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Figwre 2. N-acetylcysteine (NAC) significantly attenuates cell death and adenosine 5'-triphosphate (ATP) and factate dehydrogenase (LDH) release by HalaT
cells exposed to dinitrochiorobenzene (DNCB), 4-nitrobenzylbromide (4-NBB), or diphenylcyclopropenone (DPCP) but does not affect the death or ATP release
of cells exposed to NiCly, 5DS, or factic acid {LA). HaCaT cells cultured in 24-well plates were either pretreated or not with 2.5 mm of NAC for 30 minutes,
followed by exposure to 100 pm of DNCB, 4-NBB, or DPCP, 6 mum of NiCly, 250 pm of SDS, or 34 pm of LA for various time periods. The effects of NAC on cell
death, extracellular ATP (eATP) levels, and LDH activity were assessed 6 hours after culture by propidium iodide (P1) exclusion assay, 9 and 12 hours after culture,
and 12 hours after culture, respectively. The mean eATP or LDH activity of triplicate cultures was calculated for each chemical, and results were normalized to the
data of hapten-exposed HaCaT cells without NAC. Bars represent mean + SD. Significant differences between treatment groups: *P<0.05, **P<0.01,
*#*P<(0.001. Representative data from three independent experiments are shown.

hapten-exposed HaCaT cells. In contrast to its effects on ROS  exposed to 4-NBB, whereas it did not affect the fluorescence
production in HaCaT cells, MnTBAP did not suppress mito-  of cells exposed to DNCB or DPCP (Figure 4b).

chondrial superoxide anion production (Figure 4b). TEMPOL Next, we examined whether ROS is involved in cell death
suppressed the MitoSOX fluorescence intensity of HaCaT cells  or ATP release in HaCaT cells exposed to haptens. Assessment
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Figure 3. HaCal cells treated with haplens generate reactive oxygen species (ROS) and mitochondvial superoxide anion in a dose-dependent manner that are
significantly veduced by MN-acetyleysteine (NAC, (@) HaCaT cells were treated with graded concentrations of haptens, irritants, or H,O, as a positive control for
various time periods. After culture, intracellular ROS were measured using a CM-H,DCFDA probe. The mean fluorescence intensity of triplicate cultures was
calculated for each chemical and expressed as percentage change. The symbols B, A, and @ correspond to the lowest, medium, and highest concentrations,
respectively. Chemicals used and their concentrations were as follows: dinitrochlorobenzene (DNCB), 4-nitrobenzylbromide (4-NBB), and
diphenylcyclopropenone (DPCP)—25, 50, and 100 pam; NiCl,—1.5, 3, and 6 mm; SDS—62.5, 125, and 250 pm; lactic acid (LA)—17 and 34 mm; and HyOp—44,
88, and 176 um. (b) HaCaT cells either pretreated or not with NAC were exposed to haptens, SDS, or M0, for 6 hours. After culture, intracellular ROS were
measured with a CM-H,DCFDA probe. The mean fluorescence intensity of triplicate cultures was calculated for each chemical, and the data were normalized to
the intensity of nontreated HaCaT cells. Bars represent mean * SD. Significant differences between treatment groups: *P<0.05, ***P<0.001. Representative data
from three independent experiments are shown. (c) MitoSOX-preloaded HaCaT cells were either treated or not treated with NAC, followed by exposure to haptens
or Hy0;. The MitoSOX fluorescence was measured using a flow cytometer. The solid, dotted, and ruptured lines and the shaded area of the histograms represent
HaCaT cells treated with hapten alone, hapten + NAC, vehicle control +- NAC, and vehicle control alone, respectively.

of cell death by the Pl exclusion assay showed that TEMPOL,  Inhibition of Panx-1 channels significantly suppresses ATP
MnTBAP, apocynin, and allopurinol could not rescue HaCaT  release from hapten-treated HaCaT celis

cells from cell death after hapten treatment (Supplementary ~ Multiple pathways other than cell lysis are involved in ATP
Figure S1 online). TEMPOL, MnTBAP, and apocynin reduced  release (Lohman et al., 2012). It has been demonstrated that
LDH activity and ATP release from DNCB- and 4-NBB-  ATP release into the extracellular space by dying cells during
exposed HaCaT cells (Figure 4c and d), and TEMPOL  apoptosis depends on the Panx channel (Chekeni et al., 2010).
attenuated LDH activity and ATP release from DPCP-exposed — The release of ATP through Panx hemichannels has also been
HaCaT cells (Supplementary Figure S2 online). reported in the setting of ischemia-induced oxidative stress
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Figure 4. Antiodidants significantly suppress reactive oxygen species (ROS) production by hapten-treated HaCaT cells, and reduce lactate dehydrogenase (L)
activity and adenosine ¥ -triphosphate (ATP) release without decreasing the number of propidium lodide (PD-positive cells. (@) HaCaT cells were either
pretreated or not with antioxidants for 30 minutes, followed by exposure to haptens or H;O,. At 6 hours after culture, intracellular ROS were measured using a CM-
H,DCFDA probe. (b) MitoSOX-preloaded HaCaT cells were pretreated with TEMPOL or MnTBAP for 30 minutes, followed by exposure to haptens for 2 hours. The
MitoSOX fluorescence was measured using a flow cytometer. Mean fluorescence intensity was calculated for each chemical, and the data were normalized to the
intensity of nontreated HaCaT cells. (¢, d) HaCaT cells were either pretreated or not with antioxidants for 30 minutes, followed by exposure to haptens. At 12 hours
after culture, the LDH activity and ATP release in the culture supernatants were measured by colorimetric and luciferase assays, respectively. The mean LDH
activity and ATP release of triplicate cultures were calculated for each chemical, and results were normalized to the data of hapten-treated HaCaT cells without

inhibitors. Bars represent mean £ SD. Significant differences between treatment groups: *P<0.05, **P<0.01, ***P<0.001.

culminating in the cell death of oligodendrocytes (Domercq
et al., 2010). We therefore examined whether CBX, a
nonspecific Panx inhibitor (Suadicani et al,, 2006; Ma et al.,
2009), can suppress ATP release from hapten-treated HaCaT
cells (Figure 5a). Interestingly, CBX significantly decreased
ATP release from hapten-treated but not irritant-treated HaCaT
cells in a dose-dependent manner. Furthermore, CBX sup-
pressed LDH release from DNCB-treated but not 4-NBB- or
DPCP-treated HaCaT cells (data not shown). Evaluation of cell
death by the Pl exclusion assay showed that CBX was unable
to rescue hapten-exposed HaCaT cells from cell death.

To exclude the possibility that CBX reduced levels of
intracellular ATP, thereby decreasing ATP release from hap-
ten-treated cells, we examined the concentration of intracel-
lular ATP in DNCB-exposed HaCaT cells. Results showed that
CBX at concentrations of 7.8 to 31 um increased intracellular
ATP levels and decreased ATP release, whereas CBX at 62 um
slightly decreased the intracellular ATP level and significantly
decreased ATP release (Figure 5b). These findings exclude the
possibility that CBX reduces ATP release by depleting intra-
cellular ATP.

To further examine the role of Panx hemichannels in ATP
release from hapten-treated HaCaT cells, we examined the

1956 journal of Investigative Dermatology (20145, Volume 134

effects of another Panx-1 inhibitor, probenecid (Silverman
et al., 2008), and a Panx-1 mimetic blocking peptide (Pelegrin
and Surprenant, 2006) on ATP release from hapten-
treated HaCaT cells. Probenecid significantly suppressed
ATP release from DNCB- or 4-NBB-treated HaCaT cells, and
Panx1-blocking peptide also significantly inhibited ATP
release from DNCB-treated HaCaT cells (Figure 5c and d).
We also examined the effect of small interfering RNA (siRNA)
against Panx1. Attenuation of Panx1 mRNA expression in
HaCaT cells by Panx1 siRNA significantly suppressed ATP
release from cells exposed to either DNCB or DPCP (Figure 5e
and f).

Inhibition of Panx1 by CBX significantly reduces CHS induced by
DNCB

Finally, to explore the role of Panx1 in the induction of CHS,
we administered CBX by intraperitoneal injection and induced
CHS using DNCB. After challenge with 0.5% DNCB, the ear
swelling of mice pretreated with CBX was significantly
reduced compared with those of saline-injected control mice,
suggesting that CBX attenuated the CHS response (Figure 6). In
contrast, CBX treatment did not affect the ear swelling induced
by 0.5% DNCB without sensitization.
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Figure 3. Carbenoxolone (CBX), probenecid, and a pannexin-1 (Panx1) mimetic blocking peptide suppress adenosine 5-triphosphate (ATP) release from
haplen-treated HaCaT cells. (@) HaCaT cells were either pretreated or not pretreated with graded concentrations of CBX, followed by exposure to haptens for
12 hours. After culture, ATP in the culture supernatants was measured by luciferase assay. (b) The intracellular ATP of HaCaT cells and ATP in the culture
supernatants from the same culture were measured by luciferase assay. HaCaT cells were pretreated with (c) probenecid or a (d) Panx1 mimetic blocking
peptide for 30 minutes, followed by exposure to haptens for 12 hours. After culture, ATP or lactate dehydrogenase (LDH) activity in the culture supernatants was
measured. The mean extracellular ATP (eATP) and LDH activity of triplicate cultures was calculated for each chemical and results were normalized to the
data of hapten-exposed HaCaT cells without inhibitors. Bars represent mean + SD. Significant differences between treatment groups: *P<0.05, **P<0.01,
##P0.001. HaCaT cells were either treated or not with 10nm of Panx1 siRNA or control siRNA in transfection reagent. (e) After 51 hours of culture,

PanxT mRNA expression in each treatment group was measured by quantitative real-time PCR. (f) Cells were subsequently treated with dinitrochlorobenzene
(DNCB) or diphenylcyclopropenone (DPCP) for 12 hours and the recovered supernatants were used to measure eATP. Significant differences between

treatment groups: *P<0.05.

DHSCUSSION

In this study, we demonstrated that the haptens DNCB, 4-
NBB, DPCP, and NiCl,, and the irritants killed keratinocytes
and induced ATP release from keratinocytes with different
time courses. This suggests that the mechanism of hapten-
induced keratinocyte cell death leading to ATP release is
different from that of irritants. Furthermore, keratinocyte cell
death caused by nonmetal haptens DNCB, 4-NBB, and DPCP,
but not cell death caused by the metal hapten NiCl, or by
irritants, was abrogated by NAC. The fact that NAC is a thiol-
containing compound that interferes with thiol redox transi-
tions (Parasassi et al., 2010), and that haptens exhibit a strong
affinity toward thiol groups (Becker et al., 2003), suggests that
nonmetal haptens kill keratinocytes via reactivity to thiol
residues in keratinocytes. In contrast, the mechanism

of cell death induced by NiCl, or irritants was not
dependent on this.

Next, we demonstrated that only nonmetal haptens induced
ROS production by HaCaT cells that was significantly atte-
nuated by NAC treatment. Again, this suggests that thiol
modification by haptens has a crucial role in ROS production.
Apart from NAC, MnTBAP, TEMPOL, and apocynin signifi-
cantly suppressed ROS production by hapten-treated HaCaT
cells. However, the three antioxidants did not decrease cell
death as evaluated by Pl exclusion that suggests that ROS
generated by hapten-treated HaCaT cells does not cause
membrane disruption.

On the other hand, the three antioxidants suppressed ATP
and LDH release from hapten-treated HaCaT cells. We found
that ATP and LDH release from hapten-treated HaCaT cells
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Figure 6. Inhibition of pannexin-1 {Panx1) by carbenoxolone (CBX)
significantly reduces contact hypersensitivity ({CHS) induced by
dinitrochiorohenzene (DNCB). To examine the role of extracellular adenosine
5'-triphosphate (eATP) in sensitization, C57BI/6 mice were given an
intraperitoneal injection of CBX or saline on day 0 and then sensitized with 1%
DNCB (or without sensitization) on days 0, 1, and 2, followed by epicutaneous
application of 20 pul of 0.5% DNCB on the dorsum of both ears on day 4. Ear
measurement was taken on days 4 and 6. The data represent the mean increase
in ear thickness for groups of seven mice  SD. Representative data from three
independent experiments are shown. **P<0.01 (vs. saline control, Student’s
ttest).

was evident 6hours after hapten treatment, whereas they
started to incorporate Pl from 1hour after exposure. As the
molecular weights of LDH and Pl are ~ 140,000 and 688 Da,
respectively, we speculate that considerable time is required
for sufficient membrane disruption to occur that permits the
passage of large molecules. However, molecular size alone
cannot fully explain the delay in ATP release as the molecular
weight of ATP is lower than that of PI.

It has been reported that ischemia-related oxidative stress
culminating in the cell death of oligodendrocytes induced ATP
release through the opening of Panx hemichannels (Domercq
et al, 2010). As Panx1 is ubiquitously expressed in human
tissues including the skin (Baranova et al, 2004), we
hypothesized that ROS produced by hapten-treated HaCaT
cells may open Panx hemichannels. Indeed, Panx inhibitors as
well as Panx1 siRNA significantly attenuated ATP release from
HaCaT cells exposed to DNCB, 4-NBB, or DPCP. In addition,
significant suppression of ATP release by antioxidants in a
dose-dependent manner suggests that ROS production by
hapten-treated HaCaT cells has a role in the opening of
Panx hemichannels. Combined, our findings suggest that
irritants induce ATP release from keratinocytes by disrupting
cell membranes, whereas nonmetal haptens such as DNCB, 4-
NBB, and DPCP induce ATP release from keratinocytes via
ROS-mediated opening of Panx1 channels. Therefore, it is
conceivable that Panx hemichannels have a crucial role in
sensitization, just as eATP and P2X; are essential in the mouse
CHS model (Weber et al, 2010). This is supported by
observation of the attenuated CHS response after CBX
pretreatment in mice.

This study also demonstrated differences in the mechanism
of ATP release among haptens. ATP release from HaCaT cells
treated with the metal hapten NiCl, was independent of thiol
reactivity of NiCl,, whereas nonmetal hapten-induced ATP
release from HaCaT cells was dependent on reactivity to thiol

1958 journal of Investigative Dermatology {2014}, Volume 134

residues and ROS production. It has been reported that Ni can
stimulate human TLR4 (Schmidt et al., 2010) that suggests that
Ni utilizes the TLR4 pathway to activate the innate immune
response instead of generating ROS in allergic sensitization. In
addition, there was quantitative difference in ROS and
superoxide anion production among nonmetal haptens. It is
conceivable that different nonmetal haptens generate ROS by
different mechanisms dependent on their own chemical pro-
perties. Further studies are required to examine the precise
mechanism by which nonmetal haptens generate ROS and/or
superoxide anion and open Panx channels.

In this study, we attempted to determine the source of
ROS in keratinocytes after hapten exposure. Although super-
oxide anion production by mitochondria occurred after
hapten exposure, antioxidants such as TEMPOL and MnTBAP
did not attenuate mitochondrial superoxide anion pro-
duction despite their suppression of ROS production, LDH
activity, and ATP release. This suggests that ROS production
by mitochondria does not have a significant role in ATP
release from hapten-treated keratinocytes, consistent with the
observation by Mehrotra et al. (2005). However, our study
could not determine which cytosolic compartment or enzyme
was responsible for ROS production that led to the release of
ATP. Although Kim et al. (2012) and Esser et al. (2012)
demonstrated ROS production and mitochondrial superoxide
anion production by hapten-treated keratinocytes, neither
group succeeded in identifying the source of ROS produc-
tion that influenced IL-Ta production, ICAM-1 expression, or
induction of hyaluronidase activity.

Our study provides an insight into the mechanism by
which haptens kill keratinocytes and cause a large release of
ATP. These findings provide additional evidence of the
crucial role of keratinocytes in the sensitization of CHS. In
addition, the results of this study suggest that Panxl
may be targeted to protect humans from sensitization by
haptens. The Panx1 inhibitor CBX has already been approved
as a cosmetic ingredient and may be useful as a topical agent
in inflammatory or immune skin diseases by modulating
innate immunity.

MATERIALS AND METHODS

Test chemicals and preparation of chemicals

Four contact sensitizers (DNCB, 4-NBB, NiCl,, and DPCP) and two
irritants (SDS and LA) were used. The following antioxidants were
used in experiments: NAC, allopurinol, MnTBAP, and apocynin. Panx
was inhibited using carbenoxolone disodium salt (CBX), probenecid,
or Panx-1 mimetic blocking peptide. Full details are available in the
Supplementary Methods online.

Keratinocyte culture

HaCaT cells, a gift from Norbert Fusenig in Heidelberg, Germany,
and neonatal foreskin NHEKs purchased from Kurabo (Osaka, Japan)
were used in this study. Full details regarding cell culture are
available in the Supplementary Methods online.

Chemicals exposure of keratinocytes
HaCaT cells or NHEKs were cultured in 24-well plates, washed twice
48 hours later, and incubated with DMEM without phenol red at
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37°C in 10% CO, for 1 hour. Afterwards, they were pretreated with
or without graded concentrations of antioxidants or Panx inhibitors
for 30 minutes, followed by treatment with graded concentrations of
haptens or irritants for various time periods at 37 °C in 10% COs.

Knockdown of Panx1 by stealth siRNA

In some experiments, HaCaT cells were treated with siRNA against
Panx1 as described previously (Hirakawa et al,, 2011), followed by
hapten exposure. Full details are available in the Supplementary
Methods online.

Cell viability

Cell viability was determined by either a Pl exclusion assay using flow
cytometry or LDH release. Full details are available in the
Supplementary Methods online.

Measurement of intracellular ROS

Intracellular ROS were measured fluorometrically using a CM-
H,DCFDA probe (Invitrogen, Grand Island, NY) according to the
manufacturer’s protocol. Full details are available in the Supple-
mentary Methods online.

In vitro detection of mitochondrial superoxide anion
Mitochondrial superoxide anion was detected by MitoSOX RED
(Invitrogen). Full details are available in the Supplementary
Methods online,

Measurement of ATP

The extracellular ATP level was measured with a commercially available
kit (ENLITEN, rluciferase/Luciferin Reagent; Promega, Madison, WI).
Full details are available in the Supplementary Methods online.

Murine model of CHS

Female C57BI/6 mice were sensitized by painting the shaved abdom-
inal skin with 100 pl of 1% DNCB in 4:1 (v/v) acetone/olive oil on days
0, 1, and 2. For elicitation, 20 ul of 0.5% DNCB was applied to the
dorsum of both ears on day 4. To examine the role of eATP in
sensitization; we injected 20mgkg™ " of CBX into the peritoneum on
day 0. Full details are available in the Supplementary Methods online.

Statistical analysis

At least three independent experiments were performed for each
analysis and representative data from one experiment are shown. A
one-way or two-way analysis of variance test was used to evaluate
statistical significance. The P-values of <0.05 were considered
statistically significant.
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