\I)
&
iy

?//.

i

=

UNIVERSITAT s

BARCELONA

Influencia d’una dieta rica en cacau sobre
el sistema immunitari intestinal
de rates sensibilitzades

Mariona Camps i Bossacoma

©0cle

Aquesta tesi doctoral esta subjecta a la llicencia Reconeixement- NoComercial —
SenseObraDerivada 3.0. Espanya de Creative Commons.

Esta tesis doctoral esta sujeta a la licencia _Reconocimiento - NoComercial — SinObraDerivada
3.0. Espafia de Creative Commons.

This doctoral thesis is licensed under the Creative Commons_Attribution-NonCommercial-
NoDerivs 3.0. Spain License.




UNIVERSITATbe

il BARCELONA

Facultat de Farmacia i Ciéncies de I’Alimentacié
Departament de Bioquimica i Fisiologia
Secci6 de Fisiologia

INFLUENCIA D’UNA DIETA RICA EN CACAU SOBRE
EL SISTEMA IMMUNITARI INTESTINAL
DE RATES SENSIBILITZADES

Mariona Camps i Bossacoma
Barcelona, 2017






UNIVERSITATbe

i+ BARCELONA

Facultat de Farmacia i Ciéncies de I’Alimentacié
Departament de Bioquimica i Fisiologia
Secci6 de Fisiologia

Programa de doctorat
ALIMENTACIO | NUTRICIO

INFLUENCIA D’UNA DIETA RICA EN CACAU SOBRE

EL SISTEMA IMMUNITARI INTESTINAL

DE RATES SENSIBILITZADES

Memoria presentada per MARIONA CAMPS i BOSSACOMA per optar al titol de

doctora amb mencio internacional per la Universitat de Barcelona.

Aquesta tesi ha estat realitzada al grup d’Autoimmunitat i Tolerancia amb la
supervisié de la Dra. Margarida Castell Escuer. La doctoranda ha realitzat una
estada de recerca al grup d’Immunologia Gastrointestinal (Dra. Eva Untersmayr)

de la Universitat de Medicina de Viena.

Dra. Margarida Castell Escuer

m‘/ & u,', A \‘. /
W I Y L

Directora i tutora de la tesi Doctoranda

Mariona Camps i Bossacoma
Barcelona, 2017

Mariona Camps i Bossacoma






Aquesta tesi ha estat financada per:

DE ESPANA DE ECONOMIA, INDUSTRIA

GOBIERNO MIMISTERIO
Y COMPETITIVIDAD

Ministerio de Economia y Competitividad
Proyecto AGL 2011/24279

La doctoranda ha gaudit dels ajuts segiients:

Se=
f/.\

08 UNIVERSITATo:
i+ BARCELONA

Ajuts de Personal Investigador predoctoral en Formacio (APIF)
Universitat de Barcelona, 2014-2017

Ajuts per a fer estada de recerca a I’estranger:

':t U NIVERSITAToe  Fundacié Universitaria
|||+ BARCELONA AgustiPedroiPons

Fundacio Universitaria Agusti Pedro i Pons
Universitat de Barcelona

I N S A Institut de Recerca en Nutricié
R\ i Seguretat Alimentaria

Institut de Nutricio i Seguretat Alimentaria (INSA)
Universitat de Barcelona






=e=] Margarida Castell
=l UNIVERSITAToe Catedratica
il+= BARCELONA

Seccio de Fisiologia Av. Joan 27-31 Tel. +34 934 054 505
Departament de Bioquimica i Fisiologia 08028 Barcelona Fax +34 934 035 901
Facultat de Farmacia i margaridacastell@ub.edu

Ciéncies de I’Alimentacié

Margarida Castell Escuer, catedratica de la Seccié de Fisiologia, del Departament de
Bioquimica i Fisiologia de la Facultat de Farmacia i Ciéncies de U’Alimentaci6 de la
Universitat de Barcelona,

INFORMA

Que la memoria titulada Influéncia d’una dieta rica en cacau sobre el sistema
immunitari intestinal de rates sensibilitzades presentada per MARIONA CAMPS i
BOSSACOMA per optar al Titol de Doctora per la Universitat de Barcelona, ha estat
realitzada sota la meva direccié a la Secci6 de Fisiologia, i considerant-la conclosa,
autoritzo la seva presentacio per ser jutjada pel tribunal corresponent.

| perqué aixi consti, signo el present a

Barcelona, 22 de maig de 2017

Dra. Margarida Castell Escuer

Catedratica de Fisiologia

Departament de Bioquimica i Fisiologia

Facultat de Farmacia i Ciéncies de |’Alimentacié
Universitat de Barcelona






‘The important thing is not to stop questioning’
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ABSTRACT

Due to the rising prevalence of food allergy, the development of animal models of oral
food sensitization is of interest in studying the mechanisms involved in this sensitization
and its possible treatments.

Previous studies have reported that cocoa influences the intestinal and systemic immune
systems, modifying lymphoid tissue composition and functionality and the synthesis of
intestinal and systemic antibodies.

On these bases, the aim of the current thesis was to study in depth the
immunomodulatory properties of cocoa, in particular to ascertain the effect and possible
mechanisms induced by a cocoa diet on a rat oral sensitization model and also to
determine which compound/s is/are responsible for such effect.

To achieve the initial part of the goal, a rat oral sensitization model was developed using
ovalbumin as allergen and cholera toxin as adjuvant. Afterwards, three-week-old female
Lewis rats from the successful model developed were fed for four weeks with a 10% cocoa
diet. With regard to the results, the 10% cocoa diet was able to prevent the synthesis of
the anti-ovalbumin antibodies. Moreover, the cocoa intake decreased intestinal IgA
concentration due to fewer IgA cells reaching the lamina propia. In terms of the gut-
associated lymphoid tissues (GALT), cocoa diet increased the proportion of TCRys+ cells
and NK cells in mesenteric lymph nodes, Peyer’s patches and epithelium together with
some modifications in gene expression of various molecules and cytokines in the
mesenteric lymph nodes and small intestine. Cocoa intake also influenced gut microbiota
in this rat oral sensitization model.

To attain the second part of the goal, the determination of the compounds responsible for
the immunoregulatory effect of cocoa, two different approaches were made. Firstly,
approximations were carried out in order to determine the effect of hesperidin, a
flavonoid not found in cocoa, on rat immune response. However, with the dosages and the
immunization process used, we were unable to detect changes on specific antibody
production, although some modifications were evident in intestinal lymphocyte
composition and functionality.

On the other hand, in order to determine whether theobromine, the main methylxanthine
in cocoa, was responsible for the cocoa’s effects on microbiota, antibody immune
response and on lymphocyte composition, the effects of the cocoa diet were compared
with those obtained from rats fed a 0.25% theobromine diet (the same amount of
theobromine provided by the cocoa diet). Theobromine affected microbiota composition
but not in the same manner as cocoa intake, suggesting that other cocoa compounds, such
as polyphenols and fibre, may have an effect on the intestinal bacteria. Nevertheless,
theobromine was responsible for the short-chain fatty acid increase and the lower
proportion of IgA-coated bacteria. Moreover, theobromine seems to be the main



component responsible for the decrease in cocoa antibodies together with almost all
modifications to the lymphoid tissues.

To sum up, cocoa, due to its theobromine content, is able to prevent the development of
a rat oral sensitization model, contributing towards oral tolerance. These results suggest
the role of cocoa as a potential nutraceutical for avoiding or preventing food allergies.
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1. IMMUNITAT SISTEMICA | INTESTINAL

1.1 RESPOSTA IMMUNITARIA

La funcio fisiologica del sistema immunitari consisteix en la defensa conjunta i coordinada
enfront qualsevol substancia perjudicial (agents infecciosos o toxines) que es trobi en
contacte amb l'organisme. Aquesta defensa té lloc mitjancant mecanismes defensius
genérics que constitueixen la resposta immunitaria innata i mecanismes defensius
especifics, que formen la resposta adaptativa [1]. Una altra funcio del sistema immunitari
és evitar la resposta contra el que és propi i contra les substancies innocues que entren en
contacte amb ["organisme, procés que s’anomena tolerancia [1].

La immunitat innata, també anomenada immunitat natural o espontania, és la primera
linia de proteccié enfront a agents estranys. Consisteix en mecanismes de defensa
cel-lulars i bioquimics que reconeixen l’antigen de forma inespecifica i donen una resposta
rapida i similar davant les diferents substancies alienes. Les cél-lules que majoritariament
hi intervenen son els macrofags, els neutrofils i les cél-lules natural killer (NK) [2].

Per altra banda, la immunitat adaptativa, també anomenada especifica, tal com aquest
darrer nom indica, elabora una resposta concreta davant de cada agent infeccios. Les
cél-lules que majoritariament hi intervenen son els limfocits [2].

1.2 TEIXITS LIMFOIDES

Els limfocits es formen i acumulen en teixits o organs limfoides, compartiments de gran
importancia no només per al desenvolupament i regulacio dels limfocits, sind6 també per a
la iniciacio de les respostes immunitaries [3]. Des del punt de vista funcional es
classifiquen en primaris i secundaris (Figura 1), encara que, darrerament, s’ha descrit una
nova categoria, els terciaris [4]. Els teixits limfoides terciaris son acumulacions ectopiques
de cél-lules limfoides que sorgeixen durant una inflamaci6 cronica [4]. Concretament, es
formen durant infeccions croniques, malalties autoimmunitaries i en localitzacions amb
cancer, entre altres [5].
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Figura 1. Classificacio del teixit limfoide
BALT (bronchus-associated lymphoid tissue); CALT (conjuntiva-associated lymphoid tissue); GALT
(gut-associated lymphoid tissue); GLM (ganglis limfatics mesenterics); IEL (limfocits intraepitelials);
LPL (limfocits de la lamina propia); MALT (mucosa-associated lymphoid tissues); NALT (nasopharynx-
associated lymphod tissue); PP (plaques de Peyer)

Teixit limfoide

Mgdu'l- la Timus MALT Melsa 'Gan‘gl.i >
ossia limfatics
NALT, BALT,
CALT, etc. &l

Organitzat

Fol-licles
limfoides aillats
PP

GLM

1.2.1 Teixits limfoides primaris

Els teixits limfoides primaris o centrals son els encarregats de la formacié i maduracié dels
limfocits a partir de les cél-lules mare hematopoetiques, és a dir, de la limfopoesi. En
aquesta categoria s’inclouen la medul-la ossia i el timus (Figura 1).

*  Medul-la ossia

A la medul-la ossia s’hi generen els precursors hematopoetics, és on té lloc la formacio
d’eritrocits, monocits, granulocits, limfocits i plaquetes [6]. A més, a la medul-la ossia es
produeix la maduracio dels limfocits B. En canvi, els precursors dels limfocits T abandonen
la medul-la per acabar de madurar al timus.

La medul-la ossia esta molt vascularitzada per vasos sanguinis, no per limfatics, i
constitueix una part important de la xarxa de recirculacio dels limfocits, per on passen
milers de milions de limfocits al dia [7].

«  Timus

El timus és un organ bilobulat situat al torax, a la regié anterior del mediasti, darrera de
’estérnum i per sobre del cor. Cada lobul esta dividit en multiples lobels per envans
fibrosos, que consten d’una escorca externa i una medul:la interna [2]. Els precursors dels

6
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limfocits T arriben a l'escorca a través de la sang [8] i, a mesura que maduren, avancen
cap a la medul-la (Figura 2). Quan les cél-lules progenitores entren al timus no presenten
el receptor antigenic de limfocits T (TCR), ni els coreceptors CD4 o CD8, i s’anomenen
cél-lules doble negatives (DN, CD4-CD8-). Els limfocits DN es poden subdividir en quatre
estats de diferenciacio en funcié de ’expressio de les moléecules CD44 i CD25 (DN1-4). A
excepcio de les DN1 (CD44+CD25-), els limfocits en aquest estat de maduracié expressen
el pre-receptor TCR. A continuacio, les cél-lules passen a ser doble positives (DP,
CD4+CD8+) i expressen correctament el receptor TCR [8]. A partir d’aqui, les cel-lules DP
interaccionen amb les cél-lules epitelials de ’escorca que expressen el complex principal
d’histocompatibilitat (MHC) de classe | o Il associat a antigens propis, i en funcié del MHC
amb el que interaccionin i del grau de reconeixement del péptid presentat, les cél-lules
pateixen la mort per negligencia, la seleccio positiva o la seleccié negativa. Quan els
limfocits DP interaccionen debilment amb ceél:-lules epitelials de ’escorca, es produeix
apoptosi, ’anomenada mort per negligéncia. Per altra banda, s’evidencia una seleccio
positiva quan les cel-lules DP expressen un TCR que reconeix adequadament el péptid
propi presentat pel MHC de cél-lules epitelials o dendritiques de la medul-la. Quan les
cél-lules T han reconegut el MHC de classe | mantenen ’expressio de CD8 (single positive,
SP, CD4-CD8+), mentre que quan el limfocit T reconeix el MHC de classe Il, aquests
preserven ’expressio de CD4+ (SP, CD4+CD8-) [2,8] (Figura 2). En canvi, els limfocits DP
experimenten una seleccié negativa quan reconeixen fortament el complex MHC i el
peptid propi, i dona lloc a la seva apoptosi per tal d’evitar la circulacié de limfocits
autoreactius [2,8] (Figura 2).

Un cop els limfocits T han madurat inicien la migracié cap als organs limfoides secundaris
via sanguinia o limfatica (Figura 3).

Figura 2. Maduracié dels limfocits T al timus
Basada en [8]

Escorca
OO0
Senyalitzacio '
TCR/coreceptor Cél-lules
@ innadequada @ epitelials
corticals
C 1
Mort §
/ 4=
Progenitor
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e / \ / \
Mort SP CD8 SP CD4 Mort

I Seleccio negativa ” Seleccio positiva ” Seleccio negativa I

1 1

I Migracio a la periféria I
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Figura 3. Connexions entre el teixit limfoide
Fletxes vermelles: transport per sang. Fletxes verdes: transport per limfa. GALT (gut-associated
lymphoid tissue); IEL (limfocits intraepitelials); LPL (limfocits de la lamina propia); PP (plaques de
Peyer)
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1.2.2 Teixits limfoides secundaris

Els teixits limfoides secundaris o periférics constitueixen el lloc d’estimulacié dels
limfocits madurs per tal de respondre a patogens. En aquesta categoria s’inclouen la
melsa, els ganglis limfatics i el teixit limfoide associat a mucoses (MALT) (Figura 1).

e Lamelsa

La melsa és un gran organ limfoide que es troba ubicat a la part superior esquerra de
’abdomen, just per sota el diafragma, amb un pes aproximat d’uns 150 g en una persona
adulta [9]. Esta formada per dos compartiments funcionalment i morfologicament
diferents: la polpa blanca i la polpa vermella. La polpa blanca esta plena de limfocits i
esta organitzada en dues zones: la de limfocits T i la de limfocits B. La seva funcio
consisteix en afavorir la resposta immunitaria adaptativa enfront a antigens transportats
per la sang. Per altra banda, a la polpa vermella s’hi filtra la sang i s’elimina material
estrany i eritrocits vells o danyats [9,10].

» Ganglis limfatics

Els ganglis limfatics son petits organs en forma de ronyé amb un pes aproximat d’un gram
que es troben dispersos per tot el cos i connectats entre ells mitjancant vasos limfatics.
La limfa arriba als ganglis a través de diferents vasos limfatics aferents, es filtra a través
de la substancia del gangli i drena per un vas limfatic eferent. Els ganglis limfatics
presenten una escorca externa i una medul-la interna i es troben envoltats per una
capsula fibrosa. En concret, els ganglis limfatics proporcionen una interfase entre la sang i
el sistema limfatic i permeten que les cel-lules presentadores d’antigen (APC), residents
als ganglis limfatics o bé que han emigrat des de teixits periférics, presentin ’antigen als
limfocits T i iniciin la resposta immunitaria [11]. Els limfocits verges passen des de la sang
cap els ganglis limfatics, i a través de vasos limfatics tornen a la circulacié sanguinia
diverses vegades (Figura 3), fins que reconeixen un antigen a Uinterior d’un gangli. Una
vegada han reaccionat amb un antigen es diferencien a cél-lules efectores i memoria i
emigren cap al focus infeccios via sanguinia (Figura 3).

» Teixit limfoide associat a mucoses (MALT)

Les superficies mucoses del sistema digestiu i de les vies respiratories, amb una extensio
superior a 300 m? en humans, juntament amb altres mucoses, es troben colonitzades per
limfocits, formant el teixit limfoide associat a mucoses (MALT). El MALT participa en
respostes immunitaries contra antigens ingerits o inhalats [12] i, en concret, inclou el
teixit limfoide associat a Uintesti (gut-associated lymphoid tissue, GALT), a la nasofaringe
(nasopharynx-associated lymphoid tissue, NALT), als bronquis (bronchus-associated
lymphoid tissue, BALT), a la conjuntiva (conjuntiva-associated lymphoid tissue, CALT), al
conducte lacrimal (lacrimal duct-associated lymphoid tissue, LDALT), a la laringe (larynx-
associated lymphoid tissue, LALT) i al conducte salival (salivary duct-associated lymphoid
tissue, DALT) [10]. Les principals funcions del MALT son la produccio i la secrecié d’IgA
especifica a través de la mucosa.
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1.2.3 Teixit limfoide associat a l’intesti (GALT)

El GALT constitueix el 70% de la totalitat del sistema immunitari, essent la principal ruta
de contacte amb U'exterior i, per tant, amb patogens (bacteéries, protozous, fongs, virus) o
substancies toxiques [13]. Conté 10'2 cel-lules limfoides per metre d’intesti i més cel-lules
productores d’immunoglobulines que la resta del cos [14]. Anatomicament el GALT es
divideix en dos compartiments, el GALT organitzat i el GALT difus (Figura 1).

El GALT organitzat és l’inductor de la resposta immunitaria intestinal i inclou els fol-licles
limfoides aillats, les plaques de Peyer (PP) i els ganglis limfatics mesentérics (GLM)
(Figura 1).

Les PP son fol-licles limfoides localitzats a la cara antimesentérica de la mucosa intestinal
[15]. La seva mida i densitat incrementa del jeja a Uili, trobant-se amb més freqiiéncia a
la part distal de U’ili [16]. Les PP es troben separades de la llum intestinal per un epiteli
especialitzat, anomenat epiteli associat al fol:licle, on es troben les cel-lules M. A les PP
s’hi troben moltes cél-lules B rodejades de petites arees de limfocits T [16]. Les PP tenen
un paper molt important en la resposta immunitaria mucosal enfront antigens o bactéries i
en la induccié de la tolerancia oral [17,18].

Els GLM es troben en el mesenteri de Uintesti prim i és on té lloc la resposta immunitaria
especifica, sent el principal compartiment d’inducci6 de la tolerancia oral [19].

El GALT difas és el teixit efector de la resposta immunitaria. Aquest teixit inclou els
limfocits intraepitelials (intraepithelial lymphocytes, IEL) i els limfocits de la lamina
propia (lamina propia lymphocytes, LPL) (Figura 1). Els IELs contenen molts limfocits T
localitzats entremig de les cel-lules epitelials, i interactuen amb aquestes per tal de
mantenir ’homeostasi mucosal [20,21]. En concret, els IELs es troben amb una freqiiéncia
de 10-15 per 100 cél-lules epitelials [22] i inclouen limfocits T amb diferent estructura de
receptor antigenic: les cél-lules TCRap i les cél-lules TCRyd, que també es poden
classificar en funcié de Uexpressio del coreceptor CD8. La majoria dels IEL TCRyd
expressen el coreceptor CD8oa [23]. Els IELs estant destinats a proporcionar una proteccio
immediata i evitar U'entrada i propagacié d’agents infecciosos que entren per via
intestinal [20].

Els LPLs inclouen limfocits T (amb proporcié similar de CD4+ i CD8+), cel-lules
plasmatiques, cel-lules dendritiques, mastocits i macrofags [15,16] i es troben localitzats
a la lamina propia de lintesti, just per sota de l’epiteli. En aquest compartiment se
sintetitzen anticossos (sobretot IgA) i hi té lloc la presentacié antigénica local.

1.3 RESPOSTA IMMUNITARIA INTESTINAL

Malgrat ’existéncia de les barreres fisiques, quimiques i biologiques que protegeixen el
tracte gastrointestinal, de vegades, els antigens poden penetrar la mucosa intestinal i
arribar al GALT [15].

10



INTRODUCCIO | 1 Immunitat sistémica i intestinal

Les possibles vies d’entrada dels antigens son (Figura 4):

Endocitosi: les cél-lules M -localitzades a les PP- o les ceél-lules caliciformes,
permeten ’adhesio, captacio i internalitzacio d’antigens. Mitjancant mecanismes
d’endocitosi, els antigens son transportats a través de vesicules a la membrana
basolateral, on son alliberats a l’espai extracel-lular [24] i es troben amb les APC,
fonamentalment les cél-lules dendritiques (DC).

Difusio paracel-lular: entre els enterocits, les cél-lules dendritiques poden
projectar les seves dendrites mitjancant proteines associades a les unions estretes
i captar ’antigen directament de la llum intestinal.

Transcitosi: certs antigens poden ser captats pels enterocits i alliberats a la
lamina propia on trobaran les APC. Aquesta via és més restrictiva a causa del
recobriment extern d’aquestes cél-lules amb glicocalix, fet que impedeix
’entrada d’agregats macromoleculars i de microorganismes.

Figura 4. Vies d’entrada dels antigens intestinals
DC (cel-lula dendritica); Th (limfocit T helper)

g Aoy ety s o

Les DC del GALT actuen d’APC de forma similar al sistema immunitari sistémic. Les DC
interioritzen i processen l’antigen per tal d’expressar els péptids antigénics a la seva
membrana associats al MHC de classe Il i presentar-los als limfocits T especifics que els
reconeixeran a través del seu receptor (TCR). Aquesta interaccio entre DC i limfocits T pot
tenir lloc a la propia PP o bé als GLM, després de la migracio de la DC a través de vasos
limfatics aferents. Amb la presentaci6é antigénica, els limfocits s’activen i proliferen, i es
diferencien, en funcio de les citocines que secreten, en les subpoblacions efectores Th1,
Th2 o0 Th17 o en les cél-lules T reguladores (Treg) (Figura 5).
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Figura 5. Resum de I’activaci6 de cél-lules T i els tipus cel-lulars resultants
DC (cél-lula dendritica); IFN (interfero); IL (interleucina); TGF (transforming growth factor); Th
(limfocit T helper); TNF (factor de necrosis tumoral)
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Els limfocits Th1 es caracteritzen per la secrecio d’interferé y (IFN-y), interleucina (IL)-2, i
del factor de necrosis tumoral (TNF)-o, entre d’altres. La seva principal funcio és la
defensa, mitjancant fagocitosi i activaci6 de la citotoxicitat contra infeccions,
especialment de microorganismes intracel-lulars (virus, bacteris i alguns protozous). Per
altra banda, els limfocits Th2 produeixen, sobretot, IL-4, IL-5 i IL-13 i actuen com a
principals mediadors de reaccions al-lérgiques i en defensa d’infeccions extracel-lulars i
parasits (d’helmints i artropodes). La subpoblacio efectora Th17 es caracteritza per la
secrecio d’IL-17A, IL-17F, IL-21 i IL-22 [25]. El factor de creixement transformant (TGF)-p1
i la IL-6 promouen la diferenciacié dels limfocits Th17, perd una vegada aquests estant
diferenciats, la IL-23 és la citocina que indueix la seva proliferacio (Figura 5). Els tres
tipus cel:-lulars efectors s’inactiven mutuament. Aixi doncs els limfocits efectors Th1,
mitjancant IFN-y inhibeixen U’activitat dels Th2 i dels Th17; les cél-lules efectores Th2
mitjancant la IL-4 inhibeixen la proliferacié dels limfocits Th1 i Th17, i, per Gltim, les
cel-lules efectores Th17 inhibeixen l’activacio dels limfocits Th1 i Th2.

A més d’aquestes tres subpoblacions limfocitiques efectores, s’ha descrit ’existéncia de
limfocits Treg, associats a la presencia del TGF-B. Aquestes cél-lules produeixen IL-10 i
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TGF-B i intervenen en la prevencié de malalties autoimmunitaries, la supressio d’al-lérgia
i d’asma i en el desenvolupament de la tolerancia oral [26].

En funcido de quin tipus cel-lular s’activi i proliferi en resposta a un antigen, es
desenvolupara la tolerancia oral a antigens o la sensibilitzacio oral (Apartats 1.4 1.6.2).

1.4 TOLERANCIA ORAL

EL GALT de tots els individus es troba permanentment en un entorn amb una gran
quantitat i diversitat d’antigens, concretament, amb el pas de més de 30 kg de proteines
alimentaries cada any, el que representa més de 100 g de proteina al dia [27,28].
Generalment aquestes substancies no indueixen una resposta defensiva pero, en
determinades persones i ambients, es pot activar el sistema immunitari. La tolerancia oral
consisteix en la supressid especifica de la resposta immunitaria enfront a un antigen que
entra per via digestiva [29]. Mantenir la tolerancia requereix complexes interaccions entre
les cél-lules no immunitaries i les cel-lules immunitaries del GALT [28]. Aquests complexos
mecanismes depenen de diversos factors, tals com la dosi de ’antigen, la seva estructura,
el temps i ruta d’exposicid, la susceptibilitat genética i la composicio i activitat
metabolica de la microbiota [30].

En el desenvolupament de la tolerancia, les DC hi tenen un paper important. Un cop la DC
ha capturat U’antigen, la DC (CD103+) migra cap als GLM on es produeixen diferents
citocines (TGF-B, IL-10), enzims (retinal deshidrogenasa -RALDH- i idoleamina 2,3-
diogixenasa -IDO-) i metabolits (acid retinoic -RA-) que indueixen la diferenciacié dels
limfocits T verges a limfocits Treg. Aquestes cél-lules expressen a la seva superficie
marcadors que activen la migracié intestinal (integrina a4B7 i el receptor CCR9), on
desenvolupen els seus efectes tolerogenics (Figura 6).

Les cél-lules Treg que es formen poden ser principalment de tres tipus (Figura 6):

e Cel-lules Th3: limfocits que no expressen Foxp3 ni CD25. Produeixen TGF- i
poden promoure el desenvolupament de les cél-lules Treg induides (iTreg) amb la
produccio de TGF-p.

e Cel-lules Tr1: limfocits que no expressen Foxp3 ni CD25 i participen a la
tolerancia oral amb la produccié d’IL-10.

e Cél-lules iTreg: cel-lules Treg CD4+CD25+Foxp3+ involucrades en la inhibici6 de
respostes Th2, ja que promouen la formacio d’IgG4 anti-al-lergogen i generen DC
tolerogéniques.

Quan algun d’aquests mecanismes de tolerancia es desregula pot comportar el
desenvolupament d’una reaccio d’hipersensibilitat [31], tal com es detalla a ’apartat
1.6.2.
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Figura 6. Esquema del desenvolupament de la tolerancia a antigens alimentaris
IDO (idoleamina 2,3-dioxigenasa); IL (interleucina); iTreg (limfocits T reguladors induits); RALDH
(retinal deshidrogenasa); T (limfocit T); TGF (transforming growth factor); Th (limfocit T helper);
Treg (limfocit T regulador); Tr1 (limfocts T reguladors de tipus 1)
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1.5 MICROBIOTA INTESTINAL

El tracte gastrointestinal conté un complex i dinamic ecosistema que inclou una gran
varietat de microorganismes. En concret, el cos huma conté com a minim 10" bacteéries
[32], suposant una massa total d’uns 2 kg [33], i essent el tracte gastrointestinal el
compartiment més densament colonitzat [34]. El genoma de la microbiota intestinal,
anomenat microbioma, inclou, almenys, 150 vegades més gens que el genoma huma [35].
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La microbiota intestinal no és igual per a totes les persones i dins de la mateixa persona
depén de la seva edat i de diversos factors ambientals. El desenvolupament de la
microbiota intestinal es troba influit per les condicions del naixement, la genética,
’epigenética, la dieta, U’edat, ’entorn, U’Us de medicaments, entre d’altres, i es va
modificant al llarg del temps [34,36-38]. Es considera que el fetus és esteril fins el
moment del part, encara que s’ha descrit la composicié bacteriana en el meconi del
nounat, i s’ha suggerit una possible colonitzacié microbiana a ’Gter [39,40]. Tanmateix,
es considera que, en el moment del part, el nadé és rapidament colonitzat,
principalment, pel contacte vaginal i, a partir d’aquest moment, s’origina una transmissio
vertical de mare a fill juntament amb altres factors externs tant de la mare com del nen, i
es va modificant la microbiota del nadd. Durant el primer any de vida la microbiota de
Uinfant conté menys nombre i diversitat de bactéries que la de l'adult. La composicio
bacteriana en aquest periode es caracteritza per un predomini d’Actinobacteria i
Proteobacteria. En condicions normals, quan el nen assoleix els tres anys de vida presenta
una composicié bacteriana que, en U'estat de salut, es pot mantenir estable la resta de
vida [41]. La microbiota de I’adult inclou més de 1000 especies bacterianes diferents [12]
i es caracteritza per tenir principalment un 70-75% de bacteries dels dos segiients filums
[42]:

»  Firmicutes: principalment dels géneres Clostridium, Faecalibacterium, Blautia,
Ruminococcus i Lactobacillus.

» Bacteroidetes: principalment dels géneres Bacteroides i Prevotella.

En petites quantitats, també es troben bacteris dels filums Actinobacteria
(Bifidobacteria), Proteobacteria (Enterobacteriaceae), Verrucomicrobia, Fusobacteria i
Cyanobacteria [41-43].

La composicio de la microbiota intestinal varia de persona a persona i, en funcio
d’aquesta, la poblacié6 humana s’ha categoritzat en 3 enterotips [44]: U’enterotip 1
(anomenat Bacteroides), ’enterotip 2 (anomenant Prevotella) i 'enterotip 3 (anomenat
Ruminococcus). Aquests enterotips s’han relacionat amb la dieta que l’individu consumeix:
Uenterotip 1 esta associat amb el consum d’elevades proporcions de proteines i grasses,
’enterotip 2 amb elevades quantitats de carbohidrats i sucres simples i ’enterotip 3 amb
grans quantitats de grasses poliinsaturades [45].

La microbiota intestinal no es troba distribuida homogéniament al llarg del tracte
gastrointestinal, sind que la densitat microbiana incrementa al llarg d’aquest. L’estomac
és [’organ menys colonitzat (10'-10*cél-lules per gram de contingut), i el colon el que més
(10°-10"2 cél-lules/g de femta) (Figura 7). Es considera que només en el colon hi ha un
70% del total de bactéries presents al cos huma [43].
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Figura 7. Variacions en la quantitat de microbiota al llarg del tracte gastrointestinal
Basada en [43]
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Durant la darrera decada, 'estudi de la microbiota intestinal humana ha experimentat un
gran creixement i ha permeés aprofundir en la seva composicié i funcions. Aquest
coneixement deriva, fonamentalment, de dos grans estudis. Als Estats Units, el projecte
NIH HMP (Human Microbiome Project, 2007) intenta descriure els gens bacterians humans,
agrupar-los en estat de salut i predisposicio de malalties [46]. A Europa, el projecte
MetaHIT (Metagenomics of the Human Intestinal Tract, 2008) ha permés descriure,
agrupar i caracteritzar 3,3 milions de gens bacterians trobats en mostres fecals de
persones europees [35] i s’ha centrat en el paper de la microbiota en la malaltia
inflamatoria intestinal i en ’obesitat [47].

1.5.1 Funcions de la microbiota

La microbiota intestinal participa en I’homeostasi de lorganisme a través de funcions
metaboliques i nutricionals, fisiologiques i immunologiques.

» Funcié metabolica i nutricional: la microbiota exerceix una funcié metabolica
important ja que algunes bactéries contenen enzims capacos de digerir certs
carbohidrats que no han sigut processats (fibra insoluble o el midé resistent de
blat de moro). Aquestes activitats metaboliques comporten la produccié de
nutrients com acids grassos de cadena curta (SCFA), vitamines (vitamina K,
vitamina By, i acid folic) i aminoacids [34], essent els SCFA una font important
d’energia i de metabolisme lipidic.

» Funci6 fisiologica i immunologica: la microbiota participa en la defensa contra
patogens amb la produccidé de components antimicrobians. També esta implicada
en el desenvolupament, maduracié i manteniment de les funcions gastrointestinals
de la barrera intestinal i del sistema immunitari mucosal.

En condicions de salut, la microbiota intestinal i [’hoste estableixen simbiosi. Tot i aixi, en
certs moments de la vida, es pot presentar una alteracio de la composicid microbiana o
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disbiosi, tal com s’ha associat amb diverses malalties (metaboliques, neurologiques,
inflamatories o al-lérgiques) [34,41,48].

1.5.2 Microbiota i sistema immunitari

La microbiota té un paper molt important en el desenvolupament del sistema immunitari
intestinal i sistémic. Estudis en animals nascuts i mantinguts en condicions esterils (germ-
free, GF) han demostrat que aquests animals presenten un menor nombre de cél-lules
secretores d’IgA i una reduccio en la secrecio d’aquesta immunoglobulina, variacions en la
produccio de citocines, en la generacié de la tolerancia oral, i alteracions en la formacio
de la melsa, dels ganglis limfatics i de les PP [49-53]. Aixi doncs, ’adquisicio de la
microbiota en el nounat és rellevant per al correcte desenvolupament de la immunitat
innata i l’adaptativa.

1.5.2.1 Microbiota i immunitat innata

Les cél-lules del sistema immunitari innat es troben localitzades a la interfase entre
’hoste i la microbiota, fet que permet que interactuin davant bacteris i els seus productes
metabolics i, aixi, s’indueixin diferents respostes fisiologiques. A aquest nivell, s’han
descrit diverses formes d’interacci6 entre la microbiota i ’hoste, ja sigui amb les cél-lules
epitelials, les cél-lules mieloides o les cél-lules limfoides innates (innate lymhoid cells,
ILC) [54].

e Cel-lules epitelials: les cel-lules epitelials intestinals presenten a la seva
superficie receptors associats a la immunitat innata. Entre aquests, disposen dels
receptors de reconeixement de patrons (pattern-recognition receptors, PRR) que
reconeixen estructures moleculars conservades dels patogens (pathogen-
associated molecular patterns, PAMPs) [36,55]. Els més coneguts son els toll-like
receptors (TLR), els quals, a través del factor de transcripcio nuclear kappa B
(NF-kB) [36], estan relacionats amb la proliferacio de les cél-lules epitelials, la
sintesi d’IgA, el manteniment de les unions estretes i ’expressio de peéptids
antimicrobians, funcions critiques per al manteniment de la barrera epitelial [56]
(Figura 8).

« Cél-lules mieloides: la microbiota i els seus metabolits influeixen en el
desenvolupament, maduracié i funci6 de les cel-lules mieloides circulants
(neutrofils i basofils) i de teixits (macrofags) mitjancant ’activacié de PRR [54].

e Cél-lules limfoides innates (ILC): les ILC son cel-lules del sistema immunitari
innat recentment caracteritzades i classificades en categories [57]. Les ILC
inclouen cel-lules citotoxiques (NK) i no citotoxiques (ILC1, ILC2 i ILC3). Les ILC1
sintetitzen IFN-y i TNF, les ILC2 produeixen citocines Th2 (IL-4, IL-5, IL-9, IL-13) i
les ILC3 secreten IL-17A, IL-17F, IL-22, entre d’altres [58]. Encara que el seu
desenvolupament no depén de la microbiota, la seva funcionalitat esta
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condicionada per aquesta. La comunicacié de les ILC amb la microbiota es porta a
terme mitjancant citocines, PRR o péptids antimicrobians. En la majoria dels
casos, les cél-lules epitelials o mieloides comuniquen les ILC amb la microbiota.
Les ILC1 s’activen per la produccio d’IL-12 per part d’una DC en resposta a un
bacteri. Les ILC2 s’activen per citocines produides per les cél-lules epitelials
depenent de la microbiota. Seguidament les ILC2 interactuen amb mastocits,
eosinofils, basofils i macrofags. Les ILC3 s’activen, entre d’altres, per la IL-23
produida per activacié del TLR5 en resposta a la flagel:-lina i provoquen la
produccié d’IL-22 responsable d’accions antimicrobianes i de la fortificacio de la
barrera intestinal [54]. Alhora, les ILC3 interaccionen amb altres cel-lules
immunitaries (Figura 8).

Figura 8. Efecte de la microbiota sobre la immunitat innata

Basada en [54]. IFN (interferd); IL (interleucina); ILC (innate lymphoid cells); SCFA (short-chain
fatty acids); TLR (receptor toll-like)
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1.5.2.2 Microbiota i immunitat adaptativa

La microbiota intestinal també influeix en el desenvolupament de la immunitat
adaptativa. Concretament, s’ha relacionat amb un increment de les cél-lules que
expressen IgA, i en la quantitat i diversitat d’aquesta immunoglobulina a la llum
intestinal. A més, la colonitzacié6 bacteriana s’ha associat amb la maduracio i
manteniment de les cél-lules Th17 i Treg [54,59,60].

1.5.2.3 Microbiota i al-lérgia

EL 1989, Uinvestigador Strachan va introduir la “hipotesi de la higiene” en la que suggereix
que la manca d’exposicio bacteriana durant la infantesa com a resultat de procedir de
families amb un nombre reduit de membres i d’un increment en les condicions d’higiene,
comporta una elevada prevalenca d’al-lergia [36,61,62]. Seguint aquesta premissa, una
gran diversitat d’estudis han descrit la relacié entre la microbiota intestinal i el
desenvolupament d’al-léergia.

S’ha trobat una menor prevalenca d’asma i d’al-lergies en persones que viuen en el medi
rural, concretament en granges [63,64]. Per altra banda, s’han associat animals GF amb
una elevada sintesi d’IgE [65] i una alta resposta inflamatoria [66]. En aquest mateix
sentit, la reduccio de la microbiota intestinal per causa de I’Us d’antibiotics produeix un
increment de la IgE sérica i una exagerada inflamacio al:-lergica [67]. Els animals GF o
tractats amb antibiotics presenten menys cél-lules Treg (CD4+Foxp3+) i més predisposicio
a desenvolupar una sensibilitzacio al-lérgica [68]. Aquest nombre reduit de cel-lules
reguladores s’incrementa quan, en aquests ratolins GF, se’ls hi administra bacteris
(Clostridia i Bacteroides flagilis) o SCFA i, en conseqiiéncia, es redueix la sensibilitzacio
al-lergica [69,70]. Aixi doncs, a més de la relacio directa entre la microbiota i ’al-lérgia,
diversos articles han associat l’increment de SCFA amb la millora de la tolerancia oral. En
concret, s’ha vist que Uelevada proporcio d’acetat i butiric protegeix del
desenvolupament d’al-lérgia [71].

Per tant, la bona colonitzacié i el manteniment de la microbiota intestinal redueix la
probabilitat de desenvolupar al-lérgia i afavoreix la tolerancia oral.

1.6 AL-LERGIA ALIMENTARIA

L’al-lérgia alimentaria es defineix com un efecte advers per a la salut com a resultat
d’una resposta immunitaria especifica i reproduible a ’exposicié d’un determinat aliment
[72]. Actualment, ’al-lérgia alimentaria és un problema de salut piblica creixent que
afecta tant a la poblacié infantil com a l’adulta, produint una reduccié de la qualitat de
vida del pacient i del seu entorn familiar i social [73]. S’estima que afecta de mitjana a un
4-8% d’infants i al voltant d’un 5% d’adults [74].
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La predisposicié a patir una al-léergia alimentaria depén de molts factors tals com el sexe,
la raca, la genética, ’atopia, el déficit de vitamina D, Uobesitat, la higiene i la ruta
d’exposicio de ’aliment [39,74].

Es considera que l’al-lérgia alimentaria pot ser [75,76]:

» Al-lergia mitjancada per IgE: caracteritzada per la formaci6 d’anticossos IgE i per
’aparicié de simptomes abans de les dues hores després de la ingesta o exposicio
a l’al-lergen [76]. Generalment, afecta a la pell, el tracte gastrointestinal o el
tracte respiratori.

e Al-lérgia no mitjancada per IgE: provocada per mecanismes immunitaris no
depenents de la IgE, sind que, per altres isotips d’anticossos i cél-lules
immunitaries. En general afecta el tracte gastrointestinal. Concretament, es
manifesta en forma d’enterocolitis, proctocolitis (inflamacio de recte i colon) i
enteropatia [77].

e Mixta: aquest tipus d’al-lergia alimentaria esta mitjancada per mecanismes
dependents d’IgE i per d’altres mecanismes. Generalment, la reaccio
d’hipersensibilitat retardada, que pot que apareixer amb posterioritat a la
ingesta, és el resultat d’una barreja d’aquestes dues formes d’al-lergia [78].

1.6.1 Al-lergogens

Els al-lergogens o al-lérgens alimentaris son components dels aliments reconeguts per
cél-lules del sistema immunitari que provoquen reaccions immunitaries especifiques.
Generalment son proteines (de 15 kDa a 40 kDa) o glicoproteines (de 10 kDa a 70 kDa)
[79]. Els al-lérgens alimentaris donen lloc a reaccions tant si s’ingereixen crus com cuits,
si bé n’hi ha que només es comporten com al-lergogens en alguna d’aquestes dues formes
[77]. Segons aquestes propietats, els al-lérgens es divideixen en:

e Al-lergens de classe 1: son glicoproteines estables al calor i a la digestid
enzimatica (resistents a acids i proteases) [80]. En conseqiiéncia, originen la
sensibilitzacio per via intestinal.

» Al-lergens de classe 2: solen ser labils a la calor i a la digestid, probablement
perqué contenen epitops conformacionals. Per tant, la via de sensibilitzacid no és
la digestiva, sind que es produeix per una reacci6 encreuada amb
pneumoal-lérgens o al-lérgens de contacte [81]. La base immunologica de la
reaccio que generen aquests al-lérgens es basa en la preséencia d’IgE especifica
enfront a dues molécules que comparteixen una estructura semblant.

Un individu pot presentar una resposta immunitaria a varies proteines d’un mateix aliment
i envers a diversos epitops d’una proteina concreta [82]. Actualment, ja s’han descrit més
de 400 al-lergogens alimentaris [79] i el nombre continua creixent a causa de ’aparici6 de
nous antigens alimentaris i, a més, és probable que amb ’augment dels aliments
transgenics apareguin al-lérgens fins ara desconeguts [83].
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Actualment, els aliments implicats amb més freqiiéncia en reaccions al-lérgiques a nivell
europeu son: la llet de vaca, el blat i "ou (6%, 3,6% i 2,5%, respectivament) [84]. Pel que
fa a Uestat espanyol, les al-lérgies alimentaries més comunes son:el llagosti, el préssec, el
tomaquet, el blat, el blat de moro i les nous (4,9%, 3,8%, 3,5%, 3,4%, 3,2% i 3,1%,
respectivament) [85].

1.6.2 Al-lergia mitjancada per IgE: mecanismes implicats

L’al-léergia mitjancada per IgE, es considera que és una resposta immunologica
inapropiada, amb un increment de limfocits Th2 i una elevada produccié d’IgE. En
concret, en un primer contacte amb ’antigen, s’estimula la diferenciacio de les cél-lules
Th verges a limfocits Th2 efectors, que produeixen les citocines IL-4, IL-5 i IL-13 i
potencien la produccié d’IgE per part dels limfocits B. Seguidament [’anticos IgE s’uneix a
la superficie de mastocits i basofils (Figura 9). Generalment la resposta immunitaria de
tipus Th2 protegeix contra infeccions parasitaries, encara que, quan es desregula,
aquestes respostes contribueixen al desenvolupament d’al:-lérgia. Amb una nova exposicid
a l’al-lergen, aquest s’uneix a les molecules d’IgE fixades a la superficie dels tipus
cel-lulars detallats i s’activen els basofils, els mastocits i, de forma més tardana, els
eosinofils (Taula 1). Aixi s’inicia una cascada de senyals que comporten [’exocitosi dels
granuls, la sintesi i secreci6 de mediadors lipidics, i la sintesi i secrecié de citocines
(Taula 2). L’alliberacié d’aquests mediadors origina les manifestacions cliniques del
procés al-lérgic (Taula 3).

A més del paper que tenen les cel-lules Th2 en el desenvolupament de [’al-lérgia,
recentment, s’ha postulat la participacio d’altres tipus cel:-lulars tals com els limfocits
Th9, Th17 i Th22 [30]. La diferenciacio de les cel-lules Th9 és deguda a la preséncia de
TFG-B i IL-4, i déna lloc a IL-9. Per altra banda, en presencia d’IL-6, TGF-B i IL-23, es
produeix la diferenciacio de les cél-lules Th17, productores d’IL-17A, d’IL17F i d’IL-22, tal
com préviament s’ha detallat. Per ultim, s’ha descrit que les cél-lules Th22, productores
d’IL-22, també poden contribuir en el desenvolupament d’al:lérgia [30].

No es coneix el mecanisme exacte per a la induccié6 d’una resposta Th2 en individus
al-lérgics, encara que tal com s’ha comentat anteriorment, la geneética i diferents factors
ambientals hi tenen un paper important. Alteracions genétiques en els gens d’IL-4, la
cadena o d’IL4R, IL-9, IL-13, entre altres, en son possibles candidats [86]. A més, per
molt que anteriorment es creia que estava causada per un desequilibri entre les respostes
Th1/Th2, actualment, també s’associa a un defecte en l’activitat supressora de les
cel-lules Treg. Aixi mateix, s’ha relacionat la presencia d’IL-33 amb el desenvolupament
de la sensibilitzacid, el que produeix un increment de la permeabilitat intestinal i promou
la diferenciacié de limfocits Th2 per part de les DC [87]. La diferenciacio de cél-lules Th2
també esta condicionada per la presentacio antigénica, en concret, per les unions de
0X40-0X40L, TIM4-TIM1 i jagged-notch entre les DC i les cél-lules T verges [87]. A més,
s’ha descrit que diferents alteracions qualitatives i quantitatives de la poblacio de
ceél-lules NK hi poden intervenir, suggerint aixi un paper regulador en aquest tipus cel-lular
[86,88].
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Figura 9. Esquema del desenvolupament de la sensibilitzacié al‘lérgica
B (limfocit B); T (limfocit T); Th (limfocit T helper); IL (interleucina)
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Taula 1. Cél-lules implicades en ’al-lérgia [2]

Mastocits Son cél-lules que s’originen a la medul-la ossia i es troben
ampliament distribuides pels teixits, sobretot prop dels vasos
sanguinis i dels nervis i en localitzacions subepitelials.

Presenten receptors per a la porcio Fc de la IgE a la seva
superficie (FceRl) i granuls citoplasmatics rics en histamina.

Junt amb els basofils, produeixen citocines importants en la
inflamacio i responsables de la resposta inflamatoria tardana tot
afavorint la resposta al-lergica i la sintesi d’IgE, el
desenvolupament dels limfocits Th2 i el reclutament d’eosinofils.

Basofils Es troben circulant per sang.
Els basofils comparteixen amb els mastocits la preséncia de
receptors FceRI per a la IgE i de granuls rics en histamina.

Eosinofils Tenen un paper important en la reaccio tardana.

Alliberen un ventall de mediadors tan gran com els mastocits i,
entre ells, produeixen la proteina basica major i la proteina
cationica d’eosinofils. També, activen directament els mastocits
i aixi s’allarga ’alliberament de mediadors. D’aquesta manera,
s’aconsegueix reclutar, amplificar i mantenir la resposta
inflamatoria sense necessitat de que es produeixi una nova
exposicio a l’antigen.

Taula 2. Mediadors alliberats en ’al-lérgia [2]

Amines biogenes Histamina

GRS TRl Triptasa, carboxipeptidasa A, catepsina G, hidrolases acides,
proteoglicans condroitin sulfat, heparina

Mediadors lipidics Derivats de la via de la ciclooxigenasa (COX): prostaglandines
Derivats de la via de la lipooxigenasa (LOX): leucotriens

Citocines IL-1, IL-3, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-15, IL-16, TNF-a,
factor estimulant de colonies de granulocits i macrofags
(GM-CSF), factor de creixement endotelial vascular (VEGF),
factor de creixement derivat de plaquetes (PDGF), TGF-B
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Taula 3. Manifestacions cliniques de I’al-lérgia mitjancada per IgE [76,89]

Manifestacions cutanies Immediates:

S M R0/ RSN Tea 0 - W  Urticaria, angioedema i pruija
aliments pateixen

manifestacions cutanies Croniques:

Dermatitis atopica

Manifestacions respiratories Del tracte respiratori superior:
Esternuts, rinorrea, congestio nasal i pruija

Del tracte respiratori inferior:
Dispnea, sibilancies, tos i laringoespasme

Manifestacions oculars Eritema conjuntival, pruija i llagrimeig

Manifestacions Pruija i/o formigueig dels llavis, la llengua, el
gastrointestinals paladar i la gola amb o sense inflor, nausees, dolor o
rampes abdominals, vomits i/o diarrea

Anafilaxi Reaccié sistéemica greu que afecta a més de dos
organs o sistemes. Es de risc vital i amenaca la vida
del pacient

1.7 MODELS ANIMALS D’AL-LERGIA ALIMENTARIA

La creixent prevalenca d’al-lérgia alimentaria comporta que la recerca en aquest ambit se
centri en Uestudi dels factors de risc, la fisiopatologia, les proves diagnostiques i el
tractament d’aquestes reaccions [90]. Es per aixd que, actualment, ’obtencié de models
animals que mimetitzin un procés d’al-lérgia alimentaria és un dels principals objectius en
aquesta area de recerca.

S’han estudiat models d’al-lérgia alimentaria utilitzant diferents especies, soques, sexes,
edats, adjuvants (toxina colerica, toxina de Bordetella pertussis, carragenina),
al-lergogens, pautes d’administracid (dosi i freqlieéncia) i rutes de sensibilitzacio [91,92].
En concret, s’han intentat desenvolupar models en porcs, gossos i, sobretot, en rosegadors
[92]. L’avantatge principal que presenten aquests ultims és la seva elevada disponibilitat i
el gran nombre de soques existents. A ’hora, la seva petita mida i baix cost de
manteniment fa possible ’estudi a partir d’un gran nombre d’animals [31]. S’han obtingut
models d’al-lérgia principalment en ratolins, sobretot de la soca Balb/c [93-95]. També,
en rates, majoritariament, en les soques Wistar [96] i Brown Norway (BN) [83,97]. S’ha
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vist que les rates BN solen ser especialment indicades per estudiar protocols de
sensibilitzacio ja que, aquesta soca presenta una alta capacitat de generar anticossos IgE
especifics d’antigen en resposta a certs al-lérgens i, per tant, desenvolupa un patrd
semblant a un individu amb predisposicié al-lergica [31], encara que presenten un elevat
cost. A més, s’ha demostrat que en rosegadors, les femelles produeixen una resposta
superior en anticossos especifics que els mascles [98], per molt que en humans, U’al-lergia
alimentaria en edat infantil és més freqiient en nens i, en adults, en dones [99].

Dins el grup de recerca d’Autoimmunitat i Tolerancia s’ha dut a terme el
desenvolupament d’un model d’al-lérgia alimentaria en rates de la soca BN amb una
immunitzacio prévia per via intraperitoneal (i.p.) [97]. Tot i aixi, en els models d’al-lergia
alimentaria es valora que la sensibilitzacio es realitzi Unicament per via oral, ja que
aquesta s’inicia degut a la ingesta oral de l’al-lergen pero, apareix una complicacio
important a superar: la tolerancia oral [91].
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2. FLAVONOIDES | SISTEMA IMMUNITARI

Els flavonoides sén productes naturals presents en els vegetals que s’ingereixen a través
de la dieta. Una gran varietat d’estudis mostren la influéncia de la dieta rica en
flavonoides sobre el sistema immunitari.

En aquest apartat s’incorpora la revisio realitzada per elaborar un capitol del Llibre
“INMUNONUTRICION Y ESTILO DE VIDA”, coordinat per la Dra. Ascensién Marcos del
Departament de Metabolisme i Nutricio de U’Instituto de Ciencia y Tecnologia de Alimentos
y Nutricion (ICTAN, CSIC). En aquest capitol es defineixen els flavonoides i es fa un resum
dels estudis in vitro, preclinics i clinics dels efectes dels flavonoides sobre el sistema
immunitari i sobre les reaccions al-lérgiques. L’extensio del capitol (maxim 10000
paraules) i el nombre de referencies bibliografiques (maxim 60) estan condicionades per
’editorial.
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CAPIiTULO

10

Influencia de los flavonoides
sobre el sistema inmunitario

Resumen

Los flavonoides, productos del metabolismo secundario de las plantas, se encuentran habitual de la
dieta rica en frutas, verduras, té, cacao y vino. Ademas de los conocidos efectos antioxidantes y
antiinflamatorios, los flavonoides poseen una importante accion inmunorreguladora en la respuesta
inmunitaria adquirida. En este capitulo se resumen los efectos de estos componentes in vitro e in
vivo. Se hace especial énfasis en las acciones de los flavonoides en las diferentes fases de la
respuesta inmunitaria adquirida, desde la presentacion antigénica hasta la formacion de los
linfocitos efectores y la secrecion de citocinas. Asimismo, dado que los flavonoides forman parte
de la dieta, se resume su accion sobre el sistema inmunitario intestinal y la microbiota. Ademas de
estas propiedades inmunorreguladoras, se detallan algunos ejemplos del efecto protector de varios
flavonoides particulares y de extractos vegetales ricos en flavonoides en modelos animales de
alergia, en los cuales han mostrado su efecto modulador de la sintesis de IgE, de la activacion de
mastocitos, basofilos y eosindfilos y de la liberacion de los mediadores responsables de la
sintomatologia de la alergia. Por altimo se incluyen algunas evidencias clinicas de sus efectos
inmunomoduladores a través de estudios epidemioldgicos y de estudios de intervencion nutricional.
Sin embargo, las evidencias de los efectos inmunomoduladores de los flavonoides en humanos son
escasos y por ello se necesitan mas estudios observacionales en poblaciones de riesgo asi como
estudios de intervencién nutricional.

Palabras clave: activacion linfocitaria, alergia, citocinas, inmunidad intestinal,
flavonas, flavonoles, microbiota
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INTRODUCCION

Los flavonoides constituyen un grupo de
moléculas organicas ubicuas en las plantas
vasculares como producto de su metabolismo
secundario. Numerosos estudios demuestran los
efectos saludables de su consumo vy,
concretamente y de forma genérica, se ha
establecido el papel protector de los flavonoides
en los procesos cancerigenos y en las
reacciones inflamatorias implicadas en la
patogenia de enfermedades como la obesidad,
la aterosclerosis o la enfermedad de Alzheimer.
En este capitulo se resumiran las acciones de
los flavonoides sobre el sistema inmunitario,
tanto sobre la respuesta inmunitaria innata
como en la respuesta inmunitaria adquirida,
considerando de forma mas concreta, su accion
sobre los procesos alérgicos. No se incluyen las
evidencias de los efectos antiinflamatorios de
los flavonoides, objeto de excelentes revisiones
(1,2) e incluso de libros enteros (3). Sin
embargo, si que se incluye una sintesis de la
influencia de los flavonoides de la dieta sobre el
sistema inmunitario intestinal, que es el que de
forma mas precoz y directa estd en contacto con
estos componentes dietéticos. El capitulo
resume efectos in vitro (procedentes de la
adicidon de flavonoides sobre lineas celulares o
cultivos primarios), preclinicos (obtenidos en

animales de experimentacion tras la
administraciéon  oral de  flavonoides) 'y
finalmente, se recogen las pocas evidencias

obtenidas a partir de estudios epidemioldgicos y
estudios clinicos.

Revisio 1

modificados  quimicamente  (hidroxilacidn,
metoxilacion, O-glicosilacién, etc.), lo que
contribuye a que hoy en dia se conozcan mas de
8000 compuestos distintos (4,5).

Las diferentes familias de flavonoides se
encuentran  ampliamente  distribuidas  en
alimentos y bebidas de origen vegetal, como
frutas, verduras, té, cacao y vino. Los
flavonoles se pueden encontrar en cebollas,
puerros, manzanas, frutos en bayas, vino tinto y
té, siendo la quercetina el flavonol mas comun.
La apigenina y la luteolina son las flavonas mas
abundantes y se encuentran en la piel de la
fruta, el perejil y el apio. Las flavanonas
(naringenina, hesperidina, etc.) son exclusivas
de frutas citricas. Los flavanoles incluyen
formas monoméricas (epicatequina, catequina,
epigalocatequina, galato de epigalocatequina —
EGCG-, etc.) y poliméricas (proantocianidinas
o taninos condensados como procianidinas,
prodelfinidinas y propelargonidinas) y se
encuentran mayoritariamente en el cacao y en el
té. Las isoflavonas (genisteina, daidzeina,
glicitina, etc.) estan presentes exclusivamente
en plantas leguminosas, sobre todo en la soja.

FLAVONOIDES E
INMUNIDAD INNATA

CLASIFICACION
DE LOS FLAVONOIDES

Quimicamente los flavonoides presentan una
estructura basica formada por un esqueleto C6-
C3-C6 (2-fenilbenzopirano), y se clasifican en
diversas familias segun el grado de oxidacién y
saturacion presente en el anillo C. Las familias
principales de los flavonoides incluyen
flavonoles, dihidroflavonoles, flavonas,
flavanonas, flavanoles (flavan-3-ol, flavan-4-ol
y flavan-3,4-diol) y flavanos (4). Entre los
flavonoides  también se  incluyen los
isoflavonoides, los cuales poseen un esqueleto
de 3-fenilcromona, y que incluyen una familia
importante desde el punto de vista fisiolégico,
las isoflavonas. Los flavonoides pueden ser

EFECTO DE LOS FLAVONOIDES
CELULAS DE LA INMUNIDAD INNATA

SOBRE

Estudios in vitro han demostrado las
propiedades  moduladoras  de  diversos
flavonoides sobre la inmunidad innata. En estos
estudios, los flavonoides se adicionan a lineas
celulares de monocitos, macréfagos o bien se
incuban sobre cultivos primarios de células
obtenidas de sangre o tejidos linfoides.

Los flavonoides han mostrado actividad sobre
monocitos, macrofagos y neutrofilos,
modulando su funcionalidad. Esta accion se
puede atribuir a su capacidad antioxidante,
necesaria para el correcto funcionamiento de las
células inmunitarias, y también a su accién
reguladora de la actividad enzimatica y de la
produccion o liberacion de  mediadores,
principalmente de tipo inflamatorio.

La estructura polifendlica de los flavonoides es
la responsable de su elevada actividad
antioxidante. Los flavonoides son capaces de
secuestrar radicales libres y también protegen



contra oxidantes como especies reactivas de
oxigeno (ROS) y especies reactivas de
nitrégeno. Los flavonoides son agentes
quelantes de metales y modulan el estrés
oxidativo generado durante la inflamacién (6).
Por ejemplo, flavonoles y flavonas reaccionan
frente al oxigeno singlete; isoflavonas, como
quercetina y luteolina, entre otros, reaccionan

con el éacido hipocloroso, mientras que
taxifolina y  quercetina  neutralizan a
peroxinitrito  (revisado en (6,7)). Ademas,

algunos flavonoles como miricetina, quercetina
o kampferol, entre otros, presentan capacidad
secuestradora de metales, evitando asi que se
perpetle la reaccion en cadena de la oxidacion
radicalaria.

Por otra parte, los flavonoides ejercen su accion
sobre el sistema inmunitario innato a través de
la regulacion de un gran nimero de enzimas. Se
ha descrito que estos compuestos son capaces
de modular mas de 50 enzimas implicados en el
vias metabolicas de los mamiferos, como las
involucradas en la proliferacion celular, la
supervivencia de las células, la expresion
génica y la sefializacion celular (6). Por
ejemplo, los flavonoles quercetina y fisetina son
capaces de inhibir las proteina tirosincinasas
(PTK), la proteina cinasa C (PKC) y las
mapcinasas (MAPK). Quercetina y las flavonas
baicaleina, luteolina, apigenina, y nobitelina
también pueden actuar sobre la fosfolipasa A,,
las ATPasas, las lipoxigenasas (LOX) o las
ciclooxigenasas (COX), lo que contribuye a su
efecto antiinflamatorio (6—8). La inhibicion
enzimatica se traduce en la modulacion de
diversos mecanismos de sefializacion celular
como receptores, citocinas, quimiocinas,
moléculas  de  adhesion, factores  de
transcripcion como el factor nuclear kB (NF-
kB), etc. (revisado en (6-8)). En general, las
agliconas son mas activas que los flavonoides
glicosilados, siendo la isoflavona genisteina
uno de los compuestos mas activos (6).

De forma global, numerosos estudios en células
de tipo macréfago o monocito muestran la
capacidad inhibidora de los flavonoides, y entre
ellos flavonoles, flavanonas e isoflavonas,
disminuyendo la produccion de citocinas pro-
inflamatorias (factor de necrosis tumoral a o
TNF-o, interleucina 1 o IL-1, etc.), asi como de
eicosanoides derivados del acido araquidénico
(prostaglandinas y leucotrienos), también con
importante accién pro-inflamatoria.  Estos
efectos parecen ser debidos a la regulacion de

su transcripcion, en el caso de citocinas, o de
las enzimas implicadas en su formacion (a
través de la inhibicion de COX), en el caso de
los eicosanoides.

Los efectos antiinflamatorios de los flavonoides
también se han observado en mastocitos y
basofilos, por su potencial inhibitorio de su
desgranulacion y liberacion de histamina, tal
como se detalla mas adelante.

FLAVONOIDES E
INMUNIDAD ADQUIRIDA

EFECTO DE LOS FLAVONOIDES SOBRE
CELULAS DE LA INMUNIDAD ADQUIRIDA

La respuesta inmunitaria adquirida se inicia con
la presentacidn antigénica, proceso por el cual
las células dendriticas captan el antigeno,
asumen su papel de células presentadoras de
antigeno (APC), e interaccionan con los
linfocitos Th (CD4+) virgenes especificos. Esta
interaccién conducird a la activacién de los
linfocitos Th, los cuales proliferaran y se
diferenciaran a linfocitos efectores, y con ello
se desarrollara la respuesta inmunitaria
adquirida. Las células dendriticas actian como
centinelas del sistema inmunitario y se
encuentran  distribuidas en los  tejidos
periféricos mostrando un fenotipo inmaduro,
caracterizado por una baja expresion de
moléculas del complejo  principal de
histocompatibilidad de clase I (MHC-II) y
moléculas coestimuladoras (CD1le¢, CD40,
CD80, CD83 y CD86). Cuando las células
dendriticas captan un antigeno, se produce su
maduraciéon y migracién hacia los organos
linfoides secundarios para encontrarse con los
linfocitos Th especificos. La interaccion entre la
célula dendritica y el linfocito Th tiene lugar a
través de la llamada sinapsis inmunitaria, en la
que intervienen, las moléculas MHC-II de la
célula dendritica y las moléculas
coestimuladoras de ambos tipos celulares.

Numerosos flavonoides han mostrado su
influencia en el proceso de diferenciacion y
presentacion antigénica por parte de células
dendriticas (9) (Figura 1). Asi, por ejemplo,
flavanoles como galato de epigalocatequina
(EGCQG) son capaces de disminuir la expresion
de moléculas clave en la sinapsis inmunitaria
como son CD83, CD80, CD11¢c y MHC-II (10).
De forma similar, la quercetina es capaz de
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inhibir el proceso de captacién antigénica,
modulando la endocitosis, y la migracion de las
células dendriticas, sin modificar la expresion
del receptor CCR7 (11). La flavona crisina
también ha mostrado su capacidad inhibitoria
sobre la diferenciacién, maduracion y funcion
de las células dendriticas (12). Por otra parte,
EGCG, curcumina, quercetina, apigenina,
fisetina y silibinina son capaces de inhibir la
maduracién in vitro de células dendriticas
inducida por agonistas de TLR4, como es el
lipopolisacéarido (LPS), concretamente se inhibe
la expresion de moléculas coestimuladoras, de
MHC-II y la produccion de IL-12, relacionada
con la activacion de células dendriticas
(revisado en (9,13)). De esta manera, las células
dendriticas  incubadas en presencia de
flavonoides modulan la  activaciéon y
proliferacion de linfocitos Th y con ello el
desarrollo de la respuesta inmunitaria adquirida.
Los mecanismos responsables de estos efectos
parecen ser debidos a la interaccion con las vias
de transcripcion NF-xB y MAPK (9,11).

La siguiente fase de la respuesta adquirida
consiste en la activacion y proliferacion clonal
del linfocito Th especifico, proceso que
depende, entre otros factores, de la sintesis, de
la secrecion y del efecto autocrino de la citocina
IL-2 (Figura 1). A este nivel, numerosos
flavonoides han demostrado in vitro su
capacidad de controlar la proliferacidn
linfocitaria y modular la sintesis de 1L-2. Este
efecto se ha manifestado por ejemplo para
isoflavonas, como la genisteina, capaz de
disminuir la secrecion de 1L-2 y la proliferacion
linfocitaria en células mononucleares de sangre
periférica (PBMCs) de voluntarios sanos (14).
Asimismo, flavanoles como EGCG inhiben la
proliferacion linfocitaria y la produccion de
[L-2 cuando se afiaden in vitro a células
mononucleares humanas o a linfocitos
ganglionares (15). Flavonoides de la misma
familia, como epicatequina, son capaces de
inhibir la sintesis de IL-2 y su receptor (CD25)
en una linea celular de raton (16). Sin embargo
las procianidinas son capaces de inhibir la
proliferacion  de  cultivos de linfocitos
esplénicos sin modificar la sintesis de IL-2 (17).
Por otra parte, el flavonol quercetina es capaz
de reducir la sintesis de IL-2, junto con una
menor expresion de su receptor (IL-2Ro o
CD25) en linfocitos Th activados de ratones
(18). En conclusién, los flavonoides son
capaces de inhibir la sintesis de IL-2 que

conlleva la inhibicién de la proliferacion de los
linfocitos Th.

Ademiés de todos estos efectos en estudios in
vitro, distintos enss realizados in vivo
pueden complementar estos resultados. Asi, por
ejemplo, la flavanona diosmina, abundante en
los frutos citricos, administrada a ratones Balb/c
es capaz de atenuar la llegada de linfocitos T al
asociado a una reduccion de la produccion de
IL-2 (19).

El efecto regulador de la proliferacion
linfocitaria y/o de la secrecién de IL-2 se ha
evidenciado también en estudios con diferentes
extractos vegetales ricos en flavonoides como
por ejemplo, extractos de cacao, ricos en
flavanoles, flavonoides aislados de Vitex agnus-
castus (Verbenaceae) y de Artemisia princes
(Asteraceae) (revisado en (13)). Asimismo,
recientemente, se ha descrito el papel
modulador de la activacion linfocitaria de
extractos de la leguminosa Campylotropis
hirtella (Franch.) Schindl., ricos en isoflavonas,
isoflavononas y flavonoles (20) y de Eriosema
campestre  var. macrophylum (21).  Sin
embargo, flavonoides aislados de pieles de
citricos son capaces de potenciar la
proliferacion de esplenocitos de raton de forma
dosis independiente (22).

La tercera fase de la respuesta inmunitaria
adquirida incluye la diferenciacion de los
linfocitos efectores que secretaran un perfil de
citocinas  particular de cada respuesta
inmunitaria (Th1, Th2, Th17) (Figura 1). En
esta fase, las evidencias descritas son mas
contradictorias (revisado en (13)). Muchos
estudios muestran la capacidad moduladora de
la sintesis de interferon y (IFN-y), citocina
tipica de la respuesta Thl, o de IL-4,
representativa de la respuesta Th2, tras la
adicion in vitro de flavonoides. Entre los
compuestos capaces de atenuar la secrecion de
IFN-y se encuentran flavonoles (quercetina y
kamferol) (18,23), isoflavonas (genisteina) (14)
y flavanoles (EGCG, procianidinas y los
presentes en el cacao) (15,17). Algunos
estudios han profundizado en el mecanismo
modulador de estos compuestos y asi se ha
demostrado que quercetina, uno de los mas
estudiados, puede modular la expresion de T-
bet, factor de transcripcion que se une
directamente en el promotor de IFN-y e
incrementa y activa su transcripcion (18).



Por otra parte, en cuanto a la produccion de
IL-4  existen resultados  contradictorios
(inhibicién o potenciacion) sobre la influencia
de  isoflavonas  (genisteina), flavanoles
(epicatequina y extracto de cacao) (16) si bien
elevadas concentraciones de flavonas (luteolina

y apigenina) y flavonoles (fisetina) son capaces
de reducir la sintesis de esta citocina (revisado
en (24)). Asimismo, se ha descrito que las
procianidinas de manzana modulan la sintesis
de IL-4 en un cultivo primario de esplenocitos
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Figura 1: Secuencia de activacion de la respuesta inmunitaria adquirida y puntos en los que se han descrito
efectos de los flavonoides. APC: célula presentadora de antigeno, IL: interleucina; Th: T helper.

Imagenes individuales obtenidas de Motifolio.

EFECTO DE LOS FLAVONOIDES SOBRE LAS
CELULAS EFECTORAS DE LAS REACCIONES
ALERGICAS

Ademas de las acciones sobre las células
dendriticas y los linfocitos, los flavonoides
también ejercen una acciéon moduladora sobre
basofilos y mastocitos, principales células

efectoras de las reacciones alérgicas. Los
mastocitos y los baséfilos se pueden activar
mediante la unién de la IgE a su superficie ya
que poseen receptores de alta afinidad para esta
inmunoglobulina (FceRI). Cuando se sintetiza
IgE contra un alérgeno, este anticuerpo se une
al receptor FceRl de mastocitos y basolilos.
Con un nuevo contacto con el alérgeno, este se
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en esta reaccion de hipersensibilidad (revisado

en (24,25)).

Los flavonoides son capaces de inhibir la
desgranulacién de mastocitos y basofilos y
reducir la liberacidn de histamina, proteasas
(B-hexosaminidasa), y citocinas como IL-4,
IL-6, IL-8 e IL-13 (revisado en (6)). En general,
los flavanoles y las flavanonas son poco
activos. Algunas isoflavonas, como daidzeina y
genisteina son poco activas, mientras que otras,
como la tectorigenina, ha mostrado su
capacidad inhibidora de la secrecion de
proteasas. Flavonoides de tipo flavonol o
flavona son los que muestran una mayor
actividad (24). Concretamente, el flavonol
quercetina ha mostrado su capacidad de inhibir
la desgranulacion y la sintesis y liberacion de
histamina de mastocitos (26). Esta capacidad
moduladora también se ha observado para otros
flavonoles como fisetina, kaemferol, miricetina
y morina. La fisetina destaca por su capacidad
moduladora de la liberacion de histamina.

Las flavonas constituyen los flavonoides con
una mayor actividad inhibitoria de la liberacion
de histamina de mastocitos (revisado en (24)).
Algunas de las flavonas que han mostrado esta
accion son la diosmetina, la luteolina y la
apigenina, siendo las dos primeras las mas
activas (24). La luteolina, también es inhibidora
de la 5-LOX, enzima importante para la sintesis
de leucotrienos (LT) a partir de mastocitos,
mediadores importantes del proceso de
broncoconstriccion en las reacciones alérgicas
(26). Ademas, distintas flavonas (apigenina,
luteolina) y flavonoles (kampferol y quercetina)
han mostrado su papel inhibidor de la
produccion de citocinas proinflamatorias como
son TNF-a e IL-4 en la linea celular RBL-2H3
(27).

Revisio 1

Recientemente también se ha descrito que una
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appendiculata Makino, inhibe la produccién de
citocinas proinflamatorias (IL-6 y TNF-a) y
reduce la sintesis de la prostaglandina 2 y los
leucotrienos LTBy; y LTC, de mastocitos
estimulados. Estas acciones se han relacionado
con una inactivacion de la seiializacion de la
tirosin quinasa del bazo (Syk) y de la supresion
de la fosfolipasa A, citosdlica (cPLA2) (25).
Asimismo, el flavanol morina inhibe la
desgranulacion 'y la sintesis de citocinas
proinflamatorias (IL-4 y TNF-a) en células
RBL-2H3 y BMMCs estimuladas debido a una
inhibicion en la activacion de las quinasas Fyn
y Syk (25).

Otro tipo celular presente en las reacciones
alérgicas es el ecosindfilo. Se ha observado
eosinofilia en las reacciones de
hipersensibilidad tipo I y también en otras
situaciones como la esofagitis eosinofilica,
jugando un papel importante en la patogenia de
enfermedades en las que también intervienen
los linfocitos Th2, los mastocitos y los
linfocitos B (26). Por ello, la atenuacién de la

actividad de los eosindfilos ha ganado
importancia en los ultimos afios. Entre los
moduladores  naturales de la  actividad

eosinofilica, destacan las hierbas medicinales,
como Ephedra sinica (ma huang), muy
utilizada como antialérgica en la medicina
china, si bien su efecto se atribuye mas bien a
los pseudoalcaloides que contiene, mas que a
sus flavonoides (26). Por otra parte, se ha
descrito que el flavonol quercetina es capaz de
modular las condiciones eosinofilicas, mediante
la inhibicién de la sobreexpresion del receptor
de la histamina, de LOX, de COX, de una
excesiva actividad de células dendriticas y de
una excesiva produccion mucosa (26).

EFECTO DE LOS FLAVONOIDES EN MODELOS
ANIMALES DE ALERGIA

Ademas de los estudios realizados in vitro,
algunos flavonoides han demostrado su
influencia sobre el sistema inmunitario in vivo,
sobre todo cuando se ha procedido a la
estimulacion de la respuesta inmunitaria
mediante la induccion de un proceso de
hipersensibilidad inmunitaria, como es la
alergia. Como se ha comentado, los procesos
alérgicos se caracterizan por la estimulacion de
la respuesta inmunitaria de tipo Th2 que da



lugar a la activacion de mastocitos, basofilos y
eosindfilos, y asimismo a la formacion de
anticuerpos de tipo IgE, responsables de las
reacciones anafilacticas, y de determinados
isotipos de anticuerpos de la clase 1gG. A nivel
preclinico, se ha establecido la influencia de
dietas ricas en flavonoides sobre modelos de
alergia utilizando como biomarcadores la
concentracion de anticuerpos o los niveles de
citocinas sintetizadas, ademas de indicadores
clinicos de la respuesta alérgica. También se ha
estudiado el efecto de la administracion de
flavonoides en modelos de asma y de dermatitis
atopica, y los resultados son, en general,
satisfactorios (revisado en (5,13,24,28,29)). A
modo de resumen, se citan a continuacion
algunos ejemplos.

Considerando las flavonas, dietas ricas en
crisina, baicaleina, apigenina, luteolina vy
diosmetina han demostrado su capacidad para
reducir la concentracién sérica de IgE vy
también modular la expresion génica de
citocinas tipicas de la respuesta alérgica como
son la IL-2, IL-4, IL-10 e IL-13. En un modelo
murino de asma, crisina evita la infiltracion de
células inflamatorias, especialmente
eosinofilos, en el fluido broncoalveolar, la
produccion de citocinas Th2 (IL-4 y [L-13) y el
incremento de la IgE sérica total (30). Otra
flavona, la eupatilina, es capaz de inhibir la
expresion de eotaxina en la linea celular
epitelial bronquial humana, que constituye el
principal agente quimiotactico para eosinofilos
(31). Analogamente, en un modelo de asma,
apigenina disminuye la concentracién sérica de
IgE, la acumulaciéon de eosindfilos, la
concentracion de las citocinas 1L-6 e [L-17A y
la hiperreactividad bronquial (32). Asimismo,
en un modelo de asma en cobayas, las flavonas
han demostrado su actividad antiasmatica,
siendo la actividad de la luteolina y de la
apigenina superior a la de baicaleina y crisina.
Concretamente, las flavonas disminuyen la
resistencia de las vias aéreas y, en el fluido
broncoalveolar reducen la infiltracion de
leucocitos, la liberacidon de histamina, la
actividad fosfolipasa A2 y la liberacion de
mediadores de eosinofilos (33). Por otro lado,
en modelos de alergia alimentaria, de rinitis
alérgica y de asma alérgica, baicaleina ha
resultado ser eficiente en la prevencion de
sintomas alérgicos y en la atenuacion de la
produccion de IgE 'y de citocinas
proinflamatorias, efectos relacionados con un

incremento de la actividad de las células T
reguladoras (31). Cabe destacar también el
papel de la baicaleina en un modelo de alergia
alimentaria (34). Esta flavona es capaz de
reducir las manifestaciones alérgicas, efecto
asociado a una disminucion de la sintesis de
IgE y de la reactividad de los linfocitos T.
Asimismo, baicaleina tiene un efecto sobre el
intestino, aumentando la funciéon barrera
intestinai y ia diferenciacion de iinfocitos T
reguladores (34). Por otra parte, tambi¢n se ha
descrito el papel protector de las flavonas,
concretamente de apigenina y baicaleina en
modelos de dermatitis atopica (28).

Los flavonoles (como los que se encuentran en
las cebollas, brocoli, manzanas, uva, etc.)
también son eficaces en la modulaciéon de la
hipersensibilidad alérgica. Entre los flavonoles,
la  quercetina presenta una actividad
antialérgica demostrada por la inhibicién de la
liberacion de histamina, la disminucién de
determinadas citocinas (IL-4, por ejemplo) y
leucotrienos, y la inhibicion de la formacion de
IgE (revisado en (35,36)). Asi, por ejemplo,
quercetina es capaz de modular la sintesis de
citocinas Th2 y la liberacion de la histamina de
mastocitos, inhibir la activacion de eosinofilos,
suprimir la dermatitis de contacto en ratén y
controlar un modelo de asma alérgica (37).
Asimismo, la administracion de quercetina

atenia la reaccién anafilactica en ratas
sensibilizadas con cacahuete (38).
Concretamente, este flavonol reduce la

produccion de histamina, la aparicion de
sintomas alérgicos y la inhibicién en la sintesis
de IgE. De forma similar, fisetina es capaz de
atenuar manifestaciones de dermatitis atopica
en ratén, reducir la concentracion de IgE sérica
y la infiltracion de mastocitos, eosinofilos y
linfocitos (39). Un extracto rico en kamferol es
responsable de mitigar los sintomas de shock
anafilactico en un modelo de alergia
alimentaria, efecto asociado con una reduccién
de la respuesta Th2 (31).

Por otro lado, las isoflavonas también se han
mostrado activas en modelos animales de
alergia. Asi, una dieta que con daidzeina y
genisteina es capaz de inhibir la produccion
sérica de IgE, reducir los sintomas anafilacticos
y la desgranulacién mastocitaria en un modelo
de sensibilizacion alérgica de cacahuete (40).

En cuanto a las flavanonas, se ha demostrado
que, en un modelo de asma alérgica, la
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administracion de naringenina no modifica la
concentracion sérica de IgE pero es capaz de
reducir la produccién de citocinas Th2 (IL-4,
[L-5 e IL-13) por parte de células esplénicas sin
modificar su proliferacion. Ademas,
naringenina inhibe la infiltracién de eosinéfilos
en el fluido broncoalveolar (41). En un reciente
estudio, la naringenina es capaz de modular un
modelo de asma inducido en ratéon mediante la
reduccion de la infiltracion eosinofilica y de las
citocinas [L-4 y [FN-y (42).

Por otra parte, también se ha establecido el
efecto de extractos con mezclas de flavonoides
sobre modelos animales de alergia. Asi, por
ejemplo, un extracto de Kalanchoe pinnata
(Crassulaceae), rico en derivados de
quercetina, quercitrina y kampferol, es capaz de
atenuar tanto la produccion de IgE como la de
citocinas Th2 (43). De forma similar, se ha
observado la eficacia de un extracto de hojas de
Citrus Tachibana (ricas en rutina, apigenina,
kampferol y quercetina) en un modelo de
alergia alimentaria. Concretamente, este
extracto vegetal, principalmente por la accion
del flavanol kampferol, atentia la reaccion
anafilactica en un modelo de alergia alimentaria
inducido en ratdn, efecto que se acompaiia de
una menor produccién de citocinas Th2 (IL-4,
L-5 e IL-13) a partir de linfocitos de ganglios
linfaticos mesentéricos (44). Asimismo, una
mezcla de extractos de Phellodendron
amurense 'y Sanguisorba officinalis muestran
un efecto sinérgico en la prevencion de la
dermatitis atopica en un modelo en ratén, efecto
asociado a una disminucién de IgE, 1gG1 y de
la expresion de citocinas Thl y Th2 (45).

Ademas, recientemente se ha demostrado que
un extracto de cacao, rico en flavanoles, es
capaz de atenuar los sintomas alérgicos en un
modelo de dermatitis atdpica, incluyendo una
disminucion de la sintesis de IgE, una
disminucion de la expresion génica de citocinas
Th2 y regulacién de la infiltracion de
eosinofilos y mastocitos en las lesiones de la
piel (46). En modelos de alergia, ya sea en
alergia alimentaria o en una sensibilizacion
oral, la ingesta de cacao es capaz de atenuar la
produccion de IgE, 1gG1 e IgG2a, junto con un
incremento de la proporcién de linfocitos
TCRYS en tejidos linfoides intestinales como
son el epitelio intestinal, los ganglios linfaticos
mesentéricos y las placas de Peyer (47-49).

Por lo tanto, en resumen, la mayoria de los
estudios sugieren que los flavonoides producen
un efecto inmunosupresor que puede ser de
utilidad en reacciones alérgicas mediadas por la
IgE.

FLAVONOIDES E
INMUNIDAD INTESTINAL
El sistema inmunitario intestinal incluye

estructuras organizadas (placas de Peyer y
ganglios linfaticos mesentéricos) y células
dispersas en el  epitelio  (linfocitos
intraepiteliales o IEL) o en la ldmina propia
(linfocitos de lamina propia o LPL). Estas
células actGan de forma coordinada con el
epitelio intestinal e incluso con los
microorganismos de la microbiota. Aunque no
existen muchos estudios que evalien el efecto
directo de los flavonoides sobre la inmunidad
intestinal, hay suficientes evidencias, sobre todo
a nivel preclinico, que demuestran que los
flavonoides pueden modificar su funcionalidad

a través de los mecanismos expuestos
anteriormente sobre la inmunidad innata
(actividad  antioxidante, moduladora de
liberacion 'y produccion de mediadores

inflamatorios, reguladora de mecanismos de
sefializacién, etc.) y/o sobre la inmunidad
adaptativa (accién antiproliferativa y reguladora
de la respuesta Th2 y por tanto asociada a la
produccién de ciertos anticuerpos, con especial
relevancia sobre la IgA). La Figura 2 muestra
los principales efectos y mecanismos descritos
para algunos flavonoides en relacion a la
inmunidad y microbiota intestinal.

EFECTO DE LOS FLAVONOIDES SOBRE LA
MICROBIOTA INTESTINAL

La microbiota, formada por los
microorganismos que se encuentran
colonizando las mucosas del cuerpo humano
(sobre todo a nivel intestinal), ejerce diferentes
funciones beneficiosas para la defensa del
organismo: tanto una accién anti-infecciosa
frente a patégenos al interferir en su
colonizacion, como contribuyendo al desarrollo,
maduracién 'y mantenimiento del sistema
inmunitario intestinal. Uno de los mecanismos
por los cuales los flavonoides pueden modular
la respuesta inmunitaria intestinal, puede ser, de



forma indirecta, a través de la modificacion de
la  composicion y funcionalidad de la
microbiota, asi como de la accion sobre los
sistemas de interaccion de ésta con el
hospedador (Figura 2). En este sentido, se ha

observado el efecto modulador de la microbiota
mediante  muchos  tipos diferentes de
flavonoides, los de tipo flavanona, flavonol,
flavanol e isoflavona (revisado en (50)).

Sistema
inmunitario
intestinal

MICROBIOTA

Composicion y actividad
de la microbiota

“Cross-Talk"

Lumen intestinal

Barrera
epitelial

Figura 2: Efectos de los flavonoides sobre la inmunidad intestinal.
Imagenes individuales obtenidas de Motifolio.

De hecho, numerosos estudios demuestran la
capacidad de diferentes polifenoles, y entre
ellos los flavonoides, para limitar el
sobrecrecimiento de algunos grupos o especies
bacterianas, accion relacionada con el conocido
efecto “antibidtico” de este tipo de compuestos
sobre ciertos patégenos (siendo de especial
relevancia los catabolitos microbianos de la
epicatequina, la  epigalocatequina o la
naringenina) (51). Ademas, ciertos flavonoides
también pueden promover el crecimiento
selectivo de otros grupos bacterianos, entre los
que destaca la acciéon prebiodtica de algunos
flavonoides, como por ejemplo los del cacao,
sobre las bifidobacterias (52).

Las caracteristicas de los flavonoides es un
aspecto esencial en esta funcidn, ya que

dependera no sélo de la subclase a la que
pertenezcan sino también a la posicion de sus
radicales, de si se encuentra en forma de
aglicona libre o formando un glucésido, de su
grado de polimerizacion (los flavonoides que
forman polimeros como las procianidinas o
taninos parecen tener una mayor influencia), y
finalmente, de si éstos estan retenidos o no por
otros componentes alimentarios como la fibra,
hecho que permite que alcancen el colon con
mas facilidad y por lo tanto que puedan ejercer
su funcién de manera mas evidente. Los
cambios en la microbiota inducidos por los
flavonoides pueden implicar una diferente
actividad metabolica (por ejemplo, diferente
produccion de acidos grasos de cadena corta),
pero, al mismo tiempo, una diferente
interaccion con los receptores del hospedador
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dirigidos a su reconocimiento como los
receptores de tipo tol/l (TLR), entre otros.
Ademas, existen estudios, principalmente in
vitro, que demuestran que flavonoides de tipo
flavonol (quercetina), flavanona (naringenina),

flavanoles (epigalocatequin-3-galato) o
flavonas (baicalina) pueden modificar la
expresién génica, proteica e incluso la

activacion de estos receptores. Asi, mediante
este mecanismo también se afecta la interaccion
entre la microbiota y el sistema inmunitario. De
forma general, los flavonoides disminuyen su
expresion, por lo que se pueden asociar con un
menor estimulo inflamatorio para el organismo
(revisado en (50)).

ESTUDIOS CLINICOS
CON FLAVONOIDES

Los estudios in vitro y preclinicos han
permitido esbozar los efectos de los flavonoides
sobre el sistema inmunitario, los mecanismos
implicados y también el efecto protector en las
reacciones alérgicas. Sin embargo, existen
pocos ensayos clinicos que permitan corroborar
los efectos inmunomoduladores de los
flavonoides. A continuacién, se resumen
algunas evidencias que muestran la influencia
de los flavonoides en el sistema inmunitario
humano y también los estudios preclinicos en la
enfermedad alérgica obtenidos en los tltimos
afios.

En primer lugar cabe destacar una reciente
revision que recoge datos del estudio Moli-sani
y analiza el contenido de polifenoles de la dieta
(flavonoles, flavonas, flavanonas, flavanoles,
antocianinas, isoflavonas y lignanos) de una
cohorte de 5948 mujeres y 5965 hombres del
area mediterranea, con edad igual o superior a
35 afios, y lo asocia a biomarcadores de bajo
grado de inflamaci6n (53). Este estudio muestra
la relacion inversa entre estos biomarcadores y
la cantidad de flavonoides de la dieta ingeridos
en forma de frutas, verduras, frutos secos,
semillas, mermeladas, te, vino tinto y cerveza.

Por otra parte, se han realizado estudios clinicos
con frutas, verduras, té, cacao, vino, derivados
de la soja, y con suplementos de quercetina. En
general, los resultados obtenidos no permiten
extraer conclusiones claras y reproducibles
sobre el efecto de los flavonoides sobre la
funcionalidad inmunitaria, si bien los resultados
obtenidos en situaciones de estrés inflamatorio

son mas congruentes en el efecto regulador de
los flavonoides de la dieta (revisado en (54)).
Asi, por ejemplo, el consumo de té negro o té
verde (con un rango de 318-928 mg/dia de
catequinas y durante 3-30 semanas) mostrd
poca influencia sobre la concentracion de
citocinas circulantes como IL-1p, IL-6, TNF-o
(54). En el mismo sentido, el consumo de cacao
(40 g de cacao con cerca de 500 mg de
polifenoles, durante cuatro semanas), con unos
flavonoides parecidos a los del té, en pacientes
de riesgo cardiovascular no modificd los
niveles de IL-6 circulante si bien moduld la
expresion de marcadores inflamatorios en
monocitos (55). Sin embargo, flavonoides
procedentes del vino o de extractos de uva
(incluyendo un contenido de flavonoides de 95-
2490 mg/dia durante 4 semanas hasta un afio)
fueron capaces de reducir las concentraciones
plasmaticas de las citocinas proinflamatorias
TNF-o, IL-la, IL-6 e IL-18 (54). Por otra
parte, estudios realizados con isoflavonas de
soja (70-112 mg/dia durante periodos que
oscilan entre 4 semanas y 2 afios) muestran
acciones contradictorios sobre el efecto
modulador de estos flavonoides en las
concentraciones plasmaticas de TNFo o IL-6
(54). Asimismo, con la evaluacién del consumo
de zumos de frutas o vegetales no se obtienen
resultados concluyentes en la disminuciéon de
citocinas proinflamatorias (54). En este mismo
sentido, diferentes ensayos clinicos han
evaluado las concentraciones plasmaéticas de IL-
6, IL-8 y TNFa tras el suplemento dietético con
quercetina (50-1400 mg/dia, durante 2-12
semanas) y los resultados son igualmente
contradictorios si bien dominan los estudios que
demuestran una cierta disminucion de los
mediadores inflamatorios (54). Por otra parte
cabe destacar los efectos inmunomoduladores
descritos en ancianos delicados de salud que
tomaron suplementos ricos en epigalocatechina
(Leucoselect® Phytosome®). En este estudio se
observé cémo los flavonoides aumentan las
respuestas Th1 (IFN-y) en estas personas de
riesgo, lo que permite postular su posible efecto
protector contra enfermedades alérgicas
cronicas (56).

En cuanto a trabajos concretos que muestran el
posible efecto protector de los flavonoides en
las enfermedades alérgicas humanas, estudios
epidemiologicos realizados hace dos décadas
sugieren el efecto protector de los flavonoides
contra enfermedades croénicas, incluyendo el



asma (57). Un estudio finlandés, con una
cohorte de mas de 10.000 voluntarios adultos,
demuestra la asociacion inversa entre ingesta de
quercetina y hesperidina con la incidencia de
asma (58). Asimismo, un estudio longitudinal,
llevado a cabo en madres gestantes, ha
relacionado la ingesta de frutas y verduras con
una menor incidencia de alergia en los
descendientes (58).

Por otra parte se han realizado diversos ensayos

efectividad de Pycnogenol, extracto rico en
flavonoides (proantocianidinas). Este producto
es capaz de disminuir los leucotrienos presentes
en sangre, mostrando una mejoria en la funcién
pulmonar y en la sintomatologia, lo que
conllevaba a una reduccion del uso de
inhaladores (revisado en (59)). Sin embargo, un
metandlisis sobre las intervenciones con
derivados vegetales en asma, concluye que no
hay suficientes evidencias objetivas para
realizar recomendaciones con estos productos

clinicos mediante la administracion de
determinados flavonoides o extractos ricos en
flavonoides que indican efectos beneficiosos en
la rinitis alérgica (revisado en (59)).

ya que la mayoria de los estudios incluyen un
numero pequefio de pacientes, son de corta
duracion, y utilizan una metodologia simple
(60).

En el caso de asma, se han llevado a cabo pocos

ensayos clinicos, si bien se ha observado la

CONCLUSIONES FINALES

Los flavonoides procedentes de la dieta pueden tener un papel inmunorregulador sobre el
organismo. Esta influencia se ha evidenciado a partir de numerosos estudios desarrollados in vitro
que muestran el poder antiinflamatorio y antioxidante de flavonoles, flavonas, flavanonas e
isoflavonas, mediante la inhibicion de la formacién de mediadores inflamatorios, como son algunas
citocinas, la actividad de diversas enzimas y la formacién de especies oxidantes. Asimismo, los
flavonoides interactiian con células implicadas en la respuesta inmunitaria adquirida, interfiriendo
en diversas fases de esta respuesta, como la presentacion antigénica, la proliferacion linfocitica y la
secrecion de citocinas caracteristicas de las respuestas Th1 y Th2. Estudios llevados a cabo en
modelos de alergia han puesto en evidencia el poder regulador de los flavonoides en la formacién
de anticuerpos, sobre todo IgE, en la activacion y atraccion de mastocitos y eosinofilos, y en las
consecuencias clinicas producidas. Por altimo, como componentes de la dieta, los flavonoides
interactian con el sistema inmunitario intestinal y también con la microbiota de este
compartimento. Concretamente, se ha demostrado que algunos flavonoides promueven el
crecimiento de determinadas especies bacterianas y, por otra parte, modifican moléculas implicadas
en el reconocimiento de bacterias por parte del hospedador. A pesar de que los estudios preclinicos
demuestran que la dieta rica en determinados flavonoides influye sobre la inmunidad intestinal y la
inmunidad sistémica y que algunos flavonoides tienen el potencial de atenuar los procesos
alérgicos, las evidencias clinicas ain son escasas y, por ello, se necesitan mas estudios
observacionales en poblaciones de riesgo asi como estudios de intervencién nutricional.

. Research Reviews. 2015;35(5):877-936.
BIBLIOGRAFIA

3.  Swason H. Flavonoids, Inflammation and
Cancer. Singapore: Word Scientific; 2016.

1. Hussain T, Tan B, Yin Y, Blachier F, Tossou
MCB, Rahu N. Oxidative stress and
inflammation: what polyphenols can do for
us? Oxidative Medicine and Cellular
Longevity. Hindawi Publishing Corporation;
2016;2016.

2. Ribeiro D, Freitas M, Lima JLFC, Fernandes
E.  Proinflammatory = Pathways:  The
Modulation by Flavonoids. Medicinal

203 p.

4. Grotewold E. The science of flavonoids.
Springer; 2006.

5. Kawai M, Hirano T, Higa S, Arimitsu J,
Maruta M, Kuwahara Y, et al. Flavonoids

and related compounds as anti-allergic
substances.  Allergology  international :
official journal of the Japanese Society of
Allergology.  Elsevier ~ Masson  SAS;

INTRODUCCIO | 2 Flavonoides i sistema immunitari. Revisio 1

39



INTRODUCCIO I 2 Flavonoides i sistema immunitari. Revisio 1

40

2007;56(2):113-23.

Comalada M, Xaus J, Galvez J. Flavonoids
and immunomodulation. In: Watson RR,
Preedy VR, editors. Bioactive Food as
Dietary Interventions for Arthritis and
Related Inflammatory Diseases.  First.
Academic Press (Elsevier Inc.); 2013. p.
555-80.

Pavlova SI, Albegova DZ, Vorob’eva YS,
Laptev OS, Kozlov IG. Flavonoids as
Potential Immunosuppressants  Affecting
Intracellular Signaling Pathways (a Review).
Pharmaceutical Chemistry Journal.
2016;49(10):645-52.

Jantan I, Ahmad W, Bukhari SNA. Plant-
derived immunomodulators: an insight on
their preclinical evaluation and clinical trials.
Frontiers in Plant Science.
2015;6(August):1-18.

del Cornd M, Scazzocchio B, Masella R,
Gessani S. Regulation of Dendritic Cell
Function by Dietary Polyphenols. Critical
Reviews in Food Science and Nutrition
[Internet]. Taylor & Francis; 2016 Apr
3;56(5):737-47.

Yoneyama S, Kawai K, Tsuno NH, Okaji Y,
Asakage M, Tsuchiya T, et al
Epigallocatechin  gallate affects human
dendritic cell differentiation and maturation.
J Allergy Clin Immunol. 2008;121(1):209—
14.

Huang R-Y, Yu Y-L, Cheng W-C, OuYang
C-N, Fu E, Chu C-L. Immunosuppressive
effect of quercetin on dendritic cell activation
and function. Journal of immunology
(Baltimore, Md : 1950). 2010;184(12):6815—
21.

Zhang K, Ge Z, Xue Z, Huang W, Mei M,
Zhang Q, et al. Chrysin suppresses human
CD14+ monocyte-derived dendritic cells and
ameliorates  experimental  autoimmune
encephalomyelitis. Journal of
Neuroimmunology. 2015 Nov ;288:13-20.

Pérez-Cano FJ, Franch A, Pérez-Berezo T,
Ramos-Romero S, Castellote C, Castell M.
The Effects of Flavonoids on the Immune
System. In: Watson RR, Preedy VR, editors.
Bioactive Food as Dietary Interventions for
Arthritis and Related Inflammatory Diseases.
First edit. Academic Press (Elsevier Inc.);
2013. p. 175-88.

Gredel S, Grad C, Rechkemmer G, Watzl B.
Phytoestrogens and phytoestrogen
metabolites differentially modulate immune
parameters in human leukocytes. Food and
Chemical  Toxicology.  Elsevier  Ltd;

20.

21.

22.

23.

2008;46(12):3691-6.

Watson JL, Vicario M, Wang A, Moreto M,
McKay DM. Immune cell activation and
subsequent  epithelial ~ dysfunction by
Staphylococcus enterotoxin B is attenuated
by the green tea polyphenol (-)-
epigallocatechin gallate. Cellular
Immunology. 2005;237(1):7-16.

Ramiro E, Franch A, Castellote C, Andrés-
Lacueva C, lzquierdo-Pulido M, Castell M.
Effect of Theobroma cacao flavonoids on
immune activation of a lymphoid cell line.
British Journal of WNutrition. 2007 Mar
8:93(6):859.

Goto M, Wakagi M, Shoji T, Takano-
Ishikawa Y. Oligomeric procyanidins
interfere with glycolysis of activated T cells.
A novel mechanism for inhibition of T cell
function. Molecules. 2015;20(10):19014-26.

Yu ES, Min HJ, An SY, Won HY, Hong JH,
Hwang ES. Regulatory mechanisms of IL-2
and IFN-g suppression by quercetin in T
helper cells. Biochemical Pharmacology.
2008;76(1):70-8.

Imam F, Al-harbi NO, Al-harbi MM, Ahmad
Ansari M, Zoheir KMA, Igbal M, et al.
Diosmin downregulates the expression of T
cell receptors, pro-inflammatory cytokines
and NF-kappa B activation against LPS-

induced acute lung injury in mice.
Pharmacological Research. Elsevier Ltd;
2015;102:1-11.

Xuan B, Du X, Li X, Shen Z. A new potent
immunosuppressive  isoflavanonol  from
Campylotropis hirtella. Natural product
research. 2016 Jun 17;30(12):1423-30.

Santos MG, Almeida VG, Avelar-Freitas
BA, Grael CFF, Gregorio LE, Pereira WF, et
al.  Phytochemical screening of the
dichloromethane-ethanolic extract of
Eriosema campestre var. macrophylum roots
and its antiproliferative effect on human

peripheral blood lymphocytes. Brazilian
Journal of Pharmacognosy. Sociedade
Brasileira de Farmacognosia;

2016;26(4):464-70.

Diab KAE. In vitro studies on phytochemical
content, antioxidant, anticancer,
immunomodulatory , and antigenotoxic
activities of lemon, grapefruit, and mandarin
citrus peels. Asian Pacific Journal of Cancer
Prevention. 2016;17(7):3559-67.

Miles EA, Zoubouli P, Calder PC, al. et,
Kroon PA, Torre R de la. Effects of
polyphenols on human Th1 and Th2 cytokine
production. Clinical nutrition (Edinburgh,



24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

35.

Scotland). Elsevier; 2005 Oct;24(5):780-4.

Castell M, Perez-Cano F, Abril-Gil M,
Franch A. Flavonoids on Allergy. Current
Pharmaceutical Design. 2014;20(6):973-87.

Zhang T, Finn DF, Barlow JW, Walsh JJ.
Mast cell stabilisers. European Journal of
Pharmacology. Elsevier; 2016;778:158-68.

Yarnell E. Herbs for Eosinophilic, Mast-Cell,
and Basophilic Diseases. Alternative and
Complementary Therapies. 2016;22(1):24—
32.

Matsuda H, Nakamura S, Yoshikawa M.
Degranulation inhibitors from medicinal
plants in antigen-stimulated rat basophilic
leukemia (RBL-2H3) cells. Chemical &
pharmaceutical bulletin. 2016;64(2):96-103.

Tanaka T. Flavonoids as complementary
medicine for allergic disease: current
evidence and future prospocts. OA
Alternative Medicine. 2013;1(2):11-5.

Tanaka T, Takahashi R. Flavonoids and
asthma. Nutrients. 2013;5(6):2128-43.

Yao J, Jiang M, Zhang Y, Liu X, Du Q, Feng
G. Chrysin alleviates allergic inflammation
and airway remodeling in a murine model of
chronic asthma. International
Immunopharmacology. Elsevier B.V
2016;32:24-31.

Jeon JI, Ko SH, Kim Y-J, Choi SM, Kang
KK, Kim H, et al. The flavone eupatilin
inhibits eotaxin expression in an NF-kB-
dependent and STATG6-independent manner.
Scandinavian journal of immunology. 2015
Mar;81(3):166-76.

Li R-R, Pang L-L, Du Q, Shi Y, Dai W-J,
Yin K-S. Apigenin inhibits allergen-induced
airway inflammation and switches immune
response in a murine model of asthma.
Immunopharmacology and
immunotoxicology. 2010 Sep 22;32(3):364—
70.

Lee JY, Kim JM, Kim CJ. Flavones derived
from nature attenuate the immediate and late-
phase asthmatic responses to aerosolized-
ovalbumin exposure in conscious guinea
pigs. Inflammation Research. 2014;63(1):53—
60.

Bae M-J, Shin HS, See H-J, Jung SY, Kwon
D-A, Shon D-H. Baicalein induces
CD4(+)Foxp3(+) T cells and enhances
intestinal barrier function in a mouse model
of food allergy. Scientific reports. Nature
Publishing Group; 2016;6(August):32225.

Mlcek I, Jurikova T, Skrovankova S, Sochor

36.

37.

38.

40.

41.

42.

43.

44,

45.

J. Quercetin and its anti-allergic immune
response. Molecules. 2016;21(5):1-15.

Fortunato LR, Alves C de F, Teixeira MM,
Rogerio AP. Quercetin: A flavonoid with the
potential to treat asthma. Brazilian Journal of
Pharmaceutical Sciences. 2012;48(4):589—
99.

Park H ju, Lee CM, Jung ID, Lee JS, Jeong
Y il, Chang JH, et al. Quercetin regulates
Th1/Th2 balance in a murine model of
asthma. International Immunopharmacology.
Elsevier B.V.; 2009;9(3):261-7.

Shishehbor F, Behroo L, Broujerdnia MG,
Namjoyan F, Latifi SM. Quercetin
effectively quells peanut-induced
anaphylactic reactions in the peanut
sensitized rats. Iranian Journal of Allergy,
Asthma and Immunology. 2010;9(1):27-34.

Kim GD, Lee SE, Park YS, Shin DH, Park
GG, Park CS. Immunosuppressive effects of
fisetin against dinitrofluorobenzene-induced
atopic dermatitis-like symptoms in NC/Nga
mice. Food and Chemical Toxicology.
Elsevier Ltd; 2014;66:341-9.

Masilamani M, Wei J, Bhatt S, Paul M,
Yakir S, Sampson HA. Soybean isoflavones
regulate dendritic cell function and suppress
allergic sensitization to peanut. Journal of
Allergy and Clinical Immunology. Elsevier
Ltd; 2011;128(6):1242-1250.¢1.

Iwamura C, Shinoda K, Yoshimura M,
Watanabe Y, Obata A, Nakayama T.
Naringenin Chalcone Suppresses Allergic
Asthma by [nhibiting the Type-2 Function of
CD4 T Cells. Allergology International.
Elsevier Masson SAS; 2010;59(1):67-73.

Guihua X, Shuyin L, Jinliang G, Wang S.
Naringin ~ Protects ~ Ovalbumin-Induced
Airway Inflammation in a Mouse Model of
Asthma. Inflammation. 2016;39(2):891-9.

Cruz EA, Reuter S, Martin H, Dehzad N,
Muzitano MF, Costa SS, et al. Kalanchoe
pinnata inhibits mast cell activation and
prevents allergic airway disease.
Phytomedicine. Elsevier GmbH.;
2012;19(2):115-21.

Chung MY, Shin HS, Choi DW, Shon DH.
Citrus Tachibana Leaf Extract Mitigates
Symptoms of Food Allergy by Inhibiting
Th2-Associated Responses. Journal of Food
Science. 2016;81(6):H1537-45.

Park S, Kim D, Kang S, Shin B. Synergistic
topical  application of  salt-processed
Phellodendron amurense and Sanguisorba
officinalis Linne alleviates atopic dermatitis

INTRODUCCIO | 2 Flavonoides i sistema immunitari. Revisio 1

41



INTRODUCCIO I 2 Flavonoides i sistema immunitari. Revisio 1

42

46.

47.

43.

49.

50.

51

52.

53.

54,

symptoms by  reducing levels of
immunoglobulin E and pro-inflammatory
cytokines in NC/Nga mice. Molecular
Medicine Reports. 2015;12(March):7657-64.

Kang H, Lee CH, Kim JR, Kwon JY, Son M-
J, Kim J-E, et al. Theobroma cacao extract
attenuates the development of
Dermatophagoides farinae-induced atopic
dermatitis-like symptoms in NC/Nga mice.
Food Chemistry. 2017;216:19-26.

Abril-Gil M, Pérez-Cano FJ, Franch A,
Castell M. Effect of a cocoa-enriched diet on
immune response and anaphylaxis in a food
allergy model in Brown Norway rats. Journal
of Nutritional Biochemistry. Elsevier Inc.;
2016;27:317-26.

Camps-Bossacoma M, Abril-Gil M, Saldafia-
Ruiz S, Franch A, Pérez-Cano FJ, Castell M.
Cocoa diet prevents antibody synthesis and
modifies lymph node composition and
functionality in a rat oral sensitization model.
Nutrients. 2016;8(242):1-17.

Camps-Bossacoma M, Pérez-Cano FIJ,
Franch A, Untermayr E, Castell M. Effect of
a cocoa diet on the small intestine and gut-
associated lymphoid tissue composition in a
rat oral sensitization model. The Journal of
Nutritional Biochemistry. Elsevier Inc.;
2017;42:182-93.

Pérez-Cano F, Massot-Cladera M,
Rodriguez-Lagunas M, Castell M.
Flavonoids Affect Host-Microbiota Crosstalk
through TLR Modulation. Antioxidants
[Internet]. 2014;3(4):649-70.

Chandra H, Bishnoi P, Yadav A, Patni B,
Mishra A, Nautiyal A. Antimicrobial
Resistance and the Alternative Resources
with Special Emphasis on Plant-Based
Antimicrobials—A Review. Plants.
2017;6(2):16.

Tzounis X, Rodriguez-Mateos A, Vulevic J,
Gibson GR, Kwik-Uribe C, Spencer JPE.
Prebiotic  evaluation of cocoa-derived
flavanols in healthy humans by using a
randomized, controlled, double-blind,
crossover intervention study. The American
journal of clinical nutrition. 2011
Jan;93(1):62-72.

Pounis G, Bonaccio M, Di Castelnuovo A,
Costanzo S, De Curtis A, Persichillo M, et al.
Polyphenol intake is associated with low-
grade inflammation, using a novel data
analysis  from the Moli-sani  study.
Thrombosis and Haemostasis.
2016;115(2):344-52.

Peluso [, Miglio C, Morabito G, loannone F,

55.

56.

57.

58.

59.

60.

Serafini M. Flavonoids and immune function
in human: a systematic review. Critical
reviews in food science and nutrition.
2013;8398(August 2014):37-41.

Monagas M, Khan N, Andres-Lacueva C,
Casas R, Urpi-Sarda M, Llorach R, et al.
Effect of cocoa powder on the modulation of
inflammatory biomarkers in patients at high
risk of cardiovascular disease. Am J Clin
Nutr. 2009;90(2):1144-50.

Magrone T, Pugliese V, Fontana S, Jirillo E.
Human use of Leucoselect® Phytosome®
with special reference to inflammatory-
allergic pathologies in frail elderly patients.
Current pharmaceutical design.
2014;20(6):1011-9.

La Vecchia C, Decarli A, Pagano R.
Vegetable consumption and risk of chronic
disease. Epidemiology (Cambridge, Mass).
1998 Mar [cited 2017 May 19];9(2):208-10.

Knekt P, Kumpulainen J, Jérvinen R,
Rissanen H, Helidvaara M, Reunanen A, et
al. Flavonoid intake and risk of chronic
diseases 1,2. Am J Clin Nutr. 2002;76:560—
8.

Tanaka T. Flavonoids for allergic diseases:
Present evidence and future perspective.
Current Pharmaceutical Design.
2014;20(6):879-85.

Clark CE, Arnold E, Lasserson TJ, Wu T.
Herbal interventions for chronic asthma in
adults and children: A systematic review and
meta-analysis. Primary Care Respiratory
Journal. Primary Care Respiratory Society
UK; 2010;19(4):307-14.



INTRODUCCIO | 3 Cacau i sistema immunitari

3. CACAU | SISTEMA IMMUNITARI

3.1 ORIGEN | OBTENCIO DEL CACAU

El cacau és un producte que s’obté de la llavor del cacauer (arbre de la familia de les
Esterculiacies), anomenat Theobroma cacao per Carl Linnaeus el 1753. Aquest nom prové
de les paraules gregues theos i broma que signifiquen “menjar de déu” [100], ja que en
els seus inicis es considerava un aliment divi. El cacauer és un arbre natiu de les regions
humides tropicals de la part nord de Sud-America [101], encara que actualment també es
conrea a I’Africa occidental, a I’América central i a l’Extrem Orient [102]. Es cultiven tres
grans varietats: Foraster, Crioll i Trinitari [103].

L’origen del cacau se situa en les cultures Olmeques, Maies i Asteques a Mesomerica abans
de I’any 2000 a.C [104]. En els seus inicis, el cacau era consumit en la seva forma liquida,
anomenada xocoatl, i era usat com a moneda de canvi. El primer contacte d’Europa amb
el cacau va ser a America, l’any 1502, quan Cristofor Colom i la seva tripulaci6 varen
capturar una canoa a Guanaja (Hondures) que contenia cacau [103]. En aquell moment,
pero, els europeus desconeixien la importancia que tenia a Mesomeérica. Posteriorment, el
1528, Hernando Cortés en arribar a terres mexicanes va ser obsequiat amb cacau liquid i,
en el seu viatge de retorn, el va portar a Espanya per donar a conéeixer els seus magnifics
efectes [100,105]. A continuaci6é es va difondre i usar rapidament a tot Europa, primer
com a producte exclusiu per a l'alta societat i posteriorment es va estendre a la poblacio
en general. Al segle XIX van apareixer els primers preparats solids derivats del cacau, tals
com les rajoles de xocolata i els bombons.

L’obtencio de productes derivats del cacau requereix una série de passos (Figura 10):
1. Recol-leccio: el fruit del cacauer creix durant tot ’any. Solen fer-se dues collites
a l’any.
2. Desgrana: els fruits del cacauer s’obren longitudinalment i s’extreuen les llavors

amb la polpa que les envolta.

3. Fermentacio: les llavors del cacau s’apilen i es cobreixen amb fulles de platan o
bé es col-loquen en caixes de fusta per produir la fermentacié durant uns 5-6 dies,
en funcié de la varietat del cacau. Durant aquest procés es facilita la desaparicio
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de la polpa viscosa que envolta les llavors i s’inicia ’adquisicié del color i gust
caracteristic tot reduint la seva amargor i astringencia. L’éxit de la fermentacio
requereix una serie d’activitats microbianes, tant de llevats, bacteris productors
d’acid lactic i bacteris productors d’acid acétic [106-108].

Assecatge: després de la fermentacio, les llavors requereixen el procés
d’assecatge que, en funcio de la zona, pot ser natural, al sol, o provocat de forma
artificial. En aquest procés es redueix el contingut d’aigua que conté el cacau del
50% al 6-7% i aixi s’evita el creixement de fongs.

Torrefaccio: les llavors de cacau se sotmeten a torrefaccié durant un temps
variable de 5 a 120 min i a una temperatura de 120 a 150 °C per originar l’aroma i
el gust tipic de la xocolata [107]. En aquest procés es produeix l’esterilitzacio
microbiologica de les llavors. Les llavors torrades es trenquen, s’esclofollen i
s’obtenen les nibs (amb un contingut de mantega de cacau del 50-56%) [108].

Molta: durant la molta (50-70 °C) es provoca el trencament de lestructura
cel-lular i Ualliberament de la mantega de cacau, i es produeix aixi l’anomenat
licor del cacau, que és la base de tots els seus derivats [109]. Tot seguit, el licor
de cacau s’introdueix en una premsa hidraulica on s’obté la torta de cacau i la
mantega de cacau. A partir de la torta de cacau, amb un altre pas de molta,
s’aconsegueix el cacau en pols mentre que la xocolata s’obté combinant el licor
de cacau amb mantega de cacau i sucre [110]. El cacau en pols constitueix el que
es coneix com a cacau natural.

Alcalinitzacio: per tal de produir el cacau alcalinitzat, sobre la pols, la torta o les
nibs es realitza |’alcalinitzaci6 mitjancant ’addicio d’una solucio alcalina,
majoritariament de carbonat potassic. Durant aquesta etapa tenen lloc canvis en
el color (que passa de vermellés a marré o fins i tot negre), en el pH, en el gust
(més suau, menys amargant, menys acid i menys astringent) i en la solubilitat
(més soluble).
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Figura 10. Procés per obtenir el licor de cacau
Imatges extretes de diferents webs [111-113]

Recol-leccio Desgrana Fermentacio

Torrefaccio

3.2 COMPOSICIO DEL CACAU

El cacau en pols conté més de 500 compostos, en concret, presenta un contingut del 26-
40% de fibra, del 15-20% de proteines, del 15% de carbohidrats, del 10-24% de lipids, i
també conté minerals (magnesi, coure, potassi, calci i ferro), vitamines (A, E, B, acid
folic), polifenols (majoritariament flavanols) i metilxantines (teobromina i cafeina)
[110,114].

3.2.1 Polifenols: flavonoides

Els polifenols son productes del metabolisme secundari de les plantes que es troben en
una gran varietat de fruites, vegetals, llavors, flors, begudes i diferents productes
confeccionats [115]. Els polifenols comprenen diferents families i, entre elles, la més
important és la dels flavonoides [115]. Els flavonoides, en funcié de la seva estructura
quimica, es classifiquen en vuit subclasses: flavans, flavanones, isoflavanones, flavones,
isoflavones, antocianines, xalcones i flavonolignans. S’han identificat més de 8000
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flavonoides diferents i generalment, de forma natural, es troben conjugats a sucres
formant glicosids [116].

El cacau conté un elevat contingut de polifenols per pes sec (12-18%) [117], superior al de
diversos aliments, incloent el te i el vi [104]. Els polifenols de les llavors del cacau es
troben dins les cél-lules pigmentaries dels cotiledons [115] i la seva quantitat depen de
molts factors tals com la varietat de la planta, el clima, les caracteristiques del sol, el
maneig post-collita, la fermentacio, |’assecatge i la torrefaccio [104,118].

Els polifenols més abundants del cacau son flavonoides, dels quals 37% son flavanols, 4%
antocianines i 58% proantocianidines (Figura 11) [115]. El principal flavanol present al
cacau és la (-)-epicatequina, que arriba a constituir el 35% de tot el contingut de
polifenols presents a la llavor del cacau [103]. En menys quantitat, el cacau conté
(+)-catequina i traces de (+)-gallocatequina i (+)-epicatequina. Les antocianines presents
al cacau consisteixen, principalment, en la cianidina-3-a-L-arabinosa i la cianidina-3--
D-galactosida mentre que les procianidines que conté s6n majoritariament dimers, trimers
o oligomers de flavan-3,4-diols [117]. Concretament, les principals procianidines presents
son la B1, B2, B3, B4, B5, C1i D [119].

Figura 11. Els flavonoides del cacau

Flavonoides

Flavanols Proantocianidines

(-)-epicatequina Cianidina-3-a-arabinosa Procianidina B1-B5
(+)-catequina Cianidina-3-p-galactosida Procianidina C1
(+)-gallocatequina Procianidina D

(+)-epigalocatequina
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L’estructura quimica dels flavonoides influeix en la seva biodisponibilitat. Generalment els
polifenols que es troben en el menjar sén glicosids, pero només les aglicones i alguns
glucosids poden ser absorbits per la mucosa intestinal. Es per aixo, que diferents enzims
humans o microbians sén importants per assolir la forma adient per a la seva absorcio.

Els flavonoides del cacau sén estables en el seu pas per ’estobmac i la seva absorcio
intestinal depen de la seva propia estructura quimica [120], encara que existeixen moltes
interaccions amb altres aliments de la dieta [121]. Els flavonoides monomerics i els
dimerics s’absorbeixen a Uintesti prim, mentre que els oligomerics i els polimérics son
dificilment absorbits a Uintesti prim, pero, presenten una funcio local important
neutralitzant oxidants i compostos carcinogenics [114,122]. Un cop al colon, sén
biotransformats per la microbiota intestinal i, seguidament, absorbits [114,123].

Els flavonoides son metabolitzats per enzims de fase Il a ’enterocit (metilacid, sulfatacio,
o glucurinacio), passen a sang, arriben al fetge on poden ser novament metabolitzats i
retornen a la circulacio sanguinia per ser finalment secretats per ’orina. Alguns conjugats
hepatics son excretats per via biliar i els metabolits no absorbits s’eliminen per les femtes
[122-124] (Figura 12).

Figura 12. Metabolisme dels flavonoides del cacau
Basada en [122-124]
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3.2.2 Metilxantines

Les metilxantines son productes del metabolisme secundari de les plantes sintetitzades
per a protegir-se de patogens. Son produides en quantitats considerables per un nombre
limitat d’espécies botaniques [125]. Les tres principals fonts de metilxantines son el cafe
(Coffea sp.), el te (Camellia sinensis) i el cacau (Theobroma cacao), i son la cafeina, la

teofil-lina i la teobromina, respectivament, les seves principals metilxantines [125].

El cacau conté cafeina i teobromina (Figura 13), essent la teobromina la més abundant
[126]. Els cotiledons de les llavors madures contenen entre un 2,2-2,7% de teobromina per
pes sec [127]. El contingut de teobromina varia en funcio de la varietat del cacau i del seu
procés d’elaboracio [126].

Teobromina
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Figura 13. Les metilxantines del cacau
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La cafeina i la teobromina s’absorbeixen facilment en el tracte gastrointestinal i es
distribueixen ampliament per tot el cos. Es metabolitzen al fetge i son sotmeses a un
reciclatge enterohepatic fins a excretar-se per 'orina, ja sigui com a metabolits o bé en

la seva forma original [126].
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Les propietats de la cafeina son ben conegudes. Es un potent estimulant del sistema
nerviés central i provoca un increment de la consciéncia, claredat de pensament i
disminucié de la fatiga [125]. A més, se li han atribuit propietats cardiovasculars,
diliretiques, natriuretiques, i anticancerigenes, entre altres [125].

Pel que fa a la teobromina, recentment ha crescut Uinterés pels seus efectes sobre la
salut. Per molt que aquesta metilxantina és toxica per alguns mamifers, com els gossos, la
toxicitat en humans és molt baixa [128]. Algun dels seus beneficis descrits son la millora
de la salut oral [129], la prevencié de la tos [130] i la inhibicié de la cristal-litzacio de
acid dric [131].

3.3 EFECTES DEL CACAU SOBRE LA SALUT

L’evidencia més primerenca de |’Us del cacau per finalitats meédiques o curatives es troba
en les civilitzacions de Mesomerica, els maies i els asteques, uns 600 anys a.C [100,105].
Malgrat que actualment el seu Us generalitzat com aliment ha superat la seva utilitat
medica, aquests darrers anys s’ha incrementat novament l'interés i recerca del paper del
cacau sobre la salut. S’han dut a terme estudis in vitro, in vivo i clinics que confirmen el
potencial efecte del cacau en malalties cardiovasculars, en el sistema nervids central, a la
pell, en cancer i en el sistema immunitari, entre altres [110,119,132,133].

Pel que fa als efectes del cacau en la salut cardiovascular, s’ha vist que, entre altres
beneficis, presenta efectes en la prevencio de ’aterosclerosi, en la regulacio de la pressio
arterial i en la inhibicid de ’activacié plaquetaria [134-136]. La produccié d’aquests
efectes es deu, en part, a U'elevada capacitat antioxidant que presenta el cacau pel seu
elevat contingut fenolic, el que contribueix en la inhibici6 de 'oxidacié de lipids
[134,137]. A més, s’ha vist que el cacau incrementa la produccié de l’oxid nitric (NO)
[138], redueix Llactivitat de la xantina oxidasa, inhibeix [’enzim convertidor
d’angiotensina i regula ’expressio de NF-kB [137,139].

També existeixen evidéncies que relacionen el cacau amb el sistema nervios central. En
concret s’ha descrit que el cacau protegeix de la neurodegeneracié (a les malalties
d’Alzheimer i Parkinson), modula la funcid neuronal i evita la depressio i Uestres
[110,132,140]. Molts d’aquests beneficis també s’han relacionat amb l'increment de NO
que, a més de regular la vascularitzacio periférica, incrementa la perfusio cerebral. A més
a més, s’ha descrit que el cacau redueix la formacio d’especies reactives d’oxigen i la
neurotoxicitat produida per les proteines B amiloides [141]. La prevencié de la depressio
s’ha associat amb el paper que tenen els polifenols del cacau en el bloqueig de la captacio
de diferents neurotransmissors i en la conversi6 del triptofan present en el cacau a
serotonina, entre d’altres [142].

Per altra banda, el cacau presenta propietats endocrines importants com antidiabétic i
antiobesitat [143]. Aquests efectes son deguts al paper que tenen els polifenols del cacau
en la millora de la funcio endotelial i antioxidant, tot modulant el metabolisme lipidic
[132,144].
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Pel que fa a la salut dental, el cacau actua protegint les caries dentals i evita malalties
periodontals. Aquests efectes sén deguts a la reduccié en la formacio del biofilm i en la
inhibicio de la produccio d’acid [145].

El cacau també mostra un efecte beneficios a la pell. Diferents estudis han relacionat el
paper dels flavanols del cacau en la fotoproteccid, millora de la circulacio dermica i en les
qualitats i hidrataci6 de la pell [110,146].

Per altra banda, diversos estudis in vitro i in vivo suggereixen |’utilitat del cacau en la
inhibicio del creixement de les cél-lules cancerigenes [147]. En concret, s’ha vist que el
cacau pot reduir el cancer de mama [148], el cancer pancreatic [149], el cancer de pulmé
[150] i el cancer de colon [151] en rosegadors o en linies cel-lulars representatives.
Aquests efectes son deguts a la seva activitat antioxidant i a la regulacié de diferents
senyals de transducci6 que modulen la inflamacio, la proliferacié cel-lular, la
diferenciacio i ’apoptosi [151].

Per Ultim, el cacau presenta diferents efectes en el sistema immunitari (apartat 3.4) que
podrien contribuir en un efecte beneficios en les reaccions d’hipersensibilitat i
autoimmunitaries, encara que cal desenvolupar estudis clinics en aquest sentit.

3.4 CACAU | RESPOSTA IMMUNITARIA

Diferents estudis in vivo i in vitro demostren la influéncia de la ingesta de cacau en el
sistema immunitari innat i adquirit (sistémic i intestinal). Tots aquests efectes es troben
detallats en la revisio que hi ha a continuacio, on també es descriu el paper del cacau en
la prevencid de diferents alteracions del sistema immunitari. Com que aquesta revisio, en
premsa a la revista Frontiers in Nutrition (section Nutritional Immunology), s’ha escrit a la
fase final de la tesi s’hi inclouen resultats que formen part dels articles presents a la
seccié de Resultats.
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OBJECTIVES

Over the recent decades, the prevalence of food allergy has increased and new potential
allergens have appeared. This has given rise to the importance of having an optimal
animal model of oral food sensitization for studying food allergy’s pathophysiology,
treatment and prevention.

Nowadays, the relationship between food and health is acknowledged. In this context, all
those foods having an extra benefit apart from their nutritional role are referred to as
‘functional foods’. Otherwise, when these dietary compounds are formulated and taken
with a specific dosage they are termed ‘nutraceutical’, a combination of the words
nutrition and pharmaceutical. Specifically in our research area, the study of the influence
of natural entities on the immune system has gained attention and this has originated the
science of Immunonutrition.

As shown in the last part of the Introduction, previous studies developed in my research
group have shown the impact of cocoa on the intestinal and systemic immune system. In
particular, a 10% cocoa diet is able to modify the composition and functionality of
lymphoid tissues, and the synthesis of intestinal and systemic antibodies in rats. These
actions prompted us to consider the potential of cocoa on those immune system
alterations associated with hypersensitivity. On the other hand, in order to determine the
role of cocoa polyphenols and cocoa fibre in cocoa’s immunoregulatory action, several
studies were carried out, and they led to conclude that these compounds were only
partially responsible for such effects. Therefore, other cocoa compounds may contribute
to cocoa’s effects on the immune system and this also aroused our interest.

Based on this background, the hypothesis that supports the current thesis is that cocoa
intake could impact the intestinal immune response as well as the intestinal microbiota
composition thus contributing to the induction of oral tolerance. In addition, we
hypothesized that theobromine, the main methylxanthine found in cocoa, could play a
role in the cocoa’s immune effects.

In consequence, the main goal of the current thesis was to study in depth the
immunomodulatory properties of cocoa, in particular to ascertain the effect and
possible mechanisms induced by a cocoa diet on a rat oral sensitization model and also
to determine which compound/s is/are responsible for such effect.

The specific objectives that would together achieve this main goal were as follows:
1. To develop an oral sensitization model in rats.
The results obtained from the first objective are published in the following article:

Article 1: Camps-Bossacoma M, Abril-Gil M, Franch A, Pérez-Cano FJ, Castell M. Induction
of an oral sensitization model in rats. Clinical Immunology, Endocrine & Metabolic Drugs.
2014;1(2):89-101.
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2. To establish the effect and possible mechanisms induced by a 10% cocoa diet
on the rat oral sensitization model.

The results obtained from the second objective are published in the following articles:

Article 2: Camps-Bossacoma M, Abril-Gil M, Saldafa-Ruiz S, Franch A, Pérez-Cano FJ,
Castell M. Cocoa diet prevents antibody synthesis and modifies lymph node composition
and functionality in a rat oral sensitization model. Nutrients. 2016;8(4):242.

Article 3: Camps-Bossacoma M, Pérez-Cano FJ, Franch A, Castell M. Effect of a cocoa diet
on the small intestine and gut-associated lymphoid tissue composition in a rat oral
sensitization model. The Journal of Nutritional Biochemistry. 2017;42:182-193.

Article 4: Camps-Bossacoma M, Pérez-Cano FJ, Franch A, Castell M. Gut microbiota in a
rat oral sensitization model: effect of a cocoa-enriched diet. Oxidative Medicine and
Cellular Longevity. 2017;2017:7417505.

3. To identify the cocoa bioactive compounds responsible for cocoa’s
immunomodulatory effect and to ascertain the role of a non-cocoa flavonoid
on the immune system.

Although previous studies have suggested that cocoa flavonoids were not the main
constituents responsible for its effects on the immune system, other reported studies
showed the immunoregulatory properties of some flavonoids. For this reason, the effect of
hesperidin, a non-cocoa flavonoid, on the immune response was established. This resulted
in the following published paper:

Article 5: Camps-Bossacoma M, Pérez-Cano FJ, Franch A, Castell M. Influence of
hesperidin on the systemic and intestinal rat immune response. Nutrients. 2017;9(6):580.

Finally, considering that cocoa is a rich source of theobromine, the involvement of this
methylxanthine on cocoa’s immune effects was investigated, and this study led to the
following papers:

Article 6: Martin-Pelaez S, Camps-Bossacoma M, Massot-Cladera M, Rigo-Adrover M,
Franch A, Pérez-Cano FJ, Castell M. Effect of cocoa’s theobromine on intestinal
microbiota of rats. Molecular Nutrition & Food research. In press.

Article 7: Camps-Bossacoma M, Pérez-Cano FJ, Franch A, Castell M. Theobromine is
responsible for the effects of a cocoa diet on the antibody immune response in rats.
Submitted.
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“Induction of an oral sensitization model in rats”

Mariona Camps-Bossacoma, Mar Abril-Gil, Angels Franch, Francisco J. Pérez-Cano,

Margarida Castell
Clinical Immunology, Endocrine & Metabolic Drug

2014, volum 1(2), pagines 89-101

Indexat a: Chemical Abstracts Service (CAS), J-Gate, CNKI Scholar, Suweco CZ i EBSCO.

Els resultats del present article han estat presentats als congressos segiients:

VIl Congrés de la Societat Catalana d'Immunologia, Barcelona, novembre de 2013.
Camps-Bossacoma M, Abril-Gil M, Vicente F, Massot-Cladera M, Comalada, M,
Pérez-Cano FJ, Franch A, Castell M. “Induccié d'un model d'immunitzacié oral amb
ovoalbumina en rates Lewis”.

7% International Immunonutrition Workshop, Brindisi, Italia, maig de 2014. Camps-
Bossacoma M, Abril-Gil M, Vicente F, Massot-Cladera M, Comalada M, Pérez-Cano
FJ, Franch A, Castell M. “Development of a food sensitization model in female
Lewis rats”.

VIII Congrés de la Societat Catalana d'Immunologia, Barcelona, novembre de 2014.
Camps-Bossacoma M, Abril-Gil M, Rigo-Adrover M, Franch A, Pérez-Cano FJ,
Castell M. “Changes in intestinal gene expression induced by oral sensitization
with ovalbumin in Lewis rats”.
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Resum ARTICLE 1

Objectiu: L’objectiu d’aquest primer article va consistir en desenvolupar un model de
sensibilitzacio oral en rata.

Material i métodes: Rates de les soques Brown Norway o Lewis de diferents edats (de 3 a
8 setmanes) i génere, varen rebre diverses dosis d’ovoalbumina (OVA) per via oral (1-100
mg/animal), amb o sense [’adjuvant toxina colérica (TC) (30 yg/animal), seguint diverses
freqiiéncies d’administracio (1-7 vegades per setmana) i durant diferents setmanes (3 0 6
setmanes). L’Ultim dia d’estudi es va intentar induir un xoc anafilactic administrant
elevades quantitats d’al-lergen. Com a indicador de la sensibilitzacio es va determinar la
concentracid d’anticossos anti-OVA mitjancant la tecnica d’ELISA.

Resultats: L’administracio d’OVA en rates Brown Norway durant 6 setmanes va comportar
la sensibilitzacio del 27% dels animals. L’administracié de ’antigen junt amb TC en rates
d’aquesta mateixa soca de 3 setmanes d’edat, va aconseguir el desenvolupament
d’anticossos anti-OVA, pero, també, va ser letal per alguns animals (25%). Pel que fa a la
soca Lewis, l’administracié6 de 100 mg d’OVA i TC en rates de 8 setmanes d’edat va
provocar la sensibilitzacio del 55% dels animals. Finalment, ’administracié de diferents
dosis, amb o sense adjuvant, seguint diferents freqliéncies d’administracio (1-3) en rates
mascles i femelles Lewis de 3 setmanes d’edat va permetre concloure que ’administracio
de 50 mg d’OVA i 30 pg de TC en rates femelles, 3 vegades la setmana i durant 3 setmanes
comporta la sensibilitzaciéo del 100% dels animals. Aquesta sensibilitzacio va provocar la
sintesi d’1gG1, 1gG2a i IgG2c especifiques pero no d’IgE anti-OVA.

Conclusions: El desenvolupament d’una sensibilitzacio oral en rata depen de !’Us de la TC
com adjuvant i, en rates Lewis, de la dosi i freqliéncia d’administracié de ’al-lergen i de
U’edat i el génere dels animals. En concret, [’administracié6 de 50 mg d’OVA junt amb 30
Hg de TC, 3 vegades per setmana i durant 3 setmanes a rates femelles Lewis permet evitar
’aparicio de tolerancia oral i indueix el desenvolupament d’anticossos especifics.

73






ERTANETS AT T ANT AT

RESULTATS I Article 1

75



RESULTATS | Article 1

76




RESULTATS I Article 1

77



RESULTATS | Article 1

78




RESULTATS I Article 1

79



RESULTATS | Article 1

80




RESULTATS I Article 1

1gG1  I1gG2a 1gG2b IgGl  IgG2a IgG2b

81



RESULTATS | Article 1

ol M | L | W | ol M | L | W | L | W | L | M. |
IL-1B IL-4 IL-6 IL.-10 IFN-Y TNF-a

82



RESULTATS I Article 1

83



RESULTATS | Article 1

84




RESULTATS I Article 1

85



RESULTATS | Article 1

86




Received: September 16, 2014

Revised: Dec

10,2014 A

d

P

20,2014

RESULTATS I Article 1

87






RESULTATS | Article 2

—

“Cocoa diet prevents antibody synthesis and modifies lymph
node composition and functionality in a rat oral sensitization
model”
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Els resultats del present article han estat presentats al congrés segiient:

* Food Allergy Summit & Hypersensivity 2016, Londres, juliol de 2016. Camps-
Bossacoma M, Franch A, Pérez-Cano FJ, Castell M. “Cocoa as a nutraceutical to
avoid preclinical oral sensitization”.
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Resum ARTICLE 2

Objectiu: Una vegada establert un model de sensibilitzaci6 oral, el seglient objectiu va
consistir en determinar U’efecte d’una dieta amb un 10% de cacau sobre la produccio
d’anticossos i en la composicid i funcionalitat de ganglis limfatics mesenterics (GLM) en
aquest model de sensibilitzacio.

Material i métodes: Rates Lewis de 3 setmanes d’edat es varen distribuir en quatre grups
en funcio de la dieta (estandard o amb cacau) i de si varen rebre la sensibilitzacio oral o
no. Els dos grups als que se’ls hi va induir la sensibilitzacio, varen rebre, per via oral,
’al-lergen ovoalbimina (OVA) i ’adjuvant toxina coleérica, 3 vegades per setmana i durant
3 setmanes. Les rates varen ser alimentades amb una dieta amb un 10% cacau o una dieta
estandard durant les 4 setmanes d’estudi. En mostres obtingudes al llarg de "estudi es va
avaluar la produccié d’anticossos anti-OVA per técniques d’ELISA. Al final de Uestudi, es
va quantificar el desenvolupament d’anticossos especifics i la concentracio serica i
intestinal d’IgA. A més, es va avaluar la composicio de limfocits dels GLM (citometria de
flux), U'expressid genica de diferents molecules en aquest teixit limfoide (PCR a temps
real) i la producci6 de citocines a lintesti i en els GLM (Multiplexed Bead-Based
Immunoassays, BD Cytometric Bead Array).

Resultats: La sensibilitzacio oral va provocar la sintesi d’anticossos especifics anti-OVA
dels isotips 1gG1, IgG2a, IgG2b i IgM. La dieta rica en cacau va atenuar la produccio
d’aquests anticossos, principalment d’IgG1, 1gG2b i IgM especifiques. Aquesta dieta,
també va disminuir la concentracié sérica i intestinal d’IgA total. La sensibilitzacio oral no
va modificar la composiciéo dels limfocits de GLM, encara que, la dieta rica en cacau,
independentment de la sensibilitzacié, va augmentar la proporcié de limfocits B, de
limfocits TCRyd+ (per un increment de cél-lules CD8aa+) i de cél-lules NK i va disminuir el
percentatge de limfocits TCRap+ (per una disminucio de la proporcié de cél-lules Th). A
més, en aquest mateix teixit, el cacau va incrementar la proporcio de ceél-lules
CD8+CD25+ i CD8+CD103+ i va disminuir la de cel-lules CD4+CD62L+ i CD8+CD62L+. La
sensibilitzacié oral va produir un increment de |’expressié génica d’OX40L, i la dieta rica
en cacau va augmentar |’expressio d’0X40L, CD11c, IL-1B i va reduir la d’IL-17a. A més, en
el rentat intestinal, es va detectar un increment d’IL-10 a conseqiiéncia de la
sensibilitzacio oral i, també, de la dieta rica en cacau en rates no sensibilitzades.

Conclusions: La dieta amb cacau indueix tolerancia en un model de sensibilitzacio oral en
rates, tal com es reflecteix en U’atenuacié de la sintesi d’anticossos especifics. Aquest
efecte ve acompanyat de diferents canvis cel-lulars en els ganglis limfatics mesenterics,
tals com un increment en la proporcié de limfocits TCRyd+ i de cél-lules CD8+CD103+, i
una disminucié del percentatge de cél-lules CD4+CD62L+ i CD8+CD62L+. Aquests canvis,
juntament amb la regulacié de diferents gens, podrien contribuir a ’efecte tolerogenic
del cacau.
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Abstract: Cocoa powder, a rich source of polyphenols, has shown immunomodulatory properties in
both the intestinal and systemic immune compartments of rats. The aim of the current study was
to establish the effect of a cocoa diet in a rat oral sensitization model and also to gain insight into
the mesenteric lymph nodes (MLN) activities induced by this diet. To achieve this, three-week-old
Lewis rats were fed either a standard diet or a diet with 10% cocoa and were orally sensitized with
ovalbumin (OVA) and with cholera toxin as a mucosal adjuvant. Specific antibodies were quantified,
and lymphocyte composition, gene expression, and cytokine release were established in MLN. The
development of anti-OVA antibodies was almost totally prevented in cocoa-fed rats. In addition,
this diet increased the proportion of TCRyS+ and CD103+CD8+ cells and decreased the proportion
of CD62L+CD4+ and CD62L+CD8+ cells in MLN, whereas it upregulated the gene expression of
OX40L, CD11c, and IL-1$ and downregulated the gene expression of IL-17 . In conclusion, the cocoa
diet induced tolerance in an oral sensitization model accompanied by changes in MLN that could
contribute to this effect, suggesting its potential implication in the prevention of food allergies.

Keywords: cholera toxin; flavonoids; intestinal sensitization; nutraceutic; oral tolerance; ovalbumin;
specific antibodies; Tyd+ cells

1. Introduction

(T nAna v Anv Anvicrad fvnemn Thonhvawin cnnnn tvoan coande hac A smmivad snsasnacibiae ~AF Arrav

monounsaturated and saturated tatty acids), hiber (soluble and msoluble), mmerals (calcium, cooper,
magnesium, potassium), polyphenols (in particular it is rich in flavonoids such as epicatechin, catechin,

LOCUsiIE OIL COCLA dllu TNEe UIUNUNE 5ySIeIL, Previous stuules Nnave deonsrdied mdt a 1v7o
cocoa diet has an immunomodulatory effect in the intestinal and systemic immune compartments
in rats. Changes in the percentage of B lymphocytes and T cells, including T cell receptor (TCR)
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nutraceutics could have a potential role. Based on this background, the purpose of the present study
was to establish the effect of cocoa consumption, with its recognized immunomodulatory activities, in
a rat oral sensitization model. Likewise, in an attempt to gain insight into the mechanisms induced by
a cocoa diet, the composition and functionality of cells in MLN were assessed. For these purposes, rats
were fed with a 10% cocoa diet for four weeks and for the first three weeks were orally sensitized with
OVA and CT. Immune responses were established by specific antibody response during the study as
well as by MLN characterization at the end of the study.

2. Materials and Methods

2.1. Reagents

Albumin from bovine serum (BSA), albumin from chicken egg white (OVA; grade V), CT,
gelatine, peroxidase-conjugated extravidin, o-phenylenediamine (OPD), 30% hydrogen peroxide
(H20,), fetal bovine serum (FBS), penicillin-streptomycin, glutamine, Folin-Ciocalteu phenol reagent,
gallic acid monohydrate, L-asparagine monohydrate, L-arginine, folic acid, HEPES, and nystatin
were purchased from Sigma-Aldrich (Madrid, Spain). Biotin-conjugated anti-rat IgG1, IgG2a, IgG2b,
IgG2c, IgM, and IgA monoclonal antibodies were obtained from BD Biosciences (Madrid, Spain).
Goat anti-rat IgA, its peroxidase-conjugated antibody, and rat IgA standard were provided by Bethyl
Laboratories (Montgomery, TX, USA). Peroxidase-conjugated anti-rat Ig was from Dako Cytomation
(Glostrup, Denmark). 2-3-mercaptoethanol, NazN, and paraformaldehyde were purchased from Merck
(Darmstadt, Germany). Anti-rat monoclonal antibodies conjugated to a fluorochrome were provided
from BD Biosciences (San Diego, CA, USA). Ketamine was obtained from Merial Laboratories S.A.
(Barcelona, Spain) and xylazine from Bayer A.G. (Leverkusen, Germany). Dulbecco’s Modified Eagle
Medium (DMEM)-GlutaMAX media and gentamicin were obtained from Gibco™ and RNAlater®
from Ambion (Thermo Fisher Scientific, Barcelona, Spain). Natural Forastero cocoa was provided
by Idilia Foods S.L. (formerly Nutrexpa S.L., Barcelona, Spain) and AIN-93M diet and basal mix by
Harlan Teklad (Madison, W1, USA).

2.2. Animals and Diets

Thirty-six female Lewis rats were purchased from Janvier Labs (Saint Berthevin, France) and
maintained in polycarbonate pathogen-free cages (three rats per cage) with controlled conditions of
temperature and humidity and in a 12:12 h light:dark cycle in the Faculty of Pharmacy’s animal facility.
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All experimental procedures were approved by the Ethical Committee for Animal Experimentation of
the University of Barcelona (CEEA /UB ref.5988).
After one week of acclimatization, three-week-old rats were randomly assigned into the following

e e e e

Oral Administration

Group Days 0,2,4,7,9,11,14, 16, 18, and 21 Diet
RF/R (n=9) Vehicle (1 mL/rat) AIN-93M
RE/C(n=9) Vehicle (1 mL/rat) 10% cocoa

OVA/R(n=9) 50 mg OVA + 30 ug CT/rat AIN-93M
OVA/C(n=9) 50 mg OVA + 30 ug CT/rat 10% cocoa

Lrdlly ouv Illg Ul UvVA WILL OV }lg VLUl as duJqulll 1 1 IIL O UISLLIeU wdler, Ulree LIes per week
(Monday, Wednesday, and Friday) for three weeks. RE/R and RF/C groups received 1 mL of vehicle
on the same days. During the 28 days of the study, animals were given free access to water and food.
AIN-93M formula was used as the standard diet and a cocoa-enriched diet was produced with the
addition of 100 g of defatted cocoa powder to 900 g of a basal mix, the resulting composition finally
providing an isoenergetic chow. The two experimental diets provided similar amounts of proteins,

Table 2. Composition of the diets.

Reference Diet 10% Cocoa Diet
Components
AIN-93M (g/kg Diet) Basal Mix (g/kg Diet) Cocoa Powder (g/kg Diet)

Carbohydrates 7219 692.5 16.8
Proteins 140.8 118.2 23.1
Lipids 38.7 27 11.5
Fiber 50 24.5 35.6
Micronutrients 48.6 37.8 6.3
Flavonoids ! 0 0 4.02
Theobromine 0 0 2.5

Total 1000 1000

! total polyphenol content was determined according to the Folin-Ciocalteu method. The cocoa used in this
study contained 40.18 mg/g of total polyphenols (expressed as catechin). Reversed-phase high performance
liquid chromatography coupled to a diode array detector revealed that cocoa contained 2.34 mg/g epicatechin
and 0.4 mg/g catechin.

2.3. Sample Collection and Processing

Blood samples were collected weekly from the beginning of the study. After centrifugation, serum
was obtained and frozen at —20 °C until antibody quantification.

One week after the last oral administration, rats were anaesthetized with ketamine/xylazine
(90 mg/kg/10 mg/kg) and exsanguinated. Urine was collected directly from the urinary bladder with
the help of a syringe, and the small intestine and MLN were carefully dissected.

In sterile conditions, MLN were passed through a sterile mesh cell strainer (40 pm, Thermo
Fisher Scientific) and the resulting cell suspension was centrifuged (538 g, 5 min, 4 °C) and
resuspended with RPMI 1640 medium supplemented with 10% heat-inactivated FBS, 100 IU/mL
streptomycin-penicillin, 2 mM L-glutamine, and 0.05 mM 2-3-mercaptoethanol. Cell counting and

viability were assessed by Countess™ Automated Cell Counter (Invitrogen™, Thermo Fisher Scientific).

Some isolated lymphocytes from MLN were stained to be analyzed by flow cytometry (explained
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below). Other MLN cells were stimulated in vitro to promote cytokine release and the remaining cells
were kept in RNAlater® until gene expression analysis. MLN cells were stimulated in vitro by culturing
3 x 10° cells/mL in DMEM supplemented with 10% heat-inactivated FBS, 36 mg /L L-asparagine
monohydrate, 116 mg/L L-arginine, 10 mg/L folic acid, 500 mg/L HEPES, 10 mg/mL gentamicin,
10,000 U/mL nystatin, 100 U/mL streptomycin-penicillin, and 0.05 mM 2-3-mercaptoethanol.
At the same time, a specific stimulus was added (OVA, 10 ug/mL) and, after 72 h, supernatants
were collected to assess cytokine production.

The proximal part of the small intestine was opened lengthwise, cut into small pieces, weighed,
and incubated in a shaker at 37 °C. After centrifugation, supernatants were collected, aliquoted, and
stored at —80 °C until cytokine and IgA quantification.

2.4. Determination of Total Polyphenol Content

Total phenolic content was determined according to Folin-Ciocalteu’s method. Briefly, 250 pL of
Folin-Ciocalteau’s reagent and 1.25 mL of 20% Na>COj solution were added to 500 pL of diluted urine.
After 2 h at room temperature, the absorbance was measured at 765 nm. A standard curve prepared
with gallic acid was used.

2.5. IgA and Specific Anti-OVA Antibodies

Specitic anti-OVA antibody (total anti-OVA antibodies and anti-OVA 1gG1, 1gG2a, 1gG2b, 1gG2c,
IgM, and IgA isotypes) levels were measured by an indirect ELISA. In brief, 96-well polystyrene plates
(Nunc Maxisorp®, Wiesbaden, Germany) were coated overnight at room temperature with 10 pg/mL
of an OVA solution in carbonate buffer (pH 9.6). The plates were washed and blocked with 0.5%
gelatin. Afterwards, appropriately diluted samples and standards were added for 3 h. In order to
assess total anti-OVA antibodies, peroxidase-conjugated anti-rat Ig and OPD-H,O; solution were
added. To quantify specific anti-OVA Ig isotypes, biotin-conjugated anti-rat IgG1, IgG2a, IgG2b, IgG2c,
IgM, or IgA monoclonal antibodies were used and, thereafter, peroxidase-conjugated extrAvidin and
an OPD-H, O, solution were added.

Absorbance was measured in a microplate photometer (LabsystemsMultiskan, Helsinki, Finland)
at 492 nm and data was interpolated by Ascent v.2.6 software (Thermo Fisher Scientific). The relative
anti-OVA antibody concentration was calculated giving the value of 1 to the mean value obtained from
samples from the RF/R group tested in the same conditions and, therefore, all values were expressed
as an increase of the mean value of RF/R group.

2.6. Immunofluorescence Staining and Flow Cytometry Analysis

Lymphocytes from MLN (5 x 10° cells) were stained using mouse anti-rat monoclonal antibodies
conjugated to fluorescein isothiocyanate (FITC), phycoerythrin (PE), peridininchlorophylla protein
(PerCP), or allophycocyanin (APC). The antibodies used were anti-CD4, anti-CD8«, anti-CD8f,
anti-TCR«f, anti-TCRyS, anti-NKR-P1A, anti-CD62L, anti-CD25, and anti-CD103. Cells were
incubated with a mixture of saturating concentrations of antibodies in PBS containing 2% FBS and
0.1% NaaN, at 4 °C in darkness for 20 min. After washing, cells were fixed with 0.5% p-formaldehyde
and stored at 4 °C in darkness until analysis by flow cytometry. A negative control staining using an
isotype-matched monoclonal antibody was included in each cell sample. Analyses were performed
with a Gallios™ Cytometer (Beckman Coulter, Miami, FL, USA) in the Scientific and Technological
Centers of the University of Barcelona (CCiTUB).

2.7. Gene Expression from MLN Lymphocytes

Lymphocytes from MLN were kept in RN Alater® until analysis. On the day of RNA extraction,
lavages with PBS were performed to remove RNAlater®. Immediately, cells were homogenized in a
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vortex for 2 min. Total RNA was extracted by RNeasy® mini kit (Qiagen, Madrid, Spain) in accordance
with the manufacturer’s instructions. RNA quantification was performed with a NanoPhotometer

were performed using specific PCR TagMan® primers (Applied Biosystems): OX40L (Rn00585582_m1,
Inventoried (I )) NF-«B (Rn01399572_m1, I) CD11c¢ (Rn01511082_m1), IL-13 (Rn00580432 m1), IL-12

I[M_oANTOAEAO AN XY A (M AITET1 70 o1 TN LC X7 AR /M A17EAOAE AN M L ol aata o0 YITYOT

2.8. Cytokine Quantification

Data are expressed as means + standard error. All statistical analyses were performed with IBM
Social Sciences Software Program (SPSS, version 22.0, Chicago, IL, USA).
Levene’s test was performed to assess variance equality, followed by Kolmogorov-Smirnow to

determine its distribution. When the results demonstrated equality of variance and normal distribution,

a two-way ANOVA test was performed (oral sensitization and diet). When the interaction between
oral sensitization and diet was statistically significant, Bonferroni’s post hoc test was performed
between groups.

Otherwise, when the results had high variance and/or non-normal distribution (food and

water intake, anti-OVA antibody concentration, cytokine concentration in MLN cell supernatants),
non-parametric tests, such as Kruskal-Wallis and Mann-Whitney U tests were performed.

When p < 0.05, statistical difference was considered significant.

3. Results

among groups (established by Kruskal-Wallis and Mann—Whitﬁey U tests).
Total polyphenol concentration was quantified in urine samples at the end of the study. Rats

fed standard diet showed values ranging between 3.16 and 18.6 pug/mL (mean + standard error,

10.12 + 1.63). Cocoa-fed animals had concentrations significantly higher ranging between 26.1 and

L1 Q i /evnT MR QL L 2NN A AiAk nffnnt 1 — NNNN Tacr bvirA xaraxr ANTNWWTA ¢ A cianifinant Affark ~F Anal

ANOVA) and oral sensitization did not affect it (p = 0.873 by two-way ANOVA). However, the cocoa
diet produced a slower growth (p = 0.000 by two-way ANOVA). No significant interactions were found

between oral sensitization and diet or time, between diet and time, or between oral sensitization, diet,

and time.
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Table 3. Body weight (g) and food and water intake (g/100 g rat/day) from the four groups over the
study. Data represent mean + standard error (1 = 9 for body weight, n = 3 for water and food intake
established in each cage). Statistical difference: * means statistical significant difference induced by the
diet by two-way ANOVA (p < 0.001).

1
Day Variable Group
RF/R RF/C OVA/R OVA/C
0 Body weight 59.9 +4.27 59.78 + 4.58 60.86 + 4.24 58.62 + 4.16
0-7 Food intake 10.38 + 2.35 13.46 + 1.12 9.72 +2.50 13.43 + 0.82
0-7 Water intake 12.06 + 0.17 23.85 +4.03 12.06 + 1.81 23.04 + 3.04
7 Body weight 92.7 + 6.05 82.28 +5.30 ¢ 94.00 + 5.88 80.90 + 4.80 *
7-14 Food intake 11.65 + 0.97 13.05 + 0.51 11.72 + 1.04 12.77 + 0.33
7-14 Water intake 9.68 + 0.90 21.08 + 3.11 10.68 + 0.65 22.64 +2.10
14 Body weight 129.04 + 5.96 107.82 + 584 * 129.03 + 6.06 109.35 +4.53 *
14-21 Food intake 9.63 + 1.03 11.12 + 0.95 9.07 +0.92 11.24 + 0.12
14-21 Water intake 9.12 + 0.26 17.26 + 0.09 9.13 £ 0.38 21.39 + 0.99
21 Body weight 154.29 + 3.72 133.80 £ 524* 152.73 + 5.67 135.55 + 4.63 *
21-28 Food intake 6.79 +1.86 9.74 + 0.51 6.82 +1.99 8.8 +1.36
21-28 Water intake 9.11 + 0.10 14.99 + 0.53 10.24 + 0.96 25.45 + 4.04
28 Body weight 17413 + 3.23 153.32 + 5.67 * 171.61 + 4.35 150.53 £ 2.57 *

! Groups: RF/R (reference group: vehicle and AIN-93M diet); RF/C (reference cocoa group: vehicle and 10%
cocoa diet); OVA/R (sensitized group: OVA plus CT and AIN-93M diet); and OVA/C (sensitized cocoa group:
OVA plus CT and 10% cocoa diet).

3.2. Immune Response to OVA: Serum Anti-OVA Antibodies

WIIN respect 1o the K/ K group at aays /, 14, 21, and 43, respectively. At the end of tne stuay, total
anti-OVA antibodies concentration in the OVA /R group was significantly higher than that in the RF/R
group (p = 0.038 by Mann-Whitney U test). A total of 78% of animals of the OVA/R group developed
antibodies established as mean value of RF/R group plus 2 x SD. On the contrary, levels in the OVA/C
group throughout the study were quite similar to those found in the RF/R and RF/C groups (ranging
between 1.5- and 3.4-fold increase with respect to the RF/R group) and were significantly lower than

B I T il o o el A & Ra's

IgG2b and IgM in such a way that levels were IgG1 (477.8-fold increase of RF/R group) > IgG2a
(292.6-fold increase of RF/R group) >> IgG2b (13.9-fold increase of RF/R group) > IgM (2.0-fold
increase of RF/R group). These concentrations were significantly higher than those found in the RF/R
group (p = 0.000, p = 0.002, p = 0.000, p = 0.041 for IgG1, IgG2a, IgG2b, and IgM, respectively, according
to Mann—-Whitney U test).

In comparison with the OVA/R group, the cocoa-enriched diet significantly attenuated the
increase of anti-OVA IgG1, IgG2b, and IgM (p = 0.016, p = 0.000, p = 0.000 by Mann-Whitney U test,
respectively) in such a way that concentrations ranged between a 0.5-fold increase for IgM and a
17.9-fold increase for IgG1 of the RF/R group. With regard to IgG2a, although the cocoa diet values
were more than 10 times lower than those in the OVA/R group, no statistically significant difference
was found with respect to this group (p = 0.164 by Mann—Whitney U test).

Anti-OVA antibodies were also analyzed in intestinal lavage but these results were under the
limit of detection.
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Figure 1. Serum anti-OVA antibodies. (a) Total anti-OVA antibody levels throughout the study;
(b) anti-OVA IgG1, IgG2a, IgG2b, IgM at the end of the study. Values are expressed as mean + standard
error (n = 9). Statistical differences: ¢ p < 0.05 compared with RF/R group, and # p < 0.05 compared
with OVA/R group by Mann-Whitney U test. Groups: RF/R = reference group; RF/C = reference
group fed cocoa diet; OVA /R = sensitized group; OVA /C = sensitized group fed cocoa diet.

3.3. Total IgA Antibodies: Serum and Intestinal Concentrations

SENS1Zaron aid NOt SIgNIICaNnTly Modairy tne 1¢A CONCENTration (P = U.0b4 and p = u.s3U IOT Serum
and intestinal values, respectively, by two-way ANOVA). However, the 10% cocoa diet produced a
significant decrease in the IgA levels (p = 0.000 in both cases by two-way ANOVA), that was more
marked in the intestinal compartment. No significant interaction was found between oral sensitization
and diet (p = 0.074 and p = 0.525 for serum and intestinal values, respectively, by two-way ANOVA).

(a) (b)
8000 5 6
2 C—J RF/R
= 25
g) 6000 o RXXH RF/C
T 47 HE OVA/R
£ % 2 A
5 s | K < 3 1 OVA/C
X
g ::: = 24
g % g *
£ 2000 1 K] g N
1] =
0 - = g g

Day 28

Figure 2. Serum (a) and intestinal (b) IgA concentrations at the end of the study. Values are expressed
as mean + standard error (n = 9). Statistical difference: * means statistical significant difference induced
by the diet by two-way ANOVA (p < 0.001). Groups: RE/R = reference group; RF/C = reference group
fed cocoa diet; OVA/R = sensitized group; OVA/C = sensitized group fed cocoa diet.

99



RESULTATS I Article 2

Nutrients 2016, 8, 242 80f17

3.4. Lymphocyte Composition of MLN
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Figure 3. MLN lymphocyte composition. (a) Main lymphocyte subsets; (b) main TCRyb+ lymphocyte
subsets; (¢) main TCRxp+ cell subsets; (d) TCRxf3+/B lymphocytes ratio; (e) CD8xa/CD8af3 ratio
in TCRy&+ cells; (f)Th/Tc ratio in TCR«f3+ cells. Values are expressed as mean =+ standard error
(n =9). Statistical difference: * means statistical significant difference induced by the diet by two-way
ANOVA analysis (p < 0.001). Groups: RF/R = reference group; RF/C = reference group fed cocoa diet;
OVA/R = sensitized group; OVA/C = sensitized group fed cocoa diet.

Further analysis of TCRxf+ cell subsets showed that the reduction in the total TCRxp+ cell
percentage by the cocoa diet was accompanied by an increase in the proportion of Tc cells together
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reduction in TCRxf3+ cell percentage was mainly due to Th cells. No effect on the low percentage of
NKT cells was observed by either oral sensitization or cocoa diet (p = 0.654 and p = 0.930, respectively,
by two-way ANOVA).

To analyze the Th and Tc subsets in depth, the proportion of activated cells, of cells expressing

tha 1 _calartin adhacinn mnlaciila and ~f ralle hoarina tho intanrin #F wurace Aatarminad hy maanc

interaction between oral sensitization and cocoa diet was tfound (p = 0.022 by two-way ANOVA),
whereas neither condition significantly modified the proportion of CD25+ in Tc cells (p = 0.425 and
p = 0.360 by oral sensitization and diet, respectively, according to two-way ANOVA). Further analysis
revealed that CD25+ cell proportion in Tc lymphocytes increased in RF/C animals with respect to
the RF/R group (p = 0.030 according to the Bonferroni test) but decreased in oral sensitized animals
(p = 0.031 according to the Bonferroni test).

With regard to the expression of the L-selectin (CD62L+ cells) in Th and Tc cells, a decrease in

£ LGILY, WG PIUPULLIULL UL 101 GEM A S LG LLE LG LR L M (e AU | L0 ) VY S Lot Lo e
In Th cells, there was a significant effect for the interaction between oral sensitization and cocoa
(p = 0.000 by two-way ANOVA), and the Bonferroni test revealed that there was a higher percentage of

two-way ANOVA).
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Figure 4. Percentage of cells bearing CD25 (IL2r«), CD62L (L-selectin) and CD103 (integrin «E) in Th
and Tc subsets. (a) Proportion of CD25+ cells; (b) proportion of CD62L+ cells; (c) proportion of CD103+
cells. Values are expressed as mean + standard error (n = 9). Statistical differences: * means a statistical
significant difference induced by the cocoa diet (p < 0.05 by two-way ANOVA); ** means a statistical
difference with respect to reference diet (p < 0.05 by Bonferroni test). Groups: RF/R = reference group;
RE/C = reference group fed cocoa diet; OVA/R = sensitized group; OVA/C = sensitized group fed
cocoa diet.

3.5. Gene Expression and Cytokine Production in MLN Cells

The possible influence of the oral sensitization and the cocoa diet on gene expression of some
molecules and on cytokine secretion in the MLN lymphocytes was also established.
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The relative gene expression of molecules associated with dendritic cells (OX40L, CD11c) and

renresentative of an inflammatorv resnonse (TT 1R TT-17x) the recnilation of the immime resnaonse

b
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Figure 5. nRNA gene expression in MLN lymphocytes. Values are expressed as mean + standard error
(n = 6-9). Statistical differences: * means a significant difference induced by the cocoa diet (p < 0.05
by two-way ANOVA), ** means a significant difference with respect to the reference diet or induced
by the oral sensitization process (p < 0.001 by Bonferroni test). Groups: RF/R = reference group;
RF/C = reference group fed cocoa diet; OVA/R = sensitized group; OVA/C = sensitized group fed
cocoa diet.

Oral sensitization increased the gene expression of OX40L (p = 0.000 by two-way ANOVA) and
did not modify any of the remaining genes studied. The cocoa diet produced a higher expression
of OX40L, CD11c, and IL-1$3 genes (p = 0.000, p = 0.018, and p = 0.001, respectively, according to
two-way ANOVA). There was a significant interaction between oral sensitization and diet for the
values of OX40L gene expression (p = 0.001 by two-way ANOVA), and further analysis revealed that
the expression of this gene was higher in the OVA /C group compared to the OVA/R group (p = 0.000
by Bonferroni test).

On the other hand, the cocoa diet decreased IL-17x gene expression (p = 0.049 by
two-way ANOVA).

To establish the effect of the oral sensitization and the cocoa diet on the cytokine pattern, MLN
cells were incubated with OVA (10 pug/mL) for 72 h. From these supernatants I1L-4, IL-10, TNF-«, and

increase IFN-y and IL-10 was observed in OVA /R animals compared with the RF/R group.

Table 4. Cytokine production from OVA-stimulated MLN lymphocytes and from gut lavage. Values
are expressed as mean + standard error (n = 6-9). Statistical difference: ** means a statistical difference
with respect to reference diet (p < 0.01 by two-way ANOVA); # p < 0.05 compared with RF/R group by
Bonferroni test. N.D. means non detectable levels.

Sample Cytokine Group !
RF/R RF/C OVA/R OVA/C
MLN IFN-y 1.000 + 0.110 1.484 + 0.661 2.158 +0.843 1.521 £ 0.323
MLN IL-4 1.000 £ 0.080 0.807 £ 0.113 0.895 + 0.083 0.768 + 0.110
MLN TNF- 1.000 £ 0.065 0.860 £ 0.040 1.033 £ 0.087 0.901 £+ 0.089
MLN IL-10 1.000 £ 0.042 1.106 £ 0.133 1.584 + 0.302 1.241 £ 0.033
gut lavage IFN-y N.D. N.D. N.D. N.D.
gut lavage IL-4 N.D. N.D. N.D. N.D.
gut lavage TNF-o N.D. N.D. N.D. N.D.
gut lavage 1L-10 1.000 £ 0586  17.512 £3.783% 25177 £3.151*  17.060 £ 3.739

! Groups: RE/R (reference group: vehicle and AIN-93M diet); RF/C (reference cocoa group: vehicle and 10%
cocoa diet); OVA /R (sensitized group: OVA plus CT and AIN-93M diet); and OVA /C (sensitized cocoa group:
QOVA plus CT and 10% cocoa diet).

102



RESULTATS | Article 2

Nutrients 2016, 8, 242 110f17

Cytokines were also analyzed in gut lavage. No detectable levels of IL-4, IFN-y, and TNF-«
were found in any group. However, IL-10 was found in the gut lavage of reference animals and
it increased because of the oral sensitization process (p = 0.000 by two-way ANOVA). There was a
significant interaction between oral sensitization and diet (p = 0.001 by two-way ANOVA) and further
analysis revealed that values of the RF/C group were significantly higher than those in the RF/R
group (0.009 by Bonferroni test).

4. Discussion

The current study demonstrates that a cocoa diet is able to prevent oral immune sensitization in
young Lewis rats. This effect is associated with changes in composition as well as the gene expression
of some molecules in MLN that could reflect the induction of tolerance to oral antigens, i.e., the ability

composition were observed due to the oral sensitization process, which is similar to what was observed
in a food allergy model in Brown Norway rats combining an intraperitoneal immunization plus oral
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the cocoa diet, the levels of specitic antibodies In the serum of these animals were low. Lheretore, 1t
could be suggested that the increase of TCRyd+ lymphocytes due to cocoa intake could be partially

reannncihle far the nrevention of anecific antihndy eunthecic nrodiiced hv thic diet Tn addition NIK

CD62L. These results could mean that the cocoa diet decreased the arrival of lymphocytes at MLN
and, consequently, their activation, thus avoiding lymphocyte activation and then promoting tolerance.
In this context, the study of activated CD25+ cells revealed that cocoa intervention only produced
significant changes in the proportion of CD25+ Tc lymphocytes, with opposite effects depending on
whether the rats were sensitized or not. Although the proportion of CD25+ cells in Tc increased in
healthy conditions, the cocoa diet in oral-sensitized animals decreased the proportion of CD25+ cells
in Te lymphocytes, which could also reflect a decrease in the arrival of these cells, as reflected in the
proportion of CD62L+ Tc lymphocytes.

Regarding the molecule CD103, a subunit of the «3f7 integrin that can mediate cell adhesion,

increase of these cells in the MLN could contribute to the tolerogenic effect induced by a cocoa diet.
In order to shed some light on the role of MLN in the tolerogenic effects of a cocoa diet in
rats, we quantified some genes related to the oral sensitization process, including those of molecules
associated with dendritic cells (OX40L, CD11c), and representative of an inflammatory response (IL-1p3,
IL-17w), the regulation of the immune response (NF-«B), the response to antigens (IL-12), and the
regulatory function (IL-33). Firstly, it has been taken into account that MLN gene expression did not
produce significant results with regard to the sensitization protocol, with the exception of OX40L. We
studied OX40L and CD11c related to dendritic cells because it has been described that there was a
selective migration and activation of a unique subset of dendritic cells (CD11c+, CD103+, and CD8+)
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that although OX40L—-OX40 interaction is enhanced by oral challenge with a mucosal adjuvant, the
role of a cocoa diet could be placed downstream of the Th2 immune responses that would eventually

we also found that the IL-13 mRNA and the level of TNF-o released by MLN cells from OVA-sensitized
animals, typical proinflammatory cytokines, did not change with oral sensitization. The gene

Avmvancinms AL TT 19 An A TT 22 viran alaa Aakavmninad lhanasiona TT 19 36 walatad A tha vacinAanmena ka anbicnsae

MLN cells in an oral murine model of food allergy, although a tendency to increase IL-10 and IFN-y
was observed, similar to the results presented here. On the other hand, in gut lavage from the small

intactina vira fasand A wica iana IT 10 lasrale in anallsr canmciticad anisnale and aloa affan canan inkala T 10

agreeing with the results obtained showing the IL-10 increase in the cocoa-sensitized group.
Finally, although further research is necessary to establish the cocoa component responsible for its

Uldl DELIDIUZAUULL LLL LdALd. \JLL LLIE ULLIEL LLdllll, TULULIEL DLUUIED 11IUDL dIdU VE Ldllltu OulL 1L dllULglL 1iullaly

in order to extrapolate the tolerogenic effect of cocoa on this process.

5. Conclusions

In conclusion, the cocoa diet, due to its flavanol content such as epicatechin or other compounds,
is able to induce tolerance in an oral sensitization model in rats. Changes in mesenteric lymph node
lymphocytes, particularly a higher proportion of TCRy$+ (CD8oax+) and CD103+CD8+ cells and
a lower proportion of CD62L+CD4+ and CD62L+CD8+ cells, together with the regulation of some
immune-related genes, could contribute to this effect. These results show the ability of a cocoa diet to
prevent the breakdown of oral tolerance and its potential as a nutraceutic in food allergies.
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Abbreviations

The following abbreviations are used in this manuscript:

APC allophycocyanin

BSA albumin from bovine serum

CT cholera toxin

DMEM Dulbecco’s Modified Eagle Medium
ELISA enzyme-linked immunosorbent assay
FBS fetal bovine serum

FITC fluorescein isothiocyanate

GALT gut-associated lymphoid tissue

IFN interferon

I inventoried

Ig immunoglobulin

IL interleukin

MLN mesenteric lymph nodes

NF nuclear factor

OPD o-phenylenediamine

OVA ovalbumin

OVA/C sensitized group fed cocoa diet
OVA/R sensitized group

PBS phosphate-buffered saline

PCR polymerase chain reaction

PE phycoerythrin

PerCP peridininchlorophylla protein

RF/C reference group fed cocoa diet

RF/R reference group

Tc T cytotoxic

TCR T cell receptor

Th T helper cells

TNF tumor necrosis factor
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Resum ARTICLE 3

Objectiu: Després de conéixer els canvis induits per la sensibilitzacié oral i per la dieta
rica en cacau sobre la produccidé d’anticossos i en els ganglis limfatics mesenteérics, el
segiient proposit va consistir en establir "efecte de la dieta amb un 10% de cacau en el
sistema immunitari intestinal (plaques de Peyer, limfocits intraepitelials i de lamina
propia de lintesti prim) en el mateix model de sensibilitzaci6 oral en rata.

Material i métodes: Rates Lewis de tres setmanes d’edat es varen distribuir en quatre
grups en funcio de la dieta (10% cacau o estandard) i de si se’ls hi va induir la
sensibilitzacio oral o no. Després de 4 setmanes, es van analitzar els limfocits de plaques
de Peyer (PP), intraepitelials (IEL) i de lamina propia (LPL) de Uintesti prim (citometria de
flux). A més, es va determinar ’expressié genica de diferents molecules (PCR a temps
real) i, mitjancant tecniques histologiques i immunofluorescéncia es va quantificar la
presencia de cél-lules caliciformes, cél-lules IgA+ i cél-lules granzim B+ a la lamina propia
intestinal.

Resultats: A PP, la dieta amb cacau va produir un increment de la proporcié de cel-lules
TCRyd+, NKT, CD4+CD25+, CD4+CD103+ i CD8+CD103+, i una disminucié de la proporcié de
limfocits Th i de cél-lules CD4+CD62L+. En els IEL, la dieta va produir un increment en la
proporcio de limfocits TCRyd+ i de les cél-lules NK, i una disminucié de la proporcio de
limfocits TLR4+. A nivell de LPL, es va detectar un increment de la proporcio de Th en el
grup sensibilitzat i alimentat amb cacau. La sensibilitzacio oral i la dieta cacau varen
disminuir la proporcié de cél-lules IgA+ a la lamina propia. En condicions de referencia, la
dieta cacau també va induir una disminuci6 de la proporcié de granzim B a la lamina
propia. Pel que fa a "expressid genica, la sensibilitzacié va disminuir els nivells de mRNA
d’IL-10 i la dieta rica en cacau l’expressio génica d’IgA, de TGF-B1, de CD11b i de CD11c.

Conclusions: La dieta amb un 10% de cacau en un model de sensibilitzacié oral en rata
produeix canvis en la composicié de limfocits de plaques de Peyer, de U'epiteli i de la
lamina propia intestinals. Entre d’altres canvis, la dieta indueix un increment de la
proporcio dels limfocits TCRyd+ i de les cél-lules NK a PP i IEL, cél-lules que podrien estar
implicades en la prevencid de la sensibilitzacié oral. Aixi mateix, la dieta rica en cacau
redueix ’expressio génica de molécules relacionades amb les cél-lules dendritiques i amb
la formacié i nombre de cél-lules productores d’IgA i granzim B presents a la lamina
propia. Tots aquests canvis poden contribuir en promoure la tolerancia oral i evitar el
desenvolupament de la sensibilitzacio en les rates alimentades amb cacau.
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Resum ARTICLE 4

Objectiu: Tant la sensibilitzacio oral com la ingesta de cacau influeixen sobre el sistema
immunitari intestinal i, considerant la relacié que existeix entre aquest compartiment en
la microbiota intestinal, seguidament es va voler establir 'efecte de la sensibilitzacio i de
la dieta rica en cacau sobre la microbiota intestinal.

Material i métodes: Rates femelles Lewis de 3 setmanes d’edat varen ser sensibilitzades
com els anteriors estudis (articles 2 i 3). Després de 4 setmanes d’intervencié nutricional,
es va portar a terme l'analisi metagenomica de les mostres fecals. A més, es va
quantificar la IgA intestinal a partir d’homogenats fecals (técnica ELISA).

Resultats: La sensibilitzacio oral va induir canvis a la microbiota intestinal de les rates,
amb una disminucié en ’abundancia relativa de U'ordre Erysipelotrichales, en concret,
d’una espécie del génere Allobaculum, de Clostridium metallolevans i d’una especie de
Uordre de Bacteroidales. A més, entre altres, va afavorir ’aparicié d’espécies dels
géneres Bacillus, Christensenella i Anaeroplasma. Per altra banda, les rates
sensibilitzades oralment i alimentades amb la dieta rica en cacau, varen presentar
diversos canvis quantitatius i qualitatius. El cacau va modificar ’abundancia relativa i
absoluta dels diferents filums detectats, en concret, va incrementar la proporcio de
Tenericutes i Cyanobacteria, va afavorir [’aparicio de Prevotella copri, Anaerostipes sp.,
Ralstonia sp. i la desaparicio de Clostridium perfringens i Blautia productia, entre altres.
La dieta 10% cacau va atenuar la creixent concentracié d’IgA intestinal sent evident a
partir del 7¢é dia d’estudi.

Conclusions: La dieta amb un 10% de cacau en un model de sensibilitzacié oral en rata
produeix canvis quantitatius i qualitatius a la microbiota intestinal. A més, inhibeix la
sintesi d’anticossos especifics i la produccié d’IgA intestinal. Per tant, les modificacions
sobre la microbiota intestinal podrien contribuir a Uefecte tolerogénic préviament
establert del cacau.
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FIGURE 5: Summary of the changes on gut microbiota on a rat oral sensitization model fed either a standard diet or a 10% cocoa diet and its
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Objectiu: El cacau, ric en flavonoides, ha demostrat un efecte immunoregulador en rata.
Per aix0, en aquest estudi, es va voler ampliar el coneixement del possible potencial dels
flavonoides sobre el sistema immunitari i es va utilitzar un flavonoide purificat, no present
en el cacau. L’objectiu d’aquest estudi va consistir en establir ’efecte de [’hesperidina
sobre els teixits limfoides i la produccio d’anticossos sistémics i intestinals.

Material i métodes: Per assolir aquest proposit, es van realitzar dos dissenys
experimentals diferents. En el primer, rates Lewis de 3 setmanes d’edat es varen
immunitzar de forma intraperitoneal (i.p.) amb ovoalbdmina (OVA) i I’hesperidina es va
donar per via oral (p.o.) tres vegades la setmana durant 4 setmanes a les dosis de 100 mg
o 200 mg/kg. En aquest disseny, es va analitzar el fenotip dels ganglis limfatics
mesenterics (GLM, citometria de flux), es varen estudiar les citocines produides per
aquests limfocits i les que hi havia a nivell intestinal (ProcartaPlex® Multiplex
Immunoassay). També, es varen determinar els anticossos anti-OVA serics, aixi com la IgA
intestinal (técnica ELISA). En el segon disseny experimental, les rates varen ser
sensibilitzades oralment utilitzant el model desenvolupat en el primer article de la tesi, i
varen ser alimentades, durant 4 setmanes, amb una dieta que contenia 0,5%
d’hesperidina. En aquest model, es va analitzar la composicio de limfocits aillats de GLM,
plaques de Peyer (PP), Uepiteli i la lamina propia intestinals (IEL i LPL, respectivament)
(citometria de flux). També es varen obtenir mostres de serum i fecals on es varen
determinar els anticossos especifics i la IgA mitjancant técniques d’ELISA.

Resultats: En el primer disseny experimental, |’hesperidina, administrada oralment, va
reduir la proporcié6 de limfocits B i va incrementar la dels TCRap+ als GLM. Aquesta
immunitzacio va activar la produccio de diverses citocines per part dels limfocits de GLM,
i Uhesperidina, en les dues dosis estudiades, va incrementar la sintesi d’IFN-y. Aquest
flavonoide no va modificar la produccio d’anticossos especifics ni la d’IgA total.

En el segon disseny experimental, la dieta amb 0.5% d’hesperidina va produir canvis en la
composicio de IEL i LPL de Uintesti prim. En concret, va produir un increment dels IEL
TCRyd+ i una disminucié d’aquests a la lamina propia. A més, entre altres, es va observar
una disminucié en la proporci6 de LPL CD4+CD103+ i CD8+CD103+. L’administracio
d’hesperidina de forma continuada va provocar un increment de la IgA intestinal total,
pero, no va modificar la sintesi d’anticossos serics anti-OVA.

Conclusions: L’hesperidina en un model d’immunitzacié i.p. modifica la composicio i la
funcionalitat dels limfocits de GLM. Per altra banda, en un model de sensibilitzaci6 oral,
aquest flavonoide canvia la composicio d’IEL i LPL i incrementa la concentracio d’IgA
intestinal. Tot i aixi, I’efecte immunomodulador de U’hesperidina no modifica la produccié
d’anticossos sérics especifics.
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Abstract: Polyphenols, widely found in edible plants, influence the immune system. Nevertheless,
the immunomodulatory properties of hesperidin, the predominant flavanone in oranges, have not
been deeply studied. To establish the effect of hesperidin on in vivo immune response, two different
conditions of immune system stimulations in Lewis rats were applied. In the first experimental
design, rats were intraperitoneally immunized with ovalbumin (OVA) plus Bordetella pertussis toxin
and alum as the adjuvants, and orally given 100 or 200 mg/kg hesperidin. In the second experimental
design, rats were orally sensitized with OVA together with cholera toxin and fed a diet containing
0.5% hesperidin. In the first approach, hesperidin administration changed mesenteric lymph node
lymphocyte (MLNL) composition, increasing the TCRaf3+ cell percentage and decreasing that of B
lymphocytes. Furthermore, hesperidin enhanced the interferon (IFN)-y production in stimulated
MLNL. In the second approach, hesperidin intake modified the lymphocyte composition in the
intestinal epithelium (TCRyd+ cells) and the lamina propria (TCRyd+, CD45RA+, natural killer,
natural killer T, TCR«+CD4+, and TCRo3+CD8+ cells). Nevertheless, hesperidin did not modify
the level of serum anti-OVA antibodies in either study. In conclusion, hesperidin does possess
immunoregulatory properties in the intestinal immune response, but this effect is not able to influence
the synthesis of specific antibodies.

Keywords: antibody; flavanone; flavonoids; hesperidin; immune system; immunoregulatory;
polyphenol

1. Introduction

Polyphenols are secondary metabolites of plants that are widely distributed in fruits (e.g.,

AL VAV U, QI G UAUL DL D T VL UL LI LTI LI T LU I L WLV MU WO LIV WL IVIMD ULL LI LLL LU LG (LA

acquired immune response by attenuating immune function, thus showing their beneficial role in

Nutrients 2017, 9, 580; doi:10.3390/nu9060580 www.mdpi.com/journal /nutrients
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or its metabolites to the lymphoid tissues, and its analysis will contribute to a better understanding
of a flavanone-enriched diet on human health. For this reason, the aim of the current study was to
spotlight the effects of hesperidin on Th2 antibody production and on lymphoid tissues, focusing
on the gut-associated lymphoid tissue (GALT), which is the first line of defence encountered by the
hesperidin present in food. We have investigated this action under two different conditions triggering
Th2 immune responses and using three different hesperidin dosages.

2. Materials and Methods

2.1. Chemicals

Hesperidin was provided by Ferrer HealthTech (Murcia, Spain), with a purity of 95.5%
(High Performance Liquid Chromatography) containing 2% isonaringine, 1.5% didimine, and
other impurities.

Carboxymethylcellulose (CMC), cholera toxin (CT), fetal bovine serum (FBS), L-glutamine,
ovalbumin (OVA, grade V), penicillin-streptomycin, toxin from Bordetella pertussis (Bpt), and RPMI
1640 medium were provided by Sigma-Aldrich (Madrid, Spain). Imject™ alum adjuvant was
obtained from Thermo Fisher Scientific (Barcelona, Spain). Biotin-conjugated anti-rat immunoglobulin
(Ig)A, IgG1, IgG2a, IgG2b, and IgG2c monoclonal antibodies, anti-rat IgE monoclonal antibody, and
anti-rat fluorochrome-conjugated monoclonal antibodies (detailed later) were purchased from BD
Biosciences (Madrid, Spain), Biolegend (San Diego, CA, USA), or Novus Biologicals (Littleton, CO,
USA). Peroxidase conjugated and unconjugated goat anti-rat IgA antibody and IgA standard were
provided by Bethyl Laboratories (Montgomery, TX, USA). Peroxidase-conjugated anti-rat Ig was from
DakoCytomation (Glostrup, Denmark). 2-3-mercaptoethanol was from Merck (Darmstadt, Germany).
Ketamine was provided by Merial Laboratories S.A. (Barcelona, Spain) and xylazine by Bayer A.G.
(Leverkusen, Germany).

2.2. Animals and Experimental Designs

Three-week-old Lewis rats (Janvier Labs, Saint Berthevin CEDEX, France) were maintained at
the animal facility of the Faculty of Pharmacy and Food Science (University of Barcelona) housed
in cages (three rats per cage) and kept under controlled conditions of temperature and humidity in
a 12 h light-dark cycle. Animal procedures were approved by the Ethical Committee for Animal
Experimentation at the University of Barcelona (CEEA /UB ref. 5988) and conducted in compliance
with the Guide for the Care and Use of Laboratory Animals.

The effect of hesperidin on systemic and intestinal immune response was studied in two
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by oral gavage three times per week at doses of 100 or 200 mg/kg of rat body weight (BW). Therefore,
the first experimental design included three groups: the reference immunized group (OVAip group),
the immunized group given 100 mg/kg hesperidin (H100 group), and the immunized group given 200
mg/kg hesperidin (H200 group). Hesperidin was prepared daily in 0.5% CMC as vehicle. The OVAip

2 o

to water and food throughout the study. The consumption of water and food per cage was periodically
registered and referred to as water or food consumed per 100 g of BW of the rats included in the cage.

Standard diet or a diet containing 0.5% hesperidin
A

Figure 1. Experimental designs. (a) First experimental design: rats were immunized by intraperitoneal
(i.p.) route the first day of the study (day 0), and hesperidin was given by oral gavage three times per
week (indicated by arrows) for 4 weeks; (b) Second experimental design: rats were sensitized by oral
route (per 0s, p.o.) three times per week (indicated by arrows), and hesperidin was included in the rat
food throughout the 4 weeks. BW, body weight; OVA, ovalbumin; CT, cholera toxin.

2.3. Sample Collection and Processing

At the end of both studies, animals were anaesthetized by subcutaneous route with
ketamine-xylazine. Apart from faecal and blood samples, the mesenteric lymph nodes (MLN) and the
small intestine were collected. In the second design, the duodenal part of the intestine was discarded

with the staining for the flow cytometric analysis or the culture of MLNL.

RESULTATS | Article 5

149



RESULTATS | Article 5

150

Nutrients 2017, 9, 580 40f14

Blood samples were centrifuged and serum was kept at —20 °C for antibody determination.
From faeces, faecal homogenates supernatants were obtained and kept at —20 °C for intestinal IgA
quantification. Briefly, faeces were dried, weighed, diluted with PBS pH 7.2 (20 mg/mL), homogenized
with a Polytron (Kinematica, Lucerne, Switzerland), and, finally, the supernatants obtained after
centrifugation were kept at —20 °C for intestinal IgA quantification.

2.4. Lymphocyte Phenotypic Analysis

FITC-CD8, FITC-CD25, FITC-TLR4, FITC-CD103, PE-NKR-P1A, PE-TCRy$, PE-TLR4, PerCP-CD8«,
APC-CD4, and APC-Cy8-CD45RA. Data were acquired by Gallios Cytometer (Beckman Coulter, Miami,
FL, USA) in the Scientific and Technological Centers of the University of Barcelona (CCiTUB) and the
analysis was performed with FlowJo v.10 software (Tree Star, Inc., Ashland, OR, USA). Results are
expressed as percentages of positive cells in the lymphocyte population selected according to their
forward and side scatter characteristics.

2.5. Specific Anti-OVA Antibodies and Intestinal IgA Quantification
The levels of the specific anti-OVA antibodies (total, IgG1, IgG2a, IgG2b, and IgG2c isotypes)

In all cases, a pool ot sera trom immunized rats was used as positive control and all data were calculated
in accordance with the arbitrary units (A.U.) assigned to this pool.

Total IgA concentration from serum, gut lavages, or faecal homogenates was determined with
a sandwich ELISA using a Rat IgA ELISA Quantification Set (E110-102) from Bethyl Laboratories
(Montgomery, TX, USA).

2.6. Cytokine Quantification

MLNL (6 x 10°/ml) were cultured in RPMI 1640 medium supplemented with 10%
heat-inactivated FBS, 100 IU/mL penicillin-streptomycin, 2 mM L-glutamine, and 0.05 mM
2-B-mercaptoethanol and stimulated with 200 mg/mL of OVA in vitro. After 72 h, supernatants
were collected to assess cytokine production.

The cytokines secreted by MLNL and from gut lavage were evaluated by ProcartaPlex® Multiplex
Immunoassay (Affymetrix, eBioscience, San Diego, CA, USA) according to the manufacturer’s protocol.
The analysed cytokines were interleukin (IL)-10, IL-4, monocyte chemoattractant protein (MCP)-1,
tumour necrosis factor (TNF)-«, and interferon (IFN)-y, their detection limits being 11.08, 1.03, 17.99,
3.91, and 4.64 pg/mL, respectively.

2.7. Statistical Analysis

Statistical analysis of the data was performed with the software package SPSS version 22.0 (IBM
Statistical Package for the Social Sciences, Chicago, IL, USA).

To assess the homogeneity of variance and the distribution of the results, Levene’s and
Shapiro-Wilk tests were performed, respectively. One-way ANOVA followed by Bonferroni’s post
hoc test were carried out in cases with homogenized and normally distributed variance from the
data. Kruskal-Wallis and Mann-Whitney U tests were performed in cases with non-homogenized
and/or non-normally distributed variance from the data. Significant differences were considered
when p < 0.05.
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3. Results

3.1. Effect of Hesperidin on Food and Water Intake and Body Weight

The administration of 100 or 200 meo /ko hesneridin hv oral cavace altered neither food nor water

Moreover, the administration of hesperidin, both by oral gavage or in the food, did not affect BW
increase (data not shown).

Table 1. Food and water intake in the first experimental design. These values were established per day
and per cage and referred to 100 g of the total BW in the cage. Data are expressed as the range between
the two values obtained from two cages. OVAip, the reference immunized group; H100, the immunized
group given 100 mg/kg hesperidin; H200, the immunized group given 200 mg/kg hesperidin.

Food Intake (g/100 g BW/Day) Water Intake (mL/100 g BW/Day)
OVAip H100 H200 OVAip H100 H200

Day 4 13.06-13.97 12.80-13.07 13.59-13.92 11.73-11.74 11.52-15.78 11.95-12.11
Day 11 13.51-13.57 7.75-8.64 10.20-10.47 11.31-12.66 11.26-12.39 12.15-12.74
Day 18 11.60-12.03 11.94-12.02 11.82-12.24 10.39-11.03 11.07-13.83 11.42-12.11

Day 25 9.32-9.34 9.35-9.35 9.07-9.08 11.01-11.20 12.68-14.55 13.19-14.85
Davy 28 9.58-10.16 0.38-10.03 0.73-9 85 11.77-12.87 13.95-15.61 14.05-15.05

Day e Yos-lUle Hs-l0Ue H/ees LU=/ La¥o—loel 1401040

Table 2. Food and water intake in the second experimental design. These values were established per
day and per cage and referred to 100 g of the total BW in the cage. Data are expressed as the range
between the two values obtained from two cages. OVAoral, animals were fed a standard diet; H0.5,
a diet containing 0.5% hesperidin.

Food Intake (g/100 g BW/Day) Water Intake (mL/100 g BW/Day)

OVAoral Ho0.5 OVAoral Ho.5
Day 7 10.93-11.37 10.74-10.97 16.84-24.85 14.93-20.67
Day 14 11.65-11.70 11.28-11.52 11.39-14.45 11.05-16.23
Day 21 10.25-10.60 10.76-10.77 9.01-10.57 9.95-14.33
Day 28 8.33-8.55 7.90-8.57 9.57-10.52 8.24-12.44

3.2, Effect of 100-200 mg/kg Hesperidin on Mesenteric Lymph Node Lymphocyte Composition
and Functionality

The infliience of hesneridin administration on the lvmphocvte comnosition of mesenteric lvmnh
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Figure 2. Proportion of mesenteric lymph node lymphocytes (MLNL) according to their phenotype in
the first experimental design. (a) TCRxp+ and CD45RA+ lymphocytes; (b) TCRx+/CD45RA+ ratio;
(e) Th (TCRa+CD4+) and Te (TCRa+CD8+) lymphocytes; (d) Th/Tc ratio; (e) CD25+ cells in CD4+,
CD8+, and CD45RA+ lymphocytes. Data are expressed as mean =+ standard error (# = 6). Statistical
difference: * p < 0.05 (by Mann-Whitney U).

T actahlich tha fitnectinn nf MTNIT  tha ~uinlrina nattorn carvatad hyr thaca rolle aftor in xritea

H200 doses, respectively), a Thl-related cytokine. No differences in the secretion of IL:4, IL-10, TNF-«,
and MCP-1 were observed.
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Figure 3. Cytokine concentrations in the second experimental design. Cytokines from stimulated
MLNL (a—e) and gut lavage (f—j). Data are expressed as mean =+ standard error (1 = 6). Statistical
difference: * p < 0.05 (by Mann-Whitney U).

3.3. Effect of 100-200 mg/kg Hesperidin on Antibody Synthesis and Intestinal IgA

MOUlIncanons were proauced as a result oI tne [eEsperiam daminisiranon.

Serum anti-OVA Ab [log(A.U./mL)]
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Figure 4. Anti-OVA antibodies (Ab) and total immunoglobulin (Ig)A levels from the first experimental
design. (a) Serum anti-OVA Ab at the last day of the study; Total IgA from (b) gut lavage and (c) faecal
homogenates from the last day of the study. Data are expressed as mean =+ standard error (1 = 6).
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3.4. Effect of 0.5% Hesperidin on Intestinal Lymphocyte Composition
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including both inductive (MLN, PP) and effector (IEL, LPL) compartments and using an oral
sensitization process that challenged these specific sites. As the hesperidin intake in the first
experimental design did not affect the synthesis of anti-OVA antibodies, the second approach applied

’

hesperidin in a more continuous manner (included in the food) and using a higher dose. Therefore,
the effect of 0.5% hesperidin intake on lymphocyte composition in a rat oral sensitization model was
studied, analysing the phenotype of both inductive (MLNL and PPL) and effector sites (IEL and LPL)
nf the (CATT

TCRy$6+), and natural killer (NK) cells, as well as that of TCRa+CD4+, TCRa3+CD8+, TCRx3+NK,
CD4+CD25+, CD4+CD62L+, CD8+CD25+, and CD8+CD62L+ cells, was similar between the OVAoral
and the HO.5 groups. Likewise, in the Peyer’s patches, the proportion of B, T, and NK cells did not
differ between groups, and that of TCRxp+CD4+, TCR«p+CD8+, TCRx+NK, TLR4+ (including
CD45RA+TLR4+, CD4+TLR4+, CD8+TLR4+), CD45RA+CD25+, CD4+CD25+, and CD8+CD25+ cells

the percentage of TCRyb+ cells in IEL (140%) in comparison to the reference group (OVAoral group),
which was due to an increase in both TCRy§+CD8x o+ and TCRy§+CD8x 3+ subsets, although, in this
compartment, hesperidin did not significantly modify other important lymphocytes such as TCRx {3+
(and any of their CD4+, CD8+, and natural killer T -NKT- cell subsets) and NK cells. With regard to
LPL, the 0.5% hesperidin diet increased the proportion of B (CD45RA+) cells to 180% and decreased
that of TCRyd+ and NK cells (35% and 29%, respectively) with respect to orally sensitized animals
(OVAoral group). In addition, although the total TCRx 3+ population was not significantly modified,
the percentage of TCRxf+CD4+ cells increased (132%), whereas that of TCRxB+CD8+ cells and
NKT cells decreased (52% and 42%, respectively) with respect to the OVAoral group. Likewise, the
hesperidin-enriched diet intake decreased the percentage of both CD4+ and CD8+ LPL expressing the
CD103+ (50% and 60%, respectively, from that found in the OVAoral group).

3.5. Effect of 0.5% Hesperidin on Antibody Synthesis and Total IgA

The oral sensitization procedure applied induced the development of serum anti-OVA antibodies.
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Table 4. Serum and intestinal anti-OVA and total antibodies from the second experimental design
after 0.5% hesperidin diet. Data are expressed as mean =+ standard error (n = 6). ND: not detectable.
Statistical difference: * p < 0.05 (by ANOVA).

Group

OVAoral Ho.5
Serum total Ig anti-OVA [log(U.A./mL)] 3.45 +0.32 3.16 £0.34
Serum [gG1 anti-OVA [log(U.A./mL)] 1.52 £0.26 1.86 £ 0.29
Serum IgG2a anti-OVA [log(U.A./mL)] 1.40 £0.34 1.21 £0.50
Serum IgG2b anti-OVA [log(U.A./mL)] 1.48 £ 0.05 1.65 £ 0.23

Serum IgG2c anti-OVA ND ND

Serum IgE anti-OVA ND ND
Serum total IgA (ng/mL) 5.72 £0.15 5.36 + 0.24

Intestinal total IgA (ug/g faeces) 34.60 + 6.79 58.07 £7.61*

4. Discussion

The current study shows the effect of hesperidin in two different approaches related to Th2
immune responses to ovalbumin: an i.p. immunization with the allergen Bpt and alum, and an oral
sensitization with the allergen plus cholera toxin. It was found that the administration of hesperidin in
i.p. immunized rats modified MLNL composition and functionality. Moreover, in orally sensitized
rats, this flavanone changed the proportions of IEL and LPL and increased intestinal IgA content.
However, hesperidin did not affect anti-OVA antibody production in any of the studied immune
system stimulations.

In addition, although a specific antibody response was induced, hesperidin did not modify the
levels of such antibodies.

In order to establish the influence of hesperidin on the lymphocyte composition and function,
MLNL were analysed. We observed that both doses of hesperidin used here were able to increase

TCRxR+ ecall norcantaca and decreace that af R lvmnhacvtee  Thic affact wae nnnneite tn reenltc

JULUISI 5LUUICTS @IT 1IELEo0a1 Y LU LULLLLLILL LIS PULGHILAL UL LHISOPELIULL 111 SAPALILILLE 1\ IA T VLD UL
reducing B cell numbers.

Apart from the TCRxf+ and B lymphocyte proportions, other TCRx 3+ subsets were determined.
No changes in the Th (TCRx+CD4+) and Tc (TCRxp+CD8+) cells were observed as a result of
hesperidin administration, but a significant decrease in the proportion of CD8+CD25+ cells was found
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On the other hand, stimulated MLNL induced the production of cytokines related to Thl and Th2
responses. The administration of either 100 or 200 me /ke hesveridin increased the amount of IFN-v

experimental design (30 and 60 mg/100 g BW per week for 100 and 200 mg/kg hesperidin doses,
respectively).

In the second approach, in contrast to the first, the hesperidin-enriched diet did not modify the
composition of MLNL. Although in this second design we used a higher amount of flavanone than that
used in the first approach (6- or 12-fold times higher), the inclusion of hesperidin in the food (meaning
a slow intake) compared with the oral gavage (meaning a fast intake) and /or a different stimulation of
MLNL (by i.p. route or by intestinal route) may affect the cellular composition of this lymphoid tissue
differently. In addition, in this second approach, hesperidin did not affect the lymphocyte composition
of another inductive site of the GALT, the PP. Interestingly, however, the hesperidin intake changed
the proportion of cells found in the intraepithelial and the lamina propria compartments, the effector
sites of the GALT. In particular, the hesperidin diet increased the proportion of TCRyd+ lymphocytes

in the intectinal enithelittm which ic in line with nrevionc reciilte deerrihed after the intake of came

ALUMIY LC QUL LS LU VALY UM IUILIEAA YV AL A ¥4 3 BUAULIICD VY AL Sl VLIV Y Y LM LAIML S ICU G AL L A e e

an opposite effect in the proportion of TCRyd+ cells both in IEL and LPL, suggesting a protective
action of hesperidin in the migration of these cells induced by CT. The hesperidin decrease in TCRyd+

Despite all these lymphocyte composition changes, the specific antibody immune response was
not modified in the animals fed the hesperidin diet. In addition, when Th1- and Th2-related antibodies
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experimental designs.

5. Conclusions

In summary, the present results show that hesperidin administration in i.p. immunized rats
influences MLNL composition (increasing TCRxp+ lymphocyte proportion and decreasing that of B
and CD8+CD25+ cells) and functionality (increasing IFN-y synthesis). Moreover, a diet containing
0.5% hesperidin in orally sensitized rats increases intestinal IgA content and also modifies IEL and
LPL composition, suggesting the prevention of cell changes triggered by oral CT. However, this
hesperidin immunomodulation is not associated with the attenuation of specific antibodies induced
by both systemic and intestinal sensitization. Finally, it must be taken into account that this study
shows the properties of hesperidin alone; further studies must focus on establishing the effect of
hesperidin-enriched food and also the dosage of such foods to achieve these immune effects.
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Objectiu: En estudis previs del grup de recerca s’ha observat que la dieta rica en cacau
influeix sobre la microbiota intestinal i que aquest efecte no es pot atribuir al seu
contingut en fibra. Per aixo, 'objectiu del present treball va consistir en establir si la
teobromina era la responsable dels efectes del cacau sobre la composicié de la microbiota
intestinal i dels seus productes de fermentacio.

Material i métodes: Rates Lewis de 3 setmanes d’edat varen ser alimentades, durant 15
dies, amb una dieta estandard, una dieta amb un 10% de cacau o una dieta amb un 0,25%
de teobromina (la mateixa quantitat de teobromina que conté la dieta amb un 10% de
cacau). Al final de Uestudi es va determinar la microbiota intestinal mitjancant la técnica
de FISH acoblada a citometria de flux (FISH-FCM) i mitjancant una analisi metagenomica.
A més, es van quantificar els acids grassos de cadena curta i el percentatge de bacteris
units a IgA en les mostres fecals.

Resultats: Les dietes cacau i teobromina van produir canvis quantitatius i qualitatius en
els diferents filums bacterians intestinals (Firmicutes, Bacteroidetes, Tenericutes,
Actinobacteria i Cyanobacteria) detectats per FISH-FCM o per ’analisi de metagenomica.
Alguns d’aquests canvis es varen detectar només en el grup de teobromina, i d’altres
només en el grup de cacau. Les dues intervencions nutricionals varen incrementar la
produccié d’acids grassos de cadena curta, principalment per un increment en la
produccio d‘acid butiric. A més, les dues dietes varen disminuir la proporcié de bacteris
units a IgA.

Conclusions: La teobromina del cacau és la responsable de la disminucié de bacteris units
a IgA i de U’increment d’acids grassos de cadena curta produits per la ingesta de cacau.
Per altra banda, el cacau i la teobromina modifiquen de forma diferent la microbiota
intestinal suggerint que altres components del cacau també actuen a aquest nivell,
incrementant o disminuint els efectes de la teobromina.
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ABSTRACT

SCOPE: To establish the role of cocoa theobromine on gut microbiota composition and fermentation
products after cocoa consumption in rats.

METHODS AND RESULTS: Lewis rats were fed either a standard diet (RF diet), a diet containing
10% cocoa (CC diet) or a diet including 0.25% theobromine (TB diet) for 15 days. Gut microbiota
(fluorescence in situ hybridization coupled to flow cytometry and metagenomics analysis), SCFA
and IgA-coated bacteria were analyzed in fecal samples.

CC and TB diets induced lower counts of E. coli whereas TB diet led to lower counts of
Bifidobacterium spp., Streptococcus spp. and Clostridium histolyticum-C. perfingens group
compared to RF diet. Metagenomics analysis also revealed a different microbiota pattern among the
studied groups. The SCFA content was higher after both CC and TB diets, which was mainly due to
enhanced butyric acid production. Furthermore, both diets decreased the proportion of IgA-coated
bacteria.

CONCLUSION: Cocoa’s theobromine plays a relevant role in some effects related to cocoa intake,
such as the lower proportion of IgA-coated bacteria. Moreover, theobromine modifies gut microbiota
although other cocoa compounds could also act on intestinal bacteria, attenuating or enhancing the

theobromine effects.

1. Introduction

Although cocoa powder was initially used for medical purposes by Mesoamerican civilizations [1], it
is only recently that cocoa has come to be considered a valuable product with healthy properties [2].
Among these beneficial effects, it has been reported that cocoa-enriched diets modulate the immune
system and the gut microbiota [3]. In particular, a cocoa-enriched diet is able to attenuate secretory
IgA (S-IgA) in several intestinal compartments [4—6] and also the IgA-coated bacteria proportion in
the gut [5]. Moreover, a diet containing 10% cocoa for 6 weeks modifies the intestinal microbiota
composition in rats by decreasing the proportion of the Bacteroides spp., the Staphylococcus spp.,
and the Clostridium histolyticum subgroup [5], and thus causing a different short-chain fatty acid
(SCFA) production [7]. Similarly, a cocoa diet modulates the intestinal microbiota in orally

sensitized rats, as determined by a metagenomics analysis [8].

Cocoa powder contains macronutrients, fiber, minerals, polyphenols (flavonoids, mainly flavanols)
and methylxanthines [9]. The most abundant xanthine found in cocoa is theobromine, followed by

caffeine. In fact, cocoa is the richest natural source of theobromine [10, 11]. While the effects of
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flavonoids present in cocoa have been thoroughly studied, less attention has been paid to the
presence of theobromine in cocoa. Even so, a few studies have related its content to a variety of
properties attributed to cocoa powder [10, 12]. As theobromine is able to reach the gut [13, 14], we
hypothesized that this methylxanthine could contribute to the effects of cocoa intake on gut
microbiota. Therefore, the purpose of the present work was to establish the role of cocoa
theobromine in the composition of gut microbiota and fermentation products after cocoa

consumption in rats.

2. Material and methods

2.1. Animals and diets

Lewis rats (3 week old) obtained from Janvier Labs (Saint-Berthevin Cedex, France) were housed in
cages (2-3 animals/cage on days 0-8, and individually on days 8-15) under controlled temperature
and humidity in a 12:12 h light:dark cycle. The rats were randomly distributed into three dietary
groups (n=7 per group): the reference (RF) group ingested a standard diet AIN-93M (Teklad,
Madison, USA), the cocoa (CC) group ingested a standard diet with 10% of natural Forastero cocoa
(Idilia Foods S.L., Barcelona, Spain) containing 2.5% theobromine, and the theobromine (TB) group
ingested a standard diet including 0.25 % of theobromine (Sigma-Aldrich, Madrid, Spain), i.e. the
content of theobromine present in the CC diet. The two experimental diets were elaborated on the
basis of the AIN-93M formula by subtracting the amount of carbohydrates, proteins, lipids and
insoluble fiber provided by the corresponding supplements. The resulting diets were isoenergetic and
contained the same proportion of macronutrients and insoluble fiber as the RF diet (Table 1).
Animals were provided with feed and water ad libitum for 2 weeks. Animal procedures were
approved by the Ethical Committee for Animal Experimentation of the University of Barcelona (ref.

5988).
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Table 1. Composition of diets used in the study

Components Diets (g/kg)”

RF CC TB
Carbohydrates 721.9 709.5 720.1
Proteins 140.8 141.3 140.4
Lipids 38.7 385 38.6
Insoluble fiber 50.0 51.2 49.9
Soluble fiber - 8.9 -
Micronutrients 48.6 44.1 48.5
Theobromine - 2.5 2.5
Phenolic compounds - 4.0 -
Total 1000.0 1000.0 1000.0

*RF, reference diet; CC, diet containing 10% cocoa; TB, diet containing 0.25% theobromine.

2.2. Fecal samples collection and pre-analytical procedures

Fresh feces were collected at days 0, 8 and 15 and processed according to the specific variables to be
analyzed. Some fresh fecal samples were used to determine fecal pH, using a surface electrode
(Crison Instruments, S.A., Barcelona, Spain). The rest of the fecal samples were directly frozen
either at -20 °C until the metagenomics analysis, the bacterial characterization by fluorescence in situ
hybridization, and the IgA-coated bacteria quantification, or at -80 °C until SCFA analysis. For these

determinations, fecal homogenates were later obtained following procedures previously described

[5].

2.3. Quantification of fecal microbiota by fluorescence in situ hybridization (FISH) coupled to
flow cytometry (FCM)

Quantification of representative groups of gut microbiota was carried out in feces from day 15 by
FISH coupled to FCM (FISH-FCM), as described by Massot-Cladera et al. [15]. Briefly, fixed fecal
suspensions were incubated with Cy5-labeled probes targeting specific diagnostic regions of 168
rRNA from different gut bacterial groups (Bacteroidaceae-Prevotellaceae group, Bac303;
Bifidobacterium spp., Bif164; Clostridium histolyticum-C. perfringens group, Chis150; Escherichia
coli, Ecl1531; Clostridium coccoides-Eubacterium rectale group, Erecd82; Lactobacillus-
Enterococcus group, Labl58, Staphylococcus spp., Staphy; Streptococcus spp., Strept)

(Supplementary Table 1). In the case of Lactobacillus, samples were permeabilized with lysozyme
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(Serva, Heidelberg, Germany) prior to the hybridization process [16]. All samples were hybridized at
the specific probe hybridization temperature, as described [15], and kept in the dark at 4 °C overnight
until FCM analysis.

To determine the total bacteria number, the samples were mixed with propidium iodide (PI,

1 mg/mL; Sigma-Aldrich, Madrid, Spain) prior to FCM analysis [5].

2.4. Determination of the proportion of bacteria coated with IgA

Quantification of IgA-coated bacteria was carried out as previously described [15].

2.5. Flow cytometry analysis

For FISH and IgA-coated bacteria quantification, FCM analysis was performed using a FacsAria
SORP sorter (BD, San José, CA, USA) as previously described [5]. Commercial Flow Check™
Fluorospheres (Beckman Coulter, Inc. FL, USA) were used to determine total counts combined with
PI. Analysis was performed using Flowjo v7.6.5 software (Tree Star, Inc.). Microbiota composition
results are expressed as the logo of specific probe labeled bacteria counts/g of feces in each sample.
Moreover, the Firmicutes to Bacteroidetes (F/B) ratio was calculated taking into account the
analyzed bacterial groups belonging to the Firmicutes phylum (those hybridized by Chisl50,
Erec482, Lab158, Staphy and Strept probes) and those belonging to the Bacteroidetes phylum (those
hybridized by the Bac303 probe). IgA-coated bacteria results are expressed as the percentage of

bacteria coated with IgA with respect to the total bacteria.

2.6. Lactic acid and SCFA analysis

After thawing fecal samples, homogenates were centrifuged to remove any particulate matter.
Supernatants were filtered using Millex® filters (0.22 um, Merck Millipore, Darmstadt, Germany).
Supernatant (200 pL) was added to 50 pL of the internal standard (2-ethylbutyric 100 mM in
isopropanol) in a Chromacol VALK vial (Thermo Scientific, Langerwehe, Germany) with a Fisher
brand adaptor (Fisher Scientific, Loughborough, UK). Each sample was injected into a 1050 series
HPLC System (HP, Crawley, West Sussex, UK) equipped with UV detection. The column used was
an ion-exclusion REZEX-ROA organic acid column (Phenomenex, Macclesfield, UK) and a
SecurityGuard pre-cartridge (Phenomenex) maintained at 85 °C in a 7981 model oven (Jones
Chromatography, Lakewood, USA). Sulfuric acid (2.6 mM) was used as the eluent, and the flow rate
was 0.5 mL/min. Peaks were integrated using Agilent ChemStation software (Agilent Technologies,

Oxford, UK). Quantification of the samples was obtained through calibration curves of lactic, acetic,
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propionic, butyric and formic acids (12.5-100 mM). Results were expressed as mM (for total SCFA)

and relative increases of the total and individual SCFA with respect to those values found in the RF

group.

2.7. Metagenomics analysis

DNA was extracted from two randomly selected samples from each group using a FastDNA® SPIN
Kit (MP Biomedicals, Solon, OH, USA) following the manufacturer’s protocol. Amplicons of 16S
rDNA were purified and diluted in equal concentrations prior to sequencing in lon Torrent platforms
by the Genetic Diagnostic Bioarray facilities (Bioarray, Alicante, Spain), as previously described [8].
Brietly, a massive sequencing using the QIIME software package v1.8.0. and USEARCH v7.0.1090
was carried out and the obtained sequences were assigned into operational taxonomic units (OTUS;
sequences that share > 97% similarity) using the UCLUST algorithm and Greengenes reference
database (v13_8). Results are expressed as absolute and relative abundance of phyla and number of
detected species. The bacterial species found among the experimental conditions, in common or not,

were also considered and represented through a Venn diagram.

2.8. Statistical analysis

The normality of continuous variables was assessed by normal probability plots and the Shapiro—
Wilk test, and the variance equality by Levene’s test. Non-normally distributed variables were
analyzed by non-parametric tests, specifically Kruskal-Wallis and Mann—Whitney U tests. Normally
distributed variables were analyzed by one-way ANOVA followed by Bonferroni post hoc
significance test. Student T-test was used to analyze the metagenomics study. P < 0.05 was
considered statistically significant. Statistical analysis was performed using the software package

SPSS 22.0 (IBM Statistical Package for the Social Sciences, version 22.0, Chicago, IL, USA).
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3. Results

3.1. Body weight and food intake

Although the initial body weight was similar among the groups, a statistically slower body weight
gain was observed during the study for both the CC and TB groups (Figure 1A). The measurement
of the food intake revealed that, even though there was not lower food intake when considering the
relative amount per body weight (in all cases it was about 12 g/100g of BW), lower absolute food
intake per rat in both CC and TB groups than in RF group was found from the first day of diet
(Figure 1B).

Figure 1. Body weight (A) and food intake (B) throughout the study. The amount of food intake showed in
each day was calculated considering the amount fed in each interval divided into the number of days in each
period. Values are expressed as mean + SEM (n=7). RF, reference group; CC, group fed diet containing 10%

cocoa; TB, group fed diet containing 0.25 % theobromine. * P<0.05 vs RF group; # P<0.05 vs CC group.

A B

ann an

0 4 6 8 15 1 4 6 8 15
Nutritional intervention (days) Nutritional intervention (days)

3.2. Gut bacterial populations by FISH-FCM

After 15 days of dietary intervention, significant differences in the gut microbiota composition were
observed (Figure 2). Concerning total bacteria counts, the CC diet caused the elimination of higher
number of bacteria per day than the RF diet. This increase could be associated with the stool amount
per day, which was higher in CC rats (3.07 = 0.11 g) than that from RF rats (1.78 + 0.10 g) (P<0.05).
Nevertheless, the total bacteria counts relative to fecal weight from CC fed rats were similar to those
in the RF group. In the case of TB diet, although it also resulted in a higher stool amount per day
(2.73 £ 0.24 g), it did not modify the number of bacteria in feces. Therefore the TB group showed
lower counts than the other groups when considering the number of bacteria per fecal weight

(P=0.021 and P=0.055 compared to the RF and CC groups, respectively).
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Figure 2: Total bacteria counts, total Firmicutes counts, Firmicutes/Bacteroidetes ratio, and bacteria counts

detected with selected probes indicated in the top determined by FISH-FCM from fecal samples. RF,

o
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log)o bacteria/g feces + SEM (n=7). * P<0.05 vs RF group; # P<0.05 vs CC group.
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Regarding particular bacterial groups, both the CC and TB groups presented lower counts of E. coli
than the RF group, with the counts being even lower in the CC group than in the TB one. The TB
diet also led to significantly lower counts of Bifidobacterium spp., Streptococcus spp. and
Clostridium histolyticum-C. perfringens than the RF group. The decrease in the Clostridium group,
together with a reduction in the Bacteroidaceae-Prevotellaceae group, was also significant compared
to the CC group. As a result, the Firmicutes counts were lower in feces from the TB group than those
from RF rats (P=0.005). Even so, the F/B ratio was not significantly modified in the feces of the

studied groups.

3.3. Quantitative metagenomics analysis of gut bacterial populations
After the FISH-FCM analysis of microbiota, a metagenomics approach was carried out in
representative feces, in order to get an idea about the most modified species. The metagenomics

analysis allowed the relative abundance of the OTUs to be obtained (Figure 3).

Figure 3. Abundance of phyla found in feces by metagenomics analysis. Firmicutes/Bacteroidetes ratio and
relative abundance (%) of each phylum with respect to the total bacterial DNA for each experimental group.
RF, reference group; CC, group fed diet containing 10% cocoa; TB, group fed diet containing 0.25 %
theobromine. Values are given as means + SEM (n=2). * P<0.05 vs RF group; # P<0.05 vs CC group.
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The CC group showed a higher proportion of the Firmicutes and a lower proportion of Bacteroidetes
phylum members than the RF group, which was associated with a significantly higher F/B ratio than
the RF and TB groups. The TB group displayed no changes in Firmicutes and Bacteroidetes phyla
but showed a higher proportion of the Tenericutes phylum than the RF and CC groups. A further
analysis also revealed changes in the relative abundance of some species (Table 2). Regarding
Bacteroidetes phylum, the proportion of the Bacterioidales order and particularly of the Bacteroides
genus, e.g. B. acidifaciens, decreased with CC intake, whereas the percentage of the Prevotella genus
increased, which was not observed in the TB group. Moreover, in the Cyanobacteria phylum, CC
diet led to a higher proportion of the Streptophyta order. With regard to the Firmicutes phylum, CC
diet led to a higher proportion of the SHA-98 and Clostridiales order, Butyrivibrio genus
(Lachnospiraceae family) and Ruminococcaceae family, and a lower proportion of other
Clostridiales (Peptococcaceae family and Anaerotruncus sp.) species. On the other hand, the TB
group showed an increase in the proportion of the Erysipelotrichaceae family (Firmicutes phylum),
Ralstonia sp. (Proteobacteria phylum) and one bacterium of the Mollicutes class (Tenericutes

phylum) (Table 2).

3.4. Qualitative metagenomics analysis of gut bacterial populations

A total of 71, 80 and 73 different species were detected by metagenomics analysis in feces from the
RF, CC and TB groups, respectively (Supplementary Figure 1A). To determine the relation among
bacterial species present in each group, a Venn diagram was created (Supplementary Figure 1B).
From all the fecal-detected species, 68 were common to all three studied groups. CC intake led to 11
new species; of these, four species were also found in the TB group (species belonging to
Bacteroidetes, Firmicutes and Proteobacteria phyla) and seven were exclusively detected in the CC
group (including species belonging to the Actinobacteria, Cyanobacteria, Firmicutes and
Proteobacteria phyla) (Table 3). Only “Candidatus Arthromitus” (Firmicutes phylum, Clostridia
class) was found exclusively in the TB group. Two species were only detected in the RF group,
which belonged to the Paraprevotellacea family (Bacteroidetes phylum) and Coprobacillus genus
(Table 3). In addition Ruminicoccus flavefaciens (Firmicutes phylum) disappeared in the

theobromine-fed animals.
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Table 3: Bacteria detected in one or two of the studied groups. Grey color indicates bacteria presence. RF, reference group; CC ling

10% cocoa; TB, group fed diet containing 0.25% theobromine.

Phylum Class Order Family Genus Specie
Bacteroidetes  Bacteroidia Bacteroidales Paraprevotellaceae

Firmicutes Erysipelotrichi Erysipelotrichales  Erysipelotrichaceae  Coprobacillus

Firmicutes Clostridia Clostridiales Ruminococcaceae  Ruminococcus favefac
Actinobacteria Actinobacteria Actinomycetales  Other Other Other

Cyanobacteria Chloroplast Streptophyta

Firmicutes Clostridia Clostridiales Dehalobacteriaceae

Firmicutes Clostridia Clostridiales Lachnospiraceae Roseburia faecis

Firmicutes Clostridia SHA-98

Proteobacteria Gammaproteobacteria — Aeromonadales Aeromonadaceae Other Other

Proteobacteria Gammaproteobacteria  Pseudomonadales  Pseudomonadaceae  Pseudomona

Bacteroidetes  Bacteroidia Bacteroidales Prevotellaceae Prevotella Other

Bacteroidetes  Bacteroidia Bacteroidales Prevotellaceae Prevotella

Firmicutes Bacilli Bacillales Staphylococcaceae  Staphylococcus Other

Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae  Ralstonia

Firmicutes Clostridia Clostridiales Clostridiaceae “Candidatus Arthromitus”
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3.5 Fecal pH, lactic acid and SCFA
The TB diet led to higher pH values than those found after the RF and CC diets (Figure 4A). Fecal
concentrations of lactic acid were not significantly affected by the experimental diets (4.26 + 1.54

mM in RF group; 1.96 £ 0.41 mM in CC group; 2.6910.73 mM in TB group).

Figure 4B shows the fold-increase of the total and the individual fecal SCFA analyzed (acetic,
propionic, butyric and formic acids) in the CC and TB groups compared to the RF group. The intake
of CC and TB led to the detection of significantly higher amounts of total SCFA (sum of acetic,
propionic, butyric and formic acid) compared to the RF diet (37.8 + 3.85 mM and 35.9 + 5.98 mM vs
14.5 + 8.31 mM, respectively). Both CC and TB diets increased by more than seven times the
content of butyric acid compared to the RF diet. The CC diet also led to an increase in acetic acid

concentration.

Figure 4. A) Fecal pH. B) Fold change of the total and the individual SCFA analyzed compared to the RF diet
which was considered as 1. Values are expressed as mean = SEM (n=7). RF, reference group; CC, group fed
diet containing 10% cocoa; TB, group fed diet containing 0.25 % theobromine. * P<0.05 vs RF group; #
P<0.05 vs CC group.
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3.6 Percentage of fecal bacteria coated with IgA
The percentage of [gA-coated bacteria was determined before and at 8 and 15 days of the nutritional
intervention (Figure 5). The CC group and, to a lesser extent, the TB group showed lower

percentages of fecal IgA-coated bacteria compared to the RF group at days 8 and 15.
Figure 5. Fecal IgA-coated bacteria throughout the study. Values are expressed as percentage of IgA-coated
bacteria (mean = SEM, n=7). RF, reference group; CC, group fed diet containing 10% cocoa; TB, group fed

diet containing 0.25% theobromine. * P<0.05 vs RF group; # P<0.05 vs CC group.

2n

0 8 15

Nutritional intervention (days)

4. Discussion

Cocoa-enriched diets have demonstrated their influence on the gut microbiota and the intestinal
immune system, which could be partially attributed to the cocoa’s polyphenol and fiber content [4, 5,
7, 17]. As far as we are concerned, no data about the effect of theobromine on gut microbiota and
immunity have been published before. In the present study, we have established the role of
theobromine in the effects of cocoa on gut microbiota composition, SCFA, bacteria coated with IgA

and on body weight increase.

In vitro, in vivo and clinical studies demonstrate that cocoa is able to modulate the growth of gut
microbiota [5, 7, 15, 18]. Previous studies in rats show that the intake of cocoa-enriched diets for at
least three weeks modifies the intestinal microbiota pattern [5, 7, 15]. In the present study, the
ingestion of the cocoa diet for two weeks was not able to significantly modify most of the bacterial

groups analyzed by FISH-FCM, probably because of the shorter length of this nutritional
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intervention. However, some changes were observed when theobromine was ingested alone,
indicating that theobromine by itself is able to directly or indirectly modify gut microbial
populations. The metagenomics analysis, even though it was carried out in a small number of
samples, allows to have an idea of particular genera and/or species from gut microbiota modified by
CC and TB diets and thus, by using both techniques in a complementary manner, we obtained a

wider approach of the gut microbiota changes.

According our FISH-FCM results, theobromine seems to exert an inhibitory effect on gut
microbiota, mainly on bacteria belonging to the Firmicutes phylum (Clostridium histolyticum-C.
perfringens group and Streptococcus spp.), Bifidobacterium spp. and E.coli. The effect of TB
partially agrees with previously reported effects of a cocoa diet [5, 7] on Clostridium spp. and
Streptococcus spp. In addition, according to the metagenomics analysis, the decrease in Firmicutes
could be associated with the disappearance of Ruminococcus flavefaciens, a cellulolytic bacterium
found to be increased by a flavonoid-enriched diet [19, 20]. The disappearance of R. flavefaciens
after the TB diet, although it contained the same cellulose amount as the RF and CC diets, may
reflect a particular cffect of theobromine on this specics that could be counteracted by the flavonoid
content in the cocoa diet. Conversely, theobromine alone seems to be able to increase other bacteria
from the same family (Erysipelotrichaceae). This family is decreased by a diet rich in flavonoids
[21], which would explain the current changes observed only in the TB group. Furthermore, from the
two samples analyzed in the TB group, it can be suggested that theobromine ingested alone induced
the presence of “Candidatus Arthomitus”, another member of the Firmicutes phylum. This is a
segmented filamentous bacterium able to induce adaptive immune responses in the gut [22], and it
can adhere to the epithelial cells in the ileum and Peyer’s patches, contributing to the prevention of

the colonization of the enteropathogenic E.coli O103, Salmonella, and others [23, 24].

The cocoa diet, including theobromine, seems to induce the growth of bacteria belonging to
Firmicutes, according to the metagenomics analysis. This increase could be associated with a higher
relative abundance of one species from the Lachnospiraceae (Butyrivibrio genus) and another from
the Ruminococcaceae families, all of them belonging to the Clostridia class. Moreover, the cocoa
diet seems to lead to the appearance of new species belonging to the Clostridia class
(Dehalobacteriaceae spp., Roseburia faecis and SHA-98 spp), which is in line with the increase of
Lachnospiraceae, Clostridiales, and Ruminococcaceae found in pigs fed a grape seed extract [25],

and therefore, it could be related to an effect of the cocoa’s polyphenol content.
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In the results of total Bacteroidetes phylum by FISH-FCM and metagenomics analyses,
discrepancies were observed, which could be due to the low representation of bacterial members of
this phylum in the first analysis and/or the low sample size in the second one. Nevertheless, the
metagenomics analysis allowed us to suggest changes inside this phylum. For example, one species
from the Paraprevotellaceae family disappeared with both diets, and the cocoa diet decreased in
particular the number of species belonging to the Bacteroidales order (Bacteroides sp. and
Bacteroides acidifaciens). The B. acidifaciens has been described to be the predominant bacteria
responsible for promoting IgA production in the large intestine [26]. This agrees with our current
results regarding IgA-coated bacteria and with previous studies showing lower intestinal IgA with a
cocoa diet [5, 17, 27]. On the other hand, CC diet increased the relative abundance of Prevotella sp.,
which could be due to its polyphenol content since higher numbers in the Prevotella group have been

associated with the daily consumption of red wine polyphenols [28].

One important finding of our study is that theobromine (both in the CC and TB groups) lowered the
counts of £. coli. This agrees with the reported inhibitory effects of theobromine on Gram-negative
bacteria [29], suggesting an inhibitory effect on the growth of potential gut pathogens. This
inhibition was enhanced with the CC diet, suggesting the role of polyphenols in this effect [30]. In
the same phylum, Ralstonia sp. seems to appear due to the CC and TB diets. Ralstonia sp. was
formerly included in the Pseudomonas genera, which includes species able to degrade
methylxanthines [31, 32]. Therefore, its presence may reflect the adaptation of gut microbiota to

diets rich in methylxanthines.

The impact of theobromine on gut microbiota was also patent in the Tenericutes phylum, which
increased almost fourfold with theobromine ingested alone. This was associated with a higher
number of bacteria belonging to the RF39 order (Mollicutes class). A study reported a similar eftect
with the ingestion of cocoa for 4 weeks [8]. The absence of effects on Tenericutes with the CC diet

suggests that other cocoa compounds delayed the theobromine effect on this phylum.

With regard to Actinobacteria, a prebiotic effect of cocoa polyphenols in humans [33] and of cocoa
fiber in rats [7] by increasing the counts of Bifidobacterium group has been reported. As TB diet, but
not CC diet, decreased the proportion of Bifidobacterium spp., it can be suggested that theobromine
is counteracting the prebiotic effects of cocoa fiber. However, the metagenomics results suggested no
changes in the relative abundance of Actinobacteria species, either in the TB or CC diet, although it
seems that CC diet leads the appearance of one species of the Actinomycetales order. In line with

these results, blueberries increased the relative abundance of Actinomycetales order in rats, which
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allows us to suggest the role of polyphenols in such an effect [34]. Finally, the appearance of one
species of the Streptophyta order (Cyanobacteria phylum) with the ingestion of cocoa, in agreement
with the reported effect of a CC diet for 4 weeks [8], must be related to the cocoa’s polyphenol or
fiber content. Nevertheless, the role of such bacteria in the intestinal microbiota remains to be

elucidated.

Overall, this study reveals the impact of theobromine on gut microbiota. The effects were different
depending on whether theobromine was ingested alone or when forming part of cocoa, although few
common characteristics were found. Some changes observed exclusively in the TB group would
have been due to the action of this methylxanthine, which were counteracted by other cocoa
compounds, such as fiber and polyphenols. Other changes in the TB group agree with previous
results reported with a longer CC diet, suggesting that these other compounds included in the CC diet
could delay the TB effect. The modifications exclusively found in the CC group must be related to

the cocoa’s fiber or polyphenol content.

The effect of theobromine on gut microbiota has also been reflected by the changes observed in
SCFA in both theobromine-containing diets. The enhanced generation of SCFA was mainly due to
the butyric acid. Butyrate is considered the main energy source for colonocytes, and is also important
for the regulation of gene expression, the intestinal barrier and the immune system, among others
[35, 36]. However, whereas butyric acid increased with both diets, the increase in the proportion of
acetic acid was only observed after cocoa ingestion. This disagreement could be due to the
fermentation of different substrates with both interventions. After cocoa intake, SCFA would come
directly from polyphenol and/or fiber fermentation [7], whereas for the TB diet, changes in the
generation of SCFA would be indirectly due to the inhibition of some bacterial populations and thus
contribute to enhancing the amount of substrate available for other bacteria. The differential patterns
in the SCFA generated support the idea that the ingestion of theobromine alone or as part of cocoa
has a different impact on gut microbiota. Furthermore, the unexpected higher fecal pH when
theobromine was ingested alone deserves further studies focusing on microbial metabolites which

could explain the observed fecal pH changes.

The current results evidence that theobromine (both in the TB and CC diets) contributes to the lower
proportion of bacteria coated with IgA found after the cocoa diet, in line with previous results [5, 7,
15]. As rats fed the CC diet even showed a lower proportion of IgA-coated bacteria, the combination

of cocoa polyphenols with theobromine in the CC diet could have an additive or a synergistic effect
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on reducing their proportion. On the other hand, the effect of cocoa fiber must be discarded because

it was associated with an increase in the percentage of IgA-coated bacteria [7].

Results regarding body weight suggest that theobromine present in cocoa was the main reason for a
slower body weight increase produced by the 10% cocoa diet. In fact, there was a lower food intake
per animal already in the first day of diet, which could affect the body weight increase and it can also
influence gut microbiota. On the other hand, body growth could be affected by TB influence on
metabolism. In this sense, it has been demonstrated that caffeine has a stimulatory effect on

thermogenesis [37] and has been associated with bone mass loss [3§].

In conclusion, here we demonstrate that cocoa theobromine plays a relevant role in some effects
related to cocoa intake, such as lower body weight increase and the proportion of IgA-coated
bacteria. In addition, theobromine modifies gut microbiota, although other cocoa compounds —such
as cocoa polyphenols or fiber— also act on the intestinal bacteria, attenuating or enhancing the
theobromine effects, that overall leads to the global effect of cocoa on microbiota which differs from

that of each particular cocoa component.
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SUPPLEMENTARY MATERIAL

Supplementary Table 1: Bacteria specitic probes for the FISH analyses.

Bacterial group Probe Sequence (5'-3") References
Bacteroidaceae-Prevotellaceae Bac303 CCAATGTGGGGGACCTT [1]
Bifidobacterium spp. Bif164 CATCCGGCATTACCACCC [2]
Clostridium histolyticum-C. Perfringens Chis150 TTATGCGGTATTAATCTYCCTTT i3]
Escherichia coli Ec1531 CACCGTAGTGCCTCGTCATCA [4]
Clostridium coccoides-Eubacterium rectale  Erec482 GCTTCTTAGTCARGTACCG [5]
Lactobacillus-Enterococcus Lab158 GGTATTAGCAYCTGTTTCCA [6]
Staphylococcus spp. Staphy TCCTCCATATCTCTGCGC [71
Streptococcus spp. Strept CACTCTCCCCTTCTGCAC [7]

Y= (C/T), R= (A/G)

[1] Manz, W., Amann, R., Ludwig, W., Vancanneyt, M., et al., Application of a suite of 16S rRNA-
specific oligonucleotide probes designed to investigate bacteria of the phylum cytophaga-flavobacter-
bacteroides in the natural environment. Microbiology 1996, 142, 1097—1106.

2] Langendijk, P.S., Schut, F., Jansen, G.J., Raangs, G.C., et al., Quantitative fluorescence in situ
hybridization of Bifidobacterium spp. with genus-specific 16S rRNA-targeted probes and its
application in fecal samples. Applied and Environmental Microbiology 1995, 61, 3069-3075.

[3] Harmsen, H.J., Gibson, G.R., Elfferich, P., Raangs, G.C., et al., Comparison of viable cell counts and
fluorescence in situ hybridization using specific rRNA-based probes for the quantification of human
fecal bacteria. 2000, /83, 125-129.

[4] Poulsen, LK., Lan, F., Kristensen, C.S., Hobolth, P., et al., Spatial distribution of Escherichia coli in
the mouse large intestine inferred from rRNA in situ hybridization. Infection and Immunity 1994, 62,
5191-5194.

[5] Lay, C., Sutren, M., Rochet, V., Saunier, K., et al., Design and validation of 16S rRNA probes to
enumerate members of the Clostridium leptum subgroup in human faecal microbiota. Environmenital
Microbiology 2005, 7, 933-946.

[6] Harmsen, H.J.M., Elfferich, P., Schut, F., Welling, G.W., A 16S rRNA-targeted probe for detection of
lactobacilli and enterococci in faecal samples by fluorescent in situ hybridization. Microbial Ecology
in Health and Disease 1999, 11, 3-12,

[7] Trebesius K, Leitritz L, Adler K, Schubert S, Autenrieth IB, H.J., Culture independent and rapid
identification of bacterial pathogens in necrotising fasciitis and streptococcal toxic shock syndrome by

fluorescence in situ hybridisation. Med Microbiol Immunol 2000, 188, 169—175.
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Supplementary Figure 1. Diversity of bacterial species found in feces by metagenomics analysis. A)
Richness of bacterial species; B) Venn diagram of differentially detected species. The diagram shows the
absolute number of detected species that belonged to each of the individual nutritional interventions, the
detected species common to each pair of groups and the detected species in common to all the three nutritional
interventions (in the center of the representation). RF, reference group; CC, group fed diet containing 10%

cocoa; TB, group fed diet containing 0.25 % theobromine.
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Resum ARTICLE 7

Objectiu: Després d’observar el poder immunoregulador de la dieta rica en cacau,
’objectiu final de la tesi va ser establir si la teobromina era la responsable dels seus efectes
sobre la produccié d’anticossos sistémics i intestinals i caracteritzar la seva influéncia sobre
en la composicio limfocitica de teixits limfoides primaris i secundaris a curt termini.

Material i métodes: Rates Lewis de 3 setmanes d’edat varen ser alimentades durant 19 o0 8
dies amb una dieta estandard, una dieta amb un 10% de cacau o una dieta amb 0.25% de
teobromina (la mateixa quantitat que conté la dieta de cacau). Es varen obtenir mostres
seriques i fecals al llarg de Uestudi per tal de determinar les concentracions
d’immunoglobulines en aquests teixits (técnica ELISA). A més, al final de ’estudi de 8 dies,
es varen aillar els limfocits del timus, melsa i ganglis limfatics mesenterics per tal d’establir-
ne la seva composicié (citometria de flux).

Resultats: La dieta amb un 10% de cacau va disminuir la concentracio sérica d’IgG després
de 19 dies d’intervencio, degut de la reduccio d’IgG2c, 1gG2b i 1IgG1. Aquesta dieta també
va reduir la concentracio serica d’IgM i d’IgA, després de 4 i 8 dies d’intervencio,
respectivament. A nivell intestinal, el cacau va disminuir la concentracio d’IgA després de
4 dies d’ingesta. La dieta amb teobromina va produir exactament els mateixos efectes sobre
les immunoglobulines sériques i intestinals. A nivell tissular, al timus, les dues dietes van
incrementar la proporcio de cél-lules DP i de les SP. Als GLM, les dues dietes van disminuir
els Th i incrementar els Tc. A més, la dieta cacau va disminuir la proporcié de
CD45RA+CD62L+. A melsa, les dues dietes varen disminuir els TCRyS, les cél-lules NK i NKT,
i incrementar les Th. A més, la dieta amb teobromina va incrementar la proporcio de les
cel-lules CD4 i CD8 amb el marcador CD62L.

Conclusions: La dieta 10% cacau degut el seu contingut amb teobromina produeix una
disminuci6 dels anticossos sistémics i intestinals i modifica la composicio de limfocits del
timus, ganglis limfatics mesentérics i melsa. La majoria dels canvis, ja son evidents sols
després d’una setmana d’ingesta de cacau.
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Abstract

Background: A 10% cocoa-enriched diet influences the immune system functionality including the
attenuation of the antibody response. However, neither cocoa polyphenols nor cocoa fiber can totally
explain these immunoregulatory properties.

Objective: In the present study, we firstly aimed to establish the role of the cocoa theobromine in
systemic and intestinal immunoglobulin production and, secondly, we aimed to ascertain the
promptness of cocoa influence on the lymphoid tissues and immune functionality carrying out a study
lasting a single week.

Methods: For 19 or 8 days, three-week-old Lewis rats received either a standard diet, a 10% cocoa diet
(CC) or a 0.25% theobromine diet (the same amount provided by the CC diet). Throughout the 19 or 8
days, serum IgG, IgG isotypes, IgM, IgA concentrations and intestinal secretory IgA (sIgA) levels
were determined by Enzyme-Linked ImmunoSorbent Assay (ELISA). In addition, after 8 days, the
thymus, mesenteric lymph nodes (MLN) and spleen lymphocyte populations were analyzed by flow
cytometry.

Results: Both cocoa- and theobromine-enriched diets prompted a similar attenuating response in serum
IgG, 1gG isotypes, IgM and IgA and intestinal sIgA. In addition, the cocoa diet changed the
composition of the thymus (e.g. increasing double-negative and CD4+ thymocyte proportions), MLN
(e.g. decreasing the percentage of Th lymphocytes) and spleen (e.g. increasing the proportion of Th
lymphocytes) as early as after a single week of diet. Most of these changes were identical to those
produced by theobromine intake.

Conclusions: The theobromine content in cocoa is responsible for cocoa’s regulatory effect on both
systemic and intestinal antibody production and also for modifying thymus, MLN and spleen

lymphocyte composition. The majority of these changes can be observed after a single week of diet.

Keywords: cocoa; immune system; immunoglobulins; lymphoid tissues; mesenteric lymph node;

methylxanthine; spleen; theobromine; thymus
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1. Introduction

Cocoa, derived from Theobroma cacao fermented seeds, was introduced by the Mayan and Aztec
civilizations as dietary and medicinal food and was diffused to Europe in the mid-1500s [1]. At
present, cocoa products are consumed worldwide [2], mainly as a snack due to its pleasurable taste.
Furthermore, an increasing number of health properties have been attributed to its consumption, such
as promoting cardiovascular health, preventing metabolic and endocrine disorders and improving

cognition, mood and behavior [2-7].

In previous studies, we extensively reported that the feeding of a cocoa-enriched diet has an
immunoregulatory effect on rats. Specifically, a 10% cocoa diet in rats influences systemic and
intestinal immune function and lymphoid tissue composition. In the thymus, a cocoa diet increases the
proportion of mature single positive (SP) CD4+ cells and decreases the immature double positive (DP)
cells [8]. In mesenteric lymph nodes (MLN), cocoa intake increases the proportion of TCRYS cells and
Tc cells [9], whereas in the spleen, this nutritional intervention induces a higher percentage of B cells
together with a reduction in the Th lymphocyte proportion [10]. With regard to immunoglobulins, a
cocoa diet to six-week-old female Wistar rats for three weeks decreases the concentration of serum
IgG2a and IgM and secretory IgA (sIgA) and secretory IgM (slgM) [11]. Similar results were
observed after two weeks of cocoa diet in eight-week-old male Lewis rats feeding different cocoa
flavonoid-enriched diets [12]. In this vein, the immunoregulatory influence of cocoa has been used to
prevent the development of both allergy and oral sensitization in rat models, in which it has effectively

prevented specific antibody synthesis [13—15].

Cocoa contains carbohydrates, proteins, lipids, fiber, minerals, polyphenols and methylxanthines [16].
Among polyphenols, flavonoids are the most important and include procyanidins, epicatechin and
catechin. Over the last decades, a great number of cocoa benefits have been described as a result of the
antioxidant and anti-inflammatory properties of these polyphenols [2,17-19]. However, cocoa is also a
source of methylxanthines. These compounds are derived from xanthines and are found in several
vegetal derivatives [20], such as coffee, tea and cocoa, which contain caffeine, theophylline and
theobromine as the most relevant methylxanthines, respectively [21]. Cocoa contains both
theobromine and caffeine, the first being the most abundant [22]. Currently, several theobromine
health effects have been described. In this context, among other benefits, theobromine acts on oral
health, suppresses cough, produces bronchodilation in asthma patients, has a psycho-stimulant action,
protects against neurodegenerative diseases (Parkinson’s and Alzheimer’s), and inhibits acid uric
crystallization [21-24]. Today, there is increasing evidence regarding the important role played by

methylxanthine in the healthy properties of cocoa [22,23].

In recent years, interest in the identification of those cocoa compounds that play an immunoregulatory

role has grown. For that reason, several experimental designs have been carried out in order to
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ascertain whether polyphenols or cocoa fiber were responsible for the immunomodulatory properties
of cocoa. Nevertheless, in both cases, the results showed that these components only partially
explained the impact of cocoa on the immune system and, therefore, other cocoa compounds might
contribute to the attenuation of the humoral immune response [12,25.26]. In fact, the effect of
theobromine on the immune system is not yet known. In this regard, we can hypothesize that
theobromine could have a role in the immunoregulatory action of cocoa. On the basis of these
previous studies, the first aim of the current study was to establish the influence of cocoa theobromine
in systemic and intestinal immunoglobulin production. In addition, as given that theobromine was
responsible for these effects, the second goal of the study was to ascertain the promptness of cocoa
influence on both the primary and secondary lymphoid tissues and also on antibody production,

carrying out a study lasting a single week.

2. Materials and Methods
2.1. Animals and experimental nutritional intervention

Three-week-old female Lewis rats obtained from Janvier Labs (Saint Berthevin Cedex, France) were
housed (2-3 rats/cage) under controlled conditions of temperature and humidity in a 12h / 12 h
light/dark cycle. The rats were randomly assigned into three dietary groups (n = 6-7 each): the
reference group (RF), fed with the standard diet AIN-93M; the cocoa group (CC), fed a 10% cocoa
diet; and the theobromine group (TB) fed a standard diet with 0.25% theobromine, which was the
same amount provided by the 10% cocoa diet (Table 1). Animals were given free access to water and
chow. In order to achieve the first aim of the study, an experimental design lasting 19 days was carried
out, and to achieve the second aim, an experimental design lasting one week was conducted (Figure
1). All the experimental procedures were performed according to the Guide for the Care and Use of
Laboratory Animals, reviewed and approved by the Lthical Committee for Animal Experimentation of

the University of Barcelona (CEEA/UB ref. 5988).
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TABLE 1. Composition of the experimental diets

theobromine group (n= 6 rats per group).

. RF: reference group, CC: cocoa group, TB:

Components Diets® [g/kg diet]

RF cC B
Proteins 141 141 140
Lipids 38.7 385 38.6
Carbohydrates 722 711 720
Insoluble fiber 50.0 50.0 49.9
Soluble fiber - 8.5 -
Minerals 359 34.1 35.8
Vitamins 10.2 8.0 10.2
Choline bitartrate 25 2.0 2.5
Antioxidant 0.01 0.01 0.01
Theobromine - 2.5 2.5
Phenolic compounds - 4.02 -
Total 1000 1000 1000

®RF, standard diet (AIN-93M); CC, 10% cocoa diet; TB, 0.25% theobromine diet.

FIGURE 1. Experimental designs. The first experimental design was carried out to establish the

influence of cocoa theobromine in immunoglobulin production. The second experimental design was

carried out to ascertain the promptness of cocoa influence on lymphoid tissues and immune function.
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2.2. Sample collection and processing

Blood and fecal samples were collected at the time points established in Figure 1. Serum was kept at -
20°C until immunoglobulin (IgG, IgG isotypes, IgM and IgA) quantification. Fecal samples were
coilected and ireated as in previous siudies in order to obtain fecali homogenates (20 mg/mL), which

were kept at -20°C until sIgA quantification [27].

At the end of the second experimental design, the animals were euthanized and the thymus, MLN and
spleen were carefully removed. Thymus and spleen were immediately weighed. For lymphocyte
isolation, tissue samples were passed through a sterile mesh cell strainer (40 pm, ThermoFisher
Scientific) and the resultant cell suspensions were used for thymus and MLN samples, whereas spleen
samples were submitted to the osmotic lyses of erythrocytes. Cell counting and viability of the isolated
cells were determined with a Countess™ Automated Cell Counter (Invitrogen™, Thermo Fisher

Scientific) after staining with trypan blue.
2.3. Immunoglobulin determination

Serum IgG, I1gG1, I1gG2a, [gG2b, IgG2¢, IgM, IgA and intestinal sIgA concentrations were quantified
by a sandwich enzyme-linked immunosorbent assay (ELISA) from Bethyl Laboratories (Montgomery,
TX, USA), following the manufacturer’s instructions. Absorbance was measured at 492 nm by a
photometer (Labsystems Multiskan, Helsinki, Finland) and data were interpolated with Multiskan
Ascent v.2.6 software (Thermo Fisher Scientific S.L.U, Barcelona, Spain) according to the

concentration of the corresponding standards.
2.4. Assessment of lymphocyte composition by flow cytometry analysis

Lymphocytes from thymus, MLN and spleen were stained with the mouse anti-rat CD4, CD8c, CD8f3,
TCRaf, TCRYS, NKR-P1A (BD Biosciences, Oxford, UK) and CD62L (Biolegend, San Diego, CA,
USA) monoclonal antibodies conjugated to fluorescein isothiocyanate (FITC), phycoerythrin (PE),
peridinin-chlorophyll-protein (PerCP) or allophycocyanin (APC), as previously described [14].
Briefly, cells were labeled with saturating amounts of the antibodies in phosphate buffered saline
(PBS) containing 2% of fetal bovine serum (FBS) and 0.1% NaNj; (darkness, 20 min, 4°C).
Consecutively, the cells were washed and fixed with 0.5% p-formaldehyde and kept in darkness at 4°C
until analysis. A negative control staining was included for each sample. Analyses were performed
using a Gallios Cytometer (Beckman Coulter, Miami, FL, USA) in the Scientific and Technological
Centers at the University of Barcelona (CCiTUB). All results were assessed by the Flowjo v.10
software (Tree Star Inc., Ashland, OR, USA).
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2.5. Statistical analysis

Data are expressed as mean + standard error. For the statistical analysis, results were evaluated with
the software package SPSS 22.0 (IBM Statistical Package for the Social Sciences, version 22.0,
Chicago, IL, USA). The Levene test was performed to assess the homogeneity of variance
(homoscedasticity) of the results, and the Shapiro-Wilk test their distribution. Homogeneity of
variance and normal distributed data were analyzed by the parametric test one-way ANOVA followed
by Bonferroni’s post hoc test. In contrast, the results having different variance and/or different
distribution were evaluated by the Kruskal-Wallis and Mann-Whitney U nonparametric tests.

Significant differences were established when p<0.05.

3. Results

3.1. Effect of cocoa theobromine on serum immunoglobulins

[gG, the most abundant serum immunoglobulin, was reduced after 19 days of cocoa or theobromine
diets to the same degree (Figure 2A). However, no differences were seen earlier (Figure 2B). The
total IgG reduction on day 19 was mainly due to a decrease in IgGl, IgG2b and IgG2c isotypes
(Figure 2C).

Total serum IgM and IgA on day 19 were also decreased by the two nutritional interventions (Figure
2D-2E). The analysis of the second experimental design revealed that IgM and IgA were already
reduced at day 4 and 8, respectively (Figure 2F-2G).
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FIGURE 2. Serum IgG, IgM and IgA concentrations. (A-B) IgG in the 19-day experimental design
and the 8-day experimental design; (C) IgG isotypes in the 19-day design; (D-E) IgM in the 19-day
design and the 8-day design; (F-G) IgA in the 19-day design and the 8-day design. RF: reference
group, CC: cocoa group, TB: theobromine group (n= 6-7 rats per group). Values are expressed as

mean = standard error. Statistical difference: * p<0.05 by Mann-Whitney U test.
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3.2. Effect of cocoa theobromine on intestinal sigA

In order to ascertain the contribution of the theobromine in cocoa in the intestinal compartment, sIgA
was also quantified in feces samples throughout both studies (Figure 3). Cocoa and theobromine
groups showed a similar decrease in intestinal sIgA content in both designs. In the first one, the
decrease was detected after 8 days of intake (Figure 3A) and in the second, it was evident from day 4

(Figure 3B).

FIGURE 3. Intestinal sIgA concentration. sIgA content in feces from (A) the 19-day experimental
design and (B) the 8-day experimental design. RF: reference group, CC: cocoa group, TB:
theobromine group (n= 6-7 rats per group). Values are expressed as mean =+ standard error. Statistical

difference: * p<0.05 by Mann Whitney U test.
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3.3. Effect of cocoa theobromine on thymus, MLN and spleen

As shown in previous studies, cocoa diet was able to modify the lymphocyte composition of lymphoid
tissues [8—10]. To ascertain the promptness of cocoa influence on these tissues, thymus, MLN and
spleen were collected in the second experimental design. Table 2 summarizes the relative weight of
the thymus and spleen after the second experimental design. Cocoa and theobromine were able to

similarly decrease the weight of both lymphoid tissues after a single week of diet intake.
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To determine whether theobromine content was also responsible for the changes in lymphocyte
composition of primary and secondary lymphoid tissues, the phenotype of lymphocytes from thymus,

MLN and spleen was studied after one week of the nutritional intervention.

TABLE 2. Relative weight of thymus and spleen (% with respect to BW) after 8 days of
nutritional intervention. RF: reference group, CC: cocoa group, TB: theobromine group (n= 6 rats
per group). Values are expressed as mean =+ standard error (n = 6). Statistical difference: * p<0.05 by
one-way ANOVA.

Relative weight (%)
Group
Thymus Spleen
RF 0.39 £ 0.009 0.30 £ 0.009
CcC 0.22 £ 0.008* 0.24 £ 0.009*
TB 0.20+0.018* 0.25 £ 0.006*

Lymphocytes from thymus are classified into four subsets according to the expression of CD4 and
CD8 molecules (Figure 4A-4D). The most immature population are double-negative cells (DN, CD4-
CD8-), then these cells turn into DP cells (CD4+CD8+) to finally become SP cells (CD4-CD8+ or
CD4+CD8-), corresponding to the most mature thymocytes which eventually migrate to the peripheral
lymphoid organs [28,29]. Both cocoa and theobromine diets increased the relative amount of DN cells,
whereas they decreased that of DP cells and CD4+CDS- cells (Figure 4D). In addition, in the

thymocyte maturation, there is a gradual increase in the expression of TCRof, TCRof™"

being the
most mature cells. The expression of this marker on the four thymocyte subsets was studied (Table 3).
A decrease in the proportion of DN TCRof3+ was observed in both nutritional interventions, with the
proportion of TCROLB""gll being reduced (Table 3). Otherwise, the proportion of CD8+CD4- TCRap+
cells (both TCRap" and TCRaf™ thymocytes) was increased by cocoa and theobromine diets

(Table 3).
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FIGURE 4. Thymus lymphocyte composition after 8 days of nutritional intervention.

Representative flow cytometry histograms of CD4/CD8 expression on lymphocytes from (A)

reference group; (B) cocoa group; and (C) theobromine group. (D) Percentage of cells expressing or

not CD4 and CD8 molecules. Values are expressed as mean + standard error (n=6). Statistical

difference: * p<0.05 by ANOVA or Mann-Whitney U test.
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With regard to the MLN, the proportions of the main lymphocyte subsets, e.g. CD45RA+ (B
lymphocytes), TCRaf+, TCRYS+ and NK cells, were not modified after 8 days of either the cocoa- or
theobromine-enriched diets (Figures SA-5B). However, both interventions decreased the proportion of
TCRoB+CD4+ (Th) lymphocytes and increased that of TCRoB+CD8+ (Tc) cells (Figure 5C).
Consequently, Th/Tc ratio was similarly reduced after the cocoa or theobromine diets (Figure 5D). In
the case of TCRyd+ cells, no significant differences were observed as a result of the diets in either the
CD8aoit or CD8af+ subsets (Figure SE-5F). With regard to the proportion of those Th, Tc and B
cells expressing CD62L (L-selectin), a different pattern was found after the cocoa-enriched diet only,
which reduced the proportion of CD45RA+CD62L+ cells and augmented that of CD45RA+CD62L-
(Figure 5G-5I).

The spleen was also affected after 8 days of either the cocoa or theobromine diet. In particular, both
nutritional interventions decreased the proportion of TCRy3+ and NK cells and no significant
differences were found in TCRof3+ and CD45RA+ lymphocytes (Figures 6A-6B). However, studying
in depth the TCRof+ subsets, in contrast to what happened in MLN, both diets increased the
proportion of Th cells, whereas they decreased those of Tc and NKT cells (Figure 6C). As a result, the
Th/Tc ratio was significantly higher than the reference group (Figure 6D). The percentage of
TCRY3+CD80ot+ and TCRY3+CD8aB+ cells in the three groups was similar (Figure 6E-6F). In the
case of the CD62L marker on CD4+, CD8+ and CD45RA+ cells, only theobromine increased
CD62L+ in CD4+ and CD8+ lymphocyte proportion (Figure 6G-61).
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FIGURE 5. Mesenteric lymph node lymphocyte composition after 8 days of nutritional
intervention. (A) Percentage of the main lymphocyte subsets; (B) TCRaf+/CD45RA+ ratio; (C)
percentage of TCRof+ subsets; (D) Th/Tc ratio; (E) percentage of TCRYd+ subsets; (F)
CD8aot+/CD8uf+ ratio; proportion of CD62L+ and CD62L- cells in (G) CD4+, (H) CD8+ and (1)

CD45RA+ lymphocytes. Values are expressed as mean + standard error (n=6). Statistical difference: *

p<0.05 by one way ANOVA or Mann-Whitney U test.
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Figure 6. Spleen lymphocyte composition after 8 days of nutritional intervention. (A) Percentage

of the main lymphocyte subsets; (B) TCRo+/CD45RA ratio; (C) percentage of TCRoB+ subsets; (D)

Th/Tc ratio; (E) percentage of TCRYd+ subsets; (F) CD8ao/CD8af ratio; proportion of CD62L+ and
CD62L- cells in (G) CD4+ (H) CD8+ and (I) CD45RA+ lymphocytes. Values are expressed as mean
+ standard error (n=6). Statistical differences: * p<0.05 by one way ANOV A or Mann-Whitney U test.
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4. Discussion

Previous studies carried out in rats demonstrated that a 10% cocoa diet has the potential to regulate the
immune function, attenuating the antibody synthesis both in systemic and intestinal compartments [9—
11,30,31], and modifying lymphoid tissue composition mainly in the gut-associated lymphoid tissue
(GALT) [8-11]. These effects could not be totally attributed to the cocoa polyphenol or fiber content
[12,32,33]. The present data show, for the first time, the role of theobromine in cocoa’s effects on
antibody immune response and on lymphoid tissues. In addition, this study reveals the effects of cocoa

on lymphoid tissue after only one week of intervention.

The current results demonstrate that the cocoa diet influenced the production of 1gG when the intake
lasted for more than 8 days. Specifically, we observed a decrease after 19 days of diet and, at this time,
this was due to the reduction of 1gG2c¢>1gG2b>I1gG1. The total IgG decrease was in accordance with
the previous 10% cocoa reported effects for 3 weeks on 3-week-old Wistar rats [10,32], whereas it did
not match with a study carried out in older animals, in particular in 8-week-old Lewis rats [12]. These
results suggest the importance of age in cocoa’s effects on IgG. Regarding the sensitivity of each IgG
isotype, previous studies modified them differently [11,25,31], reflecting that, among others, factors
such as age, rat strain and environment could also be important in the influence of cocoa on IgG.
Nonetheless, it is worth noting that theobromine on its own produced an identical effect on serum IgG

and its isotypes to that of cocoa.

With regard to other serum immunoglobulins, theobromine or 10% cocoa diet also decreased the
concentrations of IgM and IgA by similar proportions. These results partially or completely agree with
those found after 3 or 7 weeks of 10% cocoa diet in 3-week-old or 6-week-old Wistar rats
[10,11,31,32], and after 2 weeks of different cocoa-polyphenol-enriched diets in 8-week-old Lewis
rats [12]. In addition, the current data show that IgM was affected earlier than IgA and both
immunoglobulins earlier than IgG. In any case, most importantly, we can conclude that theobromine is

responsible for cocoa’s influence on systemic immunoglobulins.

With respect to the effect on intestinal antibodies, sIgA was also reduced by the cocoa diet as a result
of its theobromine content. This down-regulatory effect was already observed after 4 days of the
nutritional intervention and corresponded with prior data obtained after one [11,12], two [9,25], three
[25,32], six [30] or seven weeks [31] of cocoa feeding using different rat strains. As reported
previously, cocoa intake decreases the gene expression of cytokines and chemokines required for gut
homing including TGF-B1, CCR9, CCL25, CCL28, RARa and RARP in small intestinal tissue
[31,34], which contributes to the lower proportion of IgA-secreting cells quantified in this
compartment [34]. The results obtained here suggest that some or all of these mechanisms would be

quickly modified after 4 days from the start of the diet.
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On the other hand, this study also focused on the effect of the diets containing methylxanthines on the
organs (bone marrow and thymus) being responsible for the development of lymphocytes [35], and the
secondary ones (lymph nodes, spleen and mucosa-associated lymphoid tissues) involved in the
regulation and the beginning of immune responses [36,37]. Previous studies have reported the
influence of cocoa diet on MLN after at least 3 or 4 weeks of diet [9,14,38,39], whereas studies on the
spieen and the thymus are very limited {8,10]. indeed, in any of the studied iymphoid organs, there are
no results regarding so short a diet period. First of all, it must be taken into consideration that both
cocoa and theobromine intake decreased the weight of spleen and thymus after only one week of the
experimental diet, suggesting that these compounds could inhibit the proliferation of lymphocytes that
will eventually reduce lymphoid tissue organ weight, in a similar way to that described by a
corticosteroid treatment [40]. In addition, the study of the thymus composition revealed that cocoa and
theobromine intake increased the proportion of DN cells (CD4-CD8-) and CD4+ SP, whereas it
decreased that of DP. Furthermore, both nutritional interventions delayed the expression of TCRaf} on
DN cells. The relatively higher amount of the less mature cell type (DN cells) is in line with previous
data obtained with a longer diet period [8], and leads us to think that theobromine may delay T cell

maturation together with the low proliferation ratio suggested by the thymus weight. Nevertheless, this

<
jor]
w
o

(TCRof+ cells) in either MLN or spleen. However, longer intake studies have demonstrated a
decrease in the proportion of TCRaf+ cells in lymph nodes [14], which could be due to this effect

already observed in the thymus after one week of nutritional intervention.

In the current study, the balance of the main populations in the MLN and the spleen, ic. B
lymphocytes and TCRaf+ cells, was not modified by the diet. These results do not agree with those
found in MLN after 4 weeks of cocoa intake, which showed a higher B cell proportion and lower
TCRap+ cell percentage [14], or with those found in spleen, which reported an increase in the
percentage of B cells after feeding cocoa diet for 3 weeks [10]. Therefore, we can suggest that these
previously observed changes would need a longer cocoa intake. However, the current results in MLN
showed a reduction in the proportion of Th cells and an increase in that of Tc cells after one week of
cocoa or theobromine intake, as found in longer studies [9,14]. Nevertheless, in the case of the spleen
composition, there was a contrary effect, i.e. an increased proportion of Th cells and a decrease in Tc
cell percentage, in line with the results found in thymus. In addition, in the spleen, there was a higher
percentage of CD4+CD62L+ and CD8+CD62L+ cells in animals fed cocoa or theobromine. CD62L
(L-selectin) is a cell adhesion molecule found in lymphocytes [41] that induces homing to lymphoid
tissues and it is implicated in inflammatory leukocyte trafficking [42]. The increase of such
splenocytes could indicate the arrival of Th cells to this lymphoid organ, presumably coming from the
thymus and the MLN. In particular, Th cell production in the thymus was increased by the cocoa diet,

and these cells could then move to thespleen. Moreover, we found a lower Th cell proportion in MLN,
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therefore the emigration of these cells to the spleen, induced directly by cocoa intake, could also be

suggested.

In the spleen, the cocoa and theobromine diets induced a relative reduction of the TCRyd+ and NK
cells that did not agree with the reported effect on the spleen in a longer study [10]. On the other hand,
in the current study, TCRyd+ cell and NK cell proportions in MLN were not modified by the
nutritional interventions. However, other studies reported a higher proportion of TCRy&+ (and

sometimes NK cells) in MLN [9,14], Peyer’s patches and intestinal intraepithelial lymphocytes [34],

o

con to oo o
CCit W0 g0 W0

although our study in MLN was not long enough to demonstrate such an increase.

The comparison of the effects of the cocoa and theobromine diets on the composition of both primary
and secondary lymphoid tissues revealed that both diets produced almost the same degree of action in
the modified lymphocyte subsets. Overall, these results indicate that theobromine is the mainly
responsible for the immunoregulatory effect of cocoa on the lymphoid tissues, as stated before for the
attenuation of systemic and intestinal antibody synthesis. Until now, different effects of theobromine
have been published, but, as far as we know, no previous results suggesting the role of theobromine as
an immunoregulatory agent have been published. In this context, here we show that theobromine has
an immunoregulatory potential and could be indicated in situations, such as in organ transplantation to
prevent rejection [43], in autoimmune disorders (multiple sclerosis, rheumatoid arthritis, systemic
lupus erythematosus) [44] and in hypersensitivity reactions (allergic disease and asthma) [45]. With
regard to its action mechanism, it has been described that theobromine is a potent inhibitor of the
poly(ADP-ribose)polymerase-1 (PARP-1) [46]. PARP-1 is a nuclear enzyme that has an essential role
in DNA repair [46] and relevant immunological functions, including the regulation of gene
transcription in dendritic cells, macrophages and lymphocytes [47]. In this context, PARP-1 activation
has been associated with pathologic conditions such as in inflammatory response in murine asthma
models [48,49], and its inhibition prevents airway eosinophilia and suppresses Th2 cytokine
production [50,51]. It has also been reported that PARP-1 negatively regulates Treg cell function
[52,53] and higher numbers of CD4+CD25+FoxP3+ Treg cells appear in thymus, spleen and lymph
nodes of PARP-1 knockout mice [54]. Altogether, these facts lead us to think that the reported
inhibition of PARP-1 by theobromine [46] could have an important implication in the
immunoregulatory role described here. Nevertheless, further studies are required to establish the exact
mechanisms and to ascertain the minimum dose required of this methylxanthine for it to be able to

produce the observed effects.

Overall, the current results suggest that cocoa, due to its theobromine content, affects thymocyte
proliferation, producing a delay in lymphocyte maturation and favoring the presence of CD4+ cells,
effects that are also reflected in the spleen. In addition, cocoa may also act directly on MLN, reducing

the proportion of Th cells involved in B cell activation and, consequently on antibody production. It
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remains to be ascertained whether the increase in CD4+ thymocyte could be due to an increase in

CD4+CD25+ Treg cells, as previously reported [54].

In conclusion, a 10% cocoa-enriched diet is able, due to its theobromine content, to decrease systemic
and intestinal immunoglobulin synthesis and modify thymus, mesenteric lymph nodes and spleen

lymphocyte composition after a single week of dietary intervention.
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L’al-lérgia alimentaria constitueix un problema creixent de salut publica degut,
principalment, a l’augment de la seva prevalenca durant les darreres décades. Per aixo,
és important disposar de models animals d’aquest tipus d’al-lérgia que permetin
identificar els mecanismes responsables del desenvolupament de la sensibilitzacio i,
també, estudiar nous tractaments (immunoterapies, medicaments o intervencions
nutricionals) que regulin o evitin el procés [152]. Aquests ultims anys ha augmentat [’Us de
nutrients com a moduladors de la salut, ja sigui en forma d’aliment funcional o com a
nutriceutic [153]. En aquest ambit, el grup d’Autoimmunitat i Tolerancia ha establert els
efectes del cacau sobre el sistema immunitari sistémic i intestinal [124,154-159], fet que
ha permés definir ’objectiu general d’aquesta tesi, que consisteix en aprofundir sobre les
propietats immunomoduladores del cacau mitjancant U'establiment dels efectes i dels
possibles mecanismes induits per una dieta rica en cacau en un model de sensibilitzacio
oral en rata, i en identificar el/s component/s responsable/s d’aquests efectes.

Per tal d’aconseguir aquest proposit, el primer objectiu de la present tesi va ser
desenvolupar un model de sensibilitzacié oral en rata. Fins ara, s’havien descrit diversos
models d’al-lérgia alimentaria en rosegadors, majoritariament en ratoli [94]. Aquests
models utilitzen diferents vies de sensibilitzacio, diverses soques, |’administracié conjunta
d’adjuvants, diferents tipus d’antigens i un ampli ventall de dosis amb una durada
variable del periode de sensibilitzacié [91,92,94,96]. Tot i aixi, es disposa de pocs models
de sensibilitzacié induits Unicament per via oral, via d’entrada que mimetitza millor el
procés de sensibilitzacié en humans. Es per aix0, que, a linici de la tesi es van provar
diversos procediments d’induccié de la sensibilitzaci6 en els que es va utilitzar
’ovoalbimina com al:-lergogen alimentari (Article 1). Les diferéncies entre els protocols
es basaven en la soca i el génere de les rates (Brown Norway o Lewis, mascles o femelles),
la seva edat a l’inici de la sensibilitzacié (3, 5 o 8 setmanes), la dosi de ’al-lergen, la
utilitzacié d’adjuvant (toxina colérica o sense adjuvant) i la pauta d’administracié (d’una
sola administracié setmanal a una dosi diaria). Els resultats obtinguts d’aquesta primera
part de la tesi, permeten concloure que el desenvolupament d’un model de sensibilitzacio
oral depén de l'Us d’adjuvants, la posologia de l’al-lergogen i de U’edat i el sexe dels
animals (Article 1). En concret, es demostra que l’administracié d’ovoalbimina (50 mg)
juntament amb l'adjuvant toxina colérica (30 pg), tres vegades per setmana durant tres
setmanes, en rates femelles Lewis de tres setmanes d’edat, indueix el desenvolupament
d’una resposta immunitaria que s’evidencia per la formacio d’anticossos especifics. Tal
com es mostra en els Articles 1 i 2, aquests anticossos pertanyen als isotips 1gG1, 1gG2a,
IgG2b i IgM, pero no es desenvolupen anticossos antiovoalbumina dels isotips IgE ni IgG2c.
El model de sensibilitzacio posat a punt a UArticle 1, ha estat emprat en els estudis
posteriors, i ha permés una caracteritzacié més profunda del model (Articles 2, 3 i 4).

La toxina colérica és un potent adjuvant [160] que evita el desenvolupament de la
tolerancia oral per diferents mecanismes més o menys establerts. Per una banda, la toxina
colérica incrementa la permeabilitat intestinal i, per tant, augmenta el pas d’antigens a la
submucosa [161] alhora que afavoreix la perdua d’aigua, dada que es relaciona amb
Uincrement d’humitat en femtes detectat en el model (Article 4). A més a més, aquest
adjuvant produeix un increment de U'expressio de les molecules del complex principal
d’histocompatibilitat de classe Il en els limfocits B [162], activa la maduracié de cel-lules
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dendritiques [163] i la mobilitzacié d’aquestes cap als ganglis limfatics mesentérics a on
augmenta ’expressio de diferents moléecules involucrades en la sintesi de citocines Th2
[164]. La toxina colérica també activa el NF-kB en cél-lules de ganglis limfatics
mesentérics i de plaques de Peyer [165] i incrementa l’expressio genica de molécules
proinflamatories [166]. Totes aquestes accions provoquen una elevada presentacio
antigenica amb activacié de respostes Th2 que promouen la produccié d’IgE i 1gG1, tot
afavorint ’activitat inflamatoria [163,165-168]. Encara que, en el model de sensibilitzacié
oral escollit, s d’aquest adjuvant no ha comportat la produccié d’IgE especifica, els
anticossos majoritaris sintetitzats s’associen a les respostes Th2 (IgG1 i IgG2a) en rata
[97,169] (Articles 1 i 2). Per altra banda, s’ha descrit que la toxina colérica potencia la
formacio d’IgA intestinal [170]; tanmateix, en el protocol de sensibilitzacié establert, no
es varen detectar variacions en el contingut intestinal d’aquesta immunoglobulina en cap
dels experiments realitzats (Articles 1, 2 i 4). A més, a article 3, on s’analitza la
presencia de ceél-lules productores d’IgA a la paret intestinal, es mostra que la
sensibilitzacio oral s’acompanya d’un nombre inferior d’aquestes cél:lules. De fet, la falta
d’una resposta en IgA pot afavorir altres efectes de la toxina colérica [171], com
’augment de la presentacid antigenica i el desenvolupament de la sensibilitzacio tal i com
s’ha descrit en ratolins amb manca d’IgA intestinal [172].

Els Articles 2 i 3, de forma col-lateral als seus objectius, han permés conéixer la
composicio limfocitica de diferents teixits limfoides i U'expressio genica de moléecules
involucrades en la resposta immunitaria en el model de sensibilitzacié posat a punt. Pel
que fa al teixit limfoide associat a l’intesti, la sensibilitzacié oral modifica la composicié
dels limfocits intraepitelials i dels limfocits de plaques de Peyer a intesti prim (Article
3), encara que no produeix cap canvi significatiu en la composicid dels limfocits de la
lamina propia intestinal (Article 3) ni dels ganglis limfatics mesentérics (Article 2).
Concretament, la sensibilitzacio oral redueix el nombre relatiu de limfocits TCRoB+ a
plaques de Peyer i modifica les proporcions de limfocits que expressen molécules
d’adhesié en el compartiment intraepitelial. En concret, disminueix la proporcio de
limfocits CD8+CD103+ i incrementa la proporcioé de limfocits CD62L+, tant CD4+ com CD8+
(Article 3). El marcador CD103 (integrina oE) promou [’adhesié de limfocits a les cél-lules
epitelials intestinals [173], mentre que la molécula CD62L (selectina L) activa la migracié
a teixits limfoides periférics [174]. Els canvis induits per la sensibilitzacidé oral en els
limfocits intraepitelials i en les plaques de Peyer indiquen que aquests limfocits son els
més sensibles al protocol de sensibilitzacio usat, tot induint canvis relacionats amb la
mobilitzacié dels limfocits entre diferents compartiments limfoides.

L’estudi de U’expressio genica de diferents molécules en els teixits limfoides permet
apropar-se als mecanismes implicats en la sensibilitzaci6 oral. A ganglis limfatics
mesenteérics, s’ha observat que la sensibilitzaci6 comporta un augment de ’expressio
geénica d’OX40L (Article 2). OX40L s’expressa en cel-lules dendritiques i s’ha vist que la
interaccid6 OX40L-OX40 durant la presentaci6 antigenica, afavoreix la inducci6 de
respostes Th2 en ratolins quan se’ls hi administra toxina colérica [164]. Aquest resultat
permet suggerir la implicacio dels ganglis limfatics mesentérics en la induccié de la
sensibilitzacio oral, encara que, la composicié limfocitica en aquest compartiment no s’ha
vist modificada (Article 2). Per altra banda, a nivell intestinal, la sensibilitzacié oral
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provoca una disminucio de U’expressio genica de la citocina IL-10 (Article 3) i d’un dels
receptors tipus toll, receptors implicats en la interacci6 entre cel-lules de ’hoste i
microorganismes, concretament del TLR5 (Article 1). Cal assenyalar que tant la IL-10 com
el TLR5 (receptor de la flagel-lina, present en cél-lules dendritiques intestinals) han
mostrat un paper protector en un model d‘al-lérgia alimentaria en ratoli [175] i, per tant,
la seva baixa expressio génica pot ser un mecanisme desencadenant de la sensibilitzacio
oral. Malgrat aixo, les rates sensibilitzades oralment presenten un augment del contingut
intestinal d’IL-10 (Article 2) que podria ser degut a l’increment de la permeabilitat induit
per la toxina colérica.

L’analisi metagenomica de la microbiota intestinal revela que la sensibilitzacio oral també
origina canvis en la microbiota intestinal (Article 4). Aixi, la sensibilitzacié produeix una
disminucié de ’abundancia relativa de U'ordre Erysipelotrichales (Firmicutes), per una
reduccié del génere Allobaculum, génere associat amb una adequada barrera mucosa
[176]. A més, la sensibilitzacié oral també indueix diferents canvis qualitatius i provoca
una menor diversitat bacteriana, tot fent desaparéixer, entre altres, el bacteri
Akkermansia muciniphila, responsable de la restauracié del gruix de la barrera mucosa i
de la produccié de moc [177]. Tots aquests resultats junt amb altres presents a UArticle 4
permeten concloure que la sensibilitzacid oral amb toxina colérica com adjuvant afecta a
la microbiota intestinal i, tot i que sén necessaris més estudis per tal de determinar el
paper exacte que té cada una de les modificacions a ’hoste, les variacions microbianes
suggereixen que ’administracio d’ovoalbumina i toxina colérica afecten a diversos
bacteris relacionats amb la produccié i qualitat de la barrera intestinal.

Una vegada aconseguit el primer objectiu, el segon objectiu de la tesi es va centrar en
establir 'efecte i els possibles mecanismes exercits per una dieta amb un 10% de cacau en
el model de sensibilitzacié oral desenvolupat.

Primer de tot, cal remarcar l’efecte modulador de la dieta rica en cacau sobre la sintesi
d’IgA intestinal (Articles 2, 3 i 4). Aquest resultat s’observa de forma independent a la
induccio de la sensibilitzacio oral i es correspon amb els resultats d’altres estudis en rates
de diferents soques alimentades amb una dieta similar [156,157,159,178]. Cal remarcar
que els efectes del cacau en la IgA intestinal en les rates sensibilitzades oralment ja son
evidents després d’una setmana d’administracio de la dieta (Article 4) i després de quatre
dies en animals no sensibilitzats (Article 7). Aquesta reduccio, associada amb una menor
expressio genica d’IgA a Uintesti (Articles 3) és deguda a canvis en ’expressio génica de
diferents molécules involucrades en la formacié d’IgA: des de l’atenuacié de la citocina
TGF-B1 (Article 3), implicada en l’activacié de limfocits B i la seva diferenciaciéo a
cel-lules secretores d’IgA [179], fins a la reduccio de molécules associades amb la
migracié intestinal de limfocits, tals com CCR9, CCL25, CCL28, RARa i RARB [25], que
comporten finalment un menor nombre de cél-lules IgA+ a la paret intestinal (Article 3). A
més a més, la dieta rica en cacau comporta una menor proporcié de limfocits
intraepitelials TLR4+ (Article 3), el que coincideix amb una reduccio de la seva expressio
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genica, observada en estudis previs [156]. L’activaci6 de TLR4 (receptor del
lipopolisacarid bacteria) s’ha associat amb diverses citocines que participen en el
reclutament i diferenciacié de les cél-lules B IgA+ [180]. Aixi doncs, la dieta amb un 10%
de cacau modula la proporcio de cél-lules TLR4+, modifica diverses citocines i marcadors
involucrats en el reclutament intestinal i disminueix la proporcié de cél-lules IgA+ a la
lamina propia intestinal (Article 3), el que comporta, finalment, una menor concentracio
d’aquest anticos a la llum intestinal (Articles 2, 3 i 4) i una reduccié en la proporcié de
bacteris units a IgA en femtes (Article 6).

El resultat més important observat després de la ingesta d’una dieta rica en cacau en el
model de sensibilitzacio oral, és l’efecte inhibitori sobre la produccié d’anticossos
especifics sistemics. Concretament, la dieta rica en cacau evita la formacié d’anticossos
antiovoalbUimina dels isotips 1gG1, 1gG2b i IgM (Article 2). Aquests resultats mostren els
efectes tolerogénics del cacau en aquest model de sensibilitzacié oral, de forma similar
als observats previament en un model dal-lérgia alimentaria i en una immunitzacié
sistémica [181,182]. Per tal de caracteritzar els mecanismes que podrien estar implicats
en ’adquisici6 de la tolerancia, es va estudiar la composicié limfocitica dels teixits
limfoides intestinals inductors (ganglis limfatics mesenterics i Plaques de Peyer) i efectors
(limfocits intraepitelials i limfocits de lamina propia). La dieta rica en cacau incrementa
la proporcio de cel-lules NK i de limfocits TCRyd+ tant en els teixits inductors, és a dir,
plaques de Peyer (Article 3) i ganglis limfatics mesenteérics (Article 2), com en el
compartiment intraepitelial de l’intesti prim (Article 3). Cal esmentar que hi ha estudis
que associen lincrement de cel-lules NK amb un efecte inhibitori sobre malalties
al-lergiques [88,183], i d’altres, que reconeixen el paper dels limfocits TCRyd+ en la
induccio de la tolerancia oral [184-187]. A més a més, s’ha descrit que ’administracio oral
de la toxina colérica a ratolins causa la migracié del TCRyd+ de U’epiteli a la lamina propia
[167], el que suggereix que la dieta rica en cacau podria evitar aquesta migracio i
provocar la seva acumulacié en el compartiment intraepitelial. Tots aquests resultats
suggereixen la implicacié de les cél-lules NK i dels limfocits TCRyd+ en el procés de
tolerancia oral induit per la dieta rica en cacau.

El cacau, a més de promoure la presencia de cél-lules NK i de cél-lules TCRyd+, també
modifica, de forma similar, la proporcié d’altres limfocits en els mateixos teixits limfoides
inductors (plaques de Peyer i ganglis limfatics mesenteérics). En ambdos teixits, la ingesta
de cacau produeix una disminucio en el nombre relatiu de limfocits Th (Articles 2 i 3), fet
que permet suggerir que aquesta davallada pot contribuir a una menor activacié dels
limfocits B i, conseqiientment, a una menor produccié d’anticossos tant a nivell intestinal
(IgA) com a nivell sistémic (anticossos especifics a ’al-lergen). De forma general, en
aquests dos compartiments, també s’observa que la dieta rica en cacau indueix un
increment relatiu de cel-lules CD25+ i CD103+ i una reducci6 de limfocits CD62L+ (Articles
2 i 3). CD25 és un dels marcador de les cél-lules T reguladores [26] i, encara que en la tesi
no s’ha estudiat |’expressié de Foxp3, la major proporci6 de cel-lules CD25+ podria indicar
la proliferacié de limfocits reguladors implicats en el procés de tolerancia. A més a més,
els dos compartiments estudiats mostren l’increment relatiu de cél-lules CD4+ i CD8+ amb
expressio de CD103, cel-lules que durant aquesta darrera década se’ls hi ha atribuit un
important paper regulador [188,189]. Per altra banda, tant els resultats de ganglis
224



DISCUSSIO

limfatics mesentérics (Article 2) com els de plaques de Peyer (Article 3) mostren una
disminucié en la proporcié de limfocits CD62L+ (molecula que potencia la migracidé a
ganglis) el que podria indicar una menor arribada de limfocits efectors als ganglis i,
d’aquesta manera, s’evitaria ’activacio de la resposta immunitaria en aquest teixit, amb
conseqiient reduccié de la produccié d’anticossos.

L’estudi de U"expressio genica de diferents molécules a ganglis limfatics mesenteérics i a
Uintesti prim ha demostrat que la dieta rica en cacau incrementa els nivells de mRNA de
CD11c en ganglis limfatics mesenterics (Article 2), mentre que es produeix una reduccio
de 'expressio génica de CD11b i CD11c a nivell intestinal (Article 3). CD11b i CD11c son
moléecules presents a les cél-lules dendritiques [190], i els resultats obtinguts en ambdds
compartiments suggereixen la mobilitzacié d’aquestes cél-lules intestinals cap a ganglis
limfatics mesentérics, compartiment important en la tolerancia oral [19]. Tanmateix, la
ingesta de cacau redueix |’expressié génica d’IL-17a en els ganglis, citocina inhibidora de
la tolerancia oral que actua mitjancant la inhibicio dels limfocits T reguladors [191], tot
reforcant la participacié d’aquest compartiment en el paper tolerogénic del cacau.

L’Article 4 demostra els efectes del cacau i la sensibilitzacio oral sobre la microbiota
intestinal. Entre els efectes del cacau, cal destacar un increment en l’abundancia relativa
del génere Prevotella, associat a efectes beneficiosos sobre U'intesti [192], i de 'espécie
Bacteroides uniformis, similar al que s’ha trobat en humans que consumien polifenols del
vi [193]. La intervencié nutricional també incrementa la proporcido de Lactobacillus
reuteri, bacteri ampliament utilitzat com a probiotic i que presenta una important
activitat moduladora de les citocines intestinals [194,195]. A més a més, la reduccio6 de la
IgA intestinal per la dieta rica en cacau es correlaciona directament amb la davallada de
Proteobacteria, bacteris associats amb la immaduresa i inflamacié intestinal que
constitueixen una gran part dels bacteris units a IgA en femtes i estimulen la produccié
d’IgA [196]. Per altra banda, cal remarcar que la dieta rica en cacau en els animals
sensibilitzats no és capac de revertir canvis induits per la sensibilitzacié oral, com son la
disminuci6 de 'ordre Erypelotrichales, la desaparici6 dels bacteris Akkermansia
muciniphila i Clostridium metallolevans i ’aparici6 de Bifidobacterium pseudolongum.
Aix0 podria indicar que les modificacions de la microbiota induides per la sensibilitzacio
oral no intervenen en la formacié d’anticossos contra l'al-lergen oral. Ara bé, de forma
particular, la dieta rica en cacau en animals sensibilitzats provoca canvis a la microbiota
que no s’observen en els animals sensibilitzats. Entre aquests canvis, es detecta una
desaparicié de Clostridium perfringens i de Blautia producta, mentre que apareix
Prevotella copri, associada a dietes riques en vegetals [192], i d’altres espécies dels
generes Anaerostipes, Ralstonia i Desulfovibrio. Algun d’aquests canvis especifics de la
dieta de cacau podrien estar implicats en la seva activitat tolerogénica.

Una vegada estudiats els efectes que realitza la dieta amb un 10% de cacau sobre el model
de sensibilitzacié desenvolupat, es va dur a terme el tercer objectiu d’aquesta tesi,
centrat en identificar els components bioactius del cacau responsables del seu efecte

225



DISCUSSIO

immunomodulador i en determinar ’efecte d’un flavonoid no present en el cacau sobre la
resposta immunitaria. Estudis previs havien evidenciat que els polifenols del cacau podien
ser responsables d’algun dels efectes immunoreguladors d’aquest [178]. Aleshores, es va
voler saber si tots els polifenols tenien una influencia similar sobre el sistema immunitari.
Per tal d’avaluar un polifenol diferent, es va escollir [’hesperidina (Article 5). Cal
recordar que el cacau conté diversos tipus de flavonoides, essent els flavanols els
majoritaris: catequina, epicatequina i procianidines [103]. La dieta de cacau emprada
durant els Articles 2, 3 i 4, amb un 10% de cacau en pols, proporciona una quantitat de
polifenols del 0,4%. L’hesperidina és un flavonoide que pertany a la familia de les
flavanones i es troba principalment en les fruites citriques tals com la taronja dolca, la
(limona i la clementina [197]. Diversos autors han demostrat el paper immunomodulador
de Uhesperidina, mitjancant la reduccio de la sintesi de citocines Th2 en models d’asma
[198,199] i, per aix0, es va escollir aquest flavonoide i es va analitzar el seu efecte en dos
tipus de sensibilitzacio en rata: intraperitoneal i oral (Article 5).

En el disseny de sensibilitzaci6 intraperitoneal es va emprar ’al:lergen ovoalbdmina i dos
adjuvants (hidroxid d’alumini i toxina de Bordetella pertussis) que estimulen una resposta
immunitaria Th2 [200,201]. Els resultats obtinguts amb la intervencio nutricional
d’hesperidina difereixen bastant dels resultats previs observats amb la dieta rica en cacau
en rates Wistar immunitzades per aquesta mateixa via [182]. En primer lloc, cap de les
dues dosis d’hesperidina estudiades afecta la sintesi d’anticossos antiovoalbumina
desenvolupats (Article 5), al contrari de U’efecte observat pel cacau en estudis previs
[182]. A més a més, l'analisi de la composicid dels limfocits de ganglis limfatics
mesentérics mostra que [’hesperidina augmenta la proporcié de limfocits TCRof+ i
disminueix la dels limfocits B (Article 5), contrariament a U'efecte de la ingesta de
flavonoides de cacau (Article 2). L’avaluacio de la funcionalitat dels limfocits ganglionars
revela que ’hesperidina potencia la produccio d’IFN-y, citocina relacionada en respostes
Th1 i inhibidora de respostes Th2 [202], resultats que no s’observen per ’efecte del cacau
en Uactual tesi (Article 2), pero si per la ingesta d’una dieta amb 4% i 10% de cacau en
rates immunitzades en un estudi anterior [182].

Per altra banda, dins d’aquest mateix estudi (Article 5), s’ha analitzat la influéncia de
’hesperidina en el model de sensibilitzacié oral posat a punt a U'Article 1 que permet
conéixer la resposta immunitaria intestinal i en el teixit limfoide associat a intesti. En
aquest cas, es va incloure ’hesperidina a la dieta, barrejada en el pinso, per tal d’arribar
a una dosificacio superior i continuada. En concret, la dieta amb hesperidina va
proporcionar una quantitat de flavonoide de 0,5% (relatiu al pes del pinso), quantitat de
flavonoide similar a la proporcionada amb la dieta amb un 10% de cacau. Els resultats
d’aquest estudi també difereixen dels obtinguts amb la dieta rica en cacau (Articles 2 i
3). En el model de sensibilitzacié oral, ’hesperidina incrementa el contingut d’IgA
intestinal i no modifica la produccié d’anticossos antiovoalbumina ni la composicio de
limfocits dels teixits inductors intestinals (ganglis limfatics i plaques de Peyer) (Article 5).
Per altra banda, la ingesta d’hesperidina produeix canvis en la composicié dels
compartiments intestinals efectors (limfocits intraepitelials i de lamina propia): augmenta
la proporcié de limfocits intraepitelials TCRyd+, tal com préviament s’havia observat amb
la dieta rica amb cacau (Article 3) i amb altres polifenols [203] pero, per contra, provoca
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una disminucié de la proporcié d’aquest tipus cel-lular a la lamina propia. En aquest
sentit, els resultats obtinguts suggereixen que ’hesperidina, de forma similar al cacau,
pot tenir un efecte contrari a l’accid que presenta la toxina colérica sobre la migracio
d’aquest tipus cel-lular [167] i, per tant, protector d’aquesta mobilitzacié cel:lular.

En resum de Uestudi realitzat amb hesperidina, encara que molts polifenols han demostrat
tenir un efecte atenuador de la produccio d’anticossos especifics en models d’al-lérgia
[204,205] (Revisié 1), i que s’ha descrit el paper d’aquesta flavanona en la reduccio de la
sintesi d’IgE especifica en models d’asma [198,199], aquestes propietats no s’han pogut
reproduir en els nostres models en rata. Aixi doncs, [’hesperidina influeix sobre el sistema
immunitari intestinal de forma diferent a com ho fa la dieta rica en cacau, el que permet
suggerir que, els polifenols, en funcio de la seva estructura, actuen diferencialment sobre
el sistema immunitari i, a més, altres components del cacau influeixen en el seu poder
immunoregulador.

El cacau, a més de polifenols, conté metilxantines. Concretament és ric en teobromina
[126]. Per aixo, per completar el tercer objectiu, els estudis segiients es van centrar en
Uefecte de la teobromina, emprada a la mateixa concentracidé que es troba en la dieta
rica en cacau, en la microbiota intestinal i en el sistema immunitari (Articles 6 i 7). Els
resultats de Uanalisi de les poblacions bacterianes intestinals (Article 6) permeten
concloure que la ingesta de teobromina altera quantitativament i qualitativament la
microbiota intestinal, encara que de forma diferent a com ho fa la dieta rica en cacau.
Aquesta discrepancia podria ser deguda a la interaccio d’altres components del cacau,
com la fibra o els flavonoides, sobre la microbiota intestinal. En aquest sentit, estudis
previs realitzats amb fibra de cacau han demostrat el seu paper prebiotic [206]. Per tant,
els efectes de la dieta rica en cacau sobre la microbiota resulten del balang dels efectes
individuals dels seus components (fibra, flavonoides i teobromina). Tanmateix, altres
modificacions observades per la ingesta de cacau també s’han trobat per la ingesta de
teobromina, resultats que suggereixen el paper d’aquesta metilxantina en aquestes
accions. Aixi, tant la dieta rica en cacau com la dieta amb teobromina augmenten la
concentracio fecal d’acids grassos de cadena curta, principalment d’acid butiric (Article
6). Aquest increment, que també es produeix per la ingesta de fibra de cacau [206], pot
ser molt beneficids ja que l’acid butiric presenta un paper important en la regulacié de la
barrera intestinal i del sistema immunitari intestinal [207,208]. A més, l’acid butiric i
l’acid acétic (augmentat només amb la dieta rica en cacau tal com es mostra a l’Article 6
i, sobre tot, quan la dieta és a base de fibra de cacau [206]) poden potenciar el
desenvolupament de la tolerancia oral tal com s’ha descrit préviament [71].

Finalment, es va dur a terme U’estudi de la influéncia de la teobromina del cacau sobre el
sistema immunitari, tant pel que fa a la concentracié d’immunoglobulines (sistemiques i
intestinals), com a la composicié dels teixits limfoides primaris i secundaris (Article 7).
Amb aquest estudi s’evidencia que la teobromina és la responsable dels efectes del cacau
en l’atenuacié de la concentracio sistémica d’lgG, d’IgA i d’IgM i del contingut intestinal
d’IgA. A més a més, la majoria d’aquests efectes ja son evidents a partir de la primera
setmana d’administracio, tal com s’havia observat en la IgA intestinal a ’Article 3. També
es va veure que la dieta rica en cacau i la dieta amb teobromina provoquen efectes
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similars sobre les poblacions limfocitiques dels teixits limfoides estudiats després de 8 dies
d’intervencié nutricional, el que indica que la teobromina és la responsable dels canvis en
les poblacions limfocitiques. Pel que fa al timus (teixit limfoide primari), Uincrement
observat en la proporcié de cél-lules immadures doble negatives (CD4-CD8-) i la reduccid
del pes de l’organ suggereixen que la ingesta de cacau, degut al seu contingut en
teobromina, és capac¢ d’inhibir la proliferacié de timocits i alentir la seva maduracio.
Aquest efecte no s’acompanya d’una menor proporcié de limfocits TCRof+ (ni T CD4+ ni T
CD8+) en els teixits limfoides secundaris estudiats després d’una setmana d’intervencio,
pero podria repercutir més tard, tal com es detecta després de 4 setmanes d’ingesta de
cacau en la poblacié ganglionar TCRof+ (Article 2). En aquest mateix sentit, altres
poblacions limfocitiques ganglionars no s’han modificat després de 8 dies d’intervencio
nutricional (Article 7), a diferéncia del que s’ha trobat després de 4 setmanes (Article 2),
el que suggereix que aquestes poblacions necessiten més temps de dieta per tal de
veure’s modificades.

L’Article 7 també ha inclos I’estudi de la melsa, teixit limfoide secundari no considerat en
altres estudis de la tesi i del que només es disposava d’un antecedent [155]. A aquest
nivell, s’ha detectat que la dieta rica en cacau i la ingesta de teobromina redueixen el
nombre relatiu de limfocits TCRys+ i NK esplenics. Aquests efectes, juntament amb els
obtinguts als Articles 2 i 3 que mostren un increment de la proporcio d’aquests dos tipus
cel-lulars a ganglis limfatics mesenterics, plaques de Peyer i en el compartiment
intraepitelial, suggereixen que la dieta rica en cacau, a causa del seu contingut en
teobromina, provoca la migracio de limfocits TCRy5+ i cel-lules NK des de la melsa cap a
aquests organs limfoides, on podrien desenvolupar el seu paper tolerogénic, tal com s’ha
proposat anteriorment.

En general, els resultats derivats de U’Article 7 plantegen el paper immunoregulador de la
teobromina. Aquest potencial es podria aprofitar en situacions on ’increment d’anticossos
té un paper patogenic, com és per evitar el rebuig de trasplantaments [209], els trastorns
autoimmunitaris [210] i en reaccions d'hipersensibilitat [211]. Pel que fa al mecanisme
d’accio, s’ha descrit que la teobromina presenta una accid inhibidora de la poli-ADP ribosa
polimerasa-1 (PARP-1) [212]. La PARP-1 és un enzim nuclear, expressat en la majoria de
les cél-lules, relacionat amb la reparacié del DNA a través de la modulacié de la
transcripcio i Uestructura de la cromatina i, també, s’ha associat amb inflamacio i
carcinogénesi, entre d’altres [213,214]. A més a més, s’ha descrit el paper de PARP-1 en
el sistema immunitari, tant a nivell d’immunitat innata (macrofags i granulocits, entre
d’altres) com d’immunitat adaptativa (cél-lules dendritiques, limfocits B i T) [215]. En
aquest sentit, s’ha observat un increment de l’activaci6 de PARP-1 a la resposta
inflamatoria de l'asma [216,217] i, per aix0, aquest enzim es pot considerar una diana
important en la modulacié de respostes Th2, tal com s’ha descrit en diferents estudis
[215,218-220]. Per altra banda, la inhibicié d’aquest enzim altera la immunocompeténcia
de les cél-lules dendritiques, comporta una menor proliferacié dels limfocits T [221] i
altera diferents mecanismes de la generacio de la resposta Th2 (disminucio d’IL-5,
inhibicio de ’activacio del NF-kB, etc.) [217]. A més, ratolins knockout per PARP-1
presenten un nombre superior de limfocits T reguladors (CD4+CD25+Foxp3+) en timus,
melsa i ganglis limfatics [222]. Per tot aixo0, es pot postular que la teobromina present en
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la dieta rica en cacau interacciona amb PARP-1 i produeix la seva inactivacio. Aquest
mecanisme pot disminuir la proliferacié i diferenciacio de limfocits T en el timus, el que
podria repercutir en la composicié limfocitica de la melsa, a on també podria tenir un
efecte directe. A més a més, la teobromina del cacau, inhibint aquest enzim, pot afectar
el teixit limfoide intestinal on podria provocar [’acumulacié de limfocits TCRyd+ i cél-lules
NK (Articles 2 i 3). En aquest sentit, son necessaris més estudis per tal d’identificar tots
els mecanismes implicats, la minima dosi necessaria i desenvolupar estudis clinics amb
aquestes intervencions nutricionals. Com que ’homologia de la PARP-1 d’humans amb la
seqiiéncia d’aminoacids de ratolins és del 92% [215], es pot postular que la influéncia en
humans pot ser similar.

En resum, el cacau, degut el seu contingut en teobromina, és capa¢ de modular la
resposta immunitaria sistémica i també influeix sobre el teixit limfoide associat a Uintesti,
accions que comporten una atenuacio de la resposta immunitaria intestinal i contribueixen
al desenvolupament de la tolerancia oral. Aixi doncs, el cacau (o la teobromina) podria
usar-se com a potent nutricéutic en la prevencié d’una sensibilitzacio oral, i en general,
en la de les al-lérgies alimentaries.

229












CONCLUSIONS

The results obtained from the current thesis led us to conclude that:

The administration of 50 mg of ovalbumin and 30 pg of cholera toxin, three times
per week for three weeks, in female Lewis rats is able to breakdown oral
tolerance, producing the synthesis of anti-ovalbumin antibodies (IgG1, IgG2a,
IgG2b and IgM). The development of the oral sensitization depends on the use of
cholera toxin as adjuvant, the rat strain, the dosage, the age and the sex of the
animals. This oral sensitization causes modifications in the intestinal microbiota,
particularly in the number of bacteria related to the mucus production and its
quality, and produces changes in the lymphocytes present in the Peyer’s patches
and in the gene expression of regulatory molecules, such as interleukin 10 and
toll-like receptor 5.

A 10% cocoa diet prevents the synthesis of systemic anti-ovalbumin antibodies
(IgG1, 1gG2b and IgM) and intestinal IgA in the induced rat oral sensitization
model.

A 10% cocoa diet modifies the lymphocyte subsets present in the mesenteric
lymph nodes, Peyer’s patches and small intestine epithelium and lamina propria.
It is noteworthy that the cocoa intake produces a relative expansion of TCRyd+
lymphocytes and NK cells in three of the previous compartments, together with a
decrease in the proportion of Th cells on the inductive sites of the gut-associated
lymphoid tissue, suggesting their role in cocoa’s tolerogenic effect.

In the small intestine and mesenteric lymph nodes, a 10% cocoa diet modifies the
presence of dendritic cells together with the gene expression of cytokines, surface
markers and molecules related to IgA synthesis that could be implicated in the
cocoa’s tolerogenic effect.

Hesperidin intake in intraperitoneally or orally stimulated rats influences the gut-
associated lymphoid tissue composition and functionality, although it does not
modify the specific antibody synthesis.

A 10% cocoa diet influences quantitatively and qualitatively the microbiota
composition in a rat oral sensitization model. These effects seem not to be
attributable to cocoa’s theobromine content, although this methylxanthine
produces a similar action in terms of decreasing IgA-coated bacteria and in
increasing the metabolic microbiota products, the short-chain fatty acids.

The theobromine intake attenuates systemic and intestinal immunoglobulin
synthesis and modifies lymphoid tissue composition in a similar way to the cocoa
diet. Therefore, the theobromine content in cocoa seems to be the main
component responsible for the immunoregulatory properties of cocoa.
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