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Abstract
Paraquat (1,1’-dimethyl-4,4’-bipyridinium) is a widely used herbicide known to induce skin toxicity.
This is thought to be due to oxidative stress resulting from the generation of cytotoxic reactive oxygen
intermediates (ROI) during paraquat redox cycling. The skin contains a diverse array of antioxidant
enzymes which protect against oxidative stress including superoxide dismutase (SOD), catalase,
glutathione peroxidase-1 (GPx-1), heme oxygenase-1 (HO-1), metallothionein-2 (MT-2), and
glutathione-S-transferases (GST). In the present studies we compared paraquat redox cycling in
primary cultures of undifferentiated and differentiated mouse keratinocytes and determined if this
was associated with oxidative stress and altered expression of antioxidant enzymes. We found that
paraquat readily undergoes redox cycling in both undifferentiated and differentiated keratinocytes,
generating superoxide anion and hydrogen peroxide as well as increased protein oxidation which
was greater in differentiated cells. Paraquat treatment also resulted in increased expression of HO-1,
Cu,Zn-SOD, catalase, GSTP1, GSTA3 and GSTA4. However, no major differences in expression
of these enzymes were evident between undifferentiated and differentiated cells. In contrast,
expression of GSTA1-2 was significantly greater in differentiated relative to undifferentiated cells
after paraquat treatment. No changes in expression of MT-2, Mn-SOD, GPx-1, GSTM1 or the
microsomal GST’s, mGST1, mGST2 and mGST3, were observed in response to paraquat. These
data demonstrate that paraquat induces oxidative stress in keratinocytes leading to increased
expression of antioxidant genes. These intracellular proteins may be important in protecting the skin
from paraquatmediated cytotoxicity.
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Introduction
Occupational exposures to the herbicide paraquat (1,1’-dimethyl-4,4’-bipyridinium) has been
associated with a variety of skin diseases including contact dermatitis, premalignant lesions
and squamous cell carcinomas (Wang et al., 1987; Vilaplana et al., 1993; Jee et al., 1995;
Anderson and Scerri, 2003). Paraquat readily penetrates the skin, and toxicity is thought to
result from the generation of reactive oxygen intermediates (ROI) through redox cycling (Bus
et al., 1974; Bus et al., 1976; Bus and Gibson, 1984; Krall et al., 1988). Previous studies have
shown that paraquat redox cycling is a primary mechanism of oxidative injury in many cell
types including brain, liver, kidney and lung (Tomita, 1991; Bonneh-Barkay et al., 2005).
During redox cycling, paraquat undergoes a single electron reduction to form a paraquat radical
via NAD(P)H oxidase activity (see Fig. 1A for summary) (Bus and Gibson, 1982). The paraquat
radical is rapidly oxidized back to the parent compound with the concomitant transfer of the
extra electron to molecular oxygen, forming superoxide anion (Bus and Gibson, 1982).
Subsequent reduction of superoxide anion generates hydrogen peroxide and, potentially, highly
toxic hydroxyl radicals (Darr and Fridovich, 1994). Production of these ROI leads to
intracellular oxidative stress and damage to cellular macromolecules including DNA, lipids
and protein (Trouba et al., 2002). Functional groups on proteins are particularly susceptible to
oxidation resulting in the formation of carbonyls which can lead to adduct generation with
associated altered or loss of protein function (Dean et al., 1997a; Levine, 2002).

Cellular antioxidants play a key role in the removal or detoxification of ROI, which is essential
for preventing oxidative damage (Yu, 1994). The epidermis of the skin contains a complex
enzymatic antioxidant defense system (Darr and Fridovich, 1994) (see Fig. 1B for ROI
generating and detoxification pathways). This system includes enzymes that act directly to
detoxify ROI such as superoxide dismutase (SOD), catalase and glutathione peroxidase (GPx),
as well as ROI scavengers such as heme oxygenase-1 (HO-1), metallothionein-2 (MT-2)
(Maines and Panahian, 2001;Coyle et al., 2002) and glutathione metabolizing enzymes such
as the glutathione S-transferases (GST) (Hayes and McLellan, 1999). The skin’s response to
oxidative stress is multi-faceted which is due in part to the fact that it is comprised of
proliferating basal keratinocytes with overlying layers of cells in various stages of terminal
differentiation. Increased levels of protein oxidation and lipid peroxidation following exposure
to oxidants such as ozone or ultraviolet radiation have been detected in the outermost layers
of the epidermis of both mouse (Thiele et al., 1997) and human skin (Theile et al., 1999). The
differentiation process may, therefore play a role in both the level of oxidative damage and the
antioxidant response of epidermal keratinocytes.

In the present studies, we compared paraquat redox cycling in primary cultures of
undifferentiated and differentiated mouse keratinocytes. We also determined if paraquat-
induced oxidative stress in these cells was associated with alterations in antioxidant expression.
We found that paraquat is readily metabolized by both cell types, generating ROI, and that this
results in cellular protein oxidation. In both undifferentiated and differentiated keratinocytes,
paraquat-induced oxidative stress resulted in upregulation of HO-1, SOD, catalase and several
GST enzymes. Differentiated cells were more responsive to paraquat than undifferentiated
cells. Increased oxidative stress in differentiating epidermal keratinocytes may be an important
mechanism of paraquat-induced skin toxicity.

Materials and Methods
Chemicals and reagents

M-MLV Reverse Transcriptase was from Promega (Madison, WI) and collagen IV was
purchased from BD Biosciences (San Diego, CA). The Western Lightning enhanced
chemiluminescence kit was from Perkin Elmer Life Sciences, Inc. (Boston, MA) and precast
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polyacrylamide gels were from Pierce Biotechnology, Inc. (Rockford, IL). Anti- HO-1
antibodies were purchased from Assay Designs (Ann Arbor, MI), anti-catalase antibodies were
from Abcam (Cambridge, MA) and Cu,Zn-SOD antibodies from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibodies to keratin-1, keratin-10 and filaggrin were obtained from
Covance Research Products (Berkley, CA). Horseradish peroxidase-conjugated goat anti-
rabbit, detergent-compatible protein assay reagents and the Silver Stain Plus kit were from Bio-
Rad Laboratories (Hercules, CA). SYBR Green Master Mix and other PCR reagents were
purchased from Applied Biosystems (Foster City, CA). All cell culture media, 10-acetyl-3, 7-
dihydroxyphenoxazine (Amplex Red) and 3H-phenoxazine (resorufin) were from Invitrogen
Corp (Carlsbad, CA). Paraquat, protease inhibitor cocktail, NADPH and all other chemicals
were from Sigma (St. Louis, MO).

Cells
Primary keratinocytes were isolated and cultured from C57Bl/6J neonatal mice as previously
described (Hager et al., 1999). To initiate an experiment, cells were grown on collagen IV-
coated plates and cultured in serum-free low calcium (0.05 mM) Keratinocyte Growth Medium
to maintain their undifferentiated phenotype. Differentiation was induced by the addition of
calcium (0.15 mM) to the culture medium (Yuspa et al., 1988). Differentiation was confirmed
by morphological changes and expression of differentiation markers including keratin 1,
keratin 10 and filaggrin, as determined by Western blotting (Yuspa et al., 1989). In some
experiments, primary C57Bl/6J keratinocytes were purchased from the Yale University Cell
Culture Facility (New Haven, CT).

Assays for ROI production
Superoxide anion was quantified by the formation of 2-hydroxyethidium from dihydroethidine
as described by Zhao et al. (Zhao et al., 2005). Briefly, a reaction mix containing cell lysates
(150 µg/µl protein), paraquat (100 µM), NADPH (0.5 mM) and dihydroethidine (40 µM) was
incubated for one h at 37°C. The reaction was stopped by the addition of an equal volume of
ice-cold methanol. The samples were then centrifuged at 12,000 × g for 10 min at 4°C and the
supernatants collected. 2-hydroxyethidium was quantified using a Shimadzu HPLC (Kyoto,
Japan) fitted with a Luna C18 column (250 mm × 2.0 mm) (Phenomenex, Torrance, CA) and
a Shimadzu RF-535 fluorescence detector with excitation and emission set at 510 and 595 nm,
respectively. The mobile phase consisted of acetonitrile in 0.1% trifluoroacetic acid and was
run by a linear increase of acetonitrile from 10% to 40% in 35 min at a flow rate of 0.2 ml/min.

The formation of hydrogen peroxide was quantified using the Amplex Red fluorescence assay
as previously described (Vetrano et al., 2005). Briefly, reactions were run in 96-well microtiter
plates at 37° C and contained 10 µM Amplex Red reagent, 50 µM NADPH and 130–150 µg/
µl of cell protein lysate in a total volume of 50 µl. The detection of the fluorescent product,
resorufin, was recorded every 2.5 min for 30 min using an HTS 7000 Plus BioAssay Reader
(Perkin Elmer Life Sciences, Boston, MA). In some experiments, the inhibitors dicoumarol
(100 µM) or diphenyleneiodonium (DPI) (10 µM) were added directly to the reaction mix.

Assays for NADPH metabolism and formation of paraquat radical
The generation of paraquat radicals and depletion of NADPH in reaction mixtures were
quantified in 0.5-ml cuvettes using a Lambda 20 UV/visible spectrophotometer (PerkinElmer
Life Sciences). Paraquat radicals were quantified by increases in absorbance at 604 nm (Tampo
et al., 1999) and were recorded on the spectrophotometer by scanning at 1 nm/s, recording at
1-nm intervals, and repeating the scan at 2.5-min intervals for 60 min. Since paraquat radicals
are unstable in the presence of oxygen (Bus and Gibson, 1982), experiments were run in filled
cuvettes covered tightly with Parafilm to create anaerobic conditions. The formation of the
radical was confirmed by the appearance of the blue-violet paraquat radical (Michaelis and
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Hill, 1933). NADPH metabolism was assayed by monitoring decreases in absorbance at 340
nm and were recorded every 2.5 min for 3 h.

Western blotting
Cell lysates were prepared using an SDS-lysis buffer (10 mM Tris-base and 1% SDS, pH 7.6
supplemented with a protease inhibitor cocktail consisting of 4-(2-aminoethyl)benzenesulfonyl
fluoride, aprotinin, bestatin hydrochloride, N-(trans-epoxysuccinyl)-L-leucine 4-
guanidinobutylamide, EDTA and leupeptin). Lysates containing 20 µg protein were separated
on 10% SDS-polyacrylamide gels and then transferred to nitrocellulose membranes. After
incubating the membranes in blocking buffer (5% dry milk Tris-buffered saline with 0.1%
Tween 20) for 1 h at room temperature or overnight at 4°C, the membranes were incubated for
2 h at room temperature or overnight at 4°C with primary antibodies followed by horseradish
peroxidase-conjugated secondary antibodies for 1 h at room temperature. Protein
immunoreactive bands were visualized using enhanced chemiluminescence (ECL) reagents.
Loading of equal amounts of protein was confirmed by silver staining of the gels.

Protein oxidation assay
Protein oxidation was determined by quantifying the formation of carbonyl groups on protein
side chains (Stadtman, 1993; Chevion et al., 2000; Levine, 2002; Dalle-Donne et al., 2006)
using an OxyBlot Protein Oxidation Detection Kit (Chemicon International, Temecula, CA ).
Briefly, cell lysates were treated with 2,4-dinitrophenylhydrazine to derivatize the carbonyl
groups on proteins to 2,4-dinitrophenylhydrazone-tagged products. Nonderivatized samples
were used as a control. Samples were separated on pre-cast 4–20% gradient SDS-
polyacrylamide gels and then transferred to nitrocellulose membranes. The membranes were
blocked with 1% BSA in PBS with 0.1% Tween 20 and incubated with primary antibodies to
dinitrophenylhydrazone-modified carbonyl groups, followed by HRP-conjugated secondary
antibodies. Protein expression was visualized using ECL reagents and loading of equal amounts
of protein was confirmed by silver staining of the gels.

Real-time polymerase chain reaction (PCR)
RNA was isolated using Tri Reagent (Sigma, St. Louis, MO) following the protocol provided
by the manufacturer. The RNA was converted to cDNA using M-MLV reverse transcriptase.
The cDNA was diluted 1:10 in RNase-DNase-free water for PCR analysis. For each gene to
be tested, a standard curve composed of a serial dilution of a pool of the cDNA from the samples
was used as a reference. All values were normalized to β-actin (n = 3, ± SE). The
undifferentiated control was given a value of one and the values for both the undifferentiated
and differentiated samples were calculated relative to this control sample. Real-time PCR was
performed on an ABI Prism 7900 Sequence Detection System using 96-well optical reaction
plates. SYBR-Green was used for detection of fluorescent signal and the standard curve method
was used for relative quantification analysis. The primer sequences for the genes were
generated using Primer Express software (Applied Biosystems) and the oligonucleotides were
synthesized by Integrated DNA Technologies, Inc. (Coralville, IA). The forward and reverse
primer sequences (5’→3’) were: β-actin, TCACCCACACTGTGCCCATCTACGA and
GGATGCCACAGGATTCCATACCCA; catalase, ACCAGGGCATCAAAAACTTG and
GCCCTGAAGCTTTTTGTCAG; GSTA1-2, CAGAGTCCGGAAGATTTGGA and
CAAGGCAGTCTTGGCTTCTC; GSTA3, GCAAGCCTTGCCAAGATCAA and
GGCAGGGAAGTAACGGTTCC; GSTA4, CCCTTGGTTGAAATCGATGG and
GAGGATGGCCCTGGTCTGT; GSTM1, CCTACATGAAGAGTAGCCGCTACAT and
TAGTGAGTGCCCGTGTAGCAA; GSTP1, CCTTGGCCGCTCTTTGG and
GGCCTTCACGTAGTCATTCTTACC; GPx-1, GGTTCGAGCCCAATTTTACA and
TCGATGTCGATGGTACGAAA; HO-1, CCTCACTGGCAGGAAATCATC and
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CCTCGTGGAGACGCTTTACATA; MT-2, TGCAGGAAGTACATTTGCATTGTT and
TTTTCTTGCAGGAAGTACATTTGC; mGST1, GCTTTGGCAAGGGAGAGAATG and
CCTTCTCGTCAGTGCGAACA; mGST2, TGCAGCCTGTCTGGGTCTC and
CAGAAATACTTGTGACGGGCG; mGST3, GGAGGTGTACCCTCCCTTCC and
TGGTAAACACCTCCCACCGT; Cu,Zn-SOD, ACCAGTGCAGGACCTCATTTTAA and
TCTCCAACATGCCTCTCTTCATC; and Mn-SOD, CACATTAACGCGCAGATCATG
and CCAGAGCCTCGTGGTACTTCTC.

Statistical analysis
Data are expressed as mean ± SEM. Statistical differences between the means were determined
using two-way analysis of variance (ANOVA) and were considered statistically significant at
p < 0.05.

Results
Paraquat-induced redox cycling in keratinocytes

In initial experiments, we compared paraquat redox cycling in undifferentiated and
differentiated keratinocytes by quantifying the generation of superoxide anion and hydrogen
peroxide. Paraquat was found to stimulate the formation of superoxide anion in keratinocyte
cell lysates as detected by the generation of 2-hydroxyethidium from dihydroethidine (Fig. 2).
This was inhibited by superoxide dismutase (350 U/ml) demonstrating that the ROI was in fact
superoxide anion. No major differences were observed between undifferentiated and
differentiated keratinocytes. We also found that paraquat stimulated hydrogen peroxide
production by keratinocytes in a time- and concentration-dependent manner (Fig. 3, upper
panels). Greater activity was noted in differentiated cells, when compared to undifferentiated
cells (Fig. 3, lower panels). The accumulation of hydrogen peroxide was blocked by catalase
(10 U/ml), but not superoxide dismutase (400 U/ml) (data not shown), confirming the
specificity of the assay. Paraquat redox cycling and ROI formation is dependent on oxidation
of NAD(P)H to NAD(P)+ (Bus et al., 1974). We found that NADPH was rapidly metabolized
to NADP+ in our enzyme assays; however, no major differences were noted between
undifferentiated and differentiated cells (Fig. 4). Diphenyleneiodonium (DPI) has been shown
to effectively suppress the activity of many FAD reducing enzymes (Riganti et al., 2004)
including NADPH oxidoreductase (O'Donnell et al., 1993). DPI (10 µM) was found to inhibit
paraquat-induced hydrogen peroxide production in both undifferentiated and differentiated
keratinocytes (Fig 5), indicating that paraquat redox cycling is catalyzed by FAD-dependent
NADPH oxidoreductases. Previous studies have shown that NAD(P)H quinone oxidoreductase
1 (NQO1), an FAD-containing oxidase, can participate in redox cycling reactions (Kishi et
al., 2002). Dicoumarol, an inhibitor of NQO1 (Asher et al., 2006), was found to suppress
paraquat redox cycling in both undifferentiated and differentiated cells (Fig. 5).

During redox cycling paraquat is reduced to a radical (Fig. 1) which immediately transfers an
electron to oxygen generating superoxide anion and the parent paraquat molecule (Bus and
Gibson, 1984). Under anaerobic conditions, the paraquat radical is stable (Winterbourn,
1981). Figure 6 shows that lysates from differentiated keratinocytes readily generated the
paraquat radical once anaerobic conditions were established. The formation of the paraquat
radical was time- and concentration-dependent (Fig. 6 inset and not shown). The presence of
the paraquat radical was confirmed by the appearance of a blue-violet color in the reaction mix
(Tampo et al., 1999). No major differences were observed in paraquat radical formation
between undifferentiated and differentiated keratinocytes (not shown).
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Effects of paraquat on oxidative stress in keratinocytes
The oxidation of proteins by ROI is known to be an important marker of cellular oxidative
stress (Dean et al., 1997b; Davies, 2005). In both undifferentiated and differentiated
keratinocytes, constitutive levels of oxidized proteins were detectable. In particular, two
oxidized proteins with molecular masses of 59 and 68 kDa were evident (Fig. 7). Lower levels
of proteins with molecular masses of 75 and 97 kDa were also apparent and paraquat treatment
of the cells resulted in an increase in oxidation of these proteins. Additionally, a band of
oxidized protein at 43 kDa appeared after paraquat treatment in both undifferentiated and
differentiated cells.

It is well recognized that oxidative stress upregulates expression of antioxidant enzymes
(Franco et al., 1999; Scandalios, 2005). In both undifferentiated and differentiated
keratinocytes, paraquat treatment increased mRNA expression of HO-1, Cu,Zn-SOD and
catalase approximately 5–8 fold (Fig. 8, upper panel). Paraquat treatment also resulted in
increased protein expression of these antioxidants (Fig. 8, lower panel). No major differences
in expression of the antioxidants were noted between paraquat-treated undifferentiated and
differentiated cells. In contrast, paraquat had no effect on expression of Mn-SOD, GPx-1 or
MT-2 (Fig. 8, upper panel). Interestingly, we also found that the differentiation process was
associated with increased constitutive expression of HO-1, Cu,Zn-SOD and catalase protein.

The glutathione S-transferase (GST) enzymes play a central role in the elimination of oxidized
macromolecules and xenobiotics in cells through glutathione conjugation (Hayes et al.,
2004). The major cytosolic members of the GST superfamily are the alpha (GSTA), mu
(GSTM) and pi (GSTP) families which are important in detoxification of lipid and protein
peroxidation products (Hayes and Strange, 1995; Hayes and McLellan, 1999). The three
microsomal GST enzymes (mGST1, mGST2 and mGST3) are members of the membrane-
associated proteins in the eicosanoid and glutathione metabolism (MAPEG) family of enzymes
(Jakobsson et al., 1999; Jakobsson et al., 2000) and are also important in removing oxidation
products (Mosialou et al., 1995). We found that mRNA expression of the alpha family of GST’s
was markedly increased in differentiated and undifferentiated keratinocytes in response to
paraquat treatment. Specifically, GSTA1-2 was increased 40–50-fold, while GSTA4 increased
20–25-fold (Fig. 9, left panel). Paraquat also stimulated GSTA3 expression 9–13-fold (Fig.
9A), while GSTP1 levels increased 3–4-fold in both cell types (Fig. 9, right panel). Increases
in GSTA1-2, but not in GSTA4, GSTA3 or GSTP1, were significantly greater in differentiated
cells when compared to undifferentiated cells. No major changes were observed in GSTM1,
mGST1, mGST2 or mGST3 expression following paraquat treatment in either undifferentiated
and differentiated cells.

Discussion
The present studies show that paraquat is reduced to a radical in keratinocytes during a redox
cycling reaction, and that oxidation of this radical generates superoxide anion and hydrogen
peroxide. Moreover, in intact keratinocytes, paraquat redox cycling leads to protein oxidation.
These findings are novel and suggest a potential mechanism mediating paraquat-induced injury
to the skin. Of particular interest was our observation that paraquat-induced protein oxidation
was greater in differentiated keratinocytes, when compared to undifferentiated cells, and that
this is associated with increased hydrogen peroxide formation. These results suggest that
differentiated keratinocytes may be more susceptible to oxidative stress. This idea is consistent
with findings of increased oxidative stress in suprabasal layers of the epidermis following
exposure to UVB light (Theile et al., 1999; Sander et al., 2002). In contrast, we noted that
generally similar amounts of superoxide anion were generated in undifferentiated and
differentiated keratinocytes. It is possible that differentiated cells metabolize superoxide anion
more rapidly than undifferentiated cells. This is supported by our findings that differentiated
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cells expressed greater constitutive levels of Cu,Zn-SOD. Although differentiated cells also
expressed more catalase, this was apparently not sufficient to metabolize hydrogen peroxide
during paraquat redox cycling in these cells, when compared to undifferentiated cells. At least
four constitutively oxidized proteins with molecular masses of 59, 68, 75 and 97 kDa were
identified in the keratinocytes. It is well recognized that cells continuously generate basal levels
of superoxide anion and hydrogen peroxide from both mitochondrial and extramitochondrial
sources (Darr and Fridovich, 1994), and it is likely that these ROI are responsible for generating
the observed oxidized proteins. This is in accord with our findings of enhanced oxidation of
these same proteins following paraquat treatment. Paraquat also induced oxidation of an
additional 43 kDa protein in both differentiated and undifferentiated keratinocytes. At the
present time, the identity of the oxidized target proteins in the cells is not known. Since the 43
kDa protein is selectively oxidized following paraquat treatment, we speculate that it plays a
critical role in mediating the biological actions of paraquat.

Previous studies have demonstrated that redox cycling of paraquat occurs via the actions of
oxidoreductases including cytochrome P450 reductase and thioredoxin reductase (Day et al.,
1999; Gray et al., 2007). These are flavin-containing monooxygenases that are inhibited by
DPI. In accord with this, we found that DPI also inhibited paraquat-mediated redox cycling in
keratinocyte lysates. However, the redox cycling activity was simultaneously suppressed by
dicoumarol, an inhibitor of the FAD-containing enzyme, NAD(P)H quinone oxidoreductase-1
(NQO1). Although these findings suggest that paraquat may redox cycle with this enzyme, this
would be surprising since NQO1 catalyzes an obligate two-electron reduction (Chen et al.,
2000). It should be noted that dicoumarol also inhibits other enzymes including mitochondrial
complexes II, III and IV (Gonzalez-Aragon et al., 2007). Thus, we cannot rule out the
possibility that dicoumarol inhibits other DPI-sensitive one electron oxidoreductases in
keratinocytes that mediate redox cycling of paraquat.

Increased oxidative stress in cells is associated with altered expression of antioxidant enzymes
which function to limit cytotoxicity (Adler et al., 1999; Droge, 2002; Scandalios, 2005). Both
undifferentiated and differentiated keratinocytes were found to respond to paraquat-induced
oxidative stress by upregulating the expression of several key antioxidant enzymes including
Cu,Zn-SOD, HO-1 and catalase. Transgenic mouse studies have shown that antioxidant
enzymes such as Cu,Zn-SOD, as well as GPx-1, are required for the prevention of paraquat-
induced oxidative damage (de Haan et al., 1998; Van Remmen et al., 2004), and that their
overexpression offers protection from injury (Thiruchelvam et al., 2005). Interestingly, we
found differential effects of paraquat on expression of Cu,Zn-SOD and Mn-SOD. Thus, while
Cu,Zn-SOD was readily induced in the cells following paraquat treatment, Mn-SOD remained
unchanged. Similar results have been described in paraquat-treated fibroblasts (Kelner and
Bagnell, 1990), and in keratinocytes exposed to UVB (Sasaki et al., 1997). Cu,Zn-SOD and
Mn-SOD are known to be regulated by distinct mechanisms (Zelko et al., 2002). Moreover,
Cu,Zn-SOD is cytosolic, while Mn-SOD is restricted to the mitochondrial matrix and inner
membrane (Fridovich, 1978). Presumably, paraquat generates superoxide anion in the cytosolic
compartment of the cells and localized oxidative stress stimulates expression of Cu,Zn-SOD.

Paraquat-induced increases in HO-1 expression were also observed in undifferentiated and
differentiated cells. HO-1, like Cu,Zn-SOD, is upregulated in cultured skin and lung cells in
response to exposure to oxidants such as ozone (Valacchi et al., 2004), sodium arsenite
(Applegate et al., 1991) and UVA (Keyse and Tyrrell, 1990). This is thought to be central in
antioxidant defense and is supported by findings that HO-1 knockout mice exhibit increased
ROI production and enhanced mortality (Poss and Tonegawa, 1997). As observed with Cu,Zn-
SOD and catalase, constitutive expression of HO-1 was increased in differentiated
keratinocytes when compared to undifferentiated cells, and this may be important in protecting
suprabasal layers of the skin from oxidative stress. Catalase expression was also induced by
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paraquat in both undifferentiated and differentiated keratinocytes. Increased catalase
expression has been observed in skin following UVA exposure (Fuchs et al., 1989), and
catalase overexpression in both cultured keratinocytes and mice provides protection from
hydrogen peroxide-induced damage (Chen et al., 2004; Shim et al., 2005), as well as UVB-
mediated apoptosis (Rezvani et al., 2006). Increased expression of these important antioxidants
is a key adaptive response to protein oxidation as a result of paraquat redox cycling and
represents a mechanism to protect keratinocytes against further oxidative stress.

Of particular interest was our finding that paraquat treatment altered expression of several
major glutathione S-transferase (GST) enzymes. A major function of both cytosolic and
microsomal GST enzymes is conjugation of glutathione to oxidized cellular macromolecules
in order to facilitate their elimination and limit tissue injury. Although all GST enzymes
conjugate glutathione, each GST family has preferred substrates. GSTA enzymes have been
shown to break lipid peroxidation chain reactions through the removal of hydroperoxides and
aldehydes generated during oxidative stress (Hayes and McLellan, 1999; Yang et al., 2002).
This GSTA preference for lipid peroxidation products may explain the striking increases in
GSTA1-2 and GSTA4, as well as GSTA3 that we observed in keratinocytes. Our findings are
consistent with previous work showing that overexpression of GSTA1 protects against
hydrogen peroxide-induced cytotoxicity and DNA damage in retinal pigment cells (Liang et
al., 2005). We also noted significantly greater expression of GSTA1-2 in response to paraquat
in differentiated keratinocytes, when compared to undifferentiated cells. Genetic
polymorphisms in the GSTA1 promoter have been associated with increased cancer incidence
(Coles et al., 2001; Sweeney et al., 2003), and these polymorphisms may be involved in
regulating GSTA1 gene expression and tumor development. The importance of GSTA4
activity in protection against paraquat-induced oxidative stress has also been noted in GSTA4
null mice (Engle et al., 2004). Higher concentrations of lipid peroxidation products are detected
in the livers of these mice after injection of paraquat, and the mice exhibit a greater mortality
relative to wild-type controls. The lower induction of GSTP1, and lack of induction of GSTM1
in our cells may be due to the diminished roles that these enzyme families play in the
detoxification of lipid peroxidation products (Berhane et al., 1994). Our results are generally
similar to reports of changes in GST mRNA expression in lungs from mice treated with
paraquat where increases in the GST alpha and pi families were detected (Ruiz-Laguna et
al., 2005).

The microsomal GST (mGST) enzymes have been shown to exhibit glutathione peroxidase
activity against lipid hydroperoxides that is similar to the cytosolic GSTA enzymes (Mosialou
et al., 1995). However, in keratinocytes, expression of these enzymes was not altered by
paraquat treatment. The mGSTs also appear to be important in the metabolism of lipid-derived
inflammatory mediators (Hayes et al., 2004). Both mGST2 and mGST3 conjugate glutathione
to leukotriene A4 to form leukotriene C4 (LTC4) (Jakobsson et al., 1997), while mGST1 co-
localizes with leukotriene C4 synthase, and is inhibited by LTC4 (Bannenberg et al., 1999).
Further studies are necessary to determine if the microsomal and cytosolic GST enzymes are
regulated distinctly, and to elucidate their role in protecting cells from oxidative stress.

Our data show that paraquat readily induced oxidative stress in keratinocytes. Antioxidant
therapy involving the administration of SOD or N-acetylcysteine (NAc) has been proposed as
a potential treatment for paraquat poisoning. This approach, however, has met with mixed
results. While initial studies suggested that NAc and Cu,Zn-SOD increased the survival of
paraquat-treated animals (Yeh et al., 2006), subsequent work demonstrated that the protective
effects of SOD were only evident when it was used in combination with Mn-SOD and
glutathione (GSH) (Paller and Eaton, 1995). In the same study, Cu,Zn-SOD treatment alone
enhanced oxidative injury, primarily due to the reactivity of the copper ions. In recent in
vivo experiments, synthetic SOD analogs were shown to prevent paraquat-induced pulmonary
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oxidative damage without causing toxicity in mice (Day and Crapo, 1996). In mouse skin,
topical application of antioxidant formulations including inhibitors of superoxide anion or
alpha- and beta-carotenes reduced markers of oxidative stress caused by exposure to phorbol
esters (Nakamura et al., 1998) or croton oil (Kim-Jun, 1993). At the present time, the use of
antioxidants orally or topically for the treatment of paraquat toxicity is promising but requires
additional studies to identify agents that penetrate the skin and retain biological activity.

In summary, we have shown that paraquat induces oxidative stress in primary cultures of
undifferentiated and differentiated mouse keratinocytes by producing ROI via NADPH-
dependent redox cycling. This leads to increased protein oxidation, particularly in
differentiated cells, as well as upregulation of critical antioxidant enzymes including Cu,Zn-
SOD, catalase, HO-1, GSTA1-2, GSTA3, GSTA4 and GSTP1. At the present time, the precise
role of each of these antioxidants in the response of the skin to oxidative stress is unknown.
The role of differentiation in regulating antioxidant enzyme expression, as well as in
determining of how this process controls the responses of the skin to oxidative stress requires
further investigation for a more complete understanding of the dermal toxicity of paraquat.
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Figure 1. Summary of paraquat redox cycling and detoxification of ROI by cellular antioxidants
Upper panel: Paraquat redox cycling reactions. Paraquat undergoes a one electron reduction
to the paraquat radical via the oxidation of NAD(P)H to NAD(P)+ by NAD(P)H oxidase
(Reaction 1). The paraquat radical is then immediately oxidized to the parent compound with
the transfer of an electron to molecular oxygen, forming superoxide anion (Reaction 2). Lower
panel: Detoxification of ROI by enzymatic antioxidants. Superoxide anion is metabolized to
hydrogen peroxide by SOD. Hydrogen peroxide is detoxified by catalase and/or various
peroxidases including GPx-1. Hydrogen peroxide has been implicated in the mobilization of
heme, an oxidizing agent, which is then degraded by heme oxygenases including HO-1 to
biliverdin, ferric iron and carbon monoxide. Biliverdin is further metabolized to bilirubin and
ferric iron is removed through sequestration by ferritin. In the presence of transition metals
such as iron or copper, hydrogen peroxide can also be converted to hydroxyl radicals. The zinc-
mediated free radical scavenging function of MT-2 serves as a mechanism for removal of
hydroxyl radicals. Oxidized proteins and lipids can be conjugated with glutathione by the GST
enzymes to facilitate cellular elimination.
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Figure 2. Paraquat redox cycling leads to the production of superoxide anion
Superoxide anion generation was assayed by the formation of 2-hydroxyethidium from
dihydroethidine using HPLC. Reaction mixtures contained lysates from undifferentiated and
differentiated (130 µg/µl protein), paraquat (100 µM), NADPH (500 µM) and dihydroethidine
(40 µM). After one hr at 37°C, 2-hydroxyethidium was extracted and analyzed by HPLC. In
some reaction mixes, Cu,Zn-SOD (350 U/ml) was added to confirm that the 2-hydroxyethidium
peak was due to superoxide anion production.
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Figure 3. Redox cycling of paraquat by keratinocytes
Paraquat redox cycling was quantified by the formation of hydrogen peroxide in cell lysates
as described in the Methods section. Reaction mixtures contained cell lysates (130 µg/µl
protein), 500 µM NADPH and paraquat at the indicated concentrations and were run in
triplicate. Data are presented as the mean ± SE. Background fluorescence (closed triangles)
was subtracted from all values. Upper panels: Effects of increasing concentrations of paraquat
on hydrogen peroxide formation in lysates from undifferentiated and differentiated
keratinocytes. Lower left panel: Comparison of paraquat (100 µM) induced hydrogen peroxide
formation in lysates from undifferentiated and differentiated cells. Lower right panel:
Concentration-dependent increase in hydrogen peroxide formation in lysates from
undifferentiated and differentiated cells. Assays were run for 30 min.
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Figure 4. Effects of paraquat on NADPH metabolism
Reaction mixtures contained cell lysates (130 µg/µl protein), 100 µM paraquat and 100 µM
NADPH in a 1 ml cuvette. NADPH metabolism was assayed by monitoring changes in
absorbance at 340 nm and were recorded every 2.5 min for 3 h using a UV/VIS
spectrophotometer. Data are presented as percent of control. Circles, undifferentiated (undiff)
cells; triangles, differentiated (diff) cells.
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Figure 5. Effects of inhibitors on paraquat redox cycling
Redox cycling of paraquat in keratinocyte lysates was quantified by the production of hydrogen
peroxide using the Amplex Red reaction. Enzyme reactions contained lysates (130 µg/µl
protein) from undifferentiated and differentiated cells, 100 µM paraquat (PQ) and 500 µM
NADPH and were run in the presence and absence of dicoumarol (100 µM) or DPI (10 µM)
and were run in triplicate. Data are presented as the mean ± SE. Background fluorescence was
subtracted from all values.
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Figure 6. Generation of paraquat radicals
Paraquat metabolism was assayed in reaction mixtures containing cell lysates from
undifferentiated keratinocytes (130 µg/µl protein), paraquat (500 µM) and NADPH (3 mM)
in sealed cuvettes placed in a UV/VIS spectrophotometer. After 120 min, anaerobic conditions
were established and readings were recorded every 2.5 min. The paraquat radical has a peak
absorbance peak of 604 nm (Tampo et al., 1999). The inset shows the formation of the paraquat
radical over time.
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Figure 7. Cellular oxidative stress in paraquat-treated keratinocytes
Undifferentiated (Undiff) and differentiated (Diff) keratinocytes were incubated in growth
medium in the absence and presence of 100 µM paraquat (PQ). After 24 h, cell lysates were
prepared and carbonyl groups on protein side chains were derivatized using 2,4-
dinitrophenylhydrazine. The samples were then separated on SDS-polyacrylamide gels and
protein oxidation quantified by Western blotting using an antibody to derivatized carbonyl
groups as described in the Methods section. Loading of equal amounts of protein was confirmed
by silver staining of the gel.
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Figure 8. Effects of paraquat on expression of antioxidant enzymes
Undifferentiated (U) and differentiated (D) keratinocytes were treated with 100 µM paraquat
or control. After 24 h, mRNA was extracted and analyzed for gene expression by real-time
PCR (upper panel) or total cellular lysates were prepared and protein expression was analyzed
by Western blotting (lower panel). Loading of equal amounts of protein was confirmed by
silver staining of the gels. *p < 0.05, undifferentiated control cells versus paraquat-treated
undifferentiated and differentiated cells. Each bar represents the mean ± SE (n = 3).
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Figure 9. Effects of paraquat on keratinocyte expression of glutathione-S-transferases
Undifferentiated (U) and differentiated (D) keratinocytes were treated with 100 µM paraquat
or control. After 24 h, mRNA was extracted and analyzed for gene expression by real-time
PCR. Left panel: Effects of paraquat on mRNA expression of GSTA1-2, GSTA3 and GSTA4.
Right panel: Effects of paraquat on mRNA expression of GSTM1, GSTP1, mGST1, mGST2
and mGST3. *p < 0.05, undifferentiated control cells versus paraquat-treated undifferentiated
and differentiated cells; § p < 0.05, undifferentiated paraquat-treated cells versus differentiated
paraquat-treated differentiated cells. Each bar represents the mean ± SE (n = 3).
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