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Abstract

Background: Atopic dermatitis (AD) is a chronic inflammatory skin disorder characterized by severe itching and recurrent
eczema-like lesions. Yet, its exact pathological mechanism remains unclear. Objective: The aim of this study was to investigate
the role of TRPA1 in the pathogenesis of AD. Methods: The experimental atopic dermatitis (AD)-like skin lesions were
established using 2,4-dinitrochlorobenzene (DNCB). Mice were divided into three groups: TRPA1l-/- and WT groups were
treated with DNCB dissolved in a 3:1 mixture of acetone and olive oil and the negative control group was treated with 3:1
mixture of acetone and olive oil without DNCB. The treatment lasted for 21 days, after which the animals were sacrificed and
their blood, ears and dorsal skin tissue samples were collected for analysis. Results: Lower dermatitis score, ear thickness,
pruritus score, and epidermal hyperplasia were observed in mice in TRPA1-/- mice compared to the WT group. Besides, lower
dermal mast cell infiltration, proinflammatory cytokines, Th2 cytokines and the infiltration of macrophages were observed in the
TRPA1-/- mice compared to the WT group. Furthermore, we demonstrated that TRPA1 antagonist HC-030031 could alleviate
AD-like symptoms and reduce the degree of epidermal hyperplasia in mice. Conclusions: TRPA1 has a crucial role during the
AD pathogenesis in mice, thus could be used as a potential new target for treating patients with chronic skin inflammatory

disease.

1. Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin disease with typical symptoms like severe itching and
recurrent eczema-like lesions [1], which affects 5% to 20% of children and 2% to 10% of adults worldwide
[2, 3]. The pathophysiology of AD may involve a complex interaction between genetic and environmental
factors that are associated with immunity, skin barrier dysfunction, pruritus and other factors [4]. Although
there is no cure for AD, treatment can decrease dryness and irritation. Steroids or calcineurin inhibitors
are the most commonly used medication. Yet, those drugs may not always be effective and may induce side
effects, especially if used in children over a longer time [5]. Thus, there is an urgent need to further explore
the exact mechanism of pathogenesis in order to find effective therapeutic targets for the treatment of AD.

TRPAL1 is a six-time transmembrane protein that belongs to the TRP channel family, which is activated
under some environmental stimuli, such as low temperature, acidic environment and hydrogen peroxide rich
environment [6, 7. TRPA1 is expressed in peripheral sensory nerve fibers, but also a variety of cells, such
as cutaneous keratinocytes, mast cells, endothelial and dendritic cells. It is also involved in inflammation,
neuropathic pain and is a key downstream signal of histamine-independent pruritus [8, 9]. Recent evidence



suggests that TRPA1 has a vital role in pruritus. Studies have shown that hapten oxazolidone (Oxa) and
squaric acid dibutylester (SADBE) can directly activate the TRPA1 channel and participate in inducing
itching in allergic contact dermatitis. For example, Oxa-induced skin inflammation has been alleviated in
TRPA1 deficiency mice while SADBE-induced skin inflammation remains [10, 11]. Moreover, Imiquimod
(IMQ) can directly activate the TRPA1 channel and has an inflammatory protective role in psoriasiform
dermatitis [12, 13]. Recent studies have found that TRPA1 is highly expressed in skin lesions of AD patients
with severe pruritus [14]. Although the role of TRPA1 in AD pruritus has been widely reported, the effect
of TRPA1 in the pathogenesis of AD, especially in the regulation of inflammation of AD and the therapeutic
effect of anti-TRPA1 in the treatment of AD, remains unknown.

DNCB, a hapten that can activate the TRPA1 channel of HEK cells [15,16], can be used to further explore
the role of TRPA1 in the pathogenesis of AD. The aim of this study was to investigate the role of TRPA1
in the pathogenesis of DNCB-induced AD in mice.

Materials and methods
2.1 Animals

TRPA1"/~ mice were purchased from the Jackson Laboratories (Bar Harbor, ME, USA), while the C57/BL6
mice were purchased from the Animal Centre of Chongqing Medical University (Chongging, China). All the
animals were housed in an environment with a temperature of 22 4 1 °C, relative humidity of 50 & 1%, and
a light/dark cycle of 12/12 hr. All animal studies (including the mice euthanasia procedure) were done in
compliance with the regulations and guidelines of Chongqging medical University institutional animal care
and were conducted according to the AAALAC and the IJACUC guidelines. All mice in all the experiments
were 12-weeks old (20-25g).

2.2 Induction of Topical AD-Like Skin Dermatitis in Mice by 2,4-dinitrochlorobenzene (DNCB)

The experimental atopic dermatitis (AD)-like skin lesions were established by using 2,4-dinitrochlorobenzene
(DNCB) according to the literature [17] with slight modification.

Mice were divided into three groups (6 mice/group): T RPA17/- and WT groups were treated with DNCB;
the negative control group was treated with 3:1 mixture of acetone and olive oil without DNCB. Briefly, after
1 week of acclimation, the dorsal hair of mice was completely shaved with a clipper before sensitization. For
the sensitization process, 150 ul of 2% DNCB dissolved in a 3:1 mixture of acetone and olive oil was applied
to the dorsal skin, and 10 ul per ear was applied to both ears. After four days, 0.5% DNCB was applied to
challenge the dorsal skin (150 pl) and both ears (10 pl per ear) at the interval of two days for 20 days.

The treatment lasted for 21 days, after which the animals were sacrificed and their blood, ears and dorsal
skin tissue samples were collected for analysis.

2.3 Evaluation of dermatitis, ear thickness and scratching behavior

The severity of dorsal skin lesions was evaluated based on four symptoms: edema, erythema/hemorrhage,
scarring/dryness, and excoriation/erosion. A total dermatitis score was defined as the sum of the scores
of individual symptoms (0, no symptoms; 1, mild symptoms; 2, moderate symptoms; 3, severe symptoms)
ranging from 0 to 12.

The ear thickness of the mouse was measured by an electronic caliper (Shanghai, China) with 0.1 mm
accuracy. The scratching frequencies were measured according to the previously described criteria [13] with
some modification. The mice were acclimated for 1 h by being individually placed into a recording cage,
after which D NCB was applied to their dorsal skin and ears. After 30 minutes, the number of scratching
bouts at the DNCB site was measured and recorded for 10 minutes.

2.4 Histological and immunochemistry analysis

The ear and dorsal skin were fixed with 4% paraformaldehyde, embedded in paraffin and cut into 5um thick
sections. Samples were then treated with Hematoxylin and Eosin (H&E) to detect epidermal thickening



and inflammatory infiltration. Toluidine blue (TB) was used to evaluate the infiltration of mast cells. The
number of mast cells in five randomly targeted sites was counted using a light microscope (Nikon Eclipse Ni,
Tokyo, Japan) with x200 magnification.

2.5 Serum IgE Measurements

Blood samples were collected on day 21 and stored at - 80 degC. The level of IgE in the serum was quantified
using a commercial enzyme-linked immunosorbent assay (ELISA) kit (4A Biotech, Beijing, China) according
to the manufacturer’s instructions.

2.6 RNA isolation and quantitative RT-PCR analysis

Complete RNA was extracted from dorsal skin tissue using TRIzol (TransGen Biotech, Beijing, China)
according to the manufacturer’s instructions. First-strand ¢cDNA was synthesized using a RevertAid
First Strand ¢cDNA Synthesis Kit (ThermoScientific, MA, USA) following the manufacturer’s instruc-
tions. Quantitative RT-PCR analysis of gene expression was done using FastStart Universal SYBR Green
Master (Roche, Basel, Switzerland). The levels of different target genes normalized against GAPDH
were calculated using 2-AACt methods. Primer sequences (5’ to 3’) were as follows: murine GAPDH
forward: CTCGTCCCGTAGACAAAATGGT, reverse, GAGGTCAATGAAGGGGTCGTT; murine IL-1f
forward: GAAATGCCACCTTTTGACAGTG, reverse, TGGATGCTCTCATCAGGACAG; murine IFN-
o forward: GATGCCCTGCTGGCTGTGA, reverse, CTTCTGCTCTGACCACCTCCC; murine IL-6 for-
ward: CTGCAAGAGACTTCCATCCAG, reverse, AGTGGTATAGACAGGTCTGTTGG; murine IFN-y
forward: TCGGTAACTGACTTGAATGTCCA, reverse, TCGCTTCCCTGTTTTAGCTGC; murine 114 for-
ward: GGTCTCAACCCCCAGCTAGT, reverse, GCCGATGATCTCTCTCAAGTGAT; murine 1113 for-
ward: TGAGCAACATCACACAAGACC, reverse, GGCCTTGCGGTTACAGAGG.

2.7 Protein extraction and western blot analysis

Dorsal skin samples were dissected and stored at -80 °C. Protein lysates were prepared using lysis buffer
containing a protease inhibitor, calcineurin inhibitors and PMSF. The concentration of protein in the lysates
was measured using the BCA Protein Assay Kit (Beyotime, Shanghai, China) and equal amounts of protein
were applied on 10% SDS-PAGE gels. Separated proteins were electrophoretically transferred to PVDF
membranes. After being blocked with 5% skim milk, the membranes were incubated with anti-F4/80, CD206,
iNOS (Abcam, Cambridge, UK; 1:1000) at 4 overnight. After washing, membranes were incubated with
HRP-conjugated secondary antibodies at room temperature for 1 h. Immunoreactive signals were detected
using an enhanced chemiluminescence solution (ThermoScientific, MA, USA).

2.8 Fluorescent immunohistochemistry analysis

Immunofluorescent staining was performed using 4-um paraffin sections. Primary antibodies of F4/80;
CD206; iNOS (Abcam, Cambridge, MA; 1:100), and corresponding secondary antibodies (Invitrogen, Carls-
bad, CA, USA) were used for staining. Nuclei were stained with DAPI. The images were obtained by a laser
scanning microscope system (Nikon Eclipse Ni, Tokyo, Japan).

2.10 Statistical analysis

Statistical analysis was performed using GraphPad Prism software (ver. 7.0 GraphPad Software, San Diego,
CA, USA). Results are expressed as mean +- standard error of the mean(S.E.M). Student’st- test was used
for comparisons between two groups. One-way ANOVA analyzed differences among multiple groups. p
values < 0.05 were considered to be statistically significant.

3 Results

3.1 TRPA1 deficiency ameliorates skin inflammation and suppresses scratching behavior ina
DNCB-induced AD mouse model

To investigate the significance of the TRPA1 in AD, repeated cutaneous allergen exposure with DNCB
was used to induce the AD murine model as mentioned in Figure 1 . Following DNCB treatment, the



lesion skin of ears and dorsal with edema, erythema, excoriation, and scarring were sequentially observed.
Interestingly, the dermatitis score was significantly decreased in DNCB-treated TRPA1”/"mice compared to
DNCB-treated WT mice (Figure 2A ). Furthermore, we found that a TRPA1”/~ had a protective effect in
suppressing DNCB-induced ear thickening (Figure 2B ).

Consequently, we investigated the effects of TRPA1 on the scratching behavior in the DNCB-induced AD
mouse model. The DNCB-treated WT mice showed more frequent scratching behavior compared to DNCB-
treated TRPA17/~ mice (Figure 2C ). Moreover, typical characteristics of AD histopathology, including
marked epidermal hyperplasia and increased cellular were observed in DNCB-treated WT mice and DNCB-
treated TRPA1 ~/~ mice, as confirmed by microscopic analysis of H&E stained sections of dorsal and ear
lesion skin (Figure 2D-2E ). Yet, the thickening of the epidermis and the infiltration of inflammatory cells
were significantly decreased in DNCB-treated TRPA17/~ mice than DNCB-treated WT mice (Figure 2F-2G
). These results suggested that TRPA1 deficiency not only alleviates pruritus, but also has an inflammatory
protective role in AD.
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Fig.1 Schematic protocol of DNCB-induced AD model.
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3.2 TRPA1 deficiency reduces mast cell infiltration and serum tIgE in DNCB-induced AD
mouse model

Mast cell infiltration and hyperproduction of IgE are the main features of AD. In this study, we used toluidine
blue to stain the mast cells from dorsal and ear tissue sections. The results showed higher dermal mast cell
numbers in DNCB-treated WT mice compared to DNCB-treated TRPA1"/~ mice (Figure 3A-3D ). Besides,
we assessed the levels of total IgE in the serum from mice collected on the last day of the experiment. The
results showed that the level of serum total IgE in the serum was significantly increased by repeated DNCB
stimulation in dorsal and ear; yet, no significant difference was observed between groups (Figure 4E ).
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3.3 TRPA1 regulates the expression of proinflammatory cytokines and Th2 cytokines in
DNCB-induced AD mouse model

Next, we examined the mRNA expression of inflammatory cytokines in the dorsal skin of TRPA1/~ mice
and WT mice treated with DNCB. As shown in Figure 4A-F, the DNCB induced a remarkable increase
in the mRNA expression of IL-13, TNF-o, IL-6, IL-4, IL-13. Most importantly, the expression of the
proinflammatory cytokine, IL-13, TNF-o, and IL-6 in the skin lesions significantly decreased in DNCB-
treated TRPA17/~ mice compared to DNCB-treated WT mice (Figure 4A-4C ). Besides, we found that Th2
cytokine, IL-4, and IL-13 production were significantly reduced in DNCB-treated TRPA1"/~ mice compared
to the WT mice (Figure 4E-F ); nevertheless, no difference in mRNA expression of IFN-y was found
between groups (Figure 4D ). To sum up, the trends of cytokines expression might further explain the



amelioration of DNCB-induced AD-like symptoms and skin pathology in TRPA1 -/~ mice.
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3.4 TRPA1 deficiency inhibits DNCB-induced infiltration of macrophages in AD mice

In chronic AD, the increase of macrophage infiltration is closely related to the degree of skin damage and
immune dysfunction. To verify the effect of TRPA1 on macrophage infiltration in DNCB-induced AD, the
expression of F4/80 in the back skin was analyzed by immunofluorescence and Western blot. The results
showed that the number of F4/80+ cells and its protein expression significantly increased after repeated
skin stimulation with DNCB. Compared with the WT group, the number of F4/807" cells and its protein
expression in TRPA1-/- group decreased (Figure 5A-5B ).

There are two main pathways for macrophage activation, the classical M1 pathway and the alternative M2
pathway. In this study, we explored the effect of TRPA1 on the infiltration of M1 and M2 macrophages.
The results showed that the expression of iNOS™ and CD206 protein induced by DNCB were significantly
increased and in the TRPA1-/- group, the expression of iNOST and CD206 protein decreased compared with
the WT group (Figure 5A ). These results suggest that TRPA1 deficiency inhibits the infiltration of M1
and M2 macrophages in the lesions.
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Fig.5 TRPA1 deficiency reduces macrophage infiltration in lesions. (A) The expression of F4/80, iNOS,
CD206 and Gapdh using Western blot. (B) Immunofluorescence staining images of F4/80 (red) and DAPI
(blue; x40.
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3.5 Administration TRPA1 antagonists HC030031 mitigates skin inflammation andscratching
behavior in DNCB-induced AD mouse model

To eliminate the possibility of compensatory mechanisms in the KO animals and explore whether selective
TRPA1 antagonists HC030031 can be used as a targeted therapy for DNCB-induced AD. Experiments were
carried out involving pre-treatment with the HC030031. Wild-type (WT) mice received an intraperitoneal
injection of HC-030031 (TRPA1 receptor analog, 100mg/kg, ApexBio, USA). Applying HC-030031 prior
to DNCB challenge alleviated atopic symptoms, ear thickness and scratching behavior (Figure 6 A-6C ).
At the same time, HC-030031 recovered histological abnormalities (Figure 6D-6E). Our experiments with
TRPA1 antagonists were similar to the observed profile in TRPA1 KO mice. Altogether, the obtained results
show that anti-TRPA1 represents a potential therapeutic target for AD disease.
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4. Discussion

A better understanding of the molecular and cellular mechanisms underlying AD is critical for developing
new effective, and safe therapeutic strategies to treat the debilitating skin conditions. In this study, we
investigated the anti-AD potential of TRPA1 by using TRPA1 knockout mice. Our data suggested that the
genetic ablation of the TRPA1 could reduce the clinical features induced by DNCB in mice.

AD is a chronic inflammatory skin disease mainly characterized by itching symptoms (observed in 87%-
100% patients) [18, 19]. The vicious cycle of pruritus-scratch induces/aggravates inflammation of AD, and
causes insomnia and fatigue, which seriously affects the patients’ quality of life [20]. TRPA1 is the only
member of the TRP channel anchor protein (TRPA) subfamily, which is widely expressed in sensory neurons
and non-neuronal cells. TRPA1 is involved in the transmission of several different sensory modes (cold,
pain, and pruritus) and in the mediation of neurogenic inflammation [21]. Current studies have shown that
TRPA1 expression is up-regulated in AD patients, where it has an important role in histamine-independent
pruritus. TSLP, an inflammatory cytokine, activates TRPA1 by binding it to the receptor TSLPR on
sensory nerve fibers, causing pruritus in mice. Besides, TRPA1 has an essential role in Th2 cell-dependent
pruritus mediated by IL-31 receptor expressed on sensory nerves. In the transgenic AD mice model with
overexpression of IL-13, TRPA1 antagonists can significantly alleviate itching [22-25].

In the present study, we found that TRPA1 knockout reduces the frequency of itching symptoms and the
severity of skin lesions in AD mice. Besides, the TRPA1 knockout alleviated the pathological change asso-
ciated with AD by reducing the number of mast cells, serum IgE, inflammatory cytokines, and macrophage
infiltration, which further suggests that TRPA1 has an inflammatory positive role in DNCB-induced AD.
Hapten oxazolidone can activate the TRPA1 pathway, up-regulate inflammatory cytokines, neuropeptide
(CXCL-2), and nerve growth factor (NGF) in chronic dermatitis induced by hapten oxazolidone and can
promote the occurrence of inflammation and pruritus [11]. However, in allergic contact dermatitis induced
by squaric acid dibutylester (SADBE), TRPA1 participates in chronic pruritus induced by SADBE, while
epithelial skin inflammation persists in TRPA1 knockout mice [12]. We speculated that although TRPA1
participates in chronic pruritus induced by different hapten, its role in skin inflammation may be different.
Our findings suggest that TRPA1 promotes DNCB-induced AD inflammation, which is consistent with the
observation that TRPA1 knockout could reduce inflammatory cell infiltration and epidermal thickening.

Mast cells have an essential role in the pathogenesis of AD. Those cells can produce and secrete inflammatory
mediators such as histamine, growth factors, cytokines, and chemokines [26]. A previous study [25] reported a



high expression of TRPA1 in dermal afferent nerves and mast cells from patients with AD, but not in the skin
from healthy subjects. Besides, the same study found that allyl isothiocyanate, TRPA1 agonist, increases
the calcium signal of those cells [25]. Furthermore, Hoxet al found that TRPAl-dependent activation of
sensory neurons and mast cells regulate the non-allergic airway hyperresponsiveness in mice [27]. In this
study, we found a lower number of mast cells in DNCB treated- TRPA1-/- mice compared to DNCB treated-
WT group. TRPA1 deficiency inhibited the infiltration of mast cells in the dermis of the DNCB-induced
AD model, thus suggesting that TRPA1 may promote AD symptoms by promoting mast cell infiltration.

Immunological abnormalities of AD are characterized by the imbalance of Th1/Th2 and abnormal secretion of
inflammatory factors. Previous studies have shown that toluene diisocyanate can activate the TRPA1 chan-
nel, while the antagonize TRPA1 can inhibit Th2 inflammation in allergic airway inflammation induced by
TRPA1 [28]. Oxazolone can activate the TRPA1 channel, and TRPA1 can up-regulate pre-inflammation and
Th2 related cytokines [11]. Our data indicated that TRPA1-/- reduces the expression of pro-inflammatory
factors and Th2 inflammatory cytokines in DNCB-induced AD mice, thus suggesting that TRPA1 may pro-
mote the symptoms of AD by regulating pro-inflammatory factors (IL-1beta; IL-6), and Th-2 inflammatory
cytokines (IL-4; IL-13).

Activation and sensitization of TRPA1 can regulate skin inflammation by increasing the release of inflam-
matory mediators; yet, the role of TRPA1 in immune cells needs to be further explored. In chronic AD,
the increase of macrophage infiltration is closely related to the degree of skin damage and immune dysfunc-
tion [29]. Macrophages, which have a key role in the immune response, can be divided into two functional
subgroups: macrophages polarized to M1 under the stimulation of interferon-gamma and lipopolysaccha-
ride; and macrophages polarized to M2 under the stimulation of IL-4 and IL-13 [30]. F4/80 antigen is a
mature mouse cell surface glycoprotein that is highly expressed in both M1 and M2 macrophages [31]. Our
study showed that TRPA1 deficiency reduced the expression of F4/80 protein and the number of positive
cells, and the expression of iNOS (expressed only M1 macrophages) and CD206 protein (expressed only M2
macrophages), thus suggesting that TRPA1 deficiency may inhibit the infiltration of dermal macrophages
in DNCB-induced AD model. In addition, our data suggest that TRPA1 may promote AD inflammation
by promoting macrophage infiltration. Although TRPA1 activator cinnamaldehyde inhibits the release of
IL-1f, IL-6 and TNF-o mediated by lipopolysaccharide and lipophosphatidic heterocyclic acid from mouse
macrophages and human monocytes, it suggests that TRPA1 may have anti-inflammatory effects in mono-
cytes [9, 32]. However, in the DNCB-induced AD mice model, TRPA1 deficiency inhibits the infiltration of
macrophages, which is consistent with the fact that TRPA1 mediates the infiltration of macrophages during
corneal wound healing and antagonizing TRPA1 reduces the proportion of M2 macrophages to improve my-
ocardial fibrosis [33, 34]. It is also consistent with the decreased expression of inflammatory factors (IL-10-
TNF-o- IL-6) observed in our study. Yet, the role of TRPA1 in macrophages needs to be further elucidated.

Nowadays, the small molecule targeted therapy of AD has been attracting increasing attention [35]. We
further explored the therapeutic effect of TRPA1 antagonist HC-030031 on the DNCB-induced AD model.
Our results showed that HC-030031 can effectively alleviate skin lesions and pruritus in the AD mouse model.
Pathological findings showed that it can alleviate inflammatory cell infiltration and epidermal thickening,
similar to those observed in TRPA1 deficient mice. At the same time, the results showed that the TRPA1
antagonist had an anti-AD effect in the DNCB-induced AD model and could be used as one of the therapeutic
targets of AD.

In conclusion, our study demonstrated that TRPA1 has a crucial role during AD pathogenesis in mice.
TRPA1 deficiency alleviated pruritus and showed an immunoprotective effect on DNCB-induced AD mice.
In addition, TRPA1 antagonist HC-030031 had a certain therapeutic effect on DNCB-induced AD mice.
These data suggest that TRPA1 can be used as a potential new target for treating patients with AD.
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