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Preface
Olive.oil.has.been.used.for.thousands.of.years.in.the.countries.surrounding.the.Mediterranean.Sea..
There.are.many.references.to.its.use.in.the.history.literature.and.also.in.the.mythology.of.the.people.
of.this.area.

Virgin.olive.oil,.a.staple.food.for.the.people.living.in.the.Mediterranean.countries,.is.extracted.
from.the.olives.by.gentle.physical.methods,.the.result.of.which.is.a.genuine.fruit.juice.endowed.with.
a.characteristic.aroma.and.bioactive.ingredients.

.Epidemiological.studies.indicate.that.the.consumption.of.natural.antioxidants.produces.ben-
eficial.health.effects.and.these.substances.are.now.considered.potentially.therapeutic..In.the.Medi-
terranean.diet.virgin.olive.oil.represents.the.principal.source.of.fat,.but.the.oil.is.now.becoming.
popular.in.many.other.countries.all.over.the.world,.both.near.and.far.from.the.Mediterranean.basin;.
thus,.the.role.of.virgin.olive.oil.in.the.diet.has.become.a.topic.of.universal.concern.

The.protective.role.of.olive.oil.in.fighting.certain.diseases.has.been.attributed.to.its.fatty.acid.
composition.and.the.presence.of.minor.constituents,.mainly.phenolic.compounds.and.squalene..In.
the.last.10–15.years.a.lot.of.research.has.been.accumulated.that.links.olive.oil.phenolics.and.other.
biologically.active.components.with.specific.biological.effects.that.may.effectively.contribute.to.the.
prevention.of.cardiovascular.disease.and.certain.cancers..This.work.is.to.a.great.extent.scattered.
and.not.systematically.discussed..Most.of.the.experimental.work.was.set.up.based.on.the.knowledge.
of.the.composition.of.the.polar.fraction,.but.this.knowledge.has.changed.rapidly.in.the.last.decade;.
it. is.not.clear. if.findings.based.on.free.hydroxytyrosol.and.oleuropein,. two.compounds.found.in.
olive.oil. in.minute.quantities,.can.be.extended.to.actual.major.constituents,.which,.according.to.
recent.research,.are.the.various.aglycon.forms.of.oleuropein.and.ligstrodide.and.also.some.lignans,.
flavonoids,.hydroxy-isochromans,.and.various.acids..Another. typical.example.of. the. importance.
of.the.properties.and.also.the.actual.concentration.of.minor.constituents.is.oleocanthal,.a.tyrosol.
derivative.whose.anti-inflammatory.role.(similar. to. that.of. the.drug.ibuprofen).was.recently.dis-
covered.but.has.not.yet.been.fully.evaluated..It.has.to.be.stressed.that.the.problem.of.the.levels.of.
individual.bioactive.compounds.in.olive.oil.(a.natural.product.with.great.variability.in.composi-
tion).and.the.possible.combined.effects.of.various.classes.of.bioactive.compounds.have.never.been.
properly.addressed.

This.book.presents.the.current.state.of.the.art.in.the.chemistry.of.minor.constituents.of.virgin.
olive.oil.and.their.biological.importance,.providing.information.not.covered.by.existing.reference.
books..It.also.discusses.aspects.related.to.the.development.of.technology.to.retain.optimum.levels.
of.bioactive. ingredients. in.virgin.olive.oil..The.goals.of. the.book.are.clearly.defined.. It.aims.at.
discussing.critically.accumulated.knowledge.and.contributes.to.a.more.balanced.understanding.of.
pharmacological.properties.of.phenols.and.other.bioactive.ingredients.in.light.of.new.evidence.for.
the.composition.of.olive.oil.nonglyceride.constituents..The.task.is.distributed.among.authors.who.
are.pioneers.in.their.fields.and.whose.skills.in.this.modern.area.of.research.(bioactive.ingredients).
can.guarantee.some.answers.to. the.remaining.questions.about. the.potential.health.effects.of. the.
many.lipid.and.nonlipid.minor.constituents.of.olive.oil.

The.subject.matter.is.organized.into.10.chapters.and.an.epilogue;.there.is.also.a.brief.glossary.
that.elucidates.some.technical.terms.found.mainly.in.the.chapters.discussing.chemistry.and.technol-
ogy.aspects.

Chapter.1,.“Culinary.Applications.of.Olive.Oil—Minor.Constituents.and.Cooking,”.is.an.out-
line.of.olive.oil.culinary.applications.and.the.changes.occurring.in.olive.oil.microconstituents.dur-
ing.processing.and.cooking.
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Chapter.2,.“Traditional.Mediterranean.Diet.and.Health,”.discusses.the.traditional.Mediterra-
nean.diet,.common.dietary.patterns.that.prevail.in.this.diet,.and.characteristics.that.stem.from.the.
fact.that.olive.oil.occupies.a.central.position.in.this.diet..Mortality.statistics.covering.three.decades.
that.provide.indirect.evidence.about.the.beneficial.effects.of.the.Mediterranean.diet.are.analyzed..
The.results.of.major.studies.and.assessment.of.the.adherence.to.the.Mediterranean.diet,.including.
those. undertaken. by. the. authors, are. also presented.. Why. the. Mediterranean. diet. could. offer. a.
healthy.alternative.approach.to.a.low.animal.fat.diet.is.explained.

Chapter.3,.“Phenolic.Compounds.in.Olives.and.Olive.Oil,”.is.an.analytical.presentation.of.the.
chemical.nature.of.phenolic.compounds.present.in.olive.oil,.the.levels.of.each.individual.compound.
in.virgin.olive.oil,.techniques.to.optimize.polar.phenol.concentration.in.pressed.olive.oil,.methods.
for.the.preparation.of.hydroxytyrosol.concentrates,.and.antioxidant.and.antimicrobial.properties.

Chemistry. is. a.prerequisite. for.understanding. the.unique.properties.of. this.valuable.oil. and.
for.correctly.formulating.experiments.in.the.areas.of.nutrition.and.biosciences..Hence,.the.chapter.
covers.a.wide.range.of.topics.and.contains.recent.information.that.is.the.result.of.the.rapid.develop-
ment.of.analytical.methods.over.the.last.decade.concerning.the.nature,.occurrence,.and.properties.
of.natural.antioxidant.phenols.in.virgin.olive.oil.and.table.olives..It.also.embodies.information.on.
techniques.of.isolating.bioactive.phenols.from.olive.leaves.and.olive.milling.waste.products.that.
may.be.used.in.pharmaceutical.preparations.or.functional.foods.

Chapter.4,.“Other.Important.Minor.Constituents,”.is.a.short.presentation.of.other.biologically.
important.minor.constituents.present. in.olive.oil.such.as.alpha-tocopherol,.squalene,.pentacyclic.
triterpenes,.and.sterols.

Chapter. 5,. “Detection. and. Quantification. of. Phenolic. Compounds. in. Olive. Oil,. Olives,. and.
Biological.Fluids,”.covers.recent.developments.in.chromatographic.and.mass.spectrometric.analy-
sis.and.hyphenated.techniques..It.also.describes.in.detail.novel.approaches.based.on.1H-,.13H-,.and.
31P-nuclear.magnetic.resonance.spectroscopy.for.the.analysis.of.phenols.in.olive.oil.as.well.as.tech-
niques.for.their.determination.in.plasma.and.urine.after.ingestion.of.olive.oil.

Chapter.6,.“Bioavailability.and.Antioxidant.Effect.of.Olive.Oil.Phenolic.Compounds.in.Humans,”.
summarizes.very.recent.findings,.many.of.them.based.on.the.authors’.experimental.work,.related.to.
bioavailability.of.olive.oil.phenols.in.humans..The.authors.indicate.that.after.ingestion.and.metabolism.
phenols.exert.antioxidative.activities..They.discuss.deposition.in.humans,.ingestion.in.clinical.trials.
and.biomarkers,.bonding.with.proteins,.atherosclerosis,.and.postprandial.studies.on.the.antioxidant.
effect.of.olive.oil.phenolic.compounds..They.also.describe.future.trends.and.key.points.for.research.
on.the.antioxidant.effects.of.olive.oil.compounds.on.humans.that.are.related.to.oxidative.markers,.
oxidative.stress–associated.processes,.nutritional.interventions,.and.selection.of.biomarkers.

Chapter.7,.“Olive.Oil.Phenols,.Basic.Cell.Mechanisms,.and.Cancer,”.reviews.the.epidemiol-
ogy.of.olive.oil.consumption.and.cancer.risk.and.addresses.questions.such.as.the.role.of.olive.oil.
in.the.prevention.of.certain.types.of.cancer,.attenuation.of.onset.and.progression,.and.inhibition.of.
oxidation.and.inflammation..It.discusses.in.detail.research.work.in.human.cell.lines.and.potential.
mechanisms.involved,.mode.of.action.of.olive.oil.constituents,.interference.with.basic.cell.func-
tions,.angiogenesis,.interaction.with.steroids.and.growth.factor.receptor-mediated.functions,.inter-
action.with.specific.protein.kinases.and.oncogenes/oncoproteins,.and.inhibition.of.enzymes.related.
to.tumor.promotion.and.metastasis.

Chapter. 8,. “Antithrombotic. and. Antiatherogenic. Lipid. Minor. Constituents. from. Olive. Oil,”.
includes.information.on.theories.for.the.pathogenesis.of.atherosclerosis.such.as.inflammation.and.
oxidation,.the.“PAF-implicated”.atherosclerosis.theory,.antiatherogenic.and.antithrombotic.proper-
ties.attributed.to.olive.oil.minor.constituents,.and.their.effect.on.the.hemostatic.mechanism.

Chapter.9,.“Olive.Oil.Hydroxy-Isochromans,”.deals.with.the.properties.of.a.class.of.compounds.
very.recently.identified.in.virgin.olive.oil..The.biological.importance.of.the.presence.of.hydroxy-
isochromans.is.little.studied..The.authors,.based.on.the.research.work.of.their.own.group,.describe.
the. identification.of. these.ortho-diphenols.and.levels. in.olive.oil,. their.capacity. to. interfere.with.
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platelet.function,.and.the.relation.of.this.ability.to.inhibiting.platelet.aggregation.with.radical-scav-
enging.activity.

Chapter.10,.“Mediterranean.Diet.and.Olive.Oil.Consumption—Estimations.of.Daily.Intake.of.
Phenolic.Antioxidants.from.Virgin.Olive.Oil.and.Olives,” presents.results.of.the.estimation.of.anti-
oxidant.intake.via.olive.oil.and.table.olive.consumption.by.the.Greek.population..The.calculations.
are.based.on.literature.data.for.the.content.of.olive.oil.and.table.olives.in.antioxidant.compounds,.
and.on.consumption.data.of.more.than.20,000.Greeks.in. the.context.of. the.Greek.cohort.of. the.
European. Investigation. into.Cancer. and.Nutrition. (EPIC. study)..The.authors.discuss.difficulties.
encountered.in.existing.approaches.to.assess.the.relative.contribution.of.each.of.the.entities.to.the.
overall.antioxidant.impact.and.suggest.issues.that.need.to.be.addressed.in.future.studies.of.the.mag-
nitude.of.the.contribution.of.olive.oil.antioxidant.compounds.to.the.overall.positive.health.impact.
of.the.Mediterranean.diet.in.fighting.chronic.diseases.

Chapter.11,.“Epilogue,”.provides.a.brief.discussion.of.conclusions.from.the.various.chapters.and.
some.of.the.suggested.directions.for.future.research.work.

It.is.hoped.that.this.book.will.be.of.special.value.to.nutritionists,.food.scientists,.dieticians,.car-
diovascular.disease.epidemiologists,.pharmacologists,.researchers,.and.professionals.in.the.area.of.
bioscience.involved.in.research.related.to.natural.antioxidants,.oxidative.stress,.and.chemopreven-
tion;.and.finally.to.companies.and.professionals.promoting.sales.of.olive.oil.as.a.health.food.

I.gratefully.acknowledge.the.help.of.the.renowned.specialists.who.contributed.to.this.book..I.
consider.myself.fortunate.to.have.had.the.opportunity.to.work.with.so.many.knowledgeable.col-
leagues.from.universities.in.Greece,.Italy,.Spain,.and.the.United.States,.who.prepared.the.mono-
graphs.based.to.a.great.extent.on.their.personal.research.experience..The.acceptance.of.my.concept.
of.the.book.and.of.the.editorial.guidelines.is.highly.appreciated..I.particularly.thank.Prof..Photis.
Dais,.University.of.Crete,.for.his.enthusiasm.and.for.preparing.his.valuable.part.of.the.work.well.
ahead.of.schedule..I.would.also.like.to.thank.my.daughter,.Katerina.Boskou,.a.graphic.designer,.for.
assistance.in.the.reproduction.of.figures.

Finally,.thanks.are.due.to.readers.of.any.previous.books.on.olive.oil.who.stressed.the.need.for.a.
separate,.more.detailed.publication.focusing.on.the.properties.of.minor.constituents,.because.today.
more.research.is.being.carried.out.on.phenolic.and.other.minor.constituents.than.on.the.triacyglyc-
erol.composition.of.olive.oil.

—Dimitrios Boskou
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1 Culinary	Applications	
of	Olive	Oil—Minor	
Constituents	and	Cooking

Dimitrios Boskou

�.�  Domestic anD other Uses

The.olive.tree.is.one.of.the.oldest.known.cultivated.trees.in.the.world.and.olive.oil.has.been.used.by.
man.for.many.tasks.since.the.days.of.antiquity..Modern.historians.consider.the.olive.tree.a.cultural.
marker.and.a.compass.to.explore.the.development.of.civilizations..Through.the.centuries.olive.oil.
has.become.one.of.the.most.widely.accepted.and.used.oils.in.culinary.applications.

.The.olive.tree.possesses.an.amazing.ability.to.survive.with.strong.resistance.to.unfavorable.
conditions..On.the.other.hand,.it.is.a.demanding.crop.if.it.is.to.produce.well..Therefore,.a.suitable.
environment. and. proper. cultural. care. are. necessary. for. the. full. development. of. the. agronomic.
characteristics.and.steady.production.conditions..The. tree. is.cultivated.today.in.many.countries,.
including.Spain,.Italy,.Greece,.Tunisia,.Turkey,.Portugal,.Morocco,.Syria,.Algeria,.Egypt,.Israel,.
Libya,. Jordan,. Lebanon,. Cyprus,. Croatia,. Slovenia,. Argentina,. Chile,. Mexico,. Peru,. the. United.
States,.and.Australia.

Olive.oil.is.a.staple.food.for.the.people.of.the.countries.surrounding.the.Mediterranean.Sea,.but.
its.use.is.now.expanding.to.other.parts.of.the.world.due.to.its.unique.flavor,.high.content.of.healthy.
monounsaturated.fatty.acid,.and.the.presence.of.biologically.important.minor.constituents..In.the.
specialty.food.arena,.olive.oil. is.a.dominant.species.that.continues.to.grow.in.popularity..In.the.
kitchens.of.consumers.it. is.often.the.fat.of.choice.for.health-conscious.people.looking.to.extract.
the.benefits. of. the.Mediterranean. diet.. In. 2004. the.U.S.. Food. and.Drug. Administration. (FDA).
announced.the.availability.of.a.qualified.health.claim.for.monounsaturated.fat.from.olive.oil.and.
reduced.risk.of.coronary.heart.disease.(CHD).(http://www.fda.gov/-dms/qhcolive/html)..According.
to.the.FDA,.there.is.limited.but.not.conclusive.evidence.that.suggests.consumers.may.reduce.their.
risk.of.CHD.if.they.consume.monounsaturated.fat.from.olive.oil.and.olive.oil–containing.foods.in.
place.of.foods.high.in.saturated.fat,.while.at.the.same.time.not.increasing.the.total.number.of.calo-
ries.consumed..However,.the.biological.value.of.olive.oil.is.most.probably.due.not.only.to.its.fatty.
acid.composition.but.also.to.the.nature.and.levels.of.minor.constituents.

.Edible.olive.oils.are.graded.in.six.categories:.extra virgin olive oil, virgin olive oil, refined olive 
oil, olive oil, refined residue oil,.and.olive residue oil..Extra.virgin.olive.oil.(acidity.up.to.0.8%.
as.oleic.acid),.virgin.olive.oil.(acidity.up.to.2.0%),.olive.oil.(a.mixture.of.refined.and.virgin.olive.
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oil),.and.olive.residue.oil.(a.blend.of.refined.residue.oil.and.virgin.olive.oil).contain.biologically.
important.polar.compounds.such.as.phenols,.in.addition.to.alpha-tocopherol.and.squalene..Refined.
olive.oil.has.the.same.glyceridic.composition.as.virgin.olive.oil.but.contains.less.alpha-tocopherol.
and.squalene..Refined.olive.residue.oil.is.obtained.by.extraction.of.olive.pomace.with.a.solvent.and.
refining..It.has.the.same.triglyceridic.composition.as.virgin.olive.oil;.it.contains.no.polar.antioxi-
dant.phenols.but.is.richer.in.biologically.active.pentacyclic.triterpenes.such.as.oleanolic.acid.and.
erythrodiol.

.Another.form.of.olive.oil.is.“cloudy”.(veiled).olive.oil,.which.is.consumed.before.full.precipi-
tation. in. the. tanks.and.filtration.. It. is.an.emulsion-suspension.and.can.persist. for.months.before.
full.deposition.of.a.residue..Small.quantities.of.cloudy.olive.oil,.the.real.fresh.olive.juice,.are.sold.
directly.from.the.mills.to.consumers.who.consider.this.type.“greener”.and.richer.in.flavor..This.
product.is.now.gaining.popularity.due.to.findings.related.to.the.presence.of.secoiridoids.such.as.
oleocanthal,. a. p-hydroxyphenyl. ethanol. (hydroxytyrosol). derivative. (the. deacetoxy,. dialdehydic.
form.of.ligstroside.aglycon).and.other.minor.components.with.pharmacological.properties..Oleo-
canthal,.which.is.related.to.the.stinging.sensation.in.the.back.of.the.throat,.was.synthesized.recently.
and.found.to.have.the.same.pharmacological.properties.as.the.anti-inflammatory.drug.ibuprofen.
(Beauchamp.et.al.,.2005).

Virgin.olive.oil.has.a.remarkable.oxidative.stability..If.properly.stored,.it.can.retain.its.charac-
teristics.for.18.months.or.more..This.resistance.to.the.development.of.rancidity,.combined.with.a.
variety.of.flavors.and.distinct.features,.offers.the.opportunity.for.many.culinary.applications,.many.
of.which.demand.no.or.very.mild.processing.(addition.to.salads,.marinades,.sauces,.dressings,.dips)..
There.are.also.many.applications.of.the.oil.in.the.preparation.of.fried.and.baked.or.grilled.foods..
Good.olive.oil.captures.the.bright.essence.of.fresh.olives.and.can.be.drizzled.on.all.savory.Mediter-
ranean.foods..Traditional.dishes.are.prepared.with.seasonal.vegetables,.pulses,.and.grains..In.this.
case,.“light”.fruit.aroma.oils.are.more.suitable..Olive.oil.imparts.a.peppery.flavor.to.grilled.meat..
Pies,.fried.eggs,.mayonnaise,.and.other.products.may.require.different.tastes,.but.only.by.those.who.
are.experienced.users.and.can.explore.sensorial.differentiations.more.deeply..Like.wine,.each.virgin.
olive.oil.has.its.own.identity..Good.oil,.again.like.good.wine,.takes.on.different.characteristics.as.
it.travels.down.your.throat..It.can.be.grassy.or.peppery..It.can.taste.of.apples.or.artichokes.or.nuts..
The.nutritional.benefits.of.vegetables.pan-fried.in.virgin.olive.oil.following.the.traditional.culinary.
practice.have.been.discussed.by.Kalogeropoulos.et.al..(2006).

The.biological.importance.of.olive.oil.has.stimulated.the.interest.of.the.industry..Today.in.the.
market.many.patented.foods,.primarily.margarines.and.cholesterol-lowering.products,.reduced.fat.
mayonnaises,.and.chocolate.products,.contain.olive.oil..The.justification.for.such.products.is.obvi-
ously.the.result.of.many.studies.based.on.dietary.supplementations.with.olive.oil,.suggesting.that.
the. replacement. of. other. fats. by.olive.oil. reduces. cardiovascular. heart. disease. and.other. health.
risks.(Sanchez-Munich.et.al.,.2003;.Rodenas.et.al.,.2005).(see.also.Chapters.2.and.6–10)..The.level.
of. replacement.of.other. fats.by.olive.oil. is.not.well.known.because.most.of. the.applications.are.
patented.

Muguerza.et.al..(2003).and.Ansorena.and.Astiazaran.(2004).suggested.a.new.application.for.
olive.oil..To.obtain.better.oxidative.stability.of.fermented.sausages.they.replaced.part.of.pork.fat.
with.olive.oil..This.substitution.resulted.in.a.lower.rate.of.lipid.oxidation.and.a.better.balance.of.
saturated,.monounsaturated,.and.polyunsaturated.fatty.acids..Partial.replacement.of.the.animal.fat.
by.olive.oil.was.also.suggested.to.reduce.cholesterol.levels.in.meat.products.(Kayaardi.and.Gok,.
2004).

In.other.cases.the.nutritional.benefits.of.olive.oil.are.combined.with.those.of.n-3.fatty.acids..A.
typical.example.is.the.preparation.of.canned.fish.(Cuesta.et.al.,.1998).

Medina.et.al..(1999).found.that.polyphenols.extracted.from.extra.virgin.olive.oil.were.effective.
antioxidants.when.added.to.heated.tuna.muscle.in.the.presence.of.either.brine.or.refined.olive.oil..
The.study.aimed.at.evaluating.effectiveness.of.polyphenols.extracted.from.olive.oil.when.added.to.
tuna.subjected.to.thermal.autoxidation.after.canning..Among.different.oils,.extra.virgin.olive.oil,.
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used.as.a.filling.medium.of.canned.fish,.showed.the.highest.protection.of.the.thermal.oxidation.of.
n-3.fatty.acids.induced.during.sterilization..This.is.probably.due.to.phenolic.antioxidants,.which.
have.a.well-recognized.antioxidant.activity.in.bulk.oils,.micellar.systems,.and.systems.formed.by.
minced.fish.muscle.heated.in.oil.or.brine.(Medina.et.al.,.1998,.1999)..The.chemical.modifications.
and.partitioning.of.the.brine.of.the.major.phenols.of.extra.virgin.olive.oil.were.discussed.by.Sacchi.
et.al..(2002)..Sealed.cans.were.filled.with.oil–brine.mixtures.simulating.canned.food.systems.in.oil..
The.cans.were.sterilized.and.the.partitioning.of.the.phenols.was.studied.by.analyzing,.using.high-
performance.liquid.chromatography,.the.fraction.from.the.oil.and.brine.before.and.after.steriliza-
tion..The.hydrolysis.of.secoiridoid.forms.of.hydroxytyrosol.and.the.partitioning.toward.the.water.
phase.were.used.to.evaluate.the.changes.in.the.phenolic.profile.of.olive.oil.after.the.oil.had.been.
used.as.a.filling.medium.in.canned.food.

Olive oil–lemon juice salad dressing..Olive.oil–lemon.juice.salad.dressing.is.very.popular.in.
the.Mediterranean.countries;.it.is.prepared.instantly.by.combining.two.approximately.equal.por-
tions.of.olive.oil.and.lemon.juice.just.before.use..It.is.a.rich.source.of.biologically.important.com-
pounds.such.biophenols,.lipid-soluble.vitamins,.water-soluble.vitamins,.and.squalene..A.stable.olive.
oil–lemon.juice.salad.dressing.was.developed.by.Paraskevopoulou.et.al..(2005).using.xanthan.gum.
as.stabilizer.and.gum.arabic.or.propylene.glycol.alginate.as.emulsifier.

This.dressing.can.be.used.in.catering.meals.and.convenience.foods..Stabilization.of.the.physi-
cochemical.character.obtained.by.the.polysaccharides.also.increases.the.oxidative.stability.(Para-
skevopoulou.et.al.,.2007).

Oils flavored with herbs.. Dry.herbs.or.their.extracts.may.be.used.in.olive.oil.to.provide.a.more.
special.flavor.and.to.retard.oxidative.deterioration..Oregano.and.rosemary.are.the.preferred.herbs,.
which.are.rich.in.antioxidants.such.rosmarinic.acid.or.phenolic.diterpenes.such.as.carnosic.acid.and.
carnosol.(Exarchou.et.al.,.2002;.Boskou,.2006)..Roasted.garlic.may.also.be.infused.

.The.acceptance.by.consumers.of.gourmet.olive.oils.containing.dry.oregano.and.rosemary.and.
the.pro-oxidant.and.antioxidant.factors.were.studied.by.Antoun.and.Tsimidou.(1997).and.Damechki.
et.al..(2001)..The.critical.point.in.these.herb-containing.specialty.oils.is.storage,.since.they.contain.
more.chlorophyll.transferred.from.the.plant.material,.and.they.are.prone.to.more.rapid.photosensi-
tized.oxidation.

�.�  Processing anD moDifications

Olive.oil.is.popular.in.its.natural.form.(virgin.olive.oil).but.like.most.vegetable.oils,.nonedible.forms.
are.neutralized,.bleached,.and.deodorized.to.obtain.a.bland.oil.that.is.usually.blended.with.virgin.
olive.oil..The.industrial.process.of.refining.is.the.restoration.of.a.defective.but.still.valuable.product.
that.retains.its.biological.value.as.far.as.the.fatty.acid.composition.is.concerned.

Alkali.refining.removes.fatty.acids,.phospholipids,.pigments,.mucilage.and.resinous.substances,.
and. polar. phenolic. compounds.. Bleaching. reduces. chlorophylls,. carotenoids,. and. residual. fatty.
acids.and.salts..If.the.oil.is.physically.refined.it.first.has.to.be.degummed.

Hardening and interesterification..Olive.oil.is.too.valuable.to.be.hydrogenated.because.even.
lampante.(nonedible).oils.are.usually.more.expensive.than.seed.oils..Thus.hydrogenation.is.mean-
ingful.only.in.the.case.of.surplus.of.raw.material.for.the.production.of.specific.products..Olive.oil.is.
not.rich.in.polyunsaturated.fatty.acids.and.to.obtain.a.hard.product.it.has.to.be.hydrogenated.under.
conditions.that.favor.positional.and.geometrical.isomerization.(Boskou.and.Karapostolakis,.1983;.
Boskou.and.Chryssafidis,.1986)..Interesterification.of.refined.olive.oil–tristearin.blends.yields.zero-
trans.plastic.fats.with.a.higher.percentage.of.polyunsaturated.fatty.acids.than.hydrogenated.(Gavri-
ilidou.and.Boskou,.1991).. In. two. recent.papers,.Criado.and.co-workers. (2007a,b). studied. lipase.
catalyzed.interesterification.of.virgin.olive.oil.and.fully.hydrogenated.palm.oil.and.characterized.
the.chemical.properties.of.the.semisolid.product.obtained..Enzymatic.interesterification.of.olive.oil.
with.hydrogenated.palm.oil.was.first.suggested.by.Alpaslan.and.Karaali.(1998),.who.studied.the.
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induced.changes.and.found.that.the.interesterified.blend.had.properties.similar.to.those.of.package.
margarines.with.the.additional.advantage.of.high.amounts.of.monounsaturated.fatty.acids.

Vural.et.al..(2004).prepared.interesterified.olive.oil.to.be.used.as.a.beef.fat.substitute.in.sau-
sages.and.thus.obtain.a.better.ratio.of.unsaturated.to.saturated.fatty.acids..Other.attempts.have.also.
been.made.to.use.olive.oil.in.the.preparation.of.“structured.lipids”.(Fomuso.et.al.,.2001;.Tynek.and.
Ledochowska,.2005).

�.�  heating of olive oil anD minor constitUents

In.comparison.to.other.vegetable.oils.usually.richer.in.polyunsaturated.fatty.acids,.olive.oil.has.a.
much.lower.rate.of.alteration.during.domestic.frying.or.other.uses.that.require.high.temperatures..
This.stability.of.olive.oil.and.its.resistance.to.rapid.deterioration.at.elevated.temperatures.are.due.to.
its.fatty.acid.profile.and.the.presence.of.natural.antioxidants.and.sterols.that.inhibit.oxidative.polym-
erization.(Boskou,.1999;.Blekas.and.Boskou,.1999)..However,.when.the.oil.is.heated.for.repeated.
frying.operations,.its.phenolic.content.and.its.antioxidant.activity.are.diminished.significantly..All.
the.researchers.who.studied.the.lack.of.phenolics.in.heated.olive.oil.indicated.that.these.compounds.
deteriorate.and.the.antioxidant.capacity.is.partly.lost..Andrikopoulos.et.al..(2002).determined.the.
losses.of.polar.phenols.and.alpha-tocopherol.during.successive.pan-frying.and.deep-frying.of.olive.
oil.under.conditions.applied.in.domestic.frying..Brenes.et.al..(2002).subjected.olive.oil. to.simu-
lated.domestic.frying.and.heating.in.a.pressure.cooker.and.microwave.oven..Lignans.were.found.
to.be.very.stable.but.there.were.significant.losses.of.hydroxytyrosol.derivatives.(the.main.class.of.
antioxidants). and. alpha-tocopherol. when. the. oil. was. heated. at. frying. temperatures.. Microwave.
heating.caused.lower.losses,.while.in.the.pressure.cooker.a.rapid.hydrolysis.of.secoiridoidal.agly-
cons.was.observed.and.the.hydrophilic.hydrolysis.products.were.diffused.in.the.water.phase..In.a.
recent.report.Carrasco-Pancorbo.et.al..(2007).investigated.the.deterioration.of.olive.oil.heated.at.
180°C..The.concentrations.of.hydroxytyrosol,.elenolic.acid.(not.a.phenol.but.present.in.olive.oil),.
decarboxylated.oleuropein,.and.oleuropein.aglycons.were.reduced.more.rapidly.than.other.phenols..
Hydroxytyrosol.acetate.and.ligstroside.aglycon.were.found.to.be.quite.resistant.to.the.treatment,.but.
lignans.were.even.more.stable..Heating.caused.formation.of.new.compounds.from.the.oxidation.of.
phenols.not.yet.identified.

Losses.of.antioxidant.activity.of.olive.oil.due.to.heating,.measured.by.ABTS.and.DPPH.radical.
decolorization,.electron.spin.resonance,.and.other.methods,.were.also.reported.by.Carlos-Espin.et.
al..(2000),.Pellegrini.et.al..(2001),.Quiles.et.al..(2002),.Gomez-Alonso.et.al..(2003),.and.Valavani-
dis.et.al..(2004)..Kalantzakis.et.al..(2006).studied.the.effect.of.heating.on.the.antioxidant.activity.
of.virgin.olive.oil,.refined.olive.oil,.and.other.vegetable.oils.by.measuring.the.radical.scavenging.
activity.toward.the.1,1-diphenyl-2-picrylhydrazyl.radical.(DPPH·)..It.was.observed.that.olive.oil.lost.
its.radical.scavenging.activity.in.a.shorter.heating.time.relative.to.other.vegetable.oils.much.richer.
in.tocopherols,.but.it.reached.the.level.of.25%.total.polar.content.(rejection.point.for.a.heated.fat).
after.prolonged.heating;.all.the.other.oils.reached.this.upper.limit.in.shorter.periods..The.results.
demonstrate.that.virgin.olive.oil.has.a.remarkable.thermal.stability.but,.on.the.other.hand,.it.should.
not.be.seen.only.as.a.good.frying.medium..If.health.effects.are.expected.from.the.phytochemicals.
present,.the.number.of.heating.operations.should.be.kept.to.a.minimum.
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2 Traditional	Mediterranean	
Diet	and	Health

Dimitrios Trichopoulos and Antonia Trichopoulou

�.�  the meDiteranean Diet

The.traditional.Mediterranean.diet.refers. to.dietary.patterns.found.in.olive-growing.areas.of. the.
Mediterranean.region.since.the.1960s..Although.different.regions.in.the.Mediterranean.basin.have.
their. own. diets,. these. may. be. considered. as. variants. of. a. single. entity,. the. Mediterranean. diet..
Indeed,.the.dietary.patterns.that.prevail.in.the.Mediterranean.have.many.common.characteristics,.
most.of.which.stem.from.the.fact.that.olive.oil.occupies.a.central.position.in.all.of.them..Olive.oil.
is.important.not.only.because.it.has.several.beneficial.properties.but.also.because.it.emphasizes.the.
consumption.of.large.quantities.of.vegetables.in.the.form.of.salads.and.large.quantities.of.legumes.
in. the. form. of. cooked. foods.. Other. essential. components. of. the. Mediterranean. diet. are. wheat,.
olives,.and.grapes,.and.their.various.derivative.products..Total. lipid. intake.may.be.high,.around.
or.in.excess.of.40%.of.total.energy.intake.as.in.Greece,.or.moderate,.around.30%.of.total.energy.
intake,.as.in.Italy..In.all.instances,.however,.the.ratio.of.monounsaturated.to.saturated.fats.is.much.
higher.than.in.other.places.of.the.world.(Trichopoulou.and.Lagiou,.1997).

From.1995.on,.we.and.others.have.operationalized.the.Mediterranean.dietary.pattern.by.devel-
oping.a.score.that.captures.the.principal.aspects.of.this.diet..The.score.is.very.simple.and.has.nine.
components.that.can.be.combined.into.a.uni-dimensional.variable.ranging.from.0.(low.adherence.to.
Mediterranean.diet).to.9.(high.adherence.to.Mediterranean.diet)..The.components.are:.high.olive.oil.
and.low.saturated.fat.consumption;.high.consumption.of.legumes;.high.consumption.of.unrefined.
cereals;. high. consumption. of. fruits;. high. consumption. of. vegetables;. low. consumption. of. dairy.
products;.high.consumption.of.fish;. low.consumption.of.meat.and.meat.products;.and.moderate.
wine.consumption.(Trichopoulou.et.al.,.2003).

�.�  meDiterranean Diet anD health

In.the.Mediterranean.region,.there.has.always.been.a.strong,.albeit.undocumented,.belief.that.olive.
oil.is.the.elixir.of.youth.and.health..It.is.intriguing.that.most.centenarians.in.the.Mediterranean.region.
have.been.inclined.to.attribute.their.longevity.to.diet.in.general,.and.olive.oil.and.wine.consumption.
in.particular.—.two.key.ingredients.of.the.Mediterranean.diet.(Trichopoulou.and.Lagiou,.1997).
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Mortality.statistics.from.the.World.Health.Organization.(WHO).database.covering.the.period.
1960–1990. (WHO,. 1993). provided. indirect. evidence. about. the. beneficial. effect. of. the. Mediter-
ranean.diet..Even.though.health.care.for.many.of. the.Mediterranean.populations.was.inferior. to.
that.available. to.people. in.northern.Europe.and.North.America,.and. the.prevalence.of. smoking.
was.unusually.high.among.the.former.(Dalla-Vorgia.et.al.,.1990),.death.rates.in.the.Mediterranean.
region.were.generally.lower.and.adult.life.expectancy.generally.higher.in.comparison.to.those.in.
the.economically.more.developed.countries.of.northern.Europe.and.North.America,.particularly.
among.men..Cause-specific.mortality.statistics.indicate.that.the.health.advantage.of.the.Mediter-
ranean.populations.is.mainly.accounted.for.by.lower.mortality.rates.from.coronary.heart.disease,.as.
well.as.from.cancers.of.the.large.bowel,.breast,.endometrium,.and.prostate.

The.first.important.epidemiological.study.to.assess.the.postulated.advantages.of.the.Mediterra-
nean.diet.was.undertaken.by.Ancel.Keys..This.classic.international.study.was.launched.by.Keys.and.
colleagues.in.the.1950s.and.involved.12,763.men,.ages.40–59.years,.in.16.sub-cohorts:.2.in.Greece,.
3.in.Italy,.5.in.what.was.then.Yugoslavia,.2.in.Japan,.2.in.Finland,.1.in.the.Netherlands,.and.1.in.the.
United.States.(Keys,.1980)..The.results.of.the.Keys.study.were.interpreted.as.indicating.that.satu-
rated.fats.could.largely.account.for.the.variation.of.total.cholesterol.and,.inferentially,.the.incidence.
of.coronary.heart.disease..The.argument.of.several.scientists.from.Mediterranean.countries,.that.
the.diet.of.their.region.is.more.than.a.low.saturated.fat.diet.and.has.implications.for.diseases.other.
than.coronary.heart.disease,.was.lost.in.the.wider.scientific.community.(Trichopoulou,.1988)..From.
the.late.1990s,.however,.a.plethora.of.studies.has.provided.strong.evidence.that.the.Mediterranean.
diet.overall,.as.an.integral.pattern,.and.its.central.component,.olive.oil,.are.important.components.
of.a.healthy.lifestyle.

�.�  selecteD analytical stUDies

Adherence.to.the.traditional.Mediterranean.diet.has.been.assessed.in.many.studies,.including.those.
undertaken.by.our.group,.using.the.previously.indicated.Mediterranean.diet.score.that.incorporates.
the.salient.characteristics.of.this.diet.or.variations.of.this.score..The.results.of.some.relevant.studies.
that.have.been.published.recently.indicate.the.following:

A.higher.degree.of.adherence. to. the.Mediterranean.diet. in.Greece. is.associated.with.a.
reduction.in.total.mortality..A.significant.inverse.association.is.evident.for.both.death.due.
to.coronary.heart.disease.and.death.due.to.cancer..Associations.between.individual.food.
groups.contributing.to.the.Mediterranean.diet.score.and.total.or.cause-specific.mortality.
are.generally.weak.(Trichopoulou.et.al.,.2003).
The.previously.indicated.Mediterranean.diet.score,.modified.so.as.to.apply.across.Europe,.
was.associated.with.increased.survival.among.older.people.in.most.European.populations.
(Trichopoulou.et.al.,.2005c).
Adherence.to.the.Mediterranean.diet.in.variable.ways,.chosen.at.will.by.coronary.patients.
in.the.general.population,.is.associated.with.a.significant.reduction.in.long-term.fatality.of.
individuals.who.have.already.suffered.from.a.coronary.attack.(Trichopoulou.et.al.,.2005a).
Adherence.to.the.Mediterranean.diet.and,.in.particular,.high.consumption.of.olive.oil.are.
inversely.associated.with.arterial.blood.pressure.(Psaltopoulou.et.al.,.2004).
The.Mediterranean.diet.does.not.substantially.affect.body.mass.index.and.the.high.preva-
lence.of.overweight.in.Mediterranean.countries.is.accounted.for.by.the.high.prevalence.
of. inactivity. in. conjunction. with. relative. excess. of. energy. intake. (Trichopoulou. et. al.,.
2005b).
Randomized.studies.and.other.major.investigations.in.Spain,.France,.and.Italy.have.pro-
vided.powerful.evidence.in.support.of.the.beneficial.properties.of.the.Mediterranean.diet.

•

•

•

•

•

•
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and.have.pointed.out.several.of.the.implicated.physiologic.mechanisms.(Esposito.et.al.,.
2004;.Vincent-Baundry.et.al.,.2005;.Estruch.et.al.,.2006;.Fitó.et.al.,.2007).

�.�  conclUDing remarks

It.is.not.obvious.that.the.Mediterranean.diet.can.fully.explain.the.relatively.good.health.of.Medi-
terranean.people..It.has.been.suggested.that.the.pattern.of.eating.and.drinking.may.have.elusive.
synergistic.effects..Others.have.argued.that.the.relaxing.psychosocial.environment.in.most.Mediter-
ranean.countries,.the.mild.climatic.conditions,.the.preservation.of.the.extended.family.structure,.or.
even.the.afternoon.siesta.habit.may.play.contributory.roles.(Naska.et.al.,.2007)..Nevertheless,.it.is.
highly.likely.that.diet.is.essential.for.the.good.health.of.the.Mediterranean.peoples.

The. Mediterranean. diet. may. offer. a. healthy. alternative. approach. to. a. low. animal. fat. diet..
Its. expanded. range. of. options. could. promote. adherence,. particularly. over. the. long. term.. The.
Mediterranean.diet.is.not.sharply.different.from.other.recommended.diets..Two.elements,.however,.
distinguish.it.from.these.other.diets..It.stresses.the.pattern.rather.than.individual.components.and.
provides.no.restriction.on.intake.of.lipids,.so.long.as.they.are.not.saturated.and.are.preferably.in.the.
form.of.olive.oil.
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�.�  Phenolic comPosition: chemistry, levels, ProPerties

3.1.1  Polar Phenolic comPounds Present in olive oil

Over.the.last.20.years.most.of.the.major.polar.phenolic.compounds.present.in.virgin.olive.oil.have.
been.detected.and.quantified..These.phenolic.compounds.may.be.phenolic.acids,.simple.phenols.
like.tyrosol.and.hydroxytyrosol,.secoiridoid.derivatives.of.the.glycosides.oleuropein.and.ligstrodide,.
lignans,.flavonoids,.and.hydroxyl-isochromans.(Caruso.et.al.,.2000;.Owen.et.al.,.2000;.Tovar.et.al.,.
2001;.Servili.and.Montedoro,.2002;.Romero,.C..et.al.,.2002;.Brenes.et.al.,.2002;.Gutierrez-Rosales.
et.al.,.2003;.Gomez-Alonso.et.al.,.2003;.Cerretani.et.al.,.2005a;.Boskou,.D..et.al.,.2006;.Parenti.et.
al.,.2006;.Fregapane.et.al.,.2006;.Romani.et.al.,.2007;.Bendini.et.al.,.2007)..The.term.“polar.pheno-
lic.compounds”.is.used.to.differentiate.them.from.another.class.of.phenols,.the.tocopherols..Olive.
oil.polar.phenol.fraction,.known.for.many.years.as.“polyphenols,”.is.in.fact.a.complex.mixture.of.
compounds.with.varying.chemical.structures.obtained.from.virgin.olive.oil.by.liquid-liquid.parti-
tion.with.methanol/water.(see.Chapter.5).

In.addition.to.the.classes.of.compounds.mentioned.above,.other.phenols.with.different.structures.
(e.g.,.vanillin).have.been.identified..Litridou.et.al..(1997).reported.the.presence.of.an.ester.of.tyrosol.
with.a.dicarboxylic.acid..The.same.authors.demonstrated.that.total.polar.phenol.and.o-diphenol.con-
tent.was.higher.in.the.less.polar.part.of.the.methanol.extract..This.part.contains.mainly.the.dialdehy-
dic.and.decarboxymethyl.forms.of.elenolic.acid.linked.to.hydroxytyrosol.and.tyrosol,.hydroxytyrosol.
acetate,.lignans,.and.luteolin..Brenes.et.al..(2004).identified.4-ethylphenol.in.all.the.oils.intended.for.
refining.and.particularly.in.the.“second.centrifugation.olive.oils,”.due.to.the.paste.storage.

Glycosides.were.also.found.to.be.present.in.olive.oil.but.only.in.trace.amounts.(Garcia.et.al.,.
2001)..Another.class.of.compounds,.hydroxy-isochromans,.was.identified.by.Bianco.and.co-workers.
(Bianco.et.al.,.2001)..According.to.the.authors.the.formation.of.such.compounds.is.due.to.a.reaction.
between.hydroxytyrosol.and.aromatic.aldehydes. (vanillin,.benzaldehyde)..The.phenol.present. in.
olive.fruit.linked.as.an.ester.to.the.aglycon.moiety.of.oleuropein.is.freed.during.malaxation.of.the.
olive.pulp.by.enzymes..This.hydrolysis.process.also.favors.the.formation.of.carbonyl.compounds.
and.thus.hydoxy-isochromans.are.formed..

Some.of.the.identified.secoiridoid.compounds.like.the.aldehydic.form.of.oleuropein.have.ste-
reochemical.isomers.(see.also.Chapter.5)..The.presence.of.such.isomers.was.confirmed.by.coupling.
high-performance.liquid.chromatography.with.post-column.solid-phase.extraction.to.nuclear.mag-
netic.resonance.spectroscopy.(Christophoridou.et.al.,.2005).

.The.identification.of.the.methyl.acetals.of.the.aglycon.of.ligstroside.and.of.the.β-hydroxytyrosol.
ester.of.methyl.malate.(Bianco.et.al.,.2006),.the.study.of.oleocanthal.by.Beauchamp.et.al..(2005),.a.
tyrosol.derivative.that.has.the.same.pharmacological.activity.as.the.anti-inflammatory.drug.ibupro-
fen,.and.other.studies.indicating.an.anti-inflammatory.activity.(Bitler.et.al.,.2005).provide.impor-
tant.new.information.for.the.forms.of.tyrosol.and.hydroxytyrosol.derivatives.present.in.olive.oil.and.
olives,.some.of.which.may.be.antioxidant.and/or.biologically.active..Thus,.quantification.of.some.
forms.of.aglycons.may.be.important.(in.addition.to.the.total.polar.phenols.content).for.the.evalua-
tion.of.quality,.stability,.and.nutritional.value.

The.polar.fraction.may.also.contain.nonphenolic.but.related.compounds.like.cinammic.acid.and.
elenolic.acid..The.main.phenolic.and.nonphenolic.compounds.reported.to.be.present.in.the.polar.
fraction.of.virgin.olive.oil.belong.to.the.following.classes.(see.Figures.3.1.through.3.7):
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Phenolic.acids
Hydroxybenzoic.acids

4-Hydroxybenzoic
Protocatechuic
Gallic
Vanillic.acid
Syringic.acid

Hydroxyphenylacetic.acids
4-Hydroxyphenylacetic
Homovanillic

Hydroxycinnamic.acids
o-Coumaric
p-Coumaric
Caffeic
Ferulic
Sinapic

Phenolic.alcohols
(p-Hydroxyphenyl)ethanol.(p-HPEA,.tyrosol)
(3,4-Dihydroxyphenyl)ethanol.(3,4-DHPEA,.hydroxytyrosol)
Homovanillyl.alcohol

Derivatives.of.phenolic.alcohols
4-(Acetoxyethyl)-1,2-dihydroxybenzene
Hydroxytyrosol.ester.of.methyl.malate

Glycosides
Oleuropein.(an.ester.of.hydroxytyrosol.with.β-glucosylated.elenolic.acid)
Ligstroside

Aglyconic.derivatives.of.oleuropein.and.ligstroside
Dialdehydic.form.of.elenolic.acid.linked.to.3,4-DHPEA.(3,4-DHPEA-EDA)
Dialdehydic.form.of.elenolic.acid.linked.to.p-HPEA.(p-HPEA-EDA)
Dialdehydic.form.of.decarboxymethyl.elenolic.acid.linked.to.3,4-DHPEA
Dialdehydic.form.of.decarboxymethyl.elenolic.acid.linked.to.p-DHPEA
Oleuropein.aglycon.(3,4-DHPEA-EA)
Ligstroside.aglycon.(p-HPA-EA)
Methyl.acetal.of.the.aglycone.of.ligstroside
10-Hydroxy-oleuropein

Lignans
(+)-1-Acetoxypinoresinol
(+)-Pinoresinol
(+)-1-Hydroxypinoresinol
Syringaresinol

Flavonoids
Apigenin
Luteolin
Taxifolin

Hydroxy-isochromans
1-Phenyl-6,7-dihydroxy-isochroman
1-(3′-Methoxy-4′-hydroxy)phenyl-6,7-dihydroxy-isochroman

Other.phenols
Vanillin.(4-hydroxy-3-methoxybenzaldehyde)
4-Ethylphenol.(not.found.in.virgin.olive.oils.but.in.oils.of.“second.centrifugation,”.intended.

for.refining)
Nonphenolic.compounds

Cinnamic.acid
Elenolic.acid
Elenolic.acid.glycoside
11-Methyl.oleoside
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3.1.2  levels

Wide.ranges.(50–1000.mg/kg).have.been.reported.for.the.levels.of.total.polar.phenols.in.olive.oils..
Usual.values.range.between.100.and.300.mg/kg.(Boskou.D..et.al.,.2006)..The.most.abundant.pheno-
lic.compounds.in.virgin.olive.oil.are.aglycons.deriving.from.secoiridoids.present.in.the.fruit..These.
substances.are.relatively.polar.and.they.are.partitioned.between.the.oil.and.the.vegetation.water.

The.effect.of.variety,.system.of.extraction,.conditions.of.prossessing,.packing,.distribution,.and.
storage.have.been.discussed.by.Aparicio.and.Luna.(2002),.Salvador.et.al..(2003),.and.Boskou.D..et.
al..(2006)..Due.to.natural.variability.and.strong.dependence.on.so.many.factors.(and.especially.the.
index.of.maturation),.it.is.difficult.to.establish.levels.for.individual.phenols..Servili.and.Montedoro.
(2002).gave.average.values.from.the.analysis.of.116.samples.of.industrial.olive.oils.for.hydroxytyro-
sol,.tyrosol,.vanillic.acid,.caffeic.acid,.3,4-DHPEA-DEA,.p-HPEA-EDA,.and.3,4-DHPEA-EA..The.
prevailing.phenols.were.3,4-DHPEA-EDA.(range.63–840.mg/kg),.3,4-DHPEA-EA.(range.85–310.
mg/kg),.and.p-HPEA-EDA.(range.15–33.mg/kg)..Free.hydroxytyrosol.and.tyrosol.were.found.only.
in.trace.amounts.(less.than.10.mg/kg.oil).

In.a.recent.paper.Romani.and.co-corkers.(Romani.et.al.,.2007).analyzed.samples.of.bottled.
extra.virgin.olive.oil.from.a.specific.Italian.cultivar.and.provided.a.graphic.representation.of.the.
levels.of.total.minor.polar.compounds,.hydroxytyrosol,.tyrosol,.elenolic.acid.derivatives,.deace-
toxy-oleuropein.aglycon,.oleuropein.aglycon,.other.secoiridoid.derivatives,.and.the.flavones.luteo-
lin.and.apigenin..Total.minor.polar.components.concentration.was.350.mg/kg..This.concentration.
is.mainly.due. to.a. secoiridoid.group.of.compounds. (binding.with. tyrosol.and.hydroxytyrosol),.

HO 
OH 
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R2 

R1 

hydroxy-isochromans

1-phenyl-6, 7-dihydroxychroman R1, R2 = H   

1-(3´-methoxy-4´-hydroxy) phenyl-6, 7-dihydroxychroman R1 = –OH, R2 = –OCH3

figUre �.�  Structural.formulae.of.hydroxy-isochromans.

vanillin

CHO 

OH 
OCH3

figUre �.�  Vanillin.

OH

CH CH3

elenolic acid

CH2    COOH

CH3CO

O

O

CH CH

cinnamic acid

COOH

figUre �.�  Nonphenolic.compounds.
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deacetoxy-oleuropein.aglycone,.and.elenolic.acid..The.authors.conclude.that.secoiridoids,.particu-
larly.deacetoxy-oleuropein-aglycon,.should.be.monitored.to.evaluate.olive.oil.stability.during.stor-
age..However,.this.study.ignores.the.levels.of.two.major.components,.lignans.and.hydroxytyrosol.
acetate.(4-acetoxyethyl-1,2-dihydroxybenzene)..Lignans.were.found.to.range.from.112–275.mg/kg.
in.virgin.olive.oils.from.Arbequina.cv.and.hydroxytyrosol.acetate.from.21–131.mg/kg.(Tovar.et.
al.,.2001)..M.P..Romero.et.al..(2002).gave.even.higher.values.for.hydroxytyrosol.acetate.and.lig-
nans.in.virgin.olive.oils.from.young.olive.trees.grown.under.different.deficit.irrigation.strategies..
Brenes.and.co-investigators. (Brenes.et.al.,.2001). reported.values. ranging.from.3–67.mg/kg.for.
1-acetoxypinoresinol.and.from.19–41.mg/kg.for.pinoresinol. in.five.Spanish.olive.oils..The. two.
compounds.were.identified.on.the.basis.of.their.mass.spectra.and.¹³C.NMR.spectra..1-Acetoxypin-
oresinol.as.determined.by.combined.gas.chromatography–mass.spectrometry.was.used.by.Brenes.
et.al..(2002).as.a.means.to.authenticate.Picual.olive.oils..The.level.of.this.phenol.in.this.cultivar.is.
much.lower.in.comparison.to.other.Spanish.varieties.

Luteolin.levels.were.reported.to.be.around.10.mg/kg.in.some.Spanish.olive.oils.(Brenes.et.al.,.
1999)..Murkovic.et.al..(2004).reported.values.ranging.from.0.2–7.mg/kg.for.Greek.olive.oils..Usu-
ally,. the.glucosides.of.flavonoids.decrease.with.maturation,.but.at. the.same. time. the.production.
of.free.aglycons.could.increase..Thus,.higher.concentrations.of.free.flavones.may.be.found..Bio-
chemical.routes.and.changes.of.the.main.individual.phenols.(hydroxytyrosol,.tyrosol,.vanillic.acid,.
p-coumaric. acid,. ferulic. acid,.vanillin,. apigenin,. luteolin,.hydroxytyrosol. acetate,. and.glycoside.
aglycons).during.maturation.have.also.been.studied.by.Brenes.(Brenes.et.al.,.1999).

3.1.3  effect on the stability

Polar.phenols.and.tocopherols.are.important.for.the.stability.of.virgin.olive.oil..This.effect.has.been.
discussed.extensively. (Papadopoulos.et.al.,.1993;.Gennaro.et.al.,.1998;.Monteleone.et.al.,.1998;.
Brenes.et.al.,.2001;.Cinquanta.et.al.,.2001;.Mateos.et.al.,.2003;.Boskou,.D..et.al.,.2006;.Rahmouni.et.
al.,.2006;.Tsimidou,.2006)..Some.important.aspects.related.to.the.oxidative.stability.of.virgin.olive.
oil.during.storage.as.well.as.at.the.high.temperatures.of.food.preparation.have.also.been.discussed.
by.Velasco.and.Dobarganes.(2002)..The.crucial.role.of.polar.phenolic.compounds.has.been.well.
established..Most.of.the.phenols.present.in.olive.oil.are.antioxidant.compounds,.but.the.components.
that.are.mainly.responsible.for.the.remarkable.resistance.of.olive.oil.to.oxidation.are.the.dialdeydic.
form.of. elenolic. acid. linked. to.hydroxytyrosol. (3,4-DHPEA-EDA),.decarboxymethyl.oleuropein.
aglycon,.and.hydroxytyrosol.(Baldioli.et.al.,.1996;.Fogliano.et.al.,.1999;.Briante.et.al.,.2001;.Gutier-
rez-Rosales.and.Arnaud,.2001;.Gomez-Alonso.et.al.,.2003;.Mateos.et.al.,.2003;.Carrasco-Pancorbo.
et.al.,.2006;.Romani.et.al.,.2007)..Tyrosol,.lignans,.and.ligstroside.aglycon.are.weaker.antioxidants..
Morello.and.co-investigators.(Morello.et.al.,.2004).studied.the.changes.in.the.phenolic.fraction.and.
the.oil.during.storage..These.changes.indicate.that.secoiridoids.and.hydoxytyrosol.acetate.contrib-
ute.most.to.the.stability..Gennaro.et.al..(1998).evaluated.by.thermogravimetric.analysis.the.stability.
of.olive.oil.spiked.with.different.amounts.of.phenols.such.as.tyrosol,.hydroxytyrosol,.oleuropein,.
oleuropein.aglycon,.caffeic.acid,.and.BHT..Their.data.showed.that.the.natural.antioxidants.present.
in.olive.oil.and.especially.hydroxytyrosol.and.its.derivatives.can.extend.the.olive.oil.shelf.life.and.
protect.it.from.decomposition.occurring.during.thermal.treatment.

According.to.Owen.and.co-investigators.(Owen.et.al.,.2000a,b),.lignans.constitute.an.important.
contribution.to.the.phenolic.fraction.of.olive.oil.and.therefore.may.contribute.to.the.stability.of.the.oil.

Phenolic.compounds.can.inhibit.oxidation.in.many.ways..Three.known.mechanisms.are.radical.
scavenging,.hydrogen.atom.transfer,.and.metal.chelating..Bendini.et.al..(2006).conducted.a.study.
to.investigate.the.protective.effect.of.olive.oil.phenols.on.the.oxidative.stability.of. the.oil. in.the.
presence.and.absence.of.copper.ions..The.experimental.results.of.this.study.also.indicate.that.polar.
phenols.reduce.the.oxidized.forms.of.alpha-tocopherol.and.that.certain.oleuropein.aglycons.pos-
sess.a.copper-chalating.ability..Tocopherols.are.more.quickly.consumed.in.olive.oils.that.have.low.
content.of.ortho-diphenols.
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The.antioxidant.activity.of.phenols.is.enhanced.by.the.presence.of.tocopherols.(Blekas.et.al.,.
1995;.Pellegrini.et.al.,.2001)..This.synergism.is.more.evident.when.the.level.of.phenols.is.relatively.
low..The.contribution.of.tocopherols.to.radical-scavenging.activity.was.39–61%.in.virgin.olive.oil,.
which. suggests. that. both. tocopherols. and. phenolic. compounds. contribute. to. radical-scavenging.
activity,.according.to.Jiang.et.al..(2005).

In.olive.oil.models.devoid.of.prooxidants.and.antioxidants.the.effect.of.alpha-tocopherols.was.
antioxidant.in.the.range.of.polar.phenols.concentration.100–1000.mg/kg..The.best.effect.was.found.
for.the.lowest.levels.of.addition.(Blekas.et.al.,.1995;.Baldioli.et.al.,.1996)..This.is.explained.prob-
ably.by. the.participation.of. tocopherols. in. the. autoxidation.process. after. a. sufficient. amount.of.
hydroxyperoxides.is.accumulated,.although.Morello.and.co-workers.(Morello.et.al.,.2004).claimed.
that.alpha-tocopherol.is.consumed.from.the.beginning..In.all.cases,.although.not.as.strong.an.anti-
oxidant.as.polar.phenols,.alpha-tocopherol.contributes.significantly.to.the.oil’s.resistance.to.autoxi-
dation..Baldioli.et.al..(1996).observed.a.synergistic.effect.of.3,4-DEPEA.and.its.oleosidic.forms.
with.tocopherol.during.autoxidation.of.an.olive.oil–purified.triacylglycerol.mixture.

It.has.also.been.suggested.that.luteolin.and.apigenin.present.in.olive.oil.in.minute.quantities.may.
have.a.synergistic.action.(Visioli.et.al.,.2002),.but.this.has.to.be.verified.by.more.experimental.work.

3.1.4  bitter index, bitter Phenols, Pungency

Bitterness.is.a.sensorial.characteristic.related.to.the.presence.of.phenols..It.is.more.pronounced.in.
certain.olive.oil.varieties.and.it.can.be.enhanced.if. this.is.desirable.from.nonripe.fruits..During.
ripening.bitterness.decreases.

The.standard.method.of.evaluating.the.bitter.taste.is.by.sensory.analysis.using.a.panel.of.tasters,.
but.instrumental.methods.have.also.been.proposed..Bitter index.can.be.evaluated.by.the.extraction.
of.the.bitter.substances.of.an.oil.sample.dissolved.in.hexane.and.passed.through.a.C18.cartridge..
The.cartridge.is.previously.activated.with.methanol..The.cartridge.is.washed.with.hexane.to.remove.
liposoluble.substances.and.the.retained.compounds.are.eluted.with.a.methanol–water.mixture.1:1.
and.diluted.to.25.ml..The.absorbance.is.measured.at.225.nm.in.a.1-cm.cuvette.and.the.results.are.
expressed.as.specific.UV.absorbance.(Gutierrez.et.al.,.1992;.Garcia.et.al.,.1996;.Tovar.et.al.,.2001;.
Romero,. M.P.. et. al.,. 2002;. Morello. et. al.,. 2004).. The. intensity,. measured. at. 225. nm,. is. closely.
related.to.the.intensity.of.bitter.taste.estimated.by.a.panel.of.tasters.

Gutierrez-Rosales.et.al..(2003).correlated.bitter.intensity.of.a.large.number.of.virgin.olive.oil.
samples. with. the. concentration. of. individual. phenols.. Solid. phase. extraction,. preparative. high-
performance. liquid. chromatography. (HPLC),. analytical. HPLC,. and. online. liquid. chromatogra-
phy–electrospray.ionization.mass.spectrometry.were.used.to.separate,.identify,.and.determine.the.
concentration. of. individual. phenols.. The. dialdehydic. and. aldehydic. forms. of. decarboxymethyl.
oleuropein.aglycon.and.the.dialdehydic.form.of.decarboxymethyl-ligstroside.aglycon.were.found.
to.be.the.components.mainly.responsible.for.the.bitter.taste..These.compounds.and.derivatives.or.
isomers.of. ligstroside.and.oleuropein.aglycons,.which.were.all.bitter,.were. tentatively. identified.
by.Andrewes.and.his.research.team.(Andrewes.et.al.,.2003),.who.attempted.to.establish.a.relation.
between.sensory.properties.and.level.of.individual.phenols..The.fraction.containing.deacetoxy-lig-
stroside.aglycon.produced.a.strong,.burning,.pungent.sensation.at.the.back.of.the.throat..Oils.rich.
in.this.compound.were.oils.with.a.pungent.taste..The.deacetoxy.oleuropein.aglycon.gave.a.slightly.
burning.sensation;.tyrosol.was.found.to.be.astringent.but.not.bitter.

Mateos.and.collaborators.(Mateos.et.al.,.2004).identified.the.main.compounds.that.are.respon-
sible.for.the.bitterness..They.correlated.the.intensity.of.bitterness.with.the.concentration.of.seco-
iridoids.as.determined.by.HPLC.and.proposed.a.method.of.evaluation.of.bitterness.based.on.the.
quantification. of. secoiridoid. derivatives.. The. compounds. mainly. responsible. for. the. bitter. taste.
were.found.to.be.the.dialdehydic.forms.of.decarboxymethyl.oleuropein.and.ligstroside.aglycons,.
and.the.aldehydic.forms.of.oleuropein.and.ligstroside.aglycons.
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Siliani.et.al..(2006).attempted.to.define.the.contribution.of.each.individual.phenol.to.the.bitter.
sensory.note..Concentrations.of.secoiridoids.and.lignans.were.processed.as.a.function.of.bitter.inten-
sity.by.regression.analysis..The.results.of.their.study.confirmed.that.there.is.a.positive.correlation.
between.total.phenolic.content.and.bitter.intensity..The.highest.statistical.significance.was.obtained.
from.the.exponential.relationship.between.oleuropein.aglycon.(3,4-DHPEA-EA).and.bitter.intensity.

In.a.recent.report.Beltran.et.al..(2007).tried.to.establish.a.relationship.between.phenol.content.
and.K225..They.also.obtained.a.prediction.model.for.the.intensity.of.bitterness.based.on.the.phenol.
content..In.order.to.provide.an.easy.means.to.estimate.bitterness,.oils.were.classified.by.their.phenol.
content.in.four.categories..Oils.with.nonbitter.taste.or.with.almost.imperceptible.bitterness.corre-
spond.to.levels.lower.than.220.mg.phenols.per.kilogram..Slightly.bitter.oils.correspond.to.220–340.
mg/kg,.bitter.oils.have.a.total.phenol.content.ranging.from.340–410.mg/kg,.and.very.bitter.oils.have.
polar.phenols.content.higher.than.410.mg/kg..The.study.was.based.on.the.analysis.of.a.big.number.
of.oils.from.the.cultivars.Frantoio,.Holiblanca,.Picual,.and.Arbequina.

Oleocanthal. Freshly. pressed. extra. virgin. olive. oil. contains. a. compound. that. has. the. same.
pharmacological.activity.as.the.nonsteroidal.anti-inflammatory.drug.ibuprofen..A.recent.paper.by.
Beauchamp.and.his.research.team.(Beauchamp.et.al.,.2005).pointed.out.that.the.dialdehydic.form.
of. deacetoxy-ligstroside. aglycon. is. structurally. related. to. the. anti-inflammatory. drug. ibuprofen..
This.compound.was.identified.in.the.past.as.a.key.factor.for.pungency.(Andrewes.et.al.,.2003)..The.
authors.demonstrate.that.this.aglycon.shares.with.ibuprofen.the.throat-irritating.sensation.and.the.
ability.to.inhibit.the.cyclooxygenase.enzymes.COX-1.and.COX-2..These.findings.offer.a.possible.
explanation.for.some.of.the.various.health.benefits.attributed.to.a.Mediterranean.diet.rich.in.olive.
oil;.the.authors,.based.on.a.daily.consumption.of.approximately.10.mg.of.oleocanthal,.suggested.
that.the.cardiovascular-protective.effects.of.the.Mediterranean.diet.may.be.expected.from.the.regu-
lar.intake.of.this.secoiridoid.aglycon..The.conclusions.of.this.study.stimulated.the.interest.of.the.
mass.media,.especially.in.countries.surrounding.the.Mediterranean.Sea.where.olive.oil.is.the.staple.
fat..The.theory.was.critically.discussed.by.Vincenzo.Fogliano.(2006),.who.examined.the.levels.of.
possible.daily.intake.in.relation.to.the.level.of.oleocanthal.in.acceptably.bitter.olive.oils.and.also.
intestinal.absorption.and.biotransformation..Fogliano.concluded.that. there. is.no.doubt. that.olive.
oil.may.modify.body.functions.but.it.should.be.evaluated.using.a.more.general.approach.that.takes.
into.consideration.all.the.compounds.present.and.not.just.any.single.one..It.is.more.likely.that.other.
structurally.related.phenols.enhance.the.anti-inflammatory.action.of.oleocanthal.

�.�  strategies to Preserve natUral antioxiDants in olive oil

Levels.of.individual.phenols.in.olive.oil.vary.because.of.the.natural.variability.and.the.dependence.
on.ripeness,.history.of.production,.and.age..Free.phenols.are.found.at.higher.levels.in.stored.oils;.
fresh.oils.contain.more.complex.forms.of.secoiridoid.aglycons..The.biotransformation.of.phenolic.
compounds.in.Olea europaea.L.,.the.importance.of.agronomic.factors.and.variety,.and.the.effect.
of.maturation.on.the.fate.of.phenolics.in.various.cultivars.have.been.discussed.by.many.authors.
(Amiot,.1989;.Esti.et.al.,.1998;.Brenes.et.al.,.1999;.Ranalli.et.al.,.2000;.Briante.et.al.,.2001;.Ryan.
et.al.,.2002;.Briante.et.al.,.2002a,b;.Boskou.D..et.al.,.2006;.Cipriani.et.al.,.2006;.Cerretani.et.al.,.
2006).

3.2.1  irrigation

Growing.conditions.are.important.for.olive.oil.quality.(Patumi.et.al.,.2002)..Regulated.deficit.irri-
gation.strategies.applied.to.olive.trees.have.been.found.to.affect.polar.phenols.content.and.conse-
quently.the.bitter.index.and.oxidative.stability.(Romero.et.al.,.2002;.Tovar.et.al.,.2002)..The.effect.of.
full.irrigation.and.deficit.irrigation.on.the.various.classes.of.olive.oil.polar.phenols.was.investigated.
also.by.Servili.et.al..(2007).
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3.2.2  harvest time

The.evaluation.of.the.influence.of.olive.oil.degree.of.ripeness.on.its.oxidative.stability.is.important.
for.the.assessment.of.overall.quality..The.decision.to.produce.a.pungent.olive.oil.or.a.mellower.prod-
uct.is.based.on.many.factors.such.as.cultivar,.processing,.and.time.of.harvest..The.latter.is.the.most.
important.factor..Studies.conducted.on.the.level.of.phenolic.substances.indicated.that.during.ripen-
ing.the.concentration.of.phenols.increases.gradually.to.a.maximum.level.and.decreases.rapidly.as.
ripening.is.progressing..The.lowest.amount.of.phenolic.compounds.is.observed.at.the.black.stage.of.
maturation..The.peak.is.at.the.half.pigmentation.stage;.oils.produced.from.olives.harvested.at.such.
a.pigmentation.stage.may.present.higher.stability.and.better.sensorial.profiles..Salvador.et.al..(2001).
conducted.a.study.to.correlate.fruit.ripening.with.analytical.parameters.determining.oil.quality..For.
the.Cornicarba.olives.they.found.that.the.best.stage.for.processing.of.the.olives.is.the.stage.when.
the.ripeness.is.between.3.0.and.4.5.(as.determined.by.the.International.Olive.Oil.Council.method)..
However,.it.is.difficult.to.generalize.as.to.where.the.optimal.point.is,.and.in.spite.of.the.number.of.
relative.studies,.there.is.much.to.be.learned.about.each.individual.olive.cultivar.(Garcia.et.al.,.1986,.
1996;.Ranalli.et.al.,.2000;.Rotondi.et.al.,.2004;.Mailer.et.al.,.2005;.Boskou,.D..et.al.,.2006;.Cipriani,.
2006;.Van.Hoed.et.al.,.2006).

3.2.3  Processing

Currently,.technological.improvements.in.the.olive.oil.industry.are.oriented.to.the.preservation.of.
minor.constituents.originally.present.in.the.fruits.that.are.related.to.important.nutritional.properties,.
stability,. and.quality.of. the.oil..By.modulating. technology. it. is. possible. to. some.extent. to.opti-
mize.the.transfer.of.some.polar.minor.constituents.into.the.oil.or.reduce.their.level.in.the.case.of.
extremely.pungent.oils.

The.main.systems.currently.applied.for.the.extraction.of.olive.oil.from.olives.are.pressing,.cen-
trifugation,.and.percolation.(Petrakis,.2006)..(See.Figure.3.8.)

Levels.of.individual.phenols.in.olive.oil.are.different.because.of.the.natural.variability.and.the.
dependence.on.ripeness,.history.of.production,.and.age..Free.phenols.are.found.in.stored.oils;.fresh.
oils.contain.more.complex.forms.of.secoiridoid.aglycons.

The.effect.of.the.processing.system.on.olive.oil.quality.and.level.of.phenols.is.well.documented..
Results.have.been.extensively.discussed.by.Monteleone.et.al..(1998),.Schiratti.(1999),.DiGiovac-
chino.et.al..(2001),.Servili.and.Montedoro.(2002),.Salvador.et.al..(2003),.Petrakis.(2006),.Poerio.et.
al..(2006),.and.many.others.

�.�.�.�  Pressing and centrifuging

In.the.traditional.or.“classical”.system.a.first.extraction.by.pressure.is.obtained.by.primary.hydrau-
lic.presses,.followed.by.a.second.extraction.with.second.presses.(260–280.kg/cm2)..The.olives.are.
crushed.by.millstones..The.resultant.mash.is.spread.on.round.mats.that.are.stacked.one.upon.the.
other.and.pressed.by.a.heavy.beam..The.products.—.oil,.pomace,.and.water.—.are.then.separated.
in.the.clarifiers..In.the.1950s.such.systems.were.replaced.by.hydraulic.super.presses,.with.a.service.
pressure.up.to.400.atm..These.presses.work.with.gradual.increase.of.the.pressure.and.have.increased.
yields..To.obtain.good.quality.olive.oil.in.this.machinery.with.a.high.content.of.polyphenols,.it.is.
necessary.to.process.the.fruits.as.soon.as.possible.and.to.keep.the.mats.properly.clean.at.all.times.

In.the.1960s.the.development.of.new.processes.began.that.were.based.on.centrifuging.and.
that. expanded. quickly.. Currently,. two. types. of. centrifugal. systems. are. used,. the. three-phase.
and.the.two-phase.systems..In.the.three-phase.system.the.crushed.olives.are.mixed.with.water..
A.horizontal.centrifuge.separates.the.mass.into.pomace,.which.is.further.separated.into.oil.and.
vegetable.water.
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In.the.two-phase.decanters.water.is.not.added..Crushed.olives.are.separated.into.oil.and.water.
plus.husks..Both.systems.produce.good.quality.oil,.but.since.in.the.two-phase.system.no.water.is.
added,.the.oil.usually.has.higher.phenol.content.and.longer.induction.periods.

�.�.�.�  Percolation

Percolation.is.a.very.good.system.because.the.operation.takes.place.at.room.temperature.and.no.
process.water.is.added;.losses.of.polar.phenolic.compounds.are.smaller..Percolation.is.based.on.the.
difference.of.the.surface.tension.between.the.oil.and.the.“vegetable”.water..The.oil.phase.is.sepa-
rated.when.a.steel.blade.is.plunged.into.the.paste..The.blade.coated.with.oil.is.then.withdrawn.and.
the.oil.drips.off..The.system.does.not.allow.complete.extraction.and.it.is.therefore.combined.with.
centrifugation.

�.�.�.�  crushing

To.upgrade.the.quality.of.olive.oil.when.olives.are.very.rich.in.phenols,.olives.can.be.crushed.with.a.
stone.mill..In.this.way.bitterness.and.pungency.may.decrease..On.the.contrary,.to.have.an.increased.
level.of.total.polar.phenolic.compounds,.hammer.crushers.are.suitable.(Caponio.et.al.,.1999)..With.
hammer.crushers.even.the.rotation.may.be.critical.(Fogliano.et.al.,.1999)..A.higher.speed.causes.
a.better.fragmentation.of.the.tissues.and.a.release.of.some.forms.of.elenolic.acid–hydroxytyrosol.
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figUre �.�  The.main.systems.currently.applied.for.the.extraction.of.olive.oil.from.olives.
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ester..Servili.at.al..(2002).reported.on.the.effectiveness.of.a.blade.crusher.in.comparison.to.a.ham-
mer.crusher..The.level.of.phenols.was.not.different.but.the.use.of.the.blade.crusher.influenced.favor-
ably.the.volatile.compounds.and.organoleptic.properties.of.the.oil..The.temperature.of.crushing.also.
seems.to.be.critical.

�.�.�.�  malaxation

Malaxation.is.important.because.during.this.step.of.processing,.hydroxytyrosol.is.freed.by.glyco-
sidases.and.esterases.(Boskou.D..et.al.,.2006)..The.conditions.of.kneading.are.generally.important.
factors.for.the.level.of.total.phenol.content..Malaxation.is.not.just.a.mechanical.procedure.for.the.
separation.of.olive.droplets.from.the.solid.phase,.but.it.also.involves.a.series.of.complex.biochemical.
changes.due.to.various.enzymic.activities..The.biotransformations.occurring.may.be.beneficial.or.
negative.factors.for.the.quality.of.the.oil.(Angerosa.et.al.,.2001;.Garcia.et.al.,.2001;.DiGiovacchino,.
2002;.Gomez-Rico,.2006)..Non-proper.conditions.may. reduce. the. level.of.phenols. significantly..
Temperature.and.duration.of.malaxation.are.critical.(Angerosa.et.al.,.2001;.DiGiovacchino,.2002)..
Kalua. et. al.. (2006). studied. virgin. olive. oils. produced. at. different. malaxation. temperatures. (15,.
30,.45,.and.60°C).and.various.periods.(30,.60,.90,.and.120.min)..Variables.measured.to.discrimi-
nate. malaxation. time. and. temperature. were. hexanal,. 3,4-dihydroxyphenyl. ethyl. alcohol,. decar-
boxymethyl.elenolic.acid.dialdehyde.(3,4-DHPEA-DEDA),.free.fatty.acids.content,.1-penten-3-ol,.
E-2-hexenal,. octane,. tyrosol,. vanillic. acid,.Z-2-penten-1-ol,. and. (+)-acetoxypinoresinol..Caponio.
and.Gomes.(2001).found.that.total.phenols.and.levels.of.hydroxytyrosol,.tyrosol,.affeic.acid,.and.
oleuropein.were.higher.when.pastes.were.obtained.from.previously.refrigerated.olives.(6°C).

Exposure.of.the.oil.paste.to.air.during.malaxation.results.in.oxidation.of.aglycons.by.oxidizing.
enzymes. (Servili. et. al.,.2003;.Migliorini.et. al.,.2006)..To.protect.olive.paste.against.any.oxida-
tion.during.the.malaxation.state,.machines.can.be.designed.to.work.with.an.inert.gas.(nitrogen).
(Petrakis,.2006)..Recently,.Parenti.and.collaborators.(Parenti.et.al.,.2006).conducted.a.study.at.a.
laboratory.scale.to.observe.the.effect.of.carbon.dioxide,.naturally.evolved.from.the.paste.during.
malaxation,.on.the.quality.of.the.oil.and.total.phenol.content..Another.approach.to.solve.partially.
the.problem.is.to.remove.the.stones.and.extract.the.oil.from.the.stoned.olive.paste,.as.most.of.the.
peroxidases.are.concentrated.in.the.stone.

Addition.of.pectinases.and.other.enzymes.during.malaxation.has.also.been.suggested.for.diffi-
cult.pastes.(Petrakis,.2006);.the.enzymatic.action.releases.more.natural.antioxidants.from.the.olive.
pulp,.but.this.practice.is.not.in.accordance.with.the.definition.of.virgin.olive.oil.(the.oil.obtained.
from.the.fruit.only.by.mechanical.means).

�.�.�.�  storage of oli�es before milling

Extra.virgin.olive.oil.is.obtained.from.the.fruits.only.by.mechanical.means.(crushing,.malaxation,.
centrifugation).and.its.production.takes.place.during.the.period.of.olive.harvest..The.work.in.olive.
mills.should.be.organized.in.such.a.way.that.the.plant.can.cope.with.large.loads.of.raw.material.in.
a.short.time..The.maximum.time.of.storage.for.obtaining.oil.without.defects.is.approximately.48.
h..Stocking.the.raw.material.for.longer.periods.will.result.in.oils.with.defects.due.to.hydrolytic.and.
oxidative.reactions..Recently.some.attempts.have.been.made.to.use.freezing.storage.before.crushing.
olives.or.to.keep.the.olives.at.low.temperatures.under.controlled.atmospheres.such.as.humidified.air.
or.air.with.3%.oxygen.and.5%.carbon.dioxide.(Clodoveo.et.al.,.2007;.Poerio.et.al.,.in.press)..Such.
approaches,.however,.have.to.be.further.evaluated.from.the.point.of.view.of.practical.applicability.
and.cost,.as.cost.increases.significantly.

�.�.�.�  storage of oil

There.is.extensive.literature.on.the.changes.in.the.phenol.fraction.during.storage..Various.condi-
tions.have.been.studied,.even.frozen.storage.(Cerretani.et.al.,.2005b).
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�.�  ProPosals to enrich virgin olive oil with Phenols

The.avalanche.of.publications.that.indicate.a.beneficial.role.of.antioxidants,.in.general,.and.of.olive.
oil.phenols,.in.particular,.has.led.to.many.efforts.to.increase.polyphenol.content.in.the.oil.with.the.
addition.of.leaves.before.crushing.or.obtain.pure.phenols.from.waste.products.and.leaves..The.latter.
may.be.added.to.refined.oils.used.for.cooking.or.frying,.food.products.subject.to.oxidation,.nutri-
tional.supplements,.and.cosmetics.

Gibriel.and.collaborators.(2006).studied.the.effect.of.mixing.olive.leaves.with.olives.during.
crushing.and.also.adding.fungal.pectinases.in.the.malaxation.stage..Kachouri.and.Hamdi.(2004).
proposed.an.enhancement.of.polyphenols.in.olive.oil.by.contact.with.olive.mill.waste.water.fer-
mented.by.Lactobacillus plantarum..Incubation.of.olive.oil.with.fermented.olive.mill.waste.water.
caused.a.reduction.of.polyphenols.in.the.waste.water.and.an.increase.in.the.oil.due.to.depolymeriza-
tion.of.the.high.molecular.weight.phenolics.by.the.microorganism.

�.�  extraction of BioPhenols from olives  
  anD olive Processing By-ProDUcts

The.methodology.of.obtaining.extracts.rich.in.polar.phenols.is.based.on.the.defatting.of.oil.mill.
waste. waters,. extraction. with. organic. solvents,. and. fractionation. with. various. methods.. (For. a.
review. see. Boskou,. D.. et. al.. [2006].). Other. approaches. of. valorization. of. olive. oil. by-products.
are.based.on.nanofiltration/reverse.osmosis.systems.of.the.waste.and.recovery.by.extraction..Fer-
nandez-Bolanos.et.al..(2002,.2006).claimed.that.production.of.large.quantities.of.highly.purified.
hydroxytyrosol.can.be.obtained.from.“alperujo,”.the.liquid-solid.waste.product.of.the.two-phase.
olive.processing.system..The.principle.of.the.method.applied.in.a.flash.hydrolysis.laboratory.pilot.
unit. is. steam. treatment,.hydrolysis,.and.purification.by.a.patented.simple.and. inexpensive.chro-
matographic.system..According.to.the.authors,.after.purification,.3.kg.of.hydroxytyrosol.of.90–95%.
purity.can.be.obtained.from.1000.kg.of.alperujo..The.authors.have.also.patented.a.method.(2005).
to.obtain.purified.hydroxytyrosol.from.products.and.by-products.derived.from.olive.milling..The.
procedure.is.a.two-step.chromatographic.treatment..The.invention.uses.a.nonactivated.ion.exchange.
resin.chromatographic.separation,.followed.by.a.second.treatment.on.an.XAD-type.absorbent.non-
ionic.resin.that.concentrates.and.completely.purifies.the.hydroxytyrosol.by.means.of.elution.with.a.
methanol.or.ethanol/water.mixture..The.method.can.also.be.applied.to.pomaces.from.the.two-.and.
three-phase.extraction.systems.

Fki.and.co-workers.(2005).proposed.an.ethyl.acetate.extraction.of.the.mill.waste.water.using.a.
counter–counter.unit..The.antioxidants.obtained.can.be.added.to.refined.olive.oil.and.refined.husk.
oil.to.increase.stability.

A.patented.method.(Cuomo.et.al.,.2002).uses.as.a.first.step.an.extraction.with.a.polar.aqueous.
solvent.to.recover.antioxidants.from.olives,.the.olive.pulp.(the.cake.that.remains.as.a.by-product.after.
milling),.olive.oil,.and.waste.waters..The.second.step.is.trapping.of.the.antioxidants.in.a.solid.matrix.
(a.resin.like.amberlite).and.the.third.washing.with.a.polar.organic.solvent.such.as.methanol,.ethanol,.
propanol,.isopropanol,.acetone,.and.others..The.efficiency.of.the.procedure.may.be.improved.by.
extracting.the.starting.material.in.an.acidic.polar.solvent.that.causes.hydrolysis.of.oleuropein.and.
an.enhancement.of.the.antioxidant.activity..If.waste.waters.are.used.as.the.raw.material,.these.pass.
directly.through.a.solid.matrix..The.invention.also.provides.antioxidant.compositions.and.methods.
to.increase.the.antioxidant.activity.of.a.product.

Crea.(2005).developed.a.process.without.solvents..The.raw.material.is.olives.from.which.the.
pits.have.been.removed.prior.to.milling..The.fruit.water,.rich.in.polar.phenols,.contains.citric.acid.
which.hydrolyses.oleuropein.and.aglycons.and.acts.at. the.same.time.as.an.antioxidant..Another.
product,. an. olive. pulp. extract,. rich. in. hydroxytyrosol. and. verbascoside,. has. also. been. patented.
(Indena,.2004,.http://www.foodnavigator.com.news)..The.olives.are.selected.from.a.variety.that.is.
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rich.in.polyphenols..The.extraction.method.uses.only.water.and.ethanol..The.extract.has.already.
been.formulated.in.food.supplements.

A.different.approach.to.recover.phenols.was.proposed.recently.by.Garcia.et.al..(2006)..The.idea.
is. to.add.a.washing.step.before.refinining.in.the.processing.of.the.residue.of.two-phase.milling,.
which.is.used.for.the.recovery.of.the.so-called.“second.centrifugation.oil.”.This.water.washing.will.
remove.the.most.polar.phenols.such.as.hydroxytyrosol.and.tyrosol.from.the.oil..A.concentration.up.
to.1400.mg.hydroxytyrosol.per.liter.can.be.obtained.

3.4.1  olive leaves

Paiva-Martins.et.al..(2005).proposed.the.addition.of.extracts.obtained.from.olive.leaves.to.refined.
olive.oil..The.latter.is.poor.in.phenolics.as.these.compounds.are.polar.and.completely.removed.dur-
ing.the.refining.process..According.to.the.authors.this.unusual.practice.may.increase.the.nutritional.
value.and.stability.of.refined.oil..Salta.and.co-workers.(2007).suggested.the.addition.of.extracts.
from.olive.leaves.to.virgin.olive.oil,.sunflower,.cotton.seed,.and.palm.oil.at.levels.necessary.to.bring.
the.final.concentration.to.200.mg.polyphenols.per.kilogram.of.oil..Calculation.of.the.increase.of.
the.antioxidant.capacity.was.based.on.EC50.values,.determined.by.the.1,1-diphenyl-2-picrylhydrazyl.
radical.method..The.enrichment.resulted.in.the.supplementation.of.commercial.oils.mainly.with.
oleuropein,.hydroxytyrosol,.and.quercetin..In.a.recent.report,.Rada.et.al..(2006).tried.to.optimize.
a.process.to.extract.and.isolate.hydroxytyrosol.from.olive.leaves,.since.the.compound.has.a.high.
added.value.with.applications.in.cosmetics,.pharmaceutical.products,.and.food.supplements..The.
technique.is.based.on.ethanol.extraction.and.fractionation.by.Short.Path.Distillation.

Japon-Lujan.et.al.,.in.two.papers.(2006a,b),.proposed.microwave.and.ultrasound.assistance.to.
accelerate.ethanol–water.extraction.of.biophenols.from.olive.leaves..The.results.were.verified.by.
analysis.of.the.target.analytes..Oleuropein,.verbascoside,.apigenin-7-glucoside,.and.luteolin-7-glu-
coside.were.identified.and.quantified.using.an.HPLC-photodiode.array.detector.assembly..In.com-
parison.to.conventional.extraction.with.ethanol/water.mixtures,.the.time.of.extraction.was.reduced.
from.many.hours.to.minutes..Japon-Lujan.and.de.Castro,.in.a.more.recent.publication.(2007),.report.
extraction.conditions.for.the.recovery.of.biophenols.not.only.from.the.leaves.but.also.from.the.small.
branches.(fibrous.softwood).of.the.olive.tree..The.target.analytes.oleuropein,.verbascoside,.tyrosol,.
alpha-taxifolin,.and.hydroxytyrosol.are.practically.completely.removed..Extraction.accelerated.by.
microwave.assistance.may.be.implemented.in.continuous.and.discontinuous.extractors.using.ultra-
sound.assistance.and.superheated.liquids.as.auxiliary.energies.

Briante.et.al..(2002a).proposed.a.method.of.production.of.hydroxytyrosol.based.on.the.use.of.
nonhomogenous.hyperthermophilic.beta-glycosidase. immobilized.on.chitosan..According. to. the.
authors.the.method.is.simple.and.provided.a.natural,.nontoxic.product..Leaves.with.high.oleuropein.
content.have.to.be.selected.to.obtain.a.good.substrate.for.biotransformation..The.bioreactor.eluates.
were.examined.as.substitutes.for.synthetic.antioxidants.commonly.used.to.increase.the.shelf.life.of.
food.products.and.also.for.their.possible.effect.in.human.cells.

Such.proposals.to.use.leaves,.however,.have.to.be.considered.carefully.and.examined.if.they.are.
nutritionally.and.toxicologically.correct..The.mode.of.extraction.is.critical.as.the.leaf.extracts.may.
contain.traces.of.bioactive.compounds.and.contaminants.not.properly.studied.

3.4.2  functionalization of food comPositions

Food.compositions.fortified.with.antioxidants.from.olive.oil.or.olives.have.been.proposed.by.van.
der.Boom.and.Manon.(2004)..Their.invention.is.suited.for.compositions.containing.water.such.as.
spreads,.processed.tomato.products,.and.dressings..The.principle.of.the.method.is.exposing.olive.
oil.under.hydrolytic.conditions. to.an.aqueous.phase,.so. that. lipophilic.phenolic.compounds.will.
hydrolyze.and.migrate.to.this.phase..Thus,.the.nutritional.value.of.the.product.is.enhanced.
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A.very.different.approach.for.the.production.of.a.protein-based.functional.food.with.antioxi-
dative.and.antimicrobial.properties.was.proposed.by.Baycin.et.al..(2007)..The.two.most.abundant.
polyphenols.in.olive.leaves,.oleuopein.and.rutin,.are.first.extracted.from.olive.leaves.with.70%.etha-
nol.aqueous.solution..The.crude.extract.is.then.dissolved.in.a.solvent.and.mixed.with.silk.fibroin..
The.final.product.is.silk.fibroin.containing.adsorbed.polyphenols..This.product.can.be.considered.
as.a.natural.preservative.because.it.has.antioxidant.and.antimicrobial.properties.

Other. attempts. aim. at. obtaining. more. lipophilic. derivatives. that. are. effective. in. protecting.
edible.oils.or.can.be.used. in. food.preparations.with.a.protective.action.against.oxidative.stress..
Enzymatic.esterification.of.hydroxytyrosol.for.the.synthesis.of.lipophilic.antioxidant.was.first.sug-
gested.by.Buisman.et.al.. (1998)..The.phenol.was.enzymatically.converted. into. its.octanoic.acid.
ester.using.various.lipases..The.octanoate.ester.was.tested.in.refined.sunflower.oil.for.its.antioxi-
dant.activity.and.compared.to.BHT..By.esterification.the.phenol.was.found.to.become.a.less.effec-
tive.antioxidant..Gordon.et.al..(2001).prepared.hydroxytyrosol.acetate.synthetically.and.assessed.
its.antioxidant.activity.in.relation.to.hydoxytyrosol,.oleuropein,.an.isomer.of.oleuropein.aglycon.
and.alpha-tocopherol..Hydroxytyrosol.acetate.had.a.weaker.DPPH.radical.scavenging.activity.than.
hydroxytyrosol. and. oleuropein. but. it. had. a. radical. scavenging. activity. similar. to. that. of. alpha-
tocopherol..In.oil.and.in.emulsions.the.ester.had.an.antioxidant.activity.that.was.more.or.less.similar.
to.that.of.free.hydroxytyrosol..Hydroxytyrosol.was.subjected.to.a.chemoselective.lipase.acylation.
that.affords.10.derivatives.with.C2. to.C18.acyl.chains.at.C-1.(Grasso.et.al.,.2007)..The.lipophilic.
esters.showed.a.good.DPPH.radical.scavenging.activity..Some.of.them.were.tested.with.the.Comet.
test.on.whole.blood.cells.and.were.found.to.have.a.protective.effect.against.H2O2-induced.oxidative.
DNA.damage.

Lipophilic. derivatives. such. as. hydroxytyrosol. acetate,. palmitate,. oleate,. and. linoleate. were.
tested.for.their.antioxidant.activity.in.lipid.matrices.and.biological.systems.(Trujillo.et.al.,.2006)..
Hydroxytyrosol.and.its.esters.were.found.to.be.more.effective.as.antioxidants.compared.to.alpha-
tocopherol.and.BHT..The.compounds.tested.showed.a.capacity.to.protect.proteins.and.lipids.against.
oxidation.caused.by.peroxyradicals.when.a.brain.homogenate.was.used.as.an.ex vivo.model.

Manna.et.al..(2005).prepared.synthetically.di-.and.triacetyl.derivatives.of.hydroxytyrosol..The.
chemical.antioxidant.activity.of.these.compounds.was.evaluated.by.measuring.the.ferric.reducing.
antioxidant.potential.(FRAP)..The.data.indicated.that.the.hydroxytyrosol.analogues.modified.in.the.
o-diphenolic.ring.were.devoid,.as.expected,.of.any.chemical.antioxidant.activity..On.the.contrary,.
acetyl.derivatives,.at.micromolar.concentrations,.protect.against.tert-butylhydroperoxide–induced.
oxidative. damages. in. Caco-2. cells. and. human. erythrocytes.. The. authors. claim. that. chemically.
stable.hydroxytyrosol.acetyl.derivatives,.although.devoid.of.chemical.antioxidant.activity,.were.as.
effective.as.the.parent.compound.in.protecting.human.cells.from.oxidative.stress-induced.cytotox-
icity.after.metabolization.by.esterases.at.the.intestinal.level..This.suggests.a.possible.utilization.in.
either.nutritional.(functional.food),.cosmetic,.or.pharmaceutical.preparations.

Hydroxytyrosol.esters.have.been.synthesized.by.reacting.natural.or.synthetic.hydroxytyrosol.
and.natural.oleuropein.and.oleuropein.aglycons.with.an.acylating.agent.(Gonzales.et.al.,.2005)..The.
esters.can.be.used.as.additives.in.food.preparations.and.supplements.

Recently,.Artajo.et.al..(2006).conducted.a.study.focusing.on.the.enrichment.of.different.olive.
oil.matrices.with.individual.components.from.the.phenolic.fraction.of.virgin.olive.oil,.and.aiming.
at.the.possible.discovery.of.functional.application.in.food.

 3.4.3  synthesis of hydroxytyrosol

Hydroxytyrosol.can.be.synthesized.enzymatically.from.tyrosol,.a.compound.that.is.commercially.
available,.in.the.presence.of.tyrosinase.and.ascorbic.acid.(Espin.et.al.,.2001)..Tyrosinase.may.be.
obtained.from.mushrooms.(Saiz,.2000)..The.synthesized.hydroxytyrosol.can.be.used.to.functional-
ize.foods.such.as.vegetable.oil,.butter,.and.tomato.juice.(Larrosa,.2003)..Conversion.of.tyrosol.to.
hydroxytyrosol.has.also.been.proposed.by.Allouche.et.al..(2004).and.Bouallagui.and.Savadi.(2006),.

59939.indb   26 6/25/08   4:43:45 PM



	Phenolic	Compounds	in	Olives	and	Olive	Oil	 ��

who.used.the.whole.cells.of.a.soil.bacterium,.Pseudomonas aeruginosa,.which.has.the.ability.to.
grow. on. tyrosol. as. a. sole. source. of. carbon. and. energy.. Gambacorta. et. al.. (2007). proposed. the.
preparation.of.a.stable.precursor.of.hydroxytyrosol,.its.acetonide,.which.is.synthesized.by.a.high.
yield.procedure;.it.is.purifiable.and.stable.over.a.wide.range.of.pH..These.properties.allow.long-term.
storage..The.protection.is.removed.quantitatively,.when.needed,.and.pure.hydroxytyrosol.becomes.
available.for.uses.in.food.preparations.and.cosmetic.products.

�.�  taBle olives as soUrces of BioPhenols

Table. olives. are. well-known. sources. of. compounds. with. biological. properties.. They. are. impor-
tant.from.a.nutritional.point.of.view.for.the.general.population.in.many.Mediterranean.countries,.
especially.during.the.long.periods.of.fasting..They.are.more.important.for.the.Christian.Orthodox.
monks.and.nuns.who.consume.large.quantities.of.olives..In.the.northeastern.part.of.Portugal,.stoned.
halved.table.olives.known.as.“alcaparra”.are.largely.consumed.and.their.production.is.an.important.
agroeconomic.factor.for.the.local.producers.(Sousa.et.al.,.2006).

The.chemistry.and.levels.of.polar.phenols.present.in.olives.and.table.olives.have.been.discussed.
by.Bianco.and.Uccella.(2000),.McDonald.et.al..(2001),.Servili.et.al..(2002),.and.Boskou,.D..et.al..
(2005)..The.phenolic.profile.by.GC/MS.and.antioxidant.capacity.of.five.different.varieties.of.Greek.
table.olives.were.studied.by.Boskou,.G..et.al..(2006).

The.major.compounds.present.in.olive.fruits.are.anthocyanins.(cyanidin.and.delphinidin.gluco-
sides),.flavonols.(mainly.quercetin-3-rutinoside),.flavones.(luteolin.and.apigenin.glucosides),.pheno-
lic.acids.(hydroxybenzoic,.hydroxycinnamic,.others),.phenolic.alcohols.(tyrosol.and.hydroxytyrosol),.
secoiridoids.(oleuropein,.demethyloleuropein,.ligstroside,.nuzhenide),.and.verbascoside,.a.hydroxy-
cinnamic.acid.derivative..In.the.oil.of.seeds.the.oleuropein.glucoside,.nuzhenide,.with.a.strong.anti-
oxidant.activity,.was.found.to.be.the.phenolic.with.the.highest.concentration.(Silva.et.al.,.2006).

Table.olives.have.a.phenol. composition. that.differs. from. that.of.olive.oil. and.nonprocessed.
olives..This.is.due.to.the.debittering,.which.causes.diffusion.of.phenols.from.the.fruit.to.the.water.
or.brine.and.vice.versa..When.lye.is.used.sodium.hydroxide.and.constituents.with.carboxylic.and.
hydroxyl.groups.react.and.the.hydrophilic.derivatives.are.washed.away..Oleuropein.and.verbasco-
side.are.hydrolyzed.to.a.great.extent.during.the.lye.treatment..Acid.hydrolysis.of.hydroxytyrosol,.
tyrosol,.and.luteolin.glycosides.takes.place.during.the.fermentation.in.brine.when.naturally.black.
olives.are.prepared..Thus,.the.prevailing.phenols.in.table.olives.are.hydroxytyrosol,.tyrosol,.luteo-
lin,.and.phenolic.acids.(Blekas.et.al.,.2002;.Boskou,.G..et.al.,.2006).

Table.olive.samples.from.the.retail.market.were.analyzed.for.individual.phenols.by.RP-HPLC.
by.Blekas.et. al.. (2002)..Higher. levels,. ranging. from.100–760.mg/kg,.were. found. in.Greek-style.
naturally. black. olives. and. Spanish-style. green. olives. in. brine.. Hydroxytyrosol. and. caffeic. acid.
are.eliminated.during. the.preparation.of.California-type.black.olives..The.diminution.of.ortho-
diphenols.in.the.flesh.of.this.type.of.oil.is.related.to.the.browning..Iron.salts.used.for.color.fixation.
catalyze.the.oxidation.of.hydroxytyrosol,.which.disappears.or.is.reduced.significantly.

Pereira.and.co-workers.(2006).measured.the.levels.of.some.phenolic.compounds.in.four.types.
of.table.olives.from.Spanish.varieties..The.compounds.identified.and.quantified.by.HPLC.in.the.
methanol.extract.of.the.olive.pulp.were.hydroxytyrosol,.tyrosol,.5-O-caffeoyl.quinic.acid,.verbasco-
side,.luteolin,.and.luteolin.7-O-glycoside..High.levels.of.hydroxytyrosol,.verbascoside,.and.luteolin.
were.determined.in.naturally.black.olives.and.olives.turning.color.in.the.brine.method..High.levels.
of.hydroxytyrosol. and. luteolin.were. found. in.green.olives. in.brine..Black. ripe.olives,. produced.
by.the.Californian.method,.had.lower.levels.of.hydroxytyrosol,.verbascoside,.and.luteolin..Three.
flavonoids.—.luteolin.7-O-glycoside,.apigenin.7-O-glycoside,.and.luteolin.—.were.identified.as.the.
main.constituents.in.the.Portuguese.“alcaparra”.table.olives.by.Sousa.et.al..(2006)..These.olives.are.
prepared.from.healthy.green.or.yellow-green.fruits.by.destoning..The.pulp.is.then.sliced.into.two.
parts.and.placed.in.water,.which.is.replaced.every.day.until.the.bitterness.is.removed..This.mode.of.
preparation.may.explain.the.different.chemical.composition.
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�.�  olive oil Phenols in other Plant materials

3.6.1  hydroxytyrosol and tyrosol derivatives

Oleuropein,.an.ester.of.3,4-dihydroxyphenylethanol.with.elenolic.acid.glucoside,.belongs.to.a.spe-
cific.group.of.coumarin-like.compounds.called.secoiridoids..The.latter.are.abundant.in.Oleaceas,.
Cornales,.and.other.plants..Oleuropein.is.present.in.high.amounts.in.the.leaves.of.olive.trees.and.
also.in.unripe.olives..Oleuropein.occurs.not.only.in.the.Olea.genus.but.also.in.many.other.genera.
belonging.to.the.Oleaceae.family.and.has.been.described.in.Fraximus.excelsior,.F. angustifolia,..
F. chinensis,.Syringa josikaea,.S. vulgaris,.Philyrea latifolia,.Ligustrum ovalifolium,.L. vulgare, 
and.many.others.(Soler-Rivas.et.al.,.2000)..The.methanolic.extract.of.the.leaves.of.the.plant.Syringa 
oblata.Lindl.var..alba.was.examined.as.a.source.of.oleuropein.by.Nenadis.et.al..(2006)..The.extract.
had. a. high. total. phenol. content. and. a. radical. scavenging. activity. similar. to. that. of. olive. leave.
extracts..The.most.abundant.phenolic.compounds. in. the.extract,.as.characterized.by.HPLC.and.
LC-MS,. were. oleuropein. and. syringopicroside.. The. latter. was. identified. by. LC-MS. and. homo-
nuclear.two-dimensinal.correlated.NMR.spectroscopy..Other.compounds.detected.were.oleuropein.
aglycon,.verbascoside,. ligstroside. (a. tyrosol.derivative),. luteolin. rutinoside,.and.syringopicroside.
derivatives.

3.6.2  Phenolic acids

Phenolic.acids.are.widely.distributed.in.nature..Top.sources.of.hydroxycinnamic.and.hydroxybenzoic.
acids.are.berries,.cherries,.citrus.fruits,.plums,.prunes,.apples,.pears,.kiwi.fruits,.aubergine,.and.many.
other.plant.materials..(For.a.review.see.Clifford.[2000],.Manach.et.al..[2004],.and.Boskou.[2006].)

3.6.3  flavones

Flavones. are. encountered. in. many. plant. materials.. Rich. sources. of. flavones are parsley,. potato.
peels,.celery,.capsicum.peppers,.and.other.plant.materials.

3.6.4  lignans

Sesame.seed.and.flaxseed.are.rich.sources.of.lignans.(Kamal-Eldin.et.al.,.1994;.Kato.et.al.,.1998)..
(+)-Pinoresinol.was.identified.in.Forsynthia suspensa.(Davin.et.al.,.1992)..Lignans.are.also.present.
in.the.bark.of.Olea.plants.(Tsukamoto.et.al.,.1984)..Important.sources.in.the.diet.are.beverages,.
vegetables,.nuts.and.seeds,.bread,.and.fruit..Some.lignans,. including.pinoresinol,.are.considered.
important.precursors.of.enterolignans.(enterolactone.and.enderodiol).that.are.formed.in.the.colonic.
microflora..Enterolignans.are.biologically.important.phytoestrogens.that.can.potencially.reduce.the.
risk.of.certain.cancers.and.cardiovascular.diseases.(see.also.Chapter.7)..Therefore,.databases.are.
now.developed.to.estimate.lignan.intakes.from.representative.samples.of.the.population.(Milder.et.
al.,.2005a,b).

Pinoresinol.and.syringaresinol.(the.lignan.identified.in.olive.oil.by.Professor.Photis.Dais.and.
his.research.team;.see.Chapter.5).are.also.present.in.the.plants.of.the.Aviceniaceae.family.(Sharp.
et.al.,.2001).

�.�  antioxiDant activity: In VItro anD animal stUDies

The.increasing.interest.in.the.antioxidant.properties.of.natural.compounds.and.food.components.is.
due.to.their.ability.to.protect.fats.present.in.foods.and.the.hypothesis.that.they.prevent.the.effects.
of.reactive.species.on.the.human.body..Phenols.present.in.olive.oil.are.investigated.more.and.more.
actively,. as. information. accumulated. indicates. a. plethora.of. biological. activities. suggesting. that.
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these.compounds.may.have.a.favorable.effect.on.health..Oil.is.among.those.natural.agents.that.have.
widely.been.considered.to.have.antioxidant.and.free.radical.scavenging.capabilities.

Antioxidant.activity.measurements.may.be.divided.into.two.categories..One.class.of.determi-
nations.aims.at.evaluating.the.effect.of.phenols.on.the.stability.of.the.oil.to.autoxidation.and.has.a.
purely.technological.character..The.other.class.is.a.series.of.approaches.to.evaluate.better.the.pos-
sible.biological.effects.

3.7.1  antioxidant ProPerties with technological imPortance

Evaluation.of.antioxidant.activity.of.the.total.polar.phenol.fraction.or.individual.phenols.is.usually.
based.on.determinations.of.the.shelf.life.of.the.oil.or.accelerated.tests.such.as.Rancimat.analysis.at.
120ºC..Methods.have.been.developed.to.measure.the.antioxidant.activity.directly.in.the.oil.in.addi-
tion.to.methods.for.the.effect.of.phenolic.extracts,.pure.phenols,.or.fractions.obtained.by.prepara-
tive.HPLC..Papadopoulos.and.Boskou.(1991).compared.the.antioxidant.effect.of.phenolic.acids.and.
simple.phenols.on.refined.olive.oil..Hydroxytyrosol.and.caffeic.acid.were.found.to.be.more.power-
ful.antioxidants.in.relation.to.BHT.when.the.stability.and.keepability.of.the.oil.containining.these.
additives.were.examined..Baldioli.et.al..(1996).used.Rancimat.to.study.the.effect.of.various.phenols.
and.secoiridoid.derivatives.on.purified.olive.oil.stability..The.concentration.of.hydroxytyrosol,.the.
dialdehydic.form.of.elenolic.acid.linked.to.hydroxytyrosol,.and.an.isomer.of.oleuropein.aglycon.
were.found.to.correlate.well.to.the.oxidative.stability.of.purified.oil.

Fogliano.et.al..(1999).obtained.by.semipreparative.HPLC.fractions.containing.individual.phe-
nols.and.evaluated.the.relative.antioxidant.efficiency.in.relation.to.BHT.by.monitoring.the.peroxida-
tion.at.240.nm.using.the.ABAP.(2,2-azo-bis-2-amidinopropane.hydrochloride).reagent.

Oxygen. radical. absorbance. capacity. (ORAC). of. olive. oil. was. investigated. by. Ninfali. et. al..
(2001).using.a.spectrofluorometric.method.that.measures.the.protection.of.the.phenolic.substances.
of.the.oil.on.the.b-phycoerythrin.fluorescence.decay.in.comparison.with.Trolox..This.value,.which.
indicates.the.capacity.to.trap.peroxyl.radicals,.was.proposed.as.a.new.parameter.to.assess.the.qual-
ity.and.stability.against.oxidation.of.extra.virgin.olive.oil.

Quiles.et.al..(2002).proposed.the.use.of.electron.spin.resonance.(ESR).spectroscopy.to.evalu-
ate.antioxidant.capacity.in.virgin.olive.oil..The.method.is.based.on.the.determination.of.remaining.
galvinoxyl. (a. synthetic. radical).by. integration.of. the.ESR.spectrum.after.addition.of.an.ethanol.
solution.of.the.oil..Electron.paramagnetic.resonance.(EPR).was.also.used.by.Ottaviani.et.al..(2001),.
who.identified.and.quantified.free.radicals.by.means.of.the.spin-trapping.technique.using.alpha-
phenylnutylnitrone.(PBN).as.a.spin.trap..From.their.study.the.authors.concluded.that.EPR.can.be.
applied.to.check.storage.and.handling.conditions.that.significantly.influence.the.radical.concentra-
tion.in.olive.oils.

In.general. the.antioxidant.activity.of.phenols. is.higher. in.ortho-diphenols.or.phenols.with.
o-methoxy.groups..The.activity.of.simple.phenols,.secoiridoids,.and.lignans.as.antioxidants.was.
recently. investigated. by. Carrasco-Pancorbo. et. al.. (2006). by. the. DPPH. radical. test. and. mea-
surement.of.oxidation.stability..The.study.confirmed.previous.findings.indicating.that.the.pres-
ence.of.a.second.hydroxyl.group.at.ortho-position.enhances.signigicantly.the.ability.to.act.as.an.
antioxidant.

A.theoretical.approach.to.the.radical.scavenging.potential.of.phenolic.compounds.encountered.
in.olives.and.olive.oil.and.olive.leaves.was.reported.by.Nenadis.et.al..(2005)..This.approach.is.based.
on.quantum.chemical.calculations.of.bond.dissociation.enthalpy.(BDE).of.phenolic.hydroxyl.groups.
and.the.ionization.potential.(P).values.and.aims.at.predicting.the.H-donating.and.electron-donating.
abilities..Catechols.were.found.to.have.the.lowest.BDE.values..Lignans.and.monophenols.had.much.
higher.BDE.values.(a.lower.potential.for.radical.scavenging)..In.real.systems,.however,.activity.may.
vary.due.to.differences.in.lipophility.

Roche.et.al..(2005).characterized.olive.oil.phenols.by.the.number.of.radicals.trapped.per.anti-
oxidant.molecule.and.by.the.rate.constants.K1.for.the.first.H-atom.abstraction.by.the.radical.DPPH..
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Oleuropen,. hydroxytyrosol,. and. caffeic. acid. have. the. largest. K1. values,. whereas. dihydrocaffeic.
acid,.an.intestinal.metabolite.of.caffeic.acid,.was.found.to.be.the.best.antioxidant.in.terms.of.stoi-
chiometry.(number.of.radicals.trapped.per.molecule)..The.study.indicated.that.overall,.olive.phenols.
are.efficient.scavengers.of.hydrophilic.peroxyl.radicals.with.a.long-lasting.antioxidant.effect..The.
latter.is.due.to.the.residual.activity.of.their.oxidation.products.

A.different.approach.for.evaluation.of.the.antioxidant.power.of.olive.oil.was.proposed.by.Man-
nino.and.co-workers.(Mannino.et.al.,.1999)..The.method.is.based.on.a.FIA.system.with.an.ampero-
metric.detector..According.to.the.authors.the.method.is.sensitive.and.offers.an.alternative.to.the.
Rancimat.method.for.direct.and.reliable.monitoring.of.the.total.antioxidant.power.of.olive.oil..The.
method.is.also.better.correlated.to.the.real.keepability.than.the.Rancimat.method,.in.which.severe.
oxidation.conditions.are.used.

The.effect.of.pH.and.ferric.anions.on.the.antioxidant.activity.of.olive.oil.polyphenols.in.oil-in-
water.emulsions.was.studied.by.Paiva-Martins.and.Gordon.(2002)..Antioxidant.behavior.is.more.
complex.in.emulsions.than.in.bulk.oil.as.there.are.more.variables.involved.in.lipid.oxidation.(pH,.
emulsifiers)..Four.olive.oil.phenols.were.examined:.oleuropein,.hydroxytyrosol,.3,4-dihydroxyple-
nylethanol-elenolic.acid,.and.3,4-dihydroxyphenylethanol-elenolic.acid.dialdehyde..The.effect.of.
each.antioxidant.on.DPPH.radical.concentration.and.the.FRAP.was.also.determined..The.work.has.
shown.that.phenolic.compounds.of.olive.oil.have.a.high.antioxidant.capacity.at.pH.range.3.5–7.4,.
but.their.activity.may.be.reduced.in.the.presence.of.ferric.anions.

3.7.2  antioxidant ProPerties with biological imPortance

�.�.�.�  lDl oxidation

The.protective.effect.of.olive.oil.phenolic.compounds.on.oxidation.of.human.low-density.lipo-
protein.has.been. reported. in.a.series.of.papers.published.by.F..Visioli,.C..Galli,.G..Galli,.D..
Caruso,.and.others. from. the.Department.of.Pharmacological.Sciences,.University.of.Milano;.
and.by.M.I..Covas,.R..de.la.Torre,.M..Fito,.J..Marrugat,.and.others.from.the.Lipids.and.Cardio-
vascular.Epidemiology.Unit,.Institut.Municipal.d’Investigació.Mèdica.(IMIM–Hospital.del.Mar,.
Barcelona;.see.Chapter.6)..Both.hydroxytyrosol.and.oleuropein.potently.and.dose.dependently.
inhibit.copper.sulfate-induced.oxidation.of.low-density.lipoproteins.(LDL).(for.reviews.see.Visi-
oli.et.al.,.2002,.2006).

A.group.of.researchers.in.the.Netherlands.(Leenen.et.al.,.2002).conducted.a.study.to.indicate.
the.effect.of.olive.oil.phenols.on.the.resistance.of.LDL.against.oxidation..To.better.mimic.the.in 
vivo.situation,.plasma.was.incubated.with.olive.oil.phenols.and.LDL.was.isolated.and.challenged.for.
its.resistance.to.oxidation..The.study.supports.the.hypothesis.that.extra.virgin.olive.phenols.protect.
LDL.in.plasma.against.oxidation.

Masella.et.al..(1999).studied.the.effects.of.3,4-dihydroxyphenylethanol-elenolic.acid.and.pro-
tocatechuic.acid.on.the.oxidative.modification.of.copper-stimulated.human.LDL..Modification.was.
tested.by.measuring. the. formation.of. intermediate. and. end.products.of. lipid.peroxidation. (con-
jugation,.hydroperoxide.formation,.cholesterol.oxidation.products,.and.increase.in.LDL.negative.
charges)..The.results.of.this.study.demonstrated.that.the.two.examined.phenols.show.an.antioxidant.
activity.that.is.comparable.to.that.of.caffeic.acid,.hydroxytyrosol,.and.oleuropein..(For.an.in-depth.
discussion.of.LDL.oxidation.see.Chapter.6.)

�.�.�.�  radicals and reacti�e species

There.is.a.plethora.of.studies.with.respect.to.the.potential.of.olive.oil.phenols.to.scavenge.synthetic.
radicals,.superoxide.radicals,.and.peroxyradicals.or.neutralize.reactive.species.and.reduce.damages.
caused.by.hydrogen.peroxide.and.peroxynitrate.ion..The.existing.literature.has.been.reviewed.by.
Visioli.et.al..(2002),.Boskou.et.al..(2005),.Boskou,.D..et.al..(2006),.and.Visioli.et.al..(2006).
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Pellegrini.et.al..(2001).evaluated.the.total.antioxidant.activity.of.extra.virgin.olive.oil.and.indi-
vidual.phenols.with.the.long-living.ABTS.[2,2′-azinobis.(3-ethylbenz-thiazoline-6-sulfonic).diam-
monium.salt].radical.cation.decolorization.assay..The.results.were.expressed.in.millimole.Trolox.
per.kilogram.oil..Silva.et.al..(2006).used.the.ABTS+.method.to.evaluate.the.antioxidant.activity.of.
extracts.obtained.from.olive.fruits,.olive.seeds,.and.olive.leaves.

A.number.of.investigators.have.used.the.DPPH.(2,2-diphenyl-1-picrylhydrazyl).radical.to.char-
acterize.total.free.radical.scavenging.capacity.of.olive.oil.or.its.fractions.(methanolic,.lipidic).and.
individual.phenols..The.disappearance.of.the.radical.is.measured.at.515.or.517.nm.(Mosca.et.al.,.
2000)..The.results.are.usually.expressed.in.EC50.or.Trolox.equivalents.(Carlos-Espin,.2000).or.the.
reciprocal. of.EC50,.which. corresponds. to. the.phenolic. extract. concentration. able. to. reduce.50%.
of.the.DPPH.

.radical.content.(Rotondi.et.al.,.2004)..Free.radical.scavenging.activity.of.the.polar.
fraction.of.olive.oil.or.hydroxytyrosol.and.its.derivatives.was.also.measured.by.Saija.et.al..(1998),.
Gordon.et.al..(2001),.Tuck.et.al..(2002),.Lavelli.(2002),.Gomez-Alonso.et.al..(2003),.Valavanidis.et.
al..(2004),.Romani.et.al..(2007),.and.many.others.

Gorinstein.and.co-investigators.(Gorinstein.et.al.,.2003).used.four.different.methods.to.measure.
antioxidant.activity. in.samples.of.Spanish.olive.oils..Among.the.four.methods.—.DPPH.radical.
test,.antioxidant.potential.by.ABAP,.total.antioxidant.status.by.ABTS,.and.beta-carotene-linoleate.
system.—.the.best.correlation.between.total.phenols.and.antioxidant.capacity.was.found.for. the.
beta-carotene/linoleate.conjugated.oxidation.

The. radical.hydrogen.donor.ability.of. antioxidants.was.measured.colorimetrically.using. the.
stable.red.radical.cation.DMPD+.(Briante.et.al.,.2003).and.also.the.xanthine.oxidase/xanthine.sys-
tem.(Lavelli,.2002).

The.methanolic.fraction.of.olive.oil.containing.the.polar.olive.oil.phenols.was.used.by.Vala-
vanidis.et.al..(2004).for.measurements.of.the.radical.scavenging.capacity.toward.the.most.impor-
tant.oxygen-free.radicals,.superoxide.ion.(O2

.-).and.hydroxyl.OH·.radicals..Superoxide.radical.was.
generated.by.potassium. superoxide. in.DMSO..The. antioxidant. activity.measurement.was.based.
on.the.spin.trapping.of.O2

.-.in.DMSO.with.the.addition.of.18-crown-6.ether.to.complex.K+.and.the.
EPR.spectra.of.superoxide.anion.spin-trapped.by.DMPO.(spin.adduct.DMPO-OOH)..To.measure.
the.antioxidant.activity.of.methanolic.extracts.toward.hydroxyl.radicals,.a.Fenton.system.(H2O2/F.=.
2/EDTA-Na2).was.used..The.radicals.were.again.spin-trapped.by.DMPO.

Deiana.and.others.(Deiana.et.al.,.1999).studied.peroxynitrite-dependent.nitration.of.tyrosine.
and.DNA.damage.and. found.a.protective. role.of.hydroxytyrosol..The. same.phenol,. oleuropein,.
and.caffeic.acid.were.also.found.to.reduce.the.amount.of.nitric.oxide.(formed.by.nitroprusside).and.
also.to.reduce.chemically.generated.peroxinitrate..According.to.De.la.Puerta.et.al..(2001),.however,.
oleuropein.may.have.both.the.ability.to.scavenge.nitric.oxide.and.to.cause.an.increase.in.the.induc-
ible.nitric.oxide.synthase.(INOS).expression.in.the.cell.

A.scavenging.effect.of.hydroxytyrosol.and.oleuropein.was.demonstrated.with.respect.to.hypo-
chlorous.acid.(HOCL).(Visioli.et.al.,.2002)..HOCL.is.an.oxidative.substance.produced.in vivo.by.
neutrophil.myeloperoxidase.at.the.site.of.inflammation.and.can.cause.damage.to.proteins.including.
enzymes..Very.dilute.preparations.of.the.substance.may.also.be.used.in.the.food.industry.to.prevent.
prespoilage.proliferation.of.bacteria.on.fresh.meat.

Antioxidant,.anti-inflammatory,.and.hypolipidemic.properties.of.olive.oil.minor.compontents.
and.their.effects.on.vascular.dysfunction.and.the.mechanisms.by.which.they.modulate.enthothelial.
activity.(involving.the.release.of.nitric.oxide,.eicosanoids,.and.adhesion.molecules).are.discussed.in.
Chapters.6.and.8..(See.also.Perona.et.al.,.2006.)

�.�.�.�  hydroxy-isochromans

Lorenz.et.al..(2005).conducted.a.study.to.investigate.the.scavenging.activity.of.polyphenolic.isochro-
mans.and.assess.the.relation.between.structure.and.scavenging..1-(3′-Ethoxy-4′-hydroxy-phenyl)-
6,7-dihydroxy-isochroman,.the.natural.hydoxy-isochroman,.was.found.to.have.a.radical.scavenging.
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capacity.when. tested.with. the.DPPH.radical,.a.scavenging.capacity. for.enzymatically.generated.
superoxide. in. a. hypoxanthin-xanthinoxidase. reaction.. The. compound. also. scavenged. peroxyni-
trate.anion.(ONOO–).and.in.all.tests.it.superseded.the.scavenging.effect.of.troloc.(the.hydrophilic.
analogue.of.alpha-tocopherol)..The.authors.suggest.that.the.excellent.radical.and.reactive.species.
(reactive.oxygen. and.nitrogen. species,.ROS/RNS). scavenging. species.make.hydroxyl-1-aryl-iso-
chromans.candidates.for.pharmaceutical.applications.

�.�.�.�  other studies

Saija.et.al..(1998).conducted.measurements.to.obtain.more.information.for.the.scavenging.activity.
against.peroxyl.radicals.near.the.membrane.surface.and.within.the.membranes..For.their.studies.
they.used.a.model.consisting.of.phospholipid/linoleic.acid.unilamellar.vesicles.and.an.azo.com-
pound.as.a.free.radical.generator.

�.�.�.�  other mechanisms of antioxidant acti�ity

.The.antioxidant.effect.of.certain.olive.oil.phenols,.as.indicated.by.a.series.of.experiments.(Visioli.
et.al.,.2002;.Briante.et.al.,.2003;.Bendini.et.al.,.2006),.may.be.partly.due.to.a.metal.chelation..The.
presence.of.metals.in.virgin.olive.oil.is.due.to.plant.metabolism.(endogenous.factors),.contamina-
tion.by.agricultural.practices,.and.contamination.during.processing.of.oils.or.storage.(exogenous.
factors)..Traces.of.metals.such.as.iron.and.copper,.dissolved.in.the.oil.as.metal.salts.with.fatty.acids,.
act.as.prooxidants.yielding.radicals.that.initiate.radical.chain.oxidation.

3.7.3  exPeriments with animals

Dietary.nontocopherol.antioxidants.present.in.extra.virgin.olive.oil.were.found.to.increase.the.resis-
tance.of.low-density.lipoproteins.to.oxidation.in.rabbits.(Wiseman.et.al.,.1996).

Tuck.et. al.. (2002). studied. the. scavenging.activity.not.only.of.hydroxytyrosol.but. also.of. its.
metabolites.in.rats.(homovanillic.acid,.homovanillic.alcohol,.glucuronide.conjugate,.sulfate.con-
jugate).on.human.low-density.lipoprotein.and.on.cell.cultures..Based.on.the.results.of.in vitro.and.
cell.culture.investigations.indicating.the.ability.of.certain.olive.oil.phenols.to.inhibit.the.oxidative.
process,.Coni.and.his.research.team.(Coni.et.al.,.2000).conducted.a.study.with.laboratory.rabbits.
fed.special.diets.that.contained.olive.oil.and.oleuropein..The.results.indicated.that.the.addition.of.
oleuropein.increased.the.ability.of.LDL.to.resist.oxidation.and.at.the.same.time.reduced.the.plas-
matic.levels.of.total,.free,.and.esterified.cholesterol.

Gorinstein.and.collaborators.(Gorinstein.et.al.,.2002).indicated.that.olive.oil.can.improve.lipid.
metabolism.and.increase.antioxidant.potentials.in.rats.fed.diets.containing.cholesterol..The.effect.
of.olive.oils.on.lipid.metabolism.and.antioxidant.activity.was.investigated.on.60.male.Wistar.rats.
adapted.to.cholesterol-free.or.1%.cholesterol.diets..The.results.of.the.study.demonstrated.that.virgin.
olive.oil.possesses.antioxidant.properties.that.should.be.attributed.mostly.to.the.phenolic.compounds.
present.in.the.oil..Krzeminski.et.al..(2003).studied.the.mechanism.of.the.hypocholesterolemic.effect.
of.olive.oils.in.rats.adapted.to.cholesterol-containing.and.cholesterol-free.diets..The.antioxidants.
present.in.olive.oil,.evaluated.by.plasma.total.radical-trapping.antioxidant.potential.(TRAP),.were.
found.to.play.a.leading.role.in.the.mechanism.of.the.hypocholesterolemic.effect.

The.potential.protective.effects.of.oleuropein.have.been.investigated.in.the.isolated.rat.heart.
by.Manna.et.al..(2004)..The.organs.were.subjected.to.30.min.of.no-flow.global.ischemia.and.then.
reperfused..At.different.intervals,.the.coronary.heart.effluent.was.collected.and.assayed.for.creatine.
kinase.activity.and.reduced.and.oxidized.glutathione..The.extent.of.lipid.peroxidation.was.evalu-
ated.by.measuring.thiobarbituric.acid–reactive.substance.concentration.in.the.muscle..The.findings.
of.the.study,.according.to.the.authors,.strenghthen.the.hypothesis.that.the.health.benefits.of.olive.oil.
are.related.to.the.oleuropein.derivatives.present.in.olive.oil.
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One-month.administration.of.hydroxytyrosol.to.hyperlipemic.rabbits.may.improve.blood.lipid.
profile. and. antioxidant. status. and. reduce. atherosclerosis. development,. according. to. Gonzalez-
Santiago.et.al..(2006)..Hydroxytyrosol.supplementation.improved.the.antioxidant.status.in.rabbit.
groups.and.reduced.the.size.of.atherosclerotic.lesions.measured.as.initial.layer.areas.of.the.aortic.
arch.when.compared.with.control.animals..The.authors,.based.on.the.results.of.their.study,.conclude.
that.hydroxytyrosol.may.have.a.cardioprotective.effect. in vivo. (see.also.Chapters.6.and.8).. In.a.
more.recent.work,.Fki.and.co-workers.(Fki.et.al.,.2007).studied.the.hypocholesteremic.effects.of.
hydroxytyrosol.purified.from.olive.mill.waste.water.in.rats.fed.cholesterol-rich.diets..Administra-
tion.of.low.doses.of.hydroxytyrosol.significantly.lowered.the.serum.levels.of.total.cholesterol.and.
low-density.lipoprotein.cholesterol.and.increased.the.serum.levels.of.high-density.lipoprotein.cho-
lesterol..The.thiobarbituric.acid.reactive.substances.(TBARS).content.in.liver,.heart,.kidney,.and.
aorta.decreased.significantly.after.oral.administration.of.hydroxytyrosol..The.olive.mill.wastewater.
phenolics.increased.catalase.and.superoxide.dismutase.activities..The.results.suggest.that.the.hypo-
cholesterolemic.effect.of.hydroxytyrosol.might.be.due.to.the.ability.to.lower.total.cholesterol.and.
low-density.lipoprotein.cholesterol.levels,.to.a.retardation.of.the.lipid.peroxidation.process,.and.to.
enhancement.of.antioxidant.enzyme.activities.

 3.7.4  exPeriments with cells

The.effect.of.hydroxytyrosol.on.hydrogen.peroxide.(H2O2)–induced.oxidative.alterations.was.investigated.
in.human.erythrocytes.(Manna.et.al.,.1999)..The.data.collected.indicated.that.hydroxytyrosol.prevents.
oxidative.alterations.and.provides.protection.against.peroxide-induced.cytotoxicity.in.erythrocytes.

Experimental.and.clinical.evidence.suggesting.that.oxidative.stress.causes.cellular.damages.and.
functional.alterations.of.the.tissue,.and.the.implication.of.radicals.in.the.pathogenesis.of.a.number.
of.human.diseases,.prompted.many.attempts.to.obtain.results.with.cells..Giovannini.et.al..(1999),.in.
an.effort.to.analyze.the.oxidative.damage.induced.by.oxidized.LDL.to.intestinal.mucosa,.examined.
the.effect.of.tyrosol.by.evaluating.morphological.and.functional.changes.induced.by.oxidized.LDL.
in.the.human.colon.adenocarcinoma.cell.line,.Caco-2.cells..The.authors.conclude.that.some.biophe-
nols.present.in.olive.oil.may.counteract.the.reactive.oxygen.metabolite–mediated.cellular.damage.
and.related.diseases,.by.improving.in vivo.antioxidant.defense.

De. la. Puerta. et. al.. (1999). determined. the. anti-eicosanoid. and. antioxidant. effects. in. leuko-
cytes.of.the.principal.phenolic.compounds.from.the.polar.fraction.of.olive.oil.(oleuropein,.tyrosol,.
hydroxytyrosoland,.caffeic.acid)..In.intact.rat.peritoneal.leukocytes.stimulated.with.calcium.iono-
phore,.all.the.phenols.tested.inhibited.leukotriene.B4.generation.at.the.5-lipogygenase.level..They.
also.quenched.the.chemiluminescence.signal.due.to.reactive.ogygen.species.generated.by.phorbol.
myristate.acetate–stimulated.rat.leukocytes.

Kohyama.et.al..(1997).investigated.the.effects.of.olive.fruit.extracts.on.arachidonic.acid.lipoxy-
genase.activities.using.rat.platelets.and.rat.polymorphonuclear.leukocytes..Hydroxytyrosol.was.one.
of.the.compounds.responsible.for.the.inhibition.of.lipoxygenase.(12-LO.and.5-LO).activity.

Recently,.Paiva-Martins.et.al..(2006).assayed.the.capacity.of.olive.oil.phenolic.compounds.to.
protect.erythrocytes.from.oxidative.injury.induced.by.hydrogen.peroxide.and.the.azo.compound.
AAPH.(a.radical.generator).

There.is.generally.a.rapidly.growing.interest.in.cheap.and.abundant.sources.of.phenolics.such.
as.olive.oil,.as.there.are.indications.that.plant.foods.rich.in.antioxidants.modulate.positively.sur-
rogate.markers.of.many.human.pathological.changes..The.studies.now.are.extended.to.the.effect.
of.olive.oil.phenols.to.deleterious.effects.of.oxidative.stress.on.brain.cell.survival..In.a.very.recent.
publication.Schaffer.et.al..(2007).report.on.the.efficacy.of.hydroxytyrosol-rich.extracts.to.attenuate.
Fe++.and.nitric.oxide.(NO)–induced.cytotoxicity.in.murine-dissociated.brain.cells.
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�.�  antimicroBial ProPerties

3.8.1  olive oil Phenols

The.antimicrobial.effect.of.olive.polar.phenols.has.been.discussed.by.Soler-Rivas.et.al..(2000),.Saija.
and.Uccella.(2001),.and.Tripoli.et.al..(2005)..There.are.many.publications.related.to.the.in vitro.anti-
microbial.properties.of.oleuropein.and.its.hydrolysis.products.as.well.as.ligstroside.aglycon.(Walter.
et.al.,.1973;.Tassou.and.Nychas,.1994;.Bisignano.et.al.,.1999;.Keceli.and.Robinson,.2002;.Furneri.
et.al.,.2004;.Pereira.et.al.,.2006;.Romero.et.al.,.2007)..Olive.oil.phenols.have.generally.been.dem-
onstrated.to.inhibit.in vivo.or.delay.the.growth.of.bacteria.such.as.salmonella,.cholera,.pseudomo-
nas,.staphylococcus,.fungi,.viruses,.and.parasites..Such.findings.suggest.a.possible.beneficial.role.
of.olive.oil.and.its.polar.phenolic.compounds.in.promoting.intestinal.and.respiratory.wellness.in.
humans.

Hydroxytyrosol.was.highly.toxic.to.Pseudomonas syringae pv savastanoi and Corynebacterium 
michiganense. (Capasso.et.al.,.1995)..Aziz.et.al.. (1998). indicated. that.oleuropein.can.completely.
inhibit.the.growth.of.Escherichia coli, Klebsiella pneuomoniae, and Bacillus cereus..Bisignano.et.
al..(1999).studied.the.in vitro.antimicrobial.activity.of.pure.oleuropein.provided.by.Exra.Synthese.
and. pure. hydroxytyrosol. chemically. synthesized.. Five. bacterial. strains. (Haemophilus influenza.
ATCC.9006,.Moraxela catarrhalis.ATCC.8176,.Salmonella typhi.ATCC.6539,.Vibrio parahaemo-
lyticus ATCC.17802,.Staphylococcus aureus.ATCC.25923).and.44.fresh.clinical.isolates,.causal.
agents.of.infections.of.the.intestinal.or.respiratory.tract,.were.tested.for.in vitro.susceptibility.to.
the.two.above.phenols..Results.were.compared.to.ampicilin.activity..According.to.the.authors.the.
olive.tree.can.be.a.source.of.antimicrobial.agents.for.the.treatment.of.infections.of.the.intestinal.
and.respiratory.tract.

Hydroxytyrosol,.chemically.synthesized,.was.studied.by.Furneri.et.al..(2004).for.its.in vitro.anti-
mycoplasmal.activity..Twenty.strains.of.Mycoplasma hominis,.three.strains.of.M. fermentance,.and.one.
strain.of.M. pneumoniae.were.used.in.the.study..The.results.indicated.that.hydroxytyrosol.can.be.con-
sidered.as.an.agent.for.the.treatment.of.infection..According.to.the.authors,.“one.might.speculate.that.
dietary.intake.of.the.oil.that.contains.the.phenol.could.reduce.the.risk.of.mycoplasmal.infections.”

Rubia-Soria.et.al..(2006).studied.the.production.of.bacterial. isolates.from.retail. table.olives..
Brenes.et.al..(2006).and.also.Medina.et.al..(2006,.2007).conducted.studies.to.indicate.that.olive.oil.
is.a.potential.biopreservative.for.foods..They.investigated.the.antimicrobial.activity.of.individual.
phenols.after.separation.and.isolation.with.HPLC..The.dialdeydic.form.of.decarboxymethyl.oleu-
ropein.and.ligstroside.aglycons,.hydroxytyrosol.and.tyrosol,.were.the.phenols.that.are.statistically.
correlated. to.bacterial. survival..The.bactericidic.action.measured.was.against.a.broad.spectrum.
of. microorganisms.. The. effect. was. higher. against. Gram-positive. than. Gram-negative. bacteria..
The.antimicrobial.effect.of.virgin.olive.oil.was.also.confirmed.on.mayonnaise. inocculated.with..
S. enterica.and.L. monocytogenes..It.is.also.worth.mentioning.that.the.bactericidal.activity.shown.
was.not.only.against.harmful.bacteria.of.the.intestinal.microbiota.(E. coli, C. perfingens).but.also.
against.beneficial.Lactobacillus acidophilus and Bifidobacterium bifidum.

In.a.recent.report.C..Romero.and.collaborators.(Romero.et.al.,.2007).found.that.the.phenolics.
present.in.olive.oil.exert.in vitro.a.strong.bactericidal.activity.against.eight.strains.of.Helicobacter 
pylori,.which.are.linked.to.a.majority.of.peptic.ulcers.and.certain.types.of.gastric.cancer..Some.
strains.are.resistant.to.a.number.of.antibiotics..The.authors.used.simulated.conditions.to.indicate.
that.polar.phenols.diffuse.from.the.oil.into.the.gastric.juice..Among.the.various.phenolics.studied.
the. dialdeydic. form.of. decarboxymethyl. ligstroside. aglycon.demonstrated. the. strongest. activity..
According. to. the.author.a.chemopreventive.role.of.olive.oil. in. relation. to.peptic.ulcer.or.gastric.
cancer.could.be.suggested,.but.this.has.to.be.confirmed.by.in vivo.studies.

Phenolic. acids. p-hydroxybenzoic,. vanillic,. and. p-coumaric. acids. were. found. to. completely.
inhibit.the.growth.of.E. coli, K. peneumoneae, and B. cereus.(Aziz,.1998).
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3.8.2  green olives and table olives

Antimicrobial.compounds.were.isolated.from.green.olives.by.Walter.et.al..(1973).and.Fleming.et.al..
(1973)..Oleuropein.was.isolated.from.the.fruits.using.solvent.extraction.and.countercurrent.distribu-
tion..The.dried.extract.of.oleuropein.(molecular.weight.540).was.further.purified.and.hydrolyzed.
to. give. three. hydrolysis. products,. 3,4-dihydroxy-phenylethyl. alcohol. (hydroxytyrosol,. molecular.
weight.154),.oleuropein.aglycon.(molecular.weight.378),.and.elenolic.acid.(molecular.weight.378).

Recently,.Pereira.et.al..(2006).and.collaborators.as.well.as.Sousa.and.investigators.(2006).evalu-
ated.extracts.from.Portuguese.table.olives.for.their.in vitro.activity.against.microorganisms.that.can.
be.the.cause.of.intestinal.and.respiratory.tract.infections..The.microorganisms.tested.were.Gram-
positive.bacteria.(B. cereus, B. substilis, S. aureus),.Gram-negative.bacteria.(P. aeruginosa, E. coli, 
K. pneumoniae),. and. fungi. (Candida albicans and Cryptococcus neoformans).. Three. flavonoid.
compounds.—.luteolin,.apigenin,.and.7-O-glucosides.—.were.identified.by.HPLC.and.their.levels.
correlated.to.antimicrobial.activity..All.the.extracts.tested.were.found.to.inhibit.most.of.the.bacteria..
B. cereus and K. pneumoniae.were.the.most.sensitive..The.fungal.species.investigated.(C. albicans.
and.C. neoformans).were.resistant.to.the.extracts.(Sousa.et.al.,.2006).

Verbascoside.(see.Figure.3.9)..Verbacoside,.the.caffeic.acid.ester.of.hydroxytyrosol.rhamnogly-
coside.present.in.olives,.shows.antibacterial.activity.against.S. aureus, E. coli,.and.other.clinical.
bacteria.(Soler-Rivas,.2000;.Pardo.et.al.,1993).

3.8.3  olive leave extracts

Markin.et.al..(2003).investigated.the.antimicrobial.effect.of.olive.leaf.water.extracts.against.bacte-
ria.and.fungi..E. coli.cells.exposed.to.a.small.concentration.of.the.water.extract.showed.complete.
destruction,.as.indicated.by.scanning.electron.microscopy..C. albicans.exposed.to.40%.olive.leaf.
extract.showed.invaginated.and.amorphous.cells.

Antiviral activity..The.olive.leaf.extracts.were.also.investigated.for.their.antiviral.activity.against.
viral.hemorrhagic.septicemia.virus.(VHSV).(Micol.et.al.,.2005).and.against.HIV-1.infection.and.
replication..Cell-to-cell.transmission.of.HIV.was.inhibited.in.a.dose-dependent.manner,.and.HIV.
replication.was.inhibited.in.an.in vitro.experiment.(Lee-Huang.et.al.,.2003)..Oleuropein.has.been.
patented.for.antiviral.activity.against.viral.disease,.including.herpes,.mononucleosis,.and.hepatitis.
(Fredrickson,.2000).

Claims.for.pills.and.tinctures.prepared.from.olive.leaf.extracts.—.capsules,.tinctures,.and.teas.
prepared.mainly.in.the.United.States,.Australia,.and.Italy.from.olive.leaves.—.have.been.advertised.
for.years.for.their.content.of.oleuropein.and.their.“vast.healing.powers.and.ability.to.eliminate.viruses,.
fungi,. bacteria. and. parasites”. (olive. leaf. extract,. http://www.altcancer.com/oliveleaf.htm;. organic.
herbal.olive.leaf.tea,.http://www.alibaba.com/catalog/11499524/Organic.Olive.Leaf.Tea.html).

Advertisements.usually.contain.the.statement.that.these.extracts.have.not.been.evaluated.by.the.
U.S..Food.and.Drug.Administration..They.also.contain.instructions.for.use.and.some.warnings.to.
avoid.abuse,.or.interference,.with.medicines.such.as.antibiotics.or.blood.pressure.or.blood.sugar–
lowering.drugs,.how.or.if.they.can.be.used.by.pregnant.women,.the.effect.on.probiotics,.and.others.
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Olive.leaf.extracts.are.also.sold.as.strong.antioxidants.with.the.claim.that.they.fight.free.radi-
cals.and.help.maintain.a.healthy.cardiovascular.system..The.ORAC.expressed.in.μmol.of.Trolox.
equivalents.per.gram.of.such.supplements.has.been.reported.to.be.very.high,.much.higher.than.that.
of.grape.seed.and.green.tea.extract.(http://www.EnvirOlea.com).

3.8.4  mechanism of antimicrobial activity

The.precise.mechanisms.of.antimicrobial.action.of.olive.oil.phenols.are.not.fully.described.(Soler-
Rivas.et.al.,.2000;.Tripoli.et.al.,.2005).

Olive.oil.biophenols.have.been.shown.to.be.able.to.penetrate.structurally.different.cell.mem-
branes.of.Gram-negative.and.Gram-positive.bacteria.and.inhibit.irreversibly.microbial.replication..
An. example. of. a. structural. characteristic. is. that. the. glycoside.group. may. modify. the. ability. to.
penetrate.the.cell.membrane.and.attain.the.target.site.(Saija.and.Uccella,.2001)..An.effective.inter-
ference.with.the.production.procedures.of.certain.amino.acids.necessary.for.the.growth.of.specific.
microorganisms.has.also.been.suggested..Another.mechanism.proposed.is.the.direct.stimulation.of.
phagocytosis.as.a.response.of.the.immune.system.to.microbes.of.all.types.

3.8.5  safety assessment of olive extracts

Olive.oil.and.olive.fruit.have.a.rich.history.of.nutritional.and.medicinal.use..This.may.explain.
why.the.available.safety–toxicity.literature.on.olive.oil.polyphenols.such.as.hydroxytyrosol.is.not.
extensive..The.toxicity.profile.of.a.patented.hydrolyzed.aqueous.olive.pulp.extract.was.character-
ized.in.a.series.of.toxicological.studies.described.by.Christian.et.al..(2004)..In.a.recent.report.Soni.
et.al..(2006).examined.the.literature.related.to.studies.on.oral.bioavailability.of.hydroxytyrosol,.uri-
nary.excretion,.and.acute.and.subchronic.toxicity.in.rats..In.the.oral.bioavailability.studies.urinary.
excretion.of.hydroxytyrosol.and.its.glucoronide.was.found.to.be.directly.associated.with.the.intake..
Oral.bioavailability.of.hydroxytyrosol.in.olive.oil.and.in.aqueous.solution.was.reported.as.99.and.
75%,.respectively..The.LD50.of.the.extract.and.hydroxytyrosol.was.reported.to.be.higher.than.2000.
mg/kg..The.NOAEL.(no.observed.adverse.effect. level).of. the.water.extract.obtained. from.olive.
pulp,.in.a.subchronic.study.in.rats,.was.found.to.be.2000.mg/kg/day..Soni.and.collaborators.(Soni.
et.al.,.2006).also.conducted.developmental.and.reproductive.toxicity.studies.with.olive.pulp.extract.
rich.in.hydroxytyrosol..The.extract.did.not.cause.toxicity.at.levels.up.to.2000.mg/kg/day..In.an.in 
vivo.micronucleus.assay.oral.exposure.of.rats.to.the.extract,.in.doses.up.to.5000.mg/kg/day.for.29.
days,.did.not.induce.any.increase.in.polychromatic.erythrocytes.in.bone.marrow..According.to.the.
authors.the.consumption.of.the.patented.water.olive.pulp.extract.containing.hydroxytyrosol.should.
be.considered.safe.at.levels.not.exceeding.20.mg/kg/day.
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4 Other	Important	
Minor	Constituents

Dimitrios Boskou

�.�  sqUalene

Squalene.(2,6,10,15,19,23-hexamehyl-2,6,10,14,18,22-tetracosanehexaene).is.an.unsaturated.terpene.
widely.distributed.in.nature..Chemically.it.is.an.all-trans.isoprenoid.containing.six.isoprene.units..
Squalene.is.an.intermediate.in.the.biosynthesis.of.sterols.in.plants.and.animals,.a.precursor.of.phy-
tosterols.in.plants,.and.a.precursor.of.cholesterol.in.humans..It.occurs.in.high.concentrations.in.the.
liver.oil.of.certain.sharks.and.in.smaller.amounts.in.olive.oil,.rice.bran.oil,.and.yeast..It.is.also.found.
in.palm.oil.and.the.palm.fatty.acid.distillate.(Gapor.Md.Top.and.Abd.Rahman,.2000)..Squalene.is.
widely.distributed.in.human.tissues,.most.prominently.in.human.sebum,.the.oily.lubricant.secreted.
by.the.skin’s.tiny.sebaceous.glands.

. squalene 

Squalene.accounts.for.more.than.50%.of.the.unsaponifiable.matter.of.olive.oil.and.its.level.in.
the.oil.may.range.from.200–7500.mg/kg,.although.much.higher.levels.(up.to.12,000.mg/kg).have.
been.reported.(Manzi.et.al.,.1998;.Boskou.et.al.,.2006)..Murkovic.et.al..(2004).reported.a.concen-
tration.of.squalene.ranging.from.5.1–9.6.g/l.in.seven.samples.of.Greek.olive.oils..When.the.oil.is.
refined.the.squalene.level.is.reduced.dramatically.

Squalene.supplements.are.considered.a.promising.anticancer.agent,.although.human.trials.have.
yet. to. be. performed. that. could. verify. its. usefulness. in. cancer. therapy.. Researchers. believe. that.
squalene.is.a.constituent.of.olive.oil.that.has.a.significant.contribution.to.the.health.effects.and.the..
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chemopreventive. action.against. certain. cancers. (Rao.et. al.,. 1998;.Smith. et. al.,. 1998;.Newmark,.
1999)..Squalene.inhibits.3-hydroxy-3-methylglutaryl.coenzyme.A.reductase.activity..This.reduces.
farnesyl. pyrophosphate. availability. for. prenylation. of. the. ras. oncoproteins.. This. activity. may.
account.for.the.observed.antiproliferative.effects.of.squalene.in.some.animal.cancer.models.

In.a.study.conducted.by.Smith.and.others.(1998).it.was.found.that.mice.fed.diets.rich.in.olive.
oil.and.squalene.had.significantly. fewer. lung. tumors. than. those. fed.a.vegetable.oil.control.diet..
Tumorogenesis.was.induced.by.selected.doses.of.4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone.
(NNK)..The.squalene.diet.decreased.lung.hyperplasia.by.70%..Another.animal.study.determined.
that.squalene.helps.to.protect.against.colon.cancer.(Rao.et.al.,.1998)..These.findings.support.the.
hypothesis.that.squalene.posseses.a.chemopreventive.activity,.further.suggesting.that.frequent.olive.
oil.consumption.may.be.a.protective.factor.against.lung.or.colon.cancer.(Bartoli,.2000)..The.abstract.
of.a.patent.published.in.1999.indicates.that.a.functional.food.can.be.produced.by.mechanical.extrac-
tion.of.grain.germs.(rich.sources.of.tocopherols).and.olive.oil.(a.rich.source.of.squalene.and.bioac-
tive.phenols).(Eyres,.1999)..Squalene’s.chemopreventive.activity.was.questioned.by.Scolastici.et.al..
(2004),.who.conducted.a.hepatocarcinogenesis.model.study.with.Wistar.rats.

As.an.ingredient.in.body.care.products.squalene.is.an.effective.moisturizer,.wrinkle.remover,.
and.wound.healer.(for.a.review.of.the.clinical.use.of.squalene.see.Kelly.[1999])..The.hydrocarbon.
appears.to.function.on.the.surface.of.the.skin.as.an.antioxidant,.capable.of.quenching.singlet.oxygen.
and.protecting.the.skin.from.damage.due.to.exposure.to.ultraviolet.and.other.sources.of.ionizing.
radiation.(Kelly,.1999;.Kohno,.1995).

Pharmacokinetics.. After. ingestion,. more. than. 60%. of. squalene. is. absorbed. from. the. small.
intestine..It.is.then.carried.from.there.in.the.lymph.in.the.form.of.chylomicrons.into.the.systemic.
circulation..In.the.blood.it.is.carried.mainly.in.the.very-low-density.lipoprotein.(VLDL).fraction.to.
be.distributed.to.the.tissues.of.the.body..Squalene.is.metabolized.to.cholesterol.but.the.increase.in.
cholesterol.synthesis.is.not.associated.with.a.consistent.increase.in.serum.cholesterol.level.

4.1.1   role of squalene in olive oil stability

Psomiadou.and.Tsimidou.(1999).studied.the.role.of.squalene.in.the.stability.of.olive.oil.for.various.
levels.and.experimental.conditions..No.effect.was.found.in.induction.periods.at.elevated.temperatures.
used.in.the.Rancimat.apparatus..A.concentration-dependent.weak.antioxidant.activity.was.shown.when.
samples.were.stored.at.40°C.in.the.dark..In.the.presence.of.other.antioxidants.such.as.alpha-tocopherol.
and.phenolic.acids.the.contribution.of.squalene.was.insignificant..Mateos.et.al..(2003).also.found.a.
negligible.antioxidant.effect.when.purified.olive.oil.was.spiked.with.the.hydrocarbon.and.subjected.
to.an.accelerated.oxidation.in.a.Rancimat.apparatus..According.to.Psomiadou.and.Tsimidou.(1999),.
the.weak.antioxidant.activity.could.be.explained.by.the.competitive.oxidation.of.the.different.lipids.
leading.to.a.reduction.of.the.oxidation.rate..Dessi.et.al..(2002).suggested.that.squalene.acts.as.a.peroxyl.
radical.scavenger.and.provides.protection.to.polyunsaturated.fatty.acids.against.autoxidation.

In.a.recent.report.Malecka.(2006).reported.that.the.addition.of.0.1–1%.squalene.to.rapeseed.oil.
reduced.significantly.changes.due.to.heating.at.170oC..The.addition.of.about.0.5%.squalene.was.
proposed.as.a.practically.applicable.concentration.to.retard.degradation.of.unsaturated.fatty.acids.
and.oxidative.polymerization.in.heated.rapeseed.oil.

4.1.2   recovery of squalene from olive oil residues

Bondioli.et.al..(1993).proposed.a.process.for.the.recovery.of.squalene.by.supercritical.carbon.diox-
ide.extraction.from.the.deodorization.distillates..The.latter.may.contain.squalene.in.a.concentration.
ranging.from.10–30%.(see.also.FAIR-CT95-1075)..Recently,.a.countercurrent.supercritical.carbon.
dioxide.extraction.for.the.recovery.of.squalene.from.residues.was.studied.(Vazquez.et.al.,.2007)..
The. raw. material. used. for. the. recovery. was. obtained. by. distillation. and. ethylation. of. olive. oil.
deodorization.distillates,.which.contained.mainly.squalene.and.fatty.acid.esters.
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4.1.3   determination of squalene

The.official.method.for.the.determination.of.squalene.is.the.one.proposed.by.the.Association.of.Offi-
cial.Analytical.Chemists.(1999).that.is.based.on.saponification,.repeated.extractions.with.solvents,.
and.fractionation.through.column.chromatography..For.the.determination.of.squalene.in.olive.oil,.
fractional.crystallization.for.sample.preparation.and.reversed-phase.high-performance.liquid.chro-
matography.(RP-HPLC).with.detection.at.208.nm.was.proposed.by.Nenadis.and.Tsimidou.(2002)..
Grigoriadou.et.al..(2007).optimized.a.solid-phase.extraction.procedure.for.the.subsequent.extraction.
of.squalene.and.alpha-tocopherol.prior.to.HPLC.analysis.of.triacylglycerols..The.extraction.of.squa-
lene.from.a.silica.cartridge.is.obtained.with.n-hexane,.while.alpha-tocopherol.is.isolated.with.a.mix-
ture.of.hexane/diethylether.99:1.v/v..According.to.the.authors.the.procedure.is.useful.in.the.official.
control.of.virgin.olive.oil,.since.silica.cartridges.are.marginally.used.for.the.purification.of.samples.
before.HPLC.analysis.of.triacylglycerols.or.gas.chromatographic.(GC).analysis.of.methylesters.

Methods.for.HPLC.and.GC.analysis.of.squalene.in.vegetable.oils.have.been.reviewed.by.Moreda.
et.al..(2001).

�.�  tocoPherols

Vitamin.E.is.the.generic.name.for.a.group.of.lipid-soluble.compounds.encountered.in.plants.that.
includes.four.tocopherols.(alpha-,.beta-,.gamma-,.and.delta-).and.four.tocotrienols.(alpha-,.beta-,.
gamma-,.and.delta-)..The.different.forms.of.vitamin.E.differ.in.their.biological.activities;.alpha-
tocopherol.is.the.most.common.form.of.vitamin.E.occurring.in.human.blood.and.tissues.and.it.has.
the.highest.biological.activity.among.the.tocopherols.and.tocotrienols.

. alpha-tocopherol

CH3 CH3 

CH3 CH3 CH3 

H3C 

CH3 

CH3 

OH 

O 

According. to. Kamal-Eldin. and. Appelquist. (1996),. tocopherols. can. act. as. antioxidants. by.
two.mechanisms..The.first. is. a. chain-breaking. electron.donor.mechanism. in.which. the. tocoph-
erol.donates.its.phenolic.hydrogen.atom.to.lipid.radicals..The.second.is.a.chain-breaking.acceptor.
mechanism.that.includes.singlet.oxygen.scavenging.or.quenching.and.inhibits.oxidation.induced.by.
excited.singlet.oxygen..There.is.extensive.literature.on.the.role.of.alpha-tocopherol.in vivo.and.its.
activity.in.relation.to.chronic.inflammatory.conditions,.cardiovascular,.cancer,.and.other.diseases.
and.cell.aging.

The.level.and.importance.of.tocopherols.present.in.olive.oil.have.been.discussed.by.Boskou.et.
al..(2006)..From.the.eight.known.E-vitamers.(four.tocopherols,.four.tocotrienols).the.alpha-homo-
logue.in.the.free.form.comprises.90%.of.the.total.tocopherol.content..The.rest.is.beta-tocopherol,.
gamma-tocopherol,.and.delta-tocopherol.(levels.ranging.from.10–20.mg/kg.oil)..Wide.ranges.for.
alpha-tocopherol. have.been. reported. in. Italian,.Spanish,. and.Greek.oils..Usual. values. are. from.
100–250.mg/kg.oil..Lo.Curto.et.al..(2001).investigated.the.variation.in.tocopherol.content.in.Ital-
ian.virgin.olive.oils..Alpha-tocopherol.was.found.to.range.from.36–314.mg/kg.oil..Values.of.beta-
tocopherol.and.gamma-tocopherol.ranged.from.1–17.and.0.5–22.mg/kg,.respectively.

Although,.in.general,.the.tocopherols.decrease.during.olive.ripening,.gamma-tocopherol.levels.
increase..Differences.between.crop.years.show.a.higher.content.in.low-rainfall-year.oils.(Beltran.
et.al.,.2005)..The.level.of.tocopherols.is.also.influenced.by.nitrogen.fertilization.(Fernandez-Esco-
bar.et.al.,.2006)..In.a.recent.report,.Grigoriadou.et.al..(2005).reported.levels.of.alpha-tocopherol.
content.in.120.virgin.olive.oil.samples.sold.in.16-l.containers.throughout.Greece..Alpha-tocopherol.
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levels.higher.than.200.mg/kg.were.found.mainly.in.extra.virgin.oil.quality..The.authors.stress.that.
reducing.the.packing.capacity.to.5.l.and.improvement.of.handling.and.storage.may.contribute.to.
an.increase.of.alpha-tocopherol.and.polyphenol.levels.and.consequently.to.an.improvement.of.the.
nutritional.quality.of.the.oils.that.finally.reach.the.consumer’s.table.

Alpha-tocopherol.acts.as.an.antioxidant.in.many.ways.and.its.presence.is.related.to.the.qual-
ity.of.the.oil.(Tsimidou,.2006)..Its.antioxidant.activity.depends.on.its.concentration.in.relation.to.
polar.phenols.(Mateos.et.al.,.2003;.Blekas.et.al.,.1995;.see.also.Chapter.3)..When.olive.oil.is.heated,.
hydroxytyrosol.derivatives.are.lost.but.alpha-tocopherol.and.tyrosol.are.more.stable.and.they.are.
fully.destroyed.when.a.high.accumulation.of.hydroperoxides.occurs.(Nissiotis.and.Tasioula-Mar-
gari,.2002;.Morello.et.al.,.2004)..Jiang.et.al..(2005).determined.radical-scavenging.activity.of.olive.
oils.spectrophotometrically.by.measuring.the.disappearance.of.DPPH.radical..The.contribution.of.
tocopherols.to.radical-scavenging.activity.was.39–61%.in.virgin.olive.oil,.which.suggests.that.both.
tocopherols.and.phenolic.compounds.contribute.to.radical-scavenging.activity..According.to.Pel-
legrini.et.al..(2001).polyphenols.act.as.stabilizers.of.alpha-tocopherol.during.olive.oil.heating..This.
stabilizing.effect.was.also.reported.by.Valavanidis.et.al..(2004).

Determination of alpha-tocopherol. Tocopherols.in.oils.are.usually.determined.by.direct.nor-
mal-phase.HPLC.or.RP-HPLC.after.saponification..Fluorescence.or.UV.detection.is.employed.for.
identification.and.quantification..The.International.Union.of.Pure.and.Applied.Chemistry.(IUPAC.
method.2.432,.1988).method.for.the.determination.of.tocopherols.in.virgin.olive.oil.employs.direct.
analysis.of.the.oil.sample.with.normal.phase.separation.and.fluorescence.or.UV.detection..In.the.
American.Oil.Chemists’.Society.method.a.Lichrosorb.Si-60.column.is.used.(250.mm.×.4.6.mm,.
particle.size.5.μm)..The.oil.is.diluted.in.hexane.and.elution.is.performed.with.hexane/propanol..A.
fluorescence.detector.with.excitation.and.emission.wavelength.set.at.290.and.330.nm.may.be.used.
(Salvador.et.al.,.2001)..Grigoriadou.et.al..(2005).determined.alpha-tocopherol.in.olive.oils.using.
normal-phase.HPLC,.a.Lichrospher.100Si.5-μm.column.(250.×.4.mm),.and.an.elution.system.con-
sisting.of.n-hexane/2-propanol.98:2..Nissiotis.and.Tasioula-Margari.(2002).proposed.a.method.for.
the.simultaneous.determination.of.alpha-tocopherol,.tyrosol,.and.hydroxytyrosol.based.on.the.use.
of.an.octadecyl.104.C18.25-cm.column,.a.gradient.elution.(acetic.acid.in.water,.methanol,.acetoni-
trile,.and.isopropanol).

�.�  triterPenic aciDs

Triterpene.acids.such.as.oleanolic acid.(3β-hydroxyolean-12-en-28-oic.acid),.maslinic acid.(2α,3β-
dihydroxyolean-12-en-28-oic.acid),.ursolic acid. (3β-hydroxyurs-12-en-28.oic.acid),.and.betulinic 
acid. (3β-hydroxylup-20(29)-en-28.oic.acid).are.present. in.small.amounts. in.olive.oil. (Boskou.et.
al.,.2006)..They.occur.mainly.in.the.olive.husk.and.a.small.quantity.is.extracted.during.processing..
Total.triterpene.acid.content.of.extra.virgin.oils.was.found.to.range.from.40–185.mg/kg..Oils.with.
high.acidity.and.crude.solvent–extracted.olive.oils.may.have.levels.as.high.as.580.and.10,000.mg,.
respectively.(Perez-Camino.and.Cert,.1999)..When.the.oil.is.refined.significant.losses.occur..Sev-
erge.(1983).reported.that.the.presence.of.oleanolic.acid.may.cause.turbidity.in.physically.refined.oil..
This.is.due.to.the.omission.of.caustic.soda.in.the.refining.process.and.removal.with.the.soap.

.
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Triterpenic.acids.are.compounds.with.important.biological.properties..They.are.widespread.in.
plants.in.the.form.of.free.acids.or.derivatives..They.are.used.in.the.pharmaceuticals.industry,.among.
others,.for.their.antitumoral,.anti-inflammatory,.and.germicide.activities.(see.also.Chapters.7.and.
8)..For.the.triterpenic.acids.present.in.olive.pomace.oil,.the.oil.obtained.from.the.milling.residue.by.
solvent.extraction.or.specific.centrifugation,.there.is.a.plethora.of.publications.suggesting.a.biologi-
cal.role..Claims.exist.that.these.acids.may.even.become.part.of.the.fight.against.human.immunode-
ficiency.virus.(HIV),.the.cause.of.AIDS.(Medical Research News,.July.9,.1998)..Marquez-Martin.
et.al..(2006a).tested.the.effect.of.maslinic.acid.upon.oxidative.stress.and.cytokine.production.using.
peritoneal.murine.macrophages..Maslinic.acid.significantly.inhibited.the.enhanced.production.of.
nitric.oxide.(NO).induced.by.lyposaccharide.(LPS).when.it.was.measured.by.nitrite.production..
According.to.the.authors.such.properties.suggest.a.possible.biopharmaceutical.use.of.hydroxyl-pen-
tacyclic.triterpenes.present.in.olive.pomace.oil.for.the.prevention.of.oxidative.stress.and.pro-inflam-
matory.cytokine.generation.

Rodriguez-Rodriguez.et.al..(2006).conducted.an. in vitro.study.to.analyze.the.vasorelaxation.
induced.in.isolated.aorta.from.spontaneously.hypertensive.rats.by.the.triterpenes.present.in.olive.
pomace.oil..The.triterpenes.examined.(erythrodiol,.uvaol,.maslinic.acid,.oleanolic.acid).induced.
concentration-dependent.vasorelaxation,.involving.mostly.endothelial.NO.

Also,.in.a.very.recent.report.Rodriguez-Rodriguez.and.her.research.team.(Rodriguez-Rodriguez.
et. al.,. 2007). examined. the. effect. of. dietary. pomace. olive. oil. on. animal. models. of. hypertension...
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Pomace.olive.oil.(olive.residue.oil).has.the.same.fatty.acid.composition.but.a.higher.proportion.of.
oleanolic.acid.than.olive.oil..During.12.weeks,.hypertensive.rats.were.fed.with.a.control.diet.and.a.diet.
containing.refined.olive.oil,.pomace.olive.oil,.and.pomace.oil.supplemented.in.oleanolic.acid.(up.to.
800.mg/kg)..Then.vascular.reactivity.and.endothelial.nitric.oxide.synthase.expression.were.studied.in.
aortic.rings..The.authors.conclude,.based.on.the.experimental.evidence,.that.the.effects.of.pomace.oil.
on.endothelial.function.in.hypertensive.animals.is.related.to.the.presence.of.oleanolic.acid.

Juan.et.al..(2006).also.recently.investigated.the.effect.on.cell.proliferation.and.apoptosis.in.HT-
29.human.colon.cancer.cells.of.an.extract.obtained.from.the.skin.of.olives..This.extract.was.rich.
in.pentacyclic.triterpenes,.mainly.maslinic.and.oleanolic.acids..The.results.of.this.study.indicated.
inhibition.of.cell.proliferation.without.cytotoxicity.and.the.restoration.of.apoptosis.in.colon.cancer.
cells.by.maslinic.and.oleanolic.acids.present.in.olive.fruit.

Garcia-Granados.and.De.Herro.(1998).from.the.University.of.Granada.patented.a.method.for.
obtaining.oleanolic.and.maslinic.acid.from.milled.olives.or. from.oil.cakes.produced. in.oil.mill.
expellers,.mainly.from.the.oil.foot.refuse.taken.from.the.two-phase.extraction.system.

The. summary. of. a. patented. process. for. producing. oleanolic. acid. and/or. maslinic. acid. was.
reported.in.2003.(Kuno.Noriyasu.and.Shinohara.Gou,.2003)..The.proposed.process.involves.extrac-
tion.of.olives.or.olive.plant.products.with.water.and.an.organic.solvent.followed.by.fractionation..
In.another.patent. it. is.claimed. that.an.olive.oil. fortified.with.oleanolic.acid.can.be.produced.by.
subjecting.harvested.olives.to.a.malaxation.treatment,.where.the.malaxation.mash.contains.olive.
leaves..The.collected.oil.after.the.separation.of.the.phases.may.contain.at.least.300.mg/kg.oleanolic.
acid.(van.Putte,.1999).

Albi.et.al..(2001).proposed.a.process.to.obtain.oleanolic.acid.from.olive.leaves,.which.is.based.
on.solid/liquid.extraction.with.ethanol..The.raw.material.is.a.by-product.from.the.pruning.of.olive.
groves..The.same.authors.proposed.a.method.for.quantification.of.the.terpenic.acids.in.the.ethanol.
extract.with.three.steps:.addition.of.betulinic.acid.as.an.internal.standard,.fractionation.by.prepara-
tive.thin.layer.chromatography.(TLC),.and.GC.analysis.

For.the.quantitative.determination.of.hydroxyl.pentacyclic.triterpene.acids.in.vegetable.oils.Perez-
Camino.and.Cert.(1999).described.a.method.based.on.solid-phase.extraction..The.acids.were.isolated.
using.bonded.aminopropyl.cartridges..The.extract.was.silylated.and.analyzed.by.gas.chromatography.

Ruiz-Mendez. and. Dobarganes. (2005). analyzed. for. tritepenic. acids. samples. of. the. “second.
centrifugation.olive.oil”.and.crude.pomace.olive.oils,.produced.from.the.pomace.of.a.two-phase.
decanter..The.authors.discuss.the.possibility.for.the.recovery.of.triterpenic.acids..Taking.into.con-
sideration.the.biological.properties.of.oleanolic.acid,.Guinda.et.al..(2004).conducted.a.study.aimed..
at.isolating.oleanolic.acid.from.olive.leaves.and.supplementing.various.oils.at.concentrations.from.
200–1000.mg/kg.

Betulinic acid..Betulinic.acid.has.several.sources.but.it.can.also.be.chemically.derived.from.
betulin,.a.substance.found.in.abundance.in.the.outer.bark.of.birch.trees..In.olive.oil.it.occurs.in.ppm.
quantities..Betulinic.acid.has.been.found.to.have.an.antiangiogenic.effect.(Mukherjee.et.al.,.2004).
and.its.compositions.are.used.for.inhibiting.angiogenesis.(for.the.anticancer.activity.of.triterpenic.
acids.see.Chapter.7)..It.has.also.been.reported.to.be.an.effective.anti-inflammatory.agent.(Banno.
et.al.,.2005).

�.�  triterPene Dialcohols

Erythrodiol.(homo-olestranol,5-olean-12-ene-3β,28-diol).and.uvaol.(Δ12-ursen-3β,28-diol).are.pen-
tacyclic.triterpenes.found.mainly.in.the.nonglyceride.fraction.of.olive.oil.and.beta-residue.oil.(orujo.
oil,.olive.pomace.oil).(Boskou.et.al.,.2006)..Erythrodiol.occurs.in.the.free.and.esterified.form.
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The.levels.of.these.compounds.in.virgin.olive.oil.are.strongly.affected.by.cultivar..The.range.of.
total.erythrodiol.was.found.between.19.and.69.mg/kg.(Aparicio.and.Luna,.2002)..The.levels.of.trit-
erpene.alcohols.are.much.higher.in.olive.pomace.oil;.these.compounds.are.accumulated.in.the.flesh.
and.skin.of.olive.fruits..Thus,.the.oil.obtained.by.solvent.from.the.solid.residue.after.the.mechanical.
extraction.of.olive.pastes.is.particularly.rich.in.these.compounds..Percentages.of.erythrodiol.and.
uvaol.in.relation.to.sterols.provide.a.good.means.for.the.differentiation.between.mechanically.and.
solvent.extracted.oils..In.virgin.olive.oil.the.percentage.of.dialcohols.is.not.more.than.4.5.of.the.total.
sterol.fraction..For.refined.residue.(pomace).oil.the.limit.is.12%.of.the.total.sterol.fraction.

For.the.analysis.of.triterpene.dialcohols.the.same.methodology.applied.to.sterols.is.used.(sepa-
ration.of.unsaponifiables,.preparative.TLC.or.HPLC,.silylation,.and.GC.(Angerosa,.2006).

Triterpene.dialcohols.and.triterpenic.acids.have.been.studied.for.their.effect.on.pro-inflamma-
tory.cytokine.production.by.human.peripheral.blood.mononuclear. cells. (Marquez-Martin.et. al.,.
2006b)..(For.modulation.of.the.immune.response.see.also.Chapter.7)..Vasorelaxant.effects.of.eryth-
rodiol.in.rat.aorta.were.studied.by.Rodriguez-Rodriguez.et.al..(2004)..(See.also.Chapter.8.)

�.�  sterols

Phytosterols.are.very.important.for.human.nutrition..Various.studies.indicate.that.these.compounds.
decrease.serum.total.and.LDL.cholesterol.levels..Still,.the.level.of.sterols.in.olive.oil,.usually.0.1–
0.2%,.is.rather.low.compared.to.that.(8%).of.the.commercial.hypocholesteremic.spreads..In.a.recent.
report.for.oils.obtained.in.a.laboratory.scale.from.many.olive.varieties.the.levels.of.total.sitosterol.
were.found.to.change.between.1.03.and.2.01.g/kg,.followed.by.avenasterol.ranging.from.0.07–0.44.
g/kg.(Gul.and.Seker,.2006).

The. major. common. (4a-desmethyl). sterol. is. beta-sitosterol,. followed. by. delta-5-avenasterol.
and.campesterol..Other.sterols.present.in.smaller.quantities.or.in.trace.amounts.are.stigmasterol,.
cholesterol,. brassicasterol,. chlerosterol,. ergosterol,. sitostanol,. campestanol,. delta-7-avenasterol,.
delta-7-cholesterol,. delta-7-campesterol,. delta-7-stigmastenol,. delta-5,23-stigmastadienol,. delta-
5,24-stigmastadienol,. delta-7,22-ergastadienol,. delta-7,24-ergostadienol,24-methylene-cholesterol,.
and.22,23-dihydrobrassicasterol.(for.a.review.see.Boskou.et.al.,.2006).
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Olive.oil.sterols.are.analyzed.by.gas.chromatography.(Angerosa,.2006)..To.predict.the.chro-
matographic.retention.times.for.a.group.of.natural.sterols.found.in.olive.oil,.a.new.approach.was.
proposed.by.Hueso-Urena.et.al..(2003)..By.a.quantitative.structure.property.relationship.treatment.
of.an.initial.set.of.a.very.large.number.of.molecular.descriptors,.models.were.obtained.that.permit.
the.calculation.of.retention.indices.on.two.different.columns.(SE-54.and.SE-52).for.sterols.naturally.
occurring.in.olive.oil.and.their.trimethyl-silyl.ethers.

Phytosterols. may. also. have. other. important. biological. properties. related. to. the. reduction. of.
reactive.oxygen.species.produced.by.regulating.enzymes.and.inflammatory.effects.(see.Chapter.8).

There.are.several.reports.on.antitumor.effects.of.phytosterols,.especially.β-sitosterol,.that.have.
been.discussed.by.Assmann.and.Wahrburg.(2006)..When.cholesterol-treated.controls.were.com-
pared.with.human.prostate.cancer.cells.treated.with.β-sitosterol,.β-sitosterol.was.found.to.decrease.
growth. and. induce. apoptosis. (apoptosis. is. the. so-called. programmed. cell. death,. a. prophylactic.
mechanism.by.which.cells.commit.suicide,.e.g.,.when.they.have.converted.into.cancer.cells,.in.order.
to.avert.damage.to.the.body)..β-Sitosterol.also.had.a.favorable.effect.in.the.treatment.of.benign.pros-
tatic.hyperplasia..There.are.also.other.reports.on.the.in vitro.effects.of.β-sitosterol.on.colon.cancer.
cells.and.breast.cancer.cells.

�.�  carotenoiDs

The.main.carotenoids.present.in.olive.oil.are.lutein.and.beta-carotene.(Su.et.al.,.2002;.Boskou.et.
al.,.2006)..Total.carotenoid.content.usually.ranges.between.1.and.20.mg/kg..Antioxidant.and.pro-
oxidant.properties.have.been.assigned.to.carotenoids,.which.depend.on.the.substrate,.concentration,.
and.levels..The.low.amount.of.beta-carotene.and.lutein.present.in.olive.oil,.however,.limits.their.
importance.in.autoxidation.mechanisms.(Tsimidou,.2006).

�.�  elenolic aciD

Elenolic.acid.(see.also.Chapter.3).is.not.a.phenol.but.it.is.present.in.the.methanol.extract.contain-
ing.the.polar.phenols,.deriving.from.the.hydrolysis.of.ligstroside.and.oleuropein..Elenolic.acid.was.
found.to.have.a.very.weak.antioxidant.capacity.(Carrasco-Pancorbo.et.al.,.2006)..It.is.a.medically.
potent.chemical.compound.and.has.antibacterial,.antiviral,.and.other.properties.
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�.�  overview

Polar.phenolic.compounds,.very.often.termed.“polyphenols,”.constitute.an.important.class.of.minor.
compounds.detected.in.olive.fruits.and.olive.oils.with.strong.antioxidant.capacities..These.com-
pounds.not.only.act.as.natural.antioxidants,.protecting.the.products.of.olive.trees.from.oxidation.
caused.by.atmospheric.oxygen,.but.they.are.also.considered.as.alternative.potent.agents.to.combat.
chronic.degenerative.diseases,.cardiovascular.diseases,.and.cancer.(see.Chapters.2.and.6–9).

Due.to.the.wealth.of.positive.effects.on.human.health.and.the.hard.work.involved.in.the.cul-
tivation.of.olive.trees.(Olea europaea L.),.the.collection.and.processing.of.olive.fruits,.and/or.the.
extraction.of.olive.oil,.olive.oil.products.have.a.high.commercial.price..Therefore,.mixing.of.olive.
oil.of.fine.quality.(extra.virgin.olive.oil,.EVOO).with.cheaper.refined.seed.oils.(e.g.,.corn.oil,.sun-
flower.oil,.and.especially.hazelnut.oil).and/or.olive.oils.of.inferior.quality.(e.g.,.refined.olive.oil).is.
a.constant.temptation..Fraud.in.EVOO.will.certainly.diminish.its.phenolic.content,.thus.reducing.
its.oxidative.stability,.and.more.importantly.will.deprive.EVOO.of.the.associated.beneficial.effects.
on.human.health..For.this.reason,.it.is.of.crucial.importance.to.detect.and.quantify.these.bioactive.
substances.from.O. europaea L..Characterization.and.quantification.of.polar.phenols.can.ensure.
consistency.in.the.selection.of.cultivars.in.olive.tree.breeding.and.raw.material.specification,.since.
the.distribution.of.phenols.is.related.to.quality.attributes.such.as.flavor.and.antioxidant.properties..
A.good.knowledge.of.polar.phenols.composition.is.also.needed.to:

Develop.technology.for.antioxidant.content.optimization.in.virgin.olive.oil
Evaluate.table.olives.as.sources.of.biophenols
Prepare.complete.compositional.data.necessary.for.calculations.of.antioxidant.intake
Set.out.biochemical.and.other.laboratory.studies

.In.recent.years,.there.have.been.a.large.number.of.analytical.methods.developed.for.the.isola-
tion,.separation,.structural.determination,.and.quantification.of.polyphenols.in.olives.and.oils..This.
review.describes.the.various.analytical.methods.currently.used.for.this.purpose.

.Methods.for.sample.preparation.constitute.an.important.step.in.the.determination.of.phenolic.
compounds..Extraction.of.phenolics.depends.on.the.nature.of.the.sample..Liquid-liquid.extraction.
and/or.solid-phase.extraction.are.generally.used.for.the.isolation.of.phenolic.compounds.from.olive.
oil..Extraction.of.phenolics.from.olive.fruits. is.more.demanding.due.to.reduced.homogeneity.of.
olives.and.the.increased.enzyme.content.that.may.cause.modification.to.the.phenolic.content..It.is.
worth.noting.that.the.various.extraction.procedures.have.not.been.subjected.yet.to.rigorous.qual-
ity.tests.in.order.to.eliminate.the.possibility.of.qualitative.and.quantitative.changes.induced.by.the.
recovery.procedure.

Separation.and.quantification.of.phenolic.compounds.from.the.complex.matrices.of.olives.and.
oils.have.been.achieved.mainly.by.well-recognized.chromatographic.methods..Gas.chromatogra-
phy.(GC).finds.limited.application.to.the.separation.of.phenolic.compounds..The.high.polarity.and.
the.limited.volatility.of.phenolics.demand.a.derivatization.step,.thus.lengthening.the.duration.of.
the.analysis..Moreover,.thermal.decomposition.may.occur.at.elevated.temperatures.of.the.experi-
ment,.hindering.further.analysis.of.the.higher.molecular.mass.phenolics..Nevertheless,.the.excellent.
resolving.power.and.detection.capabilities.of.GC,.especially.when.it.is.combined.with.mass.spec-
trometry.(GC-MS),.has.established.this.technique.as.a.valuable.analytical.tool.

•
•
•
•

5.6.3. Analysis.of.Polyphenols.in.Humans.and.Laboratory.Animals.by.Other.
Analytical.Techniques.................................................................................................99

5.6.4. Conclusions............................................................................................................... 100
References....................................................................................................................................... 100
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.The.most.preferred.method.for.the.analysis.of.the.phenolic.fraction.of.olives.and.olive.oils.is.
reversed-phase.high-performance.liquid.chromatography.(RP-HPLC).with.gradient.elution..There.
is.a.plethora.of.papers.dealing.with.the.various.conditions.(column,.mobile.phase,.detector,.etc.).
adopted.for.the.separation.of.phenolics..A.usual.problem.associated.with.this.methodology.may.be.
the.use.of.standards.for.calibration.that.may.not.be.available.in.the.market.

Detection. in.RP-HPLC. is. typically.based.on.measurements.of.UV.absorption..This. type.of.
detection. creates.problems. in.quantification,. since.different.phenolic. compounds. show.different.
absorption.maxima.and.molar. absorptivities,. and. therefore.no. single.wavelength. is. ideal. for. all.
classes.of.phenolics..Usually,.measurements.are.performed.at.two.to.three.different.wavelengths.
depending.on.the.chosen.class.of.phenolics.to.be.investigated..Several.other.detection.methods.have.
been.adopted.in.the.past.(e.g.,.diode.array,.amperometry.with.or.without.cyclic.voltametry)..The.
online.coupling.of.the.liquid.chromatograph.with.a.mass.spectrometer.(LC-MS).was.a.huge.step.
in.the.analysis.of.phenolics.in.olives.and.oils..This.combination,.along.with.the.use.of.pertinent.
ionization. techniques,. and. invention.of.various.mass. spectrometry.detection.modes.allowed. the.
detection.of.polar.nonvolatile.and.thermolabile.phenolics.at.very.low.concentrations..Furthermore,.
the.presence.of.substantial.fragmentation.from.collisionally. induced.dissociation.gave.structural.
information.about.these.molecules.

Multinuclear. and. multidimensional. nuclear. magnetic. resonance. (NMR). spectroscopy. repre-
sents.an.alternative.effective.analytical.technique.to.detect.polyphenols.in.olives.and.oils.and.eluci-
date.indisputably.their.chemical.structure..Recently,.derivatization.of.hydroxyl.and.carboxyl.groups.
with.a.phosphorus.reagent.allowed.the.quantification.of.several.phenolic.compounds.in.olive.oil.in.
a.single.31P.NMR.spectrum.without.previous.calibration..The.potential.of.NMR.spectroscopy.was.
especially.demonstrated.when.it.was.coupled.with.HPLC.(LC-NMR)..The.combined.selectivity.of.
LC.with.the.structural.information.at.a.molecular.level.offered.by.NMR.leads.to.the.detection.and.
identification.of.new.phenols.in.olive.oil.

As. an. alternative. to.HPLC,. capillary. electrophoresis. (coupled. to.different. detectors. such. as.
UV,.electrochemical,.mass.spectrometry).has.been.proposed.recently..Capillary.electrophoresis.is.
a.new.technique.in.food.analysis.and.when.applied.to.olive.oil.it.provides.certain.advantages,.most.
important.of.which.are.small.quantities.of.sample,.short.time,.separation.efficiency,.and.satisfactory.
characterization.of.the.individual.phenols.

There. are. a. few. review. articles,. including. a. very. recent. one. (Bendini. et. al.,. 2007). dealing.
with.different. aspects.of.phenolic.compounds,. the.analytical.methods. that.have.been.developed.
for.identification.and.quantification.of.these.compounds.in.olive.fruits.and.olive.oils,.as.well.as.of.
their.metabolites.in.human.biofluids.after.olive.oil.ingestion..These.articles.are.mentioned.in.proper.
places.of.the.subsequent.paragraphs.

. Biological fluids. HPLC. and. the. hyphenated. analogues. GC-MS. and. LC-MS. with. minor.
modifications,.and.specific. isolation.procedures.have.been.used.with.success. for. the.detection.
and.quantification.of.phenolic.metabolites. in.biological.fluids..Bioavailability. studies. in.urine.
and.plasma.of.humans.and/or. laboratory.animals.contributed.significantly.to.a.complete.clari-
fication.of. the.fate.of. these.compounds.after. ingestion..Investigation.of. the.bioavailability.and.
metabolism.of.olive.and.oil.phenolic.compounds.is.of.vital.importance.for.assessing.their.role.in.
human.health.

�.�  sPectroPhotometry anD chromatograPhy

Many.different.approaches.for.the.spectrophotometric.and.chromatographic.analysis.of.the.olive.oil.
polar.phenolics.fraction.have.been.reported..These.different.approaches.have.led.to.results.that.are.
often.difficult.to.compare..Controversial.data.reported,.the.difficulties.encountered.in.the.selection.
of.reference.compounds,.and.the.expression.of.results.have.been.discussed.by.Blekas.et.al..(2002),.
Hrncirik.and.Fritsche.(2004),.and.Angerosa.(2006).
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 5.2.1  samPle PreParation

The. isolation.of.phenolic.compounds. from.oil. for. the.spectrophotometric.determination.of. total.
phenols.or.the.characterization.and.quantitation.of.individual.compounds.by.HPLC.or.GC.is.very.
important;.some.differences.encountered.in.the.literature.are.definitely.due.to.different.methods.of.
isolation..The.traditional.method.of.isolation.is.liquid-liquid.partition.of.the.oil.solution.in.hexane.
with.portions.of.water–methanol.mixtures..There.are.many.variations.of.the.method.

�.�.�.�  liquid-liquid extraction techniques

The.solvent.is.usually.a.mixture.of.methanol–water.and.the.oil.is.first.diluted.in.hexane..The.ratios.
of.the.two.solvents.of.the.mixture.(methanol/water).may.vary..Some.researchers.have.found.that.a.
80:20.v/v.methanol/water.mixture.gives.better.results.(Montedoro.et.al.,.1992;.Pirisi.et.al.,.2000;.
Rotondi.et.al.,.2004)..Pirisi.et.al..used.a.triple.extraction.with.a.60:40.mixture..The.hydroalcoholic.
fractions.are.combined,.washed.with.hexane.to.remove.residual.oil,.and.the.extract.is.concentrated.
by.evaporation.of. the. solvent. in vacuo..Angerosa. (2006). suggests. the.use.of.absolute.methanol,.
while.Cortesi.et.al..(1995).proposed.tetrahydrofuran,.which.increases.the.recovery.of.phenols.in.
comparison.to.methanol–water.extraction..Another.solvent,.N,N-dimethylformamide,.has.been.sug-
gested.(Brenes.et.al.,.2002).

�.�.�.�  solid-Phase extraction

The.extraction.procedures.are.rather.laborious.and.some.alterations.of.the.phenolic.compounds.may.
occur.in.the.process.of.isolation..Therefore,.attempts.have.been.made.to.isolate.the.polar.fraction.by.
solid-phase.extraction.techniques.using.cartridges.(Romani.et.al.,.1999;.Servili.et.al.,.1999a;.Tsimi-
dou,.1999;.Liberatore.et.al.,.2001;.Mateos.et.al.,.2001;.Pellegrini.et.al.,.2001;.Gutierrez-Rosales.et.
al.,.2003;.Rios.et.al.,.2005;.Vinha.et.al.,.2005;.Del.Carlo.et.al.,.2006)..Still,.incomplete.extraction.
and.partial.separation.have.been.reported.(Cert.et.al.,.2000;.Bendini.et.al.,.2003;.Angerosa,.2006)..
A.selectivity.of.SFE.toward.individual.phenolics,.particularly.the.aglycone-type.ones,.was.found.by.
Hrncirik.and.Fritsche.(2004).

.Liberatore.et.al..(2001).used.commercially.available.C18.cartridges.according.to.the.following.
protocol:.1.g.oil.is.dissolved.in.10.ml.hexane.and.put.onto.a.column.previously.conditioned.with.2.×.10.
ml.methanol.and.2.×.10.ml.hexane..The.column.is.eluted.with.4.×.10.ml.hexane.to.eliminate.the.lipo-
phile.constituents.and.the.retained.polar.compounds.are.recovered.by.eluting.with.4.×.10.ml.methanol..
According.to.the.authors.the.results.do.not.completely.agree.with.those.of.liquid-liquid.extraction.

To.simplify.the.whole.procedure.for.the.preparation.of.the.sample.before.injection.to.the.liquid.
chromatograph.column.or.to.measure.the.antioxidant.activity,.Gomez-Alonso.et.al..(2003).used.a.
diol-bonded.phase.cartridge..The.latter.was.conditioned.and.then.the.oil.solution.was.applied.to.the.
SPE.column..The.less.polar.compounds.were.removed.by.washing.with.hexane.and.hexane/ethyl.
acetate.mixtures.and.the.phenols.were.recovered.by.eluting.with.methanol..Bendini.and.co-work-
ers.(2003).compared.many.solid-phase.extraction.techniques.(C8-SPE,.C18-SPE,.Diol-SPE).with.
liquid-liquid.extraction..They.concluded.that.the.latter.gives.better.results.in.terms.of.recovery.of.
total.phenols,.ortho-diphenols,.tyrosol,.hydroxytyrosol,.and.their.secoiridoid.derivatives.

Solid-phase.extraction.has.also.been.used.in.the.analysis.of.other.minor.constituents.such.as.
triterpene. acids. (Perez-Camino. and.Cert,. 1999;.Ruiz-Mendez. and.Dobarganes,. 2005),. squalene.
(Grigoriadou.et.al.,.2007).as.well.as.the.isolation.of.phenolics.from.biological.fluids.

.In.a.very.recent.report.(Armaforte.et.al.,.2007),.the.two.commonly.employed.extraction.meth-
ods.for.the.recovery.of.phenolics,. liquid-liquid.chromatography.and.solid-phase.extraction,.were.
compared.in.a.number.of.samples.of.fresh.virgin.olive.oil.that.were.stored.at.different.temperatures.
in. the. presence. of. oxygen. to. promote. the. formation. of. oxidation. products.. This. work. revealed.
that.there.is.a.selective.retention.of.the.naturally.occurring.phenols.and.polar.oxidation.products..
The.latter.interfere.with.the.retention.of.phenols.in.SPE.columns.when.there.is.a.significant.level.
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of.oxidation..Thus,.SPE.seems.to.be.effective.only.in.fresh.oil.samples..The.authors.suggest.that.
this.difference.in.the.concentration.of.phenols.obtained.by.liquid-liquid.extraction.and.solid-phase.
extraction.may.be.used.to.evaluate.the.oil.freshness.

�.�.�.�  Preparati�e high-Performance liquid chromatography

Preparative.HPLC.has.been.used.by.many.investigators.to.purify.polar.phenol.extracts.and.isolate.
the.specific.fractions.for.the.analysis.of.individual.phenols.or.for.the.enrichment.of.lipid.matrices.
with.antioxidants.(Artajo.et.al.,.2006)..Angerosa.et.al..(1996).used.a.Spherisorb.semi-prep.S5.ODS2.
column.of.250.×.10.mm.i.d..Fogliano.et.al..(1999).obtained,.by.semipreparative.HPLC,.fractions.
containing. individual. phenols. and. evaluated. the. relative. antioxidant. efficiency.. Semipreparative.
HPLC.analyses.were.performed.by.Ryan.et. al.. (1999c).with. a.ODS-AQ.column. (10.mm.×.250.
mm,.5.μm).to.isolate.phenolic.compound.fractions.before.electrospray.mass.spectrometric.analysis..
Monti.et.al..(2001).used.preparative.HPLC.on.a.Spherisorb.S5.ODS-2.reversed-phase.column.(250.
cm,.4.6.mm,.particle.size.5.μm).to.separate.virgin.olive.oil.phenolic.compounds.and.collect.peaks.
for.further.analysis.by.LC-MS..Gutierrez-Rosales.and.co-authors.(2003).isolated.the.major.peaks.
found.in.the.phenolic.profile.using.preparative.HPLC..The.molecules.purified.were.tested.for.the.
intensity.of.bitterness.

Carrasco-Pancorbo.et.al..(2006b).used.semipreparative.HPLC.to.isolate.individual.phenols.and.
test.antioxidant.activity.with.the.DPPH.radical.test..The.column.was.Pheomenex.Luna.(C18),.10.mm.
i.d.,.25.cm.×.10.mm,.and.the.flow.rate.was.3.ml/min.

5.2.2  high-Performance liquid chromatograPhy

The.most.frequently.applied.technique.to.analyze.the.polar.phenol.fraction.of.olive.oil.is.RP-HPLC,.
using.isocratic.or.gradient.elution..The.system.is.equipped.with.a.UV.detector.operating.at.225,.240,.
or.280.nm..Due.to.different.absorption.maxima.of.the.various.phenols,.the.use.of.a.simultaneous.
multiple.UV.detector.(photodiode.array).is.recommended,.especially.when.some.identification.is.
necessary.(Vinha.et.al.,.2002)..An.improved.technique.is.based.on.the.use.of.two.detection.systems,.
diode.array.and.fluorescence.detector..Other.detection.systems.have.also.been.proposed.such.as.
amperometric.methods,.coulometric.electrode,.and.mass.spectrometry.detector.(Tsimidou,.1999;.
Cert.et.al.,.2000;.Angerosa,.2006;.Silva,.2006)..(For.new.developments.in.hyphenated.methods.see.
Sections.5.3.and.5.4.)

.The.columns.(C18).have.a.5-μm.particle.size.and.dimensions.25.cm.×.3.mm.i.d..or.25.cm.x.4.6.
mm.i.d..For.isocratic.elution.an.aqueous.solution.of.sulfuric.acid-acetonitrile.or.methanol-aqueous.
acetic.acid.may.be.used.(Cert.et.al.,.2000)..Gradient.elutions.vary.from.laboratory.to.laboratory.
(Cert.et.al.,.2000)..Brenes.et.al..(1999).used.an.initial.composition.of.90%.water.adjusted.to.pH.
3.1.with.acetic.acid.and.10%.methanol..Gradually.the.methanol.percentage.was.raised.to.40,.50,.
and.finally.to.60,.70,.and.100%..Rotondi.et.al..(2004).separated.the.phenols.with.a.mobile.phase.
of.a.water/formic.acid.99.5:0.5.mixture.and.acetonitrile.as.the.mobile.phase..Romero.et.al..(2002).
used.a.15.cm.×.4.6.mm,.5.μm,.Intersil.ODS-3.column.equipped.with.a.1.cm.×.4.6.mm.i.d.,.5.μm,.
Spherisorb.S5.ODS-2.precolumn..The.eluents.were.0.2%.acetic.acid.and.methanol..Identification.
was.based.on. the. analysis.of. standards..Quantification.of. individual.phenols.was.obtained.with.
four-point.regression.curves..Ferulic.acid.and.flavones.were.quantified.at.339.nm.and.elenolic.at.240.
nm..For.the.rest.of.the.compounds.the.wavelength.240.nm.was.used..Vinha.et.al..(2005).and.also.
Bendini.et.al..(2003).quantified.hydroxytyrosol.and.oleuropein.aglycons.at.280.nm..Rotondi.et.al..
(2004).set.the.wavelengths.at.280.nm.for.phenolic.acids,.alcohols,.and.secoiridoids.and.at.350.nm.
for.flavonoids..Pereira.et.al..(2006).used.the.same.wavelengths.for.phenolic.alcohols.and.flavonoids.
and.350.nm.for.verbascoside.present.in.olives.

Recently,.Selvaggini.et.al..(2006).proposed.a.new.method.for.the.evaluation.of.phenolic.com-
pounds.in.virgin.olive.oil,.which.is.based.on.direct.injection.in.HPLC.with.fluorometric.detection..
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The.oil.is.first.diluted.with.acetone.and.filtered.through.a.syringe.filter.0.2.μm..As.compared.to.the.
liquid-liquid.extraction.and.HPLC.analysis,.the.new.method.is.more.efficient.for.the.quantification.
of.simple.alcohols,.lignans,.and.3,4-DHPEA.but.the.efficiency.is.lower.for.the.evaluation.of.3,4-
DHPEA-EDA.and.p-HPEA-EDA.

HPLC. analysis. of. olive. oil. phenols. finds. many. applications. including. detection. of. olive. oil.
authenticity.(Zabaras.and.Gordon,.2004)..Conditions.for.HPLC.analysis.of.olive.oil.phenols.have.
been.summarized.by.Bendini.et.al..(2007)..Gikas.et.al..(2006).used.HPLC.for.a.kinetic.study.of.
acidic.hydrolysis.of.oleuropein.

5.2.3  gas chromatograPhy

Gas.chromatography.was.used.mainly.by.Angerosa.(2006),.who.combined.capillary.GC.with.mass.
spectrometry.to.identify.simple.and.linked.phenols.present.in.olive.oil..Quantitative.determination.
of.hydroxytyrosol. in.olive.oils.was.performed.by.GC-MS.(Visioli.et.al.,.2002).using.deuterated.
hydroxytyrosol.as.an.internal.standard.(see.also.Section.5.4).

5.2.4  caPillary zone electroPhoresis

According.to.Carrasco-Pancorbo.et.al..(2004),.this.method.is.a.reliable,.sensitive,.and.rapid.one,.
applicable. to. phenolic. acids. present. in. olive. oil.. The. separation. is. performed. on. a. fused. silica.
capillary.of.total.length.57.cm.(effective.length.50.cm),.75.μm.i.d.,.375.μm.o.d.,.using.a.25-mM.
sodium.borate.buffer.(pH.9.6).at.25.KV..Good.repeatability.is.obtained.by.rinsing.the.capillary.with.
0.1.M.sodium.hydroxide.for.5.min.followed.by.2.min.with.Milli-Q-water.at.the.beginning.of.each.
experimental.run..The.optimized.running.buffer.is.prepared.by.dissolving.an.appropriate.amount.
of.solid.salt.in.Milli-Q-water.and.adding.a.proper.amount.of.1.0.M.NaOH..Detection.is.performed.
at.210.and.215.nm,.simultaneously..To.obtain.spectral.data.diode.array.detection.can.be.used.over.
the.range.190–600.nm.

Bonoli.and.co-investigators.(2003).optimized.the.conditions.of.capillary.zone.electrophoresis.
for.the.analysis.of.important.phenols.such.as.tyrosol,.hydroxytyrosol,.and.oleuropein.derivatives..
The.separation.according.to.the.method.proposed.is.obtained.in.10.min,.using.a.40-cm.×.50-μm.
capillary,.with.a.running.buffer.of.45.mM.sodium.tetraborate.(pH.9.6).at.27.KV.and.30oC..As.the.
method.has.a.smaller.operative.cost. than.HPLC.and.a.positive.correlation.with. the.colorimetric.
Folin-Ciovalteu.determination.of.total.phenols,.its.use.is.also.proposed.as.a.means.to.quantify.the.
antioxidant.profile.of.olive.oil.

Recently,. Carrasco-Pancorbo. and. collaboratotors. (2006a). described. the. conditions. of. solid-
phase.extraction.(SPE).and.capillary.zone.electrophoresis.(CZE).for.coupling.to.electrospray.ion.
source.mass.spectrometry..The.optimized.SPE.and.CZE.parameters.increased.the.number.of.phe-
nolic.compounds.that.could.be.detected..Electrophoretic.separation.was.carried.out.with.an.aque-
ous.buffer.system.consisting.of.60.mM.ammonium.acetate.with.5%.2-propanol..According.to.the.
authors.the.technique.is.suitable.for.the.study.of.compounds.present.in.olive.oil.such.as.tyrosol,.
hydroxytyrosol,.hydroxytyrosol.acetate,.lignans.ligstroside,.and.oleuropein.algycons;.various.forms.
of.aldehydic,.dialdehydic,.and.decarboxylated.aglycons;.and.10-hydroxy-oleuropein.aglycon.

5.2.5  determination of total Phenols content

The.colorimetric.Folin-Ciocalteu.method.is.broadly.used.to.determine. the. level.of.phenols..The.
results.are.usually.expressed.in.gallic.or.caffeic.acid..The.method.is.conventional.since.any.reduc-
ing.substance.may.interfere;.besides,.the.response.of.each.phenol.to.the.oxidizing.agent.is.different..
However,.it.is.very.useful,.as.the.values.obtained.are.well.correlated.to.the.stability..Blekas.et.al..
(2002).proposed.the.addition.of.the.measurement.to.the.existing.quality.criteria.of.the.oil.

. An. alternative. to. the. spectrophotometric. method. is. HPLC.. This. technique. also. has. many.
drawbacks,.as.many.standards.are.needed.for.the.preparation.of.standard.curves,.the.whole.chro-
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matographic.profile.is.not.quite.clear,.and.possibly.some.minor.compounds.are.not.yet.fully.char-
acterized..Pirisi.et.al..(2000).indicated.that.the.chromatographic.features,.the.standards.used,.and.
the.expression.of.the.concentration.affect.greatly.the.final.values..The.authors.propose.a.gradient.
separation.with.an.eluent.mixture.of.acetonitrile–sulfuric.acid,.detection.at.225.nm,.and.expression.
of.the.results.in.tyrosol.equivalents.

Mosca.et.al..(2000).proposed.a.new.spectrophotometric.assay.for.the.content.of.polar.phenols.of.
olive.oil.that.employs.tyrosinase.in.the.presence.of.excess.NADH..The.reaction.of.phenols.with.the.
enzyme.produces.an.o-quinone,.which.is.detected.by.recycling.between.reactions.with.enzyme.and.
NADH..The.quinone.products.are.estimated.in.the.range.380–420.nm..According.to.the.authors.the.
method.gives.a.better.estimation.of.the.phenol.content.in.relation.to.the.Folin-Ciocalteu.method.

For.the.rapid.determination.of.certain.phenolic.classes.biosensors.have.been.proposed.(Busch.
et.al.,.2006;.Georgiou.et.al.,.2007)..Busch.et.al..proposed.two.amperometric.enzyme–based.biosen-
sors.employing.tyrosinase.or.peroxidase.for.the.rapid.measurement.of.polar.phenolics.of.olive.oil..
The.methods.have.different.specificity.toward.different.groups.of.phenolics.and.can.be.used.in.the.
evaluation.of.bitterness.and.pungency..For. the.quantification.of.phenolic.compounds. in.olive.oil.
mill.wastewater.a.laccase.biosensor.was.proposed.by.Torrecilla.et.al..(2007)..The.data.collected.
from.amperometric.detection.of.the.laccase.biosensor.are.transferred.into.an.artificial.neural.net-
work.(ANN).trained.computer.for.modeling.and.prediction.of.output.

Another. approach. to. determine. directly. the. bitterness. and. total. phenolic. content,. avoiding.
sensorial.analysis,.which.requires.highly.specialized.experts,.was.proposed.by.Garcia-Mesa.and.
Mateos.(2007)..The.method.uses.a.flow.injection.analysis.system.based.on.the.spectral.shift.under-
gone.by.phenolic.compounds.when.the.pH.changes.(variation.of.absorbance.at.274.nm).

 Determination of o-diphenols. Ortho-diphenols.can.be.determined.separately.with.a.solution.
of.sodium.molybdate.in.ethanol/water..The.absorbance.is.measured.at.370.nm.using.gallic.acid.or.
caffeic.acid.for.the.calibration.curve.(Blekas.et.al.,.2002;.Rotondi.et.al.,.2004)..The.method.is.con-
ventional.and.it.is.not.correlated.to.stability.as.total.phenol.content.(Blekas.et.al.,.2002).

�.�   nUclear magnetic resonance sPectroscoPy

5.3.1  introduction

NMR. spectroscopy. is. a. powerful. analytical. technique. suitable. for. qualitative. and. quantitative.
measurements..Nuclei.of.atoms.with.magnetic.properties.(endowed.with.a.magnetic.moment).can.
be.excited.by.a.magnetic.field.emitting.radiation.at.the.radiofrequency.range..Energy.absorption.
by.nuclei.occurs.whenever.the.Larmor.frequency.of.the.spinning.nuclei.is.in.resonance.with.the.
radiofrequency.of.the.magnetic.field..The.excited.nuclei.at.a.higher.energy.state.interact.with.their.
environment,.remove.or.exchange.their.energy,.and.finally.return.to.a.lower.energy.state..This.pro-
cess.is.detected.by.the.receiver.coil.of.the.NMR.spectrometer..The.thus.obtained.weak.signals.are.
amplified.and.recorded.as.a.function.of.frequency..The.position.of.the.signals.(chemical.shift).in.the.
NMR.spectrum.depends.on.the.chemical.environment.of.the.respective.nuclei,.whereas.interaction.
of.the.magnetic.moments.of.neighboring.magnetically.nonequivalent.nuclei.through.bonding.elec-
trons.results.in.splitting.(spin-spin.or.scalar.coupling).of.their.signals.in.the.spectrum..The.spectro-
scopic.parameters,.chemical.shifts,.and.coupling.constants.(distances.between.the.components.of.
a.multiple.signal).derived.either.directly.from.the.spectrum.or.by.spin.simulation.are.the.basis.for.
qualitative.analysis..The.NMR.spectrum.of.a.substance.is.unique.and.represents.its.fingerprints.for.
an.unambiguous.identification.at.a.molecular.level..On.the.other.hand,.the.measured.intensity.of.the.
signals.by.digital.integration.constitutes.the.basis.for.quantitative.analysis..The.signal.intensity.is.
proportional.to.the.number.of.magnetically.equivalent.nuclei.giving.rise.to.that.signal..NMR.signals.
integration.in.combination.with.(or.without).an.internal.standard.is.a.rapid.and.accurate.process.
for.quantitative.analysis,.since.it.does.not.require.calibration.with.standards.as.in.other.analytical..
techniques..Moreover,.NMR.spectroscopy. is.a.noninvasive,.nondestructive.analytical. technique,.
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and. thus. very. useful. for. sensitive. samples,. and/or. for. samples. that. are. available. in. very. small.
quantities.

.The.advent.of.the.revolutionary.pulsed.Fourier.transform.NMR.at.the.beginning.of.the.1970s.
and.the.manufacturing.of.strong.magnetic.fields.produced.by.superconducting.solenoids.and.prop-
erly.designed.cryogenic.probes.shortened.considerably.the.duration.of.the.analysis.and.increased.
dramatically.the.sensitivity.and.resolution.of.the.NMR.experiment..These.advances.forwarded.the.
recording.of.NMR.spectra.for.insensitive.and.less.abundant.nuclei,.such.as.carbon-13,.nitrogen-15,.
and.others..In.addition,.the.pulsed.Fourier.transform.NMR.technique.made.feasible.the.expansion.
of.the.NMR.experiment.in.more.than.one.dimension..Multidimensional.NMR.spectroscopy.based.
on.carefully.designed.and.executed.pulse.sequences.extended.the.spectroscopic.information.in.two,.
three,.and.sometimes.four.dimensions.disclosing.hidden.information.from.the.crowded.spectrum.of.
a.complex.substance.or.from.that.of.a.multicomponent.system,.such.as.food.or.biological.fluids.

.Three.more.NMR.spectroscopic.parameters.can.be.measured.by.conducting.appropriate.exper-
iments:.the.spin-lattice.(T1).and.spin-spin.(T2).relaxation.times,.and.the.nuclear.Overhauser.enhance-
ment. (nOe),. the. latter. being. originated. from. the. interaction. of. the. nuclear. magnetic. moments.
through.space..The.first.two.parameters.allow.the.study.of.molecular.dynamics,.whereas.the.third.
parameter.is.a.valuable.aid.for.the.determination.of.the.three-dimensional.structure.of.a.molecular.
system. in. solution.. As. can. be. seen. in. the. following. paragraphs,. multinuclear. multidimensional.
NMR.spectroscopy.represents.an.effective.analytical.technique.in.detecting.polyphenols.in.olive.
fruits.and.oils.and.elucidating.indisputably.their.chemical.structure..Furthermore,.NMR.spectros-
copy.coupled.with.HPLC.allowed.the.detection.and.identification.of.new.polyphenols.in.olive.oil.

5.3.2  identification of PolyPhenols by 1h and 13c nmr sPectroscoPy

The.most.important.classes.of.polyphenols.in.the.olive.fruit.comprise.phenolic.acids,.phenyl.alco-
hols,.flavonoids,.and.secoiridoids..The.main.phenyl.alcohols.of.olives.are.hydroxytyrosol.and.tyrosol,.
which.were.found.mostly.as.glucosides..The.flavonoids.include.mostly.the.flavone.luteolin-7-O-glu-
coside. and. the.flavonols. rutin.or. quercetin-3-O-rutinoside..Oleuropein.glucoside. and.demethyo-.
leuropein.are.the.predominant.secoiridoids.of.olive.fruit,.which.in.addition.contain.small.quantities.
of.ligstroside.and.verbascoside.(Servili.et.al.,.1999a)..The.composition.of.the.phenolic.fraction.of.
olive.fruit. is.very.complex.depending.on.several.factors,.such.as.the.variety.and.degree.of.ripe-
ness.of.the.olive.fruit,.geographical.origin,.climatic.conditions,.harvesting.period,.and.agricultural.
practices..The.polar.phenol.content.in.olive.oil.depends.on.that.in.olive.fruits.from.which.it.was.
extracted,.and.is.influenced.by.the.extraction.procedure.used..Phenolic.acids.and.phenyl.alcohols.
are.encountered.in.olive.oil,.but.the.phenols.with.a.higher.level.found.in.olive.oil.are.the.secoiridoid.
derivatives..It.is.known.(Gariboldi.et.al.,.1986;.Montedoro.et.al.,.1993;.Limiroli.et.al.,.1995;.Bianco.
and.Uccella,.2000).that.oleuropein.and.ligstroside.undergo.enzymatic.hydrolysis.during.olive.oil.
extraction.and/or.storage,.resulting.first.in.oleuropein.aglycon.and.ligstroside.aglycon.by.removal.of.
the.attached.glucose.moiety,.and.then.in.a.number.of.metabolites.upon.further.molecular.transfor-
mations.via.ring.opening.and.rearranged.re-closure.(Figure.5.1)..The.structures.of.these.metabolites.
and.their.proportion.in.the.mixture.depend.heavily.on.the.nature.of.the.solvent.and.the.pH.of.the.
hydrolysis. medium. (Montedoro. et. al.,. 1993;. Limiroli. et. al.,. 1995).. Moreover,. olive. oil. contains.
small.quantities.of.the.lignans.(+)-pinoresinol,.(+)-1-acetoxypinoresinol,.and.the.free.forms.of.phe-
nolic.alcohols.and.flavonoid.classes.(see.Chapter.3).

1H.NMR.spectroscopy.has.provided.valuable.information.about.lipid.classes,.fatty.acid.com-
position,. unsaturation. levels,. and. several. minor. compounds. (sterols,. squalene,. terpenes,. volatile.
compounds,.etc.),.whereas.13C.NMR.gave.unique.information.about.the.positional.distribution.of.
fatty.acids.on.glycerol.moiety.and.the.stereochemistry.of.unsaturation,.among.other.information..
However,.these.spectroscopic.techniques.have.not.yet.found.broad.application.in.the.in situ.deter-
mination.of.polyphenols.of.olive. fruit. and.olive.oils..Strong.signal.overlap. in. 1H.NMR.spectra,.
dynamic.range.problems,.diversity.of.intensities.due.to.various.concentrations.of.the.food.constitu-
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ents,.and.inherent.lack.of.scalar.coupling.information.between.different.moieties.lead.to.ambiguous.
or.incomplete.assignments,.thus.making.their.detection.and.quantification.a.difficult.task.even.with.
the.use.of.multidimensional.NMR..On.the.other.hand,.the.low.sensitivity.and.low.natural.abun-
dance.of.the.13C.nucleus.do.not.allow.measurements.of.polar.phenols,.which.were.found.at.low.lev-
els.in.olive.fruit.and.oil.extracts..Therefore,.most.studies.in.the.literature.perform.characterization.
of.polyphenols.by.1H.and.13C.NMR.spectroscopy.after.their.separation.from.the.polar.part.of.olive.
fruit.and/or.olive.oil.by.preparative.or.semipreparative.chromatography..The.isolation.procedure.is.
time-consuming,.although.it.has.the.advantage.that.the.isolated.phenols.can.be.used.as.standards.
in.subsequent.experimental.work..Thus,.Owen.and.co-workers.reported.(Owen.et.al.,.2000a).the.
isolation.of.the.two.lignans.(+)-pinoresinol.and.(+)-1-acetoxypinoresinol.from.methanol.extracts.of.
olive.oil.with.preparative.thin-layer.chromatography,.further.purification.with.preparative.HPLC,.
and.then.chemical.structure.elucidation.by.using.1H.and.13C.NMR.spectroscopy..At.the.same.time,.
Brenes.and.co-workers.(Brenes.et.al.,.2000),.working.independently.and.using.mass.spectrometry.
and.1H.NMR.spectroscopy,.succeeded.in.characterizing.the.molecular.structure.of.the.same.lignans.
extracted.from.olive.oil.and.purified.by.preparative.HPLC.

.In.a.subsequent.publication.Owen.et.al.. (2003),.by.using.the.same.isolation.procedure.and.
NMR.spectroscopic. techniques,. succeeded. in.elucidating. the. structure.of.major.phenolic. com-
pounds.obtained.from.olive.fruits,.and.from.two.types.(black.and.green).of.brined.olive.drupes..
The. data. showed. that. tyrosol,. hydroxytyrosol,. dihydrocaffeic. acid,. dihydro-p-coumaric. acid,.
verbascoside,.and.isoverbacoside,.along.with.the.flavones.apigenin.and.luteolin,.were.the.major.
compounds. in. the. phenolic. fraction. of. the. black. brined. olives.. Brined. green. olives. contained.
only.hydroxytyrosol.and.traces.of.other.minor.polyphenols..Also,.they.assessed.the.antioxidant.
potential.of.the.purified.polyphenols,.and.that.of.the.commercial.olives.through.their.effect.on.the.
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figUre �.�  Enzymatic.hydrolysis.of.oleuropein.glucoside.and.ligstroside.in.chloroform.and.water.
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xanthine.oxidase.activity.monitored.by.UV.spectrometry..Finally,.based.on.these.results.and.those.
obtained.for.olive.oils. (Owen.et.al.,.2000a,b),. they.concluded. that.brined.olives.contain.higher.
concentrations.of.polyphenols.than.olive.oil.

Characterization.of.principle.components.of.polyphenols.contained.in.olive.fruit.and.oil.(and.
olive.leaf).by.1H.and.31C.NMR.spectroscopy.was.made.by.several.authors..Oleuropein.glucoside.
(compound.1.in.Figure.5.1).(Gariboldi.et.al.,.1986;.Montedoro.et.al.,.1993;.Servili.et.al.,.1999a),.
demethyloleuropein.(Servili.et.al.,.1999a),.verbascoside.(Andary.et.al.,.1982;.Servili.et.al.,.1999a),.
and.ligstroside.(Owen.et.al.,.2000a).were.extracted.by.liquid-liquid.or.solid-phase.extraction,.puri-
fied,.and.separated.by.preparative.HPLC,.and.finally.their.chemical.structure.was.determined.by.
NMR.spectroscopy..Figure.5.2.shows.the.500-MHz.1H.NMR.spectrum.of.a.commercial.sample.
of.oleuropein.glucoside.in.DMSO-d6.recorded.in.the.NMR.Laboratory,.Department.of.Chemistry,.
University.of.Crete..The.assignment.of.the.various.resonances.was.performed.with.the.aid.of.homo-
nuclear.and.heteronuclear.two-dimensional.NMR.experiments.

.Evaluation.of.the.metabolic.process.of.oleuropein.and.the.molecular.characterization.of.the.
various.epimeric.phenolic.metabolites.by.NMR.spectroscopy.were.reported.by.Gariboldi.and.co-
workers.as.early.as.1986.(Gariboldi.et.al.,.1986)..They.examined.the.extracts.obtained.from.olive.
leaves..The.two.isomers.5S,.8S,.9S.and.5S,.8R,.9S.of.the.aldehydic.form.of.oleuropein.(6a.and.6b.
in.Figure.5.1).were.separated.by.column.chromatography,.purified.by.HPLC,.and.finally.charac-
terized. by. 1H. and. 13C. NMR. spectroscopy.. The. stereochemistry. and. conformation. of. these. two.
isomers.were.elucidated.by. running.2D-NOE.(NOESY).experiments..On. the.basis.of. the.NMR.
spectroscopic.data. (chemical. shifts. and.coupling.constants).obtained. for. compound.6a,. elenolic.
acid.(7).and.its.methyl.ester.(8).(Scheme.5.1).were.identified.as.the.final.products.of.the.biotransfor-
mation.of.oleuropein..Oleuropein.glucoside.(1),.the.aldehydic.form.of.oleuropein.(6),.elenolic.acid.
(7),.and.the.hemiacetal.form.(9).of.the.latter.compound.were.detected.and.characterized.by.NMR.
in.the.phenolic.extract.of.virgin.olive.oil.after.separation.by.preparative.HPLC.(Montedoro.et.al.,.
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1993)..In.addition,.four.new.phenolic.compounds.were.identified.and.their.chemical.structures.were.
confirmed.by. 1H.and. 13C.NMR.spectroscopy. in.chloroform-d.solutions..These.compounds.were.
metabolites.of.oleuropein.and.ligstroside,.namely,.their.aglycons.(compound.2.in.Figure.5.1).and.
their.dialdehydic.forms.(4.in.Figure.5.1),.but.lacked.the.carboxymethyl.group.at.C-4..No.isomers.
of.compound.4.were.detected.in.this.study..The.NMR.spectra.of.the.dialdehydic.forms.of.oleuro-
pein.and.ligstroside.lacking.a.carboxymethyl.group.in.methanol-d4.solutions.were.different. than.
those.obtained.in.chloroform-d.solutions,.indicating.the.presence.of.hemiacetalic.structures.at.C-3..
However,.it.is.important.to.note.that.these.hemiacetalic.structures.are.not.the.direct.product.of.the.
oleuropein.and.ligstroside.transformations..They.are.probably.formed.when.the.phenolic.fraction.of.
olive.oil.is.dissolved.in.methanol.just.before.the.HPLC.analysis..The.structure.elucidation.of.new.
epimeric.metabolites.of.oleuropein.glucoside.isolated.from.methanol/acetone.extracts.of.green.olive.
fruits.was.carried.out.by.Bianco.and.co-workers.(Bianco.et.al.,.1999a)..The.identification.of.the.two.
isomers.of.oleuropeindials.(4a.and.4b.of.Figure.5.1).at.C-4,.postulated.but.not.identified.in.a.previ-
ous.study,.was.achieved.by.two-dimensional.NMR.spectroscopy..These.compounds.were.isolated.
by.flash.chromatography.on.a.silica.gel.column.with.chloroform/methanol.as.eluent.

.In.order.to.understand.the.oleuropein.glucoside.(and.ligstroside).biotransformation.pathway,.
several.groups.have.investigated.its.enzymatic.degradation.in vitro.using.β-glucosidases.or.yeasts..
The.enzymatic.degradation.of.oleuropein.glucoside.under.biomimetic.conditions.was.monitored.in 
situ.by.NMR.spectroscopy.(Limiroli.et.al.,.1995;.Bianco.et.al.,.1999b)..An.important.observation.
was.that.the.hydrolysis.products.of.1.and.their.lifetimes.depend.on.the.medium.in.which.hydrolysis.
occurs..The.first.product.of.the.hydrolytic.conversion.of.1.in.D2O.with.β-glucosidase.was.the.oleu-
ropein.hemiacetal.or.oleuropein.aglycon.(2.in.Figure.5.1).resulting.from.the.removal.of.the.attached.
glucose.moiety..This.compound.undergoes.a.fast.chemical.conversion.in.water.solution.leading.to.
a.mixture.of.two.isomers.of.the.aldehyde.5.or.oleuropeindial.gem.diols..The.two.isomers.5a.and.
5b.(Figure.5.1).differ.in.their.relative.stereochemistry.at.C-4..An.analogous.enzymatic.hydrolysis.
performed. in.a.D2O/chloroform-d.mixture.showed. the.presence.of.oleuropeinenol.3. (Figure.5.1).
in.equilibrium.with.the.diastereomeric.aldehydes.4a.and.4b. (Figure.5.1)..Aldehydes.4.were.also.
obtained. as. an. equilibrium. mixture. from. acetal. 2. by. straightforward. acid-catalyzed. hydrolysis..
Finally,.aldehydes.3.or.5.were.transformed,.at.room.temperature.and.60oC,.respectively,.into.the.
ultimate.hydrolysis.product,.the.aldehydic.form.of.oleuropein.6..Metabolites.such.as.elenolic.acid.
and.its.methyl.ester.as.well.as.the.various.decarboxylated.compounds.reported.in.previous.studies.
(see.above).were.not.detected.in.the.biomimetic.investigations.

.One-.and.two-dimensional.1H.NMR.spectroscopy.was.also.used.to.investigate.the.in situ.hydro-
lytic.conversion.of.oleuropein.glucoside.during. the. industrial.debittering.process.of. table.olives.
(Capozzi.et.al.,.2000)..The.reactivity.of.1.was.investigated.by.performing.alkaline.hydrolysis.with.
NaOD/D2O.in.the.NMR.tube.at.different.times,.pH.values,.and.molar.ratios.of.the.reactants.follow-
ing.technological.procedures.applied.for.table.olive.processing..In.the.aqueous.medium.with.pH.
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12.7.and.5.min.after.the.addition.of.NaOD,.the.1H.NMR.signals.of.compound.1.started.diminishing,.
whereas.new.signals.appeared..After.40.min.the.hydrolysis.of.1.was.nearly.complete.as.indicated.
by.the.absence.of.the.original.signals.in.the.1H.NMR.spectrum,.while.the.spectrum.revealed.signals.
from.free.hydroxytyrosol.and.the.sodium.salt.of.11-methyl.oleoside.(10),.which.was.confirmed.by.
two-dimensional.NMR.spectroscopy.and.also.by.reference.to.the.previously.reported.spectrum.of.
this.compound.(Gariboldi.et.al.,.1986)..Further.addition.of.NaOD.induced.a.fast.hydrolysis.of.the.
less.reactive.estereal.group.of.10.at.C-7.leading.to.the.loss.of.a.methyl.group.and.the.formation.of.
the.sodium.salt.of.the.oleoside.(11).

.1H.and.13C.NMR.spectroscopy.were.very.useful.to.identify.new.phenolic.components.isolated.
from.olive.fruits.and.oils..A.series.of.compounds.depicted.in.Scheme.5.2.were.obtained.from.cor-
noside.(12),.which.was.transformed.by.enzymatic.hydrolysis.with.β-glucosidase.into.the.less.polar.
cornoside.aglycon.(13),.which.is.partially.converted.to.another.less.polar.compound,.the.halleridone.
(14).(Bianco.et.al.,.1993)..The.molecular.structures.of.three.new.monoglucosides.of.hydroxytyrosol.
in.olive.leaves,.fruits,.and.oils.from.two.Italian.cultivars.were.fully.determined.by.1H.and.13C.NMR.
spectroscopy.(Bianco.et.al.,.1998).and.the.use.of.semi-preparative.HPLC.for.their.purification..The.
relative.position.of.the.glucose.unit. in.each.of.these.three.phenolic.molecules.was.confirmed.by.
one-dimensional.NOE.experiments..Irradiation.of.the.well-separated.anomeric.proton.of.the.glu-
cose.moiety.resulted.in.a.significant.positive.NOE.effect.of.the.respective.neighboring.aromatic.or.
aliphatic.protons..The.full.characterization.of.a.new.compound.and.its.distribution.in.different.parts.
of.olive.fruit.(peel,.pulp,.and.seed).were.carried.out.by.employing.one-.and.two-dimensional.NMR.
spectroscopy.(Servili.et.al.,.1999b)..The.new.compound,.known.by.the.empirical.name.nüzhenide.
(15 in.Scheme.5.3),.was.isolated.from.three.Italian.cultivars..Contrary.to.oleuropein,.demethylo-
leuropein,. and.verbascoside,.which.are.present. in. all. of. the. constitutive.parts.of. the.olive. fruit,.
nüzhenide.was.detected.exclusively.in.the.seed.of.the.fruit..New.tyrosol.derivatives.were.isolated.
and.identified.from.two.fractions.with.different.polarities.obtained.from.olive.leaves.and.fruits.from.
several.cultivars.of.Calabria.(Bianco.et.al.,.2004)..In.the.more.polar.fraction.the.tyrosol.glucoside.
(16 in.Scheme.5.4).(salidroside).was.found.together.with.cornoside.and.its.cyclic.aglycon.halleri-
done.(see.above)..The.main.component.present.in.the.less.polar.fraction.was.the.ester.of.tyrosol.with.
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cis-oleic.acid.(1-oleyltyrosol).(17)..The.chemical.structure.of.the.first.compound.was.determined.by.
1H.and.13C.NMR.spectroscopy,.whereas.the.structure.of.the.second.compound.was.determined.by.
chemical.(alkaline.hydrolysis).and.spectroscopic.methods.

.Recently,.two.new.hydroxytyrosol.and.tyrosol.derivatives.were.isolated.from.green.olive.fruits.
belonging. to. the. Hojiblanca. cultivar. (Bianco. et. al.,. 2006).. The. first. compound. was. the. methyl.
acetal.of.the.ligstroside.aglycon,.probably.formed.from.ligstroside.during.the.extraction.process.by.
exchange.with.methanol..The.second.derivative.was.the.β-hydroxytyrosyl.ester.of.methyl.maleate.
(18),.which.may.be.related.to.the.occurrence.of.malic.acid.and.Krebs.cycle.acids.in.olive.pulp..Full.
characterization.of.these.compounds.was.obtained.by.one-dimensional.1H.and.13C.NMR.and.two-
dimensional.NMR.experiments..Their.presence.in.table.olives.may.be.correlated.with.the.texture.
and.organoleptic.properties.of.the.food.product.

.The.occurrence.of.polyphenols.in.fresh.and.processed.olive.fruits.was.examined.by.Bianco.and.
co-workers.as.a.function.of.olive.fruit.variety,.olive.ripeness,.and.pedoclimatic.conditions.(Bianco.
and.Uccella,.2000;.Bastoni.et.al.,.2001).in.an.attempt.to.predict.olive.oil.quality.from.olives..Four.
different. protocols. were. employed. to. estimate. the. concentration. of. the. various. classes. of. poly-
phenols.in.olive.fruits.from.Italy,.Spain,.Greece,.and.Portugal..The.first.protocol.allowed.for.the.
estimation.of.the.total.concentration.of.simple.phenolic.compounds,.the.second.for.soluble.polyphe-
nols.and.soluble.esterified.derivatives,.the.third.for.the.quantitative.determination.of.cytoplasmatic.
soluble.phenolic.content,.and.the.fourth.for.the.determination.of.soluble.glucosidic,.esterified,.and.
cell-wall–bound.polyphenols..These.experimental.procedures.produced.four.different.fractions.of.
the.phenolic.components.that.were.checked.by.column.chromatography.and.HPLC,.and.structur-
ally.identified.by.NMR.spectroscopy..The.comparison.of.each.of.these.fractions.gave.very.useful.
information.about.the.phenolic.composition.in.olive.samples.harvested.from.several.environments.
and. cultivars. at. different. ripening. stages.. It. is.worth.mentioning. that. very.good. agreement.was.
observed. among. data. obtained. from. 1H. NMR.with. those. measured. by. HPLC. for. each. fraction.
(Bastoni.et.al.,.2001),.suggesting.that.1H.NMR.spectroscopy.may.be.an.alternative.methodology.for.
the.rapid.determination.of.phenolic.content.in.olives.

5.3.3  identification of PolyPhenols by 31P nmr sPectroscoPy

To.avoid. the. shortcomings.of. the. 1H.and. 13C.NMR.spectroscopy.mentioned.previously. for. the.
determination.of. polyphenols. in. olive. fruits. and.oil,. an. alternative.methodology.was.proposed.
recently.(Spyros.and.Dais,.2000)..This.method.is.based.on.the.derivatization.of.the.labile.hydro-
gens.of. the.hydroxyl.and.carboxyl.groups.of.polyphenols.by.the.phosphorous.reagent.2-chloro-
4,4,5,5-tetramethyldioxaphospholane.(I).according.to.the.reaction.scheme.shown.in.Scheme.5.5,.
and.the.use.of.31P.NMR.spectroscopy.to.identify.the.labile.centers.(compound.II)..Compound.I.
reacts.rapidly.(~15.min).and.quantitatively.under.mild.conditions.(within.the.NMR.tube).with.the.
hydroxyl.and.carboxyl.groups..The.wide.range.of.31P.chemical.shifts.(~1000.ppm),.and.the.sin-
gle.resonances.for.each.phosphitylated.hydroxyl.and/or.carboxyl.group.under.proton.decoupling.
simplify.the.analysis.of.the.31P.NMR.spectra..Moreover,.the.100%.natural.abundance.of.the.31P.
nucleus.and.its.high.sensitivity,.which.is.only.~15.times.less.than.that.of.the.proton.nucleus,.make.
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the.31P.NMR.experiments.a.reliable.analytical.tool.to.determine.amounts.of.the.order.of.μmol,.or.
lower,.depending.on.the.available.instrumentation..Another.advantage.of.the.31P.NMR.method.is.
the.introduction.of.an.internal.standard.of.known.amount.(usually.cyclohexanol).in.the.reaction.
mixture,.which.allows.the.determination.of.the.absolute.concentration.of.the.phosphitylated.prod-
uct.II,.thus.avoiding.normalization.conditions.

.Figure.5.3A.and.Figure.5.3B.show.the.31P.NMR.spectrum.of.the.polar.part.of.an.extra.virgin.
olive.oil.sample.in.the.regions.where.the.aromatic.and.aliphatic.phosphitylated.hydroxyl.groups.
of.phenolic.compounds.are.resolved,.respectively.(Christophoridou.and.Dais,.2006)..The.assign-
ment.of.the.31P.chemical.shifts.reported.in.Figures.5.3A.and.5.3B.was.based.on.the.chemical.shifts.
of.the.appropriate.model.compounds.determined.by.employing.one-.and.two-dimensional.NMR.
techniques.and.by.spiking.the.sample.with.pure.compounds.when.necessary.(Christophoridou.et.
al.,. 2001;.Christophoridou.and.Dais,. 2006)..Polyphenol-containing.olive.oil.model. compounds.
were. purchased,. synthesized,. or. extracted. from. olive. oil.. In. the. spectrum. of. Figure.5.3A,. the.

figUre �.�  202.2.MHz.31P.NMR.spectrum.of.the.phosphitylated.polar.fraction.of.a.virgin.olive.oil.sample.
from.Messinia.in.chloroform/pyridine.solution..(A).Aromatic.region..A.=.apigenin,.L.=.luteolin.
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strong.signals.at.δ.138.19.and.δ.139.20.reflect.the.total.amount.of.tyrosol.and.hydroxytyrosol.con-
tained.in.olive.oil,.respectively,.since.the.phosphitylated.aromatic.hydroxyl.groups.of.these.com-
pounds.in.their.free.and.esterified.forms.are.expected.to.show.about.the.same.chemical.shifts..The.
esterified.hydroxytyrosol.and.tyrosol.involve.their.acetate.derivatives.and.the.hydrolysis.products.
of.oleuropein.and.ligstroside.that.were.mentioned.previously..Free.and.esterified.hydroxytyrosol.
constitute.an.important.class.of.phenolic.compounds.that.contributes.to.the.stability.of.extra.virgin.
olive.oil.against.oxidation.and.benefits.human.health..The.signal.at.δ.142.89.was.attributed.to.the.
lignan.syringaresinol.(19).depicted.in.Scheme.5.6,.which.was.detected.for.the.first.time.in.Greek.
olive.oils.(see.below)..Another.polyphenol,.which.was.detected.for.the.first.time.in.Greek.olive.
oils,.was.homovanillyl.alcohol.(20)..The.signals.of.the.aromatic.phosphitylated.hydroxyl.groups.
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figUre �.� (continued)  202.2.MHz.31P.NMR.spectrum.of.the.phosphitylated.polar.fraction.of.a.virgin.
olive.oil.sample.from.Messinia.in.chloroform/pyridine.solution..(B).Aliphatic.region..1-MGs.=.1-monoacyl-
glycerols,.2-MGs.=.2-monoacylglycerols,. f-hydroxytyrosol.=. free.hydroxytyrosol,. f-tyrosol.=. free. tyrosol,.
α.=.α-D-glucopyranose,.β.= β-D-glucopyranose..Unidentified.signals.of.hydrolysis.products.of.oleuropein.
glucoside.(and.ligstroside).are.denoted.by.asterisks.
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of.homovanillyl.alcohol.and.those.of.the.lignan.(+).pinoresinol.overlap.at.δ.139.84.in.the.31P.NMR.
spectrum.(Figure.5.3A)..Fortunately,.both.compounds.can.be.quantified,.since.the.concentration.
of.homovanillyl.alcohol.can.be.calculated.from.the.signal.of.its.phosphitylated.aliphatic.hydroxyl.
group.that.resonates.at δ.142.89.(Figure.5.3B)..Other.simple.polyphenols,.e.g.,.o-coumaric.acid,.
vanillin,.gallic.acid,.p-hydroxybenzoic.acid,.caffeic.acid,.ferulic.acid,.etc.,.were.not.detected.in.the.
spectrum.presumably.because.of.their.absence.and/or.their.low.concentration..Spiking.of.olive.oil.
with.these.pure.substances.resulted.in.new.peaks.in.the.spectrum.

. On. the. basis. of. the. known. 31P. chemical. shifts. of. model. compounds. (Christophoridou. and.
Dais,.2006),.the.strong.signals.at.δ.146.47.and.147.66.are.attributed.to.1-monoacylglycerol.and.at..
δ. 148.05. to.2-monoacylglycerol..Maslinic. acid. (21 in.Scheme.5.6). is.detected. from.signals. at.δ.
145.95.and.147.66,. the. latter.being.overlapped.by. the. strong. signal.of.1-monoacylglycerols..The.
presence.of.these.signals.in.the.polar.part.of.olive.oil.indicates.that.monoacylglycerols.and.maslinic.
acid. were. co-extracted. with. polyphenols. by. the. liquid-liquid. extraction. procedures. used. in. this.
study..A.number.of.signals.denoted.by.α.and.β.(Figure.5.3B).were.attributed.to.the.two.tautomers.
α-d-.and.β-d-glucopyranose,.respectively,.produced.by.hydrolysis.of.the.various.polyphenol.gluco-
sides..The.complete.assignment.of.phenolic.compounds,.as.well.as.for.those.compounds.contained.
in.the.polar.fraction.of.olive.oil,.has.been.described.in.detail.in.Christophoridou.and.Dais.(2006).

scheme �.� 

5.3.4  identification of PolyPhenols by lc-nmr

We.have.seen.in.the.previous.paragraph.that.the.traditional.and.time-consuming.ways.of.studying.
polyphenols.in.the.polar.fraction.of.olive.fruit.and.oil.by.using.one-dimensional.1H.and.13C.NMR.
spectroscopy.include.fractionation.of.the.crude.extract,.and.separation.and.isolation.of.the.individ-
ual.components.using.liquid.chromatography..It.would.be.advantageous.to.be.able.to.speed.up.this.
part.of.the.work.by.performing.the.separation.and.structure.elucidation.online..Such.an.approach.
requires.the.combination.of.the.most.powerful.separation.technique.of.liquid.chromatography.(LC).
with.the.most.information-rich.spectroscopic.technique.(NMR).for.structure.elucidation.

Some.practical.and.theoretical.aspects.of.this.coupling.technique,.including.the.development.
of.special.flow.through.probes,.and.other.technical.details.concerning.the.physical.connection.of.
LC.and.NMR.(e.g.,.control.and.transport.of.the.analyte.from.LC.detector.to.NMR.probe).are.given.
elsewhere.(Albert,.2002)..Currently,.several.LC-NMR.systems.and.modes.of.operation.exist,.and.
their.use.depends.on.the.nature.of. the.sample.being.studied..It. is.worth.mentioning.that.signifi-
cant.improvement.to.LC-NMR.sensitivity.has.been.obtained.by.adding.a.post-column.solid-phase.
extraction.(SPE).system.to.replace.loop.collection..S/N.improvements.up.to.a.factor.of.4.could.be.
demonstrated.with.this.new.technology.(Corcoran.et.al.,.2002;.Exarchou.et.al.,.2005)..The.use.of.
individual.SPE.cartridges.after.chromatographic.separation.and.prior.to.NMR.analysis.allows.sig-
nificant.enrichment.of.the.analyte.concentration.and.the.performance.of.one-.and.two-dimensional.
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NMR.experiments.of.less.sensitive.nuclei,.such.as.carbon-13..In.addition,.deuterated.solvents.are.
required.only.for.the.transport.of.the.analyte.from.the.SPE.unit.to.the.NMR.probe..Therefore,.chro-
matographic.separation.can.use.the.less.expensive.protonated.solvents,.thereby.decreasing.consider-
ably.the.cost.of.the.analysis.

LC-NMR.has.been.used.in.recent.years.for.the.analysis.of.natural.products.and.plant.metabo-
lites.(Cavin.et.al.,.1998;.Exarchou.et.al.,.2003,.2005),.including.lignans,.flavonoids,.and.tocopherol.
derivatives..Separation.and.identification.of.phenols.in.olive.oil.by.employing.the.LC-SPE-NMR.
technique.has.been.reported.recently.(Christophoridou.et.al.,.2005)..Separation.was.achieved.by.
HPLC.using.as.a.mobile.phase.a.mixture.of.water.and.acetonitrile;.both.solvents.were.acidified.with.
0.1%.trifluoroacetic.acid..One-.and.two-dimensional.NMR.spectra.were.recorded.on.a.600-MHz.
spectrometer.equipped.with.a.1H-13C.inverse.detection.flow.probe..Figure.5.4.shows.selections.of.
600-MHz. LC-SPE-1H. NMR. spectra. indicating. the. presence. of. different. oleuropein. metabolites.
in.olive.oil..These.spectra.were.recorded.for.HPLC.fractions.transferred.to.a.peak-trapping.unit.
equipped.with.solid-phase.cartridges.after.UV.detection.and.water.addition.for.temporary.storage,.
dried.with.nitrogen.gas,.and.transferred.to.the.NMR.probe.with.deuterated.acetonitrile..The.first.
1H.NMR.spectrum.(Figure.5.4A).is.consistent.with.the.dialdehydic.form.of.oleuropein.lacking.a.
carboxymethyl.group,.whereas.the.spectrum.in.Figure.5.4B.is.more.interesting.because.it.reveals.
the.existence.of.two.coeluted.isomers.of.the.aldehydic.form.of.oleuropein.(4a.and.4b.in.Figure.5.1),.
namely,.5S,.8R,.9S.and.5S,.8S,.9S,.the.latter.isomer.being.detected.for.the.first.time.in.olive.oil..The.
presence.of.the.second.isomer.was.confirmed.by.performing.a.TOCSY.experiment.(Christophori-
dou.et.al.,.2005)..Figure.5.4C.illustrates.the.spectrum.of.the.hemiacetal.at.C-3.of.the.dialdehydic.
form.of.oleuropein.lacking.a.carboxymethyl.group,.formerly.detected.by.Montedoro.and.co-work-
ers.(Montedoro.et.al.,.1993)..Another.example.indicating.the.potential.of.this.technique.is.shown.

figUre �.�   600.MHz.LC-SPE-1H-NMR.spectra.of.oleuropein.derivatives;.(A).dialdehydic.form.of.oleu-
ropein. lacking.a.carboxymethyl.group;. (B). the.coeluted. two. isomers.of. the.aldehydic. form.of.oleuropein;.
(C).hemiacetal.of.the.dialdehydic.form.of.oleuropein..The.suppressed.signals.of.H2O.and.CH3CN.solvents.
give.spikes.at.~ δ.1.95.and.δ.2.18..

C
H

3C
N

H
2O

A

B

C

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5

(ppm)

59939.indb   71 6/25/08   4:44:11 PM



��	 Olive	Oil:	Minor	Constituents	and	Health

in.Figure.5.5,.which.depicts.the.600-MHz.TOCSY.spectrum.of.a.peak.in.the.chromatogram.cor-
responding.to.the.flavanol.luteolin..Apart.from.the.signals.of.luteolin.(indicated.by.L),.several.addi-
tional.signals.were.discovered,.reflecting.the.presence.of.an.unknown.phenolic.compound.coeluted.
with. luteolin..The.chemical.shifts.and.coupling.constant.pattern.of. the.signals.at.high.magnetic.
field.strength.were.similar.to.those.observed.for.the.bicyclic.skeleton.of.the.lignans.(+)-pinoresinol.
and.(+)-1-acetoxypinoresinol.bearing.two.aryl.groups,.whereas.the.signal.intensity.of.the.singlet.at.
δ.3.81.corresponded.to.12.protons,.and.it.was.assigned.to.four.equivalent.methoxy.groups..These.
data.along.with.the.singlet.in.the.aromatic.region.(δ.6.61).corresponding.to.four.equivalent.aromatic.
protons.supported.the.structure.of.a.new.compound,.namely,.the.lignan.syringaresinol.(19).detected.
for.the.first.time.in.olive.oil.

The.presence.of.homovanillyl.alcohol.(20 in.Scheme.6).in.olive.oil.has.been.confirmed.by.the.
LC-SPE-1H.NMR.spectrum.displayed. in.Figure.5.6,.which. is. similar. to. that.of.hydroxytyrosol.
with.an.additional.singlet.at.δ.3.82.owing.to.the.OCH3.group..While.examining.the.LC-SPE-1H.
NMR.spectra.at.long.retention.times.of.the.HPLC.chromatogram.at.280.nm,.a.peak.eluting.at.37.1.
min.gave.a.complex.1H.NMR.spectrum.with.the.characteristics.of.maslinic.acid.(21 in.Scheme.5.6).
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figUre �.�  600.MHz.TOCSY.spectrum.indicating.the.presence.of.the.lignan.syringaresinol..The.signals.
denoted.by.L.belong.to.luteolin..Protons.were.numbered.as.in.compound.19.in.Scheme.5.6.
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(Figure.5.7)..Complete.assignment.of. the.spectrum.was.not.possible.due.to.severely.overlapped.
signals.even.at.600.MHz..However,.the.TOCSY.experiment.assisted.with.the.assignment.of.a.few.
signals.of.the.triterpenic.skeleton.in.addition.to.those.reported.in.earlier.experiments.at.weaker.
magnetic.field.strengths..In.summary,.the.use.of.LC-SPE-NMR.methodology.made.possible.the.
detection.and.structure.elucidation.of.27.constituents. in. the.phenolic. fraction.of.olive.oil..Five.
phenolic.compounds.out.of.27.had.not.been.reported.previously,.namely,.syringaresinol,.homova-
nillyl.alcohol,.the.5S,.8S,.9S.isomer.of.the.aldehydic.form.of.oleuropein,.and.the.dialdehydic.form.
of.free.elenolic.acid.lacking.a.carboxymethyl.group..The.presence.of.ligstroside.aglycon.and.the.
two.isomers.of.the.aldehydic.form.of.ligstroside.were.also.confirmed.by.the.technique.(Christo-
phoridou.et.al.,.2005).

5.3.5  conclusions

Multinuclear.and.multidimensional.NMR.spectroscopy.offers.new.opportunities.for.determining.
a.large.number.of.phenolic.compounds.contained.in.olive.fruit.and.oil..The.advantages.of.using.
high-resolution.1H.NMR.spectroscopy.for.the.analysis.of.the.polar.fraction.of.olive.fruit.and.oil.
have.been.demonstrated.by.concrete.examples.from.the.literature..The.structure-specific.analysis.
of.different.components.in.a.single.experiment.provides.a.rapid.and.reliable.analytical.tool.to.be.
used.in.conjunction.with.other.recognized.analytical.methods.(GC,.HPLC).for.the.detection.and.
quantification.of.polyphenols..The.coupling.of.HPLC.with.1H.NMR.(and.13C.NMR).spectroscopy.
provided.new.capabilities.in.polyphenols.analysis..This.technique.avoided.the.time-consuming.off-
line.identification.of.polyphenols,.and.assisted.the.search.for.new.phenolic.compounds.and.for.a.
rapid.identification.of.known.compounds.

Other.nuclei.can.also.be.used. for.polyphenol.analysis.. In.particular,. 31P.NMR.spectroscopy.
in.combination.with. the.phosphitylation. reaction.provides.complementary. information,. and. it. is.
very.useful. in.cases.where. 1H.and. 13C.NMR.spectroscopy.are.unable. to.offer.a. straightforward.
analysis.
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figUre �.�  600.MHz.LC-SPE-1H-NMR.spectrum.indicating.the.presence.of.homovanillyl.alcohol.
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�.�  mass sPectrometry

5.4.1  introduction

MS.is.a.powerful.analytical. technique.that. is.used.to.identify.unknown.compounds,. to.quantify.
known.compounds,.and.to.elucidate.the.structure.and.chemical.properties.of.molecules..It.had.its.
beginnings.in.the.pioneer.work.of.J.J..Thomson.(1906.Nobel.Laureate.in.physics),.who.studied.the.
effects.of.electric.and.magnetic.fields.on.ions.generated.in.a.cathode.ray.tube,.and.observed.that.
ions.move.through.parabolic.trajectories.proportional.to.their.mass-to-charge.ratio.(m/z)..Since.then.
several.important.advances.in.this.technique.were.attained,.having.a.significant.impact.on.its.capa-
bilities.for.routine.and.especially.for.sophisticated.applications..One.of.the.main.advantages.of.MS.
is.the.use.of.different.physical.principles.for.sample.ionization.and.separation.of.the.generated.ions..
For.this.reason,.MS.is.different.from.other.spectroscopic.methods,.and.it.provides.considerable.flex-
ibility.in.the.detection,.quantification,.and.structural.determination.of.compounds.

The.mass.spectrometer.can.be.divided.into.three.fundamental.parts..The.first.part.is.the.ioniza-
tion.chamber,.where.sample.ions.are.formed.by.an.ionization.source;.the.second.part.is.the.mass.
analyzer,.where.the.ions.are.sorted.according.to.their.m/z.ratios;.and.the.third.part.is.a.detector..The.
output.of.the.detector.is.an.electronic.signal,.the.magnitude.of.which.is.proportional.to.the.ion.flux.
that.hits.the.detector..The.magnitude.of.these.signals.as.a.function.of.m/z.is.the.mass.spectrum..The.
three.parts.of.the.mass.spectrometer.are.maintained.under.high.vacuum.to.decrease.collisions.of.
the.ions.with.air.molecules,.and.thereby.increasing.their.lifetime..The.entire.operation.of.the.mass.
spectrometer.is.under.computer.control.

The.ionization.method.to.be.used.depends.on.the.type.of.sample.under.investigation.and.the.
mass.spectrometer.used..There.are.several.ionization.methods,.ranging.from.the.classical.electron.
impact.and.chemical. ionization.methods,.which.are.suitable.for.producing.ions.in. the.gas.phase.
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figUre �.�  600.MHz.LC-SPE-1H-NMR.spectrum.indicating.the.presence.of.maslinic.acid..Protons.were.
numbered.as.in.compound.21.in.Scheme.5.6.
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upon. ionization. of. small. nonpolar. and. nonvolatile. molecules,. to. the. more. sophisticated.matrix-
assisted.laser.desorption.ionization.method,.which.is.applicable.to.biochemical.analyses.involving.
large.molecules..Other.ionization.techniques,.such.as.thermospray.ionization,.electrospray.ioniza-
tion,.and.atmospheric.pressure.ionization,.are.well.suited.for.liquid.chromatography.coupled.with.
MS..With.most.ionization.procedures.ions.with.positive.charge,.H.[M+1]+,.and/or.negative.charge,.
H.[M-1]-,.are.created.depending.on.the.proton.affinity.of.the.neutral.sample.molecule.M,.and/or.salt.
cationization,.e.g.,.Na.[M+23]+,.K.[M+39]+,.NH4.[M+18]+..Therefore,.the.user.of.the.mass.spectrom-
eter.has.the.possibility.to.detect.ions.in.the.positive.and/or.negative.mode.

.There.are.a.number.of.mass.analyzers.currently.available..The.simplest.type.of.mass.analyzer.is.
the.time.of.flight.(TOF),.which.is.very.fast.and.has.very.high.sensitivity.at.a.virtually.unlimited.mass.
range..Although.the.time.of.flight.mass.spectrometry.(TOF-MS).was.developed.about.50.years.ago,.
only.recently.was.it.implemented.in.high.resolution.MS.instruments..Other.mass.analyzers.include.
quadrupoles,.quadrupole.ion.traps,.and.the.more.sophisticated.Fourier.transform.ion.cyclotron.reso-
nance.(FT-ICR)..There.are.excellent.references.in.the.literature.and.Websites,.where.the.interested.
reader.can.find.useful.information.about.theory,.instrumentation,.and.applications.of.MS.

.The.application.of.MS.to.the.analysis.of.phenolic.compounds.in.olive.fruit.and.olive.oil.has.
grown.along.with.the.new.developments.in.MS,.the.so-called.soft.ionization.techniques.that.favor.
the.detection.of.these.polar,.nonvolatile,.and.thermally.labile.compounds..The.structural.informa-
tion.obtained.by.MS.could.be.enhanced.by.using.the.so-called.tandem.MS.with.different.experi-
mental.approaches.classified.according.the.ionization.setup.used..Moreover,.the.high.sensitivity.and.
possibilities.of.use.with.gas.and.liquid.chromatographic.techniques.have.made.MS.one.of.the.most.
appropriate.physicochemical.methods.for.the.study.of.natural.products.from.biological.materials.
at.very.low.concentrations.(10.pg.for.a.compound.of.mass.equal.to.1.kDa)..It.should.be.noted.that.
the.fragmentation.pathways.in.mass.spectrometric.measurements.and.the.relative.abundance.of.the.
various.fragment.ions.are.largely.dependent.on.the.ionization.mode.and.the.type.of.the.mass.ana-
lyzer.used..Applications.of.MS.to.identification.and.structural.determination.of.plant.phenolic.com-
pounds.have.been.reviewed.recently.(Ryan.et.al.,.1999a)..Also,.excellent.reviews.(Stobiecki,.2000;.

Frański.et.al.,.2005;.de.Rijke.at.al.,.2006;.Willfor.et.al.,.2006).describe.mass.spectrometric.tech-
niques.used.for.the.characterization.of.lignans.and.flavonoids.in.plants,.food,.drinks,.and.biological.
fluids..Careri,.Bianchi,.and.Corradini.presented.a.review.on.applications.of.MS-based.techniques.
for.the.analysis.of.organic.compounds.occurring.in.foods,.including.antioxidant.phenols.in.olive.oil.
(Careri.et.al.,.2002)..Finally,.various.analytical.methods,.including.MS,.used.for.the.detection.of.
phenolic.compounds.in.olives.have.been.discussed.critically.(Ryan.and.Robards,.1998).

5.4.2  ionization methods for simPle mass sPectra of Phenolic comPounds

The.traditional.mode.of.MS.involves.electron.impact.ionization.(EI).with.electron.energies.rang-
ing. from.10–100.eV,.and.chemical. ionization. (CI).with. ionized. reagent.gases. (usually.methane,.
ammonia,.and.noble.gases).for.the.production.of.charged.sample.ions.via.charge.transfer.and.proton.
transfer. reactions. (Mark.and.Dunn,.1985;.Harrison,.1999)..These.hard. ionization.methods.were.
not.suitable.for.MS.analysis.of.underivatized.phenolic.compounds,.since.both.methods.require.the.
analyte.to.be.in.the.gas.phase.for.ionization,.and.thus.derivatization.of.the.hydroxyl.groups.(meth-
ylation,. trimethysilylation,. or. acetylation). especially. for. the. phenolic. glucosides. was. mandatory.
(Willfor.et.al.,.2006)..Chemical.derivatization.appears.to.overcome.the.limitation.of.restricted.vola-
tility.and.thermal.stability..The.procedure.may.increase.the.molecular.mass.of.the.analyte.beyond.
the.capability.of.the.mass.analyzer;.as.a.result.poor.resolution.and.limited.structural.information.are.
obtained.(Ryan.et.al.,.1999a;.Harrison,.1999).

The.advent.of.desorption.ionization.techniques,. in.which.ionization.of.thermolabile.and.low.
volatility.molecules.occurs.directly.from.the.condense.phase,.made.the.analysis.of.phenolic.com-
pounds. feasible.without.derivatization..The.most. successful.desorption. techniques.were. the. fast.
atom.bombardment.(FAB).(Barber.et.al.,.1982).and.the. liquid.secondary. ion.mass.spectrometry.

59939.indb   75 6/25/08   4:44:13 PM



��	 Olive	Oil:	Minor	Constituents	and	Health

(LSIMS).(Aberth.and.Burlingame,.1984)..These.techniques.involve.the.bombardment.of.the.analyte.
solubilized.in.a.solid.or.liquid.nonvolatile.matrix.(e.g.,.glycerol,.thioglycerol,.3-nitrobenzyl.alcohol),.
with.a.particle.beam.thereby.inducing.desorption.and.ionization..In.FAB,.the.particle.beam.con-
sisted.of.neutral.inert.gas,.typically.xenon.or.argon,.at.bombardment.energies.of.4–10.keV,.whereas.
the.particle.beam.in.LSIMS.comprises.an.ion,.typically.Cs+,.at.bombardment.energies.of.2–30.keV..
The.particle.beam.hits.the.mixture.(analyte.+.matrix).surface.and.transfers.much.of.its.energy.to.
the.surroundings,. inducing.instant.collisions.and.eventually.molecular.fragmentation..Both.FAB.
and.LSIMS.methods.produce.strong.peaks.in.the.mass.spectrum.for.the.pseudo-molecular.species.
[M+H]+. (positive. ion. mode). and. [M-H]-. (negative. ion. mode),. along. with. structurally. important.
fragment.ions..Matrix-assisted.laser.desorption.ionization.(MALDI).(Karas.and.Hillenkamp,.1988).
is.another.desorption.ionization.method.employing.laser.light.(usually.a.pulsed.nitrogen.laser.of.
wavelength.337.nm).to.bring.about.sample.ionization..Again.the.sample.is.pre-mixed.with.a.viscous.
matrix,.which.transforms.the.laser.energy.into.excitation.energy.for.the.sample,.thus.sputtering.the.
analyte.and.matrix.ions.from.the.surface.of.the.mixture.in.the.form.of.positive.and.negative.ions..
This.technique.finds.application.mainly.in.biochemical.areas.for.the.analysis.of.large.molecules,.
such.as.polysaccharides,.proteins,.peptides,.and.oligonucleotides..Drawbacks.of.the.desorption.ion-
ization.methods.could.be.the.dependence.of.MS.data.on.the.choice.of.matrix,.and.the.appearance.in.
the.mass.spectra.signals.owing.to.matrix.ionization,.thus.complicating.their.interpretation.

Apart.from.the.aforementioned.developments,.additional.ionization.techniques.were.invented.
and.applied.especially.to.combined.systems.of.MS.and.HPLC..These.techniques.were.applied.in.
cases.where.FAB.and.LSIMS.methods.were.not.so.effective.because.of.the.low.sample.concentra-
tion.and.the.relatively.high.flow.rates.in.the.liquid.chromatograph..Soft.ionization.techniques,.such.
as.thermospray.ionization.(TSI),.electrospray.ionization.(ESI),.nanospray.ionization,.atmospheric.
pressure.ionization.(API),.and.atmospheric.pressure.chemical.ionization.(APCI).allowed.the.exploi-
tation.of.the.tremendous.potential.inherent.in.the.combination.of.MS.with.GC.and.LC..These.ion-
ization.techniques.will.be.presented.briefly.in.Section.5.4.4.

5.4.3  multidimensional mass sPectrometry

To.improve.the.effectiveness.of.MS.in.full.structural.analysis.of.unknown.substances,.coupling.two.
or.more.stages.of.mass.analysis.(MS)n.has.been.introduced.(McLafferty,.1980;.Niessen,.1998)..The.
exponent.n.represents.the.number.of.generations.of.fragment.ions.being.analyzed..The.so-called.tan-
dem.(in.space).mass.spectrometer.has.two.or.more.mass.analyzers,.in.practice.usually.two,.abbrevi-
ated.as.(MS)2.or.(MS/MS)..The.two.analyzers.are.separated.by.a.collision.cell,.in.which.an.inert.gas.
(e.g.,.xenon,.argon).is.admitted.to.collide.with.the.sample.ions.(usually.molecular.ions.in.the.positive.
or.negative.mode).that.are.user-specified.and.selected.in.the.first.mass.analyzer..The.secondary.frag-
ment.ions,.resulting.upon.bombardment.of.the.precursor.ions,.are.separated.according.to.their.m/z.
ratios.by.the.second.analyzer,.which.has.been.set.to.monitor.specific.fragment.ions..In.most.stud-
ies,.the.multidimensional.MS.is.used.to.confirm.unambiguously.the.presence.of.a.compound.in.a.
matrix,.e.g.,.substances.in.biological.fluids..The.tandem.(MS)n.method.is.superior.to.the.single-stage.
MS.detection.because.of.the.much.better.selectivity,.the.higher.sensitivity,.and.the.wide.range.of.
structural.information.that.can.be.obtained..Figure.5.8.shows.the.principle.underlying.the.operation.
of.tandem.mass.spectrometry..In.several.instances,.tandem.mass.spectrometry.has.been.combined.
with.liquid.chromatography.to.facilitate.the.structural.determination.of.phenolic.compounds.

 5.4.4  mass sPectrometry couPled to seParation techniques

Mass.spectrometry.coupled.to.gas.chromatography.(GC-MS).and.especially.with.liquid.chromatog-
raphy.(LC-MS).is.of.enormous.potential.in.instrumental.analysis;.it.combines.the.advantages.of.the.
most.effective.separation.techniques.with.the.ability.of.MS.for.identification.and.structural.charac-
terization.of.unknown.compounds..For.GC-MS.or.LC-MS.combinations,.the.results.are.shown.as.
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a.series.of.mass.spectra.that.are.acquired.sequentially.in.time..To.obtain.this.information,.the.mass.
spectrometer.scans.the.appropriate.mass.range.repetitively.during.the.chromatographic.run..This.
information.may.be.displayed.in.several.ways,.as.shown.in.Figure.5.9..One.way.is.to.sum.up.the.
intensities.of.all.the.ions.in.each.spectrum,.and.this.sum.is.plotted.as.a.function.of.chromatographic.
retention.time.to.give.a.total.ion.chromatogram.or.current.(TIC).(Figure.5.9A)..The.resulting.plot.
is.similar.to.the.output.of.a.conventional.chromatographic.UV.detector..Each.peak.in.the.TIC.rep-
resents.an.eluting.compound.that.can.be.identified.by.interpretation.of.the.mass.spectra.recorded.
for.the.peak..Finding.the.compound.of.interest.by.the.TIC.method.can.be.difficult,.inasmuch.as.
many.compounds.may.have.the.same.mass..Another.way.is.the.diagonal.display.shown.in.the.lower.
part.of.Figure.5.9A..According.to.this.presentation,.the.intensity.at.a.single.m/z.over.the.course.of.a.
chromatographic.run.can.be.displayed.to.yield.a.selected.ion.current.profile.or.mass.chromatogram..
Another.mode.of.obtaining.LC-MS.data.is.the.selected.ion.monitoring.(SIM),.in.which.the.mass.
analyzer. scans. selectively.a. small.mass. range,. typically.one.mass.unit. (Figure.5.9B)..Therefore,.
only.compounds.with.selected.mass.are.detected.and.plotted..Selected.reaction.monitoring.(SRM).
or.multiple. reaction.monitoring.(MRM).is. the.method.used.preferably.by. the.majority.of.scien-
tists.conducting.mass.spectrometric.quantitation..SRM.is.sensitive.and.allows.specific.quantitation,.
since.it.delivers.a.unique.fragment.ion.from.a.complex.matrix.that.can.be.monitored.and.quantified.
(Figure.5.9C).. In. summary,. the. combination. techniques. are. valuable. whenever. identification. of.
unknown.compounds.in.a.complex.mixture.is.sought.without.having.to.examine.each.individual.
mass.spectrum.

The.subtle.point.of.interfacing.a.mass.spectrometer.to.a.separation.system.like.a.gas.or.liquid.
chromatograph. is. to. maintain. the. required. vacuum. in. the. mass. spectrometer. while. introducing.
flow.from.the.chromatograph..Interfaces.developed.commercially.over.the.last.decade.have.solved.
the.problem.of.eliminating.the.gas.load.from.the.separation.system.by.using.combinations.of.heat-
ing.and.pumping,.sometimes.with.the.assistance.of.a.drying.gas.stream..The.inlets.for.higher.flow.
rates.(as.in.analytical.HPLC).employed.in.LC-MS.systems.in.routine.use.today.belong.to.the.API.
technology. (Niessen,. 1998).. The. latter. comprises. two. different. interfaces. based. mainly. on. ESI.
and.APCI,.although.TSI.has.been.used.in.a.few.cases.(Wolfender.et.al.,.1995)..The.ESI.technique.
and.its.version.at.low.flow.rate,.the.nanospray.ionization,.produce.gaseous.ionized.molecular.ions.
directly.from.a.liquid.solution..It.operates.by.creating.a.fine.spray.of.highly.charged.droplets. in.
the. presence. of. an. electric. field. (1–4. kV).. Evaporation. of. the. solvent. from. each. droplet. of. the.
spray.at.atmospheric.pressure.is.achieved.by.dry.gas,.heat,.or.both..The.ionized.sample.molecules.
that.are.free.from.solvent.are.then.swept.into.the.mass.analyzer.of.the.mass.spectrometer..When.
APCI.interface.is.used.in.a.coupled.mode,.the.eluant.from.HPLC.is.evaporated.completely.and.the.
mixture.of.solvent.and.sample.vapor.is.then.ionized.by.chemical.ionization..This.involves.proton.
transfer,.cationization,.and.charge.exchange.reactions.in.positive.ion.mode.or.proton.abstraction,.
anion.attachement,.and.electron.capture.reactions. in. the.negative.mode..The.APCI.procedure. is.
compatible.with.100%.aqueous.or.100%.organic.mobile.phases.at.flow.rates.up.to.2.ml/min,.and.
therefore.ideal.for.normal.or.reverse-phase.operation.with.a.conventional.HPLC.column..The.API.
interphases.may.be.coupled.to.different.mass.spectrometric.analyzers.and,.thus,.different.designs.

figUre �.�  Schematic.representation.of.the.tandem.mass.spectrometry.setup.
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of.API.for.all.kinds.of.instruments.are.available.(Niessen,.1998,.1999)..Both.GC-MS.and.LC-MS.
are.now.well-established.techniques,.and.the.choice.between.the.two.depends.on.the.system.under.
study..However,.because.of.limited.volatility,.phenolic.compounds.and.in.particular.their.glucosides.
cannot.be.easily.analyzed.by.GC-MS,.unless.hydrolysis.of.their.glucosides.to.their.corresponding.
aglycons.and/or.derivatization.is.performed.prior.to.analysis.

5.4.5  aPPlications

On.rare.occasions,.normal.MS.provides.sufficient.data.leading.to.complete.structural.analysis.of.
phenolic.compounds..It.is.rather.used.to.determine.molecular.mass.and.to.establish.the.substitution.
pattern.of. the.phenolic.rings.(Stobiecki,.2000)..Analysis.by.employing.single-stage.MS.requires.
isolation.of.phenolic.compounds.from.olives.and/or.olive.oil.either.by.liquid-liquid.or.solid-phase.
extraction..ESI-MS. in. the.positive.and.negative.mode.has.been.used. for. fast.fingerprint.charac-
terization.of. the.methanol/water. (60:40.v/v).extracts.of. the.edible.oils.of. soybean,.corn,.canola,.
sunflower,.cottonseed,.and.olive.oil.to.detect.aging.and.possible.adulteration.of.olive.oil.(Catharino.
et.al.,.2005)..The.sample.preparation.with.the.methanol/water.mixture.permitted.the.simultaneous.
detection.of.the.fatty.acids.and.the.polar.polyphenols..Application.of.the.principal.component.anal-
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ysis.(PCA).to.ESI-MS.data.obtained.in.the.positive.and.negative.modes.allowed.the.differentiation.
among.the.six.edible.oils..Also,.olive.oil.adulteration.with.soybean.was.estimated.semiquantitatively.
by.comparing.the.relative.intensities.of.the.ions.observed.in.the.ESI(-)-MS.spectra.of.admixtures.
with.those.of.pure.olive.oil..Structural.information.can.be.improved.considerably.by.using.tandem.
mass. spectrometry. (MS/MS).. Ionspray. ionization.with. the.MS/MS.methodology.was.applied. to.
detect.and.quantify.oleuropein. in.virgin.olive.oil. (Perri.et.al.,.1999)..An.acetonitrile.solution.of.
standard.oleuropein.containing.ammonium.acetate.was.ionized,.mainly.producing.the.species.[M.
+.NH4]+.at.m/z.558..The.latter.was.transmitted.by.the.first.mass.filter.into.the.second.quadrupole.
of.a.triple.quadrupole.instrument.and.there.was.allowed.to.react.with.an.inert.gas,.producing.the.
MS/MS.spectrum.shown.in.Figure.5.10.through.the.scanning.of.the.last.mass.analyzer..The.inset.
of.Figure.5.10.depicts.the.structure.of.the.daughter.ions.resulting.from.a.series.of.consecutive.and.
competitive. unimolecular. fragmentations. of. the. initially. formed. ammoniated. species.. Although.
identification.of.all.ions.in.the.spectrum.was.not.reported.(e.g.,.at.m/z.329.and.225),.the.most.intense.
fragments.at.m/z.137.and.361.attributed. to.hydroxytyrosol.and.oleuropein.aglycon,. respectively,.
were.used.as.reference.peaks.for.a.quantitative.determination.of.oleuropein.in.olive.oil.

GC.coupled.to.MS.was.applied.for.the.first.time.to.the.analysis.of.phenolic.compounds.in.olive.
oil.by.Angerosa.and.co-workers.(Angerosa.et.al.,.1995,.1996)..They.found.that.tyrosol.and.hydroxy-
tyrosol.were.the.main.simple.phenols.present.in.olive.oil..Furthermore,.it.was.observed.(Angerosa.
et.al.,.1995).that.fragmentation.of.aglycons.produced.by.EI.brought.about.a.main.peak.at.m/z.280.
(hydroxytyrosol.trimethysilyl.derivative).or.m/z.192.(tyrosol.trimethysilyl.derivative)..By.using.a.
soft.ionization.with.NH3.as.the.reactant.gas,.they.were.able.(Angerosa.et.al.,.1996).to.detect.the.
parent.ions.of.these.peaks,.which.were.the.aglycons.from.oleuropein.and.ligstroside.occurring.in.
olive.oil..Also,. the.authors.pointed.out.the.problem.associated.with.derivatization.leading.to.the.
formation.of.several.derivatives.from.a.single.analyte..Phenolic.compounds.in.Spanish.virgin.olive.
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oil.were. analyzed.by.GC-MS.after. solid-phase. extraction. and. clean-up.procedure. and.posterior.
derivatization.to.trimethylsilyl.ethers.(Rios.et.al.,.2005)..By.using.reference.commercial.products.
and. fractions.collected. from.phenolic.extracts.by.semipreparative.HPLC,.several.phenolic.com-
pounds.were.detected.and.21.of.them.were.identified..In.addition,.GC-MS.was.employed.for.the.first.
time.to.gain.insight.into.the.structures.of.the.oxidation.products.of.elenolic.acid,.oleuropein,.and.
ligstroside.aglycons,.thus.making.this.technique.a.useful.tool.to.monitor.oxidation.in.olive.oil.(Rios.
et.al.,.2005)..Single-stage.MS.and.GC-MS.and.HPLC.were.used.for.the.quantitative.determination.
of.the.phenolic.constituents.in.extra.virgin.olive.oil.(EVOO),.refined.olive.oil.(ROO),.and.refined.
hask.oil.(RHO).in.order.to.study.the.interrelation.between.reactive.oxygen.species.generated.by.the.
fecal.matrix.and.dietary.antioxidants.(Owen.et.al.,.2000a)..EVOO.contained.significantly.higher.
quantities.of.phenolic.compounds,.including.secoiridoids,.lignans,.and.flavonoids,.than.either.ROO.
or.RHO,.which.was.reflected.in.its.overall.higher.antioxidant.activity;.this.proves.that.the.refining.
process.caused.partial.loss.of.the.preservative.action.of.the.natural.antioxidants.

Technical.developments.in.coupling.liquid.chromatography.with.mass.spectrometry.during.the.
last.decades,.and.in.particular.introduction.of.the.ESI.and.API.techniques,.facilitated.the.separa-
tion,. identification,.and.structural.determination.of.phenolic.compounds. in.olive. fruits.and.oils..
Table.5.1.summarizes.applications.of.HPLC.coupled.to.mass.spectrometry.in.the.analysis.of.olive.
fruits.and.oils.for.the.detection.and.quantification.of.phenolic.compounds..Also,.Table.5.1.lists.the.
ionization.methodologies.used,.the.extraction.method.employed.to.obtain.the.phenolic.fraction,.and.
the.mobile.phase.utilized.in.HPLC.chromatography..LC-ESI-MS.in.the.positive.and.negative.ion.
modes.was.used.to.characterize.phenolic.compounds.in.Italian.cultivars.(Ryan.et.al.,.1999b,c,d)..
This.methodology.confirmed.the.presence.of.oleuropein.as.the.major.phenolic.in.olive.fruits..Other.
compounds.detected.by.LC-MS.were.tyrosol,.syringic,.ferulic.and.homovanilic.acids,.quercetin-
3-rhamnoside,.elenolic.acid,.elenolic.acid.glucoside,.ligstroside,.and.two.isomers.of.verbascoside..
The.structures.of.the.later.isomers.were.determined.by.employing.LS-MS/MS.(Ryan.et.al.,.1999d)..
Ryan.and.co-workers.studied.(Ryan.et.al.,.1999b).the.concentration.changes.of.phenolic.compounds.
during.olive.maturation..They.observed.that.oleuropein.was.the.principal.phenolic.compound.that.
underwent.significant.changes.in.its.concentration.during.fruit.development..Robards.and.co-work-
ers.(McDonald.et.al.,.2001).assessed.the.antioxidant.activity.of.the.phenolic.content.in.olive.extracts.
by.employing.LC-MS.with.ESI.and.APCI.ionization.systems..The.kinetics.of.the.oxidation.process.
studied. in. olive. extract. was. found. to. be. complex,. suggesting. that. no. simple. relationship. exists.
between.antioxidant.activity.and.chemical. structure..A.great.number.of.simple.biophenols.were.
detected.and.quantified.in.olive.fruits.collected.in.Spain.(hojiblanca.cultivar).at.two.different.ripen-
ing.stages.(green.and.black).and.brine.samples.by.using.LC-API-MS/MS.in.the.negative.ion.mode.
(Bianco.et.al.,.2001a)..Figure.5.11.shows.the.LC-MS/MS.chromatogram.of.a.sample.of.green.olives.
for.the.analysis.of.phenolic.compounds,.derivatives.of.benzoic.and.cinnamic.acids..The.analysis.
of.the.spectra.was.facilitated.upon.obtaining.LC-MS/MS.chromatograms.of.a.standard.mixture.of.
benzoic.and.cinnamic.acids.and.vanillin.(1.ng/l)..The.results.of.the.analyses.showed.that.brine.olive.
samples.had.a.higher.level.of.phenolic.compounds.than.olive.fruits,.and.black.brine.olives.and.olive.
fruits.higher.than.the.respective.green.olives..LC-MS.with.electrospray.ionization.in.the.negative.
ion.mode.was.employed.along.with.a.specific.extraction.procedure.for.the.identification.of.a.new.
phenolic.compound,.namely,.hydroxytyrosol-4-β-D-glucoside,.in.olive.fruit.(Romero.et.al.,.2002c)..
The.mass.spectrum.of.this.compound.displayed.major.signals.at.m/z.153.and.315,.corresponding.
to.hydroxytyrosol.and.hydroxytyrosol.glucoside.molecular.ions,.respectively..LC-MS.and.LC-MS/
MS.systems.have.been.applied.for.screening.of.phenolic.compounds.in.olive.oils.extracted.from.
various.types.of.olive.varieties..Simple.phenols,.such.as.the.derivatives.of.cinamic.acid,.derivatives.
of.p-hydrobenzoic. acid,.derivatives.of.p-hydrophenylacetic. acid,. phenylalcohols,. etc.,. have.been.
detected.and.quantified.in.several.instances.by.employing.ESI.and/or.API.technologies.in.both.posi-
tive.and.negative.ionization.(Bianco.et.al.,.2001a,.2003;.Murkovic.et.al.,.2004;.de.la.Torre-Carbot.et.
al.,.2005)..Qualitative.and.quantitative.determination.of.polyphenols.in.virgin.olive.oil.was.carried.
out.by.optimizing.the.extraction.and.purification.procedure.(Bianco.et.al.,.2003)..Depending.on.
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figUre �.��  MRM.chromatogram.in.negative.ionization.of.a.sample.of.green.olives.for.the.analysis.of.
derivatives.of.hydroxybenzoic.and.sinapic.acids..
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the.liquid-liquid.extraction.method.the.phenolic.content.was.divided.into.two.groups:.A.(extraction.
with.a.mixture.of.methanol/water,.80:20.v/v).and.B.(extraction.with.a.phosphate.buffer.at.pH.=.8)..
Figure.5.12.shows.the.TICs.in.the.negative.ionization.mode.of.virgin.olive.oil.extract.for.group.B,.
whereas.Figure.5.13.illustrates.a.series.of.TIC.mass.spectra.of.selected.ions.of.hydroxytyrosol,.tyro-
sol,.and.oleoside.methyl.ester.acquired.during.the.first.35.min.of.the.chromatogram.of.Figure.5.12.
in.a.successive.LC-MS/MS.experiment.(Bianco.et.al.,.2003)..Additional.phenolic.compounds.were.
detected.but.not.quantified.in.this.extract,.such.as.oleuropein.glucoside.and.elenolic.acid.

Apart.from.simple.phenolic.acids.and.phenyl.alcohols,.olive.oil.contains.secoiridoids,.mostly.
the.hydrolysis.products.of.oleuropein.glucoside.and. ligstroside;. the. lignans,. (+)pinoresinol,. (+)1-
acetoxypinoresinol,.and.syringaresinol;. the.flavanols,.apigenin,. luteolin,.quercetin,.and. traces.of.
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figUre �.��  Total.ion.chromatogram.(TIC).in.MRM.in.negative.ionization.of.a.virgin.olive.oil.extract.of.
group.B..Acquisition.period.indicated.respectively.as.a.(0–35.min).and.b.(35–65.min).
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their.glucosidic.derivatives..Structural.information.for.the.oleuropein.and.ligstroside.metabolites.
was.provided.by.several.authors.using.LC-MS.and.LC-MS/MS.with.ESI,.API,.and.APCI.ionization.
methodologies.(Brenes.et.al.,.2000;.Caruso.et.al.,.2000;.Bianco.et.al.,.2003;.Gutierrez-Rosales.et.al.,.
2003;.de.la.Torre-Carbot.et.al.,.2005)..Caruso.and.co-workers.(Caruso.et.al.,.2000).demonstrated.
that.LC-APCI-MS.and.single-stage.APCI-MS.and.APCI-MS/MS.were.very.useful.techniques.to.
obtain.the.profile.of.phenolic.components.of.oil.from.methanolic.extracts.of.crude.olive.oil;.tyro-
sol,. hydroxytyrosol,. elenolic. acid,. oleuropein. and. ligstroside. aglycons,. deacetoxyligstroside. and.
deacetoxyoleuropein.aglycons,.and.10-hydroxy-oleuropein.were.clearly.identified.in.the.MS.spectra.
shown.in.Figure.5.14.

In.a. thorough.study.(de. la.Torre-Carbot.et.al.,.2005),.application.of.LC-MS.in. the.full.scan.
mode.to.the.phenolic.fraction.of.olive.oil.resulted.in.several.compounds.with.the.same.m/z,.namely,.
553,.335,.377,.319,.361,.365,.and.393,.which.were.attributed.to.oleuropein.and.ligstroside.deriva-
tives..Because.no.standards.were.available.for.comparison,.identification.of.these.compounds.was.
attempted.by.employing.LC-MS/MS.experiments..The.fragmented.ions.produced.by.collision-acti-
vated.dissociation.of.selected.precursors.and.detected.in.the.second.mass.analyzer.of.the.instrument.
were.evaluated.on.the.basis.of.secoiridoids.found.in.the.literature..Table.2.of.de.la.Torre-Carbot.et.
al..(2005).summarizes.possible.models.and.corresponding.structures.of.derivatives.of.aglycons.of.
oleuropein,.ligstroside,.and.elenolic.acid.detected.in.olive.oil..Recently,.capillary.electrophoresis.
(CE).in.combination.with.MS.has.been.employed.as.an.alternative.or.complementary.to.the.LC-MS.
separation.technique.to.identify.and.characterize.phenolic.compounds.in.the.polar.fraction.of.olive.
oil.(Carrasco-Pancorbo.et.al.,.2006a).
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A.new.phenolic.compound,.namely,.4-ethylphenol,.was.detected,.while.the.phenolic.compo-
sition.of.lampante.olive.oils.(LOO),.crude.olive.pomace.oils.(COPO),.and.second.centrifugation.
olive.oils.(SCOO).was.examined.by.LC-ESI-MS.(Brenes.et.al.,.2004)..4-Ethylphenol.was.found.at.
relatively.high.concentrations.in.LOO,.COPO,.and.SCOO,.the.latter.oil.being.the.richest.source.of.
this.compound..It.appears.that.4-ethylphenol.was.formed.during.olive.paste.storage.and.reached.
the.highest.concentration.after.8.months.of.paste.storage..Another.important.finding.of.this.study.is.
that.these.low.quality.olive.oils.intended.for.refining.contain.a.significant.concentration.of.phenolic.
compounds,.which.is.high.enough.to.make.their.recovery.attractive.

5.4.6  conclusion

Single-stage.and/or.tandem.mass.spectrometry.with.various.ionization.methods.have.rapidly.evolved.
as.a.very.useful.instrumental.method.for.the.study.of.the.various.polyphenols.in.olive.fruits.and.oils..
After.the.development.of.the.combined.setups.of.GC-MS.and.in.particular.HPLC-MS.or.HPLC-
MS/MS.techniques,.the.potential.for.identification.and.structural.characterization.of.polyphenols.
in.the.crude.extracts.at.nanogram.levels.increased.considerably,.although.for.a.complete.structure.
elucidation.of.conjugates,.the.complementary.information.from.LC-NMR.is.indispensable..Finally,.
it.has.to.be.added.that.quantification.of.analytes.still.requires.calibration.with.standards.that.are.not.
always.available.

�.�  electron sPin resonance

5.5.1  introduction

The.technique.of.electron.spin.resonance.(ESR).may.be.regarded.as.an.extension.of.the.Stern-Ger-
lach.experiment,.which.is.considered.as.one.of.the.most.fundamental.experiments.on.the.structure.
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Figure 5.10

figUre �.��  LC-APCI-MS.of.a.virgin.olive.oil.extract:.ion.at.m/z.137.=.tyrosol;.m/z.153.=.hydroxytyrosol;.
m/z.241.=.elenolic.acid;.m/z.303.=.deacetoxyligstroside.aglycon;.m/z.319.=.deacetoxyoleuropein.aglycon;.m/z.
361.=.ligstroside.aglycon;.m/z.377.=.oleuropein.aglycon;.m/z.393.=.10-hydroxy-oleuropein.
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of.matter..Their.discovery,.that.the.electron.magnetic.moment.can.take.only.discrete.orientations.
within.a.magnetic.field,.and.the.radical.idea.(proposed.by.Uhlenbeck.and.Goudsmit).that.the.electron.
magnetic.moment.is.due.to.electron.spin,.were.the.basis.of.ESR.spectroscopy..ESR.spectroscopy.is.
applicable.only.to.systems.with.net.electron.spin.angular.momentum,.such.as.radicals,.biradicals,.
systems.with.two.unpaired.electrons.(triplet.state),.or.systems.with.three.or.more.unpaired.electrons..
The.magnitude.and.the.orientation.of.the.electron.magnetic.moment.of.a.single.electron.within.a.
magnetic.field.are.quantized.quantities..The.magnitude.is.governed.by.the.spin.quantum.number,.s,.
whereas.the.orientations.along.the.direction.(z-axis).of.the.magnetic.field.strength,.B0,.are.restricted.
by.the.magnetic.spin.quantum.number.ms,.according.to.the.following.simple.equations:

.
µe g s s= + ( )1 . (5.1)

.
µ z sgm=  . (5.2)

s.takes.a.single.value.of.½,.whereas.ms.2s+1.values,.+½.and.–½,.when.the.magnetic.moment.orients.
assume. antiparallel. and. parallel. to. magnetic. field. strength,. respectively.. These. two. orientations.
specify.two.energy.levels..The.higher.energy.level.is.that.with ms.=.+½,.whereas.that.with.ms.=.–½.
is.characterized.by.lower.energy..g.is.the.so-called.g-factor.(for.the.free.electron.ge.=.2.00232).and.
β.is.the.Bohr.magneton.(β.=.9.2741.×.10–21.erg.gauss–1).

Molecules. containing. unpaired. electrons. interact. with. a. beam. of. electromagnetic. radiation,.
and.the.ESR.spectrometer.measures.its.attenuation.as.the.electrons.at.the.lower.energy.level.absorb.
energy.and.are.excited.to.the.level.of.higher.energy..The.electromagnetic.radiation.energy.or.fre-
quency.depends.on.the.energy.gap.ΔE.between.the.two.energy.levels,

.
∆E h g B= =ν β 0 . (5.3)

The. frequency. required. for. ESR. transitions. between. the. two. energy. levels. is. in. the. microwave.
region.and.it.is.expressed.in.GHz.

Apart.from.the.interaction.of.electrons.with.an.external.magnetic.field,.what.is.more.impor-
tant. to.chemists. is. the. further. interaction.between. the.electron.spin.and. internal. local.magnetic.
fields.induced.by.the.chemical.environment.of.the.electron..In.particular,.the.magnetic.interaction.
between.the.electron.spins.and.nuclear.spins.results.in.the.ESR.spectrum.that.consists.of.a.number.
of.lines.rather.than.a.single.line..The.splitting.of.the.electron.single.line.and.the.arrangement.of.the.
resulting.group.of.lines.in.the.ESR.spectrum.is.called.the.hyperfine.structure.of.the.spectrum..The.
number.of.lines.(multiplicity).and.their.relative.intensities.depend.on.the.magnetic.spin.quantum.
number.(I).of.the.nearby.nonequivalent.nuclei.(the.multiplicity.is.equal.to.2I.+.1).and.the.selection.
rules.for.the.allowed.transitions..The.magnetic.moments.of.the.nuclei.concerned.and.the.strength.
of.interactions.between.the.electron.and.nuclear.spins.determine.the.separation.between.the.lines.
(hyperfine.splitting.constant.[denoted.by.α]),.which.is.measured.in.gauss..The.position.of.the.lines.
in.the.spectrum.is.stated.in.terms.of.the.g-factor..Finally,.the.appearance.of.the.lines.in.the.ESR.
spectrum.is.that.shown.in.Figure.5.15..Contrary.to.NMR.spectroscopy,.ESR.spectrometers.almost.
always.provide.the.derivative.of.the.absorption.signal.

Figure.5.16.shows.the.typical.ESR.spectrum.of.the.methyl.radical. CH3

•

at.25oC.in.aqueous.solu-
tion..The.signal.is.split.into.a.quartet.with.relative.intensities.1:3:3:1.and.hyperfine.splitting.constant.
of.23.0.Gauss..The.splitting.is.due.to.the.interaction.between.the.unpaired.electrons.with.the.mag-
netic.moments.of.the.three.equivalent.hydrogen.nuclei.with.I.=.½..ESR.spectroscopy.has.been.used.
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with.great.success.to.evaluate.the.oxidative.stability.of.extra.virgin.olive.oil.and.other.edible.oils,.
and.the.radical.scavenging.capability.of.their.natural.antioxidants.

5.5.2  analysis of liPid oxidation in olive oil by esr sPectroscoPy

Oxidative. stability. is. of. paramount. importance. in. assessing. the. quality. of. EVOO.. This. quality.
parameter.reflects.the.susceptibility.of.EVOO.to.oxidative.degeneration,.which.is.the.major.cause.
for.the.rancidity.development,.resulting.from.the.autoxidation.of.unsaturated.fatty.acids.(Velasco.
and.Dobarganes,.2002;.Boskou,.2006)..This.process. takes.place. in. the.presence.of.atmospheric.
oxygen.generating.unstable.free.radicals,.which.are.very.reactive.and.are.able.to.modify.the.sensory.
and. nutritional. characteristics. of. EVOO,. thus. leading. to. product. spoilage.. Nevertheless,. EVOO.
has. constituents. that. delay. the. oxidation. process. by. preventing. the. propagation. of. lipid. peroxi-
dation.or.removing.free.radicals,.and.thereby.increasing.its.stability..In.EVOO,.different.classes.
of.compounds.characterized.by.antioxidant.activity.are.present,.namely,.tocopherols,.carotenoids,.
chlorophylls,. and. in.particular. phenolic. compounds. (Boskou,. 2006)..These.natural. antioxidants.
exert. their.antioxidant.activity. through.various.mechanisms.preventing. free. radical. initiation.by.
scavenging.initially.formed.radicals,.decreasing.the.localized.oxygen.concentration,.and.decompos-
ing.peroxides.

25 G

figUre �.��  ESR.spectrum.of.the.methyl.radical.CH3

•

at.25°C.in.aqueous.solution.

10 gauss

figUre �.��  Derivative.of.a.typical.ESR.absorption.signal.
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.Oxidative.stability.is.known.as.the.resistance.to.oxidation.under.well-defined.conditions.and.
is.expressed.as.the.period.of.time.required.to.reach.an.end.point,.which.can.be.selected.following.
different.criteria,.but.usually.corresponds.to.an.abrupt.increase.of.the.oxidation.rate,.the.so-called.
induction.period.(IP)..Numerous.chemical.and.physical.methods,.under.accelerated.oxidation.con-
ditions,.have.been.suggested.for.the.evaluation.of.oxidative.stability..Among.these.are.those.widely.
used.in.the.oil.industry:.the.Rancimat.method.introducing.the.oil.stability.index.(OSI),.differential.
scanning.calorimetry.(DSC),.the.active.oxygen.method,.the.analytical.indices.such.as.the.peroxide.
value. (PV),. the. thiobarbituric. acid. index. (TBA),. the. anisidine.value,. and.others..The.Rancimat.
and.DSC.methods.are.indicative.of.the.onset.of.advanced.oxidation,.whereas.the.analytical.indices.
account. for. relatively. stable.compounds. formed. in. the.propagation.and. termination. steps.of. the.
chain.reaction.producing.the.free.radicals.

.None.of.these.methods,.however,.is.sensitive.enough.to.detect.directly.free.radicals.produced.
during.the.oxidation.process,.since.the.free.radical.concentration.is.kept.at.very.low.levels..This.
is.achieved.by.using.ESR.spectroscopy.and. the.spin-trapping. technique..The.ESR.spin-trapping.
technique.is.very.useful.as.a.method.employing.milder.conditions,.thus.avoiding.the.loss.of.volatile.
components.and.shorter.times,.and.it.can.be.applied.for.the.evaluation.of.oxidative.stability.of.turbid.
oils..It.is.based.on.the.reaction.of.radicals.with.diamagnetic.compounds.(spin.traps).added.to.the.
system.to.form.more.stable.radicals.(spin.adducts),.which.accumulate.at.detectable.concentrations.
(>10-7–10-6.M)..Detection.of.these.new.radical.species.allows.the.indirect.detection.and.quantifica-
tion.of.radicals.involved.in.lipid.oxidation..Since.this.method.is.sensitive.to.low.radical.concentra-
tion.and.detects.free.radicals.formed.at.the.early.stages.of.oxidation,.the.corresponding.induction.
period,.defined.as.the.resistance.to.the.formation.of.radicals,.is.very.short.compared.to.the.induc-
tion.periods.shown.by.other.methods..The.Rancimat.and.DSC.methods.are.based.on.generation.of.
volatiles.and.thermal.release,.respectively,.which.are.indicative.of.the.onset.of.advanced.oxidation..
The.ESR.induction.period.is.expressed.as.the.period.of.time.during.which.radicals.are.formed.very.
slowly.before.a.sharp.linear.increase.is.observed..As.an.example,.the.IPs.provided.by.the.Rancimat.
method,.DSC,. and.ESR. spectroscopy,.while.monitoring. the.oxidative. stability.of. sunflower.oil,.
were.12.90.h,.7.36.h,.and.122.78.min,.respectively.(Valavanidis.et.al.,.2004)..Despite.these.differ-
ences,.results.obtained.by.the.ESR.spin-trapping.technique.correlated.nicely.with.those.measured.
by.Rancimat.and.DSC.(Velasco.et.al.,.2004;.Papadimitriou.et.al.,.2006).

.Several.spin.traps.have.been.used.in.combination.with.ESR.spectroscopy.to.assess.the.oxida-
tive.stability.of.olive.oils,. the.most.popular.of. them.being.α-phenyl-N-tert-butyl.nitrone. (PBN),.
which.forms.adduct.according.to.the.reaction.in.Scheme.5.7..This.spin.trap.was.preferred.due.to.its.
lipophilic.character.and.the.stability.of.the.spin.adducts.it.forms.with.transient.radicals..The.ESR.
spectrum.of.PBN.spin.adducts.in.EVOO.is.illustrated.in.Figure.5.17.after.6.and.24.h.of.incubation.
in.70oC.(Papadimitriou.et.al.,.2006)..The.ESR.peak.appears.as.a.triplet.due.to.coupling.(αΝ.=.14.73.
G).of.the.unpaired.electron.with.the.nitrogen.nucleus.(14N,.I.=.1),.although.computer.simulation.of.
the.ESR.spectra.is.commensurate.with.a.triplet.of.doublet.due.to.coupling.(αH.=.2.50.G).with.the.
hydrogen.nucleus.(1H,.I.=.½)..Broadening.effects.due.to.restricted.tumbling.of.the.radicals.in.the.

OO–

+
NC

H

R +

PBN

radical t-But-Bu R

PBN adduct

H
NC

scheme �.� 
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lipid.matrix.are.likely.to.hide.the.smaller.splitting.with.hydrogen.(Velasco.et.al.,.2005;.Papadimi-
triou.et.al.,.2006).

Quantification.of.radical.concentrations.was.achieved.by.comparing.the.intensities.of.the.ESR.
spectra.from.oil.solutions.with.external.standard.solutions.of.stable.radicals,.such.as.2,2,6,6-tetra-
methylpiperidine-1-oxyl.(TEMPO).(Ottaviani.et.al.,.2001;.Velasco.et.al.,.2005),.or.5,5-dimethyl-1-
pyroline-N-oxide.(DMPO).(Valavanidis.et.al.,.2004).

The.ESR.spin-trapping.technique.has.been.used.in.several.investigations.for.determining.the.
antioxidant.capacity.of.edible.oils,.including.olive.oil,.under.different.conditions.that.influence.the.
type.and.the.amount.of.radicals.formed..From.the.data.analysis.in.various.studies.(Ottaviani.et.al.,.
2001;.Quiles.et.al.,.2002;.Valavanidis.et.al.,.2004;.Velasco.et.al.,.2005),.several.useful.conclusions.
were.drawn:

. 1..The.extraction.system.may.play.a.role.in.radical.concentrations..Olive.oils.produced.by.
continuous.centrifugation.and.aged.for.1.year.showed.an.increase.by.25–30%.in.radical.
concentration.compared.to.fresh.olive.oil.obtained.by.the.same.extraction.system..On.the.
contrary,.1-year.olive.oil.produced.by.pressure.showed.no.difference.in.radical.concentra-
tion.with.the.non-aged.olive.oil.

. 2..The.heating.of.olive.oils.at.high.temperatures.favored.radical.formation,.owing.to.oxida-
tion.and.disruption.of.the.unsaturated.fatty.acids..Among.edible.oils,.EVOO.and,.second,.
soybean.and.sunflower.oil,.showed.the.highest.antioxidant.capacity..This.was.explained.on.
the.basis.of.the.highest.content.of.phenolic.compounds.in.EVOO.

. 3..N2.bubbling.led.to.a.decrease.in.radical.concentration..It.appears.that.nitrogen.bubbling.
expels.oxygen.responsible.for.the.radical.formation.in.olive.oil,.and.simultaneously.speeds.
up.the.molecular.motion.favoring.collisions.among.radicals.or.between.radicals.and.the.
natural.antioxidants.of.the.olive.oil.

. 4..UV.irradiation.of.olive.oil.resulted.in.an.increase.of.radical.concentration.up.to.a.maxi-
mum,.and.then.decreased.to.a.constant.value..This.behavior.may.be.related.to.the.olive.oil.
age,.and.the.concentration.and.type.of.natural.antioxidants.

. 5..Air.bubbling.increased.the.radical.concentration,.since.oxygen.promotes.oxidation..However,.
bubbling.may.cause.the.opposite.effect.favoring.collisions.among.radicals.and.antioxidants.

3520 3540350034803460
Magnetic Field (G)

344034203400

figUre �.��  ESR.spectra.of.PBN.spin-adduct.in.EVOO.samples.after.6.h.(dotted.line).and.24.h.(solid.line).
of.incubation.at.70°C.
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5.5.3  radical scavenging activity

As. mentioned. above,. the. antioxidant. potential. of. olive. oil. and. other. vegetable. oils. is. the. result.
of. a. direct. scavenging. effect. of. their. natural. antioxidants,. dominated. by. polar. phenolic. com-
pounds. and. tocopherols.. The. scavenging. activity. of. these. compounds. toward. radicals. has. been.
assessed. spectrophotometrically.using.various. solutions.of. stable. free. radicals. (Perez-Bonilla. et.
al.,.2006)..The.most.used.stable.radicals.were.the.galvinoxyl.radical.(2,6-di-tert-butyl-α-(3,5-di-
tert-butyl-4-oxo-2,5-cyclohexadiene-1-ylidene)-p-tolyoxy). (Papadimitriou. et. al.,. 2006),. DPPH• .

(2,2-diphenyl-1-picrylhydrazyl),.and.the.radical.cation. ABTS•+ .(2,2′-azino-bis(3-ethylbenzothia-
zoline-6-sulfonate). (Perez-Bonilla. et. al.,. 2006).. The. concentration. of. these. radicals. is. expected.
to.decrease.upon.addition.of.EVOO.in.their.solution.due.to.the.scavenging.effect.induced.by.the.
EVOO.antioxidant.compounds..The.scavenging.activity.of.EVOO.polyphenol.or.tocopherol.indi-
cated.as.A-OH.against.the.stable.radicals,.e.g.,.galvinoxyl.radical,.can.be.described.by.the.following.
simplified.reaction.(Papadimitriou.et.al.,.2006):

. Galv O A OH Galv OH A O− + − → − + −• • . (5.4)

Galv O− • is.the.galvinoxyl.free.radical,.a.sterically.protected,.resonance-stabilized,.synthetic.
radical,.and. A O− • is.the.resulting.unstable.radical..Usually.the.oil.is.diluted.in.ethanol,.and.the.
ethanolic.solution.is.assessed.for.its.ability.to.reduce.an.equivalent.amount.of.galvinoxyl.radical..
In.this.study.(Papadimitriou.et.al.,.2006),.20–80.mg.of.EVOO.was.added.to.a.0.12-mM.solution.of
Galv O− • .in.isooctane.and.the.mixture.was.transferred.into.an.ESR.sample.tube.for.analysis..The.
depletion.of.galvinoxyl.radicals.was.monitored.by.a.Bruker.ER.200D.spectrometer.operating.at.the.
X-band.at.25oC..Figure.5.18.shows.the.rapid.decrease.of.the.ESR.signal.intensity.of.the. Galv O− •

radical.upon.addition.of.2%.EVOO.at.different.incubation.times..After.30.min.of.incubation,.about.
60%.of.the.galvinoxyl.radicals.were.quenched.by.the.EVOO.samples.with.the.highest.amount.of.
polyphenols.and.tocopherols..In.the.same.study,.both.oxidative.stability.and.radical.scavenging.
activity.of.EVOO.samples.were.correlated.to.their.content.in.polyphenols.and.tocopherols..Vala-
vanidis. et. al.. (2004). studied. the. radical. scavenging.activity.of. the.phenolic. fraction.of.EVOO,.
corn,.sunflower,.and.soybean.oils,.as.well.as.that.of.pure.hydroxytyrosol,.tyrosol,.and.oleuropein,.

3520350034803460

35 min

12 min
2 min

0 min

Magnetic Field, G
34403420

figUre �.��  ESR.spectra.of.galvinoxyl.radicals.in.the.presence.of.2%.(v/v).EVOO.at.different.incubation.
times:.(solid.line).0.min,.(dashed.line).2.min,.(dotted.line).12.min,.(short.dashed.line).35.min.
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toward. the. most. important. oxygen-free. radicals,. superoxide. anion. ( O2
•− ). and. hydroxyl. ( OH• ).

radicals,.by.employing.ESR.spectroscopy..They. found. that. the.antioxidant.activity.of. the.vari-
ous.oils.toward.the O2

•− .and OH• radicals.was.proportional.to.phenolic.content..The.EVOO.with.
more.than.200.mg/kg.of.polyphenols.showed.the.highest.antiradical.activity.among.the.edible.oils.
studied..Also,.hydroxytyrosol.was.found.to.be.the.most.active.scavenger.in vitro.toward.the. O2

•−

and OH• radicals,. second.was.oleuropein.but. equally. active,.whereas. tyrosol.had.a.much. lower.
antiradical.activity.

.It.is.worthwhile.to.mention.the.use.of.ESR.spectroscopy.and.galvinoxyl.radicals.to.evaluate.
the.antioxidant.capacity.of.a.number.of.flavonoids.present.in.a.wide.range.of.vegetables,.nuts,.
beverages,.and.fruits,.including.olive.fruit.(McPhail.et.al.,.2003)..The.kinetic.treatment.and.deter-
mination.of.the.stoichiometry.of.the.reaction.between.each.flavonoid.and.the.galvinoxyl.radical.
according.to.Equation.5.4.disclosed.the.influence.of.the.flavonoids’.molecular.structures.on.their.
antioxidant.activity,.although.no.simple.correlation.between.kinetic.rates.and.stoichiometries.was.
found.

5.5.4  conclusions

The.ESR.spin-trapping.technique.is.very.useful.as.a.method.to.assess.the.oxidative.stability.of.olive.
oil.and.to.estimate.the.scavenging.activity.of.its.natural.antioxidants.polyphenols.and.tocopherols..
Although.ESR.spin-trapping,.Rancimat,.and.DSC.techniques.do.not.differ.significantly.in.their.
prediction.of.olive.oil.oxidative.stability,.the.ESR.method.appears.to.be.more.sensitive,.simpler,.
and.directly.detects.free.radicals.produced.during.the.oxidation.process..An.important.finding.of.
ESR.applications.is.that.the.oxidative.stability.of.olive.oil.correlates.with.its.content.in.polyphenols.
and.tocopherols.

�.�  analysis of Biological flUiDs

To.understand.the.impact.of.olive.oil.polyphenols.on.human.health,.it.is.essential.to.give.definite.
answers.to.several.questions:.To.what.extent.are.olive.oil.polyphenols.absorbed.by.the.human.body?.
What.is.the.bioavailability.of.the.ingested.polyphenols.and.how.can.it.be.measured?.What.factors.
influence. their. bioavailability. (e.g.,. chemical. structure,. dietary. origin)?. What. are. the. metabolic.
pathways.followed.by.polyphenols.ingested.in.the.various.human.organs.(e.g.,.small.intestine,.liver,.
and.colon)?.What.are.the.conversion.rates.of.the.various.polyphenols,.and.what.are.the.structures.
of.the.resulting.metabolites?.What.enzymes.are.involved.in.polyphenol.metabolism?.What.are.the.
mechanisms.of. interactions.with.cell. receptors?.What.are. the.effects.of. their.metabolites.on. the.
antioxidant.capacity.of.plasma?.Some.answers.to.these.questions.have.been.given.in.other.chapters.
of.this.book,.and.especially.in.Chapter.6.

Intensive. research.has.been. carried.out. in. the.past. decade.on. these. subjects,. especially.on.
ingestion.and.bioavailability..Direct.evidence.on.bioavailability.of.olive.oil.phenolic.compounds.
has.been.obtained.by.measuring.the.concentration.of.a.few.phenols.and.their.metabolites.in.body.
fluids.after.ingestion..These.measurements.require.careful.study.designs.(e.g.,.preparation.of.sub-
jects,.duration.and.settings.of.studies,.daily.dosing.of.olive.oil.with.known.content.of.polyphenols.
or.polyphenol.supplements),.and.sensitive.and. rapid.analytical. techniques. for.screening.a. large.
number.of.samples..A.variety.of.analytical.techniques,.which.are.presented.briefly.in.the.follow-
ing.paragraphs,.have.been.used.to.measure.the.concentration.of.polyphenols.in.biological.fluids..
Emphasis.will. be.given. to. studies. dealing.with. the.metabolism.and.bioavailability. of. olive.oil.
polyphenols.
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5.6.1  analysis of PolyPhenols in humans and laboratory  
  animals by high-Performance liquid chromatograPhy

HPLC.with.different.detection.systems.has.been.applied.to.the.analysis.of.olive.oil.polyphenols.in.
urine.and.blood..Determination.of.hydroxytyrosol.in.rat.plasma.was.carried.out.by.HPLC.with.a.
mobile.phase.consisting.of.3%.acetic.acid.in.deionized.water.and.a.mixture.of.acetonitrile/metha-
nol. (50:50.v/v),. and.UV.detection.at.280.nm.(Ruiz-Gutierrez.et.al.,.2000)..Pure.hydroxytyrosol.
was.orally.administered.to.rats.at.a.dose.of.20.mg/kg,.whereas.hydroxytyrosol.from.plasma.was.
purified.initially.by.solid-phase.extraction..HPLC.methodology.was.modified.for.the.simultaneous.
quantification.of.both.hydroxytyrosol. and.oleuropein.glucoside. in. rat.plasma. (Tan.et. al.,. 2003)..
The.chromatographic.analysis.was.performed.using.an.isocratic.elution.of.acidified.water.and.ace-
tonitrile.with.fluorescence.detection.at.281.and.316.nm.for.excitation.and.emission,.respectively..
HPLC.equipped.with.a.spectrofluorometer.was.employed.to.study.the.bioavailability.of.oleuropein.
glucoside.in.plasma.after.absorption.on.an.isolated.perfused.rat.intestine.(Edgecombe.et.al.,.2000)..
The.conclusion.derived.from.this.study.was. that.oleuropein.was.poorly.absorbed.from.an.aque-
ous. solution.. Simultaneous. determination. of. oleuropein. and. its. metabolites. hydroxytyrosol. and.
tyrosol. in.human.plasma.was.achieved.by.using.an.HPLC.method.with.a.diode.array.detection.
system.(Tsarbopoulos.et. al.,.2003)..This.method. includes.a.clean-up.solid-phase.extraction.pro-
cedure..HPLC.with.radiometric.detection.was.used.to.examine.the.bioavailability.of.radiolabeled.
(with.tritium).hydroxytyrosol.and.tyrosol.administered.to.rats.intravenously.(in.saline).and.orally.
(in.oil.and.water-based.solutions).(Tuck.et.al.,.2001)..Oral.and.intravenous.bioavailability.of.both.
phenolic.compounds.in.rats’.urine.was.found.to.be.higher.when.administered.in.an.olive.oil.solu-
tion.than.dosed.as.an.aqueous.solution..Moreover,.the.amounts.of.both.hydroxytyrosol.and.tyrosol.
determined.in.rats’.urine.after.24.h.were.similar,.indicating.that.the.intravenous.and.oral.oil-based.
methods.were.equally.effective;.oral.bioavailability.estimates.of.hydroxytyrosol.were.99.and.75%.
when.it.was.administered.in.an.olive.oil.solution.and.when.dosed.as.an.aqueous.solution,.respec-
tively..These.estimates. for. tyrosol.were.98.and.71%,. respectively.. .HPLC.methodology.has.also..
been.used.in.the.analysis.of.human.plasma.and.urine,.while.assessing.the.bioavailability.of.phenolic.
compounds.in.foodstuffs.other.than.olive.oil,.e.g.,.tea,.onions,.etc..(Lee.et.al.,.1995;.Hollman.et.al.,.
1996)..Finally,.a.method.for.HPLC.equipped.with.a.coulometric.electrode.array.detection.system.
was.developed.to.measure.plant.and.mammalian.lignans.in.human.urine.(Nurmi.et.al.,.2003).

The.toxicity.and.more.interestingly.the.metabolism.of.hydroxytyrosol.in.rats.were.studied.by.
using.HPLC.and.radioactivity.measurements.(D’Angelo.et.al.,.2001)..When.orally.administered.to.
rats,.hydroxytyrosol.does.not.show.appreciable.toxicity.up.to.2.g/kg.body.wt..The.preparation.of.the.
labeled.[14C].hydroxytyrosol.allowed.the.monitoring.of.the.rate.of.absorption.and.the.metabolic.path-
ways.of.this.molecule.in.rats..The.measured.radioactivity.in.blood.showed.that.less.than.8%.of.the.
administered.radioactive.hydroxytyrosol.is.still.present.in.the.animal.blood.after.5.min,.its.amount.
being.decreased.gradually;.only.0.1%.of.the.administered.dose.(1.mg/kg.body.wt).was.detectable.
5.h.after.the.treatment..The.highest.14C.radioactivity.associated.with.liver,.kidney,.and.lung.was.
measured.5.min.after.injection.followed.by.a.rapid.decrease..A.similar.behavior.of.the.exogenously.
administered.hydroxytyrosol.was.observable.for.other.investigated.tissues..Characterization.of.the.
various.hydroxytyrosol.metabolites. extracted. from. rat. plasma.and.urine. and. the.various.organs.
was.made.by.HPLC..In.all.investigated.tissues,.hydroxytyrosol.was.enzymatically.converted.into.
four.oxidized.and/or.methylated.derivatives,.namely,.3,4-hydroxyphenylacetaldehyde,.3,4-hydroxy-
phenylacetic. acid. (homoprotocatechuic. acid),. 4-hydroxy-3-methoxy-phenylethanol. (homovanillyl.
alcohol,.HValc),.and.4-hydroxy-3-methoxy-phenylacetic.acid.(homovanillic.acid,.HVA),.whereas.a.
significant.amount.of.sulfo-conjugated.derivatives.of.hydroxytyrosol.and.its.derivatives.was.identi-
fied..On.the.basis.of.the.reported.results.an.intracellular.metabolic.pathway.was.proposed..Recently,.
a.reversed-phase.HPLC.method.with.UV.detection.for.the.simultaneous.determination.of.oleuro-
pein.and.tyrosol.in.plasma.has.been.proposed.(Grizis.et.al.,.2003)..Isolation.of.plasma.was.carried.
out.by.liquid.extraction.with.ethyl.acetate.after.addition.of.Na2SO4..Chromatographic.analysis.was.
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performed.using.a.C8.column.with.CH3OH/CH3COOH.2%.in.water.as.the.mobile.phase..Although.
this.methodology.appears.to.be.simple,.rapid,.sensitive,.accurate,.and.shows.good.linearity,.it.has.
not.been.tested.yet.in.bioavailability.studies.

5.6.2  analysis of PolyPhenols in humans and  
  laboratory animals by mass sPectrometry

Although.certain.detection.systems.of.HPLC.methodologies.appear.to.be.more.sensitive.than.oth-
ers,.and.despite.the.advantages.of.the.low.cost.of.the.analysis.and.ease.of.operation,.these.tech-
niques.suffer. from.low.sensitivity.and.poor.selectivity.. In. this. respect,. the.development.of.more.
effective.analytical.techniques.was.sought.in.recent.years..The.analytical.potential.of.tandem.mass.
spectrometry.(MS/MS).in.identifying.olive.oil.polyphenols.in.biological.fluids.has.been.evaluated.
recently.(Tuck.et.al.,.2002)..The.authors.of.this.study.were.able.to.identify.conclusively.three.out.of.
five.hydroxytyrosol.metabolites.excreted.in.rat.urine..These.metabolites.were.reported.in.an.older.
study.by.using.the.HPLC.analytical.technique.(Tuck.et.al.,.2001),.but.their.identification.was.not.
attempted.in.that.study..These.metabolites,.the.structure.of.which.was.confirmed.by.1H.NMR.spec-
troscopy,.were.hydroxytyrosol.monosulfate.(at.m/z.233.and.its.fragment.after.the.loss.of.a.sulfate.
group.at.m/z.153),.3-O-glucuronide.conjugate.(at.m/z.329.and.its.fragment.at.m/z.153.after.the.loss.of.
a.glucuronide.group),.and.homovanillic.acid..A.fourth.metabolite,.although.not.confirmed,.has.been.
attributed.to.the.glucuronide.conjugate.of.homovanillic.acid..MS/MS.has.also.been.applied.to.the.
determination.of.the.citrus.flavanones.naringenin.and.hesperitin.in.human.urine.after.oral.ingestion.
of.these.flavones.(Weintraub.et.al.,.1995)..Among.the.three.ionization.modes.of.operation.(EI,.posi-
tive.and.negative.chemical.ionization),.positive.chemical.ionization.was.superior.to.EI.for.identifica-
tion.of.these.citrus.flavonoids.scanning.in.the.selective.reaction.monitoring..The.m/z.153.daughter.
ion,.resulting.from.the.pyrone.ring.fragmentation.of.the.aglycon.flavanone.via.a.retro-Diels-Alder.
reaction,.was.the.basic.diagnostic.ion.in.searching.for.naringenin.and.hesperitin.

.A.wide.variety.of.epidemiological.and.biological.studies.associated.with.olive.oil.polyphe-
nols.have.utilized.exclusively.combined.GC.and.HPLC.techniques.with.mass.spectrometry.for.the.
analysis.of.urine.and.blood.from.both.humans.and.laboratory.animals..These.methodologies,.which.
have.been.optimized.for.the.examination.of.polyphenols.in.biological.fluids,.are.characterized.by.
superior.sensitivity,.and.ability.to.analyze.rapidly.and.precisely.multiple.analytes.in.one.run..LC-
MS.or.LC-MS/MS.is.considered.to.be.more.advantageous.than.GC-MS.or.GC-MS/MS,.since.the.
latter.requires.large.volumes.of.sample.and.complex.sample.preparation,.which.involves.multistage.
purification.procedures.and.derivatization.of.the.analytes.prior.to.analysis..An.assay.has.been.devel-
oped.recently.using.low.volumes.of.urine.(200.μl).and.a.simple.sample.preparation.procedure.(one.
solid-phase.extraction.stage).that.found.application.to.the.analysis.of.phytoestrogens.(isoflavones.
and.lignans).with.GC-MS.(Grace.et.al.,.2003).

.Table.5.2.summarizes.bioavailability.studies.by.employing.combined.GC.and.HPLC.with.mass.
spectrometry.for.the.analysis.of.biological.fluids..Also,.Table.5.2.lists.sources.and.quantities.of.the.
ingested.olive.oil.polyphenols,.the.polyphenols.detected.in.plasma.and/or.urine,.and.their.maximum.
concentration.measured..It.should.be.noted.that.the.total.amount.of.phenolic.compounds.mentioned.
in.Table.5.2.includes.their.conjugated.forms,.which.were.determined.by.subjecting.the.biological.
samples.to.acidic.(HCl).or.enzymatic.(β-glucuronidase).hydrolysis.

One.of.the.first.bioavailability.studies.of.olive.oil.polyphenols. in.humans.was.performed.by.
Visioli.and.co-workers.(Visioli.et.al.,.2000).using.GC-MS.analysis..They.reported.that.absorption.
of.olive.oil.phenolic.compounds,.namely,.hydroxytyroso.and. tyrosol.by.humans.after. ingestion,.
depends.on.the.doses.delivered.to.the.human.subjects..Moreover,.they.found.that.these.polyphenols.
are.excreted.in.urine.as.glucuronide.conjugates,.and.that.the.proportion.of.conjugation.increases.
with.increasing.dose.of.phenolics..In.a.subsequent.publication,.the.same.authors.succeeded.in.eluci-
dating.the.metabolic.fate.of.hydroxytyrosol.after.ingestion.of.virgin.olive.oil.enriched.in.hydroxy-
tyrosol.(Caruso.et.al.,.2001)..By.employing.GC-MS.analysis,.they.identified.in.human.urines.the.
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hydroxytyrosol.metabolites.homovanillic.acid.(HVA).and.homovanillyl.alcohol.(HValc).resulting.
from.hydroxytyrosol.oxidation.by.catechol-O-methyl.transferase.enzymes..A.major.limitation.of.
these.studies. is. that. they.employed.olive.oil.samples.artificially.enriched.with.phenolic.extracts,.
and.therefore.extrapolation.of.these.results.to.typical.olive.oil.consumption.may.not.be.realistic..It.
should.be.noted.that.the.hydroxytyrosol.metabolite.HValc.was.reported.by.Manna.and.co-workers.
(Manna.et.al.,.2000).in.human.Caco-2.cells.incubated.with.hydroxytyrosol.(see.below).

The.bioavailability.of.tyrosol.in.humans.after.administration.of.virgin.olive.oil.was.studied.by.
using.GC-MS.operating.in.the.single-ion.monitoring.mode.(Miró-Casas.et.al.,.2001a)..This.tech-
nique.allowed.the.detection.of.the.derivatized.tyrosol.(bis-trimethylsilyl-tyrosol).recovered.in.urine.
during.24.h.after.ingestion.of.50.ml.of.virgin.olive.oil.by.eight.volunteers..Tyrosol.was.excreted.
mainly.in.its.conjugated.form,.and.only.6–11%.of.the.total.tyrosol.(obtained.after.chemical.hydro-
lysis).was.in.its.free.form..The.fate.of.both.hydroxytyrosol.and.tyrosol.in.humans.after.ingestion.
of.virgin.olive.oil.was.monitored.quantitatively.in.urine.of.human.subjects.by.employing.capillary.
GC-MS.(Miró-Casas.et.al.,.2001b)..All.reference.materials.in.this.study.were.prepared.in.synthetic.
urine.in.order.to.avoid.the.basal.levels.of.hydroxytyrosol.and.tyrosol.derived.from.other.dietary.
sources.and.the.production.of.hydroxytyrosol.through.dopamine.metabolism..To.obtain.informa-
tion.about.the.rates.of.hydrolysis.of.the.conjugated.forms.of.these.phenolic.compounds.in.the.gas-
trointestinal.tract,.olive.oil.extracts.were.submitted.to.different.experimental.conditions.(treatment.
with.concentrated.hydrochloric.acid),. similar. to. those.occurring.as.a. response. to. food. intake. in.
the.gastrointestinal.tract..This.bioavailability.study.showed.that.hydroxytyrosol.and.tyrosol.were.
mainly.excreted.in.conjugated.form,.and.only.a.small.fraction.of.the.total.amount.of.these.poly-
phenols.excreted.in.urine.was.found.in.free.form..Further.investigation.using.GC-MS.revealed.the.
presence.of.an.additional.metabolite.in.human.plasma,.3-O-methyl.hydroxytyrosol,.after.consump-
tion.of.a.single.dose.of.raw.virgin.olive.oil.(Miró-Casas.et.al.,.2003a).

The.absorption.of.tyrosol.and.hydroxytyrosol.by.humans.was.studied.after.moderate.and.sus-
tained.doses.of.virgin.olive.oil.consumption.(Miró-Casas.et.al.,.2003b)..This.study.aimed.to.assess.
the.bioavailability.of. these. important. olive.oil. polyphenols. following. a. single.dose. (50.ml). and.
sustained.doses.(25.ml/day).of.virgin.olive.oil,.the.latter.being.equal.to.the.average.dose.consumed.
daily.according.to.the.Mediterranean.diet..Urinary.recoveries.for.tyrosol.were.similar.after.a.single.
dose.and.after.sustained.doses.of.virgin.olive.oil,.whereas.the.mean.recovery.values.for.hydroxyty-
rosol.after.sustained.doses.were.1.5.times.higher.than.those.measured.after.a.single.dose.

An.advanced.GC.method.coupled.with.tandem.mass.spectrometry.has.been.proposed.recently.
for.the.simultaneous.determination.of.hydroxytyrosol,.tyrosol,.and.elenolic.acid.in.rat.urine.after.
administration.of.sustained.oral.intakes.of.extra.virgin.olive.oil.and/or.pure.oleuropein.(Bazoti.et.
al.,. 2005)..An.SPE.extraction. system.with.80%.analytical. recovery. for. all. compounds.was.per-
formed.followed.by.derivatization.reaction.prior.to.GC-MS/MS.analysis..The.employment.of.MS/
MS.analysis.allowed.a.better.selectivity.than.the.single.GC-MS.methods..Selection.of.a.specific.
precursor.ion.for.each.compound.at.its.characteristic.chromatographic.retention.time,.and.the.selec-
tion.of. specific.product. ions.generated.by. the. fragmentation.of. each.precursor. ion. introduced.a.
three-level.specificity..This.methodology.applied.to.the.analysis.of.rat.urine.was.able.to.detect.and.
quantify.free.and.conjugated.hydroxytyrosol.and.tyrosol.in.the.picogram.range..It.is.worth.mention-
ing.that.no.elenolic.acid.was.detected.in.samples.of.rat.urine.following.sustained.dose.protocol.

APCI.and.ESI.techniques.have.been.used.to.introduce.the.sample.into.the.mass.spectrometer.
while.measuring.the.bioavailability.of.polyphenols.in.humans.and.in.laboratory.animals.by.using.
HPLC.coupled.to.mass.spectrometry..Both.SIM.and.SRM.modes.were.utilized,.although.no.gen-
eral.consensus.exists.in.the.literature.as.to.whether.positive.or.negative.ion.analysis.yields.higher.
sensitivity..Few.studies.using.LC-MS.or.LC-tandem.mass.spectrometry.for.the.detection.and.quan-
tification.of.olive.oil.phenolic.compounds.in.biological.fluids.are.reported.in.the.literature..Most.
applications.are.referred.to.bioavailability.and.biotransformation.studies.in.urine.and.plasma.for.
ingested.polyphenols.originating.from.different.sources.other.than.olive.oil,.such.as.dietary.flavo-
noids.(Nielsen.et.al.,.2000;.Barnes.et.al.,.2006),.tea.catechins.(Li.et.al.,.2001),.dietary.polyphenols.
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(Gonthier.et.al.,.2003;.Ito.et.al.,.2004),.and.plant.and.mammalian.lignans.(Smeds.and.Hakala,.2003;.
Smeds.et.al.,.2004,.2005;.Knust.et.al.,.2006)..Finally,.main.dietary.sources.of.polyphenols,.their.
daily. intake,.distribution,.metabolism,.pharmacokinetics,.and.excretion. in.human.biofluids.were.
reviewed.in.recent.references.(Scalbert.and.Williamson,.2000;.Manach.et.al.,.2004).

LC-tandem.mass.spectrometry.analysis.of.rat.plasma.and.urine.was.carried.out.after.adminis-
tration.of.pure.oleuropein.(Del.Boccio.et.al.,.2003)..This.methodology.was.found.very.useful.for.the.
simultaneous.measurement.of.oleuropein.and.hydroxytyrosol.in.plasma.and.urine.by.monitoring.the.
ion.transitions.m/z.539.→.275.for.oleuropein,.and.m/z.153.→.123.for.hydroxytyrosol.in.the.negative.
ion.mode..Only.oleuropein.was.detected.in.plasma.in.the.form.of.glucoside,.whereas.hydroxytyrosol.
was.found.in.traces..Contrary.to.plasma.results,.oleuropein.and.hydroxytyrosol.were.both.recovered.
in.urine.mainly.as.glucuronides.and.in.very.low.concentrations.as.free.forms.

A.recent.study.(de.la.Tore-Carbot.et.al.,.2006).presented.a.novel.analytical.method.for.the.detec-
tion.and.quantification.of.metabolites.of.olive.oil.polyphenols.(glucuronide.and.sulfate.metabolites.
of.hydroxytyrosol,. tyrosol,.and.homovanillic.acid). in. low-density. lipoprotein. (LDL),.based.on.a.
cleanup.with.solid-phase.extraction.and.the.use.of.LC-ESI-MS/MS..In.a.subsequent.publication.(de.
la.Tore-Carbot.et.al.,.2007).the.LDL.isolation.method.was.improved.by.using.a.short.second-step.
ultracentrifugation,.thus.leading.to.a.better.recovery.for.antioxidant.compounds.in.LDL.

Vissers.and.co-workers,.in.an.attempt.to.gain.more.insight.into.the.metabolism.of.olive.oil.poly-
phenols.in.humans,.measured.their.absorption.and.urinary.excretion.in.healthy.ileostomy.subjects.
and.subjects.with.a.colon.(Vissers.et.al.,.2002)..By.using.LC-MS/MS.as.the.analytical.technique.for.
the.detection.and.quantification.of.tyrosol.and.hydroxytyrosol.in.urine,.they.concluded.that.only.a.
fraction.of.ingested.olive.oil.phenols.was.recovered.in.human.urine..They.found.that.55–56.mol/100.
mol.of.ingested.olive.phenols.was.absorbed.and.that.5–16.mol/100.mol.was.excreted.as.tyrosol.and.
hydroxytyrosol..This.finding.supports.the.conclusion.that.humans.absorb.a.major.fraction.of.the.
polyphenols.of.olive.oil.that.they.consume..Moreover,.an.important.conclusion.was.drawn.about.the.
metabolism.of.olive.oil.polyphenols.in.the.human.body.by.measuring.urinary.excretion.in.ileostomy.
subjects..More.than.55.mol/100.mol.of.olive.oil.polyphenols.was.absorbed.in.ileostomy.subjects,.
whereas.smaller.amounts.of.tyrosol.and.hydroxytyrosol.were.detected.in.urine.of.the.subjects.with.
a.colon;.this.implies.that.olive.oil.polyphenols.are.absorbed.mainly.by.the.small.intestine..A.further.
step.in.the.elucidation.of.the.metabolism.of.olive.oil.polyphenols.in.the.human.body.was.the.pos-
sibility.that.both.oleuropein.glucoside.and.oleuropein.aglycon.were.biotransformed.into.hydroxy-
tyrosol,.whereas.ligstroside.and.ligstroside.aglycon.were.metabolized.into.tyrosol..Metabolism.was.
considered.to.occur.either.in.the.gastrointestinal.tract.before.they.were.absorbed.or.in.the.intestinal.
cells,.blood,.or.liver.after.they.were.absorbed..In.accord.with.other.studies,.the.authors.confirmed.
the.presence.of.hydroxytyrosol.and.tyrosol.conjugates.with.glucuronic.acid.in.urine,.although.the.
O-methylated.hydroxytyrosol.mentioned.in.other.studies.was.not.detected.

The.metabolism.of.olive.oil.polyphenols.in.humans.was.studied.by.using.Caco-2.cell.monolay-
ers.as.a.model.system.of.the.human.intestinal.epithelium.(Manna.et.al.,.2000)..The.only.metabo-
lite. identified.was.homovanillic.acid,.which.accounted.for.only.10%.of.the.total.radioactivity.of.
the.administered.radioactive.[14C]-hydroxytyrosol..This.finding.indicated.the.limited.metabolism.
of.hydroxytyrosol.by.Caco-2.cells.in.contrast.with.the.extensive.conjugation.of.olive.oil.phenols.
observed.in vivo..From.these.results,.it.was.concluded.that.biotransformation.of.absorbed.hydroxy-
tyrosol.may.occur.in.the.liver.

The.metabolism.of.hydroxytyrosol,.tyrosol,.and.hydroxytyrosyl.acetate.in.the.liver.was.modeled.
by.using.human.hepatoma.cells.(HepG2).(Mateos.et.al.,.2005)..Hepatic.metabolism.of.these.three.
polyphenols.was.monitored.at.short.(2-h).and.long.(18-h).incubation.times..At.short.incubation.time,.
hydroxytyrosol.and.tyrosol.were.found.almost.intact,.whereas.hydroxytyrosyl.acetate.lost.its.acetyl.
group.forming. the.deacetylated.hydroxytyrosol.with.small.amounts.of. four.more.metabolites..At.
long.incubation.time.(18.h),.five.metabolites.were.observed.when.cells.were.incubated.with.hydroxy-
tyrosol..The.same.five.metabolites.together.with.a.sixth.one,.and.minor.amounts.of.free.hydroxyty-
rosyl.acetate.were.detected.when.cells.were.treated.with.this.acetylated.phenol..Conversely,.tyrosol.
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appeared.to.be.poorly.metabolized.and.only.one.metabolite.was.formed.after.18.h.of.incubation.with.
HepG2.cells..Identification.of.the.various.metabolites.was.achieved.by.in vitro.conjugation.of.pure.
standards,.i.e.,.methylation,.glucuronidation,.and.sulfation.and.hydrolysis.with.β-glucuronidase.and.
sulfatase.of.metabolites.formed.by.HepG2.cells,.and.confirmation.by.LC-ESI-MS..Quantification.
of.metabolites.showed.that.after.18.h.of.incubation.75%.of.hydroxytyrosol.was.metabolized,.with.
25%.of.free.nonmetabolized.phenol..The.extent.of.glucuronidation.(32%).was.comparable.to.that.of.
methylation.(26%),.with.up.to.18%.of.methylglucuronides..On.the.other.hand,.hydroxytyrosyl.acetate.
was.metabolized.more.effectively.and.rapidly.by.HepG2.cells..Only.57.and.9%.of.nonmetabolized.
hydroxytyrosyl.acetate.were.detected.in.the.culture.medium.after.2.and.18.h,.respectively..Contrary.
to.previous.polyphenols,.tyrosol.was.poorly.metabolized..Less.than.10%.of.this.olive.oil.phenol.was.
found.as.glucuronidated.metabolite.after.18.h.in.culture.with.HepG2.cells.

LC-MS/MS.used.to.detect.etheno-DNA.adducts.in.human.urine.formed.as.a.result.of.the.reac-
tion.between.DNA.bases.and.intermediates.(mainly.trans-4-hydroxy-2-nonenal).resulted.from.lipid.
peroxidation.of.PUFAs.(Hillestrom.et.al.,.2006)..Etheno-DNA.modifications.have.miscoding.base-
repairing.properties.upon.replication.or.transmission;.they.can.accumulate.in.DNA.after.chronic.
carcinogen.exposure.and.are.considered.as.highly.mutagenic.lesions..The.urinary.excretion.of.the.
DNA.adducts.before.and.after.consumption.of.virgin.olive.oil.did.not.differ.significantly,.indicating.
that.consumption.of.olive.oil.polyphenols.did.not.modify.to.a.significant.degree.the.urinary.excre-
tion.of.etheno-DNA.biomarkers,.and.therefore.did.not.protect.the.cells.from.oxidation..On.the.other.
hand,.significant.association.between.ethane-DNA.adduct.excretion.rate.and.the.dietary.intake.of.
linoleic.acid.was.observed.in.healthy.men.(Hillestrom.et.al.,.2006)..In.this.respect,.it.appears.that.
olive.oil,.which.contains.the.highest.amount.of.monounsaturated.oleic.acid.among.edible.oils,.does.
not.favor.harmful.lipid.oxidation.

5.6.3  analysis of PolyPhenols in humans and laboratory  
  animals by other analytical techniques

Recently,.a.novel.analytical.technique.—..time-resolved.fluoroimmunoassay.(TR-FIA).—.has.been.
developed.for.the.determination.of.isoflavones.and.lignans.in.human.plasma.and.sera.using.an.euro-
pium.chelate.as.a.label.(Adlercreuth.et.al.,.1998;.Stumpf.et.al.,.2000;.Wang.et.al.,.2000;.L’Homme.
et.al.,.2002)..This. technique. is.highly.sensitive.and. rapid. in.analysis. time,.but. it. is. less. specific.
than.other.techniques.(e.g.,.mass.spectrometry).leading.to.substantial.errors..Recent.measurements.
(Kilkkinen.et.al.,.2001).have.shown.that.TR-FIA.overestimated.the.serum.concentration.of.certain.
lignans..The.TR-FIA.method.has.not.been.applied.to.the.detection.of.olive.oil.polyphenols.in.bio-
logical.fluids.

NMR.spectroscopy.has.not.been.used.so.far.in.the.exploration.of.human.and.animal.biofluid.
composition.after.olive.oil.ingestion.despite.the.fact.that.this.spectroscopic.technique.is.very.power-
ful.in.elucidating.the.structure.of.small.molecules.in.a.multicomponent.mixture..This.is.probably.
due.to.the.presence.of.intense.broad.signals.from.lipoproteins.in.plasma.and.lipids.in.tissues,.which.
eventually.severely.overlap.the.signals.from.the.small.metabolites..It.appears.that.these.problems.
have.been.overcome.lately.by.using.one-.and.two-dimensional.editing.techniques.exploiting.differ-
ences.in.spin.relaxation.times..Spin.relaxation–edited.NMR.spectra.can.be.obtained.by.inserting.a.
“relaxation.filter”.prior.to.detection.to.eliminate.the.lipoprotein.and.lipid.signals.having.relatively.
short.relaxation.times,.thus.leaving.the.signals.from.the.small.metabolite.molecules.characterized.
by.longer.relaxation.times.(Tang.et.al.,.2004)..Also,.the.study.of.biochemical.profiles.in.biofluids.
and.tissues.may.be.more.effective.by.using.the.rapidly.expanding.method.of.metabonomics.based.
primarily.on.NMR.spectroscopy.(Nicholson.et.al.,.2002).
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5.6.4  conclusions

A.variety.of.analytical.techniques.have.been.used.to.quantify.the.low.levels.of.polyphenols.and.their.
metabolites.in.biological.fluids.of.humans.and.laboratory.animals..Due.to.inherent.sensitivity.and.
selectivity,.direct.spectrometric.detection.(single.MS.or.tandem.MS).or.preferably.indirect.detection.
by.coupling.mass.spectrometry.with.separation.techniques.has.been.used.extensively..A.drawback.
of. this. methodology. may. be. the. lack. of. proper. standards. for. quantification. of. certain. analytes..
Instead,.standards.exhibiting.the.greatest.possible.similarity.to.the.analytes.have.been.utilized..The.
use.of.NMR.spectroscopy.alone.or.in.LC-NMR.will.certainly.expand.the.range.of.analytical.tech-
niques.and.yield.a.unique.metabolic.fingerprint.of.complex.biological.fluids.
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6 Bioavailability	and	Antioxidant	
Effect	of	Olive	Oil	Phenolic	
Compounds	in	Humans

María-Isabel Covas, Olha Khymenets, 
Montserrat Fitó, and Rafael de la Torre

�.�  BioavailaBility of olive oil Phenolic comPoUnDs in hUmans

6.1.1  background

Epidemiological.studies.have.shown.that.the.incidence.of.coronary.heart.disease.and.certain.can-
cers.is.lower.in.the.European.Mediterranean.regions.than.in.the.Northern.or.other.Western.coun-
tries.(Trichopoulou.et.al.,.2003)..This.has.been.attributed.to.the.high.consumption.of.olive.oil.in.the.
Mediterranean.diet,.which.contains.phenolic.compounds.with.antioxidant.activity..The.most.abun-
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dant.of.these.are.hydroxytyrosol.(HT).and.tyrosol.(T).derivatives,.present.mainly.in.the.form.of.
secoiridoid.aglycons.(Tsimidou,.1998;.Mateos.et.al.,.2001;.Servili.et.al.,.2004;.Carrasco-Pancorbo.
et.al.,.2006;.see.also.Chapter.3)..HT.is.the.most.potent.phenolic.antioxidant.of.olive.oil.and.olive.
mill.waste.water.(Owen.et.al.,.2000).

The.biological.activities.of.olive.oil.phenols.have.stimulated.research.on.their.potential.role.in.
cardiovascular.protection..Although.many.in vitro.studies.have.been.performed.to.elucidate.the.mech-
anisms.by.which.these.compounds.may.act,.there.are.few.reports.related.to.their.fate.after.ingestion.

Dietary.intake.of.olive.oil.polyphenols.has.been.estimated.to.be.around.9.mg,.based.on.a.con-
sumption.of.25–50.ml.of.olive.oil.per.day;.at.least.1.mg.of.them.is.derived.from.free.HT.and.T,.and.
8.mg.is.related.to.their.elenolic.acid.(EA).esters.and.also.to.the.oleuropein-.and.ligstroside-aglycons.
(Vissers.et.al.,.2004)..The.ingestion.of.HT.as.oleuropein.is.probably.the.highest,.given.that.oleuro-
pein.is.broken.down.in.the.gastrointestinal.tract.(GI).into.HT.and.EA,.as.will.be.discussed.later.in.
the.chapter..Several.clinical.and.animal.studies.have.provided.evidence.that.phenolic.compounds.
are.absorbed.and.exert. their.biological.effects. in.a.dose-dependent.manner. (Visioli.et.al.,.2001;.
Weinbrenner.et.al.,.2004a,.b)..However,.some.authors.caution.that.the.attained.concentrations.after.
their.ingestion.are.too.low.to.explain.the.observed.biological.activities.in.in vitro.and.in vivo.models.
at.higher.doses/concentrations.(Vissers.et.al.,.2004).

6.1.2  bioavailability studies in exPerimental models

�.�.�.�  absorption in the gastrointestinal tract

Once.olive.oil.has.been.ingested,.HT.and.T.as.well.as.their.glucosides.and.aglycons,.such.as.oleu-
ropein,.undergo.rapid.hydrolysis.under.gastric.conditions,.resulting.in.a.significant.increase.in.the.
levels.of.free.HT.and.T.entering.the.small.intestine.(Corona.et.al.,.2006).

Several.authors.have.performed.experiments.with.polyphenols.that.were.administered.in.oil-based.
or.aqueous.dosing..The.purpose.of.these.studies.was.to.have.a.better.understanding.of.the.role.of.the.
biological.matrix.surrounding.the.phenol.compounds.in.relation.to.their.absorption..If.these.com-
pounds.are.ever.used.in.nutraceutical.preparations.this.is.an.issue.to.be.taken.into.consideration.

In.in vitro.models,.both.HT.and.T.are.able.to.cross.human.Caco-2.cell.monolayers.and.rat.seg-
ments.of.jejunum.and.ileum.(Manna.et.al.,.2000;.Corona.et.al.,.2006)..In.an.experiment.performed.
in.Caco-2.cell.monolayers.using.[14C]HT,.kinetic.data.showed.that.transport.occurs.via.a.bidirec-
tional.passive.diffusion.mechanism;.the.calculated.apparent.permeability.coefficient.indicates.that.
the.molecule.is.quantitatively.absorbed.at.the.intestinal.level.

In.a.study.performed.in.rats.where.HT.and.T.were.administered.intravenously.(in.saline).and.
orally.(in.oil-.and.water-based.solutions),.the.intravenously.and.orally.administered.oil-based.dos-
ing.promoted.a.greater.recovery.of.the.phenolics.in.24-h.urine.in.comparison.to.that.obtained.with.
the.oral. aqueous.dosing.method..There.was.no. significant.difference. in. the.amount.of.phenolic.
compounds.eliminated.in.urine.between.the.intravenous.and.the.oral.oil-based.dosing.methods.for.
either.T.or.HT..Oral.bioavailability.estimates.of.HT.and.T.were.25%.higher.when.administered.in.
an.olive.oil.solution.compared.to.an.aqueous.solution.(Tuck.et.al.,.2001)..These.results.were.further.
confirmed.in.humans.where.HT.bioavailability.was.compared.by.administering.this.compound.in.
different.matrices.(olive.oil,.spiked.refined.oil,.and.yogurt)..It.was.found.that.HT.recovery.(meas-
ured.as.urinary.HT).was.much.higher.after.HT.administration.as.a.natural.component.of.olive.oil.
(44.2%.of.HT.administered).than.after.HT.addition.to.refined.olive.oil.(23%.of.HT.administered),.
or.to.a.yogurt.(5.8%.of.dose.or.approximately.13%.of.that.recorded.after.virgin.olive.oil.intake).
(Visioli.et.al.,.2003).

The.absorption.of.oleuropein,.one.of.the.major.bioactive.phenols.present.in.olive.oil,.has.always.
been.elusive..By.applying.an.in situ.intestinal.perfusion.technique,.the.absorption.of.oleuropein.was.
studied.under. both. iso-osmotic. and.hypotonic. luminal. conditions..Under. iso-osmotic. conditions.
oleuropein.was.absorbed,.but.the.mechanism.of.absorption.is.still.unclear;.it.may.involve.transcel-
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lular.transport.(SGLT1).or.paracellular.movement..The.permeability.of.oleuropein.was.significantly.
greater.under.hypotonic.conditions..This.fact.may.be.due.to.an.increase.in.the.paracellular.move-
ment.facilitated.by.the.opening.of.paracellular.junctions.in.response.to.hypotonicity..Overall,.oleu-
ropein.can.be.absorbed,.albeit.poorly,.from.isolated.perfused.rat.intestine..It.is.therefore.possible.that.
oleuropein.exerts.its.biological.activities.through.its.conversion.to.HT.due.to.a.poor.absorption.in.the.
GI.tract.(Edgecombe.et.al.,.2000)..This.idea.is.supported.by.the.results.of.bioavailability.studies.in.
rats,.in.which.peak.plasma.concentrations,.reached.after.high.doses.of.oleuropein.(100.mg/kg),.were.
in.the.nanogram.range,.suggesting.an.oleuropein.conversion.to.HT.in.the.GI.tract.and.a.poor.absorp-
tion.of.oleuropein.itself.(Del.Boccio.et.al.,.2003;.Bazoti.et.al.,.2005)..These.observations.made.in.rat.
models.have.been.further.confirmed.in.humans.(Vissers.et.al.,.2002;.Visioli.et.al.,.2003).

�.�.�.� first Pass metabolism

In.the.process.of.crossing.epithelial.cells.of.the.GI.tract,.phenolic.compounds.from.olive.oil.are.
subject.to.a.classic.phase.I/II.biotransformation.and,.therefore,.subjected.to.an.important.first.pass.
metabolism..From.data.of.in vitro studies,.about.10%.of.HT.is.converted.into.homovanillyl.alcohol.
(HVAL).by.the.catechol-O-methyltransferase.(Manna.et.al.,.2000)..Other.authors.(Corona.et.al.,.
2006),. in.addition.to.the.O-methylated.derivative.of.HT,.found.glucuronides.of.HT.and.T.and.a.
novel.glutathionylated.conjugate.of.HT..In.contrast,.there.was.no.absorption.of.oleuropein.as.it.was.
rapidly.degraded.by.the.colonic.microflora.to.HT.(Corona.et.al.,.2006).

�.�.�.� hepatic metabolism

The.hepatic.metabolism.of.the.olive.oil.phenols.(HT,.HT.acetate,.and.T).has.been.studied.in.human.
hepatoma.HepG2.cells..After.incubation,.culture.media.and.cell.lysates.were.hydrolyzed.with.β-
glucuronidase.and.sulfatase..Methylated.and.glucuronidated.forms.of.HT.were.detected.after.18.h.
of.incubation,.together.with.methyl-glucuronidated.metabolites..Hydroxytyrosyl.acetate.was.largely.
converted.into.free.HT.and.subsequently.metabolized,.although.small.amounts.of.glucuronidated.
hydroxytyrosyl.acetate.were.detected..T.was.poorly.metabolized,.with.<10%.of.the.phenol.gluc-
uronidated.after.18.h..Minor.amounts.of.free.or.conjugated.phenols.were.detected.in.cell.lysates..
No.sulfated.metabolites.were.found.(Mateos.et.al.,.2005)..In.experiments.made.with.human.liver.
microsomes,.HT,.T,.and.HVAL.are.preferentially.glucuronidated.in.the.position.4′.of.the.benzene.
ring,.although.in.the.case.of.HT.conjugation.at.the.3′.position.is.possible.but.at.a.lower.rate.(Khy-
menets.et.al.,.2006).

The.pharmacokinetics.of.HT.intravenously.administered.to.rats.(D’Angelo.et.al.,.2001).indi-
cates.a.fast.and.extensive.uptake.of.the.molecule.by.the.organs.and.tissues,.with.a.preferential.renal.
uptake..In.urine.collected.up.to.5.h.after.injection.of.the.phenolics,.90%.of.the.administered.dose.
was.recovered,.and.about.5%.was.detectable.in.feces.and.gastrointestinal.content..HT.was.metabo-
lized.to.four.oxidized.and/or.methylated.derivatives..The.HT.recovered.was.sulfo-conjugated.forms.
representing.major.urinary.excretion.products..The.recovery.of.HT.in.urine.was.about.6%.of.the.
dose.administered:.0.3%.recovered.as.HVAL.(3-methyl-4-hydroxy-phenylethanol,.MOPET),.12.3%.
as.DOPAC. (3,4-dihydroxy-phenylacetic. acid),. 23.6%.as.homovanillic. acid. (3-methyl-4-hydroxy-
phenylacetic. acid,.HVA),. and.26%.as.DOPAL. (3,4-dihydroxy-phenylacetaldehyde). (D’Angelo. et.
al.,.2001)..It.is.noteworthy.that.some.of.the.reported.metabolites.of.HT.are.common.to.dopamine.
(DOPAC,.HVA,.DOPAL,.MOPET);.this.is.not.surprising.as.HT.itself.can.be.renamed.DOPET,.a.
well-known.dopamine.metabolite.(de.la.Torre.et.al.,.2006)..Although.there.is.no.disagreement.in.
findings.between.studies,.some.authors.question.the.rat.model.as.being.adequate.for.this.type.of.
study,.given.that.rats.display.an.extremely.high.HT.basal.metabolism.(30-fold.greater.than.humans).
(Visioli.et.al.,.2003)..Additionally,.some.metabolic.studies.on.the.disposition.of.HT.may.be.cross-
contaminated.with.or.through.the.catecholamine.disposition.pathways.(Visioli.et.al.,.2003)..Absence.
of.the.3-O-glucuronide.of.HT.reported.in.some.studies.is.probably.due.to.the.administration.route.
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used..As.stated.earlier,.HT.administered.by.the.oral.route.is.subject.to.an.extensive.first-pass.metab-
olism,.where.the.contribution.of.intestinal.metabolism.is.quite.relevant..When.HT.is.administered.
intravenously.only.hepatic.contribution.to.its.disposition.is.seen.(Tuck.et.al.,.2002).

�.�.�.� are metabolites Biologically acti�e?

Studies.in vivo.performed.on.rats.on.the.metabolic.disposition.of.phenolic.compounds.from.olive.
oil.suggest.that.they.are.well.absorbed.but.extensively.metabolized..Most.biological.activities.attrib-
uted.to.HT.are.associated.with.preservation.of.the.catechol.group.and.its.antioxidant.activity..Those.
metabolic.processes.leading.to.conjugates.(glucuronides,.sulfates,.methyl).with.phenol.groups.of.
catechol.may.give.rise.to.a.loss.of.HT.biological.activity..It.has.been.reported.that.the.radical.scav-
enging.potency.of.3-O-glucuronide.conjugate.is.higher.than.that.of.HT.itself,.whereas.the.monosul-
fate.conjugate.is.almost.devoid.of.radical.scavenging.activity.(Tuck.et.al.,.2002)..Thus,.glucuronides.
of.HT.appeared.to.be.more.active.than.HT..Under.this.hypothesis,.dietary.HT.is.bioactivated.in.
the.body..This.makes.in vitro and.in vivo.findings.more.compatible.in.terms.of.doses/concentra-
tions..In.addition,.poor.bioavailability.of.HT.appears.to.be.biologically.less.relevant.when.taking.
into.account.its.bioactivation..However,.these.results.have.not.been.reproduced.in.other.studies.and.
chemical.mechanisms.behind.scavenging.activities.of.metabolites.remain.an.enigma.

Alternatively,.it.may.be.considered.that.some.conjugates.of.phenolic.compounds.may.behave.as.
carriers.of.free.forms.of.phenolic.compounds.to.target.tissues.—.the.“depot.hypothesis.”.Within.this.
hypothesis,.determination.of.bioavailability.of.phenol.metabolites.in.tissues.may.be.more.relevant.
than.that.in.plasma..Data.are.still.very.scarce,.even.in.animals,.and.perhaps.the.nature.of.tissue.
metabolites.may.be.different. from.that.of.blood.metabolites..The.proportion.of.free.aglycons. in.
some.tissues.can.differ.from.that.observed.in.blood.(D’Angelo.et.al.,.2001);.this.may.be.explained.
by. a. specific. uptake. of. aglycon.or. intracellular. deconjugation.. This. last. hypothesis. implies. that.
anionic.conjugates.could.be.transported.across.plasma.membranes.via.carrier.systems,.as.has.been.
shown.for.acyl-glucuronides.(Sallustio.et.al.,.2000)..Furthermore,.β-glucuronidase.is.located.in.the.
lumen.of.the.endoplasmic.reticulum.in.various.organs,.which.could.be.reached.by.phenol.glucuro-
nides..β-Glucuronidase.is.also.present.in.lysosomes.of.several.cells,.from.which.the.enzyme.can.
be.released.under.some.particular.conditions.such.as.an.oxidative.stress.situation..Situations.that.
decrease.pH.promote.hydrolysis.of.phenol.glucuronides.because.the.activity.of.β-glucuronidase.is.
optimal.at.pH.4–5.and.it.is.reduced.ninefold.at.neutral.pH.(Sperker.et.al.,.1997)..β-Glucuronidase.
activity.can.increase.in.some.physiopathologic.states,.such.as.inflammation.or.cancer,.with.a.con-
comitant.in situ.deconjugation.of.phenol.metabolites.

6.1.3  metabolic disPosition in humans

In.a.pioneering.experiment.on.the.bioavailability.and.disposition.of.olive.oil.phenolic.compounds.
in.humans.(Visioli.et.al.,.2000b),.HT.and.T.were.spiked.to.a.poor-phenolic.content.olive.oil.and.
administered.to.healthy.volunteers..Preliminary.conclusions,. later.confirmed,.were.that.phenolic.
compounds.are.dose-dependently.absorbed.in.humans.after.olive.oil.ingestion.and.that.their.bio-
availability. is. extremely.poor,.most.phenolic. compounds.being. recovered. in.biological.fluids. as.
conjugates..In.Visioli’s.study,.an.increase.in.the.dose.of.administered.phenolics.increased.the.pro-
portion.of.their.conjugation.with.glucuronic.acid..Phenolic.compounds,.particularly.those.bearing.
a. catechol. group,. are. typically. biotransformed. by. three. enzymatic. systems:. catechol-O-methyl-
transferase.(COMT),.sulfatases.(SULT),.and.glucuronosyltransferases.(UDGPT)..Depending.on.the.
dose.and.the.availability.of.co-factors.the.proportion.of.methyl,.sulfate,.and.glucuronide.conjugates.
varies.among.subjects.

Preliminary.studies.were.performed,.as.stated.earlier,.with.olive.oils.spiked.with.free.phenols;.
further.studies.on.the.olive.oil.phenolic.compound.bioavailability.(Miró-Casas.et.al.,.2001,.2003a,.
b).were.performed.with.extra.virgin.olive.oil..After.administering.25.ml.of.extra.virgin.oil.(with.an.
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estimated.content.of.HT.of.49.3.mg/l.or.1.2.mg.administered),.HT.plasma.concentrations.peaked.
at.30.min.and.those.of.HVAL.at.50.min..Plasma.peak.concentrations.were.about.25.ng/ml.for.HT.
and.4.ng/ml.for.HVAL..The.estimated.half-life.for.HT.was.3.h.after.fitting.plasma.concentrations.
with. a. mono-compartimental. model.. Plasma. concentrations. declined,. most. probably. following.
a.bi-compartimental.model.(some.missing.data.points.prevented. the.application.of. this.model),.
and.at.8.h.HT.concentrations.could.not.be.distinguished.from.background..It.cannot.be.discarded.
that.there.is.a.partial.enterohepatic.recirculation.of.HT.conjugates..HT.and.HVAL.were.analyzed.
in. their. free. and. conjugated. forms. (both. in.plasma.and.urine),. and. it.was. estimated. that.more.
than.98%.of.these.compounds.were.in.their.conjugated.forms,.mainly.glucuronides,.confirming.
previous.findings..In.urine,.HT.and.HVAL.concentrations.peaked.in.the.collection.period.0–2.h.
(Miró-Casas.et.al.,.2003a)..Figure.6.1.displays.results.obtained.after.ingestion.of.a.single.dose.of.
high-phenolic-content.olive.oil.

In.a.second.experiment,.extra.virgin.olive.oil.(25.ml).with.three.increasing.concentrations.of.
polyphenols.—.high.(486.mg/kg.of.olive.oil),.moderate.(133.mg/kg),.and.low.(10.mg/kg).—.were.
administered.on.4.consecutive.days..Plasma.and.urinary.levels.of.phenolic.compounds.(HT,.T,.and.
HVAL).increased.significantly.in.a.dose-dependent.manner..An.increase.in.plasma.concentrations.
of.T.and.HT.was.observed.from.day.1.and.4,.mainly.at.postprandial.state,.which.could.reflect.an.
increased.“pool”.of.phenolic.compounds.(Weinbrenner.et.al.,.2004b)..This.observation.was.repro-
duced.in.a.clinical.trial.where.healthy.volunteers.were.administered.with.a.single.dose.of.50.ml.
extra.virgin.olive.oil,.and.later.with.repeated.doses.of.25.ml.of.the.same.oil.during.a.1-week.period..
The.mean.recovery.values.for.HT.after.sustained.doses.were.1.5-fold.higher.than.those.obtained.
after.a.single.50-ml.dose.(Miró-Casas.et.al.,.2003b).

Most.bioavailability.studies.on.olive.oil.phenols.have.measured.total.HT.and.T.concentrations.
in.blood.or.urine. after. acidic.or. enzymatic. treatment.of. the. samples..There. is. a. lack.of. studies.
in.which.glucuronide.and.sulfate.conjugates.of.HT.and.T. in.biological.samples.were.measured..
Recently,. our.group.has. succeeded. in. the. synthesis.of. the.main.HT,.T,. and.HVAL.glucuronide.
conjugates.using.porcine.liver.microsomes,.and.quantitative.analytical.methods.are.under.develop-
ment.for.their.detection.in.biological.fluids.(Khymenets.et.al.,.2006).

6.1.4  olive oil Phenolic comPounds as biomarkers of olive oil ingestion

The.potential.of.using.urinary.concentrations.of.phenolic.compounds.as.biomarkers.of.olive.inges-
tion,. and. more. interestingly. as. biomarkers. of. treatment. compliance. in. nutritional. intervention.
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studies,.has.been.investigated..The.fact. that.HT.and.T.urinary.recoveries.are.dependent.on.the.
phenolic.content.of.the.olive.oil.administered,.after.doses.compatible.with.dietary.habits,.confirms.
the.usefulness.of.these.compounds.as.biomarkers.of.compliance.in.clinical.trials..With.regard.to.
the.dose-effect.relationship,.24-h.urinary.T.seems.to.be.a.better.biomarker.of.sustained.and.mod-
erate.doses.of.virgin.olive.oil.consumption.than.HT.(Miró-Casas.et.al.,.2003b)..This.is.mainly.due.
to.the.cross-metabolism.between.HT.and.dopamine..Both.HT.and.T.urinary.concentrations.have.
been.used,.and.are.currently.in.use,.in.nutritional.intervention.studies.as.biomarkers.of.treatment.
compliance.(Covas.et.al.,.2006a,.b;.Fitó.et.al.,.2007b).

6.1.5  binding of olive oil Phenolic comPounds and  
  their metabolites to human liPoProteins

The.susceptibility.of.low.density.lipoproteins.(LDL).to.oxidation.depends.not.only.on.their.fatty.
acid.content,.but.also.on.LDL.antioxidant.content.(i.e.,.vitamin.E.and.polyphenols).bound.to.the.
LDL. (Fuller. and. Jialal,. 1994).. Phenolic. compounds. that. could. bind. LDL. would. likely. perform.
their.peroxyl.scavenging.activity.in.the.arterial.intima,.where.full.LDL.oxidation.occurs.in.micro-
domains.sequestered.from.the.richness.of.antioxidants.present. in.plasma.(Steinberg.et.al.,.1989;.
Witzum.et.al.,.1994).

Several.reports.converge.on.the.ability.of.olive.oil.phenolic.compounds.to.protect.lipoproteins.
against.oxidation.(Grignaffini.et.al.,.1994;.Wiseman.et.al.,.1996;.Stupans.et.al.,.2002)..Some.reports.
have.provided.evidence.that.the.incorporation.of.phenolic.compounds.and.their.metabolites.in.lipo-
proteins.may.explain.their.protective.antioxidant.effects..In.a.first.study,.T.and.HT.were.recovered.
in.all. lipoprotein.fractions,.except. in.very.low.density.lipoproteins.(VLDL),.with.concentrations.
peaking.between.1.and.2.h.after.olive.oil.ingestion.(Bonanome.et.al.,.2000)..In.other.studies,.not.
only.T.and.HT,.but. also. several.metabolites.were. identified. in.LDL:.HT.monoglucuronide,.HT.
monosulfate,. T. glucuronide,. T. sulfate,. and. homovanillic. acid. sulfate. (de. la. Torre-Carbot. et. al.,.
2006,.2007)..In.addition,.the.concentration.of.total.phenolic.compounds.in.LDL.has.been.shown.to.
be.directly.correlated.with.the.phenolic.concentration.of.olive.oils.and.with.the.resistance.of.LDL.
to.their.in vitro oxidation.(Gimeno.et.al.,.2007)..At.postprandial.state,.after.ingestion.of.a.virgin.
olive.oil.with.high.phenolic.content.(366.mg/kg.of.olive.oil),.the.phenolic.content.of.LDL.directly.
correlated.with.the.plasma.concentrations.of.T.and.HT.(Covas.et.al.,.2006a)..The.nature.of.the.bond.
between.LDL.and.phenolic.compounds,.including.olive.oil.phenolic.compounds.and.their.metabo-
lites,.deserves.further.investigation.due.to.the.physiopathological.implications.involved.

�.�  antioxiDant effect of olive oil  
  Phenolic comPoUnDs in hUmans

6.2.1  oxidative stress, oxidative damage, and olive oil Phenolic comPounds

Oxidative.stress.is.defined.as.an.imbalance.between.the.oxidant.and.antioxidant.systems.of.the.
body,.in.favor.of.the.oxidants.(Sies,.1997)..The.oxidant.systems.are.free.radicals,.molecules,.or.
molecular. fragments. containing. one. or. more. unpaired. electrons. (Valko. et. al.,. 2007).. Radicals.
derived.from.oxygen,.including.the.so-called.reactive.oxygen.species.(ROS),.such.as.the.superox-
ide.anion.or.the.hydroxyl.radical,.represent.the.most.important.class.of.free.radical.species,.and.
are. produced. in. normal. aerobic. metabolism. (Gutteridge,. 1995;. Sies,. 1997;. Valko. et. al.,. 2007)..
Several.situations.such.as.infection,. inflammation,.ultraviolet.radiation,.and.tobacco.smoke.can.
increase.free.radical.production..Free.radicals.can.interact.with.fatty.acids,.thus.forming.peroxyl.
and.alkoxyl.radicals,.and.also.with.nitric.oxide,.proteins,.and.transition.metals,.such.as.iron.and.
copper,.resulting.in.new.radical.molecules.(Gutteridge,.1995)..Targets.for.free.radicals.are.lipids,.
deoxyribonucleic.acid.(DNA),.and.proteins.(Gutteridge,.1995;.Sies,.1997;.Valko.et.al.,.2007)..If.a.
fatty.acid.is.damaged.by.free.radicals.it.becomes.a.free.radical.itself.setting.up.a.chain.reaction.
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of.lipid.peroxidation.(Gutteridge,.1995;.Valko.et.al,.2007)..Oxidation.of.the.lipid.part.(Steinberg.
et.al.,.1989),.or.directly.of.the.apolipoprotein.(apo).B.of.the.LDL.particle.(Hazen.and.Heinecke,.
1997),.leads.to.a.change.in.the.lipoprotein.conformation.by.which.the.LDL.is.better.able.to.enter.
into.the.monocyte/macrophage.system.of.the.arterial.wall,.and.develop.the.atherosclerotic.process.
(Witzum,. 1994).. The. modified. apoB. has. immunogenic. properties. prompting. the. generation. of.
auto-antibodies.against.oxidized.LDL.(Steinberg.et.a1.,.1989).. In.addition,.3-chloro-.and.nitro-
tyrosine. generation,. via. myeloperoxidase. activity,. in. high. density. lipoproteins. (HDL). converts.
the.lipoprotein.in.a.pro-inflammatory.HDL,.and.reduces.its.capacity.to.remove.cholesterol.from.
cells.(Fogelman,.2004)..Nucleic.acids.are.also.targets.for.free.radicals..Oxidative.stress.leads.to.
a.plethora.of.mutagenic.DNA.lesions.in.purines,.pyrimidines,.deoxyribose,.and.DNA.single-.and.
double-strand.breaks. (Poulsen.et.al.,.1998;.Whiteman.et.al.,.2002)..Accumulation.of.mutations.
from.oxidative.DNA.damage.is.considered.to.be.a.crucial.step.in.human.carcinogenesis.(Poulsen.
et.al.,.1998;.Evans.et.al.,.2004)..Oxidative.stress.produced.by.free.radicals.has.been.linked.to.the.
development.of.several.diseases.such.as.cardiovascular,.cancer,.and.neurodegenerative.diseases,.
and.also.with.the.process.of.ageing.(Witzum,.1994;.Southom.and.Powis,.1998).

The.biological.oxidative.effects.of.free.radicals.on.lipids,.DNA,.and.proteins.are.controlled.by.a.
wide.spectrum.of.enzymatic.antioxidants,.such.as.the.scavenger.enzymes.superoxide.dismutase.and.
glutathione.peroxidase.(GSH-Px),.and.nonenzymatic.antioxidants,.such.as.vitamin.E.and.glutathi-
one.(Gutteridge,.1995;.Valko.et.al.,.2007)..Some.nonenzymatic.antioxidants.provided.by.diet,.such.
as.vitamins.C.and.E,.and.phenolic.compounds,.may.be.key.factors.in.the.pathogenesis.of.oxidative.
stress-related.disorders.(Southom.and.Powis,.1998;.Valko.et.al.,.2007)..As.has.been.referred.to.in.
previous.chapters,.olive.oil.is.the.primary.source.of.fat.in.the.Mediterranean.diet,.and.it.is.a.func-
tional.food.that.besides.having.a.high.level.of.monounsaturated.fatty.acid.(MUFA),.the.oleic.acid,.
contains.multiple.minor.components.with.biological.properties..In.most.human.studies,.oleate-rich.
LDL.have.been.shown.to.be.less.susceptible.to.oxidation.than.linoleate-rich.LDL..Some.studies.
performed.from.1991–2004.on. this. topic.are.referred. to. in.a.recently.reported.review.(Lapointe.
et.al.,.2006)..In.only.2.of.the.14.studies.referred.to.(Lapointe.et.al.,.2006).did.MUFA-rich.diets.
not.promote.a.higher. resistance.of.LDL.to.oxidation.compared.with.polyunsaturated.fatty.acids.
(PUFA)-rich.ones.

Among.olive.oil.minor.components,.the.phenolic.compounds.have.been.the.focus.of.intensive.
research.in.recent.years,.and.are.the.best-studied.olive.oil.minor.components,.particularly.their.anti-
oxidant.properties..In.experimental.studies,.olive.oil.phenolics.have.been.shown.to.have.antioxidant.
effects,.greater.than.those.of.vitamin.E,.on.lipids.and.DNA.oxidation.(Visioli.et.al.,.1995;.De.la.
Puerta.et.al.,.1999;.Fitó.et.al.,.2000;.Owen.et.al.,.2000;.Masella.et.al.,.2004)..Olive.oil.phenolic.com-
pounds.have.also.been.shown.to.be.able to.prevent.endothelial.dysfunction.by.decreasing.expression.
of.cell. adhesion.molecules. (Carluccio.et. al.,.2003),. increasing.nitric.oxide. (NO).production.and.
inducible.nitric.oxide.synthase.(Moreno,.2003),.and.scavenging.vascular.endothelium.intracellular.
free.radicals.(Massaro.et.al.,.2002)..Also,.olive.oil.phenolic.compounds.inhibited.platelet-induced.
aggregation.(Petroni.et.al.,.1995).and.enhanced.the.mRNA.transcription.of.the.scavenger.enzyme.
GSH-Px..Controversial. results,.however,.have.been.obtained.on. this. last. issue.depending.on. the.
tissue.in.which.the.gene.expression.was.evaluated.(Quiles.et.al.,.2002;.Masella.et.al.,.2004)..Other.
potential.benefits.include.a.chemopreventive.activity.(Owen.et.al.,.2000)..In.experimental.studies,.
olive.oil.phenolic.compounds,.like.other.plant-derived.polyphenols.(Vinson.et.al.,.1995),.counter-
acted. the.metal-,. radical-,.and.macrophage-mediated.oxidation.of. lipids.and.LDL.(Visioli.et.al.,.
1995;.Fitó.et.al.,.2000;.Masella.et.al.,.2004)..In.animal.models,.olive.oil.phenolics.retained.their.
antioxidant.properties.in vivo.(Visioli.et.al.,.2000c).and.delayed.the.progression.of.atherosclerosis.
(Aviram,.1996)..The.administration.of.high.doses.of.HT.(10.mg/kg/day).to.apoE-deficient.mice,.
however,.enhanced.the.atherosclerotic.lesion.development (Acín.et.al.,.2006)..This.fact.points.out.
the.importance.of.the.matrix.and.that.of.the.combination.of.all.antioxidants.present.in.natural.foods.
such.as.olive.oil.
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A.large.number.of.studies,.both.in.experimental.models.and.in.humans,.have.been.performed.
on.the.antioxidant.capacity.of.olive.oil.phenolic.compounds..However,.the.precepts.of.Evidence-
Based.Medicine.require.first-level.scientific.evidence.to.be.provided.before.nutritional.recommen-
dations.for.the.general.public.are.formulated.(Wolff.et.al.,.1990)..The.scientific.evidence.required.
is.provided.by.randomized,.controlled,.double-blind.clinical.trials.(level.I.of.Evidence).and.to.some.
extent.by.large.cohort.studies.(level.II.of.Evidence)..Basic.research,.despite.its.usefulness.in.permit-
ting.a.mechanistic.approach.to.be.adopted,.does.not.provide.evidence.for.nutritional.recommenda-
tions..Of.course,.the.level.of.evidence.of.a.particular.study.depends.not.only.on.its.type.of.design.
but.also.on.the.quality.of.the.study.(external.and.internal.validity,.homogeneity.of.the.sample,.and.
statistical.power)..Finally,.evidence.is.built.by.agreement.of.results.of.several.similar.studies.(Wolff.
et.al.,.1990;.Goodman,.1993)..Here.we.summarize.the.state.of.the.art.of.the.body.of.knowledge.and.
the.extent.to.which.we,.the.scientific.community,.have.evidence.of.antioxidant.benefits.of.olive.oil.
phenolic.compounds.in.humans.

6.2.2  PostPrandial studies on the antioxidant effect in  
  humans of olive oil Phenolic comPounds

After.a.fatty.meal.postprandial.lipemia.occurs.(Roche.et.al.,.1998)..Postprandial.lipemia.is.recog-
nized.as.a.risk.factor.for.atherosclerosis.development.as.it.is,.together.with.postprandial.hypergly-
cemia,.associated.with.oxidative.changes.(Roche.and.Gibney,.2000)..After.an.oral.load.of.50.ml.of.
virgin.olive.oil.an.oxidative.stress.occurs.in.plasma,.reflected.in.an.increase.of.lipid.peroxides.and.in.
a.decrease.of.activities.of.antioxidant.scavenger.enzymes.GSH-Px.and.glutathione.reductase.(Fitó.
et.al.,.2002)..A.decrease.of.antioxidant.defenses.with.an.increase.of.lipid.oxidation.is.a.common.
feature. in.an. increased.oxidative.status.situation.(Ruíz.et.al.,.1999)..Oxidized.chylomicrons.and.
triacylglycerol-rich.VLDL.produced.in.the.postprandial.phase.may.be.a.metabolic.factor.involved.
in.injury.of.the.arterial.wall,.and.may.also.constitute.a.potential.link.between.postprandial.lipemia.
and. atherogenesis. (Cohn,. 1998).. In. our. experience,. postprandial. triacylglycerol–rich. VLDL. are.
prone.to.oxidation.after.50.ml.of.virgin.olive.oil.ingestion.in.healthy.humans.(Figure.6.2)..Post-
prandial.triglyceride.enrichment.of.VLDL.has.been.shown.to.correlate.with.postprandial.oxidative.
stress.in.type.2.diabetic.patients.(Evans.et.al.,.2000),.and.postprandial.remnant-like.protein.particles.
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figUre �.�  Time.course.of.lipid.peroxides.formation.in.very.low.density.lipoproteins.(VLDL).after.inges-
tion.of.50.ml.of.virgin.olive.oil..P.=.0.007.for.quadratic.trend,.general.linear.model..*.=.P.<.0.05.from.baseline..
(Adapted.from.Fitó,.M..et.al.,.2002,.Lipids,.37,.245–251.)
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have.been.shown.to.increase.intracellular.oxidant.levels,.thus.impairing.endothelial.function.(Doi.
et.al.,.2000).

Some.studies.have.examined.the.postprandial.effect.of.olive.oil.phenolic.compounds.on.bio-
markers.of.oxidative.stress..Some.of.them.did.not.report.changes.at.the.postprandial.state,.neither.of.
the.ex vivo.susceptibility.of.LDL.to.oxidation.(Nicolaïew.et.al.,.1998;.Bonanome.et.al.,.2000;.Viss-
ers.et.al.,.2004).nor.of.the.in vivo.measurements.of.oxidized.LDL.and.DNA.oxidation.(Weinbrenner.
et.al.,.2004b).after.ingestion.of.olive.oils.providing.from.0–100.mg.of.phenolic.compounds..The.
ingestion.of.50.ml.of.virgin.olive.oil.enhanced.total.plasma.antioxidant.capacity.(Bonanome.et.al.,.
2000),.while.ingestion.of.25.ml.of.low.phenolic.content.(10.mg/kg).olive.oil.reduced.the.activity.of.
the.antioxidant.scavenger.enzyme.GSH-Px.(Weinbrenner.et.al.,.2004a)..In.this.last.bioavailability.
study.(Weinbrenner.et.al.,.2004a),.reduction.in.GSH-Px.activity.was.not.observed.after.ingestion.
of.25.ml.of.olive.oil.with.medium.(133.mg/kg).and.high.(486.mg/kg).phenolic.content.(Figure.6.3)..
The.reduction.of.GSH-Px.activity.after.ingestion.of.olive.oil.with.low.phenolic.content.could.reflect.
consumption.of.enzyme.when.counteracting.the.postprandial.lipid.oxidation,.due.to.lack.of.pheno-
lic.compounds.in.olive.oil.(Weinbrenner.et.al.,.2004a)..Visioli.et.al..(2000a).described.a.decrease.
in.urinary.F2-isoprostanes,.considered.to.be.the.best.systemic.markers.of.oxidative.damage,.after.a.
50-ml.dose.of.olive.oil.enriched.with.T.and.HT..After.4.days.of.sustained.consumption.(25.ml/day),.
a.decrease.in.postprandial.levels.of.circulating.oxidized.LDL.and.DNA.oxidation.has.been.reported.
after.ingestion.of.a.single.25-ml.dose.of.a.high.phenolic.content.olive.oil.(486.mg/kg)..This.effect.
was.not.observed.after.the.same.dose.of.olive.oil.with.medium.(133.mg/kg).or.low.phenolic.content.
(10.mg/kg).(Weinbrenner.et.al.,.2004b).

.The.results.of.the.postprandial.studies.performed.are.difficult.to.evaluate.and.compare.because.
some.studies.do.not.mention.whether.postprandial.lipemia.and/or.hyperglycemia.occurs.(Visioli.
et.al.,.2000a;.Vissers.et.al.,.2004),.while.in.other.studies.neither.hyperlipemia.nor.hyperglycemia.
occurs.after.olive.oil.ingestion.(Nicolaïew.et.al.,.1998;.Bonanome.et.al.,.2000;.Weinbrenner.et.al.,.
2004a,.b)..In.our.experience,.ingestion.of.a.25-ml.olive.oil.dose.did.not.promote.postprandial.oxi-
dative.stress.with.independence.of.phenolic.content.of.the.olive.oil.(Weinbrenner.et.al.,.2004a,b),.
whereas.single.doses.of.40.(Covas.et.al.,.2006a).and.50.ml.did.(Fitó.et.al.,.2002).(Figure.6.2).

With.olive.oil.doses.at.which.oxidative.stress.occurs,.data.from.randomized,.crossover,.con-
trolled.studies.in.humans.show:.(1).an.increase.in.serum.antioxidant.capacity.after.virgin.olive.oil.
ingestion,.but.not.after.ordinary.olive.oil,.in.comparison.with.corn.oil,.suggesting.a.role.for.phe-
nolic.compounds.of.virgin.olive.oil.(Bogani.et.al.,.2007);.and.(2).the.phenolic.content.of.an.olive.
oil.modulates.the.degree.of.lipid.and.LDL.oxidation,.the.lipid.oxidative.damage.being.lower.after.
high-.than.after.low-phenolic.content.olive.oil.ingestion.(Ruano.et.al.,.2005;.Covas.et.al.,.2006a).
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figUre �.�  Activity.of.glutathione.peroxidase.(GSH-Px).after.ingestion.of.olive.oil.with.low.(10.mg/kg,.
LPC),.medium.(133.mg/kg,.MPC),.and.high.(486.mg/kg,.HPC).phenolic.content..*.=.P.<.0.05.vs..baseline.
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6.2.3  studies on antioxidant effect in humans of sustained  
  consumPtion of olive oil Phenolic comPounds

Considerable.differences.exist.among.the.randomized,.crossover,.controlled.studies.performed.in.
humans.to.assess.the.effects.of.sustained.consumption.of.phenolic.compounds.provided.by.olive.
oil.(Covas.et.al.,.2006c)..These.differences.are.reflected.not.only.in.the.length.of.the.intervention.
periods,.from.4.days.to.8.weeks,.but.also.in.the.experimental.design,.control.of.diet,.sample.popula-
tion,.age.of.participants,.sample.size,.measurement.of.markers.of.compliance.of.the.intervention,.
and.in.sensitivity.and.specificity.of.the.oxidative.stress.biomarkers.evaluated.(Fitó.et.al.,.2007a)..
Table.6.1.shows.a.summary.of.the.randomized,.crossover,.controlled.studies.performed.to.date.in.
healthy.volunteers..Concerning.lipid.oxidative.damage,.in.four.studies.performed.up.to.2002.with.
healthy.volunteers,.there.was.no.evidence.that.consumption.of.phenolic.compounds.from.dietary.
olive. oil. accounted. for. benefits. on. ex vivo susceptibility. of. LDL. to. oxidation. (Nicolaïew. et. al.,.
1998;.Bonanome.et.al.,.2000;.Vissers.et.al.,.2001;.Moschandreas.et.al.,.2002)..In.two.studies.in vivo 
biomarkers.such.as.plasma.malondialdehyde.(MDA),.lipid.peroxides.(LPO),.and.protein.carbonyls.
(PC).were.also.evaluated.without.any.effect.being.identified.that.could.be.attributed.to.the.phenolic.
content.of.olive.oil.(Vissers.et.al.,.2001;.Moschandreas.et.al.,.2002)..Most.recently,.two.further.stud-
ies.(Marrugat.et.al.,.2004;.Weinbrenner.et.al.,.2004b).reported.protective.effects.of.olive.oil.phenols.
on.in vivo circulating.oxidized.LDL,.MDA.in.urine,.DNA.oxidation,.plasma.GSH-Px.(Table.6.1),.
and.also.in.HDL.cholesterol.levels.in.healthy.male.subjects..No.changes.in.F2-isoprostanes.were.
observed..Despite.the.differences.in.length.of.intervention.periods.among.the.two.studies,.from.4.
days.(Weinbrenner.et.al.,.2004b).to.3.weeks.(Marrugat.et.al.,.2004),.there.was.a.similar.approach.in.
experimental.design..Subjects.were.subjected.to.a.strict.very.low-antioxidant.diet.in.both.washout.
and.intervention.periods.(Weinbrenner.et.al.,.2004b),.or.to.a.controlled.diet.in.all.the.study.in.order.
to.avoid.a.high.antioxidant.consumption.(Marrugat.et.al.,.2004)..Low-phenolic.olive.oil.was.used.
for.cooking.purposes.during.intervention.periods,.and.for.all.purposes.during.washout.periods,.in.
both.studies..This.fact.permitted.homogenization.of.both.the.main.fat.ingestion.of.participants.and.
that.of.LDL.fatty.acid.content.(Marrugat.et.al.,.2004;.Weinbrenner.et.al.,.2004b).

.Concerning.DNA.oxidation,. the.most.abundant.DNA.modification. is.hydroxylation.of.gua-
nine.in.the.8-position.to.8-oxo-deoxyguanosine.(8-dG).(Kasai,.1997)..Urinary.excretion.of.8-dG.is.
advocated.as.a.biomarker.of.whole.body.DNA.oxidation.(Poulsen,.2005)..As.has.been.previously.
referred.to,.the.protective.effects.of.olive.oil.phenolics.on.in vivo DNA.oxidation,.measured.as.8-
dGuo.in.mononuclear.cells.and.in.urine,.were.found.in.healthy.male.subjects.in.a.short-term.study.
in.which.participants.were.submitted.to.a.very.low.antioxidant.diet.(Weinbrenner.et.al.,.2004b)..A.
protective.effect.on.DNA.oxidation,.measured.by.the.comet.assay.in.peripheral.blood.lymphocytes,.
has.also.been.reported.in.postmenopausal.women.(Salvini.et.al.,.2006)..The.intake.of.ω6-PUFA.
has.been.associated.with.an.increase.of.etheno-DNA.adducts,.another.marker.of.DNA.oxidation,.in.
urine.(Hanaoka.et.al.,.2002).and.in.white.blood.cells.(Nair.et.al.,.1997).in.female.subjects..In.con-
trast,.consumption.of.25.ml/day.of.virgin.olive.oil.during.3.weeks.did.not.modify.urinary.excretion.
of.etheno-DNA.adducts.in.healthy.volunteers.(Hillestrøm.et.al.,.2006).

As.pointed.out.in.the.Consensus.Report.made.by.the.Expert.Panel.in.the.International.Confer-
ence.of.Olive.Oil.and.Health.held.in.Jaen,.Spain,.October.2004.(Pérez-Jimenez.et.al.,.2004;.Covas.
et.al.,.2006c),.the.protective.effects.of.olive.oil.phenolic.compounds.on.oxidative.damage.in.humans.
are.better.displayed.in.situations.in.which.participants.are.submitted.to.oxidative.stress.conditions.
(males,.males.submitted.to.a.low.antioxidant.diet,.post-menopausal.females)..In.this.sense,.all.ran-
domized,.crossover,.controlled.studies.with.patients.in.which.an.enhanced.oxidative.stress.status.
has.been.reported.(Moriel.et.al.,.2000;.Weinbrenner.et.al.,.2003;.Mueller.et.al.,.2004).showed.a.
protective.effect.of.olive.oil.phenolic.compounds.on.oxidative.damage.(Table.6.2).(Ramírez-Tortosa.
et.al.,.1999;.Fitó.et.al.,.2005;.Ruano.et.al.,.2005;.Visioli.et.al.,.2005)..This.can.be.explained.by.the.
fact.that.the.balance.of.pro-oxidant.and.antioxidant.reactions.is.well.regulated.in.the.body..For.this.
reason,.an.intervention.with.an.antioxidant-rich.compound.without.any.oxidative.stress.involved.
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may.exert.only.a.marginal.effect.that.could.not.be.detected.with.the.current.state.of.the.art.of.the.
oxidative.biomarkers.

The.Consensus.Report.previously.referred.to.(Pérez-Jimenez.et.al.,.2004;.Covas.et.al.,.2006c).
also.pointed.out.that.not.only.carefully.controlled.but.large.sample.size.trials.would.be.needed.in.
order.to.assess.the.in vivo.antioxidant.effect.in.humans.of.phenolic.compounds.from.olive.oil..The.
reason. is. that.only.modest.changes. in.biomarkers.are.expected.after.administration.of. real-life.
doses.of.a.single.food,.which.in.turn.cannot.be.consumed.in.great.quantities.per.day.such.as.raw.
olive.oil..The.results.of.the.recently.delivered.EUROLIVE.study.(Covas.et.al.,.2006b).confirmed.
this.statement..The.EUROLIVE.(Effect.of.olive.oil.consumption.on.oxidative.damage.in.Euro-
pean.populations).study.was.a.large,.randomized,.crossover,.multicenter.clinical.trial.performed.
in.200.individuals.from.5.European.countries..Participants.were.randomly.assigned.to.receive.25.
ml/day.of.three.similar.olive.oils,.but.with.differences.in.their.phenolic.content.(2.7,.164,.and.366.
mg/kg.of.olive.oil),.in.intervention.periods.of.3.weeks.preceded.by.2-week.washout.periods..All.
olive.oils. increased. the.HDL-cholesterol. and. the. ratio.between. reduced.and.oxidized. forms.of.
glutathione.(Table.6.1)..The.antioxidant.activity.of.HDL.on.LDL.lipid.peroxidation.is.well.known.
(Fogelman. et. al.,. 2004),. and. reduced. glutathione. is. a. major. mechanism. for. cellular. protection.
against.oxidative.stress.(Hayes.and.McLellan,.1999)..In.the.EUROLIVE.study,.consumption.of.
medium-.and.high-phenolic.content.olive.oil.decreased.lipid.oxidative.damage.biomarkers.such.
as.plasma-oxidized.LDL,.uninduced.conjugated.dienes.(a.measure.of.polyunsaturated.fatty.acid.
oxidation),.and.hydroxy.fatty.acids.(a.measure.of.the.unsaturated.fatty.acids.oxidation),.without.
changes.in.F2-isoprostanes..The.increase.in.HDL.cholesterol.and.the.decrease.in.the.lipid.oxida-
tive.damage.were.dose-dependently.related.to.phenolic.content.of.olive.oil.consumed.(Table.6.1)..
The.results.of.the.EUROLIVE.study.have.provided.evidence.of:.(1).the.in vivo protective role.of.
phenolic.compounds.from.olive.oil.on.lipid.cardiovascular.risk.factors,.including.lipid.oxidative.
damage,.in.humans.at.real-life.olive.oil.doses.(Covas.et.al.,.2006b);.and.(2).the.fact.that.olive.oil.
is.more.than.a.MUFA.fat.

Also,. results. of. the.EUROLIVE.study. showed. that. consumption.of.25.ml.of.olive.oil. per.
day.during.3.weeks.reduced.DNA.oxidation.in.182.healthy.males,.as.measured.by.the.24-h.uri-
nary.excretion.of.8dG,. irrespective.of. the.olive.oil.phenolic.content.(Machowetz.et.al.,.2007)..
It.must.be.pointed.out. that. the.decrease.in.oxidative.damage.to.DNA.after.olive.oil.consump-
tion.observed.in.the.EUROLIVE.study,.in.spite.of.the.consistency.of.the.results.through.three.
randomized.intervention.periods,.was.evaluated.on.a.linear.basis.due.to.lack.of.a.placebo.group.
other.than.the.low.phenolic.olive.oil.group..From.the.EUROLIVE.results,.olive.oil.phenolic.com-
pounds.do.not.contribute.in.reducing.levels.of.urinary.8dG.in.healthy.males..The.role.of.phenolic.
compounds.from.olive.oil.on.DNA.oxidative.damage.remains.controversial,.and.perhaps.more.
sensitive.methods.would.be.required.to.detect.differences.among.types.of.olive.oil.consumed..
As.has.been.previously.mentioned,.the.protective.role.of.olive.oil.phenolic.compounds.on.DNA.
oxidative.damage.has.been.displayed.in.studies,.but.with.low.sample.size,.where.DNA.oxidative.
damage.was.measured.in.mononuclear.cells.or.lymphocytes.from.peripheral.blood.(Weinbrenner.
et.al.,.2004b;.Salvini.et.al.,.2006)..There.is.still.a.debate.concerning.the.best.method.for.DNA.
oxidative.damage.measurement,.steady-state.levels.of.8dG.in. lymphocytes.being.considered.at.
present.the.best.biomarker.for.oxidative.damage.to.DNA.(Thompson,.2004)..Unfortunately.this.
method.is.difficult.to.apply.in.large.sample.size.intervention.studies..Further.studies.are.required.
to.establish.the.effect.of.olive.oil.and.its.phenolic.compounds.on.oxidative.damage.to.DNA.vs..
other.types.of.fat.in.potential.target.populations.(i.e.,.smokers,.postmenopausal.females,.diabetic.
patients,.etc.).
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�.�  key Points for fUtUre research on the antioxiDant  
  effect of olive oil Phenolic comPoUnDs in hUmans

6.3.1  oxidative markers

The.protective. effect. of. olive.oil. phenolic. compounds.on. lipid.oxidative.damage. is. established..
However,.further.clinical.studies.with.individuals.who.are.prone.to.oxidative.stress.are.required.
in.order.to.determine.which.are.the.population.groups.in.which.ingestion.of.phenolic.compounds.
from.olive.oil.could.provide.the.greatest.benefits..Oxidative.damage.to.DNA.also.deserves.to.be.
explored. in.both.healthy. individuals.and. target.populations.with.high. sensitive.biomarkers..The.
human.clinical.trials.to.be.performed.are.those.capable.of.providing.first-level.evidence,.the.ran-
domized,.controlled.ones.with.an.appropriate.sample.size.(Wolff.et.al.,.1990;.Goodman,.1993)..To.
be.crossover.in.design.is.not.mandatory.for.a.clinical.trial.in.order.to.provide.evidence..However,.the.
crossover.design.requires.a.smaller.sample.size.than.the.parallel.design,.and.also.permits.the.same.
participants.to.be.included.in.different.interventions.with.several.types.of.olive.oils,.thus.minimiz-
ing.interferences.with.other.possible.confounder.variables.(Senn,.2002).

6.3.2  oxidative stress–associated Processes

Besides.oxidative.damage.markers,.biomarkers.related.to.oxidative.stress–associated.processes.must.
be.explored..Oxidative.stress.and.lipid.oxidation.are.linked.with.other.atherosclerosis-associated.
processes.such.as.inflammation.and.endothelial.dysfunction..Oxidized.lipids,.through.NFκB-like.
transcription.factors,.initiate.an.inflammatory.response.that.leads.to.the.development.of.the.fatty.
streak.(Berliner.et.al.,.1995)..The.anti-inflammatory.properties.of.olive.oil.as.monounsaturated.fat,.
and.those.of.the.phenolic.compounds.from.olive.oil,.have.been.displayed.in.several.experimental.
models.and.in.some.human.studies,.and.have.been.reviewed.recently.(López-Miranda.et.al.,.2006;.
Covas,.2007)..The.anti-inflammatory.effects.of.olive.oil.and.its.phenolic.compounds.consumption.
in.humans.is.a.promising.field,.and.further.studies.are.required.to.obtain.full.evidence.on.the.topic..
Oxidative. stress.and.LDL.oxidation.are.also. related.with.endothelial.dysfunction.and.hyperten-
sion. (Cai.and.Harrison,.2000;.Guzik.et.al.,.2002)..Some.data.exist.concerning.possible.benefits.
in.humans.of.phenolic.compounds.from.olive.oil.on.both.systolic.blood.pressure.and.endothelial.
dysfunction.markers,. linked.with.a.concomitant. reduction. in.oxidative. lipid.damage.(Fitó.et.al.,.
2005;.Ruano.et.al.,.2005),.as.well.as.on.inflammatory.markers.(Fitó.et.al.,.2007c)..The.effect.of.
olive.oil.phenolic.compounds.on.oxidative.stress–associated.markers,.which.in.turn.are.risk.factors.
for.disease,.deserves.to.be.explored.

6.3.3  nutritional interventions

We.must.underline.some.key.characteristics.required.for.nutritional.intervention.studies.in.humans.
on.antioxidant.effects.of.phenolic.compounds.or.other.minor.components..First,.a.dietary.control.
of.washout. and. intervention.periods,. primarily.of. the. type.of. fat. ingested,.must.be. carried.out..
The.type.of.fat.ingested.influences.oxidative.damage.to.lipids.(Reaven.et.al.,.1994).and.can.be.an.
important.confounder.in.the.assessment.of.effects.of.phenolic.compounds.from.olive.oil..Second,.
adjustment.of.the.end-point.values.of.the.biomarkers.for.the.baseline.of.each.intervention.period.
must.be.performed..In.general,.as.far.as.baseline.values.are.concerned,.the.statistical.treatment.of.
the.results.in.crossover.trials.is.limited.to.an.adjustment.for.values.at.the.beginning.of.the.study.that.
are.considered.a.sole.baseline.for.all.intervention.periods.(Senn,.2002)..However,.when.dealing.with.
dietary.components.and.oxidative.damage,.from.beginning.to.end.of.a.crossover.study,.there.is.a.
long.time.span.for.interferences.with.other.confounding.variables..Oxidative.stress.is.a.short-term.
response.to.several.stimuli.that.influence.steady-state.balance,.and.biological.variability.of.oxidative.
stress.markers.is.high.(Sen,.1995;.Halliwell.and.Whiteman,.2004)..Third,.measurement.in.urine.of.
phenolic.compounds.from.olive.oil,.such.as.T.and.HT,.as.compliance.markers.of.intervention,.is.
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essential..In.our.experience.in.the.EUROLIVE.(Covas.et.al.,.2006b;.Machowetz.et.al.,.2007).and.
other.olive.oil.sustained.consumption.studies.(Marrugat.et.al.,.2004;.Weinbrenner.et.al.,.2004b;.
Fitó.et.al.,.2005,.2007c;.Covas.et.al.,.2006a,.b).some.participants.may.identify.low.phenolic.content.
olive.oil.or.very.high.phenolic.content.by.the.color.and.taste;.if.they.do.not.like.them,.they.may.fail.
to.observe.full.compliance.with.the.scheduled.protocol.

6.3.4  selection of biomarkers

Finally,.biomarkers.for.oxidative.damage.or.associated.processes.as.secondary.end.points.for.the.
disease.must.be.selected.on.the.basis.of.biomarker.sensitivity.and.clinical.significance..The.sensitiv-
ity.and.specificity.of.some.tests.and.ex vivo.measurements.for.lipid.and.LDL.oxidation.are.currently.
questioned.(Halliwell.and.Whiteman,.2004)..Markers. to.be.selected.are.preferentially. those. that.
have.been.shown.to.be.predictors.for.an.oxidative.stress–associated.disease.in.large.sample.size.
cohort.studies.(or.if.not.available.in.case-control.studies),.such.as.in vivo.plasma-oxidized.LDL.or.
urinary.F2-isoprostanes.(Schwedhelm.et.al.,.2004;.Shimada.et.al.,.2004).
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7 Olive	Oil	Phenols,	Basic	Cell	
Mechanisms,	and	Cancer

Marilena Kampa, Vassiliki Pelekanou, 
George Notas, and Elias Castanas

�.�  introDUction

In.the.Mediterranean.basin,.the.“Mediterranean.diet”.has.been.widely.considered.to.be.responsible.
for.a.healthy.and.relatively.disease-free.population..Epidemiological.data.show.that.this.diet.and.
way.of.life.have.significant.protective.effects.against.different.types.of.chronic.diseases,.including.
cancer.and.coronary.heart.disease..To.a.certain.degree,.these.effects.can.be.attributed.to.olive.oil.
consumption,.one.of.the.major.constituents.of.the.Mediterranean.diet..The.beneficial.role.of.olive.
oil.is.mainly.due.to.a.combination.of.its.high.oleic.acid.content.(peroxidation-resistant.lipid).and.its.
minor.components.like.polar.phenolic.compounds..More.than.40.phenols.have.been.identified.in.
olive.oil.and.a.large.number.have.been.isolated.and.used.in.in vitro.and.in vivo.studies.conducted.
in.order.to.investigate.their.actions..The.major.polar.phenolic.compounds.identified.and.quantified.
in.olive.oil,.as.already.mentioned.in.previous.chapters.of.the.book,.belong.to.four.different.classes:.
simple.phenols.(hydroxytyrosol,.tyrosol);.secoiridoids.(oleuropein,.the.aglycon.of.ligstroside,.and.
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their.respective.decarboxylated.dialdehyde.derivatives);.flavonoids.(apigenin,.luteolin);.and.lignans.
[(+)-1-acetoxypinoresinol.and.pinoresinol]..A.limited.number.of.studies.deal.with.cellular.or.molec-
ular.actions.of.olive.oil.lignans..However,.it.is.known.that.pinoresinol.can.be.converted.to.mam-
malian.lignans,.called.enterolignans.(enterodiol.and.enterolactone).(Heinonen.et.al.,.2001),.formed.
by.the.intestinal.microflora.after.the.consumption.of.plant.lignans.(Milder.et.al.,.2005).

Initially,.the.antioxidant.potential.of.olive.oil.phenolics.appeared.as.the.main.beneficial.mecha-
nism.of.action;.however,. soon.enough. researchers. realized. that. this.mechanism.alone.could.not.
explain.the.whole.spectrum.of.their.beneficial.properties..Indeed,.an.accumulating.body.of.evidence.
reveals.a.number.of.pharmacological.effects. induced.by.(poly)phenols..Therefore,.one.has. to.be.
cautious.with.the.interpretation.of.these.extraordinary.properties..It.should.be.pointed.out.that.the.
biological.properties.of.these.compounds.in vivo.will.depend.on.the.extent.of.their.absorption.and.
metabolism..It.is.essential.to.decipher.the.chemical.form.of.circulating.olive.oil.polyphenols,.after.
their.absorption.and.possible.primary.(bio)transformation,.and.to.find.in.which.chemical.form.they.
ultimately.reach.their.target.tissues..Presently,.the.majority.of.information.in.the.literature.is.based.
on.analysis.of.blood.and.urine.samples.from.animals.and.humans..Oleuropein,.for.example,.is.not.
absorbed.in. its.parental. form.in. the.small. intestine.and.is.not.degraded.under.acidic.conditions..
Consequently,.it.is.likely.to.reach.the.large.intestine,.where.it.is.subjected.to.rapid.biotransforma-
tion.by. the.colonic.microflora. to.yield.hydroxytyrosol. (Corona.et.al.,.2006)..On. the.other.hand,.
hydroxytyrosol.was.reported.to.diffuse.passively.across.a.colon.carcinoma.cell.line.Caco-2.mono-
layer.(Manna.et.al.,.2000).

In.the.following.sections,.we.review.in.brief.the.effects.of.olive.oil.phenols.and.their.cellular.
actions,.linked.to.the.generation.and/or.progression.of.cancer.

�.�  olive oil Phenols anD cancer

Cancer,.a.noncontrolled.proliferation.of.a.given.cellular.population,.is.a.multistep.disease.that:

. 1.. Initiates.with.transformation.of.the.genetic.content.of.a.cell

. 2..Proceeds.to.a.preneoplastic.stage,.that

. 3..Leads.to.tumor.formation.and.finally

. 4..Metastasis

Olive.oil.polyphenols,.as.will.be.presented.below,.can.exert.an.inhibitory.action.on.cancer,.act-
ing.as.blocking.and/or.suppressive.agents.at.several.stages.of.cancer.progression.

7.2.1  ePidemiological studies

A.large.number.of.epidemiological.studies.point.out.the.beneficial.role.of.olive.oil.against.cancer.
(see,.for.example,.Gallus.et.al.,.2004;.La.Vecchia,.2004)..Indeed,.studies.conducted.in.countries.
around.the.Mediterranean.basin.(especially.Greece,.Italy,.and.Spain).demonstrate.a.clear.associa-
tion.between.olive.oil.consumption.and.a.reduced.cancer.risk..In.fact,.a.protective.role.for.olive.oil.
has.been.shown.against.different.malignancies.such.as.breast.(La.Vecchia.et.al.,.1995;.Trichopoulou.
et.al.,.1995;.Lipworth.et.al.,.1997;.Franceschi.and.Favero,.1999;.Sieri.et.al.,.2004),.ovarian.(Bosetti.
et.al.,.2002b),.endometrial.(Tzonou.et.al.,.1996),.colorectal.(Franceschi.and.Favero,.1999;.Rouillier.
et.al.,.2005),.laryngeal.(Bosetti.et.al.,.2002a;.Petridou.et.al.,.2002;.Gallus.et.al.,.2003),.esophageal.
(Bosetti.et.al.,.2000),.lung.(Fortes.et.al.,.2003),.and.pancreatic.cancer.(Soler.et.al.,.1998)..Based.on.
these.data,.a.lot.of.research.has.been.performed.in.order.to.find.the.components.responsible.for.olive.
oil.effects.and.elucidate.their.mechanisms.of.action.that.remain.largely.unknown.

59939.indb   130 6/25/08   4:44:56 PM



Olive	Oil	Phenols,	Basic	Cell	Mechanisms,	and	Cancer	 ���

7.2.2  animal models

Epidemiological.evidence,.demonstrating.cancer.protective.activity.of.olive.oil,.was.supported.by.
numerous.experimental.animal.studies..Indeed.the.effect.of.olive.oil.and/or.its.different.compo-
nents.has.been.studied.in.different.cancer.models..The.majority.of.studies.focused.on.the.presence.
of.unsaturated.fats.in.olive.oil.and.to.a.lesser.extent.on.its.phenolic.content..For.example,.it.was.
reported. that. in. 7,12-dimethylbenz(a)anthracene. (DMBA)-induced. rat. mammary. tumorigenesis,.
rats. fed.with.high. fat.diets,. rich. in.oleic.acid,.had. lower. tumor. incidence,. fewer. tumors.per. rat,.
and.longer.tumor-free.time.(Lasekan.et.al.,.1990)..In.addition,.9,10-dimethyl-1,2-benzanthracene-
induced.rat.mammary.gland.cancer.showed.a.significantly.reduced.tumor.incidence.when.15%.olive.
oil.was.included.in.the.diet.(Zusman,.1998)..Dietary.olive.oil.prevented.the.development.of.aberrant.
crypt.foci.and.colon.carcinomas.in.rats,.suggesting.that.olive.oil.may.have.chemopreventive.activity.
against.colon.carcinogenesis.(Bartoli.et.al.,.2000;.Schwartz.et.al.,.2004)..Similarly,.dietary.olive.
oil.was.found.to.effectively.inhibit.4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone–induced.lung.
tumorigenesis.(Smith.et.al.,.1998)..Moreover,.in.studies.using.the.N-nitrosomethylurea.mammary.
tumor.model,.the.level.of.oleic.acid.was.a.key.determinant.of.olive.oil.protective.effects,.mainly.
affecting.the.histological.type.of.formed.tumors.(Cohen.et.al.,.2000).

Additionally,.a.number.of.studies.investigated.the.antitumor.action.of.different.olive.oil.phe-
nolic.constituents..In.a.mouse.model.of.developing.spontaneous.tumors,.orally.administered.oleu-
ropein.regressed.tumors.in.9–12.days.(Hamdi.and.Castellon,.2005)..Apigenin.was.found.to.block.
colon. carcinogenesis. in. two.mouse.models:. azoxymethane. (AOM)-induced.CF-1.mice. and.Min.
mice.with.a.mutant.adenomatous.polyposis.coli.(APC).gene.(Au.et.al.,.2006)..The.same.compound.
was.also.shown.to.inhibit.skin.tumorigenesis.(Baliga.and.Katiyar,.2006).initiated.by.DMBA.and.
promoted.by.12-O-tetradecanoylphorbol-13-acetate.(TPA).in. the.SENCAR.mouse.model;. it.pro-
longed.the.latency.period.of.tumor.appearance.by.3.weeks.and.significantly.inhibited.the.incidence.
of. carcinoma. and. number. of. tumors. (Wei. et. al.,. 1990).. Similarly,. apigenin. inhibited. ultraviolet.
light-induced.skin.carcinogenesis.in.SKH-1.mice.(Birt.et.al.,.1997)..A.tumor.inhibitory.effect.of.
apigenin.has.been.also.observed.in.a.prostate.cancer.22Rv1.xenograft.(Shukla.et.al.,.2005)..More-
over,.a.significant,.dose-dependent.delay.of. tumor.growth.was.reported. in.syngeneic.C57BL/6N.
mice.inoculated.with.B16-BL6.melanoma.cells.and.treated.with.apigenin.(Caltagirone.et.al.,.2000)..
In.addition,. luteolin-treated. rats. showed.a.decreased. incidence.of. colon. tumors. induced.by.1,2-
dimethylhydrazine.(Manju.and.Nalini,.2005,.2007)..A.strong.chemopreventive.activity.against.the.
genesis.of.7,12-dimethylbenz(a)anthracene-induced.mammary.tumors.was.suggested,.since.luteo-
lin,.combined.with.cyclophosphamide,.inhibited.the.incidence.rate.of.tumors.and.decreased.tumor.
volume.(Samy.et.al.,.2006).

7.2.3  In VItro studies

The.majority.of.data.supporting.an.inhibitory.role.of.olive.oil.phenols.against.cancer.derives.from.
the. examination. of. their. effects. on. different. cancer. cell. lines.. In. several. studies,. a. crude. olive.
oil.extract.was.preferentially. tested,.since. it.was.believed.that. it. initiates.a.synergistic.effect.not.
achievable.by. single. compounds.or. limited.combinations.of.olive.oil. constituents..For. example,.
a.virgin.olive.oil.phenol.extract.decreased.the.proliferation.of.the.human.promyelocytic.cell.line.
HL-60..Similar.properties.were.attributed,.at.least.in.part,.to.two.compounds.isolated.from.olive.
oil,.the.dialdehydic.form.of.elenoic.acid,.linked.to.hydroxytyrosol.(3,4-DHPEA-EDA).or.to.tyrosol.
(pHPEA-EDA).(Fabiani.et.al.,.2006)

Oleuropein.has.been.reported. to.exhibit.an. inhibitory.effect.on. the.proliferation.rate.of.sev-
eral.different.cancer.cell.lines:.LN-18,.poorly.differentiated.glioblastoma;.TF-1a,.erythroleukemia;.
786-O,.renal.cell.adenocarcinoma;.T47D,.infiltrating.ductal.carcinoma.of.the.breast;.MCF-7,.mam-
mary.gland.adenocarcinoma;.RPMI-7951,.malignant.melanoma;.LoVo,.colorectal.adenocarcinoma.
(Hamdi.and.Castellon,.2005)..Oleuropein,.as.well.as.tyrosol.and.hydroxytyrosol,.decreased.breast.
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cancer.cell.viability,.as.described.by.Menendez.and.co-workers.(Menendez.et.al.,.2007)..Minimal.
growth.inhibition.of.McCoys.cells,.induced.by.tyrosol,.was.also.observed,.as.compared.to.the.action.
of.oleuropein.(Saenz.et.al.,.1998)

Phenolic.acids,. such.as.caffeic,. syringic,. sinapic,.protocatechuic,. ferulic,.and.3,4-dihydroxy-
phenylacetic.acid.(PAA),.were.also.found.to.inhibit.T47D.human.breast.cancer.cells.(Kampa.et.al.,.
2004)..Cinnamic,.p-coumaric,.ferulic,.and.sinapic.acids.were.also.effective.against.MK-1.human.
gastric. adenocarcinoma. cells,. HeLa. human. uterine. carcinoma,. and. B16F10. murine. melanoma.
(Nagao.et.al.,.2001).

The.flavonoids.apigenin.and. luteolin,. found.among.olive.and.olive.oil.phenolic.compounds,.
are.the.most.extensively.studied.due.to.their.presence.in.a.variety.of.other.plants,.also..Apigenin.
resulted. in. a.dose-dependent. reduction. in. the. cell. number.of.human.colon. carcinoma.cell. lines.
SW480,.HT-29,.and.Caco-2.(Richter.et.al.,.1999;.Wang.et.al.,.2000)..A.growth.inhibitory.effect.of.
apigenin.was.also.observed.on.MCF-7.and.MDA-MB-231.breast.carcinoma.cells.(Lindenmeyer.et.
al.,.2001;.Yin.et.al.,.2001;.Vargo.et.al.,.2006).and.human.thyroid.carcinoma.cell.lines,.UCLA.NPA-
87-1. (NPA). (papillary.carcinoma),.UCLA.RO-82W-1. (WRO). (follicular. carcinoma),. and.UCLA.
RO-81A-1.(ARO).(anaplastic.carcinoma).(Yin.et.al.,.1999a)..Similarly,.apigenin.exhibited.a.potent.
cell.growth.inhibition.of.prostate.(LNCaP,.DU-145,.PC3).(Shenouda.et.al.,.2004;.Morrissey.et.al.,.
2005),.gastric.(SGC-7901).(Wu.et.al.,.2005),.lung.(A549).(Liu.et.al.,.2005;.Vargo.et.al.,.2006),.and.
pancreatic.cancer. (AsPC-1,.CD18,.MIA.PaCa2,.and.S2-013). (Ujiki.et. al.,.2006);.neuroblastoma.
(NUB-7,.LAN-5,.and.SK-N-BE).(Torkin.et.al.,.2005);.and.monocytic.and.lymphocytic.leukemia.
cells.(monocytic.leukemia.THP-1.and.U937.lines,.promyelocytic.HL60,.acute.T.cell.leukemia.Jur-
kat,.K562.chronic.myelogenous.leukemia,.and.the.NIH-3T3.fibroblast.cell.line).(Vargo.et.al.,.2006)..
Equally,.luteolin.significantly.inhibited.the.proliferation.of.human.myeloid.leukemia.HL-60.(Ko.et.
al.,.2002),.pancreatic.cancer.MiaPaCa-2.(Lee,.L.T..et.al.,.2002),.NK/Ly.ascites.tumor.(Molnar.et.al.,.
1981),.and.melanoma.B16F10.and.SK-MEL-1.cells.(Rodriguez.et.al.,.2002;.Yanez.et.al.,.2004).

Olive.oil-contained.lignans.(mainly.1-acetoxypinoresinol,.hydroxypinoresinol,.and.pinoresinol).
were.examined.in.a.few.studies..They.exhibited.cytotoxicity.against.human.colon.(HCT-116).and.
hepatocellular.carcinoma.(HepG2).cell.lines.in vitro.(Lee,.D.Y..et.al.,.2007)..However,.pinoresinol.
can.be.converted.to.mammalian.enterolignans.(enterodiol.and.enterolactone).(Heinonen.et.al.,.2001).
by.intestinal.microflora.(Milder.et.al.,.2005)..Enterolignans.have.been.shown.to.inhibit.skin,.lung,.
breast,.colon,.and.prostate.carcinoma.(Lin.et.al.,.2001;.Owen.et.al.,.2000).

Finally,.the.response.of.oral.cavity-derived.cells.(i.e.,.the.initial.site.of.exposure.upon.ingestion.
of.olive.oil).upon.olive.oil.phenols.was.studied..This.is.an.important.factor,.in.view.of.the.potential.
cytotoxicity.of.phenolic.molecules.at.high.concentrations..Indeed,.high.concentrations.of.oleuro-
pein.aglycon,.oleuropein.glycoside,.caffeic.acid,.o-coumaric.acid,.and.cinnamic.acid.exhibited.a.
cytotoxic.effect.on.normal.GN61.gingival.fibroblasts,.immortalized.nontumorigenic.S-G.gingival.
epithelial. cells,. and. malignant. HSG1. cells. derived. from. the. salivary. gland. (Babich. and. Visioli,.
2003).

�.�  moDe of action of olive oil constitUents

7.3.1  modification of the redox status

Human.cells,.in.order.to.sustain.optimal.physiological.conditions,.should.retain.a.balance.between.
oxidants.(endogenously.produced.or.externally.supplied).and.antioxidants..In.cases.of.an.oxidant.
imbalance,. oxidative. stress. occurs,. damaging. different. cell. macromolecules. (lipid. proteins. and.
DNA),. increasing. the. risk.of. carcinogenesis. and. tumor.promotion..Reactive.oxygen. species. can.
act.as.fine.regulators.of.cell.replication.(Ames.et.al.,.1993).and.exert.important.signal.transduction.
activities.(Poli.et.al.,.2004)..Therefore,.the.inhibitory.action.of.phenolic.compounds.in.cancer.can.
be.in.part.attributed.to.their.ability.to.scavenge.or.reduce.the.generation.of.free.radicals..Olive.oil.
per.se.and.the.contained.phenolic.compounds.possess.potent.antioxidant.properties..Ichihashi.and.
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co-workers.reported.that.when.olive.oil.was.used.immediately.after.UVB.radiation.(known.to.pro-
duce.reactive.oxygen.species.and.damage.DNA.leading.to.gene.mutation.and.abnormal.cell.prolif-
eration.in.skin),.it.significantly.delayed.the.onset.and.reduced.the.number.of.skin.cancers.(Ichihashi.
et.al.,.2000)..Oleuropein,.acting.as. free. radical. scavenger.and. inhibiting. free. radical.production.
(Kruk.et.al.,.2005),.decreased.the.intracellular.levels.of.reactive.oxygen.species.(ROS),.and.reduced.
the.amount.of.oxidized.proteins.in.human.embryonic.fibroblasts.(Katsiki.et.al.,.2007)..Pretreatment.
of.HepG2.with.hydroxytyrosol.prevented. cell. damage,. evoked.by. t-BOOH,.by. reducing.oxygen.
species.generation. (Goya.et.al.,.2007).. In. J774.murine.macrophages,.hydroxytyrosol.completely.
inhibited.ROS.production.(Maiuri.et.al..2005;.Di.Benedetto.et.al.,.2007),.while.it.prevented.oxida-
tive. stress. in.human.melanoma.M13.UVA-irradiated. cells. (D’Angelo.et. al.,. 2005)..Furthermore.
it. blocked. DNA. damage. in vitro,. induced. by. peroxynitrite. (Deiana. et. al.,. 1999),. and. decreased.
hydrogen.peroxide–induced.formation.of.single-strand.breaks.in.nuclear.DNA.(Nousis.et.al.,.2005)..
Apigenin.reduced.the.damage.of.hepatocytes.in vitro.by.inhibiting.ROS.in.a.concentration-depen-
dent.manner.(Zheng,.Q.S..et.al.,.2005)..Luteolin.was.also.protective.against.oxidative.DNA.dam-
age.in.HepG2.cells.(Kanazawa.et.al.,.2006;.Lima.et.al.,.2006),.human.lymphocyte,.myelogenous.
leukemia.(K562),.and.L1210.murine.leukemia.cells;.apigenin.was.less.potent.in.the.latter.condition.
(Noroozi.et.al.,.1998;.Horvathova.et.al.,.2003;.Horvathova.et.al.,.2004),.while.luteolin.had.no.effect.
on.bleomycin-Fe.complex–induced.DNA.damage. (Ng.et. al.,. 2000)..Finally,.both.enterodiol. and.
enterolactone.inhibited.oxidative.stress–induced.DNA.scissions,.in.a.concentration-dependent.man-
ner.(Kitts.et.al.,.1999).

In.addition.to.their.antioxidant.activity,.a.polyphenol.pro-oxidant.nature.also.has.been.demon-
strated,.suggesting.an.alternative.in vitro.mechanism.of.action.(Matsuo.et.al.,.2005)..The.pro-oxi-
dant.property.is.due.to.the.generation.of.free.radicals,.at.high.polyphenol.concentrations..Oxidative.
digestive.gland. cell-protein.modification.was. increased. in. a. concentration-dependent. manner. in.
cells.incubated.with.phenolic.acids.(Labieniec.and.Gabryelak,.2007)..Equally,.caffeic-.and.ferulic.
acid-evoked.dose-related.elevation.of.intracellular.ROS.in.HepG2.human.hepatoma.cells.reduced.
cell.viability.and.induced.apoptotic.cell.death.(Lee,.Y.S.,.2005)..Ferulic.acid.has.been.reported.to.
exert.a.pro-oxidant.action,.accelerating.DNA.damage,.in.the.presence.of.a.bleomycin-iron.complex.
(Scott.et.al.,.1993).or.copper.(Li.and.Trush,.1994)..Luteolin.and.apigenin.intensified.cell.death.after.
exposure. to.H2O2.and.were.unable. to.protect.HUVEC.cells.from.oxidant-induced.apoptosis.and.
DNA.damage.(Choi.et.al.,.2003).

7.3.2  interference with basic cell functions

�.�.�.�  cell cycle and apoptosis

Cell.cycle.is.an.ordered.set.of.events,.culminating.in.cell.growth.and.division.into.two.daughter.
cells..A.defective.cell.cycle.regulation.can.lead.to.uncontrolled.cell.proliferation.and.tumor.forma-
tion..The.cell.cycle.consists.of.four.distinct.phases:.G1,.S,.G2.(collectively.known.as.interphase),.
and.M. (mitotic).phase..The. relay.of. a. cell. from.one.phase. to. another. is.governed.by.a. cascade.
of.enzyme-protein.phosphorylations.that.involve.cyclical.activation.of.the.cyclin/cyclin-dependent.
kinase.(cdks).complexes.and.cyclin-dependent.kinase.inhibitors.(CKIs)..In.addition.a.set.of.check-
points.exists,.monitoring.completion.of.critical.events.and.regulating.progression.to.the.next.stage..
Important. cell. cycle. regulators. are. the. retinoblastoma. protein. (pRb). and. the. p53. protein.. Their.
phosphorylation.is.also.controlled.by.cyclin/cdk.complexes,.while.in.cancer.mutations.in.pRb.and/
or.p53.proteins.and.cyclin/cdk,.overexpression.is.found.

Cell.cycle.arrest.can.occur.either.at.G1/S.or.G2/M.phase..Arrest.of.cells.at.G1.is.mainly.due.to.
activation.of.p53,.detecting.aberrant.DNA.lesions..Since.the.majority.of.cancer.cells.has.a.mutated.
p53.gene.unable.to.arrest.G1.phase,.consequently,.a.G2.arrest.may.occur..In.both.cases,.any.agent.
downregulating.cyclins.or.cdks.(like.endogenous.cdk.inhibitors).will.result.in.cell.cycle.arrest,.an.
irreversible.process.that.ultimately.will.lead.to.cell.apoptosis..The.latter.is.the.most.potent.defense.
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against.cancer,.activated.by.the.host.immune.system.(Lee,.E.J..et.al.,.2004;.Rigolio.et.al.,.2005).and.
several.chemotherapeutic.agents.(Mansour.et.al.,.2004;.Shenouda.et.al.,.2004)..Two.main.pathways.
regulate.this.process..The.first.is.initiated.at.the.cell.surface.by.activation.of.death.receptors.(e.g.,.
TNF.or.Fas.receptor),.recruiting.caspase.8.and.pro-apoptotic.Bcl-2.family.member.Bid..The.second.
pathway.involves.direct.permeabilization.of.the.mitochondrial.membrane,.due.to.the.disturbance.
of.pro-apoptotic.(Bax,.Bad,.and.Bak).to.antiapoptotic.family.members.(Bcl-2.and.Bcl-XL).ratio..In.
both.cases,.mitochondrial.protein.release.induces.caspase.activation,.leading.to.DNA.and.protein.
degradation,.resulting.in.apoptosis.

In.rats.exposed.to.DMBA.but.fed.with.a.15%.olive.oil–rich.diet,.a.high.expression.of.FasL.and.
p53.proteins.(inducers.of.apoptosis).and.a.decreased.production.of.Bcl-2.protein.(inhibitor.of.apop-
tosis).were.observed.in.mammary.tumors.(Kossoy.et.al.,.2001)..A.decreased.Bcl-2.expression.and.
apoptosis.were.also.found.in.colorectal.cancer.cells.(Caco-2.and.HT-29).that.were.supplemented.
with.olive.oil.(Llor.et.al.,.2003)..Virgin.olive.oil.phenol.extract.has.been.found.to.accumulate.HL60.
promyelocytic.cells.in.the.G0/G1.phase.and.to.induce.apoptosis.(Fabiani.et.al.,.2006)..This.effect.was.
(partially).attributed.to.the.dialdehydic.forms.of.elenoic.acid,.linked.to.hydroxytyrosol.and.tyrosol..
It.should.be.noted.that.hydroxytyrosol.did.not.induce.apoptosis.on.freshly.isolated.human.lympho-
cytes.and.polymorphonuclear,.or.HL60,.cells.(Ragione.et.al.,.2000),.while.it.led.colon.adenocarci-
noma.cells.HT-29.to.apoptosis.(Fabiani.et.al.,.2002;.Guichard.et.al.,.2006).

Apigenin.has.been.reported.to.arrest.at.G2/M.the.cell.cycle.of.B104.rat.neuronal.cells.(Sato.et.
al.,.1994),.MCF7,.and.MDA-MB-468.breast.carcinoma.cells.(Ford.et.al.,.2000;.Yin.et.al..2001).
due.to.a.significant.decrease.in.cyclin.B1,.D1,.and.A.and.inhibition.of.cdk1.and.cdk4.(Way.et.al.,.
2005)..Additionally,.G2/M.cell.cycle.arrest.and.induction.of.apoptosis.were.also.observed.in.api-
genin-treated.human.prostate.adenocarcinoma.(CA-HPV-10,.PC3,.and.LNCaP).(Gupta.et.al.,.2001;.
Shenouda.et.al.,.2004).and.HeLa.cells.(Czyz.et.al.,.2004)..In.the.latter,.an.additional.G1.phase.arrest.
was.also.reported.(Zheng,.P.W..et.al.,.2005).with.induction.of.Fas/APO-1,.caspase-3,.and.apoptosis..
Work.by.Shukla.and.co-workers.also.showed.a.G1.arrest.in.apigenin-treated.PC3.and.LNCaP.cells,.
accompanied.by.a.decrease.in.total.and.phosphorylated.Rb.protein.(Shukla.and.Gupta,.2007)..G2/M.
cycle.arrest.was.also.induced.by.apigenin.and.several.of.its.analogs.in.SW480,.HT-29,.and.Caco-2.
colon.carcinoma.cells.(Wang.et.al.,.2000;.Wang.et.al.,.2004).with.inhibited.activity.of.p34.(cdc2).
kinase.and.reduced.accumulation.of.p34.(cdc2).and.cyclin.B1.proteins..Reduced.phosphorylated.
forms.of.cdks.cdc2.and.cdc25.and.cyclin.A,.cyclin.B,.responsible.for.G2/M.phase.cell.cycle.arrest,.
were.found.in.pancreatic.cancer.cells.(Ujiki.et.al.,.2006)..Furthermore,.in.the.p53-mutant.cancer.
cell. lines. HT-29. and. MG63,. treatment. with. apigenin. resulted. in. G2/M. phase. arrest,. associated.
with.marked.increase.in.protein.expression.of.the.cdk.inhibitor.p21/WAF1.(Takagaki.et.al.,.2005)..
On.the.other.hand,.in.DU-145.prostate.carcinoma.a.G1.phase.arrest.was.also.induced.by.apigenin,.
related.to.a.marked.decrease.in.protein.expression.of.cyclin.D1,.D2,.and.E.and.cdk2,.4,.and.6,.with.
concomitant.upregulation.of.the.cdk.inhibitors.p21/WAF1,.p27/KIP1,.p16/INK4a,.and.p18/INK4c..
In.addition,.apigenin.treatment.also.resulted.in.alteration.in.Bax/Bcl2.ratio.in.favor.of.apoptosis.
that.was.associated.with.the.release.of.cytochrome.c.and.induction.of.apoptotic.protease-activating.
factor-1.(Apaf-1).(Shukla.and.Gupta,.2004a)..This.effect.was.found.to.result.in.a.significant.increase.
in. cleaved. fragments. of. caspase-9,. -3,. and. poly(ADP-ribose). polymerase. (PARP).. Furthermore,.
apigenin-induced.apoptosis.also.has.been.detected.in.a.number.of.different.cancer.cell.types,.such.
as.leukemic.(Lee,.W.R..et.al.,.2002;.Chen.et.al.,.2005;.Vargo.et.al.,.2006),.human.anaplastic.thyroid.
(ARO).(Yin.et.al.,.1999a),.breast.(Way.et.al.,.2004),.neuroblastoma.(NUB-7,.LAN-5,.SK-N-BE,.and.
SH-SY5Y).(Torkin.et.al.,.2005;.Das.et.al.,.2006),.gastric.(SGC-7901).(Wu.et.al.,.2005),.or.prostate.
carcinoma.(PWR-1E,.LNCaP,.PC-3,.and.DU145.).(Morrissey.et.al.,.2005).

In.a.similar.manner. luteolin. induced.cell.cycle.arrest.and.apoptosis..Several.studies.demon-
strated.a.G1.phase.arrest.of.human.melanoma.(OCM-1). (Casagrande.and.Darbon,.2001),.gastric.
(HGC-27). (Matsukawa. et. al.,. 1993). or. prostate. carcinoma. (LNCaP,. through. a. p53-independent.
pathway). (Kobayashi. et. al.,. 2002),. and.hepatoma. cells. (HepG2,.SK-Hep-1,. PLC/PRF/5,.Hep3B,.
and.HA22T/VGH).(Yee.et.al.,.2003).. In. the. latter,.cycle.arrest.was.correlated. to.downregulated.
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expression.of.CDK4.and.increase.of.p53.and.the.cdk.inhibitor.p21..Apoptosis.was.also.observed.as.
the.result.of.an.increased.Bax/Bcl-XL.ratio.and.activated.caspase-3.(Yee.et.al.,.2003)..In.OCM-1.
melanoma.cells,.in.parallel.to.the.G1.arrest,.cdk2.activity.inhibition.was.observed,.attributed.to.the.
presence.of.a.hydroxyl.group.at.the.3′-position.of.ring.B.(Casagrande.and.Darbon,.2001)..In.HT-29.
colon.cancer.cells,.a.2-h.treatment.with.luteolin.inhibited.cdks.(2.and.4).and.decreased.cyclin.D1,.
resulting.in.G1.cell.cycle.arrest.and.a.concomitant.decrease.of.phosphorylation.of.retinoblastoma.
protein.(pRb)..In.contrast,.after.24.h,.it.promoted.G2/M.arrest.and.apoptosis.with.increased.activa-
tion.of.caspases.3,.7,.and.9.(Lim.do.et.al.,.2007)..In.addition,.luteolin.induced.apoptosis.in.HL-60.
human. myeloid. leukemia. (Yamashita. and. Kawanishi,. 2000;. Lee,. W.R.. et. al.,. 2002),. MiaPaCa-
2.pancreatic. tumor.(Lee,.L.T..et.al.,.2002),.HeLa.cervical.cancer,.CH27.human.lung.carcinoma.
(Leung.et.al.,.2005),.HLF.hepatoma.(Selvendiran.et.al.,.2006),.and.colorectal.cancer.cells.(Shi.et.
al.,.2004)..Recently,.it.has.been.shown.that.luteolin-induced.apoptosis.is.mediated.through.death.
receptor.5.(DR5).upregulation,.since.it.markedly.induced.the.expression.of.DR5,.in.parallel.with.
caspases.8,.10,.9,.and.3.activation.(Horinaka.et.al.,.2005)

Finally,.certain.phenolic.acids.and.cinnamic.acid.present.in.olive.oil.have.been.tested.for.their.
effect.on.cell.cycle.and.apoptosis.of.different.cancer.cells..More.specifically,.cinnamic.acid.and.
its.derivative.TPY-835.induced.G1.cell.cycle.arrest.in.human.lung.cancer.cells.(A549.and.SBC-5).
(Jin.et.al.,.2002;.Aoyagi.et.al.,.2005).by.suppressing.cdk2.activity.and.phosphorylation.of.pRb..
Similarly,.hydroxycinnamic.acid.induced.apoptosis.and.G1.phase.arrest.in.human.cervix.epithelial.
carcinoma.(HeLa).cells,.by.increasing.the.expression.of.p53,.caspase-3,.Bax,.and.cyclin.B.(Chuang.
et. al.,. 2005).. G1. phase. accumulation. and. apoptosis. have. also. been. observed. in. human. chronic.
myeloid. leukemia.blast. crisis. (CML-BC).K562.and. in.acute. leukemia.MV4-11.cells.by. the.cin-
namic-hydroxamic.acid.analog.LBH589.(George.et.al.,.2005)..A.study.by.our.group.demonstrated.
that.caffeic.acid.and.3,4-dihydroxy-phenylacetic.acid.induced.apoptosis.in.T47D.cells.via.the.Fas/
FasL. system. (Kampa. et. al.,. 2004).. In. addition,. apoptotic. cell. death. was. also. shown. in. HepG2.
human.hepatoma.cells.treated.with.caffeic.and.ferulic.acid.(Lee,.Y.S.,.2005)..Moreover,.ferulic.acid.
and.para-coumaric.acid.increased.the.proportion.of.colonic.endothelial.tumor.Caco-2.cells.in.S.and.
G2.phases.(Janicke.et.al.,.2005).

�.�.�.�  angiogenesis

Angiogenesis.is.a.normal.process.in.growth,.development,.and.wound.healing..However,.it.is.also.
a.fundamental.step.in.tumor.progression..Tumors.induce.angiogenesis.by.secreting.various.growth.
factors.that.cause.capillary.growth.into.the.tumor..These.new.vessels.assist.the.supply.of.oxygen.and.
nutrients. to. the.cancer.cells,. allowing. tumor.expansion,. and.provide. the.pathways. for.metastasis..
Important.regulators.of.angiogenesis.(among.numerous.others).are.shear.stress,.vascular.endothe-
lial.(VEGF).and.fibroblast.growth.factor.(FGF),.angiopoietins.(Ang1.and.Ang2),.endothelins.(ETs),.
matrix.metalloproteinases. (MMPs),.MMP.inhibitors. (TIMPs),.nitric.oxide. (NO),.and.nitric.oxide.
synthases.(NOS)..Angiogenesis.is.a.target.of.intense.study.of.new.antitumor.mechanisms.and.thera-
pies.in.the.last.few.years.and.a.number.of.antiangiogenetic.compounds.are.currently.in.clinical.trial.

Several. phenolic. compounds. included. in.olive.oil. (especially. apigenin. and. luteolin). interact.
with.the.process.of.tumor.angiogenesis.(Owen.et.al.,.2003)..Both.have.been.reported.to.decrease.the.
proliferation.of.normal.and.tumor.cells,.as.well.as.in vitro.bFGF-stimulated.proliferation.of.human.
umbilical.vein.endothelial.cells.(HUVEC).and.other.endothelial.cell.lines.(Fotsis.et.al.,.1997)..In.a.
series.of.elegant.experiments.Trochon.et.al..report.that.apigenin.inhibited.the.proliferation.and,.to.
a.lesser.degree,.the.migration.of.CPAE.(calf.pulmonary-artery.endothelial).and.HMEC-1.(human.
microvascular.endothelial).cells,.while.stimulating.the.proliferation.of.human.artery.smooth-muscle.
cells.(HUASMC)..Endothelial.derived.cells.were.blocked.in.the.G2/M.phase.as.a.result.of.the.accu-
mulation.of.the.hyperphosphorylated.form.of.pRb,.while.smooth-muscle.cell.stimulation.was.attrib-
uted.to.the.reduced.expression.of.cyclin-dependent.kinase.inhibitors,.p21.and.p27,.which.negatively.
regulate.the.G1.phase.cyclin-dependent.kinase.(Trochon.et.al.,.2000)..In.another.report.pretreatment.
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of.HUVEC.cells.with.apigenin.completely.inhibited.the.VEGF/bFGF-stimulated.increase.in.MMP-
1.expression.and.pro-MMP-2.activation,.decreased.TIMP-1,.and.completely.abolished.TIMP-2.and.
urokinase-type.plasminogen.activator.(uPA).expression.(Kim,.M.H.,.2003)..Apigenin.also.inhibited.
hypoxia-induced. levels.of.VEGF.mRNA.in.HUVEC.cells,.via.degradation.of.hypoxia-inducible.
factor.1.alpha.(HIF-1alpha). through.PI3K/AKT/p70S6K1.and.HDM2/p53.pathways.and.interfer-
ence.with.the.function.of.heat.shock.protein.90.(Hsp90).(Osada.et.al.,.2004;.Fang.et.al.,.2005)..This.
result.was.further.verified.in.the.chicken.chorioallantoic.membrane.and.Matrigel.plug.assays.(Fang.
et.al.,.2007a)..A.similar.effect.of.inhibition.of.both.VEGF.and.HIF-1.alpha.by.apigenin.was.found.
in.A549.lung.cancer.cells.(Liu.et.al.,.2005),.while.in.MDA.human.breast.cancer,.U-343.and.U-118.
glioma.cells,. it. inhibited.VEGF.release.(Schindler.and.Mentlein,.2006)..Apigenin.has.also.been.
shown.to.be.effective.in.inhibiting.laser-induced.choroidal.neovascularization.by.inhibiting.endo-
thelial.cell.proliferation.(Zou.and.Chiou,.2006)..Luteolin.inhibited.VEGF-induced.in vivo.angio-
genesis.in.rabbit.corneal.assay.and.blocked.VEGF-induced.survival.and.proliferation.of.HUVEC.
via.a.PI3K/Akt.dependent.pathway.(Bagli.et.al.,.2004)..The.antiangiogenic.effect.of.luteolin.might.
be.related.to.its.ability.to.inhibit.the.hypoxia-response.element.(HRE).of.several.genes.including.
VEGF.(Hasebe.et.al.,.2003)..Like.apigenin,.topical.application.of.luteolin.can.inhibit.bFGF-induced.
corneal.neovascularization.in.rabbits.(Joussen.et.al.,.2000)..Sodium.caffeate.(SC),.the.sodium.salt.of.
caffeic.acid,.was.found.to.inhibit.lung.carcinoma.pulmonary.metastasis.and.angiogenesis.in.animal.
models.. It. also. inhibited.proliferation.of. transformed.HUVEC.(ECV304).by. inducing.apoptosis.
and.inhibited.secretion.of.MMP-2.and.MMP-9.(Xu.et.al.,.2004)..Another.olive.oil.phenolic.acid,.
protocatechuic. acid,. inhibited. the. angiogenetic. effect. of.Cu2+.by.blocking.Cu2+/H2O2-dependent.
induction.of.VEGF.expression.(Sen.et.al.,.2002).

Oleanolic.acid.(a. triterpenic.acid.found. in.olive.oil).also. inhibited.angiogenesis. in. the.chick.
embryo.chorioallantoic.membrane. (CAM).assay. and. inhibited. the.proliferation.of.bovine. aortic.
endothelial.cells.in.a.dose-dependent.manner.(Sohn.et.al.,.1995)..Furthermore,.it.has.been.reported.
to.cause.a.dose-.and.time-dependent.inhibition.of.HUVEC.viability,.although.it.did.not.have.an.
effect.on.matrigel-induced.angiogenesis.at.micromolar.concentrations.(Barthomeuf.et.al.,.2004)..
Finally.several.oleanolic.acid.derivatives.also.have.significant.antiangiogenic.effects.(Ovesna.et.al.,.
2004;.Shishodia.et.al.,.2006).

Incubation.of.embryoid.bodies.with.acteoside.(verbascoside),.one.of.the.major.constituents.of.
olives,.also.significantly.inhibited.angiogenesis.(Wartenberg.et.al.,.2003)..Enterodiol.and.entero-
lactone.were.able.to.block.estradiol-induced.growth.and.angiogenesis.induction.of.MCF-7.breast.
cancer.solid.tumors.in.mice,.possibly.via.inhibition.of.estradiol-induced.VEGF.secretion.(Bergman.
et.al.,.2007).

Finally,.secoiridoids,.a.secondary.class.of.metabolites.found.in.a.wide.variety.of.plants.and.in.
some.animals,.are.believed.to.possess.antioxidant.potential..The.only.olive-derived.secoiridoid.that.
has.been.referred.to.as.having.antiangiogenic.effects.is.oleuropein.(Hamdi.and.Castellon,.2005),.
while.only.a.few.studies.about. the.role.of.secoiridoids.from.other.sources.in.angiogenesis.exist..
Both.geniposide.and.its.derivative.genipin.were.shown.to.contain.potent.antiangiogenic.activity.in.
a.dose-dependent.manner,.which.was.detected.by.chick.embryo.chorioallantoic.membrane.assay.
(Koo.et.al.,.2004a,b)..However,.in.another.study,.ginsenoside.induced.dose-dependent.proliferation,.
migration,.and.tube.formation.of.HUVEC.cells.(Huang.et.al.,.2005)..It. is.therefore.obvious.that.
further.studies.are.needed.to.decipher.the.role.of.secoiridoids.in.angiogenesis.

�.�.�.�  in�asion and metastasis

The.progressing.of.a.tumor.from.in situ.to.invasive.is.a.prerequisite.for.cancer.metastasis,.a.major.
cause.of.morbidity.and.mortality.. It. involves. increased.cell.migration,. loss.of.cell–cell.adhesion.
along.with.a.gain.of.cell–matrix.adhesion,.and.increased.expression.and.activation.of.extracellular.
proteases.to.degrade.the.extracellular.matrix.(ECM)..The.process.of.metastasis.follows.a.series.of.
sequential.steps.that.include.invasion,.intravasation,.and.survival.in.circulation,.as.well.as.adhesion,.
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extravasation,.proliferation,.and.angiogenesis..Malignant.cells.are.released.from.the.primary.tumor.
and.disseminate.to.distant.sites.via.lymphatic.and/or.circulatory.systems,.and.halt.in.distant.lymph.
nodes.or.in.the.microvasculatures.of.secondary.sites..The.emergence.of.metastasis.in.organs.dis-
tant.from.the.primary.tumor.is.the.most.devastating.aspect.of.cancer..In.light.of.the.above,.several.
secreted.proteins.and.adhesion.molecules,.as.well.as.their.downstream.kinases.and.transcription.
factors,.are.determinant.of.these.complicated.processes.

Phenolic.compounds.represent.the.cornerstone.of.scientific.investigation.on.olive.oil’s.pleiotro-
pic.effects..They.have.been.found.to.control.tumor.cell.migration,.invasion,.and.metastasis..Below.
we.discuss.their.role.in.a.critical.step.of.cell.motility,.directly.related.to.their.metastatic.potential,.
namely,.their.role.in.modulation.of.the.cytoskeleton..It.is.of.special.interest.that.all.actions.of.olive.
oil.compounds.described.below.are.exerted.without. important.cytotoxicity..This.property.offers.
new.insights.in.the.use.of.natural.pharmaceutical.agents.in.anticancer.therapy.

�.�.�.�  action on adhesion molecules and cytoskeleton

Cell.motility,. a. requirement. for. tumor. invasion,. is. a.coordinated.balance.between.cell. adhesion.
receptors,.predominately.integrins,.and.the.ECM..Olive.oil.flavonoids.have.been.found.to.inhibit.the.
expression.of.cellular.adhesion.molecules..Apigenin.and.luteolin.inhibit.the.expression.of.ICAM-1.
(intercellular.adhesion.molecule-1). in.TNF-stimulated.A549.alveolar.epithelial.cancer.cells..The.
attenuation.of.this.inflammatory.response.by.flavonoids.was.mediated.via.mitogen-activated.pro-
tein.kinase. (MAPK).activity,.c-fos.and.c-jun.mRNA.expressions,.and. transcriptional.activity.of.
AP-1.and.NF-κB..All.three.MAPK.were.inhibited,.including.extracellular.signal-regulated.kinase.
(ERK),. p38. and. c-Jun.NH2-terminal. kinase. (JNK). (Chen. et. al.,. 2004).. In. a.more. recent. study,.
hydroxytyrosol. and. oleuropein. aglycon. were. found. to. downregulate. the. expression. of. ICAM-1.
and.VCAM-1.(vascular.adhesion.molecule).mRNA.in.HUVEC.cells,.while.homovanillyl.alcohol.
induced.a.reduction.of.expression.of.these.same.molecules,.without.important.modifications.of.their.
transcriptional.level.(Dell’Agli.et.al.,.2006)..Lotito.and.co-workers.investigated.whether.the.inhibi-
tory.potency.of.olive.oil.flavonoids.on.cellular.adhesion.molecules.correlates.with.their.structural.
features..They.suggested.that.only.flavones,.such.as.apigenin,.were.able.to.inhibit.adhesion.mol-
ecules.and.this.property.was.attributed.to.5,7-dihydroxyl.substitution.of.a.flavonoid.A-ring.and.2,3-
double.bond.and.4-keto.group.of.the.C-ring..On.the.other.hand,.hydroxyl.substitutions.of.the.B-.and.
C-rings.confer.antioxidant.activity..In.addition,.active.flavonoids.triggered.significant.attenuation.of.
E-selectin.and.ICAM-1,.but.not.of.VCAM-1..Moreover,.using.a.hepatocyte.model.mimicking.first.
pass.metabolism,. they.showed.that. this. inhibitory.effect.was.attenuated;. they.concluded. that. the.
effect.of.dietary.flavonoids.on.endothelial.adhesion.molecule.expression.depends.on.their.molecular.
structure,.concentration,.and.metabolic.transformation.but.not.on.their.antioxidant.activity.(Lotito.
and.Frei,.2006).

In.another.study,.Gill.et.al.,.using.virgin.olive.oil.phenolic.extract.(rich.in.oleuropein.aglycon,.
lignans,. ligstroside. aglycon,.3,4.DHPEA-EDA,.and.p-HPEA-EDA),. showed. that. it. inhibited. the.
invasiveness.of.colon.cancer.cell.lines.(HT29,.HT115,.CACO2,.and.MRC5).(Gill.et.al.,.2005)..Olive.
oil.phenols.increased.barrier.function.by.25%.compared.to.untreated.cells..Barrier.function.arises.
from.epithelial.cells.and. tight. junctions.(TJ),.which.govern. the.paracellular.permeability,.acting.
as.cell-cell.adhesion.structures,.and.their.aberration.is.closely.associated.with.metastasis.(Martin.
and.Jiang,.2001)..Note.that.in.HT115.cells,.the.inhibition.of.invasion.seems.independent.of.matrix.
metalloproteinases.(MMP)..Olive.oil.extract.diminished.the.attachment.of.cells.in.culture.flasks.
and. this. antiattachment. effect.was.more.pronounced.when. cells.were. cultured.on. an.ECM-like.
surface.(matrigel)..This.finding.led.Gill.et.al..(2005).to.assume.that.olive.oil.phenolic.compounds.
interfere.with.integrin-mediated.attachment..Integrins.are.the.primary.ECM.receptors.mediating.
ECM.remodeling. and. tumor-associated.desmoplasia. (stromatogenesis)..They.are. responsible.not.
only.for.cellular.attachment.with.collagens,.laminins,.and.fibronectin,.but.also.for.signal.transduc-
tion,.which.induces.cytoskeletal.modifications.among.other.things.(for.recent.reviews,.see.Hood.
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and.Cheresh,.2002;.Del.Pozo.and.Schwartz,.2007;.Hehlgans.et.al.,.2007)..Moreover,.ellagic.acid,.
caffeic.acid,.and.luteolin.inhibited.invasion.of.PC-3.prostate.cancer.cells.across.matrigel,.both.indi-
vidually.and.in.combination,.where.they.exerted.a.supra-additive.inhibition.(Lansky.et.al.,.2005)..
However,.in.another.study.conducted.by.Magee.et.al.,.lignans.failed.to.exert.significant.reduction.of.
invasion.in.the.breast.cancer.cell-line.MDA-MB-231,.through.matrigel.(Magee.et.al.,.2004).

It.is.also.known.that.gap-junction.proteins.such.as.connexins.are.mediators.of.heterocellular.
interactions.and.functional.cell.coupling..Czyz.et.al..showed.that.apigenin.inhibits.connexin.sig-
naling..Apigenin.treatment.of.both.HeLa-connexin.43.transfectants.and.their.normal.counterparts.
resulted. in. a. significant. inhibition. of. translocation.. In. addition,. highly. invasive. HeLa-connexin.
43.cells,.in.the.presence.of.apigenin,.failed.to.invade.and.engulf.chick.heart.tissue.fragments.in.a.
co-culture.system.(Czyz.et.al.,.2005)..These.findings.are.in.accordance.with.older.studies.in.ani-
mal.models,.suggesting.that.apigenin.enhances.gap.junctional.communication,.in.a.dose-dependent.
manner,.and.counteracts.tumor-induced.inhibition.of.this.communication.in.rat.liver.epithelial.cells.
(Chaumontet.et.al.,.1994;.Chaumontet.et.al.,.1997)..Furthermore,.it.was.shown.that.apigenin.inhib-
ited.ras.oncogene,.reversing,.in.consequence,. the.malignant.phenotype.of.HCT116.cells,.appear-
ing.to.counteract.downregulation.of.gelsolin,.an.actin-binding.protein,.absent.or.with.diminished.
expression.in.colorectal.cancer.cell.lines.(Apc-).and.primary.tumors.(Klampfer.et.al.,.2004).

Oleuropein.has.been.found.to.disrupt.actin.cytoskeleton,. triggering.in.this.way.inhibition.of.
cell.growth,.motility,.and.invasiveness,.in vitro.in.a.series.of.cancer.cell.lines.(LN-18,.TF-1a,.786-
O,.T-47D,.MCF-7,.RPMI-7951,.and.LoVo).and.in vivo.(Hamdi.and.Castellon,.2005)..However,.in.
normal. fibroblasts,. this. effect. of. oleuropein. on. actin. cytoskeleton. was. transient.. Another. inter-
esting.finding.of. this. study.was. that. tumor. regression.was.achieved.more. rapidly. than.with.any.
established. chemotherapeutic. agents. (complete. regression. of. tumors. within. 9–12. days). and. that.
oleuropein.mainly.targeted.tumor.cells.and.not.tumor.vasculature..The.authors.suggest.that.oleu-
ropein.attacks.nascent.tumor.cells.before.the.latter.obtain.a.more.aggressive.phenotype,.induced.
by.hypoxic.stimuli..This.assumption.could.give.new.insights.in.anticancer.pharmaceutical.research.
(Hamdi. and. Castellon,. 2005).. Furthermore,. luteolin. exerted. its. inhibitory. effect. on. hepatocyte.
growth.factor.(HGF)-induced.invasion.and.migration.in.HepG2.cells,.in.a.dose-dependent.manner.
and.independently.of.its.cellular.cytotoxicity.(Lee,.W.J..et.al.,.2006)..In.addition,.luteolin.induced.
potent.actin.cytoskeleton.reorganization.and.inhibited.the.HGF-induced.formation.of.filopodia.and.
lamellipodia,.by.promoting.a.more.peripheral.redistribution.of.actin.microfilaments,.while.pretreat-
ment.with.luteolin.was.partially.effective.on.HGF-induced.cell.scattering..This.inhibitory.effect.on.
HGF.signaling.is.attributed.to.suppression.of.c-Met.phosphorylation.(HGF.cognitive.receptor).and.
of.both.MAPK/ERK.and.PI3-AKT.pathways,.as.confirmed.by.specific.inhibitors.such.as.PD98059.
and.wortmanin.(Lee,.W.J..et.al.,.2006).

Olive.oil.phenolic.acids.(caffeic,.vanillic,.coumaric,.ferulic,.syringic).have.also.been.studied.
for.their.effect.on.tumor.invasion.and.possible.antimetastatic.activity..All.have.revealed.an.anti-
metastatic.effect,.but. in. the.majority.of. reports,. this.action.was.attributed. to.alteration.of.MMP.
secretion.and/or.expression.(see.below)..There.are.only.few.studies.on.the.inhibibitory.effect.on.cell.
adhesion.and.ECM..Caffeic.acid.phenethyl.ester.(CAPE),.at.relatively.low.concentrations.(2.5–7.5.
µg/ml),.induced.an.impressive.reorganization.of.the.cytoskeleton.and.loss.of.actin.stress.fibers,.in.a.
dose-dependent.manner,.in.human.colon.carcinoma.DLD-1.cells..In.addition,.CAPE.significantly.
reduced.migration.of.NIH3T3.cells. in. the.matrigel.assay..The.dramatic.effect.of.CAPE.on.cell-
adhesion. and. integrin-mediated. signaling. pathways. was. due. to. reduction. of. phosphorylation. of.
focal.adhesion.kinase.(FAK).(Weyant.et.al.,.2000)..FAK.is.a.nonreceptor.tyrosine.kinase..Its.phos-
phorylation.is.a.crucial.event.after.integrin.activation.and.displays.a.key.regulator.role.in.processes.
involved.in.tumorigenesis.and.cancer.promotion.(van.Nimwegen.and.van.de.Water,.2007)..On.the.
other.hand,.cinnamic.acid.treatment.did.not.alter.adhesion.of.colon.adenocarcinoma.cells.(Caco2).
on.collagen.type.I.(Ekmekcioglu.et.al.,.1998)..However,.the.authors.suggest.that.this.effect.is.not.
mandatory.for.cinnamic.acid.on.other.matrix.substances,.such.as.laminin.
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Lignans.are.phytoestrogens;.their.effect.on.tumor.malignant.behavior.is.linked.to.both.estro-
gen-.and.nonestrogen-related.mechanisms,.interfering.with.the.expression.of.molecules.that.pro-
mote.a.more.aggressive.phenotype,.such.as.Her2/neu,.EGFR,.IGF-1,.VEGF,.and.HIF-1..Another.
special.characteristic.of.lignans.(or.their.metabolites).is.that.they.exert.their.effect.directly.on.the.
colonic.epithelium,.possibly.meditated.by.gut.microflora,.without.intervention.of.first.pass.metabo-
lism..Lignan.metabolites.enterodiol.(EDL).and.enterolactone.(ENL).are.called.mammalian.lignans.
and. are. thought. to. be. in. part. responsible. for. the. lignan. anticancer. effect,. since. they. appear. as.
the.major. lignan.representatives. found. in.serum,.urine,.bile.urine,.and.plasma.seminal.fluids.of.
humans.and.animals.(Wang,.2002)..A.series.of.studies.reveals. the.multiple.effects.of. lignans.in.
tumor.invasion.and.metastasis..In.a.nude.mouse.animal.model,.Dabrosin.et.al..(2002).showed.that.
dietary.supplementation.with.lignans.was.able.to.counteract.the.high.metastatic.ability.of.MDA-
MB-435.estrogen.receptor-negative.human.breast.carcinoma.cells,.and.diminish.distant.metastases..
This.effect.was.attributed.to.slow.tumor.growth,.in.parallel.with.attenuated.VEGF.expression,.and.
limited.angiogenesis..In.another.murine.study,.Chen.et.al..(2002),.using.the.same.cancer.cell.line,.
reported.significant.reduction.in.lymph.node.and.lung.metastases.in.mice.fed.with.lignans,.partly.
due. to. downregulation. of. IGF-1and. EGFR. expression.. In. a. more. recent. report,. ovariectomized.
mice.with.MCF-7.(estrogen.receptor-positive).tumors.receiving.a.continuous.treatment.of.estradiol.
(E2).were.fed.with.flaxseed.(a.plant.rich.in.lignans),.ED,.or.ENL..All.three.compounds.were.able.
to.subvert.E2-induced.secretion.of.VEGF.and.limit.angiogenesis.and.metastatic.ability.(Bergman.et.
al.,.2007)..However,.it.should.be.noted.that.the.plasma.concentrations.of.both.EDL.and.ENL.do.not.
strictly.correlate.to.lignan.dietary.intake,.but.also.depend.on.a.number.of.other.parameters,.like.age,.
smoking.history,.use.of.antibiotics.(Milder.et.al.,.2007),.as.well.as.gut.bacterial.activity.and.host.
conjugating.enzyme.activity.(Clavel.et.al.,.2006)..So.far,.the.knowledge.in.this.field.indicates.that.
elucidating.the.sources.of.variation.and.measuring.the.relevant.panel.of.compounds.are.important.
in.order.to.use.these.measures.effectively.in.evaluating.the.impact.of.lignans.and.their.derivatives.
on.human.health.(Lampe.et.al.,.2006).

7.3.3  mechanism of action

�.�.�.�  interaction with steroid and growth factor receptor–mediated functions

Steroid.hormones.and.their.receptors.are.important.factors.for.the.growth.and.function.of.hormone.
responsive. tissues.and.play.a. crucial. role. in. the.development. and.progression.of.different. types.
of.cancer..Several.phenolic.compounds,.due.to.their.structural.similarity.to.estrogens,.are.able.to.
interact.with.steroid.receptors.and/or.modulate.their.expression.and.function..The.so-called.“phy-
toestrogens”.can.exert.both.estrogenic.and.antiestrogenic.properties.(Griffiths.et.al.,.1999)..In.breast.
cancer.cells.apigenin.and.luteolin.and.the.lignan.enterolactone.can.interact.with.the.estrogen.recep-
tor,.exhibiting.a.biphasic.effect.on.DNA.synthesis.in.a.concentration-dependent.manner.(Wang.and.
Kurzer,.1997;.Harris.et.al.,.2005)..In.addition,.apigenin.and.syringic.acid.exhibited.weak.proges-
tational.activity,.while.ferrulic,.coumaric,.and.syringic.acids.express.significant.antiprogestational.
and/or.antiandrogenic.activity.(Rosenberg.et.al.,.1998).

A.number.of.investigators.have.demonstrated.that.polyphenols.modulate.growth.factors..The.
latter. are. major. growth-regulatory. molecules. for. both. normal. and. neoplastic. cells.. Decreased.
requirement.for.specific.growth.factors.is.a.common.occurrence.in.neoplastically.transformed.cells.
and.may. lead. to.a.growth.advantage.over. their.normal.counterparts..Tumor.cells. are.character-
ized.by.overexpression.of.growth.factors,.such.as.epidermal.growth.factor.(EGF),.platelet-derived.
growth.factor.(PDGF),.insulin-like.growth.factor.I.(IGF-I),.and.vascular.endothelial.growth.factor.
(VEGF).and.their.cognitive.receptors.(see.Spencer-Cisek.[2002].for.a.review)..Any.agent.that.inter-
feres.with.growth.factor.actions,.either.by.ligand-competition.or.inhibition.of.growth.factor.receptor.
expression,.activity,.homo-.or.hetero-dimerization,.and/or.downstream.signaling,.has.been.shown.
to.inhibit.cell.growth.and.induce.apoptosis.
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It.has.been.reported.that.a.high.olive.oil.diet.decreased.EGFR.and.ERB-B2/neu.signal.trans-
duction.pathway.(Moral.et.al.,.2003)..Moreover,.olive.oil.phenolics.such.as.verbascoside,.apigenin,.
and.luteolin.inhibit.EGFR-tyrosine.autophosphorylation.and.its.downstream.signaling.(Huang.et.
al..1999;.Kunvari.et.al.,.1999;.Yin.et.al.,.1999b;.Lee,.L.T..et.al.,.2002)..In.addition,.enterodiol.and.
enterolactone.inhibit.EGF.receptor-linked.protein.tyrosine.kinase.in.MDA-MB-468.cells.(Schultze-
Mosgau.et.al.,.1998)..Caffeic.acid.phenethyl.ester.also.inhibited.EGF.receptor-mediated.effects.in.a.
concentration-.and.time-dependent.manner.in.SV40.transformed.keratinocytes.(Z114).(Zheng.et.al.,.
1995)..Apigenin.was.also.reported.to.inhibit.FGF.receptor.and.pp60v-src.protein.tyrosine.kinases.in.
a.mouse.mutagenesis.model.(Huang.et.al.,.1996),.or.VEGF.expression.and.transcriptional.activation.
in.human.ovarian.and.lung.cancer.cells.(Fang.et.al.,.2005;.Liu.et.al.,.2005)..Luteolin.inhibited.insu-
lin-like.growth.factor.1.(IGF-1)-induced.activation.of.IGF-1R.and.Akt.in.prostate.cancer.PC-3.and.
DU145.cells.(Fang.et.al.,.2007b)..Inhibition.of.phosphorylation.has.been.also.reported.for.PDGRF-
beta.by.luteolin.(Kim,.J.H..et.al.,.2005),.that.further.inhibited.the.angiogenesis-promoting.effect.of.
VEGF,.by.interacting.with.downstream.molecules.like.phosphatidylinositol.3′-kinase.(PI3K).(Bagli.
et.al.,.2004)..Furthermore,.in.prostate.cancer.cells,.apigenin.increased.accumulation.of.IGFBP-3,.
leading. to.subsequent.reduction. in.IGF-I.secretion,.and.growth.inhibition.and.apoptosis.(Shukla.
et.al.,.2005)..In.contrast,.there.are.reports.indicating.that.apigenin.and.luteolin.either.increased.or.
had.no.effect.on.EGF.receptor.tyrosine.kinase.activity.(Agullo.et.al.,.1997;.Schlupper.et.al.,.2006).

�.�.�.�  interaction with specific Protein kinases and oncogenes/oncoproteins

Protein kinases.modify.proteins.by.chemically.adding.phosphate.groups. to. them..As. they.have.
profound.effects.on.cell.function,.their.activity.is.highly.regulated..Dysfunctional.kinase.activity.is.
a.frequent.cause.of.disease,.particularly.cancer,.since.kinases.regulate.many.aspects.of.cell.growth,.
movement,.and.death..Oncogenes,.on. the.other.hand,.are.genes.whose.activation.can.contribute.
to.the.development.of.cancer..Several.genes.have.been.reported.to.be.activated.in.human.cancer.
and.their.experimental.activation.in.cell.cultures.or.animal.models.can.induce.specific.malignan-
cies.. Oncogene. products. are. usually. growth. factor. receptors,. kinases,. and. transcription. factors..
Tumor suppressor genes,.in.contrast,.are.genes.whose.loss.of.function.results.in.the.promotion.of.
malignancy..They.are.usually.negative.regulators.of.growth.or.other.functions.that.affect.invasive.
or.metastatic.potential..Recent.work.has.presented.evidence.that.olive.oil.polyphenols.might.have.
numerous.anticancer.effects,.via.interactions.with.kinases,.oncogenes,.and.tumor.suppressor.genes..
This.work.will.be.reviewed.in.this.section.

7.3.3.2.1 Protein Kinases A and C
Caffeic.acid.has.been.reported.to.inhibit.in vitro.the.activity.of.phosphorylase.kinase,.protein.kinase.
C,.and.protein.kinase.A.(Nardini.et.al.,.2000)..However,.in.another.study,.rat.brain.protein.kinase.
C.activity.was.not.affected.by.the.same.agent.(Huang.et.al.,.1991)..Caffeic.acid.phenethyl.ester.was.
also.found.to.interfere.with.collagen.binding.to.platelet.membranes,.via.activation.of.protein.kinase.
C.(Hsiao.et.al.,.2007),.a.result.not.confirmed.in.cultured.HepG2.human.hepatoma.cells.(Jaiswal.
et.al.,.1997)..In vitro.rat.brain.protein.kinase.C.activity.was.not.affected.by.ferulic.acid.(Huang.et.
al.,.1991)..Oleanolic.acid.(a.triterpenic.acid).was.reported.to.inhibit.rat.liver.cyclic.AMP-dependent.
protein.kinase.(protein.kinase.A).and.rat.brain.Ca2+-.and.phospholipid-dependent.protein.kinase.C.
(PKC).(Wang.and.Polya,.1996).

Acteoside.(verbascoside).has.been.found.to.inhibit.PKC.by.interacting.with.the.catalytic.domain.
of.PKC,.explaining.its.antitumor.activity.(Herbert.et.al.,.1991;.Zhou.et.al.,.1998;.Daels-Rakotoari-
son.et.al.,.2000)..However,.it.has.also.been.reported.that.acteoside.did.not.affect.PKC.in.PMA-acti-
vated.peripheral.human.neutrophils.(PMNs).and.mononuclear.cells.(Lin.et.al.,.2006)..In.a.mouse.
skin.tumor-promoting.model.protocatechuic.acid.moderately.inhibited.TPA-stimulated.PKC.activ-
ity,.mainly.by.affecting.the.translocation.of.PKCalpha.(Szaefer.et.al.,.2007)..Similarly,.luteolin.was.
found.to.exert.its.inhibition.on.lipopolysaccharide.(LPS)-stimulated.NF-κB.transcriptional.activity.
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in.Rat-1.fibroblasts.via.PKA.(Kim,.S.H..et.al.,.2003)..Luteolin.and.apigenin.were.also.inhibitors.
of. PKC,. competing. with. ATP. (Huang. et. al.,. 1996;. Lee. and. Lin,. 1997;. Lin. et. al.,. 1997;. Cesen-
Cummings.et.al.,.1998;.Kimata.et.al.,.2000),.while.apigenin.was.reported.to.block.mast.cell.phos-
phorylation.of.Ca2+-dependent.PKC.alpha/beta.II.activity.(Kim,.J.Y..et.al.,.2005)..However,.in.A431.
cells,.luteolin.but.not.apigenin.was.found.to.inhibit.PKC.activity.(Agullo.et.al.,.1997)..Although.
PKCdelta.activity.inhibition.was.found.to.be.a.key.step.in.the.effect.of.apigenin.on.TPA-induced.
skin.carcinogenesis.(Balasubramanian.et.al.,.2006),.its.activation.was.also.found.to.be.important.
in.apigenin-induced.apoptosis.in.monocytic.and.lymphocytic.leukemia.cells.(THP-1,.U937,.HL60,.
Jurkat,.K562,.A549).(Vargo.et.al.,.2006).

7.3.3.2.2 Protein Tyrosine Kinases
Caffeic.acid.inhibits.ceramide-induced.apoptosis.in.U937.cells.by.interfering.with.its.signal.trans-
duction. pathway,. through. blocking. tyrosine. protein. kinase. activity. and. NF-κB. (Nardini. et. al.,.
2001)..Caffeic.acid.esters.also.inhibit.the.activity.of.tyrosine.protein.kinase.in.HT-29.cells.(Rao.et.
al.,.1992),.as.well.as.in.rat.liver.and.colon.(Rao.et.al.,.1993)..Furthermore,.caffeic.acid.phenethyl.
ester. blocks. tyrosine. phosphorylation. of. focal. adhesion. kinase. in. human. colon. carcinoma. cells.
DLD-1,.HT-29,.and.NIH3T3,.a.signaling.mediator.for. the.integrin-mediated.cell-matrix.contact,.
regulating.cellular.proliferation,.migration,.and.apoptosis.(Weyant.et.al.,.2000)..Hydroxytyrosol,.
too,. amplifies.peroxynitrite-dependent.upregulation.of.Band.3,. the.anion.channel.and. the.major.
intrinsic.membrane.protein.of.the.human.erythrocyte,.tyrosine.phosphorylation.through.the.activa-
tion.of.lyn,.a.src-family.kinase.(Maccaglia.et.al.,.2003).

7.3.3.2.3 Mitogen-Activated Protein Kinases Family (MAPKs)
Hydroxytyrosol.upregulates.Erk1/2.and.c-Jun.N-terminal.kinase.(JNK).in.HL-60.cells,.activating.
apoptosis.(Della.Ragione.et.al.,.2002)..Phosphorylation.of.ERK.was.also.induced.in.HUVEC.cells.
by.oleanolic.acid,.an.action.that.is.not.related.to.its.antiproliferative.effect.(Barthomeuf.et.al.,.2004)..
In.WI-38.cells,.caffeic.acid.prevented.H2O2-induced.cell.damage.via.the.activation.of.Erc.(Kang.et.
al.,.2006)..In.a.rat.model.caffeic.acid.was.reported.to.abolish.the.tyrosine.phosphorylation.of.JAK2.
and.STAT1.and.attenuate.the.proliferation.of.vascular.smooth.muscle.cells.under.Angiotensin-II.
treatment,.by.partially.blocking. the. JAK/STAT.and.Ras/Raf-1/ERK1/2.signaling.cascade. (Li.et.
al.,. 2005).. It. should.be.noted. that. caffeic. acid.phenethyl. ester. has.been. reported. to.be. a.potent.
inhibitor.of.NF-κB.(Natarajan.et.al.,.1996).and.has.been.used.in.several.studies.for.this.purpose.
(Lee,.H.W..et.al.,.2002;.Mendez-Samperio.et.al.,.2002;.Menschikowski.et.al.,.2004)..Caffeic.acid.
phenethyl.ester.was.also.found.to.interfere.with.collagen.binding.to.platelet.membranes,.via.activa-
tion.of.mitogen-activated.protein.kinases.(ERK2,.JNK,.and.p38.MAPK).and.Akt.phosphorylation.
(Hsiao.et.al.,.2007)..Chlorogenic.acid,.caffeic.acid.ester.with.quinic.acid,.inhibited.the.prolifera-
tion.of.A549.human.cancer.cells.by.blocking.UVB-induced. transactivation.of.AP-1.and.NF-κB.
and.by.decreasing. the.phosphorylation.of. c-Jun.NH2-terminal.kinases,. p38.kinase,. and.MAPK.
kinase.4,.induced.by.UVB.or.TPA.(Feng.et.al.,.2005)..The.antiproliferative.mechanism.of.ferulic.
acid.on.serum-induced.ECV304.cells,.a.human.umbilical.vein.endothelial. line,.was.found.to.be.
mediated.by.a.nitric.oxide-regulated.inactivation.of.extracellular.signal-regulated.kinase.(ERK1/2).
mechanism.(Hou.et.al.,.2004a).and.inactivation.of.the.c-Jun.N-terminal.kinases.(JNK).(Hou.et.al.,.
2004a)..However,.the.sodium.salt.of.ferulic.acid.(sodium.ferulate).prevented.amyloid-beta-induced.
neurotoxicity,. through. suppression.of.p38.MAPK.and.upregulation.of.ERK-1/2.and.Akt/protein.
kinase.B,.in.rat.hippocampus.(Jin,.Y...et.al.,.2005)..Ferulic.acid.also.promotes.cellular.proliferation.
of.MCF7,.BT474,.MDA-MB-231,.and.SKBR3.cells,.at.least.partially.via.increased.phosphorylation.
of.ERK1/2.(Chang.et.al.,.2006a,.b)..Protocatechuic.acid.induced.apoptosis.in.human.gastric.adeno-
carcinoma.(AGS).cells,.via.a.sustained.phosphorylation.and.activation.of.JNK.and.p38.MAPK,.but.
not.ERK..This.effect.was.also.prominent.in.MKN45,.HT29,.and.HepG2.cells.(Yip.et.al.,.2006;.Lin.
et.al.,.2007).
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In.MCF-7.and.MDA-MB-468.breast.cancer.cells.MAPK.inhibition.by.apigenin.blocked.PMA-
induced.apoptosis.(Yin.et.al.,.2001;.Weldon.et.al.,.2005)..The.ability.of.apigenin.to.inhibit.MAPK.
phosphorylation. was. also. related. to. its. antimetastatic. effect. in. bombesin-enhanced. peritoneal.
metastasis.from.intestinal.adenocarcinomas,.induced.by.azoxymethane.in.male.Wistar.rats.(Tatsuta.
et.al.,.2000)..In.a.well-documented.study,.both.apigenin.and.luteolin.blocked.ERK2,.p38,.and.c-
Jun.NH2-terminal.kinase.(JNK).(the.complete.MAPK.system).and.inhibited.TNF-alpha-induced.
upregulation.of.intercellular.adhesion.molecule-1.(ICAM-1).in.respiratory.epithelial.cells.(Chen.et.
al.,.2004)..Luteolin.was.also.found.to.block.the.activation.of.ERKs.and.JNK.in.human.basophils.and.
murine.mast.cells.(Kimata.et.al.,.2000),.while.in.murine.macrophages.RAW.264.7,.pretreatment.
with.luteolin.inhibited.LPS-induced.ERK1/2.and.p38,.but.not.JNK1/2.phosphorylation,.and.blocked.
LPS-induced. TNF-alpha. release. from. these. cells. (Xagorari. et. al.,. 2002).. Luteolin. treatment. of.
HepG2.cells.was.found.to.induce.c-Jun.NH2-terminal.kinase.(JNK).activation.and.through.this.and.
Bax/Bak.it.induced.apoptosis.(Lee,.H.J..et.al.,.2005)..Luteolin.also.inhibited.TNF-alpha-induced.
phosphorylation.of.p38.MAPK.and.ERK.in.HT29.colon.cancer.cells.(Kim,.J.A..et.al.,.2005),.HGF-
induced.ERK1/2.and.Akt,.but.not.JNK1/2.phosphorylation.in.HepG2.cells.(Lee,.W.J..et.al.,.2006).
and.LPS-induced.ERK1/2.phosphorylation.in.human.gingival.fibroblasts.(Gutierrez-Venegas.et.al.,.
2006)..However,.the.effect.of.luteolin.on.JNK.seems.to.be.cell.line-dependent..Indeed,.luteolin.can.
induce.JNK.and.sensitize.cells. to.the.anticancer.effect.of.cisplatin,.via.p53.phosphorylation.and.
stabilization,.both.in vivo.and.in vitro.(Shi.et.al.,.2007)..The.inhibitory.effect.of.apigenin.on.MAP.
kinases.and.especially.of.ERK.via.inhibition.of.its.phosphorylation.has.been.found.in.several.other.
studies.(Kuo.and.Yang,.1995;.Grewal.et.al.,.1999;.Yano.et.al.,.2005).and.therefore.apigenin.has.been.
used.in.several.other.studies.as.a.MAPK.inhibitor.(Carrillo.et.al.,.1998;.Kanda.et.al.,.1998;.Niisato.
et.al.,.1999;.Zhang.et.al.,.2000;.Garnovskaya.et.al.,.2004)..However,.pre-treatment.with.apigenin.of.
PC12.rat.pheochromocytoma.cells.prolonged.EGF-stimulated.extracellular.signal-regulated.protein.
kinases1/2.(ERK1/2).phosphorylation.(Llorens.et.al.,.2002),.a.result.equally.found.in.the.HepG2.cell.
line.(Miro.et.al.,.2002)..Induction.of.phospho-JNK.and.phospho-ERK.activity.was.also.observed.
after.incubation.of.AP1-transfected.PC3.cells.with.apigenin.(Gopalakrishnan.et.al.,.2006)..Finally,.
in.HeLa.cells,.apigenin.induced.cytotoxicity.via.a.marked.and.unbalanced.increase.in.ERK1/2.but.
not.MEK1/2.phosphorylation,.and.this.effect.did.not.involve.p38-MAPK.or.JNK1/2,.PI3kinases,.or.
protein.kinase.CK2.(Llorens.et.al.,.2004)..Apigenin.also.interacts.with.the.downstream.MAPKK.
kinases.and.has.been.reported.to.block.PMA-stimulated.AP-1.activity,.inhibiting.in.this.way.PMA-
induced.MCF-7.breast.carcinoma.apoptosis.(Weldon.et.al.,.2005).

7.3.3.2.4  Other Kinases
Caffeic.acid.has.been.reported.to.selectively.inhibit.a.G-type.casein.kinase.(CKG).(Cochet.et.al.,.
1982)..Apigenin.has.also.been.reported.to.inhibit.IκB.alpha.degradation.and.IκB.alpha.phosphory-
lation.by.significantly.decreasing.IKKalpha.kinase.activity.in.PC-3.prostate.cancer.cells,.interact-
ing.in.this.way.with.the.NFk-beta.pathway.(Shukla.and.Gupta,.2004b).

7.3.3.2.5  HER-2/neu Oncogene
The.Her-2/neu.(or.c-erbB-2).oncogene,.which.is.the.second.member.of.the.EGFR.family.(EGFR-2),.
encodes.a.transmembrane.tyrosine.receptor.kinase..In.contrast,.however,.to.other.members.of.the.
family,.it.lacks.an.extracellular.binding.domain..Overexpression.of.Her-2/neu.was.reported.in.breast.
cancer.and.found.to.be.associated.with.poor.overall.survival.(Hortobagyi.et.al.,.1999),.increased.
metastatic. potential,. and. resistance. to. chemotherapeutic.agents..Transgenic.mice.overexpressing.
Her-2/neu.develop.focal.mammary.tumors.(Guy.et.al.,.1992)..Apigenin.exhibited.potent.growth-
inhibitory. activity. in. MDA-MB-453,. BT-474,. and. SKBr-3. breast. cancer. cell. lines,. all. of. which.

overexpress.HER2/neu,.and.MCF-7,.which.expresses.the.basal.level.of.HER2/neu,.through.loss.of.
HER2/neu.protein.and.inhibition.of.PI3K/Akt.pathway,.cytochrome.c.release,.or.caspase-3.activa-
tion.(Way.et.al.,.2004,.2005)..On.the.other.hand,.ferulic.acid.not.only.promoted.cellular.proliferation.
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of.MCF7,.BT474,.MDAMB231,.and.SKBR3.breast.cancer.cells,.but.also.increased.the.phosphoryla-
tion.and.induced.overexpression.of.HER-2/neu.on.MCF7.cells.(Chang.et.al.,.2006a,.b).

7.3.3.2.6  Phosphatidylinositol 3-Kinase (PI3K) and Akt Protein Kinase
Several. reports. show.an. interaction.of.polyphenols.with.PI3.kinase,. an. important. factor. in. car-
cinogenesis.. In.an.extensive.study.of.flavonoids/kinases. interactions,. luteolin.and.apigenin.were.
reported.as.potent. inhibitors.of.PI.3-kinase.activity. in.A431.cells. (Agullo. et. al.,. 1997),. a. result.
equally.verified.in.breast.cancer.cells.(Way.et.al.,.2004)..Therefore,.apigenin.has.been.used.as.a.PI.
3-kinase.inhibitor.(Mounho.and.Thrall,.1999)..In.another.study.luteolin.inhibited.VEGF-induced.
PI3K.activity.in.HUVEC.cells,.an.action.critical.for.the.antisurvival.and.antimitotic.effects.of.the.
compound..Furthermore,.luteolin.abolished.VEGF-induced.activation.of.Akt,.a.downstream.target.
of.PI3K,.conveying.both.survival.and.mitotic.downstream.signals.(Bagli.et.al.,.2004)..Caffeic.acid.
phenethyl. ester. was. found. to. suppress. the. motility. of. lung. adenocarcinoma. cells,. promoted. by.
TGF-beta.through.Akt.inhibition.(Shigeoka.et.al.,.2004),.while.it.interfered.with.collagen.binding.
to. platelet. membranes. via. Akt. phosphorylation. (Hsiao. et. al.,. 2007).. Sodium. ferulate. prevented.
amyloid-beta-induced. neurotoxicity,. at. least. partially,. via. upregulation. of. Akt/protein. kinase. B.
in. rat. hippocampus. (Jin,. Y.. et. al.,. 2005). and. promoted. cellular. proliferation. of. MCF7,. BT474,.
MDAMB231,.and.SKBR3.cells.via.increased.AKT.phosphorylation.(Chang.et.al.,.2006a,.b)..Both.
apigenin.and.luteolin.selectively.blocked.Akt.phosphorylation/activity.in.the.murine.intestinal.epi-
thelial. cell. (IEC). line.Mode-K. (Ruiz. and.Haller,. 2006)..Apigenin. also. inhibits.Akt. function. in.
breast.cancer.tumor.cells.by.inhibiting.Akt.kinase.activity.and.blocking.HER-2.autophosphoryla-
tion.(Way.et.al.,.2004).

7.3.3.2.7  The Retinoblastoma Pathway, Cyclins, Cyclin-Dependent  
 Kinases, and Cyclin-Dependent Kinase Inhibitors
As.previously.mentioned,.entrance.into.cell.cycling.and.active.proliferation.is.a.tightly.regulated.
process..Cyclins.regulate.cyclin-dependent.kinases.(CDKs).and.cyclin-dependent.kinase.inhibitors.
(CKIs),.thus.controlling.the.phosphorylation.of.retinoblastoma.protein.(pRb),.a.primary.gatekeeper,.
allowing.cells.to.transit.from.a.resting.G0.state.into.active.cycling.and.mitosis.(Bartek.et.al.,.1997)..
Polyphenols.have.been.reported.to.interact.with.pRb/cyclin-dependent.mechanisms.in.many.ways.

Caffeic.acid.phenethyl.ester.(CAPE).inhibited.the.growth.of.C6.glioma.cells.in.a.dose-.and.time-
dependent.manner,.by.decreasing.the.protein.level.of.hyperphosphorylated.pRb,.and.upregulation.of.
cyclin-dependent.kinase.inhibitors.p21,.p27,.and.p16.(Kuo.et.al.,.2006)..In.serum-induced.ECV304.
cells.(a.human.umbilical.vein.endothelial.line),.ferulic.acid.inhibited.cellular.proliferation,.elevated.
the.protein.content.of.p21.(waf1/cip1),.decreased.expression.of.cyclin.D1,.and.inhibited.phosphory-
lation.of.retinoblastoma.protein,.suggesting.that.ferulic.acid.inhibited.VSMC.proliferation.by.regu-
lating.the.cell.progression.from.G1.to.S.phase.(Hou.et.al.,.2004a,.b)..Ferulic.acid.also.effectively.
decreased.the.iron-induced.activation.of.caspase.3,.as.well.as.the.expression.of.p53.and.p21.and.
attenuated.iron-induced.oxidative.damage.and.apoptosis,.in.primary.cultures.of.rat.cerebellar.gran-
ule.cells.(Zhang.et.al.,.2003)..In.premalignant.and.malignant.(but.not.normal).human.oral.epithelial.
cell.lines,.ferulic.acid.treatment.led.to.increased.levels.of.cyclin.B1.and.cdc2.and.p21.(Han.et.al.,.
2005).. Protocatechuic. acid. was. found. to. inhibit. the. survival. of. human. promyelocytic. leukemia.
HL-60.cells.in.a.concentration-.and.time-dependent.manner.and.caused.an.increase.in.the.level.of.
hypophosphorylated.pRb.and.a.decline.in.hyperphosphorylated.Rb.and.a.rapid.loss.of.pRb,.when.
the.treatment.period.was.extended.(Tseng.et.al.,.2000).

In.an.ultraviolet-induced.mouse.skin.tumorigenesis.model,.apigenin.caused.a.dose-dependent.
cell-cycle.arrest,.at.both.the.G0/G1.and.G2/M.phases,.via.increase.in.cyclin.D1.expression,.dose-
dependent.inhibition.of.cdk2,.accumulation.of.the.hypophosphorylated.form.of.pRb,.and.induction.
of. the.cdk.inhibitor.p21/WAF1.(Lepley.and.Pelling,.1997)..In.MCF-7.and.MDA-MB-468.breast.
carcinoma.cells,.apigenin.was. reported. to. induce.a.significant.decrease. in.cyclin.B1.and.CDK1.
protein.levels,.resulting.in.a.marked.inhibition.of.CDK1.kinase.activity..Apigenin.also.reduced.the.
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protein.levels.of.CDK4.and.cyclins.D1.and.A,.but.did.not.affect.cyclin.E,.CDK2,.and.CDK6.protein.
expression.(Yin.et.al.,.2001)..Apigenin.treatment.of.LNCaP.and.PC-3.prostate.cancer.cells.resulted.
in.G1.arrest,.which.was.associated.with.a.marked.decrease.in.the.protein.expression.of.cyclin.D1,.
D2,. and.E.and. their. activating.partner. cdk2,.4,. and.6,.with. a. concomitant. induction.of.WAF1/
p21. and. KIP1/p27. and. inhibition. of. the. hyperphosphorylation. of. the. pRb. protein. (Gupta. et. al.,.
2002;.Shukla.and.Gupta,.2007)..In.a.model.of.human.prostate.tumors.implanted.in.athymic.nude.
mice,.oral.intake.of.apigenin.resulted.in:.(1).increased.protein.expression.of.WAF1/p21,.KIP1/p27,.
INK4a/p16,.and.INK4c/p18;.(2).reduced.expression.of.cyclins.D1,.D2,.and.E.and.cyclin-dependent.
kinases.cdk2,.cdk4,.and.cdk6;.(3).decrease.in.pRb.phosphorylation,.with.a.concurrent.increase.in.
the.binding.of.cyclin.D1.toward.WAF1/p21.and.KIP1/p27;.and.(4).decrease.in.the.binding.of.cyclin.
E. to. cdk2. (Shukla. and. Gupta,. 2006).. Apigenin. also. inhibited. the. proliferation. and,. to. a. lesser.
degree,.the.migration.of.endothelial.cells,.and.capillary.formation.in vitro.and.stimulated.vascular.
smooth-muscle-cell.proliferation..Endothelial-cell.inhibition.was.a.result.of.the.accumulation.of.the.
hyperphosphorylated.pRb,.while.stimulation.of.smooth-muscle.cells.was.attributed.to.the.reduced.
expression. of. cyclin-dependent. kinase. inhibitors. p21. and. p27,. which. negatively. regulate. the. G1.
phase.cyclin-dependent.kinase.(Trochon.et.al.,.2000)..In.human.LNCaP.prostate.cancer.cells,.api-
genin.and.luteolin.increased.p21.levels.through.a.p53-dependent.and.-independent.manner,.respec-
tively. (Kobayashi. et. al.,. 2002).. Furthermore,. in. HepG2. human. hepatocellular. carcinoma. cells,.
luteolin.and.apigenin.downregulated.CDK4.and.increased.CDK.inhibitor.p21/WAF1/CIP1.(Yee.et.
al.,.2003)..In.the.HT-29.human.colon.cancer.cell.line,.luteolin.inhibited.CDK4.and.CDK2.activity,.
resulting.in.G1.arrest.with.a.concomitant.decrease.of.phosphorylation.of.retinoblastoma.protein..
Luteolin.also.decreased.cyclin.D1.levels,.although.no.changes.in.expression.of.cyclin.A,.cyclin.E,.
CDK4,.or.CDK2.were.detected,.downregulated.cyclin.B1.expression.and.decreased.expression.of.
p21. (Lim.do.et. al.,. 2007)..Finally,. the.enterolignans.enterodiol. and.enterolactone.decreased. the.
cyclin.A.protein.levels.in.human.colonic.cancer.SW480.cells.(Qu.et.al.,.2005).

7.3.3.2.8  p53
p53. is. probably. the. most. studied. tumor. suppressor. gene.. Under. normal. conditions,. it. acts. as. a.
regulating.mechanism.for.cell.division..A.number.of.studies.have.focused.on. the.effect.of.olive.
oil.polyphenols.on.p53.in.several.cancer.models..Caffeic.acid.had.no.effect.on.p53.expression.in.
the.breast.cancer.cell.lines.T47D.and.MDA-MB-486,.but.increased.p53.content.of.MCF-7.breast.
cancer.cells.(Soleas.et.al.,.2001)..In.rat.cerebellar.granule.cells,.ferulic.acid.decreased.iron-induced.
activation.of.p53.expression.(Zhang.et.al.,.2003)..Protocatechuic.acid.induced.apoptosis.in.human.
gastric.adenocarcinoma.(AGS).cells.and.increased.phosphorylation.and.expression.of.p53.(Lin.et.
al.,.2007)..Apigenin.and.luteolin.induced.p53.accumulation.and.apoptosis.in.the.nontumor.cell.line.
C3H10T1/2CL8,.but.not.in.p53-knockout.fibroblasts.(Plaumann.et.al.,.1996)..In.HepG2.cells.both.
agents.inhibited.cell.proliferation.and.increased.p53.protein.(Yee.et.al.,.2003)..Apigenin.increased.
the.levels.of.p53.and.the.p53-induced.p21.and.Bax.and.induced.apoptosis.in.human.neuroblastoma.
cell. lines.NUB-7,.LAN-5,.while. it.had.no.effect.on.p53-mutant.SK-N-BE(2).cells. (Torkin.et.al.,.
2005)..In.human.cervical.carcinoma.cells.(HeLa).and.in.HepG2.cells,.apigenin.inhibited.growth.
through.an.apoptotic.pathway.that.involved.p53-dependent.induction.G1.phase.arrest,.which.was.
associated.with.a.marked. increment.of. the.expression.of.p21/WAF1.protein. (Zheng,.P.W..et. al.,.
2005;.Chiang.et.al.,.2006)..Luteolin.also.sensitized.cells.to.the.anticancer.effect.of.cisplatin,.via.
c-Jun.NH2-terminal.kinase-mediated.p53.phosphorylation.and.stabilization.(Shi.et.al.,.2007)..Api-
genin.also.induced.p53.protein.accumulation.in.the.mouse.keratinocyte.308.cell.line.and.LNCAP.
prostate.cancer.cells,.where.it.increased.p53.DNA-binding.activity.and.transcriptional.activation.
(McVean.et.al.,.2000;.Gupta.et.al.,.2002;.Kobayashi.et.al.,.2002).

7.3.3.2.9  Other Oncogenes (Ras, c-myc, c-fos)
Apigenin,.acting.as.inhibitor.of.the.MAPK.pathway,.is.an.effective.inhibitor.of.ras-mediated.func-
tions..However,.apigenin.also.exhibited.a.reverting.effect.on.the.transformed.phenotypes.of.v-H-
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ras-transformed.NIH.3T3.cells.and.significantly.inhibited.their.proliferation,.suggesting.that. the.
flavonoid.is.capable.of.reverting.the.properties.of.v-H-ras.transformed.cells.(Kuo.and.Yang,.1995;.
Lin.et.al.,.1997)..Furthermore,.in.wild-type.NIH.3T3.cells.apigenin.inhibited.TPA-induced.c-jun.
and.c-fos.expression.(Huang.et.al.,.1996)..Interestingly,.in.HeLa.cells,.where.apigenin.is.cytotoxic,.
activation.of. the.Ras.pathway.conferred.cellular.protection.(Llorens.et.al.,.2004)..Apigenin.also.
suppressed.TPA-mediated.tumor.promotion.of.mouse.skin,.by.reducing.the.level.of.TPA-stimulated.
phosphorylation.of.cellular.proteins.and.induction.of.c-jun.and.c-fos.expression.(Lin.et.al.,.1997),.
while.in.human.keratinocytes,.it.caused.a.dramatic.loss.of.c-myc.(Segaert.et.al.,.2000)..The.latter.
is.an.expected.secondary.event,.since.phosphorylated.c-Myc.is.a.nuclear.substrate.for.MAPK.and.
apigenin.is.a.potent. inhibitor.of.MAPKs.(Yin.et.al.,.1999b)..Apigenin.has.also.been.reported.to.
inhibit.c-fos.expression.in.LNCaP.and.PC-3.prostate.cancer.(Shukla.and.Gupta,.2007),.C6.glioma.
cells.(Zhang.et.al.,.2000),.and.platelet-derived.growth.factor-BB.(PDGF-BB)-induced.expression.of.
c-fos.mRNA.in.primary.cultured.rat.VSMCs.(Kim,.T.J..et.al.,.2002)..It.has.also.been.reported.that.
the.inhibitory.effects.of.apigenin.and.luteolin.on.TNF-induced.ICAM-1.expression.in.U937.cells.
are.mediated.by.attenuation.of.the.c-fos.and.c-jun.mRNA.expressions.(Chen.et.al.,.2004)..Luteolin.
also.inhibited.PDGF-induced.c-fos.gene.expression.in.rat.aortic.VSMCs.(Kim,.J.H..et.al.,.2005)..
Oleanolic.acid.has.been.shown.to.inhibit.mouse.skin.tumor.promotion.by.TPA.and.also.prevented.
c-fos.gene.expression.(Oguro.et.al.,.1998)..Enterolactone.and.enterodiol.were.the.only.lignans.with.a.
weak.inhibitory.effect.on.TPA-mediated.c-fos.transcription.in.human.breast.cancer-derived.MDA-
MB-468.cells.(Schultze-Mosgau.et.al.,.1998).

�.�.�.�  inhibition of enzymes related to tumor Promotion and metastasis

Tumor.promotion.is.an.essential.process.in.multistage.cellular.(and.cancer).development,.providing.
the.conditions.for.clonal.expansion.and.genetic.instability.of.preneoplastic.and.premalignant.cells..
It.is.caused.by.a.continuous.dysfunction.of.cellular.signal.transduction,.resulting.in.an.overstimula-
tion.of.metabolic.pathways,.along.which.mediators.of.cell.proliferation.and.inflammation,.as.well.
as.genotoxic.by-products,.are.generated..Polyphenols’.beneficial.effects.also.have.been.attributed.
to.their.competitive.inhibition.of.enzymes,.such.as.proteasome,.matrix.metalloproteinases,.nitric.
oxide.synthases,.and.cytochromes.P450.enzymes.

7.3.3.3.1  Proteasome
The.ubiquitin-proteasome.pathway.represents.the.main.proteolytic.system.in.eukaryotic.cells.and.
has.a.pivotal.role.in.the.control.of.protein.and.cellular.function..Proteasome.proteolysis.involves.
the.conjugation.of.ubiquitin.molecules.to.protein.substrates,.followed.by.degradation.of.the.latter.
by.proteasome..There.are.three.major.proteasomal.activities:.chymotrypsin-like,.trypsin-like,.and.
peptidyl-glutamyl. peptide. hydrolyzing. activity.. The. chymotrypsin-like. is. associated. with. tumor.
cell.survival..Many.cell.cycle.and.cell.death.regulators.have.been.identified.as.targets.of.the.ubiq-
uitin-proteasome-mediated.degradation.pathways,.including.p53,.p21,.p27Kip1,.IκB-α,.and.Bax..In.
recent.years,.proteasome.inhibition.has.emerged.as.a.promising.target.in.novel.anticancer.therapy.
for.hemopoietic.malignancies.and.solid.tumors,.such.as.androgen-independent.prostate.and.ovar-
ian.cancer.(Dou.and.Goldfarb,.2002;.Richardson.et.al.,.2005;.Landis-Piwowar.et.al.,.2006)..Pro-
teasomes.have.been. found. to. control.metastatic. potency. through. inhibition.of. angiogenesis. and.
induction.of.tumor.cell.death.(Daniel.et.al.,.2005)..Apart.from.established.proteasome.inhibitors.in.
anticancer.therapy,.such.as.Bortezomib,.a.plethora.of.studies.focus.on.new.low.toxicity.molecules,.
including.polyphenols.(for.a.recent.review,.see.Kampa.et.al..[2007])..The.emerging.structure-activ-
ity.of.green-tea.polyphenols.triggered.the.production.and.evaluation.of.several.synthetic.analogs.
(Kuhn.et.al.,.2005).

Olive.oil.compounds.can.inhibit.chymotrypsin-like.activity..Apigenin,.as.reported.by.Way.et.
al.,.induced.apoptosis.in.HER2/neu.overexpressing.breast.cancer.cells.(MDA-MB-453,.BT-474,.and.
SKBr-3).via.the.PI3/Akt.pathway.(Way.et.al.,.2004)..This.proteasomal.degradation.of.HER2/neu.
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involves.cytochrome.c.release.and.rapid.caspase-3.activation.(Way.et.al.,.2005)..According.to.the.
authors,. this.polyubiquitination.of.HER2/neu,.and.the.subsequent.degradation,.can.be.attributed.
to.the.position.of.B.ring;.and.the.existence.of.the.3′,.4′-hydroxyl.group.on.the.2-phenyl.group.of.
apigenin..These.findings.gave.new.insight.to.the.structure-activity.relationship.of.flavonoids..More.
recent.studies.provide.new.evidence.on. the.structure-proteasome-inhibitory.effect.and.apoptosis.
potency.of.apigenin.and.luteolin.(Chen.et.al.,.2007),.as.well.as.HER2/neu.depletion.by.oleuropein.
(Menendez. et. al.,. 2007).. Apigenin. inhibited. the. chymotrypsin-like. activity. of. purified. 20S. and.
26S.proteasomes.in.intact.leukemia.Jurkat.T.cells,.leading.to.the.accumulation.of.Bax.and.IκB-α.
(Chen.et.al.,.2005),.and.subsequently.to.apoptosis..In.addition,.apigenin.appeared.to.interfere.with.
HIF-1. (hypoxia. inducible. factor). degradation,. through. regulation. of. CK-2. (casein. kinase. 2),. an.
ubiquitous.serine/threonine.kinase.(Mottet.et.al.,.2005)..Moreover,.luteolin.was.reported.to.inhibit.
HIF-1.activity.in.Chinese.hamster.ovary.(CHO).A4-4.cells.by.promoting.proteasome.and.p53.activ-
ity.(Hasebe.et.al.,.2003)..In.another.study,.Shi.et.al..reported.that.luteolin.inhibits.PKC.(protein.
kinase.C).by.caspase-8.induction.and.caspase-3.enhanced.maturation..As.a.result,.downregulation.
of.XIAP.(X-linked.inhibitor.of.apoptosis.protein).was.observed.and.that.enhanced.TRAIL.(TNF-
related.apoptosis-inducing.ligand).induced.apoptosis.(Shi.et.al.,.2005)..Oleuropein.has.been.found.
to.enhance.proteasome.activity.through.conformational.changes.(Katsiki.et.al.,.2007)..As.regards.
phenolic.acids,.caffeic.and.cinnamic.esters.have.been.shown.to.inhibit.proteasome.activity,.but.this.
inhibitory.effect.has.not.been.observed.for.caffeic.or.cinnamic.acid.per.se.(Arbiser.et.al.,.2005)..
Hence,.CAPE.was.reported.to.selectively.inhibit.NF-κΒ.and.partially.attenuate.peroxisome.activity.
in.alveolar.epithelial.cells.(Haddad.and.Fahlman,.2002)..Gallic.acid,.another.phenolic.compound.
of.olive.oil,.affects.20S.proteasome.functionality,.depending.on.the.complex.subunit.composition,.
and,.in.cell.extracts,.behaves.both.as.antioxidant.and.proteasome.effectors,.as.reported.by.Pettinari.
et.al..(Pettinari.et.al.,.2006).

7.3.3.3.2  Matrix Metalloproteinases
The.matrix.metalloproteinases.(MMPs).are.a.family.of.Zn2+-.and.Ca2+-dependent.endopeptidases.
that.are.key.mediators.of.ECM.remodeling..They.are.secreted.in.a.nonactive.form.and.become.acti-
vated.by.partial.proteolytic.cleavage..They.are.grouped.by.their.substrate.preferences.and.domain.
structures:.collagenases.degrading.fibrillar.collagen.(MMP-1,.MMP-8,.and.MMP-13),.gelatinases.
(MMP-2.and.MMP-9).are.potent.in.nonfibrillar.and.denatured.collagen.degradation,.stromelysins.
(MMP-3,.MMP-10,. and.MMP-11). preferring.proteoglycans. and.glycoproteins. as. substrates,. and.
membrane-type.MMPs.(MT1-,.MT2-,.MT3-,.MT4-,.and.MT5-MMP).containing.C-terminal.trans-
membrane.anchorage.domain.(Nagase.and.Woessner,.1999)..MT1-MMP.plays.an.essential.role.in.
basement.membrane.degradation.by.activating.pro-MMP-2..The.activity.of.MMPs.can.be.inhib-
ited.by.interaction.with.their.endogenous.inhibitors,. tissue.inhibitors.of.MMPs.(TIMPs).(Chirco.
et.al.,.2006;.Nagase.et.al.,.2006)..MMPs.are.associated.with.tumor.cell.invasion.of.the.basement.
membrane.and.stroma,.blood.vessel.penetration,.and.metastasis,.and.they.have.more.recently.been.
implicated.in.primary.and.metastatic.growth.and.angiogenesis..In.particular,.gelatinases.(MMP-2.
and.-9).are.abundantly.expressed.in.various.malignant.tumors.

Polyphenols.have.been.shown.in vitro.to.profoundly.affect.ECM.turnover.by.regulating.gelati-
nases.expression.and.activity,.acting.at.both.the.pre-.and.post-transcriptional.level.(Dell’Agli.et.al.,.
2005)..According.to.Kim,.in.a.HUVEC.model,.apigenin.inhibited.in vitro.angiogenesis,.in.part.via.
preventing.VEGF/bFGF-induced.MMP-1.and.uPA.(urokinase-type.plasminogen.activator).expres-
sion,.as.well.as.the.activation.of.pro-MMP-2..The.above.actions.are.achieved.by.modulation.of.dis-
tinct.MMP.inhibitors,.TIMP-1.and.-2,.and.PAI-1..uPA.is.a.serine.protease.that.is.highly.specific.for.
the.transformation.and.subsequent.activation.of.plasminogen.to.plasmin,.which,.in.turn,.can.cleave.
matrix.components.such.as.fibrin.and.fibronectin.and.activate.several.MMPs.(Kim,.M.H.,.2003)..
In.a.more.recent.study.Lee.and.co-workers.reported.that.apigenin,.as.well.as.other.phenolic.com-
pounds,.inhibits.both.collagenase.activity.and.MMP.expression.in.a.dose-.and.structure-dependent.
manner.(Sim.et.al.,.2007)..However,.findings.on.apigenin.effects.on.MMP.secretion.remain.incon-
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sistent..In.a.series.of.studies,.apigenin.seemed.not.to.directly.affect.MMP-9.expression.(Tatsuta.et.
al.,.2000;.Zhu.et.al.,.2003)..Moreover,.both.luteolin.and.apigenin.appeared.as.MMP-1.inhibitors.
(Kim,.J.H..et.al.,.2004)..Emerging.data.on.luteolin.demostrate.an.inhibitory.effect.on.MMP-9.and.
MMP-2.and.according.to.Huang.et.al..this.is.due.to.the.double.bond.between.C2.and.C3.in.ring.C.
and.the.OH.groups.on.C3′.and.C4′.in.ring.B.(Huang.et.al.,.1999)..The.inhibitory.effect.of.luteolin.on.
MMP.secretion.and.in.parallel.of.FAK.phosphorylation.in.MiaPaCa-2.cells.provided.new.evidence.
on.the.regulation.of.MMP.secretion.(Lee,.L.T..et.al.,.2004).

Phenolic. acids. equally. exert. a. modulatory. effect. on. MMPs.. Caffeic. acid,. one. of. olive. oil’s.
“minor”.components,.displays.a.“major”. inhibitory. role.on.MMP-9.expression.and/or.activity.as.
shown.in.the.majority.of.published.data..Caffeic.acid.is.a.selective.inhibitor.of.MMP-2.and.MMP-9.
in vivo.and.in vitro,.in.fibrosarcome-derived.cell.lines.(Hwang.et.al.,.2006),.hepatocarcinoma.(Chung.
et.al.,.2004;.Jin,.U.H..et.al.,.2005),.human.high.metastatic.giant.cell.carcinoma.of.the.lung.(PG).(Xu.
et.al.,.2004),.and.CT26.colon.adenocarcinoma.(Liao.et.al.,.2003)..However,.in.HaCaT.cells.(normal.
immortalized.keratinocytes),.caffeic.acid-induced.modification.in.MMP-9.expression.was.moderate.
(Holvoet.et.al.,.2003)..Caffeic.acid.modifies.MMP.levels.in.multiple.ways,.acting.on.secretion,.tran-
scription,.or.regulation.of.the.MMP.inhibitor.TIMP1-2.(Hwang.et.al.,.2006)..The.inhibitory.effect.of.
caffeic.acid.on.MMP.levels.and.the.dramatic.effect.on.invasion.and.metastasis.were.achieved.at.low.
concentrations,.while.no.cytotoxicity.was.found.against.normal.cells.(Jin,.U.H..et.al.,.2005)..On.the.
other.hand,.Liu.and.co-workers.suggested.that.cinnamic.acid.(a.nonphenolic.acid.found.in.olive.oil).
altered.MMP.and.TIMP-2.expression.in.glioblastoma,.melanoma,.prostate,.and.lung.carcinoma.cells.
(Liu.et.al.,.1995)..In.contrast,.vanillic.acid.did.not.exert.important.activity.on.mouse.breast.cancer.
cells.(Lirdprapamongkol.et.al.,.2005).

7.3.3.3.3  Cycloxygenase-Lipoxygenase
Although. inflammation. has. long. been. considered. as. a. localized. protective. reaction. of. tissue. to.
irritation,.injury,.or.infection,.there.has.been.a.new.realization.about.its.role.in.a.wide.variety.of.dis-
eases,.including.cancer..While.acute.inflammation.is.part.of.the.defense.response,.chronic.inflam-
mation.can. lead,.among.other.diseases,. to.cancer..Several.pro-inflammatory.gene.products.have.
been.identified.as.critical.mediators.of.suppression.of.apoptosis,.proliferation,.angiogenesis,.inva-
sion,.and.metastasis..They.include.TNF.and.members.of.its.superfamily,.cycloxygenase-2.(COX-2),.
and.lipoxygenase-5.(5-LOX)..The.expression.of.their.genes.is.mainly.regulated.by.the.transcrip-
tion. factor.NF-κB,.which. is. constitutively.active. in.most. tumors.and. is. induced.by.carcinogens.
(Aggarwal. et. al.,. 2006)..Cyclooxygenase. (COX).catalyzes. the. formation.of.prostaglandins. (PG).
from.arachidonic.acid..COX.has.two.isoforms:.COX-1.and.COX-2..The.former.is.expressed.consti-
tutively.in.a.variety.of.cells.and.tissues,.whereas.COX-2.is.inducible.by.cytokines,.growth.factors,.
and.tumor.promoters..The.aberrant.overexpression.of.COX-2.is.a.characteristic.feature.of.more.than.
two-thirds.of.all.human.neoplasias.(such.as.colon,.lung,.breast,.esophagus,.prostate,.and.melanoma).
and.the.specific.inhibition.of.this.enzyme.gains.increasing.interest.in.a.targeted.anticancer.strategy.
(Marks.et.al.,.2007)..COX-2.induced.prostaglandins,.which.in.turn.promote.tumor.cell.growth.by.
stimulating.cell.proliferation.and.angiogenesis.and.by.suppressing.apoptosis.and.immune.defense..
Lipoxygenases. (LOXs). are. nonheme. iron. dioxygenases. that. insert. molecular. oxygen. into. poly-
unsaturated.fatty.acids,.resulting.in.the.formation.of.hydroperoxyeicosatetraenoic.acid.molecules..
Their.oxidation.products.have.also.been.reported.to.be.important.regulators.of.the.proliferation.and.
apoptosis.of.cancer.cell.lines,.as.well.as.promoters.of.tumor.angiogenesis.(Tang.et.al.,.1996;.Ye.et.
al.,.2004)..Three.lipoxygenases.(LOXs:.5-LOX,.12-LOX,.and.15-LOX).have.been.reported.to.be.
present.in.human.tissues..The.above.data.suggest.that.the.regulation.of.arachidonic.acid.metabolism.
is.important.in.the.prevention.and.evolution.of.different.types.of.cancer,.and.especially.those.of.the.
digestive.tract..A.great.body.of.studies.has.been.inspired.by.the.effects.of.natural.antioxidants.on.
the.COX.pathway..Flavonoids.and.flavonoid-containing.foods.have.been.investigated.as.potential.
selective.COX-2.inhibitors..However,.we.should.note.at.this.point.that.data.on.olive.oil.are.limited.
if.compared.to.other.plant.sources.of.(poly)phenols.
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Several.mechanisms.of.inhibition.appear.to.be.implicated.in.COX-2.regulation.by.flavonoids..In.
the.majority.of.studies,.it.was.suggested.that.the.main.regulatory.effect.of.flavonoids.on.COX-2.was.
at.the.transcriptional.level.(O’Leary.et.al.,.2004;.Ziyan.et.al.,.2007)..One.model.of.action.involves.
the.peroxisome.proliferator.activated.factor.gamma.(PPARγ)..PPARs.bind.to.specific.response.ele-
ments.as.a.heterodimer.with.the.retinoid.X.factor,.activating.transcription.in.response.to.a.variety.
of.different.exogenous.or.endogenous.ligands.such.as.NSAIDS,.arachidonic.acid.metabolites,.and.
some.drugs..Apigenin.and.luteolin.can.bind.to.PPARγ.in vitro,.acting.as.possible.PPARγ.allosteric.
ligands,.and.reduce.COX-2.promoter.activity..PPARγ.activation.seems.structure-dependent.(Liang.
et. al.,. 2001).. Moreover,. flavonoids. were. shown. to. downregulate. COX-2. expression. through. NO.
regulation.. Apigenin. decreased. iNOS. and. COX. expression,. as. well. as. prostaglandin. E2. (PGE2).
release.in.a.dose-dependent.manner,.in.the.macrophage.cell.line.J774A.(Raso.et.al.,.2001)..Similar.
findings.were.reported.for.luteolin.in.bacterial.lipopolysaccharide.(LPS)-activated.mouse.macro-
phages.RAW264.(Hu.and.Kitts,.2004)..Another.mechanism.proposed.for.inhibition.of.COX-2.gene.
expression. is. through. the.NF-κB.pathway.(Liang.et.al.,.1999)..Apigenin-induced.NF-κB.inhibi-
tion. in.prostate.cancer.cells. triggers.prostate.cancer.suppression.by. transcriptional. repression.of.
NF-κB-responsive.genes,.as.well.as.through.selective.sensitization.of.prostate.carcinoma.cells.to.
TNF-alpha-induced.apoptosis.(Shukla.and.Gupta,.2004b)..Al-Fayez.et.al..reported.that.apigenin.has.
no.effect.on.COX-2.activity,.but.exerted.a.strong.inhibitory.effect.on.COX-2.expression.(Al-Fayez.
et. al.,. 2006).. More. recent. data,. however,. revealed. that. this. compound. has. a. coupled. inhibitory.
effect.on.COX-2.by.stabilizing.mRNA.and.suppressing,.at.the.same.time,.translation.through.TIAR.
(T-cell-restricted.intracellular.antigen.1-related.protein).and.USF.(upstream.stimulatory.factor).in.
UVB-exposed.mouse.308.keratinocytes. (Tong.et.al.,.2007;.Van.Dross.et.al.,.2007).. In.addition,.
flavonoids.can.suppress.COX-2.transcriptional.activity.by.inhibition.of.phosphorylation.of.signal.
transduction.molecules..Structurally,.the.number.of.hydroxyl.groups.on.the.B.ring.may.be.related.to.
the.molecular.conformation.that.influences.the.interactions.between.flavonoids.and.enzymes.such.
as.tyrosine.kinase.and.protein.kinase.C,.which.are.involved.in.COX-2.transcriptional.activity..In.
human.keratinocytes,.apigenin.inhibited.COX-2.through.downregulation.of.Akt.signal.transduc-
tion.and.limitation.of.arachidonic.acid.release.(Van.Dross.et.al.,.2005)..In.another.study,.however,.
both.apigenin.and.luteolin.induced.p38.stress.kinase.activity,.but.not.JNK.(O’Prey.et.al.,.2003)..In.
mouse.bone.marrow-derived.mast.cells,.both.apigenin.and.luteolin.exerted.a.dual.inhibitory.effect.
on.COX-2/5-LOX.(Kim,.J.S..et.al.,.2006).

Tyrosol.and.hydroxytyrosol,.olive.oil’s.most.characteristic.minor.components,.exert.an.inhibi-
tory.effect.on.COX-2,.especially.through.suppression.of.the.NF-κB.pathway.(Moreno,.2003;.Maiuri.
et.al.,.2005;.De.Stefano.et.al.,.2007)..In.addition,.other.molecules.seem.to.interfere.in.this.process,.
such. as. STAT-1α (signal. transducer. and. activator. of. transcription-1alpha). and. IRF-1. (interferon.
regulated.factor)..Moreover,.hydroxytyrosol.seems.more.effective.in.inhibiting.5-LOX.than.tyrosol.
and.oleuropein.(Kohyama.et.al.,.1997;.de.la.Puerta.et.al.,.1999)..Surprisingly,.data.on.the.relation.
of.COX/LOX.and.lignans,.which.represent.one.of.the.most.well-studied.phenolic.compounds.due.
to.their.phytoestrogenic.activities,.are.very.few,.and.we.are.still.in.need.of.further.investigation..
There.is.evidence.for.the.inhibitory.effect.of.lignans.on.COX-1.and.COX-2.in.colon.tumor.models.
(Bommareddy.et.al.,.2006).

Data.on.phenolic.acid.effects.on.cycloxygenase.and.lipoxygenase.remain.contradictory..Rossi.
et.al..reported.that.neither.caffeic.acid.nor.ferulic.acid.inhibited.COX.activity.in.J747.macrophages.
and.rat.lung.(Rossi.et.al.,.2002)..In.more.recent.studies,.however,.ferulic,.caffeic,.and.cinnamic.acid.
and.their.esters.significantly.inhibited.both.COX-1.and.COX-2.enzymes.in.a.dose-dependent.man-
ner,.in.COX.enzyme.inhibitory.assays.(Shin.et.al.,.2004;.Abdel-Latif.et.al.,.2005;.Al-Anati.et.al.,.
2005;.Hirata.et.al.,.2005;.Karlsson.et.al.,.2005;.Jayaprakasam.et.al.,.2006;.Sang.et.al.,.2006;.Manju.
and.Nalini,.2007)..The.mechanism.suggested.for.the.above.actions.also.involves.inhibition.of.the.
NF-κΒ.pathway.
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7.3.3.3.4 Nitric Oxide Synthases
Nitric.oxide.(NO).is.a.multifaceted.gaseous.signaling.agent.and.regulator,.influential.in.many.bio-
logical.systems..As.regards.cancer,. the.role.of.NO.and.the.enzymes.that.produce.it.(nitric.oxide.
synthases.[NOSs],. iNOS.inducible,.eNOS.endothelial,.and.nNOS.neuronal). remain. inconsistent..
The.advantageous.or.deleterious.profile.of.NO.in.malignancies.appears.as.two.faces.of.the.same.
coin.and.displays.organ-.and.cell-specificity..The.NO/NOS.system.provides.to.phenolic.compounds.
an.alternative.multiplexing.mechanism.of.action.and.cross-talk.between.inflammation.and.tumor.
promotion.(Williams.and.Djamgoz,.2005).

Tyrosol.and.hydroxytyrosol.have.been.reported.to.downregulate.iNOS.and.COX-2.gene.expres-
sion.in.RAW.264.7.macrophages,.by.attenuation.of.NF-κΒ,.STAT-1α,.and.IRF-1.activation.medi-
ated.through.LPS-induced.ROS.generation.(Moreno,.2003;.Maiuri.et.al.,.2005;.De.Stefano.et.al.,.
2007)..On.the.other.hand,.Schmitt.et.al..concluded.that.hydroxytyrosol.is.unlikely.to.have.a.direct.
effect.on.eNOS.in.human.endothelial.EA.hy926cells.(Schmitt.et.al.,.2007)..With.regard.to.oleu-
ropein,.in.a.study.conducted.on.mouse.macrophages.by.Visioli.et.al..(1998),.it.was.suggested.that.
under.endotoxin.stimulation,.leuropein.triggered.NO.release.through.iNOS.potentiation.

There.is.a.growing.body.of.evidence.on.the.interrelation.of.flavonoids.and.NOS..Both.apigenin.
and.luteolin.have.been.found.to.exert.an.inhibitory.effect.on.iNOS.transcription.and.activity.(Coma-
lada.et.al.,.2006)..This.regulatory.effect.appeared.to.be.mediated.mainly.through.downregulation.
of.NF-κΒ..Indeed,.pretreatment.with.luteolin.diminished.LPS-induced.NF-κΒ.translocation,.phos-
phorylation.of.Akt.and.MAPK.members,.as.well.as.iNOS.expression.and.NO.synthesis,.in.human.
gingival. fibroblasts. (Gutierrez-Venegas. et. al.,. 2006).. Moreover,. luteolin. was. reported. to. inhibit.
iNOS.expression.and.degradation.of.I-κB-alpha.in.a.dose-dependent.manner,.in.LPS-activated.BV-
2.microglia.(Kim,.J.S..et.al.,.2006)..It.was.also.reported,.that.luteolin.inhibits.both.iNOS.and.COX-2.
protein.expression,.but.not.enzymatic.activity,.in.RAW264.7.cells.(Hu.and.Kitts,.2004)..Apigenin,.
on. the.other.hand,.appeared.as.a.strong. inhibitor.of. iNOS.and.COX-2. transcription. in.activated.
macrophages. (Liang. et. al.,. 2001;. Olszanecki. et. al.,. 2002),. through. stimulation. of. PPARgamma.
transcriptional.activity..Additionally,.it.suppressed.prostate.cancer.cells.via.inhibition.of.NF-κB,.
which.resulted.in.a.decreased.expression.of.NF-κB-dependent.reporter.gene.and.suppressed.expres-
sion.of.NF-κB-regulated.genes,.including.iNOS.(Shukla.and.Gupta,.2004b)..Conversely,.apigenin.
may.upregulate.eNOS.expression.and.activity,.acting.as.an.inhibitor.of.MAPK.and.Akt.(Jiang.et.
al.,.2007)..All.the.above-mentioned.effects.mediated.by.luteolin.and.apigenin.are.exerted.at.low,.
noncytotoxic.levels.

Concerning.phenolic.acids,.a.number.of.conflicting.studies.exist;.most.of.them.focus.on.their.
metabolites.and.not.on.phehenolic.acid.per.se,.with.caffeic.acid.being.the.most.studied.compound..
Nevertheless,.the.emerging.data.remain.controversial..In.a.former.study.of.our.group,.caffeic.acid.
exerted.no.effect.on.NOS-isoenzymes.activity.in.T47D.breast.cancer.cells.(Kampa.et.al.,.2004)..
However,.caffeic.acid.derivatives.inhibited.iNOS.expression.and.enzyme.activity.in vivo.and.in vitro.
(da.Cunha.et.al.,.2004;.Chiang.et.al.,.2005)..Inhibition.of.NOS.was.associated.with.suppression.of.
COX-2.and.5-LOX.(Chiang.et.al.,.2005;.Jatana.et.al.,.2006),.mediated.through.downregulation.of.
the.NF-κΒ.pathway.(Song.et.al.,.2002;.Khan.et.al.,.2007)..In.addition,.caffeic.acid,.p-coumaric.acid,.
and.vanillic.acid.enhanced.eNOS.expression.moderately,.while.cinnamic.acid.appeared.as.a.strong.
potentiator.and.ferulic.acid.had.no.effect.in.EA.hy.926.endothelial.cells.(Wallerath.et.al.,.2005)..In.
a.human.umbilical.vein.endothelial.line,.treatment.with.ferulic.acid.enhanced.NO.secretion.(Hou.
et.al.,.2004a)..In.the.hippocampus,.ferulic.acid.induced.transient.increase.of.eNOS,.while.pretreat-
ment.with.ferulic.acid.derivatives.resulted.in.iNOS.inhibition.(Cho.et.al.,.2005;.Sultana.et.al.,.2005)..
Moreover,.in.NCX.20275.macrophages,.an.NO-releasing.derivative.of.ferulic.acid.induced.iNOS.
inhibition.on.both.the.transcriptional.and.translational.level,.while.ferulic.acid.was.inactive..This.
action.was.mediated.by.attenuation.of.LPS-induced.NF-κΒ.translocation.(Ronchetti.et.al.,.2006).
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7.3.3.3.5  Cytochromes P450
Cytochromes.P450.(CYPs).constitute.a.superfamily.of.heme-thiolate.isoenzymes.involved.in.the.
metabolism.of.several.chemicals.(such.as.drugs,.dietary.chemicals,.or.environmental.pollutants)..In.
this.respect,.they.play.an.important.role.in.the.bioactivation.of.several.pro-carcinogens.and.in.the.
activation.and.inactivation.of.several.anticancer.drugs..Metabolic.activation.of.chemical.carcino-
gens.is.mediated.by.a.limited.number.of.human.CYP.species,.namely,.CYP1A1,.CYP1A2,.CYP1B1,.
CYP2A6,.CYP2B6,.CYP2E1,.and.CYP3A4.(Code.et.al.,.1997)..These.CYPs.are.mainly.expressed.
in.the.liver,.except.CYP1A1.and.CYP1B1,.which.are.extrahepatic.isoenzymes.in.humans..The.major.
olive.and.olive.oil.phenolic.compounds.oleuropein.and.its.two.major.metabolites,.hydroxytyrosol.
and.tyrosol.(Zhou.et.al.,.2004),.have.been.shown.to.inhibit.CYPs..Indeed.in vitro.studies.indicated.
that. oleuropein. inactivated. androstenedione. 6β-hydroxylase. (CYP3A4). activity. in. human. liver.
microsomes.(Stupans.et.al.,.2001)..The.reactive.metabolites.of.oleuropein.remain.undetermined,.
but.oleuropein.might.undergo.CYP3A-mediated.oxidation.to.a.number.of.metabolite(s).capable.of.
binding.and.inactivating.CYP3A4..In.addition,.hydroxytyrosol.and.tyrosol.and/or.their.metabolites.
may.be.involved.in.this.inactivation..Metabolic.studies.indicated.that.hydroxytyosol.was.excreted.
into.the.urine.unchanged.and.as.its.glucuronide.and.sulfate.conjugates..Hydroxytyrosol.can.also.be.
sequentially.oxidized.to.3,4-dihydroxyphenylacetic.acid.and.3,4-dihydroxyphenylacetaldehyde.by.
alcohol.and.aldehyde.dehydrogenase,.or.methylated.by.catechol–O-methyltransferase.to.homovanil-
lic.alcohol.and.then.oxidized.to.homovanillic.acid.(D’Angelo.et.al.,.2001)..Oleuropein.was.found.to.
be.a.relatively.weak.inhibitor.of.CYP1A2-mediated.7-methoxyresorufin-O-deethylation.(24%.inhi-
bition.at.100.μM),.but.not.CYP2E1-mediated.chlorzoxazone.6-hydroxylation..In.contrast,.CYP1A2.
did.not.undergo.mechanism-based.inactivation.by.oleuropein.(Stupans.et.al,.2001)..Finally,.admin-
istration.of.olive.oil.in.Sprague-Dawley.rats.resulted.in.a.31%.reduction.of.CYP2C11.protein.levels.
(Brunner.and.Bai,.2000).

Flavone.aglycons,.apigenin,.and.luteolin.exhibited.a.mixed-type.inhibition.of.CYPs.in.vitro..
Kim,.H.J.. et. al.. (2005). suggested. that. these. compounds. exert. a.differential. inhibitory. effect. on.
CYP1A,. related. to. the. number. and. the. position. of. hydroxyl. groups.. However,. the. inhibition. of.
CYP1B1. enzyme. seemed. structure-independent.. In. HepG2. cells,. apigenin. increased. CYP1A1-
induced.luciferase.activity.(Allen.et.al.,.2001)..As.regards.CYP1B1.(which.metabolizes.estradiol.
and. polycyclic. aromatic. hydrocarbons. to. potential. carcinogens),. apigenin. exerted. a. competitive.
inhibition.in.a.dose-dependent.manner.(Chaudhary.and.Willett,.2006)..In.addition,.apigenin.inhib-
ited.CYP1A2.and.CYP3A.with.an.IC50.lower.than.10.μg/l.(von.Moltke.et.al.,.2004)..Furthermore,.
apigenin.downregulated.CYP19.activity.(Moon.et.al.,.2006)..However,.as.flavonoids.are.metabo-
lized.mainly.by.CYP1A2,.leading.to.formation.of.metabolites.with.different.properties.than.those.
of.the.parent.compounds,.as.well.as.the.differential.expression.of.CYPs.among.individuals,.ques-
tions.on.flavonoid.bioavailability.and.on.their.advantageous.and.health-promoting.properties.are.
raised. (Breinholt.et.al.,.2002)..Data.on.phenolic.acids.and. their. interrelation.with.CYPs.remain.
controversial.. Administration. of. caffeic. acid. had. no. effect. on. xenobiotic-metabolizing. enzymes.
in.rat.liver.(Debersac.et.al.,.2001)..Nevertheless,.in.a.previous.study.by.our.group,.incubation.of.
T47D.breast.cancer.cells.with.caffeic.acid.resulted.in.a.reduction.of.CYP1A1.by.70%.(Kampa.et.al.,.
2004)..Additionally,.gallic.acid.diminished.CYP3A.activity.in.human.liver.microsomes.(Stupans.
et.al.,.2002).

�.�.�.�  Direct effect on nucleic acids and nucleoproteins

DNA.damage.is.a.key.element.of.carcinogenesis.and.cancer.progression..DNA.function.and.repair.
are. regulated. by. a. number. of. proteins. inside. the. nucleus.. Nucleoproteins. are. proteins. structur-
ally.associated.with.DNA.(and.RNA).that.play.important.structural.and.enzymatic.roles.in.DNA.
processes..Disruption.of.the.actions.of.these.proteins.may.lead.to.dysfunction.of.nucleic.acids.or.
impaired.DNA.repair.leading.to.cell.death.or.carcinogenesis..The.DNA.interacting.proteins.that.
might.be.involved.are.topoisomerases,.polymerases,.and.acetylases..The.majority.of.studies.links.
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olive.oil.polyphenols.and.their.effect.on.DNA.indirectly,.via.the.production.of.reactive.oxygen.spe-
cies.that.induce.oxidative.damage.of.DNA..Moreover,.it.should.be.pointed.out.that.this.effect.usu-
ally.occurs.at.relatively.high.concentrations..Only.a.few.reports.demonstrate.a.direct.effect.of.olive.
oil.microconstituents.on.DNA.and.nucleoproteins.

Caffeic.acid.has.been.shown.to.be.a.potent.inhibitor.of.topoisomerase.I.(Stagos.et.al.,.2005)..A.
similar.topoisomerase.I.inhibition.was.also.the.effect.of.protocatechuic.acid.(Stagos.et.al.,.2005),.
which.could.also.directly.inhibit.topoisomerase.II.in.Chinese.hamster.V79.cells.(De.Graff.et.al.,.
2003).and.cause.a.dose-dependent.decrease. in.andriamycin-induced.DNA.double-strand.breaks..
Oleanolic.acid,.a. triterpene.acid.present. in.olive.oil,. also. inhibits. topoisomerases. I.and. II-alpha.
through.a.reported.mechanism.that.does.not.involve.stabilization.of.the.cleavable.complex.or.the.
intercalation.of.DNA.(Syrovets.et.al.,.2000).as.well.as.DNA.polymerase.beta.(Deng.et.al.,.1999;.
Prakash.Chaturvedula.et.al.,.2003)..Topoisomerase.inhibition.was.also.reported.for.luteolin,.induc-
ing.DNA.cleavage.with.subsequent.DNA.ladder.formation,.in.promyelocytic.HL-60,.promyelocytic.
HP-100,.and.hamster.ovary.AA8.cells,.via.formation.of.a.luteolin-topoisomerase.II-DNA.ternary.
complex.(Yamashita.and.Kawanishi,.2000;.Cantero.et.al.,.2006)..However,.in.another.study.it.was.
found.that.the.same.compound.possesses.cytotoxic.and.DNA.topoisomerase.I.poisoning.activity.
(Galvez.et.al.,.2003)..Moreover,.luteolin.has.also.been.found.to.bind.to.histones.H3.and.H4,.control-
ling. in. this.way.histone-dependent.gene. transcription.and.cellular.proliferation,.via.binding.and.
modulation.of.core.histone/nucleosome.functions.(Shoulars.et.al.,.2002;.Shoulars.et.al.,.2005;.Shou-
lars.et.al.,.2006)..Apigenin.also.interacts.with.topoisomerases.I.and.II,.stabilizing.the.topoisomerase.
II-DNA.complex.(Constantinou.et.al.,.1995;.Boege.et.al.,.1996;.Snyder.and.Gillies,.2002)..In.Reuber.
H35.hepatoma.and.CTLL-2.cells. this.enhanced.cytotoxicity,.due. to. topoisomerase. II. inhibition,.
was.observed.when.apigenin.was.applied.following.an.irradiation.treatment,.leading.to.decreased.
repair.of.DNA.(Azuma.et.al.,.1995;.van.Rijn.and.van.den.Berg,.1997)..Verbascoside.(acteoside),.
an.olive.oil.phenylpropanoid.glycoside,.has.been. reported. to. induce.cell.death. in.promyelocytic.
leukemia.HL-60.cells.by.internucleosomal.breakdown.of.chromatin.DNA.(Inoue.et.al.,.1998).and.
to.reduce.oxidative.stress–induced.DNA.damage.in.a.Fenton.reaction.on.plasmid.model.by.form-
ing.complexes.with.iron.molecules.(Zhao.et.al.,.2005)..Verbascoside.was.also.reported.to.inhibit.
telomerase.activity.leading.human.gastric.carcinoma.cells.MKN45.to.cell.cycle.arrest.(Zhang.et.al.,.
2002)..Finally,.cinnamic.hydroxamic.acid.(NVP-LAQ824).was.found.to.inhibit.histone.deacetylase.
enzymatic.activities.in vitro.(Atadja.et.al.,.2004)

�.�  other Pentacyclic triterPenes

In. addition. to.oleanolic. and.maslinic. acid.previously.discussed,.other.biologically. active. ter-
penes.in.olive.and.olive.pomace.oil.are.ursolic.acid,.betulinic.acid,.erythrodiol,.and.uvaol.(see.
Chapter.4)..Among.them,.betulinic.and.ursolic.acids.are.the.agents.that.have.been.studied.exten-
sively. due. to. their. high. cytotoxicity. toward.tumor. cells. and. lack. of. toxicity. against. normal.
cells..Betulinic.acid.was.characterized.as.melanoma.selective.cytotoxic.agent.since.it.completely.
inhibited.cultured.human.melanoma.cell.growth.as.well.as.tumor.growth.in.athymic.mice.car-
rying.human.melanomas.(Yasukawa.et.al.,.1991;.Pisha.et.al.,.1995)..Later.on.betulinic.acid.was.
tested.in.different.cancer.cells.such.as.breast,.colon.(Basu.et.al.,.2004),.head.and.neck.(Thurnher.
et.al.,.2003),.prostate.(Chintharlapalli.et.al.,.2007),.ovary,.lung,.thyroid,.neuroblastoma.(Rzeski.
et.al.,.2006),.glioma.(Wick.et.al.,.1999),.neuroblastoma.(Fulda.et.al.,.1997;.Fulda.and.Debatin,.
2000),.and.leukemia.cells.(Noda.et.al.,.1997;.Raghuvar.Gopal.et.al.,.2005)..Apart.from.betulinic.
acid.several.derivatives.have.been.produced.by.simple.modifications.of.the.parent.structure.in.
order.to.improve.their.selective.antitumor.activity.(Kim,.D.S..et.al.,.1998;.Kim,.J.Y..et.al.,.2001)..
The.action.of.betulinic.acid.and.its.derivatives.as.antitumor.agents.was.mainly.mediated.by.the.
induction.of.apoptosis.that.functions.in.a.p53-.and.CD95-independent.fashion.through.a.mito-
chondrial-mediated.pathway.(Eiznhamer.and.Xu,.2004)..It.involved.the.activation.of.caspases.
that.cleaves.poly(ADP.ribose).polymerase.(Wick.et.al.,.1999),.while.a.decreased.bcl2.and.an.
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increased.bax.expression.were.observed.(Rzeski.et.al.,.2006)..Moreover,.it.has.been.shown.that.
betulinic.acid.induced.NFk-B.activation.(Kasperczyk.et.al.,.2005),.induced.reactive.oxygen.spe-
cies.generation,.inhibited.topoisomerase.I,.and.activated.the.MAP.kinase.cascade..In.addition,.it.
has.been.reported.to.inhibit.angiogenesis.and.cell.migration.(Rzeski.et.al.,.2006;.Chintharlapalli.
et.al.,.2007)..Similarly,.ursolic.acid.is.capable.of.inducing.apoptosis.and.cell.cycle.arrest.mainly.
at.G0/G1.phase.in.different.tumor.cells.(melanoma,.endometrial,.multiple.myeloma,.leukemia,.
lung,.breast,.and.prostate).(Hsu.et.al.,.2004;.Achiwa.et.al.,.2005;.Harmand.et.al.,.2005;.Zhang.
et.al.,.2006;.Lai.et.al.,.2007;.Liu.and.Jiang,.2007;.Nangia-Makker.et.al.,.2007;.Pathak.et.al.,.
2007)..This.apoptotic.effect.is.dependent.on.the.mitochondrial.intrinsic.pathway,.characterized.
by.caspase.3.activation.and.alteration.of.the.Bax-Bcl-2.balance.(Harmand.et.al.,.2005).as.well.as.
inhibition.of.both.the.PI3K-Akt.pathway.and.the.MAPK.pathway.(Achiwa.et.al.,.2007).

�.�  effects of oleic aciD

Taking.into.consideration.the.large.body.of.evidence.indicating.the.beneficial.role.of.olive.oil.in.
cancer,.we.have.to.keep.in.mind.its.unique.characteristics,.namely,.the.presence.of.the.ω-9.mono-
unsaturated.fatty.acid,.oleic.acid,.in.high.abundance.(56–84%)..At.first,.a.strong.association.of.a.
high.fat.diet.and.cancer.risk.(especially.colorectal.cancer).had.been.established,.but.now.it.becomes.
widely.accepted.that.the.type.of.dietary.fat.is.the.most.important.element..Indeed,.many.epidemio-
logical.studies.revealed.that.intake.of.oleic.acid.is.protective.against.several.carcinomas.(Bartsch.
et.al.,.1999;.Wahle.et.al.,.2004;.Binukumar.and.Mathew,.2005)..A.number.of.in vitro.and.in vivo.
studies.revealed.that.oleic.acid.and.its.derivatives.could.have.effects.similar.to.those.reported.for.
polyphenols..Indeed,.oleic.acid.restrained.cancer.cell.growth.(breast,.colon,.lung).(Zhu.et.al.,.1989;.
Llor.et.al.,.2003;.Menendez.et.al.,.2005).by.inducing.apoptosis.and.cell.cycle.arrest.(Martinez.et.
al.,.2005a)..Moreover,. it.was.found.that. it. inhibited.angiogenesis.(Kimura,.2002).and.metastasis.
(Suzuki.et.al.,.1997)..Its.mechanism.of.action.also.involved.activation.of.certain.kinases,.such.as.
PKC,. increase. in. cdk. inhibitors. (CKIs),. and.decrease.of. cyclins’. concentration. (Martinez.et. al.,.
2005b)..In.addition,.it.was.reported.to.reduce.the.expression.of.HER2/neu.(erbB-2).oncogene.(Nel-
son,.2005).and.to.synergistically.enhance.the.growth.inhibitory.effects.of.trastuzumab.(Herceptin,.
anti-Her-2/neu.immunotherapy).in.breast.cancer.cells.(Menendez.et.al.,.2005).

�.�  conclUsions

From.the.data.presented.in.this.chapter.it.becomes.evident.that.the.beneficial.anticancer.effect.of.
olive.oil. is.a.combination.of. the.specific.action.of.oleic.acid.and.of. its.minor.constituents..Both.
exhibit.a.wide.spectrum.of.biological.properties,.influencing.major.structural.and.functional.cel-
lular.components..Their.effects.(interaction.with.key.elements.of.cell.function:.cell.cycle,.growth,.
progression,.signaling,.apoptosis,.etc.).provide.the.biological.background.of.the.beneficial.actions.of.
olive.oil,.a.major.element.of.the.Mediterranean.type.of.nutrition..They.further.present.data.for.new,.
targeted.therapeutic.interventions.in.a.great.spectrum.of.chronic.diseases,.including.cancer.
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8 Antithrombotic	and	
Antiatherogenic	Lipid	Minor	
Constituents	from	Olive	Oil

Smaragdi Antonopoulou, Haralabos C. Karantonis, 
and Tzortzis Nomikos

�.�  introDUction

From. ancient. times. until. now. human. nutritional. habits. have. been. adopted. from. developmental.
experience.and.various.other.factors,.mainly.geographical.location,.social-economical.status,.and.
religious.traditions..Systematic.observation.and.record.of.the.dietary.habits.around.the.world.have.
demonstrated.the.existence.of.distinct.dietary.models..The.study.of.these.models.has.been.focused.
on.the.establishment.of.an.etiological.relation.between.the.dietary.habits.of.different.populations.
and.the.incidence.of.pathological.conditions.

The.first.international.study.investigating.the.possible.correlation.between.diet.and.cardiovas-
cular.disease.(CVD).was.held.in.1960.by.Professor.Ancel.Keys.and.it.is.well.known.as.the.Study.of.
the.Seven.Countries.(Aravanis.et.al.,.1970)..The.correlation.between.the.Mediterranean.diet.(MD).
and. the.distribution.of. cardiovascular.morbidity. and.mortality.was. established.and. showed. that.
populations.which.consumed.the.above.diet.rarely.presented.CVDs.and.that.this.favorable.effect.is.
probably.due.to.the.consumption.of.olive.oil.

On.the.other.hand,.other.similar.trials,.such.as.the.Study.of.Australian.Immigrants.(Hu,.2003),.
demonstrated.that.environmental.and.hereditary.factors.are.not.implicated.in.atherogenesis..Exper-
imental.data.from.a.variety.of.clinical.intervention.studies.have.shown.that.a.change.in.cholesterol.
intake. slightly. alters.plasma. total. cholesterol;. they.have.also. shown. that. fat. restriction.does.not.
result.in.a.proportional.reduction.of.risk.factors.for.coronary.heart.disease.
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The.MD.is.considered.a.model.of.a.health-beneficial.diet.exerting.a.protective.role.in.various.
pathological.conditions.such.as.CVDs,.cancer,. rheumatoid.arthritis,.kidney.diseases,.Alzheimer.
disease.and.other.neurodegenerative.diseases,.Parkinson.disease,.disturbances.of.the.gastrointesti-
nal.tract,.and.diabetes..Although.differences.in.dietary.traditions.exist.between.the.various.Medi-
terranean.populations,.there.are.common.nutritional.characteristics.such.as.olive.oil.as.the.main.fat.
source;.high.consumption.of.fruits,.vegetables,.and.legumes;.moderate.consumption.of.fish,.wine,.
and.dairy.products;.and.low.intake.of.animal.proteins.

Epidemiological.and.experimental.studies.attribute.the.beneficial.effect.of.MD.to.the.consump-
tion.of.olive.oil.and.especially.to.the.presence.of.monounsaturated.fatty.acids.(MUFAs),.mainly.
oleic.acid..During.the.last.decades,.data.have.provided.increasing.evidence.that. the.existence.of.
bioactive.components.—.usually.present.in.minor.quantities.—.in.the.MD.may.be.responsible.for.
its.protective.effect.against.chronic.diseases..Under.the.term.“bioactive.minor.components”.essen-
tial.unsaturated. fatty.acids,.dietary.antioxidants,.vitamins,.phenolic.compounds,. and.other. lipid.
microconstituents.are.included..To.establish.their.contribution.to.the.beneficial.role.of.the.MD,.their.
implication.in.each.pathological.condition.should.be.further.studied.

The. relation.between.CVDs.and. the.MD.is. the.most.studied.one.. In.addition,.prevention.of.
atherosclerosis. is. a. major. objective. of. modern. medical. investigation.. Despite. the. complexity. of.
this.disease,.it.is.clear.that.atherosclerosis.is.a.chronic.inflammatory.condition.that.can.lead.to.an.
acute.clinical.event.through.plaque.rupture.and.thrombosis..Several.theories.have.been.formulated.
in.order.to.explain.the.pathogenesis.of.atherosclerosis..The.most.important.theories.are.those.of.
inflammation,.oxidation,.and.response-to-retention..Thrombosis,.inflammation,.and.oxidation.are.
critical.points.in.the.above.hypotheses..The.above.theories.can.be.unified.to.form.one.single.theory.
by.a.molecular.mechanism.orchestrated.by.PAF.(Demopoulos.et.al.,.2003)..PAF.is. the.common.
name.for.1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine.and.its.structure.was.identified.in.1979.
(Demopoulos.et.al.,.1979)..PAF.is.a.mediator.of.crucial.importance.in.the.inflammatory.response.
and.is.synthesized.by.several.different.cell.types.upon.activation,.e.g.,.platelets,.monocytes,.macro-
phages,.foam.cells,.and.endothelial.cells.(Demopoulos.et.al.,.2003).

The.“PAF-implicated.atherosclerosis.theory”.proposes.a.new.biochemical.mechanism.for.the.
initiation.of.atheromatosis.and.it.interprets.the.epidemiological.observations.demonstrating.the.pro-
tective.role.of.the.MD.against.atherogenesis,.atherosclerosis,.and.CVDs..The.proposed.mechanism.
is.the.following.

Oxidation.of.low.density.lipoprotein.(LDL).takes.place.in.human.blood.and.depends.on.several.
factors.such.as.diet.(total.intake.of.antioxidants).and.lifestyle.factors.(such.as.smoking,.sedentary.
lifestyle,.etc.)..Even.though.PAF.production.is.under.strict.control,.unregulated.production.of.PAF.
is.observed.during.LDL.oxidation..The.PAF.produced.during.LDL.oxidization.has.been.isolated.
and.identified.(Liapikos.et.al.,.1994)..When.LDL.oxidation.or.pathological.conditions.induce.the.
unregulated.increase.of.PAF.levels,.then.PAF.—.among.other.mediators.—.can.initiate.a.rapid.local.
inflammatory.response.in.the.vessel..This.action.leads.to.endothelium.dysfunction,.which.shows.
increased.permeability.for.blood.cells.and.oxidized.LDL.(OxLDL).along.with.foam.cell.formation.
and.proliferation.of.smooth.muscle.cells..All.the.above.steps.are.well-known.biological.activities.of.
PAF.that.lead.to.early.atherosclerotic.lesions.(Demopoulos.et.al.,.2003).

This. mechanism. is. also. supported. by. in vivo. experiments. in. which. atherogenesis. was. not.
detected. in. the.experimental.animals.fed.a.cholesterol-rich.diet.along.with.specific. inhibitors.of.
PAF..It.also.should.be.noted.that.oxidative.modification.of.LDL.leads.to.progressive.loss.of.associ-
ated.PAF.acetylhydrolase.(PAF-AH).activity,.the.only.enzyme.that.can.hydrolyze.and.inactivate.
PAF,.minimizing.by.this.way.the.physical.defense.system.of.the.human.organism..The.above.find-
ings.show.that.specific.PAF.inhibitors.may.protect.from.atherogenesis..It.should.also.be.mentioned.
that.the.antioxidants,.which.are.found.in.high.quantities.in.foods.of.the.MD,.partly.prevent.LDL.
oxidation.and.therefore.PAF.production.

The.presence.of.PAF.inhibitors.in.foods.of.the.MD.has.been.well.established..Olive.oil.was.the.
first.among.them.where.lipid.molecules.exerting.strong.anti-PAF.activity.were.detected.
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“PAF.implicated.atherosclerosis.theory”.could.also.explain.the.so-called.“French.paradox”.or.
the.lower.mortality.rates.of.the.French.due.to.CVDs.despite.the.high.consumption.of.saturated.fat.
and.cholesterol..This.observation.was.attributed.to.the.daily.moderate.consumption.of.red.wine..
The.presence.of.PAF.inhibitors.in.different.varieties.of.wines.that.has.already.been.reported.may.
explain.this.paradox.(Demopoulos.et.al.,.2003)..It.is.of.interest.that.PAF.inhibitors.are.not.always.
found.in.higher.amounts.in.red.wines.compared.to.white.ones.(Fragopoulou.et.al.,.2001).

PAF.inhibitors.were.also.found.in.several.other.foods.of.the.MD,.such.as.honey,.yogurt,.plants,.
garlic,. onion,. and. fish. (Demopoulos. et. al.,. 2003).. The. existence. of. PAF. inhibitors. in. fish. also.
explains.the.low.mortality.rates.observed.in.Japan.as.well.as.the.hematological.disorders.resulting.
from.fish.overconsumption..In.addition,.vitamin.E,.an.antioxidant.and.antiatherogenic.compound.
of.plant.foods,.also.inhibits.PAF.actions.(Kakishita.et.al.,.1990).

In.addition,.dietary.intervention.studies.have.shown.that.the.administration.of.traditional.MD.
meals,.rich.in.PAF-antagonists,.to.either.normal.volunteers.or.type.2.diabetic.patients,.resulted.in.
the.attenuation.of.platelet.reactivity.induced.by.PAF.(Antonopoulou.et.al.,.2006).

The.existence.of.PAF.inhibitors.in.MD.foods.may.offer.an.alternative.explanation.of.the.MD.
protective.effect. in. the.aforementioned.pathological.conditions.since.PAF.is. implicated. in.all.of.
them.

�.�  antiatherogenic ProPerties of olive oil minor constitUents

Atherosclerosis. constitutes. an. inflammatory.disease..One.of. the.earliest. signs.of. atherosclerosis.
development. is. the. activation. of. endothelium,. accompanied. by. adhesion. and. trans-endothelial.
migration.of.monocytes..Within.the.endothelium,.monocytes.acquire.a.macrophage-like.phenotype.
and.scavenge.OxLDL.and.triglyceride-rich.lipoproteins.(TRLs),. thus.becoming.foam.cells..This.
contributes.to.the.formation.of.early.atherosclerotic.lesions.(Ross,.1999;.Demopoulos.et.al.,.2003).

Major.causes.of.endothelium.dysfunction.are.inflammatory.molecules.that.exist.on.OxLDL.or.
are.derived.from.activated.monocytes.and.platelets..Such.inflammatory.molecules.are.PAF,.inter-
leukin-1β.(IL-1β),.and.tumor.necrosis.factor.α.(TNFα)..Endothelium.activation.is.accompanied.by.
an.increase.in.the.expression.of.specific.cytokines.and.adhesion.molecules.such.as.P-.and.E-selec-
tin,.intracellular.adhesion.molecule-1.(ICAM-1),.vascular.cell.adhesion.molecule-1.(VCAM-1),.IL-
6.released.from.macrophages,.and.C.reactive.protein.(CRP).released.from.the.liver.(Davies.et.al.,.
1993;.Ross,.1999;.Demopoulos.et.al.,.2003;.Jialal.et.al.,.2004).

Olive.oil. is.recognized.as.a.food.with.beneficial.effects.on.CVDs..At.present,. the.beneficial.
effects. of. olive. oil. are. mainly. attributed. to. its. minor. components. that. exert. significant. biologi-
cal.effects,.despite.the.fact.that.they.are.of.limited.amount.(Covas.et.al.,.2006a)..The.importance.
of.minor.olive.oil.components.on.atherosclerosis.has.been.implied.by.studies.with.monounsatu-
rated.dietary.oils.that.have.reported.conflicting.effects;.these.studies.indicate.that.other.compounds.
beyond.MUFAs.may.exert.antiatherogenic.activities..Indeed,.minor.olive.oil.components.have.been.
shown.to.exert.antiatherogenic.properties..These.properties.are.due.to.their.antioxidant.effects.that.
protect.LDL.from.its.oxidation.or.to.their.direct.anti-inflammatory.effects.on.endothelium.or.even.
to.their.hypolipidemic.or.hypotensive.activity.(Perona.et.al.,.2006).

Olive.oil.minor.components.constitute.about.1–2%.of.the.total.content.of.virgin.olive.oil.(Boskou,.
2006)..After.saponification.of.olive.oil.the.remaining.unsaponifiable.fraction.contains.minor.com-
ponents.including.hydrocarbons,.like.squalene.and.β-carotene;.tocopherols,.such.as.α-tocopherol;.
fatty.alcohols;.triterpenic.alcohols,.such.as.erythrodiol.and.uvaol;.triterpenic.acids,.such.as.olea-
nolic.and.maslinic.acid;.other.terpenic.compounds;.sterols,.such.as.β-sitosterol,.campesterol,.and.
4-methylsterols;.and.pigments,.like.chlorophylls.and.pheophytins..Other.olive.oil.minor.compounds.
are.the.well-studied.phenolic.compounds.such.as.oleuropein.aglycons,.tyrosol,.and.hydroxytyrosol.
secoiridoids;.other.phenols.(see.also.Chapter.3),.waxes,.sterol-esters,.mono-.and.diacylglycerols,.
phosphatides,. unusual. glycero-glycolipids,. and. other. unidentified. components. (Kiritakis,. 1990;.
Boskou,.2000;.Harwood.and.Aparicio,.2000;.Karantonis.et.al.,.2002;.Boskou.et.al.,.2006).
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8.2.1  antiatherogenic ProPerties of olive oil minor  
  constituents of the unsaPonifiable fraction

Several.experimental.data.demonstrate.that.the.unsaponifiable.fraction.of.olive.oil.exerts.antioxi-
dant.and.anti-inflammatory.activities.(Perona.et.al.,.2006).

In.endothelial.cells.incubated.with.postprandial.TRLs,.isolated.from.the.plasma.of.healthy.sub-
jects.who.had.consumed.a.meal.with.virgin.olive.oil.enriched.with.its.unsaponifiable.fraction.(Per-
ona.et.al.,.2004),.prostaglandin.E2.(PGE2).and.thromboxane.B2.(TxB2).production.was.reduced.

In.rabbits,.a.diet.high.in.olive.oil.unsaponifiable.fraction.leads.to.a.higher.antioxidant.content.in.
LDLs.and.lowers.its.susceptibility.to.oxidation.(Ochoa.et.al.,.2002).

Squalene.or.triterpenes.exert. in vitro.antioxidant.activity.(Covas.et.al.,.2006a)..Moreover,. in.
rodents.supplementation.of.their.diet.with.squalene.strongly.inhibits.the.activity.of.beta-hydroxy-
beta-methylglutaryl-CoA.reductase.(HMG-CoA.reductase),.a.key.enzyme.in.cholesterol.biosynthe-
sis,.thus.indicating.a.hypolipidemic.action.of.these.molecules.(Bellosta.et.al.,.2000).

In.rat.aorta,.oleanolic.acid.and.erythrodiol,.two.olive.oil.triterpenoids,.have.been.used.to.evoke.
an.endothelium-dependent.vasorelaxation.through.nitric.oxide.(NO).production.by.the.endothelium.
(Rodriguez-Rodriguez.et.al.,.2004)..Moreover,.oleanolic.acid.possesses.anti-inflammatory.proper-
ties.since.it.inhibits.the.activity.of.lipoxygenase.(LOX).and.cyclooxygenase-2.(COX-2).(Ringbom.
et.al.,.1998;.Simon.et.al.,.1992),.thus.reducing.the.production.of.PGE2.and.leukotriene.B4.(LTB4).
and.also.inhibits.superoxide.anion.generation.by.human.neutrophils.(Leu.et.al.,.2004)..In.addition,.
erythrodiol.reduces.the.12-O-tetradecanoylphorbol-13-acetate.(TPA)-caused.edema,.thus.exerting.
anti-inflammatory.activities.(De.la.Puerta.et.al.,.2000).

Human.and.animal.studies.demonstrate.that.plant.sterol.supplementation.decreases.serum.cho-
lesterol.concentration.(Jones.et.al.,.1997)..Mechanisms.for.this.effect.include.inhibition.of.choles-
terol. absorption. (Quilez. et. al.,. 2003). and.decreased.production.of. apoB-containing. lipoproteins.
from.liver.and.intestine.(Ho.and.Pal,.2005)..In.familial.hypercholesterolemic.children,.administra-
tion.of.a.phytosterol.mixture.containing.β-sitosterol,.campesterol,.and.stigmasterol.led.to.LDL-cho-
lesterol.reduction.(de.Jongh.et.al.,.2003)..However,.it.is.questionable.whether.the.low.sterol.content.
of.olive.oil.is.able.to.modulate.serum.cholesterol.levels.

In.RAW.264.7.macrophages.stimulated.by.phorbol.esters,.β-sitosterol.reduces.reactive.oxygen.
species.(ROS).production.by.regulating.the.glutathione.(GSH).redox.cycle,.enhancing.GSH.peroxi-
dase.and.superoxide.dismutase.(SOD).activities..ROS.modulate.arachidonic.acid.(AA).release.and.
COX-2.induction.through.phospholipase.A2.(PLA2).and.nuclear.factor.kappa.beta.(NFκB).activa-
tion,.respectively..Indeed,.this.reduction.of.ROS.by.β-sitosterol.leads.to.the.reduction.of.AA.release.
as.well.as.PGE2.and.LTB4.production.(Moreno,.2003)..In.mice,.β-sitosterol.also.exerts.anti-inflam-
matory.effects.by.reducing.auricular.edema.induced.by.TPA.(De.la.Puerta.et.al.,.2000).

.Vitamin.E.(α-tocopherol).is.one.of.the.most.studied.minor.constituents.of.olive.oil..Dietary.
intervention.studies.with.α-tocopherol.in.humans.produced.controversial.results.regarding.its.abil-
ity.to.reduce.the.risk.of.cardiovascular.events..The.conflicting.results.may.be.attributed.to.differ-
ences.in.vitamin.E.doses.used.(Pryor,.2000)..However,.a.dose.of.1200.IU,.which.is.a.therapeutically.
safe. dosage,. seems. to. be. necessary. in. order. to. modulate. the. inflammatory. processes. related. to.
atherosclerosis.(Kappus.and.Diplock,.1992).

Vitamin.E.constitutes.the.major.lipid-soluble.antioxidant.and.its.antioxidant.activities.are.medi-
ated.by.its.ability.to.scavenge.free.radicals,.to.react.with.NO,.and.to.deactivate.single.oxygen.(Ester-
bauer.et.al.,.1991;.Kamal-Eldin.and.Appelqvist,.1996;.Giugliano,.2000)..Vitamin.E.levels.(especially.
α-tocopherol).that.are.ingested.by.the.daily.consumption.of.virgin.olive.oil.are.low..Nevertheless,.its.
chronic.ingestion.contributes.to.antioxidant.activity.in.the.human.body,.thus.protecting.LDL.from.
lipid.peroxidation.(Princen.et.al.,.1995),.a.key.point.in.the.initiation.of.atherosclerosis..Beyond.its.
antioxidant.effects,.it.has.a.plethora.of.other.biological.activities.(Azzi.et.al.,.2003)..α-Tocopherol.
inhibits.the.production.and.expression.of.adhesion.molecules.induced.by.LDLs.or.cytokines.(Offer-
mann.and.Medford,.1994;.Zapolska-Downar.et.al.,.2000).and.inhibits.the.monocytic.adhesion.onto.
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endothelial.cells.(Faruqi.et.al.,.1994;.Martin.et.al.,.1997)..This.effect.is.due.to.the.inhibition.of.cell.
adhesion.molecule.expression.such.as.ICAM-1,.VCAM-1.(Yoshikawa.et.al.,.1998),.and.E-selectin.
(Faruqi.et.al.,.1994)..Moreover,.in.the.monocytic.cell.line.THP-1.α-tocopherol.regulates.the.produc-
tion.of.IL-1β.by.downregulating.its.gene.expression.(Akeson.et.al.,.1991).

Vitamin.E.also.modulates.the.metabolism.of.eicosanoids.in.endothelial.cells..In.vitamin.E-defi-
cient.mice.prostacyclin.I2.(PGI2).synthesis.is.reduced.(Okuma.et.al.,.1980;.Chan.and.Leith,.1981),.
while.in.endothelial.cells,.vitamin.E.restores.the.reduced.synthesis.of.PGI2.(Kunisaki.et.al.,.1992a;.
Kunisaki.et.al.,.1992b)..Moreover,.α-tocopherol.inhibits.LOX.(Jialal.et.al.,.2001).and.COX-2.(Wu.et.
al.,.2001)..In.mouse.macrophages.stimulated.by.bacterial.lipopolysaccharide.(LPS),.α-tocopherol.
reduces.COX.activity,.thus.prohibiting.PGE2,.TxB2.increment.(Meydani.et.al.,.1986;.Meydani.et.
al.,.1990)..This.effect.of.α-tocopherol.on.COX.is.due.to.the.scavenging.of.hydroperoxides.and.NO.
that.lead.to.lower.OONO-.production..OONO-.modulates.COX.activation.via.Ca2+-dependent.PLA2.
activity.and.AA.release.(Kim,.2005)..In.addition,.pretreatment.of.cultured.human.coronary.artery.
endothelial.cells.with.vitamin.E.decreases.IκB.degradation.and.OxLDL-induced.apoptosis.(Li.et.
al.,.2000).

8.2.2  antiatherogenic ProPerties of other olive oil minor constituents

�.�.�.�  oli�e oil Phenolics

In vivo.studies.in.humans.and.in.apolipoprotein.E-deficient.mice.have.shown.that.olive.oil.phenolic.
extract. delays. atherogenesis. (Aviram,.1996)..The.protective. effect. of. olive.oil. phenolics. against.
atherogenesis.can.be.attributed.to.several.mechanisms.

Olive.oil.phenolics.increase.the.total.phenolic.content.of.LDL.after.olive.oil.consumption,.thus.
increasing.the.resistance.of.LDL.to.oxidation.even.in.areas.where.other.antioxidants.are.not.pres-
ent,.such.as.in. the.arterial. intima.(Gimeno.et.al.,.2002)..In.addition,.several.studies.have.shown.
that.phenolics.from.extra.virgin.olive.oil.significantly.inhibit.the.oxidation.of.LDL.in vitro,.ex vivo.
(Wiseman,.1996;.Visioli.and.Galli,.1998;.Caruso.et.al.,.1999;.Fito.et.al.,.2000),.and.in vivo.during.
postprandial.oxidative.stress.(Covas.et.al.,.2006b).and.in.hypertensive.stable.coronary.heart.disease.
(CHD).patients.(Fito.et.al.,.2005;.see.also.Chapter.6).

.Other.interventional.studies.as.well.as.the.EUROLIVE.study.focused.on.the.antioxidant.role.of.
olive.oil.phenolics.in.humans,.and.showed.that.oxidative.stress.markers.as.well.as.the.total.choles-
terol–high.density.lipoprotein.(HDL).cholesterol.ratio.were.decreased.linearly.with.increasing.phe-
nolic.content.of.olive.oil.(Weinbrenner.et.al.,.2004a;.Weinbrenner.et.al.,.2004b;.Covas.et.al.,.2006c).

Consumption.of.a.diet.rich.in.olive.oil.phenolics.favorably.modulates.eicosanoid.production,.
thus.exerting.an.anti-inflammatory.effect.. In.healthy.and.mildly.dyslipidemic.subjects,. this.diet.
lowers.the.postprandial.levels.of.LTB4.and.TxB2.(Weinbrenner.et.al.,.2004b;.Visioli.et.al.,.2005a).as.
well.as.TxB2.levels.in.post-menopausal.women.(Oubina.et.al.,.2001).

Minor.olive.oil.components.—.probably.phenolics.—.as.part.of.a.diet.also.have.been.reported.
to.reduce.blood.pressure.in.hypertensive.women.(Ruiz-Gutierrez.et.al.,.1996).and.in.mild.to.moder-
ate.hypertensive.patients.(Ferrara.et.al.,.2000)..In.addition,.oleuropein.has.also.been.demonstrated.
to.have.hypotensive.properties.in.humans.(Panizzi.et.al.,.1960)..In.support.of. the.above.studies,.
the.administration.of.a.high-phenolic.olive.oil.diet.induced.a.decrease.in.systolic.blood.pressure,.
in.contrast.to.a.low-phenolic.olive.oil.diet.in.hypertensive.stable.CHD.patients.(Fito.et.al.,.2005)..
Moreover,.olive.oil.phenolics.improve.endothelial-dependent.vasodilatation.during.the.postprandial.
state.(Covas.et.al.,.2006c)..This.effect.is.accompanied.by.a.decrease.in.NO.metabolites,.thus.indi-
cating.a.beneficial.effect.of.olive.oil.phenolics.on.blood.pressure.through.a.protective.effect.on.the.
vascular.endothelial.function.

Studies.with.specific.phenolic.compounds.also.demonstrate.their.beneficial.effects.on.the.ath-
erosclerosis.mechanisms..Hydroxytyrosol.(HT).and.oleuropein.derivatives.in.concentrations.of.10-6.

to. 10-4. M. inhibit. in vitro. LDL. oxidation. in. a. dose-dependent. manner. (Visioli. and. Galli,. 1994;..
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Visioli.et.al.,.1995)..Oleuropein.and.protocatechuic.acid.also.inhibit.the.cell-mediated.oxidation.of.
LDL.by.increasing.the.mRNA.transcription.of.glutathione-related.enzymes.(Masella.et.al.,.2004).

In.murine.macrophages.stimulated.by.LPS,.oleuropein.increases.the.production.of.NO..This.
increase. is.achieved. through.a.direct.effect.of.oleuropein.on.both.activity.and.expression.of. the.
inducible.form.of.NO.synthase.(iNOS).(Visioli.et.al.,.1998b)..In.this.way.oleuropein.protects.LDL.
from.its.oxidative.modification.at.the.site.of.inflammation.(Bloodsworth.et.al.,.2000).

In.rat.leukocytes,.oleuropein.glycoside,.caffeic.acid,.and.tyrosol.inhibit.LTB4.generation.at.the.
5-LOX.level.and.reduce.the.generation.of.ROS.(De.La.Puerta.et.al.,.1999)..In.neutrophils,.oleuro-
pein.and.HT.potently.scavenge.ROS.(Visioli.et.al.,.1998a;.Briante.et.al.,.2001).and.reactive.nitrogen.
species.(RNS).(NO•.and.OONO-).in.a.concentration-dependent.manner.(Tuck.and.Hayball,.2002)..
In.human.leukocytes,.HT.inhibits.LOX.activity.and.concomitantly.leukotriene.production.(Petroni.
et.al.,.1997).

HT.increases.plasma.antioxidant.capacity.(Visioli.et.al.,.2001).and.inhibits.passive.smoking-
induced.oxidative. stress. in. rats. (Visioli. et. al.,. 2000a)..Antioxidant. activities.of.HT,. in. terms.of.
isoprostane.excretion,.also.have.been.reported.in.human.volunteers.(Visioli.et.al.,.2000b)..More-
over.in.humans.the.postprandial.increment.of.plasma.HT.after.olive.oil.intake.is.concomitant.to.a.
postprandial.decrease.in.plasma.OxLDLs.(Sutherland.et.al.,.2002).

HT,.oleuropein,.and.tyrosol.have.been.reported.to.inhibit.the.expression.of.VCAM-1,.ICAM-1,.
and.E-selectin.and. the.adhesion.of.monocytes. in.LPS-.or.cytokine-stimulated.human.umbilical.
vein.endothelial.cells.(HUVECs).(Carluccio.et.al.,.2003)..This.effect.is.mediated.by.the.repression.
of.NFκB.and.AP-1,.two.transcription.factors.that.amplify.VCAM-1.promoter.activation,.as.well.as.
reduction.in.VCAM-1.mRNA.expression.(Ahmad.et.al.,.1998).

Oleocanthal,.a.novel.phenolic.compound.from.olive.oil,.also.inhibits.COX-1.and.COX-2.simi-
larly.with.the.potent.anti-inflammatory.molecule.ibuprofen.(Beauchamp.et.al.,.2005).

The.above.results.demonstrate.that.phenolics.exert.antioxidant.activities,.improve.endothelial.
function,.transcriptionally.inhibit.endothelial.adhesion.molecule.expression,.increase.the.disposal.
of.NO,.and.quench.intracellular.free.radicals,.thus.protecting.from.atherosclerosis.development.

At.this.point,.it.should.be.mentioned.that.the.biological.metabolites.of.olive.oil.phenolics,.syn-
thesized.(Khymenets.et.al.,.2006).after.their.ingestion,.might.show.a.different.antioxidant.activity.
than.their.precursor.molecules..Usually.these.metabolites.are.in.the.form.of.methylated,.glucuro-
nide,.or.glutathionyl.conjugated.derivatives.(Tuck.et.al.,.2002;.Corona.et.al.,.2006)..The.bioactivity.
of.metabolites.that.are.synthesized.after.the.ingestion.of.minor.compounds,.other.than.phenolics,.is.
interesting.and.promising,.yet.unexplored.

�.�.�.�  Polar lipid minor constituents with anti-Paf acti�ity

PAF. is. the. strongest. inflammatory. lipid. mediator.. Its. presence. is. essential. for. the. activation. of.
leukocytes.and.their.binding.in.endothelial.cells.(Demopoulos.et.al.,.2003)..PAF.antagonists.have.
been.shown.to.exert.a.protective.action.against.atherosclerotic.development.(Feliste.et.al.,.1989;.
Demopoulos.et.al.,.2003).

Olive.oils,.independently.from.their.extraction.procedure,.are.rich.in.PAF.antagonists..Olive.oil.
polar.lipids,.rich.in.PAF.antagonists,.can.be.extracted.by.a.modified.method.of.Galanos.and.Kapou-
las.(Galanos.and.Kapoulas,.1962).as.previously.described.(Karantonis.et.al.,.2002)..This.method.
uses.petroleum.ether.(bp.40–70°C).and.ethanol.87%.pre-equilibrated.with.each.other..Specifically,.
100.ml.of.olive.oil.is.placed.in.a.separatory.funnel.and.diluted.in.400.ml.of.petroleum.ether..This.
mixture.is.then.successively.washed.three.times.by.100.ml.ethanol.87%.each.time..The.combined.
ethanol.extracts.are.washed.twice.with.300.ml.petroleum.ether.solvent.and.after.equilibration.the.
two.phases.are.separated..The.combined.ethanol.phases.contain.olive.oil.polar.lipids,.rich.in.PAF.
antagonist,.while.neutral.lipids.remain.in.the.petroleum.ether.phases.(Figure.8.1).

The.PAF.antagonistic.activity.of. the.olive.oil.polar. lipids.can.be.determined.by. the.washed.
platelet. aggregation.assay. (Demopoulos. et. al.,. 1979)..This. assay.demonstrates. the. ability.of. the.
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samples.to.inhibit.PAF-induced.washed.rabbit.platelet.aggregation..Briefly,.PAF.and.the.examined.
samples.are.dissolved.in.a.solution.of.2.5.mg.bovine.serum.albumin.(BSA).per.milliliter.of.saline..
In.order.to.study.the.inhibitory.activities.of.the.lipid.fractions,.platelets.are.preincubated.with.the.
samples.for.1.min.prior.to.the.addition.of.PAF.(2.5.×.10-11.M,.final.concentration.in.the.cuvette)..The.
platelet.aggregation.induced.by.PAF.is.measured.as.PAF-induced.aggregation.before.(considered.
as.0%.inhibition).and.after.the.addition.of.various.concentrations.of.the.examined.sample..Conse-
quently,.the.plot.of.percent.inhibition.vs..different.concentrations.of.the.sample.is.constructed.and.
from.this.plot.the.concentration.of.the.sample.that.inhibited.50%.PAF-induced.aggregation.(IC50).
is.calculated.

Olive.oil.PAF.antagonists.can.be.purified.from.the.polar.lipid.fraction.by.HPLC.on.a.normal.
phase.aminopropyl-modified.silica.column.with.a.gradient.elution.system.using.a.flow.rate.of.1.
ml/min. and. a.UV.spectrophotometric. detection. at. 208.nm.at. room. temperature. (Antonopoulou.
and.Karantonis,.2002)..The.solvent.gradient.includes.acetonitrile/methanol.(70/30.v/v;.solvent.A),.
methanol.(100%;.solvent.B),.and.water.(100%;.solvent.C)..An.isocratic.elution.of.100%.solvent.A.
is.applied.for.the.first.35.min.followed.by.a.5-min.linear.gradient.to.100%.of.solvent.B,.a.5-min.
isocratic.elution.of.100%.of.solvent.B,.a.5-min.linear.gradient.to.100%.of.solvent.C,.and.a.5-min.
isocratic.elution.of.100%.solvent.C.(Figure.8.2).

Structural.elucidation.of.these.minor.olive.oil.components.can.be.performed.by.electrospray.
mass. spectrometry. (ESMS).. Each. bioactive. purified. compound. is. dissolved. in. 1:1. v/v. aqueous.
methanol.at.a.concentration.of.10.ng/µl..The. ionization.experiments.must.be.performed. in.both.
positive.and.negative.mode.

Simple.chemical.determinations.are.also.useful.for.the.structure.elucidation.of.the.polar.lipids.
of.olive.oil..In.this.sense.phosphorus,.sugar,.ester.(Kates,.1972),.and.phenolic.determination.(Gut-
finger,.1981).may.be.applied.to.the.HPLC.purified.fractions.

The.amount.of.PAF.antagonists.in.olive.oils.is.higher.than.that.of.seed.oils.with.the.exception.of.
sesame.oil.(Karantonis.et.al.,.2002)..Depending.on.the.extraction.procedure,.the.olive.oil.polar.lipid.
extracts.(OOPLs).obtained.from.6-.to.18-µl.initial.olive.oil.volume.are.able.to.induce.50%.inhibi-
tion.of.PAF-elicited.washed.rabbit.platelet.aggregation..Further.purification.of.the.OOPL.fraction.
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figUre �.�  Schematic.representation.of.the.extracting.procedure.for.the.isolation.of.olive.oil.polar.lipids.
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figUre �.�  HPLC.fractionation.of.olive.oil.polar.lipids.on.a.normal.phase.NH2.column.at.208.nm.with.
a.gradient.elution.system..A:.acetonitrile/methanol.(70/30.v/v);.B:.methanol.(100%);.C:.water.(100%);.Cer:.
Ceramides;.CB:.Cerebrosides;.PC:.Phospatidylocholine;.SM:.Sphingomyelin;.PAF:.Platelet.Activating.Factor;.
LPC:.Lysophosphatidylcholine;.DGDG:.Digalactosyldiglycerides;.PE:.Phosphatidylethanolimine.
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figUre �.�  Proposed.structure.of.the.most.potent.PAF.antagonist,.isolated.from.the.olive.oil.polar.lipid.
fraction.along.with.its.MS.fragmentation.
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on.HPLC.revealed.that.the.most.active.PAF.antagonist.has.the.structure.of.an.alkylacetylglycero-
acetylated.glycolipid.(Karantonis.et.al.,.2002).(Figure.8.3).

Olive.pomace.polar.lipid.extract.(PPL).also.inhibits.PAF.activity.in vitro.and.the.most.potent.
antagonist. has. been. identified. as. a. glycerylether-sn-2-acetyl. glycolipid. with. common. structural.
characteristics.with.the.respective.potent.antagonist.of.OOPL.(Karantonis.et.al.,.2007)..Radioligand.
binding.studies.demonstrated.that.OOPL.and.PPL.fractions.also.inhibit.specific.PAF.binding.on.
rabbit.platelets..The.specific.PAF.receptor.antagonist,.BN.52021,.inhibited.PAF.binding.on.rabbit.
platelets.at.a.concentration.of.2.3.(±0.8).×.10-7.M..In.the.same.way,.the.most.diluted.concentrations.
of.OOPL.and.PPL.that.resulted.in.50%.inhibition.of.PAF.binding.were.1.5.(±0.2).×.10-7.M.and.0.42.
(±0.11).×.10-7.M,.respectively,.based.on.sugar.determination.(Tsantila.et.al.,.2007).

When.rabbits.are.fed.with.an.atherogenic.diet.supplemented.with.olive.oil.or.OOPL,.rich.in.PAF.
antagonists,.they.develop.less.severe.early.atherosclerotic.lesions.in.terms.of.thickness.compared.to.
rabbits.of.the.control.group..Rabbits.fed.with.an.atherogenic.diet.supplemented.with.olive.oil.neutral.
lipid.extract,.poor.in.PAF.antagonist,.develop.early.atherosclerotic.lesions.comparable.to.those.of.
the.control.group..In.rabbits.fed.olive.oil.or.OOPL.fraction,.the.antiatherogenic.effect.is.accompa-
nied.by.retention.of.the.elasticity.of.their.vessel.wall..During.the.study.plasma.PAF-AH.activity.
increased.in.all.experimental.groups.including.the.control.group,.while.platelet.sensitivity.to.PAF,.
in.terms.of.agreggation,.was.decreased.in.rabbits.fed.olive.oil.or.OOPL.fraction.and.increased.in.

Atherogenic 
Diet 

plus OO PL 

Atherogenic 
Diet 

plus OO 

Atherogenic 
Diet 

plus OO NL 

Antiatherogenic Effect in Rabbits

Atherogenic 
Diet 

 

(d) (c) (b) (a) 

n = 10 n = 10 n = 10 n = 10 

figUre �.�  Representative.optic.micrographs.(×100).of.rabbit.aortic.wall.sections.stained.with.hematoxy-
lin. and. eosin.. The. four. different. groups. of. rabbits. consumed. an. (a). atherogenic. diet,. (b). atherogenic. diet.
enriched.with.olive.oil.neutral.lipids,.(c).atherogenic.diet.enriched.with.olive.oil,.(d).atherogenic.diet.enriched.
with.olive.oil.polar.lipids..Atherosclerotic.lesions.appear.as.foam.cells.()..Rabbits.fed.an.atherogenic.diet.
supplemented.with.olive.oil.or.olive.oil.polar.lipids,.rich.in.PAF.inhibitors,.develop.lower.early.atherosclerotic.
lesions.compared. to. those.fed.only.an.atherogenic.diet.or.an.atherogenic.diet.supplemented.with.olive.oil.
neutral.lipids.
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the.control.group.(Karantonis.et.al.,.2006).(Figure.8.4)..Similar.results.were.obtained.when.rabbits’.
atherogenic.diet.was.enriched.with.PPL.fraction.(Tsantila.et.al.,.2007)

�.�  antithromBotic ProPerties of olive oil minor constitUents

8.3.1  introduction

The.hemostatic.system.is.responsible.for.the.integrity.of.vasculature.and.normal.blood.flow.within.
the.circulation..It.is.regulated.by.the.delicate.balance.between.blood.clotting.mechanisms,.which.
include.the.activation.of.platelets.and.coagulation.pathways,.and.the.fibrinolytic.system.

The. intact. endothelium. prevents. initiation. of. thrombotic. mechanisms. since. it. functions.
as. a. physical. barrier. between. circulating. blood. and. thrombotic. subendothelial. molecules. while.
it. releases.mediators. (PGI2. and. NO),.which. are. strong. inhibitors. of. platelet. activation..As. soon.
as. the.blood.vessel. is. injured.both. endothelial-. and. subendothelial-. derived.mechanisms. induce.
activation.of. circulating. cells,. among. them.platelets,. and. their. recruitment. to. the.damaged. site,.
where.they.aggregate,.forming.a.loose.plug.(primary.hemostasis)..This.plug.is.strengthened.by.the.
incorporation.of.the.fibrin.polymer.in.it..The.formation.of.fibrin.polymer.is. the.final.step.of.the.
blood.coagulation.cascade,.which.is.initiated.by.contact.of.blood.with.a.procoagulant.surface.and.
involves.sequential.proteolytic.activation.of.several.coagulation.enzymes.(secondary.hemostasis)..
The.unregulated.activation.of.the.blood.clotting.mechanisms.is.prevented.by.simultaneous.release.
of.several.coagulation.inhibitors.by.the.endothelium.and.degradation.of.the.coagulation.factors.by.
the.liver..Clot.lysis.is.achieved.by.fibrinolysis..Endothelial.cells.secrete.tissue.plasminogen.activa-
tor. and. urokinase,. which. hydrolyze. fibrin-bound. plasminogen. to. plasmin. that. in. turn. degrades.
the.fibrin.clot..Any.disruption.of.balance.between.blood.clotting.and.anticlotting.mechanisms.in.
favor.of.the.first.(hyperaggregability.of.platelets,.unregulated.activation.of.the.coagulation.pathway,.
and/or.impaired.fibrinolysis).may.lead.to.the.formation.of.intravascular.blood.clots.and.thrombosis.
(Andreoli.et.al.,.2003).

A.chronic.activation.of.thrombotic.mechanisms.is.observed.in.individuals.at.high.risk.of.CVDs;.
population-based.studies.have.demonstrated.that.a.prothrombotic.state.is.a.predictor.of.CVD.(Lowe.
et.al.,.2002)..The.most.common.prothrombotic.markers.measured.in.these.studies.are.the.aggregat-
ing.activity.of.platelets,.TxB2.(the.stable.metabolite.of.the.potent.activator.of.platelets.TxA2,.which.
is.secreted.by.the.endothelium.and.platelets).levels.in.plasma.and.urine,.the.coagulating.factor.VII.
(FVII),.which.significantly.contributes.to.the.development.of.coronary.disease,.and.tissue.factor.
(TF),.which.is.expressed.in.the.vascular.wall.increasing.coagulating.activity..On.the.other.hand,.
the.most.important.markers.of.fibrinolytic.activity.are.the.tissue.plasminogen.activator.(tPA),.which.
favors.the.production.of.plasmin.and.clot.lysis,.and.plasminogen.activator.inhibitor-1.(PAI-1),.which.
regulates. tPA.activity. (Iacoviello. et. al.,. 1998;.Breddin. et. al.,. 1999;.Choi. et. al.,. 2006)..Elevated.
markers.of.thrombosis,.such.as.fibrinogen.(Ernst.and.Resch,.1993),.factor.VII.coagulant.activity.
(Junker.et.al.,.1997),.PAI-1.(Hamsten.et.al.,.1987),.and.platelet.aggregability.(Elwood.et.al.,.1991),.
are.positively.associated.with.CHD.. In vitro. studies.have.also.shown. that.atherosclerotic.plaque.
contains.platelet.fragments.and.fibrin,.which.may.contribute. to. the.propagation.of.atheromatous.
plaque.(Pearson.et.al.,.1997).

Despite.intense.research.in.the.field.of.dietary.modification.of.CVD.risk.factors,.the.effect.of.
nutritional.patterns.and.food.components.on.hemostatic.variables.is.much.less.studied..However,.
the.strong.relationship.between.prothrombotic.state.and.CVD.makes.the.thrombotic.mechanisms.
an.attractive.target.for.food.nutrients.

Concerning.olive.oil–rich.diets.of. the.Mediterranean. region,. it.was. soon. realized. that.apart.
from.their.ability.to.improve.the.lipoprotein.profile,.they.also.have.a.wide.array.of.beneficial.effects.
on.low-grade.inflammation,.endothelial.function,.and.hemostasis.(Simopoulos,.2001;.Visioli.et.al.,.
2005b;. Davis. et. al.,. 2007).. Our. knowledge. on. the. effect. of. olive. oil. on. hemostatic. variables. is.
largely.based.on.observational.and.dietary.intervention.studies,.while.in vitro.mechanistic.studies.

59939.indb   182 6/25/08   4:45:27 PM



Antithrombotic	and	Antiatherogenic	Lipid	Minor	Constituents	from	Olive	Oil	 ���

are.rather.limited..The.results.so.far.imply.a.role.for.both.oleic.acid.and.olive.oil.microconstituents.
on.the.modification.of.thrombotic.markers,.although.their.mode.of.action.has.been.rather.specula-
tive.until.now.(Perez-Jimenez.et.al.,.2006)..

8.3.2  olive oil– and mufa-rich diets and hemostasis

Several.dietary.intervention.studies.with.olive.oil–.or.MUFA-rich.diets.have.investigated.the.effect.
of.increased.consumption.of.either.olive.oil.or.MUFAs.on.hemostatic.variables..The.results.produced.
from.these.studies.are.rather.conflicting.in.the.sense.that.both.favorable.and.unfavorable.effects.on.
the.prothrombotic.markers.were.observed..Several.studies.have.shown.that.increased.consumption.
of.MUFAs.has.no.significant.effect.on.platelet.aggregation.(Freese.et.al.,.1994;.Vicario.et.al.,.1998),.
while.other.investigators.have.found.that.platelet.sensitivity.to.ADP.and.collagen.and.the.urinary.
levels.of.TxB2.were.increased.after.MUFA-rich.diets.when.compared.with.saturated.fat–rich.diets.
(Mutanen.et.al.,.1992;.Turpeinen.et.al.,.1998)..In.contrast.to.these.results,.other.studies.have.shown.
that.a.high.oleic.acid.diet.attenuated.the.aggregating.potential.of.platelets.to.AA,.collagen,.and.ADP.
(Kelly.et.al.,.2001;.Smith.et.al.,.2003)..Moreover,.a.high.MUFA.diet.was.able.to.reduce.the.plasma.
levels.of.Von.Willebrand.factor.(vWF),.which.favors.adherence.of.platelets.to.the.disrupted.endo-
thelium.(Rasmussen.et.al.,.1994;.Perez-Jimenez.et.al.,.1999).

Olive.oil–rich.diets.are.able.to.decrease.plasma.levels.of.FVII,.XIIa,.and.α2-antiplasmin.along.
with.the.activity.of.TF.in.mononuclear.cells.in.comparison.with.saturated.fat–rich.diets.(Larsen.et.
al.,.1999;.Junker.et.al.,.2001)..Concerning.the.fibrinolytic.system,.Lopez-Segura.et.al..demonstrated.
that.a.Mediterranean.type.of.diet,.rich.in.olive.oil,.was.able.to.reduce.PAI-1.levels.in.comparison.
with.a.carbohydrate-rich,.low-fat.diet.(Lopez-Segura.et.al.,.1996),.while.Tholstrup.et.al..found.no.
effect.of.MUFA-rich.diets.on.t-PA.activity.or.PAI-1.antigen.levels.(Tholstrup.et.al.,.1999).

Similar.conflicting.results.were.also.observed.when.the.effect.of.olive.oil.and.MUFAs.on.post-
prandial.activation.of.hemostatic.parameters.was.studied..Postprandial. lipemia. is.able. to. induce.
activation.of.the.coagulation.pathways.mainly.through.activation.of.platelets.and.elevation.of.plasma.
levels.of.activated.FVII.and.PAI-1..There.are.studies. showing.no.difference. in. the.postprandial.
response.of.plasma.FVII.after.consumption.of.various.meals.differing.in.their.fatty.acid.content,.
while.other.investigators.have.demonstrated.an.increased.postprandial.activation.of.FVII.after.high.
oleate.meals.(Duttaroy,.2005)..On.the.other.hand,.a.long-term.isoenergetic.substitution.of.MUFA.
for.saturated.fatty.acids.(SFA).is.able.to.reduce.the.postprandial.activation.of.FVII.after.an.oral.fat.
load,.while.the.postprandial.levels.of.TF,.fibrinogen,.and.PAI-1.are.associated.with.the.ratio.of.oleic.
to.palmitic.acid.in.dietary.fats.(Pacheco.et.al.,.2006).

8.3.3  beyond oleic acid: the effect of olive oil microconstituents on hemostasis

The.modulation.of.hemostatic.mechanisms.by.olive.oil.could.not.be.wholly.attributed.to.its.oleic.acid.
content.since.the.latter.is.also.found.in.high.quantities.in.animal.foods.and.other.seed.oils;.therefore.
its.content.in.other.Western.diets.is.not.as.low.as.was.initially.believed.(Dougherty.et.al.,.1987)..
Moreover,.the.conflicting.results.obtained.by.the.above.intervention.studies.can.be.partly.explained.
by.the.fact. that. the.degree.of.olive.oil’s.refinement.and. the.content.of.olive.micronutrients.were.
not.taken.into.account.in.many.of.these.studies..However,.solid.evidence.for.the.ability.of.olive.oil.
micronutrients.to.modulate.hemostasis.comes.from.studies.that.directly.compare.the.effects.of.extra.
virgin.olive.oils.(rich.in.micronutrients).and.refined.olive.oils.(poor.in.micronutrients).on.hemostatic.
parameters..Visioli.et.al..compared.the.vasoprotective.potential.of.virgin.olive.oil.(rich.in.pheno-
lic.compounds).and.refined.olive.oil.in.mildly.dyslipidemic.patients.and.they.clearly.showed.the.
superiority.of.virgin.olive.oil.in.decreasing.serum.TxB2.production.(Visioli.et.al.,.2005a)..The.same.
authors.extended.this.study.to.the.postprandial.state.and.found.that.extra.virgin.olive.oil.is.able.to.
decrease.postprandial.levels.of.TxB2.and.LTB4.in.comparison.to.olive.oil.and.corn.oil.(Bogani.et.
al.,.2007)..Moreover,.in.contrast.to.MUFA-rich.diets.(Tholstrup.et.al.,.1999),.an.extra.virgin.olive.
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oil.diet.was.able.to.decrease.fasting.plasma.levels.of.t-PA.antigen,.PAI-1.antigen,.and.prothrombin.
fragment.1+2.in.hypertensive.patients.(Trifiletti.et.al.,.2005)..The.supplementation.of.rats.with.an.
extra.virgin.olive.oil–enriched.diet.resulted.in.a.beneficial.modulation.of.their.thrombotic.profile.
since.a.significant.delay.in.the.aortic.thrombotic.occlusion,.a.lower.incidence.of.venous.thrombosis,.
and.a.prolonged.bleeding.time.were.observed.in.comparison.with.their.usual.diet.(Brzosko.et.al.,.
2002)..A.comparative.study.between.a.saturated.fat.diet.and.olive.oil.diet.showed.decreased.platelet.
hyperactivity.and.subendothelial.thrombogenicity.in.the.olive.oil.group.(De.La.Cruz.et.al.,.2000)..
Even.more.persuasive.results.on.the.antithrombotic.potential.of.microconstituents.of.virgin.olive.oil.
have.been.produced.from.a.study.investigating.the.effect.of.postprandial.blood.fractions,.obtained.
after. the.consumption.of.different. types.of.olive.oil,.on.cellular.functions..Perona.et.al.. isolated.
postprandial.TRLs.from.volunteers.who.had.consumed.extra.virgin.olive.oil,.virgin.olive.oil,.or.
high.oleic.sunflower.oil..The.TRLs.obtained.after.consumption.of.extra.virgin.olive.demonstrated.a.
reduced.ability.to.induce.secretion.of.TxB2.and.PGE2.by.endothelial.cells.(Perona.et.al.,.2004)..The.
above.comparative.studies.clearly.imply.that.other.bioactive.micronutrients,.apart.from.oleic.acid,.
are.able.to.modulate.hemostatic.variables..However,.their.exact.role.is.still.unknown.because.of.the.
limited.mechanistic.studies.conducted.so.far.

�.�.�.�  effect of oli�e oil Phenolics on hemostasis

Apart.from.their.well-known.antioxidant.properties.(Visioli.and.Galli,.2002),.olive.oil.phenolics.
seem.to.possess.antithrombotic.properties,.mainly.through.their.ability.to.attenuate.platelet.aggre-
gation..HT.is.able.to.inhibit.ADP-.and.collagen-induced.platelet.aggregation.in.platelet-rich.plasma.
of.healthy.volunteers.with.IC50.values.23.and.67.µM,.respectively..Oleuropein.was.much.less.active.
than.HT.(Petroni.et.al.,.1995)..Tyrosol.and.its.monoacetylated.derivatives.are.able.to.inhibit.PAF-
induced.washed. rabbit.platelet.aggregation..Tyrosol. showed.an. IC50.value.of.2160.µM,.while. its.
monoacetylated.derivatives.were.almost.two.orders.of.magnitude.more.potent.inhibitors.of.PAF-
induced.aggregation.than.tyrosol,.demonstrating.IC50.values.of.40.and.27.µM.(Fragopoulou.et.al.,.
2007)..It.should.be.mentioned.that.acetylated.tyrosol.has.been.found.in.minor.quantities.in.black.
olives.and.olive.oils..Tyrosol.in.the.free.form.but.mainly.as.a.secoiridoid.derivative.is.one.of.the.
major.constituents.of.the.olive.oil.polar.fraction.(see.Chapter.3)..Oleuropein.was.also.able.to.inhibit.
PAF-induced.platelet.aggregation.in.platelet.rich.plasma.(PRP).of.healthy.donors.showing.an.IC50.
of.410.µM.(Andrikopoulos.et.al.,.2002)..Caffeic.acid.is.also.able.to.inhibit.arachidonic.acid–induced.
platelet.aggregation.(Koshihara.et.al.,.1984)..Moreover,.isochromans,.which.are.naturally.present.
HT.derivatives.produced.by.its.reaction.with.aldehydes.and.ketones,.are.potent.inhibitors.of.platelet.
aggregation.(Togna.et.al.,.2003).(also.see.Chapter.9).

The.antiplatelet.activity.of.olive.oil’s.phenolics.seems.to.be.partly.attributed.to.their.ability.to.
modulate.eicosanoid.metabolism.in.the.endothelium.and.platelets.resulting.in.a.decreased.produc-
tion.of.potent.aggregating.agents.such.as.thromboxanes..HT.reduces.TxB2.production.by.collagen-.
or.thrombin-stimulated.PRP.and.the.accumulation.of.TxB2.and.12-hydroxy-eicosatetraenoic.acid.
(12-HETE).during.blood.clotting.(Petroni.et.al.,.1995)..The.in vitro.results.were.recently.verified.
by. a. dietary. intervention. study. where. HT-rich. phenolic. extracts. were. administrated. to. diabetic.
patients.for.4.days..An.immediate.46%.decrease.in.serum.levels.of.TxB2.was.observed.(Leger.et.al.,.
2005)..However,.a.large.part.of.the.antiplatelet.activity.of.olive.oil.phenolics.seems.to.be.derived.
from.their.antioxidant.properties.and.their.ability.to.inhibit.LDL.oxidation..It.is.well.known.that.
the.oxidatively.modified.LDL.is.able.to.induce.platelet.aggregation.and.shape.change,.while.the.
LDL.oxidation.generates.prothrombotic.mediators.with.platelet.stimulatory.properties.such.as.PAF,.
oxidized.phospholipids,.F(2)-isoprostanes,.and.lysophosphatidic.acid.(Siess,.2006)..Moreover,.these.
molecules.can. impair. the. function.of. tissue. factor.pathway. inhibitor. (TFPI).and. the.fibrinolytic.
capacity.of.endothelial.cells.by.downregulating.tPA.and.upregulating.PAI-1,.while.at.the.same.time.
reducing.the.anticoagulant.function.of.endothelium.by.downregulating.thrombomodulin.(Kim.et.
al.,.2004;.Ohkura.et.al.,.2004)..Therefore,.the.ability.of.olive.oil.phenolics.to.inhibit.LDL.oxida-
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tion.prevents.the.formation.of.those.potent.prothrombotic.molecules.and.minimizes.activation.of.
thrombotic.mechanisms..However,.no.studies.relating.the.antioxidant.potential.of.phenolics.with.
their.antithrombotic.action.have.been.made.yet.

�.�.�.�  effect of other oli�e oil micronutrients on hemostasis

Although.the.daily.amount.of.antioxidant.vitamins.α-tocopherol.(vitamin.E).and.β-carotene.(vita-
min.A).supplied.by.the.consumption.of.olive.oil.is.rather.low,.it.may.contribute.to.the.antioxidant.
status.of.humans..Acting.in.a.similar.fashion.as.phenolics,.antioxidant.vitamins.of.olive.oil.inhibit.
oxidation.of.LDL.and.activation.of.thrombotic.mechanisms.induced.by.OxLDL.and.its.derivatives.
(Lapointe.et.al.,.2006)..Moreover,.vitamin.E.modulates.NO.and.eicosanoid.synthesis.in.the.endo-
thelium,.retaining.plasma.levels.of.NO.and.PGI2.in.adequate.quantities.to.exert.their.physiological.
antithrombotic.actions..In.addition,.α-tocopherol.inhibits.COX-2.and.attenuates.the.LPS-induced.
increase.of.aggregating.eicosanoid.TxA2.from.mice.macrophages.(Perona.et.al.,.2006)..α-Tocoph-
erol. also. exerts. a. more. direct. action. on. platelets. inhibiting. human. and. rabbit. platelet. aggrega-
tion.both. in vivo.and. in vitro.and.delays. intra-arterial. thrombus.formation.. Inhibition.of.platelet.
aggregation.by.α-tocopherol.is.independent.of.its.antioxidant.properties.but.it.is.protein.kinase.C.
(PKC)-dependent.(Freedman.and.Keaney,.2001).

Both.dietary. intervention.studies.and.cell. studies.demonstrated. the.anti-coagulant.effects.of.
phytosterols,. especially. β-sitosterol,. the. main. phytosterol. of. olive. oil.. Phytosterols. are. able. to.
reduce.platelet.counts.and.fibrinogen.levels.and.enhance.the.fibrinolytic.activity.and.capacity.of.the.
endothelium.(Moghadasian,.2000).

Finally,.a.novel.class.of.bioactive.nutrients.of.olive.oil. that.may.contribute. to. its.antithrom-
botic.potential.are.lipids.derived.from.its.polar.lipid.fraction.that.possess.PAF.antagonistic.activity.
toward.washed.rabbit.platelet.aggregation..Olive.oil.and.sesame.oil.contain.higher.amounts.of.these.
lipids.among.all.vegetables.oils..The.most.potent.of.them.was.identified.as.a.glycero-glycolipid.as.
mentioned.above.(Karantonis.et.al.,.2002).

�.�  conclUsions

The.studies.conducted.so.far.clearly. indicate.a. role.of.olive.oil.microconstituents.on.hemostatic.
mechanisms..However,.several.questions.should.be.addressed. in.order. to.clarify. the. real. role.of.
microconstituents.on.thrombotic.mechanisms..For.example,.it.is.not.clear.yet.whether.doses.ingested.
by.daily.consumption.of.olive.oil.are.adequate.to.exert.a.significant.action.in vivo,.considering.the.
low.amounts.of.these.molecules.in.olive.oil.and.their.limited.bioavailability..A.possible.synergistic.
effect.of.the.microconstituents.may.compensate.for.the.low.levels.of.these.molecules..Moreover,.
most.cell.studies.conducted.so.far.have.utilized.bioactive.molecules.found.in.olive.oil.but.not.their.
metabolites.in.blood,.which.may.have.a.completely.different.mode.of.action..In.addition,.we.don’t.
know.yet.the.relative.contribution.of.oleic.acid,.in.comparison.to.microconstituents,.on.modulation.
of.hemostatic.mechanisms..Therefore,.more.cell.studies.with.both.pure.olive.oil.components.and.
extracts.in.combination.with.dietary.intervention.studies,.carefully.controlled.for.the.amounts.of.
microconstituents,.may.shed.more.light.on.the.thus.far.putative.antithrombotic.actions.of.olive.oil.
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9 Olive	Oil	Hydroxy-Isochromans

Giuseppina I. Togna, Giuliana Trefiletti, and Marcella Guiso

�.�  introDUction

Natural.antioxidants.present.in.the.diet.increase.the.resistance.toward.damages.due.to.oxidation.and.
may.have.a.substantial.impact.on.human.health..Dietary.antioxidants.include.ascorbate,.tocopher-
ols,.carotenoids,.and.bioactive.plant.phenols.(Boskou,.2006)..Widely.distributed.in.the.plant.king-
dom.and. abundant. in. our.diet,. today.plant. phenols. are. among. the.most. talked. about. classes.of.
phytochemicals. (Boskou,.2006);. the.beneficial.health. effect.of. the.Mediterranean.diet.has.been.
partly.ascribed.to.the.presence.of.these.compounds..In.fact,.the.high.content.of.vegetables,.fruits,.
cereals,.wine,.and.olive.oil,.typical.of.the.Mediterranean.diet,.has.been.associated.with.a.lower.risk.
of.coronary.heart.disease,.neurodegenerative.diseases,.and.cancer.(Keys,.1995;.Owen.et.al.,.2000a;.
Visioli.et.al.,.2000;.Harwood.and.Yaqoob,.2002;.Huxley.and.Neil,.2003;.Visioli.et.al.,.2004;.Arts.
and.Hollman,.2005).

Several.studies.have.shown.that.extra.virgin.olive.oil.contains.an.abundance.of.phenolic.anti-
oxidants.including.simple.phenols.(hydroxytyrosol,.tyrosol),.aldehydic.secoiridoids,.flavonoids,.and.
lignans.(acetoxypinoresinol,.pinoresinol).(Owen.et.al.,.2000b)..The.polar.phenolic.compounds.pres-
ent.in.olive.oil.are.a.very.important.class.of.minor.constituents.and.they.are.related.to.the.stability.
of.the.oil.but.also.to.its.biological.properties.(Visioli.et.al.,.2004;.Boskou.et.al.,.2005;.Bendini.et.
al.,.2007).

Olive.oil,.the.main.fat.component.of.the.Mediterranean.diet,.consists.primarily.of.triacylglycer-
ols.rich.in.the.monounsaturated.fatty.acid,.oleic.acid..The.nonglyceride.constituents.of.extra.virgin.
olive.oil,.which.comprise.approximately.0.5–1.0%,.include.at.least.30.phenolic.compounds.(Tuck.
and.Hayball,.2002)..These.phenolic.compounds.are.responsible.for.its.typical.taste.and.contribute.
to.the.resistance.of.the.oil.to.oxidative.rancidity.(Boskou,.1996)..The.phenolic.content.of.olive.oil.
depends.on.a.number.of.factors,.including.cultivar,.degree.of.maturation,.possible.infestation.by.
the.olive.fly.Dacus olea,.climate,.and.mainly.production.and.storage.of.the.oil.(Brenes.et.al.,.1999;.
Boskou,.2000;.Manach.et.al.,.2004).

Phenols. are. compounds.with. an. aromatic. ring. structure.with.one.or.more.hydroxyl. groups..
Phenols.with.two.or.more.hydroxyl.groups.show.antioxidant.capacity.in vitro,.whereas.phenols.with.
one.hydroxyl.group.have.little.or.none.(Rice-Evans.et.al.,.1996;.Leenen.et.al.,.2002)..Extra.virgin.
oil.contains.phenolic.substances.with.either.one.or.more.hydroxyl.groups..The. types.of.phenols.
in.extra.virgin.oil.are.different.from.those.of.the.olive.fruit..The.olives.mainly.contain.the.polar.
glycosides.oleuropein.and.ligstroside,.which.are.the.parent.compounds.of.the.less.polar.oleuropein.
and.ligstroside.aglycones..These.aglycones.and.their.derivatives.are.the.most.abundant.phenols.in.
olive.oil.(see.Chapter.3).
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�.�  hyDroxy-isochromans

Recently,.a.new.group.of.orthodiphenols,.6,7-dihydroxy-isochromans,.has.been.found.in.extra.vir-
gin.olive.oil.by.Bianco.and.co-workers.(Bianco.et.al.,.2001).

Isochromans.are.3,4-dihydro-1H-benzo[c]pyran.derivatives.generally.present.in.nature.as.a.part.
of.complex.fused.ring.systems.(Peng.et.al.,.1999)..The.isochroman.template.is.present.in.structures.
of.drugs.(medicines,.agrochemicals,.etc.).and.drug.candidates,.as.well.as.among.natural.products..
A.natural.compound,.6,7-dihydroxy-1,1-dimethylisochroman,.found.in.the.leaves.of.Tectaria sub-
trifilla. (Hsu.and.Chen,.1993;.Ralph.et.al.,.1998).and.stephaoxocanine,.obtained.from.Stephania 
cepharantha,. is. a. selected. example. of. isochromans. of. vegetable. origin.. Furthermore,. there. are.
some.other.examples.of.natural.isochromans.obtained.from.insects.and.microorganisms.such.as.
DMHI,.a.plant.growth.regulator.isolated.from.Penicillium steckii.of.terrestrial.and.marine.origin,.
an.anticoccidial.isochroman.originally.found.in.a.hybrid.strain.of.P. citreo-vitride,.later.in.Peni-
cillium.sp..FO-2295.and.in.P. expansum.(Masuma.et.al.,.1994),.the.pseudodeflectusin,.a.selective.
human.cancer.cytotoxin.from.Aspergillus pseudodeflectus.(Ogawa.et.al.,.2004),.and.bioxanthracene.
(Isaka.et.al.,.2001),.a.promising.antimalarial.agent.

Isochroman.derivatives.also.exhibit.plant-growth.regulatory.and.herbicidal.activities.(Bianchi.
et. al.,. 2004),. and. they. are. estrogen. receptors. (Liu. et. al.,. 2005). and. dopamine. receptor. ligands.
(TenBrink.et.al.,.1996)..The.synthetic.isochroman.galaxolide.and.the.tricyclic.etodolac.bearing.the.
related.pyrano.{3,4.b}.indole.ring.are.isochromans.with.commercial.importance.in.the.cosmetic.
and.drug.industries.(Larghi.and.Kaufman,.2006)..1-Phenyl-6,7-dihydroxy-isochroman.(1).and.1-
(3-methoxy-4-hydroxy-phenyl)-6,7-dihydroxy-isochroman. (2). (Figure.9.1) are. two.6,7-dihydroxy-
isochromans.identified.in.extra.virgin.olive.oil.(Bianco.et.al.,.2001).

Guiso.and.co-workers. (2001a).and.Guiso.et. al.. (2001b).demonstrated. that.hydroxytyrosol,. a.
simple.polyphenol.found.in.olives.(Romani.et.al.,.1999;.Bianco.and.Uccella,.2000).and.in.olive.
oil.(Montedoro.et.al.,.1992),.can.react.with.aldehydes.and.ketones.under.very.mild.conditions.to.
produce. 6,7-dihydroxy-isochromans. by. a. modified. oxa-Pictet-Spengler. reaction.. Because. of. the.
concurrent.presence.of.many.carbonyl.compounds.in.olive.oil.(Kubo.and.Kinst-Hori,.1999;.Cartoni.
et.al.,.2000),.the.same.authors.were.able.to.demonstrate.the.occurrence.of.this.reaction.in.olive.oil.
by.preparing.isochromans.in.this.medium.(Guiso.et.al.,.2001b).

Isochromans.(1).and.(2).have.been.identified.in.extra.virgin.olive.oil.by.high.performance.liquid.
chromatography–mass/mass. spectroscopy. (HPLC-MS/MS). (Bianco. et. al.,. 2001).. Olive. oil. sam-
ples.were.extracted.three.times.by.a.solution.of.methanol/water.(4:1)..The.alcoholic.extracts.were.
evaporated.under.reduced.pressure.and.at.a.temperature.below.35°C.to.eliminate.the.methanol..The.
obtained.water.solution.was.acidified.(pH.=.2.2).and.passed.through.a.C18.cartridge..The.phenolic.
substances.were.then.eluted.by.methanol;.the.obtained.solution.was.evaporated.under.N2.and.the.
residue,.dissolved.in.methanol,.was.analyzed.by.HPLC-MS/MS.

The.levels.of.these.compounds.in.samples.of.extra.virgin.olive.oil.are.very.low.and.extremely.
variable,.ranging.from.8–1400.ng/kg.for.1-phenyl-6,7-dihydroxy-isochroman.and.20–390.ng/kg.for.
1-(3-methoxy-4-hydroxy-phenyl)-6,7-dihydroxy-isochroman.(Bianco.et.al.,.2001).
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figUre �.�  Formation.of.dihydroxy-isochromans.
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The.presence. in.olive.oil. samples.of.1-phenyl-6,7-dihydroxy-isochroman.and.1-(3′-methoxy-
4′-hydroxy-phenyl)-6,7-dihydroxy-isochroman. was. demonstrated. by. a. comparison. between.
HPLC–MS/MS.spectra.of.the.above.fraction.(Bianco.et.al.,.2001).and.those.of.related.standards.
synthesized. from.hydroxytyrosol.and.benzaldehyde.and.vanillin,. respectively,.by.a.modification.
of.the.oxa-Pictet-Spengler.reaction.catalyzed.by.a.small.quantity.of.oleic.acid.(Guiso.et.al.,.2001a;.
Guiso.et.al.,.2003).

The.scheme.of.the.reaction.and.the.structure.of.these.6,7-dihydroxy-isochromans.are.presented.
in.Figure.9.1.

The. synthesis. of. isochromans. and. derivatives. by. oxa-Pictet-Spengler. cyclization. has. been.
widely.reviewed.by.Larghi.and.Kaufman.(2006)..It.has.also.been.demonstrated.(Guiso.et.al.,.paper.
submitted).that.these.compounds.are.not.present.in.fresh.olive.fruits.nor.in.just.prepared.olive.paste..
The.absence.of.(1).and.(2).in.olives.and.olive.paste.demonstrates.that.these.compounds.are.not.ini-
tially.present.but.they.are.formed.during.extraction.procedures.and.storage.

Only. 1-(3-methoxy-4-hydroxy-phenyl)-6,7-dihydroxy-isochroman. (2). is. present. in. extra-vir-
gin.olive.oil.immediately.after.extraction..In.particular,.the.presence.in.olive.oil.of.compound.(2).
immediately.after.its.extraction.coincides.with.a.greater.amount.of.vanillin.instead.of.benzaldehyde.
in.this.matrix..Obviously.hydroxytyrosol,.aldehydes,.and.free.fatty.acids.are.mainly.produced.by.
enzymatic. and. chemical. reactions. during. extraction. procedures.. During. oil. preparation,. in. par-
ticular.in.the.“kneader”.(malaxation).step,.hydrolytic.processes.due.to.the.uncontrolled.action.of.
hydrolytic.enzymes.(glycosidases.and.esterases).increase.the.quantity.of.free.hydroxytyrosol.as.well.
as.carbonylic.compounds,.favoring.the.co-occurrence.of.all.compounds.necessary.for.the.formation.
of.isochroman.derivatives.(Bianco.et.al.,.2001)..Compound.(1).was.found.in.olive.oil.stored.for.1.
month.

Guiso.and.co-workers.(Guiso.et.al.,.paper.submitted).demonstrated.that.the.amounts.of.com-
pounds. (1).and.(2). increase. in. the. initial.phase.of.storage,. then. the.concentrations.of.both.com-
pounds.decrease,.more.rapidly.in.the.case.of.compound.(2).

A.different.behavior.was.found.between.artisan.monocultivar.and.commercial.polycultivar.oil..
In.this.case.the.decrease.was.faster..The.difference.could.depend.on.several.factors.such.as.different.
polyphenol.amounts.in.the.original.cultivars,.different.extraction.procedures,.etc..It.is.interesting.to.
note.that.the.highest.amount.of.(1).and.(2).was.reached.after.about.1.year.in.commmercial.oil.and.
after.about.24.months.or.more.in.the.examined.artisan.oil.

�.�  Pharmacological ProPerties

Numerous.studies.have.shown.that.the.phenolic.fraction.of.olive.oil.is.endowed.with.“pharmacolog-
ical”.properties..Among.these.compounds,.hydroxytyrosol.and.oleuropein.aglycone.exhibit.a.series.
of.in vitro.biological.activities,.such.as.protection.of.low-density.lipoprotein.(LDL).against.peroxyl.
radical-.or.copper-induced.oxidation.(Visioli.and.Galli,.1995;.Caruso.et.al.,.1999;.Andrikopoulos.
et.al.,.2002;.Benkhalti.et.al.,.2003;.Ferroni.et.al.,.2004),.inhibition.of.platelet.aggregation.(Petroni.
et.al.,.1995),.and.potentiation.of.the.nitric.oxide-mediated.macrophagic.immune.response.(Visioli.
et.al.,.1998)..Some.phenolics.have.been.shown.to.inhibit.eicosanoid.production.in vitro,.suggesting.
that.they.might.exert.anti-inflammatory.effects.(Miles.et.al.,.2005)..Thus,.olive.oil.phenols.have.
been.beneficially.linked.to.processes.that.contribute.to.the.pathogenesis.of.heart.diseases.and.ath-
erosclerosis.as.well.as.to.inflammatory.pathologies.(Martinez-Dominguez.et.al.,.2001)..Moreover,.
experimental.evidence.has.shown.that.minor.components.of.olive.oil.are.able.to.inhibit.endothelial.
activation.and.to.modulate.the.expression.of.proatherogenic.adhesion.molecules.(Carluccio.et.al.,.
2003;.Dell’Agli.et.al.,.2006;.Perona.et.al.,.2006).

Extra.virgin.olive.oil.dihydroxy-isochromans.are.a.class.of.compounds.little.studied.and.thus.
it.is.not.surprising.that.there.is.not.much.available.information.about.their.functions.and.biologi-
cal.properties..The.antioxidant.power.of.the.olive.oil.dihydroxy-isochromans.and.their.ability.to.
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inhibit.human.platelet.aggregation.were.first.investigated.by.Togna.et.al..(2003),.who.demonstrated.
that.these.compounds.are.effective.free.radical.scavengers.and.inhibit.human.platelet.aggregation.
and.thromboxane.release.evoked.by.agonists.that.induce.reactive.oxygen.species-mediated.platelet.
activation.(Togna.et.al.,.2003).

The.free.radical-scavenging.capacities.of.1-(3′-methoxy-4′-hydroxy-phenyl)-6,7-dihydroxy-iso-
chroman. and. 1-phenyl-6,7-dihydroxy-isochroman. were. determined. by. the. 1,1-diphenyl-2-picryl-
hydrazyl. (DPPH). test.. 1-(3′-Methoxy-4′-hydroxy-phenyl)-6,7-dihydroxy-isochroman. elicited. an.
antioxidant.activity. lower. than.hydroxytyrosol,. comparable. to. that.of.quercetin.but.greater. than.
1-phenyl-6,7-dihydroxy-isochroman.and. resveratrol. (in. this. study.hydroxytyrosol,.quercetin,. and.
resveratrol.were.used.as.reference.compounds).

The.relation.between.structure.and.scavenging.properties.was.assessed.by.Lorenz.et.al..(2005).
by.comparing.the.naturally.occurring.1-(3′-methoxy-4′-hydroxy-phenyl)-6,7-dihydroxy-isochroman.
(ISO-3:. three.OH.groups).with. three.newly.synthesized.derivatives. that.differ. in. their.degree.of.
hydroxylation.by.substitution.with.methoxy.groups.(from.ISO-0.to.ISO-4.with.4.OH.groups)..These.
authors.demonstrated.that.the.tetrahydroxy-substituted.derivative.ISO-4.[1-(3,4-dihydroxy-phenyl)-
6,7-dihydroxyisochroman].possesses.the.highest.scavenging.activity.for.the.artificial.radical.DPPH.
and. that.a. successive.blocking.of. the.OH.groups.by.methoxylation. results. in.a.complete. loss.of.
antioxidant.activity.

Moreover,.ISO-4.and.ISO-2.(Lorenz.et.al.,.2005).elicited.high.efficiency.to.reduce.intracellular.
oxidative.stress.(rat.glioma.cell.cultures),.showing.excellent.scavenging.activity.for.pathophysiolog-
ically.relevant.free.radicals.and.reactive.oxygen.or.nitrogen.(O–

2,.ONOO–,.and.H2O2)..Surprisingly,.
the.natural.compound.ISO-3.caused.only.half.the.protection.in.comparison.to.the.new.derivatives..
The.difference.in.the.effects.may.not.only.result.from.their.chemical.properties.but.may.also.depend.
on. the.different. intracellular. bioavailability,. due. to. their. methoxylation.degree. and. lipophilicity.
(Togna.et.al.,.2003;.Lorenz.et.al.,.2005)..The.authors.conclude.that.for.the.good.radical-.and.ROS/
RNS-scavenging.features.and.their.simple.synthesis.the.hydroxy-isochromans.appear.to.be.inter-
esting.candidates.for.pharmaceutical.interventions.that.protect.against.oxidative/nitrosative.stress.
(Lorenz.et.al.,.2005).

The.antiplatelet.activity.of.1-(3′-methoxy-4′-hydroxy-phenyl)-6,7-dihydroxy-isochroman.and.1-
phenyl-6,7-dihydroxy-isochroman.was.demonstrated.by.Togna.et.al..(2003).in.human.platelet-rich.
plasma,. in vitro..The.dihydroxy-isocromans.were.able. to. inhibit.platelet.aggregation. induced.by.
sodium.arachidonate.(SA).and.collagen,.while.no.effect.was.recorded.on.platelet.response.to.ADP..
The.fact.that.production.of.oxygen.radicals.appears.to.be.more.important.during.the.initial.phases.
of.platelet.activation.when.induced.by.SA.and.collagen.than.by.the.other.agonists,.such.as.ADP.
(Iuliano.et.al.,.1992;.Praticò.et.al.,.1992;.Caccese.et.al.,.2000),.suggests.that.the.capability.of.these.
isochromans.to.interfere.with.platelet.function.is.related.to.their.radical-scavenging.activity.

It. is. interesting. to.note. that. these.dihydroxy-isochromans.appear. to.be.more.active. than. the.
parent. compound,. hydroxytyrosol. (Petroni. et. al.,. 1995),. and. that. their. antiaggregating. effect. is.
comparable.to.or.even.higher.than.that.reported.for.quercetin.(Tzeng.et.al.,.1991;.Pignatelli.et.al.,.
2000).and.resveratrol.(Bertelli.et.al.,.1996;.Fremont,.2000),.which.were.extensively.investigated.to.
determine.the.relationship.between.dietary.phenolic.compounds.and.decreased.risk.of.cardiovas-
cular.diseases.

The.described.effect.of. these.dihydroxy-isochromans.on.arachidonic.acid.mobilization.from.
platelet.membrane.(Togna.et.al.,.2003).could.also.be.ascribed.to.their.scavenging.activity..Actually,.
1-(3′-methoxy-4′-hydroxy-phenyl)-6,7-dihydroxy-isochroman.and.1-phenyl-6,7-dihydroxy-isochro-
man. inhibited. arachidonic. acid. mobilization. from. platelet. membrane. phospholipids. induced. by.
thrombin.and,.to.a.greater.extent,.by.collagen..This.result.indicates.that.these.dihydroxy-isochro-
mans.are.able.to.inhibit.the.directly.induced.(thrombin).and/or.ROS-mediated.(collagen).phospholi-
pase.A2.activation.(Hashizume.et.al.,.1991;.Kramer.et.al.,.1993;.Pignatelli.et.al.,.1998).

A.protective.effect.by.1-phenyl-6,7-dihydroxy-isochroman.on.vascular.endothelial.function.has.
also.been.demonstrated.(Orlando.et.al.,.2003)..The.experiments.performed.to.investigate.the.vas-
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cular.effect.of.this.isochroman.showed.that.the.compound.is.able.to.induce.endothelium-dependent.
relaxation.in.isolated.rabbit.aorta.by.preserving.nitric.oxide.(NO).from.destruction.by.superoxide.
anion.(the.biological.activity.of.NO.can.be.effectively.increased.by.scavengers.of.oxygen-free.radi-
cals.[Bouloumié.et.al.,.1997]).

Running. investigations.would. suggest. that. the.compound.may.also.enhance.endothelial.NO.
synthesis.by.increasing.intracellular.Ca2+.concentrations.(unpublished.data).

�.�  conclUDing remarks

The.biological.activities.of.olive.oil.dihydroxy-isochromans,.as.shown.by.experimental.data.avail-
able.up.to.now,.appear.to.be.very.similar.to.those.of.other.phenolic.compounds.studied.more.exten-
sively..Although.this.new.class.of.compounds.has.been.poorly.investigated,.dihydroxy-isochromans.
appear.promising.compounds.for.antioxidant.strategies.

The. levels. of. 1-phenyl-6,7-dihydroxy-isochroman. and. 1-(3′-methoxy-4′-hydroxy-phenyl)-6,7-
dihydroxy-isochroman.in.extra.virgin.olive.oil.are.very.low.and.extremely.variable.due.to.the.dif-
ferent.amounts.of.hydroxytyrosol.and.carbonyl.compounds,.which.is.related.to.the.harvesting.times.
of.different.cultivars.and.olives..Nevertheless,.the.possibility.that.other.isochromans,.in.addition.
to.those.discovered.up.to.now,.are.present.in.extra.virgin.olive.oil.cannot.be.excluded..In.fact,.as.
mentioned.above,.carbonylic.compounds.are.numerous.in.this.matrix.and.nearly.all.of.them.can.
react.with.hydroxytyrosol.to.produce.isochromans.

Therefore,.it.would.be.of.interest.to.carry.out.additional.studies.to.verify.the.presence.of.other.
isochromans.in.extra.virgin.olive.oil,.and.to.investigate.the.influence.of.different.factors.(i.e.,.cul-
tivar,.initial.amount.of.polyphenols.and.carbonylic.compounds,.oil.extraction.procedures,.storage.
conditions,. etc.). on. their. levels.. Their. biological. activity. as. well. as. their. possible. synergistic. or.
interactive.effects.should.also.be.more.thoroughly.investigated.

It.is.clear.that.significant.pharmacodynamically.active.concentrations.of.hydroxy-isochromans.
and.other.biologically.active.compounds.cannot.be.achieved.in.men.with.normal.diets..The.possi-
bility.that.olive.oil.may.contribute.to.the.prevention.of.several.human.diseases.appears.more.likely.
to.be.due.to.the.simultaneous.presence.of.various.biologically.active.compounds.and.to.possible.
synergistic.effects.of.olive.oil.phenolic. constituents,. as. already.demonstrated. for.other.phenolic.
compounds.(Pignatelli.et.al.,.2000),.rather.than.to.one.single.component.
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10 Mediterranean	Diet	and	
Olive	Oil	Consumption—
Estimations	of	Daily	Intake	
of	Antioxidants	from	Virgin	
Olive	Oil	and	Olives

Vardis Dilis and Antonia Trichopoulou

sUmmary

“Antioxidants”.are.molecules. that.prevent.or.delay.the.oxidation.of.susceptible.compounds,. thus.
conferring.protection.against.the.deleterious.actions.of.“free.radicals.”.It.is.believed.that.the.tra-
ditional.Mediterranean.diet,.being.abundant. in. fruits,.vegetables,. red.wine,.and.virgin.olive.oil,.
may,.at.least.partly,.owe.its.positive.impact.on.human.well-being.to.a.high.antioxidant.potential..
The.effect.of.virgin.olive.oil.on.health.is.considered.to.stem.from.both.its.lipid.profile.and.content.
in.several.minor.constituents,.many.of.which.show.antioxidant.activity..The.latter.include.phenolic.
compounds,.hydrocarbons.(mainly.squalene),.chlorophylls,.carotenoids,.and.tocopherols..We.esti-
mated.the.intake.of.antioxidant.compounds.via.olive.oil.and.table.olives.by.the.Greek.population..
The.calculations.were.based.on.literature.data.for.the.content.of.olive.oil.and.table.olives.in.antioxi-
dant.compounds,.and.on.consumption.data.of.more.than.20,000.Greeks.in.the.context.of.the.Greek.
cohort.of.the.European.Investigation.into.Cancer.and.Nutrition.(EPIC.study)..The.calculated.daily.
per-capita.intake.was.found.to.be.about.17.mg.for.phenolic.compounds,.223.mg.for.squalene,.and.12.
mg.for.α-tocopherol..The.elucidation.of.the.overall.content.of.the.Mediterranean.diet.in.antioxidant.
compounds.may.shed.light.on.the.biological.interactions.involved.in.the.apparent.protection.that.the.
traditional.Mediterranean.diet.provides.against.chronic.diseases..
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�0.�  introDUction

The. traditional.Mediterranean.diet.has.been. recognized.as.a.healthy.dietary.pattern.. Its.health-
promoting.properties.have.been.attributed.mainly.to.the.effect.of.the.diet.as.a.whole,.rather.than.to.
specific.foods.or.food.groups.it.integrates.(Trichopoulou.et.al.,.1995;.Willett.et.al.,.1995;.Tricho-
poulou.et.al.,.2003)..The.Mediterranean.diet.incorporates.a.plethora.of.traditional.foods.and.recipes..
Among.them,.virgin.olive.oil.holds.a.central.position;.it.is.used.as.the.main.added.lipid.during.food.
preparation;.it.facilitates.the.ample.consumption.of.plant.foods.in.raw.and.cooked.dishes;.it.repre-
sents.a.principal.source.of.energy.in.the.diet,.an.attribute.that.has.been.important.in.difficult.times;.
and.it.has.a.very.important.cultural.and.economical.role.for.populations.surrounding.the.Mediter-
ranean.Sea.. Consequently,. olive. oil. comprises. an. indispensable. part. of. the.dietary. and. cultural.
traditions.of.the.Mediterranean.populations.

Besides.triacylglycerols.and.a.small.percentage.of.free.fatty.acids,.virgin.olive.oil.also.contains.
a.variety.of.minor.constituents.amounting.to.about.1–2%.of.the.oil.(Visioli.and.Galli,.1998)..Among.
them.are.hydrocarbons,.tocopherols,.carotenoids,.chlorophylls,.phytosterols,.flavor.compounds,.and.
various.polar.phenolic.constituents..These.compounds.are.very.important.contributors.to.the.oil’s.
organoleptic.properties.and.stability.toward.oxidation..They.are.derived.from.olive.fruits.that.are.pro-
cessed.only.by.physical.means,.while.the.production.of.most.other.plant.oils.includes.solvent.extrac-
tion.and.refining,.procedures.that.cause.their.depletion.of.several.important.microcomponents.

It.has.been.suggested. that. the.beneficial. impact.of. the.Mediterranean.diet.on.health.may.be.
attributed.in.part.to.its.content.in.antioxidant.compounds.that.are.present.abundantly.in.virgin.olive.
oil,.as.well.as.in.fruits,.vegetables,.and.red.wine.(Willett,.1994;.Trichopoulou.and.Lagiou,.1997;.
Trichopoulou.et.al.,.1998;.Trichopoulou.et.al.,.1999)..However,. the.extent. to.which.antioxidants.
contribute.to.the.overall.impact.of.the.diet.on.health.has.not.yet.been.documented..Below.we.briefly.
review.the.antioxidant.compounds.present. in.virgin.olive.oil.and.their.potential. implications.for.
human.health..Moreover,.we.present.estimates.of.their.intake.via.olive.oil.and.table.olives.in.the.
Greek.population.based.on.data.from.the.Greek.cohort.of.the.European.Prospective.Investigation.
into.Cancer.and.Nutrition.(EPIC).(Riboli.and.Kaaks,.1997).

�0.�  Phenolic comPoUnDs

The.various.phenolic.compounds.present.in.olives.are.believed.to.protect.the.plant.from.environ-
mental.stress..They.contribute. to. the.organoleptic.profile.of. raw.olives.and.consequently. to. that.
of. virgin. olive. oil.. Their. concentration. in. the. oil. depends. on. various. factors. including. cultivar,.
maturity,.climate,. rootstock,.and.agricultural.practices. (Ryan.and.Robards,.1998),.as.well.as.on.
the.choice.of.extraction,.separation,.and.quantification.techniques.(Visioli.et.al.,.2002;.Carrasco-
Pancorbo.et.al.,.2005;.see.also.Chapter.3)..The.phenolic.compounds.exert.their.antioxidant.activity.
by.donating.a.hydrogen.atom.to.the.chain-propagating.radicals.formed.during.lipid.peroxidation..
Their.role.in.photooxidation.is.rather.limited.(Psomiadou.and.Tsimidou,.2002b).

Most.studies.on.the.phenolic.antioxidant.properties.of.olive.oil.in.humans.concentrate.on.their.
effect.on. low.density. lipoprotein. (LDL).and.DNA.oxidation,. since. these.are.believed. to.be.key.
processes.implicated.in.the.development.of.atherosclerosis.and.cancer,.respectively..The.bioavail-
ability.as.well.as.anti-inflamatory.properties.of.certain.phenolic.compounds.of.olive.oil.have.also.
been.investigated.(see.Chapter.6)..Their.bioavailability.was.found.to.range.widely.depending.on.
experimental.conditions.and.the.compound.examined.(Visioli.et.al.,.2000;.Miro-Casas.et.al.,.2001a;.
Miro-Casas.et.al.,.2001b;.Vissers.et.al.,.2002),.but.it.can.be.very.high..For.example,.hydroxytyrosol.
recovery.in.plasma.and.urine.after.ingestion.of.25.ml.virgin.olive.oil.was.about.98%.(Miro-Casas.
et.al.,.2003)..With.respect.to.LDL.protection,.both.Covas.and.colleagues.(2006a).and.Gimeno.and.
colleagues. (2007). found. that. intake.of.phenolic. compounds.via.olive.oil. results. in. a. significant.
increase.in.the.phenolic.content.of.LDL..This.finding.may.be.very.important.in.conjunction.with.
the.inhibitory.effect.of.olive.oil.phenolics.on.LDL.oxidation.(Visioli.and.Galli,.1994;.Visioli.et.al.,.
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1995).and.platelet.aggregation.(Petroni.et.al.,.1995).in.model.systems..The.protection.conferred.to.
LDL.from.oxidation,.however,.was.not.confirmed.in.two.randomized.trials.on.healthy.nonsmoking.
or.smoking.volunteers.(Vissers.et.al.,.2001;.Moschandreas.et.al.,.2002)..On.the.other.hand,.oxidized.
LDL.levels.of.healthy.subjects.were.reduced.in vivo.after.consumption.of.a.phenol-rich.olive.oil.
(Marrugat.et.al.,.2004)..In.addition,.intake.of.olive.oil.phenolic.compounds.was.associated.with.a.
reduction.in.LDL.oxidation.levels.of.healthy.males.(Covas.et.al.,.2006b).as.well.as.patients.with.
stable.coronary.heart.disease.(CHD).(Fito.et.al.,.2005)..Finally,.studies.have.shown.that.virgin.olive.
oil.phenolic.compounds.significantly.reduce.the.production.of.certain.markers.of.inflammation.that.
are.involved.in.the.atherosclerotic.process.(Leger.et.al.,.2005;.Visioli.et.al.,.2005;.Bogani.et.al.,.
2007;.see.also.Chapters.6.and.8).

Human. studies. on. the. effect. of. olive. oil. phenolic. compounds. on. DNA. oxidation. have. pro-
duced.diverse.results..Daily.intake.of.25.ml.olive.oil.has.been.reported.to.result.in:.(1).no.effect.
on.the.excretion.of.etheno-DNA.adducts,.markers.of.lipid.peroxidation.and.oxidative.stress.(Hill-
estrom.et.al.,.2006);.(2).reduction.in.DNA.oxidation.irrespective.of.the.phenolic.content.of.olive.oil.
(Machowetz.et.al.,.2006);.(3).reduction.in.mitochondrial.DNA.oxidation.associated.with.increasing.
phenol.content.of.olive.oil.administered.(Weinbrenner.et.al.,.2004)..Intake.of.a.daily.amount.of.50.
g.olive.oil.with.high.phenolic.content.resulted.in.about.30%.less.DNA.damage.in.postmenopausal.
women.(Salvini.et.al.,.2006).

�0.�  sqUalene

Squalene.is.a.triterpenic.hydrocarbon.and.an.intermediate.product.of.cholesterol.biosynthesis..It.
accounts.for.at.least.50%.of.the.olive.oil’s.nonsaponifiable.fraction.and.for.about.90%.of.its.total.
hydrocarbon.content.(Psomiadou.and.Tsimidou,.1999)..Squalene.has.been.shown.to.act.as.an.effec-
tive.quencher.of.singlet.oxygen.(Kohno.et.al.,.1995)..It.may.confer.a.concentration-dependent.mod-
erate.antioxidant.activity.by.reducing.the.rate.of.oxidation.in.purified.olive.oil.kept.at.40.and.62ºC.
(Psomiadou.and.Tsimidou,.1999)..Absorption.of.squalene. in.humans.was.found. to. range.within.
about.60–85%.(Strandberg.et.al.,.1990;.Miettinen.and.Vanhanen,.1994)..It.accumulates.primarily.in.
skin.tissue.(Liu.et.al.,.1976)..It.has.thus.been.proposed.that.it.may.confer.protection.to.the.skin.from.
lipid.peroxidation.caused.primarily.by.UV.light.(Kelly,.1999)..A.tumor-inhibiting.potential.has.also.
been.attributed.to.squalene.in.animal.as.well.as.in vitro.studies.(Newmark,.1997)..

�0.�  Pigments

Color.is.an.important.determinant.of.the.organoleptic.quality.of.virgin.olive.oil..The.most.impor-
tant.yellow.pigments.present.are.lutein.and.β-carotene,.while.chlorophylls.are.responsible.for.the.
oil’s.green.coloring.(Psomiadou.and.Tsimidou,.2001)..The.pigment.content.of.virgin.olive.oil.varies.
according.to.olive.variety,.geographical.origin,.environmental.conditions,.degree.of.olive.ripeness,.
and.extraction.and.storage.conditions.(Psomiadou.and.Tsimidou,.2002a;.Psomiadou.and.Tsimidou,.
2002b;.Cichelli.and.Pertesana,.2004)..The.pigment.profile.has.been.proposed.to.serve.as.an.indica-
tor.of.typicality.and.authenticity.of.monovarietal.olive.oils.(Gandul-Rojas.and.Minguez-Mosquera,.
1996;.Psomiadou.and.Tsimidou,.2001;.Giuffrida.et.al.,.2007).

Chlorophylls..Natural.chlorophylls.are.among.the.most.abundant.pigments.in.nature..In.chemi-
cal.terms,.they.represent.a.group.of.magnesium-metallated.tetrapyrroles..With.respect.to.oxidation.
induced.by.light.exposure.(photooxidation),.chlorophyll.pigments.show.a.prooxidant.activity,.con-
tributing.to.the.degradation.of.the.organoleptic.properties.of.olive.oil..This.is.facilitated.through.
the. production. of. singlet. oxygen. species. by. transferring. energy. from. light. to. triplet. oxygen.. In.
conditions.that.do.not.promote.photooxidation,.however,.chlorophylls.play.a.mildly.protective.(anti-
oxidant).role.on.the.stability.of.olive.oil.(Psomiadou.and.Tsimidou,.2002a,.b)..Chlorophyll.tends.
to.convert.to.derivatives.after.plant.processing.or.ingestion.(mainly.pheophytin,.pyropheophytin,.
and.pheophorbide)..It.has.been.argued.that.these.derivatives.may.have.anticarcinogenic.potential.
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(Negishi.et.al.,.1997;.Harttig.and.Bailey,.1998;.Chernomorsky.et.al.,.1999;.Ferruzzi.et.al.,.2002;.de.
Vogel.et.al.,.2005)..Increased.intake.of.heme.iron.from.meat.and.reduced.intake.of.chlorophyll.from.
vegetables.were.significantly.related.to.increased.colon.cancer.risk.among.120,852.Dutch.men.and.
women.(Balder.et.al.,.2006)..

Carotenoids. belong. to. tetraterpenes. and. are. based. on. a. 40-carbon. isoprene. unit. backbone..
Carotenoids.containing.only.hydrogen.and.carbon.are.classified.as.carotenes,.while.when.oxygen.is.
also.present,.as.xanthophylls..Carotenoids.act.as.singlet.oxygen.quenchers.against.photosensitized.
oxidation. by. accepting. energy. from. the. singlet. oxygen,. as. well. as. light. filters. (Psomiadou. and.
Tsimidou,.2002b)..Their.contribution.to.olive.oil.autoxidation.stability.has.been.reported.to.be.less.
significant.than.that.of.phenolic.compounds.and.α-tocopherol.(Aparicio.et.al.,.1999)..Although.the.
consumption.of.foods.rich.in.carotenoids.has.been.linked.to.reduced.heart.disease.risk.in.epidemio-
logical.studies,.the.overall.evidence.remains.inconclusive.(Kritchevsky,.1999)..When.the.results.of.
relevant.studies.were.aggregated,.supplementation.with.β-carotene.was.related.to.increased.mortal-
ity.(Bjelakovic.et.al.,.2007)..Further.studies.are.needed.to.assess.the.impact.of.diets.high.in.β-caro-
tene,.as.contrasted.to.β-carotene.supplementation,.on.the.prevention.of.cardiovascular.disease.

�0.�  tocoPherols

The. vitamin. E. group. is. chemically. characterized. as. 6-hydroxy. chroman. derivatives. bearing. an.
isoprenoid.unit..The.group.is.represented.by.two.types.of.compounds:.four.tocopherols.(α,.β,.γ,.and.
δ).and.four.tocotrienols.(α,.β,.γ,.and.δ),.that.differ.in.the.presence.of.double.bonds.in.the.isoprenoid.
unit.of.the.latter.type..Vitamin.E.is.absorbed.in.the.small.intestine.in.the.same.way.as.dietary.lip-
ids.(Hacquebard.and.Carpentier,.2005)..Its.major.biological.role.is.exerted.through.its.antioxidant.
activity.by.conferring.protection.to.unsaturated.lipids.from.oxidation,.including.the.inhibition.of.
LDL.oxidation. α-Tocopherol.is.the.most.abundant.form.of.vitamin.E.in.olive.oil,.and.is.equally.
important.to.hydrophilic.phenols.in.olive.oil.stability.during.autoxidation..α-Tocopherol.also.plays.
an.active.role.in.photosensitized.oxidation.(Psomiadou.and.Tsimidou,.2002b).

A.lower.heart.disease.risk.due.to.increased.vitamin.E.dietary.intake.has.been.reported.in.a.number.
of.studies,.but.the.effects.obtained.through.vitamin.E.supplementation.are.not.consistent.(Gaziano,.
2004;.Knekt.et.al.,.2004)..In.a.recent.meta-analysis,.supplementation.with.vitamin.E.was.associated.
with.increased.mortality.(Bjelakovic.et.al.,.2007)..Further.research.is.required.toward.the.elucida-
tion.of. the. role.of.vitamin.E. (as. for.β-carotene). in.cardiovascular. and.other.chronic.degenerative.
diseases.

�0.�  estimation of intake of antioxiDant comPoUnDs via  
virgin olive oil anD taBle olives By the greek PoPUlation

Olives.are.processed.to.remove.their.natural.bitterness,.principally.due.to.the.secoiridoid.oleuro-
pein.present.in.abundance.in.the.raw.olive.fruit..The.most.economically.important.types.of.table.
olives.in.international.trade.include.the.Spanish-style.green.olives,.the.California-style.black.olives,.
and.the.Greek-style.natural.black.olives.(Romero.et.al.,.2004)..The.main.table.olive.cultivars.com-
mercially. available. in. the. Greek. market. include. the. Conservolea. (green. and. natural. black-type.
olives),.Kalamon.(special.type.of.naturally.black.olives),.and.Chalkidiki.(green-type.olives).variet-
ies.(Blekas.et.al.,.2002).

Data.on.the.content.of.virgin.olive.oil.and.table.olives.in.antioxidant.compounds.have.not.been.
consolidated..We.have.calculated.the.intake.via.virgin.olive.and.table.olives.of.the.most.important.
of. these. compounds. in. the. Greek. population. (Table.10.1).. Information. on. the. content. of. virgin.
olive.oil.and. table.olives. in.antioxidant.compounds.was.collected.from.the. literature.and.evalu-
ated.on.the.basis.of.sampling.procedures.and.method.of.analytical.determination.applied,.as.well.
as.the.geographical.origin.of.the.olive.oils.and.table.olives.examined..Data.on.the.consumption.of.
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olive.oil.and.table.olives.by.the.Greek.population.have.been.available.through.the.Greek.cohort.
of. the.European.Prospective. Investigation. into.Cancer.and.Nutrition. (EPIC). (Riboli.and.Kaaks,.
1997)..The.calculated.daily.per-capita.intake.was.about.17.mg.for.phenolic.compounds,.223.mg.for.
squalene,.and.12.mg.for.α-tocopherol..A.limitation.when.calculating.population.intakes.lies.in.the.
losses.imparted.by.various.preparation.procedures.and.storage.conditions.applied.to.foods..Also,.a.
fraction.of.the.overall.olive.oil.consumption.is.derived.from.refined.olive.oil,.which.contains.lower.
quantities.of.certain.minor.compounds.as.compared.to.virgin.olive.oil..However,.the.majority.of.
olive.oil.consumed.in.Greece.is.virgin.olive.oil.

�0.�  comments

An.early.description.of.the.Mediterranean.diet.reflected.the.nutritional.habits.of.middle-aged.men.
in.the.Greek.island.of.Crete.in.the.early.1960s.(Keys,.1971;.Nestle,.1995)..At.that.time,.the.two.main.
contributors.of.energy.intake.were.olive.oil.and.bread,.contributing.about.31.and.27%.of.the.total.
energy.intake,.respectively.(Keys.et.al.,.1966)..Olive.oil.contribution.to.energy.corresponded.to.a.
daily.intake.of.about.95.g..Table.olives.(mainly.black.olives).were.consumed.in.rather.small.amounts.
(about.5.g.of.flesh.per.day).(Keys.et.al.,.1966)..The.fact.that.the.Cretan.and.other.Mediterranean.
populations.enjoyed.one.of.the.highest.adult.life.expectancies.and.one.of.the.lowest.incidences.of.
coronary.heart.disease.in.the.world.has.been.linked.to.the.high.olive.oil.consumption.reported.in.
these.areas..Although.Greek.nutritional.habits.have.been.altered.since. the.1960s. toward.a.more.
westernized.dietary.pattern,.olive.oil.intake.is.still.very.high,.the.highest.in.the.world.according.to.
the.International.Olive.Oil.Council,.slightly.exceeding.50.g/person/day.(Naska.et.al.,.2005;.Inter-
national.Olive.Oil.Council,.2006)..

The.olive.tree.(Olea europaea.L.).provides.an.excellent.source.of.phenols..The.major.phenolic.
compound.found.in.olive.leaves.is.oleuropein.(25.g/100.g.of.dry.weight),.followed.by.hydroxytyro-
sol.(1.5.g/100.g.of.dry.weight),.flavone.glucosides,.and.other.phenols.such.as.verbascoside.and.tyro-
sol.(Benavente-Garcia.et.al.,.2000)..Other.antioxidant.compounds.recovered.from.olive.leaves.are.
β-carotene.and.α-tocopherol.(Tabera.et.al.,.2004)..Waste.waters.produced.while.extracting.olive.oil.
also.represent.a.rich.source.of.phenolic.compounds.with.a.total.concentration.similar.to.that.of.olive.
oil.and.processed.olives..Hydroxytyrosol,.tyrosol,.elenolic.acid,.and.derivatives,.as.well.as.luteolin.
and.its.7-O-glucoside,.have.been.reported.to.be.the.most.important.in.Spanish,.Italian,.French,.and.
Portuguese.olive.oil.waste.waters.(Mulinacci.et.al.,.2001)..Furthermore,.hydroxytyrosol,.tyrosol,.
oleuropein,.and.ligstroside.have.been.identified.in.olive.tree.wood.(Perez-Bonilla.et.al.,.2006)..The.
increased.demand.for.“natural”.products.provides.a.challenging.area.for.the.exploitation.of.phenolic.
compounds.from.Olea europaea.L..by.the.contemporary.nutraceutical.industry.

It.should.be.stressed,.however,.that.emerging.evidence.suggests.that.several.antioxidant.com-
pounds. (e.g.,. β-carotene,. vitamin. C,. vitamin. E,. polyphenols). may. under. specific. circumstances.
exert. prooxidant. activity. (Rietjens. et. al.,. 2002),. catalyzed. by. transition. metals. and. peroxidases.
(Yamanaka.et.al.,.1997;.Chan.et.al.,.1999;.Galati.et.al.,.2002),.especially.when.used.in.high.doses.
(Lambert.et.al.,.2007)..Oleuropein,. for.example,. showed.a.prooxidant.activity. in.an.experiment.
(Mazziotti.et.al.,.2006),.suggesting.that.its.intake.through.commercial.supplements.should.be.done.
with.caution..In.this.context,.nutritional.research.suggests.that.the.health.effects.from.the.intake.
of.certain.antioxidant.micronutrients.via.foods.are.not.always.analogous.to.the.effects.reported.by.
the.intake.of.the.same.compounds.in.purified.form.(Kritchevsky,.1999;.Bjelakovic.et.al.,.2007)..
Consequently,.supplementation.with.phenolic.compounds.isolated.from.Olea europaea.L..should.
not.be.advised.unless.adequate.evidence.of.a.favorable.effect.on.health.when.taken.in.a.purified.
form.is.provided.

Antioxidants.represent.a.broad.category.of.compounds.with.diverse.chemical.structures.and.
properties..Since.they.do.not.belong.to.a.homogenous.chemical.group,.the.methods.for.their.iden-
tification.and.quantification.vary.widely,.hindering.their.collective.determination.in.a.food..They.
are.defined.in.biological.terms.on.the.basis.of.the.protection.they.confer.to.biological.molecules.
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(such.as.proteins,.lipids,.and.DNA).from.oxidation..The.quantification.of.their.biological.potential.
in.a.food.may.be.achieved.in vitro,.by.determining.the.antioxidant.capacity.of.the.food.matrix.as.
compared.to.that.of.standards..Using.the.latter.approach,.however,.the.relative.contribution.of.each.
of.the.entities.to.the.overall.antioxidant.impact.cannot.be.adequately.assessed..An.important.issue.
that.needs. to.be.addressed. in.future.studies.concerns. the.determination.of. the.magnitude.of. the.
contribution. conferred. by. olive. oil. antioxidant. compounds. to. the. overall. positive. health. impact.
of.the.Mediterranean.diet..In.this.context,.elucidation.of.the.content.of.the.Mediterranean.diet.in.
antioxidant.compounds.from.olive.oil.as.well.as.other.sources.seems.essential..The.latter.task.may.
contribute.to.understanding.the.biological.processes.involved.in.the.apparent.protection.conveyed.
by.the.traditional.Mediterranean.diet.against.chronic.diseases..Databases.on.the.content.of.foods.
in. certain. microcompounds,. such. as. the. Database. for. the. Flavonoid. Content. of. Selected. Foods.
(U.S..Department.of.Agriculture,.2007).and.the.BioActive.Substances.in.Food.Information.System.
(BASIS.Database).developed.under.the.European.Food.Information.Resource.Network.(EuroFIR,.
http://www.eurofir.net),.could.provide.important.tools.toward.this.direction..
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11 Epilogue

Dimitrios Boskou

��.�  meDiterranean Diet

The.traditional.Mediterranean.diet.is.the.dietary.pattern.found.in.the.olive-growing.areas.of.the.
Mediterranean.region.since.the.1960s..Although.different.regions.in.the.Mediterranean.Sea.have.
their.own.diets,.several.common.characteristics.can.be.identified;.most.of.them.stem.from.the.fact.
that.olive.oil.occupies.a.central.position.in.all.of.the.regions..It.is.therefore.legitimate.to.consider.
these.diets.as.variants.of.a.single.entity,. the.Mediterranean.diet..Olive.oil. is. important.not.only.
because.of. its. several. beneficial. properties,. but. also.because. it. allows. the. consumption.of. large.
quantities.of.vegetables.in.the.form.of.cooked.foods..The.Mediterranean.diet.is.characterized.by.
high.consumption.of.olive.oil,.vegetables,.legumes,.fruits,.and.unrefined.cereals;.regular.but.moder-
ate.wine.intake,.mostly.during.meals;.moderate.consumption.of.fish;.low.consumption.of.meat;.and.
low.to.moderate.intake.of.dairy.products.(The.United.Nations.University,.2007).

The.Mediterranean.diet.cannot.fully.explain.the.relatively.good.health.of.the.Mediterranean.
people,.as.other.factors.may.play.a.contributing.role.(see.Chapter.2)..However,.it.is.highly.likely.that.
the.diet.is.essential.for.the.good.health.of.the.Mediterranean.inhabitants.

The.Mediterranean.diet.offers.a.healthy.alternative.approach.to.a.low.animal.fat.diet..It.is.easily.
applied.since.it.has.an.expanded.range.of.options.that.could.promote.adherence.over.the.long.term..
Besides,.it.provides.no.restriction.on.lipid.intake.as.long.as.they.are.not.saturated.and.are.preferably.
in.the.form.of.olive.oil.

��.�  Phenolic comPoUnDs Present in olive oil

Phenolic.antioxidants,.widely.distributed.in.the.plant.kingdom.and.abundant.in.our.diet,.are.among.
the.most.talked.about.classes.of.phytochemicals.today..They.are.broadly.discussed.as.potential.anti-
oxidant.prophylactics..Issues.that.have.been.studied.in.depth.during.the.last.decade.are.summarized.
as.follows.(Boskou,.2006):
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The.levels.and.chemical.structure.of.antioxidant.phenols.in.different.plant.foods,.aromatic.
plants,.and.various.plant.materials
The.probable.role.of.plant.phenols.in.the.prevention.of.various.diseases.associated.with.
oxidative.stress.such.as.cardiovascular.and.neurodegenerative.diseases.and.cancer
The.ability.of.plant.phenols.to.modulate.the.activity.of.enzymes,.a.biological.action.not.
yet.fully.understood
The.ability.of.certain.classes.of.plant.phenols.such.as.flavonoids.(also.called.polyphenols).to.
bind.to.proteins.(flavonol–protein.binding,.such.as.binding.to.cellular.receptors.and.trans-
porters,.involves.mechanisms.that.are.not.related.to.their.direct.activity.as.antioxidants).
The.stabilization.of.edible.oils,.protection.from.formation.of.off-flavors,.and.stabilization.
of.flavors
The.preparation.of.food.supplements

The.importance.of.antioxidant.phenols.also.is.seen.in.continuously.emerging.efforts.to.increase.
their.levels.in.plants,.to.produce.hydrophilic.derivatives.by.enzyme.modification.of.the.structure.
and.improving.pharmacological.properties.to.elucidate.quantitative.structure–activity.relationships.
in.various.phenol.classes,.and.finally.to.explore.new.effects.

Olive.oil.is.one.of.the.best.sources.of.natural.antioxidants.and.this.fact.further.enhances.olive.
oil’s.healthful. reputation..Antioxidants.are. responsible. for.many.health.effects.attributed. to. this.
valuable.oil,.but.knowledge.of.the.chemistry.of.minor.products.present.in.virgin.olive.oil.and.their.
properties,. especially. biological. properties,. is. not. yet. complete.. Much. more. research. is. needed.
to.establish.a.credible.basis.for.the.health.claims,.to.elucidate.fully.the.biochemical.relationships.
between.structure.and.function,.and.to.evaluate.the.effect.on.the.human.body.of.all.the.minor.con-
stituents..However,.the.data.already.available.from.biochemical.and.laboratory.research.as.well.as.
controlled. intervention.studies,.combined.with.epidemiological.studies,.provide.evidence.for. the.
health.benefits.of.olive.oil.that.seems.to.be.convincing.

11.2.1  chemistry, antioxidant activity, biomarkers

Olive.oil,.especially.virgin.olive.oil,.contains.a. large.number.of. structurally.heterogenous.com-
pounds.in.small.concentrations,.such.as.aqualene,.alpha-tocopherol,.hydroxytyrosol,.tyrosol,.seco-
iridoids,.phenolic.acids,.flavonoids,.hydroxy-isochromans,.pentacyclic.triterpenes,.and.others,.that.
are.believed. to.be. responsible. for. the.beneficial.effects.on.human.health..The.presence.of. these.
compounds.in.the.oil.is.a.further.reason.to.recommend.this.oil.as.the.main.source.of.fat.in.the.diet,.
in.addition.to.the.favorable.fatty.acid.composition.

In.evaluating.various.studies.related.to.the.biological.properties.of.olive.oil.minor.constitu-
ents,.some.data.gaps.on.chemistry.should.be.taken.into.consideration..Most.of.the.studies.in.the.
past.were.set.up.using.mainly.oleuropein.and.hydroxytyrosol..We.now.know.that.free.hydroxy-
tyrosol.is.encountered.in.olive.oil.in.small.quantities.and.oleuropein.in.trace.amounts;.and.that.
olive. oil. polar. fraction. is. much. more. complex. and. that. some. minor. components. still. remain.
unidentified..Today.we.know.that.olive.oil.polar. fraction,.very.often.characterized.as.olive.oil.
“polyphenols,”.contains.mainly.secoiridoid.aglycons,.lignans,.flavones,.phenolic.acids,.hydroxy-
isochromans,.and.elenonic.acid.(not.a.phenol.but.also.a.bioactive.constituent),.while.other.minor.
phenols.are.still.recovered.(Bianco,.2006)..This.diversity.of.phenolic.content.and.the.presence.of.
other.antioxidants.should.be.kept.in.mind.when.experiments.are.set.up.to.study.antioxidant.and.
other.properties.of.olive.oil.phenols.

11.2.2  levels

There.is.also.a.problem.with.levels.of.individual.phenols..A.typical.example.is.oleocanthal..An.
excellent.work.was.published.in.2005.by.a.group.of.researchers.(Beauchamp.et.al.,.2005).indicat-

•

•

•

•

•

•
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ing.that.the.known.aglycon,.dialdeydic.form.of.diacetoxy.ligstroside.aglycon,.previously.identified.
as.one.of.the.bitter.compounds,.is.structurally.related.to.ibuprofen..Taking.as.a.starting.point.the.
irritating.pungent.sensation.in.the.throat.of.this.phenol.the.researchers.synthesized.it.and.proved.
experimentally.that.it.has.a.similar.biological.effect.as.ibuprofen,.a.potent.modulator.of.inflamma-
tion.and.analgesia.

.Just.like.ibuprofen,.both.enantiomers.of.this.aglycon.(oleocanthal,.also.known.as.p-HPEA-
EDA).cause.dose-dependent.inhibition.of.COX-1.and.COX-2,.cyclooxygenase.enzymes.catalyzing.
important.steps.in.inflammation.pathways.related.to.arachidonic.acid..The.authors.assumed.that.
consumption.of.olive.oil.may.help.to.protect.against.some.diseases.due.to.this.activity.of.oleocan-
thal..However,.taking.into.consideration.the.actual.levels.of.oleocanthal.in.virgin.olive.oil,.which.
are.very.low,.it.is.more.likely.that.other.phenols.or.other.minor.compounds.provide.a.total.anti-
inflammatory.effect.or.other.physiological.functions.

For.the.moment.there.are.only.limited.studies.for.Spanish.and.Italian.oils.that.give.some.indi-
cation.of.the.ranges.and.natural.variability.concerning.the.concentration.of.oleocanthal..It.can.be.
concluded.from.these.studies.that. the.levels.of. this.aglycon.and.the.expected.intakes.from.daily.
consumption.of.olive.oil.are.significantly.lower..Thus.the.suggestion.that.the.health.effects.of.the.
Mediterranean.diet.are.closely.related.to.the.intake.of.oleocanthal.is.open.to.discussion..Studies.of.
bioavailability.and.biotransformation.and.measurement.of.the.concentration.of.various.aglycons,.
including.oleocanthal,.in.plasma.and.urine.after.virgin.olive.oil.consumption.will.probably.provide.
more.conclusive.results.

11.2.3  antioxidant activity In VIVo

 In.the.last.two.decades.evidence.has.been.accumulated.supporting.the.notion.that.antioxidant.con-
tent.of.olive.oil.contributes.largely.to.its.health.benefits..Today,.the.hypothesized.protection.these.
antioxidants.confer.to.biologically.important.molecules.is.evaluated.mainly.by.measuring.the.oil’s.
antioxidant.capacity..There.are.many.laboratory.methods.but.it.is.recognized.that.more.evidence.is.
needed.about.the.in vivo.antioxidant.activities.of.virgin.olive.oil.in.humans.

To. evaluate. the. contribution. of. each. antioxidant. compound. to. the. overall. expected. positive.
health.impact,.further.studies.are.needed.to.fill.the.gap.and.understand.better.the.link.of.health.and.
constituents.of.the.traditional.Mediterranean.diet.

Present-day.methods.of.assessing.antioxidant.activity. in vivo.are.based.on.measurements.of.
malondialdehyde,. lipid. peroxides,. circulating. oxidized. LDL,. 8-oxo-deoxyguanosine. in. lympho-
cytes.and.urine,.noninduced.conjugation.dienes,.and.isoprostane.in.urine.and.plasma.

As.discussed.in.Chapter.6,.biomarkers.for.oxidative.damage.must.be.selected.on.the.basis.of.
biomarker. sensitivity. and. clinical. significance..The. sensitivity. and. specificity.of. some. tests. and.
measurements.for.lipid.and.LDL.oxidation.are.currently.questioned..Reliable.markers.should.be.
considered.that.have.been.shown.to.be.predictors.for.an.oxidative.stress-associated.disease.in.large.
samples.or.in.case-control.studies,.such.as.in vivo.plasma-oxidized.LDL.or.urinary.F2-isoprostanes..
Besides. oxidative. damage. markers,. biomarkers. related. to. oxidative. stress-associated. processes.
must.be.explored.

11.2.4  analytical methods

Standardized.analytical.methods.are.necessary.to.implement.our.knowledge.of.the.chemical.com-
position.of.olive.oil.and.for.setting.out.intervention.or.other.studies.that.have.to.be.controlled.for.
the. amounts. of. microconstituents.. Improved. analytical. methodology. is. also. needed. to. evaluate.
more.objectively.antioxidant. capacity,. to. study. the. routes.of.degradation.of.phenols. in.different.
conditions,.and.to.understand.better.the.interactions.between.phenolic.compounds.and.other.minor.
constituents.exerting.an.influence.on.olive.oil.oxidation.

59939.indb   213 6/25/08   4:45:39 PM



���	 Olive	Oil:	Minor	Constituents	and	Health

��.�  virgin olive oil as a fUnctional fooD

Virgin.olive.oil,.the.natural.juice.of.the.olive.fruit,.is.a.staple.food.for.people.living.in.countries.
surrounding.the.Mediterranean.basin..The.oil.is.now.gaining.popularity.among.consumers.who.in.
the.past.considered.it.only.as.part.of.an.exotic.dish..The.popularity.is.mainly.due.to.epidemiologi-
cal.data.that.provided.the.basis.for.the.interest.of.the.people..New.consumers.are.trying.to.extract.
health.benefits.from.the.oil.because.of.enthusiasm.about.the.Mediterranean.diet.and.the.belief.that.
there.is.a.positive.role.of.this.diet.and.olive.oil.in.the.prevention.of.certain.diseases.and.in.particular.
of.coronary.heart.disease.

Virgin. olive. oil. can. be. characterized. as. a. typical. example. of. a. “functional”. because. of. its.
fatty.acid.composition.and.the.presence.of.minor.constituents,.mainly.phenols.belonging.to.various.
chemical.classes,.and.squalene.(Stark.and.Madar,.2002)..Accumulated.evidence.suggests.that.the.
oil.may.have.health.benefits.that.include:

Reduction.of.risk.factors.of.coronary.heart.disease
Prevention.of.several.types.of.cancers.(breast,.colorectal,.prostate,.others).
Modification.of.immune.response,.reduction.of.inflammation.markers
Decrease.of.age-related.cognitive.decline

Considering.the.above.and.other.properties,.olive.oil.appears.to.be.a.real.functional.food.whose.
components.are.expected.to.provide.additional.health.benefits.beyond.basic.nutritional.needs.

��.�  fooD sUPPlements anD fUnctionalization of fooD

Oleuropein,.a.secoiridoid.glucoside,.and.hydroxytyrosol,.the.free.phenol.obtained.by.various.meth-
ods.from.olive.leaves,.olive.pulp,.or.olive.milling.waste.products,.are.now.emerging.as.key.antioxi-
dants.in.many.pharmacological.tests.and.also.as.ingredients.added.to.foods.or.food.supplements..
It. has. to. be. stressed,. however,. that. solid. evidence. is. lacking. to. indicate. that. phenolic-enriched.
products,.possibly.out.of.an.original.matrix,.could.be.equally.useful.and.it.is.not.clear.to.what.extent.
various.preparations.approximate.the.natural.levels.and.the.complex.environment.in.which.active.
molecules.are.found..Therefore,.solid.evidence.of.favorable.effects.on.health.when.olive.oil.phenols.
are.taken.in.a.purified.form.should.be.provided

��.�  intake of antioxiDants from olive oil anD olives

The.words.polyphenols. and.antioxidants. are. today.household.words. that.can.be.seen.on. labels,.
advertisements,.and.websites..Estimations.of.daily.antioxidant.intake.from.the.diet.are.now.avail-
able.in.many.countries..The.Greek.study.discussed.in.this.book.gives.a.mean.of.232.mg.estimated.
intake.of.total.phenols.from.virgin.olive.oil.and.table.olive.consumption..On.the.basis.of.this.value,.
the. approximately.23. g.of. oil. recommended. daily. intake. (U.S.. Food. and. Drug. Administration,.
2004).add.approximately.5.mg.of.polyphenols.to.diet.

These.calculations,.however,.give.rough.figures.because.of.the.natural.variability.in.olive.oil.
and.the.methods.of.debittering.table.olives.that.influence.significantly.the.level.of.phenols..Besides,.
since.olive.oil.antioxidants.do.not.belong.to.a.homogenous.chemical.group,.the.methods.for.their.
identification. and.quantification.vary.widely,. hindering. their. collective.determination. in. a. food..
With.current.approaches.the.relative.contribution.of.each.of.the.entities.to.the.overall.antioxidant.
impact.cannot.be.adequately.assessed.

Lignans and enterolignans..Lignans.are.nutritionally.important.since.they.are.transformd.to.
enterolignans.(enterodiol.and.enterolactone).that.can.potentially.reduce.the.risk.of.certain.cancers.
and.cardiovascular.diseases..Enterolignans.are.formed.by.the.intestinal.microflora.after.consump-
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tion.of.plant. lignans. (see.also.Chapter.7)..Lignan.mean. intake.was.estimated. to.be.of. the. level.
of.1.24.mg/day.in.the.Netherlands..This.intake.is.expected.from.the.major.food.sources.such.as.
beverages,.vegetables,.nuts,.seeds,.bread,.and.fruit.(Milder.et.al.,.2005)..From.this.point.of.view.it.
is.interesting.to.note.that.according.to.recent.studies,.pinoresininol.is.included.in.the.list.of.entero-
glycan.precursors.(Milder,.2005).

.Pinoresinol.and.its.derivatives.(acetoxypinoresinol,.hydroxypinoresinol).are.major.constituents.
of.olive.oil.phenol.fraction..Looking.at.olive.oil.as.a.source.of.lignans.seems.to.be.an.interesting.
aspect,. taking.into.consideration.the.high.levels.of.the.oil.ingested.in.certain.areas..Considering.
40–50.mg/kg.as.the.mean.level.of.lignans.in.virgin.olive.oil,.consumption.of.23.g.(2.tablespoons),.
the.quantity.that,.as.suggested.by.the.U.S..Food.and.Drug.Administration.(2004),.may.reduce.the.
risk.of.coronary.heart.disease,.can.provide.approximately.1–1.5.mg.of.lignans.per.day..

Equally. important.may.be.calculations. for. the. intake. from.olive.oil.of.other.bioactive.com-
pounds.such.as.specific.oleocanthal.and.secoiridoids.and.triterpenes.

��.�  atherosclerosis anD cancer

Cardiovascular.diseases.(CVD).are.considered.as.a.group.of.multifunctional.conditions.associated.
with.atherosclerosis,.hypertension,.and.thrombosis..In.Mediterranean.countries,. the.incidence.of.
atherosclerosis. is.different. from. that.of.occidental. countries. and. this. could.be. explained.by. the.
dietary.pattern,.as.a.number.of.studies.have.indicated.an.association.between.atherosclerosis.and.
dietary.fat,.elevated.serum.cholesterol,.and.lipid.levels..Recent.research.has.emphasized.the.impor-
tance.of.microcomponents.as.modulators.involved.in.the.development.of.atherosclerosis..The.pro-
tective.effect.of.olive.oil.phenolic.compounds.on.oxidative.damage.is.established.and.this.protective.
effect.in.humans.is.better.displayed.in.situations.with.patients.in.which.an.enhanced.oxidative.stress.
status.has.been.reported.

Some.general.questions.that.must.be.addressed.in.order.to.further.clarify.the.real.role.of.olive.
oil.micronutrients.on.the.thrombotic.mechanism.are.doses.ingested.by.the.daily.consumption.of.
olive.oil.and.metabolic.disposition.in.humans.and.the.mode.of.action.of.metabolites.in.blood..There.
is.a.scarcity.of.studies.in.which.glucuronide.and.sulfate.conjugates.in.biological.samples.were.mea-
sured;.and.finally,.the.relative.contribution.of.oleic.acid,.in.comparison.to.minor.constituents,.on.
modulation.of.the.hemostatic.mechanism.

Cancer..Many.studies.were.designed.to.evaluate. the.relationship.between.components.of.
the. Mediterranean. Diet. and. cancer.. These. studies. have. provided. supporting. evidence. indi-
cating. that.olive.oil. is. associated.with.decreasing.cancer. risk..Recent.anticancer. studies.are.
associated.with.kinases,.oncogenes,.and.tumor.suppressor.genes..However,.the.limitations.of.
extrapolating.the.in vitro.and.animal.results.to.human.populations.should.always.be.taken.into.
consideration..At.the.present.time,.the.topic.has.not.been.sufficiently.investigated.to.warrant.
categorically.definite.conclusions,.but.as.noted.in.Chapter.7,.experimental.results.collected.so.
far.indicate.that.there.is.a.beneficial.anticancer.effect.and.this.is.a.contribution.of.the.specific.
action. of. oleic. acid. and. minor. constituents.. They. both. exhibit. properties. influencing. major.
structural.and.functional.cell.components..The.effects.studied.so.far.are.related.to.cell.cycles,.
cell.growth,.progression,.signaling,.and.apoptosis..Cancer.research.can.be.helped.by.specific.
studies,.for.example,.investigation.of.olive.oil.phenols’.angiogenic.effect.at.a.laboratory.level.
and.also.trials.to.demonstrate.activity.in.human.subjects.with.surrogate.markers.for.angiogen-
esis.response.

Finally,.it. is.interesting.to.note.that.all.actions.of.olive.oil.compounds.described.are.exerted.
without.any.cytotoxicity..This.property.may.offer.new.possibilities. for.anticancer.agents. from.a.
natural.source.that.has.been.used.as.a.food.from.time.immemorial.
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��.�  flavones, lignans, hyDroxy-isochromans, other  
  Phenols, anD nonPhenolic minor constitUents

Flavonoids.and.flavonoid-containing.foods.have.been.investigated.for.many.biological.properties.
including.a.selective.inhibition.activity.against.COX-2..However,.it.can.be.noted.that.data.on.olive.oil.
are.limited.if.compared.to.other.plant.sources..The.same.is.true.for.lignans,.hydroxy-isochromans,.
pentacyclic.triterpene.acids.and.alcohols,.and.newly.discovered.esters.of.tyrosol.and.hydroxytyrosol.
(Bianco,.2006).

Pentacyclic.triterpenes.are.biologically.active.compounds.and.there.is.a.plethora.of.publications.
related.to.their.antitumoral.and.antinflammatory.effects.(vasorelaxant.effects.in.aorta,.modulation.
of. the. immune. response,. inhibition.of. cell.proliferation,. and.others)..Levels.of. these. triterpenes.
in.virgin.olive.oil.are.high.enough.for.a.biological.effect.but.some.forms.of.edible.olive.oil,.such.
as.olive.residue.oil,.are.very.rich.sources..The.biological.value.of.these.olive.oil.grades.should.be.
reconsidered,.keeping.in.mind.that.in.addition.to.the.presence.of.minor.constituents.they.have.the.
same.fatty.acid.profile.as.virgin.olive.oil.

It. is. clear. from. the.above. that. the. contribution.of.olive.oil. to.possible.prevention.of. several.
human.diseases.is.more.likely.to.be.due.to.the.simultaneous.presence.of.various.active.compounds.
or.classes.of.compounds.and.to.possible.synergistic.effects..Therefore,.an.important.issue.that.needs.
to.be.addressed.in.future.studies.is.the.determination.of.the.magnitude.of.the.contribution.of.each.
active.constituent.to.the.overall.positive.health.impact.
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Glossary
Alperujo The.solid.by-product.of.the.two-phase.centrifugation.method.for.olive.oil.extraction.
Beta-residue oil Pomace.oil.
Astringent (positive attribute) A.puckering.sensation.in.the.mouth.created.by.tannins.
Bitter (positive attribute) A.preferred.characteristic,.when.it.is.not.excessive..Usually.obtained.

from.green.olives.or.olives.turning.color..Perceived.on.the.back.of.the.tongue.
Cake The.residue.remaining.after.the.mechanical.extraction.of.the.oil.from.olives.
Centrifugation Rotary.operation.for.separating.the.constituents.of.the.paste.or.oily.must.by.the.

differences.in.their.density.(International.Olive.Oil.Council,.IOOC).
Centrifugal system Processing.system.based.on.the.use.of.a.decanter.for.the.separation.of.the.

liquid.phase.from.the.pomace.
Classic system The.traditional.batch.method.of.olive.processing.using.hydraulic.plate.presses.
Cold-pressing Process.of.extracting.virgin.olive.oil.by.applying.mechanical.pressure.to.olive.

paste.at.a.temperature.of.less.than.25°C.(IOOC).
Continuous system Processing. of. olives. within. a. system. that. uses. a. horizontal. centrifugal.

decanter.
Crude olive-pomace oil Oil.obtained.by.treating.olive.pomace.with.a.solvent.
Extra virgin olive oil Virgin.olive.oil.having.free.acidity,.as.%.of.oleic.acid.up.to.0.8,.and.the.

other.characteristics.according.to.regulations.in.force.
Fresh (positive attribute) Good.aroma,.fruity,.not.oxidized.
Fruity (positive attribute) Set.of.olfactory.sensations.characteristic.of.the.oil,.which.depends.

on.the.variety.and.comes.from.sound,.fresh.olives,.either.ripe.or.unripe..It.is.perceived.
directly.or.through.the.back.of.the.nose.(retro-nasal).

Grass The.taste.of.grass,.seen.in.green.olives.or.those.crushed.with.leaves.
Green (positive attribute) A.young.oil,.usually.with.a.spicy-bitter.taste.
Husk Residue.solids.after.pressing.of.the.pulp.
Lampante virgin olive oil Virgin.olive.oil.not.suitable.for.consumption.with.acidity.more.than.

3.3%.(expressed.as.oleic.acid).
Malaxation The.phase.of.mixing.after.crushing.the.olives.in.the.centrifugation.process,.which.

promotes.the.coalescing.of.small.oil.drops.
Mediterranean Diet The. traditional. Mediterranean. diet. is. the. dietary. pattern. found. in. the.

olive-growing.areas.of.the.Mediterranea.region.in.the.1960s..Although.different.regions.
in.the.Mediterranean.basin.have.their.own.diets,.several.common.characteristics.can.be.
identified,.most.of.which.stem.from.the.fact.that.olive.oil.occupies.a.central.position.in.
all.of.them..It.is.therefore.legitimate.to.consider.these.diets.as.variants.of.a.single.entity,.
the.Mediterranean.diet..Olive.oil.is.important.not.only.because.of.its.several.beneficial.
properties.but.also.because.it.allows.the.consumption.of.large.quantities.of.vegetables.in.
the.form.of.cooked.foods.

The.Mediterranean.diet.is.characterized.by.high.consumption.of.olive.oil,.vegetables,.
legumes,.fruits,.and.unrefined.cereals;.regular.but.moderate.wine.intake,.mostly.during.
meals;.moderate.consumption.of.fish;. low.consumption.of.meat;.and. low.to.moderate.
intake.of.dairy.products.*

Milling Processing.of.olives.for.the.production.of.olive.oil.
Natural olive oil Virgin.olive.oil.
Olive kernel oil The.oil.obtained.from.olive.pomace.

*.Food and Nutrition Bulletin,.vol..28,.no..2.©.2007,.The.United.Nations.University.
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Olive oil Oil.obtained.by.blending.refined.olive.oil.and.virgin.olive.oil.having.free.acidity,.as.%.
of.oleic.acid.up.to.1.0,.and.the.other.characteristics.according.to.regulations.in.force.

Olive paste Paste.produced.by.grinding.the.olives.
Olive pomace A.by-product.of.olive.processing.containing.fragments.of.skin,.pulp,.and.kernel.
Olive pomace oil Blend.of.refined.olive.pomace.oil.and.virgin.olive.oil.for.consumption.
Olive residue oil Oil.obtained.by.blending.refned.olive.residue.oil.and.virgin.olive.oil.having.

free.acidity,.as.%.of.oleic.acid.up.to.1.0,.and.the.other.characteristics.according.to.regula-
tions.in.force.

Orujo oil Spanish.term,.equivalent.to.sulfur.olive.oil.
Panel test Scoring.of.olive.oil.by.a.group.of.specially.trained.assessors.under.specified.conditions.
Peppery A.peppery.bite.in.the.back.of.the.throat.that.can.force.a.cough.
Pungent (positive attribute) “Picante”.or.biting.tactile.sensation.characteristic.of.certain.olive.

varieties.or.oil.produced.from.unripe.olives..Perceived.in.the.throat.(peppery).
Rancid (negative attribute) Flavor.of.oils.that.have.undergone.a.process.of.oxidation.and.frag-

mentation.of.hydroperoxides.into.compounds.with.characteristic.disagreeable.odors.such.
as.aldehydes,.ketones,.alcohols,.lactones,.furans,.esters,.and.others.

Refined olive oil Olive. oil. obtained. from. virgin. olive. oil. refining. that. preserves. its. natural.
glyceridic.composition,.having.free.acidity,.as.%.of.oleic.acid.up.to.0.3,.and.the.other.
characteristics.according.to.regulations.in.force.

Refined olive residue oil Olive.oil.obtained.from.crude.olive.residue.oil.by.refining.that.pre-
serves.its natural.glyceridic.composition,.having.free.acidity,.as.%.of.oleic.acid.up.to.0.3,.
and.the.other.characteristics.according.to.regulations.in.force.

Remolido Repaso,.second.centrifugation.oil.
Second centrifugation oil The. oil. obtained. by. centrifuging. the. paste. from. the. two-phase.

decanters.
Traditional mill Classic.system.of.extraction.with.hydraulic.presses.
Unsaponifiable matter The.whole.of.the.products.present.in.the.substance.analyzed.that,.after.

saponification.with.an.alkaline.hydroxide.and.extraction.by.a.specified.solvent,.remains.
non-volatile.under.the.defined.conditions.of.the.test.

Veiled virgin olive oil Cloudy.virgin.olive.oil.
Virgin olive oil Virgin.olive.oil.having.free.acidity,.as.%.of.oleic.acid.up.to.2.0,.and.the.other.

characteristics.according.to.regulations.in.force.
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Adulteration,.olive.oil,.78–79,.see also.Fraud
AKT.protein.kinase,.143
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. oxidative.damage,.114–116
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Antioxidants,.Mediterranean.diet

. discussion,.206–207

. fundamentals,.201–202

. intake.estimation,.Greek.population,.204–206

. phenolic.compounds,.202–203

. pigments,.203–204
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. hemostasis,.183–185
Antiviral.activity,.35
APCI,.see.Atmospheric.pressure.chemical.ionization.

(APCI)
API,.see.Atmospheric.pressure.ionization.(API)
Apigenin,.see.Phenols,.cell.mechanisms,.and.cancer
Apoptosis,.50,.133–135
Applications,.mass.spectrometry,.78–86
Arbequina.cultivar,.20
Arrest.of.cells,.133–134
Aspergillus.spp.,.194
Astringent.(positive.attribute),.217
Atherosclerosis,.215
Atmospheric.pressure.chemical.ionization.(APCI),.76,.77,.

80,.97
Atmospheric.pressure.ionization.(API),.76,.77–78
Aviceniaceae.family,.28

B
Bacillus.spp.,.34–35
Barrier.function,.137
Beta-carotene,.hemostasis,.185
Beta-carotene-linoleate.system,.31
Beta-residue.oil,.217
Betulinic.acid,.48,.50,.151–152,.see also.Triterpenic.acids
BHT,.26,.29
Bifidobacterium.spp.,.34
Bioavailability,.phenolic.compounds

. absorption,.94,.97–99

. experimental.models,.110–112
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. fundamentals,.109–110
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. gastrointestinal.tract.absorption,.110–111
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. nitric.oxide.synthases,.149
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Cake,.217
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California-type.black.olives,.27,.see also.Table.olives
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. animal.models,.131

. antimicrobial.properties,.34

. epidemiological.studies,.130

. phenolic.compounds,.215

. phenols.and.cell.mechanisms,.130–132

. squalene,.45–46

. in vitro.studies,.131–132
Candida albicans,.35
Canned.fish,.2–3
CAPE,.see.Caffeic.acid.phenethyl.ester.(CAPE)
Capillary.zone.electrophoresis.(CZE),.57,.60
Carotenoids,.52,.204
Categories.of.oils,.1–2
Cause-specific.mortality.statistics,.8
Cells,.see also.Phenols,.cell.mechanisms,.and.cancer
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. experiments,.33
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Chemistry
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. levels,.17–18
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. polar.phenolic.compounds,.12–13

. pungency,.19–20
Chlorogenic.acid,.141
Chlorophyll,.203–204
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. fundamentals,.57

. gas.chromatography,.60

. high-performance.liquid.chromatography,.59–60

. liquid-liquid.extraction.techniques,.58

. perparative.high-performance.liquid.
chromatography,.59

. sample.preparation,.58–59

. solid-phase.extraction,.58–59

. total.phenols.content.determination,.60–61
Cinnamic.acid
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c-myc.expression,.144–145
13C.NMR.spectroscopy,.62–67
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Colon.cancer,.see.Phenols,.cell.mechanisms,.and.cancer
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. flavonoids,.216
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Cultivars,.see also.specific type
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. phenolic.content,.193,.202
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. triterpene.dialcohols,.50
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Cyclin-dependent.kinases,.143–144
Cyclins,.143–144
Cycloxygenase-lipoxygenase,.147–148
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D
Depot.hypothesis,.112
Desorption.ionization,.75–76
Detection.and.quantification,.phenolic.compounds

. applications,.78–86

. biological.fluids.analysis,.92–100
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. 13C.NMR.spectroscopy,.62–67

. fundamentals,.56–57

. gas.chromatography,.60

. high-performance.liquid.chromatography,.59–60,.
93–94

. 1H.NMR.spectroscopy,.62–67

. ionization.methods,.75–76

. LC-NMR.spectroscopy,.70–73

. lipid.oxidation.analysis,.88–90

. liquid-liquid.extraction.techniques,.58

. mass.spectrometry,.74–86,.94–99

. multidimensional.type,.76

. nuclear.magnetic.resonance.spectroscopy,.61–73,.99

. perparative.high-performance.liquid.
chromatography,.59

. 31P.NMR.spectroscopy,.67–70

. polyphenols.identification,.62–73

. radical.scavenging.activity,.91–92

. sample.preparation,.58–59

. separation.techniques,.coupled.with,.76–78

. solid-phase.extraction,.58–59

. spectrophotometry,.57–61

. time-resolved.fluoroimmunoassay,.99

. total.phenols.content.determination,.60–61
Deterioration,.temperatures,.4
Diabetic.patients

. future.research,.122

. hemostasis,.184

. postprandial.studies,.116
Dietary.intake,.see.Intake
Dietary.interventions,.123–124,.183,.see also.

Mediterranean.diet
Differential.scanning.colorimetry.(DSC),.89
Dihydrocaffeic.acid,.30
DNA,.see.Nucleic.acids.and.nucleoproteins
Domestic.uses,.1–3
DPPH,.30
DSC,.see.Differential.scanning.colorimetry.(DSC)

e
ECM.receptors,.137
Electron.paramagnetic.resonance.(EPR),.29
Electron.spin.resonance.(ESR)

. antioxidant.properties,.29

. fundamentals,.86–87

. lipid.oxidation.analysis,.88–90

. radical.scavenging.activity,.91–92
Electrospray.ionization.(ESI),.76–77,.80,.97,.179
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. minor.constituents,.olive.oil,.52

. presence.in.oil,.12

. simultaneous.determination,.97
Endothelial.cells,.123,.135
Enrichment

. food.supplements,.214

. functionalization.of.food.compositions,.26

. with.leaves,.24,.25
Enterodiol,.145
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Enterolignans,.214–215
Epidemiological.studies,.130
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Erythrodiol,.151,.176
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ESI,.see.Electrospray.ionization.(ESI)
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4-ethylphenol,.86
EUROLIVE.study,.122,.124,.177
EVOO,.see.Extra.virgin.olive.oil.(EVOO)
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Helicobacter.spp.,.34
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. tocopherols,.48
. total.phenols.content,.60–61

HIV-1.infection,.35
1H.NMR.spectroscopy,.62–67
Hojiblanca/Holiblanca.cultivar,.20,.67
HPLC,.see.High-performance.liquid.chromatography.

(HPLC)
HRE,.see.Hypoxia-response.element.(HRE)
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Human.lipoprotein,.binding.to,.114
Humans,.bioavailability.and.antioxidant.effects
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