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ABSTRACT
Contact hypersensitivity (CHS) is frequently used as an animal model for human allergic
contact dermatitis (ACD). Diets of pomegranate polyphenols (PPs) or soy isoflavones (SIs)
each alleviated CHS symptoms; however, the effect of diets containing a mixture of PPs and
SIs on CHS is unclear. We investigated the CHS-inhibitory effects of diets supplemented with
a mixture of PPs and SIs at human physiologically relevant doses. Consuming the mixture of
PPs and SIs attenuated ear swelling and reduced infiltration of Gr-1-positive cells. Ear swelling
decreased in the PP and SI-treated mice compared to the SI-treated mice. The auricle tissues
of the PP and SI-fed mice exhibited decreased production of CXCL2 and MCP-5 compared to
the SI- and PP-treated mice, respectively. These results suggest that dietary supplementation
with a mixture of PPs and SIs may have ACD-preventive effects and may prove more
beneficial than supplementation with PPs or SIs alone.
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Pomegranates (Punica granatum L.) are frequently
consumed as juice, which is rich in polyphenols and
exhibits higher antioxidant activity than do juices of
other fruits such as grape, orange, and apple [1,2].
Ellagitannins (ETs) are the predominant polyphenol
components in pomegranate juice (PJ), and their high
antioxidant activities are thought to provide a range
of health benefits for those with medical conditions
including cardiovascular disease, diabetes, inflamma-
tory bowel diseases, and cancer [3–6].

Soy isoflavone (SI) is a major phytochemical in
soybeans and has been associated with beneficial
effects against chronic conditions such as cardiovas-
cular disease, certain types of cancers, menopausal
symptoms, and osteoporosis [7–11].

Contact hypersensitivity (CHS) is an animal model
often used to study allergic contact dermatitis (ACD),
a common occupational and environmental skin disor-
der induced by low molecular weight chemicals [12–15].
In a prior investigation, we studied the CHS-suppressive
effect of dietary pomegranate polyphenols (PPs), and
found that low-dose PP diets reduced the severity of
CHS symptoms. The low PP dose administered to the
mice corresponds to approximately 1 g polyphenols for
a human per day [16]. The polyphenol content in PJ
varies between 0.2–1%, which amounts to 0.4–2 g of
polyphenols per 200 mL of juice [1]. We also previously
studied the CHS-inhibitory effects of SI-enriched diets
and observed that low-dose SI diets attenuated CHS
symptoms. This low SI dose administered orally to

mice was equivalent to approximately 75 mg SI for
a human per day [17]. Following Japanese nutritional
guidelines, 70–75 mg/day is the maximum safe intake
level for dietary SI as aglycone. In Japan and East Asian
countries, the intake of SI varies from 25 to 50 mg
per day [18]. Therefore, our findings suggest that dietary
PPs or SIs provide beneficial effects for patients with
ACD when included in their regular diets. In addition,
analyses of DNA microarray and antibody array indi-
cated that different cytokines were suppressed by dietary
PPs and SIs, suggesting that the beneficial effects on CHS
were exerted by different mechanisms [16,17]. However,
the CHS-suppressive effectsmediated by diets containing
a mixture of PPs and SIs are unclear.

In the present study, we investigated the CHS-
inhibitory effects of diets containing a mixture of PPs
and SIs at doses physiologically relevant to humans.
Moreover, we utilized antibiotic arrays to elucidate the
underlying mechanisms of the CHS-suppressive effects
of consuming a mixture of PPs and SIs.

Materials and methods

Mice and materials

Female BALB/c mice (six weeks old) and the soy-
bean-free diet F2PLD1 were purchased from Japan
SLC (Hamamatsu, Japan) and Oriental Yeast (Tokyo,
Japan), respectively. PPs were prepared as previously
described [19]. The main polyphenolic components
were ETs, as detailed in previous studies [20,21].
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Soyaflavone HG (HG), an SI-enriched formulation,
was obtained from Fuji Oil (Izumisano, Japan).
Daidzein, glycitein, and genistein accounted for
61%, 30%, and 9%, respectively, of the total SI con-
tent in HG as considered aglycones.

Contact hypersensitivity

The CHS animal experiments were conducted as
described previously [22]. Mice were divided into non-
CHS control (NC, n = 3), CHS control (CC, n = 6), SI-
treated (SI, n = 6), PP-treated (PP, n = 6), and PP and SI-
treated (PS, n = 6) groups. The NC and CC groups were
provided water, while the SI and PP groups were pro-
vided water supplemented with 0.004% HG and 0.01%
PP, respectively. The PS group was provided water with
both 0.01% PP and 0.004% HG. The solutions of PP and
HG were provided to mice by a water bottle 3 weeks
before the first 2,4-dinitrofluorobenzene (DNFB; Kanto
Chemical, Tokyo, Japan) challenge. On days 0 and 1, the
mice were sensitized by the application of 0.5% DNFB to
shaved abdominal skin and then challenged on days 5
and 12 by applying 0.2%DNFB to the dorsal side of both
ears. Negative control (non-CHS) mice were sensitized
and challenged without DNFB. Ear thickness was mea-
sured using a soft touch micrometer, and ear swelling
was determined as the difference in ear thickness before
the first DNFB challenge and 24 h after the second
challenge. All experimental procedures were in accor-
dance with the guidelines for animal experimentation
and were approved by the Animal Experimental
Committee of Kawasaki University of Medical Welfare
(authorization number 14–011) and Kawasaki Medical
School (authorization number 15–007).

Histological analysis

Ear tissue was collected 24 h after the second DNFB
challenge and fixed with IHC Zinc Fixative (BD
Biosciences, San Jose, CA, USA) for 24 h, embedded
in paraffin, and sectioned. Ear tissue sections were
stained with hematoxylin and eosin, and immunohis-
tochemistry was performed by a Ventana DISCOVERY
XT instrument (Ventana Medical Systems, Tucson, AZ,
USA), as described previously [22]; purified anti-mouse
Ly-6G (Gr-1) and mouse anti-rat IgG biotin
(eBioscience, San Diego, CA, USA) were utilized as
the primary and secondary antibodies, respectively.
Images were acquired using a microscope, and the
number of Gr-1-positive cells was counted in five ran-
domly selected areas (~210 μm2) of tissue sections.

Cytokine production analysis

Ear tissues were harvested 24 h after the second DNFB
challenge and were stored at −80°C until use. The ear
tissues were cut, placed into Lysing Matrix D tubes (MP

Biomedicals, Santa Ana, CA, USA), and homogenized in
PIPA lysis buffer containing protease inhibitors (ATTO,
Tokyo, Japan) in a FastPrep-24 instrument (MP
Biomedicals). Cytokine expression was detected utilizing
the Proteome Profiler Mouse Cytokine Array Kit, Panel
A, and Proteome Profile Mouse Chemokine Array Kit
(R&D Systems, Minneapolis, MN, USA), following the
manufacturer’s instructions. Chemiluminescence was
measured with an ImageQuant LAS 4000 Mini instru-
ment (GE Healthcare Biosciences, Piscataway, NJ, USA),
and spot intensity was determined with Image Studio
Lite software (LI-COR Biotechnology, Lincoln, NE,
USA). The production of C-X-Cmotif chemokine ligand
2 (CXCL2) and monocyte chemoattractant protein-5
(MCP-5) was analyzed using a mouse DuoSet ELISA
development system (R&D Systems) as per the manu-
facturer’s instructions. Protein concentrations were
determined using the Pierce BCA protein assay
(Thermo Fisher Scientific, Waltham, MA, USA). All
assays were performed in duplicate.

Statistical analysis

One-way analysis of variance (ANOVA) was performed,
followed by Tukey’s post-hoc tests, to determine statis-
tical significance, using Origin 8.5 software (OriginLab,
Northampton, MA, USA). Data are presented as
means ± standard errors of the mean (SEM), and
p < 0.05 was considered statistically significant.

Results

PP and SI diets attenuate ear swelling and edema

The inhibitory effect of dietary PPs and SIs on CHS was
determined by measuring the DNFB-induced ear swel-
ling. There was a significantly greater reduction in ear
swelling in the SI (0.115 ± 0.011 mm, 33% decrease,
p < 0.01), PP (0.087 ± 0.009 mm, 49% decrease,
p < 0.01), and PP and SI (0.072 ± 0.007 mm, 58%
decrease, p < 0.01) treated groups than in the CHS
controls (0.171 ± 0.011 mm) (Figure 1(a)). In addition,
the ear swelling significantly decreased in the PP and SI-
treatedmice compared to the SI-treatedmice (p = 0.012).
Histological observation of inflamed auricle tissues
showed prominent ear swelling and tissue edema in the
CHS controls compared to the non-CHS control mice, in
which these symptoms were attenuated by the diets
enriched with PP and SI (Figure 1(b)).

Dietary PP and SI reduce the infiltration of Gr-1
positive cells

Immunohistochemical staining for Gr-1, a marker of
granulocytes and monocytes, was conducted to evaluate
the degree of infiltration of myeloid cells into the auricle
tissues (Figure 2(a)). Compared to the CHS controls
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(450 ± 30 cells/mm2), the SI- (270 ± 20 cells/mm2), PP-
(250 ± 30 cells/mm2), and PP and SI- (180 ± 10 cells/
mm2) treated mice exhibited significantly reduced num-
bers of Gr-1-positive cells infiltrating into auricle tissues
(40%, 44%, and 60% decrease; p < 0.01) (Figure 2(b)).

Dietary PP and SI inhibit CXCL2 and MCP-5
production

To examine the secretion of cytokines in the auricle
tissues of the PP and SI-treated and CHS control
mice, we used two kinds of antibody arrays, cytokine
and chemokine antibody arrays, which can detect 40
cytokines and 25 chemokines, respectively. The cyto-
kine antibody array indicated that the cytokines with
the greatest reduction in the mice fed a mixture of

PPs and SIs were macrophage colony-stimulating
factor (M-CSF), CXCL9, CXCL2, complement com-
ponent 5a (C5/C5a), and CXCL10 (Table 1). In addi-
tion, per the chemokine antibody array, the most
suppressed chemokines in the PP and SI-treated
mice, listed in order from the greatest to the least
reduction, were CXCL10, C-C motif chemokine
ligand 5 (CCL5), Chemerin, CCL21, and MCP-5
(Table 2).

Furthermore, ELISA was conducted to determine
the secretion levels of CXCL2 and MCP-5 in the
auricle tissues. The production levels of CXCL2
were more reduced in the SI (p = 0.021), PP
(p < 0.01), and PP and SI (p < 0.01) treated mice
than in the CHS controls. There was also a significant
difference between the SI- and PP and SI-treated
mice (p = 0.023, Figure 3(a)). In contrast, the levels
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Figure 1. Dietary pomegranate polyphenol (PP) and soy isoflavone (SI) attenuate ear swelling and edema in contact
hypersensitivity (CHS) mice.(a) Ear swelling. NC, non-CHS control group; CC, CHS control group; SI, SI-treated group; PP, PP-
treated group; PS, PP and SI-treated group. The data are presented as the means ± SEM of the data from two independent
experiments [n = 6 mice per group, except for the non-CHS group (n = 3)]; **p < 0.01 vs. CC, #p < 0.05 PS vs. SI. (b) Hematoxylin
and eosin-stained images of auricle tissues. Scale bars, 500 μm.
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Figure 2. Dietary pomegranate polyphenol (PP) and soy isoflavone (SI) reduce the infiltration of myeloid cells in contact
hypersensitivity (CHS) mice.(a) Immunohistochemistry images of auricle tissues stained with an anti-Gr-1 antibody. Dark brown,
Gr-1-positive cells; blue, nuclei stained with hematoxylin. CC, CHS control group; SI, SI-treated group; PP, PP-treated group; PS, PP and
SI-treated group. Scale bars, 100 mm. (b) The number of Gr-1-positive cells infiltrating the auricle tissues. The data are presented as
the means ± SEM of the data obtained from two independent experiments (n = 6 mice per group); **p < 0.01 vs. CC.
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of MCP-5 production decreased in the mice fed a diet
containing both SI and PP, as well as those fed SI
only, compared with the CHS controls; however, no
significant difference was observed between the PP-
treated and CHS control mice. There was a significant

difference between the PP- and PP and SI-treated
mice (p < 0.01, Figure 3(b)).

Discussion

The results of this study demonstrate that CHS symp-
toms in mice were attenuated following consumption
of diets containing a mixture of PPs and SIs at doses
physiologically relevant to humans. We observed
reduced edema, as evidenced by decreased ear swel-
ling, reduced infiltration of Gr-1-positive cells, and
downregulation of the expression of pro-
inflammatory cytokines, including CXCL2 and
MCP-5. Our previous studies showed that dietary
supplementation with PPs or SIs alone at physiologi-
cally relevant doses reduced CHS symptoms [16,17].
Thus, in the present study, we investigated the CHS-
inhibitory effects of diets containing a mixture of PPs
and SIs compared to supplementation with PPs or SIs
alone. Compared with the SI-treated mice, ear swel-
ling decreased and the production of CXCL2 was
suppressed in the PP and SI-treated mice. In addi-
tion, compared to the PP-treated mice, the levels of
MCP-5 were reduced in the PP and SI-treated mice.
These results suggest that dietary supplementation
with a mixture of PPs and SIs may have ACD-
preventive effects and may prove more beneficial
than supplementation with PPs or SIs alone.

Chemokine and cytokine antibody arrays were
used to elucidate the underlying mechanisms of the
CHS-suppressive effects of supplementation with PPs
and SIs. In a prior investigation, we found that the
group fed a high-dose PP diet (0.2% PPs) exhibited
decreased release (i.e. less than 70%) of three chemo-
kines (CXCL5, MCP-5, and MCP-5) compared to the
CHS control [16]. We also previously observed that
four cytokines (CXCL1, IL-1β, MCP-1, and CCL3)
were suppressed to less than 70% in the high-dose SI
(0.1% HG)-treated group compared with the CHS
control [17]. In the present study, five chemokines
and nine cytokines were suppressed to less than 70%

Table 1. Downregulated cytokines, as determined by cyto-
kine antibody array, in mice fed a diet containing a mixture
of PPs and SIs.

Fluorescence intensity

Cytokine PPs and SIs CHS control Ratio

M-CSF 2100 5200 0.40
CXCL9 2500 6000 0.42
CXCL2 3600 8400 0.43
Complement Component 5a 3800 7600 0.50
CXCL10 11,000 21,000 0.52
IL-16 9400 17000 0.55
IL-1β 15,000 25000 0.60
sICAM-1 14,000 23000 0.61
TREM-1 6000 8700 0.69
CXCL1 7100 10000 0.71
TIMP-1 15,000 20000 0.75
CCL3 10,000 13000 0.77
IL-1α 33,000 40000 0.83
IL-1ra 111,000 132000 0.84
MCP-1 30,000 32000 0.94

PPs, pomegranate polyphenols; SIs, soy isoflavones; CHS, contact
hypersensitivity.

Table 2. Downregulated chemokines, as determined by che-
mokine antibody array, in mice fed a diet containing
a mixture of PPs and SIs.

Fluorescence intensity

Chemokine PPs and SIs CHS control Ratio

CXCL10 18,000 32,000 0.56
CCL5 7900 13,000 0.61
6Ckine 15,000 23,000 0.65
Chemerin 33,000 50,000 0.66
MCP-5 42,000 62,000 0.68
CXCL9 8500 11,000 0.77
CCL22 8600 11,000 0.78
Complement Component 5 19,000 23,000 0.83
CXCL16 8600 10,000 0.86
MIP-γ 97,000 104,000 0.93
C10 127,000 129,000 0.98
IL-16 100,000 99,000 1.01

PPs, pomegranate polyphenols; SIs, soy isoflavones; CHS, contact
hypersensitivity
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Figure 3. Dietary pomegranate polyphenol (PP) and soy isoflavone (SI) suppress CXCL2 and MCP-5 production in contact
hypersensitivity (CHS) mice. (a) CXCL2, (b) MCP-5. CC, CHS control group; SI, SI-treated group; PP, PP-treated group; PS, PP and
SI-treated group. The data represent the results of two independent experiments (n = 6 mice per group) and are presented as
means ± SEM; *p < 0.05, **p < 0.01 vs. CC, #p < 0.05 PS vs. SI, ##p < 0.01 PS vs. PP.
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in the mice treated with a mixture of low-dose PP
(0.01% PP) and SI (0.004% HG) compared to the
CHS control. These results indicate that diets con-
taining a mixture of PP and SI suppress more proin-
flammatory cytokines at lower doses than either PP
or SI alone.

We also observed decreased production of CXCL2
and MCP-5 in the auricle tissues of the PP and SI-
treated mice compared with CHS controls. In addition,
the auricle tissues of the PP and SI-fed mice exhibited
reduced infiltration of Gr-1-positive cells. CXCL2 and
CXCL1 are neutrophil-recruiting chemokines. The
blockage of a prostaglandin E2 receptor by an antago-
nist resulted in the downregulation of Cxcl2 and Cxcl1
and inhibited CHS during the elicitation phase [23]. In
contrast, mouse MCP-5 was found as a novel mono-
cyte-recruiting chemokine involved in allergic inflam-
mation, and its amino acid sequence is closely related to
that of human MCP-1, with 66% identity [24]. In
a previous study, the levels of chemokine gene expres-
sion were investigated at the elicitation site of the CHS
mice using a cDNA microarray [25]. The expression of
eleven genes was detected, and these belonged to four
groups on the basis of their kinetic patterns. First, Cxcl2
and Cxcl1 gene expression increased within 4 h of
hapten exposure. Second, the mRNA expression for
members of the MCP group, such as Mcp-1 and Mcp-
5, increased and peaked at 6–9 h post challenge [26].
Therefore, the observed inhibitory effects of diets con-
taining a mixture of PPs and SIs on CXCL2 andMCP-5
production correlate with reduced infiltration of neu-
trophils and monocytes into the contact allergic auricle
tissues in the mice with CHS.

Cutaneous dendritic cells (DCs) and T cells are
involved in CHS [12]. In a previous study, dietary SIs
suppressed allergic reactions to peanuts in mice. This
was attributed to suppression of DC maturation by SIs
in the mesenteric lymph node. In addition, SIs sup-
pressed cholera toxin-treated activation of human
monocyte-derived DCs [27]. In our previous study,
more splenic IL-10-producing CD4-positive T cells
were observed in PP-treated mice than in the CHS
control [19]. We also previously investigated the effects
of urolithin A (UA), an important metabolite of ETs, on
splenic cell activation. UA decreased the number of
INF-γ-producing splenocytes in mice with CHS [16].
Themechanisms of CHS suppression described in prior
studies suggest how consuming a mixture of PPs and
SIs effects CHS, but further work is required to defi-
nitely elucidate an underlying mechanism.

In conclusion, our data provide evidence that diets
containing a mixture of PP and SI at doses physiolo-
gically relevant to humans attenuate CHS symptoms
and reduce CXCL2 and MCP-5 production at CHS
elicitation sites in mice. Diets containing a both PPs
and SIs yielded greater beneficial effects in the CHS
mice than supplementation with PPs or SIs alone.

These results suggest that consuming pomegranate
and soy based foods is of therapeutic value for ACD
patients when included in their regular diets.
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