CCK) Proximal.small.intestine Vagal.afferents.in.pyloric.area;.
pyloric.smooth.muscle;.liver

[6]

Enterostatin Exocrine.pancreas ? [11]

Ghrelin Stomach Arcuate.nucleus.(ARC);.AP;.vagal.
afferents

[12]

GLP-1 Ileum Brain.stem;.hypothalamus [13]

Glucagon Pancreatic.A-cell Liver [14]

Insulin Pancreatic.B-cell ARC [4]

(gastric).Leptin Stomach ARC;.vagal.afferents;.brain.stem [4,15]

PYY.3-36 Ileum Hypothalamus [16]
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with. progress. in. endocrinology. in. general.. Table.9.3. provides. a. recent. version. of.
such.criteria,.which.we.use.in.evaluating.the.effects.of.the.several.hormones.that.we.
consider.here.

9.1.3   InTegraTIVe conTexT

The. GI. tract. is. the. source. of. numerous. physiological. signals. controlling. eating..
GI.signals,.together.with.signals.originating.in.the.oropharynx,.form.a.primordial.
mechanism. controlling. eating,. present. even. in. animals. lacking. a. central. nervous.
system..These.primordial.controls.continue.to.operate.in.mammals,.although.they.
are.modulated.by.numerous.other,.more.recently.evolved.mechanisms.related,.for.
example,.to.the.homeostatic.control.of.metabolism.and.energy.balance..In.addition,.
phylogeny.has.strongly. tended.toward. increasing.plasticity. in.behavior.and.physi-
ology,.and.eating. is.no.exception..The.evidence. for. this. is.obvious. in.human.eat-
ing,.which.is.so.strongly.individuated.by.culture.and.individual.experience.that.the.
operation.of.the.underlying.physiology.is.often.difficult.to.discern..Nevertheless,.GI.
and.other.primordial.controls.of.eating.do.operate.in.humans.and.form.the.basis.on.
which.other.physiological.controls,.as.well.as.the.influences.of.learning.and.cogni-
tion,.are.overlaid.

�.�   gastrIc sIgnals

9.2.1   gasTrIc Volume

The.upper.gastrointestinal.tract.is.richly.innervated.with.mechanoreceptors.that.are.
stimulated.by.various.aspects.of.gut.loading.during.and.after.meals.and.that.signal.
the. brain. via. both. vagal. and. splanchnic. visceral. afferents.. The. effects. of. gastric.
volume.on.eating.in.rats.have.been.elegantly.analyzed.using.gastric.cannulas.in.com-
bination.with.chronic.pyloric.cuffs.that.can.be.inflated.during.meals.to.limit.food.
stimuli.to.the.oropharynyx.and.stomach.17.The.key.findings.are.as.follows:

table �.�
criteria for the physiological action of hormonal controls of eating�

1..Secretion Eating.changes.the.secretion.of.the.hormone.

2..Receptor Receptors.are.present.at.the.primary.site.of.action.

3..Physiological.dose The.eating.effect.is.reproduced.by.mimicking.the.secretion.pattern.of.the.
endogenous.hormone.by.administration.of.the.hormone..This.may.perhaps.
only.occur.in.synergy.with.other.endogenous.stimuli.

4..Removal,.replacement Removal.of.the.hormone.or.the.critical.receptors.prevents.the.eating.effect..
Appropriate.hormone.replacement.or.receptor.rescue.reproduces.the.
effect.

5..Antagonism The.eating.effect.of.the.endogenous.hormone.is.prevented.by.selectively.
antagonizing.the.hormone.signaling..Selective.antagonisms.also.prevent.
the.eating.effect.of.physiological.doses.of.the.exogenous.hormone.
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. 1..When.gastric.cannulas.are.used.to.prevent.ingested.liquid.food.from.accu-
mulating.in.the.stomach,.meal.size.is.dramatically.increased.

. 2..When.ingested.food.is.prevented.from.entering.the.intestines.by.inflating.
pyloric.cuffs,.meal.size.is.about.normal.

. 3..When.fluid.loads.are.infused.into.the.stomach.of.rats.with.closed.pyloric.
cuffs,.eating.is.inhibited.in.proportion.to.the.volume.infused.

. 4..The.effect.of.gastric.fill.on.eating.is.identical.whether.nutrient.or.nonnutri-
ent.loads.are.used.

These.data.indicate.that.gastric.volume.is.an.adequate.stimulus.for.mechanore-
ceptors.that.can.contribute.to.the.control.of.eating..The.normal.contribution.of.this.
signal. to.eating,.however,.appears. to.be.small..First,. intragastric. infusions. inhibit.
eating.in.rats.with.closed.pyloric.cuffs.only.when.the.total.gastric.fill.(ingesta.plus.
infusion).is.markedly.larger.than.the.control.meal.size..Second,.the.dose–response.
relation.between.infusion.volume.and.amount.less.eaten.is.relatively.flat,.such.that.
the.behavior.does.not.nearly.compensate.for.the.infusion..And.third,.because.normal.
gastric. emptying. is. prevented. in. the. cuff-closed. condition,. the. gastric. volume. at.
meal.end.is.markedly.larger.than.the.gastric.volume.at.the.end.of.a.similarly.sized.
meal.in.the.cuff-open.(normal).condition..Indeed,.gastric.emptying.usually.proceeds.
at.a.surprisingly.brisk.pace.during.the.meal,.especially.when.liquids.are.eaten..In.
both.rats.and.rhesus.monkeys,.the.intrameal.rate.of.gastric.emptying.of.liquid.diet.is.
about.five.times.the.postmeal.rate.17

Because.of.its.key.role.in.the.distribution.of.ingesta.in.the.gastrointestinal.tract,.
gastric.emptying.is.a.highly.regulated.and.adaptable.function.with.numerous.hor-
monal.and.neural.controls..The.fact.that.some.of.these.controls.affect.eating.inde-
pendent.of.their.influence.on.gastric.emptying.(for.example,.cholecystokinin.[CCK]).
complicates.analysis.of.the.effects.of.gastric.emptying.per se.on.eating..The.influence.
of.gastric.emptying.on.eating.is.further.complicated.by.the.obvious.fact.that.gastric.
emptying.both.decreases.the.intensity.of.gastric.signals.and.increases.the.intensity.of.
intestinal.and.postabsorptive.signals..Importantly,.the.fact.that.at.meal.end.there.are.
significant.amounts.of.ingesta.both.in.the.stomach.and.at.postgastric.sites.suggests.
the.possibility.that.gastric.and.postgastric.signals.interact.in.the.normal.control.of.
eating..Evidence.for.such.interactions.is.considered.in.the.following.sections.

9.2.2   food VIscosITy

The.speed.of.gastric.emptying.varies.with. the.physical.properties.of.a.diet..Solid.
food.empties.more.slowly.from.the.stomach.than.low-viscosity,.liquid.food.of.similar.
energy.content..Davidson.and.Swithers.recently.tested.the.effect.of.the.viscosity.of.
premeals.on.subsequent.food.intake.in.rats.23.Their.key.findings.were:

. 1..Rats.ate.more.during.a.1-hour.test.meal.after.a.low-viscosity.premeal.than.
after.a.high-viscosity.premeal.

. 2..This.phenomenon.was.due.to.the.physical.viscosity.of.the.premeal.rather.
than.the.nature.of.the.thickening.agent.used.
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. 3..Rats.chronically.offered.a. low-viscosity. food. in.addition. to.chow.gained.
more.body.weight. than. rats. that.were.offered.a.similarly.palatable.high-
viscosity.supplement.or.rats.offered.chow.alone.

These. findings. in. rats. suggest. that. high-energy,. low-viscosity. foods,. such. as.
many.soft.drinks,.may.contribute.to.excessive.body.weight.gain.in.humans.

9.2.3   ghrelIn

Ghrelin,.a.hormone.discovered.in.1999,.is.the.endogenous.ligand.for.the.growth.hor-
mone.secretagogue.receptor.(GHS-R)..Ghrelin.is.expressed.mainly.in.the.stomach,.
but.also.in. the.brain.and.other. tissues..Gastric.ghrelin.has.attracted.great. interest.
because.(1).it.is.the.only.gut.peptide.whose.secretion.is.stimulated.during.fasting.and.
inhibited.by.eating,.and.(2).it.is.the.only.gut.peptide.whose.administration.stimulates.
eating,.as.now.shown. in. rats.and.humans.24,25.Furthermore,.chronic.peripheral.or.
central.ghrelin.administration.stimulates.food.intake,.decreases.energy.expenditure,.
and.induces.weight.gain.

�.�.�.�   physiological rele�ance

According.to.the.criteria.of.Table.9.3,.the.physiological.status.of.ghrelin.as.a.hunger.
signal.is.not.fully.established.

. 1.. In. several. species. including. humans. and. rats,. plasma. ghrelin. levels. rise.
shortly.before.meals.are.initiated.and.fall.rapidly.when.food.is.consumed..
However,.in.humans.there.is.also.a.nocturnal.rise.and.fall.in.plasma.ghrelin.
that.is.not.associated.with.meals,.so.ghrelin.alone.is.insufficient.to.account.
for.meal.initiation.

. 2..The.preponderance.of.evidence26.indicates.that.the.eating-stimulatory.effect.
of.ghrelin.is.mediated.by.the.GHS-Rs.in.the.brain,.especially.those.in.the.
hypothalamic.arcuate.nucleus.(ARC).and.the.brain.stem..Since.neurons.in.
these.areas.also.secrete.ghrelin,.the.relative.contributions.of.hormonal.and.
neuronal.ghrelin.to.its.eating.effect.remain.unclear.

. 3.. It.is.unknown.whether.mimicking.physiological.ghrelin.levels,.especially.
the.physiological.preprandial.rise.in.circulating.ghrelin,.is.sufficient.to.trig-
ger.eating.

. 4..Removal.of.ghrelin.secreting.cells.would.require.gastrectomy,.clearly.an.
intervention. with. numerous. other. effects.. The. ghrelin. knockout. mouse,.
however,.exhibits.the.expected.leaner.phenotype.under.some.conditions.27.
Thus,.the.criterion.for.removal.and.replacement.is.only.partially.fulfilled.

. 5..GHS.receptor.antagonists.have.been.shown.to.reduce.feeding.in.mice,.but.
the.potency.and.specificity.of.ghrelin.antagonists.are.still.not.ideal.28.Block-
ing.endogenous.ghrelin.action.by.specific.ghrelin.spiegelmers.may.offer.an.
interesting.alternative.29

Because.plasma.ghrelin. levels.fall. rapidly.during.meals,. it. is.conceivable. that.
the. reduction. in. ghrelin. signaling. contributes. to. satiation.. Indeed,. recent. data. in.
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humans.suggest.that.the.mealtime.inhibition.of.ghrelin.secretion.is.mediated.by.the.
increase.in.secretion.of.the.satiation.signal.CCK.30.Consistent.with.the.hypothesis.
that.reductions.in.plasma.ghrelin.secretion.signal.satiation,.(1).ghrelin.administra-
tion.often.increases.meal.size.in.rats.and.affects.the.timing.of.meals,.and.(2).ghrelin.
may.interact.with.satiation.signals.in.the.control.of.eating.3,31

�.�.�.�   ghrelin as an In�erse adiposity signal

Ghrelin.may.contribute.to.the.control.of.body.weight.as.well.as.to.the.initiation.of.
individual.meals..Indeed,.initial.reports.suggest.that.ghrelin.meets.the.three.princi-
pal.criteria.proposed.for.an.adiposity.signal.8,14.That.is:

. 1..Endogenous.fasting.ghrelin.levels.are.inversely.correlated.with.body.weight.
in.humans.and.rats.(although.diet.composition.also.appears.to.be.a.major.
determinant.of.ghrelin.levels.independent.of.body.weight).25

. 2..Chronic.ghrelin.administration.increases.adiposity.and.body.weight.in.mice.
and.rats.(although.the.relative.contributions.of.eating.and.energy.expendi-
ture.remain.unclear).32

. 3..Chronic.administration.of.specific.ghrelin.spiegelmers.has. recently.been.
shown.to.reduce.weight.gain.in.mice.offered.a.high-fat.diet.29

Hence,.we.consider.the.hypothesis.that.ghrelin.is.an.adiposity.signal.controlling.
eating.to.be.plausible.and.in.need.of.further.verification.

�.�.�.�   ghrelin and obesity

In.addition.to.the.chronic.spiegelmer.results.mentioned.above,.rats.and.mice.that.were.
actively.immunized.with.an.anti-ghrelin.vaccine.did.not.eat.in.response.to.peripheral.
ghrelin,.although.they.did.eat.in.response.to.central.ghrelin,.and.gained.slightly.less.
body.weight.than.control.animals.(T.A..Lutz,.unpublished)..Hence,.it.is.possible.that.
antagonism.of.endogenous.ghrelin.signaling.is.sufficient.to.control.body.weight.in.
rats..Whether.this.is.also.true.in.animal.models.of.obesity.is.not.yet.known..

�.�   IntestInal sIgnals

9.3.1   InTesTInal chemorecepTIon

Nutrient.and.osmotic.stimuli.acting.in.the.small.intestine.appear.to.play.physiologi-
cal. roles. in. satiation. (see.Ritter7. for. a. critical. review)..Nutrients. involved. include.
long-chain. fatty. acids,. most. carbohydrates,. and. proteins.. Both. neural. (especially.
vagal.afferents).and.endocrine.(see.following.sections).signals.relay.this.information.
to. the.brain..Nonnutritive.osmotic. stimuli.have.been. shown. to. affect. food. intake.
within.the.physiological.range.of.intrameal.intraluminal.osmotic.pressure.(700.mos-
mol/l.in.swine.and.rats).7

The. most. extensive. information. related. to. nutrient-related. intestinal. satiation.
or.satiety.exists.for.lipids.7.The.reduction.in.eating.induced.by.intraduodenal.lipids.
depends.largely.on.preabsorptive.sensing.of.fatty.acids.and.monoglyceride..Inhibition.
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of.pancreatic.lipase,.for.example.by.orlistat.(Hoffman.LaRoche,.Basel,.Switzerland).
attenuates. the.reduction.of. food. intake. induced.by. intestinal. triglyceride. infusion..
Furthermore,.long-chain.fatty.acids.seem.to.be.preferentially.involved,.because.intes-
tinal.infusions.of.glycerol.or.fatty.acids.with.chain.length.of.12.C.or.less.elicited.less.
satiation..Thus,.the.full.eating-inhibitory.potential.of.fatty.acids.apparently.is.real-
ized.when.fatty.acids.are.absorbed.via.the.chylomicron.pathway.rather.than.directly.
into.the.hepatic.portal.vein..The.major.mediators.of.intestinal.lipid-induced.satiation.
or.satiety.appear.to.be.signals.released.during.absorption,.such.as.the.peptides.CCK,.
glucagon-like.peptide-1.(GLP-1),.peptide.YY.(PYY),.and.apolipoprotein.A-IV.(Apo.
A-IV),.or.oleoylethanolamide.(OEA).(see.sections.that.follow).

Among.carbohydrates,.glucose.seems.to.be.the.major.intestinal.signal..Block-
ade. of. carbohydrate. digestion. (by. acarbose,. for. example). reduced. the. effect. of.
intraduodenal.infusions.of.maltotriose.on.food.intake.7.The.afferent.signal.induced.
by.carbohydrates.seems.unrelated.to.glucose.uptake.into.the.enterocytes,.because.
blockade. of. the. sodium-linked. glucose. transporter. with. phlorizin. did. not. affect.
carbohydrate-induced.intestinal.satiation..Some.specific.amino.acids,.especially.l-
phenylalanine.and. l-tryptophan,.also.seem.to.be. important. intestinal.signals..The.
transduction.mechanisms.involved.are.unknown.

Finally,.vagal.afferents.are.clearly.the.major.gut–brain.pathway.mediating.intes-
tinal.nutrient-related.signals..After.subdiaphragmatic.vagal.deafferentation,.the.most.
selective.and.complete.method.for.lesions.of.gut.vagal.afferents,.rats.no.longer.ate.
less.in.response.to.intraduodenal.infusions.of.lipid,.carbohydrate,.or.fat.

9.3.2   cholecysTokInIn (cck)

CCK.is.synthesized.by.I.cells.in.the.proximal.small.intestinal.mucosa..Their.apical.
surfaces.are.exposed.to.intraluminal.stimuli,.and.CCK.is.secreted.through.the.baso-
lateral.membrane..Gibbs.and.colleagues.were.the.first.to.show.that.intraperitoneal.
injections.of.CCK.selectively.inhibit.eating.33.CCK.seems.to.be.a.pure.satiation.sig-
nal.because.administration.of.CCK.at.meal.onset.decreases.meal.size.in.animals.and.
humans.with.little.effect.on.the.following.intermeal.interval5,6.and,.except.at.high.
doses,.without.causing.aversive.or.toxic.effects..CCK.remains.the.most.investigated.
gut.peptide.that.controls.eating.(see.work.by.the.groups.of.G.P..Smith.and.J.G..Gibbs,.
T..Moran.and.P..McHugh,.R..Ritter,.R..Reidelberger,.C..Beglinger).

�.�.�.�   physiological rele�ance

Here,.we.briefly.summarize.the.evidence.that,.in.both.rats.and.humans,.CCK.meets.
the.criteria.of.Table.9.3.for.a.physiological.satiation.signal.

. 1.. In.contrast.to.humans,.plasma.CCK.concentration.has.rarely.been.demon-
strated.to.increase.during.a.meal.in.rats.5.Together.with.other.data,.in.par-
ticular.that.intraperitoneal.administration.of.CCK.is.relatively.more.potent.
than.intravenous.CCK.to.inhibit.eating,.this.suggests.that.CCK.acts.mainly.
as. a. paracrine. rather. than. as. an. endocrine. signal. in. rats.. The. paracrine.
action.also.suggests.that.CCK.secreted.from.enteric.neurons.may.be.impor-
tant.in.CCK.satiation..Eisen.et.al..suggested.that.CCK.may,.in.part,.have.
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an.endocrine.mode.of.action.in.rats,.with.a.target.site.in.the.liver,.and.that.
the.form.of.the.CCK.peptide.may.be.a.factor.influencing.the.site.of.action.34.
In.any.case,.however,.measurements.of.neither.the.molecular.form.nor.the.
concentrations.of.prandial.CCK.in.the.extracellular.fluid.of.the.proximal.
gut.or.in.the.hepatic.portal.vein.have.been.reported.

. 2.. In. rats,. the. results. of. close-arterial. infusions,. pylorectomies,. and. selective.
vagotomies. suggest. that. the. satiating. action. of. CCK. is. mediated. by. CCKA.
receptors.in.vagal.afferents.and.in.the.pyloric.circular.muscle..CCKA.receptors.
in.the.liver.may.also.be.involved..The.role.of.CCKA.receptors.in.several.brain.
areas,.including.the.nucleus.of.the.solitary.tract.(NTS).remains.uncertain.

. 3..As.mentioned.earlier,.in.rats.the.data.required.to.establish.a.physiological.
paracrine.mode.of. action.are.not. available.. In. contrast,. in.humans.CCK.
apparently.acts.via.an.endocrine.mode,.and.physiological.doses.of.CCK.are.
sufficient.to.inhibit.eating.

. 4..To.study.removal.and.replacement.is.difficult.because.CCK-producing.cells.
are.distributed.widely..Surgical.removal.of.CCK.would.require.removal.of.
much.of.the.small.intestine..Findings.in.rats.with.a.spontaneously.mutated.
CCKA.receptor.at. least. in.part.support. the.criterion.(reviewed.by.Geary5.
and. Moran6).. In. these. rats,. meal. size,. total. daily. food. intake,. and. body.
weight.are.all.increased..However,.CCKA.receptor.knockout.mice.have.an.
unchanged.adult.body.weight.and.daily.food. intake..Unfortunately,.meal.
patterns.have.not.been.determined..Whether.this.species.difference.is.due.
to.different.receptor.distributions.is.unknown.at.present.6

. 5..The. criterion. of. antagonism. has. been. well. established. in. rats,. because.
CCK.receptor.antagonists.increase.meal.size.and.block.the.satiating.effect.
induced.by.intraduodenal.infusions.of.fat,.which.at.least.in.part.is.mediated.
by.CCK..This.evidence.also.indicates.a.peripheral.site.of.action.of.endog-
enous.CCK,.because. it. includes. tests.both.with.antibodies,.which.do.not.
cross.the.blood–brain.barrier,.and.with.local.infusions.of.receptor.antago-
nists.into.the.gut.circulation.

�.�.�.�   Mechanisms of cck’s satiation effect

Peripheral. CCKA. receptors. signal. the. brain. via. all. four. subdiaphragmatic. vagal.
branches.35.The.involvement.of.CCKA.and.CCKB.receptors.in.the.dorsal.vagal.com-
plex.or.in.the.area.postrema.(AP).have.also.been.suggested..These.receptors,.how-
ever,.may.be.activated.by.neural,. locally. released.CCK..The.same. is. true. for. the.
CCKA.receptors.in.the.dorsomedial.hypothalamus..This.situation.may.be.part.of.a.
more.general.phenomenon.in.which.the.same.molecules.are.released.from.periph-
eral.nerves.or.glands.as.well.as.from.neurons.in.the.brain..Thus.in.the.case.of.CCK,.
central.receptors,.perhaps.in.the.AP,.may.mediate.the.decreases.in.food.intake.and.
conditioned.taste.aversions.that.can.be.elicited.by.larger.doses.of.CCK.(intraperito-
neal.injection.of.>8.µg/kg.CCK-8),.even.in.vagotomized.rats.

For.CCK,.as.well.as.for.most.other.eating-control.signals,.little.is.known.about.
information.processing.in.the.brain.or.about.the.extensive.convergence.of.the.many.
signals.that.are.activated.simultaneously..Neural.signals.from.the.gut,.including.the.
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vagally.mediated.CCK.signal,.project.to.the.NTS..In.the.case.of.CCK,.central.pro-
cessing.seems.to.involve.catecholaminergic.and.GLP-1-ergic.neurons.in.the.NTS,.
NTS.neurons.that.express.the.melanocortin-4.receptor.(MC4R).that.apparently.orig-
inate.in.the.hypothalamus,36.and.at.least.in.females,.NTS.neurons.expressing.estro-
gen. receptor-α. (ERα).37. Further,. CCK. satiation. also. depends. on. brain. serotonin..
Importantly,.most.of.this.work.has.involved.tests.of.exogenous.CCK,.and.it.is.not.
clear.whether.the.neural.processing.of.exogenous.CCK.is.identical.to.that.of.endog-
enous.CCK..For.example,.it.seems.likely.that.smaller.doses.of.CCK.or.endogenous.
CCK,.which.signal.via.the.vagus,.and.larger.doses.of.CCK,.which.signal.at.least.in.
part.independent.of.the.vagus,.do.not.activate.identical.neural.networks.

�.�.�.�   cck and obesity

Numerous.studies.suggest.that.CCK.is.acutely.effective.in.a.wide.variety.of.mod-
els.of.obesity,.including.rats.with.lesions.of.the.ventromedial.hypothalamus.(which.
included. the. ARC),. ob/ob. mice,. Zucker. fa/fa. rats,. and. rats. with. dietary-induced.
obesity..However,.in.Koletsky.fak/ fak.rats,.CCK.decreased.meal.size.less.than.in.lean.
control.rats39.(but.see.Wildman.et.al.38)..The.deficit.in.CCK.satiation.was.rescued.
by.leptin.receptor.expression.via.adenoviral.gene.therapy.into.the.ARC..Therefore,.
leptin.may.control.meal.size.through.an.obligatory.interaction.with.CCK,.consistent.
with.Smith’s.theory.of.the.direct.and.indirect.control.of.meal.size.40

The.effects.of.repeated.CCK.administration.on.eating.and.body.weight.suggest.
that.CCK.effectively.reduces.meal.size,.total.food.intake,.and.body.weight.when.
meal. frequency. is. controlled,. but. not. in. freely. feeding. rats..West. et. al.. showed.
that,.when.CCK.was.infused.intraperitoneally.before.each.spontaneous.meal.for.
six.days.in.rats,.meal.size.was.reduced.throughout.the.study.with.no.sign.of.toler-
ance.41.However,.meal.frequency.rapidly.increased.to.return.total.daily.food.intake.
to.control.level..Body.weight.gain.was.reduced.for.only.one.day..Similar.results.
have.been.reported.in.free-feeding.rats.when.CCK.was.continuously.infused.for.
several.days.and.when.CCKA. receptor.agonists.were. tested.chronically.. In.con-
trast,. when. CCK. was. intraperitoneally. injected. before. each. of. three. scheduled.
daily.meals.for.three.weeks,.CCK.consistently.reduced.meal.size.and.led.to.sig-
nificant.weight.loss.42

9.3.3   InTesTInal glucagon-lIke pepTIde-1 (glp-1)

Glucagon-like.peptide-1.(GLP-1).is.a.product.of.the.preproglucagon.gene.that.is.pro-
duced.mainly. in. intestinal.L-cells. and. also. in. a. specific.group.of. neurons. in. the.
NTS. in. the.brain. stem.43.Exendin-4. is. a.GLP-1. analogue.which.has. an. extended.
half-life.over.GLP-1.because,.especially.in.rodents,.the.active.form.of.GLP-1.(GLP-
1[7-36amide]).is.rapidly.degraded.through.action.of.dipeptidyl-peptidase.IV.

�.�.�.�   effects of glp-� on food Intake

In.rodents.and.humans,.food.intake.results.in.an.immediate.release.of.GLP-1.into.
the.blood..Central.and.peripheral.GLP-1.each.produce.dose-dependent.reductions.
in.food.intake.in.rats.and.mice.44.The.reduction.in.food.intake.results.mainly.from.
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a.decrease.in.meal.size,.but.meal.number.is.also.reduced,.at.least.at.higher.doses..
Chronic. delivery. of. exendin-4. reduces. body. weight. gain. in. mice. by. specifically.
reducing. body. fat. mass.45. Interestingly,. however,. mice. lacking. the. GLP-1. recep-
tor.have.unaltered.body.weight.compared.to.controls..Hence,.the.GLP-1.receptor.is.
probably.not.a.single.critical.component.in.the.control.of.food.intake.

�.�.�.�   physiological rele�ance

Four.of.the.five.criteria.(Table.9.3).qualifying.an.anorectic.substance.to.be.of.physi-
ological.relevance.have.been.investigated.in.rats.43

. 1..Eating.increases.GLP-1.secretion:.the.amount.of.GLP-1.secreted.during.a.
meal.in.rats,.however,.has.not.yet.been.carefully.characterized.

. 2..GLP-1.receptors.are.present.in.GLP-1’s.presumed.site(s).of.action.(the.gas-
trointestinal.tract.and.certain.brain.nuclei,.including.the.brain.stem).

. 3..To.our.knowledge,.this.criterion.has.not.been.investigated.in.rats.

. 4..The.criterion.of.removal.and.replacement.is.difficult.to.investigate.because.
it.would.require.ablation.of.the.GLP-1.producing.cells..Obviously,.this.has.
been.done.neither. in.humans.nor. in.experimental.animals..The.effect.of.
removal. of. receptors. has. been. tested. in. GLP-1. receptor. knockout. mice..
These.mice.are.insensitive.to.exogenous.GLP-1,.but.their.body.weight.was.
unchanged.compared.to.controls..Whether.this.represents.opposing.effects.
on. spontaneous. meal. size. and. meal. frequency,. as. discussed. in. the. case.
of.CCK,.is.not.known..Surprisingly,.however,.the.fasting-induced.feeding.
response.in.the.knockout.mice.was.also.similar.to.that.in.wild-type.con-
trols..Hence,.at.least.under.these.conditions,.endogenous.GLP-1.does.not.
seem.to.play.a.necessary.role.in.the.regulation.of.eating.

. 5..The.final.criterion.of.receptor.antagonism.has.been.investigated.using.the.
GLP-1. receptor. antagonist. exendin. 9-39.. Ad libitum–fed. rats. that. were.
treated.with.exendin-9-39.centrally.ate.more.than.control.animals.44.Hence,.
blockade.of.endogenous.central.GLP-1.signaling.seems.to.lead.to.increased.
food.intake..Whether.antagonism.of.peripheral.GLP-1.signaling.has.a.simi-
lar.effect.is.not.known.

In.summary,.GLP-1.does.not.yet.fully.meet.all.criteria.that.are.required.for.a.
hormone.to.be.a.physiological.regulator.of.eating,.but.the.available.data.are.encour-
aging.. It. is. important. to.note. in. this.context,.however,. that. the.relationship.of. the.
aversive.effects.of.GLP-1.and.its.agonist.exendin-4.that.occur.under.certain.condi-
tions.(see.below).and.the.hypothesized.satiation.effect.needs.to.be.clarified.

�.�.�.�   site of glp-� action

Central.or.peripheral.delivery.of.GLP-1.or.exendin-4.activate.neurons,.as.charac-
terized. by. c-Fos. immunocytochemistry,. in. specific. brain. areas. in. the. brain. stem.
(e.g.,.AP,.NTS).and.hypothalamus.(e.g.,.ARC,.paraventricular.nucleus).44.The.central.
c-Fos.pattern. induced.by.peripheral. exendin-4.and.amylin. (see.below). is. similar,.
and. amylin. and. GLP-1. coactivate. AP. neurons.8. However,. the. anorectic. effect. of.
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exendin-4,. unlike. amylin,. is. not. blocked. in. AP-lesioned. rats,. while. vagal. block-
ade.by.vagotomy.or.capsaicin-pretreatment.abolished.exendin-4’s.but.not.amylin’s.
effect..Consistent.with.a.peripheral.component.in.GLP-1’s.anorectic.effect,.central.
administration.of.the.GLP-1.antagonist.exendin-9-39.was.unable.to.block.the.ano-
rectic. effect. of. exendin-4.. Surprisingly,. however,. peripheral. coadministration. of.
exendin-9-39.also.did.not.block.exendin-4’s.effect..Only.simultaneous.central.and.
peripheral.application.of.the.antagonist.blocked.exendin-4’s.effect.on.feeding.in.rats.
(T.A..Lutz,.unpublished)..The.potential.interaction.of.central.and.peripheral.GLP-1.
receptors.remains.to.be.clarified.

�.�.�.�   role of brain glp-�

The.peripheral.and. the.central.GLP-1.system.in. the.NTS.do.not. seem.to. interact.
directly.because.an.anorectic.dose.of.peripheral. exendin-4.did.not. activate.GLP-
1ergic.NTS.neurons..In.contrast,.high.doses.of.peripheral.CCK.(100.µg/kg),.which.
clearly. produced. nonspecific,. aversive. effects,. did. activate. these. neurons.46. Thus,.
whether.central.GLP-1.mediates.the.physiological.satiating.effect.of.GLP-1,.CCK,.
or.other.anorectic.satiating.hormones.is.questionable.

Central.GLP-1.may.mediate.the.anorectic.effect.of.leptin,.because.the.feeding-
inhibitory.effect.of.central.leptin.was.attenuated.by.central.administration.of.exen-
din-9-39..Further,.restricted.feeding.decreased.preproglucagon.mRNA.in.the.NTS.
compared.to.controls,.and.this.effect.was.prevented.by.central.leptin..The.hypotha-
lamic.content.of.immunoreactive.GLP-1.paralleled.preproglucagon.mRNA.expres-
sion.in.the.NTS..Leptin.may.therefore.stimulate.GLP-1ergic.neurons.in.the.NTS;.the.
physiological.importance.of.these.findings,.however,.requires.further.work.

�.�.�.�   glp-� and conditioned taste a�ersions

It.seems.likely.that.central.GLP-1.is.involved.in.mediating.the.anorectic.effects.of.
some.aversive.stimuli.46.Rinaman.has.shown,.for.example,. that.peripheral.admin-
istration.of.sickness-producing.agents.(for.example,.LiCl,.lipopolysaccharide,.high.
doses.of.CCK).all.produce.a.strong.c-Fos. response. in.GLP-1ergic.neurons.of. the.
NTS,.whereas.other.feeding-related.stimuli,.such.as.gastric.distension,.did.not..Fur-
thermore,.both.central.GLP-1.administration.and.peripheral.exendin-4.administra-
tion.(T.A..Lutz,.unpublished).produced.strong.conditioned.taste.aversions.in.rats.in.
two-bottle.reference.tests.

Situational. effects. and. species. differences. appear. to. be. important. in.GLP-1’s.
aversive.effects..For.example,.Mack.et.al..reported.that.a.dose.of.10.µg/kg.exendin-
4.(five. times.higher. than. the.doses.we.found.aversive. in.a.conditioned. taste.aver-
sion.test).failed.to.affect.another.measure.of.aversion,.kaolin.intake.45.As.to.species.
differences,.central.GLP-1,.similar. to.rats,.produced.conditioned. taste.aversion. in.
wild-type.mice,.but.not.in.GLP-1.receptor.knockout.mice..This.points.to.a.GLP-1.
receptor-mediated.effect..However,.LiCl.produced.taste.aversion.in.both.groups.of.
mice,.indicating.that.the.GLP-1.receptor.may.not.be.involved.in.this.aversive.behav-
ior.under.these.conditions.in.mice..Furthermore,.the.GLP-1.antagonist.exendin-9-
39.reduced.the.aversive.effect.of.GLP-1,.but.not.that.of.LiCl.in.mice..Both.effects.
clearly.differ.from.rats.47
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9.3.4   pepTIde yy (pyy)

Peptide.YY.is.synthesized.and.released.mainly.by.intestinal.L-cells,.the.same.cells.
that.synthesize.GLP-1..Some.data.indicate.that.the.two.peptides.are.not.always.cose-
creted,.although.the.mechanisms.for.the.dissociation.are.unclear..Two.main.forms.of.
PYY.appear.in.the.circulation,.full-length.PYY1-36.(which.we.call.PYY.here).and.its.
more.active.cleavage.product,.PYY3-36..Interestingly,.the.same.enzyme,.dipeptidyl.
peptidase-IV.(DPP.IV),.that.inactivates.circulating.GLP-1[7-36amide].catalyzes.the.
formation.of.PYY3-36,. so. that. the.active.GLP-1.has.a.much.shorter.plasma.half-
life. than. PYY3-36.. L-cells. release. PYY,. like. GLP-1,. in. response. to. food. intake,.
especially.lipids..Beglinger.and.his.colleagues.have.recently.shown.that,.in.humans,.
secretion.of.PYY3-36.after.intraduodenal.lipid.infusions.depends.on.CCK.release.
—.that.is,.if.a.CCKA.receptor.antagonist.was.administered,.PYY3-36.did.not.appear.
in.the.plasma.following.the.lipid.infusions.30

PYY.has.affinity.to.all.subtypes.of.Y.receptors,.whereas.PYY3-36.predomi-
nantly.activates.Y2.receptors..Centrally.administered.PYY.has.long.been.known.
to.increase.food.intake,.presumably.via.activation.of.Y1.or.Y5.receptors..Batter-
ham.and.colleagues.recently.provided.the.first.evidence.that.peripheral.PYY3-36.
also.decreases.eating.in.rats.48.This.effect.is.apparently.mediated.by.Y2.recep-
tors,.because.it.was.attenuated.by.Y2.receptor.antagonist.and.absent.in.Y2.recep-
tor. knockout. mice.48. Many. investigators. have. reported. that. they. were. unable.
to. reproduce. the.eating-inhibitory.effect.of.peripheral.PYY.in. rats.16,49.This. is.
likely. due. to. differences. in. adaptation. to. test. conditions,. circadian. timing,. or.
other.procedural.differences.3

The.site.where.PYY3-36.acts.to.inhibit.eating.is.not.clear..Evidence.in.favor.of.
both.a.central.site.of.action.in.the.ARC.as.well.as.a.peripheral,.vagally.mediated.
action.has.been.presented..In.the.original.publication.by.Batterham.and.colleagues,.
it.was.reported.that.PYY3-36.specifically.increased.the.firing.rate.of.POMC.neurons.
located.in.the.ARC.in.an.in vitro.slice.preparation.in.mice.48.Further,.a.Y2.recep-
tor.agonist.increased.the.release.of.the.splicing.product.of.the.POMC.gene,.alpha-
melanocyte. stimulating. hormone. (alpha-MSH),. from. rat. hypothalamic. explants.
containing. the. ARC.. Hypothalamic. alpha-MSH. decreases. feeding. by. acting. on.
paraventricular.neurons..Hence,.the.increase.in.firing.rate.in.POMC.neurons.may.
coincide.with.the.release.of.alpha-MSH..At.the.same.time,.neuropeptide.Y.(NPY).
expression.and.the.release.of.NPY.from.hypothalamic.explants.was.decreased..The.
latter.effects.correspond.to.our.own.findings.that.full-length.PYY.inhibited.ghrelin-
activated.neurons.in.rat.brain.slices.of.the.medial.ARC.50.These.neurons.presum-
ably.express.NPY.and.mediate.the.orexigenic.effect.of.ghrelin..In.apparent.contrast.
to. these. indications. that.PYY.may.have.a.direct.action. in. the.ARC,.Abbott.et.al..
showed.that.the.anorectic.effect.of.peripheral.PYY3-36.was.blocked.in.vagotomized.
rats.and.in.rats.with.lesions.of.the.“brain.stem-hypothalamic.pat[h]way.”51

Peripheral.PYY3-36.induced.expression.of.c-Fos.protein.in.the.brain.stem,.spe-
cifically. in. the.AP.and.NTS,16.and. in. the.ARC.51.Vagotomy.prevented.PYY3-36-
induced. expression. of. c-Fos. protein. in. the. ARC.. Whether. NTS. c-Fos. expression.
also.depends.on. the.vagus.has,. to.our.knowledge,.not.been. investigated.. Interest-
ingly,.however,.and.unlike.GLP-1,.PYY3-36’s.effect.on.feeding.was.not.blocked.by.
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capsaicin,.so.that.it.seems.unlikely.that.vagal.afferents.are.directly.involved.in.the.
anorectic. action.52. Clearly,. more. research. is. needed. to. define. the. primary. site. of.
action.(periphery?.brain.stem?.ARC?).of.peripheral.PYY.and.PYY3-36.

In.contrast.to.the.original.report,48.high.doses.of.PYY3-36.have.been.reported.to.
induce.conditioned.taste.aversion.in.rodents.and.to.cause.nausea.in.humans.16.How-
ever,.low-dose.intravenous.infusions.of.PYY3-36.reduced.feeding.without.aversive.
effects.in.rats.16

9.3.5   InTeracTIon of glp-1 and pyy3-36

Because.food.intake.triggers.the.release.of.numerous.hormones.from.the.gastroin-
testinal. tract. that. individually.have.been. implicated. in. the.control.of. food. intake,.
understanding.their.functional.and.mechanistic.interactions.is.of.both.physiological.
and.pharmacological.interest..One.of.the.more.interesting.interactions.is.exempli-
fied.by.the.feeding.effects.of.simultaneous.administration.of.PYY3-36.and.GLP-1..
Combined.subthreshold.doses.of.GLP-1.and.PYY3-36.(10.and.1.nmol/kg,.respec-
tively).significantly.reduced.feeding.in.rats.53.(See.also.Talsania.et.al.52).In.addition,.
suprathreshold.doses.of.GLP-1.and.PYY3-36.(100.nmol/kg.each),.which.individu-
ally.each.decreased.food. intake.significantly,. led. to.a.significantly.stronger.effect.
when.combined..These.findings.are.consistent.with. immunohistochemical.studies.
showing. that. the. combination. of. GLP-1. and. PYY3-36,. but. neither. peptide. alone,.
increased.c-Fos.expression.in.the.ARC.53

9.3.6   apolIpoproTeIn a-IV

Apolipoprotein.A-IV.(Apo.A-IV).is.produced.in.enterocytes.during.the.digestion.of.
lipids.containing.long.chain.(C.>.12).fatty.acids.and.is.released.into.the.lymph,.thus.
reaching. the.bloodstream. much. slower. than. the.gut. hormones. considered.before..
Fujimoto.and.colleagues.were.the.first.to.show.that.Apo.A-IV.reduces.food.intake.
in.rats.7,9.Apo.A-IV.may.contribute.to.the.reduction.in.food.intake.that.is.seen.after.
intestinal. fat. infusion. in. rats.. Infusion. of. chylous. lymph. that. was. collected. from.
animals.after.intestinal.application.of.fat,.but.not.after.intraintestinal.saline,.reduced.
feeding. in. rats,.and. this.effect.was.not.observed. if.Apo.A-IV.was. removed. from.
lymph.by.immunoprecipitation..Interestingly,.Apo.A-IV.is.also.synthesized.in.the.
ARC..Additionally,.centrally.administered.Apo.A-IV.inhibited.eating,.and.admin-
istration.of.Apo.A-IV.antibodies.into.the.third.cerebral.ventricle.stimulated.eating.
and. reduced.Apo. A-IV. expression. in. the. hypothalamus..Despite. these. promising.
data,. the.role.of.Apo.A-IV.in. the.physiological.control.of.food.intake. is.far.from.
being.resolved.

9.3.7   oleoyleThanolamIde (oea)

Recently,. the. eating-inhibitory. effect. of. the. endogenous. lipid. oleoylethanolamide.
(OEA),.which.is.synthesized.in.enterocytes.in.response.to.food.intake,.has.drawn.
increased.attention.54,55.OEA.is.synthesized.in.duodenal.and.jejunal.mucosal.cells.
during.and.after.meals,.but.not. in. fasted. rats..Peripheral,.but.not. central,. admin-
istration. of. OEA. decreases. food. intake..OEA. apparently. acts. by. binding. to. the.
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transcription.factor.peroxisome.proliferator-activated.receptor-alpha.(PPAR-alpha),.
which. then.activates.a.neural.pathway..Whether. this.occurs.directly.or. indirectly.
and.whether.vagal.afferents,.spinal.visceral.afferents,.or.both.are.involved.is.not.yet.
clear..Interestingly,.long-lasting.forms.of.OEA.selectively.decrease.meal.frequency,.
suggesting.that.this.molecule.is.involved.in.signaling.postprandial.satiety.

�.�   pancreatIc sIgnals

The.pancreatic.hormones.insulin,.amylin,.glucagon,.and.somatostatin.are.all.released.
in.response.to.food.intake.and.appear.to.act.as.satiating.hormones.(amylin,.glucagon,.
possibly.somatostatin.and.insulin).and.adiposity.signals.(insulin,.possibly.amylin)..
In.this.section,.we.briefly.discuss.amylin.in.the.control.of.food.intake.because.amy-
lin.interacts.with.CCK.to.control.meal.size.and.because.recent.advances.have.made.
it.a.likely.candidate.for.the.first.hormonal.treatment.of.obesity.

9.4.1   amylIn

Amylin.(or.islet.amyloid.polypeptide).is.synthesized.by.the.pancreatic.B-cells.and.
cosecreted.with.insulin..It.is.considered.an.important.complement.to.insulin.in.the.
control.of.glucose.metabolism.56.Amylin.also.controls.the.supply.of.metabolites.by.
controlling.eating.4,8,14.Like.ghrelin,.amylin.appears. to.have.a.dual.role,.such.that.
prandial. amylin. secretion. contributes. to. meal-ending. satiation. and. basal. plasma.
amylin.levels.may.act.as.an.adiposity.signal.

�.�.�.�   physiological rele�ance

Amylin.has.been.shown.to.meet.most.of.the.criteria.summarized.in.Table.9.3.for.a.
physiological.satiation.signal.in.rats.

. 1..Food. intake. results. in. a. marked. increase. in. plasma. amylin. concentra-
tion.that.begins.within.5.minutes.and.whose.magnitude.is.correlated.with.
amount.eaten.

. 2..All. the. components. of. the. amylin. receptor. complex. —calcitonin. recep-
tor.core.(CT-R).together.with.several.receptor-activity.modifying.proteins.
(RAMPs).that.confer.amylin.affinity.and.selectivity.—.are.expressed.in.the.
AP,.where.amylin.appears.to.act.to.inhibit.eating.57,58

. 3..Amylin.infusions.that.yielded.plasma.amylin.levels.close.to.those.measured.
postprandially.were.sufficient.to.inhibit.eating.59

. 4..There.is.currently.no.method.for.acute.removal.of.amylin.without.damaging.
B-cell.function..The.amylin.knockout.mouse.shows.the.expected.phenotype.
of.overeating.and.increased.adiposity,8.but.the.effect.of.physiological.doses.
of.amylin.on.eating.in.these.mice.has.not.yet.been.tested.

. 5..Finally,.peripheral.or.central.delivery.of.amylin.antagonists.increases.eating..
For.example,.administration.of.the.amylin.receptor.antagonist.AC.187.into.
the.AP.blocked.the.anorectic.effect.of.intraperitoneally.injected.amylin.and,.
when.administered.alone,.stimulated.eating.by.increasing.meal.size.60,61
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�.�.�.�   amylin as an adiposity signal

Amylin.also.appears.to.meet.all.the.criteria.proposed.for.an.adiposity.signal8,14.in.rats.

. 1..Basal.plasma.amylin.level.is.(positively).correlated.with.body.adiposity.

. 2..Chronic.continuous.amylin.infusion.reduces.food.intake.and.body.weight.

. 3..Chronic. peripheral. or. central. infusion. of. amylin. antagonists. increased.
body.adiposity.

In.addition,.the.amylin.knockout.mouse.is.heavier.than.wild-type.controls.

�.�.�.�   Mechanism of amylin action

Amylin.acts.in.the.AP.to.inhibit.eating.

. 1..Eating.was.inhibited.or.stimulated,.respectively,.by.injection.of.amylin.or.
the.amylin.receptor.antagonist.AC187.directly.into.the.AP.60

. 2..After. AP/NTS. lesions,. peripheral. amylin. no. longer. inhibited. eating.58.
Lesions.of.peripheral.neural.afferents,.in.contrast,.had.no.effect.8,62

. 3..Both.peripheral.amylin.and.postdeprivation.refeeding.increased.neuronal.
activation. in. the.AP,.as.gauged.by.expression.of.c-Fos.protein,.and.both.
responses.were.effectively.blocked.by.AC187.63

. 4..Direct.application.of.amylin.onto.AP.neurons.in.slice.preparations.led.to.
dose-dependent.increases.in.electric.activity.

. 5..c-Fos.responses.rostral.to.the.AP.that.were.elicited.by.peripheral.adminis-
tration.of.amylin.were.eliminated.after.AP.lesions.

Dopamine.(presumably.acting.in.the.AP/NTS.region),.histamine.(ventromedial.
hypothalamus),.orexin,.and.melanin.concentrating.hormone.(lateral.hypothalamic.
area).neuronal.systems.have.been.implicated.in.amylin.signaling.8

�.�.�.�   amylin and obesity

Amylin.or.its.agonist.salmon.calcitonin.(sCT).effectively.reduced.eating.in.the.ob/
ob. mouse,. the. obese. Zucker. fa/fa. rat,. and. the. melanocortin-4. receptor. knockout.
mouse.62,64,65. Amylin. antagonism. with. peripheral. AC187. also. increased. eating. in.
Zucker.rats.65.Recent.reports.of.anti-obesity.actions.in.humans.(for.example,.acute.
administration.of.the.amylin.analogue.pramlintide.decreased.the.size.of.test.meals.
by. about. 20%. in. nondiabetic. obese. individuals66,67). strongly. encourage. further.
research.in.this.direction.

�.�   perspectIves

9.5.1   The TranslaTIon of anImal physIology InTo human TherapeuTIcs

�.�.�.�   animal Models

Although.the.value.of.animal.models.for.human.eating.is.a.matter.of.ongoing.dis-
cussion,.the.clear.consensus.among.researchers.is.that.progress.in.the.physiology.of.
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eating.absolutely.requires.animal.models.68–71.Many.questions.can.be.addressed.only.
with.methodologies.that.are.difficult.or.impossible.in.human.subjects..Furthermore,.
it.is.a.validated.strategy;.physiology.is.replete.with.examples.of.successful.transla-
tion.of.analyses.of.physiological.mechanisms.in.animals.to.those.in.humans.

Accepting.that.animal.models.are.useful.in.general.leaves.open.the.question.as.
to.which.particular.animal.model(s).is.best.suited..On.first.glance,.it.would.seem.
logical.to.use.phylogenetic.relationships.as.a.criterion,.but.in.fact,.this.is.probably.
not.so..Our.closest.primate.relatives,.great.apes.and.old-world.primates,.are.not.
appropriate.research.animals.for.many.reasons..In.addition,.most.of.these.species.
have. quite. different. nutritional. adaptations;. in. particular,. only. a. few. are. omni-
vores..Several.omnivores.have.been.used.in.eating.research,.including.dogs,.swine,.
rats,.and.mice..Among.these.species,.both.classical.structural.taxonomy.and.more.
recent.molecular.phylogenetics.place.the.order.of.rodents.closer.to.primates.than.
are. either. carnivores. or. even-toed. ungulates. (the. order. including. swine).72. This.
general. relationship,. however,. is. not. necessarily. true. for. any. specific. ancestral.
gene.or.phenotype.73,74.The.rat,.for.example,.does.not.have.a.gall.bladder,.whereas.
carnivores.and.swine.do.

Many.of.these.points.are.illustrated.by.the.case.of.CCK..As.described.above,.
the. pharmacological. satiating. effect. of. CCK,. discovered. in. rats. in. 1973,33. was.
quickly.translated.into.normal-weight.and.obese.human.subjects.75.A.similar.pro-
gression.occurred.for.the.satiating.effect.of.endogenous.CCK..In.this.case,.a.spe-
cific.behavioral.assay.—.the.satiating.action.of.intestinal.nutrient.infusions.—.that.
was. developed. in. rats. proved. illuminating. in. monkeys. and. humans. as. well.76,77.
This.procedure.also.revealed.a.species.difference:.although.intestinal.infusions.of.
lipids.increased.CCK.secretion.in.all.three.species,.intestinal.infusions.of.l-phe-
nylalanine.produced.CCK.release.in.rats,.but.not.in.monkeys.78.Work.with.animals.
lacking.CCKA.receptors.suggests.a.similarly.important.species.difference.in.two.
even.more.closely.related.species..That.is,.as.mentioned.above,.rats.with.null.dele-
tions.of.the.CCKA.receptor.gene.are.obese,.whereas.mice.with.similar.mutations.
are.not,.apparently.because.of.a.difference.in.the.distribution.of.the.CCKA.receptor.
in.the.brain.6,79

Finally,.CCK.physiology.also.illustrates.the.potential.of.back.translation,.from.
humans.to.animals..That.is,.rats,.rather.than.humans,.will.presumably.be.the.spe-
cies.of.choice.to.determine.the.mechanisms.underlying.the.necessary.role.of.CCK.
release.for.the.stimulation.of.PYY3-36.secretion.and.inhibition.of.ghrelin.secretion.
by.intraduodenal.lipid.recently.discovered.in.humans.30

�.�.�.�   physiology, pharmacology, and selecti�ity

As.the.foregoing.sections.make.clear,.numerous.manipulations.inhibit.eating.in.ani-
mals.or.humans.under.some.conditions..Such.demonstrations.provide.no.real.evi-
dence.that.the.function.modeled,.such.as.gastric.distension.or.gut.hormone.secretion.
during.or.after.eating,.physiologically.controls.eating..Rather,.such.demonstrations.
merely.encourage.a.program.of.research.to.investigate.the.issue.

Consider.three.alternatives..(1).The.manipulation.may.mimic.a.normal.or.physi-
ological.endogenous.mechanism.of.appetite..(2).The.manipulation.may.stimulate.a.
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normal.appetitive.behavior,.but.in.a.way.or.at.a.time.that.does.not.occur.physiologi-
cally.(i.e.,.it.has.a.selective.but.pharmacological.effect)..For.example,.an.exogenous.
hormone.may.produce.satiation.even.if.the.endogenous.hormone.is.not.secreted,.or.
is.not.secreted.in.sufficient.amounts,.during.meals..(3).The.manipulation.may.affect.
appetite,.but.do.so.by.eliciting.a.response.that.is.not.part.of.the.normal.physiologi-
cal.control.of.eating,.such.as.illness,.aversion,.etc..This.is.a.nonselective.effect.on.
appetite..Such.effects.can.and.do.occur.even.in.the.case.of.exogenous.administration.
of.physiological.signals,.if.they.are.given.in.too.high.a.dose.(for.example,.CCK).or.
in.the.wrong.context.

Distinguishing.among.these.alternatives.can.be.very.difficult,.especially.in.ani-
mal.research..Many.theoretical.and.practical.criteria.have.been.proposed.and.con-
tinue.to.evolve.as.new.methodologies.emerge..It.is.important.to.note.that,.even.if.a.
peptide.does.not.appear.to.be.a.likely.physiological.control.of.eating,.this.does.not.
preclude.it.from.being.a.potential.pharmaceutical.target.for.appetite.control,.as.long.
as.eating.and.body.weight.can.be.influenced.without.triggering.major.side.effects.

9.5.2    poTenTIals and proBlems of guT–BraIn axIs 
sIgnals In The TreaTmenT of oBesITy

�.�.�.�   redundancy and synergy

The.controls.of.eating.are.multifactorial.and.redundant..This.may.mean.that.manip-
ulations.of.individual.signals.will.be.ineffective.because.of.functionally.antagonis-
tic,.adaptive.responses.of.others..On.the.other.hand,.this.also.creates.the.potential.
for. therapies. based. on. simultaneous. manipulation. of. several. signals.. “Cocktail”.
therapies.may.provide.a.means. to.counteract. side.effects.or.antagonistic.adaptive.
responses..For.example,.simultaneous.use.of.a.ghrelin-based.therapy.may.perhaps.
prevent.increases.in.meal.frequency.that.might.otherwise.neutralize.the.decreases.in.
meal.size.produced.by.a.CCK-.or.amylin-based.therapy.

Therefore,.we.consider.the.study.of.interactions.of.the.many.signals.that.con-
trol.ingestive.behavior.an.especially.important.area.in.the.context.of.their.thera-
peutic.potential..Similar.to.other.areas.of.pharmacological.therapeutics,.it.seems.
plausible.that.combination.therapies.for.obesity.may.have.the.same.advantages.of.
increased.potency.and.decreased.side.effects..CCK,.the.best.investigated.signal.in.
this.regard,.has.been.reported.to.functionally.interact.with.several.other.peripheral.
signals. (listed. in.Table.9.4)..Functional.synergy.between.CCK.and.gastric. loads.
has.been.reported.in.rats,.primates,.and.humans..As.to.the.mechanisms.underly-
ing.these.synergies,.CCK.and.gastrointestinal.mechanostimulation.synergistically.
increased.the.electrophysiological.activity.of.vagal.afferent.neurons..The.interac-
tion.may.depend.on.activation.of.5HT3.receptors.in.the.periphery.and.n-methyl-d-
aspartate.(NMDA).receptors.in.the.dorsal.vagal.complex..At.the.hormonal.level,.
the.amylin-induced.neural.signaling.may.be.a.necessary.part.of.CCK.signaling,.
because.CCK.satiation.was.reduced.by.amylin.antagonist.pretreatment.in.rats.and.
in.amylin.knockout.mice,.in.which.it.was.rescued.by.subthreshold.doses.of.amy-
lin..The.reverse.appears.not.to.be.true,.because.CCK.antagonists.had.no.effect.on.
amylin.satiation.8
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�.�.�.�   side effects

Gut–brain.axis.signals.may.offer.several.advantages.to.the.currently.available.thera-
pies.in.the.treatment.of.obesity.in.relation.to.side.effects..Many.details.of.the.phys-
iology. of. several. gut–brain. controls. have. been. established,. so. that. the. types. and.
severity.of.side.effects.might.be.more.predictable..Peripheral.side.effects.may.be.
more. tractable. to. treatment,. and. peripheral. signals. can. be. manipulated. peripher-
ally,.which.is.in.general.more.accessible,.selective,.predictable,.and.perhaps.more.
safe. than.manipulation.of. central. neurotransmitter. systems..Further,.many.of. the.
hormonal.gut–brain.signals.are.fully.coupled.hormonal.controls.5.This.means.that.
ideal. timing.of.agonistic.or. antagonistic. therapies.can.be.predicted..As. indicated.
above,.perhaps.a.ghrelin.antagonist.should,. for.example,.be.applied.several.hours.
before. meals,. whereas. a. CCK. or. amylin. agonist. should. be. applied. immediately.
before.eating.

Gut–brain.axis.manipulation.often.causes.gastrointestinal.dysfunction.and.nau-
sea.as.side.effects..However,.this.is.dose.dependent,.and.CCK.and.amylin,.for.exam-
ple,.at.least.acutely.reduce.eating.in.the.absence.of.such.effects..Whether.the.same.
is.true.of.other.gut–brain.axis.hormones.such.as.GLP-1,.its.analogues,.or.PYY3-36.
is.less.clear..Although.they.potently.reduce.food.intake,.this.effect.is.often.accom-
panied.by.presumably.gastrointestinal.side.effects.leading.to.conditioned.taste.aver-
sions.in.animals.or.nausea.in.humans.

�.�.�.�   route of administration

A.disadvantage.of.brain–gut.axis.signals.is.that.the.peptide.or.peptidergic.agonists.
or.antagonists.cannot.be.administered.orally..This,.of.course,.would.not.apply. to.
nonpeptide.analogs..Furthermore,.the.increasing.recognition.of.the.medical.severity.

table �.�
functional Interactions between cck and 
other peripheral signals controlling eating
signal nature of Interaction reference

Amylin Synergy [8,80]

Estradiol Synergy. [37]

Gastric.load Synergy [6]

GLP-1 None [13,81]

Pancreatic.glucagon Antagonism [82]

(Central).Insulin Synergy [4]

Leptin Synergy [4]

Note: Here,.synergy.is.defined.as.a.further.decrease.in.eat-
ing. when. CCK. and. the. other. signal. are. applied.
simultaneously.in.comparison.CCK.alone..Antago-
nism.is.a.smaller.decrease.in.eating.when.CCK.and.
the.other.signal.are.applied.simultaneously.
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of.obesity.together.with.the.advantages.of.gut–brain.peptide.therapies.may.soon.be.
felt.to.justify.injections.as.a.route.of.administration.

9.5.3   relaTIVe sTrengThs of anImal and human sTudIes

This. chapter.reviewed. the. control.of. eating. in. animals.by.gut–brain. axis. signals,.
focusing.especially.on.hormonal.gut–brain.signals..One.may.reasonably.ask.if.ani-
mal.research.has.particular.strengths.in.this.area..We.believe.that.it.does.

As.is.the.case.with.all.other.areas.of.behavioral.neuroscience,.one.can.perform.
many.types.of.experiments.in.animals.that.cannot.be.done.in.humans..This.includes.
long-term.control.of.behavioral.and.physiological.functions,.for.example,.adaptation.
to.particular.diets,.that.help.isolate.phenomena.of.interest..Similarly,.one.can.per-
form.injurious.or.potentially.injurious.procedures.in.animals,.including,.for.example,.
surgical,.pharmacological.and.genetic.lesions,.and.to.name.an.example.germane.to.
behavioral.endocrinology,.cannulations.of.vasculature.and.endocrine.organs,.and.so.
forth..These.procedures.permit.less.well-controlled.physiological.studies.in.humans.
to.be.carefully.validated.in.animals..As.well,.they.permit.extension.and.reduction.of.
behavioral.data.to.physiological.and.neurophysiological.functions.

This.pertains.particularly.to.gastrointestinal.controls.of.eating..Gut–brain.axis.
signals,.and.especially.hormonal.signals,.are.easily.accessible.to.experimental.inves-
tigation. in.both.animals.and.humans..This.permits. the.use.of.essentially. identical.
experimental.designs,.so.that.studies.performed.in.animals.can.be.done.in.parallel.
in. humans.. This. allows. a.degree. of. direct. validation. of. animal. results. in. human.
subjects.that.is.rarely.possible.in.physiological.research..Excellent.examples.of.this.
can.be.found.in.the.study.of.the.satiating.effects.of.CCK.and.other.gut.peptides.(for.
example,.studies.on.synergistic.actions.between.preloads.and.CCK.in.rats,.monkeys,.
and.humans;.intestinal.satiation.with.intraduodenal.infusions.of.fat.combined.with.
CCK.antagonism.in.rats.and.humans).

Finally,.it.is.important.to.note.that,.in.both.animals.and.humans,.one.can.study.not.
only.pharmacological.hormone.action.but.also.normal.endogenous.hormone.release.
simply.by.taking.a.blood.sample..Thus,.if.one.can.sample.a.hormone.between.its.site.
of.release.and.the.relevant.receptors,.then.the.ability.to.monitor.and.manipulate.physi-
ological.signaling.is.limited.only.by.the.temporal.resolution.of.infusions.and.measures..
Nonetheless,.this.is.not.a.trivial.issue,.as.many.hormones.related.to.eating.are.released.
into. the. hepatic. portal. vein,. which. is. less. accessible. than. the. systemic. circulation,.
and.moreover,.most.have.pulsatile.patterns.of.release..Pulsatile.release,.of.course,.is.
a.general.phenomenon.in.endocrinology.and.not.limited.to.gut–brain.signals..Never-
theless,.even.considering.these.complications,.the.accessibility.of.hormonal.signaling.
molecules.remains.incomparably.greater.than.that.of.central.neural.signals..We.have.
detailed.information.as.to.the.relevant.prandial.patterns.of.release.of.several.endocrine.
controls.of.eating;.with.few.exceptions,.such.as.recent.reports.of.dopamine.release.in.
the.nucleus.accumbens.measured.during.sucrose.or.fat.meals,83,84.almost.no.compar-
able.information.is.available.for.any.brain.neurotransmitter.

references

. 1.. Diamond,.J.M.,.How.to.be.physiological,.Nature,.376,.117,.1995.

47833.indb   182 1/18/08   1:44:50 PM



Gastrointestinal	Factors	in	Appetite	and	Food	Intake	—	Animal	Research	 ���

. 2.. Stanley,.S..et.al.,.Hormonal.regulation.of.food.intake,.Physiol. Rev.,.85,.1131,.2005.

. 3.. Cummings,.D.E..and.Overduin,.J.,.Gastrointestinal.regulation.of.food.intake,.J. Clin. 
Invest.,.117,.13,.2007.

. 4.. Woods,.S.C.,.Signals.that.influence.food.intake.and.body.weight,.Physiol. Behav.,.86,.
709,.2005.

. 5.. Geary,.N.,.Endocrine.controls.of.eating:.CCK,.leptin,.and.ghrelin,.Physiol. Behav.,.81,.
719,.2004.

. 6.. Moran,.T.H.,.Gut.peptide.signaling.in.the.controls.of.food.intake,.Obesity,.14.(Suppl..
5),.250S,.2006.

. 7.. Ritter,. R.C.,.Gastrointestinal.mechanisms.of. satiation. for. food,.Physiol. Behav.,. 81,.
249,.2004.

. 8.. Lutz,.T.A.,.Pancreatic.amylin.as.a.centrally.acting.satiating.hormone,.Curr. Drug Tar-
gets,.6,.181,.2005.

. 9.. Qin,.X..and.Tso,.P.,.The.role.of.apolipoprotein.AIV.on.the.control.of.food.intake,.Curr. 
Drug Targets,.6,.145,.2005.

. 10.. Yamada,.K.,.Wada,.E.,.and.Wada,.K.,.Bombesin-like.peptides:.studies.on.food.intake.
and.social.behaviour.with.receptor.knock-out.mice,.Annals Med.,.32,.519,.2000.

. 11.. Berger,.K..et.al.,.Enterostatin.and.its.target.mechanisms.during.regulation.of.fat.intake,.
Physiol. Behav.,.83,.623,.2004.

. 12.. Cummings,.D.E.,.Foster-Schubert,.K.E.,.and.Overduin,.J.,.Ghrelin.and.energy.balance:.
focus.on.current.controversies,.Curr. Drug Targets,.6,.153,.2005.

. 13.. Gutzwiller,.J.P..et.al.,.Glucagon-like.peptide.1.(GLP-1).and.eating,.Physiol. Behav.,.82,.
17,.2004.

. 14.. Woods,.S.C..et.al.,.Pancreatic.signals.controlling.food.intake.—.insulin,.glucagon.and.
amylin,.Philosoph. Transact. Royal Soc. B Biol. Sci.,.361,.1219,.2006.

. 15.. Berthoud,.H.R.,.A.new.role.for.leptin.as.a.direct.satiety.signal.from.the.stomach,.Am. 
J. Physiol.,.288,.R796,.2005.

. 16.. Murphy,.K.G..and.Bloom,.S.R.,.Gut.hormones.and.the.regulation.of.energy.homeosta-
sis,.Nature,.444,.854,.2006.

. 17.. Kaplan,.J.M..and.Moran,.T.H.,.Gastrointestinal.signaling.in.the.control.of.food.intake,.
in.Handbook of Behavioral Neurobiology,.Vol. 14, Neurobiology of Food and Fluid 
Intake,.2nd.ed.,.Stricker,.E..and.Woods,.S.C.,.Eds.,.Kluwer.Academic,.Plenum.Publish-
ers,.New.York,.2004,.p..275.

. 18.. Langhans,. W.,. Role. of. the. liver. in. the. control. of. glucose-lipid. utilization. and. body.
weight,.Curr. Opin. Clin. Nutr. Metab. Care,.6,.449,.2003.

. 19.. Scharrer,.E.,.Control.of.food.intake.by.fatty.acid.oxidation.and.ketogenesis,.Nutrition,.
15,.704,.1999.

. 20.. De.Vries,.J..et.al.,.Patterns.of.body.temperature.during.feeding.in.rats.under.varying.
ambient.temperatures,.Physiol. Behav.,.53,.229,.1993.

. 21.. Schwartz,.G.J.,.The.role.of.gastrointestinal.vagal.afferents.in.the.control.of.food.intake:.
current.prospects,.Nutrition,.16,.866,.2000.

. 22.. Savastano,. D.M.,. Carelle,. M.,. and. Covasa,. M.,. Serotonin-type. 3. receptors. mediate.
intestinal.polycose-.and.glucose-induced.suppression.of.intake,.Am. J. Physiol.,.288,.
R1499,.2005.

. 23.. Davidson,.T.L..and.Swithers,.S.E.,.Food.viscosity.influences.caloric.intake.compensa-
tion.and.body.weight.in.rats,.Obes. Res.,.13,.537,.2005.

. 24.. Kojima,. M.. and. Kangawa,. K.,. Ghrelin:. structure. and. function,. Physiol. Rev.,. 85,.
495,.2005.

. 25.. Williams,.D.L..and.Cummings,.D.E.,.Regulation.of.ghrelin.in.physiologic.and.patho-
physiologic.states,.J. Nutr.,.135,.1320,.2005.

. 26.. Arnold,.M..et.al.,.Gut.vagal.afferents.are.not.necessary.for.the.eating-stimulatory.effect.
of.intraperitoneally.injected.ghrelin.in.the.rat,.J. Neurosci.,.26,.11052,.2006.

47833.indb   183 1/18/08   1:44:50 PM



���	 Appetite	and	Food	Intake

. 27.. Wortley,.K.E..et.al.,.Absence.of.ghrelin.protects.against.early-onset.obesity,.J. Clin. 
Invest.,.115,.3393,.2005.

. 28.. Asakawa,. A.. et. al.,. Antagonism. of. ghrelin. receptor. reduces. food. intake. and. body.
weight.gain.in.mice,.Gut,.52,.947,.2003.

. 29.. Helmling,.S..et.al.,.Inhibition.of.ghrelin.action.in vitro.and.in vivo.by.an.RNA-spiegel-
mer,.Proc. Natl. Acad. Sci. USA,.7,.101,.13174,.2004.

. 30.. Degen,.L..et.al.,.Effect.of.CCK-1.receptor.blockade.on.ghrelin.and.PYY.secretion.in.
man,.Am. J. Physiol.,.292,.R1391,.2007.

. 31.. Kobelt,. P.. et. al.,. CCK. inhibits. the. orexigenic. effect. of. peripheral. ghrelin,. Am. J. 
Physiol.,.288,.R751,.2005.

. 32.. Tschöp,.M.,.Smiley,.D.L.,.and.Heimann,.M.L.,.Ghrelin.induces.adiposity.in.rodents,.
Nature,.407,.908,.2000.

. 33.. Gibbs,.J.,.Young,.R.C.,.and.Smith,.G.P.,.Cholecystokinin.decreases.food.intake.in.rats,.
J. Comp. Physiol. Psychol.,.84,.488,.1973.

. 34.. Eisen,.S..et.al.,.Inhibitory.effects.on.intake.of.cholecystokinin-8.and.cholecystokinin-
33. in. rats.with.hepatic. proper.or. common.hepatic. branch.vagal. innervation,.Am. J. 
Physiol.,.289,.R456,.2005.

. 35.. Berthoud,.H.R..et.al.,.Neuroanatomy.of.extrinsic.afferents.supplying.the.gastrointesti-
nal.tract,.Neurogastroenterol. Motil., 16.(Suppl..1),.28,.2004.

. 36.. Zheng,.H..et.al.,.Brain.stem.melanocortinergic.modulation.of.meal.size.and.identifica-
tion.of.hypothalamic.POMC.projections,.Am. J. Physiol.,.289,.R247,.2005.

. 37.. Asarian,.L..and.Geary,.N.,.Modulation.of.appetite.by.gonadal.steroid.hormones,.Philos. 
Trans. Royal Soc. B Biol. Sci.,.361,.1251,.2006.

. 38.. Wildman,.H.F..et.al.,.Effects.of.leptin.and.cholecystokinin.in.rats.with.a.null.mutation.
of.the.leptin.receptor.Lepr(fak),.Am. J. Physiol.,.278,.R1518,.2000.

. 39.. Morton,.G.J..et.al.,.Leptin.action.in.the.forebrain.regulates.the.hindbrain.response.to.
satiety.signals,.J. Clin. Invest.,.115,.703,.2005.

. 40.. Smith,.G.P.,.The.direct.and.indirect.controls.of.meal.size,.Neurosci. Biobehav. Rev.,.
20,.41,.1996.

. 41.. West,.D.B.,.Fey,.D.,. and.Woods,.S.C.,.Cholecystokinin.persistently. suppresses.meal.
size.but.not.food.intake.in.free-feeding.rats,.Am. J. Physiol.,.246,.R776,.1984.

. 42.. Smith,.G.P..and.Gibbs,.J.,.The.satiety.effect.of.cholecystokinin..Recent.progress.and.
current.problems,.Ann. N.Y. Acad. Sci.,.448,.417,.1985.

. 43.. Drucker,.D.J.,.Biologic.actions.and. therapeutic.potential.of. the.proglucagon-derived.
peptides,.Nat. Clin. Pract. Endocrinol. Metab.,.1,.22,.2005.

. 44.. Turton,.M.D..et.al.,.A.role.for.glucagon-like.peptide-1.in.the.central.regulation.of.feed-
ing,.Nature,.379,.69,.1996.

. 45.. Mack,.C.M..et.al.,.Antiobesity.action.of.peripheral.exenatide.(exendin-4).in.rodents:.
effects.on.food.intake,.body.weight,.metabolic.status.and.side-effect.measures,.Int. J. 
Obes.,.30,.1332,.2006.

. 46.. Rinaman,.L.,.Interoceptive.stress.activates.glucagon-like.peptide-1.neurons.that.project.
to.the.hypothalamus,.Am. J. Physiol.,.277,.R582,.1999.

. 47.. Lachey,.J.J..et.al.,.The.role.of.central.glucagon-like.peptide-1.in.mediating.the.effects.of.
visceral.illness:.differential.effects.in.rats.and.mice,.Endocrinology,.146,.458,.2005.

. 48.. Batterham,. R.L.. et. al.,. Gut. hormone. PYY3-36. physiologically. inhibits. food. intake,.
Nature,.418,.650,.2002.

. 49.. Boggiano,.M.M..et.al.,.PYY3-36.as.an.anti-obesity.drug.target,.Obes. Rev.,.6,.307,.2005.

. 50.. Riediger,.T..et.al.,.Peptide.YY.directly. inhibits.ghrelin-activated.neurons.of. the.arcuate.
nucleus.and.reverses.fasting-induced.c-Fos.expression,.Neuroendocrinology,.79,.317,.2004.

. 51.. Abbott,.C.R..et.al.,.The.inhibitory.effects.of.peripheral.administration.of.peptide.YY3-

36.and.glucagon-like.peptide-1.on.food.intake.are.attenuated.by.ablation.of.the.vagal-
brainstem-hypothalamic.pathway,.Brain Res.,.1044,.127,.2005.

47833.indb   184 1/18/08   1:44:50 PM



Gastrointestinal	Factors	in	Appetite	and	Food	Intake	—	Animal	Research	 ���

. 52.. Talsania,.T..et.al.,.Peripheral.exendin-4.and.peptide.YY3-36.synergistically.reduce.food.
intake.through.different.mechanisms.in.mice,.Endocrinology,.146,.3748,.2005.

. 53.. Neary,. N.M.. et. al.,. Peptide. YY3-36. and. glucagon-like. peptide17-36. inhibit. food. intake.
additively,.Endocrinology,.146,.5120,.2005.

. 54.. Fu,.J..et.al.,.Food.intake.regulates.oleoylethanolamide.formation.and.degradation.in.the.
proximal.small.intestine,.J. Biol. Chem.,.282,.1518,.2007.

. 55.. Yang,.Y..et.al.,.Mechanism.of.oleoylethanolamide.on.fatty.acid.uptake.in.small.intes-
tine.after.food.intake.and.body.weight.reduction,.Am. J. Physiol.,.292,.R235,.2007.

. 56.. Weyer,.C..et.al.,.Amylin.replacement.with.pramlintide.as.an.adjunct.to.insulin.therapy.
in.type.1.and.type.2.diabetes.mellitus:.a.physiologic.approach.toward.improved.meta-
bolic.control,.Curr. Pharmaceut. Design,.7,.1353,.2001.

. 57.. Sexton,.P.M..et.al.,.In vitro.autoradiographic.localization.of.amylin.binding.sites.in.rat.
brain,.Neurosci.,.62,.553,.1994.

. 58.. Lutz,.T..A..et.al.,.Lesion.of.the.area.postrema/nucleus.of.the.solitary.tract.(AP/NTS).
attenuates.the.anorectic.effects.of.amylin.and.calcitonin.gene-related.peptide.(CGRP).
in.rats,.Peptides,.19,.309,.1998.

. 59.. Arnelo,.U..et.al.,.Sufficiency.of.postprandial.plasma.levels.of.islet.amyloid.polypeptide.
for.suppression.of.feeding.in.rats,.Am. J. Physiol.,.275,.R1537,.1998.

. 60.. Mollet,. A.. et. al.,. Infusion. of. the. amylin. antagonist. AC. 187. into. the. area. postrema.
increases.food.intake.in.rats,.Physiol. Behav.,.81,.149,.2004.

. 61.. Reidelberger,.R.D..et.al.,.Amylin.receptor.blockade.stimulates.food.intake.in.rats,.Am. 
J. Physiol.,.287,.R568,.2004.

. 62.. Morley,.J.E..et.al.,.Modulation.of.food.intake.by.peripherally.administered.amylin,.Am. 
J. Physiol.,.267,.R178,.1994.

. 63.. Riediger,.T..et.al.,.The.anorectic.hormone.amylin.contributes.to.feeding-related.changes.
of.neuronal.activity.in.key.structures.of.the.gut-brain.axis,.Am. J. Physiol.,.286,.R114,.
2004.

. 64.. Eiden,. S.. et. al.,. Salmon. calcitonin. —. a. potent. inhibitor. of. food. intake. in. states. of.
impaired.leptin.signaling.in.laboratory.rodents,.J. Physiol.,.541,.1041,.2002.

. 65.. Grabler,.V..and.Lutz,.T.A.,.Chronic.infusion.of.the.amylin.antagonist.AC.187.increases.
feeding.in.Zucker.fa/fa.rats.but.not.in.lean.controls,.Physiol. Behav.,.81,.481,.2004.

. 66.. Hollander,.P..et.al.,.Effect.of.pramlintide.on.weight.in.overweight.and.obese.insulin-
treated.type.2.diabetes.patients,.Obesity Res.,.12,.661,.2004.

. 67.. Chapman,.I..et.al.,.Effect.of.pramlintide.on.satiety.and.food.intake.in.obese.subjects,.
Diabetologia,.48,.838,.2005.

. 68.. Corwin,.R.L..and.Buda-Levin,.A.,.Behavioral.models.of.binge-type.eating,.Physiol. 
Behav.,.82,.123,.2004.

. 69.. Geary,.N.,.A.new.animal.model.of.binge.eating,.Int. J. Eat. Disord.,.34,.183,.2003.

. 70.. Smith,.G.P.,.Animal.models.of.human.eating.disorders,.Ann. N.Y. Acad. Sci., 575,.
63,.1989.

. 71.. Thibault,.L.,.Woods,.S.C.,.and.Westerterp-Plantenga,.M.S.,.The.utility.of.animal.mod-
els.of.human.energy.homeostasis,.Br. J. Nutr.,.92.(Suppl..1),.S41,.2004.

. 72.. Murphy,.W.J..et.al.,.Resolution.of.the.early.placental.mammal.radiation.using.Bayesian.
phylogenetics,.Science,.294,.2348,.2001.

. 73.. Li,.W.H..et.al.,.Molecular.phylogeny.of.rodentia,.lagomorpha,.primates,.artiodactyla,.
and.carnivora.and.molecular.clocks,.Proc. Natl. Acad. Sci. USA,.87,.6703,.1990.

. 74.. Hoyle,. C.H.,. Neuropeptide. families. and. their. receptors:. evolutionary. perspectives,.
Brain Res.,.848,.1,.1999.

. 75.. Pi-Sunyer,.X.,.Kissileff,.H.R.,.Thornton,.J.,.and.Smith,.G.P.,.C-terminal.octapeptide.of.
cholecystokinin.decreases.food.intake.in.obese.men,.Physiol. Behav.,.29,.627,.1982.

. 76.. Liebling,.D.S.,.Eisner,.J.D.,.Gibbs,.J.,.and.Smith,.G.P.,.Intestinal.satiety.in.rats,.J. Comp. 
Physiol. Psychol.,.89,.955,.1975.

47833.indb   185 1/18/08   1:44:51 PM



���	 Appetite	and	Food	Intake

. 77.. Beglinger,.C..and.Degen,.L.,.Fat.in.the.intestine.as.a.regulator.of.appetite-.role.of.CCK,.
Physiol. Behav.,.83,.617,.2004.

. 78.. Gibbs,.J..and.Smith,.G.P.,.Cholecystokinin.and.satiety.in.rats.and.rhesus.monkeys,.Am. 
J. Clin. Nutr.,.30,.758,.1977.

. 79.. Bi,.S..and.Moran,.T.H.,.Actions.of.CCK.in.the.controls.of.food.intake.and.body.weight:.
lessons.from.the.CCK-A.receptor.deficient.OLETF.rat,.Neuropeptides,.36,.171,.2002.

. 80.. Bhavsar,.S.,.Watkins,.J.,.and.Young,.A.,.Synergy.between.amylin.and.cholecystokinin.
for.inhibition.of.food.intake.in.mice,.Physiol. Behav.,.64,.557,.1998.

. 81.. Gutzwiller,.J.P..et.al.,.Interaction.between.GLP-1.and.CCK-33.in.inhibiting.food.intake.
and.appetite.in.men,.Am. J. Physiol.,.287,.562,.2004.

. 82.. Geary,.N..et.al.,.Individual,.but.not.simultaneous,.glucagon.and.cholecystokinin.infu-
sions.inhibit.feeding.in.men,.Am. J. Physiol.,.262,.R975,.1992.

. 83.. Hajnal,.A.,.Smith,.G.P.,.and.Norgren,.R.,.Oral.sucrose.stimulation.increases.accumbens.
dopamine.in.the.rat,.Am. J. Physiol.,.286,.R31,.2004.

. 84.. Liang,.N.-C.,.Hajnal,.A.,.and.Norgren,.R.,.Sham.feeding.corn.oil.increases.accumbens.
dopamine.in.the.rat,.Am. J. Physiol.,.291,.R1236,.2006.

47833.indb   186 1/18/08   1:44:51 PM



���

10 The	Role	of	the	
Gastrointestinal	
Tract	in	Satiation,	
Satiety,	and	Food	
Intake:	Evidence	from	
Research	in	Humans

Harry P.F. Peters and David J. Mela

contents

10.1. Introduction.................................................................................................. 187
10.2. The.Mouth.................................................................................................... 188
10.3. The.Stomach................................................................................................ 189

10.3.1.Hormonal.Mediators.of.Eating.Behavior......................................... 192
10.4. The.Small.Intestine...................................................................................... 192

10.4.1.Hormonal.Mediators.of.Eating.Behavior......................................... 195
10.5. The.Colon..................................................................................................... 198
10.6. Integration.of.Multiple.Gastrointestinal.(GI).Targets.................................. 199
10.7. Research.with.Human.Subjects.versus.Animal.Models.............................. 201
10.8. Conclusions..................................................................................................202
References...............................................................................................................203

�0.�   IntroductIon

The.gastrointestinal.(GI).tract.is.the.site.of.origin.of.a.wide.range.of.signals.that.ulti-
mately.act.to.influence.and.contribute.toward.regulation.of.hunger,.food.intake,.and.
satiety.1.Stimulation.of.the.GI.tract.leads.to.activation.of.vagal.afferents.or.release.
of.gut.peptides,2.and.the.effects.of.these.are.integrated.with.signals.originating.from.
other.parts.of.the.body,.such.as.adipocytes,.and.combine.with.sensory.and.cognitive.
influences.to.influence.eating.behavior.
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The. response. of. the. GI. tract. to. the. entry. of. nutrients. is. traditionally. divided.
into.cephalic,.gastric,.and. intestinal.phases,. reflecting.anatomical.and.physiologi-
cal.mediators.and.events..Although.these.phases.are.not.truly.separable,. they.can.
be.roughly.aligned.with.chronologically.and.behaviorally.corresponding.aspects.of.
satiation,.satiety,.and.food.intake.

In.this.chapter,.we.focus.on.how.events.within.the.GI.tract.can.affect.satiation,.
satiety,.and.food.intake..We.use.“satiation”.to.refer.to.processes.that.act.to.reduce.
or.terminate.eating.within.a.meal.and.the.(acute).feeling.state.associated.with.this,.
generally.occurring.within.20.to.60.minutes.of.initiating.ingestion..“Satiety”.refers.
to.processes.that.act.to.inhibit.eating.postprandially.and.reduce.intake.at.later.meals,.
and.the.associated.feeling.state.(hunger.suppression),.typically.observed.up.to.4.to.
6.hours..We.also.use.“appetite”.as.a.more.generic.term.for.the.motivational.state.or.
drive.to.seek.food.and.eat..“Food.intake”.can.include.a.variety.of.measures.of.actual.
ingestive.behavior,.including.rate,.volume,.choice,.and.energy.content.

Our.emphasis.is.on.evidence.derived.from.experimentation.with.humans,.with-
out.going.into.too.much.depth.on.underlying.biochemical.or.neural.mechanisms,.or.
characteristics.of.specific.hormones..The.applicability.of.this.evidence.under.nor-
mal.physiological.circumstances.is.considered,.using.some.specific.examples.with.
different.macronutrients.and.fiber..We.also.discuss.remaining.knowledge.gaps.that.
should.be.addressed.by.research.in.humans.and.animals.

�0.�   the Mouth

Influences.of.oral.stimulation.on.appetite.and.food.intake.will.only.be.briefly.mentioned.
here,.because.they.are.discussed.in-depth.in.Chapter.7.and.Chapter.8.of.this.volume.

The.mouth. is. a. source.of. signals. that.may.be.explicitly.perceived. in. terms.of.
gustatory,. textural,.and.(via.airflow.to.nasal.passageways).olfactory.stimulus.char-
acteristics:.quality,.intensity,.and.hedonic.value..Everyday.experience.and.controlled.
research.confirm.the.superficially.trivial.fact.that.people.often.eat.more.of.better-liked.
foods.when.offered.a.choice,.and.that.the.presence.of.a.highly.liked.food.can.stimu-
late.its.consumption.in.the.absence.of.an.energy.deficit.or.perceived.state.of.hunger.3.
It.is.reasonable.to.expect.that.these.effects.(and.their.anticipation).would.primarily.
influence.initiation.of.eating.and.intake.within.a.meal.(mainly.affecting.satiation),.
rather. than. lasting.several.hours. through. the.postmeal.period.(less. likely. to.affect.
postmeal.satiety)..This.distinction. is.apparent,. for.example,. in. the.work.on.effects.
of.palatability.on.satiation.and.satiety.by.de.Graaf.et.al.4.Many.studies.have.shown.
effects.of.sensory.and.hedonic.qualities.of. foods.on.postmeal.appetite. ratings.and.
behavior,.although.our.view.is.that.this.evidence.is.inconsistent.and.relatively.small.
in.magnitude.and.duration.5.Nevertheless,.through.learned.associations,.specific.sen-
sory.qualities.could.potentially.be.exploited.to.convey.the.impression.of.a.more.filling.
product,.or.to.reinforce.the.effects.of.more.active.satiety-inducing.ingredients.

In.addition. to. influencing. intake.within.a.meal,. events. in. the.mouth.may.also.
play.a.role.as.direct.or.indirect.metabolic.signals.related.to.appetite.and.food.intake..
Direct.effects.could.occur.through.stimulation.of.relevant.oral.receptor.systems6,7.that.
may.trigger.“downstream”.GI.and.metabolic.responses,.such.as.pancreatic.endocrine.
and.exocrine.secretions..Indirect.effects.would.be.signals.arising.secondarily.through.
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learned.associations.with.specific.sensory.stimuli.(perhaps.even.when.these.are.present.
at.levels.below.the.perceptual.threshold).8.Although.these.effects.of.oral.stimulation.
can.be.isolated.and.demonstrated.experimentally,.their.actual.relevance.to.ingestive.
behavior.in.the.context.of.everyday.eating.remains.to.be.clearly.demonstrated.

�0.�   the stoMach

Although. the.stomach. is.often. treated.as.one.single.entity,.perhaps.even.a.simple.
mixing.vat,.its.function.is.highly.complex.and.should.be.regarded.as.multicompart-
mental..Chemical. and.mechanical.properties.of. the. ingesta. are. transduced. in. the.
gastric.lumen.through.primary.afferent.neurons,.coordinated.via.interneurons..The.
proximal.stomach.(fundus).accommodates. food.by.reduction.of. its. tone,. followed.
by.an.increase.in.proximal.and.distal.(antrum).stomach.volume..The.gastric.motor.
function.adapts. to. this. fed. state,. and.mixing.and.digestion.are. initiated..Nutrient.
emptying.starts.with.the.liquid.phase,.while.solids.are.initially.retained.in.the.fun-
dus..After.a.lag.phase,.solids.empty.selectively.from.the.stomach,.propelled.toward.
the.pylorus.when.the.particle.size.is.sufficiently.reduced.(to.about.1.to.2.mm).9

Each.of.these.steps.in.the.gastric.phase.could.potentially.influence.appetite.and.
food.intake..However,.the.magnitude.and.timing.of.each.gastric.step.is.dependent.
on.meal.composition.parameters.such.as.volume,.consistency,.energy.value,.and.fat.
content,.and.all.those.parameters.can.influence.appetite.10–16.It.should.also.be.real-
ized.that.it.is.not.the.stomach.itself,.but.in.actuality.feedback.from.the.small.intes-
tine,.that.determines.the.rate.of.gastric.emptying.(GE).

The. exact.nature.of. the.gastric. signals. and. their. hierarchy.of. importance. are.
unknown..Nevertheless,.a.relationship.between.gastric.parameters.(gastric.disten-
sion,.emptying,.accommodation,.compliance).and.satiety-related.measures.(reported.
sensations.of.fullness,.hunger,.etc.).has.been.shown.many.times.17–23

The.most.potent.gastric.signals.are.probably.those.reflecting.distension,.and.the.
amount,. timing,. and. site. of. distension. can. all. influence. ingestive. behavior.. Early.
work.from.Geliebter.et.al.20.indicated.that.meal.intake.was.lower.when.a.gastric.bal-
loon.was.inflated.to.a.volume.of.400.ml.or.more,.and.hunger.ratings.also.decreased.
accordingly..In.subsequent.research.it.became.clear.that.distension.in.the.(less.com-
pliant).antral.area.is.more.important.than.in.the.fundal.region.21,22,24,25

In.addition.to.site.and.amount.of.distension,.the.timing.is.important..Oesch.et.
al.26.used.an.intragastric.balloon.to.distend.the.fundus.(by.0,.400,.600,.or.800.ml).of.
volunteers.for.10.minutes..Ten.minutes.after.the.balloon.was.deflated.and.taken.out,.
subjects.were.invited.to.eat.and.drink.as.much.as.they.wished.for.60.minutes..Dur-
ing.the.gastric.distension,.scores.for.hunger.were.significantly.reduced.at.a.volume.
of.600.and.800.ml,.while.fullness.scores.were.significantly.increased.only.at.800.
ml,.with.a.trend.for.600.ml..However,.as.soon.as.the.distension.was.terminated,.sati-
ety.scores.returned.to.baseline..This.might.explain.why.subsequent.food.intake.did.
not.differ.in.relation.to.the.preceding.volumes.of.distension..In.the.antrum.300-ml.
distension.had.no.effect.on.hunger.feelings.or.food.intake,.presumably.because.the.
volume.was.lower.than.the.400-ml.threshold.as.suggested.by.Geliebter.et.al.20

These. types. of. studies. can. be. criticized. for. their. use. of. the. balloon.. The.
position.of.the.balloon.was.not.always.well.defined.(the.balloon.intended.for.the.
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fundus.may.have.been.placed.in.the.antrum),.and.these.techniques.are.invasive.and.
uncomfortable..It.has.been.shown.that.distension.induced.by.this.technique.does.
not.clearly.simulate.the.intragastric.distribution.of.a.meal..Also,.direct.stimulation.
with.a.balloon.may.exaggerate.relaxation.of.the.stomach.wall.and.interfere.with.
normal.gastric.physiology.27,28

The.most.natural.way.of.testing.gastric.distension.is.by.the.use.of.a.meal..Rolls.
and.Roe,12.for.instance,.showed.that.—.perhaps.not.surprisingly.—.increasing.vol-
ume.of.gastrically.infused.food.reduced.hunger.and.food.intake..However,.by.using.
a.meal,.both.the.gastric.processes.and.duodenal.feedback.may.play.a.role..Goetze.et.
al.29.used.a.noninvasive.magnetic.resonance.imaging.(MRI).technique.and.showed.
that.perceptions.of.satiety.and.fullness.are.linearly.associated.with.postprandial.gas-
tric. volumes. of. meals. (independent. of. macronutrient. composition),. although. this.
research.did.not.discriminate.between.antrum.and.fundus..We30.distended.the.stom-
ach.in.another.way,.by.giving.subjects.meal.replacement.drinks.containing.a.type.
of.alginate,.a.fiber.that.gels.in.the.stomach..Using.MRI.we.were.able.to.prove.that.
the.fiber.did.form.lumps,.and.we.found.higher.satiety.ratings.with.the.alginate.meal.
compared.to.the.control.meal..This.was.confirmed.in.another.trial,.where.two.algi-
nate.concentrations.were. tested.31.Only. the.drink.where.0.8%.alginate.was.added.
(see.Figure.10.1).increased.satiety.significantly,.pointing.to.a.threshold.effect..Note.
though.that.there.are.many.different.alginates,.and.these.quantitative.and.qualitative.
results.and.their.replication.are.highly.dependent.upon.the.chemical.specification.of.
the.alginate.source,.as.well.as.the.food.matrix.in.which.they.are.used.
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fIgure �0.�  Effect.of.addition.of.0.4%.and.0.8%.alginate.to.meal.replacements.(MR).on.
self-reported.fullness.(100.mm.scale)..(Data.from.Appleton,.K.,.Hill,.J.,.Haddeman,.E.,.Rog-
ers,.P.J.,.and.Mela,.D.J.,.Proc. Nutr. Soc.,.2004,.63,.118A,.abstract.)

47833.indb   190 1/18/08   1:44:52 PM



The	Role	of	the	Gastrointestinal	Tract	in	Satiation,	Satiety,	and	Food	Intake	 ���

The.alginate.lumps.in.our.experiments.may.have.activated.antral.mechanorecep-
tors,.although.it. is.also.possible.that.the.lumps.entrapped.nutrients.from.the.meal.
replacement.drink.(since.carbohydrates.and.protein.are.water.soluble)..These.nutri-
ents.might.have.increased.subsequent.satiety.by.selective.and.prolonged.delivery.to.
the.small.intestine.32,33

Marciani.et.al.34.limited.the.effects.of.the.lumps.to.the.stomach.by.using.agar.
beads. differing. in. strength.. They. clearly. showed. that. fullness. increased. with.
increasing.gel.strength.of.the.beads.and,.as.such,.showed.that.the.antral.grinding.
forces.are. important.determinants.of. fullness.. It. is.not.known. if. this.difference.
between.antrum.and.fundus.is.also.related.to.differences.in.the.characteristics.or.
density.of.mechanoreceptors.in.these.areas,.although.differences.in.the.mechani-
cal. properties. and. neural. innervations. between. antrum. and. fundus. have. been.
shown.35,36.A.gastric.mechanosensor.has.recently.been.identified.that.could.also.be.
linked.to.feeding.behavior.37

In.addition.to.distension,.gastric.emptying.might.be.an.important.determinant.of.
ingestive.behavior.38.Some.authors.suggest.that.antral.distension.is.more.important.
than.the.overall.rate.of.gastric.emptying,21,39.but.this.remains.to.be.confirmed..It.is.
likely.that.they.both.are.important..Gastric.emptying.affects.not.only.the.amount.of.
gastric.distension,.but.also.the.rate.of.delivery.to.the.small.intestine.and.how.that.
interacts.with. the.stomach.(see.Section.10.6)..The.selective.emptying.of.nutrients.
might.be.especially.important.in.this.regard.

It.is.not.only.the.stomach.that.is.commonly.regarded.as.a.single.uniform.entity,.
but.the.meals.entering.the.stomach.are.also.often.regarded.as.such..However,.a.meal.
consists.of.many.components.that.behave.and.might.be.handled.differently.in.the.
stomach.and,.consequently,.leave.the.stomach.at.different.rates..For.example,.in.the.
intragastric.environment,.separation.of.fat.content.can.occur.with.different.meals.or.
emulsions,.whereby.fat.and.water.undergo.phase-separation.into.distinct.upper.(fat).
and.lower.(water).layers..Consequently,.the.lower.layer.with.less.fat.and.much.more.
water.empties.much.faster.than.fat.40.It.can.be.hypothesized.that.such.a.water.phase.
may.not.contain. sufficient. fat. to. stimulate. the.duodenal. feedback. that.mediates.a.
reduction.in.gastric.emptying.rate,.as.a.phase-separating.meal.was.shown.to.gener-
ate.less.production.of.the.satiety.hormone.cholecystokinin.(CCK).and.less.reported.
satiety.than.an.emulsified.meal.that.did.not.separate.into.two.distinct.phases.41

Another.example.of.the.complex.gastric.behavior.and.of.the.role.of.gastric.emp-
tying.is.the.comparison.of.casein.and.whey,.which.have.been.characterized.respec-
tively.as.“slow”.and.“fast”.proteins,42.because.casein.forms.a.complex.in.the.stomach.
and.is.proposed.to.be.more.slowly.released..Indeed,.Hall.et.al.43.showed.that.a.liquid.
drink.containing.49.g.of.protein.as.whey.(versus.casein).emptied.significantly.faster.
and.resulted.in.a.19%.reduction.in.meal.intake.90.minutes.later..This.was.accom-
panied.by.a.higher.satiety.and.higher.total.amino.acid.plasma.level.and.higher.lev-
els.of.the.satiety.hormones.CCK.and.glucagon-like.peptide-1.(GLP-1)..However,.a.
more.recent.trial44.could.not.confirm.any.of.these.differences,.possibly.because.of.a.
different.design.or.because.of.other.(postabsorptive).properties.of.the.protein.coun-
teracting.the.differences.in.gastric.emptying..The.inconsistent.effects.observed.for.
different.protein.sources.may.also.depend.on.the.specific.sourcing.and.isolation.of.
the.protein.and.prior.processing.or.composition.of.the.test.food.matrix.
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Adding.to.effects.of.mechanical.stimuli.in.the.stomach,.chemical.stimuli.might.
be.important.for.ingestive.behavior,.but.these.have.hardly.been.studied..For.instance.
the.role.of.gastric.pH.and.acid.secretion.on.satiety.is.unknown,.although.it.can.be.
speculated.that.a.different.pH.affects.meal.behavior.in.the.stomach.(e.g.,.by.affecting.
optimal.enzyme.activity45.or.emulsion.stability41,46)..There.could.also.be.effects.on.
rates.of.digestion.and.consequent.delivery.of.digestion.products.to.the.small.intes-
tine.45,47.An.example.may.be.the.digestion.of.fat.in.the.stomach..The.extent.of.fat.
hydrolysis.taking.place.in.the.stomach.is.approximately.10.to.30%.of.fat.ingested,48.
and. this.gastric.predigestion. facilitates. fat. digestion. in. the.duodenum..As.gastric.
lipase.is.most.active.around.pH.3–4,.the.gastric.pH.can.affect.digestion45,49.and.con-
sequently.satiety..However,.so.far.this.is.largely.speculation.

10.3.1   hormonal medIaTors of eaTIng BehaVIor

While.gastric.distension.evokes.neural.signals. that.are. transmitted.directly. to. the.
brain,.humoral.factors.can.also.play.a.role.in.eating.behavior..We.describe.two.hor-
mones,.gastric.leptin.and.ghrelin,.that.may.act.to.suppress.or.stimulate.food.intake,.
respectively.50–53

Up.to.25%.of.circulating leptin.is.derived.from.the.stomach,54.but.research.on.
gastric.leptin.production.and.characteristics.is.thus.far.mainly.limited.to.animals..
While.leptin.produced.by.the.adipose.tissue.plays.a.role.in.the.long-term.regulation.
of.energy.balance.and.acts.more.systemically,55.gastric.leptin.appears.to.serve.as.a.
short-term.satiety.signal,.acting.much.more.locally.53.The.interplay.between.gastric.
leptin.and.nongastric.leptin.warrants.further.study.

Ghrelin.is.a.28-amino-acid.peptide.mostly.expressed.in.the.stomach.and.the.only.
hormone.identified.so.far.that.stimulates.food.intake.51.Ghrelin.stimulates.acid.secretion.
and.motility.in.the.stomach,.but.also.food.intake.and.jejunal.motility,.and.its.marked.pre-
prandial.elevation.suggests.it.might.be.a.hunger.signal.leading.to.meal.initiation.51,56

Although.ghrelin.is.mainly.expressed.by.the.stomach,.it.is.not.really.responding.
to.luminal.contents.in.either.stomach.or.small.intestine,.but.to.metabolic.state.and.
neural.signals.in.the.small. intestine.50.Osmolality.and.insulin.surges.are.probably.
involved.in.this,50.thus.explaining.why.lipids,.calorie.for.calorie,.are.much.less.effec-
tive.in.simulating.ghrelin.than.carbohydrates.and.proteins.50.Ghrelin.release.patterns.
may.also.be.partly.entrained.by.habitual.meal.patterns,.so.it.peaks.prior.to.when.food.
intake.would.normally.occur,.and.may.contribute.toward.“conditioned.hunger.”

�0.�   the sMall IntestIne

We.have.described.how.gastric.distension.plays.an.important.role.in.satiety.and.food.
intake,.while.in.the.small.intestine,.both.distension.and.nutrient.stimulation.play.a.
role..Small.intestinal.mechanoreceptors.initiate.motor.mechanisms.which.slow.gas-
tric.emptying,57.but.the.impact.of.mechanical.stimulation.in.the.intestine.is.clearly.
less.potent.than.the.effects.of.nutrients,.mediated.via.the.abundant.chemoreceptors.

Gastric. emptying. and. delivery. of. nutrients. to. the. small. intestine. are. precisely.
controlled.by.negative. feedback. from.nutrients. in. the.duodenum..Several. chemical.
and.osmotic.effects.can.be.considered..It.is.known.that.a.low.pH,58.as.well.as.a.high.
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osmolality59–61.or.viscosity62. in. the.small. intestine,.can.delay.gastric.emptying,.and.
delayed.gastric.emptying.affects.satiety..However,.direct.effects.of,.for.instance,.osmo-
lality.on.satiety.have.hardly.been.studied.in.humans.63–65.Effects.of.osmolality.on.ghre-
lin.have.been.mentioned,65.and.it.is.known.that.vagal.receptors.exist.that.respond.to.
osmolality,66.but.the.exact.mechanism.and.impact.on.satiety.is.largely.unknown..Per-
haps.part.of.the.effects.can.be.explained.by.intestinal.hypertonicity.inducing.GI.symp-
toms.like.reflux.67.The.effects.of.a.low.intestinal.pH.on.satiety.have.not.been.tested,.
although.a.recent.study.showed.that.addition.of.organic.acids.to.solid.foods.can.delay.
gastric.emptying68.and.increase.satiety.69.The.satiety.effect.observed.in.the.latter.study,.
however,.may.have.been.confounded.by.low.palatability.of.the.acid.test.products.

Effects. of. intestinal. viscosity. on. satiety. are. largely. unknown,. because. most.
research.only. studies. the.viscosity.of. the. test.products. (before.eating).or.perhaps.
under.gastric.conditions.30.Viscosity.of.the.meal.itself.is.often.not.directly.reflected.
in.the.subsequent.gastric.or.intestinal.viscosity.30,70.The.differential.effects.of.fibers.
on. satiety.may. be.partly. explained. by.variation. in. their. effects. on.gastric. and/or.
intestinal.viscosity,71,72.but.that.has.not.been.directly.tested.in.humans.

Upon.entry.of.nutrients,.intestinal.motility.is.changed.from.the.propagative.con-
tractions.of.peristalsis.of. the.fasted.state. to. the.nonpropagative.pattern. that.slows.
intestinal. transit. in. the.fed.state.73.The.movement.of.a.meal. through.the.digestive.
tract.must.be.tightly.controlled.to.ensure.adequate.time.for.assimilation..Motility.of.
the.small.intestine.determines.the.time.that.the.contents.of.a.meal.are.in.contact.with.
the.digestive.enzymes.and.absorptive.mucosal.layer..In.a.normal.healthy.bowel,.the.
control.process.(the.feedback.mechanisms).takes.place.in.the.entire.small.intestine,.
divided.anatomically.into.duodenum,.jejunum,.and.ileum..The.feedback.from.each.
area.is.known.as.the.“duodenal.brake,”.the.“jejunal.brake,”.and.the.“ileal.brake,”.
respectively.74–76.Each.of. these.“brakes”.act.as.a.neurohormonal. feedback.mecha-
nism,.activated.when.end-products.of.digestion.(such.as.unesterified.fatty.acids.[FA].
after.a.fatty.meal).become.available,.but.the.ileal.brake.is.clearly.the.most.potent.77.
The.ileal.brake.delays.both.gastric.and.intestinal.transit.time.and.is.primarily.trig-
gered.by.FA..For.an.overview.of.the.ileal.brake,.we.refer.to.Van.Citters.and.Lin.78.All.
of.these.brakes.can.affect.satiety.and.food.intake.

Studies.in.animals.have.shown.that.small.intestinal.feedback.on.gastric.emptying,.
intestinal.transit,.and.appetite.is.dependent.on.load.and.duration.of.nutrient.delivery.
and.the.length.and.region.of.small.intestine.exposed.to.these.nutrients..In.humans,.
however,.this.has.hardly.been.studied,.especially.in.the.ileal.region..As.fat.appears.to.
be.the.most.potent.trigger,.this.is.the.most.studied.nutrient.in.this.respect.

The. load.of.nutrients.affects.motility,. satiety,.and. food. intake,.although. there.
is.probably.a.minimal.threshold.for.each.of.these.parameters.79.Loads.as.small.as.
about.2.kcal/min.of.triacylglycerides.have.been.shown.to.suppress.hunger.and.food.
intake,80.while.the.minimum.effective.dose.for.unesterified.FA.appears.to.be.much.
lower.81.For.instance,.Little.et.al.81.found.that.very.low.intraduodenal.doses.of.lauric.
acid.(0.1,.0.2,.or.0.4.kcal/min).for.90.minute.dose-dependently.modulated.antral.and.
duodenal.motility.and.GI.hormone.release,.and.effects.on.energy.intake.were.appar-
ent.with.the.highest.dose.infused.(0.4.kcal/min)..In.this.study.no.effect.on.appetite.
scores.were.observed,.although.a.similar.dose.produced.a.reduction.in.hunger.in.a.
separate.experiment.by.the.same.group.82
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In.addition.to.load,.duration.of.nutrient.delivery.is.important.83.Load.and.dura-
tion.probably.interact.as.well.79.In.normal.conditions,. load.and.length.of.intestine.
exposed.are.linked..In.dogs84.increasing.total.load.increased.the.spread.of.both.lipol-
ysis.and.absorption.of.fat.to.and.along.the.ileum:.only.7%.of.a.15-g.duodenal.fat.load.
reached.the.ileum,.compared.to.30%.after.a.60-g.fat.load..In.rats.it.has.been.shown.
that.suppression.of.food.intake.is.only.maximal.when.feedback.is.generated.from.
both.proximal.and.distal.gut.sensors,85,86.while.in.dogs.it.has.been.observed.that.the.
larger.the.surface.area.triggered,.the.stronger.the.feedback.signals.32

While.load,.duration,.and.length.of.intestine.triggered.are.important.for.feed-
back.control.of.motility.and.for.satiety.and.food.intake,.it.is.evident.that.the.intes-
tinal.region.is.of.utmost.importance..Studies.in.dogs77.have.shown.that.stimulation.
of.the.ileal.brake.is.clearly.most.potent,.but.data.in.humans.are.limited.87–89.Most.
studies.so.far.have.focused.on.infusion.in.the.duodenal/jejunal.region,.and.few.on.
the.ileal.region..The.ileal.brake.plays.an.important.role.in.the.physiologic.regulation.
of.gut.function;.especially.at.higher.intakes,.increases.in.postprandial.ileal.nutrient.
concentrations.have.been.shown.in.humans,90.and.even. low.ileal.nutrient.concen-
trations.can.affect.the.transition.from.a.fasted.to.a.fed.intestinal.motility.pattern.73.
Amounts.as.low.as.1.2.g.lipids.delivered.to.the.ileum.slow.down.gastric.emptying.
in.humans.91

Unfortunately,.human.studies.assessing.the.relationship.between.the.ileal.brake.
and.food.intake.and.satiety.are.scarce..Welch.et.al.87. infused.a.liquid.meal.in.the.
ileum.(40.g.fat,.370.kcal).for.90.minutes.and.observed.a.net.reduction.in.food.intake..
After.the.start.of.the.meal,.fullness.increased.significantly.during.the.ileal.infusion,.
most.probably.due.to.a.delayed.gastric.emptying.87.As.the.ileal.infusion.did.not.sup-
press.appetite.before.the.meal,.but.did.increase.fullness.during.the.meal,.the.authors.
concluded.that.the.effect.on.satiety.might.be.explained.by.the.earlier.attainment.of.a.
critical.level.of.gastric.distension.due.to.the.delay.in.gastric.emptying,.as.opposed.to.
a.more.direct.influence.of.ileal.fat.on.the.satiety.centers.in.the.brain..This.would.then.
suggest.that.inhibition.of.food.intake.by.ileal.brake.activation.could.be.enhanced.by.
providing.a.concurrent.intragastric.volume.load.

Apart. from.reducing.food. intake.during.an.ad libitum.meal,.activation.of. the.
ileal.brake.can.also.lead.to.a.reduction.in.between-meal.hunger..We92.found.that,.
compared.to.an.oral.lipid.load,.an.ileal.lipid.load.caused.a.significant.reduction.in.
between-meal.hunger.and.subsequent.food.intake.

Fat. is. the.most.potent. trigger.of. all. intestinal.braking.mechanisms,76,80,93,94. at.
least.when.it.is.directly.infused.into.the.small.intestine..Protein.and.carbohydrate.
trigger.the.brakes,.but.to.a.lesser.extent..Soluble.fibers.can.also.trigger.the.brakes.by.
extending.the.spread.of.nutrients.down.the.intestine.and.consequently.stimulating.
the.more.potent.ileal.brake,.although.this.has.only.been.tested.in.dogs.95

Pilichiewicz.et.al.83.performed.an.elegant. study. in.which. they. tested.how. the.
combinations.of. load,.duration,. and. region.of. small. intestinal. fat. exposure.might.
affect.GI.response,.satiety,.and.meal.intake..They.infused.lipids.intraduodenally.at.
1.33.kcal/min.for.either.50.minutes.(1.33/50).or.for.150.minutes.(1.33/150),.or.at.4.
kcal/min.for.50.minutes.(4/50),.versus.a.saline.infusion.for.150.minutes..Although.
they.did.not.directly.measure. the.distribution.of. lipolytic.products.along. the.gut,.
they.presumed.that.the.4/50.would.result.in.the.release.of.lipolytic.products.in.the.
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jejunum.for. the.first.50.minutes,. followed.by. further. release. in. the. ileum.(as. this.
high.dose.exceeds.proximal.gut. lipolytic.and.absorptive.capacity)..The.1.33.kcal/
minute. load.would.be.digested.and.absorbed.efficiently.and. therefore.confined. to.
the.jejunum..There.was.no.significant.effect.of.any.of.the.lipid.infusions.on.appetite.
or.energy.intake,.although.prospective.food.consumption.during.4/50.tended.to.be.
reduced.as.compared.to.the.others,.while.food.intake.tended.to.be.lower.(–8%).with.
the.1.33/150.infusion..Gastric.motility.was.mostly.affected.by.the.highest.dose.(4/50).
and.persisted.even.after.cessation.of.the.infusion.

10.4.1   hormonal medIaTors of eaTIng BehaVIor

The.interaction.of.nutrients.with.specific.receptors.in.the.small.(and.also.large).intes-
tine.triggers.release.of.hormones,.several.of.which.play.a.major.role.in.triggering.
changes.in.satiation,.satiety,.and.food.intake..In.particular.CCK,55.GLP-1,96,97.and.
peptide.YY.(PYY)98,99.have.been.extensively.characterized.and.their.effects.tested..
However,. other. hormones. like. amylin,. oxyntomodulin,. and. apo-lipoprotein. A-IV.
might.be.equally.important,.but.have.not.been.studied.to.the.same.extent.in.humans..
The.site.of.release.of.these.satiety.hormones.and.their.responsiveness.to.nutrients.
appears.to.be.region.specific:.CCK.is.mostly.proximal,.GLP-1.and.PYY.more.distal,.
while.amylin.is.produced.in.the.pancreas.

We.will.discuss.shortly.several.hormones.(but.also.refer.to.Chapters.9.and.10).
CCK.is.the.most-studied.satiety.hormone,55.both.in.humans.and.animals..CCK.

is.primarily.released.from.the.duodenal.and.jejunal.mucosa.in.response.to.nutrients,.
especially.fatty.acids.of.at.least.12-carbon.chain.length,80,100.and.to.a.lesser.extent.
proteins.or.amino.acids..As.with.most.satiety.hormones,.CCK.acts.via.endocrine.
and/or.neural.mechanisms.to.affect.many.GI.functions.such.as.gut.motility,.gastric.
emptying,.gall.bladder.contraction,.and.gastric.acid.secretion.

CCK.has.been.shown.to.act.to.limit.meal.size.under.experimental.conditions.101,102.
Exogenous.CCK.stimulates.meal. termination,103,104.and.CCK.antagonists. increase.
meal.size,105.suggesting.that.CCK.is.a.natural.endogenous.satiation.factor..Part.of.
the.satiation.induced.by.CCK.might.result.from.inhibition.of.gastric.emptying..CCK.
and.gastric.distension.combine.to.limit.food.intake,106.with.signals.probably.being.
integrated.by.vagal-afferent.fibers.

Amylin.is.produced.in.the.pancreas.and.rises.rapidly.with.meal.onset,.but.has.a.
brief.duration.of.action..In.addition.to.an.inhibitory.action.on.insulin.and.glucagon.
secretion,. exogenous. amylin. leads. to. a. dose-related. reduction. in. meal. size.. Like.
many.other.hormones,.it.reduces.meal.size.and.duration.without.affecting.intake.in.
subsequent.meals.in.rats.107

Most. research.on. amylin.has. focused.on. animals. (for. an.overview.we. refer. to.
Lutz107)..Most.human.research.so.far.has. tested. the.amylin.analog.pramlintide.and.
found.it.to.reduce.gastric.emptying.and.to.have.benefits.for glycemic.control.and.weight.
loss.108.Chapman.et. al.109.have. recently. found. that.pramlintide. reduced. food. intake.
both.in.type.2.diabetics.(–23%).and.nondiabetic.obese.men.(–16%),.without.a.signifi-
cant.effect.on.self-reported.hunger.or.fullness.109.Satiety.ratings,.however,.might.have.
been.confounded.because.the.meal.intake.(before.the.satiety.was.rated).differed.
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GLP-1 is.one.of.the.more.distally.produced.hormones,.hypothesized.to.mediate.
the.ileal.and.colonic.brake.96,110.This.proglucagon-derived.peptide.is.released.by.the.
enteroendocrine.L-cells.in.the.distal.small.intestine.and.colon..Its.release.depends.
partly.on.direct.contact.between.the. luminal.nutrients.and. the.distal.L-cells,.pre-
dominantly. in. response. to. carbohydrates. and. fat.111.GLP-1. increases.during.meal.
consumption,.long.before.a.significant.amount.of.nutrients.from.that.meal.reaches.
the.ileum,.suggesting.that.neurohumoral.triggers.are.also.involved.

Intravenous.infusions.of.GLP-1.have.been.shown.to.inhibit.GE112–114.and.to.relax.
the.proximal.stomach,.stimulate.phasic.and.tonic.motility.of.the.pylorus,.and.inhibit.
gastric.acid.and.exocrine.pancreatic.secretion.96,115.Furthermore,.intravenous.infu-
sion.of.physiological.amounts.of.GLP-1.leads.to.a.10%.reduction.in.food.intake116.
and.promotes.satiety113,117,118.in.humans.

As.previously.noted,.maximal.suppression.of.food.intake.appears.to.occur.only.
when.feedback.is.generated.from.both.proximal.and.distal.gut.sensors,.as.shown.in.
rats85,86.and.dogs.32.This.has.not.been.formally.tested.in.humans,.except.for.Little.et.
al.,119.who.showed.that,.when.a.larger.intestinal.segment.was.exposed.to.glucose.(3.5.
kcal/min.for.60.minutes),.effects.on.GLP-1.and.ghrelin,.but.not.CCK,.were.much.
more.pronounced.than.when.this.same.infusion.was.limited.to.a.shorter.segment..
Unfortunately.satiety.was.not.measured.in.that.study.

PYY.is.also.involved.in.distal-to-proximal.intestinal.feedback.and.is.also.a.can-
didate.mediator.of.the.effects.of.the.ileal.brake..PYY.is.a.36-amino-acid.peptide,.
secreted.by.L-cells.in.the.ileum.and.colon..PYY.release.is.mainly.triggered.by.fat.in.
the.ileum.and.colon,.but.may.be.stimulated.by.fat.in.the.duodenum.via.CCK-depen-
dent.pathways.120.PYY.is.released.into.the.circulation.about.15.minutes.following.
food.intake,.and.plasma.levels.peak.after.about.90.minutes.and.can.remain.elevated.
for.several.hours,.depending.on.caloric.content.and.composition.of.the.meal.

PYY.release.(triggered.by.ileal.fat.perfusion).delays.small.intestinal.transit,76,121.
while,.as.shown.in.dogs,.immunoneutralization.of.PYY.abolishes.this.delay.122.The.
inhibitory.effects.of.PYY.on.gastrointestinal.motility.have.also.been.confirmed.by.
intravenous.infusion.studies.123.Batterham.et.al..demonstrated.that.intravenous.infu-
sions.replicating.(very.high?).postprandial.PYY3-36.concentrations.lessened.hunger.
and.decreased.ad libitum.food.intake.by.36%,.without.affecting.nausea,.food.palat-
ability,.or.fluid.intake.98,99.The.inhibitory.effect.of.PYY.on.food.intake.in.animals.
and.humans.has.been.discussed.intensively.124–126.Recently,. the.anorectic.effect.of.
PYY3-36.infusion.has.been.confirmed.in.humans,.but.only.at.very.high.concentra-
tions.that.cannot.be.regarded.as.physiological.125

As.described.above,.Pilichiewicz.et.al.83.showed.that.the.effect.of.load,.duration,.
and.region.of.small.intestinal.nutrient.exposure.on.food.intake.and.satiety.was.not.
very.clear.and.relatively.small..In.contrast,.the.effects.on.plasma.CCK.and.PYY.were.
much.more.pronounced,.and.these.were.clearly.different.in.magnitude.and.duration.
among.treatments.(see.Figure.10.2)..This.implies.that.production.of.these.hormones.
depends.on.load,.duration,.and.region.of.the.small.intestine.exposed.to.the.lipids,.but.
that.the.relationship.with.satiety.and.food.intake.is.much.less.straightforward.

When.we. infused. lipids.directly. into. the. ileum.at.a. rate.of.0.54.kcal/min. for.
45. minutes,. satiety. scores. increased. significantly,. and. food. intake. decreased. sig-
nificantly.(11%).92.Small.intestinal.transit.time.was.reduced,.and.CCK.was.elevated,.
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while.PYY.was.not.affected..However,.these.effects.were.seen.in.comparison.to.oral.
intake.of.the.same.amount.of.lipids.and.not.to.duodenal.infusion,.and.lipids.were.
delivered.with.different.timings.

The.possibility.that.PYY.acts.more.as.a.paracrine.or.neurocrine.agent.than.as.an.
endocrine.agent.(and.as.such.plasma.levels.may.not.reflect.the.local.effects.of.PYY).
might.explain.the.discrepancy.between.observed.correlations.with.endogenous.PYY.
and.the.effects.of.exogenous.PYY.in.some.studies..Until.these.issues.are.resolved,.
the.role.of.PYY.as.the.primary.humoral.mediator.of.the.ileal.brake,.or.perhaps.the.
particular.conditions.in.which.its.effects.dominate,.will.remain.unsettled.

Apolipoprotein A-IV. (Apo. A-IV). is. synthesized. in. response. to. lipid. in. the.
intestine,.and. there. is.evidence. that. it.may.be. involved. in.signaling.fat.content. in.
the.intestine.to.other.organ.systems,127.inhibiting,.for.example,.GE128.and.signaling.
satiety.in.the.rat.129,130

After.luminal.hydrolysis.of.triacylglycerols.(TAG),.the.resulting.fatty.acids.(FA).
and. monoacylglycerols. diffuse. into. enterocytes.. Within. the. enterocytes,. they. are.
resynthesized.into.TAG,.packaged.into.chylomicrons,.and.secreted.into.the.lymph..
Apo.A-IV.is.a.component.of.the.surface.coating.of.chylomicrons..When.the.release.
of.chylomicrons.into.lymph.is.blocked.by.pluronic.L81,.an.inhibitor.of.chylomicron.
formation.and.secretion,.the.satiating.effects.of.intestinal.lipids.is.attenuated.131.Thus,.
transportation.of.TAG.as.chylomicrons.into.lymph.is.essential.for.at.least.a.part.of.
the.inhibitory.effect.of.intestinal.lipids.on.gastric.emptying.and.food.intake.131.Intra-
arterial.perfusion.of.lymph.has.been.shown.to.inhibit.gastric.motility,132.and.further.
studies.in.rats.indicate.that.Apo.A-IV.is.the.component.in.the.lymph.responsible.for.
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fIgure �0.�  Plasma.concentrations.of.CCK.(A).and.peptide.YY.(PYY;.B).during.intra-
duodenal.infusion.of.10%.Intralipid.at.1.33.kcal/min.for.50.minutes,.1.33.kcal/min.for.150.
minutes,. and. 4. kcal/min. for. 50. minutes. or. saline. for. 150. minutes.. CCK. concentrations.
were.significantly.higher.during.1.33/50.when.compared.with.the.others.between.0.and.60.
minutes.and.significantly.higher.during.1.33/150.when.compared.with.the.others.between.
90.and.150.minutes..PYY.concentrations.were.significantly.higher.during.4/50.when.com-
pared.with.the.others.between.30.and.90.minutes.and.between.120.and.150.minutes;.4/50.
and.1.33/150.were.significantly.higher.when.compared.with.the.others..(From.Pilichiewicz,.
A.N.,.Little,.T.J.,.Brennan,.I.M.,.et.al.,.Am. J. Physiol.,.2006,.290,.R668–R677..Reproduced.
with.permission.)
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the.effects.on.gastric.emptying.133.So.far,.the.vast.majority.of.research.has.concen-
trated.on.animals,.and.the.importance.of.Apo.A-IV.in.humans.has.to.be.clarified.

Oxyntomodulin is. another. satiety.hormone.originating. from. the.distal. small.
intestine,. but. it. has. hardly. been. studied. in. humans.. This. peptide. is. also. cleaved.
from.proglucagon,.produced.by.L-cells.and.colocalized.with.PYY.and.GLP-1..It.is.
released. in.proportion. to. ingested.calories,. and. intravenous. infusion. immediately.
decreases. hunger. and. meal. intake.134. Longer-term. use. leads. to. body. weight. loss,.
although. part. of. that. effect. might. be. induced. by. increased. energy. expenditure.56.
Additional.research.is.required.to.clarify.its.importance.in.human.eating.behavior.

�0.�   the colon

The.colon.possesses.an.inhibitory.mechanism.like.the.ileal.brake,.but.this.colonic.
brake.is.less.potent.than.other.brakes.110.It.shows.that.colonic.feedback.inhibits.prox-
imal. gut. motility,135,136. possibly. via. GLP-1. and. PYY,. but. the. relationship. to. food.
intake.and.satiety.is.unclear.

Actually.very.few.studies.have.been.performed.on.the.role.of.the.colon.in.sati-
ety.and.food.intake..Some.fermentable.carbohydrates.have.documented.effects.of.
increasing.satiety,137.and.short-chain.fatty.acids.(SCFA).(like.acetate.and.propionate).
might.explain.this,.because.they.are.produced.by.colonic.fermentation..L-cells.that.
produce.several.satiety.hormones.(for.example,.PYY.and.GLP-1).are.also.found.in.
large.concentrations.in.the.colon.

Only.a.very. limited.number.of.studies.have.been.performed.on. the.effects.of.
SCFA.specifically,.or.prebiotics.(potential.substrates.for.microbial.SCFA.production),.
on.food.intake,.satiety,.or.weight.gain. In.rats,.daily.ingestion.of.lactitol.(a.nondigest-
ible,.fermentable.sugar.alcohol).for.10.days.lowered.total.food.intake.and.weight.gain.
over.this.period,.while.the.authors.observed.no.significant.effect.on.satiety.after.1.
day.of.lactitol.in.humans,.although.suggestive.trends.were.observed.138

There.is.some.indirect.evidence.for.satiety.effects.of.fermentable.substrates.as.
well..Effects.on.GLP-1.and.PYY.have.been.studied.with.mixed.results..Piche.et.al.139.
gave.20.g.oligofructose.per.day.for.7.days.to.patients.with.gastroesophageal.reflux.
disease..Plasma.concentrations.of.GLP-1.after.a.subsequent.test.meal.were.signifi-
cantly.higher.after.the.oligofructose.treatment.compared.to.after.a.week.of.sucrose.
as.placebo..CCK.and.PYY.were.not.changed..In.earlier.studies.colonic.infusion.of.
SCFA.also.did.not.change.GLP-1.or.PYY.135,136,139.Fermentable.carbohydrates.and.
SCFA.might.influence.satiety.also.via.an.effect.on.gastric.emptying..This.has.been.
shown.in.humans.136

Studies.to.date.would.indicate.that.diets.rich.in.resistant.starch.do.not.substan-
tially.affect.satiety,140.although.a.very.recent.study.does.suggest.that.8.g.oligofructose.
twice.a.day.for.2.weeks.affects.satiety.and.food.intake.at.the.last.day.137.Underlying.
mechanisms.were.not.explored. in. this.study,.although. the.same.material.affected.
satiety.hormones.in.rats.141

There.is.also.some.indication.that.colonic.distension.affects.GI.motor.function.
in.humans,142.but.effects.on.satiety.and.food.intake.have.not.been.directly.tested..A.
recent.finding143. that.gas.and.methane.production.(and.possibly.associated.disten-
sion).is.linked.to.GI.motility.is.very.intriguing,.but.warrants.much.more.research.
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in.humans..Issues.of.side.effects.(for.example,.flatulence).at.levels.required.to.affect.
appetite.will.likely.influence.eventual.food.applications.

All.in.all,.it.can.be.concluded.that.the.role.of.the.colon.in.human.satiety.and.food.
intake.remains.unclear.since.most.data.have.been.gathered.in.rodents..Confirmation.
in.humans.is.needed.

�0.�   IntegratIon of MultIple 
gastroIntestInal (gI) targets

We.have.thus.far.discussed.the.effect.of.the.GI.tract.by.considering.each.segment.
independently,.but.obviously.the.effects.from.the.different.segments.are.integrated.
and.interactive..Ingested.nutrients.induce.signals.of.satiation.and.satiety.by.means.of.
their.physicochemical.characteristics.and.digestion.products,.either.directly.or.indi-
rectly.through.effects.on.gastric.or.intestinal.function.(for.example,.by.mechanical,.
chemical,.or.osmotic.effects)..Subsequently,.these.effects.stimulate.neural.responses.
and.the.release.of.various.peptide.hormones.influencing.appetite.and.food.intake..
However,.as.the.hormones.affect.the.digestion.process.itself,.a.positive.or.negative.
feedback.loop.on.satiety.is.introduced..For.instance,.CCK.is.stimulated.by.peptides.
resulting.from.protein.digestion,.but.CCK.also.stimulates.gastric.acid.secretion..An.
enhanced.gastric.acid.secretion.will.affect.the.optimal.pepsin.activity,144.which.in.
turn.either.increases.or.decreases.the.production.of.smaller.protein.breakdown.prod-
ucts,.and.that.by.itself.then.affects.the.stimulation.of.CCK.

Just.as.the.effects.from.the.different.GI.segments.are.integrated.and.interactive,.
the. hormones. produced. by. the. GI. tract. interact. as. well,. although. the. number. of.
human.studies.testing.these.interactions.is.fairly.limited.145–147.One.example.is.the.
possible.interaction.of.GLP-1.and.PYY..Because.they.are.cosecreted.by.intestinal.
L-cells,. an. interaction. seems.obvious..However,.while.one. study. showed. that. the.
effects.of.simultaneous.perfusion.of.both.peptides.on.food. intake. in.humans.was.
larger.than.the.sum.of.the.individual.contributions,145.another.study.indicates.that.the.
release.of.GLP-1.may.inhibit.the.release.of.PYY.112

Another. example.of. possible. interaction. is. that. of.PYY.and.Apo.A-IV;.PYY.
infusion,.resulting.in.levels.that.are.similar.to.those.produced.by.ileal.lipid.infusion,.
has.been.shown.to.result.in.increased.Apo.A-IV.secretion.148

Other.examples.of.interactions.are.illustrated.by.the.work.of.French.and.Cecil,149.
showing.the.interactions.amongst.oral,.gastric,.and.duodenal.effects.on.satiety..Stud-
ies. that.have.combined. intraduodenal. lipid. infusions.with.gastric.distension.show.
that.this.produces.a.greater.reduction.in.food.intake.than.when.these.two.stimuli.are.
separated.79

As.described.above,.Oesch.et. al.26.used. intragastric.balloon.distension.of. the.
antrum.(300.ml).for.20.minutes.and.combined.this.with.a.continuous.duodenal.infu-
sion.of.either.fat.or.saline..Antral.distension.decreased.hunger.feelings.only.when.fat.
was.infused..Food.intake.was.also.reduced.by.the.fat.infusion.independent.of.antral.
distension..However,.antral.volume.did.not.exceed.300.ml,.which.might.have.been.
too.low.to.produce.the.full.array.of.possible.interactions.

Another.example.of. the. interaction.between.duodenal.and.gastric.effects.was.
tested. by. Oesch. et. al.150. An. oral. protein. preload. alone. significantly. reduced. the.
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amount.of.food.eaten.by.20%,.and.an.intraduodenal.fat.infusion.alone.caused.a.13%.
reduction,.while.the.combination.reduced.food.intake.by.29%..They.concluded.that.
the.effect.was.additive.and.not.synergistic..However,.because.total.energy.was.not.
the.same.in.all.conditions,.this.may.not.be.a.true.example.of.interaction..Hunger.was.
only.reduced.after.the.protein.preload.and.not.after.the.duodenal.infusion.

Degen. et. al.151. showed. that. the. combined. food. intake-reducing. effect. of. ileal.
stimulation.(using.exogenous.GLP-1.infusion).and.gastric.distension.(using.a.protein.
preload).was.larger.than.the.effect.of.each.on.its.own..Also.Kissileff.et.al.106.showed.
that.gastric.distension.plus.intravenously.administered.CCK.reduced.test.meal.food.
intake.by.200.g.(from.about.760.g),.and.this.effect.was.only.partly.dependent.on.
the.reduced.gastric.emptying.(induced.by.CCK)..The.300-ml.distension.on.its.own.
had.little.effect.(31.g),.while.CCK.alone.reduced.food.intake.by.90.g..Fullness.was.
significantly.enhanced.after.distension,.but.less.after.CCK.infusion..At.the.300-ml.
distension,.CCK.showed.no.additional.effect.on.fullness.

These.examples.of.interaction.show.how.the.quantitative.and.qualitative.impact.of.
some.potentially.important.GI.influences.on.satiety.and.food.may.be.over-.or.underes-
timated,.or.missed.altogether,.when.studied.in.isolation..These.interactions.are.likely.
to.occur. in.natural.eating.conditions.and.can.also.be.considered.as.possible. targets.
for.food.or.pharmacological.interventions..Based.on.current.literature.on.satiety.and.
food.intake.and.the.time.course.of.nutrient.effects.within.the.GI.tract,152.Figure.10.3.
illustrates.the.theoretical.timing.and.extent.of.GI.effects.on.satiation.and.satiety..As.an.
example.of.how.this.might.be.applied.in.manufactured.foods,.the.gelling.of.alginate.
in.the.stomach.can.be.used.to.increase.gastric.distension,.and.this.distension.can.be.
expected.to.increase.the.satiety-enhancing.effects.of,.for.instance,.duodenal.fat.deliv-
ery..If.it.is.then.also.possible.to.achieve.(later).ileal.fat.delivery,.a.further.enhancement.
of.the.magnitude.and.duration.of.appetite-control.effects.could.be.accomplished.

What.is.proposed.here.is.an.approach.whereby.multiple.different.GI.targets.may.
each.be.modestly.affected,.and.the.combination.could.provide.for.additive.or.even.
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synergistic. and.prolonged. satiety. signaling.. In. contrast. to. single-target. strategies,.
this.approach.may.also.better.address.individual.differences.and.prevent.long-term.
adaptation,.and.might.be.a.more.feasible.strategy. to.manipulate.hunger.and.meal.
intake.practically. through. foods..One.such.approach.could. include.use.of. soluble.
fibers.that.delay.gastric.emptying.and.nutrient.absorption,.displace.nutrients.to.the.
ileum,.and.might.even.increase.satiety.via.by-products.of.colonic.fermentation..Sev-
eral.challenges.remain.to.confirm.these.ideas.and.realize.them.in.practice.

�0.�   research wIth huMan subjects 
versus anIMal Models

There.are.several.research.issues.that.would.be.best.addressed.by.researchers.work-
ing.with.animal.models..Animals.have.long.been.used.as.a.research.stage.(bioassay).
between.in vitro.and.human.clinical.trials,.whereby.active.agents.or.stimuli.seen.in.
in vitro.models.can.be.screened.in.more.detail..This.naturally.affords.a.cost-effec-
tive.and.feasible.approach.to.consider.factors.such.as.bioavailability,.biotransforma-
tion,.and.safety.before.testing.in.humans..However,.it.should.be.realized.that.certain.
aspects.of.GI.physiology.are.species.specific..Most.aspects.of.human.GI.motility.are.
probably.best.reflected.in.canine.or.pig.models.(with.the.exception of.the.ileal.brake,.
which.appears.not. to.work.in.pigs153)..For. instance,. ileal.brake.is.mainly.affected.
by.lipids.in.dogs.and.humans,.while.proteins.also.play.an.important.role.in.the.ileal.
brake.in.rats..In.particular,.the.role.of.the.colon.in.human.satiety.and.food.intake.
should.be.tested.in.humans.and.not.in.rodents.because.of.significant.species.differ-
ences.in.anatomy..Colonic.effects.in.rodents.can.be.influenced.by.the.much.greater.
relative.size.and.weight.of.the.first.part.of.the.rat’s.large.intestine,.and.this.may.lead.
to.exaggerated.conclusions.regarding.potential.effects.in.humans.141

We.have.described.how.multiple.GI.processes.and.hormones. interact.and.are.
dependent.on.load,.duration,.and.site.of.nutrient.delivery..Animal.models.might.be.
suitable.to.discriminate.between.the.different.GI.processes..For.instance,.by.using.
a.meal,.both.the.gastric.processes.and.duodenal.feedback.may.play.a.role,.and.these.
can.be.separated.in.animals.much.more.easily.by,.for.example,.gastric.cannulas.or.
pyloric.cuffs.to.limit.the.effect.to.small.intestine.or.stomach..Other.possibilities.are.
the.use.of.more.potent.or.longer-acting.blockers.or.agonists.of.hormone.action.

We.have.described.several.feedback.mechanisms.that.tend.to.reduce.food.intake.
and.inhibit.hunger,.partly.by.prolongation.of.gastric.emptying.time.and.the.transit.
time.through.the.small.intestine..However,.it.is.uncertain.whether.this.is.purely.an.
indirect.effect,.or.also.a.direct.effect.of.these.brakes.on.the.central.satiety.centers.
in.the.brain..Animal.studies.might.elucidate.this,.while.human.studies.combining.
intestinal. intubation. with. fMRI. techniques,. though. technically. challenging. and.
costly,.might.also.help.in.testing.for.such.a.direct.effect.

Animals,.preferably.pigs,.can.be.used.for.targeted.delivery.of.nutrients.to.spe-
cific.areas.of.the.GI.tract..While.intubation.in.humans.is.possible,.animals.can.be.
used.much.more.easily.and.frequently..However,.considerable.skill.is.needed.to.suc-
cessfully.implant.cannulas.at.the.required.sites.in.small.animals.like.rats.or.mice.

Very.few.studies.have.been.performed.in.humans.to.assess.hormonal.interac-
tions,. so. the. relative. importance.of. these. is. largely.unknown..The. availability.of.
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specific.antagonists,.for.instance.for.GLP-1,.enables.new.studies,.especially.in.ani-
mals,.investigating.the.role.of.individual.satiety.hormones.and.their.interactions.in.
food.intake.

Furthermore,.we.(and.the.research.literature).have.primarily.considered.humoral.
factors.as.nutrient-induced.effects,.but.neural.mechanisms.are.certainly.as.impor-
tant.154,155.Vagal.afferents.transmit.information.from.the.gut.to.the.brain,.primarily.to.
the.nucleus.of.the.solitary.tract..For.example,.intestinal.infusion.with.fatty.acids.and,.
to.a.lesser.extent,.triacylglycerols.increases.activity.of.vagal.afferents.in.rats..After.
vagotomy.the.inhibitory.effect.of.jejunal.lipid.infusion.on.food.intake.is.markedly.
reduced.154,155.The.effects.of.PYY.and.GLP-1.on.GI.function.and.food.intake.are.also.
attenuated.after.vagotomy.156,157.This.suggests.a. role.of.vagal.afferents. in. the.hor-
mone-induced.changes.in.GI.motor.and.secretory.function.and.their.effects.on.food.
intake,.and.is.a.research.issue.that,.for.obvious.reasons,.would.be.best.addressed.by.
researchers.working.with.animal.models.

Lastly,. animal. models. can. also. be. applied. to. unravel. long-term. effects. (e.g.,.
adaptation,.repeat.exposure).of.nutrients.much.more.easily.and.cost.effectively.than.
testing.with.humans.

�0.�   conclusIons

How.important. is. the.GI. tract.as.a. source.of. signals. influencing.satiety.and. food.
intake.in.humans?.In.reality,.humans.mostly.consume.meals.at.times.that.are.con-
venient.or.habitual,.and.eating.is.most.often.initiated.based.on.social.influences.and.
learned.cues..Meal.termination.is.often.largely.determined.simply.by.initial.serving.
size.availability;.we.eat.what.we.take.(or.are.given).and.stop.when.it.is.gone..Thus,.
it.could.be.argued.that.much.of.behavior.reflects.automated.routines.and.momentary.
environmental.conditions..This.is.certainly.true.for.the.bulk.of.meal-eating.under.
normal. conditions.. However,. this. does. not. mean. that. GI. signals. are. irrelevant. to.
everyday.eating.behavior..It.is.likely.that.the.repeated.experience.of.GI.signals.is.a.
significant.factor.in.the.initial.and.continued.entraining.of.habitual.eating.behaviors.
(e.g..self-selected.portion.sizes.and.meal.timing)..Furthermore,.statistical.analyses.
of.normal.eating.patterns.in.humans.suggest.significant.associations.with.feedback.
from.GI.signals.158,159

It. is.not.possible. to.quantify. the.power.of.signals.arising.from.the.GI.tract. in.
meal. termination. or. preventing. opportunistic. between-meal. “snacking,”. because.
these.are.also.integrated.with.postabsorptive.metabolic.events.and.longer-term.adi-
posity.signals.like.leptin..Nevertheless,.it.is.clear.that.GI.signals.are.capable.of.inde-
pendently.generating.substantial.inhibition.of.hunger.feelings.and.eating.motivation..
The.fact.that.infusion.of.nutrients.into.the.small.intestine.reduces.food.intake.much.
more.than.when.these.nutrients.are.given.intravenously160.shows.the.satiating.power.
of.the.GI.tract..Nevertheless.this.can.be.overridden.by,.for.example,.environmental.
conditions.that.stimulate.so-called.“nonhomeostatic”.eating.3

Further.research.to.clarify.the.potency.of.GI.tract.signals.and.the.longer-term.
persistence. of. short-term. effects. would. help. to. identify. optimal. targets. and. pat-
terns.of.exposure.that.may.help.in.suppressing.or.stimulating.appetite.and.eating..
The.continuous.(oral).ingestion.of.different.macronutrients.shows.equivocal.results.
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with.respect.to.compensation.effects.on.meal.intake,.satiety,.and.GI.function.161–164.
The. effects. of. compensation. after. continuous. infusion. directly. into. the. intestine.
have.mostly.been.limited.to.animals,165.and.its.implications.therefore.remain.to.be.
assessed.in.humans.

There.is.clearly.much.already.known,.and.much.still. to.be.learned,.about. the.
role.of.the.GI.tract.in.appetite.and.food.intake..There.also.remains.a.considerable.
opportunity. for. translating. fundamental. knowledge. into. clinical. and. consumer.
applications..Several.of.the.examples.described.here.indicate.the.advantage.of.multi-
disciplinary.research.teams.that.combine.expertise.in.gastroenterology.and.ingestive.
behavior..The.addition.of.expertise.in.food.materials.science.(physical.behavior.and.
chemical.characterization.of.food.components.and.matrices).can.provide.additional.
understanding.of.the.complex.interactions.between.food.and.the.body.and.help.in.
taking.research.from.the.laboratory.into.the.marketplace.
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��.�   IntroductIon

Following. food. ingestion,. the. alimentary. organs. secrete. a. complex. array. of. sub-
stances.that.play.a.role.in.meal.termination..These.signals.use.neural,.paracrine,.or.
endocrine.pathways.to.convey.information.in.an.integrated.manner.to.hindbrain.or.
hypothalamic.structures.that.control.food.intake.and.energy.balance..They.also.play.
important. roles. in. digestion. and. absorption,. including. gastrointestinal. secretion,.
motility,.and.blood.flow,.as.well.as.whole-organism.physiological.function..These.
signals.are.generated.from.gut.compartments.such.as.the.stomach.and.intestine.and.
primarily.influence.aspects.of.short-term.control.of.food.intake;.however,.they.either.
directly,. or. indirectly,. also. influence. long-term. energy. balance.. Other. peripheral.
secretory.organs.such.as.the.pancreas,.liver,.adrenal.glands,.the.gonads,.and.adipose.
tissue.also.produce.numerous.substances.that.have.profound.effects.on.food.intake.
and.energy.balance..The.picture.is.complicated.by.the.fact.that.several.hormones.that.
act.peripherally.can.also.act.in.the.brain.or.be.produced.by.the.brain,.with.seemingly.
different. functions..Therefore,. teasing.out. their. endocrine. effects. can.prove.chal-
lenging..This.chapter.deals.primarily.with.endocrine.signals.traditionally.known.to.
affect.food.intake.and.body.weight..The.roles.of.gut-derived.and.neuronally.derived.
signals.involved.in.food.intake.are.discussed.in.Chapters.9,.10,.and.13,.respectively,.
of.this.book,.but.because.some.gut.signals.exert.their.action.through.an.endocrine.
route,.they.will.also.be.briefly.discussed.here.

��.�   gastrIc and IntestInal sIgnals

The. presence. of. food. in. the. gastrointestinal. lumen. evokes. the. release. of. various.
substances. from. specialized. gastric. and. intestinal. enteroendocrine. cells.. Several.
types.of.endocrine.cells.have.been.identified.as.“nutrient.sensors”.due.to.their.nutri-
ent-sensitive.chemoreceptors..They.synthesize.and.release.peptides. in.response. to.
specific.classes.of.macronutrients,.but.also. respond. to.other. regulatory.molecules.
and.neurotransmitters.produced.by.adjacent.cells..These.peptides.enter. the.extra-
cellular.fluid.and.act.on.local.cells.through.a.paracrine.mode.of.action.or.enter.the.
circulation.and.access.hindbrain.structures.lying.outside.the.brain–blood.barrier.1

11.2.1   gasTrIn-releasIng pepTIdes (grp)

The. stomach. releases. several. peptides.known. to. influence. food. intake. and.gas-
trointestinal. (GI). function.. GRP. suppresses. food. intake,. stimulates. gastric. acid.
secretion.and.GI.motility,.but.inhibits.gastric.emptying..Administration.of.bombe-
sin. (BBS),. a. nonmammalian. tetradecapeptide. amphibian. homolog. of. GRP. and.
neuromedin.B.(NMB),.also.suppresses.food.intake.after.either.peripheral.or.cen-
tral.administration.2.In.the.rat,.GRP/BBS-like.peptide.levels.in.the.gut.and.brain.
increase.postprandially,. supporting.GRP’s. role.as.an. inhibitor.of. food. intake.3–5.
Most.of.the.experimental.evidence.points.to.a.neural.mechanism.of.action,.with.
both.upper.gastrointestinal.and.central.(hindbrain).GRP.receptors.mediating.the.
bombesin-induced. suppression. of. feeding.. However,. endogenous. bombesin-like.
peptides.can.also.provide.endocrine.afferent.input.by.activating.peripheral.neural.
pathways. leading. to.peptide.release. into. the.brain.which,. in. turn,.contributes. to.
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meal.termination.6.Alternatively,.and.less.well.documented,.is.the.possibility.that.
bombesin-like.peptides.act.directly.on.the.brain.through.an.endocrine.mechanism..
Consistent.with.this,.GRP.receptor–deficient.mice.consume.larger.meals.than.their.
controls.and.become.obese.7

11.2.2   ghrelIn

Ghrelin,.released.mainly.by.the.X/A-like.cells.in.the.fundus.of.the.stomach,.is.an.
endogenous.ligand.for.the.growth.hormone.secretagogue.receptor.localized.in.the.
gastric. mucosa,. intestine,. and. other. peripheral. and. central. nervous. tissues.8. The.
only.currently.known.orexigenic.gut.hormone,.ghrelin.stimulates.food.intake.and.
increases.body.energy.stores..Its.release.is.influenced,.among.other.things,.by.meal.
composition.and.caloric.load.9,10.Both.intracerebroventricular.and.peripheral.admin-
istration.of.ghrelin.induce.hyperphagia.and.weight.gain.in.rodents.10,11.Ghrelin.levels.
rise.before.and. fall. after.a.meal;.however,.whether. the. rise. in.circulating.ghrelin.
triggers.meal.initiation.is.not.known.12,13.Among.macronutrients,.carbohydrate.is.the.
most.potent.in.suppressing.ghrelin.levels,.followed.by.protein.and.lipid.1.The.weak.
effect.of.lipid.has.been.linked.to.overeating.on.a.high-fat.diet.14.If.elevated.ghrelin.
levels.drive.overconsumption.and.weight.gain,.it.follows.that.reduced.ghrelin.con-
centrations.should.do.the.reverse:.inhibit.food.intake.and.cause.weight.loss..Indeed,.
gastrectomized.mice.have.80%.less.ghrelin.and.lose.weight.compared.with.intact.
mice.15. When. ghrelin. levels. are. restored. to. normal,. weight. gain. ensues.. Further-
more,.acute.administration.of.ghrelin.receptor.antagonists,.anti-ghrelin.antibodies,.
or.antisense.oligonucleotides.results. in.a.reduced.food.intake.and.weight. loss,16–18.
suggesting. a. physiological. role. for. endogenous. ghrelin,. but. the. mechanisms. that.
inhibit.ghrelin.release.after.a.meal.are.not.known.

In.addition.to.its.role.in.control.of.short-term.food.intake,.ghrelin.contributes.to.
long-term.body.weight.regulation..For.example,.rats.chronically.treated.with.ghrelin.
exhibit.sustained.overeating.and.weight.gain,10.and.ghrelin.administration.has.been.
shown.to.contribute.to.weight.gain.by.stimulating.adipogenesis.and.inhibiting.activ-
ity.of.the.sympathetic.nervous.system.10,19.However,.ghrelin.knockout.mice.have.the.
same.food.intake.and.body.weight.as.wild-type.mice,.and.knockout.and.wild-type.
mice.respond.similarly.to.exogenous.ghrelin.20,21.On.the.other.hand,.adult,.but.not.
young,.mice.with.ghrelin.or.ghrelin.receptor.deletions.become.obese.on.a.high-fat.
diet.22,23.Together,.these.results.illustrate.the.subtle,.but.complex.nature.of.the.knock-
out.models,. the. interaction.of.ghrelin.with.other.genes. that.might. influence. food.
intake,.and.the.possible.role.of.ghrelin.in.development.

It.also.is.interesting.that,.unlike.lean.individuals,.ghrelin.levels.in.fasted.obese.
subjects. are. reduced,. while. weight. loss. increases. ghrelin. concentrations.13,24. Fur-
thermore,.postprandial.ghrelin. is.not.reduced.in.obese. individuals..This. lack.of.a.
“suppression.pedal”.may.contribute.to.overeating.and.weight.gain..The.accumula-
tion.of.body.fat.and.a.corresponding.increase.in.leptin.results.in.a.gradual.decrease.
in.ghrelin.levels.25.Conversely,.ghrelin.is.increased.after.weight.loss.due.to.anorexia.
or.cachexia,26,27.but.not.after.bariatric.surgery.when.ghrelin.levels.are.low.28,29.There-
fore,.ghrelin.may.play.a.role.in.long-term.regulation.of.body.weight,.but.circulating.
levels.may.also.be.influenced.by.metabolic.status.

47833.indb   215 1/18/08   1:45:01 PM



���	 Appetite	and	Food	Intake

11.2.3   gasTrIc lepTIn

The.long-held.view.of.the.stomach.as.the.“volume.detector”.of.ingesta.has.under-
gone.significant.transformation.during.the.past.several.years..With.the.recent.dis-
covery.of. the.synthesis.and.secretion.of.ghrelin.and. leptin.by. the.stomach,. it.has.
become.clear.that,.in.addition.to.its.role.in.mechanoreception,.the.stomach.is.a.rich.
source.of.humoral.signals.that.participate.in.control.of.food.intake.and.energy.bal-
ance.30.Leptin,. the.product.of. the.ob. gene,.originally.discovered. in.mature.white.
adipocytes,.has.been.isolated.from.gastric.mucosa.31.Epithelial.endocrine.and.exo-
crine.gastric.cells.(pepsinogen.secreting.chief.cells.and.endocrine.P.cells).secrete.
significant.amounts.of.leptin.30.There.are.two.main.pools.(exocrine.and.endocrine).
of.gastric.leptin,.which.potentially.have.distinct.functions..The.exact.role.of.gastric.
leptin.has.not.been.fully.elucidated,.but.exocrine,.luminal,.gastric.leptin.can.act.on.
intestinal.brush.border.leptin.receptors.to.regulate.several.intestinal.functions.32.In.
addition,.leptin.has.been.reported.to.stimulate.cholecystokinin.(CCK).release,.and.
CCK.has.been.reported.to.increase.leptin.secretion.in.the.duodenum;.therefore.the.
two.hormones.exaggerate.and.potentiate.each.other’s.activity.33

There. is. substantial. evidence. that. circulating. leptin. (adipose-derived). inhibits.
food.intake.and.reduces.body.weight.34.It.is.unknown.whether.significant.amounts.
of. gastric. leptin. reach. the. systemic. circulation. to. influence. food. intake,. but. very.
recently,.Peters.et.al.35.produced.strong.circumstantial.evidence.supporting.a.para-
crine.mode.of.action.for.gastrointestinal.leptin..They.demonstrated.that.leptin.infu-
sion.into.the.celiac.artery.suppresses.food.intake,.whereas.a.jugular.infusion,.which.
produced.higher.systemic.plasma.levels,.did.not.change.food.intake..The.effect.on.
food.intake.by.celiac.arterial.infusions.was.prevented.by.subdiaphragmatic.vagot-
omy,.and.low.doses.of.leptin.infused.into.either.intraceliac.artery.or.jugular.vein.had.
no.effect.on.food.intake..This.led.to.the.suggestion.that,.similar.to.CCK,.low,.local.
concentrations.of.gastric.leptin.can.access.vagal.afferents.and.reduce.meal.size,35.but.
the.contribution.of.gastric.leptin.to.the.main.circulating.pool.of.leptin.and.its.impact.
on.food.intake.and.energy.balance.remain.to.be.investigated.

11.2.4   cholecysTokInIn (cck)

The. role. of. CCK. as. a. gut. hormone. and. its. influence. on. satiation. is. discussed. in.
Chapters.9.and.10..Here,.the.possible.role.of.endocrine.CCK.is.briefly.discussed.as.
well.as.its.involvement.in.GI.functions.to.facilitate.digestion.and.absorption.and,.in.
doing.so,.to.control.caloric.intake..CCK.is.released.by.the.enteroendocrine.I-type.
cells.of.duodenal.and.jejunal.mucosa.in.response.to.intraluminal.nutrients,.in.par-
ticular,. long-chain. fatty. acids. and. unhydrolyzed. or. partially. hydrolyzed. proteins..
There. is.substantial.evidence.from.physiological,.pharmacological,.and.molecular.
studies.to.support.the.notion.that.CCK.octapeptide.acts.locally.in.a.paracrine.fashion.
to.influence.intake.36.Although.CCK-8.is.the.most.active.biological.form,.it.is.not.the.
predominant.endocrine.form.of.CCK..It.has.been.recently.shown.that.CCK-58.is.the.
major.endocrine.form.of.CCK.in.the.rat,.with.40%.more.CCK-58.than.CCK-8.recov-
ered.from.rat.blood.37.The.presence.of.CCK-58.as.a.predominant.endocrine.form.of.
CCK.in.the.rat.explains.its.strong.effects.on.physiological.functions.such.as.pancre-
atic.secretion,.gall.bladder.contraction,.and.central.and.peripheral.nerve.activation..
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How.much.intestinal.CCK-58.is.stored.in.tissue.and.how.much.is.degraded.to.smaller.
forms. that. could,. in. turn,. influence. digestive. functions. and. intake. remains. to. be.
determined..CCK.concentration.rises.immediately.after.a.meal,.reaching.peak.levels.
at.approximately.30.minutes.and.lasting.3.to.5.hours.38.In.addition.to.its.effect.on.
meal.size,.CCK.can.also.exert.a.postabsorptive.effect.by.interacting.with.long-term.
adiposity.signals.such.as.leptin.and.insulin.as.well.as.with.gonadal.hormones.such.
as.estrogen.39–41

Data.from.a.variety.of.species.clearly.demonstrate.that.endogenous,.meal-elic-
ited.CCK.acts.at.CCK-1.receptor.sites.as.a.physiological.satiety.agent..CCK.reduces.
meal.size;.that.is,.it.contributes.to.satiation..CCK.may.be.considered.to.control.food.
intake.solely.in.the.interest.of.GI.function.by.reducing.the.rate.of.passage.of.nutrients.
to.facilitate.efficient.and.complete.digestion..For.example,.when.we.adapted.animals.
to. low-. or. high-fat. isoenergetic. diets. and. measured. pancreatic. enzyme. secretion.
using.in vitro.preparation.assays,.chronic.ingestion.of.a.high-fat.diet.decreased.amy-
lase.secretion,.but.increased.absorptive.capacity.for.fat.and.increased.secretion.of.
lipase.for.fat.digestion.42.Changes.like.these.enable.an.animal.to.take.best.advantage.
of.a.variable.source.of.calories.and.represent.a.very.simple.system.of.an.adaptive.
response.to.dietary.changes..On.the.other.hand,. the.satiating.effects.of.CCK.also.
could. reduce.calorie.consumption. in. the. interest.of.control.or. regulation.of.other.
systems,. such.as. energy.homeostasis..Although.experiments.using. selective.CCK.
receptor.agonists.and.antagonists.have.not.produced.compelling.evidence.that.CCK.
directly.contributes.to.the.control.of.body.fat,.there.are.several.reports.in.the.litera-
ture. indicating. that.at. least. some.genetically.obese. rodents.might.have.a. reduced.
sensitivity. to. CCK.and. other. satiation. signals. from. the. gastrointestinal. tract.. For.
example,.several.investigators.have.reported.that.Zucker.fatty.rats.exhibit.reduced.
satiation.in.response.to.exogenous.CCK,.compared.to.lean.controls43,44.and.exhibit.a.
reduced.responsiveness.by.other.systems.that.also.are.controlled.by.CCK.45,46.Since.
the.Zucker.rat.has.a.missence.mutation.of.the.leptin.receptor.gene,.it.seems.probable.
that. the. impaired.satiation. response. to.CCK.is.a. result.of,. rather. than.an. inducer.
of,.obesity..On.the.other.hand,.the.dulling.of.satiation.signals.during.obesity.may.
interfere.with.mechanisms.to.limit.food.intake.and.weight.gain.and.thereby.contrib-
ute.to.the.refractory.nature.of.the.condition..For.example,.the.Otsuka.Long.Evans.
Tokushima.Fatty.rat,. (OLETF),.which.lack.CCK-1.receptors,.overeat.and.become.
obese.47.Not.surprisingly,.these.rats.do.not.reduce.their.food.intake.in.response.to.
exogenous. CCK,47,48. and. they. have. deficits. in. the. satiation. response. to. intestinal.
infusion.of.some,.but.not.all,.nutrients.48

11.2.5   pepTIde yy (pyy)

PYY. is. produced. by. intestinal. endocrine. L-cells. in. the. presence. of. intraluminal.
nutrients,.with.higher.concentrations.being.secreted.by.the.terminal.ileum.and.colon,.
and.lower.concentrations.by.the.duodenum.and.jejunum.49,50.It.is.also.produced.by.
endocrine.cells.of.the.stomach.and.pancreas.and.is.present.in.CNS.neurons.51–53.PYY.
inhibits. several.GI. functions. such.as.gastric. emptying.and. secretion,.GI.motility,.
gall.bladder.emptying,.and.pancreatic.and.intestinal.secretion.54–57.After.a.meal,.two.
major.forms.of.PYY.are.released.into.the.circulation.—.PYY(1-36).and.PYY(3-36).
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—.with.PYY(3-36).being.the.most.potent.in.suppressing.food.intake.58.PYY(3-36).
secretion.is.influenced.by.caloric.load.and.the.composition.of.the.meal59.with.long-
chain.fatty.acids.being.the.most.potent.secretagogue,.and.glucose.and.peptone.being.
less.potent.inducers.of.PYY(3-36).release.60,61

Initial.studies.of.systemic.PYY(3-36).influencing.food.intake.and.body.weight.in.
rodents.produced.inconsistent.results.62.Subsequent.studies,.however,.have.now.con-
firmed.that.PPY(3-36).produces.a.sustained.suppression.of.food.intake.and.adiposity.
in.rodents,58,63,64.but.it.should.also.be.noted.that.some.investigators.have.shown.that.
PYY(3-36).produces.conditioned.taste.aversion,.which.may.contribute.to.the.drop.in.
food.intake.65,66

PYY.is.also.thought.to.play.a.role.in.energy.homeostasis..PYY.knockout.mice.
exhibit.obesity.which.can.be.corrected.by.PYY.replacement.67.In.addition,.rats.that.
are.resistant.to.obesity.(DR).when.fed.a.high-fat.diet.have.higher.circulating.PYY.as.
well.as.increased.PYY.intestinal.mRNA.levels.compared.to.rats.that.become.obese.
(DIO).on.a.high-fat.diet.68.These.results.suggest.that.impaired.release.of.PYY.in.DIO.
rats.consuming.a.palatable.diet.may.contribute.to.the.development.of.obesity..How-
ever,.a.recent.study.showed.that,.although.increased.dietary.fat.may.increase.PYY.
release,.there.is.no.difference.in.PYY.enteroendocrine.cell.number,.tissue.content,.or.
fasted.serum.PYY.levels.between.DIO.and.DR.rats.maintained.on.a.medium.high-fat.
diet.69.These.observations.do.not,.however,.exclude.the.possibility.that.postprandial.
PYY.release.might.be.different.in.DR.and.DIO.rats,.similar.to.the.difference.that.has.
been.reported.for.obese.versus.lean.humans.28.Recently,.Chelikani.et.al.70 reported.
that.obese.rats.are.more.sensitive.than.lean.rats.to.the.anorexic.effects.of.PYY(3-
36)..Intermittent.intraperitoneal.administration.of.PYY(3-36).reduced.caloric.intake,.
body.weight,.and.adiposity.in.DIO.rats..It.is.not.known.whether.a.similar.drug.deliv-
ery. paradigm. could. suppress. food. intake. and. body. weight. in. obese. humans,. but.
these.findings,.in.conjunction.with.the.fact.that.obese.individuals.retain.sensitivity.
to.the.drug,.make.PYY.a.promising.therapeutic.tool.

11.2.6   pancreaTIc polypepTIde (pp)

PP.belongs.to.the.family.of.peptides.that.includes.neuropeptide.Y.(NPY).and.PYY..
It. is.produced.mainly.by.the.endocrine.pancreas,.although.the.exocrine.pancreas,.
colon,.and.rectum.also.secrete.PP.71,72.It.is.released.in.response.to.a.meal,71.and.like.
PYY(3-36),.PP.reduces.food.intake.and.body.weight.when.administered.peripher-
ally.73–75. The. suppression. of. food. intake. occurs. immediately. after. administration.
and.continues.for.up.to.24.hours.76.The.mechanisms.by.which.PP.affects.food.intake.
appear. to. be. different. from. those. of. PYY(3-36).77. PP. seems. to. act. at. peripheral.
sites. to.suppress. feeding.by. increasing.gastric.motility,78.but.others.have.reported.
a.reduction.in.food.intake.independent.of.changes.in.gastric.motility.78.PP’s.effects.
on.feeding.are.vagally.mediated,74.but.it.may.also.penetrate.the.incomplete.blood–
brain.barrier.to.act.in.the.brain.79.Finally,.it.may.interact.with.several.other.peptides.
involved.in.the.control.of.food.intake.

PP.may.also.influence.long-term.energy.balance..In.animals,.chronic.adminis-
tration.of.PYY.in.ob/ob.mice.reduce.body.weight73.without.the.development.of.resis-
tance..In.humans,.PP.concentrations.are.diminished.in.obese.Prader-Willi.syndrome.
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patients,.and.PP.treatment.suppresses.food.intake.in.these.individuals.80,81.A.reduced.
postprandial.PP.response.has.also.been.reported.in.morbidly.obese.patients,82.while.
anorexics.have.elevated.rates.of.PP.release.83.In.contrast,.Kosha.et.al..reported.that,.
although.the.change.in.PP.concentrations.following.a.meal.was.negatively.associ-
ated.with.weight.gain.in.Pima.Indians,.there.was.also.a.positive.correlation.between.
fasting.PP.levels.and.weight.change.84.Thus,.the.role.of.PP.in.suppressing.food.intake.
and.weight.gain.in.humans.is.not.completely.understood.

11.2.7   glucagon-lIke pepTIde 1 (glp-1)

GLP-1,. a. posttranslational. product. of. the. preproglucagon. gene. is. secreted. from.
intestinal.endocrine.L-cells,.located.mainly.in.the.distal.ileum.and.colonic.mucosa,.
although.GLP-1.producing.cells.are.scattered.along.all.segments.of.the.small.intes-
tine,85–87. pancreas,. and. brain.88,89. Nutrients,. particularly. fats. and. carbohydrates,.
coming.in.contact.with.the.apical.surface.or.basolateral.neural.and.vascular.elements.
of.the.L-cells.are.potent.triggers.of.GLP-1.release.90.Other.nutrients.such.as.proteins,.
their.hydrolysates,.and.fiber.also.release.GLP-1.91,92.After.a.meal,.GLP-1.is.secreted.
in.a.biphasic.mode,.with.a.short.rapid.rise.in.release.(10.to.15.minutes).followed.by.
a.second.longer.release.(30.to.60.minutes).that.gradually.declines.within.3.hours.91.
This.has.resulted.in.the.postulation.that.there.are.two.different.mechanisms.of.GLP-
1. action:. the. early.phase. associated.with. a.direct. or. indirect. neural. or. endocrine.
signaling,.and.the.second,.longer.phase.associated.with.direct.cell.stimulation.by.the.
products.of.nutrient.digestion.93

It. is. now. well. established. that. systemic. or. central. administration. of. GLP-1.
reduces.food.intake,.gastric.emptying,.and.body.weight.94–96.These.actions.are.medi-
ated.by. receptors. (GLP-1R).present. in.pancreas,. intestine,.brain,. and.vagal. affer-
ents.87,97–99. Studies. using. the. GLP-1. antagonist. exendin(9-39). have. confirmed. the.
role.of.endogenous.GLP-1.in.suppressing.food.intake,.gastric.emptying,.and.energy.
balance..For.example,.intravenous.infusion.of.exendin(9-39).completely.blocked.the.
inhibitory.effects.of.GLP-1.infusion.on.feeding.and.gastric.emptying.in.rats.100,101.
Likewise,. intracerebroventricular.administration.of. the.GLP-1.receptor.antagonist.
increased.food. intake,.body.weight,.and.adiposity. in. rats.96,102,103. In. the. rat,. intra-
venous.administration.of.a.dose.of.GLP-1.that.raises.GLP.concentration.to.a.level.
similar. to. that. observed. after. ingestion. of. food. suppressed. food. intake. and. gas-
tric.emptying.58,101.Whether.a.postprandial. increase. in.plasma.GLP-1. is. sufficient.
to.inhibit.intake.and.gastric.emptying.remains.to.be.tested.directly..Initial.studies.
suggested.that.GLP-1.inhibits.food.intake.by.reducing.gastric.emptying.(increasing.
gastric.distention);101.however,.it.is.now.recognized.that.inhibition.of.food.intake.by.
GLP-1.can.also.occur. independent.of.a.change.in.gastric.emptying.58.The.source,.
the.site,.and.the.exact.mechanisms.of.GLP-1.actions.are.not.fully.elucidated..Both.
GLP-1.and.its.receptor.antagonist.can.permeate.the.blood–brain.barrier.and.access.
hypothalamic.and.hindbrain.structures.containing.GLP-1.receptors.known.to.con-
trol.food.intake.104,105.However,.due.to.rapid.degradation.in.the.systemic.circulation.
(<2.minutes),.the.effect.of.peripheral.GLP-1.in.the.brain.is.uncertain..In.addition,.
several.distinct.brain.neurons.synthesize.their.own.GLP-1,106,107.and.GLP-1.can.act.
on. vagal. afferents. to. suppress. intake. and. gastric. emptying.100. Thus,. whether. the.
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satiating.effects.of.peripheral.GLP-1.are. linked.to. the.central.anorectic.effects.of.
GLP-1.is.still.uncertain.

In.contrast.to.its.physiological.importance.in.feeding,.the.role.of.GLP-1.in.obe-
sity.is.less.clear..In.obese.humans,.GLP-1.concentrations.are.decreased.and.are.nor-
malized.by.weight.loss.108.Treatment.of.obese.humans.with.GLP-1.reduces.calorie.
intake.and.body.weight.109.Therefore,.although.mice.lacking.GLP-1.receptors.exhibit.
normal.food.intake.and.body.weight,110.GLP-1.remains.a.viable.candidate.for.treat-
ment.of.human.obesity.and.type-2.diabetes.

��.�   pancreatIc and adIposIty sIgnals

11.3.1   InsulIn

Insulin.is.an.anabolic.hormone.that.has.substantial.effects.on.both.carbohydrate.
and. lipid.metabolism.and.significant. influences.on.protein.and.mineral.metabo-
lism..For.example,.insulin.promotes.synthesis.of.glycogen.and.fatty.acids.in.the.
liver.and.inhibits.the.breakdown.of.fat.in.adipose.tissue.by.inhibiting.the.intracel-
lular. lipase. that.hydrolyzes. triglycerides. to. release. fatty.acids.. It.also. facilitates.
entry.of.glucose. into.adipocytes,.and.within. those.cells,.glucose.can.be.used. to.
synthesize.triglyceride..By.these.mechanisms,.insulin.promotes.accumulation.of.
triglyceride. in. fat. cells.111–115. Circulating. basal. concentrations. of. insulin. change.
inversely.with.insulin.sensitivity.of.peripheral.tissues..Total.body.fat,.and.visceral.
fat.specifically,.are.key.determinants.of.whole-body.insulin.sensitivity.116.Insulin.
secretion.increases.rapidly.after.a.meal,117.whereas.there.is.a.delayed.elevation.of.
leptin.levels.following.meal.ingestion.118

Like.leptin,.basal.insulin.concentrations.vary.directly.with.changes.in.adipos-
ity,119. increasing. during. positive. energy. balance. and. decreasing. during. negative.
energy.balance..There. is. a. substantial. amount.of. evidence. supporting. the. role.of.
insulin.as.a.major.peripheral.signal.involved.in.the.control.of.food.intake.and.energy.
stores.120.Insulin.penetrates.the.blood–brain.barrier.via.a.saturable,.receptor-medi-
ated.process,.at.a. rate. that. is.proportional. to.circulating. insulin.concentrations.121.
While. little. or. no. insulin. is. produced. in. the. brain. itself,121,122. centrally. adminis-
tered.insulin.acts.as.a.potent.anorexigenic.signal,.decreasing.food.intake.and.body.
weight..Similarly,. intracerebroventricular. administration.of. an. insulin.mimetic. in.
rats.dose-dependently.reduces.food.intake.and.body.weight.and.changes.the.expres-
sion.of.hypothalamic.genes.known.to.regulate.food.intake.and.body.weight.123.When.
administered.orally.to.mice.made.obese.on.a.high-fat.diet,.the.mimetic.also.inhibits.
weight.gain.and.adiposity.and.prevents.development.of. insulin.resistance.123.Con-
versely,.down-regulation.of.insulin.receptor.proteins.in.the.medial.arcuate.nucleus.
of. the.hypothalamus.(ARC),.using.an.antisense.RNA.directed.against. the. insulin.
receptor.precursor.protein,.results.in.hyperphagia.and.increased.fat.mass.124.Several.
experiments.testing.the.effects.of.systemic.insulin.on.food.intake.have.been.com-
plicated.by.the.fact.that.increasing.circulating.insulin.causes.hypoglycemia,.which.
in.itself.potently.stimulates.food.intake..Experiments.in.which.glucose.levels.have.
been.controlled.in.the.face.of.elevated.plasma.insulin.levels.have.indeed.shown.a.
reduction.in.food.intake.in.both.rodents.and.baboons.125,126.Thus.data.from.studies.
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in.which.insulin.has.been.applied.peripherally.or.centrally.are.consistent.with.the.
insulin.system.acting.as.an.endogenous.controller.of.appetite.

11.3.2   lepTIn

The.existence.of.a.peripheral.factor(s).that.would.convey.the.availability.of.energy.
stores.to.the.brain.was.hypothesized127.and.demonstrated.through.parabiosis.experi-
ments.128.This.was.confirmed.by.the.discovery.of.the.hormone.product.of.the.ob.gene.
leptin.129.The.name. is.derived. from. the.Greek leptos.meaning. thin,.as. leptin.was.
shown.to.inhibit.feeding.and.reduce.body.weight.and.adipose.deposits.in.lean130.and.
leptin-deficient.mice.130,131.Subsequently,.the.receptors.for.leptin,.the.products.of.the.
db.gene,.were.cloned.and.shown.to.be.localized.mainly.in.the.hypothalamus,132.with.
high.levels.of.expression.in.the.arcuate.nucleus.133.The.leptin.receptor.(Ob-R).is.a.
member.of.the.cytokine.I.receptor.family;132.six.splice.variants.have.been.described.
all.sharing.a.common.extracellular.domain.132.The.long.form.of.Ob-R.has.a.302-
amino.acid.cytoplasmic.domain,.is.thought.to.be.the.main.signal.transduction.splice.
variant,134.and.is.highly.expressed.in.hypothalamic.nuclei.known.to.regulate.food.
intake.and.energy.homeostasis.135

Leptin.is.a.16-kDa.protein.hormone.produced.and.released.primarily.by.white.
adipose.tissue,129.but.it.is.also.found.in.the.pituitary,136.hypothalamus,137.placenta,138.
and.stomach.30.It.is.well.established.that.leptin.serves.as.an.endocrine.signal.involved.
in.the.control.of.energy.and.body.weight.homeostasis.by.relaying.information.pri-
marily.to.the.hypothalamus.on.the.availability.of.fat.stores.139.Both.peripheral.and.
central. administration. of. leptin. decrease. food. intake. and. reduce. body. weight. in.
rodents,130.supporting.its.role.as.a.feedback.signal.in.regulation.of.energy.balance,.
but. others. have. suggested. that. a. decrease. in. leptin. serves. as. a. signal. of. reduced.
energy.stores.and.that.its.primary.role.is.to.mediate.adaptive.responses.to.fasting.140

Despite.the.experimental.evidence.supporting.a.role.for.leptin.in.the.regulation.
of.energy.balance,.circulating.leptin.levels.are.significantly.higher.in.obese.than.lean.
individuals.141.Thus,. in. a.majority. of. individuals. obesity. is. associated.with. leptin.
resistance,.and.leptin.administration.has.little.beneficial.effect.on.weight.manage-
ment,.with.the.exception.of.few.patients.with.mutations.in.the.ob.gene.142.Central.
leptin. resistance. is. probably. caused. by. saturated. or. defective. transport. of. leptin.
through.the.blood–brain.barrier143.in.conjunction.with.decreased.responsiveness.of.
neuronal.targets.of.leptin.in.diet-induced.obesity.144.Decreased.hypothalamic.respon-
siveness.to.leptin.leads.to.hyperphagia,.which.perpetuates.positive.energy.intake.145.
In.the.periphery,.hyperleptinemia.leads.to.gradual. leptin.resistance,.resulting.in.a.
decrease.in.glucose.uptake.and.glycogen.synthesis,.and.an.increase.in.intracellular.
lipid.deposits,.causing.insulin.resistance.146,147

Although.circulating.concentrations.of.leptin.are.largely.determined.by.the.size.
of.body.fat.stores,.leptin.secretion.is.also.stimulated.by.several.postabsorptive.factors..
Diurnal.leptin.secretion.rhythms.are.linked.to.meal.timing.in.human.subjects,118.and.
circulating.leptin.concentrations.rise.after.a.meal.in.rats,148.possibly.in.response.to.the.
postprandial.peak.in.insulin.secretion149.or.the.postabsorptive.rise.in.energy.substrates,.
because. in vitro. studies.have.demonstrated. that.glucose.and.amino.acids. stimulate.
leptin. secretion. from.adipocytes.32. In. addition. to. the. response. to. individual.meals,.
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there.is.a.rapid.drop.in.leptin.expression.in.food-deprived.humans.and.rodents,.and.
the.decrease.is.proportionally.larger.than.the.change.in.body.fat.mass,.suggesting.an.
association.between.energy.status.and.leptin.production.150,151.Interestingly,.there.have.
been.several.demonstrations.of.a.synergistic.relation.between.CCK.and.leptin,.such.
that.leptin.exaggerates.the.satiety.effects.of.CCK,39,41,152.providing.an.opportunity.for.
signals.of.long-term.energy.balance.to.influence.short-term.control.of.food.intake.

��.�   changes In the endocrIne MIlIeu: IMpaIred 
satIatIon and body weIght regulatIon

Most.factors.described.in.this.chapter.share.the.following.characteristics:.they.are.
secreted.by.peripheral.tissues.and.organs;.they.reduce.food.intake.when.adminis-
tered.exogenously;.they.are.secreted.in.response.to.nutrients;.and.they.interact.with.
nutrients.to.reduce.intake..For.these.peptides,.the.signal.that.ultimately.causes.sati-
ety.may.be.generated.in.the.peripheral.nervous.system.and.relayed.to.the.brain.where.
it.is.integrated.with.other.information.to.determine.meal.size..In.many.cases,.defects.
in.release,.or.functionality,.of.the.peptides.change.short-term.food.intake,.increasing.
food.intake.and.ultimately.obesity..Over.the.past.two.decades.the.proposition.that.
deficits. in.response.to.satiation.peptides.may.lead.to.hyperphagia.and.obesity.has.
become.an. important. focus.of. investigation..There. is.now.mounting.evidence. for.
synergistic.interactions.between.some.of.these.peptides.to.control.feeding.behavior..
These.interactions.provide.an.opportunity.to.integrate.input.from.short-term,.meal-
related.signals.into.the.long-term.control.of.energy.balance.

11.4.1   dIeTary manIpulaTIons and The endocrIne mIlIeu

Digestive. function.adapts. to. the.composition.of. the.diet. that. is.consumed,.with.a.
majority.of.evidence.coming.from.studies.testing.the.effects.of.chronic.consump-
tion.of.dietary.fat..Physiological,.cellular,.and.molecular.aspects.of.the.adaptation.
of.intestinal.transport.have.been.described.153.For.example,.adaptation.leads.to.more.
efficient.absorption.of.dietary.fat,153.increased.production.of.hydrolytic.enzymes.and.
transporters,.and.increased.lipid.absorption.154–156.Physical.adaptations.of.the.small.
intestine.to.dietary.fat.include.hypertrophy,.shortening.and.thickening.of.microvilli,.
an.increase.in.the.number.of.enterocytes.per.villus,.and.an.increase.in.mucosal.pro-
tein.content.155,157.There.is.also.an.increased.release.of.CCK.and.pancreatic.exocrine.
secretions. in. response. to. intraduodenal. fat. in. rats.adapted. to.a.high-fat.diet.com-
pared.to.rats.fed.a.low-fat.diet.156.Collectively,.these.adaptive.alimentary.changes.to.
chronic.fat.consumption.may.promote.a.more.efficient.utilization.of.energy.from.the.
diet.and.may.also.lead.to.the.storage.of.energy.in.the.form.of.adipose.tissue.

Experimental. evidence. indicates. that. responses. to. gastrointestinal. satiation.
signals.change.considerably. in. response. to. the.dietary.and.endocrine.milieu..Rats.
adapted.to.a.high-fat.diet.become.less.sensitive.to.both.exogenous158,159.and.endog-
enous.CCK48,160,161.and.exhibit.short-term.hyperphagia.compared.to.rats.maintained.
on. low-fat. isoenergetic. diet.159. These. results. are. consistent. with. human. subjects.
adapted.to.a.high-fat.diet.reporting.greater.hunger.during.a.duodenal.lipid.infusion.
than.subjects.receiving.the.same.infusion.but.adapted.to.a.low-fat.diet.162.There.was.
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also.a.significant.increase.in.the.average.daily.food.consumption.and.an.increase.in.
body.weights.of.the.subjects.adapted.to.the.high-fat.diet..Postprandial.CCK.levels.are.
higher.in.humans.and.animals.fed.a.high-fat.diet,.but.increased.production.of.gut.pep-
tides.in.response.to.dietary.manipulations.and.their.effects.on.food.intake.and.energy.
balance.are.not.limited.to.CCK..For.example,.GLP-1.is.decreased.in.both.the.ileum.
and.colon.of.mice.maintained.on.a.high-fat.diet.compared.to.those.on.low-fat.diet.163

In. some. conditions. an. increase. in. food. intake. may. be. secondary. to. receptor.
overstimulation.and.down-regulation,.but.this.assumption.has.never.been.put.to.the.
test..It.is.known.that.gut-derived.peptides,.such.as.CCK.and.GLP-1,.act.through.G-
protein–coupled.receptors,.and.sustained.agonism.of.G-protein–coupled.receptors.
can.induce.receptor.down-regulation.and.tolerance.164,165.This.could.explain.the.more.
robust.and.consistent.effects.of.some.peptides.on.food.intake.and.weight.loss.with.
an.intermittent.pattern.of.delivery..For.example,.continuous.infusion.of.PYY(3-36).
produces.a.transient.decrease.in.food.intake,62,166,167.while.intermittent.infusion.of.
PYY(3-36). produces. a. sustained. reduction. in. daily. food. intake.70. These. observa-
tions.provide.an.example.of.the.ability.of.the.digestive.system.to.respond.to.constant.
challenges..However,.this.ability.to.adapt.in.order.to.efficiently.meet.its.primordial.
functions. (digestion. and. absorption). may. also. facilitate. excess. caloric. intake. and.
weight.gain..On.the.other.hand,.there.are.opportunities.for.developing.new.therapeu-
tic.strategies.by.manipulating.the.delivery.pattern.of.satiety.factors..As.noted.above,.
intermittent.drug.administration.has.been.shown.to.produce.a.prolonged.reduction.in.
food.intake.and.adiposity.in.the.rat.model,.but.it.remains.to.be.determined.whether.
intermittent.infusion.of.anorexigenic.substances.(either.alone.or.in.combination).can.
be.used.successfully.in.obese.individuals.

11.4.2   WeIghT manIpulaTIons and The endocrIne mIlIeu

Increases.as.well.as.decreases.in.body.weight.are.associated.with.gastrointestinal.
endocrine.adaptive.changes..With.the.rapid.increase.in.the.number.of.morbidly.obese.
patients.in.the.absence.of.an.effective.behavioral.treatment.for.obesity,.bariatric.sur-
gery.has.become.one.of.the.most.popular.procedures.used.to.induce.weight.loss..The.
finding.that,.following.surgery,.patients.experience.substantial.(30.to.60%).and.sus-
tained.weight.loss.(for.up.to.5.years)168.in.the.absence.of.a.compensatory.increase.in.
appetite169.has.generated.a.lot.of.interest.in.determining.possible.factors.responsible.
for.weight.loss..Bariatric.surgery.imposes.a.restriction.on.the.volume.of.food.that.
can.be.ingested.and.leads.to.malabsorption.of.nutrients,.but.numerous.studies.have.
also.documented.changes.in.gastrointestinal.endocrine.function.28.Ghrelin.has.been.
intensely.studied.because.bariatric.surgery.causes.a.dramatic.drop.in.ghrelin.con-
centrations,170.which.contrasts.with.the.increase.in.ghrelin.that.is.observed.following.
nonsurgical.weight.loss.13.The.decrease.in.ghrelin.concentration.was.thought.to.con-
tribute.to.the.suppression.of.food.intake.and.weight.loss.following.bariatric.surgery;.
however,.it.has.since.been.demonstrated.that.nutrient.delivery.to.the.jejunum.effec-
tively.stimulates.ghrelin.secretion,.which.questions.the.notion.that.gastric.restriction.
is.responsible.for.reduced.ghrelin.levels.14,171.After.bariatric.surgery.there.also.is.a.
significant.increase.in.the.concentration.of.several.other.intestinal.hormones,.most.
notably.those.derived.from.intestinal.proglucagon.such.as.PYY(3-36).and.GLP-1.28,172.

47833.indb   223 1/18/08   1:45:04 PM



���	 Appetite	and	Food	Intake

For.example,.rats.undergoing.gastric.bypass.surgery.lost.33%.of.their.body.weight,.
while.PYY.levels.almost.tripled.(273%).compared.with.controls.29.This.was.presum-
ably.due.to.the.increased.delivery.of.nutrients.stimulating.distal.PYY-secreting.cells..
The.elevated.levels.of.PYY.would.inhibit.gastric.transit,.motility,.and.emptying.and.
facilitate.hypophagia.and.weight.loss..Elevated.levels.of.PYY(3-36).and.GLP-1.have.
also.been. found. in. the. rat. ileal. transposition.model,.which. is.not.associated.with.
malabsorption,169. suggesting. that. the.peptides.could.also.be.responsible. for.hypo-
phagia.and.postsurgical.weight.loss.in.this.mode.173,174.The.most.intriguing.finding.
following.bariatric.surgery.is.the.immediate.dramatic.improvement.of.glucose.toler-
ance.that.precedes.substantial.weight.loss.175.This.has.been.attributed.to.increased.
secretion.of.incretins.such.as.CCK.and.GLP-1.176,177.Other.hormones.secreted.by.the.
stomach.and.upper.intestine.in.response.to.nutrient.delivery.may.also.influence.food.
intake,.weight.loss,.and.insulin.sensitivity.

��.�   conclusIons and future dIrectIons for research

The.systems.that.control.food.intake.and.energy.balance.are.both.elegant.and.com-
plex.. No.one. single. hormone. can. be. identified. as. the. sole. influence. on. intake.. It.
has.become.increasingly.obvious.that.effective.therapy.for.weight.loss.can.only.be.
achieved.by.targeting.more.than.one.hormone.or.pathway..Therefore,.studying.the.
interactions.between.different.signals.acting.at.various.sites.is.essential..Neuroana-
tomical,.immunhistochemical,.and.molecular.studies.in.animal.or.in vitro.models.
have.provided.a.host.of.evidence.demonstrating.cellular.colocalization.and.corelease.
of. various. hormones. in. response. to. a. meal. or. nutrient.. For. example,. GLP-1. and.
PYY(3-36).are.cosecreted. in. the.L-cells. in. response. to.a.meal,. and. simultaneous.
administration.of.exendin-4.and.PYY(3-36).produces.an.additive.inhibitory.effect.
on.food.intake,64. indicating.a.high.degree.of.interaction.between.these.hormones..
Numerous.other.hormones.also.interact.at.different.levels.of.the.gut–brain.neuroaxis..
For.example,.CCK.interacts.with.gut.hormones,.such.as.GLP-1,.5-HT,.and.with.long-
term.adiposity.signals,.such.as. leptin.and.insulin,. to.enhance.suppression.of.food.
intake..Similarly,.ghrelin.interacts.with.leptin.and.insulin,.and.it.has.been.suggested.
that.ghrelin.may.stimulate.food.intake,.in.part,.by.attenuating.the.inhibitory.effects.
of.GLP-1.and.PYY(3-36)..Therefore,.a.systematic.examination.of.interactions.of.low.
doses.of.two.or.more.peptides.will.be.useful.in.determining.the.most.effective.com-
bination.for.inhibiting.food.intake..Since.high.doses.of.some.inhibitory.hormones.
are.aversive,.the.combination.of.low.doses.of.multiple.drugs.could.also.prove.useful.
from. this. perspective.. In. the. opposite. situation,. concomitant. removal. of. multiple.
peptides.in.animal.models.could.help.to.identify.their.impact.on.feeding..Due.to.the.
complexity.of.the.system,.it.is.clear.that.a.significant.amount.of.work.is.needed.to.
establish.the.physiological.role.and.mechanism.of.action.of.these.hormones.in.deter-
mining.meal.initiation.and.termination.and.body-weight.regulation.

11.5.1   anImal models and TranslaTIonal research

There. is.no.doubt. that. the.use.of.animal.models.combined.with.recent.molecular.
progress.has.propelled.the.field.of.ingestive.behavior.to.new.levels.of.sophistication..
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Recently,.the.rate.of.identification.of.new.molecules.that.could.potentially.be.involved.
in.controlling.food.intake.has.outpaced.research.characterizing.their.physiological.
role..Despite.this.scientific.progress.the.epidemic.of.obesity.still.exists..Most.studies.
have.examined.metabolic.changes.in.animals.in.which.obesity.is.preexisting.and.of.
genetic.origin,.but.dietary-induced.obesity.models.offer.the.possibility.of.evaluating.
changes.in.animals.during.the.progression.of.weight.gain.caused.by.overeating..This.
type.of.study.would.identify.the.most.appropriate.timing.and.therapy.for.prevention.
of.obesity.and.would.aid.development.of.long-term.intervention.studies.in.humans.
that.combine.dietary.intervention.with.measures.of.the.physiologic.indicators.dis-
cussed.in.this.chapter.

Gene.knockout.animals.have.proven.valuable.in.identifying.the.importance.of.
specific. gene. products. in. controlling. food. intake. and. body. weight.. On. the. other.
hand,.interpretation.of.data.from.these.studies.has.been.complicated.by.the.fact.that.
disruption.of.one.particular.gene.may.affect.not.only.the.synthesis.of.its.product,.but.
also.of.other.protein.products.involved.in.food.intake.(for.example,.ghrelin.knock-
out.mice.have.impaired.obestatin.secretion,.and.PYY.knockout.mice.also.lack.the.
PP.gene)..In.addition,.significant.phenotypical.and.behavioral.differences.can.exist.
between.knockout.and.spontaneous.mutations.of.a.similar.gene..For.example,. the.
natural.mutant.CCK-1.receptor.deficient.rat.becomes.obese.and.diabetic,.while.the.
CCK.knockout.mouse. is. lean.and.normoglycemic.178.Thus,. teasing.out. the.differ-
ences.between.natural.and.engineered.animal.models,.although.a.daunting.process,.
is.of.critical.importance.

Finally,.animal.and.in vitro.models.could.be.used.to.design.more.effective.drugs.
(delay.degradation.and.improve.half-life).that.mimic.the.endogenous.release.of.the.
hormone..This.is.important,.since.most.hormones.degrade.rapidly.in.the.circulation.

11.5.2   hormonal endocrIne changes In oBesITy: cause or effecT

It.is.clear.that.the.obese.state.is.associated.with.changes.in.hormone.release.induced.by.
food.intake,.but.it.remains.uncertain.how.obesity.influences.hormone.concentrations.
or.changes.in.sensitivity.to.the.hormones.that.might.exacerbate.the.obese.condition..It.
has.been.suggested.that.obese.individuals.have.a.reduced.sensitivity.to.satiation.mech-
anisms,. but. a. systematic. investigation.has.not. been. completed..Although. there.has.
been.considerable.progress.in.understanding.how.gastrointestinal.and.other.humoral.
feedback.signals.participate.in.satiation,.very.little.attention.has.been.paid.to.the.pos-
sibility.that.an.alteration.in.the.response.to.the.gastrointestinal.signals.may.result.in.
disordered.phagia.and.body.weight.gain..Likewise,.relatively.little.attention.has.been.
paid.to.the.consequences.of.obesity,.which.could.contribute.to.maintenance.or.exac-
erbation.of.the.obese.state..Finally,.bariatric.surgery.has.provided.an.opportunity.to.
understand.changes.in.gastrointestinal.peptides.that.result.from.weight.loss..Develop-
ment.of. animal.models. for.bariatric. surgery. that.would.permit. investigation.of. the.
long-term.consequences.of.the.surgery.should.also.be.high.on.the.agenda.

11.5.3   an InTegraTed approach

The.average.Western.diet.provides.49%.of.energy.intake.from.carbohydrate,.35%.
from.fat,.and.16%.from.protein.179.Gut.hormones.are.released.in.response.to.specific.
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nutrients;.hence.they.could.mediate.the.differential.satiation.produced.by.protein,.
fat,.and.carbohydrate..Studies.examining.hormone.profiles.in.response.to.a.mixed.
meal. reflective. of. a. typical. human. diet. could. play. an. important. role. not. only. in.
understanding.the.regulation.of.digestive.processes,.but.also.in.identifying.adaptive.
responses.to.a.range.of.luminal.cues.and.dietary.components.

Another.aspect.of.gut-,.pancreas-,.and.adiposity-derived.hormones. that. is.not.
well.defined.is.their.impact.on.food.intake.during.development..A.limited.number.
of.animal.studies.have.shown.that.several.of.these.hormones.play.a.role.in.the.devel-
opment.of.metabolic.pathways.and.compensatory.signals.that.allow.for.the.mainte-
nance.of.normal.body.weight.and.sensitivity.to.ingested.nutrients.180.Since.most.of.
these.studies.would.be.difficult.to.conduct.with.human.subjects.at.different.devel-
opmental.stages,. it.will.be. important. to.develop.models. that.can. translate.animal.
data.to.humans..Similarly,.obesity.is.associated.with.the.development.of.peripheral.
tissue.resistance.or.altered.responsiveness.to.various.peptides,.justifying.the.need.for.
studies.that.establish.an.efficacious.drug.delivery.protocol.and.others.that.investigate.
the.role.of.these.peptides.in.the.development,.or.maintenance,.of.the.obese-prone.
or.obese-resistant.phenotype..Thus,.an.integrated.approach.using.both.human.and.
animal.models.will.add.significantly.to.our.knowledge.on.the.control.of.food.intake.
and.regulation.of.body.weight.

references

. 1.. Cummings,.D.E.,.Foster-Schubert,.K.E.,.and.Overduin,.J.,.Ghrelin.and.energy.balance:.
focus.on.current.controversies,.Curr. Drug Targets, 6,.153–169,.2005.

. 2.. Gibbs,.J.,.Kulkosky,.P.J.,.and.Smith,.G.P.,.Effects.of.peripheral.and.central.bombesin.
on.feeding.behavior.of.rats,.Peptides, 2.(Suppl..2),.179–183,.1981.

. 3.. Kateb,.C.C..and.Merali,.Z.,.A.single.meal.elicits. regional.changes. in.bombesin-like.
peptide.levels.in.the.gut.and.brain,.Brain Res., 596,.10–16,.1992.

. 4.. Jensen,. J.. and.Holmgren,.S.,.The.gastrointestinal. canal,. in.Comparative Physiology 
and Evolution of the Autonomic Nervous System,.Nilsson,.S..and.Holmgren,.S.,.Eds.,.
Harwood.Academic.Publishers,.Switzerland,.1994,.pp..119–167.

. 5.. Jensen,.J.A.,.Carroll,.R.E.,.and.Benya,.R.V.,.The.case.for.gastrin-releasing.peptide.act-
ing.as.a.morphogen.when.it.and.its.receptor.are.aberrantly.expressed.in.cancer,.Pep-
tides, 22,.689–699,.2001.

. 6.. Ladenheim,.E.E..et. al.,.Hindbrain.GRP. receptor.blockade.antagonizes. feeding.sup-
pression.by.peripherally.administered.GRP,.Am. J. Physiol., 271,.R180–R184,.1996.

. 7.. Ladenheim,. E.E.. et. al.,. Disruptions. in. feeding. and. body. weight. control. in. gastrin-
releasing.peptide.receptor.deficient.mice,.J. Endocrinol., 174,.273–281,.2002.

. 8.. Huda,.M.S.,.Wilding,.J.P.,.and.Pinkney,.J.H.,.Gut.peptides.and.the.regulation.of.appe-
tite,.Obes. Rev., 7,.163–182,.2006.

. 9.. Sakata,.I..et.al.,.Postnatal.changes.in.ghrelin.mRNA.expression.and.in.ghrelin-produc-
ing.cells.in.the.rat.stomach,.J. Endocrinol., 174,.463–471,.2002.

. 10.. Tschop,.M.,.Smiley,.D.L.,. and.Heiman,.M.L.,.Ghrelin. induces. adiposity. in. rodents,.
Nature, 407,.908–913,.2000.

. 11.. Wren,.A.M..et.al.,.Ghrelin.enhances.appetite.and.increases.food.intake.in.humans,.J. 
Clin. Endocrinol. Metab., 86,.5992,.2001.

. 12.. Callahan,.H.S..et.al.,.Postprandial.suppression.of.plasma.ghrelin.level.is.proportional.to.
ingested.caloric.load.but.does.not.predict.intermeal.interval.in.humans,.J. Clin. Endo-
crinol. Metab., 89,.1319–1324,.2004.

47833.indb   226 1/18/08   1:45:05 PM



Postabsorptive	Endocrine	Factors	 ���

. 13.. Tschop,.M..et.al.,.Circulating.ghrelin.levels.are.decreased.in.human.obesity,.Diabetes, 
50,.707–709,.2001.

. 14.. Overduin,.J..et.al.,.Role.of.the.duodenum.and.macronutrient.type.in.ghrelin.regulation,.
Endocrinology, 146,.840–850,.2005.

. 15.. Dornonville.de.la.Cour,.C..et.al.,.Ghrelin.treatment.reverses.the.reduction.in.weight.
gain.and.body.fat.in.gastrectomised.mice,.Gut, 54,.907–913,.2005.

. 16.. Nakazato,.M..et.al.,.A.role.for.ghrelin. in. the.central.regulation.of.feeding,.Nature, 
409,.194–198,.2001.

. 17.. Asakawa,. A.. et. al.,. Antagonism. of. ghrelin. receptor. reduces. food. intake. and. body.
weight.gain.in.mice,.Gut, 52,.947–952,.2003.

. 18.. Bagnasco,.M..et.al.,.Endogenous.ghrelin.is.an.orexigenic.peptide.acting.in.the.arcuate.
nucleus.in.response.to.fasting,.Regul. Pept., 111,.161–167,.2003.

. 19.. Matsumura,.K..et.al.,.Central.ghrelin.modulates.sympathetic.activity.in.conscious.rab-
bits,.Hypertension, 40,.694–699,.2002.

. 20.. Sun,.Y.,.Ahmed,.S.,.and.Smith,.R.G.,.Deletion.of.ghrelin.impairs.neither.growth.nor.
appetite,.Mol. Cell. Biol., 23,.7973–7983,.2003.

. 21.. Wortley,.K.E..et.al.,.Genetic.deletion.of.ghrelin.does.not.decrease.food.intake.but.influ-
ences.metabolic.fuel.preference,.Proc. Natl. Acad. Sci. USA, 101,.8227–8232,.2004.

. 22.. Wortley,.K.E..et.al.,.Absence.of.ghrelin.protects.against.early-onset.obesity,.J. Clin. 
Invest., 115,.3573–3578,.2005.

. 23.. Zigman,. J.M.. et. al.,. Mice. lacking. ghrelin. receptors. resist. the. development. of. diet-
induced.obesity,.J. Clin. Invest., 115,.3564–3572,.2005.

. 24.. Shiiya,.T..et.al.,.Plasma.ghrelin.levels.in.lean.and.obese.humans.and.the.effect.of.glu-
cose.on.ghrelin.secretion,.J. Clin. Endocrinol. Metab., 87,.240–244,.2002.

. 25.. Rosicka,.M..et.al.,.Serum.ghrelin. levels. in.obese.patients:. the. relationship. to.serum.
leptin.levels.and.soluble.leptin.receptors.levels,.Physiol. Res., 52,.61–66,.2003.

. 26.. Otto,.B..et.al.,.Weight.gain.decreases.elevated.plasma.ghrelin.concentrations.of.patients.
with.anorexia.nervosa,.Eur. J. Endocrinol., 145,.669–673,.2001.

. 27.. Nagaya,. N.. et. al.,. Elevated. circulating. level. of. ghrelin. in. cachexia. associated. with.
chronic. heart. failure:. relationships. between. ghrelin. and. anabolic/catabolic. factors,.
Circulation, 104,.2034–2038,.2001.

. 28.. le.Roux,.C.W..et.al.,.Attenuated.peptide.YY.release.in.obese.subjects.is.associated.with.
reduced.satiety,.Endocrinology, 147,.3–8,.2006.

. 29.. Suzuki,.S..et.al.,.Changes.in.GI.hormones.and.their.effect.on.gastric.emptying.and.tran-
sit.times.after.Roux-en-Y.gastric.bypass.in.rat.model,.Surgery, 138,.283–290,.2005.

. 30.. Bado,.A..et.al.,.The.stomach.is.a.source.of.leptin,.Nature, 394,.790–793,.1998.

. 31.. Berthoud,.H.R.,.A.new.role.for.leptin.as.a.direct.satiety.signal.from.the.stomach,.Am. 
J. Physiol. Regul. Integr. Comp. Physiol., 288,.R796–R797,.2005.

. 32.. Cammisotto,.P.G..et.al.,.Regulation.of.leptin.secretion.from.white.adipocytes.by.insu-
lin,.glycolytic.substrates,.and.amino.acids,.Am. J. Physiol. Endocrinol. Metab., 289,.
E166–E171,.2005.

. 33.. Guilmeau,.S.,.Buyse,.M.,.and.Bado,.A.,.Gastric.leptin:.a.new.manager.of.gastrointesti-
nal.function,.Curr. Opin. Pharmacol., 4,.561–566,.2004.

. 34.. Coll,.A.P.,.Farooqi,.I.S.,.and.O’Rahilly,.S.,.The.hormonal.control.of.food.intake,.Cell, 
129,.251–262,.2007.

. 35.. Peters,.J.H.,.Simasko,.S.M.,.and.Ritter,.R.C.,.Modulation.of.vagal.afferent.excitation.
and.reduction.of.food.intake.by.leptin.and.cholecystokinin,.Physiol. Behav., 89,.477–
485,.2006.

. 36.. Ritter,. R.C.,. Increased. food. intake. and. CCK. receptor. antagonists:. beyond. abdomi-
nal.vagal.afferents,.Am. J. Physiol. Regul. Integr. Comp. Physiol., 286,.R991–R993,.
2004.

47833.indb   227 1/18/08   1:45:05 PM



���	 Appetite	and	Food	Intake

. 37.. Reeve,.J.R.,.Jr.,.et.al.,.CCK-58.is.the.only.detectable.endocrine.form.of.cholecystokinin.
in.rat,.Am. J. Physiol. Gastrointest. Liver Physiol., 285,.G255–G265,.2003.

. 38.. Liddle,. R.A.. et. al.,. Cholecystokinin. bioactivity. in. human. plasma,. Molecular. forms,.
responses.to.feeding,.and.relationship.to.gallbladder.contraction,.J. Clin. Invest., 75,.1144–
1152,.1985.

. 39.. Matson,. C.A.. et. al.,. Cholecystokinin. and. leptin. act. synergistically. to. reduce. body.
weight,.Am. J. Physiol. Regul. Integr. Comp. Physiol., 278,.R882–R890,.2000.

. 40.. Matson,.C.A.,.Reid,.D.F.,.and.Ritter,.R.C.,.Daily.CCK.injection.enhances.reduction.of.
body.weight.by.chronic.intracerebroventricular.leptin.infusion,.Am. J. Physiol. Regul. 
Integr. Comp. Physiol., 282,.R1368–R1373,.2002.

. 41.. Emond,.M..et.al.,.Central.leptin.modulates.behavioral.and.neural.responsivity.to.CCK,.
Am. J. Physiol., 276,.R1545–R1549,.1999.

. 42.. Brenner,.L..et.al.,.Dietary.adaptation.increases.digestive.capacity.and.decreases.sati-
ety.responses.to.macronutrients,.Society for Neuroscience Abstract Viewer, Itinerary 
Planner,.1997.

. 43.. Niederau,.C..et.al.,.CCK-resistance.in.Zucker.obese.versus.lean.rats,.Regul. Pept., 
70,.97–104,.1997.

. 44.. McLaughlin,.C.L..and.Baile,.C.A.,.Decreased.sensitivity.of.Zucker.obese.rats.to.the.
putative.satiety.agent.cholecystokinin,.Physiol. Behav., 25,.543–548,.1980.

. 45.. McLaughlin,. C.L.,. Peikin,. S.R.,. and. Baile,. C.A.,. Decreased. pancreatic. exocrine.
response.to.cholecystokinin.in.Zucker.obese.rats,.Am. J. Physiol., 242,.G612–G619,.
1982.

. 46.. Maggio,.C.A.,.Greenwood,.M.R.,.and.Vasselli,.J.R.,.The.satiety.effects.of.intragastric.
macronutrient. infusions. in. fatty.and. lean.Zucker. rats,.Physiol. Behav., 31,.367–372,.
1983.

. 47.. Moran,.T.H..et.al.,.Disordered.food.intake.and.obesity.in.rats.lacking.cholecystokinin.
A.receptors,.Am. J. Physiol., 274,.R618–R625,.1998.

. 48.. Covasa,.M..and.Ritter,.R.C.,.Attenuated.satiation.response.to.intestinal.nutrients.in.rats.
that.do.not.express.CCK-A.receptors,.Peptides, 22,.1339–1348,.2001.

. 49.. Ekblad,. E.. and. Sundler,. F.,. Distribution. of. pancreatic. polypeptide. and. peptide. YY,.
Peptides, 23,.251–261,.2002.

. 50.. Bottcher,.G..et.al.,.Peptide.YY:.a.neuropeptide.in.the.gut..Immunocytochemical.and.
immunochemical.evidence,.Neuroscience, 55,.281–290,.1993.

. 51.. Bottcher,. G.. et. al.,. Peptide. YY. in. the. mammalian. pancreas:. immunocytochemical.
localization.and.immunochemical.characterization,.Regul. Pept., 43,.115–130,.1993.

. 52.. Miyachi,.Y..et.al.,.The.distribution.of.polypeptide.YY-like.immunoreactivity.in.rat.tis-
sues,.Endocrinology, 118,.2163–2167,.1986.

. 53.. Ekman,.R..et.al.,.Peptide.YY-like.immunoreactivity.in.the.central.nervous.system.of.
the.rat,.Regul. Pept., 16,.157–168,.1986.

. 54.. Adrian,.T.E..et.al.,.Effect.of.peptide.YY.on.gastric,.pancreatic,.and.biliary.function.in.
humans,.Gastroenterology, 89,.494–499,.1985.

. 55.. Tatemoto,. K.,. Isolation. and. characterization. of. peptide. YY. (PYY),. a. candidate. gut.
hormone.that.inhibits.pancreatic.exocrine.secretion,.Proc. Natl. Acad. Sci. USA, 79,.
2514–2518,.1982.

. 56.. Hoentjen,.F.,.Hopman,.W.P.,.and.Jansen,.J.B.,.Effect.of.circulating.peptide.YY.on.gall-
bladder.emptying.in.humans,.Scand. J. Gastroenterol., 36,.1086–1091,.2001.

. 57.. Korner,.J..et.al.,.Effects.of.Roux-en-Y.gastric.bypass.surgery.on.fasting.and.postpran-
dial.concentrations.of.plasma.ghrelin,.peptide.YY,.and.insulin,.J. Clin. Endocrinol. 
Metab., 90,.359–365,.2005.

. 58.. Chelikani,.P.K.,.Haver,.A.C.,.and.Reidelberger,.R.D.,.Intravenous.infusion.of.peptide.
YY(3-36).potently.inhibits.food.intake.in.rats,.Endocrinology, 146,.879–888,.2005.

47833.indb   228 1/18/08   1:45:06 PM



Postabsorptive	Endocrine	Factors	 ���

. 59.. Adrian,. T.E.. et. al.,. Human. distribution. and. release. of. a. putative. new. gut. hormone,.
peptide.YY,.Gastroenterology, 89,.1070–1077,.1985.

. 60.. Taylor,.I.L.,.Distribution.and.release.of.peptide.YY.in.dog.measured.by.specific.radio-
immunoassay,.Gastroenterology, 88,.731–737,.1985.

. 61.. McFadden,.D.W..et.al.,.Postprandial.peptide.YY.release.is.mediated.by.cholecystoki-
nin,.Surg. Gynecol. Obstet., 175,.145–150,.1992.

. 62.. Tschop,. M.. et. al.,. Physiology:. does. gut. hormone. PYY3-36. decrease. food. intake. in.
rodents?.Nature, 430,.162–165,.2004.

. 63.. Cox,.J.E..and.Randich,.A.,.Enhancement.of.feeding.suppression.by.PYY(3-36).in.rats.
with.area.postrema.ablations,.Peptides, 25,.985–989,.2004.

. 64.. Talsania,.T..et.al.,.Peripheral.exendin-4.and.peptide.YY(3-36).synergistically.reduce.
food. intake. through.different.mechanisms. in.mice,.Endocrinology, 146,.3748–3756,.
2005.

. 65.. Chelikani,.P.K.,.Haver,.A.C.,.and.Reidelberger,.R.D.,.Dose-dependent.effects.of.pep-
tide.YY(3-36).on.conditioned.taste.aversion.in.rats,.Peptides, 27,.3193–3201,.2006.

. 66.. Halatchev,.I.G..and.Cone,.R.D.,.Peripheral.administration.of.PYY(3-36).produces.con-
ditioned.taste.aversion.in.mice,.Cell Metab., 1,.159–168,.2005.

. 67.. Batterham,.R.L..et.al.,.Critical.role.for.peptide.YY.in.protein-mediated.satiation.and.
body-weight.regulation,.Cell Metab., 4,.223–233,.2006.

. 68.. Yang,.N..et.al.,.Interaction.of.dietary.composition.and.PYY.gene.expression.in.diet-
induced.obesity. in. rats,.J. Huazhong Univ. Sci. Technolog. Med. Sci., 25,.243–246,.
2005.

. 69.. Hyland,.N.P.,.Pittman,.Q.J.,. and.Sharkey,.K.A.,.Peptide.YY.containing.enteroendo-
crine.cells.and.peripheral.tissue.sensitivity.to.PYY.and.PYY(3-36).are.maintained.in.
diet-induced.obese.and.diet-resistant.rats,.Peptides, 28,.1185–1190,.2007.

. 70.. Chelikani,.P.K.,.Haver,.A.C.,.and.Reidelberger,.R.D.,.Intermittent.intraperitoneal.infu-
sion.of.peptide.YY(3-36).reduces.daily.food.intake.and.adiposity.in.obese.rats,.Am. J. 
Physiol. Regul. Integr. Comp. Physiol., 293,.R39–R46,.2007.

. 71.. Adrian,.T.E..et.al.,.Distribution.and.release.of.human.pancreatic.polypeptide,.Gut, 
17,.940–944,.1976.

. 72.. Larsson,. L.I.,. Sundler,. F.,. and. Hakanson,. R.,. Immunohistochemical. localization. of.
human.pancreatic.polypeptide. (HPP). to.a.population.of. islet.cells,.Cell Tissue Res., 
156,.167–171,.1975.

. 73.. Asakawa,.A.. et. al.,.Mouse.pancreatic.polypeptide.modulates. food. intake,.while.not.
influencing.anxiety.in.mice,.Peptides, 20,.1445–1448,.1999.

. 74.. Asakawa,. A.. et. al.,. Characterization. of. the. effects. of. pancreatic. polypeptide. in. the.
regulation.of.energy.balance,.Gastroenterology, 124,.1325–1336,.2003.

. 75.. Malaisse-Lagae,.F..et.al.,.Pancreatic.polypeptide:.a.possible.role.in.the.regulation.of.
food.intake.in.the.mouse..Hypothesis,.Experientia, 33,.915–917,.1977.

. 76.. Hazelwood,.R.L.,.The.pancreatic.polypeptide.(PP-fold).family:.gastrointestinal,.vas-
cular,.and.feeding.behavioral. implications,.Proc. Soc. Exp. Biol. Med., 202,.44–63,.
1993.

. 77.. Moran,.T.H.,.Pancreatic.polypeptide:.more.than.just.another.gut.hormone?.Gastroen-
terology, 124,.1542–1544,.2003.

. 78.. Katsuura,.G.,.Asakawa,.A.,.and.Inui,.A.,.Roles.of.pancreatic.polypeptide.in.regulation.
of.food.intake,.Peptides, 23,.323–329,.2002.

. 79.. Whitcomb,.D.C.,.Taylor,.I.L.,.and.Vigna,.S.R.,.Characterization.of.saturable.binding.
sites.for.circulating.pancreatic.polypeptide. in.rat.brain,.Am. J. Physiol., 259,.G687–
G691,.1990.

. 80.. Zipf,.W.B..et.al.,.Blunted.pancreatic.polypeptide.responses.in.children.with.obesity.of.
Prader-Willi.syndrome,.J. Clin. Endocrinol. Metab., 52,.1264–1266,.1981.

47833.indb   229 1/18/08   1:45:06 PM



��0	 Appetite	and	Food	Intake

. 81.. Berntson,.G.G..et.al.,.Pancreatic.polypeptide.infusions.reduce.food.intake.in.Prader-
Willi.syndrome,.Peptides, 14,.497–503,.1993.

. 82.. Lieverse,.R.J..et.al.,.Significant.satiety.effect.of.bombesin.in.lean.but.not.in.obese.sub-
jects,.Int. J. Obes. Relat. Metab. Disord., 18,.579–583,.1994.

. 83.. Uhe,.A.M..et.al.,.Potential.regulators.of.feeding.behavior.in.anorexia.nervosa,.Am. J. 
Clin. Nutr., 55,.28–32,.1992.

. 84.. Koska,.J..et.al.,.Pancreatic.polypeptide.is.involved.in.the.regulation.of.body.weight.in.
pima.Indian.male.subjects,.Diabetes, 53,.3091–3096,.2004.

. 85.. Mortensen,.K..et.al.,.GLP-1.and.GIP.are.colocalized.in.a.subset.of.endocrine.cells.in.
the.small.intestine,.Regul. Pept., 114,.186–196,.2003.

. 86.. Theodorakis,.M.J..et.al.,.Human.duodenal.enteroendocrine.cells:.source.of.both.incre-
tin.peptides,.GLP-1.and.GIP,.Am. J. Physiol. Endocrinol. Metab., 290,.E550–E559,.
2006.

. 87.. Eissele,. R.. et. al.,. Glucagon-like. peptide. 1. immunoreactivity. in. gastroentero-pancre-
atic.endocrine.tumors:.a.light-.and.electron-microscopic.study,.Cell Tissue Res., 276,.
571–579,.1994.

. 88.. Larsen,.P.J..et.al.,.Distribution.of.glucagon-like.peptide-1.and.other.preproglucagon-
derived.peptides.in.the.rat.hypothalamus.and.brainstem,.Neuroscience, 77,.257–270,.
1997.

. 89.. Merchenthaler,. I.,.Lane,.M.,.and.Shughrue,.P.,.Distribution.of.pre-pro-glucagon.and.
glucagon-like.peptide-1.receptor.messenger.RNAs.in.the.rat.central.nervous.system,.J. 
Comp. Neurol., 403,.261–280,.1999.

. 90.. Brubaker,.P.L.,.The.glucagon-like.peptides:.pleiotropic.regulators.of.nutrient.homeo-
stasis,.Ann. N.Y. Acad. Sci., 1070,.10–26,.2006.

. 91.. Herrmann,.C..et.al.,.Glucagon-like.peptide-1.and.glucose-dependent.insulin-releasing.
polypeptide.plasma.levels.in.response.to.nutrients,.Digestion, 56,.117–226,.1995.

. 92.. Elliott,.R.M..et.al.,.Glucagon-like.peptide-1.(7-36).amide.and.glucose-dependent.insu-
linotropic.polypeptide.secretion.in.response.to.nutrient.ingestion.in.man:.acute.post-
prandial.and.24-h.secretion.patterns,.J. Endocrinol., 138,.159–166,.1993.

. 93.. Roberge,.J.N..and.Brubaker,.P.L.,.Secretion.of.proglucagon-derived.peptides.in.response.
to.intestinal.luminal.nutrients,.Endocrinology, 128,.3169–3174,.1991.

. 94.. Meier,.J.J..et.al.,.Normalization.of.glucose.concentrations.and.deceleration.of.gastric.
emptying.after.solid.meals.during.intravenous.glucagon-like.peptide.1.in.patients.with.
type.2.diabetes,.J. Clin. Endocrinol. Metab., 88,.2719–2725,.2003.

. 95.. Davis,.H.R.,.Jr.,.et.al.,.Effect.of.chronic.central.administration.of.glucagon-like.pep-
tide-1.(7-36).amide.on.food.consumption.and.body.weight.in.normal.and.obese.rats,.
Obes. Res., 6,.147–156,.1998.

. 96.. Schick,.R.R..et.al.,.Peptides.that.regulate.food.intake:.glucagon-like.peptide.1-(7-36).
amide.acts.at.lateral.and.medial.hypothalamic.sites.to.suppress.feeding.in.rats,.Am. J. 
Physiol. Regul. Integr. Comp. Physiol., 284,.R1427–R1435,.2003.

. 97.. Bullock,.B.P.,.Heller,.R.S.,. and.Habener,. J.F.,.Tissue.distribution.of.messenger. ribo-
nucleic. acid. encoding. the. rat. glucagon-like. peptide-1. receptor,. Endocrinology, 137,.
2968–2978,.1996.

. 98.. Dunphy,.J.L.,.Taylor,.R.G.,.and.Fuller,.P.J.,.Tissue.distribution.of.rat.glucagon.receptor.
and.GLP-1.receptor.gene.expression,.Mol. Cell. Endocrinol., 141,.179–186,.1998.

. 99.. Thorens,. B.,. Expression. cloning. of. the. pancreatic. beta. cell. receptor. for. the. gluco-
incretin.hormone.glucagon-like.peptide.1,.Proc. Natl. Acad. Sci. USA, 89,.8641–8645,.
1992.

.100.. Imeryuz,.N..et.al.,.Glucagon-like.peptide-1.inhibits.gastric.emptying.via.vagal.afferent-
mediated.central.mechanisms,.Am. J. Physiol., 273,.G920–G927,.1997.

47833.indb   230 1/18/08   1:45:06 PM



Postabsorptive	Endocrine	Factors	 ���

. 101.. Tolessa,.T..et.al.,.Inhibitory.effect.of.glucagon-like.peptide-1.on.small.bowel.motility,.
Fasting. but. not. fed. motility. inhibited. via. nitric. oxide. independently. of. insulin. and.
somatostatin,.J. Clin. Invest., 102,.764–774,.1998.

.102.. Meeran,. K.. et. al.,. Repeated. intracerebroventricular. administration. of. glucagon-like.
peptide-1-(7-36).amide.or.exendin-(9-39).alters.body.weight.in.the.rat,.Endocrinology, 
140,.244–250,.1999.

.103.. Turton,.M.D..et.al.,.A.role.for.glucagon-like.peptide-1.in.the.central.regulation.of.feed-
ing,.Nature, 379,.69–72,.1996.

.104.. Kastin,.A.J.,.Akerstrom,.V.,.and.Pan,.W.,.Interactions.of.glucagon-like.peptide-1.(GLP-
1).with.the.blood-brain.barrier,.J. Mol. Neurosci., 18,.7–14,.2002.

.105.. Kastin,.A.J..and.Pan,.W.,.Peptide.transport.across.the.blood-brain.barrier,.Prog. Drug 
Res., 61,.79–100,.2003.

.106.. Han,.V.K..et.al.,.Cellular.localization.of.proglucagon/glucagon-like.peptide.I.messen-
ger.RNAs.in.rat.brain,.J. Neurosci. Res., 16,.97–107,.1986.

. 107.. Jin,.S.L..et.al.,.Distribution.of.glucagonlike.peptide.I.(GLP-I),.glucagon,.and.glicentin.
in.the.rat.brain:.an.immunocytochemical.study,.J. Comp. Neurol., 271,.519–532,.1988.

.108.. Verdich,.C..et.al.,.The.role.of.postprandial.releases.of.insulin.and.incretin.hormones.
in.meal-induced.satiety.—.effect.of.obesity.and.weight.reduction,.Int. J. Obes. Relat. 
Metab. Disord., 25,.1206–1214,.2001.

.109.. Naslund,.E..et.al.,.Energy.intake.and.appetite.are.suppressed.by.glucagon-like.peptide-
1.(GLP-1).in.obese.men,.Int. J. Obes. Relat. Metab. Disord., 23,.304–311,.1999.

. 110.. Scrocchi,.L.A..et.al.,.Glucose.intolerance.but.normal.satiety.in.mice.with.a.null.muta-
tion.in.the.glucagon-like.peptide.1.receptor.gene,.Nat. Med., 2,.1254–1258,.1996.

. 111.. Barak,.Y..et.al.,.PPAR.gamma. is. required. for.placental,. cardiac,.and.adipose. tissue.
development,.Mol Cell., 4,.585–595,.1999.

.112.. Reue,.K..et.al.,.Adipose.tissue.deficiency,.glucose.intolerance,.and.increased.athero-
sclerosis. result. from.mutation. in. the.mouse. fatty. liver.dystrophy. (fld).gene,.J. Lipid 
Res., 41,.1067–1076,.2000.

. 113.. Seppala-Lindroos,.A..et.al.,.Fat.accumulation.in.the.liver.is.associated.with.defects.in.
insulin.suppression.of.glucose.production.and.serum.free.fatty.acids. independent.of.
obesity.in.normal.men,.J. Clin. Endocrinol. Metab., 87,.3023–3028,.2002.

. 114.. Kim,.J.K..et.al.,.Mechanism.of. insulin.resistance.in.A-ZIP/F-1.fatless.mice,.J. Biol. 
Chem., 275,.8456–8460,.2000.

. 115.. Shimomura,. I.. et. al.,. Insulin. resistance. and. diabetes. mellitus. in. transgenic. mice.
expressing.nuclear.SREBP-1c.in.adipose.tissue:.model.for.congenital.generalized.lipo-
dystrophy,.Genes Dev., 12,.3182–3194,.1998.

. 116.. Woods,.S.C.,.Decke,.E.,.and.Vasselli,.J.R.,.Metabolic.hormones.and.regulation.of.body.
weight,.Psychol. Rev., 81,.26–43,.1974.

. 117.. Polonsky,.K.S.,.Given,.B.D.,.and.Van.Cauter,.E.,.Twenty-four-hour.profiles.and.pulsatile.
patterns.of.insulin.secretion.in.normal.and.obese.subjects,.J. Clin. Invest., 81,.442–448,.
1988.

. 118.. Schoeller,.D.A..et.al.,.Entrainment.of.the.diurnal.rhythm.of.plasma.leptin.to.meal.tim-
ing,.J. Clin. Invest., 100,.1882–1887,.1997.

. 119.. Bagdade,.J.D.,.Bierman,.E.L.,.and.Porte,.D.,.Jr.,.The.significance.of.basal.insulin.levels.
in.the.evaluation.of.the.insulin.response.to.glucose.in.diabetic.and.nondiabetic.subjects,.
J. Clin. Invest., 46,.1549–1557,.1967.

.120.. Benoit,.S.C..et.al.,.Insulin.and.leptin.as.adiposity.signals,.Recent Prog. Horm. Res., 
59,.267–285,.2004.

. 121.. Woods,.S.C..et.al.,.Insulin.and.the.blood–brain.barrier,.Curr. Pharm. Des., 9,.2003.

.122.. Banks,. W.A.,. The. source. of. cerebral. insulin,. Eur. J. Pharmacol., 490,. 795–800,.
2004.

47833.indb   231 1/18/08   1:45:07 PM



���	 Appetite	and	Food	Intake

.123.. Air,.E.L..et.al.,.Small.molecule.insulin.mimetics.reduce.food.intake.and.body.weight.
and.prevent.development.of.obesity,.Nat. Med., 8,.179–183,.2002.

.124.. Obici,. S.. et. al.,. Decreasing. hypothalamic. insulin. receptors. causes. hyperphagia. and.
insulin.resistance.in.rats,.Nat. Neurosci., 5,.566–572,.2002.

.125.. Woods,.S.C.. et. al.,.Chronic. intracerebroventricular. infusion.of. insulin. reduces. food.
intake.and.body.weight.of.baboons,.Nature, 282,.503–505,.1979.

.126.. Nicolaidis,.S..and.Rowland,.N.,.Metering.of.intravenous.versus.oral.nutrients.and.regu-
lation.of.energy.balance,.Am. J. Physiol., 231,.661–668,.1976.

.127.. Kennedy,.G.C.,.The.role.of.depot.fat.in.the.hypothalamic.control.of.food.intake.in.rats,.
Proc. R. Soc. Lond. B Biol. Sci., 140,.578–592,.1953.

.128.. Hervey,.G.R.,.The.effects.of.lesions.in.the.hypothalamus.in.parabiotic.rats,.J. Physiol., 
145,.336–352,.1959.

.129.. Zhang,.Y..et.al.,.Positional.cloning.of.the.mouse.obese.gene.and.its.human.homologue,.
Nature, 372,.425–432,.1994.

.130.. Halaas,.J.L..et.al.,.Weight-reducing.effects.of.the.plasma.protein.encoded.by.the.obese.
gene,.Science, 269,.543–546,.1995.

. 131.. Pelleymounter,.M.A..et.al.,.Effects.of.the.obese.gene.product.on.body.weight.regulation.
in.ob/ob.mice,.Science, 269,.540–543,.1995.

.132.. Tartaglia,.L.A..et.al.,.Identification.and.expression.cloning.of.a.leptin.receptor,.OB-R,.
Cell, 83,.1263–1271,.1995.

.133.. Schwartz,.M.W..et.al.,.Identification.of.targets.of.leptin.action.in.rat.hypothalamus,.J. 
Clin. Invest., 98,.1101–1106,.1996.

.134.. Lee,.G.H..et.al.,.Abnormal.splicing.of. the. leptin.receptor. in.diabetic.mice,.Nature, 
379,.632–634,.1996.

.135.. Vaisse,.C..et.al.,.Leptin.activation.of.Stat3.in.the.hypothalamus.of.wild-type.and.ob/ob.
mice.but.not.db/db.mice,.Nature, Genetics 14,.95–97,.1996.

.136.. Jin,.L..et.al.,.Leptin.and. leptin.receptor.expression. in.normal.and.neoplastic.human.
pituitary:.evidence.of.a.regulatory.role.for.leptin.on.pituitary.cell.proliferation,.J. Clin. 
Endocrinol. Metab., 84,.2903–2911,.1999.

. 137.. Morash,.B..et.al.,.Leptin.gene.expression.in.the.brain.and.pituitary.gland,.Endocrinol-
ogy, 140,.5995–5998,.1999.

.138.. Hoggard,.N.. et. al.,.Leptin. and. leptin. receptor.mRNA.and.protein. expression. in. the.
murine.fetus.and.placenta,.Proc. Natl. Acad. Sci. USA, 94,.11073–11078,.1997.

.139.. Cowley,.M.A..et.al.,.Leptin.activates.anorexigenic.POMC.neurons. through.a.neural.
network.in.the.arcuate.nucleus,.Nature, 411,.480–484,.2001.

.140.. Ahima,.R.S..et.al.,.Role.of.leptin.in.the.neuroendocrine.response.to.fasting,.Nature, 
382,.250–252,.1996.

. 141.. Considine,.R.V..et.al.,.Serum.immunoreactive-leptin.concentrations.in.normal-weight.
and.obese.humans,.N. Engl. J. Med., 334,.292–295,.1996.

.142.. Farooqi,.S..et.al.,.ob.gene.mutations.and.human.obesity,.Proc. Nutr. Soc., 57,.471–475,.
1998.

. 143.. Caro,.J.F..et.al.,.Decreased.cerebrospinal-fluid/serum.leptin.ratio.in.obesity:.a.possible.
mechanism.for.leptin.resistance,.Lancet, 348,.156–161,.1996.

.144.. Levin,.B.E.,.Dunn-Meynell,.A.A.,.and.Banks,.W.A.,.Obesity-prone.rats.have.normal.
blood-brain.barrier.transport.but.defective.central.leptin.signaling.before.obesity.onset,.
Am. J. Physiol. Regul. Integr. Comp. Physiol., 286,.R143–R150,.2004.

. 145.. Munzberg,.H..and.Myers,.M.G.,.Jr.,.Molecular.and.anatomical.determinants.of.central.
leptin.resistance,.Nat. Neurosci., 8,.566–570,.2005.

.146.. Liu,.Y.L.,.Emilsson,.V.,.and.Cawthorne,.M.A.,.Leptin.inhibits.glycogen.synthesis.in.the.
isolated.soleus.muscle.of.obese.(ob/ob).mice,.FEBS Lett., 411,.351–355,.1997.

. 147.. Unger,. R.H.,. The. hyperleptinemia. of. obesity-regulator. of. caloric. surpluses,. Cell, 
117,.145–146,.2004.

47833.indb   232 1/18/08   1:45:07 PM



Postabsorptive	Endocrine	Factors	 ���

.148.. Harris,.R.B..et.al.,.Early.and.late.stimulation.of.ob.mRNA.expression.in.meal-fed.and.
overfed.rats,.J. Clin. Invest., 97,.2020–2026,.1996.

. 149.. Lee,.M.J..and.Fried,.S.K.,.Multilevel.regulation.of.leptin.storage,.turnover,.and.secre-
tion.by.feeding.and.insulin.in.rat.adipose.tissue,.J. Lipid Res., 47,.1984–1993,.2006.

.150.. Weigle,.D.S..et.al.,.Effect.of.fasting,.refeeding,.and.dietary.fat.restriction.on.plasma.
leptin.levels,.J. Clin. Endocrinol. Metab., 82,.561–565,.1997.

. 151.. Buckley,.C.A..and.Schneider,.J.E.,.Food.hoarding.is.increased.by.food.deprivation.and.
decreased.by.leptin.treatment.in.Syrian.hamsters,.Am. J. Physiol. Regul. Integr. Comp. 
Physiol., 285,.R1021–R1029,.2003.

.152.. Matson,.C.A..et.al.,.Synergy.between.leptin.and.cholecystokinin.(CCK).to.control.daily.
caloric.intake,.Peptides, 18,.1275–1278,.1997.

.153.. Thomson,.A.B.,.Keelan,.M.,.and.Wild,.G.E.,.Nutrients.and.intestinal.adaptation,.Clin. 
Invest. Med., 19,.331–345,.1996.

.154.. Singh,.A..et.al.,.Adaptive.changes.of.the.rat.small.intestine.in.response.to.a.high.fat.diet,.
Biochim. Biophys. Acta, 260,.708–715,.1972.

.155.. Balint,.J.A.,.Fried,.M.B.,.and.Imai,.C.,.Ileal.uptake.of.oleic.acid:.evidence.for.adaptive.
response.to.high.fat.feeding,.Am. J. Clin. Nutr., 33,.2276–2280,.1980.

.156.. Spannagel,. A.W.. et. al.,. Adaptation. to. fat. markedly. increases. pancreatic. secretory.
response.to.intraduodenal.fat.in.rats,.Am. J. Physiol., 270,.G128–G130,.1996.

. 157.. Goda,.T..and.Takase,.S.,.Effect.of.dietary.fat.content.on.microvillus.in.rat.jejunum,.J. 
Nutr. Sci. Vitaminol. (Tokyo), 40,.127–136,.1994.

.158.. Covasa,.M..and.Ritter,.R.C.,.Rats.maintained.on.high-fat.diets.exhibit.reduced.satiety.
in.response.to.CCK.and.bombesin,.Peptides, 19,.1407–1415,.1998.

.159.. Savastano,.D.M..and.Covasa,.M.,.Adaptation.to.a.high-fat.diet.leads.to.hyperphagia.and.
diminished.sensitivity.to.cholecystokinin.in.rats,.J. Nutr., 135,.1953–1959,.2005.

.160.. Covasa,.M..and.Ritter,.R.C.,.Reduced.sensitivity.to.the.satiation.effect.of.intestinal.ole-
ate.in.rats.adapted.to.high-fat.diet,.Am. J. Physiol., 277,.R279–R285,.1999.

. 161.. Covasa,. M.,. Grahn,. J.,. and. Ritter,. R.C.,. Reduced. hindbrain. and. enteric. neuronal.
response.to.intestinal.oleate.in.rats.maintained.on.high-fat.diet,.Auton. Neurosci., 84,.
8–18,.2000.

.162.. Boyd,.K.A..et.al.,.High-fat.diet.effects.on.gut.motility,.hormone,.and.appetite.responses.
to. duodenal. lipid. in. healthy. men,. Am. J. Physiol. Gastrointest. Liver Physiol., 284,.
G188–G196,.2003.

.163.. Anini,.Y..and.Brubaker,.P.L.,.Role.of.leptin.in.the.regulation.of.glucagon-like.peptide-1.
secretion,.Diabetes, 52,.252–259,.2003.

.164.. Salva,.P.S..et.al.,.TNF-alpha,.IL-8,.soluble.ICAM-1,.and.neutrophils.in.sputum.of.cystic.
fibrosis.patients,.Pediatr. Pulmonol., 21,.11–19,.1996.

.165.. Grady,.E.F.,.Bohm,.S.K.,.and.Bunnett,.N.W.,.Turning.off.the.signal:.mechanisms.that.
attenuate.signaling.by.G.protein-coupled.receptors,.Am. J. Physiol., 273,.G586–G601,.
1997.

.166.. Pittner,.R.A..et.al.,.Effects.of.PYY[3-36].in.rodent.models.of.diabetes.and.obesity,.Int. 
J. Obes. Relat. Metab. Disord., 28,.963–971,.2004.

. 167.. Vrang,.N..et.al.,.PYY(3-36).reduces.food.intake.and.body.weight.and.improves.insu-
lin.sensitivity.in.rodent.models.of.diet-induced.obesity,.Am. J. Physiol. Regul. Integr. 
Comp. Physiol., 291,.R367–R371,.2006.

.168.. Brolin,.R.E.,.Bariatric.surgery.and.long-term.control.of.morbid.obesity,.JAMA, 288,.
2793–2796,.2002.

. 169.. Strader,.A.D..et.al.,.Weight.loss.through.ileal.transposition.is.accompanied.by.increased.
ileal.hormone.secretion.and.synthesis.in.rats,.Am. J. Physiol. Endocrinol. Metab., 288,.
E447–E453,.2005.

.170.. Cummings,.D.E..et.al.,.Plasma.ghrelin.levels.after.diet-induced.weight.loss.or.gastric.
bypass.surgery,.N. Engl. J. Med., 346,.1623–1630,.2002.

47833.indb   233 1/18/08   1:45:07 PM



���	 Appetite	and	Food	Intake

. 171.. Williams,.D.L..and.Cummings,.D.E.,.Regulation.of.ghrelin.in.physiologic.and.patho-
physiologic.states,.J. Nutr., 135,.1320–1325,.2005.

.172.. Borg,.C.M..et.al.,.Progressive.rise.in.gut.hormone.levels.after.Roux-en-Y.gastric.bypass.
suggests.gut.adaptation.and.explains.altered.satiety,.Br. J. Surg., 93,.210–215,.2006.

. 173.. Naslund,.E.,.Hellstrom,.P.M.,.and.Kral,.J.G.,.The.gut.and.food.intake:.an.update.for.
surgeons,.J. Gastrointest. Surg., 5,.556–567,.2001.

. 174.. Naslund,.E..et.al.,.Importance.of.small.bowel.peptides.for.the.improved.glucose.metab-
olism.20.years.after.jejunoileal.bypass.for.obesity,.Obes. Surg., 8,.253–260,.1998.

. 175.. Polyzogopoulou,. E.V.. et. al.,. Restoration. of. euglycemia. and. normal. acute. insulin.
response.to.glucose.in.obese.subjects.with.type.2.diabetes.following.bariatric.surgery,.
Diabetes, 52,.1098–1103,.2003.

.176.. Pories,.W.J..and.Albrecht,.R.J.,.Etiology.of.type.II.diabetes.mellitus:.role.of.the.foregut,.
World J. Surg., 25,.527–531,.2001.

. 177.. Guidone,.C..et.al.,.Mechanisms.of.recovery.from.type.2.diabetes.after.malabsorptive.
bariatric.surgery,.Diabetes, 55,.2025–2031,.2006.

.178.. Bi,.S..et.al.,.Differential.body.weight.and.feeding.responses. to.high-fat.diets. in. rats.
and.mice. lacking.cholecystokinin.1. receptors,.Am. J. Physiol. Regul. Integr. Comp. 
Physiol., 293,.R55–R63,.2007.

. 179.. Henderson,.L.,.The National Diet and Nutrition Survey: Adults Aged 19 to 64 Years..
Office.for.National.Statistics,.London,.2003.

.180.. Grove,.K.L..and.Cowley,.M.A.,.Is.ghrelin.a.signal.for.the.development.of.metabolic.
systems?.J. Clin. Invest., 115,.3393–3397,.2005.

47833.indb   234 1/18/08   1:45:08 PM



���

12 Role	of	Postabsorptive	
Endocrine	Factors	
on	Human	Feeding	
and	Regulation	of	
Body	Adiposity

Karen L. Teff and Chirag Kapadia

��.�   IntroductIon

The.architecture.of.meal. ingestion. is.one.of.a.complex,. structured.pattern.with.a.
domino-like.series.of.physiological.consequences..From.the.first.experience.of.hun-
ger.motivating.the.acquisition.of.food,.through.the.sensory.experience.of.the.ingested.
food.prior.to.and.during.mastication,. to.the.subsequent.digestion,.absorption,.and.
metabolism.of.nutrients,.a.vast.array.of.neural.and.hormonal.responses.are.initiated,.
each.dependent.on.a.preceding.response..Furthermore,. the.patterning.and.magni-
tude.of.physiological.responses.to.food.ingestion.are.dependent.on.the.composition.
and.macronutrient.content.of. the.diet..Together,. these. responses.contribute. to. the.
energy.status.of.the.organism.and.establish.a.feedback.system.which.regulates.body.
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adiposity..A.discussion.of.postabsorptive.endocrine.influences.on.feeding.behavior.
must.take.into.account.that.the.postabsorptive.effects.are.a.consequence.of.both.pre-
absorptive.and.absorptive.processes.occurring.in.response.to.the.composition.of.the.
diet..This.chapter.will.focus.specifically.on.those.postprandial.endocrine.responses.
that.have.been.shown.to.have.the.most.significant.effects.on.subsequent.food.intake.
and.regulation.of.body.adiposity.in.humans.

��.�   general paradIgM for the role of postprandIal 
endocrIne factors In body weIght regulatIon

Endocrine.factors.released.in.response.to.ingested.dietary.components.act.as.meta-
bolic.signals.to.both.central.nervous.system.and.peripheral.tissue.sites.(such.as.the.
portal. vein),. relaying. information. on. energy. status. and. body. adiposity.. Although.
it.is.not.within.the.scope.of.this.chapter.to.review.the.brain.mechanisms.involved.
in. inhibiting. and. stimulating. eating. behavior. and. the. overall. regulation. of. body.
weight,.it.is.important.to.delineate.the.working.model.by.which.postprandial.hor-
monal. responses.could.potentially. regulate.and.modulate. food. intake.. In.general,.
it. is. thought. that. insulin.and. leptin.are. the.primary. long-term. regulators.of.body.
weight.1,2.Both.hormones.are.highly.correlated.with.body.adiposity.and,.in.humans,.
with.body.mass. index.3,4. Insulin.and.leptin,.released.peripherally.by.the.pancreas.
and.adipose.tissue,.respectively,.are.actively.transported.across.the.blood–brain.bar-
rier.5.They.exert. their. effects.on.body.adiposity. regulation.by.binding. to. specific.
brain. regions. and. eliciting. the. release. of. other. peptides. and. neurotransmitters. to.
inhibit.feeding.behavior..Insulin.and.leptin.also.modulate.responsivity.of.the.brain.
to.other.neural.and.endocrine.factors.considered.to.be.acute.regulators.of.meal-to-
meal.feeding..Examples.of.short-term.meal-to-meal.regulators.known.to.inhibit.food.
intake,.which.are.under.modulatory.control.by.leptin.and.to.a.lesser.extent.insulin,.
are.cholecystokinin6.and.glucagon-like.peptide.(GLP).7,8.Superimposed.on.these.hor-
monal.signals.are.metabolic.fuels,.such.as.glucose9.and.free.fatty.acids,10.which.have.
been. shown. to. interact. with. neurons. in. the. central. nervous. system. (CNS).. Thus,.
the.quantity.and.dietary.composition.of.a.meal,.as.reflected.by.the.postabsorptive.
metabolic.profile,.are.recognized.by.the.brain.and.subsequently.influence.behavior.
and.metabolism. through.efferent.neural.and.hormonal.pathways..This.establishes.
a.prototypic.feedback.loop.with.dietary.components,.endocrine.factors,.and.neural.
stimuli.as.the.afferents,.the.brain.and.portal.vein.as.the.sensor.sites,.and.neural.and.
hormonal.responses.as.the.effectors.

��.�   factors InfluencIng postprandIal 
endocrIne responses

Within.the.context.of.the.feedback.loop.described.above,.postabsorptive.endocrine.
factors.act.as.signals.to.the.CNS.on.the.energy.status.of.the.organism..Therefore,.the.
magnitude.of.increase,.and.potentially.the.rate.and.length.of.time.a.hormone.is.ele-
vated,.may.convey.important.information.to.the.brain..The.magnitude.of.hormonal.
response.to.a.meal.is.dependent.on.the.quantity.of.food.consumed,.the.dietary.com-
position.of.the.ingested.food,.and.the.endocrine.and.energy.status.of.the.individual.
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consuming.the.meal..Macronutrient.composition.of.the.meal.is.a.primary.determi-
nant.of.which.hormones.are.secreted,.as.well.as.the.rate.and.magnitude.of.hormonal.
response..A.good.example.of.the.differential.effects.of.macronutrients.is.provided.by.
a.comparison.between.the.effects.of.fat.versus.carbohydrate..The.presence.of.fat.in.a.
meal.delays.gastric.emptying,.thereby.slowing.nutrient.absorption.and.blunting.rises.
in.hormonal.responses.11.Fat.is.less.of.a.potent.insulin.secretagogue.than.glucose,.but.
is.more.effective.in.stimulating.the.release.of.other.peptides,.such.as.glucagon-like.
peptide12.and.cholecystokinin,13.a.neurally.mediated.intestinal.peptide. involved.in.
acute.meal-to-meal.regulation..Thus,.each.macronutrient.elicits.a.unique.metabolic.
profile.capable.of.relaying.the.energy.status.of.the.individual.to.the.central.nervous.
system.and.potentially. influencing. satiety. to.varying.degrees.. In. addition,.within.
each.category.of.macronutrient,.different.types.of.fat,.protein,.or.carbohydrate.can.
influence.postprandial.hormonal.release..Finally,.the.energy.and.adiposity.status.of.
the.individual.also.exert.significant.influences.on.the.magnitude.of.the.postabsorp-
tive.endocrine.profile..Insulin.sensitivity,.the.degree.of.body.adiposity,.and.neural.
responsivity.further.determine.the.magnitude.and.temporal.patterning.of.hormonal.
release.and.subsequent.behavioral.responses.

��.�   lIMItatIons of InvestIgatIng MechanIsMs of 
body adIposIty regulatIon In huMans

In.humans,.validation.of.the.mechanisms.and.pathways.involved.in.the.regulation.of.
body.adiposity.is.limited.to.primarily.two.approaches:.(1).measurement.of.endog-
enous.compounds.prior. to.or. simultaneously.with. food. intake,.and. (2).exogenous.
administration. of. a. biological. compound. and. subsequent. monitoring. of. ingestive.
behavior..Both.methods.are.scientifically.flawed;.the.first.provides.only.correlative.
associations,.and.the.second.involves.the.nonphysiological.administration.of.a.com-
pound..In.contrast,.in.mice,.the.availability.of.specific.knock-out.and.knock-in.tech-
niques.provide. targeted.physiological.manipulations..The.vast.majority.of.human.
experimentation. investigating. food. intake. and. body. adiposity. regulation. involves.
studies. in.which.participants.are.given.acute.dietary.challenges.. In.many.studies,.
subjects.are.administered.a.dietary.challenge.in.the.form.of.what.is.termed.a.“pre-
load,”.a.controlled.meal.or.snack.with.a.defined.caloric.and.macronutrient.content..
The.subsequent.food.intake.of.the.subjects.is.then.monitored.surreptitiously.at.the.
next.meal.14–16,18.In.fewer.experiments,.metabolic.responses.are.measured.simultane-
ously.with.food.intake,.permitting.correlative.evaluation.of.the.relationship.between.
hormonal. release. and. food. intake.17,18. While. some. studies. have. monitored. food.
intake.over. longer.periods,.such.as.24.or.48.hours,19,20.even.this. length.of. time.is.
short,.considering.the.emerging.data,.which.suggests.body.weight.is.regulated.over.
4-. to.5-day.periods.21.Thus,.while. this. type.of.study.design.can.shed.light.on. the.
metabolic.and.endocrine.responses.to.meal.challenges,.particularly.acute.regulators.
of.meal-to-meal.intake,.it.probably.provides.little.insight.into.how.body.adiposity.is.
regulated.over.the.long-term.

Contributing.to.the.problems.of.investigating.the.mechanisms.of.body.adipos-
ity.regulation.is.the.difficulty.of.accurate.and.precise.measurement.of.food.intake.
in.humans.. In.free-living.situations,.assessment.of.dietary. intake. is.dependent.on.

47833.indb   237 1/18/08   1:45:09 PM



���	 Appetite	and	Food	Intake

food.diaries,.which.are.notoriously.flawed.with.underreporting.and.other.inadequa-
cies..Conversely,.measurement.of. food.consumption.within. laboratory.or.hospital.
conditions.is.more.precise,.but.may.not.reflect.typical.food.patterns.observed.in.nor-
mal.conditions..Particularly.important.with.respect.to.human.experimentation.are.
the.psychological,.social,.cultural,.and.learned.factors,.unique.to.present.day.Homo 
sapiens,.which.may.override. the.basic.physiological.mechanisms.regulating.body.
adiposity.and.food.intake.behavior..Currently.our.understanding.of.how.the.psycho-
logical.factors.interact.at.the.biological.level.is.still.very.limited,.and.their.incorpora-
tion.into.human.biological.models.is,.at.this.point,.still.theoretical..In.the.remaining.
sections.of.this.chapter,.we.will.examine.four.individual.hormones.with.respect.to.
how.their.release.is.determined.by.dietary.composition.and.individual.energy.status.
and,.in.turn,.how.they.regulate.food.intake.and.energy.homeostasis.in.humans.

��.�  InsulIn

Acute.insulin.secretion.in.response.to.meal.ingestion.is.largely.dependent.on.the.mac-
ronutrient.composition.of.the.meal..In.general,.carbohydrates.are.the.most.potent.stim-
ulators.of.insulin.release,.followed.by.protein,.which.is.a.mild.insulin.secretagogue..
Fat,.which. is. rarely.eaten. independently.of.either.protein.or.carbohydrate,.does.not.
elicit.insulin.secretion,22.but.significantly.attenuates.the.rate.of.rise.and.magnitude.of.
postprandial.insulin.levels.in.response.to.carbohydrate.and.protein.meals.by.slowing.
gastric.emptying..Within.classes.of.macronutrients,.individual.sugars.as.well.as.amino.
acids.have.differential.abilities.to.elicit.insulin.secretion..For.example,.arginine.is.a.
particularly.effective.stimulator.of. insulin.release.compared.to.other.amino.acids,23.
while.glucose.is.the.most.potent.carbohydrate.stimulus.of.insulin.secretion..In.con-
trast,.fructose.is.a.weak.elicitor.of.insulin.release,.and.ingestion.of.fructose-containing.
products.results.in.only.modest.elevations.in.plasma.insulin.24.As.discussed.below,.the.
potency.of.a.dietary.component.to.stimulate.insulin.has.important.implications.for.the.
role.of.these.hormones.in.the.regulation.of.body.adiposity.

In.1981,.Porte.and.Woods.proposed.a.model.in.which.insulin.was.hypothesized.
to.be.a.long-term.regulator.of.body.weight.25.This.model.was.based.on.data.show-
ing. that.peripheral. levels.of. insulin.were.highly.correlated.with.body.weight.and.
could.gain.access.into.the.CNS.to.reduce.body.weight.25,26.Furthermore,.it.was.dem-
onstrated. that. insulin.administered.directly. into. the.central.nervous.system.could.
inhibit.food.intake.in.lean.but.not.obese.rats,26.demonstrating.central.resistance.to.
the.satiating.effects.of.insulin.in.obesity..This.feedback.loop.originally.proposed.for.
insulin.has.become.the.prototypic.model.for.peripherally.released.circulating.fac-
tors.that.act.in.the.CNS.to.regulate.body.adiposity.27.Evidence.for.the.hypothesis.that.
insulin.tends.to.decrease.food.take.and.protect.against.body.weight.gain.in.humans.
is.provided.by.a.prospective.study.in.Pima.Indians,28.in.which.97.nondiabetic.sub-
jects.underwent.a.series.of.tests.to.evaluate.insulin.sensitivity.and.secretion..It.was.
found.that.insulin.release.during.a.meal-tolerance.test,.an.oral.glucose-tolerance.test,.
as.well.as.first.phase.insulin.during.an.intravenous.glucose.tolerance.test,.were.all.
inversely.correlated.to.weight.gain:.the.greater.the.insulin.secretion.in.response.to.
the.challenge,.the.less.weight.gain..The.authors.hypothesized.that.circulating.insulin.
gained.access.to.the.brain,.thereby.decreasing.food.intake.
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Conversely,.hyperinsulinemia.has.been.touted.as.a.stimulator.of.food.intake.and.
subsequent.weight.gain..In.fact,.many.diets.purported.to.result.in.weight.loss.claim.
that.avoidance.of.foods.which.induce.rapid.and.large.rises.in.plasma.insulin.is.essen-
tial.to.their.efficacy..Two.such.diets.are.the.Atkins.diet.and.the.low-glycemic.index.
diet..These.diets.prescribe.very.different.dietary. regimens,.but.both. result. in. low.
levels.of.postprandial.insulin..While.the.Atkins.diet.recommends.avoiding.almost.
all.carbohydrates,.emphasizing.protein.and.fat. intake,29–31. the. low-glycemic. index.
diet.involves.the.avoidance.of.only.those.carbohydrate.foods.that.are.rapidly.digested.
and.absorbed.and.thus.result.in.high.glucose.levels.(high-glycemic.index.foods).32–34.
High-glycemic. index. foods. include.not.only. the.expected.culprits,. such.as.candy,.
but.other,.unexpected. items,.such.as.whole.wheat.bread,.pasta,.carrots,. fruit,.and.
potatoes.35.Surprisingly,.many.calorically.dense.foods.that.have.both.fat.and.carbo-
hydrate,.for.example.chips.or.muffins,.can.be.categorized.as.having.lower.glycemic.
indexes,.since.the.presence.of.the.dietary.fat.blunts.the.rise.of.plasma.glucose.36

The.idea.that.high.postprandial.insulin.levels.stimulate.food.intake.is.based.on.
two.types.of.studies:.those.reporting.that.acute.administration.of.insulin.increases.
food.intake,37–39.and.others.that.provide.evidence.that.type.1.diabetic.humans.often.
gain. weight. at. the. onset. of. insulin. treatment.40. In. type. 1. diabetic. humans,. the.
increased.weight. gain. is. probably.multifactorial,. and. although.not. definitive,. one.
hypothesis.suggests.that.the.switch.in.metabolism.from.a.catabolic.to.anabolic.state,.
combined.with.the.rapid.increases.in.plasma.insulin.from.exogenous.insulin.deliv-
ery.following.periods.of.insulin.deficiency.may.lead.to.increased.fat.deposition.41.In.
contrast,.the.reported.increases.in.food.intake.following.acute.insulin.administration.
in.animals.are.typically.due.to.an.induction.of.hypoglycemia,.also.elicited.by.exog-
enous.insulin.administration.38,42

Rebound.hypoglycemia.which.occurs.only.rarely.in.nondiabetic.individuals,.is.a.
known.initiator.of.food.intake.and,.to.a.large.extent,.lies.at.the.crux.of.the.controversy.
surrounding.the.relationship.of.insulin.to.body.weight..Proponents.of.low-glycemic.
index.diets. suggest. that.high.postprandial. levels.of.glucose,.with. their. coincident.
high.levels.of.insulin,.result.in.hypoglycemia.and.subsequent.food.intake.43.During.
hypoglycemia,. the. release.of. the.counterregulatory.hormones.glucagon.and.corti-
sol,. as.well. as. the.neurohormone.norepinephrine,. raises. levels.of.plasma.glucose.
and.free.fatty.acids.by.increasing.gluconeogenesis.and.lipolysis,.respectively.44.Sus-
tained.increases.in.free.fatty.acids.in.the.portal.vein.contribute. to.the.etiology.of.
insulin. resistance,. the. precipitating. pathophysiology. of. many. metabolic. diseases.
including.diabetes,.hypertension,.and.cardiovascular.disease..Thus,.it.has.been.pos-
tulated.that.the.metabolic.consequences.of.repeated.episodes.of.hypoglycemia.con-
tribute. to. insulin. resistance.and.metabolic.disease.33,43.However,. the. likelihood.of.
repetitive.hypoglycemic.episodes.under.normal.dietary.conditions. is.questionable.
since.humans. typically. ingest.mixtures.of.macronutrients. at.most.meals,. and. the.
presence.of. dietary. fat. delays.nutrient. absorption,. blunts. peak. insulin. levels,. and.
prevents. rebound. hypoglycemia.. Thus,. the. mechanisms. presently. proposed. to. be.
responsible.for.the.relationship.between.high-glycemic.index.diets.and.disease.are.
probably.incorrect..Nevertheless,.despite.reports.showing.no.association,45–47.some.
epidemiological.studies.do.demonstrate.a.correlation.between.high-glycemic.index.
diets.and.metabolic.disease,.including.obesity.and.diabetes.48–50.One.interpretation.
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of.this.controversy.is.that.high-glycemic.index.diets.may.be.a.surrogate.marker.for.
diets.that.are.generally.of.poor.nutritional.content:.highly.caloric,.high-fat.diets.

Sweetened,.carbonated.soda. is.consistently.correlated.with.various. indices.of.
metabolic.disease.in.large.epidemiological.studies.50–52.Calorie-containing.sodas,.as.
well.as.sweetened.fruit.juice.and.fruit.drinks,.often.contain.large.quantities.of.liquid.
carbohydrate,.which.is.rapidly.absorbed.and.could.potentially.elicit.hypoglycemia.if.
prolonged.increases.in.insulin.release.were.to.occur..However,.the.presence.of.fruc-
tose.in.many.of.these.beverages,.either.by.itself.or.in.the.form.of.high-fructose.corn.
syrup.(55%.fructose.and.45%.glucose),.attenuates.the.large.increases.in.plasma.insu-
lin.that.would.typically.occur.following.ingestion.of.liquid.carbohydrate..Figure.12.1.
illustrates.the.differential.insulin.responses.to.meals.containing.60%.of.total.kilo-
calorie.intake.from.either.carbohydrate.or.fat.sources.(left.graph),.and.the.insulin.
responses.to.fixed.mixed-nutrient.meals.ingested.with.high-fructose.or.high-glucose.
beverages.contributing.to.30%.of.the.caloric.intake.(right.graph)..These.data.were.
derived.from.two.separate.within-subject.design.experiments,.both.conducted.over.
a.24-hour.period.24,53.One.compared.the.effect.of.ingesting.high-carbohydrate.meals.
versus.high.fat-meals,.and.another.compared. the.effect.of.meals.accompanied.by.
either.a.high-fructose.beverage.or.a.high-glucose.beverage..In.Figure.12.1,.the.data.
from.the.two.experiments.are.crossed.over..As.can.be.seen.in.the.middle.graph,.insu-
lin.release.after.a.high-fat.meal.is.almost.identical.to.insulin.release.after.a.mixed-
nutrient.meal. ingested.with. a.high-fructose.beverage..Thus,. from. the.perspective.
of.insulin.release,.ingestion.of.fructose,.a.carbohydrate,.is.very.similar.to.ingestion.
of.dietary.fat..To.summarize,.the.magnitude.of.insulin.release.is.dependent.on.the.
quantity.and.quality.of.ingested.food.as.well.as.the.energy.status.of.the.individual..
The.hormone. is.highly. responsive. to. changes. in.dietary. intake. and,. as.discussed.
below,.also.contributes.to.the.regulation.of.leptin.secretion..Based.on.current.data,.
insulin.probably.plays.a.critical.role.in.the.regulation.of.body.adiposity.

��.�   leptIn

The.adipokine.hormone.leptin.is.synthesized.and.secreted.by.adipocytes.within.adi-
pose. tissue..At. the. time.of.discovery.of. leptin.and. the.absence.of. the. leptin.gene.
in.genetically.obese.mice,27.it.was.believed.that.a.similar.gene.mutation.would.be.
observed.in.obese.humans..However,.surprisingly,.measurement.of.the.leptin.protein.
in.obese.humans.revealed.that.increased,.not.decreased,.levels.of.leptin.were.evi-
dent.54.Based.on.these.data.and.those.in.diet-induced.obese.animals,55.the.concept.
of.leptin-resistance.at.the.level.of.the.central.nervous.system.was.proposed56.such.
that.obesity.animals.and.humans.were.unresponsive.to.these.elevated.levels.of.cir-
culating.leptin..Furthermore,.it.was.hypothesized.that.the.increased.levels.of.leptin.
associated.with.obesity.were.either.unable.to.cross.the.blood–brain.barrier,.due.to.
impaired.transport,.or.were.interacting.with.impaired.receptors.in.brain-impaired.
transport,57,58.leading.to.a.lack.of.satiety.and.increased.food.intake..We.now.know.
that.only.a.handful.of.obese.individuals.exhibit.genetic.mutations.of.leptin.recep-
tors,59,60. and. although. administration. of. exogenous. leptin. to. these. individuals. is.
highly.effective.in.restoring.normal.body.weight,61.leptin.administration.to.leptin-
resistant. individuals. is.only.modestly. therapeutic,. if.at.all.62.More. recently,. it.has.
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been.proposed.that.decreased.leptin.levels.are.of.greater.biological.significance.than.
elevated.levels,.since.declines.in.leptin.indicate.decreased.body.adiposity.and.stimu-
late.food.intake.63.Of.particular.interest.to.this.book.is.how.the.scientific.theory.on.
the.role.of.leptin.in.the.regulation.of.body.adiposity.evolved.with.bidirectional.flow.
of.information.and.discoveries.between.basic.and.clinical.experimentation.
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fIgure ��.�  Left Graph:.Mean.plasma.insulin.levels.(mean.±.S.E,.n.=.19).over.a.24-hour.
period. in.normal.weight.healthy.women.following. ingestion.of.breakfast,. lunch,.and.dinner.
(indicated.by.arrows).in.which.the.total.kilocalorie.content.consisted.of.either.60%.fat.(dashed.
line,. round. symbol). or. 60%. carbohydrate. (solid. line,. square. symbol).. Right Graph:. Mean.
plasma.insulin.levels.(mean.+.S.E.,.n.=.13).over.a.24-hour.period.following.ingestion.of.a.mixed.
nutrient.meal.with.a.high.fructose-containing.beverage.contributing.30%.of.total.kilocalorie.
intake.(dashed.line,.round.symbol).compared.to.insulin.levels.following.ingestion.of.the.high.fat.
meal.shown.in.left.graph.(solid.line,.square.symbol)..Bottom Graph:.Mean.plasma.insulin.levels.
(mean.+.S.E.,.n.=.13).over.a.24-hour.period.following.ingestion.of.mixed.nutrient.meal.with.
a.high.glucose-containing.beverage.contributing.30%.of.total.kilocalorie.intake.(dashed.line,.
round.symbol).compared.to.insulin.levels.following.ingestion.of.the.high.carbohydrate.meal.
shown.in.the.left.graph.(solid.line,.square.symbol)..(Taken.from.data.derived.from.Teff,.K.L.,.
Elliott,.S.S.,.Tschop,.M.,.Kieffer,.T.J.,.Rader,.D.,.Heiman,.M.,.Townsend,.R.R.,.Keim,.N.L.,.
and.Havel,.P.J.,.Dietary.fructose.reduces.circulating.insulin.and.leptin,.attenuates.postprandial.
suppression.of.ghrelin,.and.increases.triglycerides.in.women,.J. Clin. Endocrinol. Metab.,.89,.
2963–2972,.2004;.Havel,.P.J.,.Townsend,.R.C.L.,.and.Teff,.K.,.High-fat.meals.reduce.24-hour.
circulating.leptin.concentrations.in.women,.Diabetes,.48,.334–341,.1999..With.permission.)
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Plasma.leptin.levels.are.highly.correlated.with.body.adiposity,64.and.fasting.levels.
derived.from.morning.samples.are.primarily.a.reflection.of.body.fat..In.humans,.leptin.
is. secreted. in.a.circadian.manner,.with.nadirs.occurring. in. the.morning.and. levels.
peaking.between.midnight.and.2:00.a.m.,65.although.the.mechanisms.regulating.the.
rise.and.fall.are.still.unknown..Leptin.synthesis.and.secretion.is.dependent.on.insulin-
mediated.glucose.metabolism,66.so.that.increasing.glucose.availability.and.metabolism.
increases.leptin.levels..Prolonged.intravenous.infusion.of.glucose.increases.insulin.and.
leptin.levels,19,67.and.dietary.manipulations.that.significantly.affect.glucose.and.insulin.
levels.can.also.influence.circulating.levels.of.leptin..We.have.found.that.circulating.
levels.of.leptin.can.be.altered.by.dietary.manipulations.by.approximately.25.to.30%..
For.example,.a.diet.composed.of.60%.fat.reduces.24-hour.circulating.levels.of.leptin.
by.30%.compared.to.an.equicaloric.high-carbohydrate.diet.(Figure.12.2,.left.graph).68.
An.almost.identical.attenuation.of.leptin.secretion.is.evident.when.30%.of.dietary.car-
bohydrate.is.provided.by.fructose.compared.to.glucose.(Figure.12.2,.middle.graph).24.
The.blunting.of.leptin.secretion.in.response.to.fat.and.fructose.is.due.to.the.decrease.
in.insulin.secretion.elicited.by.both.of.these.dietary.components.(Figure.12.1)..Both.
dietary. fat. and. fructose. lower. circulating. levels. of. insulin. and. leptin. compared. to.
meals.high.in.carbohydrates.or.mixed-nutrient.meals.served.with.high-glucose.bever-
ages..Furthermore,.the.reduction.in.leptin.may.be.exacerbated.by.postprandial.triglyc-
erides.released.in.response.to.both.fat.and.fructose,24.because.triglycerides.have.been.
shown.to.inhibit.leptin.transport.across.the.blood–brain.barrier.69.The.resulting.lower.
availability.of.leptin.following.high-fructose.or.high-fat.diets.may.then.contribute.to.
decreased.satiety.and.increased.food.intake.

Individual. responsivity. to. the. effects. of. reduced. leptin. availability. on. satiety.
may.be.phenotypic.or.dependent.on.individual.psychological.profiles..We.found.that.
increasing.dietary.fructose.over.a.24-hour.period.increased.food.intake,.specifically.
fat.intake,.but.only.in.individuals.identified.as.restrained.eaters.(those.individuals.
who. consciously. restrict. their. diet).. In. contrast,. nonrestrained. eaters. ingested. the.
same.amount.of.food.whether.the.diet.was.supplemented.with.glucose.or.fructose.24.
Conversely,. the.effects.of. increases. in.plasma.leptin.on.food. intake.can.be.subtle.
even. in. lean,. insulin-sensitive. individuals.. In.a. recent.study,19.we. infused. intrave-
nously.either.saline.(control.condition).or.glucose.into.lean.subjects.for.a.period.of.48.
hours,.during.which.time.we.monitored.their.food.intake.without.their.knowledge..
The. glucose. infusion. significantly. increased. plasma. glucose,. plasma. insulin,. and.
circulating. leptin. levels.. Despite. no. overall. significant. decreases. in. 48-hour. food.
intake.during.the.glucose.infusion.condition,.a.highly.significant.inverse.correlation.
between.plasma. leptin. levels.and.cumulative. food. intake.over. the.48-hour.period.
was.found.(Figure.12.3,.upper-right.graph)..This.relationship.between.food.intake.
and.leptin.levels.was.not.significant.under.saline.conditions.(Figure.12.3,.upper-left.
graph).and.was.only.unveiled.when.leptin.was.increased.by.the.glucose.infusion..No.
statistically.significant.relationship.was.observed.between.insulin.and.food.intake.
(bottom. graphs).. However,. hunger. levels. as. rated. by. visual. analogue. scales. were.
also.significantly.correlated.with.plasma.leptin.(data.not.shown)..These.results.sug-
gest.that.the.physiological.increase.in.plasma.leptin.induced.by.the.glucose.infusion.
was.recognized.by.the.brain.and.altered.food.intake,.but.to.a.very.small.degree,.not.
detectable. in. cumulative. food. intake.over. the.48-hour.period. in. this. small. group.
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fIgure ��.�  Left Graph:.Mean.plasma.leptin.levels.(mean.+..S.E,.n.=.19).expressed.as.a.
percent.of.nadir.over.a.24-hour.period.in.normal.weight.healthy.women.following.ingestion.
of.breakfast,.lunch,.and.dinner.(time.indicated.by.arrows).in.which.the.total.kilocalorie.con-
tent.consisted.of.either.60%.fat.(dashed.line,.round.symbol).or.60%.carbohydrate.(solid.line,.
square.symbol)..Right Graph:.Mean.plasma.leptin.levels.(mean.+..S.E,.n.=.13).expressed.as.
a.percent.of.nadir.over.a.24-hour.period.following.ingestion.of.a.mixed.nutrient.meal.with.a.
high.fructose-containing.beverage.contributing.30%.of.total.kilocalorie.intake.(dashed.line,.
round.symbol).compared.to.insulin.levels.following.ingestion.of.the.high.fat.meal.shown.in.
left.graph.(solid.line,.square.symbol)..Bottom Graph:.Mean.plasma.leptin.levels.expressed.
as.a.percent.of.nadir.over.a.24-hour.period.following.ingestion.of.mixed.nutrient.meal.with.
a. high. glucose-containing. beverage. contributing. 30%. of. total. kilocalorie. intake. (dashed.
line,.round.symbol).compared.to.insulin.levels.following.ingestion.of.the.high.carbohydrate.
meal.shown.in.left.graph.(solid.line,.square.symbol)..(Taken.from.data.derived.from..Teff,.
K.L.,.Elliott,.S.S.,.Tschop,.M.,.Kieffer,.T.J.,.Rader,.D.,.Heiman,.M.,.Townsend,.R.R.,.Keim,.
N.L.,.and.Havel,.P.J.,.Dietary.fructose.reduces.circulating.insulin.and.leptin,.attenuates.post-
prandial.suppression.of.ghrelin,.and.increases.triglycerides.in.women,.J. Clin. Endocrinol. 
Metab.,.89,.2963–2972,.2004;.Havel,.P.J.,.Townsend,.R.C.L.,.and.Teff,.K.,.High-fat.meals.
reduce. 24-hour. circulating. leptin. concentrations. in. women,. Diabetes,. 48,. 334–341,. 1999..
With.permission.)
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of. subjects.. Significant. decreases. in. food. intake. may. have. been. observed. if. the.
experimental. treatment.were.administered.over. a. longer.period.of. time..Previous.
human.studies.have.demonstrated.correlations.between.either.food.intake.or.hunger.
and. leptin,. but. these. were. in. obese. individuals. on. calorically. restricted. diets.70,71.
Our.study.was.the.first.to.demonstrate.a.correlation.in.free-feeding.normal-weight.
humans.who.were.not.energy.restricted.

��.�   gut horMones: glucagon-lIke peptIde-� 
(glp-�) and peptIde yy (pyy)

In.the.early.1960s,.based.on.experiments.demonstrating.that.ingested.glucose.elicited.
greater. insulin. release. than.matched. levels.of.glucose. infused. intravenously,. it.was.
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fIgure ��.�  Mean.of.plasma. leptin. levels.collected.over.a.48-hour.period.(x-axis).cor-
related.with.total.food.intake.(y-axis).over.a.48-hour.period.during.saline.infusion.(upper.left.
graph)..Mean.of.plasma.leptin.levels.collected.over.a.48-hour.period.(x-axis).correlated.with.
total.food.intake.(y-axis).over.a.48-hour.period.during.glucose.infusion.(upper.right.graph)..
Mean.of.plasma.insulin.levels.collected.over.a.48-hour.period.(x-axis).correlated.with.total.
food.intake.(y-axis).over.a.48-hour.period.during.saline.infusion.(lower.left.graph)..Mean.of.
plasma.insulin.levels.collected.over.a.48-hour.period.(x-axis).correlated.with.total.food.intake.
(y-axis).over.a.48-hour.period.during.glucose.infusion.(lower.left.graph)..(Taken.from.Teff,.
K.L.,.Petrova,.M.,.Havel,. .P.J.,.and.Townsend,.R.R.,.48-hour.glucose. infusion. in.humans:.
Effect.on.hormonal.responses,.hunger.and.food.intake,.Physiol. Behav.,.90,.733–743,.2007..
With.permission.)
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recognized.that.hormones.released.from.the.gut.(referred.to.as.“incretins”).enhanced.
insulin.secretion.72.We.now.know.that.a.vast.array.of.peptides.are.released.from.the.
stomach.and.intestine.during.food.ingestion..Many.of.these.play.an.important.role.in.
modulating.postprandial.responses.of.insulin.and.leptin.by.influencing.the.rate.of.gas-
tric.emptying,73.stimulating.insulin.release,74.or.enhancing.insulin.sensitivity.75.Many.
gut.peptides.also.act.as.anorexigenic.peptides.independently.of.insulin.or.leptin76.and.
are. transported.across. the.blood–brain.barrier. to.bind.with. receptors. in. the.central.
nervous.system..It.is.not.within.the.scope.of.this.chapter.to.discuss.the.effects.of.all.the.
gut.hormones.known.to.influence.food.intake..Instead,.we.will.concentrate.on.GLP-1.
and.PYY..GLP-1.is.one.of.the.most.potent.insulin.secretagogues.and.for.which.there.
is.evidence.for.a.role.in.the.regulation.of.food.intake.(particularly.in.humans)..Peptide.
YY.(PYY),.a.relatively.newly.recognized.hormone.surrounded.by.significant.contro-
versy,.is.also.dependent.on.postabsorptive.stimulation.

Both.GLP-1.and.peptide.YY.are.products.of.the.glucagon.gene..They.are.secreted.
from.the.enteroendocrine.L.cells.of.the.gut.mucosa,.which.are.located.primarily.in.
the.distal.intestine,.but.also.in.the.proximal.gut..GLP.is.released.in.a.biphasic.man-
ner,.with.the.early.phase.occurring.within.minutes,.and.a.late.phase.occurring.within.
60.to.120.minutes.after.a.meal..Given.that.the.majority.of.the.L.cells.are.located.in.
the.distal.small.intestine,.and.that.the.peak.of.the.GLP-1.and.PYY.responses.begin.
before. the.majority.of. the.L. cells. have.been. exposed. to. ingested.nutrients,77,78. it. is.
likely.that.the.early.phase.of.release.is.neurally.mediated,.while.the.second.phase.is.
nutrient-stimulated..Lipids.and.simple.carbohydrates.are.the.most.potent.stimulators.
of.GLP-1,79.while.protein.meals.do.not.appear. to.be.particularly.effective.80.GLP-1.
may.influence.food.intake.through.both.direct.and.indirect.effects..One.of.the.indirect.
effects.is.through.modulation.of.insulin.release,.as.it.is.one.of.the.most.potent.stimu-
lators.of. insulin.biosynthesis.and.secretion.known.81.Together.with.another. incretin.
hormone,.GIP.(gastrin.inhibitory.peptide),.the.two.peptides.account.for.at.least.half.of.
the.postmeal.insulin.response.77.In.addition,.GLP-1.may.influence.insulin.sensitivity.
through.regulation.of.plasma.glucose.levels,.both.by.inhibiting.glucagon.secretion.and.
by.decreasing.hepatic.glucose.production.75,82.GLP-1.also.enhances.glucose.disposal.
through.independent,.noninsulin-mediated.effects.in.the.periphery.82

GLP-1.exerts.its.direct.effects.on.food.intake.through.peripheral.and.central.recep-
tors.in.the.stomach.and.brain,.respectively..In.the.gastrointestinal.tract,.physiological.
levels.of.GLP-1. slow.gastric. emptying. and. enhance. satiety,. an. effect.mediated.via.
the.autonomic.nervous.system,.particularly.the.vagus.nerve.83,84.Peripherally.released.
GLP-1.can.cross.the.blood–brain.barrier,85.but.in.addition,.the.peptide.is.synthesized.
in.the.CNS,86.and.GLP-1.receptors.are.found.in.the.hypothalamus.and.the.nucleus.of.
the.tractus.solitarius.(NTS).87.Both.centrally.produced.and.circulating.GLP-1.may.act.
in. these.areas. to. induce.changes. in. feeding.behavior,.activity,.and.energy.expendi-
ture..In.animal.models,.central.administration.of.GLP-1.reduces.acute.caloric.intake,88.
increases. energy. expenditure,. and. decreases. weight. gain. when. given. chronically.89.
There.is.also.good.evidence.of.the.physiologic.and.clinical.significance.of.these.effects.
in.humans..Peripheral.administration.in.humans.at.higher.than.physiologic.levels.of.
GLP-1.inhibits.food.intake.in.normal,.obese,.and.diabetic.subjects,90–92.though.periph-
eral.infusions.at.lower.levels.are.ineffective.84.Consistent.with.these.findings,.a.recent.
meta-analysis.concluded.that.the.effect.of.GLP-1.on.ad libitum.energy.intake.in.humans.

47833.indb   245 1/18/08   1:45:14 PM



���	 Appetite	and	Food	Intake

is.dose.dependent.93.In.terms.of.energy.expenditure,.there.is.evidence.that.higher.fast-
ing.plasma.concentrations.of.GLP-1.are.associated.with.higher.resting.energy.expendi-
ture.in.humans.94,95.Obese.subjects.appear.to.have.decreased.GLP-1.secretion.in.some.
studies,96.but.this.finding.has.been.disputed.by.other.studies.94,97.Thus,.GLP-1.has.both.
peripheral.and.central.effects.on.satiety..The.peripheral.effects.are.likely.mediated.via.
effects.on.gastric.emptying;.the.central.effects.are.likely.mediated.in.a.multifactorial.
fashion,.and.include.input.to.the.NTS.from.the.vagal.nerve,.direct.effects.of.circulat-
ing.GLP-1,.and.central.GLP-1.production.and.receptor.binding..GLP-1.also.appears.to.
have.the.effect.of.increasing.energy.expenditure..These.effects,.along.with.its.effects.
on.insulin.secretion,.have.made.GLP-1.a.gut.peptide.of.unusual.therapeutic.potential..
GLP-1.analogues.are.presently.on.the.market.as.adjuvant.therapies.for.type.2.diabetes.
and.inhibitors.of.DPP-IV,.the.enzyme.that.degrades.GLP-1.in.plasma,.are.in.phase.3.
trials..Current.therapeutic.uses.of.GLP-1.receptor.agonists,.and.compounds.that.pre-
vent.GLP-1.degradation,.are.covered.well.in.a.recent.review.98

��.�   pyy

Peptide.tyrosine-tyrosine.(PYY1-36).is.cosecreted.with.GLP-1.from.intestinal.L.cells.
and. is. cleaved. by. DPP-IV,. resulting. in. PYY3-36.. PYY. concentrations. are. propor-
tional.to.meal.energy.content,.with.higher.levels.in.response.to.high-calorie.meals,.
particularly.those.with.a.high.fat.content.99,100.Gut.motility.and.gastric,.pancreatic,.
and.intestinal.secretions.are.inhibited.by.PYY.via.vagal.and.perhaps.also.via.direct.
effects.101.Like.GLP-1,.PYY.crosses.the.blood–brain.barrier,.in.what.appears.to.be.a.
nonsaturable.mechanism,102.and.binds.to.receptors.in.the.hypothalamus.and.dorsal.
hind.brain..PYY.was.initially.reported.to.be.abnormally.low.in.obese.humans,.but.
recent. data. has. challenged. that. conclusion.103. Similarly,. initial. reports. noted. that.
PYY,.infused.at.physiologic.concentrations,.induced.satiety.104.However,.since.that.
time,.efforts. to. replicate. these.findings.have.shown.no.effects.at.physiologic.con-
centrations,. though. effects. at. higher. than. physiologic. dosing. have. been. seen.76,103.
Presently,.the.role.of.PYY.in.the.regulation.of.body.adiposity.and.its.potential.as.a.
therapeutic.agent.are.not.well.established.

��.�   conclusIons and future dIrectIons

Great.advances.have.been.made.in.the.identification.and.measurement.of.biologi-
cally.active.compounds,.and.these.will.continue.to.grow.with.the.sequencing.of.the.
human.genome..However,.understanding.how.these.biological.factors.interact.and.
contribute.to.the.regulation.of.body.adiposity.within.a.physiological.context.will.be.
a.challenging.enterprise..To.date,.we.have.been.limited.by.our.approaches.toward.
studying.eating.behavior,.which.have.been.primarily.nonecological.in.both.animals.
and.humans..Measurement.of.the.quantity.of.a.single.food.ingested.by.a.rat.isolated.
in.a.cage.may.have.limited.relevance.to.a.human.eating.in.a.complex.social.environ-
ment..Short-term.studies,.whether.they.involve.the.acute.administration.of.a.peptide.
to.a.mouse.or.a.dietary.preload.to.a.human.followed.by.evaluation.of.meal-to-meal.
intake,.reveal.little.of.how.long-term.regulation.of.fat.stores.takes.place.during.daily.
life..More.sophisticated.approaches.to.studying.ingestive.behavior.in.both.animals.
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and.humans.need.to.be.developed..As.a.first.step,.application.of.approaches.used.for.
the.study.of.psychiatric.disease.and.addictive.behavior.may.aid.in.broadening.our.
view.of.how.behavior.can.be.studied..Utilizing.innovative.behavioral.measurements.
may.reveal.phenotypes.unique.to.ingestive.behavior.which.may.be.driven.by.differen-
tial.underlying.physiological.responses..Ultimately,.this.may.lead.to.the.development.
of. individualized.weight. loss.regimes.that.are.more.effective.than.those.currently.
available..In.addition,.novel.technologies.are.required.to.enhance.our.capabilities.to.
measure.and.monitor.food.intake.and.energy.expenditure.in.humans.under.normal.
living.conditions..Thus,.our.approach.to,.and.methods.for,.the.study.of.the.physiolog-
ical.mechanisms.governing.ingestive.behavior.must.become.as.sophisticated.as.our.
methods.for.the.analysis.of.the.biological.factors..To.achieve.this,.greater.interaction.
between.basic.and.clinical.scientists.and.between.different.scientific.disciplines.will.
be.required..Long-term.studies.conducted.within.ecologically.and.physiologically.
relevant.contexts.are.needed.
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in	the	Control	of	
Food	Intake

Gary J. Schwartz

��.�   IntroductIon

The.upper.gastrointestinal. tract. is.a.critical. site. for. the.negative. feedback.control.
of. food. intake.. Its. significance. is. supported. by. studies. in. human. and. nonhuman.
primates,.as.well.as.in.rodents,.demonstrating.that,.when.nutrients.fail.to.stimulate.
the.proximal.duodenum.during.sham.feeding,.both.meal.duration.and.the.amount.
of.food.consumed.are.dramatically. increased..Furthermore,. infusions.of.nutrients.
directly.into.the.duodenum.at.rates.that.mimic.the.physiological.time.course.of.gas-
tric.emptying.have.been.shown.to.potently.and.dose-dependently.reduce.subsequent.
food.intake..Gastrointestinal.nutrients.also.potently.slow.gastric.emptying,.depend-
ing.on.their.caloric.density,.providing.a.local.means.by.which.nutrient.absorption.
and.nutrient-stimulated.gut.hormone.release.are.regulated.to.modulate.energy.avail-
ability.and. thereby.help.determine.energy.balance..During.a. typical.meal,.which.
is.the.functional.unit.of.ingestion.in.humans,.nonhuman.primates,.and.rodents,.the.
majority.of. ingested. food.accumulates.within. the.stomach,.pending. its.controlled.
gastric.emptying.into.small.intestinal.sites.that.mediate.nutrient.absorption..Nutrient.
absorption. begins. within. minutes. of. the. onset. of. a. meal,. and,. depending. on. the.
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amount.of. food.consumed,.persists. for. several.hours. following.meal. termination..
This.temporal.distribution.of.nutrients.means.that.upper.gastrointestinal.sites.con-
tinue.to.be.stimulated.by.food.during.and.following.the.onset.of.nutrient.absorption..
Both.gastric.and.upper.intestinal.sites.are.richly.innervated.with.intrinsic,.enteric.
neurons,.as.well.as.with.extrinsic.sensory.vagal.and.nonvagal.visceral.afferent.neu-
rons. that. are. responsive. to.meal-related.mechanical,. chemical,. neuropeptide,. and.
neurotransmitter.stimuli..Chemical.or.surgical.interruption.of.this.meal-stimulated.
sensory.neural.traffic.between.the.gut.and.the.brain.impedes.the.flow.of.negative.
feedback. signals. that. normally. contribute. to. the. control. of. food. intake. by. limit-
ing.meal.size..The.extrinsic.neural. innervation.of. the.upper.gut,. in. turn,.projects.
to. a.wide. range.of. interconnected.central.nervous. system. targets. that. can.collec-
tively.be.considered.the.central.distribution.of.the.gut–brain.neuraxis..This.neuraxis.
includes.the.termination.sites.of.incoming.gut.afferents.in.the.caudal.hindbrain,.as.
well.as.forebrain.projection.areas.in.hypothalamic,.limbic,.and.other.telencephalic.
regions.involved.in.the.processing.of.meal-stimulated.visceral. input..This.chapter.
will.review.recent.advances.in.our.understanding.of.the.sensory.capabilities.of.the.
gut–brain.neuraxis.in.the.reception,.transmission,.and.integration.of.meal-stimulated.
signals.that.contribute.to.the.control.of.food.intake.from.a.basic.science.perspective.
in.rodent.models.and,.in.doing.so,.suggest.sites.and.modes.of.action.by.which.alter-
ing.gastrointestinal.sensorineural.processing.can.modulate.human.feeding.

��.�   gut–braIn neuroaxIs

The.neuroanatomical.extent.of. the.afferent.distribution.of.upper.gut. information. to.
the.brain.has.recently.been.approached.using.an.H129.strain.of.herpes.simplex.virus.
which.undergoes.transneuronal.transport.1.Injections.into.the.ventral.wall.of.the.rat.
stomach.revealed.that.the.virus.was.transneuronally.transported.into.a.range.of.spi-
nal,.hindbrain,.and.forebrain.sites.in.neurologically.intact.rats..Initially,.labeling.was.
detected.in.vagal.sensory.neurons.in.the.nodose.ganglion.and.spinal.viscerosensory.
neurons. in. the. celiac. superior. mesenteric. ganglion,. as. well. as. their. respective. tar-
gets.in.the.brain.stem.nucleus.of.the.solitary.tract.and.thoracic.dorsal.horn..At.later.
time.points,.additional.hindbrain.and.forebrain.viscerosensitive.regions.were.labeled,.
including.the.caudal.brain.stem.lateral.and.medial.parabrachial.nuclei,.and.in.the.fore-
brain,.the.hypothalamic.dorsomedial,.paraventricular,.supraoptic,.arcuate,.and.lateral.
subnuclei,.the.central.nucleus.of.the.amygdala,.lateral.and.medial.septal.nuclei,.and.
agranular.insular.cortex..Surgical.transection.of.vagal.afferent.roots.as.they.enter.the.
brain. stem. attenuated. transneuronal. transport. and. infection. of. neurons. within. the.
brain.stem.nucleus.of.the.solitary.tract,.demonstrating.a.critical.role.for.the.afferent.
vagus.in.the.transmission.of.meal-related.gut.signals..Vagal.afferent.innervation.of.the.
proximal.small. intestine.may.be.particularly.important. in.determining.the.negative.
feedback.effects.of.nutrients;.the.paucity.of.small.intestinal.vagal.afferent.terminations.
in.animals.deficient.in.neurotensin-4.results.in.a.feeding.phenotype.characterized.by.
reduced.sensitivity.to.the.satiating.effects.of.gastrointestinal.lipids.2

This. gut. vagal. afferent. pathway,. however,. is. not. unique. in. its. ability. to. con-
vey.meal-related.signals.to.the.central.nervous.system.sites.modulating.food.intake..
Nonvagal,. splanchnic. afferents. have. also. been. implicated. in. the. control. of. meal.
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size.and.nutrient.detection,.and.surgical.interruption.of.these.visceral.afferents.by.
removal.of.the.celiac-superior.mesenteric.ganglionic.plexus.in.rats.blocks.the.ability.
of.duodenal.fat.emulsions.or.carbohydrate.solutions. to.attenuate.subsequent. feed-
ing.3.To.appreciate.the.molecular.sources.of.food-stimulated.negative.feedback,.it.is.
essential.to.characterize.the.receptor.subtypes.and.signaling.mechanisms.available.
to.these.peripheral.sensory.paths.

��.�   gut sIgnalIng In the absorptIve 
phase — candIdate MedIators

Gut.afferent.fibers.have.been.demonstrated.to.be.activated.by.nutrients.as.well.as.by.
peptides.and.neurochemicals. that.are.released.following.gastrointestinal.exposure.
to.nutrients..For.example,.glucose,.as.a.product.of.the.nutrient.absorptive.process,.
has.been.described.as.a.potent.modulator.of.vagal.activity.in.afferents.supplying.the.
hepatic.portal.vein.4.A.novel.dimension.of.gut.feedback.secondary.to.intestinal.nutri-
ent.exposure.has.been.identified.by.the.recent.work.of.Mithieux.et.al.,5.demonstrat-
ing.an.intrinsic.cycle.within.the.gut.wall.whereby.dietary.protein.induces.intestinal.
gluconeogenesis,.which.in.turn.stimulates.hepatic.portal.glucoreceptors.in.the.affer-
ent.vagus..This.mechanism.has.been.proposed.to.contribute.to.the.feeding.inhibitory.
effects.of.high-protein.diets.5.Insulin.has.also.been.shown.to.modulate.activity.in.gut.
vagal.afferents.both.in.hepatic.portal.afferents.and,.more.recently,.in.duodenal.affer-
ents.in.pigs..Hyperinsulinemia.increased.the.basal.activity.of.duodenal.vagal.mecha-
noreceptors.without.altering.the.magnitude.of.responses. to.mechanical.distension.
stimuli.6.Thus,.hepatic.and.duodenal.sites.are.stimulated.during.nutrient.absorption.
to.help.determine.gut.vagal.afferent.signaling.

Receptors.for.multiple.meal-stimulated.gut–brain.peptides.have.also.been.local-
ized.to.vagal.sensory.neurons..These.include,.but.are.not.limited.to,.cholecystokinin.
A.(CCKA).receptors,.serotonin-3.(5HT3).receptors,.as.well.as.mRNA.for.ghrelin,.
leptin,.peptide.YY.(PYY),.and.glucagon-like.peptide-1.(GLP-1).receptors..Peripheral.
roles.for.ligands.of.each.of.these.receptors.have.been.proposed.in.the.feedback.con-
trol.of.energy.intake..Examples.of.results.from.rodent.studies.of.these.compounds.
reveal.a.variety.of.ways.in.which.these.signaling.molecules.act.alone.or.in.concert.
to.generate. feeding.modulatory. signals.at.peripheral. and.brain. stem. levels.of. the.
gut–brain.neuraxis.

Intestinal.luminal.glucose.and.maltose.stimulate.a.subpopulation.of.5HT-sensi-
tive.small.intestinal.vagal.afferent.nodose.neurons,.via.5HT3/4R.7.Intestinal.glucose.
also.stimulates.local.release.of.5HT.into.the.mesenteric.lumen.8.Peripheral.admin-
istration.of.the.5HT3R.antagonist.ondansetron.has.been.shown.to.mediate.intestinal.
lipid-.and.glucose-induced.satiation.as.well.as.lipid-induced.activation.of.the.brain.
stem.nucleus.of. the. solitary. tract. (NTS). in. regions.where.gut.vagal. afferents. ter-
minate.9,10.5HT3. receptors.also.are.present. in.gut-recipient.areas.of. the.NTS.and.
contribute.to.the.control.of.meal.size.11.Although.it.remains.unclear.whether.these.
brain.stem.5HT3.receptors.are.on.vagal.afferent.terminals.ascending.from.the.gut.
or.on.NTS.neurons.themselves,.either.possibility.is.consistent.with.the.idea.that.this.
receptor.subtype.plays.a.critical.role.in.mediating.the.central.processing.of.nutrient-
induced.gut.negative.feedback.signals.
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Vagal. afferents. also. integrate. responses. to. multiple. simultaneously. occurring.
meal-stimulated.signals..For.example,.a.subpopulation.of.duodenal.vagal.afferents.
are.stimulated.by.both.CCK.and.5HT,.and.combinations.of.these.stimuli.are.more.
effective.in.modulating.vagal.afferent.activity.than.either.stimulus.alone.12.This.inte-
grative.capacity.may.play.a. role. in. the.ability.of.combinations.of.CCKA.antago-
nists.and.ondansetron.to.completely.account.for.intestinal.lipid-induced.suppression.
of. food. intake.13. Ondansetron. has. also. been. shown. to. reduce. binge. frequency. in.
bulimics,.suggesting.this.receptor.subtype.as.a.potential.therapeutic.target.as.part.
of.a.combined.strategy.to.augment.the.feeding.inhibitory.effects.of.orally.ingested.
nutrients.14. Taken. together,. these. results. suggest. that. translational. work. could. be.
done.using.ondansetron.(1).to.selectively.examine.the.extent.to.which.5HT3R.block-
ade.affects.the.temporal.and.spatial.patterns.of.human.neural.activation.produced.
by. a.meal. using. current. imaging. strategies,. and. (2). to. develop. animal. models. of.
the. 5HT3R-dependent. patterns. of. neuronal. activation. produced. by. meals.. These.
data.also.underscore.the.potential.for.conservative.functions.for.gut–brain.peptides.
released.during.nutrient.absorption:.(1).nutrient.stimulated.gastrointestinal.factors.
can.act.by.multiple.neurohumoral.modes,.paracrine.as.well.as.endocrine;.(2).they.
can.act.at.multiple.sites.simultaneously;.and.(3).their.actions.at.multiple.sites.along.
the.gut–brain.axis.may.serve.a.common.behavioral.outcome.—.the. regulation.of.
energy.intake.

Ghrelin.is.a.novel.feeding.stimulatory.gut.peptide.whose.secretion.is.negatively.
regulated.by.food.consumption,.particularly.by.delivery.of.nutrients.to.the.lumen.of.
the.small.intestine.15.Ghrelin.receptors.have.been.localized.to.rat.and.mouse.nodose.
ganglion. neurons,. the. sensory. cell. bodies. of. vagal. afferent. fibers. that. innervate.
a. range.of. supra-. and. subdiaphragmatic. targets,. including. the. stomach.and. small.
intestine.16–17. Ghrelin. has. also. been. recently. demonstrated. to. inhibit. gut. afferent.
mechanosensitivity.to.circumferential.tension.in.mouse.17.It.would.not.be.surprising.
if.ghrelin.receptors.were.specifically.expressed.by.vagal.afferent.neurons.carrying.
meal-related.signals.from.the.upper.gastrointestinal.tract.to.the.CNS;.however,.the.
role.for.vagal.afferent.receptors.in.mediating.ghrelin-induced.increases.in.feeding.
remains.unclear..Initial.reports.demonstrated.that.vagotomy.blocked.feeding.stimu-
lation.caused.by.ghrelin,.and,.consistent.with.a.role.for.the.afferent.vagus.in.trans-
mitting.negative.feedback.signals.that.limit.food.intake,.that.ghrelin.itself.attenuated.
the. neurophysiological. multiunit. activity. of. gut. vagal. afferents.18. Additionally,.
humans.undergoing.vagotomy.in.the.course.of.gastric.or.esophageal.surgery.fail.to.
increase.feeding.in.response.to.ghrelin.19.More.recent.experiments.designed.to.refine.
this.analysis.in.rodents.have.instead.revealed.that.selective.gut.deafferentation.fails.
to.alter. the.increase.in.food.intake.that. is. induced.by.peripheral.ghrelin,.and.that.
local.ghrelin.infusion.is.not.an.adequate.stimulus.to.affect.neurophysiological.activ-
ity.in.single-unit.studies.of.gastric.and.duodenal.vagal.afferents.20.Although.there.
are.additional.neuronal.ghrelin.receptor.message-expressing.sites.distributed.across.
brain.stem.and.hypothalamic.levels.of.the.gut–brain.axis,21.it.is.not.yet.known.how,.
or.whether,.these.sites.modify.the.processing.of.meal-related.signals,.or.how.such.
actions.may.be.related.to.the.control.of.food.intake.during.a.meal.

The.adiposity.hormone.leptin.provides.an.additional.important.focus.for.peri-.and.
postabsorptive.neurohumoral.signals.in.the.control.of.food.intake..Circulating.leptin.
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levels.are.proportional.to.body.adiposity,.reflecting.the.consequences.of.effective.nutri-
ent.absorption.and.storage..Leptin.is.also.present.in.the.rodent.and.human.stomach,22–

23.where,.upon.insulin.stimulation,.it.is.released.to.contact.either.neural.or.duodenal.
luminal.absorptive.sites..The.functional.long-form.leptin.receptor.is.expressed.at.these.
loci.in.rodents.and.humans,24–25.and.intestinal.leptin.can.modulate.the.absorptive.flux.
of.nutrients.across. the.gut.epithelium.and. into. the.bloodstream.26.Long-form.leptin.
receptors.are.also.distributed.across.several.nodes.of.the.gut–brain.neuraxis,.includ-
ing.primary.gut.vagal.afferents,27.nodose.ganglion.neurons.receiving.gut. input,28–29.
brain.stem.neurons.receiving.gut.input,30–33.and.hypothalamic.neuronal.populations.
activated.by.meals.and.implicated.in.the.control.of.food.intake,.such.as.the.arcuate.
and.ventromedial.nuclei.32–33.This.distribution.raises.the.possibility.that.leptin.can.act.
at.multiple.sites.along.the.gut–brain.axis.simultaneously.to.modulate.food.intake,.and.
new.evidence.strongly.supports. this.view..Local.celiac.arterial.but.not. jugular.vein.
infusion.of.leptin.reduces.feeding,.and.this.reduction.is.blocked.by.vagotomy.or.by.
capsaicin,. a.neurotoxin. that. selectively.destroys.a. subpopulation.of.vagal. afferents..
These. data. support. a. role. for. vagal. afferent. leptinergic. signals. in. its. local. feeding.
inhibitory.actions..Peripheral.leptin.has.also.been.shown.to.modulate.neurophysiologi-
cal.activity.in.primary.gut.vagal.afferents34.as.well.as.nodose.ganglion.neurons.receiv-
ing.input.from.gastric.and.intestinal.primary.vagal.sensors.35.In.the.forebrain,.leptin.
modulates. the. neurophysiological. activity. of. multiple. feeding-related. hypothalamic.
neuronal.subpopulations,.including.the.arcuate,.lateral,.and.ventromedial.nuclei.36

Leptin. exposure. also. modifies. the. peripheral. and. central. nervous. system.
responses. to.meal-related.stimuli. in.a.manner. that. is.consistent.with.a.role. in. the.
control.of.feeding..Reductions.in.food.intake.produced.by.celiac.artery.leptin.infu-
sions.are.augmented.by.coinfusion.of.the.gut.satiety.peptide.CCK.37.Combinations.
of.central.leptin.and.peripheral.CCK.or.gastric.nutrient.loads.reduce.meal.size.and.
increase.the.number.of.neurons.expressing.c-fos,.a.marker.of.cellular.activation,.in.
gut-recipient.regions.of.the.NTS.38–39.Furthermore,.combinations.of.gastric.disten-
tion.and.central.leptin.produce.a.greater.degree.of.activation.in.gut-recipient.NTS.
neurons. than. either. stimulus. alone.40–41. Taken. together,. these. data. support. a. role.
for. integration. in.gut-recipient.nodose.and.brain.stem.neurons. in. the.early.neural.
processing.of.food-related.signals.during.meal.consumption.and.absorption..In.this.
regard,.both.hindbrain.and. forebrain. sites.along. the.gut–brain.axis. share.another.
potentially. critical. morphological. feature. —. the. presence. of. a. relatively. leaky.
blood–brain.barrier.with.a.specialized.circulatory.network.that.has.the.potential.for.
a.greater.degree.of.neuronal. exposure. to.nutrient. and.neurohumoral.meal-related.
signals.. In. the. hindbrain. this. role. is. served. by. the. area. postrema. adjacent. to. the.
NTS,42–43.while.the.median.eminence.adjacent.to.the.hypothalamic.arcuate.nucleus.
provides.preferred.bloodborne.access.44

As.leptin.receptors.have.been.localized.to.peripheral.and.central. levels.of.the.
human.gut–brain.axis,.including.the.neocortex,33.functional.imaging.studies.follow-
ing.a.meal.under.different.systemic.leptin.conditions.could.provide.important.clues.
as.to.(1).the.neuroanatomical.targets.of.putative.leptinergic.modulation.of.the.neural.
processing.of.a.meal.in.humans,.(2).the.degree.to.which.the.metabolic.context.modu-
lates.the.meal-induced.patterns.of.activation,.and.(3).any.correlations.among.leptin.
levels,.meal-stimulated.neural.activation,.and.meal.size.and.duration.
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Glucagon-like.peptide-1.(GLP-1),.secreted.by.ileal.L-cells.in.response.to.intesti-
nal.nutrient.exposure,.is.a.significant.candidate.mediator.of.food-stimulated.negative.
feedback.signaling.during.the.digestive.process..In.addition.to.its.central.inhibitory.
effects.on.feeding,.peripheral.systemic.administration.of.the.GLP-1.receptor.agonist.
exendin.4.potently.reduces.food.intake.and.gastric.emptying.in.rodents.and.in.both.
human.and.nonhuman.primates.45–46.GLP-1.receptors.are.present.at.multiple.sites.
along.the.rodent.and.human.gut–brain.neuraxis,.in.nodose.ganglion.cells.supplying.
vagal.afferents,.brain.stem.gut.recipient.neurons,.and.hypothalamic.neuronal.popu-
lations.that.have.been.implicated.in. the.control.of.food.intake.47–50.In.rats,.GLP-1.
stimulates. hepatic. portal. vagal. afferents,. nodose. ganglion. neurons,. and. hypotha-
lamic.proopiomelanocortin.(POMC).neurons,51–53.while.recent.human.studies.using.
fluorodeoxyglucose.demonstrate. that.GLP-1.significantly.reduces.cerebral.glucose.
metabolism.in.both.the.hypothalamus.and.brain.stem.50.A.functional.role.for. this.
pathway.is.also.supported.by.recent.work.in.rats.demonstrating.that.surgical.inter-
ruption.of.the.gut–brain.axis.at.either.the.peripheral.vagal.or.the.brain.stem-hypotha-
lamic.linkages.attenuates.GLP-1-induced.reductions.in.food.intake.54

GLP-1. elicits. a. coordinated. set. of. responses. that. limit. nutrient. distribution,.
including.increasing.insulin.secretion,.reducing.gastric.emptying.to.limit.the.rate.
of.nutrient.absorption,.and.modulating.feeding.behavior.directly..Neuroimaging.
across.multiple.targets.during.plasma.GLP-1.excursions.can,.therefore,.provide.a.
window.on.the.pattern.of.neural.activation.associated.with.each.of.these.coordi-
nated.effects..In.progress.toward.this.end,.peak.postprandial.levels.of.GLP-1.have.
been.positively.correlated.with.increased.levels.of.brain.activation.in.hypothalamic.
and.dorsal.prefrontal.cortical.regions.associated.with.human.satiation.55.Parallel.
studies. in. rodents.and.nonhuman.primates.have.not.been.performed,.but.would.
permit. more. extensive. and. hypothesis-driven. investigations. of. the. importance.
of.these.areas.in.the.neural.processing.of.GLP-1.signals.that.modify.feeding..In.
addition,.there.is.behavioral.evidence.that.intraluminal.intestinal.protein.infusions.
increase. the. inhibitory.effect.of.GLP-1.on. food. intake. in.humans;56.here.again,.
imaging.studies.could.be.useful.in.identifying.neuroanatomical.sites.of.convergent.
activation. or. integration. that. are. important. in. this. effect.. Furthermore,. compli-
mentary.data. evaluating.GLP-1. interactions.with.other. gastrointestinal. negative.
feedback.stimuli.in.rodent.models.would.significantly.increase.the.strength.of.the.
translational.approach.to.understanding.the.role.of.meal-stimulated.gut–brain.pep-
tides.in.the.control.of.food.intake.

The.above.types.of.peripheral.and.central.signal.interactions.reflect.three.critical.
features.of.the.neural.processing.of.nutrient.stimulation.in.the.control.of.food.intake:

. 1..There. is. neuroanatomical. convergence. of. multiple. meal-stimulated. peri-.
and.postabsorptive.signals.throughout.the.gut–brain.axis.

. 2..The.nervous.system.response.to.meal-related.signals.that.occurs.during.and.
after.nutrient.absorption.depends.on.the.metabolic.context. in.which.they.
are.delivered,.and,.in.some.cases,.on.secretions.related.to.stored.nutrients.

. 3.. Individual.elements.along.the.gut–brain.axis.have.the.capacity.to.integrate.
signals.arising.from.multiple.meal-related.stimuli.to.modify.neural.activity.
and.feeding.
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��.�   cheMIcal sensIng In the gut

As.a.future.direction,.there.is.a.growing.body.of.literature.demonstrating.that.nutri-
ent. transporters,. gustatory,. and. even. olfactory. transducer. elements. are. present.
within.the.gastrointestinal.tract.and.may.play.an.important.role.in.nutrient.detection.
and/or.absorption..These.include.the.intestinal.assessment.of.fat.transporters,.such.
as.CD36,.ApoIV,.as.well.as.gustducin-like.proteins.and.taste.receptors.for.chemical.
compounds.that.are.psychophysically.reported.as.sweet.and.bitter.substances..Recent.
examples.reveal.the.ways.in.which.such.intestinal.molecules.may.mediate.the.control.
of. food. intake. through.multiple. simultaneous. transduction.and.absorption.events..
The.fatty.acid.transporter.CD36.is.localized.to.the.small.intestinal.mucosa.and.has.
been.linked.to.fat.absorption.and.plasma.cholesterol.levels.57.The.jejuno-ileal.satiety.
factor.ApoIV.mediates.chylomicron.formation,.stimulates.duodenal.vagal.afferents,.
is.involved.in.the.intestinal.detection.of.intestinal.lipid,.and.acts.peripherally,.as.well.
as.in.the.arcuate.hypothalamus,.to.inhibit.feeding.58–60.Enteroendocrine.cells.of.the.
brush.border.of.the.small.intestine.express.the.taste.receptor.protein.alpha.gustducin.
and.coexpress.either.5HT.or.GLP-1,.as.well.as.olfactory.receptors. linked.to.5HT.
release.upon.odorant.stimulation.61–65.These.data.suggest.a.linkage.between.nutrient.
detection.and.release.of.neurohumoral.factors.that.may.directly.(via.vagal.or.brain.
stem.signaling).or.indirectly.(via.their.ability.to.inhibit.gastric.emptying).affect.food.
intake.and.absorption.during.a.meal..More.recently,.sweet.taste.receptors.have.been.
localized. to,. and. characterized. in,. the. rat. and. mouse. small. intestine,. where. they.
have.the.ability.to.mediate.glucose.transport.66.Such.findings.begin.to.blur.the.line.
between.detection.and.transport.in.the.sequence.of.events.leading.to.propagation.of.
negative.feedback.signals.during.absorption.that.limit.food.intake..The.biochemical.
linkages.between.the.functions.of.these.transducer.cells,.transporters,.and.extrinsic.
neural.elements.that.carry.meal-related.signals.to.the.brain.remain.an.open.avenue.
of.investigation.

��.�   electrIcal gut stIMulatIon

Given. the. multiplicity. of. gut. vagal. afferent. meal-related. signals. demonstrated. to.
inhibit. food. intake,. it. is.not.unreasonable. to.suggest. that.vagal.stimulation.per se.
may.be.effective.in.modulating.energy.balance..Gastric.electrical.stimulation,.which.
typically.activates.gut.vagal.afferents,.has.been.reported.to.induce.chronic.reduc-
tions. in.body.weight.gain.and. food. intake. in. rabbits,67.dogs,68.and.more. recently,.
in.pigs,69.an.animal.model.that.more.closely.approximates.human.gut.vagal.neuro-
anatomy..Gastric.distension-sensitive.neurons.in.the.rat.ventromedial.hypothalamic.
nucleus.also.respond.to.gastric.electrical.stimulation.70.Chronic.vagal.stimulation.in.
the.context.of.therapy.for.severe,.treatment-resistant.depression.has.been.reported.
to.reduce.body.weight.in.the.absence.of.reduced.food.intake71.and.alters.reporting.
of.craving.for.sweet.foods.in.response.to.food.images.72.Gastric.pacing.in.morbidly.
obese.patients.has.been.associated.with.significant.weight.loss,.reduced.basal.levels.
of.leptin.and.GLP-1,.and.reduced.prandial.excursions.of.CCK.and.somatostatin,73–74.
and. a. single. report. demonstrates. acute. reductions. in. food. intake. during. stimula-
tion.75. Human. vagal. stimulation. is. amenable. to. analysis. by. fMRI,76. and. as. vagal.

47833.indb   259 1/18/08   1:45:18 PM



��0	 Appetite	and	Food	Intake

trunk.and.gastric.pacing.stimulation.becomes.more.refined.and.specific,.their.roles.
in.modulating. food. intake.and. the. relationships.between.any. feeding.modulatory.
actions.and.differential.activation.of.the.human.gut–brain.axis.may.be.more.coher-
ently.assessed.

��.�   forebraIn neural representatIon of a Meal

Work.in.nonhuman.primates.has.demonstrated.a.significant.role.for.anterior.cortical.
sites,.particularly.the.orbitofrontal.cortex,.in.the.processing.of.meal-related.stimuli.77.
More.recent.studies.by.Pritchard.and.colleagues.have.revealed.a.novel.taste-respon-
sive.area.in.the.medial.orbitofrontal.cortex.that.integrates.taste.with.postoral.nutri-
ent.stimulation,78.where.feeding.a.caloric.beverage.to.satiety.modulates.single-unit.
gustatory.neurophysiological. responses.79.There. is. some.preliminary.concordance.
between.human. and.nonhuman. primate. study. results,. in. that. both. appetitive. and.
consummatory.aspects.of.food.stimuli.affect.orbitofrontal.cortex.activity.in.humans;.
the.orbitofrontal.cortex. is.more.metabolically.active.during.presentation.of.either.
pictures. of. food. or. food. itself.80–82. Glucose. ingestion. also. alters. human. hypotha-
lamic.function,.and.both.energy.content.and.sweet.taste.may.be.required.for.these.
effects,.as.ingestion.of.glucose,.but.not.other.nonsweet,.caloric.solutions.results.in.
a.significant.and.persistent.reduction.in.hypothalamic.activation.83.Sweet.and.non-
sweet.equicaloric.glucose.and.maltodextrin.solutions.did.not.differ.in.their.ability.
to. elevate.plasma. insulin. and.glucose..Thus,. the.hypothalamic. response.does.not.
depend.on.these.postabsorptive.measures..Oral.glucose.at.doses.that.produce.plasma.
levels.lower.than.those.produced.by.intravenous.infusions.of.glucose.that.are.effec-
tive.for.MRI.changes,.produces.a.more.profound.and.longer.lasting.suppression.of.
BOLD. fMRI. than. intravenous. glucose. and. a. concomitant. prolonged. elevation. in.
plasma.insulin.84.These.data.suggest. that. the.neurohumoral.factors.driven.by.oral.
rather. than. intravenous.glucose. availability.play. an. important. role. in.modulating.
the.hypothalamic. response. to.glucose.. In. rats,.orally.consumed.glucose.has.been.
shown.to.differentially.modulate.hypothalamic.activity.as.assessed.by.micro-PET.
as.a.function.of.time.relative.to.the.glucose.meal.85.Better.temporal.and.spatial.reso-
lution.applied.to.these.studies.and.more.rational.stimulus.presentation.designed.to.
mimic.the.postabsorptive.availability.of.nutrients.will.increase.the.interpretability.
of.new.data.

A.major.concern.from.a.translational.perspective.is.that,.while.human.studies.
have.begun.to.evaluate.the.pattern.of.neural.responses.to.both.appetitive.and.con-
summatory.aspects.of.food.intake,.this.has.not.been.systematically.approached.in.
animal.models..Overall,. results.from.both.human.and.animal.studies.are.difficult.
to.interpret.coherently.because.of.the.variety.of.stimuli.used,.including.appetitive.
aspects.of.meal.taking.such.as.the.sight,.taste,.and.smell.of.food,.which.will.maxi-
mally.stimulate.the.orosensory.and.olfactory.apparatus.while.minimally.engaging.
sites.involved.in.nutrient.absorption,.versus.studies.in.which.imaging.is.performed.
after.more.substantial.caloric.intake,.where.the.absorptive.consequences.of.nutrient.
ingestion.of.a.meal.may. influence. the.pattern.of.activation.. In.addition,. the.brain.
stem.is.not.commonly.assessed.in.these.studies,.and.given.the.extent.and.concen-
tration. of. meal-related. neurohumoral. signals. available. to. this. area,. refinement. of.
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human.neuroimaging.technology.to.permit.assessment.of. this.area.(1). is. likely. to.
reveal.significant.changes.in.distinct.metabolic.conditions.and.(2).has.the.potential.
to.identify.therapeutic.neurochemical.and.neuroanatomical.targets.in.the.diagnosis.
or.treatment.for.eating.and.metabolic.disorders.

��.�   a translatIonal approach to gut–braIn 
coMMunIcatIon In the control of food Intake

Finally,. from. a. technical. perspective,. there. are. early. reports. that. may. provide. a.
translational. approach. to. bridging. the. gaps. in. understanding. the. biological. basis.
of.human.food-stimulated.imaging.and.that.found.in.animal.models..Recent.work.
of.Lazovic.and.colleagues.has.fruitfully.compared.measures.of.c-fos.activation.fol-
lowing.colorectal.distension.to.fMRI.performed.in.anesthetized.rats,86.and.gastric.
distension.can.be.used.as. a.potent. stimulus. in. functional.human.neuroimaging.87.
Paired.studies.of.c-fos.activation.and.fMRI.in.rats.following.5HT2C.stimulation.or.
antagonists,. implicated. both. in. anxiety. and. feeding,. engaged. many. telencephalic.
structures.implicated.in.gut–brain.axis.activation,.including.the.paraventricular.and.
dorsomedial. hypothalamus. and. cingulate. and. orbitofrontal. cortices.88. These. data.
demonstrate.that.parallels.in.the.pattern.of.activation.can.be.identified.and.quantified.
and.suggest. that.c-fos.and.fMRI.may.provide.distinct,.but.complimentary.spatial.
information.and.temporal.resolution,.respectively..Furthermore,.the.overlap.of.c-fos.
and. fMRI. activation. provides. the. opportunity. to. characterize. the. neurochemical.
phenotypes.and.interconnectivity.of.activated.neurons,.helping.to.both.more.clearly.
establish.the.neural.representation.and.processing.of.a.meal.and.target.neurochemi-
cal.and/or.neuropeptide.factors.acting.in.particular.central.locations.relevant.for.the.
control.of.feeding.
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��.�   IntroductIon

The.prevalence.of.overweight.and.obesity.is.reaching.epidemic.proportions.in.many.
industrialized.countries,.especially. the.United.States.1.Weight.gain. results. from.a.
chronic.disruption.of.energy.balance,.such.that.energy.intake.persistently.exceeds.
energy.expenditure..Although.the.pathogenesis.of.obesity.is.not.completely.under-
stood,.in.most.cases.excessive.accumulation.of.fat.is.probably.due.to.the.interaction.
between.genetic.factors.and.environmental.conditions,.such.that.changes.in.the.envi-
ronment.operate.on.a.predisposing.genetic.milieu.to.cause.weight.gain.by.creating.
an.energy.imbalance.between.intake.and.expenditure.2

Studies.of.twins.reared.apart,.as.well.as.adoptee.and.kin,.indicate.that.approxi-
mately.two.thirds.of.the.variability.in.body.size.is.attributable.to.genetic.factors.3–7.
From.prospective.studies.in.Pima.Indians,.it.is.possible.to.ascribe.12%.of.the.vari-
ability.in.body.mass.index.(BMI).to.metabolic.rate,.5%.to.fat.oxidation,.and.another.
probable.10%.to.the.level.of.spontaneous.physical.activity.8.Hence,.familial.traits,.
such.as.energy.expenditure.and.nutrient.partitioning,.explain.only.a.minor.portion.
of.the.genetic.variability.of.body.size,.indicating.that.a.major.portion.is.related.to.
genetic.factors.involved.in.the.regulation.of.food.intake.

Therefore,.central.to.the.pathogenesis.of.obesity.is.the.feedback.system.involv-
ing.peripheral.hormones,.such.as.leptin.and.insulin,.and.metabolites,.such.as.glucose.
and.free.fatty.acids.(FFA),.as.well.as.neurochemicals.in.the.brain,.and.the.neural.
and. endocrine. messages. that. respond. to. the. intake. of. food.9. In. this. context,. sev-
eral.different.areas.of.the.brain.receive.information.from.the.environment.(external.
stimuli),.as.well.as.peripheral.tissues.(internal.stimuli),.which.is.processed.to.gener-
ate.meaningful.responses.affecting.food.intake.and.body.weight.control..External.
stimuli.include.visual,.olfactory,.taste,.auditory,.and.tactile.stimuli..Internal.stimuli.
include.preabsorptive.stimuli. (osmolality,.gastric.distension,.etc.).and.postabsorp-
tive.stimuli.(such.as.changes.in.the.activity.of.autonomic.fibers),.as.well.as.metabo-
lites,.hormones,.and.other.factors.originating.from.various.tissues,.circulating.in.the.
blood,.and.activating.corresponding.sensors.directly. in. the.brain. (glucose,.amino.
acids,.insulin,.leptin,.etc.).

��.�   unconscIous (hoMeostatIc) 
regulatIon of food Intake

Adiposity.signals,.such.as.the.hormones.insulin.and.leptin,.whose.circulating.con-
centrations.are.proportional.to.body.fat.mass,.and.metabolic.signals,.such.as.FFA.
and. glucose,. whose. plasma. concentrations. are. dependent. on. the. metabolism. of.
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circulating.nutrients,.convey.information.about.the.body.energy.stores.to.the.brain.10.
Neuronal.systems.sense.these.inputs.and.set.out.responses.affecting.feeding.behav-
ior,.autonomic.outflow,.and.substrate.metabolism.to.promote.homeostasis.of.both.
energy.stores.and.fuel.metabolism,.such.that.energy.intake.is.inhibited,.while.simul-
taneously.increasing.energy.expenditure,.in.times.of.plenty,.whereas.energy.intake.
is.stimulated,.while.simultaneously.decreasing.energy.expenditure,.when.deficiency.
of.stored.energy.occurs.10–12

14.2.1   The role of The hypoThalamus

The.hypothalamus.plays.a.crucial.role.in.the.homeostatic.regulation.of.food.intake.
and.energy.balance,.as.pointed.out.mainly.by.animal.studies.13.This.organ.is,.in.fact,.
strategically.located.in.the.midst.of.the.mammalian.neuraxis.and.receives.relevant.
information. about. the. status. of. body. energy. stores,. as. well. as. their. changes,. via.
internal.state.signals.that.have.access.to.various.hypothalamic.nuclei.through.mul-
tiple. routes,. including.hormone. receptors,.metabolite. sensors,. and.afferent.neural.
pathways.14.This.information.is.processed.within.the.hypothalamus,.thanks.to.rich.
intrahypothalamic.connections.facilitating.redistribution.and.processing.of.incom-
ing.inputs,.and. then.drives.pituitary–endocrine.and.neuronal–autonomic.effectors.
through.output.pathways.15.In.fact,.the.hypothalamus.has.widespread.neural.projec-
tions.to.most.endocrine.systems.and.both.sympathetic.and.parasympathetic.centers.
involved.in.the.flux,.storage,.mobilization,.and.utilization.of.fuels.14

The.role.of.the.hypothalamus.in.monitoring.energy.intake.has.also.been.confirmed.
by.human.studies..In.fact,.administration.of.a.75-g.glucose.load.after.an.overnight.
fast.led.to.a.decrease.in.hypothalamic.activity,.as.measured.by.functional.magnetic.
resonance.imaging.(fMRI),.which.was.localized.in.the.medial.hypothalamus,.pre-
viously. implicated. in. controlling. feeding.behavior. and. regulating.plasma.glucose.
concentrations.16.This.decrease.in.hypothalamic.neuronal.activity.in.response.to.the.
glucose.load.was.significantly.correlated.with.the.fasting.plasma.insulin.concentra-
tions,.indicating.a.dynamic.interaction.between.neuronal.and.biochemical.signals.16.
Similarly,.glucose.administration.in.lean.subjects.was.associated.with.a.prolonged.
decrease.in.the.hypothalamic.fMRI.signal,17.possibly.related.to.decreases.in.neuronal.
activity.in.the.lateral.hypothalamic.area.(LHA),.which.is.known.to.contain.glucose-
sensitive.neurons.18.The.time.course.and.dose.dependency.of.this.response.indicated.
a.possible.association.with.changes.in.the.plasma.insulin.concentrations.17.Finally,.
a.decrease.in.regional.cerebral.blood.flow.([rCBF],.a.marker.of.neuronal.activity),.
as.measured.by.15O-water.positron.emission.tomography.(PET),.was.observed.also.
following.the.administration.of.a.satiating.amount.of.a.liquid.formula.meal.after.a.
36-hour.fast.in.both.lean.and.obese.men.19,20

The. exact. meaning. of. such. reduction. in. hypothalamic. activity. after. nutrient.
intake,.as.well.as.its.neurophysiological.underpinnings.is.not.clear..It.may.be.that.the.
condition.of.hunger.elicited.by.a.12-.or.36-hour.fast.was.associated.with.a.high.basal.
activity.of.the.hypothalamus,.which.was.reduced.by.the.energy.intake..Alternatively,.
nutrient.intake.may.directly.activate.inhibitory.pathways.to.the.hypothalamus,.caus-
ing.a.decrease.in.hypothalamic.activity..However,.human.studies.on.the.role.of.the.
hypothalamus.in.the.regulation.of.energy.intake.suffer.from.important.limitations.
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related.to.the.small.size.and.deep.location.of.this.organ,.which.lines.the.lateral.walls.
of.the.third.ventricle.and.is.surrounded.by.a.very.rich.vascular.network,.thus.mak-
ing.it.difficult.and.technically.demanding.to.image.the.effects.of.food.stimuli.in.this.
part.of.the.brain.

��.�   conscIous (hedonIc/cognItIve) 
regulatIon of feedIng behavIors

There. is. much. more. to. the. neural. regulation. of. food. intake. than. just. processing.
physiologic.signals.aimed.at.achieving.the.homeostasis.of.energy.balance..Ingestive.
behavior.is.made.up.of.several.phases.15.The.initiation.phase.is.prompted.by.inter-
nal.state.signals,.such.as.the.replenishment.of.body.energy.stores,.coupled.with.the.
incentive.value.of.food,.which.produce.the.stimulus.to.eat..The.procurement.phase.
provides.the.subject.with.the.means.to.satisfy.this.drive.to.eat,.via.search.or.prepara-
tion.of.the.desired.food..The.consummation.phase.starts.when.the.food.is.present.
and.provides. sensory.associations. (for.example,.between. taste.and.postabsorptive.
changes).that.are.stored.as.memory.representations..The.termination.phase.occurs.
when.satiation.signals.reach.a.certain.level,.stored.information.is.recalled.(learned.
satiety),.or.another.behavior.becomes.more.important..Remarkably,.all.these.phases.
making.up.ingestive.behavior.are.affected.not.only.by.the.internal.state,.but.also.by.
the.incentive.value.of.goal.object,.as.well.as.reward.expectancy.and.learning.and.
memory.systems.

14.3.1   The role of reWard In The regulaTIon of food InTake

A. pivotal. feature. of. the. regulation. of. food. intake,. especially. in. humans,. is. that.
such.processed.and.modulated. internal.state. information. interfaces.with.external,.
hedonic,.and.cognitive.information.in.telencephalic.structures..The.hypothalamus,.
in.fact,.has.widespread.neural.projections.to.several.brain.regions,.including.cortical.
areas,.from.which.it.also.receives.inputs.

The.remarkable.expansion.of.the.cerebral.cortex.represents.one.of.the.most.rel-
evant.breakthroughs.of.human.evolution,.allowing.for.higher.neural.functions,.such.
as.cognition,. language,.planning,.consciousness,.and.emotions..This.has.provided.
human.beings.with.new.ways.to.guarantee.and.satisfy.nutritional.needs,.as.well.as.
a.higher.level.of.control.over.energy.intake..In.fact,.a.very.complex.representation.
of.nutrients.and.nutrient-related.environment.is.afforded.by.the.flexible.and.multi-
faceted.computational.capability.of. the.cerebral.cortex,. in.which.countless.pieces.
of.sensory. information.pertaining. to. the.physical.attributes.of.potential.nutrients,.
their.relationship.to.the.environment,.and.their.psychochemical.and.neural.interac-
tion.with.the.organism.are.collected.through.all.senses.and.systematically.processed.
within.specialized.subcortical.and.cortical.areas.

��.�.�.�   reward circuitries

Food.reward.is.a.primary.drive.for.feeding.and.attributes.affective.value.to.eating.
behaviors.. Food. reward. is. embedded. in. the. brain. as. a. distributed. neural. system,.
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stretching. all. the. way. from. the. hindbrain. nucleus. of. the. solitary. tract. and. para-
brachial.nucleus.through.the.limbic.(hypothalamus,.amygdala).and.cortical.(insula,.
operculum).gustatory.pathways.21.Food.reward.hinges.on.the.taste,.smell,.sight,.and.
feeling.of.food.and.of.the.act.of.eating,.as.well.as.their.integration..The.neuroana-
tomical.correlates.of.taste.and.olfaction,.which.are.known.to.be.primary.reinforcers.
of.food.intake,.have.been.well.described.

��.�.�.�   taste

Taste. perception. is. mediated. by. a. multisynaptic. neuronal. pathway. involving.
peripheral. taste. nerves. (facial,. glossopharyngeal,. and. vagus. nerves),. as. well. as.
central.neurons.arising.in.the.hindbrain.nucleus.of.the.solitary.tract,.ventral.poste-
riomedial.nucleus.of.the.thalamus,.primary.gustatory.cortex.(frontal.opercular.and.
anterior. insular. cortices),. secondary. gustatory. cortex. (orbitofrontal. cortex),. and.
amygdala.22.The.orbitofrontal.cortex.and.amygdala.have,.in.turn,.reciprocal.con-
nections.with.the.lateral.hypothalamus.22.Human.studies.have.provided.additional.
information.about.brain.regions.that.participate.in.the.sensation.of.taste..Surgical.
excision. of. the. anterior. temporal. lobe. in. epileptic. patients. was. associated. with.
defects. in. taste.quality. recognition.23.Discrimination.of.0.18%.saline. from.pure.
water.was.associated.with.significantly.higher.neuronal.activity.in.the.thalamus,.
insular. cortex,. anterior. cingulate. gyrus,. parahippocampal. gyrus,. lingual. gyrus,.
caudate.nucleus,. and. temporal. gyrus.24.Aversive.gustatory. stimulation. activated.
limbic.circuits,.including.the.amygdala.and.orbitofrontal.cortex,.in.humans,.con-
firming.results.from.animal.studies.that.implicate.the.amygdala.and.its.connections.
in.the.recognition.of.aversive.stimuli.25.Similarly,.15O-water.PET.measurements.of.
rCBF,.a.marker.of.local.neuronal.activity,.of.paralimbic.and.limbic.areas.and.the.
temporal.lobe.of.the.human.brain.in.response.to.taste.perception.of.a.liquid.meal.
in. the.context.of. extreme.hunger. confirmed. that. the. temporal. cortex,. thalamus,.
cingulate.cortex,.caudate,.and.hippocampal.formation.are.preferentially.affected.
by.taste.stimulation.also.in.this.setting.26

��.�.�.�   olfaction

Olfactory.inputs.from.the.olfactory.bulb.reach.the.insula,.and.from.there,.connec-
tions.reach.the.piriform.and.medial.orbitofrontal.cortices.27,28.Neuroimaging.studies.
of.taste.and.smell.have.shown.a.high.degree.of.overlapping.between.areas.activated.
by.the.two.stimulations.and.demonstrated.that.independent.presentation.of.a.tastant.
or.an.odorant.produces.overlapping.activation. in. regions.of. the. insula,.amygdala,.
and.orbitofrontal.cortex.29,30.In.addition,.the.insula,.orbitofrontal.cortex,.and.anterior.
cingulate. are. key. components. of. the. network. underlying. taste–smell. integration,.
from.which.flavor.arises.31,32.In.synthesis,.the.cortical.representations.of.the.chemi-
cal.senses.(taste.and.smell).are.in.the.limbic.and.paralimbic.cortices,.regions.of.the.
brain.that.are.thought.to.be.important.for.processing.the.internal.and.motivational.
states,.as.well.as.the.affective.significance.of.external.objects,.thus.confirming.that.a.
higher.level.of.neural.control.than.the.hypothalamus-mediated.homeostatic.regula-
tion.is.deeply.involved.in.eating.behavior.
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��.�.�.�   pleasure and a�ersion

An. fMRI. study. on. healthy. volunteers. showed. that. the. level. of. reward. drive. was.
strongly.correlated.with.activation.to.pictures.of.appetizing.foods.in.a.neural.net-
work.including.ventral.striatal,.amygdala,.midbrain,.orbitofrontal,.and.ventral.palli-
dal.regions,.areas.involved.in.food.reward.33.Since.levels.of.reward.drive.and.related.
constructs.predict.relative.body.weight,.food.cravings,.and.hyperphagia,34.a.height-
ened.responsivity.of.this.network.to.food.cues.may.increase.reward.drive,.thus.pro-
moting.compulsive-eating.disorders.and,.possibly,.weight.gain.

Different.brain.regions.are.recruited.in.relation.to.changes.in.the.affective.sig-
nificance.associated.with.feeding.(as.the.reward.value.of.a.certain.food.changes.from.
pleasant.to.aversive)..In.fact,.differential.activation.of.brain.regions.was.reported.in.a.
PET.study.of.volunteers.eating.chocolate.(a.food.with.high.reward.value).to.beyond.
satiety,.depending.on.whether.subjects.ate.chocolate.when.they.were.highly.moti-
vated.to.eat.and.rated.the.chocolate.as.pleasant.(primary.gustatory.cortex,.striatum,.
midbrain,.subcallosal.region,.and.caudomedial.orbitofrontal.cortex).or.whether.they.
were.highly.motivated.not. to. eat. and. rated. the. chocolate. as.unpleasant. (parahip-
pocampal.gyrus,.caudolateral.orbitofrontal.and.prefrontal.cortices).35.This.indicates.
that.different.neural.substrates.underlie.two.motivation.systems.related.to.the.affec-
tive.salience.of.feeding,.the.former.dealing.with.positive/appetitive.stimuli.and.the.
latter.with.negative/aversive.stimuli.

Similarly,.a.significant.correlation.between.the.activation.of.the.human.orbito-
frontal.cortex,.as.measured.by.fMRI,.and.the.decrease.in.subjective.pleasantness.of.
a.liquid.food,.when.eaten.to.satiety,.was.reported.36.Consistently,.the.activation.of.the.
orbitofrontal.cortex.was.greater.in.response.to.the.administration.of.a.satiating.liquid.
meal.(that.is,.a.meal.proportional.to.each.subject’s.body.size).than.in.response.to.a.
fixed,.smaller.amount.of.the.same.liquid.meal.in.lean.and.obese.men.37.These.results.
are.consistent.with.an.important.role.for.the.orbitofrontal.cortex.in.human.emotion.
and.motivation.associated.with.eating.

��.�.�.�   the role of dopaminergic circuits

These.findings.lend.support.to.the.central.role.of.dopaminergic.circuits.in.the.regu-
lation.of.food.intake.also.in.humans..Several.animal.studies.have.implicated.dopa-
mine. in. feeding. behavior.. Rats. with. lesions. of. the. dopamine. system. are. aphagic.
and.die.from.starvation.38.Feeding.increases.dopamine.turnover.in.the.ventral.stria-
tum,.namely.the.nucleus.accumbens.39.Conversely,.dopamine.antagonists.block.the.
reward.quality.of.food.40,41.By.using.[11C]raclopride.PET.scanning.before.and.after.
feeding. in.healthy.humans,. eating.a. favorite.meal.was.associated.with.dopamine.
release,.which.was.proportional. to. the.perceived.pleasantness.of. the.meal,. in. the.
dorsal.striatum,.including.caudate.and.putamen,.but.not.the.ventral.striatum,.namely.
nucleus.accumbens.42.These.findings.may.be.at.variance.with.animal.studies.involv-
ing.the.ventral.striatum.as.a.major.player.in.the.representation.of.rewards,.such.as.
drug.reward..On.the.other.hand,.evidence.from.animal.studies.also.indicates.that.it.
is.the.dorsal,.rather.than.ventral,.striatum.that.plays.the.key.role.in.feeding.and.food.
reward..In.fact,.lesions.of.the.nucleus.accumbens.did.not.reduce.food.consumption.
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in.rats,43.whereas.microinjections.of.a.dopamine.antagonist.into.the.caudate-puta-
men,.but.not.the.nucleus.accumbens,.reduced.food-rewarded.lever.pressing.in.rats.44.
In.synthesis,.striatal.dopamine.participates.in.food.intake.regulation.by.modulating.
motivational.and.reward.processing.

14.3.2   InTegraTIon of hedonIc and cognITIVe 
conTrol of eaTIng BehaVIor

Human. studies. using. functional. neuroimaging. techniques. have. shown. that. areas.
involved.in.the.unconscious.and.conscious.regulation.of.food.intake.are.connected.
in.a.network.integrating.homeostatic,.hedonic,.and.even.cognitive.stimuli.to.provide.
a.full-fledged.control.system.linking.physiologic.stimuli.with.affective.motivation.
and.decision.making..In.particular,.hunger,.as.elicited.by.a.36-hour.fast.in.lean.men,.
was.associated.with.increased.neuronal.activity.in.the.hypothalamus,.insular,.orbito-
frontal.and.anterior.cingulate.cortices,.striatum,.hippocampal.and.parahippocampal.
formations,.precuneus,. thalamus,.and.cerebellum;.whereas,. satiety,.as. induced.by.
the.administration.of.a.liquid.meal.providing.50%.of.the.daily.resting.metabolic.rate,.
was.associated.with.increased.neuronal.activity.in.the.dorsolateral.and.ventromedial.
prefrontal.cortices.20

By.using.a.different.paradigm,.in.which.subjects.were.scanned.before.and.after.
imagining.themselves.in.a.restaurant.and.considering.a.number.of.items.on.a.menu,.
the.participation.of. the.above.brain.areas. in.a.network.underlying.feeding.behav-
ior.has.been. further.confirmed.45. In. such.an.experimental. setting,. increased.acti-
vation. in. response. to. a. hungry. state. was. shown. in. the. hypothalamus,. amygdala,.
striatum,.insula,.and.anterior.cingulate.cortex..Satiety,.in.contrast,.was.associated.
with.increased.activation.in.the.lateral.orbitofrontal.and.temporal.cortices.45

In.summary,.these.functional.neuroimaging.studies.have.demonstrated.that.the.
neural.substrates.of.the.motivation.to.eat.in.humans.are.represented.in.a.network.of.
midbrain,.diencephalic,.and.cortical.areas.integrating.intrinsic.and.extrinsic.factors,.
with.each.area.playing.a.possibly.distinct.but.integrated.role.in.the.process:.physi-
ological. responses.mainly. represented. in. the.brain. stem.and.hypothalamus,.more.
complex.motivational.and.affective.responses.represented.in.the.amygdala,.striatum,.
and.insula,.and.higher.cognitive.control.represented.in.the.prefrontal.cortex.

The.hypothalamus,.with. its.widespread. connections,. including. those.directed.
toward.the.midbrain,.may.provide.a.route.by.which.food-related.cues.generate.auto-
nomic.and.hormonal/metabolic.responses.to.feeding..The.amygdala.is.involved.in.
the.activation.of.the.cephalic-phase.insulin.response46.and.responds.to.the.sight.of.
foodstuffs..The. striatum.may. integrate. information. from.different.components.of.
the. limbic. system.and.provide.a. route. for. learned. stimuli. to. influence.behavioral.
responses..The.cortical.areas,.such.as.orbitofrontal,.prefrontal,.frontal,.and.temporal.
cortices,.may.provide.a.higher.level.of.regulation.of.eating,.pertaining.motivational.
and.inhibitory.control.

The.implications.of.understanding.this.network.are.far-reaching.both.in.terms.of.
increasing.the.knowledge.on.the.normal.regulation.of.the.motivation.to.eat.and.for.
understanding.disorders.in.which.this.system.is.dysfunctional,.such.as.obesity.and.
eating.disorders.
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��.�   neural abnorMalItIes In huMan obesIty

Atypical.neuronal. responses. to. food-related. stimuli.of. some.brain. areas. involved.
in. the. regulation.of. eating.behavior.have.been. reported. in. functional.neuroimag-
ing.studies.of.obese.versus. lean.people..Exposure. to.food.was.associated.with.an.
increase.in.rCBF,.as.measured.by.99mTc-ethyl-cysteine-dimer.single.photon.emission.
computed. tomography. (SPECT),. in. obese,. but. not. lean,.women. in. the. right. tem-
poral.and.parietal.cortices,.and.the.right.parietal.cortex.activation.was.associated.
with.an.enhanced.feeling.of.hunger.with.exposure.to.food.47.This.increased.neuronal.
response.to.food.exposure.in.the.above.cortical.areas.of.obese.women.may.be.due.
either. to. food-elicited.hyperactivity.of. the. temporal.and.parietal.cortices.or. to.an.
initially.lower.activity.of.these.areas.

Obese.subjects.had.significantly.higher.basal.metabolic.activity,.as.measured.by.
2-deoxy-2[18F]fluoro-d-glucose.(FDG).PET,.in.the.bilateral.parietal.somatosensory.
cortex.in.the.regions.where.sensation.to.the.mouth,.lips,.and.tongue.are.located.48.
The.enhanced.activity. in. regions. involved.with.sensory.processing.of. food.might.
make.obese.subjects.more.sensitive.to.the.rewarding.properties.of.food.and.contrib-
ute.to.their.overeating.

14.4.1   dIfferences In TasTe processIng BeTWeen lean 
and oBese suBjecTs

Sensory.experience.of.food,.as.evaluated.by.tasting.2.ml.of.an.artificially.flavored.
liquid.formula.meal,.was.associated.with.greater.increases.in.rCBF,.as.measured.by.
15O-water.PET,.in.the.middle-dorsal.insula.and.midbrain,.and.greater.decreases.in.
the.posterior.cingulate,. temporal,.and.orbitofrontal.cortices. in.obese.compared. to.
lean. individuals.49. In.particular,. the.greater. insular. response. in.obese.versus. lean.
subjects.may.be.an.expression.of.greater.central.sensitivity.to.the.fat.content.and/or.
texture.of.the.liquid.meal,.as.the.insular.cortex.has.been.shown.to.be.activated.by.
oral.fat.and.food.texture.50.These.results.may.help.understand.the.neuroanatomical.
correlates.of.abnormal.eating.behavior.and.their.relationship.with.human.obesity..
In.fact,.sensory.perception.of.food.in.the.mouth.represents.the.driving.force.behind.
the.motivation.to.eat.for.many.individuals,22.and.the.preference.for.highly.palatable.
food.may.contribute.to.weight.gain,.thus.possibly.underlying.the.current.epidemic.
of.obesity.51,52

14.4.2   dIfferences In saTIeTy processIng BeTWeen lean 
and oBese suBjecTs

In. our. studies. of. neurofunctional. correlates. of. hunger,. as. elicited. by. a. 36-h. fast,.
and. satiety,. as. induced. by. the. administration. of. a. liquid. formula. meal. providing.
50%.of.the.subject’s.measured.resting.metabolic.rate,53,54.a.significant.effect.of.body.
size.was.found.in.the.left.dorsolateral.prefrontal.cortex,.such.that,.when.compared.
with. lean.men,.obese.men.had.significantly. less.activation. in. the. left.dorsolateral.
prefrontal.cortex.in.response.to.the.meal.37.In.addition,.percentage.of.body.fat.was.
negatively.correlated.with.the.change.in.rCBF.in.the.left.dorsolateral.prefrontal.cor-
tex.after.the.meal.37
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��.�.�.�   the role of the prefrontal cortex

The.prefrontal.cortex.has.a.central.role.in.the.inhibition.of.inappropriate.behaviors..
In.particular,.it.is.important.in.the.suppression.of.a.course.of.action.that.is.no.longer.
appropriate.and.for.the.ability.to.monitor.ongoing.actions55.and.may.contain.a.gen-
eral.mechanism.for.integrating.perceptual.evidence.for.decision.making.56,57.Hence,.
it.may.well.be.that.an.impairment.of.neuronal.activity.in.the.dorsolateral.prefrontal.
cortex. in. response. to.a.meal. in.obese.men.affects.satiation,.satiety,.or.both..This.
would.result.in.hyperphagia,.which.would,.in.turn,.either.lead.to.obesity,.if.it.rep-
resents.a.primary.event,.or.make.weight.loss.difficult,. if.it.represents.an.acquired.
feature.of.obesity.

In.a.15O-water.PET.study.of.the.brain.response.to.satiety.in.successful.dieters.
(subjects.who.had.achieved,.by.diet.and.physical.exercise,.the.weight.loss.necessary.
to.reduce.their.BMI.from.≥35.to.≤25.kg/m2.and.had.successfully.kept.their.weight.
stable.for.at.least.3.months).versus.nondieters,.successful.dieters.had.a.greater.activa-
tion.in.the.right.dorsal.prefrontal.cortex.in.response.to.meal.consumption.compared.
to.nondieters,.and.this.prefrontal.activation.was.associated.with.the.level.of.dietary.
restraint.58.Therefore,.it.may.be.speculated.that.a.higher.activation.of.the.prefrontal.
cortex.may.have.provided.successful.dieters.with.the.high.level.of.dietary.restraint.
needed.to.successfully.pursue.weight.loss,.thus.reinforcing.the.important.role.of.this.
cortical.area.in.inhibitory.control,.also.with.regard.to.food.intake.

This.hypothesis.of.a.central.role.of.the.prefrontal.cortex.in.the.cognitive.control.
of.eating.behaviors.and,.possibly,.in.inducing/perpetuating.overeating.is.confirmed.
by.the.results.of.some,.though.not.all.functional.neuroimaging.studies.in.subjects.
with.eating.disorders..In.fact,. lateral.prefrontal.activity,.as.measured.by.fMRI,.in.
response.to.food.stimuli.was.decreased.in.women.with.bulimia.nervosa.compared.to.
subjects.with.anorexia.nervosa.and.controls.59.The.diminished.activity.in.this.region.
may.account.for.the.loss.of.control.on.the.eating.behavior.in.bulimic.patients.

14.4.3   dopamInergIc aBnormalITIes In human oBesITy

Dopaminergic. circuits.play.a.pivotal. role. in. the. regulation.of. food. intake.also. in.
humans.60. There. is. evidence. that. this. neural. pathway. is. impaired. in. the. brains.
of. obese. subjects.. Striatal. dopamine. D2. receptor. availability,. as. measured. by.
[11C]raclopride.PET,.was.significantly.reduced.in.obese.compared.to.lean.individu-
als,. and. this. deficiency. was. correlated.with. BMI.61. This. reduction. may. represent.
either.a.down-regulation,.to.compensate.for.dopamine.increases.caused.by.chronic.
overstimulation. from. feeding,. or. a. marker. of. propensity. to. addictive. behaviors,.
therefore.perpetuating.overeating.as.a.means.to.compensate.for.the.decreased.func-
tion.of.reward.circuits.

14.4.4   sTrucTural BraIn aBnormalITIes In oBesITy

Obesity.is.also.associated.with.morphological.abnormalities.of.the.brain,.as.dem-
onstrated.by.animal. studies..Overeating.may.have.adverse.effects.on. the.nervous.
system. of. rodents. by. increasing. susceptibility. of. neural. cells. to. dysfunction. and.
degeneration.62.There. is.also.mounting.evidence. from.animal.models. that.dietary.
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restriction.has.striking.neuroprotective.effects.63.The.lack.of.leptin.in.the.genetically.
obese.ob/ob.mouse.is.associated.with.structural.abnormalities.of.the.brain,.includ-
ing.reduced.brain.weight.and.cortical.brain.volume,.delayed.maturation.of.neurons.
and.glial.cells,.and.increased.susceptibility.to.neurodegeneration.64,65.Also.human.
obesity.seems.to.negatively.affect.brain.morphology..Prospective.studies.have.dem-
onstrated.that.overweight.is.a.risk.factor.for.Alzheimer’s.disease,66.and.a.high.BMI.
is.associated.with.cerebral.atrophy.of.the.temporal.region.67

By.using.voxel-based.morphometry. (VBM),.an.MRI-based.whole-brain. tech-
nique.detecting. region-wise.differences. in.brain. tissue. composition.of. stereologi-
cally.normalized.brains,.gray.matter.density.was.found.to.be.reduced.in.the.frontal.
operculum. (belonging. to. the. primary. gustatory. cortex),. postcentral. gyrus. (indi-
cated.as.putative.secondary.gustatory.area),.middle.frontal.gyrus.(belonging.to.the.
prefrontal. cortex),. cerebellum. (bidirectionally. connected.with. the.hypothalamus),.
and.putamen.(central.relay.in.the.reward.circuitry).of.obese.subjects.compared.to.
lean.individuals.68.Theoretically,.these.changes.in.brain.tissue.composition.in.areas.
directly. involved. in. the. regulation.of. eating. at. different. levels,.may.explain. indi-
vidual.vulnerability.to.addictive.behaviors.including.overeating,.promoting.obesity,.
or.the.difficulty.overweight.individuals.have.in.losing.weight,.perpetuating.obesity..
Additionally,.these.structural.abnormalities.in.the.brains.of.obese.people.may.repre-
sent.the.morphological.substrate.of.the.functional.abnormalities.previously.reported.
in.the.dorsal.striatum61.and.the.prefrontal.cortex68.of.obese.individuals.

��.�   conclusIons

It.is.well.established.that.the.neural.regulation.of.eating.behavior.spans.the.range.of.
nonconscious. (homeostatic).and.conscious.(hedonic.and.cognitive).events..Hence,.
functional. neuroimaging. represents. an. increasingly. important. tool. for. investigat-
ing.how.different. regions.of. the.brain.work. together. to.coordinate.normal.eating.
behaviors.and.how.they.conspire.to.produce.or.perpetuate.obesity.and.other.eating.
disorders..Nonetheless,.methodological.challenges.associated.with.this.technologi-
cally.advancing.field.still.remain..Therefore,.it.is.pivotal.for.successful.progress.in.
the. field. to. capitalize. on. methodological. approaches. that. complement. the. role. of.
imaging.in.the.study.of.the.normal.and.abnormal.regulation.of.food.intake.

14.5.1   fuTure dIrecTIons

Applying. to.human.studies. research. techniques. successfully.developed. in.animal.
models.certainly.represents.an.important.step.forward.and.may.be.a.winning.approach.
to.determine.the.extent.to.which.neurofunctional.and.neurostructural.correlates.of.
normal.and.abnormal.responses.to.specific.stimuli.identified.by.neuroimaging.tech-
niques.are.necessary.for.the.behavior.of.interest..These.strategies.include:

. 1..Lesion,.stimulation,.and.neural.tract.tracing.studies.

. 2..Reversible.“lesion”.studies,.such.as.transcranial.magnetic.stimulation.

. 3..Electrophysiological. recording. techniques. (e.g.,. event-related. potentials.
and.magnetoencephalography),.which.have.the.temporal.resolution.needed.
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to.help.determine.the.time.course.of.the.activation/deactivation.responses.
of.different.brain.regions.

. 4..Transcriptomic.and.proteomic.studies,.using.postmortem.brain.tissue.from.
the.brain.regions.implicated.in.imaging.studies.to.assess.the.molecular.pro-
cesses.involved.in.the.normal.and.abnormal.regulation.of.food.intake.

. 5.. In vivo hybridization. techniques,. using. antisense.DNA.probes.with.high.
specific. radioactivity. for.SPECT.or.PET,. also.combined.with.adenoviral.
vector-mediated.expression.

14.5.2   gaps

In.particular,.it.is.important.to.pursue.also.in.human.studies.areas.which.have.recently.
been.demonstrated.to.have.a.pivotal.role.in.the.regulation.of.food.intake.in.animals..
One.of.these.areas.is.represented.by.the.role.of.gastrointestinal.vagal.afferents.in.the.
control.of.food.intake..The.vagus.nerve.is.the.primary.neuroanatomic.substrate.in.
the.gut–brain.axis,.transmitting.meal-related.signals.elicited.by.nutrient.contact.with.
the.gastrointestinal.tract.to.sites.in.the.central.nervous.system.that.mediate.ingestive.
behavior.69–72.Its.role.in.the.regulation.of.human.eating.behavior.and,.especially,.the.
integration.with.the.higher,.conscious.central.control.of.food.intake.is.still.poorly.
understood.in.humans.

Another.important.area,.related.to.the.central.control.of.food.intake.and.still.unad-
dressed.in.humans,.is.the.nutrient.sensing.in.the.brain..Over.the.past.50.years,.there.
has.been.extensive.debate.about.what.these.brain.circuits.actually.monitor.to.maintain.
energy.balance,.the.main.hypotheses.being.that.the.hypothalamus.monitors.either.the.
storage.and.use.of.carbohydrate.(glucostatic.theory).or.the.storage.and.metabolism.of.
fat.(lipostatic.theory)..The.glucostatic.theory.maintains.that,.as.neurons.use.glucose.
as.their.primary.fuel,.fluctuations.in.glucose.availability.or.usage.are.monitored.and.
linked.to. the.control.of.eating.behaviors,.such.that.food.intake. is.elicited.when.the.
glucose.supply.to.tissues.becomes.insufficient.and.is.terminated.when.glucose.con-
centrations.are.restored.to.their.physiological.levels.73.Prospective.studies.in.humans,.
showing.that.a.higher.carbohydrate.balance74.and.a.greater.postload.glucose.response75.
are.both.protective.against.body.weight.gain,.have.provided.indirect.support.to.the.role.
of.glucose.sensing.in.the.long-term.regulation.of.body.weight.in.humans,.possibly.via.
its.effects.on.food.intake..The.lipostatic.theory.posits.that.the.energy.homeostasis.sys-
tem.is.set.to.regulate.total.body.fat.in.response.to.feedback.signals.from.fat.depots.to.
the.brain,.including.fatty.acids,.leptin,.and.insulin.10,12.There.is.also.growing.evidence.
that.fatty.acid.metabolism.within.discrete.hypothalamic.regions.can.function.as.a.sen-
sor.for.nutrient.availability,.integrating.multiple.nutritional.and.hormonal.signals.11,12,76.
These.findings.have.provided.novel.insights.into.how.neurons.monitor.fuels.and.their.
oxidation,. indicating. that. fuel. sensing. spans.beyond.an.exclusive. focus.on.glucose..
These.observations.underscore.the.centrality.of.brain.fuel-sensing.mechanisms.in.the.
organism’s.overall. regulation.of.energy.homeostasis..These.findings,.however,.have.
largely.been.obtained.from.in vitro.and.animal.studies..The.capacity.to.transfer.them.
to.human.tests.of.the.regulation.of.energy.balance.is.urgently.needed.and.will.provide.
a.better.understanding.of.the.integration.of.homeostatic.needs.with.conscious.control.
in.the.regulation.of.food.intake.and.energy.balance.
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15 Macronutrients:	
Complexity	of	
Intake	Control

Pawel K. Olszewski and Allen S. Levine

��.�   IntroductIon

Food.is.defined.as.a.substance.which.consists.of.nutrients.and.can.be.ingested.and.
assimilated.as.a.source.of.energy.by.the.organism..Thus,.energy.derived.from.food.is.
the.primary.reason.for.consummatory.behavior.to.occur,.as.hunger.serves.as.a.driv-
ing.force.and.a.key.signal.for.the.animal.to.seek.nutritive.ingestants.and.replenish.
the.lacking.calories..However,.feeding.is.a.complex.behavior.since.it.is.controlled.by.
many.other.crucial.factors,.such.as.reward,.stress,.and.social.interactions..Also,.the.
intricate.characteristics.of.food.further.modify.consummatory.activity;. ingestants.
differ. in.their.caloric.content,.nutrient.composition,. texture,.and.flavor,. to.name.a.
few..These.properties.play.a.decisive.role.in.acceptability.and.preference.toward.diets.
as.well.as.physiological.outcome.resulting.from.consumption.of.a.given.tastant.

Carbohydrate,. fat,. and. protein. are. the. three. major. classes. of. macronutrients..
They. allow. animals. to. sustain. all. essential. biochemical. processes,. enabling. the.
proper.functioning.of.the.organism..In.real.life,.macronutrients.are.rarely.available.
in.their.pure.forms,.but.rather.they.are.part.of.chemically.complex.foods;.hence.they.
concurrently.affect.various.physiological.parameters.and.preference.toward.a.given.
diet.1,2.In.laboratory.conditions,.it.is.possible.to.create.ingestants.whose.content.is.
strictly.controlled,.which.gives.a.possibility.of.offering.diets.that.contain.only.one.
macronutrient.or.a.known.combination.of.two.or.three.of.them..It.is.important.to.
note.that,.regardless.of.the.multiform.composition.of.tastant,.not.only.are.animals.
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capable.of.discriminating.between.individual.macronutrient.components.of.tastants,.
but. they. have. innate. preferences. toward. specific. macronutrients,. and. these. pref-
erences.can.be. shifted. through.a. change. in.energy. status,.peptidergic. activity,.or.
genetic.manipulations.1–4

In.this.chapter.we.will.focus.on.two.major.aspects.of.consumption.of.macronu-
trients:.how.these.compounds.are.sensed.by.animals.and.how.macronutrient.intake.
is.affected.by.peptidergic.systems.

��.�   appetIte for MacronutrIents: a 
gustatory coMponent

The.peripheral.gustatory.system.plays.an.extremely.important.function.in.the.regu-
lation.of.consummatory.behavior;.in.the.absence.of.olfactory.cues.or.along.with.the.
olfactory.system,.it.acts.as.the.first.“barrier”.whose.role.is.to.detect.and.distinguish.
the.beneficial.and.nutritive.ingestants.from.those.that.can.jeopardize.homeostasis.of.
the.organism.5,6.As.a.result,.taste.receptors.in.mammals.have.evolved.to.recognize.a.
wide.variety.of.chemical.agents..Therefore,.the.liking.and.preference.of.some.foods.
and.avoidance.of.other.ones.is.based,.to.a.large.extent,.on.the.integration.of.orosen-
sory.stimulation.3

Initially,.the.gustatory.system.was.thought.to.respond.to.only.several.basic.tastes.
including.sweet,.sour,.salty,.and.bitter..This.classification.was.based.on.the.percep-
tion.described.by.human.subjects.and.was.later.enriched.with.the.recognition.of.the.
monosodium.glutamate.taste.termed.umami..Animal.species,.similarly.to.humans,.
are.capable.of.discerning.between.the.five.tastes,.although.they.may.differ.in.their.
perception.of.particular.chemicals..Recent.evidence.suggests. that. specific.macro-
nutrients,.some.of.which.had.been.considered.earlier.to.act.almost.exclusively.via.
nongustatory.mechanisms,7.can.also.be.detected.by.taste.receptors.3

Attraction.to.high-fat.diets.was.long.recognized.to.depend.on.their.smell.and.tex-
ture.7.However,.the.intake.of.fat-rich.foods.is.associated.with.the.exposure.of.the.oral.
cavity.to.fatty.acids,.and.some.of.the.taste.receptors.appear.to.be.capable.of.detecting.
these.chemicals..In.1997,.Fukuwatari.et.al..found.that.the.putative.membrane.fatty.
acid.transporter.(FAT).protein.and.its.mRNA.are.present.in.the.epithelial.layer.of.
circumvallate.papillae..Immunohistochemical.analysis.revealed.that.FAT.immuno-
reactivity.is.localized.primarily.in.the.apical.part.of.taste.bud.cells,.possibly.gusta-
tory.cells,. in. the.circumvallate.papillae.8.Gilbertson.et.al..performed.patch-clamp.
recordings.of. isolated.taste.receptors.of. the.rat.and.found.that.fatty.acids.prolong.
stimulus-induced. depolarization. of. these. cells. by. acting. on. potassium. channels.9.
Importantly,. the. lipolytic. activity.of. lingual. lipase. supports. an. adequate. stimula-
tion.of. fatty.acid. receptors.when.food. is. rich. in. triacylglycerides.. In. fact,.admin-
istration.of.a.potent.lipase.inhibitor,.orlistat,.in.rats.diminishes.their.preference.for.
triacylglycerides.as.assessed. in.a.very. short-lasting. two-bottle. test,.which. further.
suggests.that.the.gustatory.aspect.of.fat.intake.plays.a.crucial.role.in.the.attractive-
ness.of.fat.as.an.ingestant.10.This.notion.is.supported.by.the.findings.that.sated.rats.
exhibit.a.similar.preference.toward.nutritive.and.nonnutritive.oils,.which.suggests.
that.flavor.cues.play.an.essential.role.in.the.development.of.an.animal’s.preference.
to.fatty.foods.11.This.preference.can.be.shifted.toward.nutritive.ingestants.through.
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deprivation,.signifying.the.importance.of.postoral.stimulation.and.the.capability.to.
sense.both.flavor.and.energy.density..Importantly,.the.ability.to.perceive.the.flavor.
of.fatty.acids.appears.to.be.independent.from.age.and.can.be.observed.even.in.infant.
rats.11.Finally,.it.should.be.noted.that.receptors.tend.to.be.particularly.sensitive.to.cis-
polyunsaturated.fatty.acids,.which.further.supports.the.concept.that.the.role.of.the.
taste.system.is.to.aid.in.the.process.of.recognizing.essential.nutrients.

The.fact.that.nutritive.elements.belong.to.a.given.class.of.macronutrients.does.
not.mean.that.they.exhibit.a.similar.flavor.profile..This.is.particularly.true.consid-
ering.carbohydrates,.which. induce.a.wide.array.of. responses.of. the. taste. system..
The.sweet.flavor.associated.with.sucrose,.glucose,.or.fructose.is.extremely.appeal-
ing.to.numerous.animal.species.and.it.is.readily.chosen.over.other.flavors..On.the.
other.hand,.starch.is.perceived.as.“unattractive.”2.Stimulation.of.taste.receptors.with.
natural.substances.perceived.as.sweet.causes.an.elevation.of.cAMP.levels.in.depo-
larized.cells.12.This.stimulation.leads.to.a.robust.consummatory.response,.and.the.
mechanism.seems.to.be.innate,.as.the.increase.in.feeding.has.been.observed.even.in.
preweanling.rats.offered.a.sucrose.solution.through.sublingual.catheters.13

Studies.on.transgenic.animals.revealed.that.the.presence.of.two.proteins,.T1R2.
and.T1R3,.is.crucial.for.the.proper.functioning.of.the.sweet.taste.detection.system;.
T1R2.and.T1R3.form.a.complex.needed.for.the.receptor.responsiveness.to.molecules.
perceived.as.sweet,. though.T1R3.protein.alone.may.serve.as.a. receptor.as.well.14.
Molecular.deletion.of.either.T1R2-.or.T1R3-encoding.genes.only.partially.affected.
an.animal’s.ability.to.recognize.sucrose;.it.was.necessary.to.construct.double-knock-
out.mice.to.completely.impair.the.ability.to.detect.sweet-tasting.sugars.15,16

Interestingly,.the.ability.of.humans.to.perceive.flavor.of.carbohydrates.is.subpar.
in.comparison.to.the.gustatory.system.of.rats..Extensive.evidence.suggests.that.rats.
may.have.a.different.receptor.or.a.set.of.receptors.for.carbohydrates..Ramirez.used.
a. conditioned. taste. aversion. paradigm. followed. by. a. two-bottle. test. to. show. that.
these.animals.can.distinguish.starch-containing.suspensions.from.nonstarch.tastants.
similar.in.texture.17

Although. starch. itself. is. not. a. particularly. preferred. nutrient. by. rodents,. rats.
are.attracted.to.the.taste.of.polysaccharides.derived.from.starch..Polycose,.a.starch-
derived.maltodextrin.preparation,.is.perceived.as.bland.by.humans..Yet.rats.find.it.
palatable,.and.they.can.easily.detect.its.appealing.flavor.rather.than.rely.only.on.this.
substance’s. rewarding.postingestive. effects,. as. evidenced. by. the. studies. in.which.
Polycose.was.offered.for.a.brief.period.of. time.or. in.sham-feeding.experiments.18.
Sako.and.coworkers.conducted.an.important.study.in.which.they.found.that.aver-
sive.conditioning.to.Polycose.did.not.generalize.to.sugars,.such.as.sucrose,.maltose,.
glucose,.and.fructose,.and.vice.versa.19.Gurmarin,.a.sweet.taste-suppressing.poly-
peptide,.strongly.inhibited.chorda.tympani.nerve.responses.to.those.carbohydrates,.
but.had.practically.no.effect.on.Polycose-induced.neural.activity.19.It.is.noteworthy.
that.rats.are.not.the.only.rodents.that.have.been.proposed.to.express.distinct.recep-
tors.for.carbohydrate.subclasses:.Golden.Syrian.hamsters,.Mongolian.gerbils,.and.
Egyptian.spiny.mice.also.distinguish.Polycose.from.sugars.20.To.date,.it.has.not.been.
clarified. whether. T1R2. and. T1R3. proteins. participate. in. the. process. of. Polycose.
detection..However,.T1R3.is.essential.for.the.recognition.and.response.to.the.disac-
charide.trehalose.21
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The.chemical.nature.of.sweet-tasting.nutrients.is.very.diverse.and.is.not.restricted.
to.the.wide.class.of.carbohydrates..Certain.amino.acids.also.produce.a.sensation.per-
ceived.as.a.sweet.taste..In.fact,.amino.acids.are.often.assigned.to.a.category.of.either.
sweet.or.bitter,.where.many.l-isomers.are.frequently.reported.as.sweet,.whereas.d-
isoforms.typically.taste.bitter..Interestingly,.the.umami.flavor.—.the.appearance.of.
which.signals.protein.content.of.an.ingestant.—.conveyed.by.the.l-glutamate.mol-
ecule.can.be.recognized.by.a.receptor.system.somewhat.similar.to.that.necessary.for.
detection.of.sweet.carbohydrates..It.has.been.found.that.T1R1.and.T1R3,.as.well.as.
a.truncated.form.of.the.type.4.metabotropic.glutamate.receptor,.participate.in.this.
process.16.A.characteristic.quality.of.umami.is.its.potentiation.by.inosine-.or.guano-
sine. 5́ -monophosphates,.which.broadens.receptor.sensitivity.to.amino.acids.other.
than.glutamate.22

The.fact.that.certain.macronutrient.taste.recognition-related.mechanisms.appear.
to.have.a.common.core.may.reflect. the.complexity.of.foods.and.the.necessity.for.
macronutrient.flavors.to.be.readily.and.concurrently.detected.for.the.purpose.of.sup-
plying.an.organism.with.adequate.energy..In.line.with.that,.in.rats.the.majority.of.
fungiform.and.palate.papillae.respond.to.multiple.tastes9;.this.also.seems.to.make.the.
process.of.flavor.integration.more.efficient..Hence,.the.organization.of.oral.macronu-
trient.detection.systems.appears.to.employ.numerous.mechanisms.and.pathways.to.
discern.between.specific.compounds..Yet.at.the.same.time,.it.shows.a.certain.level.
of.overlap.to.enable.fast.and.simultaneous.recognition.of.multiple.nutritive.agents.
present.in.composite.diets.

��.�   appetIte for MacronutrIents: It 
Is not only about taste

The.flavor.of.foods,.including.the.flavor.of.specific.macronutrients,.is.typically.not.
the.sole.reason.for.liking.or.avoiding.particular.ingestants..Energy.density.and.meta-
bolic.consequences.related.to.macronutrient.intake.—.thus.the.postoral.aspects.of.
consumption.—.contribute. to.the.preference.exhibited.towards.fat,.carbohydrates,.
and.protein..An.extensive.body.of.evidence.supports. the.notion.that.postingestive.
processes.modify.acceptance.of.macronutrients.3.At.least.some.of.these.mechanisms.
may.rely.on.the.presence.of.cells.in.the.gastrointestinal.tract. that.share.structural.
and.biochemical.features.of.taste.receptor.cells.found.in.the.tongue,23,24.although.a.
plethora.of.pre-.and.postabsorptive.events.presumably.play.a.crucial.role.as.well.3

The.involvement.of.postingestive.effects.in.long-term.preference.toward.fat.in.
mice. was. shown. by. Suzuki. et. al.25. These. investigators. found. by. the. means. of. a.
short-term. (30-minutes. long). two-bottle. test. that. palatability. of. the. sorbitol. fatty.
acid.esters,.nondigestible.fat.substitutes.with.low.energy.density,.was.similar.to.that.
of.corn.oil..Thus,.the.intake.of.both.ingestant.types.resulted.in.a.somewhat.similar.
stimulation.of.taste.receptors.in.the.oral.cavity,.presumably.leading.to.similar.taste.
perception,.in.these.animals..However,.in.the.long-term.two-bottle.choice.test,.where.
both.gustatory.and.postprandial.feedback.mechanisms.were.triggered,.mice.did.not.
continue.to.eat.the.fat.substitute,.but.their.preference.shifted.toward.corn.oil..Fur-
thermore,.the.reinforcing.properties.of.sorbitol.fatty.acid.ester.versus.corn.oil.were.
examined.in.a.conditioned.place.preference.test..Mice.infused.intragastrically.with.
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corn.oil.just.prior.to.conditioning.showed.reinforcing.effects.of.the.calorie-dense.fat.
on.the.consumption.of.sorbitol.fatty.acid.ester..Importantly,.placing.corn.oil.in.the.
stomach.without.subsequent.orosensory.stimulation.did.not.show.any.such.reinforc-
ing.effects.against.corn.oil.25.Those.experiments.provided.evidence.that.both.oro-
sensory.and.postoral.mechanisms.are.crucial.in.the.development.of.macronutrient.
preference.and.associated.reinforcement.

Lucas.et.al..determined.that.intragastric.fat,.although.less.potent.than.carbohy-
drates,.is.a.powerful.reinforcement.stimulus,.which.further.supports.the.concept.that.
postoral.events.propel.a.drive.to.seek.this.macronutrient.26.Ackroff.et.al..performed.
a.study.in.which.various.sources.of.fat,.including.corn.oil,.safflower.oil,.vegetable.
shortening,.and.beef. tallow,.were. tested.as. intragastric. reinforcing.agents.27.They.
determined.that.fat.sources.differing.in.fatty.acid.composition.with.respect.to.chain.
length.and.saturation,.are.capable.of.conditioning.flavor.preferences..Fats.with.high.
polyunsaturated.content.or.with.low.saturated.fat.content.are.most.effective.

In.an.elegant. study,.Suzuki.et.al.28.confirmed. that.a.postingestive.energy.sig-
nal.serves.as.a.crucial.factor.in.the.reinforcing.effects.and.palatability.of.fat..They.
injected.mice.with.a.beta-oxidation.blocker,.mercaptoacetate,.or.saline..Reinforcing.
effects.and.palatability.response.were.examined.with.conditioned.place.preference.
and. one-bottle. tests,. respectively.. In. conditioned. place. preference. tests,. the. mer-
captoacetate-treated. animals. exhibited. reinforcement-related. effects.when.offered.
a.40%.sucrose.solution,.which.is.not.metabolized.via. the.beta-oxidation.pathway,.
but.not.when.given.100%.corn.oil..The.saline.group.exhibited.reinforcing.effects.
when.offered.sucrose.solution.as.well.as.when.presented.with.corn.oil..In.addition,.
a.one-bottle.test.revealed.that.the.mercaptoacetate.group.lacked.preference.toward.
the.corn.oil.28

A. different. approach. aimed. at. discerning. whether. macronutrients. are. sensed.
postorally.was.utilized.by.Tracy.et.al.29.These.investigators.employed.a.taste.aver-
sion.paradigm.which.relies.on.pairing.exposure.to.a.novel.tastant.with.an.unpleasant.
gastrointestinal.sensation.induced.by.a.toxic.agent,.such.as.lithium.chloride..As.a.
result,.tastant.avoidance,.which.can.differ.in.magnitude,.develops..The.authors.dem-
onstrated.that.when.corn.oil,.that.had.never.been.tasted.by.the.animals,.was.deliv-
ered.via.a.catheter.into.the.stomach.or.into.the.duodenum.and.a.peripheral.injection.
of.aversion-inducing.lithium.chloride.was.administered.right.after.the.fat.infusion,.
preference.for.that.nutrient.was.subsequently.reduced.at.the.first.period.of.contact.by.
mouth..In.fact.this.ability.to.detect,.recognize,.and.integrate.intragastric.macronutri-
ent-derived.stimulation.appeared.as.a.phenomenon.that.could.be.generalized.to.other.
macronutrient.classes.as.well;.a.similar.outcome.was.noted.when.a.carbohydrate,.
maltodextrin,.was.used.29. In. line.with. these.findings,. the. results.of.another. study.
suggested.that.nutrient-derived.stimulation.of.the.gastrointestinal.tract.may.potenti-
ate.learning.about.nonnutritive.flavors.30

The.phenomenon.of.a.gastrointestinal.macronutrient.sensing.system,.which.seems.
to.act. in.a.direct.and.an. indirect.manner,.also.governs.carbohydrate.consumption..
When.isocaloric.glucose.and.fructose.solutions.are.presented.concurrently,.rats.acquire.
preference.toward.glucose.during.even.a.short.course.of.exposure,.regardless.of.their.
initial.preference.profile.31,32.Hence,.it.seems.that.animals.develop.glucose.preference.
based.on.the.different.postingestive.actions.related.to.each.carbohydrate..Thus,.it.is.
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not.surprising.that.glucose.acts.as.a.more.effective.reinforcing.agent.than.fructose..A.
stronger.preference.toward.a.nonnutritive.flavored.ingestant.can.be.induced.by.provid-
ing.it.along.with.an.intragastric.infusion.of.glucose.rather.than.fructose.33.Other.stud-
ies.confirmed.that.fructose.was.capable.of.acting.as.an.intragastric.reinforcing.agent,.
primarily.in.energy-deficient.rats,.by.employing.lengthy.exposure.training.sessions,.
or.by.pairing.fructose.infusions.with.sweetened.solution.exposure.34,35

Furthermore,.a.greater.propensity. to.acquire.glucose.compared. to. fructose.can.
be.generalized.to.more.complex.carbohydrates:.rats.develop.a.preference.toward.the.
disaccharides. Polycose. and. maltose,. which. are. glucose-based,. over. another. disac-
charide,.sucrose,.which.is.broken.down.into.fructose.and.glucose.32.In.reinforcement.
studies.utilizing.macronutrient.infusions,.Azzara.and.Sclafani.found.that.intragastric.
loading.of.sucrose.or.maltose.powerfully.conditioned.flavor.preferences.relative.to.con-
trol.infusions.of.water..In.line.with.other.experiments,.the.flavor.paired.with.maltose.
stomach.loading.was.significantly.preferred.to.the.flavor.paired.with.intragastrically.
delivered.sucrose.36.Apparently,.specific.caloric.value.and.energy.density.of.fructose-.
versus.glucose-rich.carbohydrates.does.not.account.for.the.differences.in.the.prefer-
ence.profile.toward.these.nutrients..In.fact,.energy.density.of.the.infused.macronutrient.
seems.to.play.a.key.role.regardless.of.the.carbohydrate.content.of.the.solution,.since.a.
high.concentration.of.macronutrient.tends.to.counteract.the.reinforcing.action.driven.
by.the.compound,.probably.as.a.result.of.the.satiating.effect.of.energy-dense.food.37.
This.may.be.due.to.the.fact.that.the.processes.of.macronutrient.calorie.detection.ver-
sus. reinforcement. appear. to. utilize. distinct. integration. mechanisms.. Sclafani. et. al..
found.that.gut.vagal.afferents.and.splanchnic.nerves.are.not.essential.for.flavor–nutri-
ent.preference.conditioning,.whereas.both.vagal.afferents.and.splanchnic.nerves.are.
implicated.in.macronutrient-induced.satiation.38

Taking.into.account.the.aforementioned.data.on.carbohydrates.and.fat,.it.should.
not. be. surprising. that. postoral. consequences. of. protein. intake. affect. preference.
toward.this.macronutrient.as.well.as.associative.behaviors..When.an.oral.delay.regi-
men.was.used,.in.which.different.short-term.cue.flavors.were.followed,.after.a.10-
minute.delay,.by.presentation.of.one.nutrient.solution,.including.one.that.contained.
protein,. or. a. nonnutritive. solution,. the. animals. displayed. similar. preferences. for.
nutrient-paired.flavors.39.In.an.interesting.study,.Baker.et.al..subjected.rats.to.4-hour.
food.deprivation..After.this.relatively.brief.period.of.having.no.access.to.food,.ani-
mals.were.infused.intragastrically.with.casein;.at.the.time.of.infusion,.animals.drank.
a.distinctively.flavored.nonnutritive.fluid..On.the.experimental.day,.when.the.same.
food-deprivation. and. solution. presentation. protocol. was. applied,. the. rats. showed.
conditioned.preference.for.the.flavor.40.Perez.et.al..confirmed.that.rats.develop.pref-
erence.toward.flavors.paired.with.intragastric.infusion.of.protein.39.In.macronutrient.
self-selection.studies,.these.investigators.also.found.that.gastric.infusion.of.protein.
diminished. subsequent. oral. intake. of. this. macronutrient,. which. suggests. that. the.
presence.of.protein.may.be.sensed.in.the.gut,.and.hence,.protein.appetite.may.be.
temporarily. reduced..One.should.note,.however,. that. the.combination.of.oral.and.
intragastric.stimulation.serves.as.the.most.effective.method.of.signaling.the.nutri-
tional.status.of.the.organism.39

Finally,.there.is.another.aspect.of.macronutrient.intake:.sensory-dependent.satiety..
This.issue.was.initially.raised.in.human.studies41;.however,.it.was.later.examined.in.
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advanced.animal.models. in. relation. to.gastrointestinal.macronutrient. sensing.abili-
ties..Investigations.primarily.utilized.infusions.of.macronutrients.into.the.stomach.and.
duodenum..Burggraf.et.al..found.that.an.intragastric.load.of.glucose.or.lipid.in.rats.
significantly.reduced.total.intake.of.a.high-carbohydrate.and.a.high-fat.diet.presented.
concurrently..At.the.same.time,.glucose.was.more.effective.than.lipid.at.decreasing.
carbohydrate.intake..Interestingly,.this.satiating.action.of.macronutrients.was.greater.
upon.their.intragastric.rather.than.intravenous.delivery,.which.signifies.the.importance.
of.gastrointestinal.macronutrient.sensory.effects.42.Conversely,.an.infusion.of.fat.via.
a.duodenal.cannula.suppressed.oral.intake.of.the.fat.solution.faster.and.for.a.longer.
time.period,.than.did.an.infusion.of.an.isocaloric.sucrose.solution.43.In.another.experi-
ment,. rats. received.gastric.preloads.of.either.carbohydrate,. fat,.or.protein,.and. they.
were.allowed.to.self-select.their.diet.from.the.three.pure.macronutrients..Carbohydrate.
load.generated.a.decrease. in. the. intake.of.carbohydrate.only,.whereas. fat. and.pro-
tein.affected.consumption.of.all.nutrients,.although.each.evoked.a.more.profound.and.
lengthy.reduction.in.the.intake.of.the.corresponding.nutrient.44

Data.described.above.are.consistent.with.the.notion.that.there.is.a.clear.relation-
ship.between.oral.and.gastrointestinal.detection.of.macronutrients..Under.natural.
conditions,. these. two. sensory. system. levels. appear. to. supply. intertwined. signals.
which.allow.for.a.proper.selection.of.quality.and.amount.of.ingestants.in.relation.to.
their.macronutrient.composition.

��.�   neural agents and MacronutrIent Intake control

Foods.available.in.the.environment.differ.in.their.composition,.flavor,.and.texture..
Animals.display.individual.preferences.toward.certain.ingestants..These.preferences.
can.fluctuate,.reflecting.energy.needs.and.physiological,.psychological,.and.health.
status.of.an.animal..Macronutrients.provide.the.energy.necessary.to.maintain.the.
functioning.of.the.organism,.and.they.are.also.a.source.of.a.positive.reinforcement..It.
should.not.be.surprising,.therefore,.that.ingestion.of.macronutrients.is.influenced.by.
neuropeptides.involved.in.the.regulation.of.energy.homeostasis.and.those.associated.
with.reward.2.In.the.brain,.these.substances.are.organized.into.a.complex.network,.
and.activity.of.components.of.this.circuitry.plays.a.decisive.role.in.the.regulation.of.
food.intake..Central.networks.“communicate”.with.the.periphery.by.utilizing.recip-
rocal.neuronal.connections.or.via.hormonal.feedback..Gustatory.and.postoral.stimuli.
related.to.macronutrient.intake.affect.the.activity.of.these.neuropeptidergic.systems,.
and.in.turn,.they.may.lead.to.changes.in.meal.patterns,.preferences,.reinforcement,.
and.other.direct.and.indirect.consequences.of.macronutrient.consumption.1,2

Following.the.initial.reports.showing.that.neuropeptides.could.alter.food.intake.
in. general,. investigators. started. examining. whether. these. substances. could. also.
influence.the.intake.of.individual.macronutrients..The.outcome.of.those.experimen-
tal. trials. indeed. indicated. that. specific. peptides. may. control. intake. of. particular.
macronutrients;.however,.the.relationship.appears.to.be.very.complex.and.dependent.
on.a.number.of.circumstances..This.complexity.is.apparent.regardless.of.a.hunger-.or.
reward-related.nature.of.action.of.a.given.peptide.

For.example,.it.has.been.found.that.central.injections.of.neuropeptide.Y.(NPY),.
which.serves.as.a.potent.inducer.of.hunger-.or.energy-driven.consummatory.behavior,.
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cause.a.more.robust.feeding.response.toward.high-carbohydrate.foods.than.toward.
fat.or.protein. in.male. rats.45.However,. the.same.group.of. investigators. found. that.
female.animals.repeatedly.injected.with.NPY.in.the.hypothalamic.paraventricular.
nucleus.(PVN).ate.more.carbohydrate.(additional.26.4.kcal.per.day).and.fat.(addi-
tional.48.5.kcal.per.day),.whereas. their.protein. intake. remained.unchanged.when.
the. three. compounds.were.presented. concurrently.45.Glass. et. al.. treated. rats.with.
NPY.and.offered.them.a.choice.between.the.following.diet.combinations:.(1).high-
fat.diet.versus.high-cornstarch,.(2).high-fat.diet.versus.high-sucrose,.and.(3).high-
fat.versus.high-Polycose..As.a.result.of.NPY.administration,.animals.ate.more.of.
both.the.high-fat.and.high-carbohydrate.diets.when.Polycose.or.corn.starch.served.
as.sources.of.carbohydrate..When.the.high-sucrose.and.high-fat.diets.were.offered.
concurrently,.rats.significantly.increased.the.intake.of.the.sucrose.diet.only..Thus.the.
source.of.carbohydrate.has.a.marked.effect.on.the.ability.of.NPY.to.affect.macro-
nutrient.consumption.46.To.add.to.the.confusion,.energy.density.of.a.macronutrient.
mitigates.the.orexigenic.action.of.NPY:.this.neuropeptide.has.a.very.weak.effect.on.
dilute.10%.sucrose.solution.intake.when.calorically.dense.chow.is.presented.at.the.
same.time.47.On.the.other.hand,.Primeaux.et.al..found.that.intra-amygdalar.infusions.
of.NPY.did.not.affect.calorie.intake.in.rats,.but.induced.a.shift.in.preference.from.a.
high-fat/low-carbohydrate.diet.to.a.low-fat/high-carbohydrate.one.48.Furthermore,.in.
reinforcement.studies,.Altizer.and.Davidson.showed.that.NPY.injections.paired.with.
a.conditioned.stimulus.of.either.high-sucrose.or.high-fat.food.did.not.augment.the.
capacity.of.a.cue.associated.with.sucrose.to.promote.conditioned.appetitive.behav-
ior.49.Finally,. there. is.an.unresolved. issue.of. the.presence.of.NPY.in. taste. recep-
tor.cells.and.its.possible.role.in.conveying.taste-related.signals..Also,.the.NPY.Y1.
receptors.are.expressed.by.some.taste.bud.cells.where.NPY.appears.to.enhance.an.
inwardly.rectifying.potassium.current..Interestingly,.it.has.been.suggested.that.NPY.
may.have,.in.this.case,.a.more.pronounced.role.in.the.perception.of.bitter.flavors.than.
in.detecting.specific.macronutrient-associated.flavors.50

The.relationship.between.macronutrient.intake.and.orexigenic.peptides.involved.
in. reward. mechanisms. seems. as. complex. as. with. hunger-related. NPY. described.
above..Opioids.have.been.one.of.the.most.extensively.studied.groups.of.such.sub-
stances..In.basic.feeding.experiments,.opioid.receptor.agonists.belonging.to.all.sub-
classes.of.the.opioid.family,.namely.endorphins,.dynorphins,.and.enkephalins,.have.
been.found.to.increase.consumption.of.palatable.tastants.more.potently.than.of.less.
attractive.tastants..Antagonists.induce.an.opposite.effect.1.Initial.macronutrient.stud-
ies.revealed.that.opioid.agonists.increased.intake.of.fat.to.a.greater.extent.than.intake.
of.carbohydrate.or.protein..Conversely,.consumption.of.a.high-fat.diet.increased.gene.
expression.and.peptide.levels.of.enkephalins.and.dynorphins.in.the.hypothalamus.51

Subsequently.it.was.suggested.that.opioids.may.simply.be.involved.in.the.con-
trol.of.reward-related.feeding.rather.than.affect.a.specific.macronutrient.intake..For.
example,.it.was.shown.that.naloxone.was.much.more.effective.in.decreasing.intake.
of.a.high-sucrose.diet.than.a.high-cornstarch.or.high-Polycose.diet.in.food-restricted.
rats,.and.in.that.paradigm,.sucrose.was.the.most.attractive.tastant.52.In.an.interesting.
study,.Gosnell.and.coworkers.classified.rats.into.carbohydrate,.fat,.or.intermediate.
preferers.based.on.daily.food.intakes.of.high-fat.and.high-carbohydrate.diets.pre-
sented.concurrently..Animals.were.injected.with.morphine.or.saline.and.offered.both.
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diets..Morphine.increased.intake.of.a.preferred.diet.rather.than.selectively.increasing.
intake.of.only.a.high-fat.diet.53.With.a.similar.base.preference.classification.protocol,.
opioid-like.neuropeptide.nociceptin/orphanin.FQ.increased.intake.of.both.high-car-
bohydrate. and. high-fat. diet. offered. concurrently. only. in. fat-preferring. animals.54.
These.observations.suggest.that.innate.preferences.toward.foods.may.influence.what.
macronutrient.animals.select.in.response.to.a.given.peptidergic.stimulation.

Moreover,. reinforcement. studies. utilizing. two-bottle. tests. revealed. that. the.
endogenous.opioid.system.did.not.seem.to.play.a.major.role.in.either.the.acquisition.
or.expression.of.flavor.preference.learning.in.paradigms.where.carbohydrates.were.
used.as.conditioned.stimuli.55,56.On.the.other.hand,.studies.showed.that.it.is.possible.
that.opioid.receptor.blockade.alters.perception.of.the.taste.of.sweet.carbohydrates.
and,. thus,.decreases. their. rewarding.value..At. the.same. time,. it.was. important. to.
learn.that.the.taste.of.nutrients.remains.discriminable.following.administration.of.
opioid.antagonists..For.example,.naloxone.did.not.affect.sucrose.discrimination.in.
rats.taught.to.discern.10%.sucrose.from.water.in.a.two-lever.operant.chamber..In.that.
study.animals.continued.to.press.the.appropriate.sucrose.lever.following.naltrexone.
injection,.which.suggests.that.these.tastants.are.still.discriminable.and.that,.perhaps,.
the.rewarding.value.of.sucrose.decreases.as.a.result.of.the.treatment.57

The. aforementioned. data. clearly. indicate. that,. due. to. a. plethora. of. variables.
inherently.present.in.studies.where.food.and.feeding.behavior.are.the.focus.of.inter-
est,.experimental.procedures.would.rarely.yield.a.straightforward.answer.regarding.
neuropeptidergic.control.of.macronutrient.intake..Environment,.social.cues,.innate.
preference.toward.macronutrients,.food.content,.flavor,.and.texture,.to.name.a.few,.
modify. a. consummatory. response.. Neuropeptides. that. control. feeding. in. general.
also.affect.intake.of.macronutrients;.however.these.peptides.—.regardless.of.being.
indisputably.a.driving.force.in.macronutrient.preference.and.consumption.—.should.
be.also.viewed.as.part.of.a.dynamic.mechanism.which.actively.responds.to.multiple.
aspects.and.circumstances.of.feeding.behavior.

��.�   Quest for answers: anIMal versus huMan studIes

The.majority.of.studies.on.the.processes.governing.macronutrient.intake.have.been.
performed.using.laboratory.animals,.primarily.rats.and.mice,.as.model.organisms..
A.crucial.question.has.been.raised.whether.data.derived.from.animal.experiments.
should.be.viewed.as.translatable.to.the.terms.of.human.physiology..Clearly,.as.with.
virtually.any.physiological.system,.mechanisms.related.to.macronutrient.selection.in.
various.species.share.both.similarities.and.differences..For.example,.as.mentioned.
before,.even.though.rodents.recognize.sweet,.bitter,.salty,.sour,.and.umami.flavors,.
they.may.also.be.—.contrary.to.humans.—.endowed.with.the.ability.to.distinguish.
between. mono-,. di-,. and. polysaccharides.19. However,. using. laboratory. animals.
instead. of. humans. in. basic. research. offers. several. advantages,. including. relative.
genetic. uniformity. of. a. population. studied,. strict. control. of. overall. consumption.
profile,.and.ability.to.determine.physiological.variables.or.behavioral.responses.not.
attainable.in.human.subjects.due.to.technical.or.ethical.issues..Finally,.animal.exper-
iments.provide.a.chance.to.examine.macronutrient.preference.without.the.influence.
of.the.subjects’.bias.towards.tastants.due.to,.for.example,.social.or.societal.types.of.
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pressure.commonly.experienced.by.humans..Conversely,.it.is.important.to.remem-
ber. that. those.advantages.of. studies. involving.animals.may. serve.as. a.drawback,.
for.example,.for.epidemiologists.wishing.to.describe.macronutrient.preferences.in.
human.populations.whose.members.do.not.typically.live.in.social.isolation.or.pres-
ent. extremely. high. levels. of. genetic. similarity. to. other. individuals. in. the. cohort..
Therefore,.it.seems.that.for.quite.a.while.animal.and.human.research.will.go.hand.in.
hand.and.offer.complementary.answers.

��.�   conclusIons

Complexity.of.the.mechanisms.responsible.for.the.regulation.of.food.intake.reflects.the.
complexity.of.foods..Macronutrients,.which.are.essential.for.the.proper.functioning.
of.the.organism,.constitute.merely.an.element.of.chemically.heterogenous.ingestants..
Thus,.the.role.of.the.feeding.regulation.system.is.to.propel.consummatory.behavior.
that.promotes.sufficient.intake.of.macronutrients..This.system.incorporates.fast.and.
accurate.detection.of.these.compounds.in.the.oral.cavity.and.in.the.gastrointestinal.
tract,.recognition.of.postoral.processes.related.to.consumption,.and.reinforcement.
of.consummatory.behavior.that.leads.to.acquisition.of.appropriate.amounts.of.mac-
ronutrients..Certain.neuropeptides.aid.in.integration.of.feeding-related.information.
and,.hence,.affect.intake.and.preference.toward.macronutrients.
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��.�   IntroductIon: the study of huMan food Intake

We.live. in.a.society.obsessed.with. the. influence.of.diet.composition.and.food.on.
health,.energy.intake.(EI),.and.body.weight.control..While.much.of.life.in.preindus-
trial.societies.has.been.concerned.with.locating,.obtaining,.or.cultivating.adequate.
quantities.of.appropriate.foods,.many.people.living.in.industrialized.societies.spend.
considerable.time.and.effort.attempting.to.avoid.excess.food.intake..For.many.indi-
viduals.this.has.become.an.active.process..The.food.industry.in.any.Western.society.
is.worth.billions.of.dollars.per.annum..In.addition,.consumers.spend.several.billion.
dollars.on.products. they.hope.will.help. them.avoid.excess. food. intake.or. remedy.
the.consequences.of.overconsumption..The.composition.of. the.diet.we.eat. is.now.
considered.a.primary.cause.of.morbidity.and.mortality.(e.g.,.obesity,.coronary.heart.
disease1)..Our.growing.knowledge.of.the.effects.of.the.diet.on.health.offers.a.poten-
tial.means.of.preventing.certain.illnesses.or.alleviating.the.effects.of.others.through.
nutritional.support..The.market.economy.has.recognized.the.potential.in.this.area,.
and.now.“functional.foods,”.“nutraceuticals,”.and.diets.of.specific.compositions.are.
available.with.the.promise.of.increased.consumer.longevity,.health,.and.well-being..
Despite.at.least.two.decades.of.intensive.research.on.the.role.of.macronutrients.in.
the.control.of.feeding.behavior,.there.are.relatively.few.commonly.agreed.facts.or.
a.strong.consensus.on.the.way.macronutrients.influence.feeding.and.weight.control.
in.humans.

��.�   facts about huMan feedIng behavIor

It.appears.difficult.to.pinpoint.the.major.facts.that.scientists.have.discovered.about.
food.intake..This.is.largely.because.we.are.dealing.with.a.form.of.behavior,.which.
operates. according. to. probabilistic. rather. than.deterministic. principles.. This. also.
has. implications. for. those. seeking. to. unravel. the. specific. molecular. mechanisms.
thought.to.be.important.in.controlling.feeding.behavior..If.clear.facts.about.feeding.
are.rather.elusive,.then.mechanistic.explorations.of.the.molecular.basis.of.feeding.
must.be.more.difficult.to.describe.in.concrete.terms.

Reliable.quantitative.and.qualitative.facts.about.food.intake.are.also.difficult.to.
obtain.because.the.act.of.measurement.may.influence.what.is.being.measured..This.
is. exemplified. by. current. concerns. over. the. nature. and. extent. of. misreporting. of.
dietary.intakes.2.Even.more.frustrating.to.both.the.scientist.and.the.general.public.
is. the.problem.of. communicating. the. results.of. research. to. a.population.eager. to.
understand.how.to.regulate.their.own.body.weight.and.improve.health.and.fitness..
Once.research.findings.have.been.reduced.by.the.media.to.easily.digested.“sound.
bites”.deemed.fit.for.public.consumption,.the.information.being.relayed.has.become.
distorted..This.is.often.so.in.science..However,.the.field.of.ingestive.behavior,.energy.
balance,.and.obesity.is.constantly.the.subject.of.media.interest,.and.so.this.problem.
of.media.misrepresentation.of.our.results.is.more.acute..Thus.we.have.cycled.from.
a.ubiquitous.emphasis.on.increasing.carbohydrate.(CHO).intake.during.the.1980s.to.
1990s.to.a.renewed.interest.in.low.CHO.diets.as.a.means.of.successful.weight.control.
in.the.first.years.of.the.new.millennium..The.consequences.for.consumer.confidence.
in.scientific.research.in.this.area.has.been.catastrophic.
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While. food. intake. may. be. under. voluntary. behavioral. control,. macronutrient.
intake.may.not,.since.people.cannot.usually.recognize.the.amount.of.protein,.fat,.or.
CHO.they.have.ingested.on.a.day-to-day.basis..The.study.of.food.intake.should.con-
centrate.on.the.way.in.which.environmental,.cognitive,.or.biological.factors.impinge.
on.behavior..Not-eating.(one.aspect.of.which.is.satiety).is.also.a.form.of.behavior..
Consequently,. events. that. prevent. eating. are. also. important.. Understanding. how.
energy.balance. is.maintained. requires.an.understanding.of. the. forms.of.behavior.
that.promote.weight.stability..Avoiding.obesity.development.and.developing.strate-
gies.for.its.treatment.require.an.appreciation.of.the.mechanisms.that.influence.the.
behaviors.leading.to.weight.gain.and.those.that.can.bring.about.a.sustained.weight.
loss,.respectively.

One.of. the.most. important.mechanisms. that. influence. feeding. is. learning.. In.
many. laboratory. studies. where. manipulations. of. the. macronutrient. content. and.
energy.density. (ED).of. the.diet. are.made,. the.manipulation. itself. is. covert..Thus.
subjects.are.naive.to.the.manipulation.and.do.not.have.the.opportunity.to.learn.to.
modify.their.behavior.as.they.would.do.in.real.life..This.implies.that.many.labora-
tory.studies.should.yield.larger.effects.than.are.seen.in.real.life..In.the.case.of.dietary.
macronutrients.and.ED.at.least.(see.sections.that.follow).this.appears.to.be.so.

16.2.1   defInITIons

For.the.purposes.of.this.chapter,.diet.is.defined.as.water.(g·day–1),.protein.(MJ·day–1),.
carbohydrate.(MJ·day–1),.fat.(MJ·day–1),.energy.(MJ·day–1),.energy.density.(MJ·kg–1),.
and.amount.of.food.eaten.(kg·day–1)..Energy.density.is.defined.as.the.energy.per.kg.
of.wet.weight.of.ready-to-eat.food.

16.2.2   human feedIng BehaVIor In our currenT enVIronmenT

With.regard.to.the.development.of.obesity,.the.evidence.from.the.human.literature.
suggests.the.following:

. 1.. In.the.short-term,.it.is.remarkably.easy.to.perturb.energy.balance.in.either.a.
positive.or.a.negative.direction..Changing.the.composition.or.ED.of.the.diet.
can.generate.considerable.energy.imbalances.3–5

. 2.. In.the.medium-.to.longer-term,.the.evidence.suggests.that.humans.defend.
against.induced.energy.deficits,.regardless.of.body.weight.at.the.outset.of.
the.induced.deficit.6,7.Over.the.same.time.window,.we.are.remarkably.tol-
erant.of.moderate.increases.in.energy.balance..Thus.American.adults,.on.
average,.gain.0.2.to.2.0.kg.per.year.8

. 3..While. tolerant.of.positive.energy.balances,.we.do.not.eat.anywhere.near.
the. maximum. levels. of. EI. that. is. readily. obtainable. by. selecting. com-
monly.available.foods..This.behavior.is.apparent.only.in.certain.pathologi-
cal.states.such.as.genetically.determined.leptin.deficiency.or.binge.eating,.
where.intakes.of.30.MJ.a.day.have.been.reported.3

. 4.. It.seems,.therefore,.that.there.is.a.tonic.control.on.EI,.which.limits.a.very.
rapid.weight.gain. in.most.people..There. is. little.evidence. that.such.tonic.
control.operates.through.negative.feedback.loops,.as.for.tightly.regulated.
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physiological.systems,.such.as.breathing..In.other.words,.there.is.little.evi-
dence.that,.as.fat.mass.accumulates,.physiological.signals.become.stronger.
and. limit. further.gain. in. fat.mass.9.The.exact.nature.and.strength.of. the.
mechanisms.that.restrain.excess.EI.in.humans.is.currently.unclear.

. 5..There.is.greater.evidence.that.energy.deficits.do.induce.signals.that.elevate.
appetite.and.EI..As.weight.loss.proceeds,.these.signals.appear.to.become.
stronger,. until. they. become. the. primarily. motivational. forces. governing.
an.individual’s.behavior.10.There.are.a.number.of.signaling.systems.in.the.
periphery. that. interlink.with. the.peptide.messenger. systems.of. the.brain.
to.increase.intake.when.energy.deficits.significantly.deplete.tissue.stores.11.
The.extent.to.which.these.systems.are.involved.in.the.control.of.day-to-day.
feeding.behavior.in.humans.is.currently.less.clear.

. 6..As. regards. depletion. of. body. tissues. during. periods. of. energy. deficit,.
research.has.focused.almost.exclusively.on.fat.11.This.is.despite.the.fact.that.
in.the.clinical.setting.a.negative.nitrogen.balance.and.loss.of.lean.tissue.are.
known. to.compromise.physiological. function..Loss.of. lean. tissue.during.
therapeutic.weight. loss.may.be.a.major. factor.signaling. to. the.brain. that.
physiological.integrity.is.being.eroded..The.signals.are.as.yet.unknown.

Given.these.“facts”.about.food.intake.in.the.current.environment,.it.is.valuable.
to.consider.how.the.food.environment.has.changed.in.recent.decades.

16.2.3   changes In The food enVIronmenT

The.diet.we.eat.has.changed.considerably.since.the.World.War.II..Fat.contributes.
more.to.the.diet.now.than.in.the.1930s,.although.recently.it.appears.to.be.decreas-
ing.slightly.12,13.Consumption.of.sugars.added.to.the.diet.has.increased.steadily.14.
The. way. we. eat. has. also. changed,. with. restaurant. meals,. processed. foods,. and.
soft.drinks.being.a.bigger.part.of.the.diet.than.previously.15,16.These.changes.have.
contributed.to.a.food.environment.containing.a.wider.range.of.relatively.inexpen-
sive,.highly.palatable,. and.energy-dense. foods. than.ever.before.. It. is. frequently.
considered.axiomatic.that.the.ready.availability.of.these.foods.contributes.to.cur-
rent.secular.trends.in.increasing.prevalence.of.obesity..In.the.last.two.decades.a.
large.amount.of.work.has.been.conducted.examining.the.role.of.diet.composition.
in.appetite.and.energy.balance.control.17.We.now.have.a.clearer.idea.of.the.nutri-
tional.attributes.of.the.diet.that.tend.to.elevate.or.limit.excess.EI..To.understand.
this.better,.it.is.important.to.consider.how.the.macronutrient.composition.of.foods.
relates.to.dietary.ED.and.EI.

��.�  the relatIonshIp between dIetary MacronutrIents 
and the energy densIty of foods

As.macronutrients.come.in.the.diet,.fat.is.more.energy.dense.(37.kJ·g–1).than.either.
carbohydrate.(16.kJ·g–1).or.protein.(17.kJ·g–1),.while.alcohol.is.29.kJ·g–1.18

An.analysis.of.1032.ready-to-eat.foods.from.the.British.food.composition.tables.
shows.that.the.primary.determinants.of.ED.are.water.and.fat.(Figure.16.1).
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Fat.elevates.ED,.and.water.decreases.ED..Protein.and.CHOs.contribute.very.lit-
tle.to.dietary.ED.per se.3.Thus,.the.ED.of.foods.is.mainly.determined.by.a.fat–water.
seesaw..If.high-protein,.high-CHO,.and.high-fat.foods.are.selected.so.that.the.two.
remaining.macronutrients.are.equally.represented.(in.MJ),.then.high-protein.foods.
are.less.energy-dense.than.high-CHO.foods,.which.are.less.energy-dense.than.high-
fat.foods.(Figure.16.2)..There.is.about.50%.overlap.in.ED.between.each.category.19

Although.CHO.and.protein.have.relatively.small.and.variable.effects.on.energy.
density,.there.appears.to.be.consistent.evidence,.whether.foods.or.the.overall.diets.
of.individuals.are.considered,.that.water.and.fat.content.are.the.main.determinants.
of.energy.density.3,20–25

Many.“lower-fat”.alternatives.of.foods.are.of.a.similar.ED.to.their.more.tradi-
tional.counterparts,22.because.in.these.products.fats.are.largely.replaced.by.readily.
assimilated.starches.and.disaccharides.(Figure.16.3)..This.has.been.suggested.as.an.
explanation.for.the.failure.of.the.introduction.of.lower-fat.alternative.foods.to.signifi-
cantly.reduce.EIs.26.Having.considered.the.relationship.between.macronutrients.and.
ED,.it.is.valuable.to.consider.how.both.ED.and.the.macronutrient.content.of.foods.
influence.satiety.and.EI.

��.�  energy densIty, MacronutrIents, and satIety

16.4.1   energy densITy

Many.laboratory.studies.have.shown.that.when.the.ED.of.foods.is.covertly.increased,.
subjects.tend.to.eat.a.similar.amount.of.food.and.increase.EI.19.Conversely,.when.the.
ED.of.foods.is.covertly.decreased,.subjects.show.a.similar.lack.of.change.in.behavior.
and.so.consume.less.energy..These.observations.have.led.some.authors.to.suggest.that.
ED.is.the.primary.factor.influencing.human.EI.and.that.dietary.macronutrients.have.
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little.or.no.effect.on.satiety.27,28.However,.in.most.of.these.studies.subjects.are.naive.
to.the.manipulation.and.do.not.have.the.time.to.learn.the.postingestive.consequences.
of.these.relatively.novel.foods..When.subjected.to.familiar.foods,.compensation.is.
greater..Thus.when.Mazlan.et.al.29.gave.subjects.0,.1.5,.and.3.0.MJ.of.covertly.manip-
ulated.snack.foods.a.day,.which.were.either.high.in.fat.or.high.in.sugar,.subjects.did.
not.compensate.EI.over.7.days..In.contrast.the.same.energy.intakes.from.familiar,.
commercial.snack.foods.that.were.2.to.3.times.more.energy.dense.resulted.in.around.
50%.EI.compensation.in.free-living.consumers.30.Furthermore,.compensation.was.a.
direct.function.of.habitual.consumption.of.commercial.snack.foods,.illustrating.the.
importance.of.learning.as.a.mechanism.of.caloric.compensation.

Yeomans.et.al.31.showed.that.subjects.learn.to.compensate.more.accurately.when.
high-.and.low-energy.density.versions.of. the.same.food.are.paired. to.distinct.fla-
vors.than.when.the.foods.remained.covertly.manipulated..Thus.EI.is.not.a.simple.
function.of. the.ED.of. the.diet,. although,.especially. in. the. short-to-medium. term,.
changes.in.the.ED.of.foods.can.have.an.effect.on.EI,.due.to.the.lack.of.precision.with.
which.food.intake.is.regulated.32.The.simplest.means.of.altering.the.ED.of.a.food.
is.to.add.or.remove.water.from.it..However,.in.free-living.subjects,.large.variations.
in.water.intake.do.not.have.much.discernable.impact.on.EI.25.Thus,.there.must.be.
additional.components.to.the.diet.that.differ.between.high-.and.low-energy.density.
foods,.which.lead.to.their.tendency.to.elevate.or.constrain.EI..These.constituents.are.
the.macronutrients.protein,.CHO,.fat,.and.alcohol,.water,.and.structural.components.
such.as.dietary.fiber.

��.�  proteIn

Protein.appears.to.be.the.macronutrient.that.elevates.satiety.and.suppresses.EI.to.a.
greater.extent.than.any.of.the.other.macronutrients..Careful.retrospective.analysis.of.
food.records19,33.indicates.that.protein.exerts.a.postingestive.action.over.and.above.
the.contribution.from.energy.per se..Protein.also.exerts.a.large.influence.on.satiety.
in.the.laboratory..Some.studies.using.pure.macronutrient.loads.delivered.to.the.stom-
ach,.or.solutions.quickly.swallowed.by.subjects.wearing.nose.clips,34,35.have.found.
that.all.macronutrients.have.equal.satiating.power..It.is.intriguing.in.this.regard.that.
sensory.cues.(especially.taste).may.be.important.in.clearly.identifying.the.effects.of.
nutrient.ingestion..Miller.and.Teates36.found.that.rats.were.able.to.select.from.nutri-
tionally.different.diets.to.stabilize.the.protein.energy.ratio.at.0.14..However,.when.
subjected.to.impairment.of.oral.somatosensory.input,.they.were.unable.to.maintain.
a.stable.selection.pattern..The.authors.hypothesized.that.selection.between.protein.
and. CHO. (or. energy). at. least. “involves. an. associative. learning. process. in. which.
somatosensory.inputs.effect.feeding.activity.and/or.the.properties.of.the.food.link.
dietary.choice.behavior.to.later.metabolic.consequences.”

It.also.appears.that.there.is.a.critical.threshold.in.the.amount.of.protein.required.
to.suppress. subsequent.EI,.because.studies. that.have. found. little.effect.of.protein.
relative.to.other.macronutrient.preloads.have.only.used.small.amounts.of.energy.as.
protein.in.the.preload.34,37.Hill.and.Blundell38.found.that.a.high-protein.(HP).meal.
(31%.of.2.1.MJ).produced.a.greater.sensation.of.fullness.and.a.decreased.desire.to.
eat,.relative.to.a.high-carbohydrate.(H-CHO).meal.(52%).of.the.same.energy.content..
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They.also.found. that.both.obese.and.normal-weight.subjects. reduced. their.subse-
quent.meal. intakes.by.19.and.22%,. respectively,. after. a.HP. (54%.of.2.MJ).meal.
compared. to. a.H-CHO.meal. (63%.of.2.MJ).with.weight.of. food.held. constant.39.
Barkeling.et.al.40.gave.20.normal-weight.women.a.high-protein.(43%.of.2.6.MJ).or.a.
high-CHO.(69%.of.2.6.MJ).lunch..EI.at.a.subsequent.evening.meal.was.depressed.by.
12%.more.after.consumption.of.the.HP.than.the.high-CHO.meal..Booth et.al.41 also.
found.that.a.HP.meal.reduced.the.intake.of.a.subsequent.test.meal.by.26%.relative.to.
a.virtually.protein-free.meal.in.normal-weight.individuals..Thus,.protein.appears.to.
be.particularly.satiating.when.given.at.moderate.and.large.amounts.

This. apparent. appetite-restraining. effect. of. protein. has. not. yet. been. given. a.
strong.theoretical.basis..Essential.amino.acids.when.ingested.in.excess.of.require-
ments.form.a.physiological.stress.that.must.be.disposed.of.by.oxidation..It.is.known.
that.animals.will.alter.feeding.behavior.in.order.to.alleviate.a.physiological.stress.42.
Pigs,.in.particular,.appear.capable.of.learning.to.select.a.protein:energy.ratio.in.the.
diet.that.is.optimal.for.growth,43,44.as.can.rats.36.The.protein:energy.ratio.of.foods.
may.be.important.in.influencing.feeding..Malnourished.children.find.it.difficult.to.
tolerate.nutritional.supplements.whose.protein:energy.ratio.is.too.high..Millward.has.
hypothesized.that.lean.tissue.deposition.may.be.an.important.factor.driving.appetite.
during.catch-up.growth.in.children.45

16.5.1   proTeIn and The preVenTIon of WeIghT regaIn

Stubbs.and.Elia.have.suggested.that.lean.tissue.depletion.during.weight.loss.may.be.at.
least.as.important.as.adipose.tissue.depletion.in.increasing.appetite.and.driving.intake.
upward.46.This.concept.has.been.long.neglected..One.seminal.study.has.enabled.the.
relationship.between.tissue.loss.and.subsequent.feeding.behavior.to.be.determined.47.
The.results.were.quite.remarkable.and.have.been.revisited.by.Dulloo.48,49.During.the.
Minnesota.semistarvation.study.a.group.of.lean.men.were.chronically.underfed.for.
24.weeks,.consuming.~40%.of.their.normal.EI.throughout.this.period..During.this.
time.they.lost.~70%.of.their.fat.mass.and.~18.to.20%.of.their.lean.body.mass..For.the.
next.12.weeks,.they.were.incrementally.refed.in.a.mandatory.manner..By.the.end.of.
this.period,.they.were.still.in.a.deficit.of.~25%.for.fat.mass.and.12.to.15%.for.lean.
body.mass..During.the.final.8.weeks.subjects.had.ad libitum.access.to.a.range.of.
foods..During.this.period.EI.initially.increased.to.160%.of.requirements.and.gradu-
ally.subsided.to.preweight-loss.levels..However,.by.this.time.fat.mass.had.reached.
170%.of.preweight-loss.values,.while.lean.body.mass.had.returned.to.preweight-loss.
levels.48,49. These. relationships. are. depicted. in. Figure.16.4.. Thus,. the. cessation. of.
postweight-loss. hyperphagia. coincided. with. a. massive. overshoot. of. fat. mass,. but.
precise.repletion.of.lean.body.mass..There.are.very.few.data.sets.of.this.extremity.
or.quality.available,.which.highlights.the.importance.of.conducting.more.detailed.
longitudinal.studies.with.this.degree.of.precision.and.accuracy..If.depletion.of.lean.
tissue.during.weight. loss. stimulates.hunger,. then. increased.protein. intake,. subse-
quent.to.significant.weight.loss,.may.replete.lean.tissue.faster.and.help.stabilize.body.
weight.at.a.new,.lower.level..While.there.is.evidence.to.support.this.hypothesis.in.
growing.children,45.there.is.little.evidence.that.this.mechanism.operates.at.the.levels.
of.weight.loss.adult.humans.usually.achieve.(~10%.of.original.body.weight).50,51
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It.can.be.seen.from.the.arguments.outlined.in.this.discussion.that.the.physiologi-
cal.regulation.of. lean.tissue.may.be.a.critical.factor.exerting.feedback.on.subsequent.
EI..When.subjects.are. in.energy.balance,.excess.protein. intake.does.not. increase. the.
size.of.lean.body.mass.52.Instead.it.is.disposed.of.by.transamination,.deamination,.and.
urea.production..This.regulation.of.protein.balance.by.obligatory.oxidative.disposal.pre-
dicts.a.suppression.of.subsequent.EI.5.During.undernutrition,.lean.body.mass.becomes.
depleted.47,52,53.The.Keys.data. from. the.Minnesota. semistarvation. study. suggest. that,.
when.food.is.available.ad libitum,.subjects.do.not.stop.eating.when.fat.mass.is.repleted,.
but.when.lean.body.mass.is.repleted..Thus,.there.is.evidence.that.the.regulation.of.lean.
tissue.(which.helps.maintain.normal.physiological.function),.through.oxidation.of.excess.
and.repletion.of.deficits.in.protein.intake,.may.exert.some.negative.feedback.effect.on.
longer-term.EI.46.The.role.of.lean.tissue.in.this.respect.has.been.largely.ignored..It.is.
important.to.understand.how.both.lean.and.adipose.tissue.changes.relate.to.longer-term.
energy.balance.46–49.This.is.again.important.in.the.clinical.setting,.since.loss.of.lean.tis-
sue.in.disease.compromises.physiological.function.and.can.complicate.further.the.effects.
of.disease..Understanding.how.loss.of.fat.and.lean.tissue.relate.to.other.aspects.of.func-
tion,.health,.and.well-being.will.be.critical.in.improving.sustained.weight.loss.
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fIgure ��.�  Relationship. between. energy. intake. and. tissue. change. during. 6. months.
severe. undernutrition,. 3. months. rehabilitation,. and. 2. months. ad libitum. feeding. in. 12. of.
the.subjects.who.took.part.in.the.Minnesota.study..Of.particular.note.is.the.fact.that.ad libi-
tum.energy.intake.returned.to.pre-underfeeding.levels.at.approximately.the.time.lean.tissue.
returned.to.baseline.values..By.this.time.fat.mass.had.overshot.baseline,.and.reached.~170%.
of.original.levels.
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16.5.2   proTeIn and WeIghT loss

The.last.few.years.has.seen.a.frenzy.of.interest.in.the.role.of.high-protein.diets.in.
promoting.weight.loss..A.well.conducted.study.by.Skov.et.al..showed.that.a.low-fat.
diet.which.was.high.in.protein.was.more.effective.at.reducing.weight.than.a.low-fat.
diet.that.was.high.in.CHO.54.This.finding.in.combination.the.high.satiety.value.of.
protein.and.with.current.concerns.about.the.role.of.some.CHOs.in.weight.control.
has.led.to.a.renaissance.of.interest.in.the.role.of.high-protein.diets.in.weight.con-
trol..As.is.often.the.case.in.this.area.of.research,.these.concepts.have.overshot.their.
logical.conclusion,.leading.to.renewed.interest.in.low-CHO,.high-protein.diets..Four.
major.studies.have.now.been.conducted.to.examine.the.effect.of.high-protein,.low-
fat,.weight-reducing.diets.on.body.weight.over.6.to.12.months.55–58

On.average.high-protein,. low-CHO,.weight-reducing.diets.produced.around.4.
kg.greater.weight.loss.within.6.months.relative.to.normal-protein,.high-CHO.diets..
However,.these.differences.were.not.apparent.at.12.months,.demonstrating.no.clear.
long-term.advantage.of.such.diets.to.lose.weight..A.diet.that.is.very.high.in.protein.
and.very.low.in.CHO.tends.to.be.extremely.monotonous,.and.there.are.limits.to.the.
palatability.of.such.diets,.making.adherence.difficult..Furthermore,.it.appears.that.
the.initial.success.of.such.diets.is.due.to.the.high.satiety.value.of.protein,.and.there.
seems.little.need.to.drastically.reduce.CHO.intake.to.achieve.this.effect,.as.demon-
strated.by.the.Skov.study.54.This.notion.has.recently.found.experimental.support.in.
a.study.by.Weigle.et.al.,.who.kept.the.CHO.content.of.the.diet.constant.and.altered.
the.amount.of.protein.and.fat.for.2.weeks.per.dietary.treatment.59.Nineteen.subjects.
spent.2.weeks.consuming.a.diet.comprising.15%.protein,.35%.fat,.and.50%.CHO..
They.then.spent.2.weeks.on.an.isoenegetic.diet.comprising.30%.protein,.20%.fat,.
and.50%.CHO..Following.this.they.consumed.ad libitum.a.diet.composed.of.30%.
protein,.20%.fat,.and.50%.CHO..During.the.fixed-intake.phase.subjects.experienced.
greater.satiety.on.the.high-protein.diet..When.they.fed.ad libitum.on.this.diet.they.
lost.5.kg.over.the.12.weeks..Thus,.the.apparent.effect.of.so-called.low-CHO.diets.
appears.to.be.due.to.the.fact.that.they.are.high.in.protein.and.there.is.no.apparent.
need.to.minimize.CHO.intake.

It. is. worth. mentioning. one. caveat. in. relation. to. high-. and. low-protein. diets..
People.rarely.discuss.what.exactly.a.high-.or.low-protein.diet.means..On.average,.
Western.adults.consume.around.10.to.20%.of.their.EI.from.protein.when.they.are.in.
approximate.energy.balance..As.Westerterp-Plantenga.et.al..note,.when.considering.
weight-reducing.diets.the.absolute.amount.of.protein.as.well.as.the.percentage.of.EI.
from.protein.should.be.taken.into.account.50.This.is.because.a.very-low-energy.diet.
containing,.for.example,.40%.protein.may.still.only.contain.moderate.amounts.rela-
tive.to.requirements.

��.�   carbohydrates

The.public.perception.of.CHOs.has.oscillated. in. recent.decades..Throughout. the.
1970s. there. was. a. tendency. to. view. CHOs. (especially. refined. forms). as. condu-
cive.to.weight.gain..This.reached.its.logical.extreme.with.perceptions.of.sugars.as.
“pure,.white,.and.deadly”.by.Yudkin.60.Since.then,.and.until.recently,.the.nutritional.
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perception.of.CHOs.has.improved.dramatically..By.the.mid-1990s,.dietary.fat.had.
developed.a.reputation.of.near.demonic.proportions.as.the.dietary.villain.of.the.late.
twentieth.century.and.was.squarely.blamed.as.the.major.dietary.constituent.promot-
ing.excess.EI..Dietary.CHO.was.generally.viewed.in.generic.terms.as.a.beneficial.
nutrient.whose.ingestion.could.promote.all.manner.of.positive.outcomes.with.refer-
ence. to.weight. control.61.The.positive.effects.of. carbohydrates.on.energy.balance.
were.enshrined.in.the.predictions.of.JP.Flatt’s.glycogenostatic.model.of.energy.bal-
ance.control.62.The.general.perceptions.about.CHOs.and.energy.balance.at.this.time.
were.as.follows:

. 1.. It.was.generally.accepted.that.CHOs.are.absorbed,.metabolized,.and.stored.
with.less.bioenergetic.efficiency.than.dietary.fat..Indeed,.a.general.perception.
was.developing.that,.because.de novo.lipogenesis.appears.limited.when.humans.
feed.on.Western.diets,.CHO.ingestion.does.not.promote.fat.storage.63,64

. 2..At.the.same.time.there.was.a.renaissance.of.interest.in.CHO-specific.mod-
els.of.feeding..The.notion.that.CHO.metabolism.or.stores.exert.powerful.
negative. feedback. on. EI. became. quite. firmly. established. in. the. field. of.
energy.and.nutrient.balance.9,17

. 3..The.simultaneous.focus.of.researchers.and.health.professionals.on.dietary.
fat.as.the.pivotal.nutrient.promoting.high.levels.of.EI.reinforced.CHO-spe-
cific.models.of.feeding..HF.hyperphagia.was.seen.as.due.to.the.tendency.for.
subjects.to.eat.to.CHO.balance.rather.than.energy.balance.9,17

. 4..By.the.same.reasoning,.diets.high.in.CHOs.were.deemed.to.be.more.satiat-
ing,.specifically.because.they.were.high.in.CHOs.

. 5..The.extension.of.this.logic.led.to.the.notion.amongst.some.that.it.was.dif-
ficult.if.not.virtually.impossible.to.overeat.on.a.high-CHO.diet.63,64

. 6..Finally,. epidemiological. observations. have. shown. that,. in. subjects. self-
recording.their.food.intakes,.the.percentage.of.EI.from.fat.and.CHOs.are.
reciprocally.related.to.each.other..One.form.of.this.relationship.has.been.
termed.the.fat–sugar.seesaw..It.has.been.noted.in.one.seminal.study.that.
high-sugar. consumers. also. tend. to. be. thinner. than. HF. consumers. are.65.
This.led.to.the.suggestion.that.sugar.displaces.fat.energy.from.the.diet,.and.
since.fat.is.conducive.to.weight.gain,.high-sugar.intakes.may.well.protect.
against.obesity.66

Carbohydrates.had.never.had.it.so.good..Fat.reduction.became.the.order.of.the.
day,.and.the.low-fat.(LF).food.market.rapidly.expanded.67,68.The.fat.reduction.mes-
sage.is.now.so.strong.that.consumers.appear.to.focus.on.fat.avoidance.as.a.primary.
nutritional.objective.while.foraging.for.food.in.local.supermarkets..The.food.indus-
try.has.gone.to.great.lengths.to.diversify.products.in.the.direction.of.LF,.lower.fat,.
and.high-CHO.foods.that.have.sufficient.sensory.appeal.that.consumers.will.con-
tinue.to.select.them..A.major.sensory.attribute.of.high-CHO.foods,.which.is.almost.
ubiquitously.appealing,.is.sweetness.

In. recent. years,. there. have. been. some. doubts. about. the. paramount. role. of.
CHOs.as.the.central.nutrient.around.which.energy.balance.is.regulated.and.body.
weight.controlled.9,17
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. 1..While.excess.CHO.is.stored.with.less.efficiency.than.fat,.the.relevance.of.
these.effects.to.free-living.Western.consumers.has.been.questioned.

. 2..Several.rigorous.tests.of.CHO-specific.models.of.feeding.have.suggested.
that.CHO.oxidation,.or.stores,.per se.do.not.exert.powerful.unconditioned.
negative.feedback.on.EI.9,17,19,69.Rather,.as.macronutrients.come.in.the.diet.
(where.fat.is.disproportionately.energy.dense),.there.appears.to.be.a.hier-
archy. in. the.satiating.efficiency.of. the.macronutrients..Per.MJ.of.energy.
ingested,.protein,.CHO,.and.fat.produce.supercaloric,.approximately. iso-
caloric,.and.subcaloric.compensation,.respectively..Furthermore,.statistical.
modeling.shows.that.models.including.all.three.macronutrients.explain.far.
more.of.the.variance.in.EI,.either.in.the.laboratory,.or.in.free-living.sub-
jects.19.When.ED.is.controlled,.protein.is.still.far.more.satiating.than.CHOs.
or. fats,. and. the. differences. in. the. satiating. efficiency. of. CHOs. and. fats.
become.more.subtle.(see.below).3,17,19

. 3..HF.hyperphagia.can.be.explained.by.the.high.palatability.and.ED.of.HF.
foods.(which.facilitate.greater.levels.of.intake).and.the.low.postabsorptive.
satiety.value.of.fat.(which.prevents.subsequent.compensatory.decreases.in.
EI)..While.CHO.is.more.satiating.than.fat,.excess.fat.intake.is.not.necessar-
ily.driven.by.a.need.to.eat.to.maintain.CHO.balance.

. 4..There.appear.to.be.several.reasons.why.many.high-CHO.foods.are.more.
satiating.than.HF.foods..First,.they.are.usually.(but.not.always).less.energy.
dense.than.HF.foods..Many.high-CHO.foods.contain.dietary.fiber,.which.
limits.rates.of.ingestion.and.digestion,.both.of.which.can.have.a.limiting.
effect.on.EI..High-CHO.foods.that.are.dry.will.tend.to.exert.a.higher.osmotic.
load.in.the.gut.than.will.HF.foods.of.similar.moisture.content..When.the.
energy.content.and.ED.of.high-CHO.and.HF.foods.are.compared,.readily.
assimilated.CHO.is.more.satiating.than.fat..This.difference.in. the.satiat-
ing.capacity.of.fat.and.CHO.can.be.deemed.to.be. independent.of.ED.or.
palatability..However,.this.effect.is.much.weaker.than.when.HF,.ED.foods.
are.compared.to.lower-fat.less.ED.foods.that.are.high.in.CHO.61.Thus.the.
nutrient-specific.differences.in.the.satiating.effects.of.fats.and.CHOs.need.
to.be.considered.in.relation.to.the.structure.and.composition.of.the.foods.in.
which.those.nutrients.abound.61

. 5..Frequently,.it.has.been.stated.that.there.is.no.evidence.that.foods.high.in.
CHOs.promote.overconsumption..This.may.be.due.to.the.fact.that.the.major-
ity.of.studies.examining.the.effects.of.high-CHO.and.HF.foods.on.feeding.
behavior.compared.HF,.more.energy-dense.foods.to.high-CHO.(LF),.less.
energy-dense.foods..The.majority.of.studies.that.demonstrate.the.effects.of.
fat.in.promoting.excess.EI.examined.how.adding.fat.to.the.diet.influences.
feeding..Recently.a.few.studies.have.examined.how.adding.CHOs.to.food.
affects.feeding.behavior.or.EI.61.In.one.study.at.least,.increasing.the.ED.of.
the.diet.by.dramatically.increasing.the.maltodextrin.content.led.to.marked.
elevations.of.EI.over.14.days,.as.shown.in.Figure.16.5.70

. 6..While. the. fat–sugar. seesaw.has.become.a.well-recognized.phenomenon,.
the.phenomenon.itself.has.been.harder.to.pin.down..The.fact.that.fat.and.
sugar,.or.even.fat.and.CHO,.are.reciprocally.related.to.each.other.in.the.diet.
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fIgure ��.�  Energy.intake.and.change.in.body.weight.of.six.men.who.fed.ad libitum.on.
low-.and.high-energy.density.diets.that.were.both.high.in.percent.energy.from.carbohydrate.
(>.60%).for.2.weeks.per.treatment.
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is.almost. inevitable,.given. that. they.are. the.main.energy-providing.mac-
ronutrients.71.Adding.fats.and.sugars.into.the.diet.in.an.incremental.man-
ner.does.not.produce.a.fat:sugar.seesaw.effect.29,30.The.energy.from.fat-.or.
sugar-rich.snacks. is. largely.added. to.voluntary.EI.with.no.macronutrient.
specific.compensation.(Figure.16.6).

16.6.1   Types of carBohydraTe and appeTITe conTrol

Carbohydrates.can.be.simple.(short-chain.sugars),.complex.(starches.and.nonstarch.
polysaccharides),. or. the. intermediate-chain-length. oligosaccharides.. Very. little. is.
known.about.the.vast.range.of.different.starches.and.their.various.structures.in.rela-
tion. to.appetite.and.energy.balance.61.These.are.still.uncharted. landscapes.on. the.
research.horizon.

High-CHO.foods.most.capable.of. limiting.EI. (both.voluntary.and.metaboliz-
able).are.those.rich.in.unavailable.complex.carbohydrates.(UCCs)..However,.there.is.
a.catch,.because.in.general,.humans.are.not.too.fond.of.these.foods,.and.as.typified.
by.the.average.Western.diet,.when.given.the.choice.they.tend.to.select.a.diet.compris-
ing.37.to.42%.fat,.10.to.20%.sugar,.and.a.variable.amount.of.high-glycemic-index.
starches..The.average.Western.adult’s.fiber.intake.is.spectacularly.low.72,73.It.is.likely.
that.dietary.fiber.exerts.a.secondary.indirect.effect.on.satiety.and.EI..Many.high-
CHO.foods.of.a. low.ED.(such.as.fruits.and.vegetables).have.a. lot.of. intracellular.
water.bound.into.their.food.matrix.by.structural.CHOs..When.water.is.ingested.in.
addition.to.food,.it.empties.from.the.stomach.more.quickly.than.the.solid.phase.and.
so.has.little.effect.on.delaying.gastric.emptying.or.in.activating.associated.satiety.
signals..However,.when.water.is.bound.into.the.food.matrix.by.structural.CHOs.a.
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fIgure ��.�  The.impact.of.0,.1.5,.and.3.0.MJ/day.of.high-fat.or.high-sugar.mandatory.
snacks.on.the.intake.of.fat.and.carbohydrate,.when.subjects.had.ad libitum.access.to.a.coun-
terbalanced.selection.of.high-protein,.high-carbohydrate,.and.high-fat.foods,.over.the.course.
of.7.days.
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greater.time.is.required.to.digest.them.and.empty.the.stomach,.and.this.may.account.
for. why. the. low. ED. of. such. foods. is. associated. with. slower. nutrient. release. and.
delayed.postabsorptive.signals.associated.with.their.ingestion.

16.6.2   glycemIc Index of foods, saTIeTy, and energy InTake

In. the. light.of. the.recent.doubts.aired.about. the.central. role. that.CHOs.may.play.
in.limiting.weight.gain,.attention.has.again.focused.on.the.impact.of.the.glycemic.
index.or.load.of.CHOs.on.satiety.and.EI..The.glycemic.index.of.a.CHO.is.its.capac-
ity.(relative.to.a.white.bread.standard).to.increase.plasma.glucose.and.insulin..The.
evidence. relating. to. the.glycemic. index.of.CHOs.currently. cannot. be. interpreted.
due.to.the.heterogeneity.of.study.designs,.vehicles,.and.treatments.used.and,.indeed,.
doubts.as.to.whether.the.glycemic.index.of.a.food.is.a.physiological.constant..In.a.
recent.review.of.this.area.Raben.examined.31.short-term.studies.and.found.that,.rela-
tive.to.high.glycemic.index.foods,.15.studies.found.reduced.hunger.when.subjects.
consumed.low-GI.foods,.but.16.studies.showed.no.difference..Seven.studies.showed.
a.reduced.food.intake.when.subjects.consumed.low-GI.foods,.but.16.studies.showed.
no.difference..Of.20.longer-term.studies.(up.to.6.months).4.showed.greater.weight.
loss.with.low-GI.diets,.while.15.showed.no.difference..A.major.problem.with.many.
of.these.studies.is.that,.while.GI.is.the.main.focus.of.the.dietary.manipulation,.sev-
eral.other.attributes.of.the.diet.are.often.altered.to.achieve.the.change.in.GI..These.
include.the.starch,.fiber,.and.sugar.content.of.foods,.their.physical.state.and.degree.
of. preparation. (raw. foods.have. a. lower.GI. than. cooked),. and. the.orosensory. and.
physical.properties.of.the.foods..Thus.in.many.cases.it.is.not.GI.per se.that.is.being.
altered..While.there.appears.to.be.something.associated.with.the.GI.of.foods.that.
sometimes.affects.satiety.and.feeding.behavior,.exactly.what.this.is.has.not.become.
clearly.apparent..This.should.be.an.area.of.future.research.

It.is.also.worth.bearing.in.mind.that.there.are.a.number.of.CHOs.with.a.relatively.low.
GI.that.are.implicated.in.the.development.of.weight.gain..The.fructose-based.corn.syr-
ups.which.are.used.as.a.main.CHO.sweetener.in.soft.drinks.and.other.foods.are.a.case.in.
point..This.raises.the.question.“when.do.high-CHO.foods.promote.over-consumption?”

16.6.3   hoW easy Is IT To oVereaT on a hIgh-carBohydraTe dIeT?

Clearly.this.depends.on.the.ED,.palatability,.and.the.type.of.CHO.in.the.diets.con-
cerned..It.has.been.demonstrated.that.excess.EIs.are.possible.when.normal-weight.men.
feed.ad libitum.on.HC.diets.over.14.days.69.The.sensory.attribute.primarily.associated.
with.short-chain.CHOs.(sweetness).is.known.to.stimulate.EI,.especially.when.com-
bined.as.mixtures.with.fats.74.Do.the.sensory.attributes.of.some.sweet.foods.elevate.
palatability.and.hence.intake.of.those.foods?.Dissolving.short-chain.CHOs.in.solution.
appears.to.be.an.effective.means.of.supplementing.EI..The.majority.of.snack.foods.
produced. (rather. than. sold). tend. to.be.high. in.CHO.and.ED..These.considerations.
suggest.that.there.is.considerable.scope.for.HC.foods.to.promote.high.levels.of.EI.and.
in.some.cases.energy.balanced.(EB)..The.exact.conditions.under.which.this.occurs,.
and.in.whom,.are.presently.unclear..In.a.recent.series.of.studies.Mazlan.et.al. have.
shown.that.the.addition.of.mandatory.snacks.(ED.=.550.kJ/100.g).which.were.rich.
in.sugar,.fat,.or.starch.led.to.elevated.EIs.over.7.days.in.men,.women,.and.lean.and.
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overweight.subjects.75.While.short-term.studies.show.that.low-energy.density.preloads.
that.are.high.in.sugar.induce.caloric.compensation,.a.longer-term.study.has.shown.that.
a.less.energy-dense,.high-sugar.diet.consumed.ad libitum.led.to.similar.EIs.in.women.
as.a.higher-fat,.more.energy-dense.diet..This.was.because.subjects.ate.more.food.on.
the.high-sugar.diet.76.It.appears.that.the.high-sugar.diet.stimulated.the.greatest.food.
intake.—.presumably.due.to.its.high.level.of.sweetness..It.also.appears.that.sugar.can.
stimulate.appetite.and.leads.to.excess.EI.(and.obesity).in.rats..Several.data.from.studies.
in.rats.have.shown.that.overeating.of.simple.sugars.such.as.glucose.and.sucrose,.has.
led.to.obesity,.especially.if.those.sugars.are.in.solution.77–79.There.is.recent.evidence.
that.this.is.also.the.case.in.humans..Raben.et.al..investigated.the.effect.of.medium-
term.(10.weeks).supplementation.with.either.sucrose.or.artificial.sweeteners.(primar-
ily. as.drinks).on.ad libitum. food. intake. and.body.weight. in.overweight. subjects.80.
Two.groups.of.overweight.subjects.(36.women,.6.men).consumed.dietary.supplements.
containing.sucrose.or.artificial.sweeteners.for.10.weeks.in.a.parallel.design..On.aver-
age,.the.sucrose.intervention.supplemented.3.4.MJ/day.and.152.g/day.sucrose,.and.the.
sweetener.intervention.added.1.0.MJ/day.and.0.g/day.sucrose.per.day..After.10.weeks.
sucrose.supplementation,.EI.increased.(2.6.MJ/day),.as.did.ED,.and.the.percentage.of.
energy.from.sucrose.(to.28.E%).and.CHO.E%..The.percentage.of.energy.from.fat.and.
protein.decreased..On.the.sweetener-supplemented.diet.the.only.change.was.a.small.
decrease. in.sucrose. intake.(by.4%.of.EI)..Taken.together. these.studies.suggest. that.
excess.EI.can.readily.occur.when.subjects.consume.sweet.short-chain.CHOs.in.foods.
that.are.rich.in.readily.assimilated.energy..It.appears.we.may.have.to.revise.our.assess-
ments.of.the.capacity.of.certain.CHOs.to.elevate.EI.

16.6.4   WhIch carBohydraTes (chos) sTImulaTe and WhIch 
proTecT agaInsT excess energy InTake (eI)?

The.current.controversy.regarding.which.CHOs.promote.and.which.protect.against.
excess.EI.is.due.to.a.number.of.factors..First,.it.seems.likely.that,.as.more.foods.rich.
in.readily.assimilated.CHOs.become.available,. the.ED.of.high-CHO.foods. is,.on.
average,.increasing..Second,.CHO.is.a.term.used.to.describe.a.range.of.structures.
from.monosaccharides.and.disaccharides.at.one.end.of.the.spectrum.to.a.range.of.
unavailable.complex.CHOs.at.the.other..It.is.reasonable.to.state.that.shorter-chain.
CHOs.are.likely.to.have.more.of.an.intake-promoting.effect,.and.unavailable.com-
plex.CHOs.will.have.more.of.an.intake-restraining.effect..There. is.a.broad.range.
of.starches.and.shorter-chain.CHOs.in.between.these.extremes..Their.sensory.and.
physiological.effects.cannot.be.predicted.from.chain.length.alone,.since.other.factors.
such.as.the.ratio.of.alpha.to.beta.links.and.branching.of.chains.are.critically.impor-
tant..There.is.a.vast.range.of.specific.CHO.subtypes,.and.their.effects.on.appetite.
and.energy.balance.are.almost.virtually.unknown.at.this.level..It.is.also.important.to.
recognize.that.some.CHOs.may.constrain.intake.because.they.limit.the.digestibility.
of.foods..They.may.not.elevate.satiety.though,.and.this.will.add.further.to.the.het-
erogeneity.of.feeding.and.motivational.responses..As.has.been.discussed.throughout.
this.chapter,. there.are.numerous.confounding.effects.which.need. to.be.controlled.
when.comparing. the.effects.of.different.CHOs.on.appetite,. feeding.behavior,.and.
energy.balance..These.include.the.ED.of.foods,. the.presence.of.other.nutrients. in.
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foods,.the.moisture.content.of.foods.being.compared,.the.sensory.attributes.of.foods,.
and.the.psychological,.physiological,.and.genetic.predisposition.of.the.subjects.being.
studied..Indeed,.given.the.number.of.confounding.issues,.it.is.not.surprising.that,.at.
the.present.time,.it.is.difficult.to.give.anything.more.than.a.preliminary.assessment.
of.which.CHOs.promote.and.which.protect.against.weight.gain.

Given.the.range.of.CHO.structures.available.to.the.food.market.and.the.different.
physicochemical.properties.they.possess,.it.is.particularly.important.to.identify.how.
these.potentially.beneficial.effects.of.CHO.structure.can.be.used.to.enhance.preab-
sorptive.and.absorptive-phase.satiety.signals.

16.6.5   dIeTary fIBer

Most.work.on.the.effects.of.different.CHOs.on.EI.has.been.done.with.UCCs or.fiber..
The.time-energy.displacement.concept.has.been.invoked.to.suggest.that.the.addition.
of.UCCs.to.the.diet.enhances.satiation.and.limits.meal.size..This.effect.is.apparent.
in.some.of.the.studies.discussed.above,.and.the.phenomenon.has.been.used.to.limit.
weight.gain.in.farm.animals.on.single.feeds.

Over.50.studies.have.examined.the.effects.of.dietary.fiber.on.food.intake.and.
body.weight,.and.these.have.been.extensively.covered.in.four.reviews,81–84.to.which.
the.reader.is.referred..In.summary,.various.loads.of.UCC.or.fiber.at.one.meal.have.
been. shown. to.decrease.both.hunger. and.EI. at. the.next.meal,. but. the. effects. are.
relatively.modest..Levine.and.Billington81.note.that.26.of.38.long-term.studies.have.
examined. the. effects. of. increased.UCC. ingestion.on.body.weight..The. results. of.
this.seemingly.large.number.of.trials.are.equivocal.because.of.the.different.forms.
of.fiber.used,. the.different.vehicles.chosen. (ranging. from.real. foods. to. tablet. for-
mulations),.different.subject.populations,.and.the.varying.degrees.of.experimental.
control. ranging. from. overt. to. double-blind. manipulations.. The. conclusion. seems.
to.be.that.supplementing.the.diet.with.tolerable.levels.of.extracted.UCC.appears.to.
have,.at.best,.modest.effects.in.decreasing.body.weight.over.several.months.or.more..
However,.fiber-rich.bulky.diets.of.low.ED.may.have.different.effects,.and.the.reader.
should. consider. the. methodological. issues. detailed. in. a. number. of. references81–84.
before.drawing.firm.conclusions..A.major.problem.with.the.notion.of.using.dietary.
fiber.to.limit.intake.is.that.people.do.not.enjoy.very.fibrous.foods..They.tend,.there-
fore,.not.to.select.them.

16.6.6   WeT Versus dry carBohydraTes

Mattes.has.conducted.a.meta-analysis.of.feeding.responses.to.either.liquid.or.solid.
manipulations.of.the.nutrient.and.energy.content.of.the.diet.85.The.analysis.suggests.
that.the.physical.state.of.ingested.CHO.intake.is.important.in.influencing.subsequent.
caloric. compensation.. The. reasons. for. this. are. at. present. unclear,. but. may. relate.
to. the. rate,. timing,. and. density. at. which. the. energy. is. ingested.. There. may. be. a.
threshold.in.these.parameters,.below.which.energy.is.poorly.detected..In.1955.Fryer.
supplemented.the.diet.of.college.students.with.a.high-CHO.drink.containing.1.8.MJ/
day.for.2.months..Compensation.was.incomplete.(~50%).after.8.weeks.86.The.recent.
study.by.Raben.et.al..also.confirms.that.supplementing.the.diet.with.wet.CHOs.can.
lead.to.elevations.of.both.EI.and.body.weight.in.the.medium-term.87
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There.is.a.large.range.of.CHO.subtypes.whose.specific.structures,.either.alone.or.
in.combination.with.other.nutrients,.are.likely.to.influence.appetite.and.energy.bal-
ance..At.the.present.time.very.little.is.known.about.which.aspects.of.CHO.structure.
are. most. likely. to. influence. motivation. to. eat. and. feeding. behavior.. Here. lies. an.
expanse.of.virgin.territory.for.research.into.the.development.of.functional.foods.

��.�   fat

Numerous. laboratory. studies. have. now. shown. that. when. humans. or. animals. are.
allowed. to. feed. ad libitum. on. high-fat. energy-dense. diets,. they. consume. similar.
amounts.(weight).of.food.but.more.energy.(which.is.usually.accompanied.by.weight.
gain).than.when.they.feed.ad libitum.on.lower-fat,.less.energy-dense.diets,.as.depicted.
in.Figure.16.7.5,88,89.The.ingestion.of.systematically.manipulated.HF,.energy-dense.
diets.does.not.appear.to.elicit.compensatory.feeding.responses..Interestingly,.if.single.
midday.meals.are.covertly.manipulated,.by.increasing.or.decreasing.their.ED.using.
fat.or.CHO,.under.conditions.where.subjects.feed.on.a.range.of.familiar.food.items,.
compensation.appears.to.be.more.precise.90,91.When.experiments.are.conducted.over.
similar.time.frames.but.the.diet.is.systematically.manipulated.(subjects.cannot.select.
food.items.of.differing.composition),.compensation.for.the.fat.content.of.the.diet.is.
again.poor.92.These.observations.further.suggest.that.both.learning.and.preabsorp-
tive.and.absorptive-phase.factors.play.a.major.role.in.meal-to-meal.compensation..
Furthermore,.a.number.of.prospective.observational.epidemiological.studies.show.
that. fat. consumption. is. a. risk. factor. for. subsequent. weight. gain.93. However,. it. is.

 Contribution of dietary and phenotypic determinants of energy intake.

Diet
Phenotype
Other

Total

CHO
Protein
Fat
%ED
%Water
Alcohol

Dietary

Sex
Age
Restraint
Other

Phenotypic

fIgure ��.�  Pie. charts. illustrating. the. percentage. of. the. variability. in. energy. intake.
ascribable.to.different.sources.in.102.subjects.self-recording.their.food.intake.for.7.consecu-
tive.days..Approximately.39%.of.the.variability.was.due.to.diet,.and.~40%.was.due.to.inter-
subject.variability..These.two.major.sources.of.variation.are.subdivided.further..These.charts.
clearly.illustrate.that.the.determinants.of.energy.intake.in.human.adults.is.multifactorial.
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unlikely.to.be.the.only.risk.factor,.and.few.analyses.take.account.of.how.fat.interacts.
with.types.of.CHOs..For.instance,.in.the.short.term,.sweet.high-fat.foods.have.potent.
effect.at.stimulating.EI.94

We.are.beginning. to.gain. insights. into. the. effects. of. types.of. fat. on. appetite.
control,.due.to.the.search.for.forms.of.fat.that.do.not.predispose.to.weight.gain..Fat.
structure.varies.in.terms.of.(1).chain.length,.(2).degree.of.saturation,.(3).degree.of.
esterification,.and.(4).by.combining.(1–3),.through.the.development.of.novel.struc-
tured.lipids..Information.is.scarce.and.fragmentary.in.this.area,.but.some.provisional.
patterns.are.beginning.to.emerge..Substitution.of.long-chain.triglyceride.(LCT).by.
medium-chain.triglyceride.(MCT).limits.the.high.levels.of.EI.usually.seen.with.high-
fat,.energy-dense.diets.95.Although.very.large.doses.of.MCT.are.usually.required.in.
order.to.achieve.these.effects,.a.recent.study.has.shown.that.a.much.lower.dose.of.
structured.MCT.and.LCT.(14.g/day.of.medium-long-chain.triglyceride.containing.
1.7.g.of.medium-chain.fatty.acids).led.to.significant.decreases.in.body.weight.and.fat.
relative.to.LCT.in.82.adults.96.Matsuo.et.al.97.found.similar.effects.in.a.study.using.a.
similar.design..MCTs.may.suppress.appetite.relative.to.LCT,.as.they.are.more.read-
ily.absorbed.and.oxidized..They.are.also.more.ketogenic.than.LCT,.and.it.has.been.
suggested.that.ketones.act.as.appetite.suppressants.

There. is. some. preliminary. evidence. that. ketone. bodies. (specifically. beta-
hydroxybutyrate). are. appetite. suppressants. when. given. orally,98. and. this. may.
enhance. compliance.when. subjects. attempt. to. lose.weight. using.very. low-calorie.
diets..Currently.there.is.little.evidence.that.degree.of.fatty.acid.esterification.influ-
ences.appetite.and.EI.99,100.It.has.been.suggested.that.polyunsaturates.(PUFAs).are.
protective.against.obesity,.since.they.are.more.readily.mobilized.and.oxidized.and.
may. influence.gene.expression.of. appetite-controlling.peptides.101.Recent.work. in.
humans. suggests. that. saturated. fats. are. less. satiating. than. mono-. or. polyunsatu-
rates.102,103.An. intriguing.study. in.humans.has.reported. that.supplementation.with.
very.high.levels.of.gamma-linolenate.(at.5.g/day.compared.to.5.g/day.olive.oil).sig-
nificantly.reduced.weight.gain.over.12.months.after.extensive.weight.reduction.using.
very.low-calorie.diets.104.Currently.there.are.few.or.no.reports.on.the.effects.of.struc-
tured.lipids.on.appetite.and.energy.balance..It.has.been.suggested.that.diglycerides.
may.reduce.weight.gain.due.to.high.fat.intakes.relative.to.triglycerides..The.evidence.
is.currently.sketchy..We.have.found.no.effect.of.diglycerides.on.appetite.or.energy.
balance.either.within.or.between.days..However,.the.position.of.the.fatty.acid.side.
chains.may.be.of.importance..Maki.et.al..found.that.incorporation.of.1,3.diglyceride.
oil.into.a.weight-reducing.diet.increased.weight.and.fat.loss.in.131.obese.subjects.
over.24.weeks,.compared.to.normal.triglyceride.105.While.significant,.the.differences.
were.modest,.amounting.to.a.1.1%.greater.weight.loss.for.the.diglyceride.treatment..
In.the.future,.specific.nutrients.could.be.tailored.to.exert.quantitatively.significant.
effects.on.appetite.control,.tissue.deposition,.and.energy.balance..In.this.context,.it.
is.of.note.that.certain.isomers.of.conjugated.linoleic.acid.(CLA).can.be.used.to.influ-
ence.appetite.and.tissue.deposition.in.animals106.and.perhaps.humans.107.The.effects.
of.CLA.are.not.entirely.understood.but.appear.to.be.near.pharmacological.in.nature..
In.a.series.of.studies.Riserus.et.al.114–116 have.examined.the.impact.of.both.mixed.
isomers.and.the. trans-10,cis-12.CLA.isomer.on.anthropometry,.lipid,.and.glucose.
metabolism.and.markers.of.lipid.peroxidation..They.found.that.CLA.may.slightly.
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decrease.body.fat.in.humans.but.has.no.effect.on.weight.or.body.mass.index..It.does.
however. have. deleterious. effects. on. insulin. sensitivity,. blood. glucose,. and. serum.
lipids.and.increases.lipid.peroxidation..Belury.et.al..did.find.that.plasma.levels.of.
administered.CLA.mixtures.were.inversely.associated.with.body.weight.in.subjects.
with.type.2.diabetes.108.Petridou.et.al..found.that.45-day.supplementation.with.CLA.
had.no.effect.on.weight.or.body.fat.of.young.healthy.women.109.The.initial.promise.
shown.by.CLA.as.being.capable.of.limiting.weight.gain.does.not.appear.to.have.been.
fulfilled..As.in.many.of.the.above.examples.unusual.lipids.or.structured.triglycerides.
have.biologically.curious.effects,.but.little.impact.on.appetite.and.energy.balance.in.
humans..However,.it.can.be.envisaged.that.in.the.future.structured.lipids.could.be.
developed.to.combine.some.of.the.individually.modest.effects.of.fat.type.on.appetite.
and.feeding.behavior.

16.7.1   The faT paradoxes

The.apparently.ambivalent.effects.of.fat.have.generated.a.phenomenon.referred.to.
as.the.fat.paradox..A.fat.such.as.corn.oil.infused.into.the.ileum.or.jejunum.has.been.
shown.to.slow.gastric.emptying,.increase.feelings.of.fullness,.and.reduce.food.intake.
in.a. test.meal,110.whereas.similar. infusions.made. intravenously.exert.no.effect.on.
gastric.emptying.or.measures.of.appetite..Lipid.infusions.at.around.80%.of.resting.
energy.requirements,.over.3.days,.produce.only.partial.compensation.(43%).of.EI.111.
These.findings. imply. that.potent. fat-induced.satiety.signals.are.generated.by.pre-
absorptive.rather. than.postabsorptive.physiological.responses..In.addition,.a.num-
ber.of.short-.and.medium-term.studies.have.demonstrated.high.energy.intakes.with.
high-fat. foods.5,88,89.How.can. these. two.features.be.reconciled?.It.appears. that,. in.
normal.feeding,.the.stomach.controls.the.rate.at.which.nutrients.are.delivered.to.the.
duodenum.on.an.approximately.caloric.basis..Thus.the.high.levels.of.satiety.seen.in.
gastrointestinal.infusions.studies.may.well.be.due.to.supraphysiological.saturation.of.
satiety.mechanisms.arising.from.the.small.intestine.

In.recent.years.a.second.fat.paradox.has.become.apparent..Despite.the.fact.that.
the.fat.content.of.the.diet.has.been.reduced.over.the.last.decade,.there.appears.to.have.
been.no.decrease.in.the.prevalence.of.obesity.in.Western.society..Part.of.this.could.
be.because.the.more.we.tell.people.what.to.eat.the.more.they.tell.us.they.are.eating.
what.we.want.to.see..Part.of.it.may.be.due.to.the.increasingly.sedentary.environment.
we.live.in..It.is.also.likely.that.the.low-fat.food.revolution.has.produced.a.range.of.
lower-fat.foods.that.are.not.much.lower.in.ED.than.their.full-fat.counterparts,.and.
are.as,.if.not.more,.appealing.as.the.foods.they.were.designed.to.replace..In.addition,.
both.portion.size.and.the.proportion.of.EI.from.liquids.has.increased.over.this.time..
All.of. these.factors.would. tend.to.produce. the.patterns. in.obesity.prevalence. that.
exist.and.also.illustrate.the.mulitfactorial.nature.of.the.dietary.determinants.of.EI.

��.�  alcohol

Alcohol.is.exceptional.in.that.its.ingestion.can.stimulate.food.intake.and.so.induces.
countercompensatory. increases. in. EI.112,113. Given. that. alcohol. is. also. a. drug. with.
depressant.effects.on.the.CNS,.this.is.not.surprising..This.is.illustrated.by.the.work.of.
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de.Castro.and.Mattes,85,113.who.suggest.that,.in.moderate.drinkers.at.least,.the.energy.
derived.from.alcohol.is.added.to.the.energy.derived.from.other.sources..de.Castro.has.
shown.that.EI.is.higher.on.days.when.alcohol.is.consumed.than.on.days.when.it.is.not.
and.that.as.EI.from.alcohol.rises.there.is.no.compensatory.reduction.in.food.intake..
Mattes.has.suggested,.from.a.meta-analysis.of.several.studies,.that.alcohol.appears.to.
stimulate.EI.85.Thus.there.is.some.evidence.that.alcohol.promotes.excess.EI.by.increas-
ing,.or.at.least.failing.to.suppress.on.a.caloric.basis,.EI.from.other.food.sources.

��.�  the coMbIned effects of MacronutrIents 
and energy densIty on energy Intake

In. considering. the. nutritional. determinants. of. EI. in. 102. free-living. adults,. self-
recording. their. food. intake.for.7.days,.both.macronutrients.and.ED.determine.EI.
in.subjects.consuming.their.normal.diets.19.The.notion. that.ED.alone.drives.EI. is.
oversimplified..Multifactorial.models.appear.more.appropriate.to.explain.nutritional.
determinants.of.feeding..This.is. illustrated.in.Figure.16.7..It. is.recommended.that.
modeling.work.such.as.this.be.extended.in.order.to.better.appreciate.and.predict.the.
way.in.which.the.nutritional.characteristics.of.the.diet.affect.EI.in.people.at.large..
Since.differences.between.subjects.can.account.for.almost.half.of.the.variance.in.the.
relationships.between.food.composition.and.EI.(Figure.16.7),.models.should.help.to.
identify.key.factors.that.predict.a.significant.proportion.of.intersubject.variation.in.
feeding.behavior.

On.balance,.foods.that.are.energy.dense,.high.in.fats,.sugars,.and.rapidly.assimi-
lated.starches,.and.that.are.low.in.protein.and.fiber.are.conducive.to.higher.levels.of.
EI..An.apparent.paradox.is.that,.while.water.lowers.the.ED.of.the.diet,.higher.levels.
of.water.intake.per se.seem.to.have.little.impact.on.overall.EI..What.does.appear.to.
be.important.is.the.way.in.which.water.is.bound.into.the.food.matrix..Thus.foods.
that.have.a.high.intrinsic.water.content.such.as.meat,.fish,.fruit,.and.vegetables.are.all.
low.in.ED,.and.this.decreases.the.rate.at.which.they.are.digested.and.assimilated..It.
is.also.known.that.when.water.intake.is.not.sufficient.(when.people.are.dehydrated),.
they.eat.less..Despite.these.intriguing.observations,.there.is.a.remarkable.paucity.of.
data.examining.the.relationship.between.fluid.and.food.intake.and.how.this.impacts.
on.overall.energy.balance.

16.9.1   supporTIng The human knoWledge Base WITh 
complemenTary sTudIes In anImal models

There.are.a.number.of.areas.where.research.in.animal.models.can.extend.and.com-
plement.the.work.that.has.been.conducted.in.humans..Many.laboratory.studies.in.
animals.and.humans.carefully.control.individual.dietary.factors..However,.it.would.
be.useful.to.examine.the.impact.of.multiple.dietary.treatments.on.body.composition.
and.putative.molecular.mechanisms.of.weight.control.over.long.periods..An.example.
would.be.to.compare.high-.and.low-protein.and.high-.and.low-carbohydrate.diets.
in.a.2.×.2.design..In.this.way.it.would.be.possible.to.use.animal.models.to.inform.
human.studies.as.to.which.combinations.of.dietary.attributes.best.promote.weight.
stability.in.ad libitum-feeding.animals.
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It.is.perhaps.important.to.attempt.to.disentangle.the.influence.of.environmental.
(unregulated).and.physiological.(regulated).influences.on.long-term.energy.balance.
and.body.weight.

Because.a.great.deal.of.compensatory.responses. involve.the.process.of. learn-
ing,.it.would.be.valuable.to.increase.our.understanding.of.the.longer-term.effects.of.
dietary.manipulations.on.feeding.behavior.and.energy.balance.when.animals.and.
humans.have.the.opportunity.to.learn.the.consequences.of.consuming.diets.of.dif-
ferent.compositions..Furthermore,.given. that. in. the.absence.of. learning. it. is.very.
easy.to.use.diet.composition.and.energy.density.to.alter.energy.balance,.it.would.be.
extremely.valuable. to.ascertain. the.rate.and.extent.of.compensation.over. time.for.
such.manipulations.

In.humans,.the.present.recommended.rate.of.weight.loss.is.1.to.2.pounds.per.
week..However,.we.need.a.better.understanding.of.the.relationship.between.the.rate.
of.weight.loss,.the.composition.of.weight.loss,.its.impact.on.functional.outcomes,.
and.subsequent.weight.regain..Is.rapid.weight.loss.really.deleterious.and,.if.so,.why.
and.to.what.extent?

Animal.models.would.be. invaluable. in.gaining. a.better.understanding.of. the.
mechanisms.of.protein-induced.satiety..It.is.also.becoming.important.to.understand.
whether.the.apparent.effect.of.high-protein.diets.requires.a.particularly.low.carbo-
hydrate.intake.or.whether.carbohydrate.is.merely.acting.as.another.energy-providing.
substrate..Additionally,.the.relatively.high.throughput.of.research.in.small.animals.
might.accelerate.our.ability.to.test.the.effects.of.novel.carbohydrates,.starches,.and.
fibers.on.satiety,.nutrient.absorption,.and.energy.balance..In.this.context,.it.is.becom-
ing.necessary.to.work.out.what.correlates.of.a.low.glycemic.index.might.be.associ-
ated.with.lower.energy.intakes..These.include.the.starch,.fiber,.and.sugar.content.of.
foods,.physical.properties.of.the.food,.and.degree.of.preparation.

Finally,.animal.models.will.be.of.great.value.in.helping.us.improve.our.apprecia-
tion.of.the.relationship.between.nutritional.and.sensory.attributes.of.foods.in.pro-
moting.excess.energy.intakes.and.how.these.dietary.attributes.might.be.manipulated.
to.limit.excess.energy.intake.

��.�0  conclusIons

The. current. lack. of. consensus. regarding. how. macronutrients. influence. appetite,.
feeding.behavior,.and.weight.control.is.not.primarily.due.to.a.lack.of.evidence..It.is.
largely.due.to.the.interpretation.of.that.evidence..There.has.been.a.tendency.in.the.
literature.for.one-.or.two-factor.models.to.supersede.each.other,.as.a.means.to.trans-
late.research.into.user-friendly.messages.that.consumers.can.digest.and.assimilate.
(for.example,.low-fat.messages,.low-carbohydrate.messages)..However,.the.dietary.
determinants. of. energy. intake. and. weight. control. are. multifactorial.. Models. that.
embrace. this.complexity.explain.more.of. the.variance. in.energy. intake.and.body.
weight.and.give.a.truer.reflection.of.how.diet.composition.impacts.on.energy.bal-
ance..A.key.challenge.to.the.scientific.community.is.to.develop.ways.to.translate.the.
relatively.complicated.messages.arising.from.the.results.of.their.research.into.policy.
messages.that.consumers.can.use.and.trust.as.a.means.of.navigating.through.their.
food.environment,.toward.a.healthier.body.weight.
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��.�   IntroductIon

The.main.emphasis.of. this.chapter.on.micronutrients.and.food. intake.will.be. the.
specificity. of. the. relationship. between. mineral. deficiency. and. changes. in. neu-
ral. function,. food. intake,. and. efficiency. of. energy. utilization.. A. common. theme.
amongst.nearly.all.animal.model.studies.of.nutrient.deprivation,.and.in.particular.in.
rodents,.is.the.observation.of.poor.growth.and.an.apparent.anorexia..This.raises.the.
question.of.whether.a.common.pathway.exists.in.which.decreased.total.food.intake.
is.the.outcome,.regardless.of.whether.the.nutrient.deficiency.is.iron,.zinc,.selenium,.
or.other.micronutrients..Individuals.with.a.single.nutrient.deficiency.either.continue.
to.grow.and.consume.body.stores,.leading.to.an.eventual.reduction.in.body.function.
(Type.I.nutrients),.or.they.can.reduce.growth.velocity,.leading.to.a.conservation.of.
the.nutrient.and.thus.reduce.the.daily.requirement.for.that.nutrient..This.is.referred.
to. as. a. Type. II. nutrient. pattern.1. The. reduction. in. appetite. that. accompanies. the.
Type.II.nutrient.response.is.believed.to.be.due.to.a.hypothalamic–pituitary.based.
reduction.in.growth.hormone.and.adrenal.cortical.release.and.to.changes.in.activity.
of.the.hypothalamic-pituitary-thyroid.axis..A.consistent.finding.in.most.controlled.
animal.studies.of.single.nutrient.deficiencies.is.a.reduction.in.feed.efficiency..What.
is.unclear,.and.is.apparently.not.being.pursued.by.investigators,.is.the.source.of.the.
biological. signal. that. tells. the.body. to.become. less.efficient.at.converting.dietary.
macronutrients.to.stored.or.utilized.calories..Is.this.a.strategy.to.try.to.derive.more.
“essential.micronutrient”. from.an. increased.consumption.of. total.dietary.compo-
nents?.Or,.is.it.that.all.of.these.micronutrients.influence.a.single.or.small.number.of.
key.regulators.of.food.intake?.The.sections.in.this.chapter.will.attempt.to.explore.
specific.mechanisms.associating.mineral.deficiencies.with.changes.in.food.intake.or.
feed.efficiency,.primarily.through.animal.experimentation,.but.the.current.literature.
does.not.allow.resolution.of.this.fundamental.question.

��.�   Iron

17.2.1   funcTIon

The.topic.of.iron.deficiency.and.neural.functioning.has.been.the.focus.of.a.number.of.
recent.reviews.2–4.The.rate.at.which.individual.tissues.and.cellular.organelles.within.
those.tissues.develop.a.true.“deficit”.in.iron.is.dependent.on.the.rate.of.turnover.of.
iron-containing.proteins,. the. intracellular.mechanisms. for. recycling. iron,. and. the.
rate.of.delivery.of.iron.to.tissue.from.the.plasma.pool.5.The.manifestations.of.this.
depletion.of.essential.body.iron,.apart.from.the.well-known.anemia,.are.significant.
decreases.in.mitochondrial.iron–sulfur.content,.in.mitochondrial.cytochrome.con-
tent,. and. in. total. mitochondrial. oxidative. capacity.5. Iron. is. not. only. an. essential.
element. and. important. nutrient,. but. also. a. potent. toxin.. Thus,. an. elegant. system.
has.evolved. that. regulates. the.delivery.of. iron. to.brain.cells. and.has.as. its.major.
known.components.the.plasma.protein.transferrin.and.its.receptor..Iron.is.an.essen-
tial.component.of.a.number.of.general.cellular.functions.as.well.as.having.functions.
more.specific. to.neurological.activity. such.as.myelin. formation.and. the.synthesis.
of.dopamine,. serotonin,.catecholamines,.and.possibly.gamma.amino.butyric.acid.
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(GABA).2,4,6.When.iron.is.stored,.it.is.incorporated.into.ferritin.with.a.heterogeneous.
distribution.in.the.brain.determined.by.both.anatomical.region.and.cell.type.

17.2.2   seQuelae

Iron. is.a.cofactor.for. tyrosine.hydroxylase,. tryptophan.hydroxylase,.xanthine.oxi-
dase,.and.ribonucleoside.reductase..Thus.the.expectation.would.be.that.nutritional.
iron.deficiency.will.lead.to.decreased.activities.of.these.enzymes;.however,.this.is.
not. the.consistent.observation..When.brain. iron.levels.are.reduced.by.as.much.as.
40%.with.dietary.restriction.in.postweanling.rats,. there.is.no.change.in.the.activ-
ity.of.tyrosine.hydroxylase,.tryptophan.hydroxylase,.monoamine.oxidase,.succinate.
hydroxylase,.or.cytochrome.c.oxidase.7.Whole-brain.concentrations.of.norepineph-
rine.(NE).and.dopamine.(DA).are.unaltered.by.iron.deficiency,.while.concentrations.
of.serotonin.and.5-hydroxyindole.acetic.acid.are.decreased.8,9.In vivo.microdialysis.
demonstrates.that.caudate.putamen.interstitial.DA.and.NE.are.significantly.elevated.
in.awake.freely.moving.iron-deficient. (ID).rats,10.and.the.rise. in.extracellular.DA.
with.the.onset.of.the.dark.cycle.and.feeding.behavior.is.much.greater.in.striatum.of.
ID.rats.than.in.controls.11.Dopamine.receptors.(DR).are.also.affected.by.dietary.iron.
deficiency.in.mice.and.rats.(see.Beard.and.Connor2.for.a.recent.review)..The.degree.
of. reduction. in.D2R. is. generally.20. to.25%. in. the. caudate.putamen.and.prefron-
tal.cortex,.while.changes. in.nucleus.accumbens.and.ventral. tegmentum.are.much.
smaller..Functionality.and.cell.surface.expression.of.these.receptors.is.affected.by.
diurnal. cues,. and.changes. in. receptor. expression.have.been. shown. to. affect. food.
intake. behavior.12. Yehuda. and. Mostofsky13. have. recently. reported. an. elevation. in.
cholecystokin-8.(CCK-8). in. iron-deficient. (ID).rats. that.also.exhibit.a.decrease. in.
food. intake.and.reduced.D2R.density..Treatment.with.a.CCK.antagonist.was.suc-
cessful.at.ameliorating.the.effects.of.iron.deficiency.on.food.intake,.providing.strong.
evidence. for. a. functional. relationship. between. iron. deficiency. and. the. CCK-food.
intake.regulation.loop.13.Raising.iron.levels.above.normal.in.mice.increases.expres-
sion.of.the.enzyme.nitric.oxide.synthase.(NOS).in.the.paraventricular.nucleus.(PVN).
and.lateral.area.(LHA).of.the.hypothalamus.14.Expression.of.NOS.in.these.areas.has.
been.related.to.control.of.food.intake.15

The.reduced.growth.in.ID.rats.was.initially.attributed.to.anorexia,.but.with.the.
inclusion.of.careful.measures.of.food.intake.and.weight-matched.control.groups.it.
has.been.possible.to.show.that.ID.results.not.in.a.reduced.food.intake,.but.rather.a.
reduced.feed.efficiency.10,16–22.There.is.an.approximate.10%.decrease.in.caloric.effi-
ciency.in.the.ID.and.anemic.rats.that.has.been.attributed.to.increased.NE.turnover,.
increased.metabolic.rate,.and.alterations.in.thyroid.hormone.function.17,23,24.The.ID.
animals.actually.consume.more.food.than.weight-matched.controls,.and.it.has.been.
shown.that. the.reduced.levels.of. thyroid.hormone.are.not.due. to. the.food.restric-
tion,25,26.because.changing.the.type.of.carbohydrate.in.the.diet.alters.hepatic.thyrox-
ine.monodeiodinase.activity,.but.does.not.alter.the.feeding.behavior.of.the.rats.16,17

The.human.relevance.of.these.studies.is.that.iron.deficiency.is.the.most.prevalent.
nutrient.deficiency.in.the.world27.with.as.many.as.50%.of.children.under.5.years.and.
60.to.70%.of.pregnant.women.affected..There.are.numerous.reports.that.ID.and.ane-
mic.individuals.have.a.“poor.appetite”28.and.particular.cravings.for.ice.or.dirt.29,30.

47833.indb   325 1/18/08   1:45:42 PM



���	 Appetite	and	Food	Intake

Indeed,.studies.in.Zambia.and.Kenya.have.shown.that.iron.supplements.and.anti-
helminthic. treatment. improve.appetite.and.growth. in.children,31,32.suggesting. that.
an.improvement.in.iron.status.is.related.to.an.improvement.in.total.dietary.intake..
While.ferritin,.a.plasma.marker.of.iron.status,.is.associated.with.appetite.in.infants,.
there.is.no.correlation.between.ferritin.and.serum.leptin.levels.33

17.2.3   summary

Feeding. an. iron-deficient. diet. to. rodents. reduces. essential. iron. in. specific. brain.
regions,.and.a.majority.of.evidence.suggests.that.the.primary.impact.is.on.monoami-
nergic.systems.and.GABAergic.systems.2.While.specific.aspects.of.appetite.have.not.
been.examined. in.animal.models,. there. is. suggestive.evidence. that.hypothalamic.
nuclei.as.well.as.hypothalamic-pituitary-adrenal.and.hypothalamic-pituitary-thyroid.
axis.functioning.are.affected.by.iron.deficiency.34.Human.studies.consistently.point.
toward.an.improvement.in.appetite.with.an.improvement.in.iron.status,.but.again,.
specific.studies.regarding.the.effect.of.iron.status.on.food.choice.or.on.volume.of.
food.consumed.have.not.been.published.

��.�  IodIne

17.3.1   funcTIon

On.a.worldwide.basis,. iodine.deficiency.and. the. resultant.disorders. are.as.preva-
lent.as.iron.deficiency.and.lead.to.a.dramatic.impairment.in.brain.development.and.
functioning.35,36.More.than.70%.of.the.body’s.iodine.content.is.concentrated.in.the.
thyroid.gland.and.is.associated.with.the.various.iodoproteins.that.are.the.storage,.
precursor,.or.secreted.forms.of.thyroid.hormone,.thyroxine.(T4).and.tri-iodothyro-
nine.(T3)..Consumption.of.an.iodine-deficient.diet.in.rats.is.associated.with.a.reduc-
tion.in.deiodinase.activity.and.circulating.thyroid.hormones.and.a.decrease.in.food.
intake,.but.maintenance.of.T3.concentrations.in.most.tissues.37,38.Prolonged.iodine.
deficiency.and.limited.thyroid.hormone.availability.to.the.brain.during.development.
leads.to.neurological.damage.39,40

17.3.2   seQuelae

The.neurological.defects.associated.with.early-life.iodine.deficiency.are.predominantly.in.
the.cerebral.cortical.association.areas,.basal.ganglia,.and.motor.control.pathways.39,40

Consistent.observations.are.a.decreased.number.of.neurons,.irregular.arrange-
ment.of.cells,.larger.ventricles,.and.a.decreased.numbers.of.dendrites.from.pyrami-
dal.cells.in.the.cortical.motor.area.40,41.Thyroid.hormones.are.essential.for.normal.
neuroblastogenesis;.especially.affected.are.the.interhemispheric.connections.of.the.
anterior.commissure,.corpus.collosum,.and.callosal.connections..Many.of.these.defi-
cits.are.reversed.by.iodine.replacement;.there.is,.however,.there.is.a.persistent.low.
density.of.synapses.in.the.cortex.of.iodine-replaced.fetuses..In.other.animal.stud-
ies,. fetal.hypothyroidism.has.been.associated.with.alterations. in.neurotransmitter.
metabolism.as.evidenced.by.a.decrease.in.protein.kinase.C,.ornithine.decarboxylase,.
choline.acetyltransferase,.and.DOPA.decarboxylase.41.Thus,.there.is.a.critical.period.
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in.which.iodine.is.required.for.normal.development,.and.if.a.nutritional.deficiency.
extends. beyond. this. time. point. not. all. alterations. in. function. can. be. reversed. by.
iodine.administration..There.is.no.other.identified.role.for.iodide.apart.from.thyroid.
hormone.metabolism;.therefore,.it.is.the.secondary.deficiency.in.thyroid.hormones.
that.leads.to.alterations.in.CNS.function.in.iodine-deficient.animals.40.In.iodine-ade-
quate.conditions,.fasting.in.rodents.is.associated.with.a.change.in.thyroid.releasing.
hormone.(TRH).and.control.of. thyroid.stimulating.hormone.(TSH).secretion;. the.
PVN.neurons.that.control.TRH.secretion.are.influenced.by.neuropeptide.Y.(NPY).
levels,39.which.increase.during.fasting,.and.an.associated.change.in.neural.regulation.
of.the.Type.II.5′-deiodinase.enzyme.in.brain.tissue.39

17.3.3   summary

The. inhibition. of. growth. and. the. neurological. consequences. of. iodine. deficiency.
appear. to.be. the.global.result.of.a. failure. to.produce.appropriate.amounts.of. thy-
roid.hormone.to.control.neurogenesis.and.neurological.function..Specific.studies.in.
animal.models.relating.iodine.deficiency.to.appetite.feedback.signals.are. lacking..
Observations. in. humans. with. severe. iodine. deficiency. characterize. the. individu-
als.with.neurological.cretinism.as.having.mental.deficiency,.deafness,.mutism,.and.
motor.disorders.accompanied.by.basal.ganglia.calcification.42,43.The.duration.and.
timing.of.hypothyroidism.during.development.may.be.critical. in.determining. the.
severity.of.the.symptoms.and.whether.they.can.be.reversed.by.iodine.replacement.

��.�  selenIuM

17.4.1  funcTIon

Selenium.functions.generally. revolve.around.selenium-dependent.glutathione.per-
oxidase. (GPX). and. the. selenocysteine-containing. enzymes.44. While. many. of. the.
effects.of. selenium.deficiency.can.be.attributed. to.a. loss.of.GPX.activity,.not. all.
consequences. are. clearly. linked. to. this. important. component. of. the. system. that.
protects.against.oxidative.stress..Cellular.GPX.isozymes.are.thought.to.play.a.role.
in. the. regulation. of. peroxide. concentrations,. which. in. turn. are. tightly. connected.
to.consumption.of.polyunsaturated.fatty.acids.(PUFA).and.neuronal.functioning.45.
The.conversion.of.thyroxine.to.the.active.hormone,.T3,.is.dependent.on.the.seleno-
cysteine-containing.enzyme.Type.I. 5́ -deiodinase,.but. the.brain.possesses.another.
isoform,. Type. II. deiodinase,. which. is. not. selenium. dependent.46. Thus,. despite. a.
functional. state. of. hypothyroidism. elsewhere. in. the. body,. the. brain. may. be. pro-
tected.in.selenium.deficiency..In.combination.with.iodine.deficiency,.selenium.status.
may.play.a.role.in.the.pathogenesis.of.myxedematous.cretinism..As.noted.above.in.
the.section.on.iodine.metabolism,.hypothyroidism.in.the.developing.brain.leads.to.
disorders.of.neural.process.growth.41,47

17.4.2   seQuelae

Selenium.deficiency.alters.monoamine.neurotransmitter.metabolism.in.the.caudate.
putamen. or. substantia. nigra. in. adult. rats.48,49. Selenium-dependent. GPX. activities.
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in. these.brain.regions.are.significantly.decreased,.but.a.specific.role.for.selenium.
or. GPX. activity. in. brain. regions. associated. with. feeding. behavior. has. not. been.
investigated..An.animal.model.frequently.used.in.the.early.studies.of.selenium.was.
the.chick.50,51.In.these.studies.selenium-deficient.chicks.showed.a.rapid.rise.in.feed.
intake.after.administration.of.selenomethionine..Protein.content.of. the.diet,.how-
ever,.may.have.confounded.the.interpretation.of.the.results.52.More.recently,.Swiss.
investigators.have.observed.that.selenium-deficient.laying.hens.show.a.preference.for.
feed.containing.high.concentrations.of.selenium,.but.there.is.no.relation.between.this.
behavior.and.serum.biomarkers.of.oxidative.stress.53,54.Selenium.deficiency.is.known.
to.decrease.feed.efficiency.and.growth.in.broiler.chickens,.but.this.has.been.clearly.
shown.to.be.secondary.to.changes.in.thyroid.hormone.biology.and.not.to.specific.
regulation.by.selenium.55.The.oxidative.stress.caused.by.selenium.deficiency.may.
also.impair.function.of.the.hypothalamic-pituitary-adrenal.axis..Basal.corticosterone.
levels.are.normal.in.selenium-deficient.rats,.but.long-term.infusion.of.adrenocorti-
cotropic.hormone.(ACTH).fails.to.elicit.a.normal.corticosterone.response..Because.
corticosterone.stimulates.leptin.secretion,.leptin.levels.are.also.low.in.the.selenium-
deficient.animals.56.These.results.suggest.an.alteration.in.the.stress-responsiveness.
and. regulation. of. the. hypothalamic-pituitary-adrenal. axis. secondary. to. oxidative.
stress. in.animals.with. lower.GPX.activity,.but. it. is.unlikely. that. low.leptin. levels.
influence.energy.intake.of.the.animals,.because.a.drop.in.leptin.concentration.would.
be.expected.to.increase.food.intake,.whereas.selenium.deficiency.is.associated.with.
decreased.food.intake.

17.4.3   summary

Changes. in. food. intake,. feed.efficiency,.and.growth.of.animals. that.are.selenium.
deficient.appear.to.result.from.secondary.changes.in.thyroid.hormone.metabolism.
that.are.caused.by.inadequate.levels.of.selenium-dependent.enzymes.critical.to.the.
prevention. of. oxidative. stress.. Although. selenium. deficiency. has. been. shown. to.
change.GPX. levels.and.neurotransmitter. function. in. some.areas.of. the.brain,. the.
relationship.between.selenium.status.and.integrity.of.function.in.nuclei.associated.
with.the.control.of.food.intake.has.not.been.investigated..Unlike.iodine.deficiency,.
changes.in.neurological.function.of.selenium-deficient.individuals.cannot.be.directly.
attributed.to.impaired.thyroid.hormone.production.because.of.the.presence.of.a.non-
selenium-dependent.deiodinase.in.the.brain.

��.�  zInc

17.5.1   funcTIon

In.contrast. to. the.relatively.few.functional.roles.described.for.selenium.with.regard.
to.CNS.function.and.appetite,.zinc.is.one.of.the.most.ubiquitous.nutrients..It.is.a.con-
stituent.of.more.than.200.enzymes,.and.its.incorporation.into.zinc.finger.transcription.
factors.may.account.for.15.to.20%.of.all.gene.expression.in.the.human.genome.57.A.
zinc.deficiency.leads.to.both.primary.and.secondary.alterations.in.brain.function.due.
to.low.rates.of.DNA.synthesis,.a.reduced.number.of.polyribosomes,.and.impaired.zinc.
finger-regulated.gene. transcription.58.Zinc. is.present. in. ionized.form.in.presynaptic.
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vesicles.at.concentrations.as.high.as.300.µM.and.is.localized.in.glutaminergic.cells.59.
Zinc-containing.pathways.are.limited.to.the.forebrain,.and.the.best.characterized.are.
mossy.fiber.projections.running.from.hippocampal.granule.cells.to.the.CA3.pyramidal.
neurons.59.The.neurochemistry.of.zinc.has.recently.been.reviewed.by.Frederickson.et.
al.60.It.is.released.when.cells.are.depolarized61.and.inhibits.postsynaptic.activation.of.
GABA-A.and.N-methyl-d-aspartate.(NMDA).receptors,62.which.possess.zinc-specific.
binding.sites.63.There.is.active.presynaptic.reuptake.of.zinc,64.but.in.the.presence.of.
glutamate,. the. ion. can. also. enter. postsynaptic. cells. through. ion. channels. and. may.
be.released.inside.cells.in.response.to.cellular.stress.60.The.role.of.endogenous.zinc.
in.regulating.neural.function.remains.unclear,.but. it.appears. to.be. important. in. the.
packaging.of.excitatory.amino.acids,.the.synchronization.of.release.of.GABA.from.
neurons,.and.modulation.of.activity.of.GABA-A.receptors.65.Zinc.concentration.in.the.
brain.is.highest.in.the.hippocampus,.but.zinc.deprivation.has.the.greatest.effect.on.the.
development.and.functioning.of.the.cerebellum.and.Purkinje.cells.66.Zinc.provides.an.
opportunity. for. control.of.membrane.excitability.by.depressing.postsynaptic. action.
when.firing.rates.become.very.high.67

17.5.2   seQuelae

Poor.zinc.status.has.been.associated.with.a.failure.to.grow,.anorexia,.poor.immune.
function,.and.cognitive.deficits.due.to.the.myriad.of.functions.that.this.metal.has.in.
the.biology.of.nearly.all.cells..Similar.characteristics.of.poor.appetite.are.present.in.
zinc-deficient.animals,.and.the.ability.to.control.experimental.conditions.has.allowed.
a.number.of.investigators.to.explore.potential.mechanistic.associations.between.zinc.
and. food. intake.68,69. There. are. several. reports. of. increased. levels. of. NPY. mRNA.
expression.in.the.hypothalamus.of.zinc-deplete.rats,70,71.but.there.is.no.consensus.on.
an.increase.in.hypothalamic.NPY.protein.concentration,70,72.and.there.does.not.appear.
to.be.any.change.in.sensitivity.to.exogenous.NPY73.that.could.account.for.the.reduced.
food.intake.in.conditions.of.increased.NPY.expression..Microdialysis.studies.suggest.
that.zinc.deficiency.prevents.release.of.endogenous.NPY72.and.that.this.might.contrib-
ute.to.the.hypophagia.of.zinc-deficient.rats..Rat.studies.also.demonstrate.a.relationship.
between.brain.zinc.depletion.and.reduced.hypothalamic.monoamine.release72,74.and.
also.with.reduced.sensitivity.to75.and.blunted.stimulatory.effects.of.opioids.on.food.
intake.in.zinc-deplete.rats,.possibly.due.to.changes.in.receptor.sensitivity.76.There.is.
a.decreased.preference.for.carbohydrate. in.zinc-deficient.animals. that.may.account.
for.100%.of.their.drop.in.food.intake,.compared.with.zinc-adequate.controls,72.which.
cannot.be.attributed.to.changes.in.hypothalamic.norepinephrine.concentrations,74.but.
could.be.associated.with.changes.in.NPY.activity.77

The.appetite. regulation.system.has.been.explored.by.Shay.and.colleagues. for.
a.number.of.years.from.a.different.perspective..Young.rats.fed.a.zinc-deficient.diet.
reduce.their.food.intake.by.up.to.50%.within.a.week..Interestingly,.within.several.
more.days. there. is.an. increase. in.food. intake.followed.by.a.reduction..This.cycle.
continues.with.a.duration.of.approximately.3. to.4.days.but. is.quickly.normalized.
by.replacing.dietary.zinc.71,78.Recent.microarray.analysis.of.cDNA.in.the.pituitary.
of. zinc-deficient,. zinc-adequate,. and. zinc-overloaded. rats. shows. a. strong. correla-
tion.between.pituitary.zinc.concentrations.and.gene.expression. for.NPY,.melanin.
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concentrating. hormone,. ghrelin,. calcitonin. gene-related. product,. and. serotonin,79.
suggesting.that.gene.expression.of.potent.appetite-regulating.neuropeptides.is.altered.
by.zinc.deficiency,.but.these.results.need.to.be.confirmed.for.tissues.known.to.be.
involved.in.the.control.of.food.intake.

Several. investigators. have. looked. for. an. association. between. zinc. status. and.
leptin..Serum.leptin.is.lower.in.zinc-deficient.than.zinc-replete.humans80.or.animals,.
but.this.may.be.secondary.to.the.reduction.in.food.intake.81.Measurement.of.leptin.
expression.and.release.from.adipose.tissue.taken.from.zinc-adequate,.zinc-deficient,.
and.rats.pair-fed.to.the.zinc-deficient.rats.showed.the.same.level.of.leptin.mRNA.
expression. in. adipose. tissue. from. zinc-deficient. and. pair-fed. rats,. supporting. the.
notion.that.the.low.circulating.concentrations.of.leptin.are.secondary.to.the.reduced.
food. intake. of. zinc-deficient. animals.. There. was,. however,. a. lower. rate. of. leptin.
secretion. from.adipose. tissue. from.zinc-deficient. than.pair-fed. rats,. indicating.an.
additional.zinc-dependent.aspect.of.leptin.secretion.82.If.peripheral.release.of.leptin.
is.zinc.sensitive,.then.this.may.represent.an.aspect.of.zinc-induced.dysregulation.of.
appetite.that.is.not.based.on.a.direct.effect.on.CNS.function.

17.5.3   summary

The.significant.body.of. literature. relating.zinc.nutriture. to.control.of. food. intake.
provides.much.stronger.evidence.for.an.association.between.micronutrient.require-
ments.and.maintenance.of.normal.food.intake.than.is.available.for.most.other.micro-
nutrients.69.Animal.studies.and.molecular.investigations.are.identifying.changes.in.
structure.and. function. in.enterocytes,.hypothalamic.and.other.neural. centers,. the.
pituitary,.and.adipocytes..Thus.signals.of.energy.balance.from.adipocytes.in.addi-
tion.to.fundamental.aspects.of.neuropeptide.synthesis.and.release.in.the.hypothala-
mus.may.contribute.to.the.reduction.in.food.intake.of.zinc-deficient.animals.

��.�  copper

17.6.1   funcTIon

Copper.is.essential.for.normal.development.of.the.central.nervous.system,.both.in.
terms.of.regulating.neuropeptide.synthesis.and.in.protecting.tissue.from.oxidative.
damage..Copper. is.a.cofactor.for. the.free.radical.scavenger.superoxide-dismutase.
(SOD).and.thus.plays.a.key.role.in.antioxidant.processes.83.The.importance.of.copper.
as.an.antioxidant.component.of.SOD.is.displayed.by.the.phenotype.of.neurodegen-
eration.with.long-term.deficiency.84–86.Copper.is.also.a.component.of.cuproenzymes.
such.as.dopamine.β-mono-oxygenase,. tyrosinase,.monoamine.oxidase,.and.pepti-
dylglycine-α-amidating.monoxygenase.(PAM),.and.a.deficiency.in.copper.is.associ-
ated.with.a.deficiency.in.activity.87.These.enzymes.are.essential.for.neurotransmitter.
biosynthesis,. posttranslational. modification,. and. neuropeptide. metabolism.84. The.
potential. importance. for. PAM. in. food. intake. regulation. becomes. clear. when. we.
realize. that. it. is. involved. in. the. posttranslation.modification. (amination. of. a. gly-
cine.residue).of.neuropeptides.such.as.CCK,.NYP,.and.ghrelin..Copper.transporters.
across.cell.membranes.and.chaperone.proteins.have.been.described.and.are.impor-
tant.for.moving.copper.from.the.extracellular.space.to.the.more.protected.oxidative.
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environment.of.subcellular.compartments.88.Selective.deletions.of.copper.transport-
ers.or.chaperone.proteins.reveal.changes.in.mitochondrial.energy.metabolism.that.
contribute.to.abnormal.CNS.development.and.functioning.

17.6.2   seQuelae

There.is.much.less.evidence.for.a.relationship.between.food.intake.or.appetite.and.cop-
per.status.than.is.available.for.zinc,.but.as.with.most.other.metal.deficiencies,.there.is.
a.reduction.in.food.intake.and.weight.gain.of.animals.fed.a.copper-deficient.diet.89,90.
Copper.deficiency.increases.NPY.mRNA.levels.in.the.olfactory.bulb,.but.this.is.not.
associated.with.a.change.in.NPY.protein. levels.or.a.change.in.food.intake.91.Other.
studies.with.rats.have.focused.on.production.and.release.of.CCK.from.the.exocrine.
pancreas.92.CCK.is.a.satiety.signal,.released.from.the.gastrointestinal.tract.in.response.
to.nutrient. ingestion,.and.one.of. its. functions. is. to.stimulate.protein.secretion.from.
the.exocrine.pancreas.by.activating.high-affinity.vagal.CCK-A.receptors.93.Pancreatic.
acini.isolated.from.rats.that.had.been.fed.either.a.copper-deficient.or.copper-adequate.
diet.for.4.weeks.had.a.low.density.of.CCK-A.receptors,.a.low.amylase.content,.and.a.
reduced.CCK-8-stimulated.release.of.amylase.92.In.contrast,.an.earlier.study.with.cop-
per-deficient.rabbits.found.significant.reductions.in.acinar.cell.amylase.content,.but.no.
detriment.in.CCK-stimulated.amylase.release,.suggesting.different.species.sensitivity.
or.response.to.copper.depletion.in.the.exocrine.pancreas.94

Numerous.studies.have.tried.to.find.an.association.between.serum.copper.and.
serum. leptin.. Cross-sectional. studies. show. a. positive. correlation. between. serum.
leptin.and.serum.copper.concentrations,95,96.but. intervention.studies. in.humans.or.
animal.models.have.failed.to.provide.evidence.of.an.association,.other.than.the.like-
lihood.that.both.are.a.response.to.cytokines.released.during.inflammation.97,98

17.6.3   summary

The.literature.on.copper.and.food.intake.is.sparse,.in.part.because.of.the.low.preva-
lence.of.copper.deficiency.in.human.populations.and.the.relatively.recent.discovery.
of. an. abundant. number. of. copper. transporter. and. chaperone. proteins.. There. are.
suggestions.of.a.relationship.between.copper.deficiency.and.function.of.the.exocrine.
pancreas.due. to.changes. in.CCK.responsiveness..The. identification,. in. the.past.3.
years,.of.a.number.of.copper-dependent.enzymes.and.intriguing.evidence.of.possible.
copper-dependent. alterations. in. neuropeptide. production. in. hypothalamic. centers.
known.to.influence.food.intake.may.provide.the.basic.information.needed.to.stimu-
late.investigators.to.explore.potential.roles.of.copper.in.food.intake.regulation.

��.�  conclusIons

The.focus.of.this.brief.review.of.selected.metals.reveals.a.general.lack.of.understand-
ing.with.the.fundamental.mechanisms.that.are.activated.as.animals.become.deficient.
in.a.single.micronutrient..In.some.cases,.such.as.zinc,.there.is.a.substantial.literature.
that.points.to.alterations.in.both.the.origins.of.the.appetite.signals.in.the.periphery.
as.well. as. the.hypothalamic.centers. that.control. food. intake.. In.most.other.cases.
of. metal. micronutrient. deficiency. there. is. insufficient. evidence. to. make. a. strong.
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case.for.a.particular.site.of.action.regarding.the.cause.of.the.reduced.food.intake,.
although.there.is.some.evidence.that.changes.in.food.intake.can.result.from.disrup-
tion.of.endocrine.function.caused.by.the.micronutrient.deficiency.

A.majority.of.the.evidence.for.an.association.between.specific.changes.in.min-
eral.metabolism.and.abnormal.food.intake.or.efficiency.of.energy.utilization.comes.
from.animal.studies..The.benefit.of.these.models.is.that.it.is.possible.to.manipulate.
a.single.micronutrient.while.keeping.all.other.aspects.of. the.diet.constant,.whereas.
micronutrient.deficiencies.in.humans.are.often.associated.with.multiple.dietary.insuf-
ficiencies,.making.it.difficult.to.tease.out.responses.that.can.be.attributed.to.a.specific.
nutrient..Other.obvious.advantages.are.the.duration.of.exposure.to.deficient.diets.may.
be.reduced,.and.tissue.sampling.can.be.more.invasive.in.animal.models..Importantly,.
because.mineral.deficiencies.during.specific.stages.of.development.and.growth.can.
cause.permanent.impairment.of.function,.it.would.not.be.ethical.to.investigate.anything.
other.than.replacement.strategies.in.human.subjects..New.genomic.tools.are.becoming.
available.to.help.identify.novel.proteins.in.the.metabolism.of.metal.micronutrients.and.
metabolomic.and.proteomic.analyses.are.also.providing.new.information.on.potential.
causes.of.appetite.dysregulation.in.single-nutrient.deficiency.states..This.new.technol-
ogy.will.hopefully.facilitate.progress.in.understanding.the.complex.mechanisms.that.
relate.mineral.status.to.systems.that.determine.what,.when,.and.how.much.to.eat.
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18 Minerals	and	Food	
Intake:	A	Human	
Perspective

Dorothy Teegarden and Carolyn Gunther

��.�   IntroductIon

The.regulation.of.food.intake.has.an.important.impact.on.the.development.of.dis-
eases.throughout.the.world..The.incidence.of.obesity.continues.to.grow.worldwide.
despite.efforts.to.identify.the.macronutrient.composition.of.diets.effective.in.reduc-
ing.overall.energy.intake.and.subsequent.fat.mass.or.in.preventing.fat.accumulation..
It.has.been.proposed.that.certain.minerals.may.impact.body.fat.accumulation.and.
that.appetite.may.play.a.role.in.modulating.this.effect..On.the.other.hand,.deficien-
cies.of.specific.minerals.may.also.reduce.food.intake,.leading.to.anorexia.or.mal-
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nutrition..Therefore,.it.is.important.to.understand.the.role.of.minerals.in.regulating.
food.intake.in.humans.and.how.this.regulation.may.impact.human.disease.

It.is.curious.to.consider.that.nonenergy-supplying.nutrients.such.as.minerals.may.
regulate.food.intake.or.appetite..One.suggestion.is.that.mammals.may.have.evolved.
to.respond.to.specific.dietary.components.that.act.as.an.indicator.of.dietary.avail-
ability..Thus,.when.food.is.plentiful,.a.mineral.present.in.the.diet,.such.as.calcium,.
acts.as.the.signal.to.reduce.body.fat.mass.accumulation..On.the.other.hand,.when.
food.is.scarce,.the.lower.calcium.in.the.diet.may.serve.as.an.indicator.to.promote.
fat.mass.accumulation,.protecting.the.body.against.the.scarcity.of.food..Therefore,.
teleologically,.dietary.mineral.content.may.function.as.an.indicator.of.energy.nutri-
ent.availability.and.regulate.physiological.processes.and.food.intake.to.appropriately.
respond.to.the.energy.availability.in.the.environment.

The. mechanisms. by. which. dietary. intake. of. minerals. regulate. physiological.
processes.such.as.food.intake.must.also.be.considered..In.some.cases,.the.specific.
essential. roles. of. minerals. is. to. function. as. cofactors. influencing. how. a. mineral.
impacts.physiological.processes..Alternatively,. certain.minerals,. such.as. calcium,.
can.participate.in.eliciting.hormonal.responses..The.hormones.may.in.turn.function.
to.regulate.the.physiological.processes.secondary.to.the.intake.of.the.mineral.

The.impact.of.minerals.on.food.intake.can.be.directly.assessed.measuring.food.
intake.or.compensatory.food.intake,.or.associations.between.intake.and.nutritional.
status.. On. the. other. hand,. measures. of. the. response. of. mediators. of. food. intake.
behavior.(e.g.,.leptin,.cholycystokinin.[CCK],.neuropeptide.Y.[NPY],.and.ghrelin).
to.mineral.intake.may.provide.insights.into.potential.regulation.of.food.intake.and.
also.mechanistic.information..However,.the.regulation.of.food.intake.is.a.complex.
interaction.of.hormonal.and.neuronal.controls.in.addition.to.learned.behaviors.that.
may.override.the.natural.cues.to.control.food.intake.

This.review.addresses.the.current.knowledge.of.the.impact.of.minerals.on.food.
intake. in. humans. by. several. minerals:. zinc,. calcium,. iron,. and. iodine.. Overall,.
there.is.little.available.information.on.specific.effects.of.minerals.on.food.intake.
in.humans..The.minerals.included.for.discussion.in.this.review.are.based.on.those.
for. which. there. is. a. body. of. literature. in. humans.. These. specific. minerals. also.
provide.examples.of.several.important.factors.that.should.be.considered,.such.as.
types.of.studies.used,.mechanisms.explored,.and.direct.versus.indirect.effects.of.
the.minerals.on.appetite.

��.�   zInc

18.2.1   InTroducTIon

Zinc.is.the.most.actively.studied.mineral.in.regards.to.regulation.of.food.intake.1,2.

Zinc.is.an.essential.mineral.for.humans.and.required.for.several.physiological.pro-
cesses,. including. growth,. immunity,. reproduction,. and. optimal. immunity.. Zinc.
functions.as.a.cofactor.for.a.wide.range.of.enzymes.involved.in.cell.division,.protein.
synthesis,. and.carbohydrate.metabolism.as.well. as. the. activity.of.hormones. such.
as.glucagon,. insulin,.growth.hormone,. and. thyroid.hormone..Zinc. is. also.critical.
for.gastrointestinal.structure.and.function..Zinc.deficiency.results.in.dwarfism.and.
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hypogonadism..Zinc.deficiency.also.promotes.poor.appetite.and.reduced.food.intake.
in.animals.and.humans,1,2.but.the.mechanisms.in.humans.are.not.defined.

18.2.2   mechanIsms of reduced food InTake: anImal models

The.effect.of.dietary.zinc.deficiency.in.reducing.food.intake.has.been.extensively.
investigated.in.animal.models,.particularly.rats,.and.less.well.in.humans.1,2.Although.
this.review.is.focused.on.humans,.the.research.in.animals.contributes.to.understand-
ing.the.mechanisms.in.humans..Zinc.deficiency.appears.to.induce.characteristic.eat-
ing.behaviors.that.lead.to.reduced.food.intake.in.rats..Zinc-deficient.rats.transiently.
increase.their.food.consumption.on.a.cyclical.basis.every.3.to.4.days,.delay.the.tim-
ing.of.their.first.meal.of.their.dark.cycle.compared.to.zinc-adequate.animals,.and.eat.
fewer.meals.3.In.addition,.intake.of.carbohydrates.is.reduced,.whereas.protein.and.
fat.intakes.remain.stable..Within.1.day.of.refeeding.a.zinc-adequate.diet,.carbohy-
drate. intake.is.restored.with.a. transient. increase.in.protein.intake.4.Thus,.nutrient.
selection.of.food.and.specific.feeding.behaviors.are.altered.by.zinc.deficiency,.lead-
ing.to.overall.decreased.food.intake.

A. variety. of. physiological. mechanisms. including. neurotransmitter. and. endo-
crine.secretions.have.been.explored.as.potential.mediators.of.zinc-induced.anorexia,.
including. norepinephrine,. gama-aminobutyric. acid,. dopamine,. dinorphin,. and.
galanin,. without. consistent. results.2,5. Rats. fed. a. zinc-deficient. diet. for. 6. weeks.
reduced.food.intake.compared.to.a.zinc-adequate.diet.6.In.this.study,.mRNA.expres-
sion.of.peptide.hormones.that.inhibit.food.intake.(calcitonin.gene-related.product,.
serotonin,.and.cholecystokinin).were. increased. in. the.pituitary.of. rats. fed.a.zinc-
deficient.diet.compared.to.those.fed.a.zinc-adequate.diet..Ghrelin.was.unchanged,.
and. the. melanin-concentrating. hormone,. which. normally. stimulates. food. intake,.
was.increased.in.the.zinc-deficient.compared.to.the.zinc-adequate.diets.6.Thus,.zinc.
deficiency.reduces.food. intake. in.rats,.potentially.by.regulating.several.hormones.
that.control.feeding.behavior,.but.the.specific.events.mediated.by.zinc.to.alter.levels.
of. the.peptide.hormones,.or. the. role.of. these.hormones. in. regulating. food. intake.
needs.to.be.clarified.

The. regulation. of. neuropeptide. Y. (NPY). may. also. play. a. role. in. zinc-medi-
ated.reduction.in.food.intake..NPY.is.elevated.in.zinc.deficiency.and.food.restric-
tion.7. Zinc. deficiency. induces. hypothalamic. NPY. mRNA. in. the. hypothalamus.
of. zinc-deficient. rats. and. NPY. peptides. are. increased. in. the. arcuate. nucleus. and.
paraventricular.nucleus.in.zinc-deficient.rats.8.These.results.seem.inconsistent.with.
the.reduction.in.food.intake.mediated.by.zinc.deficiency..However,.NPY.levels.are.
equivalent.in.pair-fed.rats,.suggesting.that.NPY.regulation.is.secondary.to.reduced.
food. intake,.not.directly.due. to.zinc.deficiency.2.The.release.of.NPY.during.food.
restriction.is.significantly.impaired.in.zinc-deficient.animals,.which.may.be.a.mech-
anism.for.causing.anorexia.(described.in.detail.below)..On.the.other.hand,.there.may.
be.a.resistance.to.NPY.in.zinc.deficiency,.leading.to.high.NPY.levels,.but.reduced.
feed.intake..However,.zinc-deficient.and.zinc-adequate.rats.responded.similarly.to.
exogenous.NPY.applied. to. the.paraventricular.nucleus.by. increasing. food. intake,.
suggesting. that.elevated.NPY.during.zinc.deficiency.is.a.response. to.restore.food.
intake.levels.toward.normal.rather.than.a.resistance.to.NPY.8.Thus,.zinc.deficiency.
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promotes.reduced.food.intake.in.rats,1,2.but.the.mechanism(s).underlying.this.effect.
has.not.been.clearly.defined.

18.2.3   reduced food InTake and hypogeusIa: humans

Reduced.food.intake,.described.by.Prasad.as.poor.appetite,. is.an.accepted.conse-
quence.of.insufficient.zinc.intake.9–12.In.addition,.hypogeusia.or.decreased.sensitiv-
ity. to. taste. is. associated.with. low.zinc. status.12–14.For. example,.poor. appetite. and.
impaired.taste.acuity.in.young.subjects.(4.to.6.years).were.associated.with.decreased.
concentration.of.zinc.in.hair.15.In.addition,.zinc.supplementation.in.these.children.
reversed. the. abnormalities.15. Hemodialysis. is. associated. with. zinc. deficiency. and.
hypogeusia16,17.and.has.been.used.as.a.model.for.zinc.deficiency.in.humans..A.12-
week. double-blind. crossover. placebo-controlled. trial. in. 12. dialysis. patients. with.
hypogeusia. demonstrated. that. zinc. supplementation. reduced. the. recognition. and.
determination.threshold.level.for.all.four.taste.qualities.18.The.results.of.a.double-
blinded.placebo-controlled.trial.in.22.patients.undergoing.hemodialysis.for.6.months.
demonstrated.that.the.threshold.of.taste.detection.for.salt,.sweet,.and.bitter,.but.not.
sour,.improved.with.zinc.supplementation..The.impact.of.zinc.supplementation.on.
symptoms.of.hypogeusia.was.also.examined.in.a.double-blind,.randomized,.cross-
over-design.trial.in.patients.(N.=.106,.men.and.women).19.The.results.of.this.study.
demonstrated.that.zinc.supplementation.was.not.effective.in.improving.symptoms.of.
hypogeusia.of.unknown.origin..Overall,.the.results.showed.that,.although.zinc.is.not.
effective.at.improving.hypogeusia.induced.by.other.causes,.zinc.status.plays.a.role.in.
taste.acuity..Therefore,.hypogeusia.induced.by.zinc.deficiency.may.be.a.contributing.
factor.to.reduced.food.intake.in.humans.

The. role. of. the. enzyme. parotid. saliva. gustin/carbonic. anhydrase. VI,. a. zinc-
dependent.enzyme,.has.also.been.explored.to.determine.how.zinc.affects.taste.func-
tions.20.Saliva.gustin/carbonic.anhydrase.VI.enzyme.is.considered.responsible.for.
maintenance.of.taste.bud.function..In.this.study,.14.patients.with.decreased.saliva.
gustin/carbonic.anhydrase.VI.secretion.were.treated.with.zinc.supplementation.for.4.
to.6.months..Secretion.of.saliva.gustin/carbonic.anhydrase.VI.increased.in.10.of.14.
supplemented.patients.(categorized.as.responders)..These.10.responders.also.expe-
rienced.an.improvement.in.taste.acuity.and.a.reduction.in.dysgeusia..There.was.no.
increase.in.secretion.of.the.enzyme.in.the.remaining.four.patients.(nonresponders),.
and.no.improvement.in.taste.acuity.was.reported..These.results.may.provide.sup-
port.for.a.direct.link,.through.the.zinc-dependent.saliva.gustin/carbonic.anhydrase.
VI.enzyme,.between.zinc.status.and.taste.acuity..Further.studies.are.warranted.to.
explore.the.role.of.this.enzyme.in.a.zinc-dependent.reduction.in.food.intake.

18.2.4   zInc and anorexIa nerVosa

Because.it.is.evident.that.zinc.deficiency.reduces.food.intake.in.humans,.it.has.been.
proposed.that.zinc.deficiency.may.be.a.causative.factor.contributing.to,.or.useful.in,.
treatment.of.eating.disorders.such.as.anorexia.nervosa.21–24.The.prevalence.of.eating.
disorders.in.postpubescent.females.is.estimated.to.be.5.to.10%..The.mortality.rate.
for.anorexia.nervosa.is.estimated.to.be.10%.occurring.within.10.years.of.diagnosis,.
the.highest.of.any.psychiatric.diagnosis,.and. the. leading.cause.of.death. in.young.
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females.15.to.24.years.of.age.25.Therefore,.it.is.critical.to.identify.factors.that.may.
prevent.or.alleviate.anorexia.nervosa,.including.a.potential.role.for.zinc.intake.

The.relationship.between.zinc.and.anorexia.nervosa.in.humans.has.been.inves-
tigated.using.several.approaches.including.similarity.in.symptoms,.dietary.intakes.
and.status.measures.for.zinc,.and.clinical.zinc.supplementation.intervention.trials.
in.anorexics..Hallmark.symptoms.of.zinc.deficiency.are.noted.in.anorexia.nervosa,.
including.weight.loss,.appetite.loss,.specific.forms.of.dermatitis,.amenorrhea,.and.
depression.26.Women.have.a.high.risk.for.deficiencies.of.zinc.as.assessed.by.dietary.
intake. assessment.27,28. However,. the. results. of. studies. that. assess. zinc. status. in.
anorexic.or.bulimic.patients.are.controversial,.with.several.showing.a.relationship,29–

34.while.other.studies.have.shown.no.relationship.35–37.These.inconsistent.results.may.
be.due.to.the.lack.of.sensitive.measures.to.assess.zinc.deficiencies.in.humans.38.In.
addition,.zinc.supplementation.during.recovery.of.patients.with.anorexia.has.shown.
better.weight.gain.compared.to.unsupplemented.controls33,34,39–41.Thus,.there.is.evi-
dence.that.zinc.deficiency.may.play.a.role.in.anorexia.nervosa,.and.zinc.supplemen-
tation.may.aid.in.recovery.of.weight.gain.of.anorexics.

18.2.5   zInc regulaTIon of lepTIn

A.potential.mechanism.underlying.zinc-induced.reduction. in.food. intake. that.has.
been.explored.in.humans.is.the.impact.of.leptin,.which.decreases.appetite..However,.
levels.of.serum.leptin.are.reduced.during.zinc.deficiency,.and.zinc.supplementation.
raises.serum.leptin.levels,.as.well.as.IL-2.and.TNF-α,.of.zinc-depleted.men.(n.=.9).42.
Obese.subjects.have.higher.leptin.and.lower.zinc.plasma.values.than.their.lean.con-
trols..A.complication.in.these.studies.is.that.leptin,.produced.in.adipose.tissue,.may.
reflect.changes.in.adipose.stores.induced.by.zinc.deficiency.as.opposed.to.a.regula-
tion.directly.by.zinc..However,.in.human.adipose.tissue,.zinc.treatment.significantly.
increased.leptin.production,.suggesting.that.zinc.stimulates.leptin.synthesis.43.Thus,.
there.appears.to.be.an.interaction.between.zinc.status.and.leptin.levels,.but.the.inter-
action.is.complex.and.requires.further.investigation.

��.�  calcIuM

18.3.1   InTroducTIon

In.addition.to.the.well-established.role.of.calcium.in.bone.metabolism,.recent.stud-
ies.suggest.that.calcium.intake.may.also.influence.other.physiological.factors..Evi-
dence.suggests. that.higher.calcium. intakes.may. lead. to. reduced. fat.accumulation.
or. enhance. fat. mass. loss. during. energy. restriction.44. Some. evidence,45–49. but. not.
all,50.supports.a.relationship.between.dietary.calcium.intake.and.body.fat.accumula-
tion..On.the.other.hand,.a.one-year.dairy.product.intervention.trial51.did.not.lead.to.
changes.in.fat.accumulation.in.healthy.young.women..A.6-month.follow.up.of.this.
trial.demonstrated.a. significant. impact.of.18-month. intake.of.calcium.with. lower.
body.fat.accumulation.49.These.results.suggest.that.if.calcium.has.an.impact.on.body.
fat.accumulation,. the.effect. is.small.but.may.be.significant. in. the. long. term..The.
evidence.for.calcium.enhancing.fat.mass.loss.during.energy.restriction.is.also.con-
tradictory.52–57.The.discrepancies.and.the.small.effect.observed.in.epidemiological.
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and.intervention.studies.demonstrates.a.need.to.identify.potential.mechanisms.that.
contribute. to. the. effect. in. order. to. determine. if,. and. when,. dietary. calcium. will.
impact.body.composition.

Several.mechanisms.have.been.proposed.to.contribute.to.the.impact.of.calcium.
on.body.composition..These.include.increased.energy.loss.through.increased.expres-
sion.of.uncoupling.proteins,.increased.lipid.oxidation58–60.or.decreased.availability.
of.energy.by.the.formation.of.fecal.calcium:fatty.acid.soaps,.reducing.the.absorp-
tion.of.fats.61.In.addition,.it.has.been.proposed.that.calcium.may.reduce.food.intake.
through.reduced.appetite,.contributing.to.lower.body.fat.mass.or.body.weight.

18.3.2   calcIum and dIeTary InTake

The.evidence.indicating.that.calcium.influences.intake.in.humans.is.controversial..A.
critical.issue.with.many.of.the.studies.on.calcium.consumption.and.body.composi-
tion.is.that.the.primary.source.of.calcium.is.dairy.products..Dairy.protein.and.other.
dairy.components62.have.also.been.implicated.in.regulating.body.composition.and.
food.intake.or.mediators.of.food.intake,.and.this.complicates.the.interpretation.of.
many.studies..Barr.et.al.50.found.that.elderly.people.compensated.well.for.the.energy.
contained.in.three.daily.servings.of.milk.by.reducing.food.intake.from.other.sources..
The.satiety.value.of.yogurt.and.cheese.has.been.determined.empirically.to.be.higher.
than.that.of.many.similar.foods.63.However,.Almiron-Roig.et.al..demonstrated.that.
intake.of.milk.was.not.associated.with.compensation.for.the.energy.contained.in.the.
milk.consumed.64

Another.study. investigated. the. impact.of.a.7-day.dairy.product. intervention.
on.food.intake.65.Participants.(18.to.50.years,.BMI.25.to.32.kg/m2,.n.=.60,.equal.
numbers.of.men.and.women).with.either.habitual. low.or.high.intake.of.calcium.
were.enrolled..Subjects.were.instructed.to.consume.either.a.low.dairy.(one.serv-
ing.dairy.product/day).or. three.portions.of.dairy.products/day.for.7.days.with.a.
7-day.washout.between.test.periods.in.a.randomized.crossover.design..No.other.
requirements.for.intake.were.given;.thus,.this.study.tested.the.ability.of.the.partici-
pants.to.compensate.for.the.addition.of.dairy.products.to.their.usual.intakes..Esti-
mated.dietary.intakes.were.assessed.daily.and.appetitive.measurements.assessed.
by.a. computerized. system. throughout. the.day..Male.participants. consumed. sig-
nificantly.more.calories.with.the.high-dairy.intervention.diet.(approximately.200.
kcal/day). compared. to. the. low-dairy. diet.. Men. with. high. habitual. dairy. intake.
reduced.their.intake.of.energy.from.other.sources.by.31%,.but.men.with.low.habit-
ual.dairy.intake.did.not.compensate.for.the.extra.dairy.intake,.but.increased.12%.
more.than.would.be.predicted.by.the.addition.of. two.dairy.products. in.the.diet..
Female. participants. also. compensated. for. the. additional. intake. from. the. high-
dairy.product.intervention,.but.the.compensation.was.not.complete..Women.with.
high.habitual.calcium.intake.reduced.energy.intake.by.72%.of.the.dairy.load.from.
other. sources. when. consuming. the. high-dairy. product. intake,. and. women. with.
low.habitual.intake.reduced.energy.intake.from.other.sources.by.50%.of.the.dairy.
load..There.were.no.significant.differences.in.ratings.of.hunger,.fullness,.desire.to.
eat,.or.preoccupation.with.foods.between.intervention.groups..The.results.of.this.
study.suggest.that,.in.contrast.to.the.hypothesis.that.dairy.products.may.lead.to.a.
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reduction.in.food.intake,.there.is.incomplete.compensation.for.the.energy.intake.of.
the.dairy.products,.or.potentially.an.increased.energy.intake.with.a.low.habitual.
intake.of.calcium.in.men..This.study.does.not.specifically.test. the.effect.of.cal-
cium.on.dietary.compensation,.but.rather.dairy.products,.and.dairy.products.con-
tain.many.components.that.are.hypothesized.to.regulate.food.intake..However,.the.
negative.effects.support.the.hypothesis.that.calcium.intake.does.not.significantly.
reduce.food.consumption.

18.3.3   calcIum and food InTake: mechanIsms

The.response.of.specific.satiety.regulators.to.dietary.calcium.provide.insights.that.
can.be.applied.to.the.overall.response.in.humans..Intake.of.meals.containing.dairy.
products.increased.cholecystokinin.(CCK).levels.within.a.6-hour.period.more.than.
nondairy.product.meals.in.women.(39.±.6.years,.n.=.10),.but.not.men.(31.±.10.years,.
n.=.14).in.a.randomized.crossover-design.study.66.CCK.mediates.meal.termination.
and.possibly.early.phase.satiety.at.least.in.part.through.its.effects.on.gastric.empty-
ing..Subjective.satiety.response.to.the.test.meals.was.assessed.using.visual.analog.
scales.(VAS).over.the.6-hour.period.following.meal.consumption..In.contrast.to.the.
CCK. response,. the.VAS.analysis. suggested. that. the.nondairy-product.meals. sup-
pressed.hunger.more.strongly.than.the.dairy-products.meals..Within.the.VAS.analy-
sis,. the. “desire. to. eat”.was. lower. following.consumption.of. the.nondairy-product.
meals.compared.to.the.dairy-product-containing.meals..Thus,.the.nondairy.meals.
were.more.satiating.than.the.dairy.product..Again,.it.is.important.to.note.that.this.
study. investigates. the. impact. of. dairy. product,. not. calcium. specifically,. on. CCK.
response.and.appetitive.responses.

Few.studies.have.directly.assessed.the.impact.of.calcium.consumption.on.food.
intake..Lorenzen.et.al.61.investigated.the.acute.impact.of.calcium.from.various.lev-
els.of.dairy.product.supplementation.in.a.randomized,.controlled.crossover-design.
study..In.this.study,.male.subjects.(n.=.18).were.between.18.and.50.years.old.(25.7.±.
1.2.years).and.overweight.(27.1.±.0.4.BMI,.range.24.to.31.kg/m2)..The.four.isocaloric.
test.meals.consisted.of.three.with.dairy.products.as.the.calcium.source:.low.calcium.
(68.mg),.medium.calcium.(350.mg),.and.high.calcium.(793.mg)..The.fourth.meal.
consisted.of.a.calcium.supplement.with.a.meal.containing.whey,.casein,.and.lactose;.
thus,.all.four.meals.contained.equivalent.levels.of.dairy.protein..Blood.was.drawn.at.
intervals.for.7.hours.following.meal.consumption,.followed.by.an.ad libitum.meal.
with.instructions.to.eat.until.“comfortable.satisfaction,”.and.energy.intake.from.this.
meal.was.estimated..A.3-week.washout.period.occurred.between. test.meals..The.
results.demonstrated.that,.consistent.with.an.increase.in.fecal.fat.loss.noted.previ-
ously.by. these.authors,67. the.area.under. the.curve. (AUC).for.serum.chylomicron-
associated.triglycerides.was.reduced.after.intake.of.the.medium-.and.high-calcium.
meals. compared. to. the. low-calcium. meal.. There. were. no. significant. differences.
in.AUC.by.meal. in.CCK,.ghrelin,.glucose,.GLP-1,.PYY,.or. insulin.following.test.
meals..The.lack.of.response.to.dietary.calcium.is.in.contrast.to.that.of.Schneeman.et.
al.,66.where.the.product.tested.was.nondairy.compared.to.dairy.products..The.cur-
rent.study61.is.modified.by.the.calcium.content.with.equivalent.levels.of.dairy.com-
ponents..Thus,.the.CCK.response.in.the.Schneeman.et.al..study66.may.be.due.to.the.
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dairy.product.component..In.the.study.by.Lorenzen.et.al.,61.the.high-calcium.meal.
was.more.palatable.than.the.low-calcium.or.supplement.meal,.and.the.subsequent.
ad libitum.meal.smelled.better.and.was.more.visually.appealing.after.intake.of.the.
high-calcium.meal.compared.to.the.low-calcium.meal..There.was.no.significant.dif-
ference.in.energy.intake.from.the.ad libitum.meal.following.consumption.of.the.test.
meals..In.theory,.the.increase.in.palatability.may.promote.an.increase.in.food.intake.
or.lack.of.compensation,.similar.to.that.noted.in.the.study.by.Hollis.and.Mattes.65.
Cumulatively,.these.results.are.consistent.with.studies.in.rodents.which.demonstrate.
no.changes. in. food. intake.with. low.or.high.calcium. intakes,68,69. and. suggest. that.
calcium.intake.does.not.influence.food.intake.

The.mechanism.by.which.any.dietary.mineral.may.regulate.food.intake.is.poten-
tially.through.hormones.regulated.by.the.dietary.component..Thus,.understanding.
calcium. metabolism. will. aid. in. investigating. potential. mechanisms. and. lead. to.
insights. in. the.relationship.between.calcium.intake.and.regulation.of.food. intake..
The.most. studied. role.played.by.calcium. is. in.bone.metabolism.and. intracellular.
regulation.of.signaling.pathways..Serum.calcium.levels.are.controlled.in.a.very.tight.
range..Low.calcium.intake.leads.to.a.reduction.in.serum.calcium,.which.in.turn.is.
sensed.at.the.parathyroid.gland.by.a.specific.calcium.receptor..The.activated.receptor.
induces.the.synthesis.and.release.of.parathyroid.hormone.(PTH)..PTH.acts.on.the.
renal.1α-25.hydroxyvitamin.D.hydroxylase.to.increase.serum.levels.of.1,25-dihy-
droxyvitamin.D.(1,25D),.the.active.form.of.vitamin.D..PTH.and.1,25D.function.to.
increase.serum.calcium.at.the.level.of.the.bone,.intestine,.and.kidney..In.contrast,.
with.high.calcium.intakes,.the.serum.levels.of.PTH.and.1,25D.are.suppressed,.and.
calcitonin.levels.are.increased..Therefore,.the.potential.regulation.of.food.intake.by.
calcium.may.include.the.regulation.of.hormones.

Consistent. with. a. hormonal. regulation,. evidence. from. animal. studies. dem-
onstrates.that.calcitonin.reduces.food.intake.70–73.Subcutaneous.and.intracerebral.
injections.of. calcitonin. inhibited. feeding. in. rats,. suggesting. that. calcitonin. acts.
directly.on.the.central.nervous.system.74.Calcitonin.also.dramatically.reduced.feed.
intake.in.monkeys.(90%).for.3.to.5.days.and.in.rats.in.a.dose-related.manner.over.
24.hours.75.However,.to.date.little.information.on.the.impact.of.calcitonin.on.food.
intake. in. humans. is. available,. and. the. physiological. relevance. is. not. clear.. The.
impact.of.calcium.on.food.intake.with.calcitonin.as.a.mediator.has.also.not.been.
investigated.

18.3.4   summary

In.summary,.the.results.of.studies.investigating.an.impact.of.calcium.intake.on.food.
intake.are.controversial..There.are.no.studies.that.directly.show.that.calcium.alone.
alters. food. intake..Some.studies. suggest. that.hormones.which. reduce. food. intake.
(CCK).are.increased.by.calcium.intake,.but.others.do.not..Cumulatively,.these.results.
suggest.that.calcium.intake.is.not.likely.to.have.a.significant.impact.on.food.intake..
The.size.effects.noted.for.the.impact.of.calcium.on.weight.or.fat.mass.accumulation.
are.small.(less.than.100.kcal/day),.and.it.may.be.difficult,.or.impossible,.to.measure.
such.small.effects.on.food.intake,.appetite,.or.even.hormonal.changes.
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��.�   Iron

18.4.1   InTroducTIon

The.physiological.functions.of.iron.have.been.well.described,.and.the.primary.symp-
tom.of. iron.deficiency. is.anemia.76.Another.symptom.of. iron.deficiency. is. loss.of.
appetite.77–79.Iron.supplementation.in.African.preschoolers.improved.appetite.com-
pared.to.a.placebo.as.reported.by.the.mother;.however.the.improvement.was.similar.
to.a.deworming.medicine.80.The.authors.acknowledged.that.the.questionnaire.was.not.
validated,.and.the.mothers.may.not.have.fully.understood.the.instructions..Although.
the. level.of. supplementation.did.not.affect.mild. to.moderate.anemia,. it. improved.
measures.of.anemia.in.those.who.were.severely.anemic.at.baseline.and.positively.
impacted. motor. and. language. development.81. In. another. trial,. girls. 1. to. 18. years.
of.age.(n.=.203).participated.in.a.random.placebo-controlled.trial.of.iron.and.folic.
acid.combined. supplementation.82.The. supplementation. improved. iron. status,. and.
the.subjects’.hunger.rating.increased.according.to.both.the.subjects.and.the.moth-
ers.83.The.results.of.these.studies.are.ambiguous,.as.the.level.of.supplementation.may.
not.have.been.adequate.to.achieve.meaningful.differences.in.the.first.study,.and.the.
perceived.improvements.in.intake.may.be.due.to.an.overall.improvement.in.health..
Separation.of.physiological. and.neurological. consequences.of. anemia. induced.by.
iron.or.other.cosupplemented.factors.has.not.been.clearly.addressed.

18.4.2   mechanIsm

The.mechanism.by.which.iron.status.may.influence.food.intake.has.been.explored.
in. one. study. by. investigating. the. relationship. between. iron. status. and. the. hor-
mones,.ghrelin84.and.leptin85.in.children.(n.=.108,.approximately.4-years-old).cat-
egorized. into.quartiles.of. iron.deficiency..A. significant.positive. correlation.was.
identified.between. iron.status.and. levels.of.ghrelin.84.Decrease. in.ghrelin. levels.
in. iron.deficiency.anemia.can. lead. to. loss.of.appetite.and.a.decreased.desire. to.
eat.diverse.foods,.with.a.resultant.delay. in.growth.and.development..This.study.
supports.the.idea.that.iron.may.influence.ghrelin.levels,.which.in.turn.may.impact.
food.intake..However,.these.results.are.associative.and.lack.cause-and-effect.char-
acterization..In.addition,.ghrelin.is.only.one.of.numerous.hormonal.influences.on.
appetite.and.food.intake..In.summary,.there.is.no.direct.evidence.that.iron.specifi-
cally.influences.food.intake.in.humans.86,87

��.�  IodIne

There.is.little.data.on.the.impact.of.iodine.in.regulating.food.intake..Iodine.is.an.
essential.component.of. thyroid.hormones,.which.are.essential. for. skeletal.growth.
and. neurological. development.88,89. Iodine. deficiency. leads. to. hypothyroidism,. an.
increase.in.thyroid.stimulating.hormones.(TSH),.and.goiter.90.Clearly,.iodine.defi-
ciency,.particularly.in utero,.infants,.and.children,.leads.to.irreversible.neurological.
and.cognitive.deficits.manifested.in.mental.retardation,.visual.problems,.and.stunted.
growth..However,.direct.association.of.iodine.insufficiency.or.deficiency.with.food.
intake.has.not.been.described.in.humans.
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Since.iodine.is.critical.for.maintenance.of.optimal.levels.of.thyroid.hormones,.
it.is.worth.considering.the.possible.impact.of.these.hormones.on.food.consumption.
behaviors..Thyroid.hormones,.which.increase.the.basal.metabolic.rate.and.thermo-
genesis,.have.been. reported. to.be.one. factor. regulating. leptin,.with.alterations. in.
thyroid.status.potentially.leading.to.compensatory.changes.in.leptin..To.this.end,.the.
relationship.between.thyroid.status.and.leptin.levels.was.explored.in.patients.(n.=.65).
with.thyroid.cancer.before.and.after.ablation.and.thyroid.suppressive.treatments.91.
Serum.leptin.levels.increased.significantly.from.the.hypothyroid.to.the.subclinical.
hyperthyroid.state,.and.serum.leptin.levels.significantly.correlated.with.free.thyrox-
ine.index.or.FT4,.and.TSH.(all.P.<.0.05),.even.when.controlled.for.BMI.and.body.
fat..Thus,.circulating.thyroid.hormone.may.play.a.role.in.regulating.leptin.metabo-
lism.independent.of.BMI.and.body.fat..Therefore,.iodine.may.influence.food.intake.
through.thyroid.metabolism.

��.�  suMMary

There. is. little. evidence. supporting. a. role. for. most. minerals. in. modulating. food.
intake..Zinc.deficiency.may.play.a.role.in.reducing.food.intake.and.in.the.develop-
ment.of.anorexia.nervosa..In.contrast,.calcium.intake.does.not.appear.to.control.food.
intake,. though.this.hypothesis.has.been.explored.in.a.number.of.studies..There.is.
little.evidence.for,.or.against,.either.iron.or.iodine.having.a.direct.role.in.regulating.
food.intake.in.humans.

Overall,. the. direct. role. of. minerals. in. food. intake. in. humans. has. not. been.
explored..Although.a.symptom.of.deficiency.of.several.minerals.(zinc,.iodine,.iron).
is.reduced.food.intake,.it.is.not.clear.if.this.is.a.direct.effect.of.the.mineral.or.a.sec-
ondary.effect.of.the.physiological.consequences.and.poor.health.elicited.by.the.defi-
ciency..This.issue.of.assessing.direct.effect.is.very.difficult.to.delineate.in.humans.

The.development.of.deficiency.versus.insufficiency.is.a.factor.that.is.not.consid-
ered.in.many.studies.relating.nutritional.factors.with.physiological..Overt.deficiency.
for.several.minerals,.such.as.iron.and.zinc,.is.prevalent.worldwide..However,.insuf-
ficiency.is.also.prevalent.worldwide,.and.this.condition.should.also.be.addressed.in.
studies..Further,.adaptation.to.specific.intakes.occurs.with.most.minerals,.and.this.
information.has.often.been.neglected.in.considering.responses.to.supplementation.

In.conclusion,.zinc.deficiency.is.associated.with.poor.appetite.and.reduced.food.
intake,.and.the.evidence.supports.that.calcium.intake.does.not.regulate.food.intake.
in.humans..There.is.little.evidence.available.investigating.the.role.of.other.minerals.
on.food.intake..The.results.of.the.impact.of.the.minerals.selected.for.this.review.on.
food.intake.are.consistent.between.studies.employing.humans.and.the.animal.mod-
els..The.physiological.consequences.of.the.mineral.deficiencies.(or.insufficiencies).
are.difficult.to.dissect.from.a.direct.effect.of.the.mineral.on.food.intake..Finally,.few.
mechanistic.studies. investigating.the.role.of.minerals. in.regulating.food.intake.in.
humans.are.currently.available.
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food.seeking.and,.88
metabolism,.332,.333
sucrose,.186

Dronabinol,.78
Dysregulation,.illusion.of,.7–13

e
Eating..See also.Food.intake

animal.models,.178
behavior,.296–298

control,.318
dieting.and,.110
hormonal.mediators,.192,.195–198
microstructure,.75
models,.27,.28
orosensory.factors.and,.142–143
vision.and,.39
zinc.deficiency.and,.339

beyond.need,.102
biological.influences,.96–102
cognitive.models.of.motivation,.106–107
control

gustatory,.118–126
gut.neuroceptors.and,.165
gut.peptides.and,.165
hormonal,.166

integration.of.hedonic.and.cognitive,.273
metabolic,.17

environmental.influences,.102–105
gastric.and.intestinal.signals,.214–220

CCK,.216
ghrelin,.215
GLP-1,.219–220
GRP,.214–215
leptin,.216
PP,.218–219
PYY,.217–218

gastric.signals,.189
food.viscosity,.167–168
gastric.volume,.166–167
ghrelin,.168–169

hedonic,.97–101
animal.models.of,.98
biological.underpinnings.of,.97
human.research,.99
naloxone.and,.98,.109
palatability.and,.98

intestinal.signals,.169–177
Apo.A-IV,.176,.183
CCK,.170–172,.179
chemoreception,.169–170
GLP-1,.172–174
oleoylethanolamine,.176–177
PYY,.175–176

neuroimaging.studies,.99–101,.110
pancreatic.and.adiposity.signals,.220–222

insulin,.220–221
leptin,.221–222

pancreatic.signals,.177–178
amylin,.177–178,.183

positive.feedback.stimulation.of,.68–70
psychological.influences,.105–107
restrained,.101–102
signals

gastric,.189
food.viscosity,.167–168
gastric.volume,.166–167
ghrelin,.168–169

gastric.and.intestinal,.214–220
CCK,.216
ghrelin,.215
GLP-1,.219–220
GRP,.214–215
leptin,.216
PP,.218–219
PYY,.217–218

intestinal,.169–177
Apo.A-IV,.176,.183
CCK,.170–172,.179
chemoreception,.169–170
GLP-1,.172–174
oleoylethanolamine,.176–177
PYY,.175–176
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pancreatic,.177–178
amylin,.177–178,.183

pancreatic.and.adiposity,.220–222
insulin,.220–221
leptin,.221–222

Eating.disorders,.38,.108..See also.Anorexia;.
Bulimia

Endocannabinoid(s),.53–54,.91
in.the.CNS,.92
food.consumption.and,.59
receptor.antagonists,.92

Endocrine.milieu,.222–224
Energy.balance,.11
Energy.density,.25–26,.79,.104,.110,.299–301

defined,.297
energy.intake.and,.317
factors.affecting,.317
gastric.emptying.and,.204
macronutrients.and,.298–299
measurement,.318

Energy.homeostasis
food.intake.and,.2
gut.hormones.and,.183

Energy.intake
control,.by.energy.metabolism,.3–5
determinants,.312,.318
effect.of.macronutrients.and.energy.on,.

315–316
energy.density.and,.317
imprecise.regulation.of,.40

Estradiol,.CCK.and,.181
Exendin-4,.172,.184,.185,.263

antagonists,.174
body.weight.gain.and,.173
GLP-1.and,.219
taste.aversion.and,.174

f
Fasting,.38
Fat,.312–314

body.deposition,.7
CCK.secretion.and,.237
consumption,.298
deposition,.18
GLP.secretion.and,.237
insulin.secretion.and,.237
metabolism,.143
paradoxes,.314
satiety.and.oral,.150–151
trends.in.consumption.of,.317

Fatty.acid.transporter,.292
Feeding.behavior,.297–298

monotony.effect.on,.32–33
nonregulation.of,.29–33

portion.size.effect,.29–30
social.effect,.32–33

variety.effect,.30–32
opportunistic,.47

Fiber(s)
dietary,.311

diabetes.and,.249
energy.intake.and,.26,.316
GLP-1.release.and,.219
intake,.308
satiety.and,.320
weight.regulation.and,.320,.349

motor,.116
taste,.116,.126

Finickiness,.hunger-induced,.77
fMRI..See.Functional.magnetic.resonance.

imaging
FN..See.Functional.neuroimaging
Food

availability,.104
defined,.283
energy.density,.203,.204
hedonic.rating,.153
high.glycemic.index,.239,.249
palatability,.52–54,.77,.105

altering,.136
anxiety-related.behavior.and,.99
cannabinoids.and,.59
effect.of.metabolic.state.on,.136–137
food.intake.and,.80,.98
habits.and,.137
hedonic.eating.and,.98
independent.effects.of,.75
measurement,.135–136
modulation,.136–137
naloxone.and

anorectic.effect.of,.91
opioid-induced.modification,.109
satiation.and,.144–145,.153,.203
satiety.and,.149,.153

satiety.index,.349
variety,.39,.40,.76,.104

body.weight.and,.36
viscosity,.167–168,.183,.193,.206

Food.consumption..See.Food.intake
Food.deprivation,.23–24,.88
Food.intake,.296..See also.Eating

adolescent,.317
alcohol.ingestion.and,.314
amylin.and,.195
body.fat.and,.7
calcium.and,.343–343
control

animal.models.in,.109
CNS,.109,.247
energostatic.model.for,.5–7,.8
fatty.acid.oxidation.and,.183
glucoprivic,.19
hypothalamic,.92
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palatability.and,.80
regulation.vs.,.3

cultural.influences.on,.105–106
dietary.fiber.and,.311
endocannabinoids.and,.59
endocrine.responses.to,.236–237
energy.density,.25–26,.79,.104
energy.homeostasis.and,.2
fatty.acid.oxidation.and,.17
fructose.and,.242
GLP-1.and,.172–173,.196,.245,.252
glucose.and,.19,.242
hormonal.responses.to,.236–237
hunger.and,.66,.76
hyperinsulinemia.and,.239
insulin.and,.239,.241,.248
iodine.and,.345–346
iron.and,.345
leptin.and,.241,.242,.243,.244,.257,.335
monotonous,.36,.39,.40,.76
naltrexone.and,.78
nonregulatory,.12–13
OEA.formation.and,.185
overfeeding.and,.39
pediatric,.TV.food.ads.and,.38
PYY3-36.and,.209
regulation,.3

conscious,.270–273
hormonal,.183
role.of.reward.in,.270–273,.279

circuitries.and,.270–271
dopaminergic.circuits.and,.272–273
olfaction.and,.271
pleasure.and.aversion.in,.272
taste.and,.271

translational.approach.to.gut–brain.
communication.in,.261

unconscious,.268–270
hypothalamus.and,.269–270

short-.and.long-term.effects.of.changes.in,.153
social.facilitation.and,.37
variety,.76
zinc.and,.347

Food.preference,.psychobiology.of,.292
Food.seeking,.dopamine.and,.88
Fructose,.143,.240,.248,.293..See also.Sugar(s)

analogue,.6
flavor,.285
glucose.vs.,.288,.293
insulin.release.and,.19,.238
leptin.release.and,.19,.242

Fruit.drink,.37,.76,.240
Functional.magnetic.resonance.imaging.(fMRI),.

100,.265,.269
Functional.neuroimaging.(FN),.100

g
Gastric.and.intestinal.signals,.214–220

CCK,.216
ghrelin,.215
GLP-1,.219–220
GRP,.214–215
leptin,.216
PP,.218–219
PYY,.217–218

Gastric.bypass.surgery,.228,.233
Gastric.emptying,.191,.203

Apo.A-IV.and,.197–198
carbohydrates.and,.206
disordered,.205
energy.density.and,.204
GLP-1.and,.208,.209
inhibition,.204,.206
meal.volume.and,.204
scintigraphic.measurement,.204
viscosity.and,.206

Gastric.load,.181
Gastric.signals,.189
Gastrin-releasing.peptide.(GRP),.214–215,.226
Gastrointestinal.tract,.187–211

animal.vs..human.models,.201–202
colon,.198–199
hormonal.targets,.199–201
human.vs..animal.models,.201–202
mouth,.188–189
small.intestine,.192–198
stomach,.189–192

Ghrelin,.6,.18,.19,.88,.262
adiposity.and,.184
anorexia.and,.215,.227
antagonists,.215
body.weight.and,.215
CCK.and,.184
energy.balance.and,.226
following.gastric.bypass.surgery,.228,.233
functions,.192,.215
iron.deficiency.and,.350
lactulose.suppression.and,.206
locomotor.activity.and,.89
mechanism.of.action,.256
mRNA.receptors,.255
overeating.and,.215
postnatal.changes.in.mRNA.expression,.226
receptors,.255
regulation,.227,.234
release,.192,.215
secretion,.glucose.and,.192,.215,.225
weight.loss.and,.192,.215

GLP-1..See.Glucagon-like.peptide-1
Glucagon,.CCK.and,.181
Glucagon-like.peptide-1.(GLP-1),.172–174,.236,.

247,.263
antagonist,.219
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blood–brain.barrier.permeability,.251
central,.174
conditioned.taste.aversion.and,.174
dietary.fiber.and,.219
fat.and.secretion.of,.237
food.intake.and,.172–173,.196,.245,.252
functions,.219,.231,.251
ileal.brake,.208
interactions.in.rat.models,.258
leptin.and,.233
mechanism.of.action,.211
physiological.relevance,.173
PYY3-36.and,.176
receptor.gene.expression,.230,.263
release,.196,.219
site.of.action,.173–174,.230
therapeutic.uses,.220,.246,.251

Glucose,.143,.310..See also.Sugar(s)
ghrelin.secretion.and,.192,.215,.225
homeostasis,.17
oleic.acid.inhibition,.247
tolerance,.oral.sensory.stimulation.and,.18

Glycemic.index,.239,.249,.309
GRP..See.Gastrin-releasing.peptide
Gustatory.anatomy,.115–118

central.taste.system,.117–118
peripheral.nerves,.116–117
receptors,.115–116
taste.buds,.115,.116
taste.receptor.cells,.116

Gut
chemical.sensing.in,.259
electrical.stimulation,.259–260
hormones,.183,.244–247..See also.Glucagon-

like.peptide-1;.Peptide.YY
physiological.relevance,.165–166

neuroceptors,.165
peptides,.165
signaling,.255–258

Gut–brain.neuroaxis,.254–255

h
Hedonic.value,.135–136
High.carbohydrate.diet,.309–310
High-fat.diets,.52,.233,.234

adaptations.to,.211
attraction.to,.284
leptin.and,.242
overeating.and,.10
sucrose.intake.and,.290
surrogate.marker.for,.240

High-fructose.corn.syrup,.240,.309
High-sugar.diet,.54,.310
Homeostasis,.58

concept,.2
energy

food.intake.and,.2
gut.hormones.and,.183

Hormones,.192,.195–198
food.intake.and,.183
gut,.183,.244–247
melanin-concentrating,.93
obesity.and,.225

Hunger
in.anorexia,.75
in.bulimia,.75
mapping.brain.responses.to,.280
orosensory.factors.in,.144
ratings,.62,.66,.189,.248

CCK-8.and,.75
iron.supplementation.and,.345
as.proxy.measure.for.food.intake,.76

two-factor.theory,.42
Hyperinsulinemia,.239,.255
Hyperphagia,.220,.232,.272,.275

brain.damage.and,.4
compensatory,.5,.17
dietary,.18
ghrelin.and,.215
high-fat.diet,.222,.223
leptin.and,.221
postweight-loss,.302

Hypertriglyceridemia,.247
Hypogeusia,.340,.347
Hypoglycemia,.13,.119,.220,.239,.240
Hypoinsulinemia,.249
Hypothalamus,.88,.278

fMRI,.269
food.intake.regulation.and,.269–270

I
Ileal.brake,.193,.207,.211
Insulin,.88,.220–221

blood–brain.barrier.and,.231
body.adiposity.and,.240
body.weight.and,.238
duodenal.vagal.afferent.activity.and,.261
fat.and.secretion.of,.237,.239
feedback.loop,.238
following.gastric.bypass.surgery,.228
mechanism.of.action,.236
release,.19,.143,.238
resistance,.239
secretion,.238–240

fat.and,.237
sugar.and,.238

therapy,.185
Intestinal.transit,.methane.and,.210
Intestinal.transit.time,.192

CCK.and,.196
ileal.brake.and,.193,.207
inhibition,.207
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jejunal.brake.and,.207
PYY.and,.196

Iodine,.326–327
deficiency,.350
food.intake.and,.345–346

Iron,.324–326
brain.metabolism,.332
deficiency,.332

anorexia.and,.332
behavior.and,.350
brain.function.and,.332
dopamine.metabolism.and,.332,.333
ghrelin.and,.350
learning.deficits.and,.332
leptin.and,.333

food.intake.and,.345
function,.324–325
neural.functioning.and,.332
sequelae,.325–326

l
Lactulose.suppression,.206
Lateral.hypothalamic.area.circuitry,.85
Leptin,.88,.183,.240–244,.250

blood–brain.barrier.permeability,.240
CCK.and,.181,.216,.222
fasting.and,.232
food.intake.and,.241,.242,.243,.244,.257,.335
fructose.and,.19,.242
functions,.206,.216,.221,.247,.262
gastric,.216,.262
gastric.and.nongastric,.192
gene.expression,.232
GLP-1.and,.233
glucose.and,.242,.262
high-fat.diets.and,.242
iron.deficiency.and,.333
mechanism.of.action,.216,.236
obesity.and,.240
receptors,.255,.263
release,.19,.221,.242
satiation.and,.263
satiety.signals,.184
secretion,.240,.242
selenium.deficiency.and,.334
site.of.action,.232
zinc.and,.335,.348
zinc.regulation,.341

Liquid.diet.supplement,.321
Liver.energy.status,.17
Low-calorie.diet,.30

M
Macronutrients

in.anorexia,.348
appetite.and,.317,.319
appetite.for,.284–289

energy.density.and,.286
gustatory.component,.284–286

energy.density,.298–299,.315–316
major.classes,.283
neural.agents.and.intake.control.of,.289–290

Magnetic.resonance.imaging,.functional..See.
Functional.magnetic.resonance.
imaging

Marijuana,.78
Meal.replacement(s),.36,.38,.40

in.obesity.treatment,.40,.42
soy-based,.37
weight.loss.and,.29,.30

Meal.size
amylin.and,.195
appetite.and,.66–68
CCK.and,.195,.216
controls,.184

framework.for.exploring.for,.64–66
orosensory.factors.in,.148

Meal.volume,.204
Melanin-concentrating.hormone,.93
Mesocorticolimbic.circuitry,.82–83
Micronutrients,.348
Model(s)

animal,.9,.98,.109,.178,.185,.211
human.vs.,.201–202

appetitive.behaviors,.rodent,.48–50
binge.eating,.185
boundary,.28
cognitive,.106–107
eating.behavior,.27,.28,.178
for.energostatic.control.of.food.intake,.5–7,.8
of.hedonic.eating,.98
human.vs..animal,.201–202
obesity,.9
for.studying.ileal.brake,.211

Monosodium.glutamate,.114
Morphine,.109
Motivation,.45–46
Mouth,.188–189

n
Nalmefene,.90
Naloxone,.90

anorectic.effect,.90
palatability.and,.91
sucrose.and,.91

carbohydrate.intake.and,.91
hedonistic.eating.and,.98,.109

Naltrexone,.91,.109
Negative.feedback,.70–72
Neuromedin.B.(NMB),.214
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NMB..See.Neuromedin.B
Nor-binaltorphimine,.90

o
Obesity,.88

amylin.and,.178
animal.model,.9
binge.eating.and,.35,.90,.106
brain.dopamine.and,.110
carbohydrates.and,.319
in.children.and.adolescents,.278
by.choice,.55
diabetes.and,.88
dietary,.42
as.disease,.109
dopaminergic.abnormalities.in,.275
fatty.acid.oxidation.and,.18
food.environment.and,.59
hormonal.endocrine.changes.in,.225
hypothalamic,.18
leptin.and,.240
neural.abnormalities.in,.274–276,.278
neuroimaging.and,.110
partitioning.of.fuels.during.development.of,.

10
poverty.and,.79
as.reward.deficiency.syndrome,.101
rodent.models,.317
satiety.processing.in,.274–275
spread.of,.40
structural.brain.abnormalities.in,.275–276
taste.preferences.in,.280
taste.processing.in,.274
treatment

behavioral,.111
gut–brain.axis.manipulation.in,.180–182,.

183
route.of.administration.for,.181–182
side.effects.of,.181

low-fat.vs..low-carbohydrate,.319
meal.replacements.in,.40,.42

food.provision.vs.,.42
protein.vs..carbohydrate,.319
surgical,.233

vision.and.eating.behavior.in,.36
OEA..See.Oleoylethanolamine
Oleic.acid,.247
Oleoylethanolamine.(OEA),.176–177
Olfaction,.271
Ondansetron,.256,.262
Opportunistic.feeding,.47
Orosensory.factors,.134

defined,.135
in.different.phases.of.eating.behavior,.

143–151

effect.on.pre-.and.postabsorptive.events.
involved.in.eating.behavior,.142–143

in.hunger,.144
meal.microstructure,.148
mechanism.of.adaptation.to,.137–140

food.aversion,.140
innate.preferences.and.intrauterine.

exposure,.137–138
neophobia,.138–140
spontaneous.diet.selection,.138

problems.of.perceptions,.141–142
genetic.variants.in,.141
perception.of.fat,.141–142

in.satiation,.144–145
in.satiety,.148–151
sensory-specific.satiety.and,.145–148
in.variety,.147

Overeating,.9,.276,.309–310
carbohydrates.and,.309–310
dopaminergic.abnormalities.and,.275
ghrelin.and,.215
high-fat.diets.and,.10,.293
neural.abnormalities.and,.274
prefrontal.cortex.activity.and,.275
psychological.vs..biological,.102
reward.sensitivity.and,.279
of.simple.sugars,.310
sugar.and,.68

Overfeeding,.response.to,.24–25
Overweight..See also.Obesity

Alzheimer’s.disease.and,.276,.281
appetizing.effect.of.aperitif.and,.322
diet-induced,.10
high.carbohydrate.diet.and,.309–310
macronutrient.intake.and,.318
prevalence,.268,.278

Oxyntomodulin,.206
appetite.suppression.and,.210

p
Palatability,.52–54,.77,.105

altering,.136
anxiety-related.behavior.and,.99
cannabinoids.and,.59
effect.of.metabolic.state.on,.136–137
food.intake.and,.80,.98
habits.and,.137
hedonic.eating.and,.98
independent.effects.of,.75
measurement,.135–136
modulation,.136–137
naloxone.and,.91
opioid-induced.modification,.109
satiation.and,.144–145,.153,.203
satiety.and,.149,.153

Pancreatic.and.adiposity.signals,.220–222
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insulin,.220–221
leptin,.221–222

Pancreatic.polypeptide.(PP),.218–219,.252
Pancreatic.signals,.177–178

amylin,.177–178,.183
Peptide.YY1-36,.217
Peptide.YY3-36,.176,.217–218,.252
Peptide.YY.(PYY),.175–176

blood–brain.barrier.permeability,.246
CCK.and,.184
conditioned.taste.aversion.and,.229
distribution,.228
energy.homeostasis.and,.217
following.gastric.bypass.surgery,.228
functions,.228
immunocytochemical.localization,.228
major.forms,.217–218
mechanism.of.action,.197,.211,.246
receptors,.255
release,.196

PET..See.Positron.emission.tomography
Polycose,.285,.293
Portion.size,.103,.110–111

beverage,.37
feeding.behavior.and,.29–30

Positive.and.negative.feedback.interactions,.72
Positron.emission.tomography.(PET),.100,.278
PP..See.Pancreatic.polypeptide
Prader-Willi.syndrome,.218–219
Pramlintide,.178,.185,.208
Procurement.vs..consummatory.costs,.48–49
Protein,.301–304

prevention.of.weight.regain.and,.302–303
satiety.and,.76
weight.loss.and,.304

PYY..See.Peptide.YY

r
Regulation

adiposity,.235–252
GLP-1.and,.244
insulin.and,.240
leptin.in,.240–244
limitations.of.investigating,.237–238

body.weight
food.intake.and,.22–23
postprandial.endocrine.factors.in,.236
role.of.postprandial.endocrine.factors.

in,.236
through.cognition,.34–35

Brobeck’s.definition,.2
control.vs.,.3
food.intake,.3

conscious,.270–273
hormonal,.183
role.of.reward.in,.270–273,.279

circuitries.and,.270–271
dopaminergic.circuits.and,.272–273
olfaction.and,.271
pleasure.and.aversion.in,.272
taste.and,.271

translational.approach.to.gut-brain.
communication.in,.261

unconscious,.268–270
hypothalamus.and,.269–270

ghrelin,.227,.234
hormonal,.183
hypothalamus.and,.269–270
imprecise,.40
leptin,.341

Richter,.Curt,.1

s
Salivary.response,.142–143
Salt.preference,.129
Satiation,.70–72

leptin-induced,.263
orosensory.factors.in,.144–145
palatability.and,.144–145,.153,.203

Satiety,.70–72
in.anorexia,.75
in.bulimia,.75
conditioned,.79
dietary.fiber.and,.320
effects.of.fish.and.beef.protein,.76
intestinal.viscosity.and,.193
learning.paradigm,.73
obesity.and,.274–275
oral.fat.sensation.on,.150–151
orosensory.factors.in,.148–151
palatability.and,.149,.203
sensory-specific,.145–148
sweet.taste.and,.150

Selenium,.327–328
deficiency,.334

Serotonin,.262
Serotonin-3,.255
Single.photon.emission.computed.tomography.

(SPECT),.274
Small.intestine,.192–198

braking.mechanisms,.194
food.viscosity,.193

Soda,.sweetened.carbonated,.240
Sodium,.appetite.and.preference.for,.59
Sodium.oleate,.204
Soy-based.meal.replacement,.37
Spatial.density,.55
SPECT..See.Single.photon.emission.computed.

tomography
Stimulus-bound.eating,.33–34
Stomach,.189–192
Sucrose,.310..See also.Sugar(s)
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artificial.sweeteners.vs.,.320
naloxone.and,.anorectic.effect.of,.91
preference,.279
reinforcement,.88

Sugar(s),.119..See also.Fructose;.Glucose
beverages.sweetened.with,.249
consumption,.298
fat.energy.and,.305
flavor.preferences.conditioned.by,.293
glycemic.index.of.foods.containing,.249
insulin.secretion.and,.238
intake,.endogenous.opioid.dependence.on,.

109
naturally.occurring.vs..added,.249
overeating.and,.68
simple,.310
species.differences.in.taste.preference,.293
taste.acceptance.of,.154

Sweetened.carbonated.soda,.240

t
Taste,.265,.271

aversion,.279
conditioned

GLP-1.and,.174
PYY.and,.229

exendin-4.and,.174
learning,.129

momentary.changes.based.on.level.of.hunger,.
122–126

obesity.and,.274
preference,.278
receptors,.293

bitter,.264
systems,.118–121

changes.based.on.experience,.120–121

organization,.118–120
transient.changes.in,.121–122

Television.viewing,.36,.37,.38,.40,.42
Tetrahydrocannabinol,.91

v
Vagus.nerve.stimulation,.259,.264,.265
VBM..See.Voxel-based.morphometry
Viscosity,.167–168,.183,.193

gastric.emptying.and,.206
Voxel-based.morphometry.(VBM),.276

w
Weight.loss

meal.replacements.and,.29,.30
weight.monitoring.and,.35

Weight.maintenance,.38,.39
Weight.monitoring,.35

y
Yogurt,.60,.76

z
Zinc,.328–330

deficiency
anorexia.and,.335,.347
eating.behavior.and,.339
effects.of,.338–339

food.intake.and,.347
leptin.and,.335,.341,.348
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