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xanthic acid, has been reported to have anti-apoptotic and
anti-inßammatory properties that are attributed to speciÞc
inhibition of phosphatidyl choline phospholipase C (PC-
PLC). However, because oxidative stress is involved in
both of these cellular responses, the possibility that
xanthates may act as antioxidants was investigated in the
current study. Finding that xanthates efÞciently scavenge
hydroxyl radicals, the mechanism by which D609 and
other xanthate derivatives may protect against oxidative
damage was further examined. The xanthates studied,
especially D609, mimic glutathione (GSH). Xanthates
scavenge hydroxyl radicals and hydrogen peroxide, form
disulÞde bonds (dixanthogens), and react with electro-
philic products of lipid oxidation (acrolein) in a manner
similar to GSH. Further, upon disulÞde formation,
dixanthogens are reduced by glutathione reductase to a
redox active xanthate. Supporting its role as an antioxi-
dant, D609 signiÞcantly � p � 0�01� reduces free radical-
induced changes in synaptosomal lipid peroxidation
(TBARs), protein oxidation (protein carbonyls), and
protein conformation. Thus, in addition to inhibitory
effects on PC-PLC, D609 may prevent cellular apoptotic
and inßammatory cascades by acting as antioxidants and
novel GSH mimics. These results are discussed with
reference to potential therapeutic application of D609 in
oxidative stress conditions.
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Abbreviations: GSH, reduced glutathione; GSSG, oxidized gluta-
thione; ROS, reactive oxygen species; NAC, N-acetyl cysteine;
D609, tricyclodecan-9-yl-xanthogenate; PC-PLC, phosphatidyl
choline phospholipase C; TA, terephthalic acid; DTNB,
5,5�-dithiobis(2-nitrobenzoic acid); PBS, phosphate buffered saline;
RT, room temperature; TBARs, thiobarbituric acid reactive
substances; EPR, electron paramagnetic resonance; Mal-6, 2,2,6,6-
tetramethyl-4-maleimidopiperidin-1-oxyl; DNPH, 2,4-dinitrophe-
nyl hydrazine; DNP, 2,4-dinitrophenyl hydrazone

INTRODUCTION

Glutathione (GSH) is a ubiquitously expressed
tripeptide ( L-g-glutamyl- L-cysteinylglycine) and, at
concentrations of 0.5Ð10 mM, is one of the most
abundant intracellular thiols. [1] Among its many
functions, [2] GSH scavenges reactive oxygen species
(ROS) and maintains the intracellular redox state.
Depletion of GSH is known to be damaging to cells
and eventually leads to cell death. [3Ð7]Because GSH
is a major defense against cellular oxidative injury,
loss of GSH shifts the oxidantÐantioxidant balance in
favor of the oxidant, a condition known as oxidative
stress.[8,9] Increased ROS generation induces oxi-
dative modiÞcation to biomolecules such as proteins,
lipids and DNA and results in cellular dysfunction.
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Therefore, maintenance of high intracellular GSH
levels is of critical importance to cellular integrity.

Oxidative stress is implicated in a number of
human diseases including many neurodegenerative
disorders.[10,11]



3 to 4 month old gerbils and homogenized by 12
passes with a motorized teßon pestle in isolation
buffer (0.32 M sucrose, 4mg/ml leupeptin, 4 mg/ml
pepstatin, 5 mg/ml aprotinin, 20 mg/ml trypsin



Statistical Analysis

ANOVA was used for the statistical evaluation of
data and, except where indicated, signiÞcance is
equivalent to p � 0�01�

RESULTS

D609 Interacts with Hydrogen Peroxide

D609 has been reported to be protective in models of
apoptosis and inßammation, [4,23Ð25] two cellular
responses that involve ROS generation. Conse-
quently, studies were conducted to determine the
ROS scavenging capabilities of D609 and several
xanthate analogs (Fig. 1). Previous data[31] has shown
that derivatives of xanthic acid scavenge hydroxyl
radicals. D609 also interacts directly with hydrogen
peroxide. When D609 was incubated with 10 mM
H2O2, ßuoresence of resoruÞn was decreased with
increasing concentrations of D609 (Fig. 2). This
suggests that D609 interacted with H 2O2, preventing

H2O2 from acting as a substrate for horseradish
peroxidase. At 100mM D609, H2O2 was virtually
undetectable (Fig. 2), suggesting that D609 had
scavenged H2O2.

Xanthates Mimic Glutathione

Glutathione is well-known for its protection against
cellular oxidative damage. [1] A cysteine-containing
tri-peptide, GSH utilizes the sulfur atom of its
cysteine residue for its molecular mechanism of
protection, i.e. radical scavenging and nucleophilic
attack of reactive products of lipid peroxidation.
Because xanthates also contain a free sulfur atom,
studies were designed to investigate GSH mimicry
by the xanthates.

DTNB is a reagent widely used for the speciÞc
detection of free thiol groups. GSH reacts readily
with DTNB to produce a strong absorbance at l �
412 nm (Fig. 3A). However, oxidized GSH (GSSG) is
unreactive toward DTNB. Derivatives of xanthic acid
exhibit a similar pattern of DTNB reactivity. The
xanthates used in this study also react with DTNB
and show decreased B



study both scavenge radicals and form disulÞde
bonds in a similar manner to GSH, the reactions of
D609 and GSH with acrolein, a toxic product of lipid
peroxidation, [33] were monitored. If nucleophilic
addition to the aldehyde by the free thiol of GSH
or D609 occurred, a decrease in DTNB reactivity
would result. Incubation of D609 with an equimolar
concentration of acrolein for 15 min at RT resulted in
a signiÞcant decrease (p � 0�01� 48%) in DTNB
reactivity (Fig. 5) while the DTNB reactivity of GSH
was completely eliminated (data not shown). This
suggests that D609 is capable of detoxifying
aldehydic products of lipid peroxidation by
a mechanism similar to GSH, however, not with
the same efÞcacy as the latter. D609 (100mM) was
also capable of signiÞcantly decreasing protein

carbonyl formation � p � 0�01� caused by a physio-
logically relevant acrolein concentration (50 nM) [34]

in synaptosomal membranes (data not shown).

Xanthates Prevent TBRAs Formation in a
Structure-dependent Manner





Mal-6 bound to W sites is weakly restricted, and is
manifested as narrow lines in the EPR spectrum.
Alternatively, Mal-6 bound to S sites have strongly
hindered motion, which results in broadened lines in
the EPR spectrum. The resulting intensities of the
respective W and S peaks of the MI � � 1 low Þeld
resonance lines yield the W/S ratio, a parameter
that is highly sensitive to protein conforma-
tional changes.[29] Decreased values of the W/S
ratio, which reßect an overall decreased motion of
spin-labeled sites on proteins, arise from increased
inter- and intra-molecular protein interactions,
decreased segmental motion of spin labeled proteins,
proteinÐprotein crosslinking, or changes in the
structure of the lipid bilayer. [29,37]



chain (R-group). Consistent with this notion the
methylated-D609 failed to scavenge radicals.



the differences in reactivity toward the electrophilic
lipid peroxidation product acrolein (Fig. 5).



signiÞcantly attenuated in the presence of D609.[31]

Similarly, known antioxidants such as NAC
and pyrrolidinedithiocarbamate prevent apoptosis
and inßammation, [18] supporting an antioxidant
mechanism of D609. It would be interesting to
determine the effects of other derivatives of xanthic
acid on PC-PLC activity.

The importance of maintaining intracellular levels
of GSH and the redox status of the cell is clear.
Elevation of GSH in disorders where neurodegene-
ration exists and oxidative stress is evident has
proven to be beneÞcial. This report demonstrates
that xanthic acids mimic GSH and suggests the
possible use for these compounds in regulating GSH
levels in oxidative stress-related models of neurode-
generation. Prevention of oxidative damage to the
synapse, an area of the neuron where degeneration is
likely to initiate, [56,57] is also critical. It was also
demonstrated that D609 protects the synaptosome, a
functional model of the synapse, [58] from free radical-
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