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Abstract

Although 4,4'-diaminodiphenylsulfone (DDS, dap-
sone) has been used to treat several dermatologic con-
ditions, including Hansen disease, for the past several
decades, its mode of action has remained a topic of
debate. We recently reported that DDS treatment sig-
nificantly extends the lifespan of the nematode C. ele-
gans by decreasing the generation of reactive oxygen
species. Additionally, in in vitro experiments using
non-phagocytic human fibroblasts, we found that DDS
effectively counteracted the toxicity of paraquat (PQ).
In the present study, we extended our work to test the
protective effect of DDS against PQ in vivo using a
mouse lung injury model. Oral administration of DDS
to mice significantly attenuated the lung tissue dam-
age caused by subsequent administration of PQ.

Moreover, DDS reduced the local expression of mMRNA
transcripts encoding inflammation-related molecules,
including endothelin-1 (ET-1), macrophage inflammatory
protein-1a (MIP-1a), and transforming growth factor-p
(TGF-B). In addition, DDS decreased the PQ-induced
expression of NADPH oxidase mRNA and activation of
protein kinase Cu (PKCp). DDS treatment also de-
creased the PQ-induced generation of superoxide
anions in mouse lung fibroblasts. Taken together,
these data suggest the novel efficacy of DDS as an ef-
fective protective agent against oxidative stress-in-
duced tissue damages.

Keywords: antioxidants; Dapsone; lung injury; mice;
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Introduction

The anti-inflammatory compound 4,4'-diaminodi-
phenylsulfone (DDS, dapsone) has been used to
treat many skin diseases, especially Hansen dis-
ease, for the last several decades (Wolf et al.,
2002). Despite its long-term use, the issue of
whether its mode of action as an antioxidant or
pro-oxidant is a still ongoing debate (Niwa et al.,
1984; Anderson et al., 1987; Bradshaw et al., 1997;
Reilly et al., 1999). Recently, we observed and re-
ported an interesting phenomenon that the lifespan
of Hansen disease patients in Korea, most of
whom have taken DDS for several decades, would
be longer than that of the ordinary people despite
their socioeconomic and medical disadvantages
(summarized in Shimokawa et al. 2009).

Although the extended lifespan of Hansen dis-
ease patients might ensue from many possible fac-
tors, we have focused on the effect of their long-
term treatment with DDS. Previously, DDS has
been known to suppress ROS production in phag-
ocytic neutrophils (Suda et al., 2005). In addition,
we also showed that DDS effectively suppresses
ROS generation in non-phagocytic cells by inhibit-
ing the NADPH oxidase (NOX) system (Cho et al.,
2010a). Furthermore, we could recently report that
DDS treatment significantly extends the lifespan of
the nematode C. elegans (Cho et al., 2010b).
Therefore, in this study, we tried to confirm the anti-
oxidant efficacy of DDS in an in vivo mouse model.

Paraquat is widely used as a potent herbicide
and can cause severe toxicity in many organs
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(Tomita, 1991). Owing to its local accumulation, the
lung is the primary site of the toxic effects of PQ.
PQ-induced lung injury involves interstitial edema,
alveolar hemorrhage, interstitial inflammation, and
bronchial epithelial cell proliferation, ultimately re-
sulting in fibrosis (Nerlich et al., 1984). Animal mod-
els of PQ-induced lung injury have been commonly
used to investigate the pathogenesis of pulmonary
fibrosis and to evaluate the therapeutic efficacy of
agents. Here, we used a mouse model of PQ-in-
duced lung injury to examine the effect of DDS in
vivo on PQ toxicity.

Paraquat-induced pulmonary fibrosis results from
the direct damage caused by oxygen free radicals
as well as from the indirect injury caused by in-
flammatory cells and fibroblasts, with the involve-
ment of several cytokines and growth factors (Cooper
et al., 1988). The toxic drug-induced high expression
of mRNA for monocyte chemoattractant protein-1
(MCP-1) and macrophage inflammatory protein-1a
(MIP-10) is responsible for the pulmonary fibrosis in
the lung tissues (Ishida et al., 2006). Transforming
growth factor-p (TGF-B), a potent fibrogenic growth
factor, also promotes pulmonary fibrosis, by en-
hancing the transcription of collagen genes (Ishida
et al., 2006). In addition, endothelin-1 (ET-1) has
been reported to participate in the pathogenesis of
bleomycin-induced and idiopathic pulmonary fib-
rosis (Kahler et al., 2000; Kaehler et al., 2002).
Furthermore, lung ET-1 expression was shown to
be upregulated during PQ-induced pulmonary fib-
rosis (Kim et al., 2006).

The production of ROS may also contribute to
PQ-induced pulmonary fibrosis (Bus et al., 1976;
Bonneh-Barkay et al., 2005). The principal media-
tor of PQ toxicity has been suggested to be ROS,
and PQ has been widely used to trigger oxidative
stress via generation of the superoxide anion, hy-
drogen peroxide, hydroxyl radicals, and in the
presence of nitric oxide, peroxynitrite. Superoxide
anions are generated by PQ via NADPH-depend-
ent metabolic pathways (Bonneh-Barkay et al.,
2005) and via mitochondria (Castello et al., 2007).
Notably, NADPH oxidases, NOX2 and NOX4, are
predominantly expressed in lung tissues (van der
Vliet, 2008; Hecker et al., 2009). Moreover, protein
kinase C (PKC) participates in the ligand-initiated
assembly of NOX, which proceeds the generation
of superoxide anions (Miller et al., 2007). Among
more than 20 different PKC isoforms present in
mammalian cells, several PKC isoforms are al-
ready reported to be linked with expression or acti-
vation of NOX; such as PKC p in lung (Rennecke
et al., 1996), PKC 6 in mouse adipocytes (Talior et
al., 2005) and microglial cells (Miller et al., 2007),
and PKC o in human endothelial cells (Xu et al.,

2008). Since several PKC isoforms, including PKC
a, B, 6, and p, are expressed in lung, it is necessary
to confirm the possible involvement of a specific
PKC isoform that is associated with PQ-induced
ROS generation in the mouse lung.

Since the oxidative damage is one of the major
contributors to the toxic effects of PQ, the use of
antioxidants to treat PQ poisoning appears to be
an effective and feasible option for preventing or
treating the consequent damage. In fact, the ad-
ministration of the antioxidant N-acetyl-I-cysteine
(NAC) before PQ treatment has been shown to at-
tenuate PQ toxicity (Hoffer et al, 1993). In this
study, we tested the efficacy of DDS as an effective
antioxidant against toxicant-induced oxidative
stress in vivo using a mouse PQ-induced lung in-
jury model.

Results

DDS attenuates the PQ-induced pulmonary damage

Control (saline-treated) mice displayed normal pul-
monary structure, as assessed by examining
H&E-stained lung tissue sections. The lungs of ani-
mals treated for 5 days with PQ (10 mg/kg) ap-
peared abnormal, but no mice in any treatment
group died. Histopathological examination of the
lungs of PQ-treated mice revealed major differ-
ences compared with controls. On day 5 after ex-
posure to PQ (10 mg/kg), the lungs exhibited pul-
monary edema, inflammatory cell recruitment,
hemorrhage, and light fibrosis. These abnormal-
ities, particularly inflammation and hemorrhage,
were dramatically attenuated in animals pretreated
with DDS (PQ + DDS group; DDS, 0.5 or 2 mg/kg).
As expected, animals treated with DDS alone (2
mg/kg) had a normal pulmonary structure. As a
positive control, NAC-treated mice were protected
against the deleterious effects of PQ (PQ + NAC
group) (Figure 1). These data indicate that DDS is
effective for preventing PQ-induced lung tissue
damage in mice.

DDS itself cannot inhibit PQ uptake

When PQ was administered to the mouse via i.p.
injection, a significant amount of PQ was detected
in the lung tissue using HPLC analysis. However,
this uptake of PQ was not significantly inhibited by
oral pretreatment of DDS (Figure 2). Since DDS
could not affect the PQ uptake by lung tissue, we
paid our attention on the mechanism how it attenu-
ated the PQ-induced pulmonary damage.
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DDS decreases the PQ-induced expression of
inflammatory cytokines

Inflammation contributes to PQ-induced pulmonary
damage, and several factors, including cytokines,
chemokines, and growth factors, may contribute to
the pathogenesis of pulmonary fibrosis (Smith et
al., 1995; Martinet et al., 1996). It has been reported
that the expression of ET-1 and MIP-1a was sig-
nificantly increased in the mouse lung within 5
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Figure 1. Effect of DDS on PQ-in-
duced pulmonary fibrosis. Histolo-
gical evaluation of lungs from sal-
ine-injected (control) mice; mice treat-
ed with 2 mg/kg (human therapeutic
dose) DDS alone; mice treated once
with 10 mg/kg PQ; mice treated with
PQand 0.5 or 2 mg/kg DDS; and mice
treated with NAC (3 > 100 mg/kg)
following exposure to PQ. The lungs
were removed, fixed in 4% form-
aldehyde, and embedded in paraffin.
Tissue sections were cut and stained
with hematoxylin and eosin. Histo-
pathological images are presented as
light micrographs (200 X magnifica-
tion).

days of exposure to PQ (Ishida et al., 2006). To an-
alyze the effects of DDS on PQ-induced in-
flammation and lung damage, the mRNA expression
of key genes in the lungs of PQ-treated mice was
examined by RT-PCR. The mRNA levels of both
ET-1 and MIP-1o were increased significantly in
PQ-treated mice (Figures 3A-3C). The mRNA lev-
els of tumor necrosis factor-o. (TNF-a) and TGF-$
were previously reported to be significantly in-
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Figure 2. Effect of DDS on PQ uptake in mouse lung tissues. The level of PQ uptake was examined in lung tissues from mice treated with saline (control),
PQ alone, and PQ + DDS (2 mg/kg, n = 3) using HPLC analysis. HPLC samples were prepared and analyzed as described in Methods.
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creased within 2-3 weeks after PQ treatment
(Ishida et al., 2006). In the present study, the ex-
pression of TGF-B, but not TNF-a, mRNA was in-
creased significantly after PQ treatment (Figures
3A and 3D). These changes in mRNA expression
were attenuated by pretreatment with DDS, as well
as by NAC treatment after PQ exposure. No sig-
nificant differences in mMRNA expression were de-
tected between mice treated with DDS alone and
saline-treated controls. These data implicate that
regulation of several key inflammatory factors
could be involved in the protective effect of DDS
against PQ-induced mouse lung damage.
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Only DDS
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Figure 3. RT-PCR analysis of ET-1,

D TGF-p MIP-10, TNF-o, and TGF-B mRNA
250+ levels in lung tissues from PQ-treat-
s 4 ed mice. Total mouse lung RNA was
£ 200+ prepared and analyzed by RT-PCR
3 150 * using primers specific for ET-1,
ha MIP-1a, TNF-o, and TGF- mRNA.
© 100 * PCR products were separated by
< 5 electrophoresis in 1.2% agarose
4 gels (A), with B-actin as a loading
€ o control. Quantified data (n = 3) are

C & PV LY Eresented in bar graphs (B, C, D).

Q%Qbo% xevoo% P < 0.005 vs. control mice (CC);
xoqox & *P < 0.005 vs. PQ-treated mice
& (PQ).

DDS controls the PQ-induced mRNA expression of
NOX4

Increased expression of ET-1 in PQ-induced pul-
monary fibrosis may result from oxidative stress,
as well as inflammation, as PQ is known to trigger
oxidative stress (Kahler et al., 2000; Kaehler et al.,
2002). Therefore, the ability of DDS to reduce oxi-
dative stress and thereby protect against PQ-in-
duced mouse lung damage has been tested. As
PQ treatment results in increased expression of
NOX (Rossary et al., 2007; Cho et al., 2010a),
which generates superoxide anions, we examined
the expression of NOX2 and NOX4 mRNA in the
lung tissues. The expression of NOX4 mRNA was

Figure 4. Effect of DDS on PQ-induced NADPH oxidase 4 mRNA
expression in mouse lung tissue. Total mouse lung RNA was pre-
pared and analyzed by RT-PCR using primers specific for NOX2
and NOX4 mRNA. Target gene expression levels were normal-
ized to the B-actin signal. Quantified data (n = 3) are presented
in bar graphs (lower panel). #p < 0.005 vs. control mice (CC); *P
< 0.005 vs. PQ-treated mice (PQ).
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Figure 5. Effect of DDS on PQ-induced PKC activation in mouse lung
tissue. PQ-induced PKC phosphorylation was evaluated by Western
blotting. Mice were pretreated daily with oral DDS (0.5 or 2 mg/kg) for 1
week and then treated once with 10 mg/kg PQ. The lungs were removed
and homogenized in lysis buffer. PKC phosphorylation was determined
using antibodies against PCKpan-p, PCKa/B-p, PKC&-p, and PKCp-p.
Immunoreactive protein bands were visualized by ECL and exposure to
autoradiographic film.

increased significantly in mice exposed to PQ
(Figure 4), and this induction was suppressed by
pretreatment with DDS. However, any significant
change in NOX2 mRNA expression by PQ treat-
ment or DDS was not observed.

DDS inhibits PQ-induced PKCy activation and
superoxide anion generation in vitro and in vivo

PKC isoforms have been implicated in the gen-
eration of superoxide anions via NOX activation
(Miller et al., 2007). Western blot analysis with anti-
phospho-PKC antibodies was carried out to exam-
ine the phosphorylation status of specific PKC iso-
forms in mouse lung after PQ treatment. PQ in-
duced the phosphorylation of PKCp at Ser744/748
and Ser916 (Figure 5), whereas the phosphor-
ylation of the other PKC isoforms, including PKCaq,
B, and J, was not altered by PQ treatment. In addi-
tion, the basal levels of lung PKCs were not
changed (data not shown). PQ-induced phosphor-
ylation of PKCp in mouse lung tissue was inhibited
by DDS. Therefore, DDS can suppress PQ-in-
duced PKC activation and the subsequent in-
duction of NOX4 in vivo.

Given the limitations to monitoring ROS gen-
eration in tissues, we measured PQ-induced su-
peroxide anion generation in a cellular model.
Previously, we reported that DDS inhibited PQ-in-
duced superoxide anion generation in non-phag-
ocytic human diploid fibroblasts by inhibiting the
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activation of PKC, especially the B isoform. DDS
was tested at concentrations of 1 and 20 uM, the
range of plasma DDS concentrations in patients
treated with DDS, and these concentrations appear
to be safe and effective for long-term use (Zuidema
et al., 1986). Because in vivo experiment showed
that PKCp was strongly affected by PQ treatment
in the mouse lung tissues, we examined the phos-
phorylation status of PKCy in vitro in primary mouse
lung fibroblasts in response to PQ treatment.
Western blot analysis revealed that PQ treatment
enhanced the phosphorylation of PKCp at Ser744/
748 and Ser916 in lung fibroblasts at 3, 5, 10, 15,
and 30 min with peak induction at 5 min, similar to
that observed in mouse lung tissues and that PQ-
induced phosphorylation of PKCp was inhibited by
DDS (Figures 6A and 6B) dose dependently, as
well as by G66983, a well-known inhibitor of PKCp.

Based on the DHE assay results using fluo-
rescence microscopy, PQ induced the generation
of superoxide anion, which was decreased by
DDS, presumably by inhibiting PKCp activation
(Figure 6C). These data suggest that DDS protects
against the toxic effects of PQ by inhibition of
PQ-induced PKCp activation and the consequent
reduction in superoxide anion generation not only
in vitro, but also in vivo.

Based on the direct DHE assay, using HPLC, it
was confirmed that DDS could reduce the super-
oxide anion generation by PQ. Figure 6D shows
the HPLC profiles of intracellular levels of 2-OH-
Et" (peak 1) and Et" (peak 2) after the respective
treatment, indicating that PQ stimulated 2-OH-Et”
in mouse lung fibroblasts, which was blocked by
DDS. As a positive control, we used G066983, a
well-known inhibitor of PKCy, which resulted in re-
duction of superoxide anion generation (Figures
6C and 6D). These data implicated that the pro-
tective role of DDS against the toxic effects of PQ
would be related with inhibition of PQ-induced
PKCpu activation and the consequent reduction in
superoxide anion generation not only in vitro, but
also in vivo.

DDS reduces PQ-induced lipid peroxidation in mouse
lung tissues

To measure the oxidative stress caused by PQ-in-
duced superoxide anions, we monitored lipid per-
oxidation by quantifying the levels of TBARS in the
lungs of PQ-treated mice. PQ treatment sig-
nificantly enhanced lipid peroxidation in mouse
lung tissues (Figure 7), and treatment with DDS or
NAC significantly suppressed the PQ-induced lipid
peroxidation. These data suggest that DDS might
be effective in preventing oxidative damage in
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Figure 7. Effect of DDS on MDA levels in lung tissues from PQ-treated
mice. TBARS assay was performed in lung tissues from mice treated
with PQ and DDS. MDA was measured as an index of lipid peroxidation
in mice treated with saline (control), PQ alone, PQ + DDS, PQ + NAC,
or DDS alone (n = 6). #p < 0.005 vs. control mice (Control); *P <
0.005 vs. PQ-treated mice (PQ).
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and 30 min, and then the phosphor-
ylation of PKCp at Ser744/748 and
Ser916 was determined using
Western blot analysis. (B) Primary
mouse lung fibroblasts were pre-
treated with DDS (0.1, 1, 5, or 20
pM) for 3 h or with 5 uM G56983 for
30 min. After treatment with 250 uM
PQ for 5 min, cells were lysed.
Proteins were analyzed by Western
blotting using antibodies against
phosphorylated PKCp.. B-Actin was
used as loading control. (C) Intracel-
lular superoxide anion levels were
measured by dihydroethidium (DHE)
assay using fluorescence micro-
scopy. After treatment with 250 uM
PQ for 30 min, cells were incubated
with 5 uM DHE for 15 min at 37°C in
the dark, and fluorescence was ob-
served under an LSM 510 META flu-
orescence microscope. (D) HPLC
analysis of superoxide anion pro-
duction. HPLC samples were pre-
pared and analyzed as described in
Methods. The levels of 2-OH-Et”
(peak 1) and Et”™ (peak 2) were ex-
pressed as HPLC peak area per mg
protein. The 2-OH-Et” and Et™ gen-
eration data graphed is representa-
tive of three independent experiments.
*p < 0.05 relative to control; *P <
0.05 relative to PQ.

PQ-treated mouse lung tissues.

Pretreatment with DDS modulates the levels of
oxidative damage-associated enzymes in mouse
lung tissues

Changes in the expression levels of several genes
in the lungs of PQ-exposed mice have been re-
ported (Satomi et al., 2004; Tomita et al., 2007).
We examined the levels of lung injury-related en-
zymes 5 days post-PQ treatment with or without
DDS pretreatment. The level of matrix metal-
loproteinase 9 (MMP-9) was increased 5 days after
PQ treatment, which was decreased by DDS pre-
treatment (Figure 8A). By contrast, the protein lev-
els of MnSOD, GR, Prdx1, and GSTn were de-
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Figure 8. Effect of DDS on PQ-induced changes in oxidative damage associated enzymes. (A) The levels of several proteins in lungs from PQ- and
DDS-treated mice were evaluated by Western blotting. Lung tissues were removed and homogenized in lysis buffer. PQ treatment increased the protein
level of MMP-9 and decreased the protein levels of MnSOD, GR, Prdx1, and GSTx. DDS reduced the effects of PQ on the protein levels. B-Actin was
used as loading control. Protein bands were visualized by ECL. (B) Total mouse lung RNA was prepared and analyzed by RT-PCR using primers specific
for GR mRNA. The PCR goducts were separated by electrophoresis in 1.2% agarose gels, with B-actin as a loading control. Quantified data (n = 3) are
presented in bar graphs. “P < 0.05 vs. control mice (Control); *P < 0.05 vs. PQ-treated mice (PQ).

creased in mouse lung tissues following PQ treat-
ment, which were prevented by DDS pretreatment
(Figure 8A). Interestingly, the level of GR mRNA
was increased after PQ treatment as previously re-
ported (Satomi et al., 2004), which was inhibited by
DDS pretreatment (Figure 8B). However, the pro-
tein level of GR by Western blot analysis indicated
the higher level of GR by DDS treatment and lower
level by PQ treatment, suggesting the role of DDS
in enzymatic stability at the protein level, which
needs further study. These data imply that the pro-
tective effect of DDS against PQ-induced damage
in mouse lung tissues is achieved by modulating
the levels of enzymes associated with oxidative
damages, which were affected by PQ treatment.

Discussion

Long-term treatment of Hansen disease with DDS
at a standard dose (2 mg/kg body weight per day)
is associated with few clinically significant side ef-
fects (Zone, 1991). Although the primary side ef-
fect of DDS is anemia, we recently observed that
hemoglobin levels in patients with Hansen disease,
most of whom had taken DDS for decades, did not
differ significantly from those in the control group,
suggesting that DDS therapy would not be
life-threatening in humans (Cho et al., 2010b).
Despite the therapeutic effects of DDS, its effi-
cacy as an antioxidant or pro-oxidant is still debated.
Several studies have shown that DDS can cause
oxidative stress, particularly when used at high

concentrations (Bhaiya et al., 2006; Veggi et al.,
2008). Treatment of human dermal fibroblasts with
high-concentration (1.5 mM) DDS (or one of its
metabolites) induces oxidative stress and gluta-
thione depletion (Bhaiya et al., 2006), and high-
concentration DDS administration to rats (30 mg/kg)
produces oxidative stress in the liver (Veggi et al.,
2008). In contrast, dermatological application of
5% DDS gels have been reported to be safe and
effective for long-term use (Piette et al., 2008), and
patients with Hansen disease who have been un-
dergoing long-term DDS therapy at a standard
dose (100 mg per day) exhibit increased anti-
oxidant activity in their blood (Cho et al., 2010b).
Furthermore, we recently found that the mean and
maximum lifespan of DDS-treated C. elegans worms
are significantly greater than those of untreated
worms (Cho et al., 2010b). The DDS-treated worms
exhibited a decreased ROS-induction response to
PQ treatment and were less sensitive to PQ (Cho
et al., 2010b). In the same study, we confirmed that
DDS has an antioxidant effect in PQ-treated hu-
man dermal fibroblasts, in which it effectively sup-
presses ROS generation by inhibiting the NOX
system (Cho et al., 2010a).

Paraquat causes severe lung injury and elicits
several changes in gene expression in the lung
(Ishida et al., 2006; Tomita et al., 2007), during the
destructive phase (i.e., 5 days post-exposure to PQ)
that precedes the development of fibrosis. Cytokines,
chemokines, and growth factors may contribute to
the pathogenesis of pulmonary fibrosis (Smith et
al., 1995; Martinet et al., 1996). Semi-quantitative
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RT-PCR analysis previously demonstrated that
TNF-a and MCP-1 mRNA expression was sig-
nificantly increased after exposure to PQ, com-
pared with those in untreated controls (Ishida et al.,
2006). Moreover, PQ-treated mice showed in-
creased mRNA expression of fibrogenic growth
factors, such as TGF-B, platelet-derived growth
factor A, acidic fibroblast growth factor, and hep-
atocyte growth factor. In addition, the expression of
MIP-1a, which is chemotactic for monocytes/mac-
rophages, was also induced after PQ treatment
(Ishida et al., 2006). In the present study, the ex-
periment lasted 5 days after exposure to PQ, at
which time the lung TNF-a mRNA level was not
significantly altered. However, TGF-p mRNA ex-
pression was significantly enhanced in the mouse
lung at 5 days after PQ treatment. Consistent with
previous findings, MIP-1ac mRNA expression was
also significantly enhanced 5 days after PQ
treatment. As evidence of the importance of ET-1
in the pathogenesis of pulmonary fibrosis, trans-
genic mice overexpressing ET-1 in the lungs were
shown to exhibit progressive development of pul-
monary fibrosis (Hocher et al., 2000), and ET-1
MRNA expression was increased in the lungs of
mice with PQ-induced pulmonary fibrosis. The in-
duction of ET-1 expression may result from oxida-
tive stress or the effects of proinflammatory cyto-
kines associated with oxidative stress. In this
study, we demonstrated that DDS treatment effec-
tively suppressed the PQ-induced gene expression
of MIP-1a, ET-1, and TGF-B (Figure 3), which
would result in attenuation of the PQ-induced dam-
ages, including pulmonary fibrosis.

Paraquat has been widely used to trigger oxida-
tive stress via superoxide anion generation (Autor,
1974; Skillrud and Martin, 1984). Superoxide anions
are a source of more toxic ROS such as hydroxyl
radicals, which can cause extensive damages to
DNA, proteins, and lipids. Many known antioxidant
compounds exert their effects by scavenging ROS.
However, we previously reported that DDS would
not directly scavenge DPPH radicals in vitro, sug-
gesting that DDS might exert its effects through
regulation of ROS generation (Cho et al., 2010a).
Paraquat induces superoxide anion production via
NADPH-dependent metabolic pathways. NOX2
and NOX4 are the predominant NOX isoforms in
the mouse lung (van der Vliet, 2008; Hecker et al.,
2009), and NOX4 expression in pulmonary fibro-
blasts is selectively upregulated in response to in-
flammatory mediators such as TNF-a and TGF-j,
subsequently increasing ROS production (Thabut
et al., 2002; Sturrock et al., 2006; van der Vliet,
2008). In the present study, we found that DDS ef-
fectively inhibits the PQ-stimulated induction of

NOX4 expression, but not of NOX2 expression, in
mouse lung tissues (Figure 4). Moreover, in our
previous C. elegans study, we found that DDS
treatment down-regulated transcription of the ce-
Duox1, a C. elegans NOX (Cho et al., 2010b).
Unlike other NOX isoforms, NOX4 does not require
cytosolic regulatory subunits such as p47phox/
p67phox or NOXO1/NOXA1 (Brandes et al., 2005)
and GTPase Rac for activity control (Martyn et al.,
2006). Rather, NOX4-mediated ROS generation
was directly correlated with NOX4 expression
(Serrander et al., 2007). Therefore, it can be sum-
marized that PKCs can modulate ROS generation
through regulation of NOX gene expression (Xu et
al., 2008). However, it is not clear yet how PKC ac-
tivation regulates NOX gene expression.

Previously, we reported that DDS could control
PKCp activity in human diploid fibroblasts (Cho et
al., 2010a). In addition, our present study showed
that DDS could effectively inhibit PQ-induced
PKCpu activation in lung tissues and lung fibroblasts
(Figures 5 and 6). PKCyp differs from other mem-
bers of the PKC family in terms of its structural and
enzymatic properties, and is ubiquitously ex-
pressed with the highest expression in the thymus,
lung, and peripheral blood mononuclear cells
(Rennecke et al., 1996; Tsunobuchi et al., 2004).
Inhibition of PKCp by its specific inhibitor, G66983,
resulted in a decrease in its phosphorylation, which
led to a reduction in intracellular superoxide gen-
eration (Figure 6). DDS had a similar effect as the
PKCu inhibitor on the PQ-induced changes.

Oxidative stress by PQ-induced superoxide anion
generation results in lipid peroxidation in several
model systems, which alters the structure and
function of cellular membranes and blocks cellular
metabolism (Tsukamoto et al., 2000; Venkatesan,
2000). Lipid peroxidation has been investigated in
pulmonary diseases, including asthma, chronic ob-
structive pulmonary disease, cystic fibrosis, acute
respiratory distress syndrome, and respiratory fail-
ure (Wood et al., 2005). In this study, we observed
that DDS effectively reduced the PQ-induced pro-
duction of MDA, the typical product of lipid per-
oxide (Figure 7). Given that antioxidants prevent
ROS generation or scavenge ROS, the availability
of safe, effective antioxidants should contribute
greatly to preventing a wide range of oxidative
stress-associated pathologies.

In addition, we examined the effect of DDS on
the levels of key enzymes related to oxidative dam-
age in the lung 5 days after PQ treatment (Figure
8). The protein level of MMP-9, which influences
the accumulation of collagen in fibrosis, was in-
creased during the initial destructive phase of the
response to PQ (Satomi et al., 2004). DDS effec-



tively counteracted the PQ-induced upregulation of
MMP-9. Furthermore, the lungs of PQ-treated mice
showed significant down regulation of MNSOD and
Prdx1. PQ also resulted in decreased expression
of the antioxidant GSTx in this study. This ob-
servation is consistent with a previous study in
which a compound known to generate ROS sig-
nificantly reduced GST activity (Du et al., 2004).
The level of GR mRNA increased after PQ ftreat-
ment as previously reported (Satomi et al., 2004),
which was inhibited by DDS pretreatment (Figure
8B). However, unlike GR mRNA, the level of GR
protein was decreased in PQ-treated mice in this
study, but DDS treatment increased the level of GR
protein, analyzed by Western blot analysis (Figure
8A). These data implicate the possible role of DDS
in protein stability, which warrants further study. In
addition, DDS showed an effective counteractive
role in restoring the levels of antioxidative enzymes.
These changes in protein levels of antioxidative
enzymes by DDS might warrant further inves-
tigations to elucidate the mechanism of PQ-in-
duced pulmonary damage and the protective ef-
fects of DDS.

This work showed that DDS effectively counter-
acts PQ-induced lung damage by modulating ex-
pression of inflammatory cytokines and NOX4, ac-
tivation of PKC, formation of malondialdehyde, and
the levels of antioxidative enzymes, in parallel with
the pathological changes. Moreover, the long-term
use of DDS by Hansen'’s patients for several deca-
des without serious side effects supports its value
as a reliable antioxidant for preventing many de-
generative changes related to oxidative damage.
Taken together, these findings lead us to conclude
that DDS would be an effective antioxidant for pre-
venting ROS generation and the subsequent dam-
ages, not only in the lungs, but also in many other
relevant disorders.

Methods

Reagents

DDS was obtained from Taekeuk Pharmaceuticals (Seoul,
Korea). PQ and NAC were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO). Trizol reagent was obtained
from MRC (Cincinnati, OH); G66983, from Calbiochem
(San Diego, CA); Sep-Pak Css cartridge, from Waters Co.
(Massachusetts, Ireland); and dihydroethidium (DHE), from
Molecular Probes (Eugene, OR). A monoclonal antibody
against p-actin was purchased from Sigma; polyclonal anti-
body against MMP-9, from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA); polyclonal antibodies against manganese
superoxide dismutase (MnSOD), glutathione reductase
(GR), and peroxiredoxin 1 (Prdx1), from AbFrontier (Seoul,
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Korea); and polyclonal antibodies against PCKpan-p (Il
Ser660), PCKa/B-p (Thr638/641), PKCs-p, and PKCp-p
(Ser744/748 and Ser916) (phospho-PKC antibody sampler
kit), from Cell Signaling Technologies, Inc. (Danvers, MA).
An anti-glutathione S-transferase n (GSTn) antibody was
prepared in our laboratory. All other biochemical reagents
were from Sigma.

Animals, experimental conditions, and PQ
administration

Male BALB/c mice (20-25 g body weight, 4 weeks old),
bedding, and food were purchased from Chung-Ang
Laboratory Animal (Seoul, Korea). Animals were acclimat-
ized for 1 week before use. The temperature was main-
tained at 21 = 1°C and the humidity at 60-70%. Food and
water were provided ad libitum. Mice were housed in
plastic cages and subjected to a 12 h-12 h light-dark
photocycle. The following treatments were applied: (1) con-
trol: intraperitoneal (i.p.) injection of saline; (2) PQ: i.p. in-
jection of 10 mg/kg PQ; (3) PQ + NAC: single i.p. injection
of 10 mg/kg PQ, followed by i.p. injection of NAC (100
mg/kg) 1, 2, and 4 days after exposure to PQ; (4) PQ +
DDS: daily pretreatment with oral DDS (0.5 mg/kg or 2
mg/kg) for 1 week, and then treatment with PQ (10 mg/kg)
once for 5 days; and (5) DDS: daily treatment with oral
DDS (2 mg/kg) for the entire experimental period. The
lungs of the experimental animals were dissected and ana-
lyzed to determine the effects of DDS. All of the animal
studies were approved by the Animal Experimentation
Committee of Seoul National University.

Extraction procedure and HPLC condition for
paraquat analysis

A Sep-Pak Cs cartridge extraction procedure for PQ in tis-
sues reported by Fuke et al. (1992) was used. The lung tis-
sues were ground with a homogenizer. To the homoge-
nate, 5 ml of 10% trichloroacetic acid solution (TCA) were
added with vortex mixing. This was subjected to centrifuge
at 2000 X g for 10 min. The supernatant was adjusted to
approximately pH 10 with the addition of 2 M sodium hy-
droxide solution and quickly applied to the Sep-Pak Cig
cartridge. The cartridge was successively washed with 5
ml of water, 3 ml of methanol, and another 5 ml of water.
The substances were eluted with 4 ml of 0.1 M hydro-
chloric acid. The eluate was evaporated and dissolved in
100 pl of a solution consisting of 10 mM sodium octane sul-
fonate, 10 mM triethylamine, and 0.5 M potassium bromide
(adjusted to pH 3.0 with o-phosphoric acid). A 20-pl aliquot
of the solution was applied to the HPLC column.

The HPLC system consisted of a pump (G1311A, Agilent
Technologies, Palo Alto, CA), UV detector (G1315A, Agilent
Technologies), fluorescence detector (G1321A, Agilent
Technologies), and auto-sample injector (G1329A, Agilent
Technologies). The wavelength of the UV detector was set
at 290 nm for the detection of PQ. The mobile phase con-
sisted of 10 mM sodium octane sulfonate, 10 mM triethyl-
amine, and 0.5 M potassium bromide (adjusted to pH 3.0
with o-phosphoric acid), and the flow rate was 1.0 ml/min.
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RT-PCR analysis

Total RNA was prepared from mouse lung tissue using
Trizol reagent (MRC), and the expression of ET-1, MIP-1q,
TNF-a, TGF-, NOX2, NOX4, and B-actin mRNA was de-
termined by RT-PCR, using a Biometra T Gradient PCR
machine (Biometra, Goettingen, Germany). The following
specific primers were used: ET-1, 5-CTCTTCTGACCCCT
TTGCAG-3' (forward) and 5-GGTGAGCGCACTGACATC
TA-3' (reverse); MIP-10, 5'-CACCCTCTGTCACCTGCTCA
ACATC-3' (forward) and 5-GGTTCCTCGCTGCCTCCAAG
ACTCT-3' (reverse); TNF-a, 5-CAGCCTCTTCTCATTCCT
GCTTGTG-3' (forward) and 5-CTGGAAGACTCCTCCCA
GGTATAT-3' (reverse); TGF-B, 5'-CGGGGCGACCTGGGC
ACCATCCATGAC-3' (forward) and 5'-CTGCTCCACCTTG
GGCTTGCGACCCAC-3' (reverse); NOX2, 5-GCTGGGAT
CACAGGAATTGT-3' (forward) and 5'-GGTGATGACCACC
TTTTGCT-3' (reverse); NOX4, 5'-CCAGAATGAGGATCCC
AGAA-3' (forward) and 5-AAAACCCTCGAGGCAAAGAT-3'
(reverse); GR, 5'-TCAAAGGCGTCTATGCTGTG-3' (forward)
and 5-GGTGACCAGCTCCTCTGAAG-3' (reverse); and
B-actin, 5'-GGCGGACTATGACTTAGTTG-3' (forward) and
5'-AAACAACAATGTGCAATCAA-3' (reverse). The PCR
products were separated by electrophoresis in 1.2% agar-
ose gels, and the mRNA levels were quantified using Scion
Image software (Scion, Frederick, MD). Target gene ex-
pression was normalized to the B-actin signal.

Western blot analysis

Lung tissues were removed from DDS- and PQ-treated
mice, rinsed in ice-cold saline to remove excess blood,
weighed, and finely minced. Tissue samples were homo-
genized twice for 20 s at 5,500 rpm in RIPA lysis buffer (50
mM Tris-HCI, pH 8.0, 150 mM NaCl, 10% glycerol, 1% NP-
40, 0.5% sodium deoxycholate, 0.1% SDS, 0.42% NaF)
containing protease inhibitors (1 mM phenylmethylsulfonyl
fluoride, 1 mM NasVO., 1% protease inhibitor cocktail; Sigma)
using glass beads and a Precellys 24 homogenizer. The
homogenates were clarified by centrifugation at 12,000 X
g for 20 min. Following protein quantification using BCA
protein assay reagent (Pierce, Rockford, IL), lysate sam-
ples were boiled in sample buffer (50 mM Tris-HCI, pH 6.8,
2% SDS, 0.14 M 2-mercaptoethanol, 10% glycerol, 0.001%
bromophenol blue), separated by electrophoresis, and
transferred to nitrocellulose membranes. The membranes
were incubated with antibodies against PCKpan-p, PCKo/
B-p, PKC&p, PKCp-p, MMP-9, MnSOD, GR, Prdx1, GSTr,
and B-actin. Bound primary antibody was detected using
horseradish peroxidase-conjugated secondary antibody
(Zymed, South San Francisco, CA) and ECL reagent
(Pierce), followed by exposure to autoradiographic film.
Signal intensity was determined using an LAS-3000 Image
Reader (Fuijifilm, Tokyo, Japan).

Mouse lung fibroblast culture and dihydroethidium
assay for superoxide anion monitoring using
fluorescence microscope

Whole lungs were removed from the mice, placed in
Dulbecco's PBS (DPBS), minced into 2- to 3-mm pieces,

and then incubated with 0.25% trypsin and 1 mM EDTA at
37°C for 1 h. The resulting cell suspensions were filtered
through a 70-um nylon cell strainer (Corning-Costar, Acton,
MA), washed, and maintained in 100-mm dishes contain-
ing DMEM supplemented with 10% fetal bovine serum and
antibiotics, at 37°C in a humidified 5% CO, atmosphere.

Intracellular superoxide anion levels were measured by
dihydroethidium (DHE) assay; superoxide anion oxidizes
DHE to oxoethidium, which is fluorescent. Primary mouse
lung fibroblasts grown on coated 35-mm dishes were pre-
treated with 20 uM DDS for 3 h or with 5 uM G66983 for 30
min and then treated with 250 uM PQ for 30 min, followed
by incubation with 5 pM DHE for 15 min at 37°C in the
dark. After two rinses in DPBS, fluorescence was vi-
sualized under an LSM 510 META fluorescence micro-
scope (Carl Zeiss, Oberkochen, Germany).

Dihydroethidium assay by HPLC analysis

The sample preparation and HPLC analysis procedure for
DHE was followed the method reported by Zhao et al.
(2005a). The cells were lysed in a 0.25 ml lysis buffer
(DPBS with 0.1% Triton X-100, pH 7.4). Then, 10 pl of lysis
solution was used for measuring the protein concentration.
The fluorescent dyes were extracted by adding 0.5 ml of
1-butanol. This mixture was vortexed for 1 min and placed
in a microfuge. The butanol phase was separated and
evaporated to dryness, and then resuspended in 100 pl of
Milli Q water before HPLC injection.

The DHE, Et", and the 2-OH-Et" were separated on an
HPLC system equipped with fluorescence and UV detectors.
The mobile phase was H.O/ CH3;CN. The stationary phase
was a Cqs reverse-phase column. Fluorescence detection
at 510 nm (excitation) and 595 nm (emission) was used to
monitor these compounds. Typically, a 50 yl sample was
injected into the HPLC system (HP 1100, Agilent Technolo-
gies) with the C+s column equilibrated with 10% CH3CN in
0.1% trifluoroacetic acid. DHE, Et”, and the 2-OH-Et”
(DHE/O2' "~ -derived oxidation product) were separated by
a linear increase in the CH3CN concentration from 10 to
70% in 46 min at a flow rate of 0.5 ml/min. The elution was
monitored by a variable UV detector at 210 and 350 nm
and a fluorescence detector with excitation and emission at
510 and 595 nm, respectively.

TBARS assay

As a measure of lipid peroxidation in mouse lung tissue,
the level of thiobarbituric acid (TBA)-reactive substances
(TBARS), a group of low-molecular-weight lipid perox-
idation products consisting largely of malondialdehyde
(MDA), was determined according to the method of Ohkawa
et al (1979). This method has been criticized, because in
this system, there are a large number of non-lipid oxidation
products that also react with TBA to form colored species.
An aliquot of lung tissue was mixed with 0.8% TBA in ace-
tic acid (pH 3.4) and 8.1% SDS, and heated in boiling wa-
ter for 30 min. The absorbance of the product was meas-
ured at 532 nm. TBARS are expressed as uM MDA/mg
protein.



Statistical analysis

All results are expressed as the mean & SD. Continuous
variables were compared using Student’s f-test or analysis
of variance (ANOVA) followed by the Tukey test. All analy-
ses were performed using SPSS software (ver. 15.0;
SPSS, Chicago, IL). A value of P < 0.05 indicated stat-
istical significance.
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