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4-O-methylhonokiol attenuated β-amyloid-induced memory impairment through
reduction of oxidative damages via inactivation of p38 MAP kinase☆
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Abstract

Oxidative stress induced neuronal cell death by accumulation of β-amyloid (Aβ) is a critical pathological mechanism of Alzheimer's disease (AD).
Intracerebroventrical infusion of Aβ1-42 (300 pmol/day per mouse) for 14 days induced neuronal cell death and memory impairment, but pre-treatment of 4-O-
methylhonokiol (4-O-MH), a novel compound extracted from Magnolia officinalis for 3 weeks (0.2, 0.5 and 1.0 mg/kg) prior to the infusion of Aβ1-42 and during
the infusion dose dependently improved Aβ1-42-induced memory impairment and prevented neuronal cell death. Additionally, 4-O-MH reduced Aβ1-42 infusion-
induced oxidative damages of protein and lipid but reduced glutathione levels in the cortex and hippocampus. Aβ1-42 infusion-induced activation of astrocytes
and p38 mitogenic activated protein (MAP) kinase was also prevented by 4-O-MH in mice brains. In further study using culture cortical neurons, p38 MAP kinase
inhibitor abolished the inhibitory effect of 4-O-MH (10 μM) on the Aβ1-42 (5 μM)-induced reactive oxidative species generation and neuronal cell death. These
results suggest that 4-O-MH might prevent the development and progression of AD through the reduction of oxidative stress and neuronal cell death via
inactivation of p38 MAP kinase pathway.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Alzheimer's disease (AD) is the most common neurodegenerative
disease of the brain. AD is characterized by intraneuronal neurofi-
brillary tangle and cerebral parenchyma deposition of the amyloid
beta peptide (Aβ) [1]. Aβ peptide is thought to be a critical factor in
AD pathogenesis, and this peptide is derived from amyloid precursor
protein by series of proteolysis process [2–4]. Aβ abnormally
accumulates in the brains of patients with AD, and can increase loss
of neuronal cells due to induced neuronal cell death [4–8].

Activation of mitogen-activated protein kinase (MAP kinase)
pathway is important in the neuronal cell death against various
damages [9–11]. In several studies, it has been suggested that
inhibition of MAP kinases signals could contribute to the decreased
neuronal cell death caused by Aβ [12–14]. Previously, we demon-
strated that reduction of MAP kinases signals protected neuronal cell
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death induced by Aβ [15] and inhibition of MAP kinase signals by
neuroprotective compounds such as eigallocatechin 3′-gallate
(EGCG) which showed a preventive effect against Aβ-induced
neuronal cell death in the development of AD [16,17]. Oxidative
stress is also a well-known event in the pathogenesis of AD and Aβ-
induced neuronal cell death pathway [18–20]. Aβ causes neuronal cell
death by the impairment of mitochondrial activity [18,21,22] and
activation of other series cell death pathway cascades [23] through
the induction of reactive oxygen species (ROS). Therefore, antiox-
idants could act to prevent or inhibit neuronal damages in the brains
of AD. Many studies have been reported that compounds having
antioxidant effects might prevent neuronal cell death against various
damages [24,25] and prevent progression of AD [26,27]. Our previous
studies showed that natural compounds such as theanine and EGCG
have anti-oxidative properties which protect from Aβ-induced
neuronal cell death and memory impairment [16,28].

The bark of the root and stem of Magnolia family has been used in
traditional medicine to treat various disorders [29,30]. Several
compounds isolated from Magnolia family such as honokiol, obovatol
and magnolol have anti-inflammatory [31–33], neuroprotective
effects [24,25] and anti-oxidative effects [34,35]. A recent study
found that honokiol exhibited neuroprotective effect by preserving
mitochondrial activity on ischemia-induced neuronal damage [36].
Recently, we isolated 4-O-methylhonokiol (4-O-MH), a novel
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compound from Magnolia officinalis, and found that it exhibited anti-
inflammatory [37] and neurotropic activity [38]. Moreover, we
demonstrated that the ethanol extract of M. officinalis had a memory
improving effect of 4-O-MH on the scopolamine-induced memory
deficiency animal model [39] as well as Aβ1-42 single injection mice
memory deficiency model (unpublished data). Thus, we investigated
the protective effect of 4-O-MH on the continued infusion of Aβ1-42-
induced memory impairment and neuronal cell death and the
underlying mechanisms of memory improving effects.

2. Materials and methods

2.1. 4-O-MH

4-O-MH was isolated and identified from the bark of M. officinalis as described
elsewhere [37,38]. 4-O-MH (purity; more than 99.5%) was dissolved in 0.05% ethanol
and added to drinking water where mice were allowed access ad libitum. The structure
is shown in Fig. 1.

2.2. Aβ1-42-infused Alzheimer's disease mouse model

Eight-weeks-old male mice Slc:ICR (Central Lab. Animal, Seoul, Korea) were
maintained in accordance with the National Institute of Toxicological Research of the
Korea Food and Drug Administration guidelines as well as the regulations for the care
and use of laboratory animals of the animal ethics committee of Chungbuk National
University. All mice were housed in a room that was automatically maintained at 21–
25°C and relative humidity (45–65%) with a controlled light–dark cycle. The infusion
model was adapted from previous work on the rat infusion model [40,41]. The
anesthetized animals were placed in a sterotaxic instrument, and catheters were
attached to an osmotic mini-pump (Alzet 2001, ALZA, Mountain View, CA, USA) which
were implanted according to the following coordinates: mouse (unilaterally): −1.0
mm anterior/posterior, +1.0 mm medial/lateral and −2.5 mm dorsal/ventral. The
pump contents were released over a period of 14 days consisting of 300 pmol
aggregated Aβ1-42 (purity 97.1%, Sigma Chemical, St. Louis, MO, USA) dissolved in
sterile saline (0.9% NaCl) for each pump.

2.3. Water maze test

The water maze test is a widely accepted method for memory test, thus we
performed this test as the method to induce memory impairment as described by
Morris et al. [42]. Maze testing was performed by the SMART-LD program and
equipment (Panlab, Barcelona, Spain). A circular plastic pool (height: 35 cm, diameter:
100 cm) was filled with water (within dark ink) kept at 22–25°C. An escape platform
(height: 14.5 cm, diameter: 4.5 cm) was submerged 0.5–1 cm below the surface of the
water in position. Test was performed three times per day for 7 days. Each trial lasted
for 60 s or ended as soon as themice reached the submerged platform and remained on
Fig. 1. Chemical structure of 4-O-MH (A
the platform for 10 s. Mice were allowed to swim until they sought the escape platform.
Escape latency, escape distance, swimming speed and swimming pattern of each
mouse was monitored by a camera above the center of the pool connected to a SMART-
LD program. A quiet environment, consistent lighting, constant water temperature and
fixed spatial frame were maintained throughout the period of the experiment.

2.4. Probe test

A probe trial in order to assess memory consolidation was performed 24 h after the
7-day acquisition tests. In this trial, the platform was removed from the tank, and the
mice were allowed to swim freely. For these tests, the percentage time in the target
quadrant and target site crossings within 60 s was recorded. The time spent in the
target quadrant is taken to indicate the degree of memory consolidation that has taken
place after learning. The time spent in the target quadrant was used as a measure of
spatial memory. Swimming pattern of each mouse was monitored by a camera above
the center of the pool connected to a SMART-LD program as described above.

2.5. Passive avoidance performance test

The passive avoidance test is also a widely accepted simple and rapid method for
memory test. The passive avoidance response was determined using a “step-through”
apparatus (Med Associates, Georgia, VT, USA) that is consisted of an illuminated and a
dark compartment (each 20.3×15.9×21.3 cm) adjoining each other through a small
gate with a grid floor, 3.175 mm stainless steel rod set 8 mm apart. One day after the
water maze test, training trial was performed. The ICR mice were placed in the
illuminated compartment facing away from the dark compartment. When the mice
moved completely into the dark compartment, it received an electric shock (1 mA, 3-s
duration). The mice were then returned to their home case. At 1 day later, the mice
were placed in the illuminated compartment and the latency period to enter the dark
compartment defined as “retention”wasmeasured. The timewhen themice entered in
the dark compartment were recorded and described as step-through latency. The
retention trials were set at a limit of 180 s as the cutoff time.

2.6. Brain tissue collection and preservation

After the behavioral test (step through test), animals were perfused with
phosphate-buffered saline (PBS) under inhalated chloroform anesthetization. The
brains were immediately collected in the samemanner and frozen stored at−20°C and
separated into cortical and hippocampal regions. All the brain regions were
immediately stored at −80°C and used to measure biological assay of Aβ1-42 and cell
death detection.

2.7. Western blotting

Cells and each area of the brain tissue were homogenized with lysis buffer [50 mM
Tris pH 8.0, 150 mM sodium chloride (NaCl), 0.02% sodium azide, 0.2% sodium dodecyl
sulfate (SDS), 1 mM phenylmethanesulphonylfluoride or phenylmethylsulphonyl
fluoride, 10 μl/ml aprotinin, 1% igapel 630, 10 mM sodium fluoride, 0.5 mM
) and Experimental scheme (B).
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ethylenediaminetetraacetic acid (EDTA), 0.1 mM ethylene glycol tetraacetic acid and
0.5% sodium deoxycholate], and centrifuged at 15,000×g for 15 min. Equal amount of
proteins (40 μg) were separated on a SDS/10 and 15% polyacrylamide gel and then
transferred to a nitrocellulose membrane (Hybond ECL, Amersham Pharmacia Biotech,
Piscataway, NJ, USA). Blots were blocked for 2 h at room temperature with 5% (w/v)
nonfat dried milk in Tris-buffered saline [10 mM Tris (pH 8.0) and 150 mM NaCl]
solution containing 0.05% tween-20. Themembranewas then incubated for 3 h at room
temperature with specific antibodies. Rabbit polyclonal antibodies against active form
of JNK1 (1:500), ERK2 (1:500) and p38 MAP kinase (1:500), mouse polyclonal
antibodies against phosphorylation forms of JNK1 (1:500), ERK2 (1:500) and p38 MAP
kinase (1:500) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used in this
study. The blots were then incubated with the corresponding conjugated anti-rabbit,
anti-mouse and anti-goat immunoglobulin G-horseradish peroxidase (Santa Cruz
Biotechnology). Immunoreactive proteins were detected with the ECL Western
blotting detection system. The relative density of the protein bands was quantified
Fig. 2. Inhibitory effect of 4-O-MH on Aβ1-42-induced memory impairment determined with w
after 3 weeks treatment of. 4-O-MH. Training trial was done for two day, test trials were then
average speed (C) to arrive at the location of the platform was recorded. Values are presente
#Significantly different from Aβ1-42-treated control (Pb.05).
by densitometry using Electrophoresis Documentation and Analysis System 120
(Eastman Kodak Com., Rochester, NY, USA).

2.8. Immunohistochemistry

Mice were anesthetized with ether. While under general anesthesia, the mice
received intracardiac perfusion with 20 ml of saline, followed by 50 ml of PBS
containing 4% paraformaldehyde. After perfusion, the brains and spinal cords were
dissected and post-fixed for 2–4 h in the same fixative and were then cryoprotected
overnight in 30% sucrose prepared in PBS. Serial coronal sections of the brain and spinal
cord (40 μm) were cut with a freezing microtome. Immunohistochemical staining was
performed using the avidin-biotin peroxidase method. The sections were incubated
overnight at 4°C with anti-Aβ1-42 (NAB228; 1:2000, Covance, Berkely, CA, USA). After
washing in PBS, the sections were incubated in biotinylated goat anti rabbit IgG
(1:2000 dilution, Vector Laboratories, Burlingame, CA, USA) for 1 h at room
ater maze test. Mice were treated with i.c.v. infusion of Aβ1-42 (300 pmol per mouse)
performed once a day for five days. Swimming time (A), swimming distance (B) and
d as mean±S.E. from 10 mice. ⁎Significant difference from untreated control (Pb.05).



Fig. 3. Inhibitory effect of 4-O-MH on Aβ1-42-induced memory impairment
determined with step-through type passive avoidance performance test. (A) One
day after test trials, a probe test was performed. Shown is representative swim paths
in a probe test conducted following the completion of training. (B) One day after
water maze test mice, the mice were given electric shock when entered dark room for
training trial. One day of the trial, the retention time in white box was recorded.
Values are presented as mean±S.E. from 10 mice. ⁎Significant difference from
untreated control (Pb.05). #Significantly different from Aβ1-42-treated control (Pb.05).
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temperature. The sections were subsequently washed and incubated with avidin-
conjugated peroxidase complex (ABC kit, 1:200 dilution, Vector Laboratories) for 30
min followed by PBS washing. The peroxidase reaction was performed in PBS using
3,3′-diaminobenzidine tetrahydrochloride (0.02%) as the chromogen. Finally, the
sections were rinsed, mounted on poly-glycine-coated slides, dehydrated and cover-
slipped for light microscopy and photography.

2.9. Detection of apoptosis

DNA fragmentation was examined by terminal deoxynucleotydyl trasferase-
mediated FITC-dUDP nick-end labeling (TUNEL). TUNEL assays were performed by
using the in situ Cell Death Detection Kit (Roche Diagnostics, Mannheim, Germany)
according to the manufacturer's instructions. Briefly, after the fixation of 40 μm
cryosections with 4% paraformaldehyde and treatment with 0.1% NaBH4 and 0.1%
Triton X-100, the slides were incubated at least for 1 h with a reaction mix containing
deoynucleotidyl trasferase and FITC-dUDP (Roche, Reinach, Switzerland). For 4′-6′-
diamidino-2-phenylindole digydrochloride (DAPI) staining slides were incubated for
15 min at room temperature in the dark with mounting medium for fluorescence
containing DAPI (Vector Laboratories). The tissues were then observed through a
fluorescence microscope (Leica Microsystems, Wetzlar, Germany). Staining the nuclei
was visualized using DAPI.

2.10. Determination of carbonyl protein levels for oxidative protein product

Protein carbonyls in brain tissue were measured using the Cayman Protein
Carbonyl assay kit (Cayman Chemical, Ann Arbor, MI, USA), according to the
manufacturer's instructions. In brief, 0.1 g of brain tissue was homogenized with
1 ml of 50 mM 2-(N-morpholino)ethanesulphonic (MES) containing 1 mM EDTA. After
centrifugation at 10,000×g for 15 min at 4°C, 200 μl of supernatant of each sample was
transferred to two 2-ml plastic tubes: a sample tube and a control tube. Eight hundred
microliters of 10 mM 2,4-dinitrophenylhydrazine (DNPH) was added to the sample
tube and 800 μl of 2.5 M hydrogen chloride to the control tube and then incubated in
the dark at room temperature for 1 hr with vortexing every 15 min. One milliliter of
20% trichloroacetic acid (TCA) was added to each tube, vortexed and incubated on ice
for 5 min. After centrifugation for 10 min at 10,000×g, the supernatant was discarded
and the pellet was resuspended with 1 ml of 10% TCA and incubated on ice for 5 min.
After centrifugation for 10 min at 10,000×g, the pellets were washed with 1 ml of
ethanol-ethyl acetate (1:1) mixture to remove any unreacted DNPH. After repeating
the wash three times with 1 ml of ethanol-ethyl acetate (1:1) mixture, the pellets were
solubilized with 500 μl of guanidine hydrochloride and centrifuged at 10,000×g for 10
min at 4°C to remove insoluble material. Carbonyl content was calculated from the
absorbance measurement at 385 nm using a microplate absorbance reader (Molecular
Devices, Sunnyvale, CA, USA) and expressed as nmol/mg of protein.

2.11. Measurement of lipid peroxidation product

As a measure of lipid peroxidation, the levels of hydroxynonenal–histidine (HNE–
His) protein adducts in brain tissue were quantified by using the Oxiselect HNE–His
Adduct ELISA Kit (Cell Biolabs, San Diego, CA, USA), according to the manufacturer's
instructions. In brief, 0.5 g of brain tissue was homogenized with 1 ml of PBS containing
1% triton X-100. One hundred microliters of the 2 mg/ml protein sample was
transferred to a 96-well protein binding plate, incubated for 4°C overnight and washed
2 times with 250 μl of 1× PBS per well. Two hundred microliters of Assay per well was
added to the 96-well protein binding plate, incubated for 2 h at room temperature on
an orbital shaker and washed three times with 250 μl of 1× wash buffer per well. One
hundred microliters of the diluted anti-HNE–His antibody solution was added to all
wells, incubated for 1 h at room temperature on the orbital shaker and washed again
with 250 μl of 1× wash buffer per well. One hundred microliters of the secondary
antibody–horseradish peroxidase (HRP) conjugate solution was added to all wells,
incubated for 1 h at room temperature on the orbital shaker and washed again with
250 μl of 1× wash buffer per well. After the final wash, 100 μl of substrate solution
(tetramethylbenzidine [TMB]) was added to each well and incubated for 20 min at
room temperature. One hundred microliters of stopping reagent (0.5 M sulfuric acid)
was added, and then HNE–His protein adduct was calculated from the absorbance
measurement at 450 mm using a microplate absorbance reader (Sunrise, Tecan,
Switzerland) absorbance reader and expressed as pmol/mg of protein.

2.12. Measurement of total glutathione level

Total glutathione levels in brain tissue were determined using a glutathione assay
kit (Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturer's
instructions. In brief, 0.1 g of brain tissue was homogenized with 1 ml of 50 mM
MES containing 1 mM EDTA. After centrifugation for 15 min at 10,000×g, 1 ml of 10%
metaphosphoric acid was added to the 1 ml of supernatant for deproteination,
vortexed and incubated for 5 min at room temperature. After centrifugation for 2 min
at 2,000×g, 50 μl of 4 M triethanolamine (Sigma) per ml of supernatant was added to
each sample. Fifty microliters of sample was transferred to a 96-well plate and 150 μl of
assay cocktail [MES Buffer (11.25 ml)], reconstituted Cofactor Mixture (0.45 ml),
reconstituted enzyme mixture (2.1 ml), water (2.3 ml) and reconstituted 5,5'-dithiobis
(2-nitrobenzoic acid); DTNB (0.45 ml), was added to each well. After incubation for 30
min at room temperature, the glutathione (GSH) levels were calculated from the
absorbance measurement at 405-nm microplate absorbance reader (Sunrise, Tecan,
Switzerland) and expressed as nmol/mg of protein.

2.13. Cortical neuronal cell culture

Cortical neuronal cells were incubated with Aβ1-42 in the absence or presence of
4-O-MH dissolved in 0.05% ethanol for 48 h for viability, expression of apoptotic or
apoptotic signal proteins and apoptotic assay and for 4 h for reactive oxygen species.
Cultures of dissociated cortical cells were prepared from Day 18 embryos of ICR mice
pups using methods similar to those previously described [8]. Briefly, cerebral cortices
were removed and incubated for 15 min in Ca2+- and Mg2+-free Hanks' balanced
saline solution (Life Technologies, Carlsbad, CA, USA) containing 0.2% trypsin. Cells
were dissociated by trituration and plated into polyethyleneimine-coated plastic or
glass-bottom culture dishes containing minimum essential medium with Earle's salts
supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 1
mM pyruvate, 20 mM KCl, 10 mM sodium bicarbonate and 1 mM Hepes (pH 7.2).
Following cell attachment (3–6 h after plating), the culture medium was replaced
with neurobasal medium containing B27 supplements (Life Technologies). Experi-
ments were performed with 6- to 8-day-old cultures; greater than 90% of the cells in
these cultures were neurons, and the remainder were astrocytes, as judged by cell
morphology and by immunostaining with antibodies against neurofilaments and glial
fibrillary acidic protein. For calcium measurements, cortical neuronal cells were
isolated from 1-day-old mice brains, and intracellular calcium levels were immedi-
ately determined.

2.14. Cell viability

The cells were plated in 96-well plates, and cell viability was determined by the
conventional 4-(3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-terazolio)-1,3-benzene dis-
ulfonate (WST-1) reduction assay (Dojin Laboratory, Kumanoto, Japan). WST-1 assay
measures the activity of intramitochondrial and extramitochondrial dehydrogenases.
Briefly, tetrazolium salts are cleaved by dehydrogenases of viable cells to produce
formazan and the change of absorbance is detected spectrophotometrically. The cells
were exposed with Aβ1-42 (5 μM) with/without various concentrations of 4-O-MH (10
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μM) for 24 h to examine the recovery effect of 4-O-MH on Aβ1- 42-induced killing of the
cells. The cells were treated with the WST-1 solution (final concentration, 1 mg/ml) for
2 h. The absorbance was measured with a microplate reader (Tecan, sunrise, Salzburg,
Austria) at 450 nm. Results were expressed as the percentage of WST-1 reduction.
2.15. ROS generation

To monitor intracellular accumulation of ROS, the fluorescent probe 2′,7′-
dichlorofluorescein diacetate (DCF-DA) was used. Following treatment with Aβ1-42

(5 μg/ml) for 24 h in the presence or absence of 4-O-MH (10 μM), the cells were washed
in modified Kreb's buffer containing 145 mM NaCl, 5 mM potassium chloride (KCl), 1
mM magnesium chloride (MgCl2), 1 mM calcium chloride (CaCl2), 4 mM sodium
hydrogen carbonate (NaHCO3), 5.5 mM glucose, 10 mM Hepes, pH 7.4. The cell
suspension was transferred into plastic tubes. Measurement was started by an
injection of 5 μM DCF-DA in the dark. After 30 min of incubation at 37°C, generation
Fig. 4. Inhibitory effect of 4-O-MH on the Aβ1-42-induced apoptotic cell death. (A) The mice wer
for 3 weeks. The brain section was washed twice with PBS and fixed by incubation in 4% parafor
Cell Death Detection Kit (Roche Diagnostics GmbH, Mannheim, Germany) according to the m
temperature in the dark with mounting medium for fluorescence containing DAPI (Vector L
fluorescence microscope (Leica Microsystems, Wetzlar, Germany). (B) Total number of cells in
determined as the number of TUNEL-positive stained cells divided by the total cell number co
and TUNEL assay. ⁎Significantly different from vehicle control (Pb.05). #Significantly different
was determined by Fluorometer (fmax, Molecular Devices, San Diego, CA, USA) at
Ex=485 and Em=538 nm.

2.16. Statistical analysis

Statistical analysis of the data was carried out using analysis of variance (ANOVA)
for repeated measures followed by Dunnette's post hoc analysis using GraphPad Prism
4 software (Version 4.03, GraphPad software).

3. Results

3.1. Effect of 4-O-MH on Aβ1-42-induced memory impairment

To investigate the effect of 4-O-MH on Aβ1-42 infusion-induced
memory impairment, we performed the passive avoidance test
e continuously treated with the oral administration of 4-O-MH (0.2, 0.5 and 1.0 mg/kg)
maldehyde for 1 h at room temperature. TUNEL assays were performed using the in situ
anufacturer's instructions. For the DAPI staining, slides were incubated 30 min at room
aboratories, Burlingame, CA, USA). The tissue sections were then observed through a
a given area was determined by using DAPI nuclear staining. The apoptotic index was

unted×100. The apoptotic cells were examined by morphologic analysis, DAPI staining
from Aβ1-42-treated control (Pb.05).
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(step-through test) and the Morris water maze. 4-O-MH (0.2, 0.5
and 1 mg/kg) was orally administered for 3 weeks prior to Aβ
infusion and during the infusion (300 pmol/day, 2 weeks). The
animals were then trained for three trials per day for 2 days, and
their last spatial learning scores (latency in seconds and in length)
were recorded (Days 1 and 2 in the Fig. 2). The mice were then
tested for 5 consecutive days to locate and escape onto the
platform, and their spatial learning scores were also recorded
(Days 3–7 in Fig. 2). The control mice exhibited shorter escape
latency with the training, however, the escape latency of Aβ1-42-
infused mice was not significantly reduced compared to the control
mice. In contrast, the 4-O-MH-treated groups significantly inhibited
the effects of Aβ1-42 on escape latencies (cm and s) in a dose-
dependent manner (Fig. 2). Statistical analysis (ANOVA) of data
on Day 7 showed the significance of a memory improving effect
with 1 mg 4-O-MH treatment [escape latency F(4,287)=10.32,
Pb.00001; escape distance, F(4,287)=5.30, Pb.0004]. However,
there was no difference on average speed between Aβ1-42 and 4-
O-MH treated groups [F(4,287)=0.5355, Pb.05] (Fig. 2C). After the
Fig. 5. Reversal effect of 4-O-MHon the Aβ1-42-induced expression of apoptosis regulatory prote
protein antibodies, respectively. Experiments were performed from three mice brains. β-act
Densitometric values are the means±S.E. from three mice brains. ⁎Significantly different from
water maze test, we performed a probe trial to measure the
maintenance of memory. During the probe trial, the time spent on
the target quadrant of Aβ1-42-induced group was reduced compared
to the control group. This impairment of memory maintenance was
prevented by 4-O-MH treatment, and one-way ANOVA analysis
revealed significant difference between Aβ1-42 and 4-O-MH treated
groups [F(3,28)=7.184, P=.0012] (Fig. 3A). We also evaluated
learning and memory capacities by the passive avoidance test
through the step-through method. In the passive avoidance test,
there was no significant difference on the learning trial. However,
infusion of Aβ1-42 significantly decreased the step-through latency
compared to the control group (vehicle), and this memory
impairment was prevented by 4-O-methlyhonokiol treatment. The
control group exhibited step-through latency about 48.5±20.9 s,
whereas the Aβ1-42-induced group was decreased to 25.3±8.1 s [F
(1,8)=5.990, P=.2969]. The 4-O-MH-treated groups were increased
to 32.1±8.5 s (0.2 mg/kg) [F(1,8)=1.2349, P=.5716], 34.7±16.9 s
(0.5 mg/kg) [F(1,8)=4.342, P=.6219] and 39.0±16.9 s (1.0 mg/kg)
[F(1,8)=4.882, P=.489], respectively (Fig. 3B).
ins. (A) Immunoblots of lysates from brain tissuewere probedwith apoptosis regulatory
in levels were measured for the confirmation of equal amount of protein loading. (B)
vehicle control (Pb.05). #Significantly different from Aβ1-42 treated control (Pb.05).
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3.2. Effect of 4-O-MH on Aβ1-42-induced neuronal cell death

Neuronal cell death is a major causing factor in the development
of AD. To examine the effect of 4-O-MH on Aβ1-42-induced neuronal
cell death, we measured whether 4-O-MH prevented Aβ1-42-
induced neuronal cell death. Infusion of Aβ1-42 for 14 days led to
a significant increase of neuronal cell death compared to the control
group (35.3% versus 14.41%), which was prevented by 4-O-MH. The
percentage of apoptotic cell death was down to 17.5, 17.4% and 10.5
by 0.2, 0.5 and 1.0 mg/kg 4-O-MH in the cortex. In the
hippocampus, Aβ1-42 infusion increased apoptotic cell death
compared to the control group (25.1% versus 11.9%), which was
inhibited to 17.9%, 15.4% and 12.0% by 0.2, 0.5 and 1.0 mg/kg 4-O-
MH treatment (Fig. 4A and B). In addition, we performed a western
blot to investigate the expression of apoptotic and anti-apoptotic
proteins. The brains of Aβ1-42-infused animals showed increased
expression of pro-apoptotic proteins (Bax, cleavage caspase 3 and
9) and decreased expression of anti-apoptotic protein Bcl-2. Pre-
treatment of 4-O-MH increased the expression of Bcl-2 and
decreased the expression of Bax and cleavage caspase 3 and 9 in
the brains (Fig. 5).
Fig. 6. Inhibitory effect of 4-O-MH on the Aβ1-42-induced expression of GFAP. (A) One day aft
performed 40 μm-thick sections of brains from mice were incubated with anti-GFAP primary
hematoxylin. The resulting tissue was viewed with a microscope. A representative sample from
immunoreactive cells in the mice brain. All values are the means±S.E. from three mice brains.
treated control (Pb.05).
3.3. Effect of 4-O-MH on astrocyte activation

Activation of astrocytes is implicated in the Aβ1-42-induced
neuronal cell death in the development of AD. To investigate the
preventive effect of 4-O-MH on the astrocyte activation, we
performed an immunohistochemical analysis of glial fibrillary acidic
protein (GFAP) reactive cell number in the brain. Infusion of Aβ1-42

led a significant elevation of GFAP reactive cell number, whereas the
treatment of 4-O-MH reduced the number in the cortex and
hippocampus in a dose-dependent manner (Fig. 6).

3.4. Effect of 4-O-MH on Aβ1-42-induced glutathione, lipid peroxidation
products and carbonyl protein levels

To investigate the neuroprotective effect of 4-O-MH through
anti-oxidative properties, we evaluated glutathione levels and
products of lipid peroxidation and carbonyl protein. The glutathione
levels were decreased in the brains of Aβ1-42-infused mice; however,
the decreased glutathione levels were recovered by 4-O-MH
treatment in a dose-dependent manner (Fig. 7A). The levels of 4-
hydroxynonenal (HNE–His), a lipid peroxidation product, were
er the step through test, immunostaining of GFAP in the cortex and hippocampus was
antibodies and the biotinylated secondary antibody. It was then counterstained by a
each group was stained in the picture. (B) The graph represents the number of GFAP

⁎Significantly different from vehicle control (Pb.05). #Significantly different from Aβ1-42



Fig. 7. Inhibitory effect of 4-O-MH on the Aβ1-42-induced oxidative damages. Oxidative
stress was determined by measuring (A) the levels of glutathione depletion and
generation of (B) lipid peroxidation and (C) carbonyl protein in the brain of mice
treated with 4-O-MH (0.2, 0.5 and 1.0 mg/kg). Values are presented as means±S.E.
from three mice brains. ⁎Significantly different from vehicle control (Pb.05).
#Significantly different from Aβ1-42 treated control (Pb.05).
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increased by the infusion of Aβ1-42. Treatment of 4-O-MH reduced
lipid peroxidation products in a dose dependent manner (Fig. 7B).
The carbonyl protein levels were also increased in the brains of
Aβ1-42-infused mice which was dose dependently reduced by 4-O-
MH treatment (Fig. 7C).
3.5. Effect of 4-O-MH on Aβ1-42-induced p38 MAPK activity

Since it is known that the activation of various MAP kinases is
related with in oxidative stress and neuronal cell death, we examined
the activation of MAPK in the brain. Infusion of Aβ1-42 for 14 days
increased activation of phosphorylation of p38 MAP kinase compared
to the control group. However, pretreatment of 4-O-MH dose
dependently decreased the expression of phosphorylated p38 MAP
kinase as determined by Western blotting (Fig. 8A) as well as
immunohistochemical analysis (Fig. 8B) in the cortex and hippocam-
pus, but Aβ1-42-induced activation of c-Jun N-terminal kinase (JNK)
and extracellular signal-regulated kinase (ERK) was not changed by
4-O-MH treatment (data not shown). To elucidate a more precise
mechanism of the involvement of p38 MAP kinase pathway in the
protective effect of 4-O-MH on neuronal cell death, we also
determined the p38 MAP kinase in the cultured cortical neuron.
Correlated with the cell viability, p38 MAP kinase was also activated
by Aβ1-42 treatment in the cortical culture, and treatment with 4-O-
MH dose-dependently decreased the expression of phosphorylated
p38 MAP kinase (Fig. 9A). However, a 30 min pretreatment of p38
MAP kinase inhibitor U0126 (1, 2 and 5 μM) prior to the treatment of
Aβ1-42 (5 μM) abolished the protective effect of 4-O-MH (10 μM) on
the Aβ1-42-induced cell death (Fig. 9B).

3.6. Effect of 4-O-MH on neuronal cell death and reactive oxygen species
generation in cortical neurons

ROS have been known to cause cell death and p38 MAP kinase
activity, and are related with many neurodegenerative diseases. To
investigate whether 4-O-MH could prevent cell death and block ROS
generation through the prevention of the activation of p38 MAP
kinase, we performed a cell viability assay and measured intracellular
ROS generation induced by Aβ1-42 in cortical neurons in the presence
of 4-O-MH as well as p38 MAP kinase inhibitor. Treatment of Aβ1-42

induced intracellular ROS generation, whereas 4-O-methylhokiol
blocked Aβ1-42-induced intracellular ROS generation in cortical
neurons (Fig. 9C). However, a 30-min pretreatment of p38 MAP
kinase inhibitor U0126 (1, 2 and 5 μM) prior to the treatment of
Aβ1-42 (5 μM), concentration dependently reversed the preventive
effect of 4-O-MH on Aβ1-42-induced ROS generation (Fig. 9C) as well
as H2O2 (300 μM)-induced cell death (Fig. 9D).

4. Discussion

Our present results showed that 4-O-MH, a lignan compound
isolated fromM. officinalis improved Aβ1-42 infusion-inducedmemory
impairment due to the prevention of Aβ1-42-induced neuronal cell
death by the inhibition of oxidative stress and the activation of p38
MAP kinase. Oxidative stress and related signals-induced cell death
were common causing mechanisms in many neurodegenerative
diseases including Alzheimer's disease [43,44]. Compounds extracted
from Magnolia family have been known to have various pharmaco-
logical actions including anti-inflammatory [31–33] and neuropro-
tective effects [24,25]. A recent study demonstrated that honokiol,
another lignan compound extracted from M. officinalis, had anti-
oxidant activity by scavenger of superoxide and peroxyl radicals [35].
In addition, honokiol and magnolol protected hepatocytes and
endothelial cells against oxidative damages [45–47]. Aβ peptide in
the early stages of AD is represented by the fibrillar peptide form [48].
It is well known that the aggregated Aβ is toxic in vitro to cultured
neurons, finally resulting in neuronal dysfunction and death [49].
Interplay between oxidative stress and Aβ peptides has been
convincingly shown as a matter of Aβ-induced neurotoxicity in
vitro and in vivo [8,50–52]. We previously also demonstrated that
compounds showing anti-oxidative property such as EGCG have the
ability to improve memory impairment [16]. Thus, the present data
showed that anti-oxidative property of 4-O-MH could be an
important mechanism for memory enhancement capability. This
hypothesis was supported by the scavenging effect of 4-O-MH in
Aβ1-42-induced ROS generation in cultured cortical neurons as well as
reduced oxidative damages of macromolecules within the Aβ1-42-
induced mice brains.

Several lines of evidence have demonstrated that the generation of
Aβ is associated with the formation of senile plaques in the brains of
AD patients, which eventually cause neuronal cell death [53].
Inhibition of MAP kinase pathways has been linked to the reduction
of ROS generation in Aβ-treated neuronal cell death [8,54–56]. Thus,
possible signal pathway in the inhibitory effect of 4-O-MH on Aβ1-42-
induced neuronal cell death could be related to the inhibition of p38
MAP kinase pathway. In fact, we observed that 4-O-MH inhibited Aβ1-

42-induced activation p38 MAP kinase in the brain. Further in vitro
study showed that the p38 MAPK kinase inhibitor abolished the
inhibitory effect of 4-O-MH on Aβ1-42-induced ROS generation and
cell death. In this regard, it is worthy to note that obovatol, which is
also a lignin compound isolated from magnolia family, inhibited the
JNK and ERK signal in lipopolysaccharide (LPS)-induced nuclear



Fig. 8. Inhibitory effect of 4-O-MH on the Aβ1-42-induced expression of p-p38 MAP kinase. (A) Immunoblots of lysates from brain tissue were probed with p38 and p-p38 antibodies,
respectively. Experiments were performed from three mice brains. Densitometric values are the means±S.E. from three mice brains. (B) immunostaining of p-p38 in the cortex and
hippocampus was performed 40 μm-thick sections of brains from mice were incubated with anti-p-p38 primary antibodies and the biotinylated secondary antibody. It was then
counterstained by a hematoxylin. The resulting tissue was viewed with a microscope. A representative sample from each group was stained in the picture. The graph represents the
number of p-p38 immunoreactive cells in the mice brain. All values are the means±S.E. from three mice brains. ⁎Significantly different from vehicle control (Pb.05). #Significantly
different from Aβ1-42 treated control (Pb.05).
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factor-κB activation and inflammation of RAW macrophages [57,58].
We recently also found that 4-O-MH has an anti-inflammatory effect
in LPS-induced RAW 264.7 cells via inhibition of ERK activation [37].
The honokiol induced neurite outgrowth promotion depends on
activation of extracellular signal-regulated kinases (ERK1/2) [55].
Even though dependence is on different stimuli and cell types, several
different subtype of MAP kinase are activated by the compounds
isolated frommagnolia family; however, the present data suggest that
4-O-MH prevented Aβ1-42-induced neuronal cell death by blocking
the activation of p38 pathway in the brain.

The present study confirms the memory improving activity of 4-
O-MH which previously showed that a suppressive effect of the oral
administration of the ethanol extract of M. officinalis and 4-O-MH (1
mg/kg) against scopolamine and single injection of Aβ1-42-induced
memory impairment [39]. It is hard to predict whether such doses of
MH are achievable in the brain in the absence of pharmacokinetic
data. Nonetheless, it is noteworthy that the brain concentration of
magnolol is fourfold higher than plasma, which suggests that 4-O-
MH could pass through the blood brain barrier, and act on the brain
[59]. The dose of 4-O-MH used in the present study is within the
range employed in previous other studies to document neuropro-
tective effects of the related compounds isolated from M. officinalis.
For instance, mice were given a single injection of 1 and 5 mg/kg of
honokiol and magnolol that prevented excitatory amino acid-evoked
cation signals and seizures [60]. Similar to our finding, oral treatment
of more than 3 mg/kg of honokiol for 3 days ameliorated N-methyl-
D-aspartic acid-induced oxidative damages of the mice brains [61].
Intravenous pre-treatment or post-treatment of honokiol at a
concentration of 0.1 and 1.0 μm/kg significantly decreased the
neutrophil infiltration and oxidative damages in the infracted
infected brains [24]. It was found that dihydrohonokiol-B [3′-(2
propenyl)-5-propyl-(1,1′-biphenyl)-2,4′-diol], a partially reduced
derivative of honokiol, was an effective anxiolytic-like agent in
mice at an oral dose of 0.04–1 mg kg−1 [62]. Oral treatment of 0.2
mg/kg honokiol for seven days showed a similar anxiolytic effect
with a single treatment of 1 mg kg−1 diazepam in mice [29].
Moreover, oral administration of 4-O-MH as high as 80 mg/kg dose
for 4 weeks did not show weight loss or other toxicities in the 4-O-
MH-treated mice (data not shown). It was also reported that
magnolia bark extract (it may contain 10–15% of major constitutive
compounds such as magnolol, honokiol, obovatol, or 4-O-MH) did
not cause any toxic effects in rats treated with 0–480 mg/kg for 21



Fig. 9. Reversal effect of MAP kinase inhibitor on the prevent effect of 4-O-MH in the Aβ1-42-induced cell death and ROS generation in cortical neurons. (A) Immunoblots of
lysates from cortical neurons were probed with p38 and p-p38 antibodies, respectively. All values represent means±S.E. of three independent experiments performed in
triplicate. (B) The cortical neurons were treated with Aβ1-42 (5 μM), 4-O-MH (10 μM) and U0126 (5 and 10 μM). Cell viability was performed using the WST-1 according to
the manufacturer's instructions. (C) The cortical neurons were treated with Aβ1-42 (5 μM), 4-O-MH (10 μM) and U0126 (5 and 10 μM). Intracellular ROS levels were
determined by measuring DCF fluorescence. (D) The cortical neurons were treated with H2O2 (300 μM), 4-O-MH (10 μM) and U0126 (5 and 10 μM). Cell viability was
performed using the WST-1 according to the manufacturer's instructions. ⁎Significantly different from vehicle control (Pb.05). #Significantly different from Aβ1-42 or H2O2-
treated control (Pb.05).
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days or with 0–240 mg/kg for 90 days [64]. The dose (480 mg/kg for
3-week study, and 240 mg/kg for 90-day study) is similar to the dose
(40 mg/kg) used 4 weeks treatment in our study. To further
investigate whether 4-O-MH can have a possibility of development
into an effective drug, we examined the absorption, distribution,
metabolism, excretion and toxicity (ADME/Toxicity) using a predic-
tion program (pre-ADME version 1.0.2). 4-O-MH has good oral and
intestinal absorption as determined by the Caco-2 and MDCK cell
permeability assay and was found to easily pass through the brain-
blood barrier. 4-O-MH was also evaluated to not be rodent
carcinogenicity (data not shown). These data suggest that it could
be safe and effective in a clinical application. Collectively, these
results suggest that 4-O-MH should be seriously considered for
further clinical investigation to determine the possibility for
prevention of development or progression of AD in humans. In
summary, our data show that 4-O-MH has suppressed the effect
against Aβ1-42 infusion-induced memory impairment functions
through the inhibition of Aβ1-42-induced ROS generation and
neuronal cell death through inactivation of p38 Map kinase. This
study therefore suggests that the 4-O-MH may be a useful agent for
the prevention of development or progression of AD.
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