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ABSTRACT

Previous studies have shown that rat intestinal tgphcentration and lymphocyte
composition of the intestinal immune system weruénced by a highly enriched
cocoa diet. The aim of this study was to disseetnttechanisms by which a long-term
high cocoa intake was capable of modifying gut etecy IgA (S-IgA) in Wistar rats.
After seven weeks of nutritional intervention, Péydatches (PPs), mesenteric lymph
nodes (MLNs) and the small intestine (SI) were sadifor gene expression assessment
of IgA, TGFf3, CCR9, IL-6, CD40, retinoic acid receptors (RARNd RARB), CCL25
and CCL28 chemokines, plgR and toll-like recept@rsR) expression by real time
PCR. As in previous studies, S-IgA concentratiooréased in intestinal wash and fecal
samples after cocoa intake. Results from the ggpeession showed that cocoa intake
reduced IgA and IL-6 in PPs and MLNs, whereas irc&loa decreased IgA, CCR9,
CCL28, RAR1 and RARMR. Moreover, cocoa-fed animals presenteclemed TLR
expression pattern in the three compartments stuttieconclusion, a high cocoa diet
down-regulated cytokines such as IL-6, which isunesgl for the activation of B cells to
become IgA-secreting cells (IgA-SCs), chemokined elnemokine receptors, such as
CCL28 and CCR9 together with R&Rand RARB, which are involved in the gut-
homing of IgA-SCs. Moreover, cocoa modified thessrtalk between microbiota and
intestinal cells as was detected by an altered paiern. These overall effects in the
intestine may explain the intestinal IgA down-regaly effect after the consumption of

a long-term cocoa-enriched diet.

Keywords: gut immune system, flavonoids, mucosal antibodies



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

1. Introduction

The gut associated lymphoid tissue (GALT) constguthe most extensive and
complex part of the immune system in the body. f£day it receives a huge antigenic
load and it is able to distinguish between invag@athogens and innocuous antigens
from food and commensal bacteria. Structurally, @%LT is divided into organized
and diffuse compartments. Organized GALT is formgdisolated lymphoid follicles
(ILF) and associated lymphoid follicles or Peyepatches (PPs). Diffuse or effector
GALT is formed by lymphocyte populations scatteracross the epithelial cells
(intraepithelial lymphocytes, IELS), or in the istal lamina propria (lamina propria
lymphocytes, LPLs). Moreover, the mesenteric lynmaiies (MLNs) are part of the
intestinal immune system although they are notrrefeto as GALT as they do not
sample antigens directly [1]. M cells from PPs specialized in luminal antigen uptake
and transport towards antigen-presenting cells @PCwhich interact with
interfollicular T lymphocytes or migrate towards M& [2]. This T cell-dependent
process brings about differentiation and maturatibB cells, inducing them to become
IgA™ cells and later IgA-secreting cells (IgA-SCs) [Slecretory-IgA (S-IgA) is the
main humoral mediator in the intestine (80-90%5]4nd provides a first line of non-
inflammatory immune protection at mucosal surfad®s neutralizing microbial
pathogens and exotoxins and by processing innocdietsry antigens and commensal
microbes [6,7]. S-IgA plays a key role in the mamdnce of gut homeostasis and oral
tolerance and its function and production is tigihdgulated [2].

Differentiation of B cells into IgA+ B cells occums PPs and, to a lesser extent,
in ILF and MLNs [5]. Multiple cytokines such as misforming growth factopl (TGF-

B1), interleukin (IL)-5, IL-6 IL-10 and IL-21 are geiired to IgA class switching and to
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promote IgA-committed B cells to proliferate andfetientiate into IgA B cells [8-11].
TGF$1 plus the interaction of CD40 on B cells with CDi#gand (CD40L) on T cells
are crucial to elicit IgA class switching of actigd B cells in germinal centers of PPs
[12,13]. These IgAB cells migrate from the PPs to the draining MLAisd home back
to the intestinal lamina propria via the thoraciacd and bloodstream to further
differentiate into IgA-SCs [7]. This gut-homing $1 requires the integriedp7 on
activated gut lymphocytes which binds to its reoepd AdCAM-1 on endothelial cells
within the intestinal mucosa[5Moreover, gut-homing depends on chemokines such as
CCL25 and CCL28. In humans and mice, crypt epigthekells produce CCL25, which
interacts with CCR9 on B and also T cells. CCL28 imucosal chemokine that assists
cell homing in the large and small intestine, iat¢ing with CCR10 [14]. However, this
process involving PPs is not the only one for Ig@tkesis. Alternatively, IgA+ B cells
can be generated within ILFs and lamina propria ihcell-independent manner. These
mechanisms involve toll-like receptors (TLRs) anctivated dendritic cells (DCs)
producing B-cell activating factor from the TNF féyn(BAFF) and a proliferation-
inducing ligand (APRIL) [12,15]. In any case, muabkA-SCs mainly release dimers
and some larger polymers of IgA, which are activedgreted to the apical surface of
epithelial cells by the polymeric immunoglobulinceptor (plgR) expressed on the
basolateral surface [2].

Over the last decade, an increasing interest han Hecused on the
identification of natural biologically active nugnts with the potential to modulate the
activity of the immune system. In this regard, atvaumber of studies have highlighted
the health benefits of polyphenolic compounds, ipaldrly flavonoids, due to their
antioxidant properties [16]. Cocoa and cocoa-bapeaducts such as chocolate

represent some of the main natural sources of rglietlavonoids, including
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(-)-epicatechin, (+)-catechin and their oligoméng procyanidins [17,18Although the
antioxidant and immunomodulatory capacities of eocflavonoids have been
investigated mainlyn vitro [19-21], less is known about tle vivo effect of cocoa on
the immune system [22]. Previous studies in ouotatory have demonstrated that a
dietary intervention with cocoa is capable of myiti§ the composition and
functionality of several lymphoid tissues in yourags, including the GALT [23,24]. In
particular, a continuous cocoa intake increasepéneentage ofo T cells and reduces
the proportion of Th cells in both PPs and MLNsc@a intake in rats also augments
B-cell proportion in PPs but depletes cells withigh capacity to secrete IgA [24]. In
fact, a 10% cocoa diet decreases S-IgA concemtratidhe intestinal lumen of young
rats, as is reflected by the lower S-IgA conterfeital samples and small-intestine wash
[24].

Based on the complex mechanisms of IgA regulatr@hthe down-regulation of
S-IgA after a cocoa diet, the aim of the presentystwas to dissect some of the
mechanisms by which a long-term cocoa intake migcafgA production. We focused
on intestinal pathways and molecules involved BH@ cell homing and IgA synthesis
in three different compartments of the intestimamune system PPs, MLNs and small-
intestine wall containing lamina propria, as reprgative tissues of the inductor and

effector sites.
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2. Material and methods

2.1. Chemicals

The Natural Forastero cocoa (provided by NutrexpaBarcelona, Spain) used
in this study contained a total polyphenol conteht0.62 mg/g with 0.83 mg/g (-)-
epicatechin, 0.14 mg/g (+)-catechin and 0.65 mg/gcyanidin B2 ExtrAvidin—
peroxidase, o-phenylenediamine dihydrochloride (QRDvine serum albumin (BSA)
and 30% hydrogen peroxide were obtained from Sigidach (Madrid,
Spain). Mouse anti-rat IgA (A93-3), IgM (G53-238)G2a (B46-7), 1gG2b (G15-337),
IgG2c (A92-3) MAD, ratIgA, IgM, IgGl, IgG2a, IgG2bnd IgG2c recombinant
proteins, and biotinylated anti-rat IgA (A93-2)MgG53-238), IgG2a (R19-15), IgG2b
(G15-337) and IgG2c (A92-1) MAb were purchased 8B Biosciences (Heidelberg,
Germany). Anti-rat IgG1 (MRG1-58) was obtained fr@wLegend (San Diego, CA)
and peroxidase-conjugated anti-rat Ig MAb was medi by DakoCytomation
(Glostrup, Denmark). RNAlater® was purchased frombfon (Applied Biosystems,

Austin, TX).

2.2. Animals and experimental design

Three-week-old female Wistar rats were obtainednfrblarlan (Barcelona,
Spain) and housed in cages under conditions ofaited temperature and humidity in
a 12:12 light-dark cycle. After 6 days of acclinzation, the rats weighing 66-74ngere

randomly assigned to two dietary groups (n=7 eachim: the reference group which



143 was fed with a standard diet, and the cocoa grcuiphweceived chow containing 10%
144  (w/w) cocoa for 7 weeks.

145
146 The AIN-93G formulation [25] (Harlan) was used &® tcontrol standard diet. The

147 cocoa diet was produced from a modification of Ai8-93G formula, as previously
148 described [24]. In brief, we used a basal mix (B&ylin which the proportion of
149 proteins, carbohydrates and lipids had been malifiesuch a way that the addition of
150 10% cocoa (100 g/kg) resulted in a final isoenecgdiet with the same macronutrient
151 composition as the AIN-93G diet. Animals were givere access to water and chad
152 libitum, and body weight and food intake were monitoredughout the experiment.
153 The study was performed according to the criteudireed by the Guide for the Care
154 and Use of Laboratory Animals. Experimental procedwere reviewed and approved
155 Dby the Ethical Committee for Animal Experimentatmiithe University of Barcelona.
156

157 2.3. Sample collection

158

159 Fecal and sera samples were collected before #igwleek 0), in the middle
160 (week 3.5) and at the end of the study (week 7) kept at —20°C for further
161 immunoglobulin quantification. At the end of theetdiry intervention, the rats were
162 anesthetized intramuscularly with ketamine/xylazifk.Ns were removed in aseptic
163 conditions for PCR analysis. The small intesting (8as excised, divided into two
164 fragments and carefully flushed with sterile 0.9%AQM solution to remove fecal
165 content. The distal fragment of the Sl was operedthwise and PPs were excised for
166 PCR analysis, as well as a maximum of 30 mg ofuéissorresponding to distal
167 jejunum/proximal ileum without PPs. The remainingtal fragment of the SI was used

168 to obtain the gut wash for IgA determination asvymasly described [24]. All tissue
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samples for PCR were immediately immersed in RNex@&tand incubated at 4 °C

overnight before storing at -20 °C.

2.4. Fecal homogenate obtention

Fecal samples were dried for 70 min at 37 °C iheanostatically controlled
incubator and for 30 min at room temperature (Rdfpke being weighed. Thereafter,
fecal samples were diluted in PBS (20 mg/ml) anthdgenized using a Polytroh
(Kinematica, Lucerne, Switzerland). Homogenatesiokd were then centrifuged (500

g, 15 min, RT), and supernatants were frozen at*€20ntil ELISA IgA quantification.

2.5. Immunoglobulin quantification in serum, gutsivaand feces by ELISA

S-IgA and S-IgM levels in gut wash and feces, aedim IgA, IgM, IgG1,
IgG2a, 1gG2b, 1gG2c concentrations were quantifiegd ELISA. Ninety-six-well
polystyrene plates (Nunc MaxiSorp, Wiesbaden, Gagnhavere coated with mouse
anti-rat IgA, IgM, IgG1, 1gG2a, lgG2b or IgG2c MAB pg/ml in PBS) and incubated
in a humidified chamber overnight. Thereafter, tleenaining binding sites were
blocked with PBS containing 1% BSA (PBS-BSA, 1 M)RThe plate was washed
three times with PBS containing 0.05% Tween 20 (HB& and once with PBS; then
appropriate diluted samples and standards in PBSBBA were added (3 h, RT).
After washing, biotin-conjugated mouse anti-rat |g8M, IgG1l, 1gG2a, IgG2b or
IgG2c MAb were added (1g/ml in PBS-Tw—BSA, 2 h, RT). Thereafter, perox&las
conjugated ExtrAvidin (4g/ml in PBS-Tw—BSA) was incubated for 30 min. Lgstl

OPD and HO, were added for the detection of bound peroxid@be. reaction was
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stopped by adding 3M 430,. Absorbance was measured on a microtiter plate
photometer (Labsystems, Helsinki, Finland) at 49@. iData were interpolated by
means of MultiskarAscentv.2.6 software (Thermo Fisher Scientific S.L.U r&dona,
Spain) into the standard curves, and expressedj/asLin sera, gut washes and fecal

samples.

2.6.Assessment of RNA gene expression by Real Time PCR

For RNA isolation, tissue samples in RNA later® géransferred into lysing
matrix tubes (MP Biomedicals, lllkirch, France) taining an appropriate buffer and
homogenized in a FastPrep®-24 instrument (MP Biooads) for 40 s. Lysates were
centrifuged for 3 min at 12009to eliminate excess tissue debris in and transfant®
new tubes. RNA was isolated by the RNAeasy® mini(Kiagen, Madrid, Spain)
following manufacturer's recommendatiol@NA was quantified with a NanoDrop
spectrophotometer and NanoDrop IVD-1000 v.3.1.2xse (NanoDrop Technologies,
Wilmington, DE). The Agilent 2100 Bioanalyzer withe RNA 6000 LabChip 1 kit
(Agilent Technologies, Madrid, Spain) was used tovigle an RNA integrity number
(RIN) for each sample.

Four ug of total RNA were reverse-transcribed in a thdrmler PTC-100
using random hexamers and TagWaReverse Transcription Reagents (Applied
Biosystems, AB, Weiterstadt, Germany). A final vokl of 1 uL was used to confirm
the reaction of each sample by conventional PCRigusat -actin primers and
conditions previously established in our labora{@$j.

Specific PCR TagMan® primers and probes (AppliecbsBstems, AB,

Weiterstadt, Germany) were used to meadgee (331943, made to order)gfbl
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(Rn00572010_m1, inventoried (1)),lI5 (Rn99999143 mH, inventoried),ll6
(Rn01410330_m1),Cd40 (Rn01423583 m1,l),Rara (Rn00580551_m1, I),Rarb
(Rn01537835_m1, I)Ccr9 (Rn00597283_m1l, I)TIr2 (Rn02133647_sl, I)TIrd
(Rn00569848 m1, I)TIr7 (Rn01771083 s1, )TIr9 (Rn01640054 m1l, I),Pigr
(Rn00562362_m1, 1)Ccl25 (Rn0143351_m1, 1) andCcl28 (Rn00586715 m1, I).
Quantitative PCR assays were performed in duplitateeach sample using an ABI
PRISM®7700 Sequence Detection System (AB). Quaatifin of the genes of interest
was normalized to the housekeeping gehgstl (Rn01527840_m1l, 1) an&usb
(Rn00566655_m1, I). The amount of target mMRNA redato the endogenous control
expression and relative to values from the referegiroup was calculated using the
2**“'method, as previously described [27], where Chésdycle number at which the
fluorescence signal of the PCR product crossesrhbitraay threshold set within the
exponential phase of the PCR aiCt= [(Ctarget(unknown sampley- Clndogenous contrguinknown
sample)] — [(Cliarget (reference sampley Clndogenous control (reference samle)RESUItS are expressed as

the meant SEM of the percentage of these values for eaclerempntal group

compared with its reference age group, which regprss100% gene expression.

2.7.Statistical analysis

The software package SPSS 16.0 (SPSS, Inc., Chidayjowas used for

statistical analysis. The data were analyzed byMhan—-WhitneyU test. AP value of

< 0.05 was considered statistically significant.
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3. Reaults

3.1. Effect of cocoa diet on body weight

Body weight and chow intake were monitored throughbe study (3 times per
week). The growth of animals with the cocoa dies wlwer than that of the reference
animals P<0.01, Figure 1). This effect was not associateth \& lower chow intake
because food intake was similar between both grgdpt not shown) as reported

previously [23,24,28]

3.2. Effect of cocoa diet on serum immunoglobulins

Concentrations of IgG1, 1gG2a, IgG2b, 1gG2c, IgM dgA were quantified in
serum before, in the middle and at the end of dietatervention. Data from the
experimental groups are summarized in Figure 2.tk end of the study, the
predominant IgG isotype present in the referendenas’ serum was IgG2a (~600
pug/mL), followed by IgG2b (~37Qug/mL), IgG1l (~170ug/mL) and IgG2c (~115
png/mL). Serum IgM and IgA concentrations were ab68b6 pg/mL and 5Sug/mL,
respectively. A long-term cocoa diet significantiyodified serum immunoglobulin
concentrations: IgG2b, IgM and IgA concentratiomsny ~50% lower than values in
the reference animals at the end of the study @g2E, 2F, P < 0.05). This reduction
was already evident for IgG2b and IgM after 3.5 keeef cocoa intake. Moreover,
cocoa intake tended to decrease serum IgG1l andclg@centrations (FigA and
2D).The cocoa diet did not modify IgG2a concentratadter a 7-week intake but we

found an increase of this isotype in the middléhefstudy (Fig. B, P < 0.05).
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3.3. Effect of cocoa diet on intestinal immunoglotsu

Intestinal IgM and IgA production was quantified lneans of evaluation in
feces before and after 7 weeks of cocoa intake jrmntestinal wash at the end of the
study (Figure3). The cocoa diet produced a decrease of S-IgASatgM in intestinal
wash (Fig. 3, P < 0.05). Fecal IgA concentration increased accgrdm age in the
reference group, and that increase was inhibitetheydietary intervention with cocoa

(Fig. 3B, P < 0.05). S-IgM was not detected in fecal samples.

3.4. Expression of constitutive genes

Expression levels of two commonly used housekeegéergesGusbandHprtl,
were analyzed in all tissues of both groups. Igealll cell types and tissues should
constitutively express housekeeping genes indepgliydef experimental conditions
and they should not be affected by interventioealironmental or regulative factors.
We found thatGusb expression was relatively homogenous among samyheseas
Hprtl expression fluctuated regardless of the diet (datd shown). This result
prompted us to discarndprtl as a normalizing gene and results were referrédutsb
expression (Figure 4). The coefficients of variatitor both inter- and intrassay
determinations were < 2 and 1 % respectively, etthg the high reproducibility of the
assay and that dispersion among samples withirsdénge group was due to animal

physiological variations.
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3.5. Effect of cocoa diet on genes related to lig&scswitching and secretion

Iga, Tgfby, 116, 115 andCd40expression was assesse&l, PPs and MLNs after
7 weeks of cocoa intake (FigA44B, 4C). Additionally, Pigr expression was also
analyzed in Sl. In cocoa-fed animalgA was down-regulated in both PPs and BSK(
0.05) and tended to decrease in MLNs. The cocoadiienot significantly modify
Tgfbl expression in any of the tissues considered; hewd8 was reduced®5% in
MLNs (P <0.05) and tended to decrease in the PPs of theagrooip animals whereas
[16 expression was not detected in thellSl.expression was also too low to be detected
in the analyzed tissue samples. Cocoa intake reldddd0 expression in SIR < 0.05)
but Cd40was not modified, either in PPs or in MLNRgr tended to be reduced in the

Sl from cocoa-fed rats.

3.6. Effect of cocoa diet on genes associated lgiksecreting cell homing

Rara, Rarb and Ccr9 were analyzedn PPs, MLNs and Sl (Fig.B{ 4E, 4F).
Moreover,Ccl25andCcl28 expression was also studied in Bhe cocoa diet produced
that Rara was up-regulated 5-fold in PPB € 0.05) and tended to be augmented in
MLNSs; however, this genwas decreased ~70% in the Sl of cocoa-fed aninkals (
0.05). With regards t&arb, the cocoa group showed a 5-fold expression iseréa
MLNs (P < 0.05) whereas it decreased in PPs andPS10.05 in Sl). Cocoa intake did
not alterCcr9 expression in PPs or MLNs but reduced its expoessi SI £ < 0.05).
With regards to chemokine gene expression in ®l.ctitoa diet significantly reduced

Ccl28expression (75% < 0.05) but did not significantly modif@cl25 expression.
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3.7. Effeciof cocoa on TLR gene expression

Expression offIr2, Tlr4, Tlr7 andTIr9 was assessed in PPs, MLNs and Sl (Fig.
4G, 4H, 41). TIr2 was decreased up to ~ 80% in the PPs of cocoaniathés P < 0.05)
as well as in MLNs, but increased in SI. A simifaattern was also found farlr7
expressionTIr4 expression augmented ~ 2-fold in PPs<(0.05), was not modified in
MLNs whereas it was reduced in the Sl of cocoa gmais P < 0.05). Cocoa intake

drastically increasedlr9 expression in both PPs and MLN&< 0.05).
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4. Discussion

In previous studies, we reported that cocoa flawdsm@osses#n vitro andin
vivo modulator effects on the immune system [24,29-3pEcifically, we found that a
cocoa-enriched diet in young rats over 3 weeks ymed a down-modulator effect on
intestinal IgA content [24]. Similarly, here we afound that a high and continuous
cocoa intake reduced intestinal IgA concentratidre intestinal IgA drop as a result of
cocoa intake suggests that a cocoa diet couldendle specific mechanisms involved in
IgA production located at the intestinal site. Tgresent study is focused on the gene
expression of some molecules related to the IgAthegis, IgA-SCs, and gut cell
homing and lumen secretion in order to achieve maerstanding of some pathways
within the complex intestinal immune system thatildobe involved in intestinal IgA
modulation by cocoa.

Firstly, we focused on the main pathway that ksimadpout differentiation and
maturation of B cells inducing them to become Ig8sSthe T cell-dependent process
that takes place in either PPs or MLNs, inductitessof the intestinal immune system
[3]. This process depends on cytokines such as fIs&ad IL-6, among others [7,10].
The results obtained in the present study showedigmificant changes in TGFt
whereas IL-6 was depleted in the PPs and MLNs ohals that were fed cocoa. As
IL-6 is secreted by DCs in PPs [15] we can sugglest some cocoa compounds
reaching the intestine could act on these cells modulate the secretion of IL-6
involved in IgA" B cell differentiation.In addition, the interaction between T and B
cells through CD40L-CD40 is crucial to elicit lgAass switching on activated B cells
in the germinal centers of PPs [12]. The expressio@D40 did not change in either

PPs or MLNs after cocoa intake, which is in accoogawith previous studies that have
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shown that a cocoa diet increases the proportioB aklls in PPs [24]. Therefore,
although the cocoa diet decreased soluble facddacdy as IL-6, which promote IgA+ B
cells, it seems that it had no influence on thediinteraction between T and B cells.
However, lower IgA gene expression was found in RRd MLNs, which could
eventually mean that there would be less diffeagiotn in IgA+ B cells, and/or lower
IgA synthesis ability in these compartments. Thiggestion agrees with previous
findings that have shown that, after a cocoa dighough the total number of IgA-SCs
does not change, the number of high-capacity IgA&-B@Ps decreases [24].
Physiologically, after the maturation process ie ihductive sites, i.e. PPs and
MLNs, activated IgA+ B cells migrate from there ahdme back to the intestinal
lamina propria, as the effector site, to furtheffedentiate into IgA-SCs [7]. This
gut-homing system requires the expression of tieenctkine receptor CCR9 on IgA+ B
cells which binds to its ligand CCL25, thus promgticell recruitment to the intestinal
lamina propria [14]. We found that the cocoa diiet mot modify CCR9 expression in
either the PPs or MLNs but reduced it in the Sterestingly, CCL25 gene expression
was augmented in this last tissue in cocoa-fed alsimlhese results suggest that
molecules involved in the gut homing of IgA-SCs \Wblpe modified not in the
inductive sites but in the effector tissues, argkégms that small intestine lamina propria
increased CCL25 in an attempt to strongly attréet teduced number of CCRO9-
expressing cells. On the other hand, DCs from Riésirgtestinal lamina propria have
been shown to induce CCR9 expression on IgA+ B dBlimeans of retinoic acid (RA)
production [32]. The action of RA is mediated by ligation to RA nuclear receptors
such as RAR and RARI [33]Here we found that the cocoa diet up-modulated AR
and RARM gene expression in PPs and MLNs, respégtivut both were reduced in Sl.

This last result agrees with the decreased CCR®@ ga&pression found in Sl, and it
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allows us to postulate that lower CCR9 values testinal lamina propria could be a
consequence of a decrease in the expression oluRAR RARI in B cells present in
this compartment. The meaning of the up-regulatdnRARa and RARR in the
inductive sites, where CCR9 expression was maiethafter diet intervention, remains
to be elucidated. On the other hand, we have fabat SI from cocoa-fed rats had
reduced values of CCL28 gene expression, a chemgkinduced by epithelial cells
which selectively attracts IgAB cells [14]. Taking together all these results, suggest
that a high cocoa diet induces a lower number &f IB cells reaching the intestinal
lamina propria by the down-modulation of chemokiii®sch as CCL28, involved in
homing both to the small and the large intestine)leemokine receptors (such as
CCR9, mediated in part by the down-regulation offRAalthough some mechanisms in
the own gut lamina propria work efficiently (CCL&$nthesis).

After the homing and differentiation processes, -l§8s of intestinal lamina
propria release dimmers or larger polymers of Igiicl are actively secreted to the
apical surface of epithelial cells by the polymememunoglobulin receptor (plgR)
expressed on the basolateral surface [2]. Cocoasiedals showed a lower expression
of IgA and CD40 in SI, and a variable expressiomplgfR. These results allow us to
hypothesize that after cocoa intake intestinal lengropria contained lower numbers of
activated B cells (CD40+) and IgA-SCs, which agme#h the reduction of homing and
activation mechanisms presented above. Neverthellessway IgA was transported
across the epithelial layer mediated by the plgR wat significantly affected by this
dietary intervention.

In addition to the T-dependent way to secrete lgfemred to so far, IgA+ B
cells can be alternatively generated in a T ca&lependent manner which involves TLR

signaling, among others ways [15]. Cocoa-fed armsmshowed changes in the
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expression of at least all the considered TLRs: Z,LRhich recognizes components
from gram-positive bacteria; TLR4, which recognizd3S or gram-negative bacteria;
TLR7, which is found in endosomes and recognizeglsistranded RNA from viruses,
and TLR9, wich is also found in endosomes and axta receptor for CpG in bacterial
and viral DNA [34]. A high and continuous cocoatdieoduced an up-regulation of
TLR4 and TLR9 and a down-regulation of TLR2 and TLk PPs and MLNSs.
Conversely, in Sl, cocoa-fed animals showed lovaues for TLR4 and TLR9 and a
higher expression of TLR2 and TLR7. TLRs are exggdsreferentially in tissues that
are in constant contact with microorganisms [348%] changes in the TLR expression
could reflect changes in the intestinal microbiatad/or its relation with intestinal
immune cells [36]. Therefore, the overall changdaha TLR expression found here,
whatever the meaning of contradictions betweenirtiactor and effector sites, could
be a consequence of changes in intestinal micrmbratuced by the cocoa-enriched
diet. In fact, a recent study has shown in humans tleat#ily consumption of a cocoa
beverage rich in flavanols significantly increases ghowth ofLactobacillus sppand
Bifidobacterium sppand decreased that dflostridium histolyticumgroup [37].
Similarly, Fhus wine-treated rats show gut preveéeafBacteroidesLactobacillusand
Bifidobacterium[38] and pigs administered with tea polyphenolsréase intestinal
Lactobacillus[39]. Moreover, berries and their phenolics selesdi inhibit the growth
of pathogenic bacteria in humans [40,41h consequence, it seems that the
consumption of flavanol-rich food seems to exeepotic actions [37, 42]. In any case,
further studies must determine the microbiota castijgm of rats fed a cocoa diet. On
the other hand, it would be interesting to know itelation, if any, between changes in
the TLRs of the three tissues and the IgA-secrdfimgtion of the intestinal immune

system. It has been reported that TLR4 signalingh@ intestinal epithelial cells
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promotes the recruitment of B cells to the lamimappa by means of CCL28 and
CCL20 chemokines [43]. Moreover, TLR4 expressios baen directly correlated to a
higher number of IgA-SCs in the lamina propria andreased IgA in the feces of
transgenic mice that express a constitutively adiivm of TLR4 on intestinal epithelial
cells [34,43]. As we found that a high cocoa dietdoiced a down-regulation of TLR4
and also CCL28 in SI, it could be suggested thaR Hlterations could be involved in
the lower recruitment of IgA-secreting cells to timeestinal lamina propria. Other
studies have shown the effect of polyphenols on TIleRpression. Thus,
epigallocatechin-gallate (EGCG) reduces TLR4 gexgression on macrophagas
vitro [44], and an interventional study with orange guwith hesperidin and naringenin
produced a reduction in TLR2 and TLR4 mRNA and @roexpression in PBMC [45].
Moreover, EGCG and curcumin have been shown to lbe #o block TLR4
glycosilation and homodimerization [46,47], in botlses inhibiting the activated
downstream molecules. In addition, two downstreagnading adaptors of TLRs,
MyD88 and TRIF proteins, have been specificallyibited by resveratrol [48], luteolin
[49], EGCG [50] or curcumin [47]. Thus, we cannasrdgard the effect of cocoa
flavonoids on TLR-related pathways, which could tctwte to their down-regulatory
role on IgA. The potential bioactivity of flavon@dlepend on their bioavailability and,
while monomeric flavonoids are rapidly absorbedhie small intestine, the polymeric
forms -present in high proportion in cocoa- reauadt into the colon where they are
metabolized by the intestinal microbiota into vasghenolic acidfs1]. In this sense,
several dietary interventions have evidenced tlcessibility of cocoa flavonoids in the
large intestine [52,53], where they or their metdb® might exert a modulatory effect

on microbiota and, consequently, on the TLR expoess
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On the other hand and in addition to the effectgsh® gut, the high cocoa diet
reduced IgG, IgM and IgA serum concentrations instéfi rats, in agreement with
previous studies [31]. Furthermore, the influentéhe cocoa intake on IgG depended
on the isotype, 1gG2b being the most reduced by diee. As IgG2b isotype is
associated with Thl immune response in rats [54-B6eems that the cocoa diet
tended to reduce Thl immune responses. This suggeagrees with the anti-
inflammatory properties shown in cocoa intake [IN¢vertheless, it still remains to be
seen how a cocoa diet acts on pathways involvédemproduction of each 1gG isotype.
On the other hand, there are also unknown mechaniksat decrease serum IgM and
IgA, although these reductions could partially eefl the reduction of mucosal
immunoglobulin synthesis.

Finally, the 10% cocoa diet produced an attenuatifect on the body weight
increase of the animals, despite the food consamptias similar in all experimental
groups. This effect has been reported in previtudies [23,24 and could be attributed
to the gene regulation of mechanisms implicatedha adipose tissue synthesis, as
described elsewhere [R8

In summary, we have demonstrated by using a aomii;m and high cocoa-
enriched diet in Wistar rats that compounds presenbcoa interact with mechanisms
involved in intestinal IgA production, leading to lawer IgA secretion. These
mechanisms comprise cytokines produced by DCs, sschL-6, required in the
induction site (PPs and MLNs) and chemokines aed tieceptors, such as CCL28 and
CCR9 together with RAR and RARB, needed for gut homing. Moreover, a high cocoa
diet also modified the cross-talk between micrabiand the intestinal cells, as shown
by an altered TLR pattern. Finally, all these clemngeem to produce a lower number of

IgA-SCs and/or a lower ability to synthesize thigilaody in the small intestine. Further
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studies must be considered to explore the preasepounds and amount of cocoa

responsible for this action.
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FIGURE LEGENDS

Figure 1. Body weight of female Wistar rats fed a coceadr standardq) diet over 7
weeks. Data are means + SEM (n = 7). Cocoa inte¢eted in a lowered growth curve

from day 8 and until the end of the stuéy<(0.01).

Figure 2. Effect of a cocoa enriched diet on serum Ig§1(gG2a B), 1gG2b ©),
IgG2c D), IgM (E) and IgA €) isotypes. Black bars correspond to the cocoaatidt
white bars correspond to the standard diet. Eachhepaesents the mean + SEM=5—

7)*P < 0.05

Figure 3. Effect of the cocoa-enriched diet on S-IgA andyBtin gut washA), and on
S-1gA in feces B). Gut wash values are related to those found enréierence group
which are considered as 100%. Black bars correspmthe cocoa diet and white bars
correspond to the standard diet. Each bar repredbet mean + SEMn(=6-7).

*P<0.05

Figure 4. Expression of genes associated with IgA synthesasretion, switching,
intestinal homing and TLRs in PP&,(D, G, MLNs (B, E, H and SI C, F, |) after the
cocoa diet. Expression levels were normalized usimgyexpression oGusb as the
endogenous housekeeping gene. Black bars correspdhd cocoa diet and white bars
correspond to the standard diet. Each bar repesleatmearr SEM (n =5-7) of the
percentage of the cocoa group compared with theree€e group, which represents

100% gene expressionP* 0.05
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