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Abstract

Objective: During the last few decades, the prevalence of allergic skin diseases, asthma and rhinitis, has increased
worldwide. Introduction of environmental chemicals with aggravation effects may play a part in this increase. The artificial
chemical product dibutyl phthalate (DBP) is used in many products used in daily life. Dermal exposure to DBP is a common
(but easily neglected) exposure pattern.

Methodology/Principal Findings: In this study, we examined the aggravation effect of long-term dermal exposure to DBP
in a T-helper type 2 (Th2) model of contact hypersensitivity (CHS) in mice, and sought the potential molecular mechanisms.
Experimental tests were conducted after 40-day dermal exposure to saline or three concentrations of DBP and subsequent
three times of sensitization with 0.5% fluorescein isothiocyanate (FITC) or vehicle. The results of immunological and
inflammatory biomarkers (total-immunoglobulin (Ig)E and Th cytokines) as well as histopathological examination and
measurement of ear swelling supported the notion that high doses of DBP may promote and aggravate atopic dermatitis.
Increased expression of thymic stromal lymphopoietin (TSLP) in this mouse model suggested that TSLP might be one of the
molecular mechanisms of the aggravation effect induced by DBP.

Conclusions/Significance: Together, these results indicated that long-term dermal exposure to types of environmental
toxins such as phthalates may endow an atopic predisposition in animals or humans. In addition, the high expression of
TSLP in the mouse model demonstrated that TSLP might have an important role in the aggravation effect. This result could
help to provide effective prevention strategies against atopic diseases such as atopic dermatitis (AD).
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Introduction the lung [6]. Recent reports have revealed that phthalates are

3 added to cosmetics (=5%) and personal-care products, and that
Phthalate esters are artificial chemical products. They are added

to plastics to make them flexible and soft, to cosmetics as vehicles
for fragrance, and to many other products, such as children’s toys,
building materials, and medical devices [1-3]. With the wide-
spread use of phthalates in daily life, the potential consequences of
human exposure to phthalates have raised concerns in the general
population. Among all phthalate esters, dibutyl phthalate (DBP),
which is one of the main sources of indoor semi-volatile organic
compounds (SVOCs), has become the main type of plasticizer
used in China [4]. Humans as well as animals can be exposed to
these ubiquitous compounds through oral, dermal, inhalational,
and iatrogenic exposures [5]. Dermal exposure is a common (but
easily neglected) exposure pattern. Most chemicals are readily
absorbed via the skin and can cause health effects and/or
contribute to the dose absorbed by inhaling the chemical from the
air. In many cases, skin is a more significant route of exposure than

they raise the levels of exposure to urinary phthalate monoesters
instantly if these products are used every day [7]. Hence, the
toxicity of phthalates via dermal exposure needs more attention.

Atopic dermatitis (AD) is characterized by skin inflammation
with dermal infiltration by T cells and eosinophils [8]. Over the
past few decades, the prevalence of AD has been increasing in
“developed” countries. Most patients with AD exhibit systemic T-
helper type 2 (Th2)-dominated immune responses with elevated
levels of immunoglobulin (Ig) E in serum [9]. Epidemiologic
analysis shows that AD is often the initial step in the so-called
“atopic march” [10-13], given that more than 50% of AD
patients with moderate to severe AD develop asthma later in life,
and the severity of AD influences the course of respiratory allergy.
Therefore, if the severity of AD is aggravated, it will have a greater
impact on human health. What’s more, both AD and asthma
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share an “atopy” phenotype that includes a Th2 inflammation
with eosinophilia and hyper-IgE [11,12]. Contact hypersensitivity
(CHS) is a common type of AD. Various chemicals can induce
CHS upon repeated exposure of the skin to them. This
pathological reaction is mimicked readily in experimental animals
by painting a particular chemical on the skin. Most types of CHS
are mediated by Thl cells. Interestingly, fluorescein isothiocyanate
(FITC) induced CHS is dominantly mediated by Th2 rather than
Thl cells, although this model is an acute model [14].
Epidemiological studies have provided evidence for a possible
relationship between phthalate exposure and the risk of allergy in
children as well as in workers in the plastic industry [15-20].
Moreover, the increased prevalence of morbidity of AD
corresponds with the increase in industrial pollution [21]. It is
tempting to speculate that environmental chemicals, such as DBP,
may increase the potency of allergens, and therefore play a crucial
part in the enhancement of allergic diseases.

In models of CHS, dendritic cell (DC) activation by an immuno-
active antigen is crucial for determining the pathway of the
downstream responses mediated by T cells. One of the prime
candidates for DC activation during an allergic inflammatory
reaction is thymic stromal lymphopoietin (T'SLP). Studies have
determined that TSLP can “skew” the immune system toward
Th2-dominance by activating DCs that promote differentiation of
naive T cells to Th2 cells by an OX40 ligand-OX40 interaction
which then locally produces Th2 chemokines [22,23]. Moreover,
TSLP expression was significantly elevated in the epidermis of
lesion skin from acute and chronic AD patients [24]. Interestingly,
cytokines which are found at high levels in the skin of patients
(tumor necrosis factor (INF)-a, interleukin (IL)-4 and IL-13) can
also synergize to induce TSLP expression, suggesting a feed-
forward inflammatory cascade [25]. These findings suggest that
TSLP plays an important part in the pathogenesis of AD. In
addition, in previous studies, a mouse model to study human
“atopic march” indicates that TSLP may represent an important
factor in the link of atopic dermatitis to asthma [26-28].

Most studies illustrated the adjuvant effect of DBP using DBP as
a solvent for FITC to induce CHS. However, no author has tried
to explore the relationship between long-term exposure of DBP to
the dermis and allergic diseases. Therefore, we studied in greater
detail the suspected impact of DBP on AD using a long-term
dermal exposure FITC-sensitized mice model. We aimed to
address the aggravate effect of long-term DBP exposure on skin
and allergic response to FITC related to AD and, by testing the
expression of TSLP in skin, to seek the molecular mechanisms of
DBP-induced aggravate effect in AD.

Materials and Methods

All protocols used in these studies were approved by the Office
of Scientific Research Management of Central China Normal
University (Beijing, China; 8 November 2011; CCNU-SKY-2011-
008).

Experimental animals

Male Balb/c mice (5-6 weeks; 22+1.5 g) were purchased from
the Hubei Province Experimental Animal Center (Wuhan, China).
They were housed in pathogen-free cages maintained at 24—-26°C
with 55-75% humidity and a 12-h light-dark cycle. They were fed
a commercial diet (Hubei Province Experimental Animal Center)
and given water ad lLbitum. Mice were quarantined for =7 days
before study initiation. Eight mice in each group were utilized so
as to minimize the number of experimental animals needed while
ensuring the validity of statistical power.
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Main reagents and kits

DBP (>99%), FITC, formalin solution (10%) and pentobarbital
sodium were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Tween-80 was obtained from Amresco (Solon, OH, USA).
All other chemicals were of analytical grade. Mouse enzyme-linked
immunosorbent assay (ELISA) kits for total IgE was purchased
from Biolegend (San Diego, CA, USA). Mouse ELISA kits for IL-
4, interferon (IFN)-y, IL-17A, TSLP and TNF-a were from
eBioscience (San Diego, CA, USA). Mouse anti-IL-5-antibody,
mouse anti-IL-13-antibody, and mouse anti-eosinophil cationic
protein (ECP)-antibody, goat-anti-rabbit lgG-antibody, a rabbit
IgG peroxidase conjugated streptavidin-biotin complex (SABC-
POD) kit and a diaminobenzidine (DAB) kit were obtained from
Boster Bio-engineering (Wuhan, China).

Exposure and immunization protocol

The long-term treatments with DBP were done by the
application of aqueous suspension, in which DBP was diluted in
sterile saline from stock solution. The stock solution was prepared
by dissolving DBP in Tween 80 (1:1 ratio). Skin sensitization and
application to ears with 0.5% FITC were performed in acetone-
based solvent, in which acetone and DBP (1:1 ratio) were always
present. Male Balb/c mice were divided randomly into eight
groups of 8 mice: (1) Saline skin exposure combined with saline-
treated group (Saline); (i) 0.4 mg/(kged) DBP skin exposure
combined with saline-treated group (DBP 0.4); (i11) 4.0 mg/(kged)
DBP skin exposure combined with saline-treated group (DBP 4);
(iv) 40.0 mg/(kged) DBP skin exposure combined with saline-
treated group (DBP 40); (v) Saline skin exposure combined with
0.5% FITGC sensitized group (FITC); (vi) 0.4 mg/(kged) DBP skin
exposure combined with 0.5% FITC sensitized group (FITC+DBP
0.4); (vii) 4.0 mg/(kged) DBP skin exposure combined with 0.5%
FITC sensitized group (FITC+DBP 4.0) (viii) 40.0 mg/(kged) DBP
skin exposure combined with 0.5% FITC sensitized group
(FITC+DBP 40). The detailed protocols are shown in Figure 1.

Serum sample preparation and quantitative analyses of
IgE

On day 48, 24 h after challenge, mice were anesthetized with
pentobarbital sodium (100 mg/kg, i.p.). Serum samples were
collected from heart blood by centrifugation (3000 rpm, 15 min,
24°C) and stored at —70°C until analyses. Serum levels of total
IgE (T-IgE) were measured using an ELISA kit according to
manufacturer protocols. The sensitivity of the kit was 15 pg/mL.
Concentrations were determined in duplicate for each sample.

Measurement of ear swelling and difference in bilateral
ear weight

After collecting serum, mice were killed by cervical dislocation.
Ear swelling was measured using a vernier caliper. Ear edema was
expressed as (R*L) = (RO£L0), where RO and LO represent the
thickness of the right and left ear, respectively, at the beginning of
sensitization (40 d), and R and L stand for the thickness values
obtained on day 48. Then, ears were cut and punched along the
edge of the middle ear by a corneal trephine of diameter 8 mm.
The weight was measured immediately, and the difference in
bilateral ear weight calculated.

Histological examination

After measurement of ear swelling and ear weight, the right ears
of mice were collected and fixed overnight in 10% formalin at
room temperature. They were then sectioned, and stained with
hematoxylin and eosin or toluidine blue as reported previously
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Figure 1. Exposure and immunization schedule. To make long-term dermal exposure, male Balb/c mice were smeared with 0.1 mL saline or
DBP (0.4, 4.0 and 4.0 mg/(kged)) from day 1 to 40 (40 times) on their shaven backs, and then sensitized with 120 uL of saline or 0.5% FITC (in 1:1
acetone/DBP) on days 41 and 42, on their shaven backs. On day 47, baseline ear thickness was measured with calipers followed by challenge with
20 pL of saline or 0.5% FITC on the right ear, and saline or vehicle (1:1 DBP/acetone) on the left ear. n =8 mice in each group. (1) Saline, (2) DBP 0.4, (3)
DBP 4, (4) DBP 40, (5) FITC, (6) FITC+DBP 0.4, (7) FITC+DBP 4, (8) FITC+DBP 40.

doi:10.1371/journal.pone.0087887.9001

[29]. Tissue sections were observed using a DM 4000B
Microscope (Leica, Berlin, Germany). The numbers of inflamma-
tory cells and degranulated mast cells in each sample were counted
using Image-Pro Plus software (Image-Pro Plus 6.0, Media
Cybernetics). A non-stained region was selected and set as the
background. All tissue sections were examined qualitatively by two
experienced pathologists in a blinded fashion.

Tissue sample preparation and ELISA

The right ears of mice were removed 24 h after the final
challenge. They were homogenized using a glass homogenizer on
ice using 10 mL/g of ice-cold phosphate-buffered saline (PBS;
pH 7.5) to make a 10% tissue homogenate. Afterwards, the
homogenate was used to test the levels of IL-4, IFN-y, TSLP, IL-
17A and TNF-o according to manufacturer instructions using
commercial ELISA kits. The sensitivities of the kits were 4 pg/mL
for IL-4, 15 pg/mL for IFN-vy, 16 pg/mL for TSLP, 4 pg/mL for
IL-17A and 8 pg/mL for TNF-a. Concentrations were deter-
mined in duplicate for each sample.

Immunohistochemical assay

Sections of ear tissues were quenched of endogenous peroxides
with 3% HyO,. They were boiled in sodium citrate (0.01 mol/L,
pH 6.0) for antigen retrieval to unmask antigen epitopes,
permeabilized with 0.2% Triton X-100 for 10 min, and blocked
with 5% BSA in PBS for 30 min at room temperature. Sections
were incubated with diluted primary antibodies (mouse anti-IL-
Santibody, mouse anti-IL-13 antibody or mouse anti-ECP
antibody, 1:200 dilution) overnight at 4°C. Slides were washed
with PBS, incubated with secondary antibody (anti-rabbit IgG,
1:200 dilutions) for 30 min at 37°C and detected with a rabbit IgG
peroxidase conjugated streptavidin-biotin complex (SABC-POD)
kit, followed by incubation with a diaminobenzidine (DAB) kit.
Immunostained sections were viewed under a DM 4000B
Microscope (Leica). The intensity of protein IL-5, IL-13 or ECP
staining was determined as average optical density using Image-
Pro Plus 6.0 software. A non-stained region was selected and set as
the background. Two experienced pathologists in a blinded
fashion examined all tissue sections qualitatively.
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Statistical analyses

Data are the mean * standard error of the mean. Statistical
graphs were generated using Origin 8.0 Software (OriginLab,
Berkeley, CA, USA). All data were analyzed by a Oneway
ANOVA followed by Tukey test. A p-value of p=0.05 was
considered as significant. Data analyses were carried out using

SPSS ver13 (SPSS, Chicago, IL, USA).

Results

Effect of dermal exposure DBP on serum levels of IgE

To evaluate the aggravation effect of skin exposure to DBP for
Ig production, we measured T-IgE in serum 24 h after the final
challenge. Figure 2 shows the measurement data of serum T-IgE
after DBP treatment in the absence or presence of FITC
sensitization. Four important findings were revealed: (i) exposure
to only DBP (DBP 0.4, DBP 4 and DBP 40) did not cause changes
in serum T-IgE; (i) the T-IgE levels of all FITC-immunized
groups (FITC, FITC+DBP 0.4, FITC+DBP 4, FITC+DBP 40)
were increased significantly in relation to those of the saline
exposure group (p<<0.01); (i) compared with the FITC group,
FITC+DBP 40 (p<0.01) enhanced the level of T-IgE (which
suggested that a aggravation effect occurred at high levels of DBP
combined with allergen); (iv) the T-IgE levels of the FITC+DBP 40
group were increased significantly compared with those of the
FITC+BDP 4 group (p<<0.01).

Effect of dermal exposure to DBP on skin lesions

To evaluate the effects of DBP on skin in the presence or
absence of FITC, we examined ear swelling and differences in
bilateral ear weight 24 h after the final challenge. Figure 3 shows
the measurement results of ear swelling and differences in bilateral
ear weight. The results showed two features: (i) compared with the
saline group, FITC groups (FITC, FITC+DBP 0.4, FITC+DBP 4,
FITC+DBP 40) caused significant changes with regard to ear
swelling and differences in bilateral ear weight; (i) compared with
the 0.5% FITC-sensitized group, FITC+DBP 4 and FITC+DBP
40 groups enhanced ear swelling and differences in bilateral ear
weight (p<<0.01) and, with an increasing concentration of DBP, the
aggravation effect was stronger.
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Figure 2. Serum IgE levels. **: p<<0.01, compared with the saline group; ##: p<<0.01, compared with the FITC group; &&: p<<0.01 compared with

the FITC+DBP 4 group.
doi:10.1371/journal.pone.0087887.g002

Effect of dermal exposure to DBP on histological
examination

To evaluate histological changes, we carried out hematoxylin and
cosin (H&E) (Fig. 4A) and toluidine blue staining (Fig. 4B) 24 h after
the final challenge. Exposure to saline (Fig. 4 Al, Fig. 4 B1) or DBP
(Fig. 4 A2-A4, Fig. 4 B2-B4) did not lead to significant pathologic

alterations. The FITC group caused inflammatory cells infiltration
into the skin compared with the saline group (Fig. 4 A5, C: p<<0.01).
Furthermore, combined administration of FITC+DBP (FITC+DBP
4, FITC+DBP 40) increased the number of inflammatory cells
infiltrating compared with FITC group (Fig. 4 A5-A8, C: p<<0.01).
A similar trend was observed regarding the severity of degranulation
of mast cells (Fig. 4B, D).
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Figure 3. Effects of skin exposure DBP on skin lesions induced by FITC. (A) Measurement results of ear swelling. (B) Measurement results of
differences in bilateral ear weight. **: p<0.01, compared with the saline group; ##: p<<0.01, compared with the FITC group; &&: p<<0.01 compared

with the FITC+DBP 4 group.
doi:10.1371/journal.pone.0087887.9003
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doi:10.1371/journal.pone.0087887.g004

Effect of dermal exposure to DBP on eosinophilic
infiltration

Eosinophils play a major role in AD and become active by
releasing their toxic eosinophilic granules, which constitute a
major portion of their cellular protein content [30]. Eosinophil
cationic protein (ECP) is exclusively secreted only by the
eosinophilic leukocyte [31]. Therefore, we use immunohistochem-
ical experimentation to test the concentration of ECP in order to
reflect the eosinophilic infiltration. The average optical density was
measured. We noted in Fig. 5 that the FITC group presented an
increase in the content of ECP compared with the saline group
(»p<<0.01). Combined administration of FITC+DBP (FITC+DBP 4,
FITC+DBP 40) exposure significantly enhanced the levels of ECP
compared with FITC group (p<<0.01).

Effect of dermal exposure DBP on levels of Th cytokines
in the skin

The levels of the Thl cytokine IFN-vy, the Th2 cytokine IL-4
and the Th17 cytokine IL-17A were assessed in ear tissue samples
(Fig. 6A, B and C). To evaluate the effects of skin exposure to DBP
on TNF-o release in the presence or absence of allergen, we

PLOS ONE | www.plosone.org

measured TNF-a level in ear tissue 24 h after the final challenge
(Fig. 6D). Immunohistochemical analyses were conducted to
detect the expression of the other two Th2 cytokines IL-5 and
IL-13 in ear tissue (Fig. 7). Exposure to only DBP (DBP 0.4, DBP
4, DBP 40) did not cause changes in the levels of IFN-y, IL-4, IL-
5, IL-13, IL-17A and TNF-o compared with the saline control
group. The protein levels of IFN-y, IL-4, IL-5, IL-13, IL-17A and
TNF-a in the FITC-immunized groups were significantly greater
than those in the saline group (p<<0.01). Administration of 4.0 and
40.0 mg/(kg'd) DBP combined with FITC led to a further
significant increase in the levels of 1L-4, IL-5, IL-13 and IL-17A
compared with FITC group. However, skin exposure to DBP did
not elevate the expression of IFN-y and TNF-o in the presence of
FITC compared with the FITC group.

Effect of dermal exposure to DBP on TSLP expression in
the skin

Given that TSLP is an important cytokine produced by
epithelial cells and has been linked to AD, we measured TSLP
expression in the skin after sensitization with FITC (Fig. 8). The
DBP 0.4, DBP 4 and DBP 40 groups did not cause changes in
TSLP levels compared with the saline group. The TSLP levels of
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Figure 5. Immunohistochemical analyses. Representative images of the expression of (A) eosinophil cationic protein (ECP) as determined by
immunohistochemical staining (brown color stain) (black arrow). Panel: (a) Saline, (b) DBP 0.4, (c) DBP 4, (d) DBP 40, (e) FITC, (f) FITC+DBP 0.4, (g)
FITC+DBP 4, (h) FITC+DBP 40. Analyses of (B) ECP expression level according to average optical density. Animal groups (in all panels): n=4 mice per
group. **: p<<0.01, compared with saline group; #+#: p<0.01, compared with FITC group.

doi:10.1371/journal.pone.0087887.g005

all FITC-immunized groups were increased significantly com-
pared with the saline group (p<<0.01). Co-exposure with FITC, 4.0
and 40.0 mg/(kg'd) DBP exposure groups showed a strong
aggravation effect on the results of TSLP (p<<0.01), especially at
the highest dose of 40.0 mg/(kg-d).

Discussion

The present study showed that dermal exposure of 4.0 and
40.0 mg/(kg-d) DBP could aggravate AD-like skin lesions related to
FITC-induced CHS in mice. This deterioration was concomitant

PLOS ONE | www.plosone.org

with increased skin levels of Th2 cytokines such as IL-4, IL-5 and
IL-13; Th17 cytokines such as IL-17A, respectively. Also, 4.0 and
40.0 mg/(kg-d) DBP exhibited aggravation effect for the production
of IgE in the presence of allergen. Furthermore, 4.0 and 40.0 mg/
(kg-d) DBP potentiated the accumulation of eosinophils and the
degranulation of mast cells in the skin in the presence of allergen.
Finally, DBP could promote the expression of TSLP in the skin
(Fig. 9).

With the widespread use of DBP, the potential toxicity is getting
increasing attention. Several studies have demonstrated that
ingestion exposure to DBP can affect male fertility, cause testicular
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Figure 6. Effects of skin exposure to DBP on the protein expression of Th Cytokines in the ear. (A) Levels of IFN-y. (B) Levels of IL-4. (C)
Levels of IL-17A. (D) Levels of TNF-a.. **: p<<0.01, compared with the saline group; ##: p<0.01, compared with the FITC group; &&: p<<0.01 compared

with the FITC+DBP 4 group.
doi:10.1371/journal.pone.0087887.9g006

atrophy in young adults, and produce teratogenicity and
embryomortality in rodents [3,32-35]. The effects of DBP on
the skin (another major route of exposure other than the ingestion)
remains incompletely understood, although they are widely used
in various cosmetic products. The Taiwan Food and Drug
Administration (TFDA) announced on 31 July 2011 the tolerable
daily intake (TDI) for DBP to be 0.01 mg/(kg*d). According to this
limit and the different drug use between humans and mice, the
mice in the present study were treated every day with dermal
exposure of 0, 0.4, 4, and 40 mg/(kg-d) DBP solution, respectively.
Forty daily dermal exposures to DBP rather than a few
immediately-high-dose exposures were administrated before aller-
gen challenge to simulate the real environmental exposure.
FITC-mediated CHS in mice has been characterized as an
animal model of allergic contact dermatitis mediated by a Th2-
dominant immune system: high amounts of IL-4 were expressed at
the protein level in the inflamed ear, and plasma IgE levels were
increased [36,37]. DBP components have been reported to act as
indispensable adjuvants for FITC-induced CHS [14]. However, it is

PLOS ONE | www.plosone.org

unclear if long-term dermal exposure to DBP could exacerbates this
Th2 contact hypersensitivity. In the present study, the aggravation
effect of DBP was evaluated through two groups of important
biomarkers: “immune response” and “AD pathology”. The former
include IgE, IL-4, IL-5, IL-13, IFN-y, IL-17A and TNF-o in the
skin, and the latter include histological and physiological changes in
the skin. We observed that, in the absence of FITC, exposure to
DBP alone did not cause obvious histological and physiological
changes in mice. However, after 40 days dermal exposures,
compared with the FITC group, 4.0 and 40.0 mg/(kg-d)
DBP+FITC exposure groups could aggravate the levels of IgE,
IL-4, IL-5, IL-13 and IL-17A in the skin, histological changes such
as eosinophil infiltration and degranulation of mast cells in the skin,
and physiological changes such as ear swelling. These phenomena
suggested that long-term exposure to DBP combined with FITC-
induced CHS could exacerbate AD-like symptoms.

Studies have demonstrated the role of TSLP in the regulation of
Th2 responses in allergic disease from cell different lines. First,
TSLP-treated DCs can prime helper T cells to present a Th2
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Figure 7. Immunohistochemical analyses. Representative images of the expression of (A) IL-5 and (B) IL-13 as determined by
immunohistochemical staining (brown color stain) (black arrow). Panel: (A1, B1) Saline, (A2, B2) DBP 0.4, (A3, B3) DBP 4, (A4, B4) DBP 40, (A5, B5)
FITC, (A6, B6) FITC+DBP 0.4, (A7, B7) FITC+DBP 4, (A8, B8) FITC+DBP 40. Analyses of (C) IL-5 and (D) IL-13 expression levels according to average
optical density. Animal groups (in all panels): n =4 mice per group. **: p<<0.01, compared with saline group; ##: p<<0.01, compared with FITC group.

doi:10.1371/journal.pone.0087887.g007

phenotype in humans and mice, and the expression of TSLP is
markedly elevated in the lesional skin of individuals with AD
[23,24]. Likewise, in mice, TSLP expression in the skin is
increased in a model of FITC-induced allergic contact dermatitis,
whereas TSLPR ™/~ mice are resistant to disease development
[38]. Moreover, over-expression of T'SLP in the skin leads to the
development of spontaneous disease that closely resembles human
AD [39]. Recently, Boehme ¢t al. showed that treatment with
FITC in acetone and DBP, or acetone and DBP alone, resulted in
increased levels of TSLP protein in the skin [40]. We have now
tested the concentration of TSLP in skin in an antigen-driven
model of skin inflammation in mice, CHS, which combined with
40-day dermal exposure of DBP. In the present study, after 40
days of dermal exposure, the expression of TSLP in 4.0 and
40.0 mg/(kg'd) DBP+FITC exposure groups was increased
significantly compared with that in the FITC group. This result
coincided with expression of those biomarkers used to evaluate the
aggravation effect of DBP. These evidences suggested that the
aggravation effect of DBP during the sensitization phase of CHS
may (at least in part) be mediated by TSLP.

TSLP has been shown to inhibit Th1 and Th17 responses in the
intestine [25,41]. However, we did not observe decreased levels of
IFN-vy or IL-17A in the inflamed tissue of FITC-exposure groups.

PLOS ONE | www.plosone.org

Even though, with the increased concentration of DBP, the level of
IFN-y was not reduced in FITC-sensitization groups, the level of
IL-4, IL-5 and IL-13 were increased significantly. This finding
suggested that TSLP played an important part in skewing the
immune system toward a Th2 response. The increased level of IL-
17A also suggested that TSLP might take part in activation of the
Th17 response. Nowadays there is sufficient experimental
evidence to classify AD amongst other inflammatory skin disorders
as IL-17 associated diseases. IL-17 is regarded as a signature
cytokine for Th17 cells and is involved in inflammatory responses
as observed in allergic reactions such as CHS [42]. In several
human studies, T-cell-clones could be isolated from eczema
biopsies, and high IL-17 levels were observed after challenge with
allergen [43]. The indications for a participation of Thl7 in the
development of AD are supported by data from IL-17 deficient
mice with reduced CHS reactions that could be restored after
transplantation of wild type CD4+ T cells [44]. The results from
Th17 cell research allow today identification of different skin
diseases by a specific profile of signature cytokines from Th cells
that can be used as a future diagnostic tool.

The present study is the first report to show that long-term
dermal exposure to DBP can aggravate allergic contact dermatitis
in mice. These evidences provide new explanations of the
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acquirement of an atopic predisposition and the increased humans. In addition, the high expression of TSLP in the
prevalence of allergic disease in society. That is, that long-term mouse model demonstrated that TSLP might have an important
dermal exposure to types of environmental toxins such as role in the aggravation effect. This result could help to provide
phthalates may endow an atopic predisposition in animals or effective prevention strategies against atopic diseases such as AD.
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Meanwhile, transient receptor potential ankyrin 1 (TRPAT)
activation may be another useful marker to find chemicals that
facilitate sensitization in combination with other immunogenic
haptens [45]. Therefore, more studies are needed for understand-
ing the molecular mechanism on the aggravation effect of DBP in
order to effectively prevent related health problems in the future.

References

1.

20.

21.
22.

23.

24.

Api AM (2001) Toxicological profile of diethyl phthalate: a vehicle for fragrance
and cosmetic ingredients. Food Chem Toxicol 39:97-108.

. Kavlock R, Barr D, Bockelheide K, Breslin W, Breysse P, et al. (2006) NTP-

CERHR Expert Panel Update on the Reproductive and Developmental
Toxicity of di(2-ethylhexyl) phthalate. Reprod Toxicol 22:291-399.

. Kavlock R, Boekelheide K, Chapin R, Cunningham M, Faustman E, et al.

(2002) NTP Center for the Evaluation of Risks to Human Reproduction:
phthalates expert panel report on the reproductive and developmental toxicity of
di-n-octyl phthalate. Reprod Toxicol 16:721-734.

. Zeng Q, Wei C, Wu Y, Li K, Ding S, et al. (2013) Approach to distribution and

accumulation of dibutyl phthalate in rats by immunoassay. Food Chem Toxicol
56:18-27.

Swan SH (2008) Environmental phthalate exposure in relation to reproductive
outcomes and other health endpoints in humans. Environ Res 108:177-184.

. Boeniger MF (2003) The significance of skin exposure. Ann Occup Hyg 47:591—

593.

. Duty SM, Ackerman RM, Calafat AM, Hauser R (2005) Personal care product

use predicts urinary concentrations of some phthalate monoesters. Environ

Health Persp 113:1530-1535.

. van Reijsen FC, Bruijnzeel-Koomen CA, Kalthoff FS, Maggi E, Romagnani S,

et al. (1992) Skin-derived aeroallergen-specific T-cell clones of Th2 phenotype in
patients with atopic dermatitis. J Allergy Clin Immun 90:184-193.

. Novak N, Bieber T (2003) Allergic and nonallergic forms of atopic diseases.

J Allergy Clin Immun 112:252-262.

. Leung DY, Boguniewicz M, Howell MD, Nomura I, Hamid QA (2004) New

insights into atopic dermatitis. J Clin Invest 113:651-657.
Spergel JM, Paller AS (2003) Atopic dermatitisandthe atopic march. J Allergy
Clin Immunol 112 Suppl 6:S118-S127.

. Cookson W (2004) The immunogenetics of asthma and eczema: A new focus on

the epithelium. Nat Rev Immunol 4:978-988.

. Hahn EL, Bacharier LB (2005) The atopic march: The pattern of allergic disease

development in childhood. Immunol Allergy Clin North Am 25:231-246.

. Imai Y, Kondo A, lizuka H, Maruyama T, Kurohane K (2006) Effects of

phthalate esters on the sensitization phase of contact hypersensitivity induced by
fluorescein isothiocyanate. Clin Exp Allergy 36:1462-1468.

5. Bornehag CG, Nanberg E (2010) Phthalate exposure and asthma in children.

Int J Androl 33:333-345.

. Bornehag CG, Sundell J, Weschler CJ, Sigsgaard T, Lundgren B, et al. (2004)

The association between asthma and allergic symptoms in children and
phthalates in house dust: a nested case-control study. Environ Health Persp

112:1393-1397.

. Jaakkola JJ, Knight TL (2008) The role of exposure to phthalates from polyvinyl

chloride products in the development of asthma and allergies: a systematic
review and meta-analysis. Environ Health Persp 116:845-853.

. Jaakkola JJ, Parise H, Kislitsin V, Lebedeva NI, Spengler JD (2004) Asthma,

wheezing, and allergies in Russian schoolchildren in relation to new surface
materials in the home. Am J Public Health 94:560-562.

. Jaakkola JJ, Verkasalo PK, Jaakkola N (2000) Plastic wall materials in the home

and respiratory health in young children. Am J Public Health 90:797-799.
Tuomainen A, Stark H, Seuri M, Hirvonen MR, Linnainmaa M, et al. (2006)
Experimental PVC material challenge in subjects with occupational PVC
exposure. Environ Health Persp 114:1409-1413.

Guttman-Yassky E (2007) Atopic dermatitis. Curr Probl Derm-US 35:154-172.
Ito T, Wang YH, Duramad O, Hori T, Delespesse GJ, et al. (2005) TSLP-
activated dendritic cells induce an inflammatory T helper type 2 cell response
through OX40 ligand. J Exp Med 202:1213-1223.

Soumelis V, Reche PA, Kanzler H, Yuan W, Edward G, et al. (2002) Human
epithelial cells trigger dendritic cell mediated allergic inflammation by producing
TSLP. Nat Immunol 3:673-680.

Liu Y], Soumelis V, Watanabe N, Ito T, Wang YH, et al. (2007) TSLP: an
epithelial cell cytokine that regulates T cell differentiation by conditioning
dendritic cell maturation. Annu Rev Immunol 25:193-219.

. Bogiatzi SI, Fernandez I, Bichet JC, Marloie-Provost MA, Volpe E, et al. (2007)

Chutting Edge: Proinflammatory and Th2 cytokines synergize to induce thymic
stromal lymphopoietin production by human skin keratinocytes. J Immunol
178:3373-3377.

PLOS ONE | www.plosone.org

10

CHS Aggravated by DBP Dermal Exposure

Author Contributions

Conceived and designed the experiments: JQL LL YPZ XY. Performed
the experiments: JQL LL HXZ CJK. Analyzed the data: JOL LL XY.
Contributed reagents/materials/analysis tools: BY HXW. Wrote the
paper: JOL LL XY.

27.

28.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42,

43.

44.

. Zhang Z, Hener P, Frossard N, Kato S, Metzger D, et al. (2009) Thymic stromal

lymphopoietin  overproduced by keratinocytes in mouse skin aggravates
experimental asthma. Proc Natl Acad Sci USA 106(5):1536-41.

Han H, Xu W, Headley MB, Jessup HK, Lee KS, et al. (2012) Thymic stromal
lymphopoietin (TSLP)-mediated dermal inflammation aggravates experimental
asthma. Mucosal Immunol 5(3):342-51.

Leyva-Castillo JM, Hener P, Jiang H, Li M (2013) TSLP produced by
keratinocytes promotes allergen sensitization through skin and thereby triggers
atopic march in mice. J Invest Dermatol 133(1):154-63.

. Takano H, Yanagisawa R, Inoue K, Ichinose T, Sadakane K, et al. (2006)

Di-(2-ethylhexyl) phthalate enhances atopic dermatitis-like skin lesions in mice.
Environ Health Persp 114: 1266-1269.

Heinisch IV, Bizer C, Volgger W, Simon HU (2001) Functional CD137
receptors are expressed by eosinophils from patients with IgE-mediated allergic
responses but not by eosinophils from patients with non-IgE-mediated
eosinophilic disorders. J Allergy Clin Immunol 108:21-8.

Bystrom J, Amin K, Bishop-Bailey D (2011) Analysing the cosinophil cationic
protein—a clue to the function of the eosinophil granulocyte. Respir Res 12:10.
Gray LE, Jr Ostby J, Furr J, Price M, Veeramachaneni DN, et al. (2000)
Perinatal exposure to the phthalates DEHP, BBP, and DINP, but not DEP,
DMP, or DOTP, alters sexual differentiation of the male rat. Toxicol Sci
58:350-365.

Moore RW, Rudy TA, Lin TM, Ko K, Peterson RE (2001) Abnormalities of
sexual development in male rats with in utero and lactational exposure to the
antiandrogenic plasticizer Di(2-ethylhexyl) phthalate. Environ Health Persp
109:229-237.

Mylchreest E, Wallace DG, Cattley RC, Foster PM (2000) Dose-dependent
alterations in androgen-regulated male reproductive development in rats
exposed to Di(n-butyl) phthalate during late gestation. Toxicol Sci 55:143-151.

. Wolf C, Jr Lambright C, Mann P, Price M, Cooper RL, et al. (1999)

Administration of potentially antiandrogenic pesticides (procymidone, linuron,
iprodione, chlozolinate, p,p-DDE, and ketoconazole) and toxic substances
(dibutyl- and diethylhexyl phthalate, PCB 169, and ethane dimethane
sulphonate) during sexual differentiation produces diverse profiles of reproduc-
tive malformations in the male rat. Toxicol Ind Health 15:94-118.

Takeshita K, Yamasaki T, Akira S, Gantner F, Bacon KB (2004) Essential role
of MHC II-independent CD4+ T cells, IL-4 and STAT6 in contact
hypersensitivity induced by fluorescein isothiocyanate in the mouse. Int
Immunol 16:685-695.

Tang A, Judge TA, Nickoloff BJ, Turka LA (1996) Suppression of murine
allergic contact dermatitis by CTLA4Ig. Tolerance induction of Th2 responses
requires additional blockade of CD40-ligand. J Immunol 157:117-125.

Larson RP, Zimmerli SC, Comeau MR, Itano A, Omori M, et al. (2010) Dibutyl
phthalate-induced thymic stromal lymphopoietin is required for Th2 contact
hypersensitivity responses. ] Immunol 184:2974-2984.

Yoo J, Omori M, Gyarmati D, Zhou B, Aye T, et al. 2005. Spontaneous atopic
dermatitis in mice expressing an inducible thymic stromal lymphopoietin
transgene specifically in the skin. J Exp Med 202: 541-549.

Boehme SA, Franz-Bacon K, Chen EP, Sasik R, Sprague L], et al. (2009)
A small molecule CRTH2 antagonist inhibits FITC-induced allergic cutaneous
inflammation. Int Immunol 21:81-93.

Taylor BC, Zaph C, Troy AE, Du Y, Guild K]J, et al. (2009) TSLP regulates
intestinal immunity and inflammation in mouse models of helminth infection
and colitis. ] Exp Med 206:655-667.

Iwakura Y, Ishigame H, Saijo S, Nakae S (2011) Functional specialization of
interleukin-17 family members. Immunity 34(2):149-62.

Larsen JM, Bonefeld CM, Poulsen SS, Geisler C, Skov L (2009) IL-23 and
T(H)17-mediated inflammation in human allergic contact dermatitis. J Allergy
Clin Immunol 123(2):486-92.

Nakae S, Komiyama Y, Nambu A, Sudo K, Iwase M, et al. (2002) Antigen-
specific T cell sensitization is impaired in IL-17-deficient mice, causing
suppression of allergic cellular and humoral responses. Immunity 17(3):375-87.
Shiba T, Tamai T, Sahara Y, Kurohane K, Watanabe T, et al. (2012) Transient
receptor potential ankyrin 1 activation enhances hapten sensitization in a T-
helper type 2-driven fluorescein isothiocyanate-induced contact hypersensitivity
mouse model. Toxicol Appl Pharm 264:370-376.

February 2014 | Volume 9 | Issue 2 | 87887



