Biometals (2011) 24:875-890
DOI 10.1007/s10534-011-9441-6

Zinc pyrithione impairs zinc homeostasis and upregulates
stress response gene expression in reconstructed human

epidermis

Sarah D. Lamore - Georg T. Wondrak

Received: 1 February 2011/ Accepted: 11 March 2011 /Published online: 22 March 2011

© Springer Science+Business Media, LLC. 2011

Abstract Zinc ion homeostasis plays an important
role in human cutaneous biology where it is involved in
epidermal differentiation and barrier function, inflam-
matory and antimicrobial regulation, and wound
healing. Zinc-based compounds designed for topical
delivery therefore represent an important class of
cutaneous therapeutics. Zinc pyrithione (ZnPT) is an
FDA-approved microbicidal agent used worldwide in
over-the-counter topical antimicrobials, and has also
been examined as an investigational therapeutic
targeting psoriasis and UVB-induced epidermal hyper-
plasia. Recently, we have demonstrated that cultured
primary human skin keratinocytes display an exquisite
sensitivity to nanomolar ZnPT concentrations causing
induction of heat shock response gene expression and
poly(ADP-ribose) polymerase (PARP)-dependent cell
death (Cell Stress Chaperones 15:309-322, 2010).
Here we demonstrate that ZnPT causes rapid accumu-
lation of intracellular zinc in primary keratinocytes as
observed by quantitative fluorescence microscopy and
inductively coupled plasma mass spectrometry (ICP-
MS), and that PARP activation, energy crisis, and
genomic impairment are all antagonized by zinc
chelation. In epidermal reconstructs (EpiDermTM)
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exposed to topical ZnPT (0.1-2% in Vanicream™™),
ICP-MS demonstrated rapid zinc accumulation, and
expression array analysis demonstrated upregulation
of stress response genes encoding metallothionein-2A
(MT2A), heat shock proteins (HSPA6, HSPAIA,
HSPBS5, HSPAIL, DNAJAI, HSPHI, HSPDI,
HSPE]), antioxidants (SOD2, GSTM3, HMOX1), and
the cell cycle inhibitor p21 (CDKNIA). IHC analysis of
ZnPT-treated EpiDerm™ confirmed upregulation of
Hsp70 and TUNEL-positivity. Taken together our data
demonstrate that ZnPT impairs zinc ion homeostasis
and upregulates stress response gene expression in
primary keratinocytes and reconstructed human epi-
dermis, activities that may underlie therapeutic and
toxicological effects of this topical drug.
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Abbreviations

AV AnnexinV

FITC Fluorescein isothiocyanate

DTPA Diethylenetriaminepentaacetic acid

HSP Heat shock protein

ICP-MS Inductively coupled plasma mass
spectrometry

IHC Immunohistochemistry

NHEK Normal human epidermal keratinocyte

OTC Over-the-counter

PAR Poly(ADP-ribose) polymer
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PARP Poly(ADP-ribose) polymerase

PBS Phosphate buffered saline

PI Propidium iodide

SDS-PAGE  Sodium dodecylsulfate polyacrylamide
gel electrophoresis

TPEN N,N,N’,N'-tetrakis(2-
pyridylmethyl)ethylenediamine

TUNEL Terminal dUTP nick end labeling

ZnPT Zinc pyrithione

Introduction

Zinc is an essential trace element with important
cellular functions dependent on its activity as metal-
cofactor of various enzymes and structural compo-
nent of transcription factors and other zinc finger-
containing DNA binding proteins (Murakami and
Hirano 2008; Plum et al. 2010). Zinc ion homeostasis
plays an important role in cutaneous biology where it
modulates epidermal barrier function (Takahashi
et al. 2008), epithelial wound healing and tissue
regeneration (Sharir et al. 2010), and inflammatory
and antimicrobial regulation (Jarrousse et al. 2007).
Zinc-based compounds designed for topical deliv-
ery represent an important class of cutaneous thera-
peutics designed for photoprotective, antimicrobial,
and anti-inflammatory intervention (Guthery et al.
2005; Bae et al. 2010; Beasley and Meyer 2010). Zinc
pyrithione (ZnPT; CAS# 13463-41-7)is a 1:2 complex
between a central zinc atom and the membrane
permeable ionophore pyrithione (N-hydroxy-2-pyridi-
nethione) (Barnett et al. 1977). This FDA-approved
microbicidal agent is used worldwide in over-the-
counter (OTC) topical antimicrobials and cosmetic
consumer products including anti-dandruff shampoos
where typical ZnPT concentrations are in the range of
1-2% (w/v) (Pierard-Franchimont et al. 2002; Bailey
et al. 2003; Guthery et al. 2005). Following topical
application in human skin, epidermal deposition and
retention of the lipophilic metal chelate ZnPT has been
demonstrated (Rutherford and Black 1969; Leyden
et al. 1979). Moreover, percutaneous penetration of
ZnPT has been observed in relevant animal models of
human skin (Okamoto et al. 1967; Howes and Black
1975; Gibson and Calvin 1978; Guthery et al. 2005).
In the context of cutaneous pathology beyond
antimicrobial intervention, ZnPT has been used as an
investigational antipsoriatic drug and has also been
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examined as an experimental therapeutic for topical
treatment of UVB-induced epidermal hyperplasia
(Rowlands and Danby 2000; Cho et al. 2010). Accu-
mulative evidence points towards a significant thera-
peutic potential of ZnPT and related zinc ionophores for
antiviral and anticancer intervention (Magda et al. 2008;
Ding and Lind 2009; Krenn et al. 2009). For example,
systemic ZnPT and ZnPT-derived zinc ionophores
target cancer cells by zinc-dependent induction of cell
death as demonstrated in B cell lymphoma in vitro and
A549 lung cancer in murine xenograft models (Magda
et al. 2008). Recently, we have observed that exposure
of primary human skin keratinocytes and melanocytes
to submicromolar concentrations of ZnPT results in
pronounced upregulation of heat shock response gene
expression at the mRNA and protein level (Lamore et al.
2010a). Moreover, rapid loss of genomic integrity and
induction of energy crisis occurred in response to ZnPT
treatment. Further analysis revealed the causative role of
poly(ADP-ribose) polymerase-1 (PARP-1) activationin
ZnPT-induced ATP depletion and cell death in human
keratinocytes, a finding independently confirmed using
PARP-1 knockout mouse embryonic fibroblasts that
were resistant to ATP depletion and cytotoxicity
resulting from ZnPT exposure (Lamore et al. 2010a).

Given the significant therapeutic and toxicological
potential of topical ZnPT in human skin, we felt that
the molecular activity of ZnPT should be character-
ized further in a relevant model of human epidermis
(Bause et al. 2009). First, using primary epidermal
keratinocytes we demonstrate that ZnPT exposure
causes rapid zinc ion dysregulation, impairment of
genomic integrity, PARP activation, and PARP-
dependent energy crisis in primary human skin
keratinocytes, effects that are all antagonized by zinc
ion chelation. Using reconstructed fully differentiated
human epidermis as an organotypic tissue model we
then provide first experimental evidence that topical
ZnPT exposure at pharmaceutical doses causes
epidermal zinc ion overload with dramatic upregula-
tion of stress response gene expression.

Materials and methods

Chemicals

All chemicals including ZnPT (CAS Number:
13463-41-7) were from Sigma Chemical Co. A stock
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solution of ZnPT (1 mM) was prepared in DMSO. The
PARP inhibitor PJ-34 was from Enzo Life Sciences
Inc. Vanicream™ (FDA-NDC 45334-300-01) was
obtained from Pharmaceutical Specialties, Inc.

General cell culture

Primary normal human epidermal keratinocytes (NHEK;
neonatal HEKn-APF from Cascade Biologics) were
cultured using Epilife medium supplemented with EDGS
growth supplement. Cells were passaged using recombi-
nant trypsin/EDTA and defined trypsin inhibitor and
maintained in a humidified incubator (37°C, 5% CO,).

Epiderm™ skin equivalents: maintenance
and sample preparation

After shipment refrigerated EpiDerm™ inserts (EPI-
200, 9 mm diameter; MaTek, Corp.) were equili-
brated in 6-well format (5% CO,, 37°C, 1 h; 0.9 ml
of EPI-200-ASY media per well) followed by change
of medium. EpiDerm™ tissues were topically treated
by applying ZnPT [0.1-2% (w/w) in Vanicream ",
90 mg total] or Vanicream'™ only (90 mg) and
cultured at 37°C for the indicated amount of time
after which cream was gently removed using a cotton
swab, and the apical side of the tissue was rinsed with
PBS (500 pl, ten times).

The following sample preparation regimens were
applied: (I) For zinc determination by ICP-MS, tissues
were treated with ZnPT [2% (w/w); 3 h exposure
time). After cream removal, tissue was rinsed in PBS
and then dissolved immediately in nitric acid (0.5 ml,
85°C, 3 h) followed by ICP-MS analysis. (II) For
expression array analysis, tissues were treated with
ZnPT [2% (w/w)]. ZnPT exposure time was 24 h (or
1 h exposure time followed by removal of ZnPT and
further incubation for 23 h at 37°C, 5% CO,). The
tissue equivalent was then rinsed in PBS and homog-
enized (300 pl RNeasy lysis buffer). Homogenates
were centrifuged (16,000x g, 10 min) to pellet tissue
debris, and the supernatant was retained for RNA
isolation using the RNeasy kit (Qiagen) according to
the manufacturer’s instructions. (III) For IHC and
TUNEL analysis, tissues were treated with ZnPT [0.1
or 2% (w/w); 24 h exposure time). After cream
removal tissues were fixed in neutral buffered formalin
(10%, 24 h) and then placed in 70% ethanol followed
by paraffin embedment.

Cell death analysis

Viability and induction of cell death (early and late
apoptosis/necrosis) were examined by annexin-V-
FITC/propidium iodide (PI) dual staining of cells
followed by flow cytometric analysis using an apop-
tosis detection kit according to the manufacturer’s
specifications (APO-AF, Sigma) as published previ-
ously (Lamore et al. 2010c).

Cellular ATP assay

Cells were seeded at 5,000 cells/well of an opaque
96-well plate. After 24 h, cells were treated with test
compound. After 6 h ATP content per well was
determined using the CellTiter-Glo luminescent assay
(Promega) according to the manufacturer’s instructions
(Lamore et al. 2010a). Data are normalized to ATP
content in untreated cells and expressed as means &= SD
(n = 3).

Comet assay (alkaline single cell gel
electrophoresis)

The alkaline comet assay was performed on according
to the manufacturer’s instructions (Trevigen) as pub-
lished recently (Wondrak et al. 2003; Cabello et al.
2009b). NHEKSs (100,000) were seeded one day prior to
experimentation. After treatment, cells were suspended
in PBS, mixed 1:10 with low-melting-point agarose and
spread on pretreated microscope slides. After drying,
slides were immersed in icecold lysis solution contain-
ing 10% DMSO and incubated at 4°C for 45 min. To
allow DNA unwinding and expression of alkali-labile
sites, slides were exposed to alkaline buffer (I mM
EDTA, 300 mM NaOH, pH > 13) for 45 min. Electro-
phoresis was conducted in the same alkaline buffer for
20 min at 300 mA. Slides were rinsed in ddH20, fixed
in 70% ethanol and dried at 32°C. Nucleoids were
stained with SYBR® Green and visualized (Olympus
IX70 digital fluorescence microscope; fluorescein filter)
followed by data analysis using the free CASP software
(casplab.com). At least 100 taill moments for each
treatment group were calculated (mean & SEM, n = 3).

Poly(ADP-ribose) (PAR) immunoblot analysis

A recently published method was used (Lamore et al.
2010a). One day before treatment, 1 X 10° cells were
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seeded in a 100 mm dish. After treatment cells were
washed with PBS, lysed in 1x SDS-PAGE sample
buffer, and heated for 3 min at 95°C prior to separation by
4-12% SDS-PAGE (Bio-Rad). After separation, proteins
were transferred electrophoretically to a nitrocellulose
membrane. Equal protein loading was confirmed by
Ponceau S stain (0.1% in 1% acetic acid). After blocking
in 5% milk-TBST, mouse anti-PAR monoclonal anti-
body (Trevigen) was used 1:1000 in 5% milk-TBST
overnight at 4°C. Incubation with HRP-conjugated goat
anti-mouse antibody (Jackson Immunoresearch Labora-
tories) at 1:20,000 dilution was then followed by
visualization using enhanced chemiluminescence
reagents.

Zinquin fluorescence

Zinquin ethyl ester (Sigma) was used as a probe for
intracellular free Zn*>" according to a published proce-
dure (Pirev et al. 2008). NHEKSs (10,000) were seeded
on microcover glasses (VWR) one day prior to exper-
imentation. After rinsing with PBS, Zinquin ethyl ester
(10 M in PBS; Alexis) was added followed by
incubation in the dark (20 min, 37°C, 5% CQO,). After
exchange of PBS cells were then exposed to ZnPT for
the indicated time, and rinsed coverslips were then
mounted onto slides with glycerol. Formation of
Zinquin—Zn>" complexes was monitored by fluores-
cence microscopy (Olympus IX70 equipped with a
359/461 nm (Aex//em) filter. Quantitative image analysis
was performed using Image J software (rsbweb.nih.gov/ij).

Quantitative total zinc analysis of NHEKs
and EpiDerm™ tissue by inductively-coupled
plasma mass spectrometry (ICP-MS)

Published ICP-MS protocols detecting total intracel-
lular zinc were adapted as follows (Kondo et al. 2002;
Rudolf and Cervinka 2010): After treatment, NHEKs
(1 x 106) or EpiDermTM tissue were rinsed with PBS
and dried, followed by dissolution in concentrated
nitric acid (0.5 ml, 85°C, 3 h). Solutions were ana-
lyzed using an ELAN DRC-II ICP-MS (Perkin Elmer).
Instrument parameters were as follows: RF power:
1450 W; dwell time: 50 ms; sweeps per replicate: 40;
number of replicates: 3; acquisition mode: peak
hopping; argon flow rate (I/min): nebulizer flow
(0.95); coolant (15); auxiliary (1.3). Calibration stan-
dards were prepared from multi-element stock
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solutions purchased from AccuStandard. The stocks
were diluted in 1% nitric acid to provide a working
calibration curve of at least 5 points. Samples were also
diluted with 1% nitric acid until their response was
determined to be within the calibration range. Internal
standards (Rh) were added to both standards and
samples prior to analysis.

Human stress and toxicity pathwayfinder ™ RT?
profiler™ PCR expression array

After pharmacological exposure, total cellular RNA
from EpiDerm™ was prepared using the RNeasy kit
(Qiagen) according to the manufacturer’s instruc-
tions. Reverse transcription was performed using the
RT? First Strand kit (SA Biosciences) and 1 g total
RNA. The Human Stress and Toxicity PathwayFind-
er™ RT? Profiler™ PCR Expression Array (Super-
Array) profiling the expression of 84 stress- and
toxicity-related genes was run as published recently
(Lamore et al. 2010a, b), using the following PCR
conditions: 95°C for 10 min, followed by 40 cycles
of 95°C for 15 s alternating with 60°C for 1 min
(Applied Biosystems 7000 SDS). Gene-specific prod-
uct was normalized to GAPDH and quantified using
the comparative (AAC;) Ct method as described in
the ABI Prism 7000 sequence detection system user
guide. Expression values were averaged across three
independent array experiments, and standard devia-
tion was calculated for graphing.

Immunohistochemical detection of heat shock
protein 70 (Hsp70)

Tissue sections (3 um) from formalin fixed, paraffin
embedded EpiDerm™ reconstructs were processed for
standard hematoxylin and eosin (H&E) staining and
Hsp70-immunohistochemistry. Immunohistochemistry
was performed using the Discovery XT automated
staining platform (VMSI, Ventana Medical Systems).
All steps were performed using VMSI validated reagents,
including deparaffinization, cell conditioning (antigen
retrieval with a borate-EDTA buffer), primary antibody
staining, detection and amplification using a biotinylated-
streptavidin-HRP and DAB (3,3’-diaminobenzidine tetr-
ahydrochloride) system, and hematoxylin counterstain-
ing. Hsp70 was detected using a murine primary
monoclonal antibody (Assay Designs, C92F3A-5; dilu-
tion: 1:100) followed by an anti-mouse biotinylated
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secondary antibody. Images were captured using an
Olympus BX50 microscope equipped with an Olympus
Dp72 camera and CellSense Digital Image software.
Images were standardized for light intensity.

In situ-Terminal dUTP Nick End Labeling
(TUNEL) Assay

Tissue sections (3 um) from formalin fixed, paraffin
embedded EpiDerm™ reconstructs were collected
onto slides, deparrafinized, rehydrated, and analyzed
for DNA fragments using the DermaTACS™ in situ
terminal deoxynucleotidyltransferase (TdT) kit (Trev-
igen) according to the manufacturer’s instructions.
Sections were treated with proteinase K and then
incubated with TdT enzyme and brominated dNTP
mixture (37°C, 30 min). Afterwards, samples were
labeled with biotinylated anti-BrdU antibody (37°C,
30 min), followed by streptavidin-conjugated HRP
and incubation with TACS Blue Label ™ substrate and
Red Counterstain C. Slides were dehydrated, clarified
(ethanol, p-xylene), and mounted for viewing. Images
were captured using an Olympus BX50 with an
Olympus Dp72 camera and CellSense Digital Image
software. The number of TUNEL-positive cells per
viewing field (200 x) was counted in six random fields,
and percentage TUNEL positive cells was calculated.

Statistical analysis

Data were analyzed employing analysis of variance
(ANOVA) with Tukey’s post hoc test using the Prism
4.0 software. Unless indicated differently the results
are presented as means (£SD) of at least three
independent experiments where means with common
letter differ (P < 0.05). Selected data (Fig. 4c, e)
were analyzed using the two-sided Student’s 7 test
(*P < 0.05; **P < 0.01; ***P < 0.001).

Results

Zinc chelation antagonizes ZnPT-induced
impairment of genomic integrity, PARP
activation, PARP-dependent ATP depletion,

and cell death in human epidermal keratinocytes

Recently, we have demonstrated that cultured primary
human skin keratinocytes display an exquisite

vulnerability to nanomolar concentrations of ZnPT
causing rapid loss of genomic integrity with activation
of poly(ADP-ribose) polymerase (PARP) and caspase-
independent cell death (Lamore et al. 2010a).

In an attempt to further substantiate the role of
intracellular zinc dysregulation in ZnPT effects on
keratinocytes we first examined ZnPT-cytotoxicity
and its potential antagonism by zinc chelation using
flow cytometric analysis of annexinV/propidium
iodide (AV/P]) stained cells (Fig. 1). A dose response
(100-1000 nM ZnPT, 24 h) analysis indicated that
induction of cell death required a threshold concen-
tration of approximately 500 nM, and less than 10%
viable cells were detected after 24 h exposure to
concentrations as low as 1000 nM (Fig. 1). In
contrast, cotreatment with diethylenetriaminepentaa-
cetic acid (DTPA), a cell impermeable zinc chelator
(Mackenzie et al. 2002; Yui et al. 2002; Hashemi
et al. 2007), completely protected from ZnPT-
induced cell death, and negligible cytotoxicity was
observed upon exposure to ZnSO, (25 uM; Fig. 1).

Next, the integrity of cellular DNA in NHEKSs
treated with ZnPT (500 nM, 1 h exposure time) in the
presence or absence of DTPA was examined using
alkaline single cell gel electrophoresis (comet assay) as
a sensitive genotoxicity assay (Fig. 2a). As a positive
control, cells were exposed to H,O,, an established
genotoxic agent. In agreement with our data published
earlier (Lamore et al. 2010a), exposure to ZnPT
significantly impaired NHEK genomic integrity within
1 h exposure time as evident from formation of nuclear
comets with average tail moments that were increased
approximately fivefold over untreated controls
(Fig. 2a). In contrast, DTPA cotreatment completely
suppressed ZnPT-dependent increase in average tail
moment, and no comet formation was observed as a
result of exposure to ZnSQOy,.

Next, we examined the possibility that DTPA
treatment may antagonize ZnPT-induced activation
of PARP-1. Indeed, DTPA-suppression of ZnPT-
induced activation of PARP activity was confirmed
by immunodetection of poly(ADP-ribose) polymer
(PAR)-modified cellular proteins (Fig. 2b). Consis-
tent with earlier observations (Lamore et al. 2010a),
pronounced PAR-formation was observed in NHEKs
exposed to ZnPT (5 uM, 15 min), a molecular event
strongly suppressed upon coadministration of DTPA.
In contrast, negligible PAR formation was detected as
a result of exposure to ZnSO,; (50 uM, 15 min
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Fig. 1 DTPA-antagonism of ZnPT-induced cell death in
human skin keratinocytes. Cells were exposed to ZnSO,
(25 puM) or ZnPT (0.1-1 puM, 24 h) in the presence or absence
of DTPA (60 pM) or left untreated (control), and viability was
assessed by flow cytometric analysis of AV-FITC/PI-stained

exposure), and ZnPT-induced PAR-formation was
blocked by cotreatment with the PARP-1 inhibitor
PJ34. However, pharmacological PARP inhibition
using PJ34 did not suppress the ZnPT-induced
increase in average tail moment shown above
(Fig. 2a), consistent with activation of PARP-1
occurring downstream of early impairment of geno-
mic integrity.

It is well established that PARP activation in
response to genotoxic stress leads to rapid cellular
NAD and ATP depletion (Ethier et al. 2007; Kehe
et al. 2008), and our earlier research has demon-
strated that early cellular energy crisis occurs in
response to ZnPT-induced PARP activation (Lamore
et al. 2010a). Indeed, ATP-depletion in response to
ZnPT exposure was blocked by cotreatment with
PJ34, and was also suppressed in the presence of
DTPA or TPEN, an intracellular zinc-antagonist
(Fig. 2c) (Hwang et al. 2010; Gurusamy et al. 2011).

Taken together these data strongly suggest a
causative involvement of intracellular zinc dysregu-
lation in ZnPT-induced genomic destabilization,
PARP-1 activation, PARP-1 dependent induction of
energy crisis, and loss of keratinocyte viability.

ZnPT induces rapid zinc overload in primary skin
keratinocytes and reconstructed human epidermis

To further substantiate the role of intracellular zinc
dysregulation in ZnPT-induced impairment of NHEK
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cells. a Representative flow cytometric scatter blots: control,
ZnPT (1 pM), ZnPT (1 uM) with DTPA (60 uM), ZnSO,
(25 pM). b Quantitative analysis indicating percent viable cells
(AV™, PI", lower left quadrant) of total gated -cells
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viability and function, we assessed the accumulation of
free intracellular zinc ions in response to ZnPT
exposure using Zinquin-based fluorimetric analysis
and total zinc ion quantification by ICP-MS (Fig. 3).
Quantitative analysis of Zinquin fluorescence revealed
a rapid increase in intracellular free zinc concentra-
tions by 2.5 fold in response to ZnPT treatment (1 pM,
5 min exposure), and elevated levels were maintained
over the one hour observation period (Fig. 3a). Further
dose-response analysis indicated that at higher con-
centrations (5 puM) ZnPT caused an almost 3 fold
upregulation within 5 min exposure (Fig. 3b). In order
to independently confirm these data using an alterna-
tive analytical methodology and to avoid potential
inaccuracies associated with a non-linear dose
response relationship of zinquin fluorescence we then
determined total cellular zinc content by ICP-MS
analysis (Fig. 3c). Consistent with the fluorescence
data ZnPT exposure (1 pM, 1 h) caused a significant
rise in total zinc content of NHEKs that reached a
maximum of 207.1 £ 7.1 ng per 10° cells, an approx-
imately twofold increase over untreated control cells.
In addition, ICP-MS analysis indicated a significant
elevation of intracellular zinc levels by almost 50% in
response to submicromolar (500 nM) concentrations
of ZnPT. Importantly, no increase in intracellular zinc
levels in response to ZnSO,4 exposure was detected,
even at a 50-fold molar excess (50 pM) over ZnPT.
Next, we tested the possibility that topical exposure
of human skin to ZnPT would induce a rapid increase in



Biometals (2011) 24:875-890

881

A
80 c
T
gm
b
O 60 T b
£
= 50
8
© 40
o
S 30
o
>
© 20
a a a
10
- - - - - DTPA
- - = + - - PpPJ34
- 4+ + % - - zZnPT
- - - - % - znso,
- - - - - H;0,
B par Czs
=
| =
to
L0
T
38
o 3
=]
<c
=3
;"‘?\.
- + 4 + = ZnPT[5uM] =
- = = = 4 ZnsSO,[50uM]
- - + - - DpTPA
- - - + - Py

Fig. 2 DTPA-antagonism of ZnPT-induced impairment of
genomic integrity, PARP activation, and energy crisis in
human skin keratinocytes. a NHEKs were exposed to ZnSO,
(1 pM) or ZnPT (1 pM; 1 h) in the presence or absence of
DTPA (60 uM) or PJ34 (2 pM), and DNA damage was
detected using the alkaline comet assay. As a positive control,
cells were exposed to H,O, (100 uM, 30 min). Representative
comets as visualized by fluorescence microscopy are displayed.
b Formation of poly(ADP-ribose) polymer (PAR)-modified

epidermal zinc content. To this end, quantitative ICP-
MS assessment of zinc accumulation in response to
topical ZnPT exposure was performed in human
reconstructed epidermis (EpiDerm™), an established
organotypic model of full differentiated human epi-
dermis (Fig. 4a—c) (Kandarova et al. 2005; Bause et al.
2009). EpiDerm™ tissues were topically exposed to
ZnPT [2% (w/w) in Vanicream™, 90 mg total; 3 h;
Fig. 4a] or Vanicream™ followed by ICP-MS
(Fig. 4c). An almost five fold increase in EpiDermal
zinc ion content [ZnPT-Vanicream™: 348.2 + 34.0

control

.

ZnPT + DTPA
-e

80

[T -
o o o

o

- ZnPT[1puM]
ZnS0, [50 uM]

N L
' B

cellular proteins as detected by immunoblotting of cellular
extracts obtained from NHEKs exposed to ZnPT (5 puM;
15 min) in the absence or presence of DTPA (60 uM) or PJ-34
(2 puM). In addition, cells exposed to ZnSO4 (50 M, 15 min)
or left untreated were analyzed. ¢ Cellular ATP depletion in
NHEKs exposed to ZnPT (1 pM, 6 h) in the absence or
presence of zinc chelators (DTPA, 60 uM; TPEN, 10 uM) or
PJ-34 (2 uM). In addition, cells exposed to ZnSO, (50 puM,
6 h) or left untreated were analyzed; (mean + SD, n = 3)

versus Vanicream ™ control: 72.2 + 5.1 (ng Zn/tissue
reconstruct; mean = SD; P < 0.01)] was measured in
response to ZnPT topical application. In contrast, no
statistically significant elevation of epidermal zinc
content was observed following a control procedure
where ICP-MS analysis was performed after the ZnPT-
Vanicream preparation was topically applied followed
by immediate removal and extensive rinsing (data not
shown). This excludes artifactual ICP-MS detection of
cutaneous zinc originating from residual ZnPT cream
not removed during rinsing.
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Fig. 3 Rapid induction of
zinc dysregulation in ZnPT-
treated in human skin
keratinocytes. a Time
course of increase in
intracellular free zinc
induced by ZnPT (1 pM) as
detected by Zinquin
fluorescence with
representative fluorescence
microscopy pictures: panel
I: control; panel II: ZnPT
(5 min); panel III: ZnPT
(60 min). Quantitative
analysis was performed as
specified in “Materials and
methods” (mean + SD).

b Dose-response analysis of
ZnPT-induced changes in
Zinquin-fluorescence
(0.1-5 puM; 5 min
exposure). ¢ Total cellular
zinc content as analyzed by
ICP-MS after ZnPT (0.5
and 1 uM, 1 h) and ZnSO,4
(50 uM, 1 h) exposure
(mean 4 SD; n = 3)
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Gene array and IHC analyses demonstrate
an upregulated stress response in reconstructed
human epidermis exposed to topical ZnPT

Next, modulation of stress response gene expression
was examined in reconstructed human epidermis
exposed to topical ZnPT. To this end, EpiDerm™
tissue equivalents were first treated with a ZnPT-
Vanicream™ formulation (2%, 24 h continuous expo-
sure) shown to be effective in elevating tissue zinc ion
content (Fig. 4c) and then subjected to expression
profiling using the RT?> Human Stress and Toxicity
Pathway Finder™ PCR Expression Array technology
(Fig. 4d; Table 1a) (Cabello et al. 2009a; Lamore et al.
2010a, b). After 24 h continuous exposure of recon-
structed epidermis to topical ZnPT, expression of the
metallothionein encoding gene MT72A was dramati-
cally upregulated by approximately 500-fold over
Vanicream only-treated control, a finding consistent
with cellular zinc ion overload and induction of a metal
stress response (Andrews 2001; Plum et al. 2010).
Indicative of a massive ZnPT-induced cellular heat
shock response, numerous genes encoding heat
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shock-related proteins (including HSPA6, HSPHI,
HSPAIA, HSPEI, DNAJB4, HSPDI, DNAJAI,
HSPAIL, HSP90AAI, HSP90ABI, HSPA8, HMOXI,
HSPA4, HSPAS, and HSF1, the gene encoding the
transcriptional regulator heat shock factor 1) were
significantly upregulated at the mRNA level. More-
over, ZnPT-induced expression changes in Epi-
Derm™ involved upregulation of genes controlling
inflammatory and irritation-response signaling (TNF,
NFKBI1, LTA, GDF15, ANXAS), xenobiotic metab-
olism (CYPIAI, EPHX2, FMOI, FMOS5, GSTM3),
and oxidative stress response and redox signaling
(SOD2, NOS2A, HMOXI, SODI, GSR, GPXI,
PRDXI). Importantly, ZnPT-induced upregulation
also involved genes with major roles in genotoxic
stress response, DNA repair, and cell cycle progres-
sion (UNG, CDKNI1A, DDIT3, MDM2, TP53,
CHEK?2, GADD45A, RAD50, DDB1, RAD23A).

A similar yet somewhat attenuated epidermal gene
expression profile was observed when an alternative
exposure regimen was followed where gene expression
changes were assessed in response to short-term
exposure to topical ZnPT-Vanicream preparation
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Fig. 4 ICP-MS and gene expression array analysis of ZnPT-
treated human reconstructed epidermis (EpiDermTM). a Human
reconstructed epidermis (EpiDerm™; 9 mm insert diameter)
was treated topically and maintained in 6 well format. b H&E
stained cross-section of formalin-fixed and paraffin-embedded
terminally differentiated EpiDermTM (SC stratum corneum,
E viable epidermal keratinocytes). ¢ ICP-MS analysis of zinc
accumulation in EpiDermTM in response to topical treatment
{ZnPT [2% (w/w) in Vanicream™, 90 mg total] or Vani-
cream™ only; 3 h exposure time; mean + SD}. d RT? Human
Stress and Toxicity Pathway Finder™ PCR Expression Array
analysis of differential gene expression in EpiDerm™ exposed
to ZnPT [2% (w/w) in Vanicream™, 90 mg total; 24 h

(2%, 1 h exposure time followed by rinse and 23 h
postexposure incubation). Among various heat shock
protein encoding genes upregulated by short term
exposure to ZnPT, HSPA6 again displayed the most

exposure) or Vanicream™ only. Changes in cycle threshold
(Ct) for genes of interest relative to GAPDH for vehicle control
(x-axis) versus ZnPT-treated (y-axis) EpiDerm™ are displayed
as scatter blot. Upper and lower lines represent the cut-off
indicating four fold up- or down-regulated expression, respec-
tively. The arrows specify the genes with statistically
significant upregulation greater than ten-fold (n=3; P <
0.05). ZnPT-induced up- or downregulation of expression by at
least twofold is summarized in Table 1. e Comparison of
selected gene expression changes observed in ZnPT-exposed
cultured NHEKs [500 nM, 24 h; values taken from Lamore
et al. (2010a)] versus ZnPT-exposed EpiDerm™ (as specified
in panel d)

pronounced expression differential (173-fold upregu-
lation), and massive induction of MT2A gene expres-
sion (150-fold wupregulation) was observed.
Interestingly, short term ZnPT exposure was not
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Table 1 Quantitative analysis of gene expression changes in EpiDerm™ exposed to topical ZnPT-treatment

Gene symbol Gene name Fold change P value
(a)

MT2A (NM_005953) Metallothionein 2a 499.4 0.000
HSPA6 (NM_002155) Heat shock 70 kDa protein 6 (HSP70B’) 3524 0.000
TNF (NM_000594) Tumor necrosis factor 90.8 0.001
HSPH1 (NM_006644) Heat shock 105 kDa/110 kDa protein 1 72.6 0.002
HSPA1A (NM_005345) Heat shock 70 kDa protein 1A 69.3 0.000
HSPE1 (NM_002157) Heat shock 10 kDa protein 1 (chaperonin 10) 46.3 0.002
DNAJB4 (NM_007034) DnalJ (Hsp40) homolog, subfamily B, member 4 41.3 0.001
SOD2 (NM_000636) Superoxide dismutase 2, mitochondrial 35.0 0.000
EPHX2 (NM_001979) Microsomal epoxide hydrolase 227 0.010
NOS2A (NM_000625) Nitric oxide synthase 2, inducible 19.5 0.007
HSPD1 (NM_002156) Heat shock 60 kDa protein 1 (chaperonin) 18.1 0.006
NFKB1 (NM_003998) Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 17.5 0.001
DNAJA1 (NM_001539) DnalJ (Hsp40) homolog, subfamily A, member 1 12.1 0.002
HSPAIL (NM_005527) Heat shock 70 kDa protein 1-like 12.0 0.008
HSP90AA1 (NM_005348) Heat shock protein 90 kDa alpha (cytosolic), class A member 1 11.6 0.011
FMO1 (NM_002021) Flavin containing monooxygenase 1 10.9 0.007
GSTM3 (NM_000849) Glutathione S-transferase mu 3 (brain) 10.8 0.001
CYP1A1 (NM_000499) Cytochrome P450, family 1, subfamily A, polypeptide 1 8.4 0.032
LTA (NM_000595) Lymphotoxin alpha (TNF superfamily, member 1) 8.4 0.032
HSP90AB1 (NM_007355) Heat shock protein 90 kDa alpha (cytosolic), class B member 1 7.3 0.002
GDF15 (NM_004864) Growth differentiation factor 15 7.2 0.027
HMOX1 (NM_002133) Heme oxygenase (decycling) 1 6.6 0.001
HSPA8 (NM_006597) Heat shock 70 kDa protein 8 6.4 0.005
ANXAS (NM_001154) Annexin A5 6.2 0.001
GSR (NM_000637) Glutathione reductase 5.8 0.034
CDKNIA (NM_000389) Cyclin-dependent kinase inhibitor 1A (p21, Cipl) 5.6 0.010
DDIT3 (NM_004083) DNA-damage-inducible transcript 3 5.3 0.002
MDM2 (NM_002392) Mdm?2 p53 binding protein homolog (mouse) 4.9 0.009
CASP1 (NM_033292) Caspase 1, apoptosis-related cysteine peptidase 4.8 0.018

(interleukin 1, beta, convertase)

HSPA4 (NM_002154) Heat shock 70 kDa protein 4 4.4 0.005
TP53 (NM_000546) Tumor protein p53 4.1 0.028
CASP8 (NM_001228) Caspase 8, apoptosis-related cysteine peptidase 39 0.001
CHEK2 (NM_007194) CHK?2 checkpoint homolog (S. pombe) 3.5 0.004
GADD45A (NM_001924) Growth arrest and DNA-damage-inducible, alpha 35 0.045
UNG (NM_003362) Uracil-DNA glycosylase 34 0.032
SOD1 (NM_000454) Superoxide dismutase 1, soluble 3.4 0.036
RADS50 (NM_005732) RADS50 homolog (S. cerevisiae) 32 0.032
BAX (NM_004324) BCL2-associated X protein 3.2 0.022
DDB1 (NM_001923) Damage-specific DNA binding protein 1, 127 kDa 3.1 0.049
PRDX1 (NM_002574) Peroxiredoxin 1 2.9 0.022
FMOS5 (NM_001461) Flavin containing monooxygenase 5 2.8 0.004
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Table 1 continued
Gene symbol Gene name Fold change P value
HSF1 (NM_005526) Heat shock transcription factor 1 2.4 0.011
HSPAS (NM_005347) Heat shock 70 kDa protein 5 (glucose-regulated protein, 78 kDa) 2.3 0.045
GPX1 (NM_000581) Glutathione peroxidase 1 2.2 0.016
RAD23A (NM_005053) RAD23 homolog A (S. cerevisiae) 2.0 0.035
SERPINE1 (NM_000602) Serpin peptidase inhibitor, clade E (nexin, plasminogen activator —24 0.014
inhibitor type 1), member 1
IGFBP6 (NM_002178) Insulin-like growth factor binding protein 6 —-3.7 0.029
BCL2L1 (NM_138578) BCL2-like 1 —-3.8 0.017
(b)
HSPA6 (NM_002155) Heat shock 70 kDa protein 6 (HSP70B’) 173.0 0.004
MT2A (NM_005953) Metallothionein 2a 150.2 0.0003
HSPATA (NM_005345) Heat shock 70 kDa protein 1A 17.9 0.008
DNAJB4 (NM_007034) DnaJ (Hsp40) homolog, subfamily B, member 4 17.4 0.020
LTA (NM_000595) Lymphotoxin alpha (TNF superfamily, member 1) 10.1 0.012
HMOX1 (NM_002133) Heme oxygenase (decycling) 1 9.6 0.011
HSPH1 (NM_006644) Heat shock 105 kDa/110 kDa protein 1 9.6 0.033
CYP7A1 (NM_000780) Cytochrome P450, family 7, subfamily A, polypeptide 1 7.4 0.006
HSP90AA1 (NM_005348) Heat shock protein 90 kDa alpha (cytosolic), class A member 1 5.4 0.010
HSPAI1L (NM_005527) Heat shock 70 kDa protein 1-like 5.0 0.030
HSPD1 (NM_002156) Heat shock 60 kDa protein 1 (chaperonin) 3.7 0.028
HSP90AB1 (NM_007355) Heat shock protein 90 kDa alpha (cytosolic), class B member 1 2.4 0.035
NFKBIA (NM_020529) Nuclear factor of kappa light polypeptide gene enhancer in B-cells 22 0.0147
inhibitor, alpha
POR (NM_000941) P450 (cytochrome) oxidoreductase —2.7 0.0146
CCNG1 (NM_004060) Cyclin G1 —2.878 0.0134
PTGS1 (NM_000962) Prostaglandin-endoperoxide synthase 1 (prostaglandin G/H synthase and —4.4 0.018
cyclooxygenase)
FMOS5 (NM_001461) Flavin containing monooxygenase 5 —-4.9 0.027

RT? Human Stress and Toxicity Pathway Finder™ PCR Expression Array analysis was performed as depicted in Fig. 4D (n = 3;
P < 0.05). (a) Numerical gene expression changes induced by topical ZnPT-treatment (24 h continuous exposure; 2% (w/w) in
Vanicream™, 90 mg total). (b) Numerical gene expression changes induced by topical ZnPT-treatment (1 h continuous exposure
followed by removal and subsequent 23 h incubation period; 2% (w/w) in Vanicream™, 90 mg total)

associated with transcriptional activation of DNA
damage response gene expression, suggesting that
ZnPT-associated impairment of epidermal genomic
integrity only occurs under conditions of prolonged
exposure.

These findings are consistent with earlier results
indicating upregulation of gene expression in primary
keratinocytes exposed to nanomolar concentrations of
ZnPT (Lamore et al. 2010a). When comparing fold-
induction of mRNA levels between ZnPT exposed
NHEKSs and EpiDerm™ (Fig. 4e), a consistent pattern
of heat shock response gene (HSPAIA, HSPAG,

HMOX]I) upregulation was observed. Remarkably,
upregulation of MT2A and TNF was dramatically
increased in ZnPT treated EpiDerm™™ over NHEKSs
(MT2A: 499.4 + 44.9 versus 5.7 &+ 2.0 fold upregu-
lation; TNF: 90.8 £ 29.3 versus 2.2 & 0.7 fold upreg-
ulation; mean & SD, n = 3). A differential extent of
ZnPT-induced upregulation of MT72A and TNF in
EpiDerm™ over cultured NHEKs may be related to
molecular changes associated with terminal differen-
tiation that only occurs in the organotypic model.
Indeed, it has been shown earlier that stress gene
expression and signaling is altered in human skin
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control

ZnPT
[2.0 %]

Fig. 5 Immunohistochemical assessment of Hsp70 induction
and TUNEL positivity in EpiDerm™ exposed to topical ZnPT.
a EpiDerm™ was exposed to topical ZnPT (24 h continuous
exposure; 0.1 and 2% (w/w) in Vanicream™, 90 mg total) or
Vanicream control only (n = 3 per treatment group). Parafor-
maldehyde-fixed, paraffin-embedded 3 um sections were then
analyzed using Hsp70-IHC with hematoxylin counterstaining

reconstructs compared to cultured skin cells (Sun et al.
2004).

Next, IHC tissue analysis of EpiDerm'™ recon-
structs after topical exposure to ZnPT was used to
examine heat shock protein expression at the protein
level (Fig. 5a). Indeed, massive upregulation of cellu-
lar Hsp70 protein levels was observed in reconstructs
that were exposed to topical ZnPT-Vanicream prepa-
ration (2%, 24 h), a finding already suggested by gene
expression array analysis that indicated upregulation of
genes encoding numerous members of the Hsp70
protein family (Table 1a). Vanicream treated control
reconstructs did not stain positive for Hsp70, and a
moderate upregulation of Hsp70 IHC staining was
already observed in reconstructs exposed to a topical
preparation containing considerably less ZnPT (0.1%,
24 h; Fig. 5a). Interestingly, Hsp70 upregulation in
response to 2% ZnPT was most pronounced in
keratinocytes residing in the basal layer of the recon-
struct, consistent with an increased stress response in
rapidly dividing cells that might not occur during later
stages of terminal EpiDermal differentiation.

Our earlier published data demonstrated rapid
induction of genotoxic stress associated with PARP
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(left column). Alternatively, TUNEL-IHC was performed on
duplicate tissue sections (right column). Per tissue section at
least three high power fields were acquired; one representative
photograph is shown (inset: 40x magnification). b Bar graph
displaying quantitative analysis of TUNEL-IHC (percentage
TUNEL positive nuclei of total nuclei per high power field;
mean + S.D.; n = 3)

activation and DNA fragmentation in NHEKs exposed
to submicromolar concentrations of ZnPT (Lamore
et al. 2010a). Based on pronounced induction of
genotoxic stress documented in NHEKSs (Lamore et al.
2010a) and observed here in reconstructed epidermis
(Table 1), we assessed ZnPT-induced DNA fragmen-
tation performing terminal deoxynucleotidyl transfer-
ase biotin-dUTP nick end labeling in situ (TUNEL-
IHC; Fig. 5a, b). Pronounced TUNEL-positivity
(17.3 + 4.4% positive cells) was detected in recon-
structs that were exposed to topical ZnPT-Vanicream
preparation (2%, 24 h). Even upon exposure to the less
concentrated ZnPT formulation (0.1%, 24 h) a con-
siderable percentage of cells (3.6 &= 0.5%) stained
positive for fragmented DNA. However, no follow-up
experimentation was performed that would allow to
further define the mechanistic origin of ZnPT-induced
epidermal DNA fragmentation.

Discussion

ZnPT is a widely-used cutaneous microbicidal OTC-
drug (Pierard-Franchimont et al. 2002; Bailey et al.
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2003; Smegal et al. 2004; Guthery et al. 2005), and
topical safety and toxicity profile of ZnPT have been
studied to some extent previously (Snyder et al. 1965;
Brandrup and Menne 1985). However, cytotoxic and
genotoxic effects of ZnPT have been substantiated in
mouse lymphoma cells and teratogenicity was
described in zebra fish (Goka 1999; Moller et al.
2002). Furthermore, ZnPT and another antifungal Cu/
Zn-chelator and ionophore drug, clioquinol, have
been shown to cause pathophysiologically relevant
neuronal zinc disturbance that occurs through acti-
vation of TRPA1, a nociceptive ion channel and zinc-
sensitive receptor for environmental irritants and
oxidants (Andersson et al. 2009). As a consequence,
clioquinol was withdrawn from the market when it
was causatively linked to an epidemic of subacute
myelo-optico-neuropathy (Konagaya et al. 2004).

Earlier experiments demonstrated that exposure of
mammalian cells to various zinc salts (e.g. ZnSOy,
ZnCl,, and Zn-acetate) is well tolerated at concentra-
tions up to 200 uM without reduction of viability as
also observed in this study (Figs. 1,2) (Hatayamaet al.
1993; Jourdan et al. 2002; Cortese et al. 2008), but
potentiation of zinc effects and induction of cytotox-
icity by zinc-specific ionophores including pyrithione
has been documented earlier in non-cutaneous mam-
malian cells (Kim et al. 1999; Magda et al. 2008; Mann
and Fraker 2005; Klein et al. 2006; Rudolf and
Cervinka 2010). Recently, we have demonstrated that
primary keratinocytes and melanocytes exposed to
nanomolar concentrations of ZnPT undergo rapid loss
of genomic integrity with PARP activation and heat
shock response gene expression followed by non-
apoptotic cell death (Lamore et al. 2010a).

This study documents for the first time ZnPT-
induced dysregulation of intracellular zinc ion homeo-
stasis in primary keratinocytes as observed by quan-
titative fluorescence microscopy (Fig. 3a-b) and ICP-
MS (Fig. 3c), building on earlier ICP-MS data that
determined total zinc ion accumulation in cultured
cancer cell lines exposed to ZnPT (Kondo et al. 2002;
Rudolf and Cervinka 2010). ZnPT-induced impair-
ment of viability (Fig. 1), PARP activation (Fig. 2b),
energy crisis (Fig. 2¢), and genomic destabilization
(Fig. 2a) were all antagonized by zinc chelation using
either DTPA or TPEN, consistent with intracellular
zinc ion accumulation as a causative factor in medi-
ating the effects of nanomolar to low micromolar
concentrations of ZnPT on cultured keratinocytes.

Remarkably, ZnPT activity against cultured
NHEKs was observed in the nano- to micromolar
range, whereas topical OTC-products contain much
higher levels (up to 2%) corresponding to millimolar
concentrations. However, in intact human skin, a
multi-layered differentiated epidermis with stratum
corneum serves as an essential barrier against envi-
ronmental insults including ultraviolet radiation and
chemical exposure, thereby potentially minimizing
cellular effects of topical ZnPT (Chuong et al. 2002).
We therefore examined molecular consequences of
cutaneous ZnPT exposure in EpiDerm™, a 3-dimen-
sional organotypic human skin model that incorporates
normal epidermal keratinocytes undergoing terminal
differentiation with intact stratum corneum and barrier
function used extensively for transdermal drug deliv-
ery, cutaneous absorption, and skin irritation studies
(Kandarova et al. 2005; Bause et al. 2009). In this
epidermal model, topical application of ZnPT induced
zinc dysregulation as substantiated by ICP-MS-based
detection of rapid zinc accumulation (Fig. 4c). Expres-
sion array analysis indicated massive upregulation of
the MT2A gene encoding metallothionein-2A (Fig. 4d;
Table 1), shown earlier to be induced in the context of a
cellular zinc stress response observed in Hep-2 cervical
tumor cells exposed to ZnPT (Rudolf and Cervinka
2010). Further expression array analysis indicated
upregulation of a wide range of stress response genes
encoding heat shock proteins, antioxidants, and
inflammatory factors (Fig. 4d; Table 1), and IHC
analysis revealed upregulation of Hsp70 protein levels
(Fig. 5a), confirming our earlier results obtained in
cultured primary NHEKSs (Lamore et al. 2010a).

These findings are consistent with the established
role of zinc-ions as potent inducers of metal stress, heat
shock, and antioxidant stress response pathways
involved in cytoprotective as well as cytotoxic activ-
ities (Hatayama et al. 1993; Lee et al. 2000; Unoshima
et al. 2001). Indeed, intracellular zinc ion availability
has been shown to be involved in activation of stress
response transcription factors including Nrf2 (electro-
philic stress response), HSF (heat shock response), and
MTF (heavy metal stress response) (Hatayama et al.
1993; Andrews 2001; Jourdan et al. 2002; Dinkova-
Kostova et al. 2005; Cortese et al. 2008). Moreover, a
mechanistic involvement of intracellular zinc in
lipopolysaccharide-induced TNF-o upregulation has
recently been demonstrated in monocytes (Haase et al.
2008), and it is therefore tempting to speculate that
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TNF upregulation observed in ZnPT-exposed Epi-
derm™ (that only contains primary keratinocytes
undergoing terminal differentiation) may equally be
zinc-dependent, a hypothesis to be tested by future
experimentation.

PCR array expression analysis of ZnPT-exposed
EpiDerm™ also revealed a significant upregulation
of multiple genes involved in cellular response to
genotoxic stress (Table 1a). This finding is consistent
with ZnPT-induced PARP activation downstream of
early loss of genomic integrity as observed in
cultured primary NHEKs (Fig. 2), where PARP
activation, energy crisis, and genomic impairment
were all antagonized by zinc chelation using DTPA
and TPEN. Thus, TUNEL-positivity in ZnPT-treated
EpiDerm™ (as shown in Fig. 5) may indicate
treatment-induced direct DNA fragmentation, but
may also originate from DNA strand breaks intro-
duced during later stages of apoptotic or necrotic cell
death, a possibility that we have not further explored.
It is interesting to note that disruption of intracellular
zinc homeostasis has been identified as an important
activator of nuclear endonucleases including DNase
gamma (Shiokawa and Tanuma 1998), and high
levels of intracellular zinc ions have been associated
with formation of reactive oxygen species (Cabreiro
et al. 2009), candidate molecular mechanisms that
may be involved in ZnPT-effects on nuclear DNA to
be addressed by future research.

Taken together our data demonstrate for the first
time ZnPT-induced impairment of zinc ion homeo-
stasis and upregulation of stress response gene
expression in primary keratinocytes and recon-
structed human epidermis, molecular activities that
may underlie therapeutic and toxicological effects of
this topical drug. The important question of whether
cutaneous application of ZnPT formulations at OTC
concentrations alters keratinocyte function and zinc
ion homeostasis in intact human skin is currently
investigated in our laboratory employing gene
expression profiling and spatial resolution zinc ICP-
MS of human skin biopsies.
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