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is a heat shock response inducer that causes DNA damage
and PARP-dependent energy crisis in human skin cells
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Abstract The differentiated epidermis of human skin
serves as an essential barrier against environmental insults
from physical, chemical, and biological sources. Zinc
pyrithione (ZnPT) is an FDA-approved microbicidal agent
used worldwide in clinical antiseptic products, over-the-
counter topical antimicrobials, and cosmetic consumer
products including antidandruff shampoos. Here we dem-
onstrate for the first time that cultured primary human skin
keratinocytes and melanocytes display an exquisite vulner-
ability to nanomolar concentrations of ZnPT resulting in
pronounced induction of heat shock response gene expres-
sion and impaired genomic integrity. In keratinocytes
treated with nanomolar concentrations of ZnPT, expression
array analysis revealed massive upregulation of genes
encoding heat shock proteins (HSPA6, HSPA1A, HSPB5,
HMOX1, HSPA1L, and DNAJA1) further confirmed by
immunodetection. Moreover, ZnPT treatment induced rapid
depletion of cellular ATP levels and formation of poly
(ADP-ribose) polymers. Consistent with an involvement of
poly(ADP-ribose) polymerase (PARP) in ZnPT-induced
energy crisis, ATP depletion could be antagonized by
pharmacological inhibition of PARP. This result was
independently confirmed using PARP-1 knockout mouse
embryonic fibroblasts that were resistant to ATP depletion

and cytotoxicity resulting from ZnPT exposure. In kerati-
nocytes and melanocytes, single-cell gel electrophoresis
and flow cytometric detection of γ-H2A.X revealed rapid
induction of DNA damage in response to ZnPT detectable
before general loss of cell viability occurred through
caspase-independent pathways. Combined with earlier
experimental evidence that documents penetration of ZnPT
through mammalian skin, our findings raise the possibility
that this topical antimicrobial may target and compromise
keratinocytes and melanocytes in intact human skin.
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Abbreviations
3-ABA 3-Aminobenzamide
AV AnnexinV
FITC Fluorescein isothiocyanate
DTPA Diethylenetriaminepentaacetic acid
EGR1 Early growth response protein 1
Fpg Formamidopyrimidine-glycosylase
HEK Human epidermal keratinocyte
HEM Human epidermal melanocyte
HO-1 Heme oxygenase 1
HSP Heat shock protein
MEF Mouse embryonal fibroblast
NAC N-Acetyl-L-cysteine
OTC Over-the-counter
PAR Poly(ADP-ribose) polymer
PARP Poly(ADP-ribose) polymerase
PI Propidium iodide
SDS-
PAGE

Sodium dodecylsulfate polyacrylamide gel
electrophoresis

ZnPT Zinc pyrithione
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Introduction

The differentiated epidermis of human skin serves as an
essential barrier against environmental insults from physical
(e.g., solar ultraviolet radiation), chemical (e.g., xenobiotics),
and microbial sources (Chuong et al. 2002; Wondrak 2007a).
Epidermal cells, including keratinocytes, melanocytes, and
antigen-presenting Langerhans cells, are key targets of
environmental stressors leading to accumulative damage
and functional alterations thought to play major roles in skin
dysfunction and carcinogenesis (Baudouin et al. 2002;
Wondrak 2007a).

Much research has focused on the identification and
development of drug-like molecules for the prevention of
skin damage from environmental insult, particularly
photodamage from solar UV radiation (Halliday 2005;
Kullavanijaya and Lim 2005; Wondrak et al. 2006;
Wondrak 2007a; Jonak et al. 2009). Research from various
groups, including our own, has shown that small molecule
inducers of the heat shock and Nrf2 (nuclear factor-E2-
related factor 2) oxidative stress response pathways exert
chemopreventive activity with suppression of skin cell
photodamage, photooxidative stress, and photocarcino-
genesis (Dinkova-Kostova et al. 2006; Merwald et al.
2006; Wondrak et al. 2008).

Zinc is an important micronutrient and prototype
inducer of cytoprotective mechanisms including signaling
through Nrf2 and upregulation of metallothionein and
heat shock protein expression, all of which have been
observed upon exposure to inorganic zinc salts (e.g.,
ZnSO4) in the submillimolar (100–200 µM) concentration
range (Hatayama et al. 1993; Jourdan et al. 2002; Cortese
et al. 2008). In an attempt to explore the potential
cytoprotective activity of topical Zn compounds for skin
protection against environmental insults, we focused our
research efforts on zinc pyrithione (ZnPT; CAS number:
13463-41-7), a 1:2 complex between a central zinc atom
and the membrane permeable ionophore pyrithione (N-
hydroxy-2-pyridinethione; Barnett et al. 1977).

ZnPT is an FDA-approved microbicidal agent used
worldwide in clinical antiseptic products, over-the-counter
(OTC) topical antimicrobials, and cosmetic consumer
products, including antidandruff shampoos, where typical
ZnPT concentrations are in the range of 1% to 2% (w/v;
Pierard-Franchimont et al. 2002; Bailey et al. 2003;
Guthery et al. 2005). Epidermal deposition and retention
of the lipophilic metal chelate ZnPT following topical
application has been demonstrated in human skin
(Rutherford and Black 1969; Leyden et al. 1979), and
percutaneous penetration of ZnPT through rat, rabbit,
guinea pig, and rhesus monkey skin has been documented
earlier (Okamoto et al. 1967; Howes and Black 1975;
Gibson and Calvin 1978; Guthery et al. 2005). Topical

safety and toxicity profile of this OTC-drug have been
studied to some extent previously, and it has been
established that ZnPT does not display a potential for
primary irritation or sensitization of human skin (Snyder
et al. 1965; Brandrup and Menne 1985; Skoulis et al.
1993).

Paradoxically, no studies have examined ZnPT cyto- and
genotoxicity in human skin cells as the likely target cells of
topically administered ZnPT. Moreover, no valid studies
with ZnPT are available to satisfy the data requirements for
carcinogenicity assessment of this chemical as stated
recently in the AD Risk Assessment for the Reregistration
Eligibility Decision (RED) Document on ZnPT prepared by
the US Environmental Protection Agency (Smegal et al.
2004).

Our initial experiments did not substantiate a potential
cytoprotective activity of ZnPT, but suggested that expo-
sure of cultured human skin cells to this topical drug is
associated with cytotoxic adverse effects observed after
short exposure to submicromolar concentrations. Here we
demonstrate for the first time that primary human skin
keratinocytes and melanocytes display an exquisite vulner-
ability to ZnPT resulting in pronounced induction of heat
shock response gene expression and rapid loss of genomic
integrity with PARP-1-dependent ATP depletion.

Materials and methods

Materials All chemicals, including ZnPT (CAS number:
13463-41-7), were from Sigma Chemical Co. (St. Louis,
MO, USA). A 1 mM stock solution of ZnPT was prepared
by dissolving the compound in DMSO. The cell-
permeable pan-caspase inhibitor Z-VAD-(OMe)-fmk was
purchased from Calbiochem-Novabiochem (San Diego,
CA, USA). The poly(ADP-ribose) polymerase (PARP)
inhibitors 3-aminobenzamide and PJ-34 were from Sigma
and Enzo Life Sciences Inc. (Farmingdale, NY, USA),
respectively.

General cell culture Primary human epidermal keratino-
cytes (neonatal HEKn-APF, from Cascade Biologics, Port-
land, OR, USA) were cultured using Epilife medium
supplemented with EDGS growth supplement. Primary
human melanocytes (HEMa-LP, from Cascade Biologics)
were cultured using Medium 154 medium supplemented
with HMGS2 growth supplement. Both cell lines were
passaged using recombinant trypsin/EDTA and defined
trypsin inhibitor. Cells were maintained at 37°C in 5%
CO2, 95% air in a humidified incubator.

PARP-1−/− mouse embryonic fibroblasts Mouse embryonic
fibroblasts (MEFs) derived from both PARP-1 wild-type
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(PARP-1+/+) and PARP-1−/− mice generated by Z. Q. Wang
(Institute of Molecular Pathology, Vienna; Wang et al.
1995) were kindly provided by M.K. Jacobson, College of
Pharmacy & Arizona Cancer Center, University of Arizona.
MEFs were cultured at 37°C (5% CO2) in DMEM
supplemented with 10% BCS.

Cell proliferation assay Cells were seeded at 10,000
cells/dish on 35-mm dishes. After 24 h, cells were
treated with test compound. Cell number at the time of
compound addition and 72 h later were determined
using a Z2 Analyzer (Beckman Coulter, Inc., Fullerton,
CA, USA) as described recently (Wondrak et al. 2003).
Proliferation was compared with cells that received mock
treatment. The same methodology was used to establish
IC50 values (drug concentration that induces 50% inhibi-
tion of proliferation of treated cells within 72 h of
exposure ± SD, n=3).

Cell death analysis Viability and induction of cell death
(early and late apoptosis/necrosis) were examined by
annexinV-FITC/propidium iodide (PI) dual staining of cells
followed by flow cytometric analysis using an apoptosis
detection kit according to the manufacturer’s specifications
(APO-AF, Sigma) as published previously (Wondrak
2007b).

Caspase-3 activation assay Treatment-induced caspase-3
activation was examined in human epidermal keratinocytes
(HEKs) using a cleaved/activated caspase-3 (asp 175)
antibody (Alexa Fluor 488 conjugate, Cell Signaling, Inc.,
Danvers, USA) followed by flow cytometric analysis as
published recently (Wondrak 2007b).

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. At various time points, ATP content
per well was determined using the CellTiter-Glo lumi-
nescent assay (Promega, Madison, WI, USA) according
to the manufacturer’s instructions. Data are normalized to
ATP content in untreated cells and expressed as means ±
SD (n=3).

Detection of intracellular oxidative stress by flow cytometric
analysis ZnPT-induced generation of intracellular oxidative
stress was analyzed by flow cytometry using 2′,7′-dichlor-
odihydrofluorescein diacetate (DCFH-DA) as a sensitive
nonfluorescent precursor dye according to a published
standard procedure (Cabello et al. 2009a). In brief, ZnPT-
treated and untreated control cells on dishes were
washed with PBS and incubated for 60 min in the dark
(37°C, 5% CO2) with culture medium containing DCFH-
DA (5 μg/mL final concentration). Cells were then

washed with PBS, harvested by trypsinization, resus-
pended in 300 μL PBS, and immediately analyzed by
flow cytometry.

Determination of total cellular glutathione content
Pharmacological modulation of intracellular glutathione
content was analyzed using the photometric HT Glutathi-
one Assay Kit (Trevigen, Gaithersburg, MD, USA) based
on the enzymatic recycling method involving glutathione
reductase and DTNB (5,5′-dithiobis-2-nitrobenzoic acid,
Ellman’s reagent). HEKs (1×106) were exposed to a dose
range of ZnPT (6 h of exposure time) and harvested by
trypsinization followed by sample processing according to
the manufacturer’s instructions. Glutathione content of
total cellular extracts was normalized to protein content
determined using the BCA assay (Pierce, Rockford, IL,
USA).

Comet assay (alkaline single cell gel electrophoresis) The
alkaline Comet assay was performed according to the
manufacturer’s instructions (Trevigen, Gaithersburg, MD,
USA) as published recently (Wondrak et al. 2003;
Cabello et al. 2009b). Cells were seeded at 100,000 per
35-mm dish 24 h prior to treatment. Untreated cells
were used as a negative control group. After treatment,
cells were harvested by gently scraping, rinsed with ice-
cold DPBS, and suspended in 500 µL DPBS. The cell
suspension (50 µL) was mixed with 450 µL low-
melting-point agarose and spread on pretreated micro-
scope slides. Slides were allowed to dry protected from
light, then immersed in ice-cold lysis solution plus 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 (1 mmol/L EDTA and
300 mmol/L NaOH, pH>13) protected from light at
room temperature for 45 min. Electrophoresis was
conducted in the same alkaline buffer for 20 min at
300 mA. After electrophoresis, slides were rinsed three
times in ddH2O then fixed in 70% ethanol for 5 min.
Slides were dried for at least 1 h at 32°C. Cells were
then stained with SYBR® Green and analyzed with a
fluorescence microscope (fluorescein filter) and analyzed
using CASP software. At least 100 tail moments for
each group were analyzed in order to calculate the
mean ± SD for each group. The formamidopyrimidine-
glycosylase (Fpg) FLARE assay for assessment of Fpg-
induced strand cleavage at oxidized purine bases was
performed according to the manufacturer’s instructions
(Trevigen). In brief, comet analysis was performed as
described above, except that after lysis slides were
washed with FLARE buffer three times and then
incubated with Fpg enzyme solution (2 U Fpg/75 µL
buffer/slide) or buffer only for 30 min at 37°C.
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Phospho-H2A.X detection by flow cytometry Treatment-
induced accumulation of nuclear phosphorylated histone
variant H2A.X (γ-H2A.X) was examined in HEKs as
published recently using a phospho-histone H2A.X
(Ser139) monoclonal antibody (Alexa Fluor 488 conjugate,
Cell Signaling, Inc., Danvers, MA, USA) followed by flow
cytometric analysis (Cabello et al. 2009b).

Human Stress and Toxicity PathwayFinder™ RT2 Profiler™
PCR Expression Array After pharmacological exposure,
total cellular RNA (5×106 NHEKs) was prepared using the
RNeasy kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s instructions. Reverse transcription was per-
formed using the RT2 First Strand kit (SA Biosciences,
Frederick, MD, USA) and 1 µg total RNA. The Human
Stress and Toxicity PathwayFinder™ RT2 Profiler™ PCR
Expression Array (SuperArray, Frederick, MD, USA) pro-
filing the expression of 84 stress- and toxicity-related genes
was run as published recently (Cabello et al. 2009a), 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, Foster City, CA, USA).
Gene-specific product was normalized to GAPDH and
quantified using the comparative (ΔΔCt) 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 deviation was
calculated for graphing.

PARP immunoblot analysis Cells (1×106) were lysed using
1× SDS-PAGE sample buffer (0.375 M Tris HCl pH 6.8,
50% glycerol, 10% SDS, 5% β-mercaptoethanol, 0.25%
bromophenol blue). After SDS-PAGE (4–12% gradient gel,
Bio-Rad, Hercules, CA, USA), semidry transfer onto a
nitrocellulose membrane (Optitran, Whatman, Bedford, MA,
USA) was performed, followed by incubation in blocking
buffer [TBST (0.1% Tween 20), 5% nonfat dry milk] for 1 h
at 25°C. Membranes were washed three times with TBST
and incubated overnight at 4°C with a monoclonal rabbit
anti-PARP antibody diluted 1:1,000 (46D11, Cell Signaling)
in incubation buffer (TBST, 5% BSA). Incubation with
HRP-conjugated goat antirabbit antibody (Jackson Immu-
noresearch Laboratories, West Grove, PA, USA) at 1:20,000
dilution was then followed by visualization using enhanced
chemiluminescence reagents.

Poly(ADP-ribose) immunoblot analysis One day before
treatment, 1×106 cells were seeded in a 100-mm2 dish.
After 24 h, cells were treated with test compound. After
treatment, cells were washed with PBS, lysed in 1× SDS-
PAGE sample buffer, and heated for 3 min at 95°C prior to
separation by 4–12% SDS-PAGE (Bio-Rad). After separa-
tion, proteins were transferred electrophoretically to a

nitrocellulose membrane. Equal protein loading was exam-
ined by Ponceau S stain (0.1% in 1% acetic acid). After
blocking in 5% milk-TBST, mouse anti-poly(ADP-ribose)
polymer (PAR) monoclonal antibody (Trevigen) was used
1:1,000 in 5% milk-TBST overnight at 4°C. Incubation with
HRP-conjugated goat antimouse antibody (Jackson Immu-
noresearch Laboratories) at 1:20,000 dilution was then
followed by visualization using enhanced chemilumines-
cence reagents.

Heme oxygenase-1 immunoblot analysis One day before
treatment, 1×106 cells were seeded in a T-75 flask. After
24 h, cells were treated with test compound. After
exposure (37°C, 5% CO2), cells were washed with PBS,
lysed in 1× SDS-PAGE sample buffer, and heated for
3 min at 95°C prior to separation by 12% SDS-PAGE.
Rabbit antiheme oxygenase-1 (HO-1) polyclonal antibody
(Assay Designs, Inc., Ann Arbor, MI, USA) was used
1:5,000 in 5% milk-PBST overnight at 4°C. Incubation
with HRP-conjugated goat antirabbit antibody (Jackson
Immunoresearch Laboratories) at 1:20,000 dilution was
then followed by visualization using enhanced chemilu-
minescence reagents. Equal protein loading was examined
by α-actin-detection using a mouse antiactin monoclonal
antibody (Sigma).

HSP70 immunoblot analysis Cell extraction, 12% SDS-
PAGE, and Western transfer were performed as speci-
fied for HO-1 immunoblot analysis. Rabbit anti-HSP70
polyclonal antibody (SPA-811; Assay Designs) was used
1:1,500 in 5% milk-PBST overnight at 4°C. The
membrane was processed for visualization using en-
hanced chemiluminescence as described for HO-1
immunodetection.

HSPA6 ELISA The enzyme-linked immunosorbent assay
for HSPA6 (also called Hsp70B′) was performed in 96 well
format on cell lysates extracted from treated cells following
kit instructions (“Hsp70B prime” ELISA Kit; Assay
Designs). Briefly, 1×106 cells were seeded per T-75 flask
1 day before treatment. Cells (3×106 per group) were
exposed to test compound for 24 h (37°C, 5% CO2) and
then harvested, washed with PBS, and lysed in 1×
extraction reagent. After protein quantification using the
BCA assay, samples were diluted to a range within
the Hsp70B′ standard curve and processed according to
the manufacturer’s instructions. Absorbance (450 nm) was
determined on a microtiter plate reader (Versamax, Molec-
ular Devices, Sunnyvale, CA, USA). Data represent the
average of three independent experiments.

Statistical analysis Unless indicated differently, the results
are presented as means ± SD of at least three independent
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experiments. They were analyzed using the two-sided
Student’s t test (*p<0.05; **p<0.01; ***p<0.001).

Results

ZnPT induces a massive heat shock response in human
epidermal keratinocytes First, modulation of stress response
gene expression was examined in cultured human epidermal
keratinocytes (HEKs) exposed to submicromolar concentra-
tions of ZnPT using the RT2 Human Stress and Toxicity
Pathway FinderTM PCR Expression Array technology that
allows simultaneous assessment of heat shock and antioxi-
dant response gene expression (Cabello et al. 2009a; Cabello
et al. 2009b). ZnPT treatment (500 nM, 24 h) altered
expression levels of ten genes on the array by at least 3-fold
(Fig. 1), including genes encoding the heat shock proteins
HSPA6 (HSPA6; 129-fold), HSPA1A (HSPA1A; 35-fold),
HSPA1L (HSPA1L; 7-fold), HSPB5 (HSPB5; 29-fold), and
DNAJA1 (DNAJA1; 3-fold), the heat shock protein and
antioxidant enzyme hemeoxygenase-1 (HMOX1; 7-fold),
and the stress-responsive transcription factor early growth
response protein 1 (EGR1; 6-fold).

Next, ZnPT-induced upregulation of major target genes,
including HSPA6, HSPA1A, and HMOX1, was confirmed at
the protein level (Fig. 2). Indeed, HSPA6 (also called
Hsp70B′), a protein not constitutively expressed and
induced only under conditions of extreme cellular stress,
was upregulated more than 250-fold in response to ZnPT

(500 nM, 24 h) as assessed by ELISA analysis (Fig. 2a;
Noonan et al. 2007). Consistent with the results obtained by
HSPA6 analysis, pronounced upregulation of HSP70 was
observed in HEKs exposed to ZnPT (Fig. 2b, c), but not in
cells exposed to ZnSO4 (1 µM; data not shown). Cellular
HSP70 levels were upregulated within 3 h of exposure, and
maximal levels were observable at 6 h. Similarly, pro-
nounced upregulation of cellular levels of HO-1, the protein
encoded by HMOX1, was observed after 3 h of exposure to
ZnPT (Fig. 2b, c).

Taken together, these findings indicate that nanomolar
concentrations of ZnPT induce a rapid stress response in
HEKs characterized by massive heat shock response gene
expression that is associated with upregulation of HSP70,
HSPA6, and HO-1 protein levels.

ZnPT inhibits proliferation and induces caspase-independent
cell death in human epidermal keratinocytes Next, modula-
tion of HEK proliferation and viability by exposure to
ZnPT were assessed. Significant inhibition of cell prolifer-
ation was observed at low nanomolar concentrations of
ZnPT (IC50 256.8±14.4 nM; Fig. 3a). In contrast, no
inhibition of proliferation was observed in response to
ZnSO4 exposure examined at similar concentrations. At
higher concentrations of ZnPT (≥500 nM) morphological
changes consistent with induction of cell death, including
cell rounding and detachment, were observed within 24 h
of exposure. We therefore examined the ability of ZnPT to
induce cell death in HEKs using flow cytometric analysis of
annexinV/propidium iodide (AV/PI) stained cells (Fig. 3b–
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2 
−∆

C
t  [
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Fig. 1 Gene expression array analysis of ZnPT-treated human skin
keratinocytes. Differential gene expression in HEKs exposed to ZnPT
(500 nM; 24 h) or left untreated was analyzed using the RT2 Human
Stress and Toxicity Pathway FinderTM PCR Expression Array
performed in three independent repeat experiments and analyzed
using the two-sided Student’s t test. Changes in cycle threshold (Ct)
for genes of interest relative to GAPDH for untreated control (x-axis)

versus ZnPT-treated (y-axis) cells are displayed as scatter blot. Upper
and lower lines represent the cutoff indicating 3-fold up- or
downregulated expression, respectively. The arrows specify the ten
genes with statistically significant (p<0.05) ZnPT-induced up- or
downregulation of expression by at least 3-fold as summarized in the
table
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d). A detailed dose response (100 to 1,000 nM ZnPT,
24 h) analysis indicated that induction of cell death
required a threshold concentration of approximately
500 nM, and no viable cells were detected after 24 h
of exposure to concentrations as low as 1,000 nM
(Fig. 3b). Time course analysis showed that cell viability
(AV−/PI−) was maintained for at least 6 h of continuous
exposure (500 nM ZnPT; Fig. 3c). Interestingly, at all time
points and concentrations, cells with impaired viability
stained mostly double positive (AV+/PI+), indicative of
cells in late apoptosis and/or necrosis, and only a few cells
were located in the lower right quadrant (AV+/PI−)
indicative of early apoptosis (Fig. 3b–d). Consistent with
a caspase-independent mechanism of cell death, ZnPT-
induced loss of cell viability was not influenced by the
presence of the pan-caspase inhibitor zVAD-fmk (Fig. 3d),
and no proteolytic activation of caspase 3 occurred in
response to ZnPT exposure as demonstrated by flow
cytometric analysis using an Alexa 488-conjugated anti-
body that recognizes cleaved procaspase 3 (data not
shown). Consistent with earlier findings that demonstrate
zinc-dependent induction of mammalian cell death in
response to ZnPT exposure (Kim et al. 1999; Mann and
Fraker 2005; Klein et al. 2006; Magda et al. 2008),
cotreatment with the cell impermeable zinc chelator
diethylenetriaminepentaacetic acid (DTPA) completely
protected from ZnPT-induced cell death (Fig. 3d). Inter-
estingly, complete suppression of ZnPT cytotoxicity was
also observed when exposure occurred in the presence of
the thiol antioxidant N-acetyl-L-cysteine (NAC, Fig. 3d).
However, other antioxidant agents, including superoxide
dismutase (SOD), catalase, L-ascorbic acid, and the cell-
permeable SOD− and catalase-mimetic EUK-114 did not
antagonize ZnPT cytotoxicity in HEKs (data not shown).

Taken together, these data suggest that ZnPT inhibits
proliferation of HEKs at nanomolar concentrations and that
loss of HEK viability observed at ZnPT concentrations

equal to or higher than 500 nM involves a caspase-
independent mechanism of cell death.

ZnPT treatment induces rapid depletion of cellular ATP
that is antagonized by pharmacological and genetic
inhibition of PARP In an attempt to identify functional
alterations that precede ZnPT-induced loss of HEK viabil-
ity, we examined changes in cellular energy status by
monitoring ATP levels during exposure to ZnPT. Signifi-
cant depletion of cellular ATP levels was detectable in
HEKs within 1 h of exposure to ZnPT and exceeded 50%
after 6 h (Fig. 4a). In contrast, no depletion of ATP levels
was observed with ZnSO4 (1 µM; data not shown), and
cotreatment with DTPA reduced ZnPT-induced depletion of
ATP (Fig. 4b), consistent with antagonism of ZnPT-induced
cytotoxicity by this potent Zn-ion chelator as observed in
Fig. 3d. Importantly, these early changes in ATP levels
occurred without loss of viability and impaired membrane
integrity as verified by AV/PI analysis (Fig. 3c) and
confirmed independently using the trypan blue exclusion
assay (data not shown).

Fig. 2 Upregulation of HSPA6,
HSP70, and HO-1 protein levels
in ZnPT-treated human skin
keratinocytes. a Induction of
HSPA6 protein expression in
ZnPT-treated HEKs was deter-
mined by ELISA analysis at 24-
h exposure. b and c Western blot
analysis of ZnPT-induced
HSP70 and HO-1 upregulation
was performed in HEKs. b Time
course of HSP70 and HO-1
upregulation induced by ZnPT. c
Dose response of ZnPT-induced
HSP70 and HO-1 upregulation
analyzed at 24-h exposure

Fig. 3 Antiproliferative and cell death-inducing activity of ZnPT in
human skin keratinocytes. a Dose response relationship of ZnPT-
induced inhibition of cell proliferation. After 72 h of exposure to
increasing concentrations of ZnPT and ZnSO4 (1 µM), proliferation
was examined by cell counting and expressed as % of untreated
control (mean ± SD, n≥3). Representative light microscopy pictures
were taken after 72 h of exposure; I control, II ZnPT (250 nM), III
ZnPT (400 nM). b Dose response of ZnPT-induced cell death. Cells
were exposed to ZnPT (24 h) or left untreated, and viability was
assessed by flow cytometric analysis of AV-FITC/PI-stained cells. c
Time course of ZnPT-induced cell death. Cells were exposed to ZnPT
or left untreated, and viability was assessed by flow cytometric
analysis. d Induction of cell death upon extended exposure (24 h) to
ZnPT in the absence or presence of the pan-caspase inhibitor
zVADfmk (42 µM), NAC (10 mM), or DTPA (60 µM) was assessed
by flow cytometric analysis. The numbers indicate viable cells (AV−,
PI−, lower left quadrant) in percent of total gated cells (mean ± SD,
three independent experiments). Flow cytometric panels depict one
representative experiment

b
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Cellular glutathione levels, an important indicator of
cellular oxidative stress, did not change in response to
ZnPT treatment (Fig. 4c; 6-h exposure; total glutathione
level of untreated controls=74.4±9.6 nmol/mg protein, n=
3), suggesting that oxidative stress was not involved in
early induction of cytotoxicity and energy crisis in response
to ZnPT treatment. Indeed, flow cytometric analysis using
DCFH-DA as a peroxide probe and dihydroethidium as a
superoxide probe, a standard methodology for the assess-
ment of cellular oxidative stress as discussed elsewhere
(Wondrak 2007b; Cabello et al. 2009a), did not reveal
changes in cellular ROS levels in response to ZnPT
treatment over the course of a 24-h observational range
(data not shown).

In contrast, ZnPT-induced ATP depletion was prevented
by co-administration of 3-aminobenzamide (3-ABA), an
established inhibitor of PARP, an enzyme involved in
induction of energy crisis in response to genotoxic stress
(Fig. 4a; Burkle 2001; Pogrebniak et al. 2003; Zong et al.
2004; Kehe et al. 2008). This result was independently
confirmed using the more potent and selective PARP
inhibitor PJ-34 (Fig. 4a; Ethier et al. 2007). Moreover,
using PARP-1 knockout (PARP-1−/−) and wild-type (PARP-
1wt) mouse embryonic fibroblasts (Wang et al. 1995), it was
observed that ATP depletion by ZnPT treatment was
blocked in PARP-1−/− cells, providing compelling genetic
evidence in support of PARP-1 involvement in ZnPT
induced ATP depletion (Fig. 4d, e). In contrast, ZnPT-
induced upregulation of heat shock protein expression
occurred independent of PARP expression in MEFs

(Fig. 4f); equally, HSP70 and HO-1 upregulation in HEKs
exposed to ZnPT occurred irrespective of pharmacological
PARP antagonism (PJ-34; Fig. 4g). These data suggest that
PARP activation is not required for the induction of heat
shock protein expression in response to ZnPT. Moreover,
PARP-1−/− cells, but not PARP-1wt cells, displayed pro-
nounced resistance to ZnPT-induced cytotoxicity, maintain-
ing viability during extended exposure (Fig. 4h).
Independent confirmation of ZnPT-induced activation of
PARP activity was obtained by immunodetection of PAR-
modified cellular proteins (Fig. 4i). Indeed, massive PAR
formation was observed in HEKs within 15-min exposure
to ZnPT (5 µM) and disappeared within an hour indicating
rapid polymer turnover.

Taken together, these data provide pharmacological and
genetic evidence in support of PARP-1-dependent ATP
depletion as a crucial mechanism underlying ZnPT cytotox-
icity in HEKs.

ZnPT treatment rapidly impairs genomic integrity in human
epidermal keratinocytes Pronounced induction of cellular
stress gene expression (Figs. 1 and 2) and cytotoxicity
observed at low concentrations of ZnPT (Fig. 3) combined
with rapid ATP depletion that was prevented by PARP
antagonism (Fig. 4) led us to examine the possibility that
ZnPT induces DNA damage in HEKs. Using alkaline
single-cell gel electrophoresis (comet assay) as a sensitive
genotoxicity assay (Singh et al. 1988; Tice et al. 2000;
Roberts et al. 2003), the integrity of cellular DNA was
examined in HEKs treated with ZnPT (100 and 500 nM, 1
up to 12 h of exposure time). As positive controls, cells
were exposed to H2O2, an established genotoxic agent.
Exposure to submicromolar concentrations of ZnPT signif-
icantly impaired HEK genomic integrity within 1 h of
exposure time as evident from formation of nuclear comets
(Fig. 5a, b), whereas no comet formation was observed as a
result of exposure to ZnSO4 (1 µM; data not shown). ZnPT
treatment (500 nM) induced comets with average tail
moments that were increased approximately 3-fold over
untreated controls within 1 h of exposure and exceeded
control levels approximately 5-fold within 12 h of exposure
(Fig. 5a).

It is important to note that loss of genomic integrity
occurred in cells without compromised viability maintained
over 6 h of continuous exposure as demonstrated earlier
(ZnPT 500 nM, Fig. 3c). Remarkably, significant comet
formation was even observed at very low ZnPT concen-
trations (100 nM, Fig. 5a) that do not impair viability at any
time point of observation (Fig. 3b). Moreover, ZnPT
induction of comets occurred irrespective of PARP status
as suggested by equal comet formation in response to ZnPT
observed in PARP-1−/− versus wild-type MEFs (data not
shown). This suggests that ZnPT-induced early DNA

Fig. 4 PARP-dependent ATP depletion in ZnPT-treated human skin
keratinocytes and mouse embryonal fibroblasts. a Time course of
cellular ATP depletion in HEKs exposed to ZnPT in the absence or
presence of PARP inhibitors (3-ABA, 4 mM; PJ-34, 0.5 µM; added
1 h before ZnPT). b Cellular ATP depletion in HEKs exposed to ZnPT
(1 µM, 6 h) in the absence or presence of DTPA (60 µM; added 1 h
before ZnPT). c Cellular glutathione levels in HEKs exposed to a dose
range of ZnPT (100–1,000 nM, 6 h). Changes in cellular glutathione
were not significant (n.s.). d Time course of cellular ATP depletion in
PARP−/− versus wild-type MEFs exposed to ZnPT (mean ± SD, n=3).
e Immunoblot detection of PARP-1 protein in PARP−/− versus wild-
type MEFs. f Western blot analysis of ZnPT-induced HSP70
upregulation in PARP−/− versus wild-type MEFs as a function of
exposure time. g Western blot analysis of ZnPT (500 nM)-induced
HSP70 and HO-1 upregulation in HEKs as a function of exposure
time and PJ-34 pretreatment (0.5 µM). h Induction of cell death in
PARP−/− versus wild-type MEFs upon exposure to ZnPT (24 h) as
assessed in Fig. 1b–d. The numbers indicate viable cells (AV−, PI−,
lower left quadrant) in percent of total gated cells (mean ± SD, three
independent experiments). Flow cytometric panels depict one repre-
sentative experiment. i Formation of poly(ADP-ribose) polymer
(PAR)-modified cellular proteins as detected by immunoblotting of
cellular extracts obtained from HEKs exposed to ZnPT (5 µM) as a
function of exposure time. Left panel Ponceau-stained nitrocellulose
membrane confirming equal protein loading; right panel PAR
immunoblot

R
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damage does not result from a general loss of cell integrity
or energy crisis and that PARP-mediated ATP depletion in
ZnPT-exposed HEKs (Fig. 4) is a consequence of impaired
DNA integrity, a mechanistic link between genotoxic insult,
PARP activation, and energy depletion established for
many genotoxic agents (Burkle 2001; Pogrebniak et al.
2003; Zong et al. 2004; Kehe et al. 2008).

In order to obtain independent experimental evidence in
support of ZnPT-induced DNA damage, we used flow
cytometric detection of the nuclear phosphorylated histone
variant H2A.X (γ-H2A.X, Ser 139), a sensitive marker of
DNA double-strand breaks and UVB-induced nucleotide
excision repair (Fig. 5c; Hanasoge and Ljungman 2007;
Kinner et al. 2008). Massive induction of γ-H2A.X was
observed in response to UVB exposure serving as a positive
control. Importantly, significant upregulation of γ-H2A.X
was observed in HEKs exposed to ZnPT (1 µM, 6 h) and was
detectable at time points as early as 1 h, suggesting a ZnPT-
induced early impairment of genomic integrity in HEKs.

DNA comets formed from DNA unwinding under
alkaline conditions are indicative of impaired genomic

integrity resulting from single- or double-strand breaks, AP-
site formation, or nucleotide excision repair (Tice et al.
2000). Protection from ZnPT-induced cytotoxicity by the
thiol antioxidant NAC (Fig. 3d) therefore led us to examine
the possibility that ZnPT-associated comets in HEKs
originate from oxidative DNA damage. To this end, we
performed comet analysis under conditions that detect
oxidative base damage (Tice et al. 2000), assessing Fpg-
induced strand cleavage at oxidized DNA purine bases
(Fig. 5d). Indeed, in H2O2-treated control cells, mean comet
tail moment was increased after Fpg-endonuclease treat-
ment by approximately 70% consistent with oxidative
generation of Fpg-sensitive sites. However, mean comet
tail moment remained unchanged in ZnPT-exposed cells
irrespective of Fpg treatment, providing experimental
evidence against introduction of oxidative DNA damage
by ZnPT exposure.

Taken together, these data disqualify the possibility that
ZnPT-induced DNA damage results from the induction of
cellular oxidative stress. Therefore, the absence of ZnPT-
induced ROS formation (data not shown), glutathione
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Fig. 5 Impairment of genomic integrity in ZnPT-treated human skin
keratinocytes. a Average comet tail moments. HEKs were exposed to
ZnPT (100–500 nM; 1 to 12 h), and DNA damage was detected using
the alkaline comet assay. As a positive control, cells were exposed to
H2O2 (100 µM, 30 min). b Representative comets as visualized by
fluorescence microscopy. C untreated control, H2O2 positive control;
right panels ZnPT. c Induction of g-H2A.X in ZnPT-treated HEKs

(1 µM, 1 and 6 h of exposure, left panel). As a positive control, g-
H2A.X was detected in UVB-treated (240 mJ/cm2) cells (1 and 6 h
after UV, right panel). d Assessment of oxidative DNA damage using
the Fpg-endonuclease modified comet assay. Cells were exposed to
ZnPT (500 nM; 3 h) or H2O2 (100 µM; 20 min). Fold increase in
mean tail moment of nuclei after incubation in buffer plus Fpg versus
buffer only was calculated as specified in “Materials and methods”
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depletion (Fig. 4c), and oxidative DNA damage (Fig. 5d)
combined with the lack of protection observed with all
antioxidant treatments except NAC (Fig. 3d) suggest that
NAC antagonism of ZnPT cytotoxicity may rather originate
from thiol-based chemical interference with ZnPT complex
integrity rather than antioxidant activity (Barnett et al.
1977).

Based on these data, it was concluded that ZnPT-induced
loss of genomic integrity in HEKs (I) occurs rapidly upon
exposure to nanomolar concentrations before general
impairment of cell viability and (II) occurs upstream of
massive ATP depletion through PARP activation that does
not originate from oxidative DNA damage.

ZnPT impairs genomic integrity of human epidermal
melanocytes with induction of energy crisis and heat shock
protein upregulation In an attempt to further explore the
effects of ZnPT exposure on other human epidermal skin
cells, we examined primary human epidermal melanocytes
(HEMs) as potential target cells. Indeed, antiproliferative
effects on melanocytes were observed at doses even lower
than those active against HEKs; almost complete inhibition
of proliferation occurred at a threshold concentration of
100 nM ZnPT (Fig. 6a). However, no induction of cell
death was observed at this concentration, and loss of
viability was only observed upon exposure to much higher
concentrations (2 µM; 24 h; data not shown). As observed
with HEKs (Fig. 2b, c), upregulation of HSP70 protein
levels was detected in response to submicromolar concen-
trations ZnPT (Fig. 6b). Moreover, massive ATP depletion
by ZnPT occurred at early timepoints (1 h exposure) in
HEMs (Fig. 6c). This effect was again significantly
antagonized by pharmacological PARP inhibition (3-
ABA), a situation closely resembling PARP-dependent
ATP depletion in response to ZnPT-induced genotoxic
stress in HEKs (Fig. 4a). Importantly, comet analysis
demonstrated that ZnPT treatment rapidly impaired ge-
nomic integrity of HEMs, with approximately 20-fold
elevation of mean tail moment observed within 1 h of
exposure (ZnPT 500 nM; Fig. 6d).

Taken together, these data demonstrate that ZnPT-
induced inhibition of proliferation, impairment of genomic
integrity, and rapid ATP depletion not only can be observed
in HEKs but also occurs in HEMs as another relevant
cellular target in the human epidermis.

Discussion

ZnPT is an important FDA-approved microbicidal OTC
drug, and annual production of ZnPT for FDA-regulated
applications in skin products, including creams, sprays, and

shampoos, now exceeds 450,000 kg in the USA alone
(Pierard-Franchimont et al. 2002; Bailey et al. 2003;
Smegal et al. 2004; Guthery et al. 2005).

Our data obtained in a primary skin cell culture system
document for the first time the exquisite vulnerability of
primary keratinocytes and melanocytes to nanomolar
concentrations of ZnPT that rapidly induce a massive heat
shock response and loss of genomic integrity.

ZnPT-dependent upregulation of the cellular heat shock
response observed here in cultured human skin cells is
consistent with earlier findings that demonstrated the ability
of zinc ions to induce the heat shock response involved in
cytoprotective and cytotoxic activities of this micronutrient
in mammalian cells (Hatayama et al. 1993; Lee et al. 2000;
Unoshima et al. 2001). Upregulation of the cellular heat
shock response in human epidermal cells occurred at
submicromolar doses of ZnPT that also induced inhibition
of cell proliferation and cell death (Figs. 3 and 6), therefore
excluding feasibility of dissociating cytoprotective from
cytotoxic effects of ZnPT as originally intended at the
beginning of this study.

In addition to induction of heat shock response gene
expression in HEKs, we observed that ZnPT treatment
caused rapid depletion of cellular ATP levels (Fig. 4a). Both
pharmacological inhibition of PARP-1 (Fig. 4a) and genetic
elimination using engineered PARP-1−/− MEFs (Fig. 4d, e)
antagonized ZnPT-induced early depletion of cellular ATP
levels. These data provide compelling evidence for activa-
tion of PARP in response to ZnPT treatment, further
confirmed by detection of PAR-modified cellular proteins
within minutes of exposure to ZnPT (Fig. 4i).

It is well established that PARP activation occurs in
response to genotoxic stress, leading to rapid cellular NAD
and ATP depletion (Burkle 2001; Pogrebniak et al. 2003;
Zong et al. 2004; Meyer-Ficca et al. 2005; Ethier et al.
2007; Kehe et al. 2008). Direct evidence for ZnPT-induced
DNA damage was obtained by comet analysis (Fig. 5a) and
phosphorylation of histone H2A.X at serine 139 (γ-H2A.X;
Fig. 5c). Similar results were obtained in human primary
melanocytes based on comet analysis (Fig. 6d) and
determination of PARP-dependent ATP depletion (Fig. 6c).

The molecular mechanism of skin cell DNA damage
caused by this widely used topical drug is currently
unknown, and multiple mechanisms may underlie the
detrimental effect of ZnPT on skin cell genomic integrity.
For example, it has been shown earlier that disruption of
intracellular zinc homeostasis is an important activator of
endonucleases including DNase gamma (Shiokawa and
Tanuma 1998). Moreover, exposure to high levels of zinc
ions can be associated with formation of reactive oxygen
species that would provide another mechanistic basis for
the genotoxic effects of ZnPT (Cabreiro et al. 2009).
However, consistent with the absence of ZnPT-induced
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oxidative cellular stress as assessed by fluorescent redox
probes and determination of cellular glutathione levels
(Fig. 4c), our experiments that detect Fpg-endonuclease-
sensitive oxidative lesions gave no indication for the
generation of oxidative DNA damage as a consequence of
exposure to nanomolar concentrations of ZnPT (Fig. 5d).

Earlier experiments demonstrate that exposure of mam-
malian cells to various zinc salts (e.g., ZnSO4, ZnCl2, and
Zn acetate) is well tolerated at concentrations up to 200 µM
without reduction of viability (Hatayama et al. 1993;
Jourdan et al. 2002; Cortese et al. 2008). However,
potentiation of zinc effects and induction of cytotoxicity
by zinc-specific ionophores, including pyrithione, has been
observed earlier (Kim et al. 1999; Magda et al. 2008), and
cytotoxic effects of ZnPT on cultured mammalian cells of
non-cutaneous origin have been associated with disruption
of intracellular zinc homeostasis and activation of signaling
cascades including the ras/ERK pathway (Mann and Fraker
2005; Klein et al. 2006). In our own experiments using

HEKs, ZnPT induction of cell death occurred without
involvement of caspases and was characterized by early
PARP activation and rapid cellular ATP depletion, a
molecular pathway reminiscent of many genotoxic agents
known to induce caspase-independent cell death orchestrat-
ed by PARP activation (Zong et al. 2004; Ethier et al. 2007;
Cohausz et al. 2008).

The FDA code of federal regulations (21CFR § 358.710)
specifies the use of ZnPT as an active OTC ingredient for
the control of dandruff and seborrheic dermatitis. It is
important to note that epidermal deposition and retention of
ZnPT following topical application has been demonstrated
in human skin (Rutherford and Black 1969; Leyden et al.
1979). Skin permeation of radiolabeled ZnPT leading to
urinary excretion of up to 0.2% of topically applied starting
material has been documented in rhesus monkeys (Gibson
and Calvin 1978), and ZnPT absorption was increased
strongly when the integrity of the stratum corneum was
disrupted by abrasion or repeated exposure to concentrated

Fig. 6 ZnPT-induced impair-
ment of proliferation, genomic
integrity, and ATP homeostasis
with upregulated HSP70 ex-
pression in human skin melano-
cytes. a Dose response
relationship of ZnPT-induced
inhibition of cell proliferation.
After 72 h of exposure to in-
creasing concentrations of
ZnPT, proliferation was deter-
mined as specified in Fig. 3a.
b Dose response of ZnPT-
induced HSP70 protein upregu-
lation by immunoblot analysis
(24 h of exposure). c Cellular
ATP depletion induced by ZnPT
(1 h) in the absence or presence
of 3-ABA (4 mM, added 1 h
before ZnPT). d Average comet
tail moment induced by ZnPT
(1 h exposure) and H2O2

(100 µM, 30 min exposure)
performed as detailed in Fig. 5a.
I–IV depict representative com-
ets as visualized by fluorescence
microscopy: I untreated control,
II H2O2, III ZnPT (100 nM), IV
ZnPT (500 nM)
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surfactant solutions. Toxicological concerns have been
raised earlier based on cytotoxicity and genotoxicity
observed in mouse lymphoma cells and embryotoxicity
observed in fish (Goka 1999; Moller et al. 2002), and no
published experimental study has examined the potential
cyto- and genotoxic activity of ZnPT on cultured primary
human skin cells (Smegal et al. 2004).

Taken together, earlier studies raise the possibility that
topically applied ZnPT may indeed penetrate deep enough
into the living human epidermis to impair human skin cell
genomic integrity as observed here in cultured cells.
Moreover, the known solubility of ZnPT in skin sebum
and its retention in hair follicles observed previously
suggest that topically applied ZnPT may also reach crucial
stem cell populations in human skin hair follicles (Guthery
et al. 2005). However, our cell culture system does not
adequately represent human epidermal skin with intact
barrier function that may limit exposure of living epidermal
cells to the cytotoxic concentrations established in our
experiments.

The important question of whether topical application of
ZnPT coformulated with or without detergents can target
and compromise keratinocytes and melanocytes in intact
human skin and hair follicles is currently being addressed in
our laboratory using relevant models with intact barrier
function including terminally differentiated epidermal skin
reconstructs and intact human skin ex vivo (Bause et al.
2009).
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