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thymic stromal lymphopoietin and proinflammatory cytokines
causing acute dermatitis
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Abstract

Due to high consumption of cosmetics in modern society, people are always exposed to the risk of skin damage and com-
plications. Para-phenylenediamine (P-PD), an ingredient of hair dye, has been reported to cause allergic contact dermatitis.
However, the mechanism has not been well elucidated. Here, we identify that P-PD causes dermatitis by increasing thymic
stromal lymphopoietin (TSLP) and inflammatory cytokines. Topical application of P-PD to mouse ear skin in consecutive
5 days resulted in dermatitis symptoms and increased ear thickness. TSLP production in skin was upregulated by P-PD
treatment alone. In addition, P-PD-induced TSLP production was potentiated by MC903, which is an in vivo TSLP inducer.
P-PD increased TSLP production in keratinocytes (KCMH-1 cells and phorbol 12-myristate 13-acetate-stimulated PAM212
cells). The production of proinflammatory cytokines such as IL-1p, IL-6, IFN-y, and CCL2, was upregulated by P-PD treat-
ment together with MC903. The results show that repeated exposure to P-PD causes acute contact dermatitis mediated by

increasing the expression of TSLP and proinflammatory cytokines.
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Introduction

People use several kinds of cosmetics for various purpose
such as beautifying their appearances, cleansing body and
anti-aging. Cosmetics are commonly composed of chemical
compounds. Therefore, direct exposure to the skin has the
potential to cause skin damage and complications. Accord-
ing to the report in United States, woman uses 12 cosmet-
ics and man uses 6 cosmetics daily on average [1]. These
cosmetics include eye shadow, skin cleansers, body lotions,
shampoo, lip stick, mascara and hair styling products.
Among them, the use of hair dyes has been increasing in
recent decades, and the occurrence of contact sensitization
to hair dyes has been consistently reported [2].
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Over two-thirds of hair dyes currently contain para-
phenylenediamine (P-PD) [3]. P-PD is an aromatic amine
that reacts with hydrogen peroxide to give permanent hair
colors. Because of its strong protein-binding capacity and
penetrating deeply, P-PD is found in several products such
as rubbers, printer ink, and photographic products. The main
sources are hair dyes and henna tattoos [4]. Since P-PD
provides very good cosmetic results as a hair dye ingredi-
ent, it is preferred and widely used. However, P-PD eas-
ily infiltrates skin, causing skin sensitization and allergic
contact dermatitis [5]. The prevalence of P-PD sensitization
varies between 0 and 1.5% in the general population while
it increases to 4% with patch testing [6]. As an extremely
potent sensitizer, P-PD causes acute dermatitis accompa-
nied by redness, itching, and swelling in the scalp and nape
area [7, 8]. It has been reported that P-PD acts as a contact
allergen for many years [9—11]. However, there has been few
report addressing how P-PD would cause skin inflammatory
reaction and allergic contact dermatitis.

Thymic stromal lymphopoietin (TSLP) is especially
expressed in large amount by keratinocytes and plays an
important role in the elicitation phase of skin inflamma-
tion and mediates the progression of atopic dermatitis [12].
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TSLP also promotes the differentiation to Th2 cells from
naive CD44 T cells. Increased Th2 cells induces Th2-type
immune responses and produce Th2 cytokines such as IL-4,
IL-5, and IL-13 [13]. In addition, TSLP synergistically
respond with IL-1f, to activate mast cells to release Th2
cytokines and chemokines largely in the elicitation-phase
of dermatitis [14].

Therefore, in this study, we investigated whether P-PD
exposure induces the production of TSLP in keratinocytes,
thereby inducing acute dermatitis symptoms. The results
would provide an important information on elucidating the
cellular mechanism as to how P-PD induces allergic contact
dermatitis.

Materials and methods
Animals

BALB/c mice were obtained from Raon Bio (Seoul, Korea).
The mice were housed in a room controlled for optimal tem-
perature (23 +£3 °C) and relative humidity (40-60%) under
specific pathogen-free conditions. Mice were acclimated in
the animal facility for at least a week before the experiments.
Animal care and the experimental protocols were carried out
in accordance with the guidelines of the Institutional Animal
Care and Use Committee (IACUC) of the Catholic Univer-
sity of Korea (permission #2016-006-03) and the ARRIVE
guidelines. Mice of individual experimental groups in each
experiment were of similar age and weight and randomly
allocated to treatment groups. Investigators were not given
the information on treatment of mice in all experiments.

Cells

The murine keratinocyte squamous cell carcinoma cell line
KCMH-1, which was derived from CBA/J mouse skin, was
kindly provided by Dr. Noriyasu Hirasawa at the Tohoku
University [15]. PAM212 cells, a mouse keratinocyte cell
line, which was derived from BALB/c mouse skin, was
kindly provided by Dr. Stuart H. Yuspa at the National
Cancer Institute (Bethesda, MD, USA) [16]. KCMH-1 and
PAM212 cells were cultured in RPMI 1640 medium (Invit-
rogen, Carlsbad, CA, USA) including 10% (v/v) fetal bovine
serum, 10,000 units/ml of penicillin and 10,000 pg/ml of
streptomycin. The cells were plated in 48-well plates at a
density of 5x 10* cells/well and incubated overnight before
the treatments.

Reagents

Para-phenylenediamine (P-PD), MC903 (calcipotriol),
MTT (thiazolyl blue tetrazolium bromide) and phorbol
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12-myristate 13-acetate (PMA) were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

Acute dermatitis model in mouse

BALB/c mice were randomly divided into 4 groups: vehicle
(3:1 mixture of acetone:olive oil), P-PD (2.5%), MC903 0.5
nmole+2.5% P-PD, and MC903 5 nmole (3 animals/group).
Acute dermatitis was induced by repeated topical application
of P-PD and MC903, as described previously [17]. Briefly,
20 pl of P-PD, P-PD +MC903, MC903 or vehicle was topi-
cally applied to the dorsal sides of right and left ears of
each mouse daily for 5 days. Ear thickness was recorded
every day before treatment. At day 6, mice were sacrificed to
obtain ear skin tissues. The samples were stored at — 80 °C
pending further analysis.

Reverse transcription and quantitative real-time
polymerase chain reaction (qQRT-PCR) analysis

This was performed as described previously [18]. Total
RNAs were extracted from mouse ear tissues using Wel-
Prep reagent (Welgene, Korea). Reverse transcription and
gRT-PCR analysis was performed using ImProm-II Reverse
Transcriptase and amplified using SYBR Premix for quanti-
tative real-time PCR analysis. Primers used were as follows:
Tslp, 5'-GGACCACTG GTGTTTATTCT-3' and 5'-CAG
GGTTTAG ATGCTGTCAT-3"; 1I-4, 5'-AGATGGATGTGC
CAAACGTCCTCA-3' and 5'-AATATGCGAAGCACCTTG
GAAGCC-3"; [I-13, 5'-GCAACGGCAG CATGGTATGG
A-3" and 5-TGGTATAGGG GAGGCTGGAG AC-3’;
Actin, 5'"TCATGAAGTGTGACGTTG ACATCCGT-3' and
5" TTGCGGTGCACGATGGAGGGGCCGGA-3'. Specific-
ity of the amplified PCR products was assessed by melting
curve analysis, and the gene expression was normalized to
the corresponding actin level.

Enzyme-linked immunosorbent assays

This was performed as described previously [19]. TSLP and
IL-1p levels in ear skin homogenates were determined using
a DuoSet enzyme-linked immunosorbent assay (ELISA) kit
(R&D systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. The levels of 1L-25, 1L-33,
IL-4, IL-13, IL-6, IFN-y and CCL2 were measured using
a MILLIPLEX MAP Mouse Cytokine (Millipore, Bill-
erica, MA, USA). The fluorescent intensity was read on a
MAGPIX® (Luminex Corporation, Austin, TX, USA).

Cell viability assay

Cell viability studies were performed in 48-well plates.
KCMH-1 and PAM212 cells were plated 5x 10* cells/
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well. After overnight incubation, the test substances were
treated, and the plates were incubated for 16 h. Cells were
washed once before adding medium containing MTT (5 mg/
ml). After 4 h of incubation at 37 °C, the medium was dis-
carded and the formazan blue that formed in the cells were
dissolved in DMSO. The optical density was measured at
540 nm.

Immunoblotting analysis

PAM212 cells were plated in six-well plates at a density of
1 % 10° cells/well and incubated overnight before the treat-
ments. The cells were treated with PMA (15 nM) or vehicle
in the presence or absence of P-PD. After 1 h of incubation,
the cells were lysed in RIPA buffer and resolved with SDS-
PAGE and subjected to immunoblotting assay.

Statistical analysis

Statistical analysis was performed using the software Graph-
Pad Prism 5 (GraphPad Software, San Diego, CA, USA).
All data were analyzed by one-way ANOVA followed
by Turkey’s multiple comparison test and expressed as
means + SEM. Values of p <0.05 were considered signifi-
cant. The graphs or pictures are representative of at least two
or three independent experiments.

Results

Topical application of para-phenylenediamine
aggravates acute dermatitis symptoms in mice

We investigated whether para-phenylenediamine (P-PD)
induced acute dermatitis symptoms by increasing TSLP
in mice. MC903 (calcipotriol) is well established TSLP
inducer in skin and causes atopic dermatitis symptoms [20].
To investigate the potentiation effect of P-PD, MC903 0.5
nmole of which topical application on mouse ear does not
induce TSLP production in ear skin was used [17]. To con-
firm the significant TSLP production, we used 5 nmole of
MC903 as a positive control. The acute dermatitis experi-
mental scheme is shown in Fig. 1a. Topical application of
P-PD alone and P-PD with 0.5 nmole of MC903 to BALB/c
mice induced ear dermatitis symptoms such as redness, ery-
thema and edema (Fig. 1b). Similarly, 5 nmole of MC903
induced acute dermatitis symptoms (Fig. 1b). We measured
ear thickness as an indicator of dermatitis as previous studies
have shown that ear thickness is well correlated with derma-
titis-like symptoms [21, 22]. Mouse ear thickness was com-
pared with vehicle every day. Repeated application of P-PD
resulted in increased ear swelling response (Fig. 1c¢). The
stimulation of P-PD with 0.5 nmole of MC903 significantly

potentiated ear swelling in day 6 (Fig. 1c). The mRNA lev-
els of TSLP were increased in P-PD alone and P-PD with
MC903 compared with vehicle (Fig. 1d). In addition, P-PD
increased TSLP protein production (Fig. 1e). P-PD signifi-
cantly potentiated TSLP production when treated with 0.5
nmole of MC903 (Fig. le). These results show that P-PD
alone induces acute dermatitis with increased TSLP produc-
tion in a mouse model and when stimulated together with
low level of MC903, the effect of P-PD is potentiated.

Para-phenylenediamine increases TSLP production
in keratinocytes

Next, we examined whether P-PD influences TSLP pro-
duction in keratinocytes. Mouse derived keratinocyte cell
line, KCMH-1, which intrinsically produces high amounts
of TSLP [15], were treated with P-PD up to 160 pM for
16 h. The levels of TSLP was increased in KCMH-1 in a
dose-dependent manner (Fig. 2a). However, P-PD treat-
ment up to 40 pM did not affect TSLP production in another
mouse keratinocyte cell line, PAM212 (Fig. 2b). To inves-
tigate the potentiation effect of P-PD, PAM212 cells were
stimulated with phorbol 12-myristate 13-acetate (PMA).
P-PD increased the production of TSLP in PAM212 cells
stimulated with PMA (Fig. 2c). KCMH-1 cells used in the
experiments constitutively produce high amounts of TSLP
[15]. The basal levels of TSLP production in KCMH-1 cells
are higher than those in PAM212 cells as shown in Fig. 2.
These suggest that KCMH-1 cells are more sensitive to P-PD
stimuli for inducing TSLP production than PAM212 cells.
To examine whether P-PD affected cell viability, MTT assay
was performed. Cytotoxicity of both KCMH-1 cells and
PAM212 cells was not affected by P-PD with only marginal
cytotoxic effects at the highest concentration (Fig. 2d, e).

TSLP expression was regulated by an NF-kB-dependent
manner in human epithelial cells [23]. To investigate the
mechanism of how P-PD increases TSLP production,
we examined the effect of P-PD on NF-kB activation in
PAM212 cells (Fig. 2f). PMA induced phosphorylation
and degradation of IxkBa, while P-PD did not affect PMA-
induced IxkBa phosphorylation in PAM212 cells (Fig. 2f).
P-PD potentiated PMA-induced IkBa degradation only at
the highest concentration in PAM212 cells (Fig. 2f).

Topical application of para-phenylenediamine
upregulates pro-inflammatory cytokines in mouse
ear skin stimulated with MC903

We further examined whether topical application of P-PD
affected the expression of inflammatory cytokines and
cytokines. P-PD alone increased protein levels of IL-1f, but
not IL-6 and IFN-y (Fig. 3a—c). P-PD-induced production
of IL-1f, IL-6, and IFN-y was potentiated by 0.5 nmole of
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Fig.1 Topical application of para-phenylenediamine aggravates
acute dermatitis symptoms in mice. a Experimental scheme. b Rep-
resentative pictures of mouse ear skin area. ¢ Relative ear thickness.
All measured values are normalized to the mean ear thickness for the
group on day 1. Data are shown as the mean+SEM (n=5). d The
mRNA levels of TSLP in ear tissue homogenates were determined by

MC903 (Fig. 3a—). Furthermore, the production of CCL2, a
pro-inflammatory chemokine, was significantly increased by
P-PD alone and potentiated by MC903 stimulation (Fig. 3d).

Topical application of para-phenylenediamine does
not induce Th2 responses

With TSLP, IL-25 and IL-33 are known to play an impor-
tant role in the pathogenesis of allergic diseases [24]. In
contrast to TSLP, the expression of IL-25 and IL-33 was
not increased by P-PD alone (Fig. 4a, b). The production of
IL-25 was significantly increased when P-PD was treated
with 0.5 nmole of MC903 (Fig. 4a).

TSLP induces the differentiation of naive CD4+ cells
to Th2 lymphocytes producing Th2 cytokines such as IL-4
and IL-13 [25]. Therefore, we examined whether P-PD
induced Th2 cytokine production. The mRNA level of IL-4
was slightly elevated by P-PD while it was significantly
increased in P-PD with MC903 group (Fig. 4¢). In contrast,
the mRNA levels of IL-13 was not significantly changed by
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reverse transcription-real time quantitative-PCR. The mRNA levels
were normalized with B-actin mRNA levels. e TSLP protein levels in
ear tissue homogenates were determined by ELISA. Data are shown
as the mean+SEM (n=5-6). *Significantly different from vehicle
alone, p <0.05. P-PD, para-phenylenediamine; MC903 (0.5), MC903
0.5 nmole; MC903 (5), MC903 5 nmole

P-PD treatment (Fig. 4d). Protein levels of IL-4 and IL-13
were not increased by P-PD or MC903 (Fig. 4e, f).

Discussion

P-PD has long been used as an ingredient of oxidative hair
dyes and known to cause contact allergy for many decades.
Previous studies have reported that P-PD induces apoptosis
in human urothelial cells and exacerbates thrombus forma-
tion upon vascular injury [26, 27]. To our knowledge, this
study is the first to show that P-PD increases the production
of TSLP in keratinocytes and a mouse model. TSLP is pri-
marily secreted by keratinocytes and plays a critical role in
the early onset of atopic dermatitis, a representative disease
caused by immune imbalances. These suggest that repeated
exposure to P-PD may cause atopic dermatitis symptoms
through the production of TSLP.

Keratinocytes secrete innate immune cytokines such as
IL-1 and IL-6 when exposed to skin injury or ultraviolet B
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Fig.2 Para-phenylenediamine increases TSLP production in
keratinocytes. For a and d, KCMH-1 cells were treated with P-PD
for 16 h. For b, ¢, and e, PAM212 cells were treated with phorbol
12-myristate 13-acetate (PMA, 15 nM) and P-PD for 16 h. For a—c,
TSLP protein levels in culture media were determined by ELISA. For
d and e, cell viability was measured by MTT assay. Data are shown
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Fig.3 Topical application of para-phenylenediamine upregulates
proinflammatory cytokines in mouse ear skin. a—d Mice were treated
as described in the Fig. 1a. Protein levels of IL-1p, IL-6, IFN-y, and
CCL2 in ear tissue homogenates were determined by ELISA. Data

(UVB) light [28, 29]. IFN-y, a Thl cytokine that activates
dendritic cells, is involved in antigen presenting and plays

as the mean+SEM (n=3). *Significantly different from vehicle
alone, p<0.05. *Significantly different from PMA alone, p <0.05.
f PAM212 cells were treated with PMA (15 nM) in the presence or
absence of P-PD for 1 h. Cell lysates were prepared and subjected to
immunoblotting for each protein. P-PD, para-phenylenediamine
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are shown as the mean +SEM (n=5-6). *Significantly different from
vehicle alone, p <0.05. P-PD, para-phenylenediamine, MC903 (0.5),
MC903 0.5 nmole, MC903 (5) MC903 5 nmole

an essential role in eliciting inflammatory cascade in skin
diseases such as psoriasis [30]. CCL2 is a representative
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Fig.4 Topical application of para-phenylenediamine does not induce
Th2 responses. a—f Mice were treated as described in the Fig. la.
a, b, e, f IL-25, IL-33, IL-4 and IL-13 protein levels in ear tissue
homogenates were determined by ELISA. ¢, d The mRNA levels
of IL-4 and IL-13 in ear tissue homogenates were determined by
reverse transcription-real time quantitative-PCR. The mRNA levels

pro-inflammatory chemokine generated by keratinocytes
[31]. Our results show that P-PD treatment increased the
production of IL-1f in skin. Furthermore, P-PD potenti-
ates the production of TSLP, inflammatory cytokines and
chemokines when exposed together with a TSLP producer
such as MC903. The potentiation of P-PD was observed
when P-PD was applied together with low amount (0.5
nmole) of MC903 at which concentration MC903 itself did
not induce TSLP in mouse ear skin [17]. These suggest that
P-PD toxicity can be aggravated when the skin is sensitized
with other stimulation.

The expression of other inflammatory cytokines except
TSLP was greater in P-PD +MC903 0.5 nmole group than
in MC903 5 nmole alone group. These suggest that there
are other mechanisms besides TSLP for upregulating these
inflammatory cytokines by P-PD +MC903. Kasi et al.
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were normalized with B-actin mRNA levels. Data are shown as the
mean+SEM (n=5-6). *Significantly different from vehicle alone,
p<0.05. n.s. not significant compared to vehicle alone. P-PD, para-
phenylenediamine, MC903 (0.5), MC903 0.5 nmole, MC903 (5)
MC903 5 nmole

showed that P-PD induced intracellular ROS generation
and activated protein tyrosine kinase/Ras/Raf/JNK-depend-
ent signaling pathway in NRK-52E normal rat renal tubular
epithelial cell line [32]. It needs to be further elucidated in
future study whether P-PD activates the intracellular sign-
aling pathways such as protein tyrosine kinase and JNK in
keratinocytes and the activation contributes to the produc-
tion of the inflammatory cytokines in keratinocytes.
Keratinocytes secrete not only TSLP but also IL-25 and
IL-33, which are classified as epithelial cytokines and play
an important role in the pathogenesis of mucosal diseases.
Especially, TSLP elicits a Th2 immune response and pro-
motes the progression to atopic dermatitis by inducing dif-
ferentiation of naive CD4 cells to Th2 cells. Mature Th2
cells produce IL-4, IL-5 and IL-13, which are called Th2
cytokines. In our study, the skin levels of IL-25 and IL-33



Toxicol Res.

were not changed upon P-PD alone while P-PD together with
MC903 showed significant increase of IL-25 in skin suggest-
ing that IL-25 induction by P-PD contributes to the acute
dermatitis symptoms caused by P-PD. In addition, other Th2
immunity factors such as IL-4 and IL-13 did not show any
significant change. These results suggest that 5 days of P-PD
application may not be sufficient to induce Th2 responses
despite of TSLP production.

Collectively, our results demonstrate that repeated topi-
cal application of P-PD increases TSLP production in both
keratinocytes and a mouse model. Repeated topical appli-
cation of P-PD induces the production of inflammatory
cytokines and chemokines resulting in acute dermatitis. The
results suggest that the application of P-PD may cause skin
complication and dermatitis, especially when the skin was
sensitized.
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