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Previous studies in young rats reported the impact of cocoa intake on healthy immune status and allow
suggesting it may have a role in the prevention of some immune-mediated diseases. The aim of this
study was to ascertain the effect of a cocoa diet in a model of allergy in young rats. Three-week-old
Brown Norway rats were immunized by i.p. injection of ovalbumin (OVA) with alum as adjuvant and
Bordetella pertussis toxin. During the next 4 weeks rats received either a cocoa diet (containing 0.2%

Ic(eywords: polyphenols, w/w) or a standard diet. Animals fed a standard diet showed high concentrations of anti-
Fgflc:)iloid OVAIgG1,1gG2a,1gG2b and high anti-OVA IgE titres, which is the antibody involved in allergic response. In
IoE contrast, animals fed a cocoa diet showed significantly lower concentrations of anti-OVA IgG1 and IgG2a
g R . . . . .

Allergy antibodies. Interestingly, the cocoa diet prevented anti-OVA IgE synthesis and decreased total serum IgE
Rat concentration. Analysis of cytokine production in lymph node cells at the end of the study revealed that,

in this compartment, the cocoa diet decreased the tumor necrosis factor (TNF)-a and the interleukin
(IL)-10 secretion but not IL-4 production. In conclusion, a cocoa-enriched diet in young rats produces an
immunomodulatory effect that prevents anti-allergen IgE synthesis, suggesting a potential role for cocoa

Th2 immune response

flavonoids in the prevention or treatment of allergic diseases.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

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

Abbreviations: AU, arbitrary units; BSA, albumin from bovine serum; CBA, cyto-
metric bead array; FBS, fetal bovine serum; IFN, interferon; IL, interleukin; MLN,
mesenteric lymph nodes; OPD, o-phenylenediamine; OVA, ovalbumin; PBS-Tw,
phosphate-buffered saline containing 0.05% Tween 20; RT, room temperature; tBp,
Bordetella pertussis toxin; TNF, tumor necrosis factor.
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by means of major histocompatibility complex (MHC) class Il and
co-stimulatory molecules (CD80, CD86, etc.) thus performing the
immunological synapse [2]. Activated allergen-specific Th cells,
which usually polarize in the Th1 or Th2 effector populations, dif-
ferentiate and expand into a Th2 subpopulation. Activated Th2 cells
produce cytokines such as interleukin (IL)-4, IL-5, IL-10, and IL-13
which are important in switching antibody production from B cells
to predominantly IgE production against the allergen, as well as
stimulating mast cells and eosinophils. Specific IgE binds then to
IgE receptors (FceRI) in mast cells; when allergen crosslinks to mast
cell-bound IgE, a large number of preformed and newly synthe-
sized mediators and proteases are released and they are responsible
for allergic manifestations [3]. Symptoms of allergy affect the skin,
respiratory and gastrointestinal systems or even the nervous and
cardiovascular systems. The most severe form of allergy is the ana-
phylaxis, which involves two or more organic systems, sometimes
producing an anaphylactic shock with hypotension that can result
in death.

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

Flavonoids are products of the secondary metabolism of plants
that are regularly ingested in small quantities in many edible
plants. Chemically, they have a polyphenolic structure showing
antioxidant activities. These properties have aroused an increasing
interest in assessing their possible beneficial role in the prevention
of various diseases, as evidenced by the large number of studies
focused on the effect of flavonoids on health over the last decade
[7,8]. Considering the role of flavonoids in the immune system,
most studies are performed in vitro, and those reports focusing
on acquired immune response suggest that flavonoids produce
an inhibitory effect on lymphocyte activation [9-11]. These stud-
ies show that flavonoids can affect both early and late phases of
the immune response, including Th1 and Th2 effector responses,
although a skewed effect of flavonoids favouring or inhibiting Th1
or Th2 responses has not been clearly established. Most preclinical
studies on flavonoids in the acquired immune response use an anti-
gen sensitization model followed by a challenge through different
routes, searching to provoke a harmful immune response. Different
types of flavonoids show the potential to suppress these damaging
responses [12-14].

Cocoa is a rich source of polyphenols, particularly flavonoids
such as (—)-epicatechin and (+)-catechin as well as procyanidins,
the polymers derived from these monomers [15]. Previous stud-
ies demonstrated that a cocoa-enriched diet in rats was able to
modify the composition and functionality of several lymphoid tis-
sues [16-19], decreasing serum IgG, IgM and IgA concentrations
[16]. In addition, a cocoa diet in rats immunized with ovalbumin
(OVA) attenuated anti-OVA IgG1 (the main isotype associated with
the Th2 immune response in rats), [gG2a, IgG2c and IgM concen-
trations but led to higher amounts of anti-OVA IgG2b (the isotype
linked to the Th1 response) [18]. Similarly, a cocoa diet was able to
attenuate the specific antibody response in a rat model of chronic
inflammation [19].

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

2. Materials and methods
2.1. Chemicals

The Natural Forastero cocoa (Nutrexpa, Barcelona, Spain) used
in this study presented a total polyphenol content of about
22 mg/g with 2.2 mg/g (—)-epicatechin, 0.74 mg/g (+)-catechin and
1.7 mg/g procyanidin B2. Ovalbumin (OVA, grade V), albumin from
bovine serum (BSA), gelatine, peroxidase-conjugated extravidin,
o-phenylenediamine (OPD), and toxin from Bordetella pertussis
(tBP) came from Sigma-Aldrich (Madrid, Spain). Imject® alum was
obtained from Pierce (Rockford, IL, USA). Purified rat IgE, anti-
rat Ig monoclonal antibody and biotin-conjugated anti-rat IgG1,
IgG2a, IgG2b and IgE monoclonal antibodies, and rat standard, cap-
ture bead and detection reagent for interleukin (IL)-2, IL-4, IL-10,
interferon (IFN)-y and tumor necrosis factor (TNF)-a were pur-
chased from BD Biosciences (Heidelberg, Germany). The biotin
protein labelling kit used was from Roche Diagnostics (Mannheim,
Germany). RPMI 1640 medium, foetal bovine serum (FBS), L-
glutamine, streptomicin and penicillin were obtained from PAA

(Pasching, Austria). 3-Mercaptoethanol was provided by Merck
(Darmstadt, Germany).

2.2. Diets

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

2.3. Experimental design and induction of rat allergy model

Brown Norway rats were purchased from Janvier (France) and
maintained in the animal facilities of the Faculty of Pharmacy
under conditions of controlled temperature and humidityina12:12
light:dark cycle. At weaning (day 21 of life) the rats were housed
in polycarbonate cages (three to four per cage) and were random-
ized into two dietary groups: the cocoa group, formed by animals
fed chow containing 10% cocoa starting at weaning and continuing
until the end of the study (4 weeks later), and the reference group,
formed by animals fed standard chow.

At weaning, the rat allergy model was induced using OVA
as allergen and tBp to promote IgE synthesis [21]. Each rat was
injected i.p. with 0.5 mL of an emulsion containing 0.5 mg of OVA
together with 50 ng of tBp emulsified with Imject® (3:1 OVA:Alum).
Blood samples were collected at the beginning of the study (before
induction) and at 3 and 4 weeks after allergy induction. At week
fourth, mesenteric lymph nodes (MLN) were obtained. Lympho-
cytes from MLN were immediately isolated in sterile conditions
by passing the tissue through a mesh (100 wm, BD Biosciences).
The cell suspension was left on ice for 10 min to remove tissue
debris by sedimentation. Later, cells were centrifuged (600 x g,
5min, 4°C) and resuspended in RPMI 1640 medium supple-
mented with 10% FBS, 100 IU/mL streptomycin-penicillin, 2 mM
L-glutamine, and 0.05 mM 2-mercaptoethanol. MLN cells were cul-
tured at 5 x 106 cells in 1 mL with OVA (50 pg/mL) for 72 h (37°C,
5% CO,). Supernatants were then collected to assess cytokine con-
centrations.

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

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

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

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

2.6. Quantification of total IgE

Serum IgE concentration was quantified by a sandwich ELISA
using anti-rat IgE antibody as capture reagent and biotin-
conjugated anti-rat IgE antibody as detection reagent. Thereafter,
peroxidase-conjugated extravidin and OPD-H,0, were added as
detailed above. IgE standard was applied in a concentration range
of 0.15-20 ng/mL and samples were diluted to between 1/20 and
1/200.

2.7. Determination of cytokines by cytometric bead array
immunoassay

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

2.8. Statistical analysis

The software package SPSS 18.0 (PASW Statistics, SPSS,
Chicago, IL) was used for statistical analysis. The Levene’s and
Kolmogorov-Smirnov’s tests were applied to assess variance equal-
ity and normal distribution, respectively. The parametric t-Student
test was used to assess significance. Differences were considered
statistically significant for p-values <0.05.

3. Results
3.1. Body weight

At the beginning of the study rats weighed 44.75+6.79g
(mean + S.E.M.). Body weight was monitored throughout the study
and its time course was similar between both groups. At the end
of the study, body weight was 99.314+24.17 g [64.3-123.8 g] and
107.91+£15.19¢g [90.4-135.3 g] in the reference and cocoa groups,
respectively.

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

The serum concentrations of specific anti-OVA antibodies
belonging to the IgG1, IgG2a and IgG2b isotypes are summarized
in Fig. 1. Three weeks after OVA injection, the reference group
showed high concentrations of anti-OVA IgG1 and IgG2a, which
increased about 6-fold 1 week later (Fig. 1A and B). The cocoa
group showed much lower anti-OVA IgG1 and IgG2a concentra-
tions than the reference group both at 3 weeks (80- and 30-fold
for anti-OVA IgG1 and IgG2a, respectively) and 4 weeks (500- and
200-fold for anti-OVA IgG1 and IgG2a, respectively) from allergy
induction (p<0.001). The anti-OVA IgG2b concentrations in both
groups were much lower than the other IgG isotypes and there
were no significant differences between the diets (Fig. 1C).

3.3. Serum anti-OVA IgE and total IgE antibodies

The serum concentrations of anti-OVA IgE antibodies and total
IgE are summarized in Fig. 2. The reference animals produced high
titres of specific anti-OVA IgE after 3 weeks of allergy induction,
which increased 6-fold 1 week later (Fig. 2A). The animals fed the

anti-OVA IgG1 anti-OVA IgG2a anti-OVA IgG2b
1000000 1000000 1000000
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100000 100000 100000 cocoa
__ 10000 A 10000 - 10000 1
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Fig. 1. Concentration of serum anti-OVA IgG1 (A), IgG2a (B) and IgG2b (C) antibodies in reference (white bars) and cocoa groups (striped bars) at 3 and 4 weeks from allergy
induction. Results are expressed as mean plus standard error of AU/mL logarithm. *p <0.001 between reference and cocoa groups.
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Fig. 2. Concentration of serum anti-OVA IgE (A) and total IgE (B) in reference (white bars) and cocoa groups (striped bars) at 3 and 4 weeks from allergy induction. Results are
expressed as mean plus standard error of AU/mL logarithm in anti-OVA IgE and as mean plus standard error of total IgE concentration (ng/mL). *p <0.01 between reference

and cocoa groups.

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

The effect of cocoa diet on IgE was also apparent in the total
serum IgE concentration (Fig. 2B). Values of IgE before allergy
induction were 75.55+15.45ng/mL and 74.57+16.78 ng/mL
(mean + standard error) in the reference and cocoa groups, respec-
tively. In the reference animals, serum IgE concentration increased
up to about 3300 ng/mL after 4 weeks of allergy induction (Fig. 2).
The cocoa diet prevented total IgE increase at 3 and 4 weeks from
allergy induction (p<0.01).

3.4. Cytokine production

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

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

4. Discussion

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

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

In this study we induced the IgE synthesis by injecting Bordetella
pertussis toxin together with ovalbumin (OVA) and alum adjuvant
into Brown Norway allergy-prone rats. A similar model in Brown
Norway rats was applied by Dong et al. [21] and that involved
high titres of anti-OVA IgE, 3 weeks after injection. In this study,
we demonstrate that young rats that were fed a diet containing
10% cocoa produced drastically less anti-OVA IgE and, moreover,
showed lower concentrations of anti-OVA IgG1 and IgG2a, Th2-
related antibodies in rats. From these results, lower mast cell
sensitization and a reduction of mediators released from these cells
after allergen challenge would be expected. Therefore, it possible
to suggest that cocoa has the potential to prevent allergic manifes-
tations.

The cocoa compounds responsible for these effects are still to
be ascertained, but flavonoids are good candidates. Cocoa has a
relatively high content of flavanols such as catechin and epicat-
echin and unique long procyanidins which, while most of them
cannot be directly absorbed, are metabolized by microbiota to phe-
nolic metabolites that are eventually absorbed [23]. Cocoa also
contains lower amounts of flavonols such as quercetin, flavones
such as luteolin, and flavanones such as naringenin [15,24]. Some
preclinical studies show the effect of dietary flavonoids on spe-
cific IgE production and allergic manifestations. In a model of food
allergy induced in mice with OVA, the intake of apple condensed
tannins, which are rich oligomeric flavanols, decreased serum OVA-
specific IgE and IgG1 synthesis and inhibited the development of
oral OVA sensitization [25]. Single flavonoids such as quercetin
and silibinin administered p.o. have also demonstrated attenuating
activity on specific IgE synthesis [26,27]. In addition, in an allergy
model, mice treated daily p.o. with an extract of Kalanchoe pin-
nata (Crassulaceae), which contains quercetin derivatives among
other flavonoids, reduced the production of specific Ig and were
protected against fatal allergenic challenge [28].

Table 1

Cytokine concentration in MLN cell supernatants after stimulation with OVA. Results are expressed as mean + standard error of the mean.
Groups IL-2 (pg/mL) IFN-y (pg/mL) TNF-« (pg/mL) IL-4 (pg/mL) IL-10 (pg/mL)
Reference 6.72+0.61 n.d.? 1677.34+234.08 5.74+1.39 226.88+38.61
Cocoa 6.72+0.86 n.d. 266.65 +45.12 11.694+2.05 94.22 £15.11
p-Value NS - <0.005 <0.005 <0.05

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

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

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

composition of cocoa also needs to be also considered as this
depends on cocoa’s origin and method of processing and can impact
in its nutraceutical potential [43].

5. Conclusion

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