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Alzheimer’s disease (AD) is the most common form of dementia and is characterized by the presence of senile plaques and neurofibrillary
tangles, along with synaptic loss. The underlying mechanisms of AD are not clarified yet, but oxidative stress and mitochondrial dysfunction
are important factors. Overactivation of poly(adenosine diphosphate ribose) polymerase-1 (PARP-1) enzyme has been known to cause
neuroinflammation and cell death in neurodegenerative processes. The aim of the present study was to investigate the protective effects of
the PARP-1 inhibitors, 3-aminobenzamide (3-AB) and nicotinamide (NA), against amyloid � peptide (1–42) (A�(1–42))-induced oxidative
damage and mitochondrial reduction capacity on isolated synaptosomes. Rats were injected intraperitoneally with 3-AB (30–100mg kg�1),
NA (100–500mg kg�1) or with saline for 7 days. Synaptosomes were incubated with 10–30μM A�(1–42) or saline for 6 h at 37 °C. Ex vivo
A�(1–42) treatment significantly induced oxidative stress and mitochondrial dysfunction in synaptosomes of the saline group, while
synaptosomes of 3-AB and NA groups showed significant decreases in lipid peroxidation, reactive oxygen species production and protein
oxidation. Moreover, both NA and 3-AB were able to improve the mitochondrial reduction capacity against A�(1–42). These data suggest
that NA and 3-AB may have protective effects in neurodegenerative processes because of the reduced levels of oxidative stress and the
improvement of mitochondrial function. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder char-
acterized by progressive cognitive decline and associated with
widespread senile plaques (SP) and neurofibrillary tangles
(NFT) that ultimately lead to progressive synaptic dysfunction
and neuronal death.1,2 Oxidative stress, neuroinflammation,
excitotoxicity, mitochondrial dysfunction, impaired energy
metabolism and cell death mechanisms have been proposed
as important contributing factors in AD.3–5 Synaptosomes have
provided valuable information about molecular mechanisms
underlying neuronal activity, neurotransmitter release, ageing
and pathogenesis of neurodegenerative diseases, thus becom-
ing a useful tool to observe molecular and bioenergetic changes
at synapses.6 One of the early pathological events in AD is syn-

aptic loss, and synaptosomes have been shown to be oxidized
by treatment with amyloid � peptide (1–42) (A�(1–42)). Previ-
ous studies have shown several factors such as mitochondrial
dysfunction and reactive oxygen species (ROS) generation
involved in the A� toxicity at the synapse.7–9

Poly[adenosine diphosphate (ADP) ribose] polymerase-1
(PARP-1) is a nuclear protein functioning as a DNA nick-
sensor enzyme and participates in diverse physiological
and pathological functions from cell survival to cell death.10

PARP-1 is activated with DNA damage and cleaves nicotin-
amide (NA) adenine dinucleotide (NAD+) into NA, and
ADP-ribose then polymerizes ADP-ribose units onto accep-
tor proteins including histones, transcription factors and
PARP-1 itself. Overactivation of PARP-1 consumes cellular
NAD+ and adenosine triphosphate (ATP) levels and results
in energy depletion and cell death.11,12 Pharmacological
inhibition or genetic deletion of PARP-1 has been shown to
prevent neuronal death and has neuroprotective effects in
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oxidative stress and inflammation-dependent pathology.13,14

NA, the amide derivative of water-soluble niacin (vitamin
B3), is an endogenous inhibitor of PARP-1 and is a precursor
for the synthesis of NAD+ and NAD phosphate, coenzymes
of oxidation–reduction reactions, that are involved in a wide
range of biological processes.15,16 3-Aminobenzamide (3-AB)
is a low-potency PARP-1 inhibitor that has been used in vari-
ous experimental animal models to limit cellular injury and
improve the outcome of a variety of pathophysiological condi-
tions. Both 3-AB and NA have been also shown to have anti-
inflammatory, antioxidant and antiapoptotic effects.10,16–18

The enhancement of PARP-1 activity and the accumulation
of PAR were demonstrated in the brain of patients with AD,
particularly in neurons of the frontal and temporal lobes and
in peripheral cells.19,20 The availability of PAR polymers has
been also shown in neurons and astrocytes of a transgenic
Alzheimer mouse model.17 It has been reported that PARP-1
gene polymorphisms are highly associated with the develop-
ment of AD.21 Thus, the elevation of PARP-1 expression in
AD suggests that PARP-1 inhibitors may have a therapeutic
role in the treatment of AD. In this study, we aimed to examine
the protective effects of NA and 3-AB treatments on A�(1–42)-
induced neurotoxicity through the changes in oxidative stress
and mitochondrial function in rat brain synaptosomes, whereas
synaptic loss in AD is highly correlated with oxidative stress,
A�(1–42) deposition and severity of cognitive dysfunction.

MATERIALS AND METHODS

Animals and treatments

Male Sprague–Dawley rats (200–250 g) were used for the pres-
ent study. Animals were obtained from the Experimental Re-
search Center of Ege University and maintained on a 12:12-h
light–dark cycle and given continuous access to food and
water. All procedures were approved by the Utilization Com-
mittee of Ege University (Ref. No: 2010-35) and confirmed
by the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. All efforts were made to minimize
animal suffering and to reduce the number of animals used.
Animals were divided into five groups as control (n=6),

100mgkg�1 NA (n=6), 500mgkg�1 NA (n=6), 30mgkg�1

3-AB (n=6) and 100mgkg�1 3-AB (n=6). NA, 3-AB and
saline injections weremade intraperitoneally for 7 days. Doses
were chosen based on previous i.p. studies of 3-AB and NA in
rats.22–24 Then, rats were decapitated and the brains removed
on ice. All the chemicals used in experiments were purchased
from Sigma (USA), unless stated otherwise.

Synaptosomal preparation

Synaptosomes were prepared as previously described by
Bonnet and Costentin,25 with minor modifications.26 Total
brain was homogenized in ten volume (1:10, w/v) of
0.32M sucrose. The homogenates were then centrifuged at
1000 g for 10min to give a nuclear pellet containing nuclei,
cell bodies and axon fragments. The supernatants were
stored at 4 °C, and the pellet was resuspended in ten volume

(1:10, w/v) of 0.32M sucrose and centrifuged for 10min at
1000g. The two supernatants were pooled and centrifuged at
17 500g for 30min at 4 °C, after which the supernatant was
discarded and the final pellet resuspended in ice-cold Krebs-
Ringer buffer, pH 7.6 (NaCl 120mM, KCl 4.8mM, CaCl2
1.3mM, MgSO4 1.2mM, KH2PO4 1.2mM, NaHCO3 25mM
and glucose 6mM). Protein concentrations were measured by
the method of Lowry27 and were adjusted to 1mgml�1.
A�(1–42) (California Peptide, USA) was dissolved in

bidistilled water at the concentrations of 10 and 30μM and
pre-incubated for 24 h at 37 °C prior to incubation with syn-
aptosomes. Synaptosomes obtained from control, 3-AB and
NA groups were incubated with A�(1–42) or saline for 6 h
at 37 °C.28 Incubated synaptosomes were used for the deter-
mination of lipid peroxidation, protein carbonyl oxidation,
ROS production and mitochondrial reduction capacity.

Lipid peroxidation measurement

The levels of malondialdehyde (MDA), a product of lipid
peroxidation, were determined with the double-heating
method of Draper and Hadley.29 The principle of the
method was the spectrophotometric measurement of the col-
our produced during the reaction to thiobarbituric acid
(TBA) with MDA. One millilitre of 10% trichloroacetic acid
(TCA) solution was added to 200μl of synaptosomes and
placed in a boiling water bath for 15min. After cooling in
tap water, the mixture was centrifuged at 1000 g for
10min, and 1ml of the supernatant was added to 2ml of
0.67% TBA solution and placed in a boiling water bath for
15min. The solution was then cooled in tap water, and its ab-
sorbance was measured at 532 nm with a Shimadzu UV-1601
spectrophotometer (Japan). MDA levels were determined
using 1,1,3,3 tetramethoxypropane as a standard. The results
were expressed as a percentage of control.

Protein carbonyl measurement

Protein carbonyl oxidation, a marker of oxidized proteins,
was measured spectrophotometrically according to method
of Reznick and Packer.30 Synaptosomes (200μl) were
incubated in the dark for 1 h with 400μl of 10mM 2,4-
dinitrophenylhydrazine (DNPH) dissolved in 2.5N HCl or
with 2.5N HCl (blank control). Samples were then precipi-
tated with 600μl of 20% TCA and centrifuged for 5min at
10 000 g. The pellet was then washed three times with 1ml
ethanol : ethyl acetate (1:1, v/v) and redissolved in 800 μl
of 6M guanidine in 20mM phosphate-buffered saline
(PBS). The difference in absorbance that was determined
at 370 nm between the DNPH-treated and the HCl-treated
samples was used to calculate the carbonyl content. Protein
carbonyl levels were determined using the extinction coeffi-
cient of 22 000 × 106 nmolml�1 for aliphatic hydrazones.
The results were expressed as the percentage of control.

Dichlorofluorescein (DCF) assay

The DCF assay was performed as described.31 The cell-
permeable 2,7-dichlorofluorescein diacetate (DCFH-DA)
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crosses inside the synaptosomes, where it is deesterified by cel-
lular esterases resulting in DCFH. DCFH, in turn, is converted
upon oxidation to the highly fluorescent DCF. By measuring
the fluorescence, we were able to quantify the levels of ROS.

A stock solution (10mM) of DCFH-DA in ethanol was
stored at �70 °C. Synaptosomes were incubated with
10μM DCFH-DA for 30min at room temperature and were
then spun at 3000 g for 5min at 4 °C and resuspended in
PBS. DCF fluorescence was measured at λex= 495 nm and
λem=530 nm. The measurements were performed on a
SpectraMax M3 microtitre plate reader (Molecular Devices,
USA). The results were expressed as the percentage of control.

Methylthiazole tetrazolium (MTT) assay

Mitochondrial reduction capacity was assessed by MTT as-
say. This assay is based on the ability of the mitochondrial
enzyme succinate dehydrogenase to metabolize MTT into
formazan.8 Synaptosome suspension (200μl) and 20μl of
5mgml�1 MTT were added to each tube. The samples were
incubated for 3 h in the dark at 37 °C. The purple formazan
crystals were pelleted by centrifugation at 15 000 g for
15min and the supernatant discarded. The pellets were
dissolved in dimethyl sulfoxide and transferred to 96-well
microplates. The formation of formazan was quantified spec-
trophotometrically at 570 nm using a Versa Max microplate
reader (Molecular Devices, USA). Data were expressed as
the percentage of control.

Statistical analysis

Data were analysed using analysis of variance (ANOVA). In
the case of a significant ANOVA, post hoc analysis was

performed using Tukey’s test. Values were expressed as
mean ± standard deviation (SD). The level of p< 0.05 was
considered to be statistically significant. Statistical analysis
was performed with the Statistical Package for the Social
Sciences for Windows (SPSS, Version 13.0).

RESULTS

To investigate the effect of A�(1–42) on mitochondrial
reduction capacity and protective effects of 3-AB and NA
against A�(1–42), we searched MTT reduction in synap-
tosomes incubated with 10 and 30 μM A�(1–42) or
saline (Figure 1). Compared with other groups, incuba-
tion with A�(1–42) caused a significant decrease in
MTT reduction in synaptosomal samples obtained from
the control group (p< 0.05). We also found that 3-AB
and NA administrations significantly improved the MTT
reduction capacity of synaptosomes incubated with A�(1–42)
when compared with control group synaptosomes incu-
bated with A�(1–42) ( p< 0.05). Because of potentially
preserving NAD+ pools by PARP-1 inhibition, mito-
chondrial function was found to be significantly
increased in synaptosomes isolated from 100mg kg�1

NA or 3-AB-treated rats that were incubated with saline
when compared with control synaptosomes incubated
with saline (p< 0.05). Furthermore, it was observed that
3-AB and NA can improve mitochondrial reduction
capacity and may prevent the decline of mitochondrial
function against A�(1–42).

To examine the effects of A�(1–42) on oxidative stress
manifested by lipid peroxidation, protein oxidation and ROS

Figure 1. Protective effects of 3-AB and NA against A�(1–42)-induced mitochondrial dysfunction. Mitochondrial reduction capacity of synaptosomes was
measured as described in Materials and Methods. Control synaptosomes isolated from saline-injected rats (n = 6), 3-AB synaptosomes isolated from
3-AB-injected rats in the concentrations of 30 and 100mg kg�1 (n = 6) and NA synaptosomes isolated from NA-injected rats in the concentrations of
100 and 500mgkg�1 (n=6)were treatedwith saline or with 10 and 30μMA�(1–42) for 6 h. The data aremeans±SD and expressed as the percentage of control values.
The results represent three independent experiments. Statistical comparison was via ANOVA test (n=6 for each group). (a) p< 0.05 versus control plus saline, control
plus 30μMA�(1–42) and 3-AB and NA plus 10μMA�(1–42) groups; (b) p< 0.05 versus control plus saline, control plus 10μMA�(1–42) and 3-AB and NA plus
30μMA�(1–42) groups; (c) p< 0.05 versus the control plus saline group; (d) p< 0.05 versus the control plus 10μMA�(1–42) group; (e) p< 0.05 versus 500mg/kg
NA plus 10μM A�(1–42) group; (f) p< 0.05 versus control plus the 30μM A�(1–42) group; (g) p< 0.05 versus the 500mgkg�1 NA plus 30μM A�(1–42) group
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production, we measured DCF fluorescence, MDA and pro-
tein carbonyl levels in synaptosomes incubated with 10 and
30μM A�(1–42) or saline. Also, we searched the protective
effects of NA and 3-AB against A�(1–42)-induced oxidative
stress in synaptosomes isolated from 3-AB and NA-treated
rats that were incubated with A�(1–42). Figure 2 shows the
protein carbonyl levels in synaptosomes isolated from saline,
3-AB and NA-treated rats that were subsequently incubated
with 10 or 30μM A�(1–42). The level of carbonyls was
found to be significantly higher in control synaptosomes incu-
bated with A�(1–42) than in the synaptosomes isolated from
3-AB or NA groups and incubated with A�(1–42) (p< 0.05).
Meanwhile, synaptosomes isolated from 3-AB or NA-
administered rats had low levels of protein carbonyl content
following the incubation with A�(1–42) (p< 0.05). This
observation was consistent with the decreased levels of lipid
peroxidation obtained in synaptosomes from 3-AB or NA-
administered rats (Figure 3). MDA levels were found to be
significantly higher in synaptosomes isolated from the control
group that were incubated with A�(1–42) (p< 0.05), whereas
synaptosomes isolated from 3-AB or NA-administered rats
showed reduced levels of MDA following incubation with
A�(1–42) ( p< 0.05). Figure 4 shows the levels of ROS
production in synaptosomes isolated from saline, 3-AB
and NA-administered rats that were subsequently incu-
bated with 10 or 30 μM A�(1–42). Following incubation
with A�(1–42), control group synaptosomes displayed a
significant increase in fluorescence when compared with synap-
tosomes of 3-AB or NA groups, and the reduced levels of
ROS production were observed in synaptosomes isolated from
3-AB or NA-administered rats (p< 0.05). Moreover, incubation

of control group synaptosomes with 30μMA�(1–42) caused
higher DCF fluorescence, protein carbonyl and MDA levels
than incubation with 10μM A�(1–42). No significant differ-
ences were found in oxidative stress parameters between
lower and higher doses of 3-AB or NA treatments. These
results revealed that 3-AB and NA treatments protect synapto-
somes against A�(1–42)-induced oxidative stress and attenu-
ate oxidative stress parameters including lipid peroxidation,
protein oxidation and cellular ROS production.

DISCUSSION

AD is the most common form of dementia and characterized
by the presence of SP and NFT along with neuronal and
synaptic loss and astrocytic and microglial changes. The
underlying mechanisms of AD are still unclear.1,2 Oxidative
stress, resulting from the imbalance of oxidants and antiox-
idants in favour of the oxidants, has been implicated in AD
and can lead to lipid peroxidation, protein oxidation, nucleic
acid damage, imbalance of cellular redox potential and
eventually cell death.5,32 Enhanced levels of MDA, acrolein
and 4-hydroxy-2-trans-nonenal and alterations in membrane
phospholipid composition have been presented as lipid per-
oxidation markers in patients with AD and in experimental
AD models.8,33 Protein carbonyl formation, as a protein oxi-
dation marker, has been found to increase in the parietal cortex
and hippocampus of patients with AD, and there was a strong
correlation between increased levels of protein carbonyls and
AD histopathology.32,34 In addition, in vitro studies suggest
that A� promotes oxidative stress, production of ROS, protein

Figure 2. Protective effects of 3-AB and NA against A�(1–42)-induced protein oxidation. The protein carbonyl content of synaptosomes was measured as
described in Materials and Methods. Control synaptosomes isolated from saline-injected rats (n= 6), 3-AB synaptosomes isolated from 3-AB-injected rats
in the concentrations of 30 and 100mg kg�1 (n= 6) and NA synaptosomes isolated from NA-injected rats in the concentrations of 100 and 500mg kg�1

(n= 6) were treated with saline or with 10 and 30μM A�(1–42) for 6 h. The data are means ± SD and expressed as the percentage of control values. The results
represent three independent experiments. Statistical comparison was via ANOVA test (n= 6 for each group). (a) p< 0.05 versus control plus saline, control plus
30μMA�(1–42) and 3-AB and NA plus 10μMA�(1–42) groups; (b) p< 0.05 versus control plus saline, control plus 10μMA�(1–42) and 3-AB and NA plus
30μMA�(1–42) groups; (c) p< 0.05 versus the control plus 10μMA�(1–42) group; (d) p< 0.05 versus the control plus 30μMA�(1–42) group; (e) p< 0.05
versus the control plus saline group
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oxidation and lipid peroxidation in synaptosomes and neuro-
nal cultures.9,28,35,36 One of the early pathological events
in AD is synaptic loss. The incubation of synaptosomes
with A�(1–42) leads to the formation of free radicals, con-
sistent with the notion that A�(1–42)-induced oxidative

stress plays an important role in the neuropathogenesis of
AD.7,9 Therefore, synaptosomes isolated from rodent brain
seem to be a useful experimental model in order to investi-
gate A�(1–42)-induced oxidative damage and the effects of
novel neuroprotective agents.8,26,28,36

Figure 3. Protective effects of 3-AB and NA against A�(1–42)-induced lipid peroxidation. MDA levels of synaptosomes were measured as described in
Materials and Methods. Control synaptosomes isolated from saline-injected rats (n= 6), 3-AB synaptosomes isolated from 3-AB-injected rats in the concentra-
tions of 30 and 100mg kg�1 (n= 6) and NA synaptosomes isolated from NA-injected rats in the concentrations of 100 and 500mg kg�1 (n= 6) were treated
with saline or with 10 and 30 μM A�(1–42) for 6 h. The data are means ± SD and expressed as the percentage of control values. The results represent
three independent experiments. Statistical comparison was via ANOVA test (n = 6 for each group). (a) p< 0.05 versus control plus saline, control plus
30 μM A�(1–42) and 3-AB and NA plus 10 μM A�(1–42) groups; (b) p< 0.05 versus control plus saline, control plus 10 μM A�(1–42) and 3-AB and
NA plus 30 μM A�(1–42) groups; (c) p< 0.05 versus control plus 10 μM A�(1–42) group; (d) p< 0.05 versus the control plus 30 μM A�(1–42)
group; (e) p< 0.05 versus the control plus saline group

Figure 4. Protective effects of 3-AB and NA against A�(1–42)-induced ROS production. ROS levels were determined by the DCF fluorescence assay. Con-
trol synaptosomes isolated from saline-injected rats (n= 6), 3-AB synaptosomes isolated from 3-AB-injected rats in the concentrations of 30 and 100mg kg�1

(n= 6) and NA synaptosomes isolated from NA-injected rats in the concentrations of 100 and 500mg kg�1 (n= 6) were treated with saline or with 10 and
30μM A�(1–42) for 6 h. The data are means ± SD and expressed as the percentage of control values. The results represent three independent experiments.
Statistical comparison was via ANOVA test (n = 6 for each group). (a) p< 0.05 versus control plus saline, control plus 30 μM A�(1–42) and 3-AB and
NA plus 10 μM A�(1–42) groups; (b) p< 0.05 versus control plus saline, control plus 10 μM A�(1–42) and 3-AB and NA plus 30 μM A�(1–42) groups;
(c) p< 0.05 versus the control plus 10 μM A�(1–42) group; (d) p< 0.05 versus the control plus 30 μM A�(1–42) group

561effects of 3-aminobenzamide and nicotinamide

Copyright © 2014 John Wiley & Sons, Ltd. Cell Biochem Funct 2014; 32: 557–564.



PARP-1 is the key enzyme responsible for the mainte-
nance of genomic stability, transcriptional regulation and
long-term potentiation in neurons.10,37 The accumulation
of PAR polymers and enhanced PARP-1 activity were dem-
onstrated in the brains and peripheral cells of patients with
AD and also in neurons and astrocytes of a transgenic
Alzheimer mouse model.17,35 PARP-1 gene polymorphisms
have been reported to be highly associated with the develop-
ment of AD.21 The activity of PARP-1 seems to be enhanced
in AD and is also increased by A� peptides. Therefore, the en-
hancement of PARP-1 activity in AD suggests that PARP-1
inhibitors may have a therapeutic potential in this disorder.
For this reason, we searched the potential protective effects
of NA and 3-AB in an A�(1–42)-induced ex vivo neurodegen-
eration model. NA is an endogenous inhibitor of PARP-1, and
3-AB is an analogue of NA, which is a cleaved product of
NAD+. NA and 3-AB inhibit PARP-1 enzyme with low po-
tency and seem to have limited cellular uptake and residence
time.10,16 Using low-potency PARP-1 inhibitors may allow
a low level of polymer synthesis that is needed for the mainte-
nance of genomic stability and DNA repair, while still
conserving NAD+ pools and/or inhibiting inflammatory pro-
cesses.38 Previous studies have highlighted the antioxidant
and anti-inflammatory effects of NA and 3-AB in vivo and
in vitro. They have been shown to inhibit protein oxidation,
lipid peroxidation and ROS-induced apoptosis.10,16,39 There
are also studies indicating that NA and 3-AB have effects on
molecular mechanisms of AD and cognitive decline. NA
treatment can trigger the enhancement of high-density lipo-
protein levels and thus has protective effects on the non-
amyloidogenic pathway of an amyloid precursor protein
through upregulation of α-secretase.40 In the study by Green
et al., NA was shown to restore cognition in AD transgenic
mice through a mechanism involving the inhibition of sirtuin
(SirT1) and reduction of a specific phospho-tau (Thr231) that
is associated with microtubule depolymerization.41 NA was
also shown to suppress AD pathology and cognitive decline
in a mouse model of AD by improvement of brain bioenerget-
ics with preserved functionality of mitochondria and the
autophagy system in the study of Liu et al.42 Glycogen syn-
thase kinase-3 beta (GSK-3�) plays important roles in cellular
fate and in AD pathogenesis, and it is responsible for
hyperphosphorylation of tau that induces the formation of
NFT. Songin et al. reported that 3-AB decreases GSK-3�
activity in the hippocampus and cortex of aged rats.43,44

Brain cells are particularly vulnerable to oxidative stress
because of their high oxygen consumption, high content of
unsaturated fatty acids and iron and decreased activities of
antioxidant enzymes. Thus, effective antioxidant defence
is vital for neuroprotection in the brain.45–48 Our
previous study showed that intrahippocampal A�(1–42)
injection caused significant increases in oxidative stress
markers, and NA treatments provided a protection
supporting antioxidant defence against the elevation of
lipid peroxidation, protein oxidation and ROS production
induced by A�(1–42) in vivo.49 This study reveals the
effects of A�(1–42) on oxidative stress and mitochon-
drial reduction capacity and whether there are possible

neuroprotective effects of 3-AB and NA in synaptosomes
with an ex vivo experimental approach because the
changes in these parameters might be relevant to synaptic
loss that has been proposed as an early event in AD
neuropathogenesis. In a study by Perluigi et al., synapto-
somes obtained from the control group were incubated
with 10 μM A�(1–42), and enhanced levels of lipid
peroxidation, protein carbonyls and ROS production
were determined.28 In our study, oxidative stress param-
eters were observed to increase with A�(1–42) in a
dose-dependent manner. Moreover, 3-AB and NA treat-
ments were shown to provide protective effects through
decreasing the oxidative stress parameters: lipid peroxi-
dation, protein oxidation and ROS production, which
are induced by A�(1–42).
Apoptosis has been the focus of intense research in a

number of neurologic disorders in addition to AD, including
stroke and Parkinson’s disease.3,50,51 A� peptides were
observed to induce apoptosis in vivo and in vitro.52,53 The
activation of caspases and enhanced levels of p53 and Bax
were reported as apoptotic markers in AD and related exper-
imental models.54,55 PARP-1 inhibition has also been
revealed to decrease basal p53 levels and impairs p53 stabi-
lization after DNA damage.56 Our recent study showed that
NA treatment reduces A�(1–42)-induced apoptotic signals
through a mechanism involving decreased levels of Bax
and p53 and improvement of mitochondrial function and
B-cell lymphoma 2 levels.49 In a study by Adamczyk
et al., incubation of synaptosomes with A�(1–40) peptide
by the concentrations of 10 and 25μM was shown to induce
DNA fragmentation, ROS production and PARP-1 activa-
tion.57 It is known that enhancement of PARP-1 activity is
the earliest and most sensitive indicator of DNA damage.
Moreover, A� peptide was also able to evoke apoptosis-
inducing factor (AIF) release from the mitochondria, and
3-AB treatment decreased AIF release and partially
prevented its translocation to the cytosol.57 In another
study, exposure of synaptosomes to increasing concentra-
tion of A�(25–35) resulted in a concentration-dependent
decrease in mitochondrial function and ATP levels and
an increase in ROS production.8 Our results showed that
incubation of synaptosomes with A�(1–42) caused a
significant decrease in MTT reduction capacity in a
concentration-dependent manner. Moreover, mitochon-
drial reduction capacity was found to increase in synapto-
somes of 3-AB and 100mg kg�1 NA-administered rats
that were incubated with A�(1–42). The improvement in
mitochondrial function observed following 3-AB and NA
treatments can be a result of their antioxidant effect and
also probable preservation of NAD+ and ATP pools
through PARP-1 inhibition.
In conclusion, we revealed the potential protective effects

of NA and 3-AB treatments on oxidative stress and mito-
chondrial integrity in an ex vivo model of AD induced by
A�(1–42). PARP-1 inhibitors NA and 3-AB provide
effective protection against A�(1–42) on mitochondrial
reduction capacity and decrease oxidative stress markers
including lipid peroxidation, protein carbonyl formation
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and ROS production. Finally, NA and 3-AB may be consid-
ered as potential neuroprotective agents in order to provide
protection against neuropathological conditions where
oxidative stress is triggered in. Further studies are required
to support potential protective effects of NA and 3-AB in
AD and other oxidative-stress-related disorders.
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