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A B S T R A C T

It has been reported that endogenous or exogenous estrogens can affect the immune system, resulting in immune
disorders; however, their direct involvement in such conditions remains to be demonstrated. The purpose of this
study was to investigate whether estrogen receptors (ER) are directly implicated in pro-pruritic and pro-in-
flammatory reactions in cutaneous allergy. Initially, enhancement of the pro-inflammatory response by several
ER agonists [methoxychlor (MXC), β-estradiol (E2), propylpyrazoletriol (PPT; an ERα agonist), and diarylpro-
pionitrile (DPN; an ERβ agonist)] was examined in vivo using a male BALB/c mouse model of allergic dermatitis
induced by toluene-2,4-diisocyanate administration. The ear swelling response, itch response, and local cytokine
secretion were measured. Subsequently, the mechanism underlying the development of such allergic reactions
was analyzed in vitro using human epidermal keratinocytes, murine bone marrow-derived dendritic cells
(mBMDCs), and the mixed leucocyte reaction assay. Activated cells were exposed to each ER agonist for 24 h,
and cytokine secretion and cell proliferation were measured. Our in vivo experiments indicated significant up-
regulation of pro-inflammatory and pro-pruritic responses in the E2-, MXC-, and PPT-treated groups compared to
the control group; however, no change was observed in the DPN-treated group. Levels of cytokines expressed by
keratinocytes, such as TSLP and IL-33, were particularly increased by exposure to E2, MXC, or PPT. These in vivo
results were confirmed in vitro in keratinocytes, but not mBMDCs or T cells. Our findings imply that ERα is
involved in pro-inflammatory and pro-pruritic responses in cutaneous allergy through activation of keratino-
cytes.

1. Introduction

The effect of endogenous or exogenous estrogens on the mammalian
immune system, particularly in immunosuppression involving thymus
atrophy, is well documented (Sakazaki et al. 2007; Fukuyama et al.
2010, 2011a; Bernardi et al. 2015). Interestingly, some reports have
also indicated that transient immunosuppression induced by estrogens
early in life may exacerbate immune disorders, including atopic der-
matitis, asthma, rheumatoid arthritis, and food allergy, in later life
stages. In order to examine this phenomenon, our group recently con-
ducted several studies using mouse models of atopic dermatitis and
allergic airway inflammation involving oral exposure to the endocrine
disruptors methoxychlor (MXC) and parathion during immaturity
(4 weeks of age) (Fukuyama et al., 2011a, b, 2012; Nishino et al. 2013).

Analysis of allergic responses in maturity (4 weeks after exposure) re-
vealed skin and airway allergic reactions to be significantly increased
by pre-exposure to MXC or parathion, suggesting that endocrine dis-
ruptors aggravate such reactions in mice. Sobel et al. (2005) presented
similar findings with respect to the progression of systemic lupus er-
ythematosus due to administration of an estrogenic substance. More-
over, Sakazaki et al. (2006) demonstrated that 17β-estradiol (E2) en-
hances inflamed skin contact hypersensitivity in BALB/c mice.
However, previous studies have only described the indirect effects of
endocrine disruptors on inflammatory diseases, and the events between
administration and outcome remain quite uncertain. Indeed, Petzold
et al. (2014) have implied that the impact of the endocrine disruptor
bisphenol A on asthma risk is strongly age-dependent, and demon-
stration of a direct relationship between estrogen exposure and the
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development of allergic symptoms is necessary for a proper under-
standing of the situation. Therefore, the primary aim of this study was
to elucidate whether estrogen exposure directly exacerbates allergic
responses using a mouse model of allergic dermatitis.

Endogenous or exogenous estrogens exert their effects by binding to
estrogen receptors (ERs). Of such receptors, ERα and ERβ are generally
of greatest importance and have a considerable impact on the immune
system. From a clinical perspective, ERβ-selective agonists might be
therapeutically useful for some types of cancer and several other in-
flammatory diseases. Since most of the undesirable proliferative effects
of estrogens involve activation of ERα, fewer efforts have been devoted
to the development of pharmaceuticals that ERα-selective agonists than
for ERβ-selective agonists (Paterni et al. 2014). However, only very
limited data concerning their effects on allergic diseases are currently
available. Therefore, the secondary objective of this study was to
identify the roles of these ERs in enhancing or diminishing allergenicity
in our mouse model of allergic dermatitis using several types of ER
agonists selective to ERα and/or ERβ. In addition, the detailed mode of
action was confirmed in vitro. In particular, type 2 helper T (Th2) cells,
dendritic cells and keratinocytes play a central role to develop and
promote the cutaneous inflammation and pruritus via cytokine release
including IL-4, IL-5, IL-8, IL-12, IL-13, TNFα and thymic stromal lym-
phopoietin (TSLP) (Danso et al. 2014; Mu et al. 2014). Previous reports
have shown that Th2 cytokines such as IL-4 and IL-13 promotes T cell
activation and differentiation into the Th2 subtype and can switch the
antibody isotype from IgM to IgE (Kaplan et al. 1996; Oettgen 2000).
TSLP is also a possible candidate protein involved in the initiation,
development and progression of atopy and atopic diseases both in mice
and in humans (Indra 2013). We particularly focused on the cytokine
release to elucidate the functions of ERs.

2. Material and methods

2.1. Materials

Dinitrochlorbenzene (DNCB), MXC, RPMI-1640 medium, and β-
Estradiol (E2) were purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). Lipopolysaccharide (LPS), Pefabloc® SC, poly-
inosinic–polycytidylic acid sodium salt [poly(I:C)], propylpyrazoletriol
(PPT; a selective ERα agonist), diarylpropionitrile (DPN; a selective
ERβ agonist), hydroxychlor (HPTE; a major metabolite of MXC), to-
luene-2,4-diisocyanate (TDI), and TMB Liquid substrate system for
membranes were obtained from Sigma-Aldrich Co., LLC. (Tokyo,
Japan). Methylpiperidinopyrazole dihydrochloride (MPP; a selective
ERα antagonist) was supplied by Tocris Bioscience (Minneapolis, MN).
Methyl-3H-thymidine was provided by PerkinElmer Japan Co., Ltd.
(Kanagawa, Japan). A DC protein assay kit, TGX precast gels (10%) was
purchased from Bio-Rad Laboratories, Inc. (Tokyo, Japan). Dynabeads
Mouse T-Activator CD3/CD28 reagents were obtained from Thermo
Fisher Scientific, Inc. (Kanagawa, Japan). EpiVita basal medium with
hydrocortisone was supplied by Cell Applications, Inc. (San Diego, CA).
Recombinant mouse GM-CSF was provided by PeproTech, Inc. (Rocky
Hill, NJ). ELISAs for mouse and/or human IL-4, -5, -8, -12, -13 and -33,
TNFα and TSLP; antibodies for human GAPDH, ERα/NR3A1 and ERβ/
NR3A2; and mouse IgG HRP conjugated antibody were purchased from
R&D Systems (Minneapolis, MN). Mouse BD Fc Block PE-conjugated
anti-mouse CD3, PE-Cy7-conjugated anti-mouse CD4, and FITC-con-
jugated anti-mouse CD40 antibodies and a Mouse T Lymphocyte
Enrichment Set-DM were obtained from BD Pharmingen (Tokyo,
Japan). An APC-conjugated anti-mouse CD11c antibody was supplied
by Miltenyi Biotec K.K. (Tokyo, Japan). NucleoSpin RNA II, SYBR®
Premix Ex Taq™ GC, primers and Western BLoT Blocking Buffer were
provided by TaKaRa Bio (Tokyo, Japan). Pro-Prep Protein extraction
solution was ordered from iNtRON Biotechnology, Inc. (Seongnam,
South Korea). Human ERα and ERβ Reporter Assay Systems were
purchased from Indigo Biosciences, Inc. (State College, PA).

2.2. Mice

Seven-week-old male, female and ovariectomized BALB/c mice and
female C57BL/6 mice were purchased from Charles River Japan
Laboratories (Kanagawa, Japan). C57BL/6 mice were only used for
isolating the T cells for mix leucocyte reaction assay. The animals were
kept in a controlled environment with 12 h of light per day at
22 ± 2 °C and 50 ± 20% humidity. The mice received a certified
pellet diet and water ad libitum. The study protocol was approved by the
Institute of Environmental Toxicology Animal Care and Use Committee,
which is fully accredited by AAALAC International (IACUC Protocol No.
AC17030).

2.3. Responses to oral or topical administration of E2 or MXC in a TDI-
induced male mouse model of allergic dermatitis

The mouse model of allergic dermatitis was induced by repeated
topical sensitization with Th2 hapten TDI according to the method
described by Fukuyama et al. (2015). To exclude the effects of the es-
trus cycle and endogenous estrogen, male mice were used to generate
the model in this study. In the first experiment, TDI-sensitized mice
were orally or topically administered E2 (0.01% for topical application
and 0.1mg/kg for oral administration) or MXC (1% for topical appli-
cation and 10mg/kg for oral administration) 48, 24, and 4 h before the
final TDI treatment. In this study, E2 and MXC are used as re-
presentative estrogens which can bind to the estrogen receptors. E2 or
MXC was topically applied onto both rostral neck skin and ear auricle
(30 μl for rostral neck skin and and 25 μl for ear auricle). Both sub-
stances were diluted in corn oil and acetone for oral administration and
topical application, respectively. E2 and MXC concentrations used in
the topical and oral dosing were decided according to the previous
studies as well as preliminary dose-finding test (data not shown), which
did not induce the systemic toxicity and immunosuppression
(Fukuyama et al. 2010; Fukuyama et al. 2011a; Fukuyama et al. 2011b;
Fukuyama et al. 2011c; Fukuyama et al. 2012). Immediately after TDI
challenge, scratching behavior was monitored by video for 60min. The
ear swelling response was determined by subtracting ear thickness
before TDI administration from that 24 h afterwards. Animals were
euthanized 24 h after TDI challenge under isoflurane inhalation an-
esthesia. The ear auricle and auricular lymph node (LN) were isolated
for FACS analysis, cytokine measurements and histological evaluation.

2.4. Responses to oral administration of selective agonists of ERα (PPT) and
ERβ (DPN) in a TDI-induced mouse model of allergic dermatitis

In the second experiment, a similar protocol with 2.3. was used,
with the addition of oral administration of selective agonists of ERα
(PPT; 2.5 and 5mg/kg) and ERβ (DPN; 2.5 and 5mg/kg). Since males
can convert testosterone to estradiol via aromatase; similar experiment
with ovariectomized female mice instead of male mice was also per-
formed with the oral administration of 5mg/kg of each PPT and DPN.
Both substances were suspended in olive oil by ultrasonication for 5min
just before each administration. At the doses for PPT and DPN used,
none of the test substances employed in this study resulted in any signs
of systemic toxicity or immunosuppression, according to our pre-
liminary experiments (data not shown).

2.5. Responses to oral administration of PPT and DPN in a DNCB-induced
male mouse model of allergic dermatitis

Th1 hapten DNCB-induced mouse model of allergic dermatitis was
generated according to the method described by Yu et al. (2015) with
slight modifications. In short, the abdominal skin of the BALB/c mice
was depilated with a commercially available depilating cream. On the
day after depilation, the abdominal skin was stripped 10 times with
adhesive tapes. Just after the tape stripping, a 50 μl of 1% DNCB in
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Fig. 1. Oral or topical administration of E2 or MXC exacerbates skin inflammation and scratching behavior in a TDI-induced male mouse model of allergic dermatitis.
The ear swelling response (μm) was significantly increased by exposure to E2 or MXC (A). Comparable changes in pro-inflammatory cytokine levels in ear skin were
seen 24 h following TDI challenge (B–E). Scratching behavior also increased following administration of E2 or MXC (F). After administration of E2 or MXC, only a
slight impact on the presence of CD3+CD4+ T cells (G) was noted, but the number of CD11c+CD40+ dendritic cells (H) was significantly increased. IL-4 (I) and IL-13
(J) levels (pg/ml) were also increased by exposure to E2 or MXC. Representative histological images of ear skin (K). Arrows indicated typical examples of the cellular
infiltrate, folliculitis and epidermal hyperplasia. Each result is presented as the mean ± 1 SEM. n=5 to 8 per group. *p < .05, **p < .01 (Dunnett's multiple
comparison test) vs. the vehicle-only control group. E2= β-Estradiol, MXC=methoxychlor, TDI= toluene-2,4-diisocyanate, PO=perioral administration,
PD=peridermal application, LN= lymph node.

Table 1
Histological evaluation of the ear auricle to oral or topical administration of E2 or MXC in a TDI-induced mouse model of allergic dermatitis.

Group Untreated TDI vehicle E2
PO 0.1mg/kg

E2
PD 0.01%

MXC
PO 10mg/kg

MXC
PD 1%

Dermal edema 0.00 ± 0.00 1.60 ± 0.24 2.00 ± 0.00 1.60 ± 0.24 2.20 ± 0.37 1.40 ± 0.24
Cellular infiltration 0.00 ± 0.00 1.20 ± 0.20 2.00 ± 0.45 1.60 ± 0.24 2.40 ± 0.24 1.20 ± 0.20
Folliculitis 0.00 ± 0.00 1.00 ± 0.32 2.00 ± 0.45 1.20 ± 0.37 2.20 ± 0.37 1.80 ± 0.20
Hyperkeratosis 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.20 ± 0.20 0.20 ± 0.20 0.00 ± 0.00
Epidermal hyperplasia 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.20 ± 0.20 0.00 ± 0.00
Total score 0.00 ± 0.00 3.80 ± 0.49 6.00 ± 0.89 4.60 ± 0.75 7.20 ± 1.24⁎ 4.40 ± 0.51

Histological score (0, within normal limits; 1, mild; 2, moderate; and 3, severe) was given for each finding. Results are expressed as the mean ± SEM. n= 5 to 8 per
group. *p < .05, **p < .01 (Dunnett's multiple comparison test) vs. the TDI+ vehicle control group. E2= β-Estradiol, MXC=methoxychlor, TDI= toluene-2,4-
diisocyanate, PO=perioral administration, PD=peridermal application.
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acetone/olive oil (4:1) was applied to the stripped epidermis. On the
next day, again 50 μl of 1% DNCB in acetone/olive oil were applied. A
week after the last sensitization, the challenge with topically applied
DNCB (0.1%, 10 μl) onto the ear auricle was performed 48 h, 24 h and
4 h after oral administrations of 5mg/kg of each PPT and DPN. The ear
swelling response, LN analysis and cytokine determination were carried
out in the same manner as described in 2.3.

2.6. Ear skin histology

Samples of ear skin were fixed in 10% formalin solution, sectioned,
and stained with hematoxylin and eosin. Semi-quantitative histological
evaluation (0, nothing of note; 1, mild; 2, moderate; and 3, severe) of
dermal edema, cellular infiltration, folliculitis, hyperkeratosis, and
epidermal hyperplasia was then performed. The summed score of above
5 categories was used for further statistical evaluation.

2.7. Ear skin tissue cytokine levels

Frozen ear tissue was homogenized in 500 μl RPMI-1640 medium
containing 1mmol/l Pefabloc with an electric homogenizer. The pro-
tein content of the isolated supernatant was determined with a DC
protein assay kit according to the manufacture's protocol. IL-4, -5, -13,
and -33, IFNγ, TNFα, and/or TSLP levels were measured by ELISA ac-
cording to the manufacturer's protocol. The plate was developed with
tetramethylbenzidine in the dark at room temperature for 20min.
Optical density was read at a wavelength of 450 nm with a microplate
reader (SPECTRA MAX 190, Molecular Devices, LLC., Tokyo, Japan.).

2.8. Analysis of auricular LNs

Single-cell suspensions prepared from LNs were subjected to cyto-
kine production and FACS analyses. Cell survival rate was confirmed by
trypan blue staining as> 85% for all samples. To stimulate the T-cell
receptor, these suspensions were cultured with anti-CD3 and -CD28
antibodies for 24 or 96 h, and levels of cytokines (IL-4, -5, and -13 and
TNFα) in the culture supernatants were then measured by ELISA. For
FACS, 5×105 cells were stained with monoclonal antibodies specific to
helper T cells (anti-CD3 and -CD4) or dendritic cells (anti-CD11c and

-CD40), and analyzed (10,000 events) in a FACSVerse flow cytometer
using FACSuite software (BD Pharmingen).

2.9. Reporter assay for human ERα and ERβ

The agonistic effect of each test substance was confirmed using
human ERα and ERβ reporter assay systems according to the manu-
facturer's instructions. In brief, reporter cells were seeded in a 96-well
white culture plate and pre-exposed for 24 h to each test substance (E2,
HPTE, PPT, or DPN) at 0.1 to 1000 nmol/l. Luminescence was devel-
oped by luciferase detection reagent and quantified with luminometer
(Spectra Max L, Molecular Devices, LLC.). Concentrations for E2, PPT,
or DPN were based on the manufacturer's protocol as the representative
agonists for each ER. Concentrations for HPTE were determined by
cytotoxicity assay. Even at the highest concentration for each test
substance, none of the test substances induced cytotoxicity (data not
shown). Seven concentrations for each test substance were selected
based on the abovementioned criteria. HPTE (the major metabolite of
MXC) was used for in vitro studies instead of MXC, as it mainly exhibits
estrogenic activity according to a previous report (Liu et al. 2016b).

2.10. Human epidermal keratinocyte line

Human epidermal keratinocyte cell line was cultured following the
standard protocol in EpiVita basal medium. The cells (1× 104 cells/
200 μl) were seeded in a 96-well culture plate and pre-exposed for 24 h
to each test substance (E2, HPTE, PPT, or DPN) at 1, 10, or 100 nmol/l,
before being stimulated with the Toll-like receptor (TLR) 3 ligand poly
(I:C) at 2 μg/ml for a further 4 h (for RT-PCR) or 24 h (for ELISA). TLR
ligands such as LPS and Poly (IC) might mimic what is happening in/on
skin but we used LPS and Poly (IC) as they are well known (and
characterized) stimulus for keratinocytes and BMDCs (Lee et al. 2011;
Fukuyama et al. 2015). Concentrations for each test substance used in
vitro studies were determined based on the preliminary cytotoxicity test
and reporter gene assay for ERα and ERβ. Even at the highest con-
centration, none of the test substances induced any signs of cytotoxicity
(data not shown). Our results from reporter gene assay showed that
binding affinity of all test substances to ERα and/or ERβ was ranged 1
to 1000 nmol/l (see Supplemental Fig. 1). Levels of IL-1β, IL-8 and

Table 2
Responses in the ear auricle to oral administration of PPT or DPN in a TDI-induced male mouse model of allergic dermatitis.

TDI + vehicle control TDI + 2.5 mg/kg PPT TDI + 5mg/kg PPT TDI + 2.5mg/kg DPN TDI + 5mg/kg DPN

Ear swelling (μm) 107 ± 3 110 ± 12 187 ± 15⁎⁎ 110 ± 13 78 ± 14
Scratching bouts 87 ± 15 97 ± 18 175 ± 14⁎⁎ 78 ± 12 97 ± 9
IL-4 (pg/mg protein) 77 ± 2 84 ± 5 87 ± 4 77 ± 6 72 ± 8
IL-5 (pg/mg protein) 172 ± 9 206 ± 13 221 ± 18⁎ 208 ± 19 172 ± 24
IL-13 (pg/mg protein) 569 ± 18 557 ± 15 584 ± 24 574 ± 20 560 ± 26
IL-33 (pg/mg protein) 335 ± 10 410 ± 25⁎⁎ 478 ± 6⁎⁎ 332 ± 19 302 ± 19
TNFα (pg/mg protein) 148 ± 5 163 ± 7 165 ± 9 152 ± 10 147 ± 4
TSLP (pg/mg protein) 22 ± 1 27 ± 2 39 ± 2⁎⁎ 23 ± 1 19 ± 2

Ear samples were collected 24 h after TDI challenge. Results are expressed as means± SEM. n= 6 per group. *p < .05, **p < .01 (Dunnett's multiple comparison
test) vs. the TDI+ vehicle control group.

Table 3
Responses in the auricular LN to oral administration of PPT or DPN in a TDI-induced male mouse model of allergic dermatitis.

TDI + vehicle control TDI + 2.5mg/kg PPT TDI + 5mg/kg PPT TDI + 2.5mg/kg DPN TDI + 5mg/kg DPN

CD3+CD4+ cells (×106) 1.71 ± 0.13 2.21 ± 0.15 2.56 ± 0.35* 1.37 ± 0.16 1.32 ± 0.13
CD11c+CD40+ cells (×105) 0.92 ± 0.14 1.89 ± 0.08 2.39 ± 0.47** 0.87 ± 0.15 0.61 ± 0.10
IL-4 (pg/ml) 15 ± 3 24 ± 4 42 ± 6** 13 ± 4 7 ± 3
IL-5 (pg/ml) 74 ± 26 250 ± 61* 238 ± 32* 75 ± 28 56 ± 28
IL-13 (pg/ml) 219 ± 94 598 ± 142 943 ± 181** 207 ± 115 134 ± 59
TNFα (pg/ml) 137 ± 11 139 ± 10 176 ± 16 125 ± 18 110 ± 10

Cytokine production was measured in response to anti-CD3 and -CD28 antibody stimulation. Each result is the mean ± 1 SEM. (n=6 per group). *p < .05,
**p < .01 (Dunnett's multiple comparison test) vs. the TDI+ vehicle control group.
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TNFα in supernatants were measured using ELISA, and expression of
the genes encoding IL-4, IL-33 and TSLP was tested in a semi-quanti-
tative manner by subjecting cell pellets to RT-PCR. In addition, the
contribution of ERα to IL-8 secretion was confirmed with the ERα an-
tagonist MPP and agonist E2. Three independent experiments were
performed for each treatment.

2.11. Western blot

Keratinocytes were washed twice in ice-cold PBS, and total protein
was extracted using a Pro-Prep Protein extraction solution according to
the manufacturer's instructions. A total protein was loaded on Mini-
Protean TGX precast gels. Blotting was performed using the semi dry
electro blotter. The membranes were blocked with Western BLoT
Blocking Buffer. Antibodies were used as 1:3000 dilution in the Western
BLoT Blocking Buffer. Incubation time for primary antibodies was 2 h
and 1 h for secondary antibodies (in the Western BLoT Blocking Buffer).
Signals were developed by incubating with TMB Liquid substrate
system for membranes and imaged with calibrated densitometer (GS-
800, Bio-Rad Laboratories, Inc.).

2.12. RT-PCR

Keratinocytes were washed twice in ice-cold PBS, and total RNA was
isolated using a NucleoSpin RNA II kit according to the manufacturer's

instructions. PrimeScript RT reagent Kit with gDNA Eraser (Takara Bio,
Inc.) was used to reverse transcribe RNA into cDNA, in accordance with
the manufacturer's protocol. The corresponding cDNAs were amplified
by quantitative real-time polymerase chain reaction (PCR) with the
Thermal Cycler Dice system (Takara Bio, Inc.). The data acquired for
each sample were normalized to expression levels of the housekeeping
gene β-actin (ACTB). The following primers were used for human IL-4,
IL-33 and TSLP mRNA: IL-4 forward, 5′- TCTCGAATGTACCAGGAGCC
ATATC -3′; IL-4 reverse, 5′- AGCACCTTGGAAGCCCTACAGA -3′; IL-33
forward, 5′- CACATTGGGCAAAGTTGCTTCTAA -3′; IL-33 reverse, 5′-
GCATCCAGAGGTCAGGTGATACAG -3′; TSLP forward, 5′- CGCCTATG
AGCAGCCACATT -3′; TSLP reverse, 5′- TCTTCTTCATTGCCTGAGTAG
CATT -3′.

2.13. Preparation of murine bone marrow-derived dendritic cells
(mBMDCs) and cytokine assay

mBMDCs were generated from the bone marrow cells of female
BALB/c mice, as described previously by Fukuyama et al. (2015). Eight
days after initiation of mBMDCs culture, dendritic cells were isolated,
purified, seeded at 5× 104 cells/200 μl in a 96-well plate, and pre-
exposed for 24 h to each test substance (E2, HPTE, PPT, or DPN) at 1,
10, or 100 nmol/l, before being exposed to the TLR2 ligand LPS at
25 ng/ml for a further 24 h. Concentrations for each test substance in
this assay were determined under the similar criteria with the

Fig. 2. Responses in the ear auricle and auricular LN to oral administration of PPT or DPN in a DNCB-induced male mouse model of allergic dermatitis.
The ear swelling response (μm) was significantly suppressed by exposure to PPT (A). Comparable change in IFNγ levels in ear skin were seen 24 h following DNCB
challenge (B). A slight downwards trend on the presence of CD3+CD4+ T cells (C), CD11c+CD40+ dendritic cells (D) and IFNγ levels (pg/ml) (E) in auricular LN
were observed after administration of PPT. Each result is presented as the mean ± 1 SEM. n= 5 per group. *p < .05 (Dunnett's multiple comparison test) vs. the
vehicle-only control group. DNCB=dinitrochlorbenzene.
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keratinocytes assay. Levels of IL-12 and TNFα in the supernatants were
measured using ELISA. Three independent experiments were performed
using dendritic cells from different animals.

2.14. Mixed leukocyte reaction assay

The mixed leukocyte reaction assay was performed according to the
protocol described by Beyer et al. (2004), with slight modification. In
short, highly purified mBMDCs (from BALB/c mice) were pre-treated
with PPT or DPN at 1, 10, or 100 nmol/l for 24 h. To initiate the mixed
leukocyte reaction, T cells were isolated from the spleens of female
C57BL/6 mice and enriched using a Mouse T Lymphocyte Enrichment
Set-DM (use of this system results in a T-cell purity> 90%). Enriched T
cells (1× 106 cells/tube) and test substance-treated mBMDCs (1×105

cells/tube) were seeded in a 2mL tube, and incubated for an additional
5 days. Methyl-3H-thymidine was added for the final 16 h (5 μCi/tube).
After this period, the mixed cells were washed twice with PBS, re-
suspended in 5% trichloroacetic acid, and stored at 4 °C for 18 h. The
cell pellets were resuspended in scintillation fluid and transferred to
scintillation vials for determination of T-cell proliferation [in disin-
tegrations per minute (DPM)] using a liquid scintillation counter.

2.15. Statistical analyses

Data are expressed as the mean ± 1 SEM. Analysis of variance was
used to evaluate the results. For significant results, differences between
the vehicle control and treatment groups were then assessed using
Dunnett's multiple comparison test except for histological evaluation.
For histological evaluation, Mann-Whitney U test was performed to
analyze differences between vehicle control and treatment groups. The
statistical significance of differences between the vehicle control and
treated groups was estimated at the 5% and 1% probability levels.

3. Results

3.1. Oral or topical exposure to E2 or MXC significantly exacerbated
inflammatory and itch responses in a TDI-induced mouse model of allergic
dermatitis

To elucidate the direct contribution of estrogens to development of
the skin allergy, we first analyzed the pro-inflammatory and pro-
pruritic potential of E2 and MXC, endogenous and exogenous estrogens,
respectively, in vivo using a TDI-induced mouse model of allergic der-
matitis. The ear swelling response was significantly increased by oral or

Fig. 3. ERα contributes to Poly (I:C)-stimulated IL-8 secretion by human epidermal kerationocytes.
Pre-exposure to E2, HPTE, or PPT, but not DPN, significantly enhanced keratinocytes activation, as determined by Poly (I:C)-stimulated IL-8 secretion (A–D). A direct
link between keratinocyte IL-8 secretion and ERα was confirmed by administration of the selective ERα antagonist MPP, which significantly interfered with the effect
of E2 on IL-8 secretion (E). Each result is the mean (pg/ml) ± 1 SEM. n=7 per group. *p < .05, **p < .01 (Dunnett's multiple comparison test) vs. the vehicle-only
control group. HPTE=hydroxychlor.
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topical exposure to E2 or oral exposure to MXC compared with the
vehicle-only control (Fig. 1A). Scratching behavior was also sig-
nificantly enhanced by oral administration of MXC (Fig. 1F). Compar-
able increases were noted in the histological scores of ear skin speci-
mens from mice treated orally with MXC (Table 1 and Fig. 1K).
Significantly increased IL-4, -13, and -33 and TSLP levels were observed
in the ear skin tissue of E2- or MXC-treated mice, consistent with the ear
swelling response, scratching behavior, and histological scores recorded
(Fig. 1B–E). Analysis of the local immune response in auricular LNs
revealed that infiltration by dendritic cells was significantly elevated
following oral treatment with E2 or MXC compared to the vehicle
control group (Fig. 1H), whereas helper T cells were not influenced by
estrogens exposure (Fig. 1H). Significant changes in LN cell IL-4 pro-
duction were also evident in the E2 treatment groups (Fig. 1I).

3.2. Inflammatory and itch responses were significantly heightened by an
ERα agonist, but not an ERβ agonist, in a TDI-induced mouse model of
allergic dermatitis

At this point in our study, the type of estrogen receptor pre-
dominately responsible for the observed exacerbation of cutaneous al-
lergy remained uncertain, as E2 is a dual agonist and HPTE (the major
metabolite of MXC) is principally an ERα agonist (Supplemental Fig. 1).
Thus, we next investigated the contributions of ERα and ERβ to pro-

inflammatory and pro-pruritic responses in the TDI-induced male and
ovariectomized female BALB/c mouse model of allergic dermatitis by
pre-treatment with an ERα or ERβ agonist (PPT and DPN, respectively).
The ear swelling response in the PPT treatment group was significantly
increased compared to that in the vehicle control group; however, DPN
treatment had no impact in this respect (Table 2). Scratching behavior
was also heightened due to treatment with PPT, but not DPN (Table 2).
Corresponding results were obtained with respect to cytokine secretion
in ear skin tissue. Levels of IL-5 and -33 and TSLP were significantly
increased in the PPT but not the DPN treatment group (Table 2).
Consistent with the enhanced inflammatory and itch responses seen,
increased numbers of helper T cells and dendritic cells and elevated
secretion of the cytokines IL-4, -5, and -13 and TNFα were observed in
auricular LNs from mice in the PPT treatment group (Table 3). In ad-
dition, similar experiment with ovariectomized female mice instead of
male mice was performed with the oral administration of 5mg/kg PPT
and 5mg/kg DPN. Corresponding results were obtained with respect to
ear swelling response, itch behavior, cytokine secretion in ear skin
tissue, and LN activation (Supplemental Tables 1 and 2).

3.3. Th1 responses were conversely suppressed by an ERα agonist in a
DNCB-induced mouse model of allergic dermatitis

The results from the TDI-induced allergic model indicated that ERα

Fig. 4. Significant contribution of ERα to Poly (I:C)-stimulated TNFα and IL-1β secretion by human epidermal kerationocytes.
Pre-exposure to E2, HPTE, or PPT, significantly induced Poly (I:C)-stimulated TNFα (A-C) and IL-1β (D-F) secretion. Each result is the mean (pg/ml) ± 1 SEM. n=7
per group. *p < .05, **p < .01 (Dunnett's multiple comparison test) vs. the vehicle-only control group.
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agonist significantly exacerbated the Th2-driven inflammatory and itch
responses. However, at this point in our study, it was still uncertain how
the ERα and ERβ agonists act for the Th1 pathway. Thus, we next in-
vestigated the contributions of ERα and ERβ to pro-inflammatory re-
sponses in the DNCB-induced male BALB/c mouse model of allergic
dermatitis by pre-treatment with PPT and DPN. The ear swelling

response in the PPT treatment group was significantly suppressed
compared to that in the vehicle control group; however, DPN treatment
had no impact in this respect (Fig. 2A). Corresponding results were
obtained with respect to Th1 cytokine IFNγ secretion in ear skin tissue
(Fig. 2B). Although there were no statistical significant changes, de-
creased numbers of helper T cells and dendritic cells and reduced

Fig. 5. Expression of the genes IL-4, IL-33 and TSLP in keratinocytes was significantly upregulated by exposure to ERα agonists.
Pre-exposure to E2, HPTE, or PPT significantly upregulated Poly (I:C)-stimulated IL-4 expression in keratinocytes (A–C). Increases in the expression of TSLP com-
parable to those seen in that of IL-33 were evident following E2, HPTE, or PPT pre-exposure (D-F). Each result is the mean ± 1 SEM. n=7 per group. *p < .05,
**p < .01 (Dunnett's multiple comparison test) vs. the vehicle-only control group. TSLP= thymic stromal lymphopoietin.
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secretion of IFNγ were observed in auricular LNs from mice in the PPT
treatment group (Fig. 2C-E).

3.4. Keratinocytes were activated by pre-exposure to ERα agonists, but not
an ERβ agonist, in vitro

In order to examine the possible contribution of ERs to keratinocytes
activation, in vitro experiments with human epidermal keratinocytes,
which express the ERα and ERβ (Supplemental Fig. 2), were conducted.
Compared to those in the vehicle control group, activated keratinocytes
pre-exposed to E2, HPTE (a major metabolite of MXC), or PPT de-
monstrated significantly increased IL-8, TNFα and IL-1β secretion
(Fig. 3A–C, Fig. 4). In addition, the E2-induced upregulation of IL-8
secretion was significantly inhibited by the ERα antagonist MPP
(Fig. 3E). On the other hand, pre-exposure to DPN did not alter IL-8
secretion (Fig. 3D). This activation of keratinocytes by ERα agonists
was corroborated by observations of significantly upregulated IL-4, IL-
33 and TSLP expression (Fig. 5).

3.5. Dendritic cells and T cells may not contribute to the exacerbation of
skin allergy by ERα agonists

Possible contributions of dendritic cells and T cells were also ex-
amined using BMDCs and mix leucocyte reaction assay. Whereas ERα
agonists significantly increased cytokines secretion by activated kera-
tinocytes, they did not influence TNFα and IL-12 secretion by mBMDCs
(Fig. 6A–C, E–G). In contrast, a slightly significant reduction in the
secretion of these cytokines was seen in the DPN group (Fig. 6D, H). In
the mixed leucocyte reaction assay, slight reduction of T-cell pro-
liferation was noted in DPN pre-treatment groups although differences

were not significant (Fig. 7).

4. Discussion

Several key findings resulted from the present study: (1) in a mouse
model of allergic dermatitis, oral or topical treatment with E2 or MXC
significantly heightened the inflammatory response and scratching be-
havior; (2) in this same model, the selective ERα agonist PPT also
significantly induced both scratching behavior and skin inflammation,
whereas the selective ERβ agonist DPN had no such impact; (3) in vitro
experiments using keratinocytes yielded results consistent with those of
our in vivo investigation, in that ERα agonists induced keratinocyte
cytokine production, whereas an ERβ agonist did not affect keratino-
cyte activation; (4) cytokine secretion by mBMDCs was slightly influ-
enced by ERα or ERβ agonist treatment, but reaction was not consistent
those of our in vivo investigation; and (5) T-cell proliferation was not
significantly altered by ERα or ERβ agonist treatment.

Although the contribution of estrogenic agents to the development
of allergic diseases has been extensively investigated (Sobel et al. 2005;
Sakazaki et al. 2007; Fukuyama et al. 2011a, 2011b, 2012; Bernardi
et al. 2015), there is only limited evidence of the direct involvement of
ERs in these conditions. Furthermore, the relative importance of each
ER type to the alteration of allergic responses has not been clarified.
Thus, we investigated here whether ER agonists directly affect allergic
inflammatory and itch responses using a TDI-induced mouse model of
allergic dermatitis, and attempted to characterize the active participa-
tion of ERs in pro-inflammatory and pro-pruritic responses with several
in vitro assays relevant to cutaneous allergy.

Initially, we analyzed the effects of E2 and MXC, representative
endogenous and exogenous estrogens, respectively. The organochlorine

Fig. 6. ERα agonists do not counteract LPS-stimulated TNFα and IL-12 secretion by mBMDCs.
TNFα secretion was not affected by E2, HPTE, or PPT treatment (A–C), whereas a slightly significant reduction was observed after DPN administration (D). Only a
slightly significant increase in IL-12 secretion was noted following exposure to the highest concentration of PPT (E–G). A reduction in IL-12 corresponding to that in
TNFα was seen in the DPN group (H). Each result is the mean (pg/ml) ± 1 SEM. n=7 per group. *p < .05, **p < .01 (Dunnett's multiple comparison test) vs. the
vehicle-only control group.
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pesticide MXC was developed as an alternative to dichlorodiphenyltri-
chloroethane, owing to its shorter half-life, lower toxicity in mammals,
and greater biodegradability (Kapoor et al. 1970; Bulger et al. 1978; Bal
1984). Some previous studies have reported that MXC affects the im-
mune and reproductive systems as an endocrine disruptor (Chapin et al.
1997; Guo et al. 2002; Fukuyama et al. 2011a). In the current work, we
orally and topically administered estrogens immediately prior (48, 24,
and 4 h) to the final TDI treatment in an attempt to establish a direct
relationship between estrogen exposure and allergy development. The
pro-inflammatory effects of E2 and MXC were evidenced by an en-
hanced ear swelling response (Fig. 1A), which was corroborated by
histological evaluation (Table 1 and Fig. 1K). Interestingly, for both E2
and MXC, oral administration had a greater impact than topical appli-
cation. Toxicokinetic study of topical application of E2 or MXC will be
performed in our laboratories to clear up this question. Although levels
of Th2-type cytokines, such as IL-4 and IL-13, in ear skin tissue were not
entirely consistent with the ear swelling response and histological re-
sults obtained (Fig. 1B and C), the secretion of keratinocytes, fibro-
blasts, epithelial cells and dendritic cells cytokines, including TSLP and
IL-33, corresponded well to these observations (Fig. 1D and E). Recent
studies have particularly indicated that keratinocytes actively partici-
pate in the cutaneous immune response (Steinhoff et al. 2001); thus, we
hypothesized that these cells play an important role in the aggravation
of cutaneous allergy by estrogen exposure. In addition, we could find an
upwards trend of scratching behavior by administration of E2 or MXC,
and mice orally given MXC showed a significant change compared to
vehicle control mice (Fig. 1F), suggesting the possible contribution of
estrogens to pururitogenic response.

The findings of our first experiment demonstrated a direct re-
lationship between estrogen administration and the development of
allergic dermatitis. However, as MXC is predominantly an ERα agonist,
and E2 is a dual agonist of both ERα and ERβ (Supplemental Fig. 1), the
contribution of ERβ to cutaneous allergy remained uncertain. In the
next set of experiments, male mice with TDI-induced allergic dermatitis
were orally pre-administered an agonist of ERα (PPT) or ERβ (DPN),
and the effects on inflammatory and itch responses were compared. The
pro-inflammatory response was significantly increased by pre-treat-
ment with PPT (only at 5mg/kg) but not DPN, and this was corrobo-
rated by measurements of the ear swelling response and ear tissue cy-
tokine secretion such as IL-5, IL-33 and TSLP (Table 2). Helper T-cell
and dendritic cell infiltration and activation in local LNs were also only
enhanced by PPT (only at 5mg/kg) pre-treatment (Table 3). Since
males can convert testosterone to estradiol via aromatase; similar ex-
periment with ovariectomized female mice instead of male mice was
additionally performed with the oral administration of PPT and DPN.
Corresponding results were obtained with respect to inflammatory and
itch responses (Supplemental Tables 1 and 2), which demonstrates that
endogenous estrogens did not influence our in vivo result. As seen in the
first experiment, secretion of keratinocyte cytokines, including IL-33
and TSLP, in ear skin tissue was particularly up-regulated compared to
that of Th2-cell-related cytokines, such as IL-4 and IL-13. Interestingly,
scratching behavior was also induced by administration of PPT. Recent
work by Liu et al. (2016a) and Wilson et al. (2013) has demonstrated
that IL-33 and TSLP evoke scratching behavior via activation of pruritic
receptors on peripheral neurons in the dorsal root ganglion. Thus, in-
duction of TSLP and IL-33 secretion in skin tissue may have influenced
the scratching behavior observed. The findings of our second experi-
ment clearly indicate that ERα actively contributes to the development
of cutaneous allergy.

As TDI is the Th2-type hapten, we only saw the contribution of ERα
to Th2 polarizing cells and related-cytokines including IL-4, IL-5 and IL-
13 in the first and second experiments. Therefore, we next attempt to
see the involvement of ERα in Th1-dominated contact dermatitis using
DNCB-induced allergic dermatitis model. PPT exerted the opposite ef-
fects including significant reduction of ear swelling response and IFNγ
secretion, which is a typical Th1-derived cytokine (Fig. 2). This was
suggestive that the process of ERα activation in skin allergy is Th2
cytokine-driven.

Finally, our in vivo results were confirmed in vitro using keratino-
cytes, mBMDCs, and T cells. Activation of keratinocytes with poly(I:C)
induced production of the cytokine IL-1β, IL-8, TNFα and expression of
the genes encoding IL-4, IL-33 and TSLP. IL-8 can be secreted by any
cells with TLR activation that are involved in the innate immune re-
sponse, and previous studies demonstrated that IL-8 are elevated in
human patients with AD (Kimata and Lindley 1994; Hatano et al. 1999;
Kaburagi et al. 2001). We observed significant dose-dependent upre-
gulation of IL-8 production following pre-treatment with ERα agonists,
including E2, HPTE (a major metabolite of MXC), and PPT, whereas
pre-treatment with the ERβ agonist DPN had no effect in this respect
(Fig. 3). The active participation of ERα was further confirmed by the
inhibition of the IL-8 production to E2 by the ERα antagonist MPP.
Moreover, elevation of IL-8 secretion was corroborated by significant
increases of typical pro-inflammatory cytokines IL-1β and TNFα se-
cretion, which are also produced by keratinocyte via TLR-activation
(Fig. 4). Schmitz et al. (2005) indicated that IL-1β and TNFα promotes
the secretion of IL-33 which plays an important role in Th2-associated
immunology. They showed that in vitro polarized Th2 cells upon re-
stimulation respond to IL-33 by significantly increasing secretion of IL-4
and IL-13. Also, keratinocytes produce TSLP which is a central player
involved in the initiation, development and progression of atopy and
atopic diseases both in mice and in humans (Indra 2013). Therefore, we
next evaluated the IL-4, IL-33 and TSLP gene expression in keratino-
cytes. Significant upregulation of IL-4, IL-33 and TSLP expression due to
ERα agonist pre-treatment verified the contribution of ERα to

Fig. 7. Agonists of ERα and ERβ do not affect T-cell proliferation.
T-cell proliferation was not altered by PPT pre-treatment (A). DPN also had no
effect on T-cell proliferation in vitro (B). Each result is the mean (DPM) ± 1
SEM. n=6 per group. MA, mycophenolic acid.
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keratinocyte activation (Fig. 5). In particular, significant enhancement
of IL-4 expression in keratinocytes was very supportive of the concept
that ERα is acting to enhance Th2 pathway. On the other hand, immune
cells such as dendritic cells and T cells, which also play an important
role in both the initiation and maintenance of allergic inflammatory
diseases, might not be influenced by ERα. LPS induced IL-12 and TNFα
production by mBMDCs, but exposure to ERα agonists had only a
moderate effect on the levels of these cytokines secreted by these cells
(Fig. 6). In addition, the mixed leukocyte reaction assay revealed that
activation of ERα had almost no impact on T-cell proliferation (Fig. 7).
Our in vitro findings indicated that the DCs and T cells might not di-
rectly be related to allergy development but definitely give a first hint,
that the ERα dependent allergic development is mainly via modulation
of keratinocyte function.

Taken together, our findings demonstrate that ERα activation by
oral administration of ERα agonists is directly associated with pro-in-
flammatory and pro-pruritic responses in a mouse model of allergic
dermatitis. Our results also demonstrate the ability of ERα to sig-
nificantly induce a cytokine response in keratinocytes in vitro, while
having only a slight impact on dendritic cell and T-cell function. Based
on the above results, we can conclude that keratinocytes and cytokines
such as IL-33 and TSLP, which have the potential to activate antigen-
presenting cells and polarize Th2 cells and promote scratching beha-
vior, play an important role in cutaneous allergy exacerbated by ERα
agonists.

However, there are also opponents to the abovementioned pro-in-
flammatory responses by estrogens exposure. Previous studies reported
that E2 inhibits the production of MCP-1 and RANTES in human ker-
atinocytes, and PPT and DPN administration were equally effective in
normalizing the inflammatory response of keratinocytes (Kanda and
Watanabe 2003a; Kanda and Watanabe 2003b; Moeinpour et al. 2008).
When we additionally measured the RANTES and MCP-1 levels in the
ear skin samples of PPT- or DPN-pretreated TDI-induced mice, no sig-
nificant changes were observed among the groups (data not shown),
suggesting that RANTES and MCP-1 are not typical players to enhance
the inflammatory responses by estrogens in our in vivomodel. However,
significant elevations of IL-1β, IL-8 and TNFα secretions and IL-4, IL-33
and TSLP gene expressions in our in vitro keratinocytes experiment
clearly demonstrated that the direct contribution of ERα to pro-in-
flammatory responses. Exacerbation of in vivo allergic dermatitis was
also very supportive. These phenomena might closely depend on the
background of the experiment such as chemical concentrations, length
of exposure and types of animal model used. In addition, our recently
investigated report indicated that, rather ERβ dependent agonist bi-
sphenol A elicits anti-inflammatory responses in TDI-induced allergic
dermatitis, but pro-inflammatory responses in TDI-induced respiratory
allergic inflammation (Tajiki-Nishino et al. 2018), thus these reactions
might be organ specific. In order to clear up these questions, future
studies using models of human chronic atopic dermatitis, such as NC/
Nga mice, would be beneficial to further characterize the mechanism of
action of estrogens in the induction of pro-inflammatory and pro-
pruritic responses.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.taap.2018.07.008.
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1

Supplemental TABLE 1

Responses in the ear auricle to oral administration of PPT or DPN in a TDI-induced ovariectomized female mouse
model of allergic dermatitis

Ear samples were collected 24 h after TDI challenge. Results are expressed as means ± SEM. n = 5 per group. *p < 0.05, **p < 0.01
(Dunnett’s multiple comparison test) vs. the TDI + vehicle control group.

TDI
+

vehicle control

TDI
+

5 mg/kg PPT

TDI
+

5 mg/kg DPN

Ear swelling (μm) 120 ± 15 164 ± 12* 130 ± 8

Scratching bouts 103 ± 6 165 ± 10** 133 ± 9

IL-4 (pg/mg protein) 136 ± 14 269 ± 26** 132 ± 7

IL-5 (pg/mg protein) 186 ± 16 273 ± 18** 189 ± 7

IL-13 (pg/mg protein) 272 ± 34 369 ± 19 248 ± 28

IL-33 (pg/mg protein) 985 ± 113 1559 ± 80** 565 ± 34**

TNFα (pg/mg protein) 120 ± 11 153 ± 3* 121 ± 8

TSLP (pg/mg protein) 44 ± 3 76 ± 7** 38 ± 4



2

Supplemental TABLE 2

Responses in the auricular LN to oral administration of PPT or DPN in a TDI-induced ovariectomized female
mouse model of allergic dermatitis

Cytokine production was measured in response to anti-CD3 and -CD28 antibody stimulation. Each result is the mean ± 1 SEM. (n = 5 per
group). *p < 0.05, **p < 0.01 (Dunnett’s multiple comparison test) vs. the TDI + vehicle control group.

TDI
+

vehicle control

TDI
+

5 mg/kg PPT

TDI
+

5 mg/kg DPN

CD3+CD4+ cells
(×106)

2.11 ± 0.35 3.32 ± 0.42 2.37 ± 0.25

CD11c+CD40+ cells
(×105)

0.79 ± 0.13 1.18 ± 0.19 0.88 ± 0.12

IL-4 (pg/ml) 97 ± 15 186 ± 26* 117 ± 16

IL-5 (pg/ml) 24 ± 3 46 ± 10 31 ± 6

IL-13 (pg/ml) 64 ± 16 202 ± 55* 83 ± 23

TNFα (pg/ml) 113 ± 8 170 ± 16* 122 ± 15
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