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Cacao polyphenols ameliorate autoimmune
myocarditis in mice

Hirofumi Zempo1, Jun-ichi Suzuki2, Ryo Watanabe1, Kouji Wakayama2, Hidetoshi Kumagai2, Yuichi Ikeda3,
Hiroshi Akazawa2, Issei Komuro3 and Mitsuaki Isobe1

Myocarditis is a clinically severe disease; however, no effective treatment has been established. The aim of this study was to

determine whether cacao bean (Theobroma cacao) polyphenols ameliorate autoimmune myocarditis. We used an experimental

autoimmune myocarditis (EAM) model in Balb/c mice. Mice with induced EAM were treated with a cacao polyphenol extract

(CPE, n=12) or vehicle (n=12). On day 21, hearts were harvested and analyzed. Elevated heart weight to body weight and

fibrotic area ratios as well as high cardiac cell infiltration were observed in the vehicle-treated EAM mice. However, these

increases were significantly suppressed in the CPE-treated mice. Reverse transcriptase-PCR revealed that mRNA expressions of

interleukin (Il)-1β, Il-6, E-selectin, vascular cell adhesion molecule-1 and collagen type 1 were lower in the CPE group compared

with the vehicle group. The mRNA expressions of nicotinamide adenine dinucleotide phosphate-oxidase (Nox)2 and Nox4 were

increased in the vehicle-treated EAM hearts, although CPE treatment did not significantly suppress the transcription levels.

However, compared with vehicle treatment of EAM hearts, CPE treatment significantly suppressed hydrogen peroxide

concentrations. Cardiac myeloperoxidase activity, the intensity of dihydroethidium staining and the phosphorylation of nuclear

factor-κB p65 were also lower in the CPE group compared with the vehicle group. Our data suggest that CPE ameliorates EAM

in mice. CPE is a promising dietary supplement to suppress cardiovascular inflammation and oxidative stress.
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INTRODUCTION

Acute myocarditis causes acute heart failure as well as dilated
cardiomyopathy.1 Patients with the severest form of myocarditis
may suffer from rapidly progressing heart failure, shock or
arrhythmia.2,3 Although there are many approaches to the treatment
of this disease, effective treatments have not been fully established.
Murine experimental autoimmune myocarditis (EAM), which is
induced by immunizing mice with myocardial self-antigens, resembles
the autoimmunological process of acute myocarditis.4–6 This model
has been used to study the pathogenesis of clinical myocarditis.
Plant polyphenols are known to suppress inflammation, oxidative

stress and fibrosis.6,7 Cacao beans (Theobroma cacao), which are the
source of chocolate, are rich in polyphenols such as (− )-epicatechin
and their oligomeric procyanidins.8 Pérez-Jiménez and co-authors9

surveyed the 100 richest dietary sources of polyphenols (mg per 100 g
or mg per 100ml) out of 452 foods and have reported that cocoa
powder is in 4th place (ahead of blackberry, 30th; apple, 48th; and red
wine, 53rd). Cacao polyphenols enhance antioxidative activity9,10 and
downregulate T-lymphocyte activation.11 A recent study has reported
that cacao polyphenols inhibit the development of atherosclerosis in
apolipoprotein E-deficient mice.12 Another study has shown that

regular consumption of dark chocolate reduces myocardial inflamma-
tion in mice exposed to air pollution.13 However, no study revealing
the effects of cacao polyphenols on autoimmune myocarditis has been
reported.
Several studies have demonstrated that adiponectin elicits an

anti-inflammatory response14 and plant polyphenols, including
procyanidins, induce adiponectin gene expression.15,16 In additiona,
a recent review has suggested that cocoa polyphenols may have the
potential to enhance adiponectin gene expression;17 however, concrete
data were not shown.
The purpose of this study was to determine whether cacao

polyphenols ameliorate autoimmune myocarditis. We provide the
first demonstration that cacao polyphenols ameliorate EAM,
indicating that cacao polyphenols are a promising dietary supplement
to suppress cardiovascular inflammation and oxidative stress.

METHODS

Experimental autoimmune myocarditis
Six-week-old male Balb/c mice were obtained from CREA Japan, (Tokyo,
Japan). They were fed a standard diet and were maintained in compliance with
the animal welfare guidelines of the Institute of Experimental Animals, Tokyo
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Medical and Dental University. This study was approved by the Animal Care

and Use Committee of Tokyo Medical and Dental University. Purified synthetic

myosin peptide,4 Myhc-α614-629 (Japan Bio Services, Saitama, Japan) was

emulsified with an equal volume of complete Freund's adjuvant supplemented

with Mycobacterium tuberculosis H37RA (Difco, Sparks, MD, USA). On days 0

and 7, the mice were injected in the back subcutaneously with 0.2ml of the

emulsion, yielding an immunizing dose of 150 μg of synthetic myosin peptide

per mouse.

Cacao polyphenol administration
We used cacao polyphenol extract powder (CPE: Meiji, Tokyo, Japan), which

contained ~80% cacao polyphenols, in this study. This extract contained

(− )-epicatechin (16.6%), procyanidin B2 (9.4%), procyanidin C1 (5.1%),

cinnnamtannin A2 (2.3%), procyanidin B5 (1.3%), (+)-catechin (0.8%) and

other polyphenolic compounds. The immunized mice were randomly assigned

into two groups as follows: the CPE group (n= 12) received CPE in distilled

water (1.2mg kg−1 per day), and the vehicle group (distilled water only, n= 12)

received distilled water. All treatments were administered orally from day 0 to

day 21. The control mice were not immunized and received vehicle in the same

manner (n= 4).

Blood pressure
Systolic, mean and diastolic blood pressure was measured using a tail-cuff

system (BP-98A, Softron, Tokyo, Japan) weekly between 10:00 am and

12:00 pm. Unanesthetized, awake mice were prewarmed for 10min at 37 °C

in a thermostatically controlled heating cabinet. An average of five recordings

was collected for each individual value.

Echocardiogram
Transthoracic echocardiography was performed according to a previously
described method.18 The animals were anesthetized by i.p. administration
(0.1 ml per 10 g body weight) of 3.6% chloral hydrate (2,2,2-trichloro-1,1-
ethanediol, Wako Pure Chemical Industries, Osaka, Japan) in saline on day 21.
An echocardiographic machine with a 14MHz transducer (Toshiba,
Tokyo, Japan) was used for left ventricular echocardiographic recording.
A two-dimensional targeted M-mode and B-mode echocardiogram was
obtained along the short-axis view of the left ventricle at the level of the
papillary muscles. The left ventricular internal dimension diastolic, left
ventricular internal dimension systolic, ejection fraction and fractional
shortening were calculated from the M-mode echocardiograms.19 To analyze
cardiac function, two investigators independently measured the contraction,
and the values were averaged.

Histopathology
Hearts were harvested immediately after the mice were killed on day 21. We
obtained a mid-ventricular section, and slices were stained with hematoxylin and
eosin and Mallory’s trichrome (Mallory). The ratio of the area of cell infiltration
was calculated according to a previously described method.20 The area of fibrosis
and necrotic changes were calculated as fibrotic area by using a modification of
the method used to calculate the ratio of the area of cell infiltration. In brief, the
cross-sections of Mallory-stained heart were photographed, and the photographs
were printed onto paper. The total area of the myocardium and the fibrotic areas
(consisting of connective tissue) were accurately outlined on the paper by
microscopically examining the original Mallory-stained cross-sections. The
papers were then scanned. The percentage area of the fibrotic myocardium
was determined via computer analysis using the public domain NIH Image
program (Image J: National Institutes of Health, USA).

Immunohistochemistry
Immunohistochemistry was performed to examine CD4 (#550296, BD
Biosciences, Tokyo, Japan) and Gr-1 (#108401, BioLegend, San Diego, CA,
USA) expression in the hearts on day 21. The sections were incubated with
unlabeled primary antibodies overnight at 4 °C, washed in phosphate-buffered
saline, and then incubated with secondary antibodies (Histofine; Nichirei,
Tokyo, Japan). The sections were washed in phosphate-buffered saline and
incubated with an aminoethylcarbazolecomplex (Nichirei). CD4 - and Gr-1-
positive cells per high-power field were counted in six randomly selected fields,
and the counts were averaged.

RNA extraction and real-time PCR
Total RNA was extracted using TRIsure (Bioline, Tokyo, Japan) according to
the manufacturer’s protocol. Complementary DNA was prepared with a reverse
transcriptase-PCR kit (Life Technologies Japan, Tokyo, Japan). PCR was
performed with the PCR kit in the presence of predesigned oligo primers for
interleukin (Il)-1β (Il1b, Mm00434228_m1), Il-6 (Il-6, Mm00446190_m1), Il-10
(Il-10, Mm00439616_m1), tumor necrosis factor-α (Tnf, Mm00443260_g1),
E-selectin (Sele, Mm01310197_m1), vascular cell adhesion molecule-1 (Vcam,
Mm01320970), intercellular adhesion molecule-1 (Icam, Mm00516023),
collagen type I (Col1a1, Mm00801666_g1), nicotinamide adenine dinucleotide
phosphate-oxidase (Nox)2 (Mm01287743_m1) and Nox4 (Mm00479245_m1).
The mRNA levels were quantified and normalized to the levels of 18 s
(4319413E). The complementary DNA was run in duplicate, and quantitative
data were obtained using the comparative Ct (ΔΔCt) method.21 To determine
the mRNA expression of adiponectin, Power SYBR Green Master Mix (Applied
Biosystems, Foster City, CA, USA) was used for the real-time PCR reaction. The
sequences of the adiponectin primers were described previously,22 and
glyceraldehyde 3-phosphate dehydrogenase23 was used as an internal control.

Serum concentrations of anticardiac myosin titers
Measurements of anticardiac myosin titers in serum were performed as
previously described,24 with some modifications. Microplates (96 wells) were
coated with 100 μl per well of Myhc-α614-629 (10 μgml− 1) in bicarbonate buffer
(Polysciences, Warrington, PA, USA) and left overnight. Mouse IgG secondary
antibodies (NA931: GE Healthcare, Tokyo, Japan), diluted 1:1000, were used

Figure 1 Blood pressure, heart rate and heart weight to body weight ratio of
mice on day 21. (a) Systolic blood pressure (SBP). (b) Mean blood pressure
(MBP). (c) Diastolic blood pressure (DBP). (d) Heart rate (HR). (e) Heart
weight (HW) to body weight (BW) ratio. Values are mean± s.e.m. *Po0.05
vs control.
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for detection. Serum samples were diluted 1:100, 1:200, 1:400, 1:800, 1:1600,
1:3200 and 1:6400. Tetramethylbenzidine substrate (T0440, Sigma-Aldrich
Japan, Tokyo, Japan) was added to each well, and the plates were allowed to
stand for 30min. The reaction was stopped by adding 0.5 M H2SO4. Optical
densities were determined at 450 nm. End point antibody titers for each
individual mouse were calculated as the greatest positive dilution of antibody.

Hydrogen peroxide concentration and MPO activity in the heart
Relative concentrations of cardiac H2O2 were determined using a kit
(ADI-907-015, Enzo Life Science, Farmingdale, NY, USA). Equal volumes of
heart tissues were homogenized in 50mM phosphate (pH 6.0) and centrifuged.
The supernatant was used as the sample. The optical density was detected at
550 nm. Myeloperoxidase (MPO) activity in the hearts was assessed using an
adaptation of a previously described protocol.25 One unit of MPO activity was
defined as a change in A460 of 1.0 after 2 min, and the results were expressed as
mU of MPO activity per mg of heart tissue (mUmg− 1).

DHE staining
The cardiac O2

− level was evaluated by dihydroethidium (DHE) staining using
an adaptation of a previously described protocol.26,27 Ethidium fluorescence
was detected by fluorescence microscopy.

Western blotting
Nuclear factor-κ B (NF-κB) activity in the heart was assessed using an

adaptation of a previously described protocol.18

Statistical analysis
Statistical analysis was performed using the SPSS Base System 14.0 J for

Windows (IBM Japan, Tokyo, Japan). Values are reported as the mean± s.e.m.

Group comparisons were made by unpaired t-test, Kruskal–Wallis test or

one-way analysis of variance followed by Tukey’s comparison tests. Differences

were considered statistically significant at Po0.05.

RESULTS

Blood pressure and echocardiogram
There were no significant differences in blood pressure or heart rate
(Figures 1a-d). In addition, the echocardiogram data did not
significantly differ between the CPE group and the vehicle group.

CPE suppressed cardiac remodeling
Heart weight to body weight ratios increased in the vehicle group but
did not increase in the CPE group (Figure 1e). Histological sections of

Figure 2 CPE suppresses cell infiltration and fibrosis. (a) Representative hematoxylin and eosin (HE) and Mallory staining of heart sections from control mice
and from vehicle- and CPE-treated mice on day 21. Bar, 1 mm (×20) and 50 μm (×400). Cardiac (b) cell infiltration and (c) fibrotic area ratio. Control group,
n=3; Vehicle group, n=10; CPE group, n=11. Values are mean± s.e.m. *Po0.05 vs control. †Po0.05 vs vehicle. A full color version of this figure is
available at Hypertension Research online.
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EAM hearts were stained with hematoxylin and eosin and Mallory.
Cardiac myosin sensitization increased cell infiltration and the fibrotic
area ratio in the vehicle-treated hearts. However, CPE treatment
suppressed these exacerbations (Figure 2).

Immunohistochemistry
Immunohistochemical analysis indicated that there was a significant
difference in the number of Gr-1-positive cells per entire area (mm2)
between the CPE group and the vehicle group (Figures 3a and b).
Similarly, there was a significant difference in the number of
CD4-positive cells per entire area (mm2) between the CPE group
and the vehicle group (Figures 3a and c).

CPE inhibited the gene expression of pro-inflammatory cytokines,
adhesion molecules and collagen but not of superoxide-generating
enzymes
We measured gene expression in the hearts and found that Il-1β and
Il-6 mRNA expression was lower in the CPE group than in the vehicle
group (Figures 4a and b). However, there were no significant
differences in Il-10 or Tnf mRNA expression levels between the

CPE and vehicle group (Figures 4c and d). Gene expression of the cell
infiltration-related adhesion molecules E-selectin and vascular cell
adhesion molecule-1, but not intercellular adhesion molecule-1,
was inhibited by CPE in the cardiac myosin-sensitized hearts
(Figures 4e–g). Moreover, collagen type 1 mRNA expression was
lower in the CPE group compared with the vehicle group (Figure 4h).
Gene expressions of the superoxide-generating enzymes Nox2 and
Nox4 were upregulated after EAM; however, CPE treatment did not
significantly suppress the transcription levels (Figures 4i and j).

CPE treatment did not affect the autoimmune response or
adiponectin expression
Serum samples from EAM mice showed increased autoantibodies, but
there were no significant differences between the CPE- and vehicle-
treated groups (Figure 5a). We examined whether CPE treatment
altered adiponectin gene expression in heart and visceral white adipose
tissue. Although the hearts did not express adiponectin mRNA, white
adipose tissue enhanced the mRNA levels. CPE treatment did not
change the adiponectin mRNA level (Figure 5b).

CPE treatment inhibited oxidative stress and NF-κB activation
Cardiac hydrogen peroxide concentrations were increased in the
vehicle group; however, CPE treatment significantly suppressed these
levels (Figure 6a). We also measured MPO activity and DHE staining.
Cardiac MPO activity was increased in the vehicle-treated hearts. In
contrast, MPO activity was not increased in the CPE-treated hearts
(Figure 6b). Quantitative analysis showed that the intensity of DHE
staining was significantly greater in the vehicle group. However,
CPE treatment reduced the intensity of DHE staining (Figure 6c).
Finally, we evaluated NF-κB activation by EAM induction. CPE
treatment, compared with vehicle treatment, suppressed the levels of
phosphorylated NF-κB p65 (Figure 6d).

DISCUSSION

Our results revealed that CPE suppressed cardiac remodeling, inflam-
mation and oxidative stress in mice immunized with cardiac myosin.
Although CPE treatment did not significantly suppress Nox2 and
Nox4 transcription levels, compared with vehicle treatment of EAM
hearts, CPE treatment significantly suppressed hydrogen peroxide
concentrations. Nox2 and Nox4 generate superoxide, which is easily
converted into hydrogen peroxide.28 Serum antibody titers for cardiac
myosin, which is an indicator of autoimmune disease, were not
inhibited by CPE treatment. Moreover, although several studies have
demonstrated that adiponectin elicits an anti-inflammatory response14

and that plant polyphenols, including procyanidins, induce adiponec-
tin gene expression,15,16 CPE administration did not alter adiponectin
mRNA levels in this study. A recent review has suggested that cocoa
polyphenols affect adiponectin gene expression;17 however, concrete
data were not shown. It has been suggested that the pathological
process of EAM involves the following: antigen presentation of cardiac
myosin to T cells by macrophages/dendritic cells; antibody production
by B cells; accumulation and infiltration by CD4 T cells and
neutrophils; enhancement of inflammation and oxidative stress; and
fibrosis.29 Therefore, we propose that the mechanism by which CPE
inhibited the EAM in our study may involve the targeting of
inflammation and oxidative stress rather than the early immunological
processes of macrophages/dendritic cells and the production of
autoantibodies by B cells. Thus, this study reveals that CPE ameliorates
myocarditis without inhibiting the early stages of the immunological
response. The EAM hearts showed cell infiltration; in particular,
infiltration of CD4-positive T cells and neutrophils was observed.

Figure 3 (a) Representative Gr-1 (×50; bar, 500 μm) and CD4 (×100; bar,
200 μm) immunohistochemistry of the heart. (b and c) The numbers of
immunohistochemically stained cells were counted in six random fields
per section and averaged (control group, n=3; Vehicle group, n=6; CPE
group, n=6). Values are mean± s.e.m. *Po0.05 vs control. †Po0.05 vs
vehicle. A full color version of this figure is available at Hypertension
Research online.
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CD4-positive T cells have a major role in inflammation in EAM.30,31

Therefore, we suggest that the antioxidative inhibition of CD4-positive
T cells was the main pathophysiological mechanism by which the
administration of CPE ameliorated heart inflammation.
We have previously reported that green tea polyphenols, which

include epigallocatechin gallate as a principal component, inhibits
EAM in rodents.6 Because cacao polyphenols include epicatechin and
oligomeric procyanidins as major components, they may contribute to
the EAM inhibition. However, no reports have demonstrated the
pathophysiological relationship between myocarditis and these
polyphenols. Some studies have shown that epicatechin inhibits the
lipopolysaccharide-induced increase of pro-inflammatory cytokines
in vitro32 and that i.p. injection of procyanidins ameliorates
experimental autoimmune encephalomyelitis.33 In this study, we fed
CPE to mice and found that the absorption ratio of epicatechin was

Figure 4 mRNA expression in hearts on day 21. (a) Il1b, (b) Il6, (c) Il-10, (d) TNF, (e) Sele, (f) Vcam, (g) Icam, (h) Col1a1, (i) Nox2, and (j) Nox4 mRNA
expression levels. The ratio was calculated relative to 18 s expression as a control. Control group, n=3; vehicle group, n=7; CPE group, n=7. Values are
mean± s.e.m. *Po0.05 vs control. †Po0.05 vs vehicle.

a b

Figure 5 CPE did not affect the autoimmune response or adiponectin
expression. (a) Anticardiac myosin titers in serum collected 21 days after
immunization, as measured by enzyme-linked immunosorbent assay (ELISA).
Control group, n=3; vehicle group, n=6; CPE group, n=6. (b) Adiponectin
mRNA expression in hearts and white adipose tissue (WAT). mRNA levels were
normalized to GAPDH. n=4 per group.
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~30–50%;10 in contrast, the ratio of procyanidins was o1%.34

A previous study has shown that procyanidins enhance the production
of adiponectin.16 However, we could not detect a CPE-mediated
increase in adiponectin mRNA in either the hearts or white adipose
tissue of the EAM mice. Therefore, epicatechins may have had a main
role in EAM inhibition in this study. Further experiments should be
performed to clarify the effects of epicatechins and procyanidins
on EAM.
Pro-inflammatory cytokines, oxidative stress and inflammation

affect the pathological condition of EAM.29 In particular, NF-κB is a
central activator of inflammation and immune development.18,35

NF-κB also activates cell proliferation, apoptosis and the expression
of adhesion molecules.35 Previously, we have reported strong expres-
sion of NF-κB p65 in the nuclei of infiltrating cells in EAM hearts.18

Other studies have revealed that NF-κB transactivates Il-1β mRNA
expression36 and that Il-1β signaling is critical for the development of
EAM.37 Thus, CPE can inhibit EAM though NF-κB/Il-1β suppression.
We suspect that CPE may inhibit Il-1β, Il-6 and NF-κB activation via
its antioxidant function. Oxidative stress and NF-κB/Il-1β are known
to form a positive autoregulatory loop.36,38 CPE may inhibit this loop

via an antioxidative effect. However, although Tnf is an important
inflammatory factor in the pathogenesis of EAM,39,40 we found that
CPE did not inhibit Tnf mRNA expression in the EAM mice. Because
Tnf induces the production of reactive oxygen species,41 we suggest
that CPE ameliorates EAM by via an antioxidant effect.
Recently, supplements containing polyphenols from green tea,

grapes, and coffee beans have gained attention for disease prevention;
however, these effects have yet to be fully validated. In the future,
supplements containing CPE may be useful to treat or prevent various
cardiovascular diseases and other autoimmune diseases. In conclusion,
CPE is a promising dietary supplement that may lead to the
suppression of cardiovascular inflammation and oxidative stress.
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Figure 6 (a) Cardiac hydrogen peroxide concentration on day 21. Control group, n=3; vehicle group, n=5; CPE group, n=5. (b) Cardiac MPO activity on
day 21. Control group, n=3; vehicle group, n=6; CPE group, n=6. (c) Fluorescence detection of superoxide in hearts on day 21. Representative superoxide
detection in cross-sections of heart is shown via DHE staining. Magnification, ×400. n=3 per group. (d) Activity of NF-κB in hearts on day 21.
Representative western blots demonstrating the expression of phosphorylated (phos)-NF-κB p65 (Ser536) and total-NF-κB p65. All values are mean± s.e.m.
*Po0.05 vs control. †Po0.05 vs vehicle. A full color version of this figure is available at Hypertension Research online.
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