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Amyloid S protein (AB)-induced free radical-mediated neurotoxicity is known as a leading hypothesis
for a cause of Alzheimer's disease. AS increased free radical production and lipid peroxidation in
PC12 nerve cells, resulting in apoptosis and cell death. The protective effect of naringenin, a major
flavanone constituent isolated from Citrus junos, against AS-induced neurotoxicity was investigated
using PC12 cells. Pretreatment with isolated naringenin and vitamin C prevented the generation of
the AB-induced reactive oxygen species. Naringenin resulted in the decrease of Aj toxicity in a manner
of concentration dependence, which was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assay. However, treatment with these antioxidants inhibited the AB-induced
neurotoxic effect. The antiamnestic activity of naringenin in vivo was also evaluated using ICR mice
with amnesia induced by scopolamine (1 mg/kg body weight). Naringenin, when administered to
ICR mice at 4.5 mg/kg body weight, significantly ameliorated scopolamine-induced amnesia as
measured in the passive avoidance test. Therefore, these results indicate that micromolecular Aj-
induced in vitro oxidative cell stress is reduced by naringenin and naringenin may be a useful
chemopreventive agent against a neurodegenerative disease such as Alzheimer’s disease.
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INTRODUCTION of membrane lipids and to the cell deaft2]. Accumulation of
ROS results in damage to major macromolecules in cells,
including lipids, proteins, and nucleic acidg, (4, 5). Free
radical-induced oxidative alterations to neuronal lipids, proteins,
and DNA are particularly extensive in AD brain areas where
Ap is abundant (13). The demonstration of ROS production by
A and direct evidence of oxidative damage in neurons By A
(10, 14) has propelled the hypothesis of fAnduced free

suggesting that oxidative stress could contribute to the formation rad|cal-med|at_e d neurotoxicity”. We tested this hypothess using
the sympathetic nerve pheochromocytoma cell line that has been

of amyloid plaques and neurofibrillary tangle, 7). The A5 successfully used over years in neuronal function studigs-(

peptide has been identified as a possible source of oxidative .
stress in the AD brain because it can acquire a free radical state.l7)' It has been shown that addition of £o these cells results

contributing to its toxic effects8—10). Some brain regions of N increased ROS production, apoptosis, and cell debdh-(

AD patients showed increased sensitivity to oxygen free radicals; 16). Neur onal apoptosis has been also implicatgd in Af (
this could be due to a reduction in free radical defenses, an19) @nd is considered to be a result of the Af-induced ROS

increase in free radical formation, or bothlj. AS-induced prod.uction..The cholinergier)eural system plays an important
cytotoxicity has been shown to be caused by the intracellular '€ in learning and memory in humans and anima®) (SCOP,

accumulation of HO,, ultimately leading to the peroxidation & Mmuscarinic antagonist, impairs learning and memory in rodents
and humans, especially the processes of learning acquisition

and short-term memon2(). As such, SCOP has been used as

Knowledge of the molecular mechanisms of amylgid
peptide (AG) cytotoxicity is incomplete. However, the generation
of ROS and oxidative damage are believed to be involved in
the pathogenesis of neurodegenerative disordgr&fidence
for increased oxidative stress (ROS, lipid peroxidation, protein
modification, and oxidation of mitochondrial DNA) has been
noted in the AD brain (2—5). There was also evidence
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Effect of Naringenin Against AS3-Induced Cytotoxicity

antioxidants (2223). Citrus junosis cultivated in the southern
part of Korea, whose fruit is processed into juice and is often
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released into the medium. LDH activity was measured spectrophoto-
metrically according to the method described by Cabaud and Wrob-

dressings for its characteristic flavor. In the present study, we at 450 nm. Supernatants of PC12 cells were collected from each well,

have examined the neuronal protective effect of naringenin
(4',5,7-trihydroxyflavanone), which is found @. junos, against
oxidative cell death induced by/Apeptide during the PC12
cells cultivation. Also, the antiamnestic effect of naringenin was
evaluated using an in vivo mouse model.

MATERIALS AND METHODS

Materials. RPMI 1640 medium, fetal bovine serum, horse serum,
penicillin, and streptomycin were obtained from Gibco BRL (Grand
Island, NY). Sigma Chemical Co. (St. Louis, MO) suppliefl4 35
Af2s-35 was dissolved in deionized distilled water at a concentration
of 1 mM and stored at-20 °C. The stock solution was diluted to
desirable concentrations immediately before use.

Preparation of C. junos Extracts and Naringenin. C. junoswas
purchased in a local market for Oriental medicines in Seoul, Korea, in

and LDH activities were determined with a colorimetric LDH assay
kit (Sigma). Lactic acid, NAD, and NADH were not absorbed
significantly at this wavelength. The amount of pyruvate remaining
after incubation was inversely proportional to that of LDH activity.

Trypan Blue Test for Cell Viability. Cell viability was assessed
by trypan blue dye exclusion prior to all treatments. Viable cells
maintained membrane integrity and did not allow trypan blue dye to
pass through the cell membrane. Cells with compromised cell mem-
branes appeared blue due to accumulation of dye and were counted as
dead. At least 600 cells were counted in four different fields, and the
number of viable cells was calculated as percent of the total cell
population. PC12 cells with=98.0% viability were employed in all
treatments (2930).

Animals and Experimental Design. Male ICR mice (Samtaco
BioKorea Co., Seoul, Korea), weighing 280 g, were used for the
passive avoidance test following a 1 week adaptation perioetZ30

1999 and ground to pass through a fine screen (about 1 mm). The plant°C; 12 h light cycle from 09:00 to 21:00; food, Agribrand Purina Korea,

materials were authenticated by the Institute of Biotechnology, where
voucher specimens were maintained, Korea University. The dried
sarcocarp (2 kg) of. junoswas extracted with methanol in an agitating

and water ad libitum). The experimental procedures were approved by
the guidelines of the Animal Care and Use Committee of the Korea
University. Mice were allowed free access to normal feed or feed mixed

apparatus. This procedure was performed three times. Upon removalwith naringenin for 3 weeks. Amnesia was induced in mice with SCOP

of solvent in a vacuum, the methanolic extract yielded 140 g. This

(1 mg/kg body weight) given subcutaneously. Behavioral tests were

methanolic extract was then suspended in water and partitioned started 30 min after injection.

successively with ethyl acetate {BLEtOAc= 1:1). The ethyl acetate
fraction of C. junosobtained was filtered through a 0.48n poly-
(tetrafluoroethylene) syringe tip filter. Using@bondapack G reverse

Passive Avoidance TestThe passive avoidance box was divided
into two compartments, one illuminated and one dark square box. The
light compartment was illuminated by a 100 W bulb; the dark

column (3.9 mmx 300 mm), the sample was analyzed by Waters 2690 compartment was equipped with 2 mm stainless steel rods spaced 1
HPLC analysis system (Waters Co., Milford, MA). Naringenin was cm apart and extending the length of the compartment. A guillotine
detected at 248.5 nm with a Waters 996 PDA detector. The data weredoor separated those compartments. During the training trial, each
controlled and analyzed using the Millennium Manager System (Version mouse was placed in the lighted compartment; as soon as it entered
2.15; Waters Associates). Separations were carried out at 1 mL/min the dark compartment, the door was closed and the mouse received an

using a 90 min linear gradient of-L.00% methanol (data not shown).

The structure of the resulting compound was analyzetHf{/C NMR

and electron impact mass spectrometry (EI-MS) (data not shown).
Cells. Pheochromocytoma cells (PC12 cells) were cultured and

electrical foot shock (0.5 mA/mouse, 1 s). An inescapable shock was
delivered through the stainless steel rods (one trial training run). In the
testing trial, given 1 day after the training trial, the mouse was again
placed in the lighted compartment and the time until it reentered the

maintained as previously described. The PC12 cell line was derived dark compartment was measured. If the mice did not enter the dark
from a transplantable rat pheochromocytoma. The cells respond compartment within 300 s, we concluded that the mice had memorized

reversibly to nerve growth factor (NGF) by induction of the neuronal
phenotype 24). Growth medium consisted of RPMI 1640, 10% heat-
inactivated horse serum, 5% fetal bovine serum, 50 units/mL penicillin,
and 100ug/mL streptomycin. Cultures were maintained in the°87
incubator with water-saturated and 5% £0C12 cells were passaged
when the culture was 8690% confluent, dislodged from the surface

of the culture dish (100 mm), and dispersed into single cell by repeated

and forceful triturating of the culture medium directly onto the cells.
The cells were subcultured once a week in the split ratio of 1:3 or 1:4.
Measurement of Oxidative Stress.Levels of cellular oxidative

the passive avoidance training after one training trial (31).

Statistical Analysis.All data were expressed as meahsSD of at
least three independent experiments. Statistical analysis was performed
by Student’¢-test using Sigma Plot software (SPSS Inc., Chicago, IL).
Statistical comparisons within the same group were performed for paired
observationsP < 0.05 was considered significant.

RESULTS AND DISCUSSION

One of the mechanisms responsible fgi-iduced oxidative
injury is the generation of hydrogen peroxide and induction of

stress were measured using the fluorescent probe DCF (Molecular”pid peroxidation 82). Hydrogen peroxide was used to tegA

Probes) according to the method that Goodman and Mattson describe

(25). In brief, cells were cultured in 96 well plates in RPMI 1640 media

supplemented with 10% horse serum and 5% fetal bovine serum. Cells
were then treated for 48 h at the levels of various concentrations of the

isolated naringenin or vitamin C. The cells were then treated with or
without 100uM H,O; for 24 h. At the end of the treatment, cells were
incubated in the presence of a® DCF in PBS. Fluorescence was
finally quantified using SER-NR 94572 fluorometer (TECAN, U.S.A.)
equipped with 485 nm excitation and 530 nm emission filters.

MTT Assay. The MTT reduction assay was performed as described
previously (26,27). Briefly, the cells were incubated with 0.25 mg
MTT/mL for 0.5—6 h at 37°C, and the reaction was stopped by adding
a solution containing 50% dimethylformide and 20% sodium dodesyl
sulfate (pH 4.8). The amount of MTT formazan product was determined

by measuring absorbance using a microplate reader (Bio-Rad, Hercules
CA) at a test wavelength of 570 nm and a reference wavelength of

630 nm.
LDH Assay. Damage of the plasma membrane was evaluated by
measuring the amount of the intracellular enzyme, LDH, which is

dnduced oxidative stress in PC12 cells in this work. Exposure

of PC12 cells to HO, for 24 h resulted in~230% increase of
ROS levels as compared to contrdfigure 1). A 48 h
pretreatment of the cells with increasing concentrations of
naringenin fromC. junoswas followed up with 24 h exposure
of H,O,. Vitamin C, a naturally occurring major nutrient,
showed the reduction of oxidative stres®.4 times higher than
the HO; treatment group. The naringenin 2500xM) resulted
in a 170—223% decrease of ROS levels as compared to the
H,0, exposure (Figure 1). Flavonoids contribute to the free
radical scavenger effec88). These results clearly demonstrate
that naringenin, a potent antioxidant frd junos, shows the
antioxidative effect by reducing oxidative stress in cells at the
biological activities to similar to vitamin C.

To evaluate /& neurotoxicity properly, it is important to
employ an appropriate method for quantitating cell viability.
Because the dye, MTT, is known to be converted into a purple



1522 J. Agric. Food Chem., Vol. 52, No. 6, 2004 Heo et al.

350 1: Control
; 2: 25 uM A
= 1:C°nt'°| A 3: +100 pM Vitamin C
456 . 2: 100 uM H,0, . 4: +25 uM naringenin

130 4

5: +50 uM naringenin
120 6:+75 uM naringenin
7:+100 uM naringenin

BB 3. 4100 pM Vitamin C
BN 4. +25 M naringenin
E= 5: +50 uM naringenin
1 6: +75 uM naringenin
#ZZ4 T:+100 uM naringenin

110 4
100

DCF formation (% value)
n
g 8

50 1

The amount of pyruvate remaiming (% value)

L3 e 10 -
0 1 2 3 4 5 3] 7
Figure 1. Effect of naringenin and vitamin C on free radical production & o " 5 3 4 5 7
determined in the presence and absence of AS in PC12 neuronal cell.
PC12 cells were treated for 48 h with concentrations of the indicated B.

compounds. The cells were then treated with 100 uM H,0, for 24 h.
Levels of cellular oxidative stress were measured using the fluorescent
probe 2',7'-dichlorofluorescein (DCF) as described. DCF value was not
changed by vitamin C or naringenin (data not shown). Results shown are
means + SD (n = 3). Results differ significantly from the value in the
H,0,-treated group: *P < 0.05.
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“ ey Figure 3. Preventive effects of naringenin and vitamin C against AS-
30 - —¥— 3:+ 100 uM Vitamin G induced lipid peroxidation in PC12 cells. PC12 cells were treated for 48
a0 b —¥ =4k 23l nanngenin h with various concentrations of the indicated compounds. The cells were
—&— 5: + 50 uM naringenin . ..

- \  —o— 6 + 75 uM naringenin treated with ABys-35 (25 uM) for 24 h. LDH activity was measured
B~ 7: +100pM naiingenin spectrophotometrically at 450 nm. Supernatants of PC12 cells were
g y i . 5 i ; ! : : collected from each well, and LDH activities were determined with a

colorimetric LDH assay kit. Lactic acid, NAD, and NADH were not absorbed
significantly at this wavelength. The amount of pyruvate remaining (A)
after incubation was inversely proportional to that of LDH activity (B).
One international unit (U) of an enzyme is defined as the amount of
enzyme that will convert 1 umol of substrate per minute. All data are
) L . represented as the mean = SD. Values were obtained from three separate
Materials and Methods. Cell viability was not changed by vitamin C or cultures. Statistical analysis indicated that the influence of the compounds

na ’".‘99“"‘ ((_jata not shown). Resuts shown are means SP (n=23). A used represented a significant effect on the AB-induced membrane toxicity
significant difference (P < 0.05) was observed on the Af-induced cell (LDH release) (P < 0.05)

death.

Figure 2. Effect of naringenin and vitamin C on PC12 cell viability
determined in the presence and absence of AS. PC12 cells were treated
for 48 h with various concentrations of the indicated compounds. The
cells were then washed and treated with 25 uM ABs—35 for 24 h. Levels
of cell viability were measured using the MTT assay as described in the

is dead. Treatment with Af-35 caused an increase in LDH

formazan by redox activity of living cells, the MTT reduction release (Figure B The amount of pyruvate remainingigure
assay has been widely used for measuring cell viabil, ( 3A) after incubation was inversely proportional to that of
27). PC12 cells were treated with38s—35 (25 uM) for 24 h, released LDH activityKigure 3B). One international unit (U)
and the effect of g-induced cytotoxicity was evaluated with  of an enzyme is defined as that amount of enzyme that will
the MTT assay. 2535 caused a decrease in cell viability (about convert 1umol of substrate per minute. Pretreatment with
29%), but pretreatment cells with increasing concentrations of naringenin inhibited LDH release in a dose-dependent manner
naringenin fromC. junosinhibited AB-induced neurotoxicity (Figure 3).
(Figure 2). The cell protection effect of vitamin C againsfA To confirm whether naringenin fror@. junosinhibits the
induced neurotoxicity was less than that of 0@ naringenin. Ap-induced membrane damage, we checked the trypan blue

Because neuronal plasma membrane is sensitive to oxidativeexclusion assay. Viable cells maintained membrane integrity
stress (32), the toxic effect of As—3s was measured by the and did not allow trypan blue dye to pass through the cell
LDH assay. LDH release measures the activity of this stable membrane. As shown iable 1, A3-induced oxidative stress
enzyme released into the medium from dead cells. A quantitative increased plasma membrane damage. PC12 cell plasma mem-
analysis of LDH activity can determine what percentage of cells brane was damaged bygAnduced oxidative stress. TheSA
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Table 1. Inhibited A Toxicity in PC12 Cells after Pretreatment with

Naringenin as Assessed by Trypan Blue Exclusion Staining Followed 300 4 AT
by Cell Counting 8 2. SCOP i
fread 3: Naringenin (1.5 mg/kg) + SCOP
control cells? 100 g 250 4: Naringenin (3.0 mg/kg) + SCOP
@ 5: Naringenin (4.5 mg/kg) + SCOP
25 uM AB alone 64.3+3.2 T genin (45 malka) *
+100 M Vitamin C 81.0 +2.6° £, 2001
+ 25 uM naringenin 60.3+32 2
+50 uM naringenin 63.7+15 £
+75 uM naringenin 71.0+1.0 g 1501
+ 100 M naringenin 84.6 +2.1° 0

100 +

2 PC12 cells were plated at low density in a 12 well plate. Cells were incubated
with naringenin for 48 h before the addition of 25 M Af protein. Cultures were
observed after an additional 24 h, and trypan blue exclusion staining was performed.
Data are presented as means + SD for one representative triplicate determination

50 4

and are expressed as the percent survival as compared to the corresponding 0 ¥

controls. The viability of untreated control cells was defined as 100%. ° P < 0.01 0 1 2 3 4 5
(cell survival after incubation with naringenin as compared with cell survival after

incubation with Aj protein) was considered significant. B.

induced membrane damage was reduced by naringenin. Thest
results indicated that the effect opAletected by the MTT assay
corresponded with a decrease in cell viability and that
ApB-induced neurotoxicity was developed by plasma membrane
damage. In this study, naringenin inhibited Ag-induced mem-
brane damage and neurotoxicity.

Evidence from animal and human studies indicates that
learning and memory can be modified by drugs affecting central
cholinergic function 21). For instance, such muscarinic an-
tagonists as SCOP have been shown to impair memory, wherea:
such inhibitors of acetylcholinesterase (AChE) as physostigmine,
tacrine, or velnacrine facilitate the cognitive process in animals
and humans (34). To assess this efficacy, SCOP was used tc | =
induce memory impairment in mice, and this impairment was 0 1 2 3 i 5
measured using a passive avoidance test with or withoutrigyre 4, Protective effects of C. junos against the SCOP-induced
treatment with selective flavanone compounds. Intraperitoneal iynaiment in learning and memory in mice. Effects of naringenin on step

injection of SCOP hydrobromide, which is a muscarinic ,rough latency (A) and retention percentage (B) in the retention trial of
cholinergic receptor blocker, causes memory def|C|ts. and the passive avoidance task. After injection of SCOP (1 mglkg), each
decreases cholinergic activity on behavioral performaB&¢:;(  pepavioral test was done. Mice were trained on a one trial step through

therefore, this method of SCOP exposure is a useful in Vivo pasgive avoidance task. The testing trial was given 1 day after the training
model for AD. In this respect, we just used the SCOP-induced g The values shown are the mean latencies + SD (n = 10). Control

in vivo method to investigate the in vivo effect of naringenin. - mice were injected with 0.85% (wiv) saline (100 uL). Results differ

In this experiment, mice were treated with naringenin in the significantly from values in SCOP-treated group: *P < 0.01.
drinking water at various concentrations for up to 3 weeks prior
to SCOP administration. Because the average water intake per Brain cells are at a particular risk of being damaged by free
mouse per day was approximately 8—10 mL, the amount of radicals because the brain has a high oxygen turnover, and CNS
naringenin consumed by mice receiving 0.6@0045% nar- neuronal membranes are rich in polyunsaturated fatty acids,
ingenin in the drinking water ranged from 0.03 to 0.135 mg which are potential targets for lipid peroxidatiod2). An
mouse!® day L. All mice treated with naringenin gained body imbalance of the equilibrium between free radical generation
weight normally 37.2+ 2.5 g for control mice vs 37.& 1.7 g and various antioxidant defense systems leading to the ac-

100 4

80

Retention (%)

20

for mice treated with naringenin for 3 weeks) and did not show
any signs of toxicity during the experiment (data not shown).

cumulation of free radicals is called oxidative stress. Free
radicals and oxidative stress-induced neuronal cell death have

Then, we tested the effects of naringenin on learning and been implicated in various neurological disorders, such as AD

memory in vivo using the SCOP-induced amnesia mo8@).

(37). AD-associated Afaccumulation in CNS plaques of AD

Treatment with SCOP (1 mg/kg) significantly shortened the patient’s brains induces the generation of oxygen-free radicals,
latency time (44.9% decrease in step through latency) in the ultimately leading to the peroxidation of membrane lipids and
retention trial Figure 4B). However, treatment of mice with  cell lysis 32). The results in this study indicate that naringenin
naringenin for 3 weeks attenuated the SCOP-induced impairmentrepresents a higher protective effect againstiigiiced neuronal

in a dose-dependent manner (7.5% increase and 20—27%damage than vitamin C and a less protective effect agajfist A
decreases in step through latency) with maximal effects observedinduced ROS increase than vitamin C. Considering the anti-
at a concentration of 0.135 mg moudelay ! (0.0045%). In oxidant effect of ginkgolides, these studies also indicate that
this study, our data showed that naringenin ameliorated SCOP-the neuroprotective effect of thi&inkgo bilobaextract Egb 761
induced learning and memory deficit. Although we do not is probably not only due to its antioxidant properties but to a
suggest the improving mechanism of naringenin on SCOP- separate yet unidentified activit®, 39). However, it should
induced deficit, naringenin can be considered as a useful be noted that the absence of a role of ROS jfriAduced
therapeutic agent in AD. apoptosis and cell death, under the short-term conditions used,
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does not exclude their involvement in the pathogenesis of AD,
a long-term evolving process (7).

In this study, we have shown that naringenin (4',5,7-
trinydroxyflavanone) ofC. junoswas purified from natural
edible plants. The effective dose, absorption rate, intake by
regular diet, and metabolism of naringenin in humans is not
yet known. Although it is likely that naringenin concentrations
ingested by a regular diet are not high enough to trigger
beneficial effects, naringenin fro@. junoscan be considered
as a health-promoting food supplement. Naringenin has been
reported that was isolated as topical photoprotective agéjs (
Topical administration of antioxidants provides an efficient way
to enrich the endogenous cutaneous protection system and thus
may be a successful strategy for diminishing ultraviolet radia-
tion-mediated oxidative damage in the skin (41).

In conclusion, naringenin has a protective effect of
Ap-induced in vitro neuronal cytotoxicity. We used a SCOP-
induced animal model as an experiment fop-kduced
cholinergic impairment. Our data showed the significant anti-
amnesic effects in mice. Therefore, the neuronal cell protection
by naringenin might explain the antiamnestic effects observed
in the present study. Natural compounds that exert antiamnestic
activity in vivo through blocking of Apg-induced neuronal
damage might offer a useful therapeutic agent in the treatment
of AD.

ABBREVIATIONS USED

ApB, amyloid S protein; AD, Alzheimer’'s disease; ROS,
reactive oxygen species; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; DCF, 2,7-dichlorofluorescein di-
acetate; LDH, lactate dehydrogenase; SCOP, scopolamine; CNS,
central nervous system.

LITERATURE CITED

(1) Coyle, J. T.; Puttfarcken, P. Oxidative stress, glutamate, and
neurodegenerative disordeBciencel993,262, 689—695.

(2) Markesbery, W. R.; Crrney, J. M. Oxidative alterations in
Alzheimer’s diseaseBrain Pathol.1999,9, 133—146.

(3) Mecocci, P.; MacGarvey, U.; Beal, M. F. Oxidative damage to
mitochondrial DNA is increased in Alzheimer’s diseagen.
Neurol. 1994,36, 747—751.

(4) Smith, M. A.; Rudnicka-Nawrot, M.; Richey, P. L.; Praprotnik,
D.; Mulvihill, P.; Miller, C. A.; Sayre, L. M.; Perry, G. Carbonyl-
related posttranslational modification of neurofilament protein
in the neurofibrillary pathology of Alzheimer's diseasé.
Neurochem1995, 64, 2660—2666.

(5) Subbarao, K. V.; Richardson, J. S. Autopsy samples of Alzhe-
imer’s cortex show increased peroxidationitro. J. Neurochem
1990,55, 342—345.

(6) Dyrks, T.; Dyrks, E.; Hartmann, T.; Masters, C.; Beyreuther,
K. Amyloidogenecity of beta A4 and beta A4-bearing amyloid
protein precursor fragments by metal-catalysed oxidafioBiol.
Chem.1992,267, 18210—18217.

(7) Yao, Z. X.; Drieu, K.; Szweda, L. |.; Papadopoulos, V. Free

radicals and lipid peroxidation do not medigtamyloid-induced

neuronal cell deathBrain Res.1999,847, 203—210.

Hensely, K.; Carney, J. M.; Mattson, M. P.; Aksenova, M.;

Harris, M.; Wu, J. F.; Floyd, R. A.; Butterfield, D. A. A model

for beta-amyloid aggregation and neurotoxicity based on free

radical generation by the peptide: relevance to Alzheimer’'s

diseaseProc. Natl. Acad. Sci. U.S.A.994,91, 3270—3274.

Pappolla, M. A.; Chyan, Y. J.; Omar, R. A.; Hsiao, K.; Perry,

G.; Smith, M. A.; Bozner, P. Evidence of oxidative stress and

in vivo neurotoxicity of beta-amyloid in a transgenic mouse

model of Alzheimer’s disease: a chronic oxidative paradigm for
testing antioxidant therapies vivo. Am. J. Pathol1998,152,

871-877.

®)

)

Heo et al.

(10) Smith, M. A.; Hirai, K.; Hsiao, K.; Pappolla, M. A.; Harris, P.
L.; Siedlak, S. L.; Tobaton, M.; Perry, G. Amyloid-beta
deposition in Alzheimer transgenic mice is associated with
oxidative stressJ. Neurochem1998,70, 2212—2215.

Marcus, D. L.; Thomas, C.; Rodriguez, C.; Simberkoff, K.; Tsali,

J. S.; Strafaci, J. A.; Freedman, M. L. Increased peroxidation

and reduced antioxidant enzyme activity in Alzheimer’s disease.

Exp. Neurol.1998,150, 40-44.

Behl, C.; Lezoualch, F.; Trapp, T.; Widmann, M.; Skutella, T.;

Holsboer, F. Glucocorticoids enhance oxidative stress induced

cell death in hippocampal neuroimseitro. Endocrinology1997,

138, 101-106.

Butterfield, D. A.; Drake, J.; Pocernich, C.; Castegna, A.

Evidence of oxidative damage in Alzheimer’'s disease brain:

central role for amyloigb-peptide.Trends Mol. Med2001,12,

7548—7554.

Harris, M. E.; Hensley, K.; Butterfield, D. A.; Leedle, R. A.;

Carney, J. M. Direct evidence of oxidative injury produced by

the Alzheimer beta-amyloid peptide<{20) in cultured hippoc-

ampal neuronskExp. Neurol.1995,131, 193—202.

(15) Greene, L. A,; Tischler, A. S. Establishment of a nonadrenergic
clonal line of adrenal pheochromocytoma cells which respond
to nerve growth factorProc. Natl. Acad. Sci. U.S.A976,95,
3227-3232.

(16) Behl, C.; Davis, J.; Cole, G. M.; Schubert, D. Vitamin E protects
nerve cells from amyloigs protein toxicity. BiochemBiophys.
Res. Communl992,186, 944—950.

(17) Weeks, B. S.; Papadopoulos, V.; Dym, M.; Kleinman, H. K.
cAMP promotes branching of laminin-induced neuronal process.
J. Cell. Physiol.1993,147, 62-67.

(18) Donovan, F. M.; Pike, C. J.; Cotman, C. W.; Cunningham, D.
D. Thrombin induces apoptosis in cultured neurons and astrocytes
via a pathway requiring tyrosine kinase and RhoA activities.
Neurosci.1997,17, 5316—5326.

(19) Smale, G.; Nichols, N. R.; Brady, D. R.; Finch, C. E.; Horton,
W. E., Jr. Evidence for apoptotic cell death in Alzheimer’'s
diseaseExp. Neurol.1995,133, 225—230.

(20) Benzi, G.; Morreti, A. Is there a rationale for the use of
acetylcholinesterase inhibitors in the therapy of Alzheimer’'s
diseaseEur. J. Pharmacol1988,346, 1-13.

(21) Kopelman, M. D.; Corn, T. H. Cholinergic blockade as a model
of cholinergic depletionBrain 1988,111, 1079—-1110.

(22) Eastwood, M. A. Interaction of dietary antioxidants in vivo: how
fruit and vegetables prevent diseasg® 1999,92, 527—530.

(23) Hollman, P. C.; Katan, M. B. Health effects and bioavailability
of dietary flavonolsFree Radical Res1999,31, S75—S80.

(24) Heo, H. J.; Hong, S. C.; Cho, H. Y.; Hong, B. S.; Kim, H. K;
Kim, E. K.; Shin, D. H. Inhibitory effect of zeatin, isolated from
Fiatouavillosa, on acetylcholinesterase activity from PC12 cells.
Mol. Cells2002,13, 113—117.

(25) Goodman, Y.; Mattson, M. P. Secreted forms of beta-amyloid
precursor protein protect hippocampal neurons against amyloid
beta-peptide induced oxidative injurigxp. Neurol.1994,128,
1-12.

(26) Abe, K.; Kimura, H. Amyloidj toxicity consists of a C&
independent early phase and a*Cdependent late phasa.
Neurochem1996,67, 2074—2078.

(27) Kato, M.; Saito, H.; Abe, K. Nanomolar amylojél protein-
induced inhibition of cellular redox activity in cultured astrocytes.
J. Neurochem1997,68, 1889—1895.

(28) Cabaud, P. G.; Wroblewski, F. Colorimrtric measurement of
lactic dehydrogenase activity of body fluidsm. J. Clin. Pathol.
1958,30, 234.

(29) Ray, S. K.; Fidan, M.; Nowak, M. W.; Wilford, G. G.; Hogan,
E. L.; Banik. N. L. Oxidative stress and &ainflux upregulate
calpain and induce apoptosis in PC12 celBsain Res.2000,
852, 326—334.

(30) Heo, H. J.; Cho, H. Y.; Hong, B. S.; Kim, H. K.; Kim, E. K
Kim, B. K.; Shin, D. H. Protective effect of &-dihydroxy-3,6,7-
trimethoxyflavone fromArtemisia asiaticeagainst AB-induced
oxidative stress in PC12 cell&myloid2001,8, 194—201.

11

12)

(13)

(14)



Effect of Naringenin Against A3-Induced Cytotoxicity

(31) Yan, J. J.; Cho, J. Y.; Kim, H. S.; Kim, K. L.; Jung, J. S.; Huh,
S. O.; Suh, H. W.; Kim, Y. H.; Song, D. K. Protection against
p-amyloid peptide toxicityn vivo with long-term administration
of ferulic acid.Br. J. Pharmacol2001,133, 89-97.

(32) Behl, C.; Davis, J. B.; Lesley, R.; Schubert, D. Hydrogen
peroxide mediates amyloid protein toxicity. Cell 1994 77,
817—-827.

(33) Rapin, J. R.; Zaibi, M.; Drieu, Kin vitro andin vivo effects of
an extract ofGinko bilobaextract (Egb 761), ginkgolide B, and
bilobalide on apoptosis in primary cultures of rat hippocampal
neuronsDrug Dev. Res1998,45, 23-29.

(34) Bejar, C.; Wang, R. H.; Weinstock, M. Effect of rivastigmine
on scopolamine induced memory impairment in rdar. J.
Pharmacol.1999,383, 231—240.

(35) Collerton, D. Cholinergic function and intellectual decline in
Alzheimer’s diseaseNeurosciencd 986,19, 1-28.

(36) Park, C. H.; Kim, S. H.; Choi, W.; Lee, Y. J.; Kim, J. S.; Kang,

J. Agric. Food Chem., Vol. 52, No. 6, 2004 1525

(38) Christen, Y.; Costendin, J.; Lacour, M. Effect®inkgo biloba
extract (Egb 761) on the central nervous systé&dvanced
Ginkgo biloba Research; Elsevier: Paris, 1992; p 172.

(39) DeFeudis, F. V.Ginkgo biloba Extract (Egb 761): From
Chemistry to Clini¢ Ullstein Medical: Wisbaden, Germany,
1998; p 400.

(40) Saija, A.; Tomaino, A.; Trombetta, D.; Giacchi, M.; Pasquale,
A. D.; Bonina, F. Influence of different penetration enhancers
on in vitro skin permeation anth vivo photoprotective effect
of flavonoids.Int. J. Pharm.1998,175, 85-94.

(41) lurkiewicz, B. A.; Bissett, D. L.; Buettner, G. R. Effect of
topically applied tocopherol on ultraviolet radiation-mediated free
radical damage in skinl. Invest. Dermatol1995,104, 484—
488.

Received for review September 22, 2003. Revised manuscript received

S. S.; Suh, Y. H. Novel acetylcholinesterase and antiamnesic january 5, 2004. Accepted January 26, 2004. This work was supported

activities of dehydroevodiamine, a constituen&ebdia rutae-
carpa. Planta Med.1996,62, 405—409.

(37) Olanow, C. W. A radical hypothesis for neurodegeneration.

Trends Neuroscil993,16, 439—444.

by the Postdoctoral Fellowship Program of Korea Science & Engineer-
ing Foundation (2003).

JF035079G



