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ABSTRACT
4-Methyl-5-(2-pyrazinyl)-1,2-dithiole-3-thione (oltipraz), a prototype drug candidate containing a
1,2-dithiole-3-thione moiety, has been widely studied as a cancer chemopreventive agent. Oltipraz
and other novel 1,2-dithiole-3-thione congeners have the capability to prevent insulin resistance via
AMP-activated protein kinase (AMPK) activation. Arachidonic acid (AA, a proinflammatory fatty
acid) exerts a deleterious effect on mitochondria and promotes reactive oxygen species (ROS)
production. This study investigated whether AA alone or in combination with iron (catalyst of auto-
oxidation) causes ROS-mediated mitochondrial impairment, and if so, whether oltipraz and
synthetic 1,2-dithiole-3-thiones protect mitochondria and cells against excess ROS produced by
AA+iron. Oltipraz treatment effectively inhibited mitochondrial permeability transition promoted
by AA+iron in HepG2 cells, thereby protecting cells from ROS-induced apoptosis. Oltipraz was
found to attenuate apoptosis induced by rotenone (complex | inhibitor), but not that by antimycin A
(complex I11 inhibitor), suggesting that the inhibition of AA-induced apoptosis by oltipraz might be
associated with the electron transport system. AMPK activation by oltipraz contributed to cell
survival, which was supported by the reversal of oltipraz’'s restoration of mitochondrial membrane
potential by concomitant treatment of compound C. By the same token, an AMPK activator
inhibited AA+iron-induced mitochondrial permeability transition with an increase in cell viability.
Moreover, new 1,2-dithiole-3-thiones with the capability of AMPK activation protected cells from
mitochondrial permeability transition and ROS overproduction induced by AA+iron. Our results
demonstrate that oltipraz and new 1,2-dithiole-3-thiones are capable of protecting cells from
AA+iron-induced ROS production and mitochondrial dysfunction, which may be associated with
AMPK activation.
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INTRODUCTION

4-Methyl-5-(2-pyrazinyl)-1,2-dithiole-3-thione (oltipraz), a prototype drug candidate containing
a 1,2-dithiole-3-thione moiety, has been widely studied as a cancer chemopreventive agent (Kang et
a., 2003; Bolton et a., 1993; Jacobson et al., 1997; Wang et a., 1999). Oltipraz has also been
studied in the treatment of liver cirrhosis (Kang et al., 2002). Studies from this laboratory and others
indicated that the cancer chemopreventive properties of oltipraz might be associated with the
phosphatidylinositol 3-kinase (PI3K)-dependent activation of CCAAT/enhancer binding protein
(C/EBP) and the consequent changes in target gene transactivation (e.g., phase Il antioxidant
enzymes)(Kang et al., 2003; Kender, 1997). More recently, oltipraz and other novel 1,2-dithiole-3-
thione congeners were found to have the capability to prevent insulin resistance induced by tumor
necrosis factor-o. (TNFo)(Bae et a., 2007), a cytokine that promotes the production of reactive
oxygen species (ROS)(Xue et a., 2005). The signaling pathway responsible for the restoration of
insulin sensitivity may involve AMP-activated protein kinase (AMPK)(Bae et al., 2007).

The mitochondrial respiratory chain is a major source of ROS under pathological conditions
(Browning and Horton, 2004). Oxidative stress is therefore implicated in cell injury, thereby causing
inflammatory processes (Browning and Horton, 2004). It is well recognized that oxidative stress
causes the modification of membrane phospholipids. Oxidative modification of fatty acids and
phospholipids may detrimentally affect cell signaling. In response to ROS and proinflammatory
cytokines, oxidized fatty acids, which are esterified in phospholipids, may activate phospholipases
(Balboa and Balsinde, 2006). As a result, lipid peroxidation in cells may promote the release of
arachidonic acid (AA), abiologically active proinflammatory mediator (Balboa and Balsinde, 2006).

AA, an w-6 polyunsaturated fatty acid, mediates oxidative stress and inflammation. Indeed, a
marked enhancement in the ratio of w-6/w-3 fatty acids occurs in patients with cardiovascular
disease, cancer, and hepatitis (Simopoulos, 2006; Dwyer et al., 2004; Araya et a., 2004). AA
produced as a consequence of oxidative stress is utilized for the production of pro-apoptatic
prostaglandins or leukotrienes (Neale et a., 1988; Chang et a., 1992). Furthermore, AA can directly
activate sphingomyelinase which catalyzes the production of proapoptotic ceramide (Jayadev et al.,
1994). Ceramide can then aternatively propagate apoptotic signals. Moreover, AA releases Ca'™
from intracellular stores and increases Ca™* uptake into mitochondria, which may lead to apoptosis
(Scorrano et al., 2003). Moreover, studies have indicated that AA exerts a direct effect on
mitochondria and promotes ROS production (Cocco et a., 1999; Scorrano et a., 2001).

Iron overload is common in inflammatory conditions such as chronic hepatitis and ethanol
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ingestion (George et al., 1998; Vaerio et al., 1996) which increases oxidant production, lipid
peroxidation, protein oxidation and DNA damage. It is well known that iron is a catalyst of
autooxidation. Moreover, iron may cause the release of AA by oxidative modification of membrane
phospholipids, enhancing oxidative stress and inflammation (Tadolini et a., 1996; Mattera et a.,
2001). Hence, AA and iron synergistically increase oxidative stress and cell death (Caro and
Cederbaum, 2001). In the present study, the hypothesis that AA and iron catalyze overproduction of
ROS and induce mitochondrial dysfunction leading to cell death was tested.

In spite of the extensive studies on oltipraz's effects on phase Il enzyme induction, whether
oltipraz as a chemopreventive agent has a direct cytoprotective effect against excess ROS has not
been explored. In this regard, this study investigated whether oltipraz and novel 1,2-dithiole-3-thione
congeners inhibit mitochondrial dysfunction and cell death induced by AA+iron. In particular,
whether 1,2-dithiole-3-thiones with the ability to activate AMPK protect cells from mitochondrial
impairment and resultant ROS production was examined. Data showing that a novel class of 1,2-
dithiole-3-thiones exerted cytoprotective effects against AA+iron through AMPK-dependent
inhibition of mitochondrial impairment, and ROS production would provide insight into free radical -

mediated biological processes aswell as possible strategies for chemical intervention.
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MATERIALSAND METHODS

Materials Oltipraz was provided from CJ Corporation (Seoul, Korea). 1,2-Dithiole-3-thione
compounds were synthesized at CJ Central Laboratories (Ichon city, Korea), as described previously
(Bae et a., 2007; Bae et al., 2008). MitoSOX was obtained from Molecular Probes (Carlsbad, CA).
Anti-procaspase-3, anti-phospho-acetyl-CoA carboxylase (ACC), anti-phospho-AMPK and anti-
AMPK antibodies were supplied from Cell Signaling Technology (Beverly, MA). Antibodies
directed against poly(ADP-ribose)polymerase (PARP) and Bcl-x. were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Horseradish peroxidase-conjugated goat anti-rabbit and goat anti-
mouse 1gGs were provided from Zymed Laboratories (San Francisco, CA). Compound C was
purchased from Calbiochem (Darmstadt, Germany). DeadEnd™ Colorimetric TUNEL System was
obtained from Promega (Madison, WI). AA, ferric nitrate, nitrilotriacetic acid (NTA), 5-
aminoimidazole-4-carboxamide-1-p-D-ribofuranoside  (AICAR), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT), rhodaminel23 (Rh123), propodium iodide (PI), 2',7-
dichlorofluorescin diacetate (DCFH-DA), anti-B-actin antibody, PEG-SOD (polyethylene glycol-
superoxide dismutase), PEG-catalase, Trolox, N-acetyl-L-cysteine (NAC), and other reagents were
supplied from Sigma (St. Louis, MO). The solution of iron-NTA complex was prepared as described
previously (Sakurai et al., 1998). Briefly, equal volumes of 50 mM ferric nitratein 1 N HCI and 150
mM NTA in 1 N NaOH solution were mixed immediately prior to the assay, and pH of the solution
was adjusted to 7.4 with NaHCO; solution.

Cél culture and treatment HepG2 cells, a human hepatocyte-derived cell line, were supplied
from ATCC (Rockville, MD) and maintained in Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal bovine serum (FBS), 50 units/ml penicillin and 50 ug/ml streptomycin at 37°C
in humidified atmosphere with 5% CO,. For all experiments, cells (1x10°%) were plated in a 10-cm?
plastic dish for 2-3 days (i.e. 80% confluency) and serum-starved for 24 h. The cells were incubated
with 3-30 uM AA for the time period indicated in the results section or figure legends. For
combinatorial treatments with iron, the cells were treated with AA for 12 h, washed with minimum
essential medium (MEM), and subsequently incubated with iron. To assess the effects of oltipraz, the
cells were treated with 1-60 uM oltipraz for 30 min prior to incubation with AA or AA+iron. In
other experiments, the cells were treated with 30 uM each of the 1,2-dithiole-3-thiones or 500-1000
uM AICAR and continuously exposed to AA or AA+iron.

MTT cell viability assay HepG2 cells were plated at a density of 5x10* cells per well in a 96-
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well plate to measure cytotoxicity. After treatment, viable cells were stained with MTT (0.25 mg/ml,
4 h). The media was then removed and formazan crystals produced in the wells were dissolved by
the addition of 200 ul dimethylsulfoxide. Absorbance was measured at 540 nm using an ELISA
microplate reader (Tecan, Research Triangle Park, NC). Cell viability was defined relative to
untreated control [i.e. viability (%ocontrol) = 100 x (absorbance of treated sample)/(absorbance of
control)].

TUNEL assay TUNEL assay was performed using a commercially available kit, DeadEnd™
Colorimetric TUNEL System, according to the manufacturer’s instruction. HepG2 cells were fixed
with 10% buffered formalin in PBS at room temperature for 30 min and permeabilized with 0.2%
Triton X-100 for 5 min. After washing with PBS, each sample was incubated with biotinylated
nucleoctide and terminal deoxynucleotidyltransferase in 100 pl of equilibration buffer at 37°C for 1 h.
The reaction was stopped by immersing the samples in 2x saline sodium citrate buffer for 15 min.
Endogenous peroxidases were blocked by immersing the samples in 0.3% H,O, for 5 min. The
samples were treated with 100 ul of horseradish peroxidase-labeled streptavidin solution (1:500) and
incubated for 30 min. Finally, the samples were developed using the diaminobenzidine substrate,
chromogen, H,O, and diaminobenzidine for 10 min. The samples were washed and examined under
light microscope (200x). The counting was repeated three times, and the percentage from each
counting was calculated.

Immunoblot analysis Cell lysates were prepared according to previously published methods
(Kang et al., 2003). Briefly, the cells were centrifuged at 3,000g for 3 min and allowed to expand
osmoatically to the point of lysis after the addition of lysis buffer. Lysates were centrifuged at 10,0009
for 10 min to obtain supernatants and stored at —70°C until use. Immunoblot analysis was performed
according to the previously published procedures (Bae et a., 2007). Protein bands of interest were
developed using the ECL chemiluminescence system (Amersham, Buckinghamshire, UK). Equal
loading of protein was verified by immunaoblotting for 3-actin.

Flow cytometric analysis of mitochondrial membrane potential (MM P) MMP was measured
with Rh123, a membrane-permeable cationic fluorescent dye. The cells were treated as specified,
stained with 0.05 pg/ml Rh123 for 1 h, and harvested by trypsinization. After washing with PBS
containing 1% FBS, the cells were stained with 0.25 pug Pl. The change in MMP was monitored
using a BD FACSCalibur flow cytometer (San Jose, CA). In each analysis, 15,000 events were

recorded.
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M easurement of ROS DCFH-DA is a cell-permeable non-fluorescent probe which is cleaved
by intracellular esterases and turns into the fluorescent dichlorofluorescein upon reaction with ROS.
The level of ROS generation was determined by the concomitant increase in dichlorofluorescein
fluorescence. After treatments, the cells were stained with 20 uM DCFH-DA for 1 h a 37°C. The
fluorescence intensity in the cells was measured using a BD FACSCalibur flow cytometer (San Jose,
CA). In each analysis, 10,000 events were recorded.

Measurement of mitochondrial ROS MitoSOX is a live-cell-permeable and mitochondrial
localizing superoxide indicator. After treatment of HepG2 cells with AA+iron, the cells were stained
with 5 uM MitoSOX for 10 min at 37°C. The fluorescence intensity in the cells was measured using
aBD FACSCalibur flow cytometer (San Jose, CA). In each analysis, 10,000 events were recorded.

Data analysis Scanning densitometry was performed with Image Scan & Analysis System
(Alpha-Innotech Corporation, San Leandro, CA). One way analysis of variance (ANOVA)
procedures were used to assess significant differences among treatment groups. For each treatment
showing statistically significant effect, the Newman-Keuls test was used for comparisons of multiple

group means. The criterion for statistical significance was set at p<0.05 or p<0.01.
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RESULTS
Induction of cell death and mitochondrial dysfunction by AA

To assess whether AA dlters cell viability, an MTT assay was conducted on cells treated with
various concentrations of AA for 12 h. AA significantly induced cell death at 10 uM or 30 uM (Fig.
1A). In each of the subsequent experiments, 10 uM AA was used. Light microscopic anaysis
confirmed the apoptotic morphological changes of cells treated with AA. The effect of AA on cell
viability was confirmed by TUNEL assay. The number of TUNEL-positive cells was significantly
increased after AA treatment for 12 h (Fig. 1B). To verify the induction of apoptosis by AA, cell
lysates were immunoblotted for marker proteins associated with apoptosis (Fig. 1C). AA treatment
caused PARP cleavage, procaspase-3 activation (shown as a decrease in the level of procaspase-3),
and decreased the level of Bcl-x,, all of which confirmed apoptosis.

Previous studies have shown that AA causes impairment of mitochondrial respiratory activity,
thereby inducing mitochondrial dysfunction (Cocco et a., 1999). In an attempt to correlate AA-
induced apoptosis with an ateration in mitochondrial function, MMP was measured using FACS
after staining cells with Rh123 and PI. AA treatment (12 h) significantly increased the subpopulation
of Rh123-negative and Pl-negative cells (lower left quadrant), which represents viable cells with
mitochondrial damage (Fig. 1D). As expected, the fraction of apoptotic cells in the Rh123-negative
and Pl-positive field (upper left quadrant) also increased. These results provide evidence that AA

treatment induces apoptosis and mitochondrial dysfunction.

Iron enhancement of AA-induced cell death

Given previous observations showing that excess iron accumulation is a progressive factor in
certain diseases such as hepatitis and liver fibrosis (George et a., 1998), and that excess ROS
production catalyzed by iron enhanced toxicant-induced cell death (Kumar et a., 2005), an
assessment of whether iron potentiates AA-induced apoptosis and ROS production was performed.
Light microscopic analysis of cells treated with AA+iron showed the morphological changes of
apoptotic cell death (Fig. 2A, upper). The MTT assays confirmed that iron treatment aone
moderately decreased cell viability, whereas the combinatorial treatment of AA with iron markedly
decreased it (Fig. 2A, middle). As the concentration of AA was increased, the extent of cell death
induced by iron (5 uM) was greatly enhanced (Fig. 2A, lower). Moreover, treatment of AA and iron
notably increased ROS production as compared with AA or iron treatment alone (Fig. 2B).

Next, the effects of PEG-SOD (300 U/ml) and PEG-catalase (1000 U/ml) on ROS production
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were examined in cells exposed to AA+iron. Either PEG-SOD or PEG-catalase treatment notably or
completely attenuated the ROS production, indicating that oxidant species such as hydrogen
peroxide and superoxide might be involved in the process (Fig. 2C). Moreover, Trolox (100 uM, 19
h) or NAC (2 mM, 19 h) treatment enabled cells to survive against AA+iron, further supporting the
notion that excess ROS causes cell death (Fig. 2D). These results demonstrate that iron enhances
AA-induced cell death, which results from excess production of ROS.

Mitochondrial ROS production and dysfunction by AA+iron

Next, mitochondrial ROS production was analyzed using MitoSOX, a live-cell-permeable and
mitochondrial localizing superoxide indicator. AA+iron treatment markedly increased the
mitochondrial MitoSOX fluorescence (Fig. 3A), providing convincing evidence that AA+iron
treatment promotes mitochondrial ROS production. Moreover, simultaneous iron treatment (5 uM)
increased mitochondrial damage induced by AA (10 uM). The increase in the Rh123-negative cell
subpopulation appeared to be greater in cells treated with AA+iron than those treated with AA alone
(36% vs. 23%)(Fig. 3B).

Studies have demonstrated that cyclosporin A, an inhibitor of permeability transition pore
formation, prevents AA-induced mitochondrial dysfunction (Scorrano et al., 2001; Petronilliet al.,
2001). To address whether loss in MMP is upstream of apoptosis in this model, additional
experiments were carried out with cyclosporin A. Cyclosporin A treatment (2.5 ug/ml, 19 h)
significantly inhibited AA+iron-induced cell death (Fig. 3C), supporting the role of a change in
MMP in apoptosis induced by AA+iron.

Oltipraz inhibition of mitochondrial dysfunction induced by AA+iron

Oltipraz induces phase Il enzymes in vitro and in vivo, and increases glucose utilization against
TNFo or sorbitol (Kang et al., 2003; Wang et a., 1999; Bae et a., 2007, Bae et d., 2008). In this
study, the capacity of oltipraz to restore MMP in cells exposed to AA+iron was examined. Oltipraz
was effective in abolishing mitochondrial dysfunction induced by AA or enhanced mitochondrial
dysfunction induced by AA+iron (Fig. 4A). These results corroborate the inhibitory effect of oltipraz
on the detrimental changes in MMP and support the nation that the cytoprotective effect of oltipraz
may result from the restoration of mitochondria function.

AA directly inhibits complex | and complex I1I in the respiratory chain of mitochondria (Cocco
et al., 1999). In an additional experiment, oltipraz was found to attenuate apoptosis induced by
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rotenone (complex | inhibitor), but not that by antimycin A (complex Ill inhibitor) (Fig. 4B),
suggesting that the inhibition of AA-induced apoptosis by oltipraz might be associated with the

€lectron transport system, and that the target of oltipraz might reside in complex | or nearby sites.

Oltipraz inhibition of cell death induced by AA+iron

In a subsequent experiment, we determined whether oltipraz inhibited apoptosis induced by
AA+iron. The MTT assay indicated that treatment of oltipraz at 3 uM significantly protected cells
from injury induced by AA+iron (Fig. 5A, left). A maximal cytoprotective effect was observed at 10
uM. A light microscopic morphological examination and TUNEL assay confirmed the protective
effect of oltipraz against the challenge of AA+iron (Fig. 5A and Fig. 5B). In addition, the levels of
PARP, procaspase-3 and Bcl-x, were decreased to greater extentsin cells treated with AA+iron than
those treated with AA alone (Fig. 5C). The results of immunoblot analyses showing that oltipraz
treatment prevented alterations in the levels of proteins associated with apoptosis verified its
cytoprotective effect. A flowcytometric assay using DCFH-DA indicated that oltipraz treatment
effectively attenuated ROS production increased by AA alone or AA+iron (Fig. 5D).

Inhibition of AA+iron-induced mitochondrial dysfunction by AMPK activation

AMPK is an intracellular energy status sensor and is activated by cellular stresses such as an
increase in the AMP-to-ATP ratio. AMPK may also protect cells against mitochondrial dysfunction
(Ido et a., 2002). The effects of AA with or without oltipraz on the timed responses of ACC and
AMPK phosphorylations in HepG2 cells were examined. AA treatment increased the
phosphorylation of ACC, which represents cellular AMPK activity (Fig. 6A). This was accompanied
by an increase in the phosphorylation of the AMPKa. subunit, supporting the notion that oxidative
stress caused by AA might stimulate AMPK. The increases in ACC and AMPK phosphorylations
were greater in cells treated with both oltipraz and AA than those treated with AA alone.

To assess the role of oltipraz’s activation of AMPK in MMP transition and cell survival effects,
we determined the effect of compound C, an inhibitor of AMPK, on rhodamine-negative cell
subpopulations. Oltipraz treatment decreased the count of rhodamine-negative cells, which was
reversed by simultaneous treatment of compound C (Fig. 6B). Moreover, the beneficial effects of
oltipraz against MMP transition induced by AA or AA+iron were also antagonized by compound C,
suggesting that oltipraz's activation of AMPK might contribute to the recovery of mitochondrial

function. In another effort to verify the role of AMPK in the recovery of mitochondria function, we
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determined the effect of AICAR, a chemica activator of AMPK, on the MMP transition (Fig. 6C).
AICAR treatment (500 or 1000 puM) attenuated the AA- or AA+iron-induced increases in
rhodamine-negative cell populations. These results provide evidence that the cytoprotective effect
and the recovery of mitochondrial function by oltipraz might be associated at least in part with the
activation of AMPK.

Inhibition of DCFH oxidation and mitochondrial dysfunction by dithiolethione congeners
Given the current finding that oltipraz increased cell viability through an AMPK-dependent
recovery of mitochondrial function, novel 1,2-dithiole-3-thione analogs that activate AMPK (Bae et
al., 2007) were employed in an effort to find additional compounds capable of protecting cells from
oxidative injury (Fig. 7A). All of the new synthetic 1,2-dithiole-3-thione compounds with the
capability of AMPK activation (i.e.,, CJ 11764, CJ11766, CJ11788, CJ11792, CJ11840, CJ11842,
CJ12064 and CJ12073; 30 uM each) significantly inhibited ROS production promoted by AA+iron
(Fig. 7B). To confirm their functional effectiveness, the effects of these compounds on the
rhodamine-negative cell subpopulation were examined. All of the new 1,2-dithiole-3-thiones showed
inhibition of MMP transition induced by AA+iron, comparable to that of oltipraz (Fig. 7C).
Collectively, these results demonstrate that oltipraz or novel 1,2-dithiole-3-thione congeners with the
ability to activate AMPK enable cells to efficaciously suppress ROS production and changes in

mitochondrial permeability transition.
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DISCUSSION

Proinflammatory lipids play important roles in the development of diseases such as hepatitis.
Among polyunsaturated fatty acids, AA serves as an inflammatory mediator in severa organs and
systems. It is known that the human plasma levels of non-esterified AA vary from 5.8 to 49 uM
(Corey and Rosoff, 1991; Pompeia et a., 2003). However, the available plasma AA concentration is
below 0.1 uM because of the presence of albumin (Brash, 2001). More importantly, inflammation
increases AA levels in microenvironments, where concentrations may reach ~100 uM (Pompeia et
al., 2003; Brash, 2001). Therefore, the 10 uM AA treatments used in this study are within an
achievable range. Studies have shown that AA has a direct effect on mitochondria: the mitochondrial
permeability transition opened by AA leads to loss of MMP and release of cytochrome c (Scorrano
et a., 2001; Maia et al., 2006). Specifically, AA impairs mitochondrial respiratory activity by
selectively inhibiting complex | and 11l (Cocco et a., 1999). Here, we verify that AA treatment
increased both mitochondrial injury and apoptosis, as supported by the induction of PARP and
caspase-3 cleavage, and decreasein Bcl-x,.

Iron promotes excess oxidant production and lipid peroxidation (Kumar and Bandyopadhyay,
2005). In the present study, we confirm that AA+iron catalyzes overproduction of ROS, and induces
mitochondrial dysfunction and cell death. The function of mitochondria, a key intracellular organelle
in healthy cellular function, has been extensively studied because mitochondrial dysfunction
ultimately leads to pathogenesis regardless of its initial cause (Browning and Horton, 2004). The
mitochondrial respiratory chain is one of the main sites of ROS production (Browning and Horton,
2004). We demonstrate by PEG-SOD, PEG-catalase, Trolox and NAC experiments that
mitochondria play a key role in excess ROS production in cells treated with AA+iron. The data
showing the inhibition of MMP transition by cyclosporin A further supports the hypothesis that
AA-+iron-induced apoptosis might be due to mitochondrial injury and the resultant overproduction of
ROS. Moreover, our experiment using MitoSOX clearly identifies mitochondrial ROS production by
AA-+iron. The concept that mitochondrial ROS plays a crucia role in the process of apoptosis has
been generaly accepted. This contention is supported by our observation that AA+iron greatly
promotes apoptosis along with mitochondrial dysfunction and ROS production. In the amplification
steps, ROS generated in a lipid-rich environment would promote the induction of lipid peroxidation,
thereby releasing highly reactive adehyde derivatives. We found that apocynin, but not
diphenyleneiodonium chloride (DPI), protects cells against AA+iron, which suggests that NADPH
oxidase might aso contribute to cell death induced by AA+iron. The lack of protection by DPI may
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be due to its inhibition of mitochondrial respiratory complex | as well as NADPH oxidase (Holland
et al., 1973).

In a previous study, oltipraz and other dithiolethiones directly increased ROS production in vitro
(Kim and Gates, 1997) probably because conjugation of dithiolethione with cellular thiols enhances
conversion of molecular oxygen to ROS. However, oltipraz exerts antioxidant effectsin the liver asa
consequence of Nrf2 and C/EBPB-mediated induction of phase Il enzymes (Kang et a., 2003). Our
results show that oltipraz treatment effectively inhibits mitochondrial permeability transition by
AA+iron. In addition, oltipraz and 1,2-dithiole-3-thione congeners were capable of inhibiting
AA+iron-induced ROS production, thereby protecting cells from ROS-induced apoptosis. It is worth
noting that oltipraz shows a cytoprotective effect at the concentration of 3 uM (Fig. 5), which is
much lower than those of direct scavengers (Trolox, 100 uM; and NAC, 2 mM), implying that the
antioxidant effects of oltipraz and congeners might result from cellular response, but not direct
scavenging of ROS. Our observation that oltipraz attenuates apoptosis induced by rotenone, but not
that by antimycin A suggests that oltipraz inhibition of apoptosis might be associated with complex |
or nearby sites. All of these data support the concept that these compounds protect cells from excess
ROS production through the recovery of mitochondria function.

Oltipraz and 1,2-dithiole-3-thione derivatives prevent hepatic insulin resistance, which might be
associated with endoplasmic reticulum (ER) stress (Bae et a, 2007; Xue et a., 2005). It is well
recognized that impaired mitochondrial function may cause ER stress (Xu et al, 2004). The effect of
oltipraz was additionally determined in cells treated with AA alone. Oltipraz decreased AA-induced
ER expansion, as evidenced by a reduced shift to the right of the fluorescence of brefeldin A-
BODIPY in the treated cell population (data not shown). Complete prevention of the increases in
CAATT enhancer-binding protein homologous protein (CHOP), glucose-regulated protein 78
(Grp78), and glucose-regulated protein 94 (Grp94) mRNA levels confirmed the inhibitory effect of
oltipraz against AA-induced ER stress (data not shown). However, AA failed to induce XBP1
splicing, whereas thapsigargin (Tg, an inhibitor of SERCA in ER) treatment promoted XBP1
splicing. Therefore, AA might induce ER stressin an XBP1-independent manner. In contrast, oltipraz
treatment failed to reduce increases in CHOP and Grp78 mRNA induced by Tg. The results showed
that oltipraz might inhibit ER stressinduced by AA probably as a consegquence of itsinhibitory effect
on mitochondrial dysfunction.

AMPK serves as a key regulator of cell survival or death in response to stressful situations. We
found that AMPK activation by oltipraz protects cells from AA-induced apoptosis and restores MMP.

14

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on October 22, 2008 as DOI:: 10.1124/mol.108.051128
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #51128

In this model, the cell survival effect of oltipraz depends on mitochondria function via AMPK. The
protective effects of oltipraz on MMP transition induced by AA or AA+iron were reversed by
compound C. In addition AMPK activator similarly protected cells from mitochondrial injury.
Moreover, we found that compound C treatment alone induces MMP transition, indicating that the
constitutive activity of AMPK might be required for MMP regulation. Furthermore, other 1,2-
dithiole-3-thiones with the ability to activate AMPK also efficaciously inhibit AA-induced
mitochondrial dysfunction, supporting our conclusion that the novel class of 1,2-dithiole-3-thiones
has the ability to protect cells from mitochondrial oxidative stress via AMPK. Another study from
this laboratory showed that oltipraz failed to directly activate AMPK in vitro (Bae et a., 2007).
Therefore, the direct target of oltipraz seemsto lie upstream of AMPK.

Oltipraz and other dithiolethiones activate AMPK, and their AMPK-dependent inhibition of p70
ribosomal S6 kinase-1 (S6K1) plays a key role in abolishing insulin resistance induced by TNFo.
(Bae et al., 2007). Insulin receptor substrate 1-mediated signaling is protected by 1,2-dithiole-3-
thiones via S6K 1 inhibition downstream of AMPK (Bae et a., 2007; Bae et d., 2008). However, we
found that rapamycin, an inhibitor of mMTOR-S6K 1 activity that induces the dissociation of mTOR-

raptor complex by binding FKBP12, has no effect in apoptosis induced by AA+iron (data not shown).

Therefore, the cytoprotective effect of oltipraz in this model might not depend on the inhibition of
S6K 1. Glycogen synthase kinase-3f3 (GSK33) inhibition contributed to the prevention of apoptosis
in hepatocytes (Kim et a., 2005). However, we found that lithium chloride, a GSK3p inhibitor, had
no effect in inhibiting apoptosis induced by AA+iron (data not shown). These resultsindicate that the
cytoprotective effect of oltipraz might not solely depend on the inhibition of either S6K1 or GSK3[3.

AMPK activation in certain physiological conditions might not be beneficial. Because AA
increases oxidative stress and has a cytotoxic effect, AMPK activation by AA may reflect an adaptive
response to toxic stress. Hyperosmolarity activates AMPK (Hayashi et a., 2000) as an adaptive
response to external stress, resulting in cell shrinkage and the dissipation of mitochondrial
transmembrane potential (Fumarola et a, 2005). In addition to the cytoprotective effect, we found
that oltipraz and other dithiolethiones prevent hyperosmoatic stress-induced hepatic insulin resistance
through AMPK-dependent S6K 1 inhibition (Bae et a., 2007). AICAR, an AMPK activator, inhibits
cell injury induced by hypoxia, another AMPK-activating condition (Terai et a., 2005). Thus, the
mechanistic basis of AMPK activation by AA may differ from that by oltipraz, which remains to be
established.

In conclusion, oltipraz inhibits AA+iron-induced ROS production and protects MMP transition,
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thereby preventing cell death, which is mediated at least in part by AMPK activation. Oltipraz is a
member of a novel class of dithiolethiones, many of which enable cells to prevent mitochondrial
dysfunction induced by AA+iron. These findings show the potential of 1,2-dithiole-3-thiones to
pharmacologically defend against excess oxidative stress through activation of the AMPK signaling
pathway.
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FIGURE LEGENDS

Fig. 1. Induction of apoptosis and mitochondrial dysfunction by AA

(A) Cell viability. Light microscopy shows the morphology of the cells treated with 10 uM AA for
12 h (200x). The dose-response effect of AA on cell viability was assessed using MTT assays. Data
represent the mean + S.E. for four separate experiments (significant compared to vehicle-treated
control, **p<0.01). (B) TUNEL assays. Cells were treated with 10 uM AA for 12 h. The dark brown
staining indicates positive TUNEL staining. The percentages of TUNEL-positive cells in HepG2
cells were quantified. Data represent the mean = S.E. for three separate experiments (significant
compared to vehicle-treated control, **p<0.01). (C) Immunonblottings for proteins associated with
apoptosis. Proteins were immunoblotted in cell lysates of HepG2 cells treated with 10 uM AA for 12
h. Results were confirmed by repeated experiments. (D) Mitochondrial membrane permeability
(MMP). HepG2 cells were treated as described above. After staining with Rh123, the cells were
harvested, and stained with propidium iodide (Pl). MMP was assessed by measuring the intensities
of fluorescence from Rh123 and PI. Normal cells were located in the Rh123-positive and Pl-negative
field (lower right), whereas viable cells with mitochondrial damage were in the Rh123-negative and
Pl-negative field (lower left). Apoptotic cells were located in the Rh123-negative and Pl-positive
field (upper left). Values represent the mean = SE. for three separate experiments (significant
compared to vehicle-treated control, **p<0.01).

Fig. 2. Iron enhancement of cell death by AA

(A) Cell viability. Morphology (200x) was examined in HepG2 cells that had been incubated with 10
uM AA for 12 h, washed with MEM and then treated with 5 uM iron for 6 h (upper). Cells were
incubated with 10 uM AA for 12 h, washed with MEM and then treated with various concentrations
of iron for 6 h (middle). In separate experiments, cells were incubated with various concentrations of
AA for 12 h, and further exposed to 5 uM iron for 6 h (lower). Cell viability was assessed by MTT
assay. Data represent the mean + S.E. for four separate experiments (significant compared to cells
treated with AA or iron aone, **p<0.01). (B) DCFH oxidation. DCFH oxidation was monitored in
cellstreated with AA (10 uM, 12 h) or iron (5 uM, 1 h) or AA+iron (10 uM AA for 12 h followed by
additional incubation with 5 uM iron for 1 h). The combinatoria trestment of AA+iron increased
ROS production to a greater extent than the individual treatment, as evidenced by alarger increase in
DCF fluorescence. (C) The effects of SOD and catalase on DCFH oxidation. Cells were incubated
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with either PEG-SOD (300 U/ml) or PEG-catalase (1000 U/ml) for 1 h, followed by the addition of
10 uM AA for 12 h, washed with MEM and finally treated with 5 uM iron for 1 h. Either PEG-SOD
or PEG-catalase treatment prevented the ability of AA+iron to increase DCF fluorescence. (D)
Increase in cell viability by antioxidants. Cells were incubated with 100 uM Trolox or 2 mM NAC
for 1 h, followed by the addition of 10 uM AA for 12 h, washed with MEM and finally treated with 5
uM iron for 6 h. Data represent the mean + S.E. for four separate experiments (significant compared
to vehicle-treated control, **p<0.01, significant compared to cells treated with AA-+iron, #p<0.01).

Fig. 3. Therole of mitochondrial dysfunction in cell death induced by AA+iron

(A) ROS production in mitochondria. Cells were treated with 10 uM AA (12 h) followed by
additional incubation with 5 uM iron (1 h), and then stained with MitoSOX. Increase in MitoSOX
fluorescence indicates the production of mitochondrial ROS in cells treated with AA+iron. (B)
Rh123-negative cell subpopulation. Cells were treated with 10 uM AA (12 h) alone or followed by
additional incubation with 5 uM iron (1 h), and stained with Rh123 and PI. Data represent the mean
+ S.E. for four separate experiments (significant compared to vehicle-treated control, *p<0.05,
**p<0.01) (C) MTT assay. Cells were incubated with 2.5 ug/ml cyclosporin A, followed by the
addition of 10 uM AA for 12 h, washed with MEM and finaly treated with 5 uM iron for 6 h.
(significant compared to vehicle-treated control, **p<0.01, significant compared to cells treated with
AA+iron, #p<0.01).

Fig. 4. Oltipraz inhibition of mitochondrial dysfunction induced by AA+iron

(A) Changesin MMP. Cellswere treated with 10 uM oltipraz for 30 min, followed by the addition of
AA (10 uM) or AA+iron (5 uM). AA or AA+iron treatment significantly increased the subpopulation
of Rh123-negative and Pl-negative cells (lower left quadrant), which represents viable cells with
mitochondrial damage, and the fraction of apoptotic cells in the Rh123-negative and Pl-positive field
(upper left quadrant). Oltipraz treatment abolished mitochondrial dysfunction induced by AA or
AA+iron. (B) MTT assay. Cells were incubated with oltipraz, followed by the addition of various
concentrations of rotenone (1-100 uM) or antimycin A (1-100 ug/ml) for 24 h (significant
compared to cells treated with rotenone, **p<0.01).

Fig. 5. Oltipraz inhibition of cell death induced by AA+iron
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(A) The effect of oltipraz on cell viability. Cells were incubated with 10 uM oltipraz for 30 min,
followed by the addition of 10 uM AA for 12 h, washed with MEM and finally treated with 5 uM
iron for 6 h. Data represent the mean + S.E. for four separate experiments (significant compared to
vehicle-treated control, **p<0.01, significant compared to cells treated with AA+iron, #p<0.01). (B)
TUNEL assay. Cells were treated with 10 uM oltipraz for 30 min, followed by the addition of 10 uM
AA for 12 h, washed with MEM and finally treated with 5 uM iron for 6 h. The percentages of
TUNEL-positive cells (dark brown staining) were quantified. Data represent the mean + S.E. for four
separate experiments (significant compared to vehicle-treated control, **p<0.01, significant
compared to cells treated with AA+iron, #p<0.01). (C) Immunoblottings for apoptotic marker
proteins. Proteins were immunoblotted in cell lysates. Results were confirmed by four separate
experiments. (D) DCFH oxidation. Cells were incubated with oltipraz for 30 min, followed by the
addition of AA or AA+iron. Results were confirmed by repeated experiments. Oltipraz treatment
attenuated AA- or AA+iron-induced ROS production, as evidenced by the decrease in DCF

fluorescence.

Fig. 6. Theroleof AMPK activation by oltiprazin MMP

(A) AMPK activation. Immunoblot analyses were performed on cell lysates from cultures treated
with AA aone or in combination with oltipraz for the indicated time periods. (B) Compound C-
induced reversal of oltipraz's restoration of MMP. After treatment of compound C (3 uM, 30 min),
cells were incubated with oltipraz for 30 min, followed by the addition of AA or AA+iron. Data
represent the mean £ S.E. for four separate experiments (significant compared to respective vehicle-
treated control, **p<0.01, significant compared to respective treatment, #p<0.01). (C) MMP
restoration by AICAR. Cellswere incubated with AICAR for 30 min, followed by the addition of AA
or AA+iron. Data represent the mean + S.E. for four separate experiments (significant compared to
vehicle-treated control, **p<0.01, significant compared to respective AA or AA+iron treatment in
control cells, *p<0.05, *p<0.01).

Fig. 7. The effects of 1,2-dithiole-3-thione congeners on DCFH oxidation and mitochondrial
function

(A) Bond-line chemical structures of novel 1,2-dithiole-3-thiones. (B) Inhibition of DCFH oxidation.
(C) Restoration of MMP. Cells were incubated with 30 uM of each compound, followed by the
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addition of AA+iron. Data represent the mean + S.E. for four separate experiments (significant
compared to cells treated with AA+iron, **p<0.01).
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