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Abstract

The major metabolite of the cancer chemopreventive agent oltipraz (OLT), a pyrrolopyrazine
thione (PPD), has been shown to be a phase two enzyme inducer, an activity thought to be key to
the cancer chemopreventive action of the parent compound. In cells, mitochondria are the major
source of reactive oxygen species (ROS) and cytochrome c (cyt c) is known to participate in
mitochondrial electron transport and confer antioxidant and peroxidase activities. To understand
possible mechanisms by which PPD acts as a phase two enzyme inducer, a study of its interaction
with cyt ¢ was undertaken. UV-visible spectroscopic results demonstrate that PPD is capable of
reducing oxidized cyt c. The reduced cyt c is stable for a long period of time in the absence of an
oxidizing agent. In the presence of ferricyanide, the reduced cyt c is rapidly oxidized back to its
oxidized form. Further, UV-visible spectroscopic studies show that during the reduction process
the co-ordination environment and redox state of iron in cyt ¢ is changed. Low temperature EPR
studies show that during the reduction process, the heme iron changes from a low spin state of s =
Y to a low spin state of s = 0. Room temperature EPR studies demonstrate that PPD inhibits the
peroxidase activity of cyt c. EPR spin trapping experiments using DMPO show that PPD inhibits
the superoxide radical scavenging activity of oxidized cyt c. From these results, we propose that
PPD interacts with cyt c, binding to and then reducing the heme, and this may enhance ROS levels
in mitochondria. This in turn could contribute to the mechanism by which the parent compound,
oltipraz, might trigger the cancer chemopreventive increase in transcription of phase 2 enzymes.
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The modifications of cyt ¢ function by the oltipraz metabolite may have implications for the
regulation of apoptotic cell death.
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Introduction

Many dietary and synthetic compounds have been found to potently inhibit carcinogenesis.
We are currently engaged in trying to understand the molecular basis for the cancer
chemopreventive action of dithiolethiones (1,2-dithiole-3-thiones). Oltipraz (OLT) is a
member of the class of compounds called dithiolethiones and has been in Phase 2 clinical
trials for the prevention of aflatoxin-induced hepatocellular carcinoma [1-4].
Dithiolethiones are believed to afford protection from electrophilic and oxidative assault
because they raise the levels of many phase 2 enzymes. These enzymes are traps of
electrophiles and reactive oxygen species and are also conjugating enzymes that prepare
metabolites for export [5-7]. Oltipraz also acts as a chemopreventive agent against
colorectal and urinary bladder cancers in rat models [8-11].

Oltipraz was originally used as an antischistosomal agent, and the metabolism of oltipraz by
humans has been studied [12]. During metabolism, approximately 1% of the original
compound is converted to an oxo analog (300, Scheme 1), which is itself a phase 2 enzyme
inducer [13,14]. The major isolated metabolite is a dimethylated pyrrolopyrazine, (MPP,
Scheme 1). It was recently shown that MPP is produced by the biological methylation of the
intermediate pyrrolopyrazine-thione (PPD, Scheme 1), an anion at physiological pH
(conjugate acid pKa = 4.32) [15]. The reaction kinetics of DTMO (Scheme 1) with GSH to
form PPD was well characterized and the rate constant is 6.65 x 105 M~1 s™1 [15]. It has
also been demonstrated that PPD is a phase 2 enzyme inducer with a potency on par with
oltipraz itself [16].

The biochemical basis for cancer chemoprevention by dithiolethiones including oltipraz is
becoming increasingly clear [5,13,17-23]. The induction of phase 2 enzymes by
dithiolethiones is mediated by a 41 base pair enhancer element known as the anti-oxidant
response element (ARE) that is found upstream of the coding regions of many phase 2
genes. Activation mediated by the ARE is effected by transcription factor Nrf2, which is
essential for the chemopreventive efficacy of oltipraz and its metabolites [16,24,25]. Nrf2 is
largely sequestered in the cytosol, bound to the chaperone Keapl, a cysteine rich protein,
which is anchored to the cytoskeleton by binding to actin. Thiol reactive agents, including
dithiolethiones, have been shown to un-tether Nrf2 and permit/induce its translocation to the
nucleus [22,26].

Two general hypotheses have been advanced concerning the mechanisms of activation of
Nrf2. The first notion suggests that oltipraz, or perhaps a product of its reaction with cellular
thiols acts as an electrophile, binding to a protein thiol and may subsequently effect the
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closure of a dithiol linkage in Keapl [19,27,28]. The second suggestion was that oltipraz and
other dithiolethiones induce transcription by initiating a flux of “reactive oxygen species”
(ROS) [29]. This was based on the observation that oltipraz, and other dithiolethiones,
induce nicking of supercoiled DNA in a reaction that was dependant upon the presence of
thiols, oxygen and metal ions, but which could be inhibited by catalase. Presumably
peroxides activated a redox sensitive transcription factor, for which there is precedent [26],
or possibly altered the structure of thiol-rich Keapl, thus effecting the release of Nrf2. Our
recent studies showed that oltipraz itself and PPD in the presence of GSH generate ROS
[30,31].

It has been shown that oltipraz stimulates transcription of the mitochondrial superoxide
dismutase (manganese SOD; Mn-SOD) gene through the increase of ROS [32] and it has
also been shown to inhibit apoptosis [33]. In mammalian cells, the mitochondria are a major
source of reactive oxygen species [34]. Furthermore, cytochrome c (cyt c) is a small,
globular heme protein which exists in high concentration (0.4 mM) [35] in the inner
membrane of mitochondria. At least 15 % of cyt ¢ is tightly bound to the inner membrane
and the remainder is loosely attached to the inner membrane and can be readily mobilized
[36]. Physiologically, cyt ¢ mediates electron shuttling between cytochrome ¢ reductase
(complex I11) and cytochrome ¢ oxidase (complex V) during mitochondrial respiration [36].
The loosely associated cyt ¢ participates in electron transport, mediates superoxide removal
and prevents oxidative stress [36—38] while the tightly bound cyt ¢ accounts for the
peroxidase activity [39]. Release of cytochrome ¢ (cyt ¢) from the inner mitochondrial
membrane into the cytosol is a proapoptotic factor [40,41]. Therefore, we are interested in
the molecular details of the interaction of the major metabolite of oltipraz with cyt ¢ and of
the potential contribution of this interaction to chemoprotection.

In this study, we have employed the sensitive and specific techniques of electron
paramagnetic resonance (EPR) and UV-visible absorption spectroscopy to study the
interaction of the metabolite of oltipraz (PPD) with cyt ¢ and its effect on cyt ¢’s antioxidant
activity.

Materials and methods

Materials

7-methyl-6,8-bis(methyldisulfanyl)pyrrolo[1,2-a]pyrazine (DTMO) was synthesized as
reported [15]. All other chemicals were obtained from commercial sources and were of
analytical grade. Oxidized cytochrome ¢ (Fe''lcyt ¢, from horse heart), xanthine oxidase
(Grade 111 from buttermilk), xanthine sodium salt, reduced glutathione (GSH), hydrogen
peroxide (H,0,), and potassium ferricyanide (K3Fe(CN)g) were purchased from Sigma.
Diethylenetriaminepentaacetic acid (DTPA) and sodium L-ascorbate were obtained from
Aldrich. Purified 5,5-Dimethyl-1-pyrroline-N-oxide (DMPQ) was purchased from Dojindo
laboratories, Kumamoto, Japan.
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UV-visible spectrophotometry

Optical spectra were measured on a Cary 50 Bio UV-visible spectrophotometer. All
experiments were carried out in phosphate buffer solution, pH 7.4, containing 0.1 mM
DTPA.

EPR measurements

Solution EPR spectra were recorded using quartz flat cells at room temperature with a
Bruker ESP 300E spectrometer operating at X-band with 100 kHz modulation frequency
and a TMy4g cavity. Room temperature EPR spectra were recorded using the parameters
described in the Fig. legends. All the experiments were carried out in phosphate buffer
solution, pH 7.4, containing 0.1 mM DTPA.

Low temperature (12 K) EPR Spectra were obtained at X-band using a Bruker ER300E
spectrometer equipped with a TE1g, ESR cavity and an Oxford ESR-900 cryostat. The
external magnetic field strength was measured with a Bruker ER 035M NMR Gaussmeter
and the microwave frequency was determined with an EIP 25B frequency counter. The
samples were placed in quartz tubes and frozen at 77 K. The frozen samples were placed
inside the cavity and continuous wave EPR spectra were taken with the following
spectrometer conditions: modulation frequency 100 kHz; modulation amplitude 8 G; time
constant 10 ms; sweep time 84 s; microwave power 2 m\W; sample temperature 12 K;
number of scans 5.

Mass spectrometry

The product formed during the reaction between PPD and cyt ¢ was analysed on a
Micromass LCT electrospray mass spectrometer. The mass spectrometer conditions were
electrospray positive ion mode with the source temperature 100 °C, desolvation temperature
at 100 °C, capillary voltage 3000 V, cone voltage 55 V, cone gas flow at ca. 100 L/h, and
the desolvation gas flow at ca. 500 L/h.

Results

UV-visible absorption studies of PPD

The alternate precursor DTMO reacts to completion with GSH in a 1:2 molar ratio to form
the metabolite PPD and GSSG [15]. The metabolite, PPD, in aqueous buffer medium was
yellow in color and the UV-visible absorption spectrum is shown in Fig. 1. The spectrum
showed three absorption bands at 313, 373, and 449 nm. No absorption band was observed
above 500 nm.

UV-visible absorption studies of PPD and cyt ¢

The heme group of cyt ¢ contains iron, which can change from the oxidized state (Fe!'!) to
the reduced state (Fe'!) in the presence of reducing agents [42,43]. In addition to this,
exogenous ligands interact with the heme group of cyt ¢ and change the co-ordination of
iron [44]. UV-visible spectrophotometry was used to explore the effect of PPD on cyt c; as
shown in Fig. 2.
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The UV-visible absorbance spectrum of a phosphate buffered solution of ferricytochrome ¢
(Felllcyt ¢; 50 pM) is shown in Fig. 2 in the wavelength range of 450 to 650 nm (Fig. 2A)
and on an expanded absorbance scale in the wavelength range of 600 to 800 nm (Fig. 2B).
Also shown in Fig. 2 is the effect of PPD on the spectrum of Fe!'lcyt ¢ and the effect of
subsequent addition of potassium ferricyanide to the Fe!''cyt ¢ and PPD solution. The
spectrum of Felllcyt ¢ (50 pM) solution did not change with time and consists of the
expected broad, unresolved absorption band with a maximum at 528 nm (Fig. 2A(l)) and a
weak absorption band at 695 nm (Fig. 2B(l)). The addition of PPD (50 uM) to the Fe'llcyt ¢
(50 uM) solution resulted in two new peaks at 520 nm and 550 nm (Fig. 2A(I1)). These
peaks correlate with the absorbance characteristics of Fe!lcyt ¢ solution [43], indicating that
PPD has reduced Fe'llcyt ¢ to Fe!lcyt ¢. No change in the absorbance was observed at 550
nm after two hours, indicating that Fe!lcyt ¢ was stable. Furthermore, the loss of the
absorption band at 695 nm on the addition of PPD to Fe!'cyt ¢ (Fig 2B(ll)) is a clear
indication that there is a change in the co-ordination of iron [43].

To confirm that PPD reduced Fe!l'cyt ¢ to Fe!lcyt ¢ we studied the effect of potassium
ferricyanide on the Fe!'lcyt ¢ and PPD solution, since it is known that ferricyanide rapidly
oxidizes Fellcyt ¢ to Fe!!! cyt ¢ [45]. When ferricyanide (0.1 mM) was added to the Fe!'lcyt ¢
solution containing PPD, the resulting spectrum (Fig. 2A(111) and Fig. 2B(111)) was almost
identical to that of the original phosphate buffered Fe!''cyt ¢ solution (Fig. 2A(1) and 2B(1)).
This result shows that PPD-reduced cyt ¢ can be re-oxidized by strong oxidizing agents.

EPR spectroscopy of PPD and cyt ¢

It has been demonstrated that exogenous ligands interact with the heme group of cyt ¢ and
change the co-ordination and redox states of iron [44]. EPR spectroscopy has been
extensively utilized to monitor the redox state and co-ordination of iron in cyt ¢ [45-47].
Low-temperature (12 K) EPR measurements were performed to support the
spectrophotometric experiments on the reaction of PPD with cyt ¢. The EPR spectrum of a
frozen solution of the Fe!l'cyt ¢ is shown in Fig. 3A and that of a frozen solution containing
PPD and Fe''lcyt ¢ is shown in Fig. 3B. For the latter solution, the EPR spectral features due
to the Felllcyt ¢ were eliminated, and a very distinctive spectrum appeared (Fig. 3B). The
intensity of this EPR spectrum was less than 10 %, of the intensity of the free Fe!llcyt ¢
spectrum (Fig. 3A). This shows that more than 90 % of Fe!!lcyt ¢ was reduced by PPD. It is
known that potassium ferricyanide takes up a reducing equivalent from Fe'lcyt ¢, and when
added to a Fe'lcyt ¢ solution, resulted in the regeneration of Fe!llcyt ¢ [45]. This behavior
was reflected by the EPR spectrum measured after the addition of excess potassium
ferricyanide to a solution containing Fe'llcyt ¢, and PPD (Fig. 3C). This result demonstrates
that PPD changes the oxidation state and co-ordination of iron in cyt c.

Characterization of the reaction product of PPD and cyt ¢

In order to identify and characterize the reaction product of PPD and cyt ¢, mass
spectroscopic studies were carried out. The mass spectrum of the reaction mixture
containing PPD and cyt ¢ showed a protonated molecular ion peak at 390.8 m/z (Fig. 4),
which is consistent with the dimerization of PPD. This study demonstrated that the oxidation
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of PPD produces a dimerized product of PPD and that the mechanism appears to occur via
the production of an unstable radical intermediate of PPD.

Effect of PPD on antioxidant activity of cyt c

It has been suggested that cyt ¢ can function as an antioxidant oxidizing the superoxide
radical into molecular oxygen under physiological conditions [37,38,42]. Therefore, we
wanted to study the effect of PPD on the possible antioxidant function of cyt c. EPR spin
trapping experiments were carried out to investigate the effect of PPD on the superoxide
radical scavenging activity of Fe!'lcyt c. Superoxide radicals were enzymaticaly generated
using xanthine oxidase (XO) and xanthine. The EPR spectrum was recorded for the
phosphate buffered solution (pH 7.4) containing XO (0.02 U/mL), xanthine (333 pM), and
DMPO (50 mM). The observed EPR spectrum was due to the superoxide radical adduct of
DMPO (DMPO-OQH), as shown in Fig. 5A. From the spectrum, the calculated isotropic
hyperfine values are ay = 14.2 G, ay1 = 11.6 G, and ayp = 1.2 G, which is in agreement with
reported values [30]. Addition of Felllcyt ¢ (0.1 mM) to the phosphate buffered solution
containing XO (0.02 U/mL), xanthine (333 uM), and DMPO (50 mM) quenched the EPR
signal (Fig. 5B). Cyt c converts the superoxide radical into molecular oxygen [37]. The
addition of PPD (0.1 mM) and Fe'llcyt ¢ (0.1 mM) to the phosphate buffered solution
containing XO (0.02 U/mL), xanthine (333 uM), and DMPO (50 mM) produced the EPR
spectrum of DMPO-OOH, as shown in Fig. 5C. (Note that the PPD reacts in a 1:1 molar
ratio (and to completion) with oxidized cyt c to form reduced cyt ¢ and a dimer of PPD. In
Fig. 5C there is no excess PPD remaining to influence the formation of DMPO-OOH
adducts by the X/XO system). These results show that PPD inhibits the superoxide radical
scavenging function of cyt c.

Effect of PPD on peroxidase activity of cyt ¢

It has been demonstrated that cyt ¢ acts as a peroxidase and is involved in the detoxification
of hydrogen peroxide (H,0,) [39,48]. During peroxidatic activity Felllcyt c reacts with
H»0, to form the peroxidase compound I-type intermediate, as shown in Scheme 2. The
peroxidase compound I-type intermediate enhanced the oxidation of ascorbate into its
radical form, which has been characterized using the EPR spectroscopic technique [49].

EPR experiments were performed in order to study the effect of PPD on the peroxidase
activity of cyt c. The EPR spectrum of ascorbate alone in phosphate buffer contained a
background signal as shown in Fig. 6A. The background signal was due to the autooxidation
of ascorbate into the ascorbate radical [50]. No change in the EPR spectrum was observed
by the addition of either H,0, (0.25 mM) or Fe!llcyt ¢ (25 uM) (Figs. 6B&C). The EPR
spectrum recorded for the solution containing ascorbate (1 mM), Fe!llcyt ¢ (25 pM), and
H,0, (0.25 mM) produced a relatively intense signal, as shown in Fig. 6D. However, the
addition of PPD (25 uM) to the reaction mixture resulted in a decrease of signal intensity
(Fig. 6G). (Note that the concentration of H,O» used is 10 times higher than the PPD
concentration, therefore the effect described above can not be due to direct reaction between
PPD and H,0,). The oxidation of ascorbate was not increased by the PPD alone or in the
absence of cyt ¢ or H,0, (Figs. 6E&F). Thus, PPD binds to and reduces cyt ¢ inhibiting the
formation of the compound-1 type intermediate.

Free Radic Biol Med. Author manuscript; available in PMC 2014 June 27.
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Discussion

In the current study, the metabolite PPD was formed instantaneously and quantitatively from
the alternative precursor DTMO in the presence of GSH. UV-visible absorption studies
suggest that PPD acts as a strong reducing agent and reduces Fe'llcyt ¢ to Fellcyt c. The
increase of PPD concentration had no effect on the absorption value at 550 nm and it
showed that PPD could not oxidize Fe'lcyt c. Furthermore, PPD by binding to and reducing
Fe'llcyt ¢ inhibited the peroxidase and antioxidant activities of cyt c.

In Fellleyt ¢, the sulfur atom of methionine (Met-80) occupies the sixth coordination site of
the heme iron and it is relatively labile [45]. The methionine sulfur coordination can be
easily displaced by exogenous ligands [44]. Earlier work has shown that Met-80 plays a
crucial role in the mechanism of reduction of heme iron by exogenous ligands [45]. The
absorption band at 695 nm is characteristic of the binding of the Met-80 sulfur with the
heme iron in the sixth coordination site [51]. The reaction of Fe!!lcyt ¢ with PPD led to
changes in spectral properties, most notably the disappearance of the absorption band at 695
nm, indicating that Met-80 ceases to coordinate with the heme iron. This could be due to the
binding of PPD with the heme iron followed by reduction of the iron to Fe!!, as shown in
Scheme 3.

The coordination of PPD with the heme iron in Fe'lcyt could be labile. However, no change
in the absorption value at 550 nm for Fe'lcyt ¢ was observed even after two hours of
measurement. This showed that Fe!lcyt ¢ was stable and that the sulfur atom of Met-80
could not replace the bonded PPD from the iron center. It also showed that there was no
autooxidation of Fe'lcyt c.

It has been shown that ferricyanide can rapidly oxidize ferrocytochrome c into
ferricytochrome c [45]. The rapid oxidation of reduced cytochrome c by ferricyanide, at
neutral pH, resulted in the appearance of the absorbance maximum at 695 nm and decay of
the peak at 550 nm (Figs. 2A&B). No change was observed in the UV-visible spectra of
“regenerated” Fe!llcyt c compared to the UV-visible spectra of Fe!llcyt ¢ alone, (Figs.
2A&B). From these studies it was clear that PPD can reduce Felllcyt ¢, however, in the
presence of strong oxidizing agents, Fe'lcyt ¢ can be re-oxidized to its original state, as
shown in Scheme 3. In the presence of ferricyanide the sulfur atom of Met-80 bonded with
the heme iron at the sixth coordination position. These results show that in cyt ¢ the axial
coordination of PPD with heme iron is stronger than the Met-80 coordination, as might be
expected.

In order to confirm the change in redox state of the iron in cyt ¢, low-temperature (12K)
EPR measurements were performed. EPR techniques are the best tool to address the changes
in the oxidation state and spin multiplicity of the metal center in cyt ¢ [46]. The low-
temperature EPR spectrum of the Fe!'lcyt ¢ frozen solution showed a rhombic EPR signal
(Fig. 3A), but with only two resolved g-values, characteristic of low-spin ferric six-
coordinated heme iron. The observed g-values were g1 = 3.071, and g, = 2.234, which are in
agreement with the literature [47]. The third g-value could be calculated (g3 = 1.257) from
these two g-values assuming 2g2 = 16 [52]. With the addition of the metabolite PPD, the
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characteristic peaks due to the free Fe!'lcyt ¢ were eliminated and a very distinctive rhombic
EPR feature was observed (Fig. 3B). The feature is presumed to be indicative of the
distortions in the inner coordination sphere of Fe!'lcyt ¢ [46]. However, the intensity of this
EPR spectrum was less than 10 %, compared with that of the spectrum of free Fe!llcyt c.
The observed g-values of this new species were g; = 2.539, g, = 2.308, and g3 = 1.87. The
observed g-values were markedly different from the free Fe!llcyt ¢ and may be attributed to
the displacement of methionine possibly by PPD binding. The low temperature EPR
spectrum recorded for the solution containing Fe''cyt ¢ and PPD in the presence of excess
potassium ferricyanide showed a rhombic EPR spectrum similar to the free Fe!lleyt c. In
addition, a very weak EPR feature due to PPD and Fe'llcyt ¢ (Fig. 3B) was also observed
(Fig. 3C, labeled *). These EPR results confirmed that most of the Fe!!lcyt ¢ had been
reduced by the addition of the metabolite, PPD. EPR studies also demonstrated that during
the reduction process, low spin Fel'lcyt ¢ (s = 1/2) is converted into Fe'lcyt c. These findings
are consistent with the optical studies that PPD reduces Fe!'lcyt ¢ to Fellcyt c. In order to
characterize the reaction product of PPD and cyt ¢, mass spectroscopic studies were carried
out (Fig. 4) where it was confirmed that the product of PPD oxidation was a dimer of PPD.
This suggests that the product was formed through a radical intermediate.

The cytochrome ¢ assay, which involves the reduction of ferricytochrome ¢ by the
superoxide radical, is one of the most frequently used assays for the detection of superoxide
radical in biological chemistry. However, if the agent being tested reduces Felllcyt ¢
instantaneously, the assay would not be useful for the detection of superoxide radicals [53].
Under these circumstances EPR spin trapping experiments are more specific and sensitive
for the detection of the superoxide radical [54]. DMPO traps the superoxide radical
generated by the XO and xanthine system to form the DMPO-OOH adduct (Fig. 5A). The
signal from the DMPO-OOH adduct is quenched by the addition of cyt ¢ to the solution, as
shown in Fig. 5B. However, in the presence of PPD, the superoxide radical generated by XO
and xanthine could not be scavenged by cyt ¢ and the EPR spectrum of DMPO-OOH
adducts is shown in Fig. 5C. In accordance with the spectrophotometric studies, PPD
reduces the heme-iron and blocks the incoming superoxide radical. It has already been
shown that superoxide radical does not react with ferrocytochrome c [42]. These results
demonstrate that PPD inhibited the superoxide radical scavenging activity of
ferricytochrome c.

Recently Lawrence et al. have shown that the Fe!llcyt ¢/H,0, couple could form a
peroxidase compound I-type intermediate and oxidize cellular antioxidants such as GSH,
NADH, and ascorbate to their respective radicals [49]. The enhanced oxidation of ascorbate
into ascorbate radical by peroxidase compound I-type intermediate (Scheme 2) was studied
using the EPR spectroscopic technique [49]. We extended our studies to examine the effect
of PPD on the peroxidase function of Fe!llcyt c. Auto-oxidation of ascorbate gave ascorbate
radical, which was stable and gave a characteristic doublet spectrum in the EPR spectrum
with the hyperfine value of 1.7 G [49]. In the presence of the Fe!'lcyt ¢/H,0, couple the
EPR signal intensity of the ascorbate radical was enhanced to a greater extent, (Fig. 6D).
However, the addition of PPD did not increase the oxidation of ascorbate, (Fig. 6G). This
showed that the addition of PPD inhibited the oxidation of ascorbate into the ascorbate
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radical. These results showed that PPD binds with the heme-iron and blocks the incoming
H,0, from forming the peroxidase compound I-type intermediate.

The EPR spin trapping results (Fig. 5) demonstrate that PPD inhibits the antioxidant activity
of cyt c. In mitochondria, the electron transport chain complexes | and 111 are the main sites
of superoxide radical production [34,55,56]. The loosely bound cyt ¢ at the membrane acts
as an antioxidant and catalyzes the conversion of the superoxide radical into molecular
oxygen [37]. Therefore, the inhibition of the antioxidant function of cyt ¢ by PPD could
result in an increased amount of both superoxide radical anion and oxidative stress in
mitochondria as the self dismutation of superoxide radicals leads to the formation of
hydrogen peroxide [57]. However, the membrane bound cyt c acts as a peroxidase and is
involved in the detoxification of hydrogen peroxide [39].

The EPR spectroscopic study (Fig. 6) shows that the metabolite of oltipraz inhibits the
peroxidase function of cyt c. Therefore, the major metabolite of oltipraz may increase both
the hydrogen peroxide level and oxidative stress in the mitochondria by inhibiting the
antioxidant and peroxidase functions of cyt c. It is well known that hydrogen peroxide
functions as a signaling agent, particularly in higher organisms [58,59]. Hydrogen peroxide
readily modifies cysteine thiols and can accomplish the closure of a prospective dithiol
sensor analogous to what appears to function in the prokaryotic OxyR redox switch [58,60].
The modifications of cysteine thiols in Keapl are sufficient to dissociate Keapl/Nrf2
complex [27]. An earlier study showed Keapl is a sensor of oxidative stress [61]. It has
recently been suggested that Nrf2 is phosphorylated, by protein kinase C (PKC), P13 kinase,
and MAP kinases, following oxidative insult and that this modification disrupts Keap1/Nrf2
binding [62-66]. It is possible that the increased level of reactive oxygen species in
mitochondria could initiate a mitochondrion to nucleus signaling pathway in which H,O, or
H,0, and protein kinases dissociate Nrf2 from Keapl. Inhibition of the peroxidase activity
of cyt ¢ might enhance ROS flux and thereby augment phase 2 enzyme induction by the
major metabolite of oltipraz as shown in Fig. 7.

The results discussed above show that the major metabolite of oltipraz inhibits the
antioxidant and peroxidase functions of cyt ¢ and could increase the reactive oxygen species
in mitochondria. It has been demonstrated that oltipraz rapidly activates NF-xB in rat
hepatocytes in primary culture, which may contribute to the early activation of
mitochondrial SOD (Mn-SOD) gene transcription [32]. It has also been demonstrated that
mitochondrial production of hydrogen peroxide activates protein kinase D, which in turn is
required for Mn-SOD expression [67]. Based on our studies and the reported literature, we
propose that the production of reactive oxygen species at the mitochondria could initiate a
mitochondrion to nucleus signaling pathway as depicted in Fig. 7.

On a further point of discussion, it has been demonstrated that oltipraz inhibited apoptosis in
the respiratory tract of rats exposed to cigarette smoke [33]. It is interesting to note that
conformational change in cyt c is an early event in apoptosis [68]. In addition, the cyt c,
after release from the mitochondria into the cytosol, binds with apoptotic protease activating
factor-1 (Apaf-1), which oligomerizes and then activates pro-caspase-9 [69]. The UV-visible
and EPR studies show that the metabolite of oltipraz binds with cyt ¢ changing the active
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site coordination. Therefore, the binding of the metabolite of oltipraz, PPD, with cyt ¢ may
be involved in the inhibition of the initial conformational change of cyt c. Alternatively PPD
may be involved in the formation of apoptosomes with Apaf-1 which are required for
apoptosis to occur.

In conclusion, UV-visible absorption and EPR studies show that the major metabolite of
oltipraz is capable of reducing ferricytochrome c into ferrocytochrome c. EPR spectroscopic
and spin trapping studies show that the metabolite PPD inhibits the peroxidase and
antioxidant functions of cyt ¢ respectively. These studies show that loss of the antioxidant
capacity of cyt ¢ may play a role in the cancer chemoprevention activity of oltipraz. The
biological relevance of these findings remains to be elucidated and the correlation between
cytochrome c and phase 2 enzyme induction requires further investigation.
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Abbreviations

AscH™ ascorbate

DTPA diethyltriaminepentaacetic acid

DMPO 5,5-dimethyl-1-pyrroline-N-oxide

EPR electron paramagnetic resonance

GSSG glutathione oxidized

GSH glutathione reduced

H,0, hydrogen peroxide

DTMO 7-methyl-6,8-bis(methyldisulfanyl)pyrrolo[1,2-a]pyrazine

OLT oltipraz

Fellleyt ¢ oxidized cytochrome ¢

K3Fe(CN)g potassium ferricyanide

PPD pyrrolopyrazine-thione

Felleyt ¢ reduced cytochrome ¢
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Fig. 1.
UV-visible absorption spectrum of the metabolite PPD formed from the reaction between

DTMO (50 uM) and GSH (0.1 mM) in 50 mM phosphate buffer solution (1% acetonitrile),
pH 7.4.
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Fig. 2.
UV-visible spectra of oxidized and reduced cytochrome c in phosphate buffer solution (1%

acetonitrile) pH 7.4. A: 450 to 650 nm and B: 600 to 800 nm. (1): Fe'llcyt ¢ (50 uM). (11):
Fe'llcyt ¢ (50 uM) and PPD (50 uM). (111):Fe'leyt ¢ (50 pM), PPD (50 M), and K3Fe(CN)g
(0.1 mM).
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Fig. 3.
Low-temperature (12 K) EPR spectra of oxidized and reduced cyt c. A: Felllcyt ¢ (0.5 mM);

B: Felllcyt ¢ (0.5 mM) and PPD (0.5 mM), C: Fe!llcyt ¢ (0.5 mM), PPD (0.5 mM), and
ferricyanide. * - “small populations” of low-spin species from B. The g-values of spectrum
A are g1 = 3.071 and g, = 2.234 (observed) and g3 = 1.257 (calculated). The observed g-
values of spectrum B are g; = 2.539, g, = 2.308, and g3 = 1.87. EPR instrument parameters
used were: modulation amplitude 8 G; time constant 10 ms; sweep time 84 s; microwave
power 2 mW; sample temperature 12 K; number of scans 5.
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Fig. 4.
ESI-MS analysis (positive ion mode detection) of the reaction product of PPD and cyt c.

Mass spectrum corresponds to the dimer of PPD.
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Fig. 5.
EPR spectra of the superoxide radical adduct of DMPO, DMPO-OOH. All the reactions

were performed in 50 mM phosphate buffered solution (2 % acetonitrile, pH 7.4). A: DMPO
(50 mM), xanthine (333 uM), and XO (0.02 U/mL). B: solution (A) plus Fe'llcyt ¢ (0.1
mM). C: solution (A) plus Fe'''cyt ¢ (0.1 mM) and PPD (0.1 mM). The observed isotropic
hyperfine values of DMPO-OOH adducts are ay = 14.2 G, a1 = 11.6, and apyp = 1.2 G. EPR
instrument parameters used were: microwave frequency 9.775 GHz; modulation frequency
100 kHz; modulation amplitude 0.5 G; microwave power 20 mW; number of scans 10; scan
time 30 s; and time constant 82 ms. EPR spectral recording began two minutes after the
addition of XO.
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Fig. 6.

EF?R spectra of ascorbate radical. The isotropic hyperfine coupling constant of the doublet
EPR signal is 1.7 G. A: ascorbate (1 mM); B: ascorbate (1 mM) and hydrogen peroxide
(0.25 mM); C: ascorbate (1 mM) and Fe'lleyt ¢ (25 pM); D: ascorbate (1 mM), Fe!llcyt ¢ (25
uM), and hydrogen peroxide (0.25 mM); E: PPD (25 uM) and ascorbate (1 mM); F: PPD (25
uM), Fellleyt ¢ (25 uM), and ascorbate (1 mM); G: PPD (25 uM), Fe!lleyt ¢ (25 pMm),
ascorbate (1 mM), and hydrogen peroxide (0.25 mM). All reactions were performed in 50
mM phosphate buffer (pH 7.4). EPR instrument parameters were: microwave frequency
9.775 GHz; modulation frequency 100 kHz; modulation amplitude 0.5 G; microwave power
20 mW; number of scans 10; scan time 30 s and time constant 82 ms. EPR spectra were
recorded after 7 minutes.
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Fig. 7.

Proposed model for the formation of reactive oxygen species at mitochondria, activation of

Nrf2, and regulation of phase 2 gene expression in the nucleus.
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