
1SCIENTIfIC RepoRts | 7:43586 | DOI: 10.1038/srep43586

www.nature.com/scientificreports

TRPA1 mediated aggravation of 
allergic contact dermatitis induced 
by DINP and regulated by NF-κB 
activation
Jun Kang1, Yong Ding2, Baizhan Li2, Hong Liu2, Xu Yang1 & Mingqing Chen1

The possible pathogenic role and mechanism of Di-iso-nonyl phthalate (DINP) in allergic dermatitis 
is still controversial. This work has shown that oral exposure to DINP exacerbated allergic dermatitis 
tissue lesions in FITC-sensitized mice. The lesions was accompanied by an enhancement of TRPA1 
expression and an increase in IgG1, IL-6 and IL-13 levels. This work also found that blocking TRPA1 by 
HC030031 effectively prevented the development of allergic dermatitis resulting from oral exposure 
to DINP and/or FITC-sensitized mice. This result is marked by the down regulation of IgG1 levels, 
a reduction in mast cell degranulation and a decrease in IL-6 and IL-13 levels. We also showed that 
blocking NF-κB inhibited TRPA1 expression, and that blocking TRPA1 had no significant effect on the 
activation of NF-κB or TSLP expression. This study helps in understanding the role DINP exposure plays 
in the development of allergic dermatitis and provides new insight into the mechanisms behind the 
DINP-induced adjuvant effect.

Phthalates are widely used as plasticizers and can be found in PVC, toys, food packaging materials, medical 
bags and hoses, vinyl flooring, personal care products and hundreds of other products1–3. Di-iso-nonyl phtha-
late (DINP) is now the most widely used plasticizer due to its low toxicity4,5. The major routes of DINP expo-
sure are through diet and the use of personal care products. Several studies have documented an association 
between phthalate exposure and an increased risk of allergies6–8. DINP and di-iso-decyl phthalate metabolites 
were reported to increase the risk of asthma in Norwegian children9. Animal data suggests that DINP may worsen 
dermatitis and upregulated interleukin-4 levels6,10. However, the association between DINP exposure and an 
increased risk of allergic dermatitis is still controversial. Several studies have indicated that some phthalates may 
increase allergic responses by acting as adjuvants for the production of cytokines and/or immunoglobulins that 
are responsible for allergic sensitization6–8. The possible pathogenic role and mechanisms of DINP in allergic 
dermatitis need to be clarified.

Allergic contact dermatitis (ACD) is a delayed-type hypersensitivity response, which is characterized by con-
tact with allergens, causing tissue inflammation11, and accompanying itching12–14. Inflammation leads to eczema 
and skin barrier breakdown14. The main feature of ACD is persistent itching, and scratching behavior can lead to 
further damage which promotes allergen and pathogen invasion of the skin15.

An itchy feeling is started by sensory nerve fibers innervating the dermal inflammation site16,17. It has been 
shown that contact hypersensitivity (CHS) is eliminated through removal of capsaicin-sensitive nerve fibers18,19. 
Transient receptor potential (TRP) ion channels are suggested to mediate acute inflammatory and pruritic 
responses following exogenous stimulation, and may contribute to allergic responses20. Histamine receptors have 
been shown to stimulate sensory nerve fibers by activating a TRP ion channel subfamily V, member, 1 (TRPV1) in 
rodent models20,21. Another member of a TRP cation channel, subfamily A, member 1 (TRPA1), plays a dual role 
in conducting pain and itchiness20. This channel proved to be essential for pruritus induced in mice by injection 
of chloroquine22. A recent study reported that TRPA1 antagonist therapy can rebuild the skin barrier and reduce 
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scratching behavior in an ACD mouse model23. TRPA1 agonist has been shown to enhance skin sensitization by 
an FITC sensitized mouse model24.

The cytokine Thymic stromal lymphopoietin (TSLP) expressed mainly by epithelial cells, has been recognized 
as a key player in the pathogenesis of allergy diseases25. It primes and stimulates DC maturation, and enhances the 
recruitment of Th2 effector cells26. TSLP gene expression is regulated by transcription factor NF-κ B27. Our recent 
study suggested that DINP exacerbated oxidative stress and activation of NF-κ B28. However, little is known about 
the relationship between a TRPA1 channel and the activation of NF-κ B in CHS.

In this paper, we first investigated whether a DINP exposure-induced CHS response involved a TRPA1 chan-
nel. We then attempted to determine whether activation of a TRPA1 channel is dependent on the activation of 
NF-κ B in an ACD mouse model.

Results
DINP exacerbated the expression of TRPA1 in an FITC-induced ACD mouse model. To investi-
gate the molecular mechanisms behind DINP exacerbated allergic dermatitis, we investigated the expression of 
TRPA1 in the skin of ears after the mice were exposed to DINP by oral gavage and sensitized with FITC. It was 
found that FITC induced the upregulation of TRPA1 mRNA levels in the skin of ears, comparing the four FITC 
exposure groups with the saline-only group (Fig. 1A). It should be pointed out that exposure to DINP alone did 
not result in an increase in TRPA1 expression, as seen by comparing the DINP-200 exposure mice with the saline-
only group. Importantly, compared to the groups exposed only to FITC, the expression of TRPA1 was sharply 
enhanced in the groups treated with DINP and FITC. TRPA1 expression increased with increasing of DINP 
exposure (Fig. 1A).

Figure 1. DINP exacerbated expression of TRPA1 and HC030031 inhibited this effect. (A) The expression 
levels of TRPA1 mRNA. (B) Immunohistochemistry for TRPA1. (C) The expression scores of TRPA1. *p <  0.05, 
**p <  0.01, compared with saline group. NS, no significant difference, &p <  0.05, &&p <  0.01 compared with FITC 
group. ##p <  0.01, FITC +  DINP200 group versus FITC +  DINP200 +  HC030031 group. (n =  7). Saline group, 
mice were gavaged with saline for 3 weeks, then sensitized and challenged with saline and vehicle; DINP200 
group, mice were gavaged with 200 mg/(kg·d) of DINP for 3 weeks, then sensitized and challenged with saline 
and vehicle saline; FITC group, mice were gavaged with saline for 3 weeks, then sensitized and challenged 
with 0.5% FITC; FITC +  HC030031 group, mice were gavaged with saline for 3 weeks, on days 22, 23 and 28, 
HC030031 was injected (50 mg/kg, i.p.) before sensitization and challenge with 0.5% FITC; FITC +  DINP2, 
FITC +  DINP20, FITC +  DINP200 groups, mice were gavaged with 2, 20 and 200 mg/(kg·d) dose of DINP 
for 3 weeks, then sensitized and challenged with 0.5% FITC; FITC +  DINP200 +  HC030031 group, mice were 
gavaged with 200 mg/(kg·d) dose of DINP for 3 weeks, on days 22, 23 and 28, HC030031 was injected (50 mg/
kg, i.p.) before sensitization and challenge with 0.5% FITC.
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The changes of TRPA1 expression upon DINP and FITC were further examined by immunohistochemical 
analysis (Fig. 1B,C). A marked increase in TRPA1 expression in response to DINP exposure and FITC treatment 
has been validated, although exposure to DINP alone did not result in a significant increase in TRPA1 expression 
(Fig. 1B,C). Interestingly, the changes in TRPA1 expression were consistent with the effect of allergic contact 
dermatitis responding to DINP and FITC described in our previous work28.

HC030031 was used to block activation of the TRPA1 ion channel. After treatment with HC030031, we exam-
ined the expression of TRPA1 in the mouse ear by using real time RT-PCR and immunohistochemical analysis. 
It was found that TRPA1 expression was inhibited by HC030031, which was demonstrated by comparing the 
FITC +  HC030031 group to the FITC group, and the FITC +  DINP-200 +  HC030031 group to the FITC +  DINP-
200 group (Fig. 1A,B,C).

Blockade of TRPA1 alleviated allergic contact dermatitis aggravated by DINP. To determine the 
significance of the TRPA1 channel on allergic contact dermatitis, we isolated the back skin of mice and used HE 
staining to examine pathological reactions after administering HC030031. Histological analysis of the back skins 
harvested 24 hours after the last challenge revealed that FITC-treated mice showed edema and severe inflam-
matory cell infiltration in the dermis and subcutaneous tissue (Fig. 2A,B). Compared to the FITC-only expo-
sure mice, these pathological reactions were much more evident in the DINP oral exposure and FITC treatment 
groups. These aggravated effects were much more obvious with increasing levels of DINP oral exposure. However, 
when the TRPA1 channel was blocked by administering HC030031, edema and inflammatory cell infiltration in 
the dermis and subcutaneous tissue were obviously alleviated (Fig. 2A).

Consistent with these effects, the score of inflammatory cell infiltration was sharply decreased when the mice 
were treated with HC030031, which was shown by comparing the FITC +  DINP-200 +  HC030031 group with the 
FITC +  DINP-200 group. Compared with the FITC-only exposure group, the score of inflammatory cell infiltra-
tion in the FITC +  DINP-20 group and the FITC +  DINP-200 group increased significantly and very significantly 
respectively (Fig. 2B).

We further determined the number of neutrophils in the peripheral blood of mice (Fig. 2C). Compared 
with the vehicle control group, the ratio of neutrophils to white blood cells (WBC) was significantly 
enhanced in the FITC treatment groups (Fig. 2C). By comparing the DINP +  FITC treatment groups with 
the FITC-stimulation-alone group, we found that the number of neutrophils showed a marked increase with 

Figure 2. Blockade of TRPA1 alleviated allergic contact dermatitis aggravated by DINP (A) The skin from 
the exposed back of mice, stained with hematoxylin & eosin (H&E). A1, saline group. A2, DINP200 group. 
A3, FITC group. A4, FITC +  HC030031 group. A5-A7, FITC +  DINP2, FITC +  DINP20, FITC +  DINP200 
groups. (B) Number of inflammatory cells infiltrating the skin. (C) Ratio of neutrophils in the peripheral blood. 
(D) Total IgE concentrations (ng/ml). *p <  0.05, **p <  0.01, compared with saline group. NS, no significant 
difference, &p <  0.05, &&p <  0.01 compared with FITC group. ##p <  0.01, FITC +  DINP200 group versus 
FITC +  DINP200 +  HC030031 group. (n =  7).
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increasing DINP exposure concentrations. More importantly, the number of neutrophils was seen to decrease 
sharply when the TRPA1 channel was blocked by HC030031 (Fig. 2C).

To validate the alleviating effect of blocking the TRPA1 channel on allergic contact dermatitis, we next investi-
gated the levels of serum IgG1 after HC030031 was administered. Consistent with previously observed patholog-
ical changes, FITC stimulated an increase in IgG1 levels, and DINP exacerbated this enhancement and suggested 
a dose-effect relationship with the levels of IgG1 (Fig. 2D). Notably, blocking the TRPA1 channel inhibited the 
enhancement of IgG1 induced by DINP, which was shown by comparing the FITC +  DINP-200 +  HC030031 
group with the FITC +  DINP-200 group.

These results suggest that the TRPA1 ion channel is closely associated with the development of allergic contact 
dermatitis induced by DINP, and that this effect could be effectively alleviated by blocking the TRPA1 channel.

Blockade of TRPA1 inhibited the production of Th2 cytokine IL-13, the levels of IL-6, and mast 
cell degranulation. Since the Th2 cytokine IL-13 is thought to be a central mediator of the physiological 
changes induced by allergic inflammation, we investigated the production of IL-13 to further determine the 
effects of blocking the TRPA1 channel, and the associated mechanisms. A marked increase in the Th2 cytokine 
IL-13 was seen after exposure to 200 mg/(kg·d) DINP and treatment with FITC (Fig. 3A,B). Interestingly, the 
exacerbated IL-13 level induced by DINP was almost completely absent when the TRPA1 channel was blocked by 
HC030031, which was suggested by comparing the FITC +  DINP-200 +  HC030031 group with the FITC +  DINP-
200 group (Fig. 3A,B).

Next, we examined the levels of IL-6 in serum since IL-6 is known to promote the production of Th2 cytokines 
during Th2 differentiation29 and an increase in mast cell numbers and reactivity30. Similarly, DINP promoted the 
production of IL-6 in the presence of FITC (Fig. 3C). More importantly, a sharp decrease in IL-6 was seen after 
administering HC030031 (Fig. 3C).

We used immunohistochemistry for Tryptase to determine mast cell degranulation (Fig. 4A). In comparison 
to the mice treated with FITC alone, those treated with FITC and DINP showed an increase in mast cell degranu-
lation as demonstrated by the score obtained when using the immunohistochemistry for Tryptase (Fig. 4B). This 
effect was inhibited when the TRPA1 channel was blocked by HC030031.

TRPA1 ion channel is dependent on the activation of NF-κB signaling pathway. We next would 
like to investigate the relationship between TRPA1 ion channel and the NF-κ B signaling pathway. Our recent 
study suggested that DINP exacerbated the activation of NF-κ B and that the levels of NF-κ B activation were 
inhibited by treatment with PDTC to block the NF-κ B signaling pathway28. This study found that the mRNA 

Figure 3. Blockade of TRPA1 inhibited the enhancement of IL-13 and IL-6 induced by DINP. (A) 
Immunohistochemistry for IL-13. (B) The expression scores of IL-13. The expression scores were calculated 
by statistical analysis of optical density of Immunohistochemistry. (C) The levels of IL-6. *p <  0.05, **p <  0.01, 
compared with saline group; &p <  0.05, &&p <  0.01 compared with FITC group. ##p <  0.01, FITC +  DINP200 
group versus FITC +  DINP200 +  HC030031 group. (n =  7).
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levels of TRPA1 were also inhibited when PDTC was administered (Fig. 5A), as see when comparing the 
FITC +  DINP-200 +  PDTC group and the FITC +  DINP-200 group. Immunohistochemical analysis for these 
same two groups further validated the finding that TRPA1 expression was inhibited when the NF-κ B signaling 
pathway was blocked by PDTC (Fig. 5B,C). However, blocking the TRPA1 channel using HC030031 had no sig-
nificant influence on NF-κ B activation (Fig. 6A,B), as shown by comparing the expression of phospho-p65 from 
the FITC +  DINP-200 +  HC030031 group and from the FITC +  DINP-200 group (Fig. 6A,B).

Thymic stromal lymphopoietin (TSLP) is thought to be involved in the development of Th2-type allergic dis-
orders, and to be regulated by the NF-κ B signaling pathway. TSLP levels in the skin of an ear of exposed animals 
were investigated. In the presence of FITC sensitization, DINP increased TSLP expression (Fig. 6C,D). It was 
shown that blocking the TRPA1 channel by HC030031 had no significant effect on TSLP expression, comparison 
FITC +  DINP-200 +  HC030031 group to those treated with FITC +  DINP-200 group (Fig. 6C,D).

Discussion
There is controversy regarding the connection between exposure to phthalates and an increased risk of aller-
gic dermatitis31. The results from our study suggest that oral exposure to DINP exacerbated allergic dermatitis 
tissue lesions in FITC-sensitized mice. This aggravation of a CHS response induced by exposure to DINP, was 

Figure 4. Blockade of TRPA1 inhibited mast cell degranulation aggravated by DINP. (A) 
Immunohistochemistry for Tryptase. A1, saline group. A2, DINP200 group. A3, FITC group. A4, 
FITC +  HC030031 group. A5-A7, FITC +  DINP2, FITC +  DINP20, FITC +  DINP200 groups. (B) 
The expression scores of Tryptase in mast cells. 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 with FITC group. ##p <  0.01, FITC +  DINP200 group versus 
FITC +  DINP200 +  HC030031 group. (n =  7).

Figure 5. Blocking NF-κ B inhibited the expression of TRPA1 (A) The effect of PDTC treatment on 
the expression of TRPA1 mRNA. (B) Immunohistochemistry for TRPA1. (C) The expression scores of 
TRPA1. B1, saline group. B2, FITC group. B3, FITC +  PDTC group. B4, FITC +  DINP200 group. B5, 
FITC +  DINP200 +  PDTC group. B6, 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 with FITC group. ##p <  0.01, FITC +  DINP200 group versus 
FITC +  DINP200 +  PDTCgroup. (n =  7).



www.nature.com/scientificreports/

6SCIENTIfIC RepoRts | 7:43586 | DOI: 10.1038/srep43586

accompanied by an increase in edema and an aggravation of basophil infiltration in the back skin, an enhance-
ment of neutrophils in the peripheral blood, and exacerbating mast cell degranulation. Exposure to DINP also 
increased production of serum total IgG1 and Th2 cytokine IL-13 and the pleiotropic cytokine IL-6. These find-
ings support the hypothesis that DINP has an adjuvant effect in the CHS response.

TRPA1 reacts with various noxious compounds encountered in our environment or with compounds pro-
duced endogenously during tissue injury or drug metabolization32. It has been suggested that TRPA1 plays an 
important role in inflammatory and pruritic responses associated with contact dermatitis20. Interestingly, and 
consistent with an ACD effect, the expression of TRPA1 was seen to be markedly higher in the skin of the ears of 
FITC-sensitized mice. But more important is the fact that exposure to DINP sharply increased TRPA1 expres-
sion. To validate the significance of the TRPA1 channel in allergic contact dermatitis, we used HC030031 to block 
activation of the TRPA1 ion channel in FITC-sensitized mice exposed to DINP. Our results suggest that injection 
of HC030031 effectively prevented the development of ACD in mice that were orally exposed to DINP and/
or FITC-sensitized. HC030031 antagonism can be clearly identified through a number of changes, such as the 
downregulation of IgG1 levels, ameliorating inflammatory cell infiltration, reduction of mast cell degranulation 
and a decrease in IL-6 and IL-13 to varying degrees. Similarly, the edema of back skin was also attenuated. This 
strongly indicated that TRPA1 ion channel antagonists successfully alleviated the effects of inflammation and 
supports the hypothesis that activation of the TRPA1 ion channel is involved in mediating the adjuvant effects 
induced by DINP.

IL-6 receptor variant has been reported as a risk factor for atopic dermatitis33. IL-6 levels were found to be 
elevated in asthmatic patients29. It is known to regulate the fate of CD4 T cells by promoting the Th2 cytokine 
and inhibiting Th1 differentiation29. IL-13 is a typical Th2 cytokine and is thought to be a central mediator in 
the physiological changes induced by allergic inflammation. This study demonstrated that DINP induced the 
enhancement of IL-6 levels and the production of the Th2 cytokine IL-13, and that blocking the TRPA1 ion chan-
nel led to a decrease in IL-6 and IL-13 levels.

Figure 6. The effect of TRPA1 blockade on NF-κB signaling pathway and the expression of TSLP. (A) 
Immunohistochemistry for NF-κ B p65 (phospho S536) (B) The activation scores of NF-κ B p65 (phospho S536) 
(C) Immunohistochemistry for TSLP. (D) The expression scores of TSLP. A1, C1, saline group. A2, C2, FITC 
group. A3, C3, FITC +  PDTC group. A4, C4, FITC +  DINP200 group. A5, C5, FITC +  DINP200 +  PDTC group. 
A6, C6, 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 with FITC group. ##p <  0.01, FITC +  DINP200 group versus FITC +  DINP200 +  PDTCgroup. 
(n =  7).



www.nature.com/scientificreports/

7SCIENTIfIC RepoRts | 7:43586 | DOI: 10.1038/srep43586

IL-6 was reported to promote mast cell proliferation, maturation, and reactivity30. In this study, we have shown 
that mast cell degranulation was aggravated by exposure to DINP and FITC, and ameliorated by blocking the 
TRPA1 channel. This effect might be due to changes in the important regulator IL-6.

TSLP is required for the development of Th2-type contact hypersensitivity induced by FITC in combination 
with dibutyl phthalate7. This cytokine is a critical factor linking responses at interfaces between the body and 
the environment to Th2 responses. TSLP has been reported to be regulated by transcription factor NF-κ B in 
humans and mice34. Our recent study also suggested that DINP exacerbated expression of TSLP through NF-κ B28. 
However, the relationship between TRPA1 activation and the NF-κ B signaling pathway is not clear. In this work, 
we investigated this relationship by blocking activation of the TRPA1 channel and the NF-κ B signaling pathway, 
by injecting HC030031 and PDTC, respectively. Results showed that blocking NF-κ B by PDTC inhibited TRPA1 
expression, while blocking the TRPA1 channel by HC030031 had no significant effect on the activation of NF-κ B, 
nor on the expression of TSLP. These findings suggest that activation of TRPA1 depends on the activation of the 
NF-κ B signaling pathway and enhancement of TSLP expression.

Therefore, we propose a mechanism to explain the aggravation caused by DINP exposure on the development 
of allergic dermatitis in mice. In the presence of FITC, exposure to DINP enhances TRPA1 expression and/
or activation of TRPA1 by activation of the NF-κ B signaling pathway and increased production of TSLP. This 
activation or enhancement of gene expression increases secretion of IL-6 and Th2 cytokines, and which in turn 
promotes the development of allergic dermatitis in mice.

This study suggests that blockade of TRPA1 might ameliorate the aggravation effect on ACD induced by 
DINP. It demonstrated that activation of TRPA1 depends on the activation of the NF-κ B signaling pathway and 
enhanced TSLP expression. This provides new insight onto the mechanism behind the adjuvant effect induced 
by DINP exposure on the development of ACD and will therefore help in understanding how to control allergic 
dermatitis.

Methods
Chemicals. DINP (> 99%), DBP (> 99%), FITC, pentobarbital sodium and formalin solution (4%) were 
bought from Sigma-Aldrich (St. Louis, MO, USA). Tween-20 and Tween-80 were purchased from Amresco 
(Solon, OH, USA). HC030031 was custom synthesized by Cayman Chemical Company (Ann Arbor, Michigan, 
USA). ELISA kits (mouse) for total IgG1, IL-6 were obtained from Blue Gene (Shanghai, China) and eBiosci-
ence (San Diego, CA, USA), respectively. The protein test kits were provided by Beijing Dingguo Changsheng 
Biotechnology Co. LTD (Beijing, China).

Construction of ACD model of mice. Male Balb/c mice were purchased from Wuhan Institute of 
Biological Products Co., Ltd., approximately 8–9 weeks old, weighing between 20–22 g. Mice were housed under 
SPF raising conditions. The testing procedures were approved by the Office of Scientific Research Management, 
Central China Normal University on 20 December, 2015 (approval ID: CCNU-IACUC-2016-003). All methods 
were performed in accordance with the approved guidelines and regulations. The protocol for exposure and sen-
sitization was as follows. Balb/c mice were gavaged with saline or DINP (2, 20 and 200 mg/(kg·d)) from day 1 to 
21. On days 22 and 23, 120 ul of saline or 0.5% FITC (in 1:1 acetone/DBP) was smeared on to the shaved backs to 
sensitize mice. The mice were challenged with 20 ul of saline or 0.5% FITC to the right ear on the 28th day.

NF-κB blocking and TRPA1 blocking. Mice were injected with 60 mg/kg bw/day pyrollidine dithiocar-
bamate (PDTC) to block NF-κ B 1 h prior to sensitization or challenge on days 22, 23 and 28. HC-030031 (50 mM 
HC-030031 stock in DMSO and 0.2% Tween 80 in saline) was used as a selective TRPA1 antagonist. On days 22, 
23 and 28, the TRPA1 antagonist HC-030031 was injected (50 mg/kg, i.p.) 1 h prior to challenge. In addition, after 
the FITC provocation on the 28th day, HC-030031 (50 mg/kg, i.p.) was injected twice at 8 h and again at 16 h.

Determination of IgG1. Within 24 hours after the end of the exposure experiment, serum samples were 
taken from heart blood and stored at − 80 °C prior to analysis. The total IgG1 levels of these samples were meas-
ured using an ELISA kit from Blue Gene (Shanghai, China) according to the manufacturer’s instructions.

Cell counts for the peripheral blood. Peripheral blood was collected from the tails of the mice. The num-
ber of white blood cell and neutrophils were recorded using a haematology analyser (MTN-23, China).

ELISA analysis of chemokine release in the skin supernatants. In brief, frozen skin or right ear 
tissues were placed in liquid nitrogen, then pulverized with a chilled mortar and pestle into powder. 10% PBS was 
then added to the powder. The supernatant was collected at 24 h, centrifuged at 10000 rpm for 15 min at 4 °C, and 
stored at − 80 °C prior to ELISA analysis. IL-6 was quantified by ELISA analysis according to normal laboratory 
protocols. The sensitivity limit for IL-6 was 15 pg/ml.

Real-time polymerase chain reaction (PCR) and RT-PCR analysis. Total cellular RNA was 
extracted using the TRIzol method. cDNA synthesis was performed using a high-capacity RNA-to-cDNA Kit 
(Takara Biotechnology Dalian, China). For real-time quantitative PCR (qPCR), each sample was run in tripli-
cate and normalized to housekeeping gene GAPDH expression. Ct values were determined using Light-Cycler 
480 software and averaged. Relative quantification was determined by the ∆ ∆ Ct method. The forward and 
reverse-specific primer sequences, the size of the amplified fragment and the annealing temperature for TRPA1 
were 5′ -TCTCCACCTGGCAGCAAAAA-3′  and 5′ -CATGGAGGCGTGATGCAAAG-3′ , 103 bp, 54–57 °C; and 
for GAPDH were 5′ -AGTGCCAGCCTCGTCCCGTA-3′  and 5′ -CAGGCGCCCAATACGGCCAA-3′ , 137 bp, 
54–57 °C.
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Histological and immunohistochemical analysis. Circular 8-mm punch biopsies were excised from 
ears and nape and fixed in 4% formaldehyde and embedded in paraffin. Sections were cut at 3 μ m, mounted 
onto slides, and stained with H&E according to standard procedures. After dewaxing, 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-TRPA1 (1:50, Abcam, MA, USA), anti-Mast Cell Tryptase (1:50, Abcam, MA, 
USA). Antibody binding was then detected by biotinylated immunoglobulins and avidin-biotin peroxidase com-
plex. 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).

References
1. Benning, J. L., Liu, Z., Tiwari, A., Little, J. C. & Marr, L. C. Characterizing gas-particle interactions of phthalate plasticizer emitted 

from vinyl flooring. Environ Sci Technol 47, 2696–2703 (2013).
2. Zeng, Q. et al. Approach to distribution and accumulation of dibutyl phthalate in rats by immunoassay. Food Chem Toxicol 56, 18–27 

(2013).
3. Min, A., Liu, F., Yang, X. & Chen, M. Benzyl butyl phthalate exposure impairs learning and memory and attenuates 

neurotransmission and CREB phosphorylation in mice. Food Chem Toxicol 71, 81–89 (2014).
4. Kransler, K. M., Bachman, A. N. & McKee, R. H. A comprehensive review of intake estimates of di-isononyl phthalate (DINP) based 

on indirect exposure models and urinary biomonitoring data. Regulatory Toxicology and Pharmacology 62, 248–256 (2012).
5. Shea, K. M. American Academy of Pediatrics Committee on Environmental H. Pediatric exposure and potential toxicity of phthalate 

plasticizers. Pediatrics 111, 1467–1474 (2003).
6. Koike, E., Yanagisawa, R., Sadakane, K., Inoue, K., Ichinose, T. & Takano, H. Effects of diisononyl phthalate on atopic dermatitis in 

vivo and immunologic responses in vitro. Environ Health Perspect 118, 472–478 (2010).
7. Larson, R. P. et al. Dibutyl phthalate-induced thymic stromal lymphopoietin is required for Th2 contact hypersensitivity responses. 

J Immunol 184, 2974–2984 (2010).
8. Lee, M. H., Park, J., Chung, S. W., Kang, B. Y., Kim, S. H. & Kim, T. S. Enhancement of interleukin-4 production in activated CD4+  

T cells by diphthalate plasticizers via increased NF-AT binding activity. Int Arch Allergy Immunol 134, 213–222 (2004).
9. Bertelsen, R. J. et al. Urinary biomarkers for phthalates associated with asthma in Norwegian children. Environ Health Perspect 121, 

251–256 (2013).
10. Wu, Z., Li, J., Ma, P., Li, B. & Yang, X. Long-term dermal exposure to diisononyl phthalate exacerbates atopic dermatitis through 

oxidative stress in an FITC-induced mouse model. Frontiers in Biology 10, 537–545 (2016).
11. LaMotte, R. H. Allergic Contact Dermatitis: A Model of Inflammatory Itch and Pain in Human and Mouse. Adv Exp Med Biol 904, 

23–32 (2016).
12. Pall, P. S., Hurwitz, O. E., King, B. A. & LaMotte, R. H. Psychophysical measurements of itch and nociceptive sensations in an 

experimental model of allergic contact dermatitis. J Pain 16, 741–749 (2015).
13. Hunt, R. D., Feldstein, S. I. & Krakowski, A. C. Itching to learn: school chair allergic contact dermatitis on the posterior thighs. J Clin 

Aesthet Dermatol 7, 48–49 (2014).
14. Leung, D. Y. M. New Insights into Atopic Dermatitis: Role of Skin Barrier and Immune Dysregulation. Allergology International 62, 

151–161 (2013).
15. De Benedetto, A., Kubo, A. & Beck, L. A. Skin barrier disruption: a requirement for allergen sensitization? J Invest Dermatol 132, 

949–963 (2012).
16. Tominaga, M. & Takamori, K. Itch and nerve fibers with special reference to atopic dermatitis: therapeutic implications. J Dermatol 

41, 205–212 (2014).
17. Pincelli, C. & Steinhoff, M. Recapitulating atopic dermatitis in three dimensions: cross talk between keratinocytes and nerve fibers. 

J Invest Dermatol 133, 1465–1467 (2013).
18. Shiba, T., Maruyama, T., Kurohane, K., Iwasaki, Y., Watanabe, T. & Imai, Y. TRPA1 and TRPV1 activation is a novel adjuvant effect 

mechanism in contact hypersensitivity. Journal of Neuroimmunology 207, 66–74 (2009).
19. Beresford, L., Orange, O., Bell, E. B. & Miyan, J. A. Nerve fibres are required to evoke a contact sensitivity response in mice. 

Immunology 111, 118–125 (2004).
20. Liu, B. et al. TRPA1 controls inflammation and pruritogen responses in allergic contact dermatitis. Faseb J 27, 3549–3563 (2013).
21. Toth, B. I., Szallasi, A. & Biro, T. Transient receptor potential channels and itch: how deep should we scratch? Handb Exp Pharmacol 

226, 89–133 (2015).
22. Wilson, S. R. et al. TRPA1 is required for histamine-independent, Mas-related G protein-coupled receptor-mediated itch. Nature 

Neuroscience 14, 595–U582 (2011).
23. Moilanen, L. J., Hamalainen, M., Lehtimaki, L., Nieminen, R. M., Muraki, K. & Moilanen, E. Pinosylvin Inhibits TRPA1-Induced 

Calcium Influx In Vitro and TRPA1-Mediated Acute Paw Inflammation In Vivo. Basic Clin Pharmacol 118, 238–242 (2016).
24. Shiba, T., Tamai, T., Sahara, Y., Kurohane, K., Watanabe, T. & Imai, Y. 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 (2012).

25. Leyva-Castillo, J. M. & Li, M. Thymic stromal lymphopoietin and atopic diseases. Revue Française d’Allergologie 54, 364–376 (2014).
26. Omori-Miyake, M. & Ziegler, S. F. Mouse models of allergic diseases: TSLP and its functional roles. Allergol Int 61, 27–34 (2012).
27. Takai, T. TSLP expression: cellular sources, triggers, and regulatory mechanisms. Allergol Int 61, 3–17 (2012).
28. Kang, J., Song, J., Shen, S., Li, B., Yang, X. & Chen, M. Diisononyl phthalate aggravates allergic dermatitis by activation of NF- NF-κ 

B. Oncotarget 7(51), 85472–85482 (2016).
29. Rincon, M. & Irvin, C. G. Role of IL-6 in asthma and other inflammatory pulmonary diseases. Int J Biol Sci 8, 1281–1290 (2012).
30. Desai, A. et al. IL-6 promotes an increase in human mast cell numbers and reactivity through suppression of suppressor of cytokine 

signaling 3. J Allergy Clin Immunol 137, 1863–1871 e1866 (2016).
31. Kimber, I. & Dearman, R. J. An assessment of the ability of phthalates to influence immune and allergic responses. Toxicology 271, 

73–82 (2010).
32. Paulsen, C. E., Armache, J. P., Gao, Y., Cheng, Y. & Julius, D. Structure of the TRPA1 ion channel suggests regulatory mechanisms. 

Nature 525, 552 (2015).
33. Esparza-Gordillo, J. et al. A functional IL-6 receptor (IL6R) variant is a risk factor for persistent atopic dermatitis. J Allergy Clin 

Immunol 132, 371–377 (2013).
34. Lee, H. C. & Ziegler, S. F. Inducible expression of the proallergic cytokine thymic stromal lymphopoietin in airway epithelial cells is 

controlled by NFkappaB. Proc Natl Acad Sci USA 104, 914–919 (2007).

Acknowledgements
This work has been supported by the China National Key R&D Program (2016YFC07007).



www.nature.com/scientificreports/

9SCIENTIfIC RepoRts | 7:43586 | DOI: 10.1038/srep43586

Author Contributions
M.Q.C. and X.Y. conceived and oversaw the project, J.K. and M.Q.C. performed the experiments and wrote the 
manuscript. All authors discussed results and implications and edited the manuscript at all stages.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Kang, J. et al. TRPA1 mediated aggravation of allergic contact dermatitis induced by 
DINP and regulated by NF-κB activation. Sci. Rep. 7, 43586; doi: 10.1038/srep43586 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	TRPA1 mediated aggravation of allergic contact dermatitis induced by DINP and regulated by NF-κB activation
	Introduction
	Results
	DINP exacerbated the expression of TRPA1 in an FITC-induced ACD mouse model
	Blockade of TRPA1 alleviated allergic contact dermatitis aggravated by DINP
	Blockade of TRPA1 inhibited the production of Th2 cytokine IL-13, the levels of IL-6, and mast cell degranulation
	TRPA1 ion channel is dependent on the activation of NF-κB signaling pathway

	Discussion
	Methods
	Chemicals
	Construction of ACD model of mice
	NF-κB blocking and TRPA1 blocking
	Determination of IgG1
	Cell counts for the peripheral blood
	ELISA analysis of chemokine release in the skin supernatants
	Real-time polymerase chain reaction (PCR) and RT-PCR analysis
	Histological and immunohistochemical analysis

	Additional Information
	Acknowledgements
	References




