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L'Organitzaci6 Mundial d’Al-lergia (World Allergy Organization, WAO)
defineix [l'al-lergia com una reaccid6 d’hipersensibilitat originada per
mecanismes immunitaris que pot ser mitjancada per anticossos o cel-lules.
En la majoria dels casos, I'anticos responsable de la resposta al-lérgica és la
immunoglobulina (Ig) E [1]. D’entre les al-léergies destaca [I'al-lergia
alimentaria, que consisteix en una resposta immunitaria anomala enfront
d’'un aliment o component alimentari que es produeix en determinats
individus. Aquesta capacitat de reactivitat depén de la susceptibilitat
individual i la seva patogénia inclou la pérdua de tolerancia oral a proteines
dels aliments i, en la majoria de casos, s’acompanya de la produccié d’IgE.
Les manifestacions de [l'al-lergia alimentaria mitjancades per IgE es
desenvolupen rapidament i comporten I'aparicié d’afectacions cutanies,
gastrointestinals i, en el pitjor dels casos, es por produir un xoc anafilactic
que pot comprometre la vida del pacient.

L'al-lergia alimentaria representa un problema de salut important en els
paisos industrialitzats. Actualment s’estima que uns 11-26 milions de
membres de la poblacié europea la pateixen. Es més freqiient en infants i,
tot i que no es coneixen les dades amb exactitud, en general s’accepta que
entre el 6-8% dels infants menors de 3 anys presenten reaccions al-lergiques
a aliments, on la llet i 'ou sén els principals responsables. Les dades
epidemiolodgiques procedents d’adults mostren una prevalenca que oscilla
entre I'L,5 i el 2% de la poblacidé [2,3]. Tot i aixd, nombroses evidéncies
demostren un increment general de les afeccions al-lergiques i, en
conseqliencia, d’al-lérgies alimentaries en els paisos industrialitzats.

Malgrat que des de fa temps s’investiga la relacié entre nutricio, alimentacid
i salut, hi ha pocs estudis que demostrin I'efecte de nutrients o determinades
dietes en la prevencioé de malalties del sistema immunitari. En aquest sentit,
la immunonutricié constitueix una ciéncia d’interés creixent. El cacau és un
aliment ric en flavonoides capag d’influir sobre diferents sistemes organics.
Aixi, hi ha nombrosos estudis que demostren la capacitat antioxidant del
cacau i d’altres que recolzen els efectes beneficiosos dels flavonoides del
cacau en malalties cardiovasculars [4,5]. A més, estudis previs realitzats pel
grup d’Autoimmunitat i Tolerancia demostren que el cacau té un efecte
regulador sobre la immunitat innata (resposta inflamatoria) i I'adquirida
(activacié limfocitaria). Concretament, s’ha observat que aquest tipus de
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dieta en rata atenua la sintesi d’anticossos, tant a nivell sistemic com a nivell
intestinal [6—17].

En base a aquests efectes, la hipotesi de partida d’aquesta tesi ha estat que
la capacitat immunomoduladora del cacau pot ser util per controlar la
patogenia de malalties mitjancades per anticossos com és el cas de les
al-lergies. Ates que l'al-lergia a aliments es produeix en persones
susceptibles per pérdua de tolerancia oral, aquesta constitueix una patologia
clau per ampliar el coneixement del potencial immunoregulador del cacau.
L'estudi dels efectes preventius d’aliments habituals en la dieta, com és el
cas del cacau, en malalties amb elevada prevalenca, com és I'al-lergia, pot
tenir un impacte rellevant sobre la salut i, en conseqiiencia una forta
repercussié socioeconomica.

Partint d’aquesta hipotesi, I’objectiu principal de la tesi ha estat:

Establir la capacitat reguladora dels flavonoides presents al cacau en la
resposta al-lergica, emprant un model d’al-lergia alimentaria induida en
rata.

Per assolir aquest objectiu s’han desenvolupat els seglients objectius
especifics:

1. Desenvolupar un model en rata de pérdua de tolerancia oral a
proteines d’ou (ovoalbumina) que comporti la formacié
d’anticossos IgE i permeti la inducci6 d'una resposta
anafilactica.

2. Establir indicadors de péerdua de tolerancia oral, d’activacié de
la resposta immunitaria Th2 i de la resposta anafilactica en
animals amb al-lergia alimentaria.

3. Determinar I'efecte d’'una dieta rica en cacau en la resposta
immunitaria enfront de I’al-lergen que es produeix en un model
experimental d’al-lergia alimentaria.

4. Establir la contribuci6 dels flavonoides en [I'efecte
immunomodulador del cacau sobre I’al-lérgia alimentaria.

5. Esbrinar la influéncia del cacau sobre el sistema immunitari
intestinal d’animals amb al-lergia alimentaria.

6. Determinar l'efecte del cacau sobre la resposta anafilactica
induida en animals amb al-lérgia alimentaria.
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1. Al-lergia alimentaria

El terme “al-lergia” (provinent del grec @AAog (dllos): altre, i €pyov (érgon):
reaccid, entesa com a reaccié estranya) va ser introduit pel cientific vienés
Clemens von Pirquet (1874-1929) fa més de 100 anys, el 1906, quan
estudiava la resposta cutania dels pacients que havien rebut préviament la
vacuna de la verola. Va ser llavors que va adonar-se’n que aquests tenien
una reaccié més rapida i més greu davant d’'una segona exposicio [18]. Les
al-lergies sén frequlents als paisos desenvolupats, particularment entre
infants, adolescents i adults joves. La seva prevalenca ha augmentat en els
darrers anys especialment en els paisos industrialitzats [2,19]. Entre els
diferents factors de risc per desenvolupar la malaltia, la genética és un factor
clau ja que s’ha descrit, per exemple, I'elevada predisposicié per part dels
fills de progenitors al-lergics a patir-la [20]. També influeixen factors
ambientals, aixi s’ha observat que els nadons nascuts en els mesos que
precedeixen al periode de pol-linitzacid tenen el doble de risc de patir
al-lergia al pol-len que els nascuts en altres periodes. Un altre factor de risc
per desenvolupar al-lergia és el fet de viure en zones urbanes ja que sembla
ser que la pollucié aéria pot actuar com adjuvant i promoure el
desenvolupament d’al-lergies [21].

L'al-lérgia alimentaria és una de les al-lergies més importants. El 2004, la
World Allergy Organization (WAQ) va revisar la terminologia referent a
I'al-lergia alimentaria i va recomanar la seva utilitzaciéd per definir aquelles
reaccions adverses als aliments provocades per mecanismes immunologics,
incloent les reaccions mitjancades per immunoglobulina (lg) E, i les
provocades per altres mecanismes immunologics. D’aquesta manera
diferencia l'al-lergia alimentaria de les reaccions d’hipersensibilitat
alimentaria causades per deficits enzimatics, sensibilitat a amines biogenes,
etc. (Figura 1) [22].

1.1. Reaccions d’al-lergia mitjangades per IgE

La forma més comuna d’al-lergia alimentaria és la mitjancada per IgE o
hipersensibilitat de tipus | [23], també coneguda com immediata, ja que té
lloc entre els primers minuts i les dues hores posteriors al contacte amb
I'aliment responsable. Aquesta resposta es produeix quan un individu
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geneticament susceptible a desenvolupar al-lérgia -anomenat atopic-
desencadena una resposta immunitaria enfront de proteines innocues
conegudes com al-lergogens. En I'al-lergia alimentaria, els al-lergogens sén
proteines dels aliments (ous, llet, fruita seca...), mentre que altres
al-lergogens d’origen ambiental (pols, pol-len, pel d’animal...) donen lloc a
al-lergies respiratories, encara que alguns d’ells poden tenir reactivitat
encreuada amb aliments (per exemple, determinats pol-lens). Les
manifestacions cliniques de la hipersensibilitat immediata inclouen afeccions
cutanies, alteracions gastrointestinals, alteracions respiratories i, en el pitjor
dels casos, xoc anafilactic [24,25].

Hipersensibilitat alimentaria

A 4

Hipersensibilitat alimentaria no al-lérgica

“| Enzimatica
- Galactosémia
- Deficiéncia de lactasa

v

Farmacologica
- Histamina
- Nerviosisme per cafeina

h 4

Mimetica
- Insuficiéncia pancreatica
- Anoréxia nerviosa

Al-lérgia alimentaria

h 4

*| Mitjancada per IgE

- Aliments (llet de vaca, ou...)
- Pol-len

- Latex

v

No mitjangada per IgE
- Malaltia celiaca
- Dermatitis de contacte

Mixta
- Asma
- Esofagitis eosinofilica al-lérgica

v

Figura 1. Classificacid dels tipus d’hipersensibilitat alimentaria (adaptada de
[26]).
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1.2. Molecules i cél-lules implicades en les respostes al-lergiques

1.2.1. Immunoglobulina E

Les immunoglobulines sén glicoproteines secretades per les cellules
plasmatiques procedents de limfocits B i estan formades per dues cadenes
pesades i dues lleugeres connectades per ponts disulfur. Hi ha cinc classes de
cadenes pesades (a, 6, €, 7 i p) i dues classes de cadenes lleugeres (x i A).
Tant les cadenes pesades com les lleugeres contenen regions variables
aminoterminals (V) que constitueixen els llocs d’unio als antigens especifics, i
regions constants carboxiterminals (C) que els hi confereixen diferents
funcions biologiques. Estructuralment també es consideren dos fragments o
regions diferents: el d’unio a I'antigen (Fab) i el fragment cristal-litzable (Fc).

Existeixen cinc isotips d’immunoglobulines que es diferencien per
I’estructura de les regions C de les cadenes pesades. En el cas de la IgE la
seva cadena pesada s’anomena epsilon € (Figura 2). La IgE va ser descrita cap
a finals dels anys 60 [27,28] i, dels cinc isotips, és la menys abundant en
plasma. La seva concentracid incrementa al llarg de la infancia i assoleix el
seu maxim entre els 10 i 15 anys d’edat; després, durant I'edat adulta, la
seva concentracio sol decréixer [29].

La IgE és la immunoglobulina principal de les respostes d’hipersensibilitat
immediata. Després de ser secretada per les cél-lules plasmatiques, s’uneix al
seu receptor d’alta afinitat, anomenat FceRI, que es troba a la superficie de
mastocits, basofils i eosinofils. Quan el receptor es troba lliure, sense IgE
ancorada, la seva vida mitjana en la superficie dels mastocits és de 24 h
mentre que quan té la IgE unida, s’expressa durant tota la vida de la cél-lula
[30].
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Figura 2. Estructura de la IgE.

Imatge: "IgE" de Sari Sabban (2011) Development of an in vitro model system for studying the
interaction of Equus caballus IgE with its high-affinity FceRI receptor (PhD thesis), The University of
Sheffield. Licensed under CC BY-SA 3.0 via Wikimedia Commons.

El FceRIl és un receptor multimeric que presenta dues formes: la tetramerica i
la trimerica. La forma tetramerica esta formada per 3 subunitats: una cadena
a (domini extracel-lular), una cadena B (domini transmembrana) i dues
cadenes 7y unides per dos ponts disulfur (Figura 3A) [30]. La forma trimérica
no conté domini B i s’expressa en una amplia varietat de cel-lules
immunitaries com cel-lules presentadores d’antigen, monocits, macrofags,
eosinofils, etc., la forma tetrameérica es troba majoritariament en mastocits i
basofils. La unié de la IgE al receptor té lloc pel domini Ce3 de la IgE a la
cadena a del FceRl [31]. Les subunitats B i y presenten motius d’activacid
d’'immunoreceptors basats en tirosina (ITAM) en les seves cues
citoplasmatiques i sén les encarregades de la transduccié del senyal.
Concretament la cadena B esta implicada en I'amplificaciéd del senyal de
FceRl i en l'increment de la seva expressio en la superficie cel-lular mentre
que les cadenes 7y sén unitats de senyalitzaciéd. Estan implicades
principalment tres cinases: Lyn i Fyn, que s’uneixen a la cadena B, i Syk que
ho fa a les cadenes y. Quan I'antigen s’uneix a dues molecules d’IgE (unié
encreuada) unides al seus receptors, Lyn s’activa i fosforila els ITAM de B iy
aixd fa que Syk sigui reclutada cap a y on s’activa i llavors fosforila a LAT
(proteina adaptadora), aixi inicia tota una cascada de senyals amb mediadors
secundaris que provoca, finalment, la desgranulacié mastocitaria [32] (Figura
3B).

z



Domini
transmembrana

Domini
citoplasmatic

Cadena o

Desgranulacio

Cadenes y

Figura 3. Receptor d’alta afinitat d’IgE (FceRl): A) estructura i B) mecanisme de
transduccié de senyals.

Imatges: A) "FceRI Receptor” i B) "IgE FceRI Receptor Signal Cascade" de Sari Sabban (2011)
Development of an in vitro model system for studying the interaction of Equus caballus IgE
with its high- affinity FceRI receptor (PhD thesis), The University of Sheffield. Licensed
under CC BY-SA 3.0 via Wikimedia Commons.

1.2.2. Mastocits

Els mastocits es generen a partir de la cel-lula progenitora pluripotencial a la
medul-la ossia. Els precursors immadurs dels mastocits viatgen per la sang
fins al teixit especific, on acaben el procés de maduracid, el qual depéen del
factor de les cél-lules mare (stem cell factor, SCF). Els mecanismes exactes
d’atraccid cap als teixits no estan clars, perd si que es coneixen els efectes
moduladors d’algunes citocines en el fenotip i comportament mastocitari.
Aixi, per exemple, la interleucina (IL)-4 promou la sobreexpressid de FceRl, la
IL-5 promou la proliferacié de mastocits en presencia de SCF, mentre que
d’interferd (IFN)-y redueix el seu nombre [29].

Els mastocits van ser identificats per Paul Ehrlich el 1878 mitjancant la tincid
metacromatica dels granuls presents al seu citoplasma [33]. Se’ls pot
anomenar segons el teixit on resideixen (serosals, mucosals o cerebrals) o
segons el seu contingut granular (MC; per als mastocits que contenen
triptasa o MCy¢ si contenen triptasa, quimasa i carboxipeptidasa A (CPA))
[29,34].



Els mediadors mastocitaris es poden classificar en preformats, que es troben
emmagatzemats en granuls citoplasmatics (histamina, proteases...) i els de
nova sintesi que poden ser mediadors lipidics (leucotriens,
prostaglandines...) o citocines i quimocines (Figura 4). Malgrat tot hi ha
excepcions ja que per exemple, el factor de necrosi tumoral (TNF)-a, pot
trobar-se emmagatzemat en els granuls citoplasmatics o ser de nova sintesi
[29].

La unié encreuada de I'al-lergogen al complex IgE-FceRI no és I'Gnic estimul
gue provoca la desgranulacié mastocitaria, també ho fan altres factors com
agonistes que s’uneixen al receptor (anafilotoxines, neuropéptids,
citocines...), estimuls fisics (temperatura o pressid) i contacte cel-lula-cél-lula
(com els coreceptors i els seus lligands 0X40/0X40L, CD40/CD40L...)[34].

Al-lergogen Unié
encreuada

Yy
} yk Ky

&

Mastocit Mastocit Alliberament mediadors mastocitaris:
sensibilitzat

- Preformats: histamina, proteases, TNF-a...

- De nova sintesi: mediadors lipidics
(prostaglandines, leucotriens...), citocines,
factors de creixement...

Figura 4. Mecanisme de desgranulacié mastocitaria en la hipersensibilitat
immediata (adaptada [34]).

1.3. Respostes immunitaries intestinals i tolerancia oral

El tracte gastrointestinal huma conté el teixit limfoide associat a intesti (gut-
associated lymphoid tissue, GALT) que inclou el GALT organitzat, constituit
per plagues de Peyer (PP), fol-licles limfoides aillats i ganglis limfatics
mesenteérics (GLM), i el GALT difus, format per limfocits dispersos al llarg de
I'epiteli (limfocits intraepitelials, intraephitelial lymphocyte, IEL) i de la
lamina propria (LP) de la mucosa [35,36].
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Diariament el tracte gastrointestinal s’exposa a grans quantitats d’antigens
de la dieta, bacteris comensals i patogens. En condicions normals, un antigen
alimentari es troba amb una primera linia de defensa encarregada d’evitar la
penetracid d’antigens estranys [37] i constituida per cél-lules de I'epiteli
intestinal (segellades entre si per unions estretes), les cel-lules de la
immunitat innata (cel-lules natural killer o NK i macrofags) i les cél-lules de la
immunitat adaptativa (limfocits de la LP o LPL, PP i IgA secretora o s-IgA).
Encara aixi, alguns antigens poden penetrar la mucosa intestinal, pas que pot
tenir lloc a través de les cel-lules M de les PP, mitjancant les cél-lules
dendritiques (dendritic cells, DC) o per les cél-lules epitelials (Figura 5). Les
cél-lules M sén enterocits modificats i especialitzats en la captacid d’antigens
que introdueixen a l'interior de la PP. Una altra via d’entrada consisteix en
capturar 'antigen de I’espai luminal mitjancant I'extensio de les dendrites de
les DC a través de l'espai paracel-lular. Per ultim, I'antigen pot accedir a
través de I'epiteli gastrointestinal via que és important en cas d’increment de
la permeabilitat intestinal, per exemple en un estat inflamatori.

Les DC de PP o LP, en aquests compartiments o bé en els GLM, processen
I'antigen i el presenten mitjangant el complex major d’histocompatibilitat de
classe Il (major histocompatibility complex, MHC-) als limfocits T CD4"
verges. En condicions normals, s’indueix la diferenciacio de cél-lules T
reguladores (Treg) que es dirigiran a la LP on s’expandiran i suprimiran la
generacié de citocines T col-laboradores (helper, Th)2 i IgE [38] (Figura 5).
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Figura 5. Captura i processament d’antigens alimentaris a nivell intestinal (adaptada
de [39]).

Durant la generacié del repertori immunologic, en la maduracid dels limfocits
B i T és indispensable que tingui lloc la seleccié negativa (o tolerancia central)
i delecid d’aquells limfocits amb receptors que poden reaccionar amb
autoantigens o antigens innocus. Aquest procés té lloc al timus per als
limfocits T i a la medul-la 0ssia per als limfocits B. Una altra forma de
tolerancia consisteix en la formacioé de cél-lules Treg naturals, que reconeixen
autoantigens amb alta afinitat i que expressen el factor de transcripcié Foxp3
(forkhead box P3). Les cél-lules Treg actuen inhibint la generacié de cel-lules
T efectores i, per tant, estan implicades en diversos processos immunologics
ja que poden evitar el desenvolupament de malalties autoimmunitaries. En
aquest sentit els limfocits Treg poden exercir una activitat supressora en
I'activacié o eliminacié dels limfocits T autoreactius, poden establir
tolerancia enfront d’antigens exogens, el que els hi confereix una funcio
important en el trasplantament d’organs i també tenen un paper supressor
en el desenvolupament de respostes al-lergiques gracies a que intervenen en
els processos de tolerancia periférica [40].

Els mecanismes de tolerancia mitjancant la delecid de limfocits especifics i la
formacié de cel-lules Treg naturals no son eficients per als antigens que
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penetren per l'intesti, ja que no es troben en els drgans on es produeix la
diferenciacié i maduracio limfocitaria [36].

S’han proposat diversos mecanismes per explicar la tolerancia oral, és a dir,
la tolerancia a antigens que penetren per via digestiva. Aixi s’ha reconegut la
implicacio de limfocits Treg, la deplecid clonal i I'anergia clonal dels limfocits
T. Weiner et al. [35] van suggerir que els mecanismes de tolerancia oral
podien estar associats a la dosi d’antigen rebuda: si era una dosi Unica i
elevada s’afavoria I'eliminacié clonal o I'anergia clonal, mentre que si es
tractava de dosis petites i repetides s’associava amb la supressié mitjangada
per Treg. Tot i aix0, en estudis recents s’ha descrit que quan més gran és la
dosi d’antigen emprada, més nombrosa és la poblacié de limfocits Treg
Foxp3* responsable de la tolerancia oral [41].

Les DC CD103" en I'ambient dels GLM tenen una funcié important en el
mecanisme de tolerancia oral. La molécula CD103" s’expressa a la majoria de
les DC migratories que es troben a la LP i, quan capten I'antigen intestinal, el
porten cap a GLM i és alla que s’indueix la generacié de cél-lules Treg que
tenen una funcio clau en la tolerancia oral [36].

Hi ha dos tipus de cél-lules Treg Foxp3™: les Treg naturals, generades a timus i
les Treg induides, que es generen a partir de cél-lules T CD4" verges en el
sistema immunitari periferic i que poden diferenciar-se cap a altres limfocits
Th en condicions inflamatories [42]. A més, quan no hi ha inflamacid, la
regulacié immunologica mitjancada per Treg Foxp3® és un fenomen potent i
pot conferir tolerancia oral de llarga durada.

1.4. Patogenia de I'al-lergia alimentaria

La reacci6 al-lergica alimentaria, a I'igual que altres al-lérgies, compren dues
fases (Figura 6). La primera, anomenada fase de sensibilitzacio, té lloc amb el
primer contacte amb I'al-lergogen. L’al-lergogen és capturat per les DC i
presentat en les PP o GLM als limfocits Th especifics. Aquests limfocits
proliferen i es diferencien a cel-lules Th2 que alliberen una serie de citocines
gue promouen la diferenciacié dels limfocits B cap a cel-lules plasmatiques
productores d’IgE contra I'al-lergogen. Les IgE especifiques s’uneixen al FceRl
de la membrana de mastocits i basofils i d’aquesta manera es produeix la
sensibilitzacié. La segona fase té lloc quan es produeix la segona exposicié a
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I'al-lergogen. Aquest s’uneix a la IgE ancorada a la superficie de mastocits i
basofils sensibilitzats i es produeix la desgranulacid cel-lular amb Ia
consequient alliberacié6 de mediadors (apartat 1.6) que seran els
responsables de les manifestacions cliniques de I'al-lergia [43,44].

La resposta al-lergica pot incloure tres fases: la primerenca, la tardana i la
cronica. La fase primerenca té lloc entre segons i minuts post-desgranulacio,
afecta al teixit in situ i es desencadena per l'alliberament rapid dels
mediadors preformats. La fase tardana té lloc entre les dues i sis hores
després del contacte amb I'al-lergogen i es desencadena per l'alliberament
de mediadors de nova sintesi. Finalment, com a conseqiieéncia de les
exposicions reiterades amb I'al-lergogen es pot arribar a assolir un estat
cronic [25].
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Figura 6. Mecanisme de sensibilitzacié de I’al-lergia alimentaria (adaptada de [25]).

1.5. Mediadors alliberats

1.5.1. Histamina

La histamina (2-[4-imidazol]-etilamina) és una amina vasoactiva producte de
la descarboxilaci6 de I'aminoacid L-histidina catalitzada per I'enzim L-
histidina descarboxilasa. La histamina pot ser sintetitzada per diversos tipus
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cel-lulars com ara DC, limfocits i plaquetes, entre altres, perd només es troba
emmagatzemada a les cel-lules gastriques, les neurones histaminérgiques i
als granuls citoplasmatics dels mastocits i basofils [45,46].

La histamina realitza les seves funcions en unir-se a un dels quatre tipus de
receptors d’histamina de membrana heptahelicoidals anomenats HR
(histamin receptor) 1, HR2, HR3 i HR4, que pertanyen a la familia de
receptors acoblats a la proteina G i que es poden trobar a diferents tipus
cel-lulars (Taula 1).

Taula 1. Receptors d’histamina i la seva expressio cel-lular (adaptada de [45] i [46]).

Tipus de

Tipus cel-lular Funcions principals
receptor
Hipersensibilitat al-lérgica i
Muscul llis, cel-lules endotelials, broncoconstriccid, increment de la
HR1 nervioses, epitelials, neutrofils, permeabilitat vascular, regulacié del
eosinofils, monocits, macrofags, consum d’aliment i aigua, convulsions,
DC, limfocits Bi T atencid i regulacid de la son. Efectes
antagonics a HR2.
. N . Efectes antagonics a HR1 (en basofils i
Muscul llis, cel-lules endotelials, o, o
nervioses. epitelials. neutrofils mastocits inhibicié de I'alliberament
HR2 o P < e d’histamina). Inhibicié de la sintesi
eosinofils, monocits, macrofags, b . .. e .
e . d’anticossos, proliferacié de limfocits T i
DC, limfocits Bi T A . L .
sintesi de citocines tipus Th1.
Funcions cerebrals i efectes periférics.
HR3 Neurones histaminérgiques, Intervé en processos cognitius, estat de
monaocits, eosinofils son-vigilia, regulacié homeostatica
d'energia i inflamacid.
Reclutament i activacié de cel-lules
Eosinofils, DC, cel-lules de involucrades en la resposta inflamatoria.
HR4 Langerhans, neutrofils, limfocits T, Important en respostes nociceptives,
basofils i mastocits desordres autoimmunitaris, al-lergia i
cancer de colon i mama.

HR: receptor histamina

Fisiologicament, la histamina regula moltes i diverses funcions com la
proliferaciéd i diferenciacié cel-lular, I'hematopoesi, el desenvolupament
embrionari, la regeneracié tissular, la regulacid del cicle son-vigilia i la
memoria. En situacions patologiques, la histamina desencadena rapidament
simptomes ja que té una accié rapida sobre I'endoteli vascular, el bronquial i
les cel-lules de muscul llis [45]. En les reaccions al-lergiques els receptors
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implicats sén el HR1 i HR2. Segons la localitzacié dels mastocits, els signes i
simptomes varien i inclouen I'aparicio de vasodilatacid, eritema, augment de
la permeabilitat vascular, broncoconstriccié (que provoca obstruccié de les
vies aeries i sibilancies), increment en la secrecié mucosal, esternuts, picor i
tos [25].

1.5.2. Citocines

Les citocines son molécules proteiques de baix pes molecular, sintetitzades
per diferents tipus cel-lulars i capaces de modular la funcié d’altres tipus
cel-lulars. Una mateixa citocina pot tenir efectes diversos en diferents tipus
cel-lulars (pleiotropia) i diferents citocines poden realitzar la mateixa funcié
(redundancia). A més a més, les citocines poden ser sinergiques, és a dir
contribueixen per realitzar una mateixa funcid, o antagoniques, amb accions
contraries. Les citocines s’uneixen a receptors cel-lulars que es poden
classificar en sis grups segons la seva homologia estructural en les regions
d’unid a les citocines i els mecanismes de transduccié del senyal (Taula 2). La
majoria de citocines implicades en les respostes al-lergiques s’uneixen a la
familia de receptors tipus |, concretament al subtipus que tenen en comu la
cadena Y (yc) i els que tenen en comu la cadena B (Bc) [47].

Taula 2. Principals families de receptors de citocines (adaptada de [47]).

Receptors Subclasse Principals citocines
gp130 IL-6, IL-11, IL-27
Receptors tipus | , IL-2, IL-4, IL-7, IL-9, IL-15, IL-
(o de hpemopoF:atina) Cadena comd y (yc) 21
Cadena comu B (Bc) IL-3, IL-5, GM-CSF
Receptors tipus Il IFN, IL-10, IL-20, IL-24, IL-26
Receptors TNF TNF, LTx, CD40
Receptors IL-1 IL-1, IL-8
Receptors de 7 regions
transmembrana acoblats Quimiocines
a proteina G
Receptors TGF TGF-B1, -B2, -B3

GM-CSF: factor estimulador de colonies de granulocits i macrofags; IFN: interferd; IL:
interleucina; LTx: limfotoxina; TNF: factor de necrosi tumoral; TGF: factor transformador de
creixement
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Les citocines s’encarreguen d’iniciar i de mantenir la resposta immunitaria.
Basicament, un limfocit Th activat es diferenciara en cel-lules Thl o Th2 -
encara que existeixen altres llinatges cel-lulars com Th9, Thl7, Th21,
limfocits Th fol-liculars (Tfh) i Treg [48] - segons I'estimul rebut i les citocines
presents (Figura 7). La diferenciacié cap a Thl es produeix per I'estimul de
patogens intracel-lulars i provoca la secrecié principalment IFN-Y. En el cas de
Th2, I'estimul és extracel-lular i es produeix majoritariament IL-4 [49]. L'IFN-y
de Thlila IL-4 de Th2 tenen accions d’inhibicié reciproca.

+ TNF-B Inflamacio
5 tissular
Cél-lula Th1 Neutrofil
. . Immunitat
cel-lular

Cél-lula Tc

) -1L-4 +|L-12
Cél-lula -IL-10 + IFN-y
presentadora , e
CéllulaT L
d'antigen * Immunitat
CD4* verge T ‘-
9 1o cel-lular

MHCI TCR
‘ s W -IL-13 Macrofag
—tr—
+1L-4, IL-13 '
Al-lergia

- 1L-12 Céllula B
- IFN-y +IL-4
+ IL-3 Alliberament
- de mediadors
Cél-lula Th2 Mastocit

+IL-3, IL-5, GM-CSF @5 proteines
” granulars

Eosinofil

Figura 7. Polaritzacié Th1/Th2 segons el patrd de citocines alliberat (adaptada de
[50]).

En els processos al-lergics es produeix un desplacament de I'equilibri
Th1/Th2 cap a la sintesi de citocines del subtipus Th2 com sén IL-4, IL-5, IL-10
i IL-13, responsables de I'activacié d’eosinofils, produccié d’IgE, produccié de
mucositat, etc. [51,52] (Taula 3).
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Taula 3. Funcié de les principals citocines Th2 (adaptada de [53]).

Citocina Ceél-lula secretora Ceél-lula diana Funcions principals
Basofils, eosinofils,
Limfocits T, macrofags, cel-lules .
. R . Factor de creixement
mastocits, ceél-lules NKT, . progenitores de la . L,
IL-3 S o hematopoetic, activacid
eosinofils i cel-lules linia mieloide, NP e
. de basofils i eosinofils
estromals granulocits,
macrofags
R e Induccié de la
Cel-lules Th2, basofils, . o
eosinofils, mastocits diferenciaci6 cap a
IL-4 N S Limfocits Ti B cél-lules Th2 i inhibicié de
cél-lules NKT i limfocits e
™5 Th1, canvi d’isotip cap a
v IgE en limfocits B
Cel-lules Th2, eosinofils
L5 activats, mastocits, Basofils, eosinofils | Promocio del creixement i
cel-lules NK i NKT i i mastocits diferenciacio d’eosinofils
cél-lules Tyd
Limfocits Ti B,
Limfocits Ti B, monaocits, Inhibicio de la produccio
IL-10 monocits, macrofags i macrofags, DC, de citocines i inhibicié de
DC mastocits i la resposta tipus Thl
granulocits
Limfocits B,
e R cel-lules epitelialsi | Canvi d’isotip cap a IgE en
Limfocits T, cel-lules de ml]sful llis limfocits B thiiacig de
IL-13 NKT, mastocits, basofils N T
. o mastocits, monocits, eosinofils i
i eosinofils g . o
eosinofils i reclutament mastocitari
macrofags

1.5.2.1. Interleucina-3

La IL-3 és un monomer de 15,1 kilodaltons (kDa) codificada al cromosoma 5,

en una regié molt propera al factor estimulador de colonies de granulocits i

macrofags (granulocyte macrophage colony-stimulating factor, GM-CSF) i a la

IL-5, fet que explica que les seves funcions se solapin parcialment. El seu

receptor és de tipus | i comparteix la cadena comud B amb IL-5 i GM-CSF.

Durant els estadis primerencs de I’'hematopoesi, la IL-3 actua com a factor de

creixement per a granulocits, macrofags i cél-lules de la linia mieloide. També

incrementa I'alliberament de mediadors d’eosinofils i de basofils en resposta

a la unié de la IgE al seu receptor [53].
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1.5.2.2. Interleucina-4

La IL-4 va ser descoberta el 1982 originalment com a factor de creixement o
factor estimulador de cél-lules B. Es un monomer de 15 kDa (129 aminoacids)
i és sintetitzada per cél-lules Th2, basofils, eosinofils i mastocits (Taula 3). Té
dos tipus de receptors: tipus | (IL-4R) que només uneix a IL-4, i tipus Il que
comparteix amb la IL-13 [53]. Es el principal estimul en el desenvolupament
de la resposta Th2. Té una funcié important en la produccié d’IgE ja que
indueix el canvi d’isotip en la produccié d’anticossos cap a IgE, incrementa
I’'expressié del MHC-II, dels receptors antigenics dels limfocits B i de CD23, in
vitro perllonga la vida de les cel-lules B i T i actua com a mediador en
I’adhesié tissular i la inflamacié [50,53].

1.5.2.3. Interleucina-5

La IL-5 va ser descrita el 1987 com a factor de creixement d’eosinofils i de
limfocits B. Es una citocina hematopoeética codificada al cromosoma 5
(5923.3-g31.1). La IL-5 és un dimer de 15 kDa. El seu receptor és de tipus |,
amb una cadena a i una cadena comuna B que també comparteix amb IL-3 i
GM-CSF. Principalment promou la proliferacid, activacié, diferenciacié,
supervivencia i adhesié dels eosinodfils. També fa de vincle entre I'activacié
de limfocits T i la inflamacid eosinofilica [50,53].

1.5.2.4. Interleucina-10

La IL-10 va ser descrita per primera vegada el 1989 com a factor inhibidor de
la sintesi de citocines, com a factor derivat de Th2 que inhibia la produccié
d’IFN-y i altres citocines de tipus Thl en models murins. Tot i aixd s’ha vist
gue en humans la IL-10 no és exclusiva de resposta Th2 sind que les cel-lules
Th1 també sén capaces de produir-la i, de fet, la principal font d’IL-10 sén les
céllules Treg. Es un homodimer de 20,5 kDa i és codificada, tant en humans
com en murins, en el cromosoma 1 (1g31-32) [53]. La IL-10 disminueix la
resposta immunitaria cel-lular ja que inhibeix la produccié de citocines de
tipus Thl en malalties viriques. A més, també evita I'acumulacié i I'activacié
eosinofilica, i inhibeix la produccié d’IL-5 induida per al-lergdgens en models
animals d’asma [50].



1.5.2.5. Interleucina-13

La IL-13 va ser descrita el 1989 com a P600, una proteina expressada en
cél-lules Th2 activades en ratoli. Es un mondmer de 10 kDa i és codificada en
el cromosoma 5 (5g31), en un clister de citocines on també es troben els
gens per a IL-3, IL-4, IL-5, IL-9 i GM-CSF [53]. En malalties al-leérgiques
mitjancades per IgE té un paper central en la promocié de la reaccid
al-lérgica inflamatoria que cursa amb eosinofilia. També inhibeix la produccié
de citocines inflamatories, indueix la proliferacié i la diferenciacié de cél-lules
B, incloent la produccio d’IgE, i estimula I'expressio de CD23 i MHC-II [50].

1.5.3. Proteases

Els mastocits madurs contenen tres tipus de proteases especifiques:
triptases, quimases i CPA. Aquestes proteases s’emmagatzemen en granuls i
son enzimaticament actives. Segons el tipus, es poden trobar al teixit
connectiu o a la mucosa (taula 4).

Taula 4. Tipus de proteases mastocitaries i la seva localitzacié (adaptada de
[54][55]).

Espécie Teixit Proteases
triptases quimases CPA
Ratoli Connectiu Mmcp-6, 7 Mmcp-4, 5, 9 CPA
Mucosal Mmcp-1, 2
Rata Connectiu RMCP-6, 7 RMCP-1, 5 CPA
Mucosal RMCP-2, 5
Huma Connectiu o, B (LI CMA1 CPA
Mucosal o, B(LIiM)

CMAL1: quimasa humana de mastocit-1; CPA: carboxipeptidasa A; Mmcp: proteasa
mastocitaria de ratoli; RMCP: proteasa mastocitaria de rata

1.5.4. Derivats lipidics de I’acid araquidonic

Els mediadors lipidics tenen un gran impacte en al-lergia i inflamacid, tant en
el seu inici com en la seva resolucié. Deriven d’acids grassos poliinsaturats
com l'acid araquidonic. L’acid araquidonic es metabolitza principalment a
través dels enzims ciclooxigenasa, que genera els prostanoides
(prostaglandines, prostaciclines i tromboxans), i lipooxigenasa, que genera
leucotriens.
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1.5.4.1. Prostanoides

Es generen per accio de la ciclooxigenasa i inclouen la prostaglandina (PG) D,,
PGE,, prostaciclina o PGl, i el tromboxa A, (TxA,). Biologicament son molt
actius i es troben implicats en la inflamacio del tracte respiratori.

La PGD, és produida pels mastocits activats i esta associada amb la resposta
inflamatoria de I'asma al-lérgica. S’ha descrit que després d’una provocacié
antigenica aguda en pacients asmatics, la PGD, pot incrementar fins a 150
vegades en el fluid broncoalveolar (bronchoalveolar lavage fluid, BALF) [56].
En ratoli un déficit del receptor per a PGD, evita la hiperreactivitat de les vies
aeries induida per I'al-lergogen [57].

La PGE, destaca entre la resta de prostanoides pels seus efectes en I'asma
al-lergica. Es principalment broncoprotectora i antiinflamatoria perd també
presenta efectes proinflamatoris. Aquesta dualitat depen de la cel-lula diana
i/o del receptor al que s’uneix. Per exemple, quan activa el receptor E de
prostaglandina (subtipus EP3) inhibeix la inflamacid de les vies respiratories
en ratoli pero, quan hi ha deficiencia d’aquest receptor, es desenvolupa una
reaccid al-lergica pulmonar més pronunciada [58]. A la malaltia inflamatoria
intestinal, quan s’activen els receptors EP2 i EP4, la PGE, exacerba el procés
inflamatori [59].

D’altra banda, PGl, i TxA, tenen efectes en el sistema cardiovascular. La PGl,
ha estat descrita com a antitrombotica i vasodilatadora, mentre que el TxA,
té efectes antagonics a PGl, [60].

1.5.4.2. Leucotriens

Es generen per accid de la lipooxigenasa i inclouen els leucotriens (LT) B, C,,
D, i E4. EI LTB,4 és un derivat dihidroxilat de I’acid araquidonic i és un potent
mediador quimiotactic de neutrofils i eosinofils, agent proinflamatori,
estimula I'adhesié cel-lular, la produccié de radicals d’oxigen i I'alliberacié
d‘enzims hidrolitics per part dels neutrofils [61]. Els LTC,, LTD, i LTE,, també
anomenats cisteinil-LT per un residu de cisteina que tenen en comu, sén
sintetitzats per la unid del tripéptid glutatid a I'acid araquidonic (LTC,) i
posterior eliminacié de I'acid glutamic (LTD,) i dels residus de glicines (LTE,).
Inicialment es van descobrir com a potents mediadors espasmogénics de
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muscul llis (sdn potents broncoconstrictors), relacionats amb el reclutament
de céllules inflamatories, broncospasme, producci6 de mucositat,
remodelacié de vies aeéries i filtracié vascular pulmonar, ja que incrementen
la permeabilitat vascular [61,62].

1.5.4.3. Lipoxines, resolvines i protectines

A més dels eicosanoides esmentats, a partir de I'acid araquidonic, I'acid
eicosapentanoic i l'acid docosahexanoic, es poden produir lipoxines,
resolvines i protectines. Aquestes substancies tenen funcid antiinflamatoria i
son mediadors implicats en la resolucié de la inflamacid, ja que redueixen la
circulacid i infiltracié de leucocits cap als teixits on regulen i disminueixen la
magnitud de resposta de les citocines i d’espécies reactives d’oxigen
(reactive oxygen species, ROS) produides [63,64].

1.5.4.4. Isoprostans

Existeixen uns altres tipus de prostanoides que es generen a partir de I'acid
araquidonic mitjancant una conversid no enzimatica induida per radicals
lliures i que s’Tanomenen isoprostans. Aquests tenen una funcié important en
la inflamacié pulmonar [65] i s’ha descrit, per exemple, que els pacients amb
al-lergia asmatica després d’una provocacié amb I'al-lergogen presenten
nivells elevats d’isoprostans a l'orina i BALF, que es pot evitar amb el
tractament amb corticosteroides [66].

1.6. Manifestacions cliniques de I’al-leérgia alimentaria

Les manifestacions cliniques de l'al-lergia alimentaria depenen de si el
mecanisme patogenic involucra la sintesi d’Igk, és independent d’IgE o és
mixt (taula 5).

26



77‘7'4,00&/»00:}0’—

Taula 5. Manifestacions de I'al-lergia alimentaria segons el seu mecanisme patogénic

(adaptada de [3]).

Mitjangades per IgE No mitjangades per IgE Mixtes
Cutanies
Urticaria
Angioedema Dermatitis de contacte Dermatitis atopica
Erupcio Dermatitis herpetiforme
Eritema

Respiratories

Rinoconjuntivitis aguda
Laringospasme
Broncospasme

Hemosiderosi pulmonar per
proteines alimentaries
Sindrome de Heiner

Asma

Gastrointestinals

Sindrome d’al-lergia oral
Hipersensibilitat
immediata
gastrointestinal

Enterocolitis per proteines
alimentaries
Enteropatia per proteines
alimentaries
Proctitis per proteines
alimentaries
Malaltia celiaca

Esofagitis eosinofilica
Gastroenteritis eosinofilica

Generalitzada

Anafilaxi

1.6.1. Manifestacions de I’al-lergia alimentaria mitjancades per IgE

Causades pels mediadors alliberats com a resultat de la desgranulacié de

mastocits. Quan el mastocit sensibilitzat (amb la IgE unida als receptors)

s’exposa a l'al-lergogen, desgranula rapidament i allibera mediadors (apartat

1.6). En general, les manifestacions cliniques es produeixen després de pocs

minuts i fins a 2 hores de la ingesta de I'aliment que conté I'al-lergogen. A

continuacio es detallen les més comunes:

e Manifestacions cutanies: la pell és I'0Organ diana més comu en

reaccions al-lergiques alimentaries mitjancades per IgE. Les
manifestacions més habituals sén la urticaria, que consisteix en
I"aparicié de faves edematoses al derma generalment acompanyada
de una forta pruija i 'angioedema, similar a la urticaria i afecta al
derma, mucoses i submucoses pero cursa sense |'aparicié de faves.
Sén afectacions agudes i duren menys de 6 setmanes. També pot
apareixer urticaria de contacte provocada pel contacte de la pell amb

marisc, carn crua, peix, verdura crua, fruita, arros, ou, mostassa i llet
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[67]. Altres afectacions freqlients sén eritema, pruija i exantema
maculopapular (erupcioé similar a la que apareix en el xarampid).
L'al-lergia alimentaria no causa urticaria cronica [3].

Manifestacions gastrointestinals: poden tenir dues formes de
presentacio: la sindrome d’al-lergia oral (SAQ) i la hipersensibilitat
immediata gastrointestinal. La SAO afecta exclusivament a la zona de
I'orofaringe i es manifesta en forma de pruija i/o formigueig als llavis,
llengua, paladar i gola, amb o sense inflamacié. Sol ser la
manifestacid d’al-lergia alimentaria que es presenta de forma
encreuada amb al-lérgia al pollen. El aliments que solen
desencadenar la SAO inclouen fruites i verdures crues, i generalment
es resolen sense causar cap afectacio sistemica.

La hipersensibilitat immediata gastrointestinal es manifesta en forma
de nausees, dolor i rampes abdominals, vomits i/o diarrea i
apareixen entre minuts i hores després de la ingesta. Poden formar
part de la reaccié anafilactica o presentar-se de forma aillada [26][3].

Manifestacions respiratories: I'al-leérgia alimentaria pot manifestar-
se per afectacions respiratories (de les vies superiors o inferiors). En
general son signes i simptomes associats amb manifestacions
cutanies i gastrointestinals. En cas d’afectacid de les vies superiors,
les més comunes sén la rinoconjuntivitis, la congestid nasal i la
pruija. Les afectacions de les vies inferiors sén més complicades i
potencialment mortals i requereixen intervencié medica immediata.
Entre aquests manifestacions s’inclouen dispnea, sibilancies, tos i
laringospasme. En pacients amb malalties pulmonars concomitants
s'incrementa el risc de patir manifestacions greus [3]. Es
extremadament inusual I'aparicié de rinitis al-lergica cronica aillada
associada a al-lérgia alimentaria. Els aliments causants de
manifestacions respiratories descrites sén la farina de blat, els
crustacis, la soja, el cacauet, I'oui la llet.

Manifestacions oculars: acostumen a acompanyar les manifestacions
respiratories. Les manifestacions més freqlients inclouen eritema
periocular i/o conjuntival, pruija i llagrimeig.
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e Anafilaxi: és la forma més greu de manifestacié d’al-lergia
alimentaria ja que pot posar en risc la vida del pacient. Consisteix en
una reaccié multisistémica d’inici molt rapid, entre segons i minuts
post-ingesta, que pot arribar a ser fatal. Les caracteristiques cliniques
poden incloure les mencionades anteriorment. Les manifestacions
cutanies (urticaria, angioedema, pruija, eritema o erupcid) apareixen
en un 80% dels casos i s'Tacompanyen d’afectacions respiratories tant
de les vies superiors com inferiors (rinorrea, congestid, esternuts,
estridor, ronquera, tos, sibilancies, dispnea, opressio al pit i cianosi),
afectacions gastrointestinals (pruija o edema dels
llavis/llengua/paladar, sabor metal-lic a la boca, nausees, vomits,
rampes abdominals i diarrea) o afectacions cardiovasculars
(taquicardia, aritmies, sincope, hipotensid i xoc). La pruija, la
hiperemia conjuntival i el llagrimeig poques vegades es produeixen
de forma aillada, es veuen més sovint en combinacié amb altres
manifestacions. També es poden presentar simptomes neurologics.
La forma més greu d’anafilaxi és el xoc anafilactic que implica
afectacié cardiovascular amb increment de la permeabilitat vascular i
disminucié de la pressio arterial.

1.6.2. Manifestacions de I’al-lergia alimentaria no mitjancades per IgE

Resulten de l'alliberament de citocines de tipus Th2 (IL-4, IL-5 i IL-13) les
quals indueixen inflamacié eosinofilica. S6n més lentes que les mitjancades
per IgE i triguen més de 4 hores en apareixer després de la ingestid.
Principalment son afectacions gastrointestinals encara que també poden
afectar a altres organs.

e Manifestacions gastrointestinals: Es poden manifestar en forma
d’enterocolitis gastrointestinal que afecta principalment als infants
pero també esta descrita en adults. En aquesta apareixen signes
aguts en forma de vomits i/o diarrea profusos i recurrents produits
després de la ingestié de l'aliment responsable. Les manifestacions
més greus cursen amb depleci6 de volum, deshidratacié i/o
hipotensié. En general apareixen després de la ingesta de llets
maternitzades que contenen llet de vaca o batuts vegetals que
contenen proteines de soja, encara que també s’han associat a
menjar solid [68]. En femtes es pot detectar sang, neutrofils,
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eosinofils i cristalls de Charcot-Leyden. En la bidpsia intestinal del
jeju s’observen vellositats aplanades, edema i augment en el nombre
de limfocits, eosinofils i mastocits.

L’enteropatia induida per proteines alimentaries es caracteritza per
sindrome de malabsorcid amb preséncia de diarrea, vomits i poc
augment de pes. També apareix dolor i distensi6 abdominal,
hipoproteinemia i edema. Es diferencia de I'anterior perqué no
s’observa sang a les femtes i el vomit és menys abundant.

Una altra afectacié comuna és la proctocolitis induida per proteines
alimentaries que es presenta en els primers mesos de vida i
s’identifica per I'aparicié de sang i mucositat a les femtes. Els infants
gue ho pateixen no semblen malalts ja que tenen un creixement
normal i abséncia de vomit. Les lesions se centren en general al recte
perd pot involucrar tot I'intesti gros on provoca infiltrats eosinofilics
o abscessos d’eosinofils a I'epiteli intestinal [3].

Per ultim, la malaltia celiaca, genera una atrofia de les vellositats
intestinals amb una intensa infiltracid cel-lular. Els pacients
presenten diarrea o esteatorrea acompanyada d’una distensié
abdominal i flatuléncies, retard en el creixement, i ocasionalment
nausees i vomits. Els pacients han de seguir una dieta lliure de gluten
durant tota la vida [3,26].

Manifestacions cutanies: principalment es produeix dermatitis de
contacte per manipulacié d’aliments, el més perjudicial és el marisc
cru encara que també pot apareixer per contacte amb carn, fruites,
verdures i especies. La zona afectada es torna eczematosa amb
eritema i vesiculacid [69]. També hi ha casos de dermatitis
herpetiforme que és una manifestacid de la malaltia celiaca i
consisteix en una erupcié cutania cronica amb aparicié de faves,
caracteritzada per lesions papulovesiculars croniques, pruriginoses,
distribuides en colzes, esquena, genolls i natges. L’eliminacié del
gluten de la dieta resol aquesta afectacié.

Manifestacions respiratories: Se sol presentar hemosiderosi
pulmonar induida per aliments, concretament la sindrome de Heiner
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que es produeix per ingesta de llet de vaca. Es caracteritza per
infiltracions pulmonars recurrents, hemosiderosi, perdua de sang per
via gastrointestinal, deficiencia de ferro per anémia i retard en el
creixement. Es resol eliminant la llet de la dieta.

1.6.3. Manifestacions de |'al-lergia alimentaria mixtes

En afectacions mixtes, els mecanismes mitjancats per IgE i sense IgE actuen
conjuntament produint una exacerbacié de la simptomatologia com la
dermatitis atopica o I'eosinofilia gastrointestinal.

e Manifestacions cutanies: s’estima que almenys un terg¢ dels afectats
per dermatitis atopica pateixen també reaccions d’hipersensibilitat
alimentaria. Els aliments més freqlientment implicats en infants sén
I'ou, la soja, la llet de vaca i el blat [70]. En adults és poc freqlent
que es desencadeni dermatitis atopica per al-lérgia alimentaria.

e Manifestacions respiratories: 'asma, de la mateixa manera que
succeeix amb la rinitis al-lergica, no és una alteracié que es produeixi
de forma aillada en I'al-lérgia alimentaria pero si que apareix durant
la reaccid al-lergica sistemica com a asma induida per aliments. A
més a més, és 'afectacié més descrita per inhalacié de particules
d’origen alimentari [71], sent la farina de blat lI'aliment més
perjudicial quan s’inhala i s’"ha descrit que afecta a un 9% del forners
[26].

e Manifestacions gastrointestinals: les gastroenteropaties al-lergiques
eosinofiliques sén un grup de malalties que es caracteritzen per
infiltracid d’eosinofils. L’esofagitis eosinofilica produeix, disfagia,
nausees, vomits, dolor abdominal i regurgitacié. En casos greus
poden apareixer estenosi esofagica i obstruccié. Els pacients sovint
presenten alguna altra malaltia atopica i poden sintetitzar Igk
especifica contra els al-lergogens alimentaris causants, pero per al
diagnostic no cal una prova d'IgE positiva.
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La gastroenteritis eosinofilica esta caracteritzada per infiltracié
d’eosinofils a I'estomac, intesti prim o en tots dos organs i, a
vegades, també es veu afectat l'intesti gros. Les manifestacions
cliniques sén voOmits, dolor abdominal, diarrea, sindrome de
malabsorcid, ascites eosinofilica i retard en el creixement [3].
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2. Modulacio de la resposta al-lergica per flavonoides de la
dieta

Els flavonoides sén metabolits secundaris dels vegetals implicats en la
defensa contra patogens i la proteccié enfront de radiacions ultraviolades.
Estructuralment pertanyen a la familia dels polifenols. En els vegetals
comestibles contribueixen a certes propietats organoleptiques com
I'amargor, I'astringencia, el color, I'olor, el sabor i I'estabilitat oxidativa [72].
Actualment es coneixen més de 8000 estructures fenoliques i prop de 4000
corresponen a flavonoides.

Els flavonoides sén els polifenols més abundants en la dieta humana.
L'estructura basica és un esquelet de quinze atoms de carboni amb dos
anells aromatics (anells A i B) units per un pont de tres carbonis (anell
C)(Taula 6) [73].

Els flavonoides es poden classificar en diferents subgrups: flavonols,
flavones, flavanones, isoflavones, flavanols (o flavan-3-ols) i antocianidines
(Taula 6). Les principals fonts de flavonoides sén vegetals i fruites, té negre i
verd, vi negre, café, xocolata, olives, algunes herbes i espécies (com la
curcuma o el romani), fruita seca i algues [74].

Fa més de 60 anys que van apareixer les primeres publicacions que conferien
als flavonoides (aleshores vitamina P) certes propietats protectores en
al-lergia i anafilaxi [75—-78].

2.1. Efectes dels flavonoides en models animals d’al-lérgia

Els models animals han permes estudiar I'efecte protector dels flavonoides
en l'al-lergia, sobretot en I'al-lergia respiratoria. Molts d’aquests estudis
estan centrats en |'efecte dels flavonoides sobre la produccié d’IgE, d’altres
mostren la seva influéncia en la desgranulacié mastocitaria i I'alliberament
dels seus mediadors i també n’hi ha que avaluen el seu efecte després d’una
provocacié amb |'al-lergogen per via respiratoria.
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2.1.1. Flavonoides i anticossos IgE

Hi ha diversos estudis que demostren l|'efecte de I'administracié de
flavonoides sobre la concentracié serica d’IgE de forma aillada encara que
molts ho fan en models d’al-lergia (apartat 2.1.4). S’"ha observat que una
dieta amb flavones, concretament crisina i apigenina, en ratolins
sensibilitzats amb ovoalbimina (OVA), és capa¢ de reduir la concentracié
d’IgE total, encara que no modifica la IgE especifica [79,80]. D’altra banda,
I’administracié oral d’un extracte de la planta Kalanchoe pinnata, que conté
flavonols com la quercetina, la quercitina i el kaempferol, en ratolins
sensibilitzats amb OVA, és capag¢ de reduir la concentracié d’anticossos IgE
especifics [81].

Malgrat aquests efectes atenuants sobre els nivells d’IgE s’ha descrit que
isoflavones de la soja, com l'equol i la daidzeina, augmenten la produccio
d’IgE en ratolins sensibilitzats [82].
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Taula 6. Classificacié dels flavonoides segons la seva estructura quimica (adaptada

de [83]).
Estructura quimica Flavonoides
< 3o
5 <
Ce o @
Sa 7
xS Cc
£ a
3
(%]
w 5 4
Astragalina
7 . .g Miricetina
= o Fisetina A
) o Miricitrina
2 | Hiperina .
o . Quercetina
> OH Isoquercitina .
< | Kaempferol Quercitrina
w o . Rutina
Morina
Apigenina .
] pigent Luteolina
2 o Baicaleina -
o .. Orientina
4 | Crisina .
< Diosmetina Vitexina
s Tricetinidina
o]
9 Eriocitrina
% Eriodictiol
Z Hesperetina
z Naringenina
s Ponciretina
2
> Daidzeina
g Equol
é Genisteina
o Tectorigenina
4]
(-)-epicatequina ()-
) Gallat dl)- epigal-locatequin
a9 epicatequina
g o Mono- (EpCG) q a-3-gal-lat (EGCG)
<Z; E oL o merics 0- (+)-catequina
W\ + _
z3 epigal-locatequin (+) .
S Ty gal-locatequina
w OH a
Polimeérics | Procianidines

35



. O Cianidina
O\ Delfinidina
Malvidina
Z OH

Pelargonidina

ANTOCIANIDINES

2.1.2. Flavonoides i anafilaxi cutania passiva

Estudis amb flavonoides suggereixen el seu potencial com a inhibidors de la
desgranulaciéo mastocitaria a I'avaluar la reaccié d’anafilaxi cutania passiva
(passive cutaneous anaphylaxis, PCA). La PCA és una resposta dermica
immediata que permet la deteccié visual de I'increment de la permeabilitat
vascular. En primer lloc s’administra intradermicament una solucié d’IgE anti-
dinitrofenil (anti-DNP) que indueix la sensibilitzacié cutania, al cap de 24 048
h post-sensibilitzacié s’administra per via intravenosa DNP-albumina serica
humana que conté el colorant blau Evans. Quan es produeix la unié antigen-
anticos en els animals sensibilitzats es desencadena la desgranulacié
mastocitaria que permet la visualitzacié de la reaccié al-lergica gracies a
I"aparicié del colorant en la pell dels animals.

S’ha descrit que I'administracid per via oral o intraperitoneal de flavanones
com naringenina, hesperidina i ponciretina és capa¢ d’inhibir parcialment la
reaccio de PCA, i és la naringenina la flavanona més efectiva [84,85].

Aixi mateix s’ha demostrat I'activitat inhibidora de la PCA per part de
flavanols, com els presents en un extracte de mongetes d’azuki (Vigna
angularis), ric en catequina i epicatequina [86] i en un extracte de I'escorca
del pi maritim (Pinus pinaster) ric en procianidines [87]. Els flavonols
isoquercitina i morina també han demostrat un efecte inhibidor de la PCA en
ratolins [88—90].
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2.1.3. Flavonoides i anafilaxi sistémica

L'activitat antial-lergica dels flavonoides també s’ha estudiat en I'anafilaxi
sistémica provocada pel component 48/80 que ddna lloc a la desgranulacid
massiva dels mastocits, fet que pot induir la mort de I'animal.

Un estudi realitzat amb un extracte de KOBO03, que conté la flavona
baicaleina, va demostrar un efecte inhibidor de I’alliberament d’histamina i
la capacitat d’augmentar la supervivencia dels animals que havien rebut
aquest flavonoide [91]. Aixi mateix, I'administracié oral d’un extracte de
Kalanchoe pinnata, que conté quercetina, quercitina i kaempferol, va ser
capag de protegir davant d’un xoc anafilactic [81], a I'igual que un extracte
d’Albizia lebbeck amb catequina [92].

2.1.4. Flavonoides en models d’al-lergia respiratoria

S’ha avaluat l'efecte dels flavonoides en models animals d’al-lergia
respiratoria (Taula 7). En aquests models s'immunitzen els animals amb un
al-lergogen, en general OVA i més tard es realitza una provocacié mitjancant
I'exposicié a I'al-lergogen en forma d’aerosol. En pacients amb al-lérgia
respiratoria el contacte constant amb al-lergogens ambientals provoca una
inflamacié persistent que té com a resultat alteracions compensatories
estructurals de les vies anomenades “remodelacid de les vies respiratories” i
qgue provoquen limitacions en el flux respiratori o la hiperreactivitat
bronquial (o de les vies aéries, AHR). En els models animals es valora aquesta
AHR, la infiltracio cel-lular pulmonar i mediadors en sérum i/o en el BALF.

Taula 7. Estudis amb flavonoides en models animals d'al-lergia respiratoria
(adaptada de [83]).

. Efectes
Flavonoide Ruta/ L.
Font . Efectes pulmonars sistémics
(classe) dosi N
(sérum)
1 AHR
 cel-lules inflamatories en
Crisina p.o. BALF !
IgE total
(flavona) 50 mg/kg 4 céllules productores de llg ]
mucositat

d céllules caliciformes

37



4 broncoconstriccié

Luteolina Opif)i 0 L AHR L lige

(flavona) rr;g/kg 1 [IL-5] en BALF especifica]

T IFN-y/IL-4 en BALF
1 . . _— d [histamina]
Baicaleina p.o. manifestacions rinitis 1 [1ge
KOBO03 100-200  canvis histopatologics en o
(flavona) me/k mMUcosa nasal especifica]
E/ke J [TNF-q]
T funci6 respiratoria
0.0 d ceél-lules inflamatories 1 [1gE total]
Bioxanina A Trifolium 100 L[IL-2), [IL-4], [IL-5], [TNF-0(] f [lgE
(isoflavona) pratense mol/k en BALF os ecﬁrica]
H 8 d [IgE total], [IgE especifica] P
en BALF
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i Ze:/f;z:itc,;u 25-100 l signes acustics nasals l [1gE]
Quercetina mg/kg 4 nombre eosinofils
(flavonol)
p.o. 1 AHR
30 mg/kg 1 inflamacié de les vies
aéries N [IgE total]
Kalanchoe p.o. l metapl§5|a cel-lules l [Ilg!E
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(flavona) C.ratae.g.us 100-200 l produccié mucositat
Rutina pinnatifida me/ke 4 [IL-4], [IL-5] en BALF
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(flavonol) VCAM-1, MMP-9
d activat MMP-9
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Flavonols
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(flavanona) 10 mg/kg ' l nombrfe cél-lules eosinofils sang
inflamatories en BALF 4 [1gE]

J [IL-4] en BALF
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p.o. L inflamacié de les vies
1-5 aeries
me/kg L AHR es iegﬁr:zca]
5-30 { infiltraci6 eosinofils P
mg/kg 4 [IL-5], [IL-17] en BALF
1 inflamacié de les vies
Pinellia aeries
ternate + p.o. 4 AHR d [histamina]
Hesperidina Citrus 200-400 1 infiltracié eosinofils 4 [1gEe
(flavanona) reticulata mg/kg 1 nombre cél-lules en BALF especifica]
50/50 4 [IL-4], [IL-5], [IL-13],
[eotaxina] en BALF
1 nombre fregaments
nasals
p.o. L L . .
Pyeongwe 10-1000 1 [proteines inflamatories] 1 [histamina]
e-San en mucosa nasal l [1gE]
mg/kg o
L infiltracié cel-lular en
mucosa nasal
| reactivitat i inflamacié de
Naringenina i.p. les vies aéries
& 50-100 4 [IL-4], [IL-13] en BALF { [IgE total]
(flavanona) -
mg/kg | expressié del mMRNA de

CCL5, CCL11 i iNOS

AHR: hiperreactivitat de les vies aéries; BALF: fluid broncoalveolar; CCL: lligand de quimiocina
amb motiu CC; ICAM: molécula d’adhesid intracel-lular; IFN: interferd; IL: interleucina; iNOS:
oxid nitric sintasa induible; MMP: metal-loproteinasa de matriu; TNF: factor necrosi tumoral;
VCAM: molécula d’adhesié vascular

Flavones com la luteina han demostrat tenir efectes preventius i curatius en
un model d’asma en ratoli, en el que el polifenol redueix la IgE seérica,
incrementa I'lFN-y en BALF i modula I’AHR [93]. De forma similar, la crisina és
capag¢ de reduir I'AHR i de disminuir la concentracié d’IgE sérica, dels
marcadors inflamatoris i de cel-lules inflamatories i cél-lules caliciformes en
el BALF [94].

Els flavonols també han demostrat exercir efectes antiasmatics. Aixi, la
quercitina és capac d’incrementar la concentracié d’IFN-a i reduir la d’IL-4 i el
nombre d’eosinofils en BALF [95], té un efecte preventiu en el broncospasme
induit per histamina [96] i provoca broncodilatacié després d’una sola
administracié [97]. Un extracte fenolic de pol-len d’abella ric en miricetina,
tricetina, quercetina i luteolina és capag¢ d’inhibir la sintesi d’IgE i 1gG1
especifiques, la migracié leucocitaria en BALF i [I'activitat peroxidasa
d’eosinofils en teixit pulmonar [98]. Aixi mateix s’ha demostrat I'efecte
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preventiu i curatiu del kaempferol [99] en la produccié de mucositat, I'AHR,
el nombre de leucocits i eosinofils presents en BALF, aixi com el seu potencial
per atenuar les citocines relacionades amb resposta Th2. La fisetina, present
en una gran varietat de fruites i verdures, també ha demostrat la seva
capacitat per atenuar la inflamacié pulmonar, amb reduccié de la hiperplasia
de les cél-lules caliciformes, del nombre d’eosinofils i limfocits en BALF, de
I’AHR i de la produccié de mediadors i citocines relacionats amb resposta
Th2, fets que es podrien atribuir al seu efecte sobre el factor de transcripcié
GATA-3 i de I'expressid del factor de transcripcid nuclear (NF)-xB a nivell
pulmonar [100].

Respecte a la rinitis al-lergica, s’ha descrit I'efecte d’'un compost d’herbes
que conté principalment la flavona baicaleina. La seva administracid per via
oral va millorar les manifestacions associades a la rinitis al-lérgica en ratolins,
va disminuir el nombre d’esternuts i de fregaments nasals, va reduir els
canvis histopatologics a nivell de la mucosa nasal i també va reduir els nivells
serics d’Igk, histamina i TNF-a [91].

En estudis amb flavanols també s’ha demostrat el seu potencial beneficids en
malalties respiratories. En un treball realitzat amb extracte d’Agrimonia
pilosa Ledeb (Rosacia), que conté majoritariament catequina i quercitina, es
va reduir la infiltracid cel-lular pulmonar, va disminuir la produccié de
citocines en BALF i va atenuar I'AHR en un model d’inflamacié induida per
OVA [101]. També s’ha estudiat I'efecte del Provinol, un extracte de vi negre
que conté principalment proantocianines i en menor quantitat antocianines,
catequines i flavonols, i ha demostrat ser capag¢ de modular la reactivitat del
muscul llis traqueal, induir broncodilatacid, disminuir el grau d’inflamacié6 i
reduir la concentracio d’IL-4 i IL-5 en BALF [102].

Finalment, s’ha descrit I'efecte de flavanones en la modulacié de la
inflamacié de les vies aeries. Treballs amb hesperidina demostren la
supressid de la infiltracid eosinofilica, la inflamacié de les vies aeries i I’AHR
en ratolins al-lergics, fet que s’ha relacionat amb la disminucié de les
concentracions d’ IL-5, IL-17 en BALF i IgE especifica en serum [103,104].
Efectes similars s’han observat en ratoli a I'administrar naringenina
intraperitonealment o narirutina per via oral [105,106].
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2.2. Estudis clinics amb flavonoides en al-lérgia

Les evidencies cliniques dels flavonoides sén més limitades que en els
estudis preclinics i inclouen estudis d’intervencié en pacients asmatics i en
pacients amb rinitis al-lergica a més d’estudis observacionals.

2.2.1. Flavonoides en pacients amb asma al-lérgica

Els estudis se centren sobretot en Pycnogenol® que conté catequina,
epicatequina, taxifolina i flavonoides condensats (procianidines
/proantocianidines). En un estudi aleatoritzat, doble cec, controlat amb
placebo i creuat, es va administrar Pycnogenol® (2,2 mg/kg/dia; maxim 200
mg/dia) i es va demostrar que els polifenols reduien la produccié de
leucotriens i produien una millora de la funcid pulmonar i de la
simptomatologia associada [107].

En un altre estudi aleatoritzat, doble cec i controlat amb placebo, de
Pycnogenol® (2,2 mg/kg/dia durant 3 mesos) realitzat en 60 pacients amb
asma infantil es va observar que el grup dels flavonoides presentava una
millora tant a nivell de funcié pulmonar com de les manifestacions cliniques
d’asma amb reduccid dels nivells de leucotriens en orina i un menor Us dels
inhaladors [108]. Aixi mateix Pycnogenol® (100 mg durant 6 mesos)
combinat amb corticoides inhalats en 76 pacients amb al-lérgia als acars de la
pols millorava els signes i simptomes i reduia la necessitat de
corticosteroides [109].

Finalment, en un assaig clinic aleatoritzat, doble cec i controlat amb placebo
amb un extracte ric en isoquercitina, procedent de la pell de la granadilla
porpra (150 mg/dia durant 4 setmanes) es va demostrar que el flavonoide
reduia la simptomatologia asmatica (tos, dispnea i sibilancies) i augmentava
la seva capacitat vital forcada [110].

2.2.2. Flavonoides en pacients amb rinitis al-lérgica

S’han portat a terme diversos assajos clinics amb productes rics en
flavonoides en pacients afectats de rinitis al-lergica estacional o perenne.
Aixi, mitjancant un assaig clinic aleatori, doble cec i controlat amb placebo
realitzat en 58 pacients amb rinitis al-lergica perenne, s’ha testat Biminne®,
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una mescla d’herbes que, entre d’altres, conté Ginkgo biloba i Scutellaria
baicalensis fonts de quercetina (flavonol) i baicaleina (flavona). El tractament
amb Biminne® va millorar algunes manifestacions de la rinitis al-lergica i va
disminuir la concentracié d’IgE sérica total i especifica [111].

En un estudi realitzat en pacients afectats de rinoconjuntivitis estacional
durant la temporada de pol-linitzaci6 del cedre japoneés (Cryptomeria
japonica) s’ha valorat I'efecte beneficids d’'un extracte de Perilla frutescens
enriquit en acid rosmarinic (100 o 50 mg de I'extracte o placebo durant 21
dies) i s’ha observat que les dues dosis de I'extracte milloren la
simptomatologia i disminueixen el nombre de neutrofils i eosinofils en el
liquid de rentat nasal [112].

Per altra banda, s’han portat a terme assajos clinics amb extracte de poma
ric en procianidines. En un estudi doble cec, controlat amb placebo, en
pacients amb pol-linosi pel cedre, I'administracié de I'extracte (500 mg, 12
setmanes, 2 setmanes abans de I'inici de la pol-linitzacid), és capac de reduir
la taxa d’esternuts [113] i de forma similar, en pacients amb rinitis al-lérgica
pels acars de la pols, I'extracte (50 o 200 mg polifenols, 4 setmanes) també
millora la simptomatologia amb reduccié del nombre d’esternuts, la secrecié
i la inflamacid nasal [114].

També s’ha estudiat I'efecte de Pycnogenol® administrat de forma
preventiva (3-4 setmanes o bé 7-8 setmanes abans de la pol-linitzacid) en
pacients amb rinitis al-lergica al pol-len del bedoll. El grup Pycnogenol® va
presentar una millora de la simptomatologia nasal i ocular i amb reduccié de
la necessitat de medicacié quan el tractament s’iniciava un minim de 5
setmanes abans de la pol-linitzacié [115].

Per altra banda estudis clinics realitzats amb flavonols també demostren la
seva eficacia antial-lergica. En un estudi doble cec, controlat amb placebo,
I’'administracié de quercetina o de kaempferol (12 setmanes) presents en un
extracte d’aigua de llipol va alleugerir els simptomes relacionats amb la
pol-linosi pel cedre japonés [116]. Aixi mateix, la isoquercitina modificada
enzimaticament en pacients amb rinitis al-lergica per pol-linosi millora
notablement la simptomatologia ocular produida pel pollen, tant si
I'administracié comenga al mateix temps com 4 setmanes abans de la
pol-linitzacié [117,118].
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En un assaig aleatori, doble cec i controlat amb placebo d’un extracte de pell
de tomaquet (Lycopersicon esculentum; 360 mg/8 setmanes) font de
naringenina, en pacients amb rinitis al-lergica perenne es millora la
simptomatologia, amb menor freqiéncia d’esternuts, de rinorrea i
d’obstruccio nasal [119].

2.2.3. Estudis epidemiologics amb flavonoides en malalties al-leérgiques

Els estudis observacionals han demostrat una associacié entre el consum de
fuita i verdura i la proteccié enfront de malalties al-lergiques [120—122] i s6n
nombrosos els estudis epidemiologics tipus cas-control o transversals que
mostren que el consum de fruita i verdura té un efecte beneficids sobre la
simptomatologia asmatica i la funcié pulmonar en nens [123-129]. D’altra
banda, s’ha descrit que un consum elevat de fruita i verdura en dones
embarassades esta associat amb un menor risc de desenvolupar al-lérgia en
els futurs nadons [130] i també que el consum de vegetals, citrics i B-carote
durant I'embaras s’associa a un menor risc de desenvolupar eczema en el
nadé [131]. Tot i aix0 en aquests estudis no es pot atribuir I’efecte beneficids
especificament als flavonoides. Malgrat tot, en un estudi transversal realitzat
en 11.562 nens d’entre 4 i 6 anys a Anglaterra no s’ha trobat associacié entre
la prevalenca d’asma i el consum de fruites en la dieta [132].

En un estudi cas-control dut a terme a Londres s’ha intentat relacionar el
consum d’antioxidants en adults amb una menor freqiéncia i gravetat
d’asma. Aquest estudi, amb 607 casos i 864 controls, s’ha dut a terme a
través de qliestionaris sobre asma i habits alimentaris. Els resultats permeten
concloure que el consum de dues pomes setmanals esta inversament
associat amb el risc de patir asma, i que el consum de vi negre ho esta amb la
seva gravetat [133]. Tot i aixd, un altre estudi cas-control no troba cap relacié
entre el consum diari de catequina, flavonols i flavanols i la prevalenca o
gravetat de I'asma [134].

En un estudi de cohort prospectiu realitzat en 2.512 gal-lesos d’entre 45-59
anys d’edat, s’ha avaluat la relacié entre el consum de vitamina C, vitamina E,
B-carote, citrics, pomes i sucs de fruites amb la funcié pulmonar. Els resultats
mostren que existeix una forta associacié entre el consum de pomes i la
millora de la funcié pulmonar [135].
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En un altre estudi de cohort a Finlandia (10.054 persones) s’ha avaluat la
possible associacid entre el consum de flavonoides i el risc de patir diverses
malalties croniques, entre elles I'asma. Els resultats demostren que la
incidencia d’asma és menor en les persones que havien fet un consum elevat
de quercetina, naringenina i hesperidina [136].
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3. Cacau

IU

L'any 1502, durant el seu quart viatge al “Nou Madn”, Cristofol Colom i la seva
tripulacié van interceptar una canoa a Guanaja (Hondures) que contenia un
fruit similar a I'ametlla. Aquelles “ametlles” eren en realitat el fruit de I'arbre
Theobroma cacao, anomenat aixi per ser qualificat com a menjar dels déus
(del grec Beog (theos): déu; i Bpdpa (broma): menjar). Aquesta va ser la
primera descoberta del cacau per part dels europeus, tot i que Colom mai no
va ser conscient de la importancia de la seva troballa ni va arribar a conéixer
el pes que tenia el cacau a la cultura mesoamericana. Les llavors de cacau
eren molt preuades i eren utilitzades com a moneda de canvi a Mesoamérica

[137].

El terme cacau és originari del poble olmeca, situat a
les terres baixes de I'est de la costa del golf de Méxic;
va ser adoptat posteriorment per les cultures maia i
asteca i s’ha mantingut practicament invariable al
llarg dels anys [138]. Tant la religid asteca com la
maia tenen histories similars sobre I'origen divi del
cacau: el Déu sobira “Serp emplomada” dels maies o

el Déu Quetzalcoatl dels asteques (Figura 8), van
descobrir el cacau en una muntanya plena d’altres | Figura 8.
Representacié del Déu

vegetals i ho van oferir a I'ésser huma. Totes dues
Quetzalcoatl

cultures realitzaven ofrenes regulars als déus oferint-
los cacau, begudes de cacau, encens i sacrificis tant d’animals com d’humans.

Originariament, el cacau es preparava com a beguda sense sucre, ja que era
un producte desconegut per a ells, pero I'assaonaven amb xilis i farina de
blat de moro i 'anomenaven xocoat/ [139]. Era una beguda que estava
destinada Unicament als homes adults, especialment aquells que eren
sacerdots, alts funcionaris governamentals, oficials militars i guerrers
distingits, aixi com a les victimes dels sacrificis humans en rituals. Es
considerava que era un producte toxic per a dones i nens i que havia de
guedar reservat per a la noblesa [137].
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Tot i ser Colom el primer en descobrir el cacau, la seva introduccié a Europa

va ser de la ma d’Hernan Cortés. Quan va
desembarcar a la costa est de Méxic, prop de | [ @
Veracruz, va portar a les seves tropes cap a ' < F 1
I'interior, a la capital mexicana Tenochtitlan, on
van ser rebuts pel rei Moctezuma (Figura 9).

Cortés i el seu oficial, Bernal Diaz del Castillo,

Figura 9. Hernan Cortés i
Moctezuma

van deixar constancia escrita de la seva
conquesta aixi com del descobriment del cacau.

Cortés i els seus homes van ser els primers
europeus en assistir al ritual de preparacié i consum del cacau a la cort de
Moctezuma [137].

El 1529, el sacerdot espanyol Bernardino de Sahagln va viatjar a la Nova
Espanya on, durant 60 anys, va recopilar informacié sobre I'agricultura
asteca. En els seus escrits descriu I’Us medicinal de la beguda feta a partir de
les llavors del cacau per al tractament de la febre, el mal de panxa, la diarrea
infantil i la tos, entre d’altres. Les anotacions de Sagahun no sdn les Uniques
gue revelen I'Us medicinal del cacau. Al codex “De la Cruz-Badiano”, datat del
1552, i al “Ritual dels Bacabs”, codex descobert a Yucatan el 1914, també s’hi
poden trobar descrits els multiples usos del cacau en diferents afectacions
[137].

Un cop introduit a Europa, el cacau va ser un producte reservat per a l'alta
societat. Casanova li va atribuir propietats afrodisiaques, fet que el va fer
encara més popular. El Dr. Henry Stubbe va escriure una tesi anomenada “El
nectar indi” on afirmava que “no havia res que provoqués tanta luxdria com
la xocolata”. En assabentar-se el Papa Pius V va tastar una tassa, pero va
trobar que era una beguda tan desagradable que ningu podria fer un habit
del seu consum, aixi que no va considerar prohibir-lo. En aquell temps ja
s’havia modificat la manera de preparacié de la beguda, i se li afegia sucre,
vainilla, canyella o, fins i tot, midd per aconseguir una textura diferent
[139,140].

Perd no va ser fins al segle XIX que van apareixer els primers productes
derivats del cacau tal i com els coneixem avui dia. El 1828, I'"holandés
Conraad van Houten va aconseguir elaborar cacau en pols i, el 1878, el suis
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Daniel Peters Vevey va afegir llet a aquest cacau i va aconseguir un producte
practicament igual a la xocolata amb llet actual [140].

3.1. Procés d’elaboracié del cacau

L'arbre del cacau és forga particular, produeix tant flors com fruits, en forma

de beina, que maduren al mateix temps i
de manera continua (Figura 10). Un cop
recol-lectades, les beines s’obren per
separar les llavors. Les llavors
experimenten aleshores dos processos:
la fermentacid i 'assecament (Figura 11)
on s’aconsegueix el gust caracteristic del
cacau. Les llavors es netegen i es deixen
reposar de 4-6 dies per tal que
fermentin. Durant aquest procés, els

sucres passen a alcohol i aquest es
Figura 10. Arbre i fruits del cacau

converteix en diferents acids (com acetic

o d’altres acids organics). La fermentacid té lloc a uns 50 oC i les llavors
canvien de color porpra a marré. Quan perden la polpa adherida passen a
I'assecament. Aquest procés dura aproximadament una setmana i el
contingut d’aigua es redueix del 50% al 5-7%. En aquest punt s’aconsegueix
un producte estable que és apte per al transport [140].

El seglient pas consisteix en netejar i torrar les llavors assecades (120-130 eC
durant 30-40 min), procés que provoca la perdua d’acids volatils. Al producte
torrat se li treu la pellofa i aleshores s’"anomena nib. Opcionalment els nibs es
poden alcalinitzar, procés que altera el color, el sabor i la solubilitat.
Alcalinitzats o no, els nibs es molen i aixi s’aconsegueix el licor o pasta de
cacau, producte liquid a temperatura ambient. El seglient pas consisteix en
passar el licor per una premsa hidraulica d’on s’obtenen dos subproductes:
un residu solid (la torta) que es mol una segona vegada per obtenir el cacau
en pols i, per una altra banda, un greix que un cop refinat sera la mantega de
cacau [140]. En funcié de la durada de la premsada s’obté un cacau amb
diferent contingut de matéria grassa i, segons les mescles realitzades,
s’obtenen diferents productes: per a la xocolata negra es mescla el licor de
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cacau amb diferents percentatges de sucre i, per obtenir la xocolata amb llet,
es barreja el licor de cacau amb mantega de cacau, sucre i llet.

Tot i que es coneixen diverses varietats de cacau les més importants son:
Forastero, la varietat més produida i cultivada sobretot a I’Africa occidental;
Criollo, conegut com a “cacau fi” i cultivat a Venecuela, Carib i Madagascar, i
Trinitario que és un hibrid dels dos primers i es cultiva principalment a
Antilles i Trinitat [141].

Separacié de les llavors
de la beina
|
| Neteja |
11
Fermentacid (4-6 dies) i
assecament (1 setmana)
1
| Llavors de cacau seques I
11
I Mescla (opcional) |
1
Trencamenti
despellofament
1 ,—> Premsa
I Alcalinitzacié (opcional) | ‘I\,
L1 4
Torrefaccié TORTADE MANTEGA DE
(30-40 min, 120-1302C) CACAU | CACAU

L1

Molta

AV CACAUEN

| ucorpEcacau | POLS

LLAVORS

NIBS

Figura 11. Procés d’elaboracié dels productes derivats del cacau (adaptada
de [73,141]).

3.2. Composicio del cacau

El cacau en pols és una font de fibra (26-40%), proteines (15-20%),
carbohidrats (~15%) i lipids (10—24%, majoritariament 10-12%); també conté
minerals (fosfor, magnesi, calci, ferro, zinc, potassi i coure) i vitamines (A, B,
E i acid folic) [4] (Taula 8). A més a més, el cacau és un aliment ric en
polifenols; el cacau en pols pot arribar a tenir 70 mg/g de polifenols [142].
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Els principals polifenols presents a la llavor fresca de cacau sén flavonoides,
concretament catequines, com (+)-epicatequina (és la més abundant, 21-43
mg/g) i (-)-catequina, que constitueixen un 37% del contingut polifenolic, i
oligdbmers derivats d’aquest mondmers anomenats procianidines (també
anomenades tanins condensats) [143,144]. Els diferents processos que
pateix la llavor del cacau fins arribar als productes finals redueixen el seu
contingut en polifenols; aixi, per exemple, I'epicatequina i els polifenols
solubles disminueixen fins al 10-20% [145]. A més dels polifenols, al cacau
també es poden trobar metilxantines, com la cafeina (0,2%) i la teobromina
(4%) que representen un 0,5-2% de la materia seca i son responsables de
I’ansia per menjar-ne o I'antull [146,147].

Taula 8. Informacié nutricional del cacau en pols per
100 g (adaptada de [4]).

Nutrients Contingut per 100 g
Macronutrients
Energia
kJ 836,8
kcal 200
Proteines (g) 21
Carbohidrats (g) 16
Mido 13
Sucre 3
Lipids 10,4
Saturats 6,5
Monoinsaturats 3,6
Poliinsaturats 0,3
Fibra (g) 32,7
Micronutrients
Sodi (g) 0,02
Potassi (g) 4,2
Calci (mg) 150
Fosfor (mg) 700
Ferro (mg) 25
Magnesi (mg) 550
Zinc (mg) 7
Coure (mg) 4
Vitamina A (mg) (retinol) <0,2
Vitamina E (mg) (tocoferol) 2,4
Vitamina B, (mg) 0,2
Vitamina B, (mg) 0,4
Niacina (mg) 0,6
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3.3. Flavonoides del cacau

Els flavonoides pertanyen a l'extens grup de polifenols que es troben
presents en tots els aliments comestibles d’origen vegetal [83]. Els
flavonoides sén metabolits secundaris de les plantes i contribueixen a la
pigmentacid blava, vermellosa i taronja present en fulles, flors i fruits. A més
a més, els flavonoides estan presents en llavors, grans, espécies i begudes
com el vi, el te o la cervesa [148].

El contingut de flavonoides es veu alterat durant els diferents processos
d’obtencid dels productes derivats i aixd afecta a la seva biodisponibilitat.
Quan les llavors del cacau sén fresques, en massa seca i sense greix, el
contingut de flavonoides solubles és del 15-20% i en les llavors fermentades
és del 5%. Durant la fermentacio, els flavonoides se sotmeten a processos
d’oxidacié, de polimeritzacié i reaccions amb proteines, el que provoca que
el contingut d’epicatequina es redueixi un 10-20% i el de les procianidines de
3 a 5 vegades. També influeixen els processos posteriors (assecament i
torrefaccié), encara que tots ells els hi confereixen I'aroma tipic del cacau.
Una altra variable és el contingut i tipus de flavonoides, que depén de
I'origen del cacau [139,144].

Al considerar I'activitat biologica dels flavonoides cal tenir en compte la seva
biodisponibilitat, I'absorcié i metabolisme al tracte gastrointestinal, la seva
distribucid tissular i posterior absorcié cel-lular, i les seves formes bioactives
[149].

3.3.1. Biodisponibilitat dels flavonoides del cacau

La biodisponibilitat dels flavonoides del cacau depen de I'estructura quimica
del flavonoide, la matriu alimentaria, les interaccions amb altres components
de la dieta (la preséncia de sucres augmenta la biodisponibilitat [150],
mentre que les proteines lactiques la disminueix [151,152]), o factors com
I'edat, la genetica, el genere, la preséncia d’alteracions fisiologiques, el
metabolisme, la microbiota o I'activitat enzimatica colonica propia de la
persona que ingereix el flavonoide [139].

La majoria de flavonoides presents en aliments es troben en forma d’ésters,
glucosids o polimers que no poden ser assimilats directament a l'intesti. Per
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aixo els flavonoides requereixen ser hidrolitzats bé per enzims intestinals o
per la microbiota abans de poder ser absorbits. Durant el procés d’absorcid,
se sotmeten a certes modificacions, com per exemple conjugacions i
reaccions de metilacio, sulfatacié i/o glucoronidacié (processos que els hi
confereixen capacitat antioxidant) en la mucosa intestinal o altres teixits com
el fetge [72,139]. L'acumulacidé de flavonoides en aquest teixits és la fase més
important del metabolisme i condiciona la seva accié biologica [72].

Hi ha certa controversia respecte a I'assimilacié dels flavonoides del cacau,
sobretot en referencia a les procianidines. Del 22 al 55% dels flavonoides
monomerics s’absorbeixen a nivell intestinal, arriben a una concentracié
plasmatica maxima a les dues hores després de ser ingerits i un 20% del que
es consumeix s’excreta en l'orina [139,153]. Les estructures oligomeériques,
com les procianidines, es degraden a nivell intestinal per la microbiota
colonica [143]. S’havia postulat que en I'ambient acid del medi gastric les
procianidines es podien hidrolitzar [154], perd aquesta hipotesi va ser
descartada quan es va observar que, durant el transit gastric, les
procianidines romanien estables i arribaven intactes a l'intesti prim. Tot i
aixo hi ha una limitada absorcié a aquest nivell (menys d’un 0,5%) i arriben
fins al colon on interactuen amb la microbiota [155].

3.4. Efectes biologics del cacau

3.4.1. Capacitat antioxidant

El cacau té un alt contingut fenolic que li confereix una capacitat antioxidant
més elevada que altres aliments rics en polifenols, com el te verd i el te
negre o el vi negre. Concretament, el cacau és dues vegades més antioxidant
que el vi negre, de dues a tres vegades més que el te verd i de quatre a cinc
vegades més que el te negre [144].

Els flavonoides, més concretament catequina i epicatequina, actuen com
antioxidants ja que neutralitzen els radicals lliures, actuen de quelants de
metalls (Fe*" i Cu®) els quals potencien la formacié de ROS, com radicals
hidroxil (*OH), anions superoxid (O,), peroxid d’hidrogen (H,0,) i acid
hipocloros (HCIO) [4]. Tanmateix, s’ha descrit que els flavonoides poden tenir
un efecte prooxidant quan s’administren a dosis elevades [156,157].
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3.4.1.1. Estudis in vitro

Nombrosos estudis demostren I'efecte antioxidant del cacau in vitro
principalment inhibint o reduint la formacié de ROS [158—-161]. En un estudi
realitzat en cél-lules de carcinoma de fetge, HepG2, s’ha observat que
després d’induir apoptosi per estres oxidatiu, el tractament amb flavonoides
de cacau redueix la formacié de ROS [162]. També s’ha comprovat I'efecte
neuroprotector, tant de I'epicatequina com d’un extracte de cacau, ja que
redueix I'acumulacié de ROS en un linia cel-lular neuronal sotmesa a estrés
oxidatiu [163]. Recentment, s’ha demostrat I'efecte quimioprotector de
I'epicatequina enfront de I'estrés oxidatiu induit quimicament en una linia
cel-lular de céel-lules B pancreatiques, Ins-1E, i el seu paper preventiu enfront
del desenvolupament de diabetis tipus 2 [164].

3.4.1.2. Estudis in vivo

El nombre d’estudis portats a terme in vivo és menor que I'existent in vitro.
En rates Wistar, s’ha estudiat I'efecte de dietes enriquides amb un 4 i 10% de
cacau durant tres setmanes i s’Tha comprovat l'increment de la capacitat
antioxidant en timus, melsa i fetge [8]. En un altre estudi, també en rates
Wistar, s’ha observat que un extracte polifenolic de cacau, anomenat
Acticoa, administrat durant dues setmanes provoca un efecte preventiu en la
produccié de radicals lliures quan els animals han estat exposats a una
temperatura de 40 2C durant 2 h [165]. En un altre estudi, després de la
induccié d’un model de colitis en ratoli, 'administracié de dietes amb un 5 o
10% de cacau provoca una reduccié en els mediadors inflamatoris (NOS i
ciclooxigenasa-2), els quals es troben incrementats en aquest model [166].
D’altra banda, la suplementacié amb cacau en un model d’inflamacio
relacionada amb I'obesitat redueix la concentracié plasmatica de mediadors
proinflamatoris com la IL-6, MCP-1 i I'adiponectina, disminueix I'expressié de
gens proinflamatoris en el teixit adipds blanc de I'epididim [167].

Els resultats obtinguts en humans es consideren menys concloents que els
obtinguts en models animals ja que no permeten afirmar la contribucié del
cacau en la defensa antioxidant [168]. Alguns assajos clinics demostren que
el consum de cacau comporta un increment de la concentracid
d’epicatequina plasmatica la qual redueix la concentracié plasmatica de
productes d'oxidaciéd com la concentracié d’espécies reactives [169]. En un
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altre estudi s’ha descrit que el consum de cacau ric en flavonoides redueix la
taxa d’hemolisi d’eritrocits d’humans adults provocada per estres oxidatiu
[170]. D’altra banda, en un estudi realitzat en adults amb
hipercolesterolemia moderada, el consum de cacau (13,9 mg de polifenols; 4
setmanes) va produir I'increment de lipoproteines d’alta densitat (high
density lipoproteins, HDL) i una disminucié de la glucosa, IL-1B i IL-10 [171].
En situacions d’exercici prolongat, s’ha associat el consum regular de
xocolata negra amb una reduccié de marcadors d’estrés oxidatiu [172].

3.4.2. Efectes cardiovasculars

Els efectes del cacau i els seus flavonoides sobre els processos oxidatius, el
diametre dels vasos sanguinis, la inflamacid i I'agregacid plaquetaria, fa que
la ingesta de cacau s’associi a la prevencié de malalties cardiovasculars [173].
Diferents estudis in vitro i in vivo han permes la identificacié de dianes
cel-lulars i moleculars per a les quals el cacau és capag d’activar I'0xid nitric
(NO), modular el sistema renina-angiotensina-aldosterona, millorar el perfil
lipidic i inhibir I'activacid i agregacio plaquetaria [5,174-176].

Les malalties cardiovasculars sén una de les principals causes de mort a nivell
mundial [177]. Entre els factors de risc d’aquestes malalties es troben la
hipertensid, el tabaquisme, la hiperlipidémia i la diabetis mellitus [178]. S’ha
establert que la dieta és un dels factors més importants a I’'hora de modificar
la incidéncia de les malalties cardiovasculars [179]. S’ha constatat que els
flavonoides de la dieta poden reduir aquests factors de risc mitjancant la
proteccié de I'oxidacié de lipids, proteines i acids nucleics; i també per la
reduccio de la inflamacid, i la inhibicié de I'activacid plaquetaria [180].

Un dels primers estudis epidemiologics que va relacionar I'efecte beneficids
del consum de cacau amb la prevencid de la hipertensié es va realitzar en la
poblacié aborigen dels indis Kuna, originaris de I'arxipielag de San Blas
(Panama) [173]. Aquesta poblacid es caracteritza per presentar taxes
d’incidencia d’hipertensié associada a I’edat molt baixes, perd quan una part
de la poblacid va migrar cap a la ciutat va assolir nivells d’hipertensié similars
a la resta de habitants del nucli urba [181]. Es van analitzar els diferents
factors mediambientals implicats, incloent-hi la dieta, i es va descobrir que
els indis Kuna no emigrants consumien cinc tasses al dia de cacau ric en
polifenols (900 mg/dia) [182,183].
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3.4.2.1. Estudis in vitro

S’ha demostrat que, in vitro, el cacau pot inhibir I'enzim convertidor
d’angiotensina (ECA) i, per tant, pot disminuir la pressid arterial. En un estudi
amb cél-lules endotelials de vena umbilical humana, I'addicié d’un extracte
de cacau (6,25-100 mg/mL) provoca una reduccié dosi-depenent de
I'activitat d’ECA als 10 min i, a les 24 h i a les dosis més altes, un increment
de la sintesi de NO [176]. En un altre estudi realitzat també en cél-lules
endotelials de vena umbilical humana, s’ha observat 'efecte inhibidor de
I'epicatequina en I'expressid genica i I'activitat de I'arginasa 2, el que
produeix una major disponibilitat de NO en la paret vascular [184].
Similarment, s’ha constatat que les procianidines polimeriques del cacau sén
capaces de provocar la relaxacié endotelial d’anells adrtics procedents de
conill [185].

L'oxidacié de les lipoproteines de baixa densitat (low density lipoproteins,
LDL) contribueix a la formacio de la placa d’ateroma. En aquest sentit s’ha
observat que els flavonoides del cacau (catequina, epicatequina i
procianidines) inhibeixen aquest procés d’oxidacié [186—189].

3.4.2.2. Estudis in vivo

En models animals s’han trobat evidéncies del potencial beneficiés del cacau
sobre les malalties cardiovasculars. En conill, hamster i rata s’ha aprofundit
en I'efecte del cacau sobre el desenvolupament de plaques d’ateroma i el
perfil lipidic. S’ha observat que, en conills amb hipercolesterolemia, el
consum prolongat de cacau incrementa el temps d’oxidacid de les LDL i
redueix I'area de lesions aterosclerotiques de l'aorta [174]. També s’ha
descrit que I'administracid de cacau a llarg termini és capac¢ de reduir la
concentracio de colesterol, triglicérids i LDL en un model d’aterosclerosi en
hamster [190]. En aquesta linia, en un estudi realitzat en rates Wistar que
seguien una dieta hipercolesterolemica es va comprovar que la ingesta de
cacau incorporat al pinso durant 4 setmanes reduia la concentracié
plasmatica de colesterol i incrementava I'excrecié de colesterol fecal i acids
biliars totals. Aquest efecte, perd, no s’observava quan la dieta contenia una
mescla d’epicatequina i catequina [191]. També s’ha descrit que una
administracié Unica d’extracte de cacau no fermentat enriquit en flavonoides
(CocoanOX®) provoca un efecte antihipertensiu en rates que desenvolupen
hipertensié espontaniament perd no en rates normotenses [175].
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Diversos estudis centrats en intervencions amb cacau en individus sans
indiquen que el seu consum redueix I'oxidacié de LDL [188] i incrementa la
concentracié plasmatica d’HDL [192-194]. Tanmateix, pero, s’ha demostrat
que, en pacients amb malalties coronaries, |'oxidacié de LDL no es modifica
pel consum diari de 48 g de xocolata o 18 g de cacau durant 6 setmanes
[195]. També s’ha demostrat, en individus sans, que el consum de xocolata
redueix |'activitat plaquetaria [196].

Un efecte nociu de I'oxidacié és la reaccié del NO amb I'anid superoxid per
formar peroxinitrit. Aquesta reaccié pot comportar una reduccié del NO
necessari perque les cel-lules de muscul llis causin relaxacié dels vasos
sanguinis i I'increment de peroxinitrit pot promoure el dany oxidatiu. S’ha
demostrat que la ingesta de cacau ric en flavonoides per part d’individus
amb una funcié endotelial reduida, provoca un augment de la concentracié
plasmatica de NO acostant-se als valors observats en individus sans [197].
Similarment, s’"ha demostrat I'efecte vasodilatador dels flavonoides del cacau
en individus sans després de cinc dies de consum d’una beguda rica en
flavonoides del cacau (821 mg/dia).

Donat que els estudis preclinics i clinics recolzen els efectes beneficiosos dels
flavonoides del cacau a nivell cardiovascular, I'European Food Safety
Authority (EFSA), el 2010 i el 2012, ha aprovat les declaracions de propietats
saludables dels flavonoides del cacau referents al sistema cardiovascular
[198,199].

3.4.3. Efectes antitumorals

Els flavonoides del cacau modulen I'activacié de NF-xB que esta involucrat en
les respostes proliferatives i inflamatories, 'adhesio cel-lular i la regulacié de
la produccié de citocines [200]. La inflamacié cronica aixi com ['estrés
oxidatiu sdn factors importants en els processos de carcinogénesi. La
formacid de ROS i també d’especies reactives intermedies d’oxigen i nitrogen
(ROI'i RNI) poden lesionar el DNA i/o interferir en la seva reparacio i generar
mutacions que impedeixen el control de la replicacié i creixement cel-lular.
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3.4.3.1. Estudis in vitro

Diversos estudis han descrit la capacitat antiproliferativa, antimutagenica i
quimioprotectora del cacau, juntament amb la seva accié preventiva de la
formacié de ROS [201-206] el que pot evitar I'oxidacié del DNA, implicada en
els processos de mutagenesi i carcinogenesi.

En un model d’escissid del DNA per mitomicina C, el licor de cacau és capag
d’inhibir la lesid6 del DNA [201]. De forma similar, un estudi realitzat en
cél-lules de medul-la adrenal de rata (PC12) incubades amb procianidines
mostra I'efecte protector dels flavonoides en I'apoptosi cel-lular induida per
H,0,. Concretament, H,0,, a través de la polimerasa poliADP-ribosa (poly
(ADP-ribose) polymerase, PARP) disminueix I'expressido de Bcl-XL i Bcl-2 en
PC12; pero la incubaci6 amb flavonoides redueix I'acci6 de PARP i
incrementa I'expressié de Bcl-XL i Bcl-2 i, a més, inhibeix I'activacié de la
caspasa-3 a través d’una reduccié de la fosforilacié de quinases (Jun-terminal
kinase, JNK i mitogen-activated protein kinase, MAPK), relacionades, entre
altres funcions, amb processos apoptotics [203].

Per altra banda, s’"ha demostrat que un extracte de flavonoides del cacau en
cél-lules epitelials de fetge de rata (rat liver epithelial, RLE) inhibeix diversos
processos induits per H,0, i relacionats amb la carcinogenesi [205].
Concretament, el cacau és capac¢ d’inhibir la formacié de comunicacions
intercel-lulars en fenedura (gap-junction intercellular communication, GJIC),
la fosforilacié i la internalitzacié de la connexina 43, I'acumulacié de ROS i
I’activacid de les quinases regulades per senyals extracel-lulars (extracellular
signal-regulated kinase, ERK) [205]. Els efectes antiproliferatius de les
procianidines del cacau també s’han comprovat mitjancant el bloqueig de la
fase G2/M del cicle cel-lular, i la disminucié de I'activitat de I’ornitina
descarboxilasa i la S-adenosilmetionina descarboxilasa, dos enzims clau en la
biosintesi de poliamines [202].

En relacid als efectes antimutagenics i quimioprotectors, Ohno et al. [204]
han observat que I'extracte de cacau és capac d’inhibir un mutagen quimic,
el benzo[a]pireé, que provoca dany al DNA quan el seu metabolisme és activat
mitjancant el citocrom P450 (CYP), concretament el CYP1A. En cel-lules
tumorals de cancer de mama, s’ha descrit que I'extracte de cacau provoca la
sobreexpresié de CYP1A1l i aquest afavoreix el metabolisme i la produccié de
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metabolits estrogenics cap a formes no genotoxiques, el que pot comportar
una davallada en els nivells estrogenics presents en els tumors mamaris i
contribuir amb I’activitat citotoxica del tamoxifen, un farmac antiestrogen
amb efectes citotoxics [206].

3.4.3.2. Estudis in vivo

Els estudis in vivo sobre I'efecte antitumoral del cacau se centren sobretot en
models animals. S’ha estudiat I'efecte de I'extracte de licor de cacau sobre
I'activitat enzimatica de marcadors tumorals com la fosfatasa alcalina, la y-
glutamil transpeptidasa, el glutatié-S-transferasa i el glutatié reductasa, tant
en plasma com en fetge de rates amb hepatocarcinoma. Els resultats
obtinguts han confirmat que I'administracié diaria de I'extracte de licor de
cacau, durant dues setmanes, redueix l'activitat d’aquests marcadors
tumorals en plasma i fetge i demostra el seu potencial en reduir la gravetat
de I’hepatocarcinogenesi [207].

S’ha avaluat I'efecte d’un extracte de cacau en pols (Acticoa) en la incidéncia
de cancer de prostata en rates Wistar. Després de la induccid del cancer, les
rates van rebre Acticoa (24 o 48 mg/kg) durant 9 mesos. Passat aquest
temps, els animals que havien rebut la dosi més alta van mostrar una
incidencia menor de tumors prostatics, mentre que els animals que van
rebre la dosi inferior no presentaven tumors i tenien una taxa de
supervivencia superior al grup de 48 mg i molt similar al grup control sa
[208].

Un altre estudi en rates Wistar ha demostrat que una dieta rica en cacau
exerceix efectes antiproliferatius en rates amb cancer de colon a través de la
reduccid dels nivells d’ERK, proteina quinasa B i ciclina D, els quals sén
importants en processos de senyalitzacié durant la divisid i supervivéncia
cel-lular, ja que inhibeixen els processos apoptotics. A més, la dieta rica en
cacau va mostrar efectes proapoptotics ja que va reduir els nivells de Bcl-XL i
va incrementar els nivells de Bax i I'activitat de caspasa-3 [209].

3.4.4. Efectes en el sistema immunitari

El cacau mostra capacitat immunomoduladora en la resposta immunitaria
innata i adquirida [4,210] tant in vitro com in vivo.
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3.4.4.1. Estudis in vitro

Diversos estudis han demostrat el potencial antiinflamatori del cacau in vitro
[4]. Un extracte de cacau enriquit en epicatequina i catequina és capacg
d’inhibir la produccié de molecules inflamatories, com el TNF-a i la proteina
guimiotactica de monocits (monocyte chemoattractant protein, MCP)-1, en
macrofags estimulats amb lipopolisacarid (LPS) [6]. De forma similar,
I'epicatequina en cél-lules sanguinies estimulades inhibeix la produccié d’IL-6
i IL-8 [211]. En canvi, els flavonoides del cacau de cadena més llarga
augmenten la secrecid de TNF-q, IL-1 i IL-6 en cél-lules mononuclears de sang
periferica (peripheral blood mononuclear cells, PBMC) estimulades amb LPS
[212,213]. També s’ha observat que I'epicatequina, les procianidines B1 i B2 i
I’extracte de cacau redueixen l'alliberament de NO per part de macrofags
estimulats [6,214].

Respecte a I'efecte del cacau sobre la resposta immunitaria adquirida, un
extracte de cacau i procianidines en forma de pentamers, hexamers i
heptamers redueixen la transcripcié d’IL-2 en PBMC humanes estimulades
[215,216]. A més, epicatequina i un extracte de cacau en una linia cel-lular
limfoide activada amb IL-1 disminueixen I'expressié de CD25 i la secrecid de
IL-2, molecules relacionades amb I'activacié de limfocits T [217]. Aquests fets
podrien estar relacionats amb la capacitat d’epicatequina i procianidines
dimeériques de reduir I'activacié de NF-kB en una linia limfoide [200].

En un estudi sobre la modulacié del cacau en ceél-lules T efectores, s’ha
observat que el cacau suprimeix la produccié d’IFN-y (citocina Th1l) en PBMC
estimulades [218], mentre que epicatequina incrementa la secrecié d’IL-4
(citocina Th2) en una linia cel-lular limfoide i en PBMC [216,217].

3.4.4.2. Estudis in vivo

La majoria dels estudis in vivo es refereixen a assajos preclinics. En rates
Wistar joves i sanes s’ha demostrat que una dieta amb un 10% de cacau,
durant tres setmanes, modula la maduracid i composicié limfocitaria i
promou la progressié de timocits immadurs cap a estadis més madurs [7].
També s’ha demostrat que la ingesta de cacau disminueix la proporcié de
limfocits Th en melsa, GLM i PP, tot i que la resposta proliferativa i la secrecié
d’IL-2 en aquests teixits no s’ha vist modificada [7][9]. A més, una dieta
enriquida en cacau incrementa el percentatge de cél-lules Tyd en GLM i PP, i
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també la proporcid de limfocits B en PP [9]. D’altra banda, en rates
alimentades amb cacau s’ha detectat una concentracié menor d’IgA, IgM i
IgG seriques i s-IgA i s-IgM a nivell intestinal, fet que no esta associat amb
una proporcié menor de limfocits B en els organs limfoides [7,9,12] i pot
atribuir-se, en part, a una disminucié de la seva diferenciacié provocada per
un descens en les citocines de tipus Th2. De fet, els esplenocits d’animals
alimentats amb cacau han mostrat una menor capacitat secretora d’IL-4 [7].

En rates adultes Lewis i rates joves Wistar i Brown Norway s’ha avaluat
I'efecte de dietes enriquides amb cacau i de dietes enriquides amb un
extracte de cacau ric en flavonoides sobre la sintesi d’anticossos, tant serics
com intestinals. S’ha observat una modulacié de la concentracié d’lgG séerica
i d’IgA intestinal, si bé la sensibilitat als efectes del cacau depeéen de la soca de
rata utilitzada [17,219].

En rates immunitzades amb OVA que van rebre una dieta amb un 4 i 10% de
cacau a llarg termini (9 setmanes), s’ha observat que la ingesta d’aquesta
dieta comporta una secrecié menor d’IL-4 i un increment d’IFN-y per part de
limfocits de melsa i GLM. Per altra banda, també s’ha demostrat que el cacau
inhibeix la produccié d’lgG1, 1gG2a (anticossos relacionats amb resposta de
tipus Th2), IgG2c i IgM iincrementa la d’IgG2b (relacionada amb Th1) [11].

També s’ha estudiat I'efecte d’una dieta enriquida en cacau en models
d’artritis. En rates Wistar amb artritis adjuvant que van rebre una dieta amb
un 5 0 10% de cacau , no s’ha observat reduccié de la inflamacid, pero, en
canvi, la dieta amb un 5% de cacau es capa¢ de disminuir la produccié de
ROS i de normalitzar les activitats superoxid dismutasa i catalasa [14]. En un
estudi similar, en rates Wistar amb artritis adjuvant alimentades amb una
dieta amb un 5 o un 10% de cacau, la dieta evita la disminucié de limfocits
Treg sanguinis i el desequilibri en els ganglis limfatics inguinals entre les
poblacions cel-lulars NK CD8" i NK CD8 provocada per |artritis adjuvant [15].
En un altre estudi en rates Louvain amb artritis induida per col-lagen, la dieta
de cacau va ser capa¢ de modular la resposta d’anticossos, la proporcié de
limfocits T i també la sintesi de mediadors proinflamatoris, tot i que no va
modificar significativament el desenvolupament de I'edema articular [16].
Respecte a I'efecte d’una dieta amb un 5% de cacau en un model de colitis
induit en rata Wistar, malgrat que el cacau no va modificar les
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manifestacions cliniques de la colitis, si que va disminuir el TNF-a seéric, la
activitat de la NO sintasa i la infiltracio cel-lular [13].

En relacid a estudis clinics, els resultats son més contradictoris i es refereixen
a I'efecte antiinflamatori del cacau. Per una banda, Mathur et al [220] han
demostrat que una suplementacid amb productes de cacau (651 mg de
procianidines/dia; 6 setmanes) en persones sanes no afecta a marcadors
inflamatoris com IL-1B, IL-6, TNF-a, proteina C-reactiva o la P-selectina en
sang. En canvi un estudi transversal demostra que el consum regular de
xocolata negra redueix les concentracions plasmatiques de proteina C-
reactiva [221]. També s’ha descrit que el consum de cacau durant quatre
setmanes redueix les molécules d’adhesié involucrades en el reclutament de
cél-lules inflamatories [222]. Recentment s’ha determinat en voluntaris sans
que al cap de 6 hores de rebre 40 g de cacau en pols, hi ha una disminucié en
I"activacié de NF-kB i una reduccié en la concentracié de molécules d’adhesié
seriques, com la E-selectina o la molécula d’adhesié intracel-lular 1
(intercellular adhesion molecule 1, ICAM-1)[223].
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Per tal de desenvolupar el primer objectiu es van assajar diferents
procediments experimentals que permetessin assolir un model adequat de
pérdua de tolerancia oral a I'ovoalbimina (OVA) i que comportés la formacid
d’anticossos IgE.

En total es van realitzar 6 protocols diferents [224] que es resumeixen
cronologicament a la taula 9:

Taula 9. Dissenys experimentals previs

Disseny Soca Protocol (via) Resultat
1 (feLri\glllses OVA +TC 55% animals sensibilitzats,
3 setmanels) (p.o.) IgE especifica negativa
5 (feLri\glllses OVA+ AI(+OH)3 (i-p.) 100% animals sensibilitzats,
3 setmanels) OVA (p.0.) IgE especifica negativa
3 Brc()fv;/rr;glcl)er;/vay OVA 27% animals sensibilitzats,
’ (p.o.) IgE especifica negativa

5 setmanes)

Brown Norway
4 (50%-50%,
3 setmanes)

OVA +TC 100% animals sensibilitzats,
(p.o.) IgE especifica negativa

Brown Norway
5 (50%-50%, OVA +tBp + Al(OH); (i.p.)
4 setmanes)

100% animals sensibilitzats,
IgE especifica positiva

Brown Norway | OVA +tBp + Al(OH); (i.p.) | 100% animals sensibilitzats,
6 (50%-50%, + IgE especifica positiva
4 setmanes) OVA (p.o.)

Hidroxid d’alumini: Al(OH)s; i.p.: administracié per via intraperitoneal; OVA: ovoalblimina;
p.o.: administracid per via oral; tBp: toxina de Bordetella pertussis; TC: toxina colérica

Disseny experimental 1: Aquest procediment es va realitzar en rates
femelles Lewis adultes que van rebre per via oral una solucié d’OVA
(100 mg/rata) amb toxina colérica (30 pg/rata) dues vegades per setmana
durant tres setmanes. Passat aquest temps es va determinar el
desenvolupament d’anticossos anti-OVA i es va estudiar el seu isotip. L'exit
de sensibilitzacié va ser del 55% i cap dels animals va sintetitzar IgE especifica

Disseny experimental 2: El segon procediment també es va realitzar en rates
femelles Lewis adultes que van ser immunitzades intraperitonealment amb
una emulsié d’OVA (0,1 mg/rata) i hidroxid d’alumini. Catorze dies després
van rebre per via oral una solucié d’OVA (1 mg/rata) sense adjuvant durant
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tres setmanes. L’éxit de sensibilitzacid, a dia 35, va ser del 100%, perd cap
animal va sintetitzar IgE especifica.

Disseny experimental 3: Aquest procediment es basa en el descrit per
Knippels [225,226], es va dur a terme en rates femelles Brown Norway joves.
Aguests animals van rebre per via oral una solucié d’OVA (1 mg/rata), sense
adjuvant, diariament durant sis setmanes. La formacié d’anticossos es va
determinar després de 42 dies i I'exit de sensibilitzacié aconseguit va ser del
27% i, a més, cap dels animals va sintetitzar IgE especifica.

Disseny experimental 4: A continuacid, es va aplicar un procediment en
rates Brown Norway joves (50% femelles, 50% mascles) que van rebre per via
oral una solucié d’OVA (100 o 30 mg/rata) amb toxina colérica (30 pg/rata)
dues vegades per setmana i durant tres setmanes. També es va provar un
tercer procediment on els animals van rebre un dia per setmana una solucié
d’OVA (100 mg/rata) amb toxina colérica (30 pg/rata) per via oral i, la resta
de dies, una solucié d’OVA (1 mg/rata) sense adjuvant durant el mateix
periode de temps. L'eéxit de sensibilitzacié en els diferents procediments, a
dia 21, va ser del 100%. Cap dels animals va sintetitzar IgE especifica.

Disseny experimental 5: Aquest procediment es va realitzar en rates Brown
Norway joves (50%  femelles, 50% mascles) immunitzades
intraperitonealment amb una emulsié d’OVA (0,5 mg/rata) amb toxina de
Bordetella pertussis i hidroxid d’alumini. Es va introduir la toxina com a
adjuvant per promoure la sintesi d’IgE [227]. L'exit de sensibilitzacid va ser
del 100% amb sintesi d’IgE especifica.

L'assoliment de resultats positius en relacié a formacié d’IgE especifica amb
aquest darrer procediment, malgrat que la induccié no fos per via oral, va
permetre realitzar dos tipus d’aproximacions que van ser importants per a la
continuitat de la tesi:

- Per una banda, va permetre avaluar I'efecte d’'una dieta rica en
cacau en animals al-lergics ja que desenvolupaven anticossos
especifics d’isotip IgE. Els resultats obtinguts es recullen a I’article 1.

- Per altra banda, va permetre posar a punt el procediment de
provocacio oral per tal d’induir una resposta anafilactica i avaluar
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variables que poguessin ser utils com a indicadores d’aquesta
resposta. Els resultats es recullen a I’article 2.

Disseny experimental 6: A partir dels resultats obtinguts en el disseny 5 i del
procediment descrit per Ogawa [228], es va intentar perfeccionar el model
d’al-lergia amb I'objectiu que I'administracio oral de I'al-lergogen provoqués
una resposta immunitaria. Aleshores es va assajar un procediment en rates
Brown Norway joves (50% femelles, 50% mascles) immunitzades
intraperitonealment amb una emulsié d’OVA (0,05 mg/rata), amb toxina de
Bordetella pertussis i hidroxid d’alumini. Catorze dies més tard van rebre una
solucio d’OVA (1 mg/rata), per via oral sense adjuvant, durant tres setmanes.
L’exit de sensibilitzacié va ser del 100% amb sintesi d’IgE especifica i, a més,
els animals van desenvolupar una resposta anafilactica després de Ia
provocacid oral, quantificable mitjancant els indicadors que previament
s’havien establert.

Aixi doncs, es van assolir els objectius 1 i 2 plantejats a la tesi i els resultats
es troben a I'article 3.

Finalment, a partir del procediment del disseny 6, es va avaluar I'efecte
d’una dieta enriquida amb cacau convencional i també amb un extracte de
cacau no fermentat ric en flavonoides que van permetre el desenvolupament
dels objectius 3-6 de la tesi. Els resultats constitueixen I'article 4.

Aquests resultats s’han presentat a:

e 15" International Congress of Mucosal Immunology, 2011 (Paris,
Franca). A rat model of food allergy using intraperitoneal
sensitization and oral exposure to ovalbumin. Format: Poster.

e 5¢ Congres de la Societat Catalana d'Immunologia, 2011 (Barcelona,
Espanya). Obtencid d’un model experimental d’al-lérgia alimentaria
en rata. Format: Oral.

e 6" Imunonutrition Workshop, 2012 (Palma de Mallorca, Espanya).

Induction of a food allergy model in Brown Norway rats. Format:
Poster.
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Resum

Objectiu: Establir I'efecte de la ingesta d’una dieta enriquida amb cacau
sobre la sintesi d’anticossos IgE especifics en un model d’al-lergia en rata i
determinar la influéncia de la dieta en la resposta immunitaria Th2.

Material i metodes: L'estudi es va realitzar en rates Brown Norway (50%
femelles, 50% mascles) de 3 setmanes d’edat. EIl model d’al-lergia es va
induir mitjancant una immunitzacid, per via intraperitoneal, amb una
emulsié d’ovoalbumina (OVA) -com al-lergogen- juntament amb toxina de
Bordetella pertussis i hidroxid d’alumini -com adjuvants-. Des del dia de la
immunitzacié i durant 4 setmanes, els animals van ser alimentats amb una
dieta estandard o amb una dieta enriquida amb un 10% de cacau (amb un
0,2% de flavonoides). Durant I'estudi es va quantificar la concentracié sérica
d’anticossos especifics anti-OVA dels isotips IgG1, 1gG2a, IgG2b i IgE, i també
la concentracié d’IgE total. A dia final, es van aillar els limfocits de ganglis
limfatics mesenteérics i es va quantificar la produccié de citocines secretades
in vitro després de la seva estimulacié amb OVA.

Resultats: La dieta enriquida amb cacau va provocar una disminucié en la
sintesi d’anticossos especifics d’isotip 1gG1l i 1gG2a, relacionats amb la
resposta immunitaria Th2 en rata, mentre que no es van observar diferéncies
en la concentracié d’anticossos anti-OVA d’isotip 1gG2b, associats a la
resposta Thl en rata. El fet més rellevant va ser que la ingesta de cacau va
inhibir la produccié d’IgkE, tant especifica com total, isotip caracteristic de les
respostes al-lergiques. Pel que fa a la secrecié de citocines per part de
limfocits aillats de ganglis limfatics mesenterics, els resultats van mostrar una
reduccié tant del factor de necrosi tumoral a com de la interleucina (IL) 10,
perdo no es va modificar la secrecié d’IL-4, representativa de la resposta
immunitaria Th2.

Conclusions: La ingesta d’una dieta enriquida amb un 10% de cacau presenta
un efecte immunomodulador, ja que evita la sintesi d’IgE, fet que suggereix
el seu potencial en la prevencié o tractament de malalties al-lergiques.
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Previous studies in young rats reported the impact of cocoa intake on healthy immune status and allow
suggesting it may have a role in the prevention of some immune-mediated diseases. The aim of this
study was to ascertain the effect of a cocoa diet in a model of allergy in young rats. Three-weel-old
Brown Norway rats were immunized by i.p. injection of ovalbumin (OVA) with alum as adjuvant and
Bordetella pertussis toxin. During the next 4 weeks rats received either a cocoa diet (containing 0.2%

ggz:]":’ds; polyphenols, w/w) or a standard diet. Animals fed a standard diet showed high concentrations of anti-
Flavonoid OVAIgG1,1gG2a, 1gG2b and high anti-OVAIgE titres, which is the antibody involved in allergic response. In
IeE contrast, animals fed a cocoa diet showed significantly lower concentrations of anti-OVA IgG1 and IgG2a
Allergy antibodies. Interestingly, the cocoa diet prevented anti-OVA IgE synthesis and decreased total serum IgE
Rat concentration. Analysis of cytokine production in lymph node cells at the end of the study revealed that,

Th2 immune response in this compartment, the cocoa diet decreased the tumor necrosis factor (TNF)-a and the interleukin
(IL)-10 secretion but not IL-4 production. In conclusion, a cocoa-enriched diet in young rats produces an

immunomodulatory effect that prevents anti-allergen IgE synthesis, suggesting a potential role for cocoa

flavonoids in the prevention or treatment of allergic diseases.

1. Introduction

Allergy is a common form of hypersensitivity with an incidence
that has increased dramatically in the developed world during
the last 50 years and, at present, it affects more than 25% of the
population in these countries [1]. Atopic individuals show a dys-
regulated immune response to non-pathogenic proteins, called
allergens, present either in the environment (i.e., dust, pollen, etc.)
or in food (ie., eggs, milk, nuts, etc.). This response starts, like
any acquired immune response, with antigenic sensitization. Aller-
gen is taken by dendritic cells and presented to specific Th cells

Abbreviatiens: AU, arbitrary units; BSA, albumin from bovine serum: CBA, cyto-
metric bead array: FBS, fetal bovine serum; IFN, interferon: IL interleukin; MLN,
mesenteric lymph nodes: OPD, o-phenylenediamine; OVA, ovalbumin; PBS-Tw,
phosphate-buffered saline containing 0.05% Tween 20; RT, room temperature; tBp,
Bordetella pertussis toxin; TNF, tumar necrosis factor.
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by means of major histocompatibility complex (MHC) class Il and
co-stimulatory molecules (CD80, CD8G, etc.) thus performing the
immunological synapse [2]. Activated allergen-specific Th cells,
which usually polarize in the Th1 or Th2 effector populations, dif-
ferentiate and expand into a Th2 subpopulation. Activated Th2 cells
produce cytokines such as interleukin (IL)-4, IL-5, IL-10, and I1L-13
which are important in switching antibody production from B cells
to predominantly IgE production against the allergen, as well as
stimulating mast cells and eosinophils. Specific IgE binds then to
IgE receptors (FceRI) in mast cells; when allergen crosslinks to mast
cell-bound IgE, a large number of preformed and newly synthe-
sized mediators and proteasesarereleased and they are responsible
for allergic manifestations [3]. Symptoms of allergy affect the skin,
respiratory and gastrointestinal systems or even the nervous and
cardiovascular systems. The most severe form of allergy is the ana-
phylaxis, which involves two or more organic systems, sometimes
producing an anaphylactic shock with hypotension that can result
in death,

At present, the majority of pharmacological agents available for
allergies (corticosteroids and antihistamines) are aimed at treat-
ing different allergic symptoms. Although they are highly effective,
numerous factors, such as the dose and the route of administration,
account for the efficacy of these treatments, and adverse effects
are sometimes associated with a chronic use of these drugs [4].
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Therefore, research into new anti-allergic therapy must be per-
formed in order to make it effective from the prevention of allergic
sensitization until the alleviation of allergy symptoms. Recent
studies have highlighted different nutritional interventions
that can impact on allergic diseases [5]. Dietary polyphe-
nols have been found among these emerging nutraceuticals
[6].

Flavonoids are products of the secondary metabolism of plants
that are regularly ingested in small quantities in many edible
plants. Chemically, they have a polyphenolic structure showing
antioxidant activities. These properties have aroused an increasing
interest in assessing their possible beneficial role in the prevention
of various diseases, as evidenced by the large number of studies
focused on the effect of flavonoids on health over the last decade
[7.8]. Considering the role of flavonoids in the immune system,
most studies are performed in vitro, and those reports focusing
on acquired immune response suggest that flavonoids produce
an inhibitory effect on lymphocyte activation [9-11). These stud-
ies show that flavoneids can affect both early and late phases of
the immune response, including Th1 and Th2 effector responses,
although a skewed effect of flavonoids favouring or inhibiting Th1
or Th2 responses has not been clearly established. Most preclinical
studies on flavonoids in the acquired immune response use an anti-
gen sensitization model followed by a challenge through different
routes, searching to provoke a harmful immune response. Different
types of flavonoids show the potential to suppress these damaging
responses [12-14].

Cocoa is a rich source of polyphenols, particularly flavonoids
such as (—)-epicatechin and (+)-catechin as well as procyanidins,
the polymers derived from these monomers [15]. Previous stud-
ies demonstrated that a cocoa-enriched diet in rats was able to
modify the composition and functionality of several lymphoid tis-
sues [16-19], decreasing serum IgG, IgM and IgA concentrations
[16]. In addition, a cocoa diet in rats immunized with ovalbumin
(OVA) attenuated anti-OVA IgG1 (the main isotype associated with
the Th2 immune response in rats), 1gG2a, 1gG2c and IgM concen-
trations but led to higher amounts of anti-OVA IgG2b (the isotype
linked to the Th1 response) [18]. Similarly, a cocoa diet was able to
attenuate the specific antibody response in a rat model of chronic
inflammation [19].

In light of this background which demonstrates the modulatory
effect of cocoa on the immune system, the aim of this study was to
ascertain whether a cocoa-enriched diet could also attenuate the
synthesis of IgE in a rat allergy model.

2. Materials and methods
2.1. Chemicals

The Natural Forastero cocoa (Nutrexpa, Barcelona, Spain) used
in this study presented a total polyphenol content of about
22 mgfg with 2.2 mg/g (- )-epicatechin, 0.74 mg/g (+)-catechin and
1.7 mg/g procyanidin B2. Ovalbumin (OVA, grade V), albumin from
bovine serum (BSA), gelatine, peroxidase-conjugated extravidin,
o-phenylenediamine (OPD), and toxin from Bordetella pertussis
(tBP) came from Sigma-Aldrich (Madrid, Spain). Imject® alum was
obtained from Pierce (Rockford, IL, USA). Purified rat IgE, anti-
rat IgE monoclonal antibody and biotin-conjugated anti-rat IgG1,
1gG2a, 1gG2b and IgE monoclonal antibodies, and rat standard, cap-
ture bead and detection reagent for interleukin (IL)-2, IL-4, IL-10,
interferon (IFN}-y and tumor necrosis factor (TNF)-a were pur-
chased from BD Biosciences (Heidelberg, Germany). The biotin
protein labelling kit used was from Roche Diagnostics (Mannheim,
Germany). RPM1 1640 medium, foetal bovine serum (FBS), 1-
glutamine, streptomicin and penicillin were obtained from PAA
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(Pasching, Austria). B-Mercaptoethanol was provided by Merck
(Darmstadt, Germany).

2.2, Diets

The AIN-93G formulation (Harlan ) was used as the standard diet.
Previous studies have demonstrated that this diet does not contain
detectable amounts of polyphenols [20]. A 10% cocoa diet was pro-
duced with a modification of the AIN-93G formula, consisting of
subtracting the amount of carbohydrates, proteins, lipids and fibre
provided by the corresponding percentage of cocoa as previously
described [16]. Consequently, the resulting chow was isoenergetic
with the standard diet.

2.3. Experimental design and induction of rat allergy model

Brown Norway rats were purchased from Janvier (France) and
maintained in the animal facilities of the Faculty of Pharmacy
under conditions of controlled temperature and humidityina 12:12
light:dark cycle. At weaning (day 21 of life) the rats were housed
in polycarbonate cages (three to four per cage) and were random-
ized into two dietary groups: the cocoa group, formed by animals
fed chow containing 10% cocoa starting at weaning and continuing
until the end of the study (4 weeks later), and the reference group,
formed by animals fed standard chow.

At weaning, the rat allergy model was induced using OVA
as allergen and tBp to promote IgE synthesis [21]. Each rat was
injected i.p. with 0.5 mL of an emulsion containing 0.5 mg of OVA
together with 50 ng of tBp emulsified with Imject®™ (3:1 OVA:Alum).
Blood samples were collected at the beginning of the study (before
induction) and at 3 and 4 weeks after allergy induction. At week
fourth, mesenteric lymph nodes (MLN) were obtained. Lympho-
cytes from MLN were immediately isolated in sterile conditions
by passing the tissue through a mesh (100 pm, BD Biosciences).
The cell suspension was left on ice for 10min to remove tissue
debris by sedimentation. Later, cells were centrifuged (600 = g,
5min, 4°C) and resuspended in RPMI 1640 medium supple-
mented with 10% FBS, 1001U/mL streptomycin-penicillin, 2 mM
L-glutamine, and 0,05 mM 2-mercaptoethanol, MLN cells were cul-
tured at 5 = 10° cells in 1 mL with OVA (50 pg/mL) for 72 h (37°C,
5% CO»). Supernatants were then collected to assess cytokine con-
centrations,

Experimental procedures were reviewed and approved by the
Ethical Committee for Animal Experimentation of the University of
Barcelona.

2.4, Quantification of anti-OVA IgG1, IgGa and IgG2b antibodies

Serum anti-OVA IgG1, IgG2a and IgG2b concentrations were
quantified by ELISA as previously described [18]. In brief, 96-
well polystyrene plates (Nunc MaxiSorp, Wiesbaden, Germany)
were coated with OVA (10 pg/mL in PBS) and, after blocking with
0.5% gelatine, appropriate diluted samples (ranging from 1/50 to
1/500,000) were added. After washing, biotin-conjugated anti-rat
IgG1, 1gG2a or IgG2b antibodies and subsequently, peroxidase-
conjugated extravidin were added. An OPD-H;0; solution was
used for the detection of bound peroxidase, OD was measured
on a microtiter plate photometer (Labsystems Multiskan, Helsinki,
Finland) at 492 nm. Data were interpolated by means of Ascent
v.2.6 software (Thermo Fisher Scientific, S.1.U., Barcelona, Spain).
The relative concentration of each anti-OVA isotype was calcu-
lated by comparison with a pool of OVA-immunized rat sera to
which arbitrary units (AU) were assigned according to the dilu-
tion of the serum samples used for each isotype determination
(100,000 AU/mL for IgG1 and 1gG2a; 10,000 AU/mL for 1gG2b).
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2.5. Quantification of anti-OVA IgE antibodies

To detect OVA-specific IgE, an ELISA based on that described
by Knipples et al. [22] was applied. In brief, 96-well polystyrene
plates (Nunc MaxiSorp) were coated with mouse anti-rat IgE anti-
body (0.5 mg/mL overnight, 4 °C) and blocked with 0.5% gelatine
in PBS (1 h). After washing, appropriately diluted serum samples
(1/2 to 1{100) were added for 3 h at room temperature (RT). Then,
an OVA-biotin complex obtained after conjugation of OVA with
biotin was incubated (2 h, RT). Thereafter, peroxidase-conjugated
extravidin and OPD solution were subsequently added as detailed
above. The relative concentration of anti-OVA IgE was calculated
by comparison with a pool of OVA-immunized rat sera to which
10 AU/mL were assigned.

2.6. Quantification of total IgE

Serum IgE concentration was quantified by a sandwich ELISA
using anti-rat IgE antibody as capture reagent and biotin-
conjugated anti-rat IgE antibody as detection reagent. Thereafter,
peroxidase-conjugated extravidin and OPD-H0; were added as
detailed above. IgE standard was applied in a concentration range
of 0.15-20ng/mL and samples were diluted to between 1/20 and
1/200.

2.7. Determination of cytokines by cytometric bead array
immunoassay

IL-2, IL-4, IL-10, IFN-y and TNF-« cytokine concentrations
were measured using the BD™ CBA Rat Soluble Protein Flex Set
(Madrid, Spain). Briefly, samples or standards were incubated with
a mix of specific fluorescent beads for each analyte (1 h, RT, dark-
ness). Later, a mix with the detection antibodies conjugated with
phycoerithrin was added and incubated for 2 h under the same con-
ditions. Samples were washed by centrifugation at 200 x g for 5 min
and analyzed using a BD FACSAria™ (BD Biosciences) cytometer
and the FCAP Array™ Software (BD Biosciences). The minimum
detectable concentrations were 0.46 pg/mL for IL-2, 3.4 pg/mL for
1L-4, 19.4 pg/mL for IL-10, 6.8 pg/mL for IFN-y and 27.7 pg/mL for
TNF-ou.

anti-OVA IgG1

anti-OVA IgG2a

2.8. Statistical analysis

The software package SPSS 18.0 (PASW Statistics, SPSS,
Chicago, IL) was used for statistical analysis. The Levene’s and
Kolmogorov-Smirnov's tests were applied to assess variance equal-
ity and normal distribution, respectively. The parametric r-Student
test was used to assess significance. Differences were considered
statistically significant for p-values <0.05.

3. Results
3.1. Body weight

At the beginning of the study rats weighed 44.75+6.79g
(mean =+ S.E.M.). Body weight was monitored throughout the study
and its time course was similar between both groups. At the end
of the study, body weight was 99.31 +24.17 g [64.3-123.8g| and
107.91 +15.19¢g [90.4-135.3 g| in the reference and cocoa groups,
respectively.

3.2, Serum anti-OVA IgG1, IgG2a and IgG2b antibodies

The serum concentrations of specific anti-OVA antibodies
belonging to the IgG1, [gG2a and 1gG2b isotypes are summarized
in Fig. 1. Three weeks after OVA injection, the reference group
showed high concentrations of anti-OVA IgG1 and IgG2a, which
increased about 6-fold 1 week later (Fig. 1A and B). The cocoa
group showed much lower anti-OVA 1gG1 and IgG2a concentra-
tions than the reference group both at 3 weeks (80- and 30-fold
for anti-OVA IgG1 and 1gG2a, respectively) and 4 weeks (500- and
200-fold for anti-OVA IgG1 and IgG2a, respectively) from allergy
induction (p<0.001). The anti-OVA lgG2b concentrations in both
groups were much lower than the other IgG isotypes and there
were no significant differences between the diets (Fig. 1C).

3.3. Serum anti-OVA IgE and total IgE antibodies
The serum concentrations of anti-OVA IgE antibodies and total
IgE are summarized in Fig. 2. The reference animals produced high

titres of specific anti-OVA IgE after 3 weeks of allergy induction,
which increased 6-fold 1 week later (Fig. 2A). The animals fed the

anti-OVA IgG2b
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Fig. 1. Concentration of serum anti-OVA 1gG1 (A), IgG2a (B} and IgG2b (C) antibodies in reference (white bars) and cocoa groups (striped bars) at 3 and 4 weeks from allergy
induction, Results are expressed as mean plus standard error of AU/mL logarithm. *p<0.001 between reference and cocoa groups,



606 M. Abril-Gil et al. / Pharmacological Research 65 {2012) 603-608
anti-OVA IgE total IgE
100 4000
A B l 1 reference
o cocoa
10 4 3000
=]
s E
o ' 2000
E . = *
= =
=2
< *
014 ? 1000
% —rr7a ;
0,01 t 0 d f
0 21 28 0 21 28

days postinduction

days postinduction

Fig. 2. Concentrarion of serum anti-OVA IgE (A) and total IgE(B) in reference (white bars) and cocoa groups (striped bars) at 3 and 4 weeks from allergy induction. Results are
expressed as mean plus standard error of AU/mL logarithm in anti-OVA IgE and as mean plus standard error of total IgE concentration (ng/mL). "p <0.01 between reference

and cocoa groups.

cocea diet did not produce such high anti-OVA IgE titres either at
3 weeks (40-fold lower) or 4 weeks (60-fold lower) after allergy
induction (p<0.001).

The effect of cocoa diet on IgE was also apparent in the total
serum IgE concentration (Fig. 2B). Values of IgE before allergy
induction were 75.55+1545ng/mL and 74.57 £16.78 ng/mL
(mean + standard error} in the reference and cocoa groups, respec-
tively. In the reference animals, serum IgE concentration increased
up to about 3300 ng/mL after 4 weeks of allergy induction (Fig. 2).
The cocoa diet prevented total IgE increase at 3 and 4 weeks from
allergy induction (p<0.01).

3.4. Cytokine production

At the end of the study, cells from MLN were incubated to
establish a cytokine pattern (Table 1). After OVA stimulation, cells
obtained from the cocoa group secreted lower concentrations of
TNF-ce and IL-10 but higher IL-4 than those from the reference
group. No difference was observed in IL-2 values and IFN-y pro-
duction was non-detectable (p <0.05).

The same cytokines were tested in serum in the third week of
the study. Non-detectable values were obtained in these samples
from both the reference and cocoa groups.

4. Discussion

This study demonstrates that a diet containing 10% cocoa is able,
in young rats, to prevent the synthesis of antibodies involved in
allergic reaction. This result suggests that cocoa could be used as a
nutraceutical in allergic diseases.

Previous studies demonstrated that cocoa diets attenuated anti-
body synthesis in Wistar rats after immunization [18,19]. These
results prompted us to ascertain what happens in an allergy model.

In this study we induced the IgE synthesis by injecting Bordetella
pertussis toxin together with ovalbumin (OVA) and alum adjuvant
into Brown Norway allergy-prone rats. A similar model in Brown
Norway rats was applied by Dong et al, [21] and that involved
high titres of anti-OVA IgE, 3 weeks after injection. In this study,
we demonstrate that young rats that were fed a diet containing
10% cocoa produced drastically less anti-OVA IgE and, moreover,
showed lower concentrations of anti-OVA IgG1 and 1gG2a, Th2-
related antibodies in rats, From these results, lower mast cell
sensitization and a reduction of mediators released from these cells
after allergen challenge would be expected. Therefore, it possible
to suggest that cocoa has the potential to prevent allergic manifes-
tations.

The cocoa compounds responsible for these effects are still to
be ascertained, but flavonoids are good candidates. Cocoa has a
relatively high content of flavanols such as catechin and epicat-
echin and unique long procyanidins which, while most of them
cannot be directly absorbed, are metabolized by microbiota to phe-
nolic metabolites that are eventually absorbed [23]. Cocoa also
contains lower amounts of flavonols such as quercetin, flavones
such as luteolin, and flavanones such as naringenin [15,24]. Some
preclinical studies show the effect of dietary flavonoids on spe-
cific 1gE production and allergic manifestations. In a model of food
allergy induced in mice with OVA, the intake of apple condensed
tannins, which are rich oligomeric flavanols, decreased serum QVA-
specific IgE and 1gG1 synthesis and inhibited the development of
oral OVA sensitization [25]. Single flavonoids such as quercetin
and silibinin administered p.o. have also demonstrated attenuating
activity on specific IgE synthesis [26,27]. In addition, in an allergy
model, mice treated daily p.o. with an extract of Kalanchoe pin-
nata (Crassulaceae), which contains quercetin derivatives among
other flavonoids, reduced the production of specific Igk and were
protected against fatal allergenic challenge [28].

Table 1

Cytokine concentration in MLN cell supernatants after stimulation with OVA. Results are expressed as mean + standard error of the mean.
Groups IL-2 {pg/mL) IFN-y (pg/mL} TMNF-o (pg/mL) IL-4 (pgfmL) IL-10 (pg/mL}
Reference 6.72+061 nd.? 1677.34+234.08 574+1.39 226.88+38.61
Cocoa 6.72 4086 n.d. 266,65 +45.12 11.6942.05 9422 4+15.11
p-Value NS - <0005 <0.005 <0.05

7 Non-detectable values,

3
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The cocoa diet partially prevented the increase of total IgE in
serum that occurs after allergy induction. These results are in line
with some studies using flavonol- or flavone-enriched diets. In first
case, a leaf extract rich in the flavonol myricitrin decreased total
IgE in an allergy model in transgenic mice [29]. The flavones chrysin
and apigenin suppressed total IgE concentrations whereas IgG, lgM
and IgA concentrations were not affected [30] but later studies
show that apigenin in a mice model of atopic dermatitis decreased
serum fotal IgG1 and IgE concentrations, without modifying sig-
nificantly specific antibodies, and ameliorated the development of
skin lesions [12],

The mechanism involved in the regulation of IgE synthesis by
cocoa flavonoids is still to be clarified. As IgE antibodies are asso-
ciated with Th2-effector cells, a lower production of cytokines
by these cells was expected. However, results in supernatants of
mesenteric lymph node (MLN) cells did not totally confirm this
hypothesis. The production of Th2-cytokines IL-4 and I1L-10 by MLN
cells increased and decreased, respectively, in animals fed cocoa.
As IL-4 is the major inducer for class-switching to IgE biosynthe-
sis in B lymphocytes, the decrease in serum IgE in cocoa-fed rats
should be associated with lower IL-4 production. It is notewor-
thy that although some authors reported low levels of 1L-4 after
flavonoid treatment [30,31] others did not find any difference [12].
On the other hand, previous studies with a similar cocoa diet in rats
noted a decrease of IL-4 production in spleen [ 16,18 but not in MLN
cells | 18]. Therefore, a systemic compartment, such as the spleen,
could perhaps better reflect the Th2-specific effect of cocoa than
cells from the intestinal immune system, such as MLN lymphocytes,
Moreover, it would be interesting to investigate the production of
cytokines earlier in the process, when IgE production is not yet
decreased. In any case, the effect of the cocoa diet on IL-10 and
TNF-a production, which were the most abundant cytokines among
those considered, should be noted. The cocea diet decreased IL-10
secretion by about 60% and TNF-a production about 85%. Inhibi-
tion of IL-10 production can reflect the downregulation of Th2-cell
function. With regard to TNF-w, this can be secreted by mast cells
and could be implicated in Th2-mediated allergic inflammation
promoting the homing of Th2 cells to the site of allergic inflamma-
tion [32]. Similar effects on IL-10 and TNFa mediated by flavonoids
given in allergic conditions have been reported [28,33,34]. In addi-
tion, the inhibitory effect of a cocoa diet on TNF-a synthesis has
been described [16,35].

Apart from the influence of flavonoids on allergen-specific IgE
and cytokine production, it is well established that some flavonoids
are able to act directly on mast cells and inhibit their degranu-
lation. In this regard, Maeda-Yamamoto et al, [36] demonstrated
the inhibitory effect of some tea catechins (very similar to those
in cocoa) on mast cell activation, and established the intracellular
mechanisms involved. More recently, Tamura et al. [37] reported
the downregulatory effect of epigallocatechins on the surface
expression of FceRI in mast cells, and Venkatesh et al. [38] demon-
strated with ex vivo studies the inhibitory effect of extracts rich in
catechin on mast cell activation. In this study, ex vivo mast cell func-
tion was not assessed, but the direct effect of cocoa flavonoids on
these cells cannot be disregarded. In any case, it seems that some
flavonoids, including those present in cocoa, could be an adjuvant
or an alternative to anti-allergic treatment, and this suggestion has
driven some human trials. Flavonoids, such as apple polyphenols,
Pycnogenol® and isoquercitrin, have been applied in the preven-
tion of seasonal allergy [39-41]. Although the cohort of the studies
was small, flavonoid intake over a long period seems to be effective
for the relief of allergic symptoms [39-41]. In the case of cocoa, fur-
ther studies need to be performed to establish its anti-allergic dose
in humans, although following the conversion of animal doses into
human equivalent doses [42], the 10% cocoa diet was equivalent
to 0.908 g cocoa/kg human per day. Moreover, the polyphenolic
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composition of cocoa also needs to be also considered as this
depends on cocoa's origin and methed of processing and can impact
in its nutraceutical potential [43].

5. Conclusion

In conclusion, a cocoa-enriched diet in young rats produces an
immunomodulatory effect that prevents anti-allergen IgE synthesis
and other Th2-associated antibodies. This diet also reduces TNF-w
secretion, which can play a role in allergic inflammation. All these
results suggest a potential role for cocoa flavonoids in the preven-
tion or treatment of allergic diseases.
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Resum

Objectiu: Establir variables que permetin quantificar de forma objectiva la
resposta anafilactica després d’una provocacié oral en un model d’al-lérgia
en rata.

Material i metodes: L’estudi es va dur a terme en rates femelles Brown
Norway de 4 setmanes d’edat. La induccié del model d’al-lergia es va
realitzar amb una sola immunitzacid, per via intraperitoneal, amb una
emulsié d’ovoalbimina (OVA) com al-lergogen juntament amb toxina de
Bordetella pertussis i hidroxid d’alumini com adjuvants. Quaranta dies
després, els animals van rebre una dosi elevada d’OVA (200 mg/rata) per via
oral amb el fi de provocar una resposta anafilactica. Per tal d’evidenciar el
desenvolupament d’anafilaxi es va monitoritzar I'activitat motora durant els
primers 21 minuts després de la-provocacié oral, es va mesurar la
temperatura corporal durant 2 hores i es va quantificar en serum la proteasa
Il alliberada de mastocits (RMCP-II) durant el mateix periode.

Resultats: La provocacio oral va comportar una davallada de la temperatura
corporal, que es va mantenir durant almenys 2 hores. Aixi mateix, I’anafilaxi
va causar un increment de RMCP-Il en serum durant aquest periode. Per
altra banda, els animals amb al-lérgia van mostrar una reduccié en el nombre
de moviments enregistrats durant els primers minuts després de la induccio
de I'anafilaxi, disminucié que es va correlacionar inversament amb la
concentracid sérica de RMCP-II.

Conclusions: El resultats demostren que la monitoritzacié de I'activitat
motora és una eina objectiva i fiable per avaluar la resposta anafilactica i, per
tant, atil per al cribratge preclinic de nous farmacs antial-lergics.
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Abstract

The release of mediators by mast cells triggers allergic symptoms involving various physiological systems and, in the most severe
cases, the development of anaphylactic shock compromising mainly the nervous and cardiovascular systems. We aimed to
establish variables to objectively study the anaphylactic response (AR) after an oral challenge in an allergy model. Brown
Norway rats were immunized by intraperitoneal injection of ovalbumin with alum and toxin from Bordetella pertussis. Specific
immunoglobulin (Ig) E antibodies were developed in immunized animals. Forty days after immunization, the rats were orally
challenged with the allergen, and motor activity, body temperature and serum mast cell protease concentration were determined.
The anaphylaxis induced a reduction in body temperature and a decrease in the number of animal movements, which was
inversely correlated with serum mast cell protease release. In summary, motor activity is a reliable tool for assessing AR and
also an unbiased method for screening new anti-allergic drugs.

Keywords: Allergy, anaphylaxis, mast cell, motor activity, rat

Experimental Biology and Medicine 2015; 0: 1-5. DOI: 10.1177/1535370215573393

Introduction

IgE against allergens is the antibody responsible for most
allergies. IgE coats the surface of mast cells and the subse-
quent exposure to the same allergen triggers the release of
the mast cell intragranular content — mainly histamine,
proteases and other enzymes — and later mediators such
as cytokines and leukotrienes, which lead to the allergic
manifestations. As well known, the release of mediators
produces physiological changes such as vasodilatation, an
increase in wvascular permeability, and smooth muscle
contraction, which affects the skin, respiratory and gastro-
intestinal systems or even the nervous and cardiovascular
systems.'” The most severe form of allergic reaction is
anaphylaxis, which affects at least two organic systems,
sometimes resulting in an anaphylactic shock, which is
characterized by cardiovascular and nervous disorders
including hypotension, an increase in heart rate and hypo-
thermia, which can result in death.™*

Animal models are extremely valuable for the assess-
ment of allergenic potential and for the screening of anti-
allergic drugs. In this context, Brown Norway (BN) rats
have been described as a high-IgE responder strain and,
to a degree, resemble atopic humans in their predisposition

ISSN: 1535-3702
Copyright © 2015 by the Society for Experimental Biology and Medicine

to react more readily to antigens with an overproduction
of IgE.>** Anaphylaxis can be studied in rodents by mea-
suring ear-swelling response, body temperature, and respir-
ation patterns and through blood pressure monitoring,
as well as changes in the animals” behaviour using scoring
systems or, in the most severe cases, the number of deaths.
Likewise, different mediators such as histamine or mast cell
protease release, or serum-specific IgG and IgE have been
determined.®” In this study, we aimed to establish an
unbiased variable that would allow us to objectively
assess the anaphylactic response (AR) after an oral chal-
lenge with ovalbumin (OVA) in BN rats, focusing on
changes in animal behaviour.

Materials and methods
Rat allergy induction and ethical approval

Three-week-old female Brown Norway (BN) rats (Janvier,
Le Genest-Saint-Isle, France) were maintained under condi-
tions of controlled temperature and humidity in a 12:12
light:dark cycle. After a one-week acclimation period, the
rats were randomized into two groups: allergy and refer-
ence (=8 in each one). The allergy was induced using an
emulsion of ovalbumin (OVA, grade V, Madrid, Sigma-

Experimental Biology and Medicine 2015; 0: 1-5
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Aldrich, Spain) as allergen, in alum (Imject”; Pierce,
Rockford, IL, USA) as adjuvant and toxin from Bordetelln
pertussis (tBp; Sigma-Aldrich) to promote IgE synthesis.”
Each rat received only one intraperitoneal (i.p.) injection
with 0.5mL of the emulsion containing 50pg of OVA,
50ng of tBp, and 2.5 mg of Imject” (Figure 1a). Before this
injection and five weeks later, blood samples were collected
from the saphenous vein to determine specific IgE concen-
tration. Forty days from the beginning of the study, ana-
phylaxis was induced. Two days later, rats were sacrificed
and blood samples were obtained by heart puncture.
Experimental procedures were reviewed and approved by
the Ethical Committee for Animal Experimentation of the
University of Barcelona (ref. 359/12).

Induction of anaphylaxis

The day before anaphylaxis induction, both groups were
deprived of food overnight. The rats received 2mL of OVA
(100mg/mL) orally to induce an AR. Motor activity was
immediately assessed for 21 min. Rectal temperature was
determined (digital thermometer, OMRON Healthcare
Hoofddorp, the Netherlands). Blood was collected before
oral challenge and every 30 min up to 2h post-AR induction
from the saphenous vein to determine serum rat mast cell
protease I (RMCP-II) concentration (Figure 1(b)).

Measurement of motor activity

Motor activity was measured by using individual cages in
an isolated room, with an activity meter that included two
perpendicular infrared beams, which crossed the cage 6cm

35

above the floor as has been reported previously’
(Figure 1(b)). Two motor activity measures were performed:
the first (basal) 24h before and the second immediately
after the oral challenge. Activity counts were recorded
using time frames of 1min for 21 min. To stimulate rat
movements, 8 min after the beginning of the measurement
the lights were turned off for 5 min and then turned on until
the end of the measurement. The results refer to the move-
ments in three time phases: pre-darkness, darkness, and
post-darkness, as well as the entire period. The percentage
of motor activity decreases after AR induction was calcu-
lated with respect to the basal measurement in each studied
phase and the whole period.

Quantification of anti-OVA IgE antibodies

OVA-specific IgE concentrations were quantified in serum
samples collected before allergy induction, and five and six
weeks later by ELISA as previously described."

Quantification of rat mast cell protease

Serum RMCP-II concentration was measured using a
commercial ELISA set (Moredun Animal Health,
Edinburgh, UK) with slight modifications. In brief, ELISA
plates were coated with anti-RMCP-II antibody (overnight,
4'C). After blocking and washing, appropriately diluted
serum samples were incubated for 3 h. After washing, per-
oxidase-conjugated anti-RMCP-II antibody was incubated
for 2h. Finally, a 3,355 -tetramethylbenzidine solution
(with H20») was added and the optical density (OD) was
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Figure 1

Experimental protocol. {a) Time-course of the experimental design including the points of sample collection. (b) Motor activity assessment 24 h befare (day

38) and immediately after the induction of anaphylaxis (day 40) with the determinations carried out. Two kinds of infrared beams are represented: E is the emitter and R

is the receiver
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measured (microtiter plate
Multiskan, Helsinki, Finland).

photometer, Labsystems

Statistical analysis

The software package IBM SPSS Statistics 20 (SPSS Inc.,
Chigago, IL, USA) was used. The Levene's and the
Kolmogorov-Smirnov tests were applied to assess variance
equality and normal distribution, respectively. One- and
two-way ANOVA tests were used to study the effect of
group and group x time interaction, respectively. The
motor activity data were analysed by two-way ANOVA
for repeated measures considering the group (allergy
group vs. reference group) and time as the interacting fac-
tors followed by Bonferroni's pest hoc test. To evaluate the
correlation among studied variables, Pearson’s coefficient
(p) was applied. To analyse the results from anti-OVA IgE
concentration, a non-parametric test (Mann-Whitney U)
was used due to non-variance homogeneity. RMCP-II and
body temperature results were analysed by one-way
ANOVA. Differences were considered statistically signifi-
cant for p < 0.05.

Results
Serum anti-OVA IgE antibodies

Before immunization, both reference and allergy groups
had no detectable OVA-specific IgE antibodies (Figure 2).
Five weeks after immunization (before AR induction), the
allergy group had remarkable anti-OVA IgE titres
(P <0.001), and at day 42 these values remained high.

Serum mast cell-released mediators

After AR induction, the RMCP-II concentration in reference
animals was about 1266.51 +19.90 ng/mL (mean +S.E.M.).
The allergy group showed about a threefold increase in
RMCP-II concentration (4052.69 £20.48 ng/mL) compared
to that in reference animals (P < 0.0001). This increase was
already observed at 30 min post-challenge and remained for
at least 2h (Figure 3(a)). There was a direct correlation
between the amount of RMCP-IT 30 min after AS and the
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concentration of specific IgE antibodies at days 35
(p=0.873, P <0.01) and 42 (p=0.716, P < 0.05).

Body temperature

The body temperature in the allergy group was about 2
lower than that of the reference group (P <0.05) over 2h
after AR induction (Figure 3(b)).

Motor activity

One day before AR induction, motor activity data showed
that animals from the allergy group had fewer movements
than those in the reference group throughout the whole
studied period and taking into account the three established
phases (pre-darkness, darkness and post-darkness,
P <0.01, Figure 4a). Both groups presented the maximal
activity in the first minutes, and the longer the measure-
ment time, the quieter the animals were (P <0.0001 for
time). There was no significant effect in the interaction
group x time.

After AR induction, both groups exhibited lower motor
activity (Figure 4(b)) than that observed in the previous
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Figure 2 Serum OVA-specific IgE antibodies in allergy (black bars) and refer-

ence (white bars) groups during post-immunization period. Results are
expressed as mean £ SEM (n = 8). "P < 0.001 between both groups
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(a) Serum RMCP-II relative concentration after AS induction in allergy (black bars) and reference (white bars) groups. Each bar represents the mean + SEM

{n=8). (b) Body temperature after AS induction in allergy (s) and reference (-) groups. Results are expressed as mean + SEM {n =8). *P < 0.05, *"P < 0.0001 between

both groups
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Figure 4 Motor activity results during the 21-min period: (a) 24 h before the AS induction; (b) immediately after AS induction; and (c) percentage of motor activity
decrease after AS induction referring to pre-darkness, darkness, post-darkness, and the whole period. Allergy group (s or black bars) and reference group (- or white
bars). Results are expressed as mean + SEM (7 =8). *P < 0.05 between both groups. In (a) and {b), shadow period corresponds to darkness

measurement (Figure 4(a)). For the whole studied period and
for each established phase, the allergy group showed a
decrease in the number of movements compared to the refer-
ence group (P < 0.0001 for groups). In the pre-darkness phase
but not later, a relevant interaction group x time was
observed (P < 0.05). There was an inverse correlation between
the number of movements and the amount of RMCP-II
released 30 min after oral challenge (p=—0.788, P < 0.01).

With regard to the percentage of motor activity decrease
after AR induction (Figure 4(c)), reference animals pre-
sented a reduction of about 40-60% whereas this reduction
was significantly higher in the animals with anaphylaxis,
which achieved a decrease of around 80% (P < 0.05 for the
entire period and the pre-darkness phase).

Discussion

In the current study, an anaphylaxis was induced in allergic
rats and this was objectively assessed by changes in rat
behaviour, such as motor activity, together with a decrease
in body temperature and the appearance of mast cell medi-
ators in serum. In Brown Norway (BN) rats, the immuniza-
tion with ovalbumin (OVA) plus adjuvant together with
toxin from Bordetella pertussis allows an allergy rat model

70

to be obtained that is characterized by high and permanent
serum anti-OVA IgE production as reported previously."
After 5-6 weeks of immunization, oral administration of
high amounts of OVA could challenge an anaphylaxis that
caused changes in several physiological systems.

The anaphylaxis is a systemic response of the immune
system due to a general mast cell release of mediators and
affects multiple target organs, including the cardiovascular
and nervous systems. Systemic anaphylaxis can be moni-
tored by quantifying mast cell mediators in serum. A good
mast cell mediator in the current study, in agreement with
others,'* was mast cell protease 11 (RMCP-I). This
enzyme could be quantified in healthy animals and it
increased threefold in allergic animals, remaining for at
least 2 h after challenge. The release of mast cell mediators
produces vasodilatation and increases vascular permeabil-
ity,4 which lowers bady temperature.? In the current study,
mast cell degranulation in orally challenged animals could
also be assessed by means of a drop in body temperature
that lasted for at least 2 h after challenge. These results agree
with others showing the correlation between chan&e:; in
body temperature and anaphylaxis symptom scores. =

On the other hand, it has long been established thatallergy
is associated with behavioural changes. Mast cells found in



the brain are able to regulate many physiological functions
within the central nervous system. In this sense, it has been
described that the allergen challenge in rodents with a
respiratory allergy induces an anxiety-like behaviour and a
reduction in social interactions." As a part of the evaluation
of anaphylaxis in rodents, some variables concerning animal
behaviour have been reported. Such variables include
scratching or rubbing around the nose or head, and wheezing
or abdominal cramping, which are usually evaluated by
means of scoring systems with other manual or subjective
indexes.” These methods require the observation of each
animal and this can be subject to personal interpretation.
Here, a new system is introduced to assess an AR in rodents
that consists in recording objectively the number of move-
ments by means of an activity meter. This method allows
behaviour changes related to the reduction in activity in ana-
phylaxis-induced animals to be quantified in an objective
way. It also has the advantage of having monitored a
higher number of isolated animals at the same time.

In the current study, we aimed to quantify movements
after AR induction and, in order to establish basal data,
animal movements were recorded 24 h before the allergen
challenge. Surprisingly, we could notice that the immu-
nized animals showed fewer movements than the reference
rats even before the anaphylaxis induction. The reason of
such decrease cannot be explained from the data in the
current study, but it could be related to the relation-
ship between allergy and behaviour.''*" After allergen
challenge, there was a decrease in the number of move-
ments of both reference and allergic rats compared to
those produced the day before in the same conditions.
This general decrease could be attributed to the blood
sample collection carried out minutes before oral challenge
in every animal. However, this decrease was significantly
higher in allergic rats than in non-immunized animals,
showing therefore the anaphylaxis response, and was
more patent in the first few minutes after challenge, when
animals were placed in a new cage and then explored the
new environment. The movements recorded after the ana-
phylaxis induction inversely correlate with the release of
RMCP-II from mast cells measured in samples obtained
few minutes later, suggesting that the higher the mast-cell
degranulation, the quieter the animals were.

In conclusion, this study offers a new objective variable,
motor activity, for assessing the AR in an allergy model
induced in rodents. This tool represents a reliable and
unbiased way to screen new anti-allergic drugs.
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Resum

Objectiu: Desenvolupar i caracteritzar un model d’al-lérgia alimentaria en
rata i avaluar la resposta anafilactica després d’una provocacié oral.

Material i métodes: L'estudi es va realitzar en rates femelles Brown Norway
de 4 setmanes d’edat. La induccid d’al-lérgia alimentaria va consistir en una
primera immunitzacié -per via intraperitoneal (i.p.)- amb ovoalbimina (OVA),
toxina de Bordetella pertussis i hidroxid d’alumini i, catorze dies després, en
I’'administracio diaria i durant 3 setmanes d’una solucié d’OVA (1 mg/rata)
per via oral. De forma paral-lela, es va disposar d’un grup que només va
rebre la immunitzacio i.p. Quaranta dies des de la primera immunitzacié, els
animals van rebre per via oral una dosi elevada d’OVA (200 mg/rata) per tal
de provocar una resposta anafilactica. Per evidenciar el desenvolupament de
I’'anafilaxi es va mesurar I’activitat motora, canvis en la temperatura corporal,
alteracions en la permeabilitat intestinal i es va quantificar la proteasa Il
mastocitaria (RMCP-II) en serum. Al llarg de tot I'estudi es va determinar la
concentracié sérica d’anticossos especifics d’isotip IgE, 1gG1, 1gG2a, 1gG2b i
IgA. A dia final, es va quantificar la secrecié de citocines per part
d’esplenocits, la composicid fenotipica de limfocits aillats de plaques de
Peyer i de ganglis limfatics mesenterics i, finalment, I'expressié geénica i la
concentracié d’anticossos IgA especifics a nivell intestinal.

Resultats: L'administraci6 d’OVA per via oral va exacerbar la sintesi
d’anticossos especifics serics d’isotip 1gG1 i IgG2a i, en menor grau, la
d’lgG2b i IgA desenvolupada per la immunitzacié i.p. De forma rellevant,
també es va potenciar la produccié d’Igk especifica durant la primera
setmana d’administracié oral d’OVA. La induccié de la resposta anafilactica
va produir una disminucié de la temperatura corporal i de I'activitat motora,
i va incrementar la permeabilitat intestinal. Aquests canvis es van evidenciar
tant en el grup amb al-lergia alimentaria com en el grup que només va ser
immunitzat per via i.p. En canvi, la concentracié de RMCP-Il en sérum va ser
sis vegades superior en els animals amb al-lérgia alimentaria. A més, a nivell
intestinal, la immunitzacid oral va incrementar I'expressié genica de RMCP-II
i la sintesi d’IgA especifica.

Conclusions: La combinacié de la immunitzacié i.p. i 'administracié oral
d’OVA a rates Brown Norway indueix un model d’al-lergia alimentaria eficag i
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relativament rapid donat que es potencia la sintesi d’anticossos especifics,
sobretot durant la primera setmana d’administraciéo oral d’OVA, i també
I'alliberament de RMCP-II aixi com la seva expressié genica a nivell intestinal.
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Abstract

Background

Food allergy (FA) is an adverse health effect produced by the exposure to a given food. Cur-
rently, there is no optimal animal model of FA for the screening of immunotherapies or for
testing the allergenicity of new foods.

Objective

The aim of the present study was to develop an effective and rapid model of FA in Brown
Norway rats. In order to establish biomarkers of FA in rat, we compared the immune re-
sponse and the anaphylactic shock obtained in this model with those achieved with only
intraperitoneal immunization.

Methods

Rats received an intraperitoneal injection of ovalbumin (OVA) with alum and toxin from Bor-
detella pertussis, and 14 days later, OVA by oral route daily for three weeks (FA group). A
group of rats receiving only the i.p. injection (IP group) were also tested. Serum anti-OVA
IgE, IgG1, IgG2a, IgG2b and IgA antibodies were quantified throughout the study. After an
oral challenge, body temperature, intestinal permeability, motor activity, and mast cell prote-
ase |l (RMCP-Il) levels were determined. At the end of the study, anti-OVA intestinal IgA,
spleen cytokine production, lymphocyte composition of Peyer’s patches and mesenteric
lymph nodes, and gene expression in the small intestine were quantified.

Results

Serum OVA-specific IgG1, IgG2a and 1gG2b concentrations rose with the i.p. immunization
but were highly augmented after the oral OVA administration. Anti-OVA IgE increased two-
fold during the first week of oral OVA gavage. The anaphylaxis in both IP and FA groups
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decreased body temperature and motor activity, whereas intestinal permeability increased.
Interestingly, the FA group showed a much higher RMCP Il serum protein and intestinal
mRNA expression.

Conclusions

These results show both an effective and relatively rapid model of FA assessed by

means of specific antibedy titres and the high production of RMCP-II and its intestinal gene
expression.

Introduction

Food allergy (FA) is ‘an adverse health effect arising from a specific immune response that oc-
curs reproducibly on exposure to a given food’ [1]. Nowadays it is a major public health prob-
lem and the only therapy available consists of avoiding the causative foods [2]. An American
retrospective study showed that the economic burden of FA reactions and anaphylaxis treat-
ments is near to $300 million [3]. Despite the fact that more than 170 foods have been reported
to cause IgE-mediated hypersensitivity [4], most of the allergic reactions are attributed to a lim-
ited number of foods, cow’s milk, egg, nuts and seafood being the most common in Europe [5],
whereas they share prominence with wheat, soy and peanut in the USA [6]. Although the exact
prevalence of FA remains uncertain, data supports that its prevalence is increasing with current
rates around 5% in adults and approaching 8% in the child population [7].

In healthy conditions, the intestinal barrier, constituted by the epithelium covered with
mucus, enzymes and bile salts together with extreme pH, acts as a physical barrier preventing
the passage of harmful pathogens, as well as a selective filter, allowing essential dietary nutri-
ents to pass into the circulation [8,9]. In general, food ingestion results in oral tolerance: when
dendritic cells, the professional antigen-presenting cells, capture food antigen in the lamina
propria (LP) and Peyer's patches (PP), they carry them to the mesenteric lymph nodes (MLN)
where they induce regulatory T (Treg) cells that migrate back to the LP. The resident macro-
phages in the LP can expand Treg cells, suppressing Th2 cytokines and IgE as well as the effec-
tor functions of mast cells and basophils, thus inhibiting allergic inflammation and food
hypersensitivity [8,10]. In contrast, patients with FA have lost the immune mechanisms re-
sponsible for oral tolerance, and recognize some food antigens as harmful molecules. In this
population, alterations in Treg cell function and environmental factors, such as microbiota,
have been suggested to be important contributors to food sensitization and allergy [11].

Animal models, such as those described in dogs, swine, guinea pigs, mice and rats, have
been used for assessment of allergenicity of foods, although the optimal model has not been
reached [12-18]. In the case of dogs, the gut anatomy, physiology and nutritional requirements
are similar to humans and in swine the anatomy, physiology and immunology of skin and gas-
trointestinal tract are also comparable to humans [19], but in both animal species there are
some disadvantages in comparison with rodents, such as the expense incurred by animal main-
tenance, the limited availability of strains, the lack of commercially available immunological re-
agents, and the long process to sensitization (18 months for dogs) [20]. Studies related to cow’s
milk allergy commonly use guinea pigs for oral sensitization [21,22]. However, it is not an ap-
propriate model for the assessment of allergenicity of novel proteins because the immunologi-
cal reactions to proteins differ from those in humans [22], there are a lack of available tools to
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study the guinea pig immune system and, for FA research, there are significant differences in
the immunophysiology in comparison with other species [19].

Regarding the use of mice in allergy research, the transcriptional analysis approach has
shown remarkable consistency between murine and human samples, and studies in atopic der-
matitis showed a high degree of homology in the gene expression profile [23]. In addition, their
small size, short breeding cycle and well-characterized immunology are certainly key factors.
Several allergy models performed in mice differ in the strain, the sensitization route, the type of
allergen, the dosage, or the use of an adjuvant [16,24-27]. Nevertheless, the natural complexity
of the allergic reactions makes it difficult to find a single reliable marker to quantify the sensiti-
zation potential of a protein [28]. Finally, the use of rats has a number of advantages compared
with other animal models, particularly with respect to being one of the most commonly used
species in toxicity testing [29]. Brown Norway (BN) rats have been widely studied because this
strain is a high IgE responder, similar to atopic humans. BN rats have been used as a model of
FA in the presence or absence of an adjuvant. In this latter condition, Knippels et al. have dem-
onstrated oral sensitization and have evaluated the influence of rat strain [30] and dosage
[31,32]. However, the model of oral sensitization without an adjuvant requires a long process
of sensitization (six weeks) and, although it has been used in several studies [33-36], success
after oral sensitization was not always achieved in a high percentage of rats [37] and/or the sen-
sitization does not always induce the synthesis of IgE antibodies [20,30,38,39]]. This limitation
makes it difficult to use this model for the screening of new therapies or allergenicity studies.
Regarding the use of other sensitization routes and an adjuvant to induce FA in BN rats, the ad-
ministration of two to three intraperitoneal (i.p.) injections of allergen and, in some cases, the
oral gavage of the same allergen has been applied [40-42]. The present study aimed to develop
an effective and more rapid model of FA in BN rats based on that reported by Ogawa et al. [43]
with only one i.p. injection of the allergen with alum together with toxin from Bordetella per-
tussis (tBp) to promote IgE synthesis [44], and two weeks later the oral administration of
soluble allergen. In order to establish biomarkers of FA in rat, we compared the specific im-
mune and the anaphylactic responses obtained in this model with those achieved with only an
i.p. immunization.

Material and Methods
Animals and experimental design

Three-week-old female BN rats obtained from Janvier (Saint-Berthevin, France) were main-
tained on an OV A-free diet and water ad libitum. The parent rats had followed the SSNIFF
$8189-5105 diet, free of egg proteins. The rats were housed in cages under conditions of con-
trolled temperature and humidity in a 12:12 h light-dark cycle. After an acclimatization period
of one week, the rats were randomized into three groups: reference (RF) group, intraperitoneal
(IP) group and food allergy (FA) group (n = 8 per group). The FA induction was carried out by
combining an i.p. immunization with OVA mixed with alum and tBp followed, 14 days later,
by oral OV A administration for three weeks; five days later, an oral challenge was given to
cause an anaphylactic response (AR). The AR was evaluated by means of body temperature,
protease release of mast cells, intestinal permeability and also by motor activity assessment
[45]. Finally, rats were sacrificed on day 42, two days after the oral challenge, to collect tissue
samples. During the study, the body weight was registered and blood samples were collected
weekly to determine specific antibodies production.

Experimental design was repeated twice in order to get representative results of an enough
number of animals per group.
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Experimental procedures in rats were reviewed and approved by the Ethical Committee for
Animal Experimentation at the University of Barcelona (ref.359/12).

Food allergy induction

An emulsion of OVA (grade V, Sigma-Aldrich, Madrid, Spain) as allergen, in alum (Imject,
Pierce, IL, USA) as an adjuvant and tBp (Sigma-Aldrich) was prepared. Each rat from the IP
group received by i.p. route 0.5 mL of the emulsion containing 50 pg of OV A, 2.5 mg of Imject
and 50 ng of tBp. In the FA group, in addition to the i.p. injection as administered in the case
of the IP group, the animals received, starting 14 days later, 1 mL of OVA solution in sodium
bicarbonate (1 mg per rat) by oral gavage five days/week for three weeks. As a control, the IP
and RF groups received | mL of sodium bicarbonate by oral gavage for the same period.

Anaphylaxis induction

Forty days after OVA i.p. immunization, the animals were deprived of food overnight and then
received 2 mL of OVA (200 mg per rat) orally. Blood was collected every 30 minup to 2 h
post-AR induction from the saphenous vein. During this period rectal temperature was mea-
sured using a digital thermometer (OMRON Healthcare Europe, the Netherlands).

In order to determine the intestinal barrier integrity, 30 min after the challenge each rat re-
ceived 100 mg/mL of B-lactoglobuline (BLG, Sigma-Aldrich) by oral gavage [31], details are de-
scribed in the “Quantification of intestinal permeability” section

Motor activity measurement

Motor activity was assessed for 21 min using individual cages in an isolated room, with an ac-
tivity meter that included two perpendicular infrared beams, which crossed the cage 6 cm
above the floor. These facilities have been commonly used to study rat motor activity in differ-
ent conditions [46,47]. Two motor activity measures were performed: the first was measured
24 h before anaphylaxis induction to determine the basal movements, and the second immedi-
ately after the oral challenge to establish the changes produced by anaphylaxis induction.
Activity counts were recorded using time frames of 1 min for 21 min. To stimulate rat move-
ments, 8 min after the beginning of the measurement, the lights were turned off for 5 min and
then turned on until the end of the measurement. The results refer to the movements in three
time phases (pre-darkness, darkness and post-darkness) as well as the entire period. The area
under the curve (AUC) for the 21-min period and the percentage of decrease in motor activity
after AS induction with respect to the basal measurement in each studied phase as well as in
the whole period were also calculated.

Sacrifice and sample processing

Two days after AR the rats were anaesthetized with ketamine (90 mg/kg) (Merial Laboratories
S.A, Barcelona, Spain) and xylazine (10 mg/kg) (Bayer A.G, Leverkusen, Germany). Blood was
obtained by heart puncture. MLN and spleen were also dissected for immediate lymphocyte
isolation. From the middle of the small intestine (SI), a small piece (0.5 cm) was excised and
kept in RNA later (Ambion, Life Technologies, Austin, USA) until gene expression analysis by
real-time PCR, the procedure is detailed in the “Quantification of gene expression in small in-
testine” section. From the distal part of the SI, visible PP were collected for immediate lympho-
cyte isolation, and gut washes were obtained for quantification of specific IgA.
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Peyer’s patches lymphocyte isolation and gut wash obtention

The processing of these samples was performed as previously described [48,49]. Briefly, PP
were incubated with complete culture medium containing Roswell Park Memorial Institute
(RPMI 1640, Sigma-Aldrich), 10% fetal bovine serum (FBS), 100 IU/mL streptomycin-
penicillin, 2 mM L-glutamine (Sigma-Aldrich), and 0.05 mM 2-B-mercaptoethanol (Merck,
Darmstadt, Germany) with 1 mM of dithiothreitol (Sigma-Aldrich) (5 min, 37°C). Thereafter,
PP were washed with RPMI medium and passed through a cell strainer (40 pm, BD Biosci-
ences, Madrid, Spain).

The remaining distal SI tissue (without PP) was cut into 5 mm pieces, weighed and used to
obtain the gut wash by shaking in phosphate-buffered saline (PBS) (37°C, 10 min). Gut washes
were conserved at -20°C for anti-OV A IgA determination.

Ovalbumin-specific stimulation of mesenteric lymph nodes and spleen
lymphocytes

MLN and spleen cell suspensions were obtained as previously described [48] by passing the tis-
sue through a cell strainer (40 um, BD Biosciences). Erythrocytes from the spleen were elimi-
nated by osmotic lysis. MLN and spleen cells were cultured at 5 x 10° cells in 1 mL of medium
with or without OVA (50 pg/mL) for 96 h. Supernatants from spleen cultures were collected to
assess cytokine concentrations. MLN cells were used to establish changes in lymphocyte com-
position after specific stimulation.

Assessment of lymphocyte composition in Peyer's patches and
mesenteric lymph nodes

Peyer's patches and MLN lymphocytes were stained with the following mouse anti-rat mono-
clonal antibodies (mAb) conjugated to fluorescein isothiocyanate, phycoerythrin or allophyco-
cyanin: anti-TCRup (R73), anti-CD4 (0X-35), anti-CD8o (OX-8), anti-CD45RA (OX-33),
anti-NKR-P1A (10/78), anti-CD25 (OX-39) (BD Biosciences) and anti-IgA (Abcam, Cam-
bridge, UK). Cells were labeled with saturating concentrations of conjugated mAb in PBS con-
taining 1% FBS and 0.09% NasN as previously described [50]. Negative control staining using
isotype-matched mAb was included for each sample.

Analyses were performed using a FC 500 Series Flow Cytometer (Beckman Coulter, FL,
USA), and data were assessed by the FlowJo v7.6.5 software (Tree Star Inc,. Ashland, OR,
USA). Lymphocyte populations were defined as: B (CD45RA"CD4 ), B expressing IgA
(IgA"CD45RA™Y), T (TCRaf™), Th (TCRef™CD4"), Tc (TCReBf CD8") and activated Th
(TCRoB'CD47CD25") cells. Results are expressed as percentages of positive cells in the lym-
phocyte population previously selected according to their forward scatter and side scatter
characteristics.

Quantification of serum mast cell protease I

In serum samples obtained during the AR, rat mast cell protease IT (RMCP-II) concentration
was quantified using a commercial ELISA set (Moredun Animal Health, Edinburgh, UK} with
slight modifications. In brief, 96-well ELISA plates (Nunc Maxisorp, Wiesbaden, Germany)
were coated with anti-rat RMCP-II antibody (overnight, 4°C). After blocking and washing,
appropriately diluted serum samples were incubated for 3 h. Peroxidase-conjugated anti-rat
RMCP-1I antibody was incubated for 2 h and, finally, a 3,3°,5,5"-tetramethylbenzidine solution
with H,0, was added, and optical density (OD) was measured on a microtiter plate photometer
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(Labsystems Multiskan, Helsinki, Finland). Data were interpolated by means of Ascent v.2.6
software (Thermo Fisher Scientific, S.1.U., Barcelona, Spain).

Quantification of intestinal permeability

To assess intestinal permeability, a method previously described in BN rats was used [30,51].
In this method, BLG was orally given 30 min after the OVA challenge and then were quantified
by ELISA in serum obtained every 30 min duringanaphylaxis. In brief, ELISA plates were coat-
ed with rabbit anti-bovine LG antibody (A10-125A, Bethyl, Montgomery, USA) and incubat-
ed overnight at room temperature. The plates were then blocked with bovine serum albumin
(Sigma-Aldrich) in TRIS-buffered saline containing 0.05% Tween 20, and after washing, ap-
propriate diluted samples and standard dilutions were added. Finally, an adequate dilution of
peroxidase-conjugate anti-bovine LG antibody (A10-125P, Bethyl) was incubated and an
o-phenylenediamine dihydrochloride solution was added for detection of BLG from samples.
OD was measured as detailed above.

Determination of cytokines released from spleen lymphocytes

IL-2, IL-4, IL-10 and IFN-y cytokines released from spleen cell cultures were measured using
the BD Cytometric Beads Assay Rat Soluble Protein Flex Set (BD Biosciences). Briefly, samples
and standards were incubated with a mix of specific fluorescent beads for each cytokine. Then,
a mix containing the detection antibodies conjugated with phycoerythrin was incubated and,
after that, samples were washed. Analysis was carried out by a BD FACSAria (BD Biosciences)
cytometer and the FCAP Array Software (BD Biosciences). The limits of detection were 0.46
pg/mL for IL-2, 3.4 pg/mL for IL-4, 19.4 pg/mL for IL-10 and 6.8 pg/mL for IFN-y.

Quantification of gene expression in small intestine

For RNA isolation, samples from the SI were processed as previously described [52]. Tissue
samples were homogenized in a FastPrep (MP Biomedicals, [llkirch, France) for 30 s. Total
RNA was isolated with the RNeasy Mini Kit (Qiagen, Madrid, Spain) following the manufac-
turer’s recommendations. The quality of the RNA was assessed by the Agilent 2100 Bioanalyzer
with the RNA 6000 LabChip kit (Agilent Technologies, Madrid, Spain). Two micrograms of
total RNA were converted to cDNA using random hexamers (Life Technologies). The specific
PCR TagMan primers and probes (Applied Biosystems, Weiterstadt, Germany) used were: Iga
(331943, made to order), Feerla (Rn00562369_m1, inventoried (1)), 112 (Rn00587673_ml, I),
Ti4 (Rn01456866_m1, 1), Il10 (Rn00563409_m1, 1), Ifng (Rn00594078_m1, I) and Mcpt2
(Rn00756479_gl, I). Quantification of the genes of interest was normalized to the endogenous
control Hprtl (Rn01527840_m1, I). Real-time PCR assays were performed in duplicate using
an ABI Prism 7900HT sequence detection system (Applied Biosystems). The SDS software
(version 2.4) was used to analyzethe expression data.

The amount of target mRNA relative to HPRT expression and relative to values from the
RF group was calculated using the 224C tethod, as previously described [53]. Ct is the cycle
number at which the fluorescence signal of the PCR product crosses an arbitrary threshold set
within the exponential phase of the PCR. Results are expressed considering gene expression in
the RF group as 100%.

Anti-OVA antibody quantification

Anti-OVA 1gG1, 1gG2a, IgG2b and IgA antibody concentrations were quantified using an indi-
rect ELISA, and OV A-specific IgE concentration by an antibody-capture ELISA as previously
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described [54]. The relative concentration of each anti-OVA Ig isotype was calculated by com-
parison with a pool of OVA-immunized rat sera to which arbitrary units (AU) were assigned
according to the dilution of the serum samples used for each isotype determination. The AU/
mL assigned were 100000 AU/mL for IgG1 and IgG2a, 10000 AU/mL for IgG2b, 50 AU/mL
for IgA, and 10 AU/mL for IgE.

Statistical analysis

The software package IBM SPSS Statistics 20 (SPSS Inc.,, USA) was used. The Levene and the
Kolmogorov-Smirnov tests were applied to assess variance equality and normal distribution,
respectively. Two-way ANOVA tests were used to study the effect of group and group x time
interaction. The motor activity data were analyzedby two-way ANOVA for repeated measures
considering the group (FA vs. IP vs. RF group) and time as the interacting factor, followed by
Bonferroni’s post hoc test. To evaluate the correlation among studied variables, Pearson’s coef-
ficient (p) was applied. To analyzethe results from anti-OVA antibodies, RMCP-II, BLG and
cytokine concentrations, body temperature, relative gene expression, AUC of motor activity,
and lymphocyte composition, non-parametric tests (Kruskal-Wallis and Mann-Whitney U)
were used due to non-variance homogeneity. Differences were considered statistically signifi-
cant for p values < 0.05.

Results
Body weight and mortality

Rats weighed 66.6 + 3.68 g (mean + 5.E.M.) at the beginning of the study. Rat growth was mon-
itored throughout the study and was similar among groups. At the end of the study, body
weight was 137.1 £ 6.88 g [127.2-146.2], 136.7 + 449 g [130.5-141.6],and 1384 g+ 322 ¢
[135.1-143.7] in the RF, IP and FA groups, respectively. No death was produced after the oral
challenge in any of the experimental groups.

Serum and intestinal anti-OVA antibodies

Sera from the RF group did not contain anti-OVA antibodies of any isotype (data not shown).
The i.p. immunization caused the synthesis of anti-OVA IgG1, IgG2a and IgG2b antibodies in
the [P and FA groups that were already detectable 14 days after OVA immunization (Fig 1 A-
1C). The oral administration of the allergen boosted the synthesis of anti-OV A 1gG isotypes,
which increased in the FA group more than tenfold for IgG1 and IgG2a, remaining elevated
until the end of the study (Fig 1A and 1B; p < 0.05). This increase was also produced in anti-
OVA IgG2b, but to a lower degree (Fig 1C; p < 0.05).

Regarding serum anti-OVA IgE antibodies (Fig 1D) the OVA immunization also induced
their synthesis in both the IP and FA groups. Nevertheless, the oral administration of OVA for
a week magnified the production of this antibody in the FA group, increasing almost twofold
the levels of specific IgE with respect to the IP group (p < 0.05). Afterwards, however, anti-
OVA IgE underwent a progressive decrease in both the IP and FA groups.

With regards to the anti-OVA IgA concentrations measured in serum and gut wash sam-
ples, the i.p. immunization did not induce the synthesis of this antibody in either compartment
(Fig 1E and LF). In contrast, the oral OVA administration in the FA group induced the synthe-
sis of anti-OVA IgA antibodies (Fig 1 E) and they were also found in gut washes at the end of
the study (Fig 1 F).
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Fig 1. Concentrations of OVA-specific antibodies during post-immunization period. A) serum IgG1, B) serum IgG2a, C) serum IgG2b, D) serum IgE,
E) serum IgA and F) intestinal IgA. White bars represent RF group, ¥ or black bars represent IP group and = or grey-striped bars represent FA group.
Shadow period corresponds to oral administration of OVA in FA group. Results are expressed as mean + S.E.M. (n = 8). *p < 0.05 vs. RF group and “p < 0.05

vs. IP group.

doi;10.1371/journal.pone.0125314.g001

Assessment of anaphylaxis

Body temperature, RMCP-II concentration and intestinal permeability, together motor activi-
ty, allowed to quantify anaphylaxis in rats after oral OV A challenge.

The body temperature, registered during the 2 h after oral challenge in intervals of 30 min,
revealed that there was a decrease of about 2°C in both the IP and FA groups compared to the
RF group throughout the whole studied period (Fig 2A; p < 0.05). No significant differences
were observed between the IP and FA groups.

After AR induction, the IP group showed about a threefold increase in serum RMCP-II con-
centration compared to that in RF animals (Fig 2B; p < 0.01). However, in the FA group the in-
crease was much higher, The FA animals underwent a rise about 18 times (p < 0.01) higher
than that of the RF animals and six times higher compared with the IP group (p < 0.01). This
effect lasted for at least 2 h post-challenge.

BLG given orally 30 min after AR induction, quantified in sera as a measure of intestinal
permeability, increased significantly at 30 min from oral protein administration (60 min after
AR induction) in both IP and FA groups (Fig 2C; p < 0.05). Later, IP rats kept the serum pLG
concentration whereas the FA rats showed a faster decrease, although at the end of the studied
period, both groups had significantly higher levels compared to RF animals (p < 0.05).
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Motor activity

Rat motor activity was measured for 21 min at 24 h before (Fig 3A) and immediately after (Fig
3C) AR induction to obtain basal values and data representative of AR-induced behavioral
changes, respectively. With regards to basal motor activity, the pattern of movements during
the time showed that the three groups became quieter over the 21 min period (Fig 3A; p < 0.05
for time) although motor activity increased when the lights were turned off (p < 0.05 for RF
and FA groups). The motor activity of the IP group was lower than that of the RF group, look-
ing at the whole period and the three established phases (pre-darkness, darkness and post-
darkness) (p < 0.05). Similarly, in the basal pattern, FA rats also made a lower number of
movements than RF animals, taking into account the whole period (p < 0.001) and also the
pre- and post-darkness phases (p < 0.05). The differences among basal groups’ movements in
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Fig 3. Motor activity for 21-min period. A) Basal motor activity assessed 24 h before the AR induction; B)
area under the curve from the whole studied period before AR induction; C) motor activity assessed
immediately after AR induction; D) area under the curve from the whole studied period after AR induction; E)
percentage of motor activity decrease after AR induction referring to pre-darkness, darkness, post-darkness
and the whole period. « or white bars represent RF group, ¥ or black bars represent IP group and u or grey-
striped bars represent FA group. In A and C, shadow period corresponds to darkness. Results are expressed
asmean +S8.E.M. (n=8). *p < 0.05 vs. RF group.

doi:10.1371fjournal.pone.0125314.g003
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the whole studied period can also be observed when AUC was calculated (Fig 3B; p < 0.05 IP
and FA groups vs. RF),

The motor activity registered after AR induction showed a similar pattern to the basal one,
the animals being quieter during the pre-darkness phases and more active in the darkness peri-
od (Fig 3C; p < 0.05). However, the three studied groups showed a lower number of move-
ments than those observed in basal conditions. Interestingly, for those animals belonging to
the IP and FA groups, the AR induction produced a more noticeable decrease in the motor ac-
tivity than in the RF group (p < 0.001), which can also be observed when considering the AUC
of the whole period (Fig 3D; p < 0.05 IP and FA groups vs. RF).

The reduction in motor activity resulting from AR induction was also calculated as the per-
centage of motor activity decrease between basal and post-AR induction in each phase (Fig
3E). RF animals reduced by about 35-50% their number of movements; however, both IP and
FA groups underwent a 70-85% reduction of motor activity (p < 0.05 in the whole studied
period).

There was a correlation between the percentage of decrease in motor activity and the body
temperature after AR (p = -0.615, p < 0.05 at 90 min; p = -0.601, p < 0.05 at 120 min) meaning
that the higher the percentage of decrease, the lower the animal’s body temperature.

Lymphocyte composition in Peyer's patches and mesenteric lymph
nodes

The percentage of TCRaf cells, Tc and Th subsets, activated Th cells, B cells and B IgA" subset
from PP and MLN lymphocytes in the three studied groups is summarized in Fig 4. No differ-
ences between the groups were observed either in PP or MLN (Fig 4A and 4B), showing that
both Lp. immunization and FA induction did not produce significant changes in the consid-
ered cell populations in either intestinal compartments.

After 96 h of OV A stimulation, the composition of MLN cells from RF animals did not sig-
nificantly change (Fig 4C). Interestingly, in the IP group there was an increase in the TCRaf
cell proportion after OVA stimulation (p < 0.05). This increase corresponded to Tc and acti-
vated Th cells (p < 0.05). In cells from the FA group, no significant variations were observed in
any of the studied MLN subsets after OVA stimulation.

Cytokine production by spleen cells

The cytokine quantification of supernatants obtained from spleen cells isolated after two days
of AR induction and cultured for four days with or without OV A was carried out. Those sam-
ples that had concentrations below the cutoff received a value corresponding to one-half the
cutoff value, as previously described [55]. Spleen cells from RF animals did not produce detect-
able amounts of the studied cytokines (Table 1). After OVA stimulation, cells from the IP
group increased their [L-2, IL-4 and IL-10 prnductinn with respect to that in the RF group

(p < 0.05). On the contrary, the concentrations of cytokines from cells obtained from FA ani-
mals did not significantly differ from that of RF group, which could be due to the fact that IL-2
and [L-4 cytokines were only detected in 25% of FA animals, and IL-10 and IFN-y in 50% and
75% of these animals, respectively. [n comparison with the IP group, FA rats produced signifi-
cantly lower amounts of IL-10 (p < 0.05).

Small intestine gene expression

The gene expression of [FN-y, IL-2, IL-4, IL-10, IgA, RMCP-I] and FceRI was analyzedin the
Sl at the end of the study (Fig 5). In both the IP and FA groups, IEN-y and IL-10 gene expres-

sion was down-regulated whereas IgA mRNA levels increased but these changes did not
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Fig 4. Lymphocyte composition isolated from A) Peyer's patches, B) mesenteric lymph nodes, and C) mesenteric lymph nodes after culturing for
96 h in the presence or absence of OVA. In A and B, white bars represent RF group, black bars represent IP group and grey-striped bars represent FA
group. In C, white bars summarize values without stimulus and striped bars represent values after OVA stimulation. Results are expressed as mean + S.E.M.
(n=8). *p <0.05 vs. non stimulated condition.

doi:10.1371/journal. pone.0125314 9004

achieve statistical significance. In the IP group a significant up-regulation of FceRI gene expres-
sion was found in comparison with RF animals (p < 0.05) and RMCP-1I mRNA levels also in-
creased but not significantly. Regarding the FA group, the gene expression of RMCP-I1
increased about fourfold with respect to RF animals (p < 0.05), but no changes were detected
in FeeRI. No significant amounts of mRNA of IL-2 and IL-4 were expressed in the small intes-
tine wall from either the reference or immunized animals.

Table 1. Cytokine production by spleen cells after stimulation with OVA.

Groups IL-2 (pg/mL) IL-4 (pg/mL) IL-10 (pg/mL) IFN-y (pg/mL)
Reference 0.23 1270 9.70 3.40
Intraperitoneal 54.18 £ 9.94* 104.34 + 40.93* 803.3 + 300.5* 26.94 + 10.08
Food allergy 68.17 £ 25.32 38.97 + 15.25 61.25 + 33.54" 7.55+4.15
Results are expressed as mean + S.E.M.
*p < 0.05 vs. RF group,
°p < 0.05 vs. IP group.
doi:10.1371fjournal.pone.0125314.t001
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Fig 5. Relative gene expression in small intestine. Expression levels were normalized using HPRT as the
endogenous housekeeping gene and were expressed as percentage in comparison with the RF group, which
was considered as 100% gene expression. White bars represent RF group, black bars represent IP group
and grey-striped bars represent FA group. Results are expressed as mean + S.E.M. (n=8). *p <0.05 vs.

RF group.

doi:10.137 1/journal. pane.0125314.g005

Discussion

The present study provides the set-up and characterization of a FA model in BN rats, including
the induction of an AR, carried out following the previous i.p. immunization with the allergen,
OVA, together with alum and tBp and a subsequent daily oral administration of OVA fora
period of three weeks. In order to establish specific biomarkers of FA, we compared the anti-
allergen immune response and the AR obtained in this model with those achieved with only
the i.p. immunization.

For the screening of drugs, nutritional interventions or immunotherapies to fight against al-
lergies or for testing the allergenicity of new foods, many rat models of FA have been described,
including those that only use the oral route [30-32], those that only use the i.p. route without
adjuvant [40,56] and those that combine i.p. and oral administration [42]. Although BN rats
are high IgE responders, similar to atopic humans, experimental procedures in this rat strain to
induce oral sensitization without adjuvant are time-consuming and are not always able to gen-
erale a reproducible and effective FA model [20,30,37-39]. In fact, we previously tested a
model in BN rats administered only by oral route and the result was that a few animals were
sensitized and none produced specific IgE [39]. In contrast, other studies using several i.p. im-
munization protocals, with or without adjuvant, reported a successful production of specific
IgE [40,56,57]. It is for this reason that we applied here an i.p. immunization with alum and
tBp previous to the oral allergen administration.

As described in previous studies [54], the i.p. immunization of BN rats with OV A, alum and
tBp induces the synthesis of specific antibodies in 100% of the animals, especially those isotypes
related to Th2 immune response in rat, such as Igk, 1gG1 and IgG2a [18,36,58]. The anti-OVA

PLOS ONE | DOI:10.1371/journal pone.0125314  April 29, 2015 13/20

07



- EM# s aificle 5

@PLOS | ONE

An Effective Food Allergy Model in Rat

antibody profile, including specific 1gE, is not surprising and can be attributed to both alum ad-
juvant and tBp which favor IgE synthesis [59,60]. Interestingly, when two weeks later a daily
OVA solution was given orally, the specific antibody response was strengthened. This pattern
was observed for serum IgG isotypes, which rose steeply during the first week of oral gavage,
demonstrating that anti-OV A immune response was rapidly boosted by oral OVA administra-
tion. Similarly, OV A-specific IgE antibodies increased nearly twofold after one week of oral ga-
vage but, however, when longer oral OV A administration was carried out, IgE serum
concentrations decreased, following the same pattern as those that only received Lp. immuniza-
tion. These results regarding serum anti-OVA antibody kinetics agree with those reported by
Golias et al. [61] in a mouse model of FA obtained by two i.p. immunizations (two weeks
apart) and oral feeding 14 days later every two days. In particular, this last study found that
specific IgE response was already present before oral OVA administration, peaked during the
first week after oral gavage and decreased later. Therefore, from the overall results concerning
specific IgE, it could be suggested that only the first doses of the allergen administered are re-
sponsible for an exacerbation of the IgE synthesis and this response is lost with time. Overall,
from the results concerning anti-OVA antibodies, it could be concluded that an effective FA
model had been achieved because it produced the synthesis of specific antibodies in 100% of
the animals and was relatively rapid since the highest specific IgE and TgG levels were reached
one week after oral allergen administration, which was sooner than other reported models
[34,37].

The FA model proposed here produced the synthesis of serum and intestinal anti-OVA IgA
antibodies, which were not found when only i.p. immunization was carried out, thus demon-
strating the stimulation of gut-associated lymphoid tissue. Although intestinal IgA is thought
to contribute to gut homeostasis by limiting the uptake of oral antigens and it has been consid-
ered to have a protective role against oral sensitization [62], its role in food allergy is still con-
troversial. In human FA, it has been reported that specific IgA2 levels (isotype mainly found in
mucosa surfaces such as those of the intestine) increased when children became tolerant [63].
However, other authors reported that increased specific IgA was associated with a later FA [64]
and that serum allergen-specific IgA seems not to be associated with food tolerance [65]. From
our results, although oral challenge was performed with a high dose of oral OV A, the protective
effect of intestinal IgA antibodies in the FA group was not observed because the measurement
of AR provided similar results in both the FA and IP groups.

After AR induction, the FA model was characterized by a high increase in serum RMCP-II
concentration, which again might reflect the stimulation of gut-associated lymphoid tissue be-
cause this protease is typical of activated mucosal mast cells [66]. In addition, other mediators
released from mast cells produce vasodilatation and are responsible for the decrease in body
temperature [67,68]. Animals immunized with only OV A by i.p. route and those immunized
by i.p. route and subsequent oral OVA administration underwent a similar drop in body tem-
perature after AR induction. There was no correlation between body temperature and the
serum RMCP-1I concentration, suggesting that other mast cells different from those in the in-
testinal mucosa could contribute to AR-induced hypothermia. On the other hand, AR caused
an increase in intestinal permeability in both IP and FA groups, which must reflect the dis-
rupted intestinal barrier after OVA immunization. It has been demonstrated that repeated
OVA oral gavage produces an accumulation of RMCP-11 in the intestine leading to altered
motor responses in both the small intestine and the colon [69,70]. Nevertheless, it has been re-
ported that an i.p. immunization produced a higher increase in intestinal permeability than an
oral sensitization without an adjuvant, and this was attributed to the release of RMCP-II,
among other mediators, which could increase the absorption by paracellular route [31]. From
the results obtained here, rats with FA (i.p. and oral sensitization) seem to absorb BLG faster
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than the IP group because serum protein concentration tended to be higher at 30 min after
BLG oral administration (60 min after AR induction) and disappeared faster. The collection of
samples earlier than 30 min should confirm this suggestion and can shed some light as to
whether there is any difference in intestinal permeability when OV A is given orally after the i.
p. immunization. AR-induced behavioral changes were quantified by the decrease in motor ac-
tivity as performed in a previous study [45], instead of using the classical score systems which
require the subjective validation by the investigator [71,72]. The results after AR induction re-
vealed a clear decrease of movements in comparison with the basal ones. However, when com-
paring the motor activity between the IP and FA groups, it could be observed that the decrease
in motor activity induced by AR was similar in both groups. Therefore, from the results ob-
tained after AR induction, it could be concluded that only the serum concentrations of
RMCP-II, which were highly increased by oral OV A, clearly indicated the development of an
FA model. Further studies on intestinal permeability should be directed to elucidate changes
induced by oral allergen administration in this FA model. However, the decrease in body tem-
perature and also in motor activity did not ditfer between IP and FA rats, which could be attrib-
uted to the similar serum IgE levels present at the end of the study.

Tissue samples obtained two days after AR induction allowed the detailed characterization
of the FA process in comparison with the i.p. immunization. The study of lymphocyte compo-
sition in PP and MLN shows that neither the i.p. immunization nor the oral OV A administra-
tion changed the proportion of the main lymphocyte subsets in these intestinal compartments,
at least at the moment when these samples were collected. These results did not agree with
those of Ogawa et al. [43], which reported the accumulation of T lymphocytes in PP in a model
of FA. Further studies carried out at different times could help to clarify this controversy, but
from our results, it could be suggested that the characterization of lymphocyte phenotype in
PP and MLN did not constitute a biomarker of FA induction. On the other hand, we observed
that the proportion of T cells increased when MLN lymphocytes isolated from the IP group
were specifically stimulated in vitro, but these results were not found in the FA group. These
data could suggest the lymphocyte responsiveness in the IP group in contrast to the lympho-
cyte unresponsiveness after oral gavage of OVA for three weeks. This suggestion agrees with
the cytokine results obtained from OV A-stimulated spleen cells, which show that only in the
IP group was the amount of IL-4 and IL-10 released from spleen cells higher than that observed
in the RF group, whereas the concentration of cytokines released by the FA group did not differ
from reference values. In this sense, although some authors describe an increase of IL-4 and IL-
10 in supernatants of spleen cultures of FA animals [34,73,74], other authors do not [42], and
none of them compare the changes between i.p. immunization alone and i.p. together with an
oral allergen administration. From these results it could be suggested that cytokines released
from spleen cells collected after three weeks of allergen gavage did not reflect the oral sensitiza-
tion process present in FA. Studies carried out in a previous phase of FA induction could better
represent this response, In addition, other conditions of spleen cell incubation, such as a
shorter stimulation and higher stimulus concentration, among others, could be better condi-
tions for releasing representative cytokines. Nevertheless, it could be speculated that, at the end
of the study, the continuous oral OVA administration produced a certain tolerance. This lack
of response would not be reflected in the great synthesis of antibodies that occurred throughout
the process, but would be only observed in the specific stimulation of cells collected at the end
of the study.

Finally, the study of gene expression on intestinal tissue could reflect changes induced local-
ly by oral OV A administration. We found that the gene expression of RMCP-1I was significant-
ly increased in FA animals, and these results agree with serum concentrations of this mediator
and also with changes reported concerning the gene expression of this molecule in mice and
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rats with food allergies [33,35,43]. However, surprisingly the gene expression of FeeRI did not
change with FA induction, although it did after i.p. immunization alone. It has been reported
in mouse mast cells that the internalization of FceRI is a mechanism of antigen-specific desen-
sitization [75]. Therefore, the comparison of the results obtained in the FceRI gene expression
in IP and FA groups could endorse the idea that the FA group developed a certain tolerance
from the continuous oral allergen administration.

In conclusion, by means of the combination of i.p. immunization followed by the oral ga-
vage of the food allergen, we have established a rat model of FA that is effective because it was
able to induce the synthesis of specific Th2-related antibodies, especially IgE, and consequently
an AR after oral challenge in all animals. This fact represents a great advantage with respect to
FA models only induced by oral route, which did not provide effective and reproducible results
in all experiments. In addition, the allergic response development is faster than in other FA
models described because one week after the oral administration of allergen i.e., three weeks
after i.p. immunization, high levels of specific IgE were produced. In comparison with only i.p.
immunization, the developed model provides much higher levels of specific IgG antibodies,
achieving high amounts of Th2-related antibodies in rat (IgG1 and 1gG2a), and also anti-OVA
IgE, although the anaphylactic response after five weeks was similar in both groups. In addi-
tion, the levels of RMCP-II released after the anaphylaxis induction and the intestinal gene ex-
pression of this protease with respect to those of the i.p. immunization are the best biomarkers
of the FA process. The results from in vitro antigen-specific activation of lymphocytes from
spleen and mesenteric lymph nodes suggest a certain unresponsiveness state of these cells pos-
sibly induced by repeated oral doses of the allergen. Nevertheless, although further studies
must confirm this hypothesis, the specific antibody response kinetics suggest that the best FA
maodel could be obtained after only a week of oral OV A administration.
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Resum

Objectiu: Establir els efectes de la ingesta d’una dieta enriquida amb cacau
sobre la resposta immunitaria Th2 i sobre la resposta anafilactica en un
model d’al-lergia alimentaria en rata. A més, determinar la intervencié dels
flavonoides en els efectes de la dieta rica en cacau.

Material i metodes: L'estudi es va realitzar en rates Brown Norway (50%
femelles, 50% mascles) de 3 setmanes d’edat. El model d’al-lérgia alimentaria
es va induir mitjancant una primera immunitzacié per via intraperitoneal
(i.p.) amb ovoalbiumina (OVA), toxina de Bordetella pertussis i hidroxid
d’alumini i, catorze dies després, I'administracié diaria i durant una setmana
d’una soluci6 d’OVA (1 mg/rata) per via oral. Es va disposar de 3 grups
d’animals que van rebre, des del primer dia de I'estudi, una dieta estandard,
una dieta enriquida amb un 10% de cacau convencional (CC) que contenia un
0,4% de flavonoides, o bé una dieta enriquida amb cacau no fermentat (NFC)
amb una quantitat equivalent de flavonoides. Vint-i-set dies després de la
primera immunitzacid, els animals van rebre per via oral una dosi elevada
d’OVA (200 mg/rata) per tal de provocar una resposta anafilactica. Per
avaluar aquesta resposta es va mesurar 'activitat motora, la temperatura
corporal i la permeabilitat intestinal, i es va quantificar I’hematocrit i la
concentracié de proteasa Il mastocitaria (RMCP-II) en serum.

Al llarg de l'estudi es va determinar la concentracid sérica d’anticossos
especifics d’isotip IgE, 1gG1, 1gG2a, IgG2b i IgA. A dia final, es va quantificar la
secrecié de citocines per part de limfocits aillats de ganglis limfatics
mesenterics i de melsa, la concentracié plasmatica d’hormones
metaboliques i es van avaluar els possibles canvis estructurals i I'expressié
genica a nivell intestinal.

Resultats: La dieta CC va ser capag¢ d’inhibir la sintesi d’anticossos anti-OVA
d’isotip 1gG1 i IgG2a, relacionats amb la resposta Th2 induida per I'al-lergia
alimentaria i, de forma rellevant, la produccié d’IgE especifica, isotip
caracteristic de les respostes al-lergiques. D’altra banda, la dieta CC va inhibir
parcialment I'alliberament de RMCP-II produit durant la resposta anafilactica
perd no va aconseguir evitar, de forma significativa, les alteracions relatives a
I'activitat motora, temperatura corporal, permeabilitat intestinal o
hematocrit. La dieta NFC va produir un efecte similar al de la dieta CC, pero
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menys potent, en la inhibicié de la sintesi d’anticossos especifics i de
RMCP-II.

Pel que fa a la secrecid limfocitaria de citocines, ambdues dietes CC i NFC van
ser capaces d’evitar l'increment d’IL-4, IL-5 i IL-13, citocines alliberades
durant la resposta immunitaria Th2 en els compartiments estudiats.

Conclusions: La dieta enriquida amb cacau convencional és capag d’inhibir la
resposta de tipus Th2, fet que es demostra per la disminucié d’anticossos
especifics 1gG1l, 1gG2a i, amb més rellevancia, d’Igk, i també d’evitar
I'increment de citocines com IL-4, IL-5 i IL-13. A més, el cacau atenua
I'alliberament de mediadors de la resposta anafilactica com la RMCP-II.
Aquests efectes sén més potents que els observats amb la dieta NFC, el que
suggereix que, a part dels flavonoides, el cacau conté altres components
bioactius responsables de la modulacid de la resposta al-lérgica.
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Abstract

Scope: Previous studies have demonstrated that cocoa intake decreased Th2
immune-related antibodies in rats. The aim of the present study was to
assess the effect of cocoa intake on food allergy (FA) and anaphylactic

response in a rat model.

Methods and Results: Brown Norway rats were fed either a standard diet or
diets containing conventional cocoa (CC) or non-fermented cocoa (NFC). FA
to ovalbumin (OVA) was induced and, later, an anaphylactic response was
provoked. The synthesis of anti-OVA IgE and other Th2-related antibodies
was inhibited by CC diet. In addition, the release of mast cell protease Il after
anaphylaxis was partially prevented by CC, although other variables were not
modified. The CC diet also attenuated the increase of some Th2-related
cytokines released from stimulated mesenteric lymph node and spleen cells,
and modulated the intestinal gene expression of molecules involved in
allergic response. The effects of the CC diet were stronger than those of NFC,
suggesting that cocoa components other than flavonoids play a role in

cocoa’s action.

Conclusion: Cocoa-enriched diet in rats with FA exhibited a protective effect
against Th2 immune response and partially in anaphylaxis, making this a food

of high interest to the fields of health and immunonutrition.
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1 Introduction

Cocoa has a relatively high content of antioxidant flavonoids, mainly
flavanols such as epicatechin, catechin and procyanidins [1]. Its
immunomodulatory effects in healthy rats have been demonstrated by its
modification of the composition and functionality of spleen B and T
lymphocytes [2], its promotion of T cell maturation [3] and its ability to
decrease the intestinal IgM and IgA secretion [4]. Moreover, in ovalbumin-
(OVA) immunized rats, the intake of a cocoa-enriched diet decreases specific

IgG1, IgG2a, IgG2c and IgM concentrations [5].

Allergy is an immune disease which is caused by innocuous allergens, mainly
mediated by IgE. Allergen-specific T lymphocytes differentiate and expand
into T helper (Th) 2 cells characterized by producing cytokines such as IL-4, IL-
5, IL-10, and IL-13, which switch B cell antibody production against the
allergen to predominantly IgE [6]. IgE coats the surface of mast cells, binding
to the high-affinity IgE receptors (FceRl), producing their sensitization. Later
exposure to the same allergen triggers the mast cell releasing of mediators
such as histamine, proteases and cytokines, which produce allergic
symptoms involving the skin, respiratory and gastrointestinal systems or
even the nervous and cardiovascular systems [7]. Several studies suggest the
preventive role of flavonoids in allergic reactions. Thus, in a respiratory
allergy model in rodent, chrysin, baicalin or quercitin, can suppress the
airway hyperresponsiveness, decrease the inflammatory cells in the
bronchoalveolar lavage fluid and mucus production, as well as decrease the
total or specific IgE synthesis [8-10]. In mice with allergic rhinitis, the
administration of KOB03, mainly containing baicalin, improves the rhinitis
symptoms and inhibits the mast cell activation, the release of allergic
mediators and the production of inflammatory cytokines [11]. In addition,

we have previously reported the inhibitory effect of a cocoa-enriched diet on



specific IgE and other Th2-related antibodies in sensitized Brown Norway rats
[12]. In humans, a clinical trial in persistent allergic rhinitis patients
demonstrates the ability of apple polyphenols to ameliorate clinical
symptoms [13]. Focusing on the food allergy (FA), the prevention of the
development of FA in mice through the intake of apple polyphenol has been
described, providing protection against a decrease in body temperature,
inhibiting the histamine release and decreasing the specific IgE antibody
levels [14-16]. Based on these antecedents, the present study aimed to
assess the effect of a cocoa-enriched diet on a FA rat model and, in addition,

to establish the role of cocoa flavonoids in these effects.
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2 Material and methods

2.1 Diets

Three types of diets were elaborated (Table 1): reference diet with no
polyphenols (RF) and two cocoa-enriched diets either including conventional
cocoa (CC) or cocoa flavonoids from non-fermented cocoa (NFC), both
containing 0.4% of polyphenols. The CC diet was made up from Natural
Forastero cocoa containing 40.18 mg/g of polyphenols provided by Nutrexpa
S.L. The NFC diet was elaborated with an ethanol extract of non-fermented
and non-roasted cocoa beans containing 510 mg/g of polyphenols (Naturex,
France). The addition of 100 g/kg of conventional Natural Forastero cocoa
and 8.7 g/kg of NFC was established in order to obtain final isocaloric diets
with 0.4% of polyphenols and the same proportion of macronutrients as the
reference diet. The diets were prepared from a basal mix diet and particular
components were supplied by Teklad Global Diets (Harlan, Indianapolis, IN,

USA) and provided ad libitum.



Table 1. Composition of reference (RF), conventional cocoa (CC) and non-fermented
(NFC) cocoa diets

Components RF diet (g/kg) CCdiet (g/kg) NFC diet (g/kg)
Casein 124.3 99.5 124.3
L-Cystine 1.8 14 1.8
Corn starch 419.5 432.1 419.5
Maltodextrin 148.6 116.8 148.6
Sucrose 102.7 108.7 102.7
Soybean oil 38.3 26.2 38.3
Cellulose 50 24.5 50
Minerals 35.3 27.8 353
Vitamins 2.0 7.2 2.0
Choline bitartrate 9.1 2.0 9.1
Cocoa powder - 100 8.7
Protein - 22 1.313
Carbohydrate - 16 0.82
Lipid - 11 0.56
Fiber (insoluble/soluble) - 34(25.5/8.5) 1.75(1.31/0.44)
Total polyphenols - 4 4

Polyphenols provided
by cocoa powder:

Catechin - 0.073 0.040
Epicatechin - 0.204 0.689
Isoquercetin - 0.0053 n.d.
Quercetin - 0.0029 n.d.
Procyanidin B1 - n.d. 0.127
Procyanidin B2 - 0.167 0.356
Total procyanidins - n.d. 3.897

n.d. means non-determined.

2.2 Induction of food allergy and anaphylaxis

Dams with 14-day-old Brown Norway (BN) rat litters (50% male, 50% female)
were obtained from Janvier (Saint-Berthevin, France). After a one-week
acclimation period, the weaned rats were randomized into four groups:
healthy sham rats fed RF diet (H-RF), FA rats fed RF diet (FA-RF), FA rats fed
CC diet (FA-CC) and FA rats fed NFC diet (FA-NFC) (Fig. 1). The FA induction

was performed as previously described [17]. Briefly, rats received
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intraperitoneally (i.p.) 50 ug of ovalbumin (OVA, grade V, Sigma-Aldrich,
Madrid, Spain) as allergen, 2.5 mg of Alum (Imject®; Pierce, IL, USA) and 50
ng of toxin from Bordetella pertussis (tBp; Sigma-Aldrich) as adjuvants.
Fourteen days later, animals daily received 1 mL of OVA solution in mineral
water (1 mg per rat) by oral gavage for one week. H-RF group received 1 mL
of vehicle. Every 2-3 days water intake and food consumption were
registered, body weight was measured and blood samples were collected

weekly (Fig. 1).

Five days after finishing the oral OVA administration, the animals were fasted
overnight and then received 2 mL of 100 mg/mL of OVA orally in order to
induce an anaphylactic response (AR). Blood was collected at 0, 30, 60, 90,
and 120 min from the saphenous vein to determine hematocrit and RMCP-I|
concentration. In order to determine the intestinal barrier integrity [238],
30 min after the challenge each rat received 2 mL of B-lactoglobulin (BLG,
Sigma-Aldrich) (100 mg/rat) by oral gavage. During AR, rectal temperature
was measured using a digital thermometer (Acorn” Temp TC Thermocouple
Thermometer, Oakton, IL, USA). Three days after the AR induction rats were

sacrificed and biological samples were obtained (Fig. 1).
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Figure 1. Experimental design. Time-course of the experimental protocol including the points
of sample collection and the anaphylaxis induction. BSC: blood sample collection

The experimental design was repeated three times in order to acquire
representative results from a sufficient number of animals per group (n=4
per group in each experiment, n=12 per group at the end of the study).
Experimental procedures were approved by the Ethical Committee for

Animal Experimentation at the University of Barcelona (ref.494/14).

2.3 Motor activity measurement

Motor activity was determined as previously described with slight
modifications [19]. Briefly, two motor activity measurements were
performed to establish the basal movements and the changes induced by AR:
the first was measured 24 h before anaphylactic induction, and the second
immediately after the oral challenge. Motor activity movement counts were

recorded using time frames from 1 min to 21 min. To stimulate rat
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movements, 10 min after the beginning of the measurement, the lights were
turned off for 6 min and then turned on until the end of the measurement.
The results refer to the movements in three time phases: pre-darkness,
darkness and post-darkness, as well as the entire period. The area under the
curve (AUC) for the 21 min period, and the percentage of motor activity
decrease after AR induction with respect to the basal measurement in each

studied phase and the whole period were calculated.

2.4 Quantification of mast cell mediators and intestinal permeability during

anaphylaxis

In serum samples obtained during the AR, RMCP-Il concentration was
quantified using an ELISA set (Moredun Animal Health, Edinburgh, UK) as
previously described [19]. To assess intestinal permeability, BLG was

quantified in serum obtained during AR by ELISA as previously reported [17].

2.5 Sample processing

Three days after the AR induction, mesenteric lymph nodes (MLN) and
spleen were dissected for immediate lymphocyte isolation. From the middle
of the small intestine (SI), a piece (0.5 cm) was kept in RNA later® (Ambion,
Life Technologies, Austin, USA) until gene expression analysis and another
little piece was separated for histology. Gut washes were obtained from the

distal half of the S| for quantification of total and specific IgA [17].

2.6 Determination of cytokines released from MLN and spleen cells

Spleen and MLN cell suspensions were obtained and cultured (2.5 x 106/mL)
with or without OVA (10 ug/mL) as previously described [17]. After 96 h,
supernatants were collected to assess representative Thl and Th2 cytokine

concentrations using the Bio-Plex Pro™ Rat Cytokine Th1/Th2 Assay



according to the manufacturer’s instructions. Analysis was carried out with
the Bio-Plex® MAGPIX™ Multiplex Reader and the Bio-Plex Data Pro™
software (Bio-Rad, Madrid, Spain). The limits of quantification can be found

in the Supporting Information.

2.7 Quantification of metabolic hormones in serum

At the end of the study, serum concentrations of ghrelin, glucagon, glucagon-
like peptide (GLP)-1 and leptin were determined using the Bio-Plex Pro™
Diabetes Assay (Bio-Rad) as detailed above. The limits of quantification can

be found in the Supporting Information.

2.8 Quantification of gene expression in small intestine

For RNA isolation, S| pieces were processed as previously described [17]. Two
micrograms of total RNA were converted to cDNA using random hexamers
(Applied Biosystems (AB), CA, USA). The specific PCR TagMan® primers and
probes (AB) used were: Iga (331943, made to order), Fcerla
(Rn00562369_m1, inventoried (l)), Mcpt2 (Rn00756479 g1, 1), Tgfbl
(Rn00572010_m1, 1), Muc2 (Rn01498195 m1, 1) and Ocldn
(Rn00580064 m1, I). Quantification of the genes of interest was normalized
to the endogenous control actb (Rn00667869_m1, 1). Real-time PCR assays
were performed in duplicate using an ABI Prism 7900HT sequence detection

system (AB).

The amount of target mRNA relative to actb expression and relative to H-RF
animals was calculated using the 2-AACt method, as previously described
[20]. Ct is the cycle number at which the fluorescence signal of the PCR
product crosses an arbitrary threshold set within the exponential phase of

the PCR.
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2.9 Small intestine histological analysis

Histological samples were processed as previously described [4]. Next,
sections were stained with hematoxylin-eosin and goblet cells were counted
from each complete villus observed using light microscopy at 100x

magnifications.

2.10 Anti-OVA antibody quantification

Anti-OVA 1gG1, 1gG2a, 1gG2b and IgA antibody concentrations were
quantified using an indirect ELISA, and OVA-specific IgE concentration by an
antibody-capture ELISA as previously described [17]. The relative
concentration of each anti-OVA antibody isotype is expressed in arbitrary
units (AU), which were assigned using a positive pool of OVA-immunized rat
serum as standard. The AU/mL assigned were 100,000 AU/mL for 1gG1 and
lgG2a, 10,000 AU/mL for 1gG2b, and 10 AU/mL for IgE. For intestinal anti-
OVA IgA, since no positive samples were available, data are expressed by
means of QD values. Intestinal IgA antibodies were determined by sandwich

ELISA as previously described [21].

2.11 Statistical analysis

The software package IBM SPSS Statistics 20 (SPSS Inc., USA) was used.
Levene’s and Kolmogorov-Smirnov tests were applied to assess variance
equality and normal distribution, respectively. Two-way ANOVA tests were
used to study the effect of group and group x time interaction. The motor
activity data were analyzed by two-way ANOVA for repeated measures
considering the group and time as the interacting factors followed by

Bonferroni’s post hoc test.



To analyze the results from antibodies, metabolic hormones, RMCP-II, BLG
and cytokine concentration, body weight, food consumption, water intake,
decrease of movements, AUC from motor activity measurement, hematocrit,
body temperature, relative gene expression, and number of goblet cells,
non-parametric tests (Kruskal-Wallis and Mann—Whitney U) were used due
to non-variance homogeneity. Differences were considered statistically

significant for p values <0.05.
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3 Results

3.1 Body weight, food and water intake and metabolic hormones

At the end of the study, body weight from the FA-RF group was similar to
that of the H-RF (Table 2). However, in the FA-CC group but not in the FA-
NFC group the body weight was lower (p<0.05). Food and water intake was
monitored throughout the study and no significant differences among

groups were found (Table 2).

The last day of the study, serum ghrelin concentrations showed no significant
differences between groups (Table 2). However, GLP-1 and leptin levels were
significantly increased by the FA induction (p<0.05). Both increases were
prevented by the CC diet, and it also produced a decrease in the glucagon

levels (p<0.05). The NFC diet prevented the GLP-1 increase.



Table 2. Body weight, food consumption, water intake and metabolic hormones
in H-RF, FA-RF, FA-CC and FA-NFC groups. Results are expressed as mean + SEM

(n=6-12).
H-RF FA-RF FA-CC FA-NFC
Weight day 0 (g) 36.43+1.01 35.8210.76 36.1+0.79 35.14+0.86
Weight day 30 (g) 115.99 £9.31 102.98 + 81.30+ 110.70 +
4.59 4.23%¢ 4.03"
Chow consumption 204.45+ 20.36 185.32 176.14 + 202.12 +
(g/rat)’ 10.17 15.16 10.79
Water intake 306.03 + 14.09 297.31¢ 325.04 + 333.77 %
(mL/rat)? 23.50 28.92 16.82
Metabolic hormones
Ghrelin (ng/mL) 19.61+ 4.30 10.27 + 12.98+3.72 13.94%2.12
2.03
Glucagon 115.08 + 7.82 127.70 + 92.04 + 126.65 +
(pg/mL) 10.75 2.99+" 12.72"
GLP-1 (pg/mL) 79.67 + 9.03 137.55 + 91.35+ 80.95 +
10.99* 4.71° 16.60°
Leptin (pg/mL) 367.62 + 80.22 586.91 + 367.24 + 569.68 +
88.74* 53.45" 75.45"

*p<0.05 vs. H-RF group; ®p<0.05 vs. FA-RF group; #p<0.05 vs. FA-CC group.

? Food and water intake corresponds to the total consumption per animal during the
entire experimental procedure.

3.2 Serum specific anti-OVA antibodies

Sera from the H-RF group did not contain anti-OVA antibodies of any isotype

(Fig. 2). The i.p. OVA administration induced the synthesis of anti-OVA IgG1,

lIgG2a, IgG2b and IgE antibodies that were already detectable on day 7. The

oral administration of the allergen on days 14-21, boosted the antibody

synthesis of 1gG1 and 1gG2a in the FA-RF group by about 30 times (Fig. 2A

and 2B). These increases were completely prevented by the CC diet. In

animals from the FA-NFC group, anti-OVA IgG1l and IgG2a antibodies only

increased 8-9 fold at day 21 and were significantly lower than those in the

FA-RF group.
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The FA induction produced lower specific IgG2b antibodies production than
IlgG1 and IgG2a isotypes and the oral administration on days 14-21 did not
increase it (Fig. 2C). Nevertheless, at day 14, their levels were significantly

higher in the FA-CC group than in the FA-RF rats.

Regarding specific IgE antibodies (Fig. 2D), the oral administration of OVA
from day 14 to day 21 increased anti-OVA IgE fourfold in the FA-RF group.
The CC diet prevented the synthesis of anti-OVA IgE, whereas the NFC diet

reduced these antibodies when oral administration was finished.

3.3 Intestinal IgA and specific anti-OVA IgA antibodies

At the end of the study, the levels of total intestinal IgA were similar
between the H-RF and FA-RF groups (Fig. 2E). In both groups fed with cocoa
flavonoids, total IgA was significantly decreased, the strongest effect being
found in FA-CC animals. Intestinal anti-OVA IgA (Fig. 2F), significantly rose in
the FA-RF group and this increase was prevented by the CC diet but not by
the NFC diet.
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Figure 2. Concentrations of serum anti-OVA antibodies during the study: A) 1gG1, B) IgG2a,
C) 1gG2b, D) IgE, and E) intestinal IgA and F) intestinal anti-OVA IgA. White bars or [J
represent H-RF group, black bars or @ represent FA-RF group, white-striped bars or O
represent FA-CC group and grey bars or O represent FA-NFC group. Shadow period
corresponds to oral administration of OVA in FA groups. Results are expressed as mean +
SEM (n = 12). *p<0.05 vs. H-RF group, and ®p<0.05 vs. FA-RF group and "p<0.05 vs. FA-CC
group.

3.4 Assessment of anaphylaxis

Changes in motor activity, body temperature, hematocrit, serum RMCP-I|
and BLG concentrations were determined immediately after oral challenge

to assess anaphylaxis.

Basal values of motor activity showed that FA-CC animals had a lower
number of movements in comparison with the rest of the groups (p<0.05;
Fig. 3A-B). After AR induction, all the FA animals showed a significant

decrease in the number of movements (p<0.05; Fig. 3C-D). The decrease
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percentage between basal and post-AR induction was calculated for the
whole period and for each phase (Fig. 3E). There was a significant decrease
of almost 70% in the motor activity of all the FA groups (in the pre-darkness

and the whole studied period).
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Figure 3. Motor activity for 21-min period: A) basal motor activity and B) area under the curve assessed 24
h before the AR induction; C) motor activity and D) area under the curve assessed immediately after AR
induction; E) percentage of motor activity decrease after AR induction referring to pre-darkness, darkness,
post-darkness and the whole period. White bars or [J represent H-RF group, black bars or ® represent FA-
RF group, white-striped bars or O represent FA-CC group and grey bars or O represent FA-NFC group. In A
and C, shadow period corresponds to darkness. Results are expressed as mean + SEM (n = 12). ¥*p<0.05 vs.
H-RF group, and °p<0.05 vs. FA-RF group and p‘p<¢.‘)_05 vs. FA-CC group.

The body temperature dropped in all FA animals during the anaphylaxis
period (p<0.05) without differences due to diet (Fig. 4A). Inversely,

hematocrit increased in the three FA groups in comparison with H-RF



animals (p<0.05; Fig. 4B), but after 2 h of the oral challenge, both cocoa
groups partially recovered healthy values (p<0.05). In parallel, serum RMCP-I|
concentration (Fig. 4C) rose after the oral challenge in the FA-RF group, and
this increase was partially prevented in the FA-CC group. Nevertheless,

intestinal permeability augmented in all animals with FA, regardless of the

diet (Fig. 4D).
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Figure 4. Variables measured during 2 h after anaphylaxis induction: A) changes in body temperature,
B) hematocrit, C) serum RMCP-IIl and D) BLG concentrations. White bars or [ represent H-RF group,
black bars or @ represent FA-RF group, white-striped bars or O represent FA-CC group and grey bars
or O represent FA-NFC group. Results are expressed as mean + SEM (n = 12). *p<0.05 vs. H-RF group,
and °p<0.05 vs. FA-RF group and F’p<0.05 vs. FA-CC group.

3.5 Intestinal structure and small intestine gene expression

Intestinal histology (Fig. 5A) in the animals of the FA-RF group did not reveal
a clear inflammation with the exception of certain crypt elongation. Both
cocoa flavonoid diets induced slight villous atrophy (Fig. 5A) and a lower

number of goblet cells (Fig. 5B).
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Figure 5. Intestinal structure. A) Representative intestinal sections from H-RF, FA-RF, FA-CC
and FA-NC groups stained with hematoxilin-eosin (100X magnification) and B) number of
goblet cells. Results are expressed as mean + SEM (n = 6). *p<0.05 vs. H-RF group, and ®p<0.05
vs. FA-RF group.

The relative gene expression of IgA, FceRl, RMCP-Il, TGF-B1, occludin and
mucin 2 was quantified in the Sl (Fig. 6). In the FA-RF group, the FA induction
produced a significant increase in the IgA gene expression in comparison
with the H-RF group (p<0.05), whereas both cocoa diets prevented this
increase (p<0.05); the FA-CC group even reduced the IgA mRNA levels with
respect to the H-RF animals (p<0.05). In addition, the FA-CC group, but not
the FA-NFC group, also had lower gene expression of FceRI, RMCP-1l and TGF-
B1 in comparison with H-RF and FA-RF animals (p<0.05). With regard to the
mRNA levels of occludin and mucin 2, no significant changes were observed

due to FA or cocoa diets.
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Figure 6. Relative gene expression of several molecules in small intestine. Expression levels
were normalized using actb as the endogenous housekeeping gene and were expressed as
percentage in comparison with the H-RF group, which was considered as 100% gene
expression. White bars represent H-RF group, black bars represent FA-RF group, white-
striped bars represent FA-CC group and grey bars represent FA-NFC group. Results are

expressed as mean + SEM (n = 12). *p<0.05 vs. H-RF group, and ?p<0.05 vs. FA-RF group and
"p<0.05 vs. FA-CC group.

3.6 Cytokine production by MLN and spleen cells

MLN cells from the FA-RF group produced significantly higher levels of IL-4,
IL-5 and IL-13 in comparison with cells from the H-RF group (p<0.05) (Fig.
7A). Both cocoa diets prevented the increase in IL-5 and IL-13 (p<0.05 vs FA-
RF group). In addition, the MLN cytokine pattern from animals fed cocoa
diets underwent several other changes. Cells from the FA-CC group
decreased the secretion of IL-1a, IL-1B and IFN-y with respect to the H-RF
and FA-RF group. The FA-NFC group decreased IL-1a and GM-CSF secretion
in comparison with the H-RF and FA-CC groups (p<0.05).

Regarding the cytokine production from splenocytes (Fig. 7B), FA induction
significantly increased the release of IL-2, IL-4 and IL-13 in the FA-RF group
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(p<0.05 vs H-RF group). However, cells from FA-CC rats did not increase IL-2
and IL-4, and showed higher IL-6 production (p<0.05 vs RF groups).

Splenocytes from the FA-NFC group showed a similar increase in IL-4 and IL-

13 and higher levels of IL-6, IL-10 and IFN-y (p<0.05) than the FA-RF group.
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Figure 7. Cytokine production from A) mesenteric lymph nodes and B) spleen cells after OVA-
stimulation. White bars represent H-RF group, black bars represent FA-RF group, white-striped
bars represent FA-CC group and grey bars represent FA-NFC GROUP. Results are expressed as

mean + SEM (n = 6-8). *p<0.05 vs. H-RF group, and °p<0.05 vs. FA-RF group and i'Q‘,D<O.05 vs. FA-
CC group.



4. Discussion

Previous studies concerning the effect of a cocoa diet on the immune system
in rats reveal the ability of a cocoa diet to attenuate serum and intestinal
immunoglobulin synthesis [2-5,22,23]. More interestingly, a diet containing
10% of cocoa in a rat allergy model induced by only an i.p. immunization
demonstrates an important inhibition in Th2-specific antibodies [12]. These
results prompted us to ascertain the effect of this diet on a FA model. In
addition, in order to learn about the role of cocoa flavonoids, a diet
containing more pure polyphenols obtained from unfermented cocoa was

included.

In a rat model of FA, we demonstrated here that a diet with CC that began at
the same time as allergy induction was also able to modulate those specific
IgG antibodies associated with Th2-immune response (IgGl and IgG2a),
without affecting those related to Thl cell activation (IgG2b). More
interestingly, CC diet in FA rats prevented completely the synthesis of
specific IgE. Although some studies using polyphenol-enriched diets show a
similar effect [24,25], our results with the NFC diet on specific antibodies
allow the suggestion that flavonoids are only partially responsible for the
attenuating effect on Th2-antibody synthesis and other compounds in CC
must enhance this effect. In agreement with this suggestion, a previous study
in healthy Lewis rats shows that a diet containing 0.8% of polyphenols from
NFC produced the same immunomodulatory effect as a diet containing 0.2%
of polyphenols from CC that also contains higher cocoa fiber and
methylxanthines than NFC [22]. On the other hand, FA induction caused an
increase in intestinal anti-allergen IgA synthesis as quantified by protein
levels and also by IgA gene expression. Although IgA is considered an

important intestinal barrier, it has been shown that the induction of
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tolerance in FA mice is associated with an inhibition of specific intestinal IgA
[26]. The CC diet reduced total intestinal IgA protein and gene expression in
agreement with previous studies [4,21], thus avoiding the specific IgA
synthesis. Results from the NFC diet again suggest that other compounds
and/or particular flavonoids in the CC must play a role in its attenuating
effects on the gut immune system. With regard to the mechanisms involved
in CC-induced intestinal IgA decrease, we studied TGF-B1 gene expression
and found that CC, but not NFC, down-regulated this cytokine that promotes
IgA synthesis [27,28].

In order to look into the influence of cocoa diets in FA in more depth, Thl
and Th2 cytokines were assessed in OVA-stimulated MLN and spleen cells, as
intestinal and systemic representative tissues. Consistently, FA increased the
release of Th2 cytokines such as IL-4, IL-5 and IL-13 from MLN cells. Although
IL-4 plays an essential role in the antibody class-switching to IgE synthesis
[29,30], it was not lowered in MLN from cocoa-fed animals, which agrees
with previous studies on cocoa-fed allergic rats [12]. Interestingly, both
cocoa diets showed a protective role against the increase of other Th2-
cytokines such as IL-5 and IL-13, and the CC diet also decreased the release
of the Thl-cytokines IL-1a, IL-1B and IFN-y from MLN cells. The modulatory
effect of cocoa on these Thl cytokines could be beneficial in FA because IL-1
has been involved in the inflammatory process of allergic diseases [31]. In
spleen cells, FA also increased the release of IL-4 and IL-13. Although cocoa
diets were unable to avoid the increase in IL-13, the CC diet, but not the NFC
diet, prevented the increase of IL-4, a result that could explain the high
inhibition of IgE synthesis by the CC diet. These results partially agree with
decreased splenic IL-4 production in immunized mice fed with chrysin and
apigenin [32] and suggest that particular flavonoids have different

immunomodulatory effects. In addition, it must be added that the NFC diet



increased the production of IL-10 in both tissues and IFN-y in splenocytes,
whereas it decreased the production of GM-CSF in MLN cells; on the other
hand, both cocoa diets increased the levels of IL-6 in spleen cells. Taken
together, these results evidence the complex modulatory effects of
flavonoids and also other compounds present in cocoa on immune function

and shed some light on the IgE-regulatory role of the cocoa diet.

In this study we also focused on the intestinal changes induced by FA in the
gene expression of barrier molecules such as mucin 2 and occludin. The FA,
regardless of the cocoa diets, did not modify the gene expression of either
barrier molecules involved in luminal protection of the intestine. This fact
must be attributed to the method of FA induction, which, unlike other
models [33], does not use mucosal adjuvants such as cholera toxin. Mucin 2
is secreted by goblet cells [34] and, from the histology sections, we counted
less goblet cells after CC intake, although this was not confirmed by PCR.
More research should be focused on confirming these results and the

mechanism involved.

The most severe response of FA is anaphylaxis after allergen intake, induced
by the fast degranulation of mast cells. In our FA model this can be
quantified by high serum RMCP-II concentrations. We have found that this
increase in RF-FA animals was greatly prevented by the CC diet, whereas NFC
intake only showed a certain effect. This protective response by cocoa could
be a consequence of lower specific IgE levels and also to the down-regulation
of FceRl gene expression, both effects found here. In vitro studies have
demonstrated the inhibitory effects of flavonoids on FceRI surface molecule
or gene expression [35,36]. Although mast cells were not determined
histologically in the intestine, from these results we can hypothesize that
cocoa intake would reduce mast cell accumulation in the intestine and/or

down-regulate FceRl, producing, in any case, a lower RMCP-II release after
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allergen intake. As the NFC diet did not produce the same effects,
compounds of cocoa other than flavonoids must be responsible for, or

enhance, such actions.

Anaphylactic response was also assessed by a fall in body temperature, an
increase in hematocrit and intestinal permeability, and a reduction of motor
activity. Surprisingly these alterations were not prevented by either the CC or
the NFC diet, with the exception of a faster recuperation of hematocrit. As
body temperature fall is due to a massive vasodilatation induced by mast cell
mediators [37], the recognized vasodilator properties of cocoa [38] could
explain the lack of effect of cocoa intake on this variable. Despite this fact,
there is no a clear explanation when considering a local intestinal
modification, such as intestinal permeability increase, or a systemic
repercussion such as motor activity. Therefore, the insufficient protection
against intestinal and systemic repercussions demonstrates that the
reduction of anti-allergen IgE and also the down-regulation of FceRl and
RMCP-II gene expression by cocoa diet were not enough to control the

anaphylactic response after the oral challenge with the allergen.

Finally, although food intake did not differ among groups, the CC diet
produced a decrease in the body weight without modifying food intake as we
previously reported [23,39], and this fact prompted us to determine some
metabolic hormones. The FA process and later anaphylaxis induction caused
increased levels of leptin and GLP-1, both prevented by CC diet. The
interaction between obesity, asthma and leptin has long been studied [40],
and some studies have reported the association of higher leptin levels with
some allergic status [41,42]. In agreeing with these studies we show here
that FA can also increase serum leptin in rats together with GLP-1, which has
not been described in previous studies. The CC diet prevented these

increases and also produced lower glucagon levels, effects that deserve



further studies in line with those demonstrating the influence of cocoa diet

on metabolism [43].

In conclusion, a cocoa-enriched diet suppresses the Th2 immune response
and is also able to attenuate the release of mast cell mediators, becoming a
potential nutrient in the prevention of FA. This effect is stronger in CC than
NFC, suggesting that components other than flavonoids take part in this
response after the induction of anaphylaxis. Further studies to clarify which
components present in cocoa are responsible for this action should be
developed. Although cocoa seems not to have a protective role in the face of
anaphylaxis response, the inhibition of serum allergen-specific antibodies as
well as the RMCP-II release supposes the cornerstone of its protective
properties, making this a food of high interest in the field of health and

immunonutrition.
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El cacau en pols, procedent de les llavors de I'arbre Theobroma cacao,
constitueix una font important de flavonoides com epicatequina, catequina i
procianidines. Estudis previs realitzats pel grup d’Autoimmunitat i Tolerancia
han posat de manifest I'efecte immunomodulador d’una dieta enriquida amb
cacau en rata [210]. Aixi, s’ha demostrat que I'administracio d’una dieta rica
en cacau promou la maduracié limfocitaria en el timus [8], disminueix la
proporcié de cél-lules T col-laboradores (T helper, Th) en la melsa, ganglis
limfatics mesenterics (GLM) i plaques de Peyer (PP) [7,9], i atenua la secrecid
d’anticossos, tant a nivell sistemic com intestinal [7,9,12,17,219]. En base a
aquests resultats, la hipotesi de partida d’aquesta tesi ha estat que la
capacitat immunomoduladora del cacau pot ser util per controlar el
desenvolupament de malalties mitjancades per d’anticossos com és el cas de
les al-lergies i, particularment, l'al-lergia alimentaria, que involucra
directament a la immunitat intestinal i fenomens de péerdua de la tolerancia
oral. Per tant, I'objectiu general de la tesi va ser establir la capacitat
reguladora dels flavonoides presents al cacau en una resposta al-lergica,
emprant un model d’al-lérgia alimentaria en rata. Per assolir aquest objectiu,
en primer lloc ha estat necessari disposar d’'un model d’al-lergia alimentaria i
també establir variables indicatives de la gravetat del procés que fossin
susceptibles de ser modificades per la dieta rica en cacau. D’aquesta manera,
els primers esforcos es van dirigir a I'obtencié d’'un model d’al-lergia
alimentaria en rata i, de forma paral-lela, a I'avaluacié de I'’efecte d’una dieta
enriquida amb cacau sobre la sintesi d’IgE especifica.

Knippels et al. [225] van descriure un model d’al-lergia alimentaria que
consisteix en 'administracié de I'al-lergogen sense adjuvant, diariament i per
via oral. Es tracta d’'un procediment de llarga durada, ja que la immunitzacié
requereix sis setmanes. Tot i que ha estat utilitzada en alguns estudis [229-
232], aquest model no és massa reproduible [233] ja que no sempre
aconsegueix estimular la sintesi d'IgkE especifica [234,235]. Hi ha altres
models d’al-lergia alimentaria amb més éxit en els que [l'al-lergogen
alimentari s’administra, amb o sense adjuvant, a través de tres injeccions per
via intraperitoneal [236—239]. Per tal d’involucrar el sistema immunitari
intestinal i provocar la perdua de tolerancia oral és millor, pero, incorporar
I’'administracié oral de I'al-lergogen [240].

En aquesta tesi es van realitzar una serie d’estudis preliminars abans no es va
aconseguir el model d’al-lergia alimentaria acompanyat de la formacid
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d’anticossos IgE especifics (primer objectiu). Concretament, la induccié es va

realitzar en dues soques de rates emprant diferents vies d’administracié de
I'al-lergogen i I'addicié o no d’adjuvant [224]. Durant aquest procés, es va
aconseguir desenvolupar un model d’al-lergia, mitjangant una Unica injeccié
per via intraperitoneal d’'una suspensiéo d’ovoalbumina (OVA) en hidroxid
d’alumini i la incorporacio de toxina de Bordetella pertussis com a adjuvant.
L’hidroxid d’alumini és capa¢ d’adsorbir I’antigen d’interés, potenciar la
resposta immunitaria conseqlient a la immunitzacid i estimular la formacié
d’IgE [241]. La toxina de Bordetella pertussis potencia la sintesi d’interleucina
(IL)-4 [242] i I'expressié de molecules coestimuladores de limfocits B [243] i,
per tant, dirigeix la resposta immunitaria cap a la de tipus Th2 [227].
D’aquesta manera, amb només una Unica immunitzacié intraperitoneal, es
va aconseguir desenvolupar un model d’al-lergia a OVA en rates de la soca
Brown Norway (BN), caracteritzat per la sintesi d’anticossos IgE contra
aquest al-lergogen. En aquest model es van establir variables indicatives de
resposta anafilactica i es va avaluar I'efecte d’'una dieta enriquida amb un
10% de cacau sobre la resposta immunitaria de tipus Th2.

Aixi doncs, en el model desenvolupat es van establir variables indicatives
d’estat al-lergic i, mitjancant la provocacid per via oral amb I'al-lergogen, es
va induir i quantificar la resposta anafilactica (article 2). Concretament, el
model es va desenvolupar en rates BN que van rebre una Unica dosi
intraperitoneal de la suspensié d’OVA, hidroxid d’alumini i toxina de
Bordetella pertussis. Després de 40 dies, es va provocar una resposta
anafilactica mitjancant I'administracié oral d’una dosi elevada d’OVA. La
resposta anafilactica és una resposta molt rapida deguda a la unié de
I'al-lergogen a la IgE que esta fixada a la superficie dels mastocits. Aquesta
unié provoca la desgranulacié d’aquestes cel-lules i també I'alliberament de
mediadors de nova sintesi que, en conjunt, provoquen vasodilatacid i
incrementen la permeabilitat vascular [238,244,245].

Per avaluar la resposta anafilactica sovint s’utilitzen sistemes de puntuacio
centrats en els canvis de comportament que experimenta |‘animal
immediatament després d’una provocacid. Aquests canvis sovint sén valorats
subjectivament per part de [linvestigador. En general es consideren
comportaments com el gratament o fregament, sibilancies, rampes
abdominals, disminucié o increment de l'activitat amb reduccié de la
freqUiéncia respiratoria, entre altres [246,247]. En aquesta tesi es va avaluar
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el nombre de moviments de cada animal, de forma individual, com a
alternativa objectiva a aquests sistemes de puntuacié. El procediment
utilitzat per enregistrar els moviments ha estat utilitzat en estudis previs de
comportament animal [248,249] i s’ha dut a terme gracies a la col-laboracié
de la Dra. Trinitat Cambras i el Dr. Antoni Diez, professors del Departament
de Fisiologia de la Facultat de Farmacia. Els resultats de I'activitat motora
mostren que la provocacié oral redueix el nombre de moviments en rates
al-lergiques, sobretot durant els primers minuts després de la provocacio.
Per tant, es van quantificar objectivament els canvis de comportament
induits per la resposta anafilactica en els minuts posteriors a la seva induccid
(article 2). Aquesta mesura ha demostrat ser reproduible en els diferents
assajos i, posteriorment, ha resultat util per avaluar la resposta anafilactica
en el model d'al-lergia alimentaria (articles 3 i 4). Per altra banda, la resposta
anafilactica també s’ha quantificat mitjancant I'increment en la concentracié
sérica de la proteasa mastocitaria 1l (RMCP-II) alliberada durant la
desgranulacié, que es va mantenir elevada durant almenys dues hores
després de la provocacid. En canvi, es va intentar determinar la histaminaila
B-hesoxaminidasa, dos mediadors alliberats també durant la desgranulacié
mastocitaria, i els resultats en mostres plasmatiques obtingudes als 30
minuts de la provocacid oral van ser negatius. En alguns estudis s’ha
demostrat un increment d’histamina als 5-10 minuts després d’una
provocacio [250,251] si bé, altres autors descriuen una concentracié elevada
als 30 minuts [252-254]. Els resultats negatius obtinguts en aquesta tesi,
perod, concorden amb els resultats de Bellou et al. [238] els quals no detecten
increments d’histamina als 15 min després de la provocacié. Per altra banda,
I"augment de RMCP-II trobat en serum es correlaciona amb la disminucié de
I'activitat motora, resultant ser, per tant, un bon indicador de la resposta
anafilactica dels animals. Un altre indicador d’aquesta resposta és la
davallada de temperatura corporal, que va ser de I'ordre de 22C tant en els
animals amb al-lérgia a OVA induida per via intraperitoneal, com en el model
d’al-lergia alimentaria. La reduccid de la temperatura corporal es pot atribuir
a 'alliberament massiu de mediadors vasodilatadors [238,245]. Aixi doncs, es
va desenvolupar un model d’al-lergia amb sintesi d’IgE i susceptible a la
induccié d’'una resposta anafilactica quantificable a través de mediadors
alliberats (RMCP-II), manifestacions immediates sistémiques (hipotérmia) i
també alteracions en el comportament (activitat motora) (article 2).
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La recerca d’'un model d’al-lergia alimentaria que impliqués la participacio
directa del sistema immunitari intestinal (primer objectiu) va donar lloc a

combinar la sensibilitzacié inicial per via intraperitoneal (una dosi d’OVA,
hidroxid d’alumini i toxina de Bordetella pertussis) amb la posterior
administracié oral de I'al-lergogen durant tres setmanes. Per tal d’evidenciar
els canvis conseqiients Unicament a la sensibilitzacié oral, durant aquest
procediment es va avaluar també la resposta obtinguda en animals que
havien estat sensibilitzats amb només una administracié per via
intraperitoneal. Els resultats van demostrar que tots els animals immunitzats
per via intraperitoneal van desenvolupar anticossos especifics, especialment
els relacionats amb la resposta Th2 en rata (IgE, 1gG1 i IgG2a) i la seva sintesi
va augmentar quan van rebre I'OVA per via oral (article 3). Aquest increment
provocat per I'administracié oral molt evident per als anticossos d’isotip
IgG1, lgG2a especifics, i més discret en el cas d’IgE, tot i que I'increment
només va durar la primera setmana d’administracié de I’al-lergogen. Aixo va
comportar que, posteriorment, I'aplicacié d’aquest model es limités a una
setmana d’administraci6 oral de [Ial-lergogen (article 4). A més,
I’'administracio oral de l'al-lergogen va induir, de forma especifica, la sintesi
d’lgA anti-OVA, la qual es va quantificar en sérum i rentat intestinal En
aquest sentit, tot i que la IgA es considera una immunoglobulina protectora
en processos de sensibilitzacio oral [255], hi ha certa controversia en relacidé
a la seva funcié en al-lergia alimentaria. Alguns autors han descrit que el seu
increment esta relacionat amb una predisposici6 a desenvolupar
posteriorment la malaltia [256], mentre que d’altres mostren que el seu
increment, a nivell de mucosa intestinal, s’associa amb el desenvolupament
de tolerancia [257]. En resum, la induccié d’un model d’al-lérgia alimentaria -
mitjangant I'administraci6 combinada d’'una primera dosi per via
intraperitoneal d’OVA amb hidroxid d’alumini i toxina de Bordetella
pertussis, amb dosis repetides d’OVA per via oral- va estimular el sistema
immunitari intestinal i va generar una resposta considerable en anticossos
IgE i isotips IgG relacionats amb la resposta Th2, juntament amb anticossos
IgA (article 3). Aquest model representa una millora respecte a d’altres
models publicats. Per una banda, es tracta d’'un model eficag i reproduible
gracies a la sensibilitzacié intraperitoneal, ja que en comparacié amb els
models que Unicament s’indueixen oralment, a part de requerir
I'administracié diaria a llarg termini (sis setmanes), aquests no
aconsegueixen el 100% d’exit de sensibilitzacié. A més, la immunitzacié
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Unicament requereix una Unica injeccid intraperitoneal, en lloc de les tres
emprades en altres models descrits. D’altra banda, I'administracié oral de
I'al-lergogen fa patent [lal-lergia alimentaria després d’una setmana
d’administracid i s’aconsegueix, d’aquesta manera, un model a les tres
setmanes d’inici de I'estudi. Per tot aix0 es va considerar un model valid
d’al-lergia alimentaria. Aquests aspectes permeten confirmar que es tracta

d’un model experimental d’al-lergia alimentaria, valid, eficag i reproduible.

A continuacid, es va procedir a induir una resposta anafilactica en aquest
model d’al-lergia alimentaria. Després de tres setmanes de sensibilitzacio
oral diaria amb OVA i cinc dies de descans, es va realitzar una provocacié oral
amb el mateix al-lergogen per tal d’induir una resposta anafilactica i
guantificar-la mitjancant les variables establertes préviament i, a més, amb
un marcador de permeabilitat intestinal. Es va observar que, les rates amb
al-lergia alimentaria alliberaven més RMCP-II que les que Unicament havien
rebut la dosi intraperitoneal (article 3). Aix0o indica que, de nou,
I’'administracié oral d’OVA es capag¢ d’estimular el teixit limfoide associat a
I'intesti ja que la RMCP-Il quantificada procedeix de mastocits mucosals
[258]. Pel que fa als canvis en la temperatura corporal, aguesta va decaure
de forma similar en ambdds grups. Per altra banda, I’estudi de permeabilitat
de la barrera intestinal va revelar un increment en els dos grups, si bé en els
animals amb al-lergia alimentaria I'augment va ser més agut. Els resultats
coincideixen amb els descrits per Knippels et al. [259] i Traver et al. [260]. Els
primers demostren que la immunitzacié via intraperitoneal produeix un
increment de la permeabilitat intestinal superior al que s’observa quan la
sensibilitzacid es fa Unicament per via oral sense adjuvant. Els segons van
observar que Il'administracié repetida d’OVA per via oral produeix
acumulacid de mastocits a lintesti. A més a més, s’ha descrit que
I'alliberament de RMCP-Il, juntament amb altres mediadors, podria
incrementar |'absorcié a través de la ruta paracel-lular [261] . Aixi doncs, el
model que combina tant la immunitzacié intraperitoneal com la
administracié oral continuada de I'al-lergogen comporta un increment de la
permeabilitat de la barrera intestinal. En relacid als canvis en l'activitat
motora després de la provocacid, els resultats van revelar una clara
davallada en el nombre de moviments en els animals al-lergics, tot i que no
es van observar diferéncies significatives entre els animals que només van
rebre una dosi intraperitoneal i els que van rebre, a més, I'OVA per via oral.
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D’altra banda, dos dies després de la induccid de la resposta anafilactica es
van obtenir mostres tissulars dels animals per avaluar el fenotip limfocitari
en GLM i PP, I'expressio genica de diverses molécules en teixit intestinal i la
secrecié de citocines per part de limfocits esplenics (article 3). L'estudi de les
proporcions de limfocits T, Th, Th activats, Tc, B i B IgA+ en GLM i PP no va
evidenciar canvis provocats per la sensibilitzacio, ni oral ni intraperitoneal i,
per tant, no es va considerar un bon marcador d’al-lergia almenys en el dia
d’estudi realitzat. També es van estudiar aquestes poblacions en limfocits
estimulats de GLM i només es van observar canvis significatius en les cél-lules
procedents d’animals immunitzats amb una dosi intraperitoneal. En el
mateix sentit, les citocines espleniques de tipus Th2, com la interleucina IL-4 i
la IL-10, només van augmentar després de la induccié Unica intraperitoneal.
Aquests darrers resultats, juntament amb la davallada dels nivells d’IgE
especifica, van suggerir que |'administracié oral continuada durant 3
setmanes, podria induir un estat de tolerancia o anergia, produida per
I’'administracié oral perllongada de I'al-lergogen tal com s’ha observat en
ratolins [262]. Malgrat aquests resultats, I'expressido genica de RMCP-Il en
I'intesti dels animals amb al-lergia alimentaria estava incrementada,
coincidint amb les elevades concentracions d’aquesta proteasa quantificada
en serum durant la resposta anafilactica.

En resum, es van assolir el primer i el segon objectius, ja que és va es va

desenvolupar un model d’al-lergia alimentaria en rata, amb implicacié del
sistema immunitari intestinal i capa¢ de generar una resposta anafilactica
després de la provocacié oral amb el mateix al-lergogen.

Els objectius 3-6 de la tesi, globalment, consistien en avaluar I'efecte d’'una
dieta enriquida amb cacau sobre el model d’al-lergia alimentaria. De forma
prévia, pero, es va establir I'efecte del cacau en la resposta al-lérgica induida
per una Unica dosi intraperitoneal de I'al-lergogen (al-lergia no alimentaria)
(article 1). La dieta enriquida amb cacau va ser efectiva, ja que va inhibir la
produccié d’anticossos d’isotip 1gG relacionats amb la resposta immunitaria
Th2 (IgG1 i IgG2a) [263] i no va produir canvis en la sintesi d’anticossos
especifics 1gG2b, associats a la de tipus Thl en rata [264]. De forma més
important, la dieta enriquida amb cacau va ser capag d’inhibir la resposta en
anticossos de la classe IgE, tant especifics com totals. Malgrat aquests
resultats positius en la resposta immunitaria humoral, quan es va avaluar la
produccié de citocines secretades per limfocits de GLM estimulats amb OVA,
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el cacau no va reduir la secrecié d’IL-4, pero si que va inhibir la secrecié d’IL-
10 i TNF-a, com s’havia descrit préviament per efecte del cacau [7,9] i també
en altres estudis relacionats amb al-lergia i flavonoides [81,265,266].El TNF-
a, tot i ser una citocina de tipus Thl classica, esta implicada en processos
inflamatoris al-lergics i és necessaria per a la produccié de citocines de tipus
Th2 [267]. D’altra banda, la IL-10, tot i ser una citocina supressora de la
resposta Th2 es va trobar també disminuida.

En el model d’al-lergia alimentaria posat a punt, es va procedir al
desenvolupament dels objectius 3-6 de la tesi, és a dir, establir I'efecte del
cacau sobre el model d’al-lergia alimentaria i sobre la resposta anafilactica, i
determinar la contribucié dels flavonoides del cacau en aquests efectes
(article 4). Per I'acompliment d’aquesta fita, es va induir el model d’al-lergia
alimentaria previament establert (article 3) i es va reduir el temps
d’administracié oral de l'al-lergogen a una setmana. El mateix dia de la
induccié6 del model, els animals van iniciar una dieta estandard sense
flavonoides, una dieta enriquida amb un 10% de cacau convencional (CC, que
proporcionava un 0,4% de flavonoides), o bé una dieta amb cacau no
fermentat (NFC) molt ric en flavonoides [268] que proporcionava la mateixa
quantitat de flavonoides que CC pero menys proporcié d’altres components
de cacau.

En relacié a la produccié d’anticossos, la immunitzacid intraperitoneal va
induir la sintesi d’anticossos especifics pero amb I'administracié oral es va
potenciar aquesta sintesi, com ja s’havia observat anteriorment (article 3). La
dieta CC va atenuar l'increment en les concentracions d’lgG1, d’'lgG2a i va
inhibir totalment la formacié d’IgE especifica, de la mateixa forma que
s’havia observat amb I'ladministracio intraperitoneal de I'al-lergogen (article
1). Aixi mateix, la dieta CC va reduir la IgA intestinal com s’havia observat en
anteriors estudis [9,219]. La dieta NFC, amb la mateixa quantitat de
flavonoides, va tenir un efecte molt més discret, el que permet suggerir que
I'efecte immunomodulador del cacau no és degut Unicament al seu contingut
en flavonoides. Aquests resultats concorden amb els efectes observats sobre
les immunoglobulines plasmatiques en rates Lewis no immunitzades [17]. En
base a aquests resultats, I'efecte modulador del cacau podria atribuir-se a
I'efecte de flavonoides concrets que podrien estar en el CC (per exemple
procianidines) i no en el NFC (ric sobre tot en epicatequina) o bé a altres
components bioactius del CC com la fibra o les metilxantines.
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En aquest estudi d’intervencid nutricional, també es va portar a terme la
induccié d’una resposta anafilactica similar a la realitzada anteriorment
(article 3) i es va quantificar I'activitat motora i d’altres variables establertes
(article 2). Cap de les dues dietes enriquides amb cacau va tenir un efecte
protector enfront la davallada del nombre de moviments i de temperatura
corporal, ni van ser capaces d’evitar I'increment de la permeabilitat intestinal
ni de I'hematocrit. Cal destacar, pero, que la dieta CC va ser capag¢ de
protegir davant de la desgranulacié mastocitaria, com es reflecteix per una
reduccid de la concentracié de RMCP-II durant la resposta anafilactica.

A dia final d’estudi, es van quantificar les citocines sintetitzades per limfocits
de GLM i esplenocits estimulats amb OVA. En GLM, la induccié de I'al-lergia
alimentaria va incrementar la secrecié de citocines relacionades amb la
resposta de tipus Th2 (IL-4, IL-5 i IL-13). Tant la dieta CC com la NFC van ser
capaces d’inhibir I'increment d’IL-5 i IL-13 per0 no el de la IL-4, malgrat ser
una citocina clau en al-lérgia, aquest resultat ja s’havia observat en estudis
previs [269]. També s’ha descrit que la IL-1, una citocina tipus Thl, esta
relacionada amb processos d’inflamacié en malalties al-lergiques [53] i, tot i
qgue la induccié de l'al-lergia no va provocar el seu increment, les dietes
enriquides amb cacau van disminuir la concentracié d’IL-1a, fet que
suggereix un efecte protector davant d’aquest procés. La dieta CC, a més a
més, també va inhibir la secrecié d’IL-1B. Aixi que, conjuntament, les dietes
riques en cacau tenen una funcid protectora davant la sintesi de citocines del
tipus Thl i Th2 implicades en al-lergia en el compartiment estudiat. De la
mateixa manera, la induccid de I'al-lergia alimentaria va comportar
I'increment d’IL-4 i IL-13 encara que, aquesta vegada, la dieta CC va ser capag
d’inhibir la secrecié d’IL-4, pero no la d’'IL-13, mentre que la dieta NFC no va
ser capa¢ d’evitar l'increment de cap de les dues citocines. Cal assenyalar
que la dieta NFC va incrementar la secrecié d’IFN-y i IL-10. L'IFN-y és clau en
la inhibicid de la diferenciacio cel-lular cap a tipus Th2 i la IL-10 té una funcié
protector en al-lergia i s’ha descrit que es troba reduida en pacients amb
malalties al-lergiques [53] de manera que, segons els resultats obtinguts,
novament les dietes riques en cacau exerceixen una funcié beneficiosa sobre
la patologia en melsa.

Els resultats obtinguts en I'estudi dels canvis en I'expressié geénica van
coincidir amb els observats a nivell séric. Tant I'expressié de RMCP-Il com de
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FceRl es van veure reduides en els animals que van rebre la dieta CC, de
manera similar a la concentracié serica de RMCP-Il. Aquest mateix efecte
també es va observar en I'expressié d’IgA, tant per la dieta CC com per la
dieta NFC, coincidint novament amb el resultat obtingut en la sintesi
d’anticossos a nivell intestinal. En canvi, I'expressi6 de molécules
relacionades amb la integritat de la barrera intestinal, mucina-2 i ocludina,
no va ser modificada ni per la induccié del model d’al-lérgia alimentaria ni
per cap de les dues dietes. Tot i aix0, I'estudi histologic va revelar que les
dietes enriquides amb cacau disminuien el nombre de cél-lules secretores de
mucina, anomenades cel-lules caliciformes, encara que a nivell d’expressio
geénica intestinal no es va confirmar.

Per ultim, com a resum general dels resultats obtinguts, cal destacar el
potencial beneficids del cacau sobre I'al-lergia alimentaria, ja que és capag
d’inhibir, en el model d’al-lergia alimentaria desenvolupat en rata, la
resposta de tipus Th2, especialment mitjancant la disminucié en la sintesi de
la immunoglobulina clau en al-lergia, la IgE. A més, durant la induccio de la
resposta anafilactica, és capac de reduir I’alliberament de proteasa Il per part
dels mastocits activats. Aquesta funcidé immunomoduladora no és pot
atribuir exclusivament als flavonoides, ja que la dieta enriquida amb cacau
no fermentat ric en flavonoides presenta uns efectes menys potents. Aixo
demostra que hi ha altres components presents al cacau responsables de la
modulacié de la resposta al-lergica i li confereixen un lloc important en el
camp de la immunonutricié com a potencial nutraceutic.
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Conclusions—

Els resultats obtinguts en aquesta tesi permeten extreure les seglients
conclusions:

e En un model d’al-léergia en rata Brown Norway induit per una Unica
immunitzacid intraperitoneal amb ovoalbimina, toxina de Bordetella
pertussis i hidroxid d’alumini, una dieta enriquida amb un 10% de
cacau -iniciada al mateix temps que la immunitzacié- atenua la
sintesi d’anticossos especifics d’isotip IgE, 1gG1 i IgG2a relacionats
amb la resposta immunitaria Th2 i modula la secrecié de citocines
inflamatories alliberades per limfocits de ganglis limfatics
mesenteérics.

e La provocacié d’'una resposta anafilactica per via oral en un model
d’al-lérgia en rata Brown Norway, induit per una Unica immunitzacié
intraperitoneal, es pot quantificar per la reduccié de [I'activitat
motora durant els primers minuts després de la provocacié, la qual
es correlaciona inversament amb ['alliberament de proteasa |l

mastocitaria.

e La combinacié d'una primera immunitzacié intraperitoneal amb
ovoalbuimina, toxina de Bordetella pertussis i hidroxid d’alumini
seguida de I'administracié oral diaria d’ovoalbimina -iniciada dues
setmanes més tard i durant un minim d’una setmana- constitueix un
model d’al-lérgia alimentaria. Aquest model es caracteritza per una
concentracié serica elevada d’anticossos especifics relacionats amb
la resposta Th2, particularment, IgE, IgG1, 1gG2a i també per un
increment de la sintesi d’IgA. El model d’al-lergia alimentaria ja és
patent a les tres setmanes de I'inici de I'estudi.

e En un model d’al-lérgia alimentaria -induit per la combinacié d’una
immunitzacid intraperitoneal i, catorze dies després, 'administracio
oral diaria de I'al-lergogen durant un setmana- la ingesta d’una dieta
enriquida amb cacau durant quatre setmanes, iniciada al mateix
temps que la immunitzacio, es capag d’atenuar la sintesi d’anticossos
especifics d’isotip IgE, 1gG1 i IgG2a (relacionats amb la resposta
immunitaria Th2), la produccié d’IgA intestinal (total i especifica) i
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també la secrecid de citocines de tipus Th2 -tant en ganglis limfatics
mesenterics com de melsa-. La dieta enriquida amb cacau protegeix
parcialment de la resposta anafilactica induida per una provocacio
oral, ja que redueix la sintesi i alliberament de la proteasa
mastocitaria.

En el model d’al-lergia alimentaria, la ingesta d’'una dieta enriquida
amb extracte de cacau no fermentat ric en flavonoides durant quatre
setmanes, iniciada al mateix temps que la immunitzacid, atenua la
secrecid de citocines de tipus Th2 i parcialment la sintesi d’anticossos
especifics relacionats amb aquesta resposta. Aquest efecte és menys
potent que I'observat amb la dieta rica en cacau convencional. Per
tant, els flavonoides del cacau no sén els Unics responsables del
poder modulador del cacau sobre la resposta Th2.
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