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Abstract

Extracellular interleukin 1 alpha (IL-1a) released from keratinocytes is one of the endpoints for in vitro assessments of skin ir-
ritancy. Although cells dying via primary skin irritation undergo apoptosis as well as necrosis, IL-1a is not released in apoptotic
cells. On the other hand, active secretion has been identified in interleukin-1 receptor antagonist (IL-1ra), which was discovered to
be a common, upregulated, differentially-expressed gene in a microarray analysis performed with keratinocytes treated using cy-
totoxic doses of chemicals. This study examined whether and how IL-1ra, particularly extracellularly released IL-1ra, was involved
in chemically-induced keratinocyte cytotoxicity and skin irritation. Primary cultured normal adult skin keratinocytes were treated
with cytotoxic doses of chemicals (hydroquinone, retinoic acid, sodium lauryl sulfate, or urshiol) with or without recombinant IL-1ra
treatment. Mouse skin was administered irritant concentrations of hydroquinone or retinoic acid. IL-1ra (mRNA and/or intracellu-
lar/extracellularly released protein) levels increased in the chemically treated cultured keratinocytes with IL-1o. and IL-13 mRNAs
and in the chemically exposed epidermis of the mouse skin. Recombinant IL-1ra treatment significantly reduced the chemically-
induced apoptotic death and intracellular/extracellularly released IL-1a. and IL-1p in keratinocytes. Collectively, extracellular IL-1ra
released from keratinocytes could be a compensatory mechanism to reduce the chemically-induced keratinocyte apoptosis by
antagonism to IL-1a and IL-1p, suggesting potential applications to predict skin irritation.
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INTRODUCTION tosis as well as necrosis (Kanerva, 1990). In addition, the role
of IL-1a. as a representative marker in skin irritation remains
Skin irritation is a common inflammatory reaction induced disputed, particularly with chronic, repeat exposure to an ir-
by skin contact. In response to chemical contact, resident skin ritant (De Jongh et al., 2006).
cells and infiltrating inflammatory cells synthesize and release A microarray analysis was performed using primary, cul-
cytokines, inflammatory mediators. In fact, cytokine release, tured normal adult skin keratinocytes treated with or without
along with cell viability and cytotoxicity (cell membrane in- chemicals at a concentration of 80% cell survival, and the
tegrity), has been presented as an endpoint for the in vitro results suggest that interleukin-1 receptor antagonist (IL-1ra)
assessment of skin irritancy (Osborne and Perkins, 1991). was a common upregulated differentially expressed gene
Keratinocytes, in particular, play a crucial role in regulating (Supplementary Table 1). IL-1ra, a member of the IL-1 family,
inflammatory reactions of the skin. Interleukin 1 alpha (IL-10.) is the first to be described as an endogenous antagonist that
production and release from epidermal keratinocytes increase inhibits the activities of IL-10. and IL-1p via competitive binding
when an irritant is applied (Coquette et al., 1999), and the ex- to the surface IL-1 receptor (Arend et al., 1998). IL-1ra plays
tracellular release of IL-1a is widely accepted as a predictor a critical role as an anti-inflammatory protein in numerous ex-
of chemical irritancy (Muller-Decker et al., 1994; Corsini and perimental animal models of disease and in human autoim-
Galli, 1998; Perkins et al., 1999; Kidd et al., 2007). However, mune and chronic inflammatory diseases. A loss-of-function
IL-1a is not released in apoptotic cells (Cohen et al., 2010), mutation in IL-1ra allows an unopposed action by IL-1 and
although cells dying by primary skin irritation undergo apop- leads to life-threatening systemic inflammation, particularly in
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the skin and bone (Aksentijevich et al., 2009). Regarding ho-
meostasis, a role could be expected for the anti-inflammatory
cytokine, IL-1ra, in skin irritation. Among four isoforms of IL-
1ra, one secreted (slL-1ra) and three intracellular (iclL-1ra)
(Arend and Guthridge, 2000), the intracellular form of IL-1ra is
produced with IL-1o and IL-1B in keratinocytes. IL-1ra needs
be secreted for competitive inhibition against binding of IL-1a
and IL-1B to cell surface IL-1 receptors (Arend et al., 1998).
Although no secretion of iclL-1ra due to a lack of a secretory
signal peptide has been documented in keratinocytes (Cor-
sini and Galli, 1998), the active secretion of the keratinocyte-
derived iclL-1ra through a leaderless secretion pathway has
been identified (Corradi et al., 1995). Nonetheless, the corre-
lation between IL-1ra expression levels and skin irritation due
to chemicals has been rarely examined (Bernhofer et al.,1999;
Perkins et al., 2001), and its action mechanism is unknown.

Hydroquinone (HQ) and retinoic acid (RA) have not been
classified as irritants. However, skin irritation is one of the most
common adverse reactions to HQ and RA, popular chemicals
that ameliorate hyperpigmentation (Noble and Wagstaff, 1995;
Matsubayashi et al., 2003; Samuel et al., 2005; Stratigos and
Katsambas, 2005). In this study, we examined whether IL-1ra,
particularly extracellularly released IL-1ra, could be involved in
keratinocyte apoptosis and skin irritation due to chemicals, in-
cluding these depigmenting agents. IL-1ra mRNA and/or pro-
tein expression increased time- and/or dose-dependently in
primary cultured normal human keratinocytes and mouse skin
after applying different cytotoxic concentrations of depigment-
ing chemicals (HQ and RA), a representative irritant (SLS),
or a representative sensitizer (urshiol). Recombinant human
IL-1ra (rhiL-1ra) reduced the chemical-induced apoptosis of
keratinocytes with the inhibition of IL-1c. and IL-1( expression,
suggesting the potential applicability of extracellular IL-1ra in
predicting skin irritation.

MATERIALS AND METHODS

Cell culture

Adult skin specimens were obtained from Caesarean sec-
tions and circumcisions to establish cells in culture. For kera-
tinocyte culture, individual epidermal cells were suspended in
EpiLife Medium (Invitrogen, Carlsbad, CA, USA) supplement-
ed with bovine pituitary extract, bovine insulin, hydrocortisone,
human epidermal growth factor and bovine transferrin (Invitro-
gen). The harvested cells were resuspended at 7.5x10* cells/
mL in each culture medium and were seeded at 1.5x10° cells/
well into six-well plates. One day after seeding, appropriate
concentrations of each chemical were added. After two days,
the keratinocyte was harvested and subjected to a cell viability
assay, TUNEL assay, real-time PCR, Western blot analysis,
and ELISA.

Mouse preparation

Eight-week-old female C57BL/6 mice purchased from Ori-
ent Bio (Gyeonggi-do, Korea) were maintained in an uncon-
trolled, conventional air environment in the Laboratory Animal
Facilities at the Dongguk University School of Medicine. The
Dongguk University Institutional Animal Care and Use Com-
mittee (IACUC) approved all described protocols (Protocol
number 20131194). The hair on the backs of the mice was
shaved using an electric shaver, followed by treatment with
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a skin-hair-remover (lldong, Seoul, Korea). One day later, a
patch was applied using a 2 cm-diameter gauze patch, im-
pregnated with the appropriate concentration of each chemi-
cal, on the shaved dorsal skin. These procedures were re-
peated twice for 48 hrs. Chemically-treated full thickness skin
specimens were biopsied and stored at -80°C until use for im-
munohistochemistry.

Chemicals and reagents

For the in vitro studies, HQ (Sigma Aldrich, St. Louis, MO,
USA) and RA (Sigma Aldrich) were prepared as stock solution
using dimethylsulfoxide (DMSO; Sigma Aldrich). SLS (Sigma
Aldrich) was solved in distilled water (DW) to produce a stock
solution. For the in vivo studies, HQ was prepared as 10%
and 20% and RA as 0.1% and 0.5% in a petrolatum base.
Recombinant human interleukin-1 receptor antagonist (rhiL-
1ra; R&D Systems, Minneapolis, MA, USA) was diluted using
phosphate buffered saline (PBS).

Cell viability test

The cell viability was evaluated using the MTT reduction
method. The cells were stained with MTT for 4 hrs. The pre-
cipitated formazan was then dissolved in distilled water (DW),
DMSO, and the optical density was measured at 570 nm with
background subtraction at 630 nm using a spectrophotometer.
The effects that HQ, RA, SLS and urshiol (Sigma, St. Louis,
MO, USA) had on cell growth were calculated from the ratio
of the cell viability relative to that with solvent, DW or DMSO.
The irritant concentrations were determined as the range of
concentrations showing approximately 40-50% and 70-80%
of cell viability ratios in two days, which were 20 and 40 uM in
HQ, 0.5 and 1.5 uM in RA, 8 and 12 uM in SLS, and 1 and 2
uM in urshiol in keratinocyte monocultures.

TUNEL assay

A TUNEL assay was performed to detect apoptotic cells
using the Apo-BrdU TUNEL assay kit (A23210; Invitrogen)
processed following the manufacturer’s instructions. The cells
were fixed in 2% paraformaldehyde and 70% ice-cold ethanol.
The stained cells were then observed under a fluorescence
microscope. To conduct a quantitative analysis of the apopto-
sis, four random fields were photographed from the apoptotic
samples, and the total number of cells was counted.

Real-time PCR

cDNA was synthesized from the total RNA using the First
Strand cDNA Synthesis Kit for RT-PCR (AMV; Boehringer
Mannheim, Germany). The amount of target mRNAs was
quantified via real-time PCR using a Light Cycler real-time
PCR machine (Roche, Penzberg, Germany). The relative
amount of mMRNAs was calculated by the ratio of each tar-
get relative to the amount of glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH). The primer sequences for real-time
PCR were as follows: IL-1a. 5-GGTTGAGTTTAAGCCAATC-
CA-3° (forward) and 5-TGCTGACCTAGGCTTGATGA-3’
(reverse); IL-1p 5-CCGGGACTCACAGCAAAA-3’ (forward)
and 5-GGACATGGAGAACACCACTTG-3' (reverse); IL-
1ra 5-TGGCTTTAGCTGACTTGTATGAAG-3' (forward) and
5-TTGCTGGATTTTCTCCCAGA-3’ (reverse); GAPDH 5'-TC-
CACTGGCGTCTTCACC-3 (forward) and 5-GGCAGAGAT-
GATGACCCTTT-3’ (reverse).
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Fig. 1. Cytotoxic doses of the chemicals increased IL-1ra mRNA expression in a time- and dose-dependent manner in cultured human kera-
tinocytes. A time-course of IL-1ra with IL-1o and IL-13 mRNA levels via real time-PCR in primary cultured normal human keratinocytes treated
with (A) HQ, (B) RA, (C) SLS, or (D) urshiol using two different doses of 70-80% and 40-50% cell survival in MTT assay. Data in the graph
represents mean + SD of absolute values from 3 independent experiments (*p<0.05 vs. solvent-treated control of corresponding time point).

Western blot analysis

Equal amounts of extracted proteins were resolved and
transferred to nitrocellulose membranes. The membranes
were incubated with antibodies to IL-1c, IL-1p (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and IL-1ra, cleaved
caspase-3 (Cell Signaling Technology, Beverly, MA). After
incubating with appropriate anti-mouse or anti-rabbit horse-
radish peroxidase—conjugated antibodies (Thermo Fisher Sci-
entific, Rockford, IL, USA) and enhanced chemiluminescence
solution (Thermo Fisher Scientific), the signals were captured
on an Image Reader (LAS-3000; Fuji Photo Film, Tokyo, Ja-
pan). To monitor the amount of protein loaded in each lane,
the membranes were reprobed with a mouse monoclonal anti-
B-actin antibody (Sigma) and were processed as described
above. The protein bands were then analyzed via densitom-

etry.

ELISA
Supernatant of cultured keratinocytes was collected at all

419

steps of previous experiments. The concentration of human
IL-1ra, IL-1a, and IL-18 in the supernatants was measured us-
ing ELISA kit (R&D Systems) according to the manufacturer’s
instructions.

Immunohistochemistry

For immunofluorescence staining of IL-1ra, fixed depig-
mented and normally pigmented epidermis samples were em-
bedded in paraffin wax and sectioned at 4 mm. After deparaf-
finization and rehydration, the sections were boiled in a 100
mM citrate solution (pH 6.0) for 10 minutes on a hotplate. The
sections were preincubated with 3% bovine serum albumin for
1 hr at room temperature and were then reacted sequentially
with 1:100 anti-IL-1ra antibody for overnight at 4°C and Al-
exa Fluor labeled goat anti-rabbit IgG (488; Molecular Probes,
Eugene, OR, USA) for 1 hr at room temperature. The nuclei
were counterstained with Hoechst 33258 (Sigma Aldrich). The
stained specimens were observed using an image analysis
system (Dp Manager 2.1; Olympus Optical Co., Tokyo, Japan).

www.biomolther.org
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Fig. 2. Cytotoxic doses of chemicals increased both intracellular and extracellular IL-1ra protein expression. (A) Western blot analysis of
iclL-1ra protein expression in cell lysates (B) ELISA of secretory IL-1ra protein in culture supernatants at 48 hrs after treatment with HQ, RA,
or SLS using the same doses as in Fig. 1. Data in the graph represents mean + SD of relative values compared to solvent-treated control
from 3 to 5 independent experiments (*p<0.05 vs. solvent-treated control). (C) Representative immunofluorescence staining using anti-IL-
1ra antibody in mice skin specimens treated with two concentrations inducing mild erythema and definite erythema. Nuclei were counter-

stained with Hoechst 33258 (scale bar=50 um).

Statistical analysis

The statistical significance was assessed using Student’s t
tests, and a p-value of less than 0.05 is considered statistically
significant. All results are presented as means * SD of the
combined data from 3 to 5 independent experiments.

RESULTS

The cytotoxic doses of chemicals increased IL-1ra mRNA
expression in a time- and dose-dependent manner in
cultured human keratinocytes

Cultured normal human keratinocytes were treated with
HQ, RA, SLS, and urshiol with two different doses showing
70-80% and 40-50% cell survival in an MTT assay. Sequen-
tial MRNA levels of IL-1ra were examined with that of IL-1a
and IL-1B for 48 hrs. Real-time PCR showed the absolute
IL-1ra mRNA levels normalized to GAPDH increased a time-
and dose-dependent manner in these chemicals (Fig. 1). The
relative increase in IL-1ra for each chemical compared to the
corresponding solvent were usually higher than that of IL-1a
and IL-1B, although the absolute mRNA levels for IL-1ra were
lower than those of IL-1a and IL-1p. The relative increase was
more consistent in IL-1ra mRNA compared to IL-1a and IL-1(
mRNAs, which was more remarkable in urshiol-treated cells.

Cytotoxic doses of chemicals increased both intracellular
and extracellular IL-1ra protein expression

Based on the results of the mMRNA expression, Western blot
analysis for iclL-1ra protein levels in cell lysates and ELISA for
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extracellularly released IL-1ra protein in culture supernatants
were performed at 48 hrs after treatment of the same cyto-
toxic doses (70-80% and 40-50% cell survival in MTT assay)
of HQ, RA, and SLS. The expression level of iclL-1ra protein
increased dose-dependently (p<0.05; Fig. 2A). The level of re-
leased IL-1ra protein also increased dose-dependently in cul-
ture supernatants (p<0.05; Fig. 2B). In addition, immunofluo-
rescence staining in mice skin specimens, which were treated
with different concentrations of HQ or RA to induce mild and
definite erythema, showed stronger staining intensities of IL-
1rain epidermis including stratum corneum with more irritation
(Fig. 2C).

Recombinant IL-1ra treatment reduced keratinocytes
apoptosis, which were induced by the chemical irritation

The level of IL-1ra proteins, including extracellularly re-
leased protein, increased due to the cytotoxic doses of chemi-
cals in cultured keratinocytes and in mouse skin (Fig. 2). Since
IL-1ra exerts action by binding to cell surface IL-1 receptors,
the effect of rhiL-1ra on the survival of keratinocytes was ex-
amined. A wide concentration range of up to 500 ng/ml of rhiL-
1ra (Conti et al., 1997) did not reduce the number of viable
cells in primary cultured human keratinocytes (Fig. 3A). The
rhiL-1ra increased the number of viable cells, which were re-
duced by cytotoxic doses of chemicals in a dose-dependent
manner (p<0.05; Fig. 3B). On the other hand, number of TU-
NEL positive keratinocytes, which increased with cytotoxic
doses of chemicals, decreased with rhiL-1ra (p<0.05; Fig.
3C). Expression levels of cleaved caspase-3 also decreased
in the presence of rhiL-1ra (p<0.05; Fig. 3D).
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Fig. 3. Recombinant IL-1ra treatment reduced cell apoptosis, which was induced by the chemical irritation. (A, B) MTT assay in keratino-
cytes treated without (A) or with HQ, RA, or SLS (B) of the same doses as in Figure 1 in the presence of absence of different doses of rhiL-
1ra. Data in the graph represents mean + SD of relative values compared to solvent-treated control from 3 to 5 independent experiments
(*p<0.05 vs. solvent-treated control of corresponding chemical concentration). (C) TUNEL assay using Apo-BrdU TUNEL assay kit (green
fluorescence) and (D) Western blot analysis of cleaved csapase-3 in keratinocytes treated with HQ, RA, or SLS using the same doses as
in Fig. 1 in the presence of absence of 500 ng/ml of rhiL-1ra. Nuclei were counter-stained with Hoechst 33258 (scale bar=50 ym). Data in
the graph represents mean + SD of relative values compared to solvent-treated control from 3 independent experiments (*p<0.05 vs. corre-

sponding chemical concentration without rhiL-1ra treatment).

Recombinant IL-1ra reduced chemical irritation-induced
IL-1a and IL-1B expression

IL-1ra inhibits IL-1a and IL-1p activities via competitive inhi-
bition of cell surface IL-1 receptor binding (Arend et al., 1998).
Therefore, the effect of rhiL-1ra on intracellular and extracel-
lularly released IL-1a and IL-1B expression was examined.
A western blot analysis suggested the 500 ng/ml of rhiL-1ra
decreased intracellular levels of IL-1a and IL-1B, which in-
creased with cytotoxic doses of the chemicals (p<0.05; Fig.
4A, 4B). ELISA also showed a decrease in released IL-1a. and
IL-1B with rhiL-1ra (p<0.05; Fig. 4C, 4D).

DISCUSSION

Cytotoxic doses of the chemicals, either a representative
irritant SLS or a representative sensitizer urshiol, increased
IL-1ra mRNA in a dose- and time-dependent manner (Fig. 1A-
1C) in monolayer-cultured keratinocytes. This result suggests
a correlation between IL-1ra production and chemical-induced
keratinocyte cytotoxicity. Although extracellular IL-1o has
been accepted as an indicator of chemical-induced irritancy
(Muller-Decker et al., 1994; Corsini and Galli, 1998; Coquette
et al., 1999; Perkins et al., 1999; Kidd et al., 2007), the time-
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Fig. 4. Recombinant IL-1ra reduced chemical irritation-induced IL-1c. and IL-1f expression. Western blot analysis of (A) IL-1o and (B) IL-
1B in cell lysates and ELISA of (C) IL-1a and (D) IL-1B in culture supernatants at 48 hrs after treatment with HQ, RA, or SLS using the same
doses as in Fig. 1. Data in the graph represents mean + SD of relative values compared to solvent-treated control from 3 independent ex-
periments (*p<0.05 vs. corresponding chemical concentration without rhiL-1ra treatment).

course changes in IL-1a mRNA were less consistent than
those in IL-1ra mRNA (Fig. 1). No significant changes in IL-
1o mRNA levels were particularly clear in urshiol-treated cells
(Fig. 1D), but the reason remains unknown at this moment.
A dose-dependent increase in expression of iclL-1ra protein
and extracellularly released IL-1ra (Fig. 2A, 2B) indicated a
change in IL-1ra protein levels similar to that in the mRNA
levels. The increase in extracellularly released IL-1ra protein
concentration, which requires binding to cell surface receptors
to inhibit IL-1 function, indicated that IL-1ra may be involved in
chemical-induced cytotoxicity to keratinocytes. In addition, the
increased IL-1ra proteins in mice epidermis were proportional
to the irritation intensities (Fig. 2C), showing a correlation be-
tween in vitro and in vivo results. Stronger staining intensities
of IL-1ra in the irritation-induced mice stratum corneum as the
other portion of epidermis (Fig. 2C) may provide a rationale
to determine the IL-1ra cytokine concentration in stratum cor-
neum as an indicator of human skin irritation (Perkins et al.,
2001; De Jongh et al., 2006).

The biological effects of keratinocyte-derived IL-1ra, par-
ticularly on keratinocyte apoptosis or survival, have not been
studied extensively. In this study, the effect of rhiL-1ra on cell
survival was examined based on the opposite correlation be-
tween cell survival and IL-1ra, particularly extracellularly re-
leased IL-1ra in culture supernatants (Fig. 2B). The results of
the MTT assay show that rhiL-1ra attenuated the chemical-
induced keratinocytes death in a dose-dependent manner in
the range of up to 500 ng/ml without effecting any changes in
unstimulated keratinocytes (Fig. 3A, 3B), and this suggests
the role of IL-1ra in protecting keratinocytes from death. In
addition, the result of the TUNEL-positive cell number and
cleaved caspase-3 level, which increased with cytotoxic doses
of chemicals (Fig. 3C, 3D), decreased with rhiL-1ra treatment,
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supporting an inhibitory role of IL-1ra in chemical-induced ke-
ratinocyte apoptosis.

IL-1a,, present intracellularly, has been involved in kera-
tinocyte apoptosis (Cohen et al., 2010; Wang et al., 2011).
The role of IL-18 on keratinocyte apoptosis has been rather
well reported compared to that of IL-1a. (Nistico et al., 2010;
Grimstad et al.,, 2013; Yoshihisa et al., 2014). Considering
that recombinant IL-1ra is supposed to exert action via cell
surface IL-1 receptor binding (Arend et al., 1998), IL-1ra was
expected to be involved in keratinocyte survival via IL-1 an-
tagonism. However, the role of IL-1ra in cell survival by IL-1
antagonism has not been presented for skin keratinocytes,
but in cells residing in different organs damaged by, for ex-
ample, acute pancreatitis, hepatic failure, or ischemic heart
disease (Fink and Norman, 1997; Vecile et al., 2013; Zheng
et al., 2013). In this study, rhiL-1ra decreased IL-1a and IL-1p
expression in cell lysates (Fig. 4A, 4B) as well as in culture
supernatants (Fig. 4C, 4D). The result suggests that extracel-
lular IL-1ra released from keratinocytes could reduce keratino-
cyte apoptosis through the inhibition of both IL-1a and IL-1B
production and release as an endogenous antagonist. Extra-
cellular release of IL-1a, an endpoint of in vitro assessment
for skin irritation (Osborne and Perkins, 1991), is supposed
to occur in necrotic, but not apoptotic, keratinocytes (Cohen
et al., 2010), and it is unclear how IL-1p is secreted from the
cell (Lopez-Castejon and Brough, 2011). Although isoforms of
IL-1ra were not examined in this study, active secretion of the
keratinocyte-derived iclL-1ra suggested that certain portions
of the extracellular IL-1ra could originate from iclL-1ra. Since
apoptotic cell death also develops by primary skin irritation
(Kanerva, 1990), extracellular IL-1ra from keratinocytes may
be a potential biomarker to predict in vitro skin irritation.

In summary, IL-1ra production and release, which were in-



duced by administering cytotoxic doses of chemicals, could
be a compensatory mechanism to reduce chemical-induced
keratinocyte apoptosis through the antagonism of IL-1a. and
IL-1B.
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