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Previous studies have reported the effect of a cocoa-enriched diet on the intestinal immune system in
rats. Cocoa contains fibre and polyphenols that can directly influence the intestinal ecosystem and its
relationship with the immune system. The aim of this study was to evaluate the effects of a cocoa-
enriched diet on gut microbiota, toll-like receptor (TLR) expression and immunoglobulin (Ig) A (IgA)
intestinal secretion in rats. Four-week-old Wistar rats were fed a standard or cocoa diet for 6 weeks. Fae-
cal samples were collected before the beginning of the diet and at the end of the study. After the nutri-
tional intervention, colon samples were obtained to quantify TLR and IgA gene expression and IgA
protein. Microbiota composition was characterized by fluorescent in situ hybridization (FISH) coupled
to flow cytometry (FCM) analysis using specific probes directed to 16S rRNA of the main bacteria genus
present in rat intestine. The cocoa dietary intervention resulted in a differential TLR pattern and a
decrease in the intestinal IgA secretion and IgA-coating bacteria. Moreover there was a significant
decrease in the proportion of Bacteroides, Clostridium and Staphylococcus genera in the faeces of cocoa-
fed animals. In conclusion, cocoa intake affects the growth of certain species of gut microbiota in rats
and is associated with changes in the TLR pattern which could be responsible for the changes observed
in the intestinal immune system.

� 2012 Elsevier Inc. All rights reserved.
Introduction

Extensive research has demonstrated that diet is a crucial as-
pect of maintaining an optimal immune function [1]. In this con-
text, there has been an increasing interest in focusing on the
identification of natural biologically active nutrients with the po-
tential to modulate the activity of the immune system [2,3]. As
the intestine is the first compartment reached by dietary immuno-
modulatory compounds, the cells from the gut-associated lym-
phoid tissue (GALT)1 are the first ones to be affected. The intestine
ll rights reserved.
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is constantly exposed to dietary and environmental compounds
and harbours a complex community of trillions of bacteria [4]. As
a consequence of this continuous antigenic load, the intestinal
immune system undergoes a dynamic remodelling process and
maintains mucosal homeostasis by inducing a state of non-respon-
siveness to food antigens and commensal bacteria and counteracting
them when it is exposed to pathogens [5]. In this regard, toll-like
receptors (TLR) are important receptors involved in the recognition
of conserved molecular motifs on micro-organisms and constitute
key mediators of immunity during the cross-talk between the intes-
tinal microbiota and gut cells [6]. Structurally, GALT is divided into
organised lymphoid structures and diffusely distributed cell popula-
tions, which are considered primary mucosal immune inductive and
effector sites, respectively. As a consequence of effector immune re-
sponse, the intestinal mucosa contains secretory immunoglobulin A
(S-IgA), the main antibody in the intestine.

Over the last decade, cocoa has become the subject of increasing
interest because of its high content of polyphenols, mainly (�)-
epicatechin, (+)-catechin and various polymers derived from these
monomers called procyanidins [7–9]. These compounds, among
others present in cocoa, have been shown to modify the composi-
tion and functionality of diverse lymphoid tissues in rats, including
the GALT [10–13]. In this regard, a high and continuous cocoa in-
take interfered with some of the mechanisms involved in intestinal
phys. (2012), http://dx.doi.org/10.1016/j.abb.2012.05.015
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IgA production, leading to a lower IgA secretion [14]. Moreover, co-
coa diets induced differential TLR expression patterns for TLR2,
TLR4, TLR7 and TLR9 in Peyer’s patches (PPs), mesenteric lymph
nodes (MLNs) and small intestine (SI) tissue [13,14]. This effect
might be reflecting changes in the intestinal microbiota composi-
tion, as previous studies show that cocoa procyanidins and fibre
reach the colon intact after a cocoa intake and may act as bacterial
growth substrate [15].

In order to characterize the bacterial population, a wide vari-
ety of techniques have been described. In recent years, fluores-
cent in situ hybridization (FISH) technique with specific anti-
16S rRNA oligonucleotide probes has become widely used for
the detection of specific bacterial groups in multi-species bacte-
rial samples such as faeces [16–19]. This method is based on
the hybridization of synthetic oligodeoxynucleotide probes to
specific regions within the bacterial ribosome without the need
to cultivate the bacteria. In addition, FISH technique allows for
the analysis of unlyzed bacteria, which is not possible with
other emerging techniques such as quantitative PCR-based
methods [20]. Specific oligonucleotide probes have been de-
signed for many bacterial genera and species which are known
to be present in the intestinal tract [21]. Traditionally, labelled
bacteria are counted under a fluorescence microscope by the
investigator, which results in a laborious, slow and poorly
reproducible work [22,23]. For this reason, over the past five
years, FISH has been combined with other detection techniques
in order to improve efficiency and specificity. In this context,
FISH technique, combined with flow cytometry (FCM-FISH),
has been proposed as a complex but automated and objective
methodology which may be considered as an alternative to
microscopy.

The objective of this study was to ascertain the effects of a high
and continuous cocoa intake on faecal microbiota composition,
immunoglobulin-coating bacteria and their cross-talk with the im-
mune system in order to establish a possible correlation among a
cocoa diet and gut microbiota, colon TLR gene expression and
mechanisms of bacterial exclusion through S-IgA.
Material and methods

Diets and animals

Three-week-old female Wistar rats were obtained from Harlan
(Barcelona, Spain) and housed in cages under conditions of con-
trolled temperature and humidity in a 12:12 light–dark cycle. After
6 days of acclimatization, the rats were randomly assigned to two
dietary groups (n = 7 each group): the reference group (REF) which
was fed with a standard diet AIN-93M (Harlan, Barcelona, Spain),
and the cocoa group (COCOA) which received chow containing
10% (w/w) cocoa for 6 weeks. Natural Forastero cocoa (Nutrexpa
S.A, Barcelona) containing 10.62 mg/g polyphenols was used for
this study. The cocoa diet was obtained from modified AIN-93M
containing 100 g cocoa/kg as previously described [13]. The result-
ing cocoa-enriched chow was isoenergetic and had the same pro-
portion of macronutrients (carbohydrates, lipids and proteins)
and also insoluble fibre as the standard diet, but was supplemented
with particular compounds of cocoa such as soluble fibre and poly-
phenols. Diet compositions are detailed in Table 1.

Animals were given free access to water and chow ad libitum.
Body weight and food intake were monitored throughout the
experiment. Studies were performed according to the criteria out-
lined by the Guide for the Care and Use of Laboratory Animals.
Experimental procedures were reviewed and approved by the Eth-
ical Committee for Animal Experimentation of the University of
Barcelona.
Please cite this article in press as: M. Massot-Cladera et al., Arch. Biochem. Bio
Sample collection and processing

After 6 weeks of dietary intervention, the rats were anaesthe-
tized intramuscularly with ketamine (90 mg/kg) and xylazine
(10 mg/kg). The colon (CO) and the small intestine (SI) were ex-
cised. The CO was immediately immersed in RNAlater� (Ambion,
Life technologies, Austin, TX, USA), incubated at 4 �C overnight
and stored at �20 �C until PCR analysis. The SI was divided into
two halves and carefully rinsed with cold sterile 0.9% sodium chlo-
ride (NaCl) solution in order to remove faecal content. The distal
half was opened lengthwise and was used to obtain the gut wash
for IgA quantification by enzyme-linked immunosorbent assay
(ELISA), as previously described [11].

Faecal samples were collected before and after six weeks of the
diet beginning and stored at �20 �C until processing. In this pro-
cessing, faeces were weighed, diluted 1:20 (w/v) in phosphate-buf-
fered saline (PBS, pH 7.2) and homogenized using a Polytron�

(Kinematica, Lucerne, Switzerland). The homogenates obtained
were then centrifuged (300g, 1 min, 4 �C) for bacterial character-
ization following procedures described by Nadal et al. [24] with
some modifications. Faecal homogenates were used for IgA-coating
bacteria and microbiota analysis. In the later case, part of the
supernatant was fixed overnight by adding 4% paraformaldehyde
(PFA) (Merck, Madrid, Spain) solution in PBS. After fixation, bacte-
ria were washed twice with PBS (12000g, 5 min, 4 �C). Finally, cell
pellets were suspended in a 1:1 PBS/ethanol mixture, stored at
�20 �C for at least 1 h and then stored at �80 �C until analysis.
Microbiota analysis by fluorescence in situ hybridization coupled to
flow cytometry (FISH-FCM)

The bacterial groups contained in faeces were characterized
using FISH technique with group- or genus-specific fluoro-
chrome-conjugated probes which target the bacterial 16S rRNA
(Sigma–Aldrich, Madrid, Spain). The specific probes used in this
study include the EUB338 probe (50-GCTGCCTCCCGTAGGAGT),
which targets all eubacteria and was also used to determine total
counts, the Lactobacillus–Enterococcus group probe (Lab158, 50-
GGTATTAGCAYCTGTTTCCA), the Bacteroides-Prevotella group probe
(Bac303, 50-CCAATGTGGGGGACCTT), the Bifidobacterium genus
probe (Bif164, 50-CATCCGGCATTACCACCC), the Staphylococcus
genus probe (Staphy, 50-TCCTCCATATCTCTGCGC), the Streptococcus
genus probe (Strep, 50-CACTCTCCCCTTCTGCAC) and the Clostridium
group probe (Chis150, 50-TTATGCGGTATTAATCT(C/T)CCTTT)
[25,26]. The group-specific probes were labelled at the 50-end with
indodicarbocyanine fluorochrome (Cy5) while the EUB338 probe
was labelled with indocarbocyanine fluorochrome (Cy3). The
NON-EUB338-Cy5 probe (50-ACTCCTACGGGAGGCAGC) was ap-
plied as a negative control in order to eliminate background fluo-
rescence. Specific cell enumeration was performed by combining
each of the group-specific Cy5 probes with the EUB 338-Cy3 probe.

Fixed cell suspensions were incubated in the presence of each
fluorescent probe (50 ng/lL) in preheated hybridization buffer
(HB, 10 mmol/L Tris–HCl pH 8, 0,9 mol/L NaCl, 0,1% sodium dode-
cyl sulfate (SDS)) [24,27] in a 0.2 mL tube in a thermocycler at
48 �C for 2 h in the dark [28]. In the case of Lactobacillus, samples
were washed in Tris–EDTA (TE) buffer and permeabilized with
0.25 mg/mL lysozyme (Serva, Heidelberg, Germany) for 10 min at
room temperature prior to the hybridization process with the same
HB but adding 30% formamide [29,30]. Hybridized cell suspensions
were then washed in HB without SDS for 30 min at 48 �C in order
to eliminate non-specific binding of the probes. The hybridized
cells were collected by centrifugation (12 000g, 5 min), washed
twice in PBS [31] and resuspended in 200 lL of PBS solution for
flow cytometry analysis. Samples were kept in the dark at 4� C
phys. (2012), http://dx.doi.org/10.1016/j.abb.2012.05.015
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Table 1
Composition of experimental diets (g/kg diet).

Components Standard diet (AIN-
93n0031M; g/kg)

10% Cocoa diet
(g/kg)

Casein 140 118

L-Cystine 1.8 1.8

Corn starch 465.69 449.69
Maltodextrin 155.0 155.0
Sucrose 100.0 100
Soybean oil 40.0 29
Cellulose 50.0 24.5
Mineral mix (TD94049) 35.0 35.0
Vitamin mix (TD94047) 10.0 10.0
Choline bitartrate 2.5 2.5
tert-

Butylhydroquinone
0.008 0.008

Natural cocoa powder 100
22% Protein 22
16% Carbohydrate 16
11% Lipid 11
34% Fiber 34

Insoluble (75%) 25.5
Soluble (25%) 8.5

1.062% Polyphenols 1.062
Epicatechin 83 mg
Catechin 14 mg
Procyanidin B2 65 mg
Quercetin 1.5 mg
Isoquercetin 4 mg
Quercetin-3-

arabinose
2 mg

Quercetin-3-
glucoronide

0.6 mg

kcal/g diet 3.6 3.6
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until the FCM assay to avoid loss of the signal intensity of the
hybridized cells.

FISH technique and cytometric analysis were optimized using
Bifidobacterium breve, Lactobacillus paracasei, Lactobacillus planta-
rum, Escherichia coli MC 400 and E. coli bl 21 strains to evaluate
the specificity and efficiency of the probes and hybridization/
washing conditions. Moreover, this approach allowed us to estab-
lish the acquisition gate on the basis of bacterial morphology (for-
ward and side scatter; FSC/SSC).
Immunoglobulin-coating bacterial analysis

A volume of 35 ll of the faecal homogenates was diluted in
500 lL 1% (v/v) foetal bovine serum (FBS)/PBS and after high-speed
centrifugation (8000g, 5 min, 4 �C) the resulting pellet was resus-
pended in 50 lL 1% (v/v) FBS/PBS containing fluorescein isothiocy-
anate (FITC)-anti-rat IgM (BD Biosciences; Heidelberg, Germany),
phycoerythrin (PE)-anti-rat IgA (Open Biosystems, Huntsville, AL,
USA) or FITC-anti-rat Ig antibodies (Abcam; Cambridge, UK). Each
mixture was incubated for 30 min in the dark at room tempera-
ture. A non-stained mixture of each sample was used as control.
Thereafter, suspensions were washed twice with PBS (8000g,
5 min) and resuspended in 200 lL PBS until analysis. The labelled
samples were mixed with 10 lL propidium iodine (PI; 1 mg/mL,
Sigma–Aldrich, Madrid, Spain) 15 min prior to FCM analysis in or-
der to label total bacteria.
Flow cytometry

A FacsAria SORP sorter (BD, San José, CA, USA) was used. Bacte-
ria morphology was selected according to their FCS/SSC signal.
From here on, bacteria hybridized with group- or genus-specific
probes conjugated to Cy5 or Cy3 were detected combining FSC
signal with Cy5 fluorescence detectors (670/14 nm filter) or Cy3
fluorescence detectors (575/25 nm filter). The FCM parameters
Please cite this article in press as: M. Massot-Cladera et al., Arch. Biochem. Bio
were adjusted for bacterial counts, and the bacterial concentra-
tions of the samples were adjusted to obtain particle counts of
100–1000 events per second and the events were recorded for 60
s in list mode files. Commercial Flow CheckTM Fluorospheres (Beck-
man Coulter, Inc. FL, USA) were used to determine total counts
combined with the EUB338-Cy3 probe. Analysis was performed
using the Summit v4.3 software (Beckman Coulter, Inc. FL, USA).

FITC-anti-rat Ig and IgM antibodies were detected with the FITC
fluorescence detectors (530/30 nm), and PE-anti-rat IgA using the
PE fluorescence detectors (575/25 nm), separately. Finally, total
bacteria was detected by means of PI fluorescence detectors
(610/20 nm).

Microbiota composition results were expressed as the log faecal
cells/g of faeces in each sample. Ig-coating bacteria results were
expressed as a percentage of bacterial cells labelled with anti-rat
Ig with respect to the total cell population labelled with PI.

Assessment of RNA gene expression by Real Time PCR

The RNA was isolated from tissue samples in RNAlater� by the
RNAeasy� mini kit (Qiagen, Madrid, Spain) following the manufac-
turer’s recommendations. The NanoDrop spectrophotometer and
NanoDrop IVD-1000 v.3.1.2 software (NanoDrop Technologies,
Wilmington, DE, USA) were used to quantify the amount of RNA
obtained. The Agilent 2100 Bioanalyzer with the RNA 6000 LabChip
1 kit (Agilent Technologies, Madrid, Spain) was used to assess the
RNA integrity for each sample [14].

Four micro grams of total RNA was converted to cDNA and a fi-
nal volume of 1 lL was used to confirm the reaction of each sample
by conventional b-actin PCR as previously described [32].

Specific PCR TaqMan� primers and probes (Applied Biosystems,
AB, Weiterstadt, Germany) were used to measure Tlr2
(Rn02133647_s1, I), Tlr4 (Rn00569848_m1, I), Tlr7
(Rn01771083_s1, I), Tlr9 (Rn01640054_m1, I) and Iga (331943,
made to order). Quantitative PCR assays were performed in dupli-
cate for each sample using an ABI PRISM�7700 Sequence Detection
System (AB). Quantification of the genes being studied was normal-
ized to the housekeeping gene Gusb (Rn00566655_m1, I). The
amount of target mRNA relative to the endogenous control expres-
sion was calculated for the COCOA group relative to values from the
REF group which represents 100% gene expression, using the 2�DDCt

method, as previously described [33]. Results are expressed as the
mean ± SEM of the percentage of these values.

Statistical analysis

The software package SPSS 18.0 (SPSS, Inc., Chicago, IL, USA)
was used for statistical analysis. Levene’s and Kolmogorov–
Smirnov’s tests were applied to the equality of variance and
normal distribution assays of the studied groups, respectively.
Non-parametric Mann–Whitney U and Wilcoxon tests were used
in order to assess significance for independent and related samples,
respectively. The Pearson’s correlation test was used to calculate the
correlations between bacterial count changes and either IgA or TLRs
gene expression changes as a result of the dietary intervention. Sig-
nificant differences were established at P values less than 0.05.

Results

Effect of cocoa diet on body weight

Body weight and chow intake were monitored throughout the
study. The initial body weight (71.42 ± 0.01 g) increased differen-
tially in both dietary groups and at the end of the study the REF
animals reached 193.84 ± 0.25 g of body weight whereas the
COCOA rats had significantly lower growth (167.36 ± 0.40 g,
phys. (2012), http://dx.doi.org/10.1016/j.abb.2012.05.015
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p < 0.01). This effect was not associated with a lower food intake
because it was similar throughout the study between both groups
(data not shown).

FISH-FCM methodology for faecal bacteria enumeration

In order to optimize the methodology of coupling FCM to FISH,
non-mixed bacterial populations were used as controls (Fig. 1).
Critical settings were related to probe hybridization specificity
and efficiency. Conditions set up in such pure bacteria include,
among others, hybridization and washing temperatures and incu-
bation periods (from 1 to 24 h), requirement of lysozyme treat-
ment for Lactobacillus, and composition of the permabilization
buffer (SDS concentration ranging from 0.001% to 10%). Final con-
ditions are described in the Material and methods and FCM gating
is shown in Fig 1.

Effects of cocoa diet on microbiota composition

The faecal microbiota composition was characterized by FCM-
FISH technique before the start of the diet and at the end of the
Fig. 1. Representative cytograms of the optimized FISH-FCM methodology using the L. pa
show the initial acquisition gates that select the bacterial population. C and D cytogr
bacterial population (FSC) and fluorescence for NON-EUB-Cy5 probe in the L. paracasei str
for Lactobacillus or Clostridium detection to be selected. E and F cytograms correspond to
faecal sample (F) after FISH technique.
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study (Table 2). The Lactobacillus proportion had a tendency to
be reduced by age when samples from both groups were
considered together. With regards to the nutritional intervention,
the high and continuous cocoa diet led to significant differences
in microbiota composition. Although the total counts of
bacteria were not affected by the diet, the cocoa-fed animals
had a significant decrease in the proportion of Bacteroides,
Staphylococcus and Clostridium genera compared to the REF
group at the end of the study and with respect to their initial
values (p < 0.05).

Effects of cocoa diet on colon TLR gene expression

Gene expression of TLR2, TLR4, TLR7 and TLR9 was assessed in
the colon at the end of the study (Fig 2). When samples from both
groups were considered together the number of the Lactobacillus
and Staphyloccocus genera showed a correlation with the gene
expression of TLR7 and TLR9 at the end of the study (r = 0.849,
p = 0.016 and r = 0.850, p = 0.015; respectively).

Colon TLR4 gene expression was not modified in the cocoa-fed
animals whereas TLR2 and TLR7 expression had a tendency to be
racasei strain (A, C, E) and a representative faecal sample (B, D, F). A and B cytograms
ams correspond to negative controls combining morphological parameters of the
ain (C) or in the faecal sample (D) which allows the threshold for the positive region
positive bacteria for Lab158-Cy5 in the L. paracasei strain (E) and Chis150-Cy5 in a

phys. (2012), http://dx.doi.org/10.1016/j.abb.2012.05.015
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Table 2
Bacterial counts of each genus relative to total bacteria counts determined by FISH-FCM in faeces.

REF group COCOA group

Before intervention After intervention Before intervention After intervention

Cells/ga S.M.E Cells/ga S.M.E Cells/ga S.M.E Cells/ga S.M.E

All Bacteria 9.47 0.13 9.34 0.12 9.26 0.08 9.32 0.10
Lactobacillus 8.30 0.16 7.81 0.28 7.86 0.18 7.35 0.15
Bacteroides 8.19 0.24 7.90 0.22 8.09 0.25 7.06*,u 0.23
Bifidobacterium 8.31 0.22 8.13 0.11 8.19 0.17 7.68 0.21
Staphylococcus 8.61 0.27 8.51 0.15 8.71 0.14 7.81*,u 0.22
Streptococcus 8.90 0.19 8.73 0.17 8.68 0.16 8.36 0.13
Clostridium 8.53 0.13 8.25 0.19 8.39 0.15 7.59*,u 0.23

* Significant differences: p < 0.05 vs REF group after intervention.
u Significant differences: p < 0.05 vs COCOA group before intervention.

a log faecal cells/g of faeces.

Fig. 2. TLR gene expressions in the colon after nutritional intervention with cocoa.
Expression values are normalized using the expression of Gusb as the endogenous
housekeeping gene. Each bar represents the mean ± SEM of the percentage of the
COCOA group (black bars) with respect to the REF group (white bars), which
represents 100% gene expression. Significant differences: ⁄p < 0.05 vs REF.
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reduced. Cocoa-fed animals showed 4-fold downregulation in the
TLR9 expression in comparison to the REF group (p < 0.05).

TLR2 and TLR7 decreases correlated with values of Lactobacillus,
Bacteroides and Bifidobacterium in the COCOA group (p < 0.01, in all
cases).
Fig. 3. Effects of a cocoa-enriched diet on intestinal IgA. Black bars correspond to the C
represents the mean ± SEM of each variable for the cocoa group in comparison with the r
of Iga gene expression in the colon compared to the reference group which represents 10
after 6 weeks of nutritional intervention. Statistical significance: ⁄p < 0.05 vs REF group

Please cite this article in press as: M. Massot-Cladera et al., Arch. Biochem. Bio
Effects of cocoa diet on intestinal IgA

Different approaches were used to study the effect of cocoa on
intestinal IgA production (Fig 3). After 6 weeks of the dietary inter-
vention, the S-IgA concentration in the small intestine washes from
the COCOA animals was significantly reduced when compared to
that of the REF group (p < 0.05) (Fig. 3A) and significantly corre-
lated with the decrease in the proportion of the Clostridium and
Streptococcus groups (p < 0.05). Moreover, the colon Iga gene
expression in those animals receiving cocoa for 6 weeks followed
the same down-modulatory pattern (p < 0.05) (Fig. 3B). This de-
crease also had significant correlations with the content of Bacte-
roides, Bifidobacterium, Streptococcus and Clostridium in the
COCOA group (p < 0.01, in all cases).

Faecal samples collected before the start of the diet and at the
end of the study were used to determine IgA- and IgM-coating bac-
teria by flow cytometry (Figs. 3C and 4). Although IgM-coating bac-
teria were not detected in faecal samples (data not shown), both
groups showed a similar IgA-coating bacteria pattern at baseline.
Moreover, the proportion of the IgA-coating bacteria in both die-
tary groups was significantly associated with the number of faecal
Clostridium and Staphylococcus (r = 0.769, p = 0.026 and r = 0.680,
p = 0.044, respectively). At the end of the study the REF group
showed an age-related increase in the percentage of IgA-coating
bacteria which was avoided by the cocoa diet (p < 0.05) fig 4.
Discussion

Previous studies showed that cocoa-enriched diets in rats influ-
ence intestinal immune system [11,13,14] what is attributed either
OCOA group and white bars correspond to the standard diet (REF group). Each bar
eference group. (A) Concentration of S-IgA in small intestine washes, (B) percentage
0% gene expression, and (C) percentage of faecal bacteria coated with IgA before and
after the study period; up < 0.05 vs their initial values.

phys. (2012), http://dx.doi.org/10.1016/j.abb.2012.05.015
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Fig. 4. Representative biparametrics cytograms combining morphological parameters, total bacteria labelling and IgA-coating bacteria percentages. (A) A non-stained faecal
homogenate was used as a negative control to establish the positive region for total bacteria PI labelling. (B) Population of total bacteria stained with PI in a faecal
homogenate. (C) A non-stained faecal homogenate was used as a negative control to establish the positive region for IgA-coating bacteria labelled with FITC. (D) Percentage of
IgA-coating bacteria in a faecal homogenate. C and D are gated on the basis of an established window on B (PI+ cells, bacterial population).
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to a direct effect on intestinal immune cells and/or to an effect,
mediated by changes in microbiota which would influence the
cross-talk with the host (i.e. through TLR).

After ingestion of cocoa, its procyanidins as well as its fibre
reach intact the colon [15,34]. Commensal bacteria can metabolise
polyphenols [34] and then intact procyanidins and their metabo-
lites may influence both on the immune cells and the own micro-
biota. Here we demonstrate that a 10% cocoa diet for 6 weeks
decreased the amount of the Bacteroides, Staphylococcus and Clos-
tridium groups, intestinal IgA production and TLR9 gene
expression.

Although the antimicrobial activity of polyphenols has been
demonstrated in vitro, there are few in vivo studies. Tea phenols
and some metabolites show in vitro inhibitory effects on intestinal
human bacteria such as Clostridium, Bacteroides and Staphylococcos
while commensal anaerobes such as Lactobacillus and Bifidiobacte-
rium, among others, are less affected [35]. These results are in line
with those found here, probably due to the fact that tea and cocoa
share a similar but non-identical pattern of flavanols. Similarly, (+)-
catechin shows an inhibitory effect on the growth of the Clostrid-
ium hystoliticum using the batch culture approach [36], and berries
and its phenols also inhibited in vitro the Staphylococcus growth
[37]. Our results regarding the decreasing proportion of some bac-
teria genera are also in line with the effects of dietary tannins in
several animal models [38,39]. However, other in vivo studies have
shown the ability of certain flavonoids to promote the growth of
selected gut microbiota. Thus, using the batch culture approach,
pomegranate polyphenols have been reported to specifically
enhance the growth of Bifidobacterium spp. and the Lactobacillus–
Enterococcus group [40]. The Bacteroides, Lactobacillus and
Bifidobacterium intestinal proportions increased in rats fed with
Please cite this article in press as: M. Massot-Cladera et al., Arch. Biochem. Bio
wine polyphenols [41], and pigs receiving tea polyphenols showed
an increase in their Lactobacillus proportions [42].

Interventional studies evaluating the consumption of cocoa
products in humans are very limited, but in line with some of
our results, a recent study using high cocoa flavanol consumption
for 4 weeks found a significant decrease in the C. hystoliticum group
[43]. However, the high cocoa beverage also caused a promoting
effect on the growth of Lactobacillus spp. which does not reflect
our findings. These differential results could be attributed to sev-
eral factors such as the cocoa composition (fibre and flavonoids
pattern) dose, and differential composition and distribution eco-
system (rats vs human gut) [44]. In this sense, the predominant
microorganisms in rats are Peptostreptococcus and Fusobacterium
genus [44], whereas three enterotypes (different species and func-
tional composition) in the human gut microbioma called, due to its
predominance, Bacteroides, Prevotella and Ruminococcus [45] has
been recently demonstrated. Therefore, there are certain limita-
tions to this kind of interventional studies in humans due to its
high interpersonal variability. This could be a key factor in studies
evaluating the potential health effects of polyphenols; as these ef-
fects may be dependent on the volunteers’ microbiota composition
the results can be very diverse. This important variability factor
may be better controlled by using experimental animals in which
the microbiota from the same colonies is similar.

This study also shows the effect of a cocoa diet on body weight.
As shown in previous studies, a high cocoa intake produces lower
weight increase [11,46]. These results are in line with some studies
reporting weight loss and reduced fat deposition after polyphenol
intake [47–49]. Some explanations have been given in this regard
relating to hypolipidemic and cellular energy stimulating the prop-
erties of flavonoids [50,51]. However, as a reduction in some
phys. (2012), http://dx.doi.org/10.1016/j.abb.2012.05.015
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bacterial groups such as Clostridium is significantly correlated with
weight loss and body mass index (BMI) z-score reduction in a total
population [24], the effect of cocoa on reducing the Clostridium
group in the gut microbiota, may also explain partially the effects
of flavonoids on the body weight.

Besides the changes in microbiota composition after the cocoa
diet, some TLRs, which are key molecules for the recognition of mi-
cro-organisms [52,53], were also studied in the colon. The results
showed a significant downregulation of TLR9 and a tendency to de-
crease TLR2 and TLR7 in the colon of cocoa-fed animals. Previous
studies using a similar experimental design have found a pattern
of changes in TLR expression in inductive GALT and a different pat-
tern in the effector GALT in the small intestine [13,14]. In our cur-
rent study, the changes in TLR2, TLR4 and TLR7 gene expression in
the colon after cocoa intervention seems to demonstrate a similar
behaviour to the results obtained in the inductor sites. Conversely,
the colon TLR9 expression in cocoa-fed animals adopts the same
tendency to that which was previously observed in the effector
sites. These changes in TLR expression could reflect the changes
found in the intestinal microbiota and/or its direct relation with
intestinal epithelial and immune cells. In addition, these changes
may modulate the recruitment of IgA-secretory cells to the intesti-
nal lamina propria [14].

We found that high cocoa diet had a down-modulatory effect on
intestinal IgA at protein level, in line with previous studies [11],
and also at gene level, which concurs with the effect found in small
intestine and Peyer’s patches from rats fed a cocoa diet [14]. The
mucosal, but also systemic, Ig down-modulation may be important
in diseases involving dysregulation of intestinal antibody re-
sponses such as celiac disease or food allergies. Here we have also
investigated the possible effects of cocoa on IgA-coating bacteria.
Regardless of the lowering effect of cocoa on IgA-coating bacteria,
the proportion of the IgA-coating bacteria in both dietary groups is
particularly closely associated with the number of faecal Clostrid-
ium and Staphylococcus, which agrees in part with the findings of
others [24]. These results may suggest that these bacteria have
the biggest influence on the IgA-coating effect.

All these findings increase the evidence that cocoa can modu-
late intestinal microbiota composition. This effect may be due to
its highly polymerized polyphenols which are associated to dietary
fibre repressing the growth of certain bacteria. Moreover, microbi-
ota changes could be partly responsible for the lower differentia-
tion in IgA + B cells and/or lower IgA synthesis capacity in this
compartment, probably due to the changes produced in TLR gene
expression. In summary, a high and continuous cocoa intake in rats
is capable of modifying some functional aspects at intestinal level
including microbiota composition and immune response.
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