
I
X
O

M
V
A
a

e
b

4
c

C
d

4
e

K

A
t
h
l
t
l
g
a
f
c
d
d
t
g
p

N VIVO PROTECTION BY THE XANTHATE TRICYCLODECAN-9-YL-
ANTHOGENATE AGAINST AMYLOID �-PEPTIDE (1–42)-INDUCED

XIDATIVE STRESS
. PERLUIGI,a,b G. JOSHI,b,d R. SULTANA,b,d

. CALABRESE,c C. DE MARCO,a R. COCCIAa

ND D. A. BUTTERFIELDb,d,e*

Department of Biochemical Sciences, University of Rome “La Sapi-
nza,” Rome 00185, Italy

Department of Chemistry, University of Kentucky, Lexington, KY
0506-0055, USA

Department of Chemistry, Section of Biochemistry, University of
atania, Catania, Italy

Center of Membrane Sciences, University of Kentucky, Lexington, KY
0506-0059, USA

Sanders-Brown Center on Aging, University of Kentucky, Lexington,
Y 40536, USA

bstract—Considerable evidence supports the role of oxida-
ive stress in the pathogenesis of Alzheimer’s disease. One
allmark of Alzheimer’s disease is the accumulation of amy-

oid �-peptide, which invokes a cascade of oxidative damage
o neurons that can eventually result in neuronal death. Amy-
oid �-peptide is the main component of senile plaques and
enerates free radicals ultimately leading to neuronal dam-
ge of membrane lipids, proteins and nucleic acids. There-
ore, interest in the protective role of different antioxidant
ompounds has been growing for treatment of Alzheimer’s
isease and other oxidative stress-related disorders. Among
ifferent antioxidant drugs, much interest has been devoted
o “thiol-delivering” compounds. Tricyclodecan-9-yl-xantho-
enate is an inhibitor of phosphatidylcholine specific phos-
holipase C, and recent studies reported its ability to act as
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rotein carbonyl measurement

rotein carbonyls are an index of protein oxidation and were
etermined as described previously (Berlett and Stadtman, 1997).
riefly, 5 �L of synaptosome preparations (4 mg/mL) were incu-
ated at room temperature with 10 mM 2,4-dinitrophenylhydrazine

n the presence of 5 �L of 12% SDS for 20 min at room temper-
ture. The samples were neutralized with 7.5 �L of the neutral-

zation solution (2 M Tris in 30% glycerol). Two hundred fifty
anograms of protein sample was loaded into the wells of the slot
lot apparatus. Proteins were transferred directly to nitrocellulose
aper under vacuum pressure and standard immunochemical

echniques were performed. Membranes were blocked in the
resence of 3% bovine serum albumin (BSA) in TBS-T (10 mM
ris–HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20) for 1 h,

ollowed by incubation with rabbit polyclonal antibody anti-DNP
1:100) for 1 h. The membrane were washed three times with
BS-T and incubated with alkaline-phosphatase (AP)-conjugated
econdary antibody for 1 h. The specificity of primary antibodies
as been previously demonstrated by experiments performed in
ur laboratory (Aksenov et al., 2001). Samples were developed
sing SigmaFast Tablets (BCIP/NBT) substrate, and blots were
canned into Adobe Photoshop (Adobe System, Inc., Mountain
iew, CA, USA) and quantitated with Scion Image (PC version of
acintosh compatible NIH Image).

-NT levels
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ediated protein oxidation. Fig. 2a shows the carbonyl levels
n synaptosomes isolated from saline-injected gerbils and
rom D609-injected gerbils, and then treated in vitro with A�
1–42). The level of carbonyls was found to be significantly
igher (P�0.001) in synaptosomes obtained from saline-

njected gerbils and treated with A� (1–42). D609 treat-
ent protects synaptosomes against A� (1–42)-induced
xidative protein damage (P�0.004). As a control, synap-

osomes were first treated with NaBH4, which reduces
arbonyls to alcohols. Reaction with 2,4-dinitrophenyl-
ydrazine (DNPH) is expected not to occur; hence, no
nti-DNP hydrazone antibody binding is expected. We
emonstrated this result previously (Sultana et al., 2006),
nd confirmed this finding in the present study (data not
hown). Thus, NaBH4 pretreatment resulted in no antibody
inding, demonstrating the specificity of the immunochemi-
al detection of carbonyls by our procedures. In order to
emonstrate the specificity of D609, two other A� pep-

ides, A� (1–40) and the nontoxic reverse of A� peptide
A� (42–1)] were used. Fig. 2b shows the carbonyl levels in
arious A� peptide treated synaptosomes and in synapto-
omes isolated from D609-injected gerbils subsequently
reated with A� (1–42), A� (1–40) and A� (42–1) respec-
ively. As shown Fig. 2b, D609 treatment protects synap-
osomes against A� (1–42) and A� (1–40)-induced oxida-
ive protein damage (P�0.05). There was no significant
ncrease in protein carbonyl levels in synaptosomes iso-
ated from saline-injected and D609-injected gerbils sub-
equently treated with A� (42–1).

The antioxidant properties of D609 were further con-
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hat iNOS expression is induced by oxidative stress and
hat antioxidant compounds suppress its expression either
t gene level or at protein level (Ayasolla et al., 2004;
alabrese et al., 2004). In the present study, we observed

hat both iNOS and 3-NT levels were increased in A�
1–42)-treated synaptosomes and that D609 treatment
howed protection against the A� (1–42)-induced increase
f iNOS and 3-NT levels.

DISCUSSION

xidative damage is present in the brains of patients with
D, and is observed within every class of biomolecules,

ncluding nucleic acids, proteins, lipids and carbohydrates
Butterfield et al., 2001; Butterfield and Lauderback, 2002;
astegna et al., 2003; Good et al., 1996; Aliev et al., 2004;
ue et al., 2005). Our laboratory has suggested a compre-

ensive model for neurodegeneration in AD combining two
stablished notions: i) elevated oxidative stress in AD
rain; ii) centrality of A� in the cause and consequences of

his dementing disorder (Butterfield and Lauderback, 2002;
astegna et al., 2003). Many additional studies from dif-

erent laboratories have supported the view that oxidative
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roducts may be responsible for damaging enzymes criti-
al in neuronal function (Butterfield et al., 2003; Varadara-

an et al., 2000).
In the present study, we showed the ability of in vivo-
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lutamate toxicity and ionizing radiation-induced oxidative
tress in lymphocytes by maintaining intracellular GSH ho-
eostasis (Zhou et al., 2001). The results presented in this
aper demonstrated that in vivo injection of D609 was effec-

ive in reducing protein oxidation, lipid peroxidation and ROS
roduction induced by A� (1–42) treatment.

The concept that A� induces lipid peroxidation is a key
omponent of the A� (1–42)-associated free radical model
or neurodegeneration in AD (Butterfield 1997; Lauderback
t al., 2001; Varadarajan et al., 2000). HNE alters the
onformation of transmembrane and cytoskeletal synapto-
omal proteins (Esterbauer et al., 1991; Subramaniam et
l., 1997). GSH blocks the damaging effects of this unsat-
rated aldehyde on synaptosomal proteins (Pocernich et
l., 2000, 2001). As noted above, D609 binds to �,�-
nsaturated aldehydes to prevent their toxicity (Lauder-
ack et al., 2003). Taken together, these data support the
otion that the ability of D609 to exert its protective effects
gainst A�-associated lipid peroxidation involves its direct
inding to HNE thus providing an efficient tool for detoxi-
ation. Consistent with the A�-associated free radical pro-
ess, A� (1–42) induces protein oxidation, indexed by the

ncrease of carbonyl levels and of nitrotyrosine residues.
xidative modification of crucial proteins results in alter-
tion of their structural and functional properties, eventu-
lly leading to synapse loss and neurodegeneration.

There is compelling evidence supporting that en-
anced pro-inflammatory activities induced by A� are as-
ociated with the pathogenesis and/or progression of AD,
nd that some anti-inflammatory agents protect neurons
gainst A�-induced neurotoxicity (Breitner, 1996). One of

he principal enzymes that plays a pivotal role in mediating
n inflammatory response is iNOS. iNOS is mainly local-

zed in astrocytes and microglia, and catalyzes the oxida-

ive deamination of L-arginine to produce nitric oxide (NO),
potent pro-inflammatory mediator. In Alzheimer’s tissue,
ro-inflammatory iNOS is notably up-regulated and colo-
alized in A� plaques. Several studies have demonstrated
hat A� stimulates microglial and astrocytic iNOS induction
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SH analogs, mimetic or precursors have been used in
atients or animal models. Based on the results presented

n the current paper and on our previous studies (Sultana
t al., 2004), we hypothesized that D609 is a potential
rain-accessible GSH-mimetic compound. This hypothesis

hat D609 is a GSH mimetic that is itself not GSH is further
upported by the finding that D609 treatment does not lead
o an increase of brain GSH levels (Table 1).

The ability of in vivo D609 to prevent A�-induced oxi-
ative stress could also be related to its property as an

nhibitor of PC-PLC and sphingomyelinase. Most of D609
iological activities (antitumor, antiviral, anti-inflammatory)
ave been largely attributed to the inhibition of PC-PLC
nd sphingomyelinase. However, the identification of D609
s a potent antioxidant implies that D609 may exert some
f the reported activities by its antioxidant properties. The
iological activity of PC-PLC and sphingomyelinase in-
olves regulation of Ca�2 homeostasis through the pro-
uction of ceramide. Since A� may lead to altered Ca�2

omeostasis in neurons (Mattson et al., 1993), it is rea-
onable to argue that the protective effects of D609 could
ely also on its inhibitory activity on PC-PLC or sphingo-
yelinase. Thus, we suggest that multiple biological func-

ions of D609 could potentially contribute to counteract
�-driven neurotoxicity in the brain. The presence of the

ree thiol group in the molecule confers to the xanthate a
trong reducing property (Lauderback et al., 2003; Rao,
971; Sultana et al., 2004) that is undoubtedly responsible

or the antioxidant activity of D609.
Considering that A� (1–42) is a potent inducer of oxi-

ative stress and that the deposition of this peptide can
nduce the cascade of pathological changes occurring in
D, many attempts to test effective protection by antioxi-
ants are currently under investigation. However, many
linical trials are unsuccessful due to a low brain-accessi-
le capability of the antioxidant compounds tested. Based
n these notions, searches for new potential antioxidant
ompounds could be of relevance for future directions of
D treatments.

CONCLUSION

n conclusion, the present study demonstrated the ability
f D609 to act as a potent antioxidant in vivo, thereby
roviding neuroprotection against A�-induced oxidative
tress. Further studies are required to gain insight into the
otential use of D609 in the treatment of AD and other
xidative stress-related disorders. Investigations of the use

f D609 on animal models of AD are in progress.
cknowledgments—This work was supported in part by grants
rom NIH54.5313 n.3364 0 m9:13 nTtive
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