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ABSTRACT

Several epidemiological studies have suggested a possible link between exposure
to Diisononyl phthalate (DINP) and the development of allergies. These findings
remain controversial since there is insufficient scientific evidence to assess the
ability of DINP to influence allergic immune responses. In addition, the mechanisms
behind DINP-caused allergic diseases have not been fully elucidated. In this study,
Balb/c mice were orally exposed to DINP for 3 weeks and were then sensitized
with fluorescein isothiocyanate (FITC). We showed that oral exposure to DINP could
aggravate allergic-dermatitis-like lesions, indicated by an increase in the number of
mast cells, and in increased skin edema in FITC-induced contact hypersensitivity. This
deterioration was concomitant with increased total serum immunoglobulin-E and Th2
cytokines. We determined the oxidative damage and the activation of nuclear factor-
kb (NF-kB). The data demonstrated that DINP could promote oxidative damage and
the activation of NF-kB in the skin. The expression of thymic stromal lymphopoietin
and the activation of signal transducer and activator of transcriptions 3, 5 and 6
were enhanced concomitant with exacerbated allergic dermatitis effects and the
activation of NF-kB induced by DINP. These effects were alleviated by pyrollidine
dithiocarbamate, an inhibitor of NF-kB. The results suggest that oral exposure to DINP
aggravated allergic contact dermatitis, which was positively regulated via NF-kB.

INTRODUCTION

Phthalic acid esters (PAEs) have been widely used
as plasticizers. More recently they have been implicated
in possibly having a detrimental effect on human health,
particularly the endocrine and immune systems [1]. The
presence of phthalates in the environment is reported to
be associated with asthma (a disease of the respiratory
system), and a higher incidence of allergies [2].

Diisononyl phthalate (DINP) is widely used in
consumer products as a substitute for other, more toxic
plasticizers that are now prohibited in numerous products.
It is one of the most-frequently detected particles in multi-
surface dust, and in one study of Japanese dwellings, was
found in 100% of floor dust samples [3]. Humans are
exposed to DINP mainly via dietary intake, and DINP
metabolite concentrations can be detected in urine [4].

Compared to dibutyl phthalate (DBP) and di-(2-
ethylhexyl) phthalate (DEHP), DINP showed reduced
effects on male rat development, and was considered to
be an environmentally friendly plasticizer [5]. Several
epidemiological studies have, however, suggested an
association between exposure to certain phthalate esters
(including DINP) and the development of asthma,
wheezing, and allergic symptoms [2, 6—8]. Limited
evidence supported a link between DINP exposure and
atopic dermatitis (AD) [9, 10]. Experimental studies
have indicated that several phthalates have an adjuvant
effect on basic mechanisms in allergic sensitization [2].
However, the effects of DINP on allergic diseases, and
the mechanisms behind these effects have not been fully
demonstrated.

An overproduction of T helper type 2 (Th2)
mediated cytokines and IgE often result in the
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development of dermatitis. This imbalance can be caused
by excessive sources of oxidative damage induced by the
environment, products, microbes, etc [11].

Nuclear factor-kb (NF-kB), as the hub in signal
transduction pathways, has extensive biological activities,
it participates in inflammation, and immunity, and in cell
proliferation and apoptosis of a variety of physiological
and pathological processes of gene regulation. NF-kB may
play a important role in an organism’s response to tissue
damage and in the activation of cytokines [12]. Some
research has suggested that NF-«kB is the molecular culprit
that bridges these pathophysiological states and responses
[13]. The anti-oxidant pyrollidine dithiocarbamate (PDTC)
is a well-known inhibitor of NF-xB [12].

Research has shown that thymic stromal
lymphopoietin (TSLP) is derived from epithelial cells,
such as keratinocytes, and regulates immunity and
inflammation. High expression of TSLP is found in
keratinocytes in allergic dermatitis [14, 15]. This cytokine
is a key element regulating Th2 responses [16]. TSLP
has been shown to promote Th2-type cell responses
associated with immunity, and the pathogenesis of many
inflammatory diseases, including AD and asthma [17].
It has been shown that environmental factors such as
viruses, microbes, parasites, particles from diesel exhaust,
and some chemicals trigger TSLP production. Production
of TSLP can also be induced or enhanced by Th2-related
cytokines, proinflammatory cytokines, and IgE [16]. The
upstream of the mouse TSLP transcription initiation site
contains two putative NF-kB motifs and is required for
inducible TSLP promoter activity [18].

TSLP has been shown to be capable of activating
multiple signal transducers and activators of transcription
(STATs), such as STAT1, STAT3, STAT4, STATS, and
STAT6 in human dendritic cells (DC) [19]. STATG is
critical to TSLP maintaining mast cell development, and
aggravating mast cell mediated immune responses [20].
STATS is required for Th2 allergic responses in both
the skin and lungs. Loss of STATS in the dendritic cells
resulted in the inability to respond to TSLP [21].

FITC is used as a hapten to build the contact
hypersensitivity (CHS) model. In this paper we determine
the role DINP plays in FITC-induced allergic dermatitis,
and investigate the mechanism involved in NF-xB
activation.

RESULTS

DINP exacerbating allergic dermatitis effects
induced by FITC, and PDTC alleviating these
effects

To investigate DINP-induced effects, eight groups
of mice were gavaged with DINP (2, 20 and 200 mg/
(kg-d)or saline for 21 days and then sensitized with or
without FITC.

One day after the final challenge we examined
ear edemas and compared bilateral ear weights of mice
exposed to DINP (Figure 1). Ear edemas and an increase
in ear weight were found in the FITC-immunized groups
(Figure 1A, 1B). No significant changes were seen in the
mice exposed to DINP alone compared with the mice from
the saline group. However, exposure to DINP was shown
to aggravate ear edema and to significantly increase ear
weight when compared with the group exposed to FITC
only. This exacerbating effect increased with increasing
exposure to DINP (Figure 1A, 1B).

Interestingly, treated with PDTC, a well-known
inhibitor of NF-«B, the ear swelling was markedly reduced.
This result was seen when the FITC+DINP200+PDTC
group was compared with the FITC+DINP200 group
(p<0.05) (Figure 1A). Consistent with these findings,
bilateral ear weight decreased significantly (p<0.05) when
the FITC+DINP-immunized groups were treated with
PDTC (Figure 1B).

To further assess histological changes, the right ear
from each exposed mouse was stained with hematoxylin
and eosin (Figure 1C). Exposure to DINP alone showed
no significant pathological changes when compared to the
saline group (Figure 1C). The FITC only group showed
inflammatory cell infiltration into the skin (Figure 1C,
D). Combined administration of DINP and FITC saw an
increase in the number of infiltrating inflammatory cells
(Figure 1C, 1D). Impressively, when compared with the
FITC+DINP200 group, the pathological alterations in the
FITC+DINP200+PDTC group are reduced, and fewer
inflammatory cells are seen to infiltrate.

These results indicate that exposure to DINP alone
does not cause allergic dermatitis, but exposure could
exacerbate the allergic dermatitis effects induced by FITC.
The effects were alleviated by treatment with PDTC.

DINP enhanced the total serum IgE

In association with the aggravated allergic
dermatitis symptoms, exposure to 200 mg/(kg.d) DINP
in combination with FITC markedly exacerbated the
total serum IgE, when compared to the FITC sensitized
group (Figure 2A). It should be pointed out that exposure
to DINP alone (DINP200) did not result in changes in
the levels of serum T-IgE when compared to the control
group, while the T-IgE levels of the FITC group increased
very significantly as well as in the other FITC-immunized
groups (FITC+DINP2, FITC+DINP20, FITC+DINP200).
Mice treated with PDTC showed a significant decrease in
T-IgE levels (p<0.05) (Figure 2A).

As shown in Figure 2B and 2C, more mast cells
appeared in the FITC sensitized group, and sensitization
was more potent when FITC was administered in
conjunction with DINP. The number of mast cells
increased when exposed to DINP (Figure 3B and 3C).
By comparing the FITC group with the FITC+PDTC
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group, and the FITC+DINP200 group with the
FITC+DINP200+PDTC group, we can see that the mast
cell granule levels decreased significantly when the mice
were treated with PDTC.

DINP exacerbated Th2-type contact
hypersensitivity

To further determine the inducing mechanism, we
measured the levels of the Thl cytokines (IFN-y) and
the Th2 cytokines (IL-4, IL-5) in the ear homogenate,
and from these investigated the ratio of IL-4 to IFN-y
(Figure 3). A significant increase in the IL-4 level and a
decrease in the IFN-y level (Figure 3A, 3B) was observed.
This resulted in a marked skew in the ratio (Figure 3C)
in the FITC-immunized groups. Also we detected a
significant increase in IL-4 levels, and a marked skew in its
ratio to IFN-y when comparing the FITC+DINP200 group
with the FITC-only immunized group. Similar to IL-4, the
levels of IL-5 were significantly increased when the mice
were exposed to DINP and/or FITC, and this enhancement
was particularly evident in the FITC+DINP200 group
(Figure 3D). These data indicate that DINP exacerbates
Th2-type contact hypersensitivity. Mice treated with
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PDTC exhibited a marked decrease in IL-4 levels and
in its ratio to IFN-y, as can be seen when comparing
the FITC group with the FITC+PDTC group, and the
FITC+DINP200 group with the FITC+DINP200+PDTC
group (Figure 3). A sharp decrease in IL-5 levels was also
shown when mice were administered PDTC (Figure 3D).

DINP exacerbating oxidative stress

The levels of oxidative damage were investigated
by measuring ROS, MDA and GSH content in the ear
homogenates of exposed animals. As shown in Figures
4A, 4B and 4C, DINP induced a sharp increase in ROS
and MDA levels, and a decrease in GSH levels as can
be seen by comparing the FITC-immunized groups with
the saline group. The DINP induced increase in ROS and
MDA levels, and decrease in GSH levels, can be shown
by comparing the FITC group with the FITC+DINP200
group (p<0.01). The degree to which ROS and MDA
levels increase and GSH levels decrease attenuated
by the existence of PDTC is particularly noteworthy:.
This is shown by comparing the FITC+DINP200 and
FITC+DINP200+PDTC groups (p<0.01). Similarly, a
significant increase of ROS and MDA and a marked
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Figure 1: Effects of oral DINP exposure on skin lesions induced by FITC. A. Thickness of the ears. B. Differences in bilateral
ear weight. * p<0.05, ** p<0.01, compared with saline group; && p<0.01, compared with FITC group; $$ p<0.01, compared with
FITC+DINP200 group (n=6). C. Histological changes in the ears (stained with H&E). C1, Saline C2, DINP200 C3, FITC C4, FITC+ PDTC
C5, FITC+ DINP2 C6, FITC+ DINP20 C7, FITC+DINP200 C8, FITC+DINP200+PDTC. D. Evaluated as the number of cells infiltrating.
** p<0.01, compared with saline group; & p<0.05, compared with FITC group; $ p<0.05, compared with FITC+DINP200 group (n=6).
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decrease of GSH were found in the spleens of mice
immunized with FITC (Supplementary Figure S1). These
changes were more obvious when the mice were exposed
to DINP in the presence of FITC. Administering PDTC
effectively prevented the increase of ROS and the decrease
of GSH.

DINP exacerbating the activation of the NF-«kB
signal pathway and expression of TSLP

We observed a marked activation of NF-kB by
investigating phospho-p65 in the FITC-immunized
groups (Figure 5A, 5B). Consistent with the aggravated
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allergic dermatitis symptoms, activation of NF-«kB was
exacerbated when FITC was applied in combination with
DINP. When treated with PDTC, an inhibitor of NF-«xB,
the activation was inhibited as expected (Figure SA, 5B).

To certify the regulating role of TSLP, we
investigated the expression of TSLP in the ears of mice
(Figure 5C, 5D). In association with the activation of NF-
kB, expression of TSLP was induced by FITC sensitization
in the epidermal cells of ears. An enhancement in TSLP
expression was observed when FITC was applied in
combination with DINP. The level of TSLP expression
was inhibited in the PDTC treated animals (Figure 5C,
5D).

800+

600+

400+

Figure 2: A. Total IgE concentrations (ng/ml). B. Number of mast cells. C. Stained with toluidine blue in the right ear in mice, mast cells
were stained purple color (black arrow). C1-C8 and negative represent different exposure groups (Saline, DINP200, FITC, FITC+ PDTC,
FITC+ DINP2, FITC+ DINP20, FITC+DINP200, FITC+DINP200+PDTC).
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DINP also exacerbating activation of STAT3,
STATS5 and STAT6

To further explore the underlying mechanisms
associated with DINP, we investigated the activation
of STAT3, STATS and STAT6 in the ears of mice. As
is shown in Figure 6, FITC sensitization induced the
activation of STAT3 (Figure 6A, 6B), STATS (Figure 6C,
6D), and STAT6 (Figure 6E, 6F) in the epidermal cells
of ears. This activation was exacerbated when applied in
combination with DINP, and was inhibited when treated
with PDTC.

DISCUSSION

Epidemiological studies have investigated the
association between exposure to phthalates and the
development of allergic diseases in children. However a
lack of objective exposure data limited the interpretation
of the epidemiological investigation [22]. The results from
acute toxicity studies indicate that DINP produces limited
toxicity when applied orally, dermally or via inhalation
routes [23]. This finding remains controversial however,
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since the scientific evidence is insufficient to assess the
effect of DINP on immune and allergic responses. This
paper shows that oral exposure to 200.0 mg/(kg-day) DINP
could aggravate allergic-dermatitis-like lesions related
to FITC-induced CHS in mice. This deterioration was
concomitant with an increase in total serum IgE and Th2
cytokines such as IL-4. Furthermore, 200.0 mg/(kg-day)
DINP potentiated the reproduction of mast cells in the
skin in FITC sensitized mice. In addition, DINP could
promote oxidative damage in the skin as indicated by the
increased production of ROS and MDA, and the decreased
production of GSH. These effects were alleviated by the
administration of PDTC, an NF-kB inhibitor.

Histopathological changes increased markedly in
the FITC sensitized mice exposed to DINP. These features
mainly included an increase in basophile infiltration,
number of mast cells, and enhanced skin edema, all of
which are related to allergic dermatitis in mice.

As expected, activation of NF-kB was inhibited
by PDTC treatment. Pretreatment with PDTC also
effectively alleviated the development of allergic
dermatitis symptoms in FITC sensitized mice exposed to
DINP. This successful antagonism also resulted in lower
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Figure 3: A. IL-4 concentrations. B. [FN-y concentrations. C. The ratio of IL-4 and IFN-y. D. IL-5 concentrations.* p<0.05, ** p<0.01,
compared with saline group; & p<0.05, && p<0.01, compared FITC group with FITC+PDTC group and FITC+DINP200 group; $ P<0.05,
$$ p<0.01, compared FITC+DINP200 group with FITC+DINP200+PDTC group (n=6).
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Figure 4: A. ROS fluorescence in ear tissue. B. MDA concentrations in ear tissue. C. GSH concentrations in ear tissue. *p<0.05, **p<0.01,
compared with saline group; & p<0.05, && p<0.01, compared FITC group with FITC+PDTC group and FITC+DINP200 group; $ P<0.05,
$8 p<0.01, compared FITC+DINP200 group with FITC+DINP200+PDTC group (n=6).
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oxidative stress levels. In fact, pretreatment with PDTC
was observed to counteract all endpoint effects including
high levels of IgE, IL-4, and differences in bilateral ear
weight.

The role of oxidative stress in skin allergic disorders
has not been fully explored. Decreased blood levels of
vitamin E, catalase, and glutathione peroxidase are found
in patients with physical urticarias. High levels of ROS
are generally detrimental to cells [24, 25]. We observed
higher levels of oxidative stress in ear tissue in the ACD
model used in this study. When the FITC sensitized mice
were co-treated with DINP exposure, the ROS level in ear
tissue was further increased.

Depletion of GSH, or production of ROS inhibited
the production of the Thl cytokine and influenced the
balance between Thl and Th2 cells [26]. In this study we
show that the intracellular oxidation state was initially
induced by FITC sensitization, followed by a disruption
of the Th1/Th2 balance, indicated by the production of
inflammatory factors 1L-4 (typical Th2 cytokine) and
IFN-y (Th1 cytokine). The oxidative state caused by the
FITC challenge was aggravated with co-exposure to DINP.

A

A1 Saline

=

With this exacerbating of oxidative damage, there was a
pronounced increase in 1L-4 levels and its ratio to IFN-y
when FITC was applied in combination with DINP. These
results show that DINP promoted Th2 cytokine production
in the presence of FITC.

Many situations where ROS is present involve mast
cell activation in the allergic inflammatory response. In
this study, as ROS levels increased in the FITC-sensitized
mice exposed to DINP, we saw an increase in the number
of mast cells, as well as an increase in the total serum IgE.

An important target of ROS is NF-kB, which
was one of the earliest transcription factors found to
be responsive to ROS [27]. We found in this study that
increasing exposure to DINP is in line with an increase in
the production of oxidative stress and activation of NF-«B.
Treatment with PDTC blocked NF-«kB activation and also
alleviated oxidative damage.

TSLP has been demonstrated to play a critical
immunological role in allergic inflammation [14, 28]. It
has been shown to play important roles in several Th2-
associated disease models, by amplifying and maintaining
the Th2 cytokine-mediated immune responses [29-31].

o o = E=
n P e

NF-xB p65
average optical denesity
2
e

o

[=3

t=3
T

TSLP

average optical denesity

Figure 5: A. Immunohistochemistry for NF-kB p65 (phospho S536). B. The activation scores of NF-kB p65 (phospho S536). C.
Immunohistochemistry for TSLP. D. The activation scores of TSLP. *p<0.05, **p<0.01, compared with saline group; & p<0.05, &&
p<0.01, compared FITC group with FITC+PDTC group and FITC+DINP200 group; $ P<0.05, $$ p<0.01, compared FITC+DINP200

group with FITC+DINP200+PDTC group (n=6).
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Here we posit that FITC sensitization induced the
expression of TSLP in the epidermis and this expression
was exacerbated in the presence of DINP.

The production of TSLP can be induced by a high
level of activation of the NF-«kB pathway [18]. The human
TSLP gene promoter contains binding sites for NF-kB.
It has been shown that a TSLP deficiency can attenuate
allergic reactions by the down-regulation of STAT6 in
mast cells [20]. TSLP was shown to activate STATS, and
probably triggers other signaling involved in cell adhesion,
cell communication, and lipid metabolism [32]. STATS is
required for Th2 allergic responses in both the skin and the
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lungs. Deletion of STATS in dendritic cells resulted a loss
of response to TSLP [21]. Our results suggest that DINP
exacerbated the activation of NF-«B signal pathways,
and that is concomitant with the enhanced expression
of TSLP and activation of STAT3, STAT5 and STAT6.
The enhancement of TSLP expression and activation
of the STATs further exacerbates allergic inflammatory
responses that include an increase in basophil infiltration;
the appearance of more mast cells; and an increase in
skin edema. However, the expression of TSLP and the
activation of STAT3, STAT5 and STAT6 were inhibited
when NF-kB was blocked by PDTC.
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Figure 6: A. Immunohistochemistry for STAT3 (phospho Y705). B. The activation scores of STAT3 (phospho Y705). C.
Immunohistochemistry for STATS (phospho Y694). D. The activation scores of STATS (phospho Y694). E. Immunohistochemistry for
STAT6 (phospho Y641). F. The activation scores of STAT6 (phospho Y641). A1-AS, C1-C5, E1-E5 and negative represent different
exposure groups (Saline, FITC, FITC+PDTC, FITC+DINP200, FITC+DINP200+PDTC, Negative control). The expression or activation
scores were calculated by statistical analysis of optical density of Immunohistochemistry. * p<0.05, ** p<0.01, compared with saline
group; & p<0.05, && p<0.01, compared FITC group with FITC+PDTC group and FITC+DINP200 group; $ P<0.05, $$ p<0.01, compared
FITC+DINP200 group with FITC+DINP200+PDTC group (n=6).
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A possible mechanism to explain these reactions
is that DINP, in combination with FITC, triggers the
activation of NF-kB by ROS, which in turn promotes the
production of TSLP and the activation of STAT3, STATS
and STAT6, leading to the initiation of the sensitizing
process and the exacerbation of allergic dermatitis.
Proinflammatory cytokines (Th2-related cytokines such as
IL-4, and IgE) contribute to TSLP production and to the
activation of the STATs. TSLP production and activation
of STATs can be positively regulated via transcription
factor NF-kB (Figure 7).

This study demonstrates that long-term oral exposure
to DINP aggravates allergic contact dermatitis (ACD) in
our mice model. It provides new insights into the onset of
allergic dermatitis and the increased prevalence of allergic
diseases over the past 30 years. In addition, we found that
the activation of NF-kB might play a significant role in
allergic inflammation. This finding could help in the quest
to devise effective prevention strategies to combat allergic
diseases. More studies are needed to understand the molecular
mechanisms underlying the aggravation effect caused by
DINP so as to prevent these related health problems.

Mechanism

DINP aggravates FITC-induced ACD through NF-k B
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FITC (dermal sensitization)
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Figure 7: The mechanisms of DINP exacerbating FITC- induced ACD.
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MATERIALS AND METHODS

Chemicals

DINP (> 99%), DBP (> 99%), FITC, pentobarbital
sodium and formalin solution (4%) were bought from
Sigma-Aldrich (St. Louis, MO, USA). Tween-80 and
Tween-20 were purchased from Amresco (Solon,
OH, USA). Mouse enzyme-linked immunosorbent
assay (ELISA) kits for total IgE, IL-4 and (IFN)-y
were obtained from eBioscience (San Diego, CA,
USA). MDA and GSH test kits were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). The protein test kits were provided by Beijing
Dingguo Changsheng Biotechnology Co. LTD (Beijing,
China).

Animals

5-6 week old male Balb/c mice were purchased
from the Hubei Province Experimental Animal Center
(Wuhan. China) and kept in 12 h photoperiod at 23-26
°C and 50-75% humidity. Commercial food and tap water
were available ad libitum. Mouse care and experimental
procedures were performed under approval from the
Office of Scientific Research Management of Central
China Normal University, with the certification on the
Application for the Animals dated 20 December, 2015
(approval ID: CCNU-IACUC-2016-003).

Sensitization and challenge

48 male Balb/c mice were randomly divided into
8 groups and treated as depicted in Figure 8. In the first
stage, Groups (1)-(8) were gavaged with 2, 20, 200 mg/kg
bw/day DINP or saline for 21 days, while groups (4) and
(8) also were injected with 60 mg/kg bw/day PDTC. Then
Mice were sensitized with 100 pl of 0.5% FITC or saline
on days 22 and 23 on their shaved backs and challenged
with 0.5% FITC on day 28 on their right ears.

Determination of IgE

On the 29th day, the mice were anesthetized with
pentobarbital sodium (100mg/kg, i. P.) by subcutaneous
injection within 24 hours after with the last FITC
challenge. Serum samples were obtained from heart
blood and stored at -80 °C prior to analysis. The total IgE
(T-IgE) levels of sera were measured using the IgE ELISA
kits. All operations were performed according to the
manufacturer’s instructions. 15pg / ml was the sensitivity
of the kit and each sample was measured in duplicate.

Ear swelling and weight

Ear thickness was measured using vernier calipers to
calculate ear swelling. Ear edema was expressed as (R+L)
+ (R0£L0), where RO and LO are the thickness of the right
and left ear respectively, measured at the beginning of the
sensitization day (21d). R and L are the ear thicknesses,

saline saline left

1 [ ] [ 1 ]
() Day 1 1 17 3 28 02
200mg/kg/day DINP saline test
(2) Day ! 1 [T ] }
1 11 2 3 28 2
saline 0.5%FITC test
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1 21 17 B b
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4 [ I — |
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Figure 8: Protocol for exposure and sensitization. Male Balb/c mice were gavaged with saline or DINP (2, 20 and 200 mg/(kg-d)
from day 1 to 21, then sensitized with 120 ul of saline or 0.5% FITC (in 1:1acetone/DBP) on days 22 and 23, on their shaved backs. On day
28, the mice were challenged with 20 ul of saline or 0.5% FITC to the right ear, and saline or vehicle (1:1 DBP/acetone) to the left ear. Then,
baseline ear thickness was measured with vernier calipers. n=6 mice in each group. (1) Saline, (2) DINP200, (3) FITC, (4) FITC+PDTC,
(5) FITC+DINP2, (6) FITC+DINP20, (7) FITC+DINP200, (8) FITC+DINP200+PDTC.
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measured on day 29. Ear tissue was then punched from the
edge of the ear using a mini punch, and weighed to record
bilateral ear weight.

Tissue pathology examination

The right ears of mice were rinsed in ice-cold
phosphate-buffered saline (PBS) and fixed for at least 24
hours in 4% formalin at 25 °C. These were then cut into
slices, and stained with HE (hematoxylin and eosin), tissue
slices were examined using a DM 4000B Microscope
(Leica, Berlin, Germany). Image-Pro Plus software
(Image-Pro Plus 6.0, Media Cybernetics) was used to
analyze the number of inflamed cells in each sample.

Immunohistochemistry for TSLP, p-STAT3,
p-STATS, p-STAT6, NF-kB p65

The right ears of the mice were collected and fixed
overnight in 4% paraformaldehyde. The sections (3um
thickness) were cut and mounted on glass slides. After
de-waxing, rehydration and antigen retrieval, the sections
were incubated with 0.3% hydrogen peroxide and blocked
by appropriate normal serum. Sections were subsequently
incubated overnight at 4°C with monoclonal antibodies: anti-
phospho-p65 (s536) (1:200, Abcam, MA, USA), anti-TSLP
(1:200, GeneTex, CA, USA), anti-phospho-STAT3 (Y705)
(1:100, Abcam, MA, USA), anti-phospho-STATS (Y694)
(1:100, Abcam, MA, USA), and anti-phospho-STAT6 (Y641)
(1:100, Abcam, MA, USA) respectively. Then antibody
binding was detected by biotinylated immunoglobulins and
avidin-biotin peroxidase complex. The reaction product was
visualized by DAB complexes. The negative control was
obtained by omitting the primary antibody. Sections were
washed again, counterstained with hematoxylin, dehydrated,
cleared, and mounted in DPX (Sigma-Aldrich).

Oxidative stress biomarker measurement

The ear tissue was homogenized in 10 ml/g of PBS
and centrifuged at 10,000rpm for 10 min. The supernatant
was collected to determine the levels of ROS, MDA and
GSH. The specific methods and procedures used have
been previously described [33].

ELISA

Collected 24 h after the final exposure, a 10% tissue
homogenate was produced by using 10 ml/g of ice-cold
PBS at pH 7.5 with homogenized ear tissues in a glass
homogenizer on ice. After centrifuging at 10,000 rpm for
10 min at 4 °C, the supernatant was collected to assess
the levels of IL-4 and IFN-y using commercial ELISA
kits according to the manufacturer’s instructions. The
sensitivities of the kits were 15 pg/ml for both IL-4 and
IFN-y. Concentrations were tested in duplicate for each
sample.

Statistical analysis

Data are presented as mean + SEM. Statistical
graphs were generated by GraphPad Prism 5.0. The
significance of variation among groups was determined
by one-way ANOVA combined with Tukey’s multiple
comparison tests. A p-value <0.05 is regarded as
statistically significant and p-value <0.01 is regarded as
extremely significant.
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