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Abstract
3-Nitropropionic acid (3-NP), an irreversible complex II inhibitor of the electron transport
chain, causes motor and cognitive deficits that are associated with excitotoxicity and excessive
free radical generation. Recently, antioxidants have been implicated as a neuroprotection in the
treatment of various neurological disorders. Magnolol, the major bioactive constituents of the
bark of Magnolia officinalis, has been reported to possess various biological activities, such as
anti-carcinogenic, anti-inflammatory and antioxidant activity. In this study, it was examined
whether magnolol can protect neuronal damage induced by 3-NP in cultured cells and mouse
brains.
When SK-N-SH cells were treated with 3-NP, decrease of cell viability, condensation and
fragmentation in a view of nuclear morphology and increase of caspase-3 activity were shown.
But pretreatment with magnolol protected cell death induced by 3-NP. And magnolol
effectively reduced ROS generation, protein carbonylation induced by 3-NP. Change of HO-1
expression was also checked which is as an oxidative stress marker in this experiment.
Magnolol inhibited 3-NP-induced increase in HO-1 expression. In in vivo study, lesion was
induced in the right striatum of mouse by stereotaxic injection of 3-NP. Four days after the 3NP injection, large lesions and extensive neuronal damages were produced in 3-NP-injected
striata. The degree of neural damage was also confirmed by 3-NP-induced reduction of striatal
GAD (glutamic acid decarboxylase) and TH (tyrosine hydroxylase) proteins. However,
magnolol treatment significantly attenuated 3-NP-induced lesion volume and restored GAD and
TH immunoreactivity in lesioned striatum. Also intrastriatal injection of 3-NP significantly
increased level of lipid peroxidation, protein carbonylation and HO-1 expression in lesioned
striatum 1 day after 3-NP injection. But all of these parameters were decreased in magnolol
treated mice compared to 3-NP-injected mice.
These results suggest that magnolol protects 3-NP-induced neuronal damage in cultured
cells and mouse brains by antioxidant action. Also these findings support that magnolol may be
a potential candidate in preventing or reducing the metabolic impairment related disorders.
Keywords: 3-Nitropropionic acid (3-NP), Neuronal damage, Oxidative stress, Antioxidant,
Magnolol
Student ID number: 2010-23719
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Introduction
3-Nitropropionic acid (3-NP) is a naturally occurring fungal toxin that is an irreversible
inhibitor of succinate dehydrogenase (SDH) in the tricarboxylic acid cycle and electron
transport chain complex II [1]. Systemic administration of the mitochondrial toxin 3-NP to
rodents results in selective striatal lesions and serves as an experimental model of Huntington's
disease (HD), such as abnormal movements induced by degeneration of striatal GABAergic
neurons [2-4]. The impairment of energy metabolism, excitotoxicity, and oxidative stress are
recently proposed in the 3-NP-induced neurotoxicity [9-11]. Among these toxic mechanisms,
there is growing evidence of a role of oxidative stress in 3-NP neurotoxicity [5]. Exposure of 3NP to rats depleted glutathione pools [6], increased oxidative stress in the striatum and cortex
region of the brain as observed by increased levels of lipid peroxidation [7]. Also there are many
reports that several antioxidants are effective to protect 3-NP-induced neuronal damage in vitro
and in vivo experimental conditions. For examples, endogenous and exogenous antioxidants
such as vitamin C, vitamin E, taurine, melatonin effectively protected against 3-NP-induced
neuronal damage in rats [8-10]. In case of curcumin, a potent antioxidant of dietary polyphenol,
by its antioxidant activity showed neuroprotection against 3-NP-induced behavioral and
biochemical alteration [17]. These findings supported that oxidative stress may be an important
mediator of the neuronal damage induced by 3-NP.
Magnolol (5, 5'-di-2-propenyl-1, 1'-biphenyl-2, 2'-diol) is well-known as an anti-allergic,
anti-asthmatic, antifungal and anti-inflammatory compound with a wide spectrum of
pharmacological activities [11-13]. In addition, magnolol has been known to show high
antioxidant activity in a variety of the oxidative stress, including the heart, intestine, liver and
brain [14, 16]. And it has been reported that the antioxidant effect of magnolol is approximately
1,000 times more potent than α-tocopherol [11, 15]. A previous report has demonstrated that the
antioxidant and free radical scavenging activity of magnolol contributes to the neuroprotective
effect in the hippocampus of senescence-accelerated mice [12]. And it was reported that
magnolol can be rapidly distributed in the brain after systemic administration [1] and protects
those learning and memory impairment and cholinergic deficit in SAMP8 mice [19].
Based on previous reports [14-17] I can expect that magnolol effectively protects many kinds
of neurotoxin-induced oxidative stress and neuronal damage. However, the effect of magnolol
against 3-NP-induced neuronal damage has not reported yet. In the present study, I investigated
whether magnolol can protect against 3-NP-induced oxidative stress and neuronal damage in
cultured neuroblastoma cells and mouse brains.
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Materials and methods

Cell culture
SK-N-SH human neuroblastoma cells were cultured in DMEM (GIBCO BRL, Grand Island,
NY) with 10% Fetal Bovine Serum (FBS; GIBCO BRL), 100 U/mL penicillin, and 100 mg/mL
streptomycin (P/S; GIBCO BRL) at 37 ℃ in a humidified 5% CO2-controlled incubator.

Cell viability assay
Cell viability was determined by propidium iodide (PI) staining of nuclei. Approximately
5x103 cells per well into 96 well plates were seeded and then changed in DMEM supplemented
containing 1% FBS. Cells were pretreated 5 µM magnolol for 1 h before being exposed to 5
mM 3-NP and incubated for 24 h without changing the medium. And then, PI (5 μg/ml) was
added to the culture medium, and PI uptake into damaged neuronal cells was observed with a
fluorescence microscope. To determine the apoptotic morphology nuclei were stained with
Hoechst 33258. The Hoechst staining is sensitive to DNA and used to assess the changes in
nuclear morphology. Cells were plated onto coverslip and exposed to 5 mM 3-NP for 12 h.
Cells were rinsed with Phosphate-buffered saline (PBS; pH 7.4), and then fixed 4%
paraformaldehyde (PFA) for 30 min. After washing twice with PBS, cells were stained with
Hoechst 33258 (20 μg/ml) in PBS containing 0.5% DMSO, and observed with a fluorescence
microscope.

Measurement of caspase-3-like protease activity
Cells were washed three times with PBS and were harvested in 50 mM Tris–HCl (pH 7.4), 1
mM EDTA, and 10 mM EGTA. Lysates were homogenized and centrifuged at 1,000 rpm for 10
min. Protein lysate (150 μg of protein) was mixed with assay buffer (20 mM HEPES (pH 7.4), 2
mM EDTA, 0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonic acid, and 5
mM DTT) and caspase-specific substrates (Ac-DEVD-pNA). After 4 h incubation at 37°C, the
absorbance of pNA released as a result of caspase-3 activity was measured at 405 nm in a
microplate reader. The reaction mixture without enzyme or substrate was used as a control.
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Measurement of ROS generation
Intracellular ROS produced by 3-NP treatment in cells was measured by using a DCF-DA
method. In brief, cells (1x105/35 mm dish) were cultured with 3-NP for 9 h in the presence or
absence of magnolol. After incubation, cells were washed and loaded with 10 μM 2′,7′dichlorofluorescein diacetate (DCF-DA; Sigma) for 15 min at 37℃. Subsequently, cells were
washed twice with PBS. Photomicrographs were taken with a fluorescence microscope
equipped with UV supply system (Olympus IX70, Japan). To quantitate the production of ROS,
cells were loaded with 10 μM DCF-DA for 15 min and collected, lysed with 0.1% Tween 20
with PBS on ice. After centrifugation at 10,000 rpm for 5 min, the supernatants were saved. The
DCF fluorescence was measured at an excitation wavelength of 485 nm and an emission
wavelength of 525 nm with spectrofluorometer (Kontron instruments S.P.A, TI/SFM25).

Animals
Seven week-old male ICR mice (28-30 g) were used for this study. All procedures were in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. 3-NP was dissolved in saline and pH was adjusted to pH 7.4 with 1 N NaOH. The
mouse were anesthetized with equithesin and placed in a stereotaxic device so that the bregma
and lambda landmarks were in the same horizontal plane. Injections were made in a volume of 2
µl over 5 min with 3-NP (200 nmol) into the right striatum at the following coordinates: AP +
0.5 mm, ML - 2.0 mm, DV - 3.3 mm from bregma and dura mater. And the needle was left in
place for 5 min before being slowly withdrawn. The sham-injected animals made by injecting 2
µl of saline adjusted at pH 7.4, instead of 3-NP. Magnolol was dissolved in 10%
ethanol/phosphate-buffered saline. Magnolol (10, 30 mg/kg) was intraperitoneally administered
to mouse 1 day, 2 day, 1 hour before and 2 hours, 1 day after the unilateral striatal injection of 3NP (total five injections). Mice were sacrificed at day 1 or day 4 after 3-NP injection.

2, 3, 5-triphenyltetrazolium chloride (TTC) staining
Four days after 3-NP injection, animals were sacrificed by rapid decapitation. And brains
were removed, placed on brain slicer, and cut into 1-mm coronal sections. Slices were stained
with 2% TTC at room temperature in the dark for 30 min and then fixed in cold 4%
paraformaldehyde. Unstained areas were defined as striatal neuronal damage induced by 3-NP.
３

Areas of lesions as noted by pale staining were measured on the posterior surface of each
section with an image analysis system (MCID; Imaging Research Inc., Canada), and the volume
(mm3) of each lesion was calculated by summing the results of multiplying each lesion area by 1
mm.

Tissue preparation
Mice were killed with equithesin and then decapitated followed by rapid removal of striatum.
Striatal protein extracts were prepared by homogenization in a lysis buffer to which protease
inhibitors had been freshly added. Homogenates were centrifuged at 10,000 rpm for 10 min at
4°C and supernatants were then used for Western blot analysis.

Measurement of lipid peroxidation
MDA as an index of lipid peroxidation was measured as described by Ohkawa et al (14).
Briefly, brain tissues were homogenized with sodium phosphate buffer. The reagents (1.5 ml of
20% acetic acid, 1.5 ml of 0.8% thiobarbituric acid and 0.5 ml of 8.1% sodium dodecyl sulfate
buffer mixture) were added to 1 ml of processed tissue sample. The mixture was then heated
100℃ for 60 minutes. The mixture was cooled on ice. After centrifugation at 4,000 rpm for 10
minutes, Supernatants were used to calculate the level of MDA by measuring absorbance at the
532 nm wavelength. The results were expressed as the percentage of control (sham-injected
mice).

Measurement of protein carbonylation
The appearance of carbonyl groups in proteins was analyzed by immunodetection of proteinbound 2, 4-dinitrophenylhydrazone after derivatization with the corresponding hydrazine. The
homogenate fractions were harvested by centrifugation and washed once in TE-buffer (10 mM
Tris-HCl, pH 8.0, 1 mM EDTA). Samples were mixed with SDS to a final concentration of 6%
(w/v) and were derivatized with an equal volume of DNPH derivatization solution [Fluka; 20
mM DNPH in 10% trifluoracetic acid (v/v)] and incubated at room temperature for 15 minutes.
The derivatization reaction was stopped by adding neutralization solution [2 M Tris, 30%
glycerol (v/v), bromophenol blue]. Then Western blot for DNP was determined.
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Western blot analysis
Cells were harvested or brain tissue were homogenized in lysis buffer supplemented with
1:1,000 protease inhibitor cocktail (Roche) on ice. Lysates were homogenized and centrifuged at
1,000 rpm for 10 min. After protein concentration was determined by the Bradford assay (BioRad Lab), samples were denatured in sample buffer containing for 10 min at 100°C. Protein
samples are run in polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
nitrocellulose (NC) membrane. Blotted NC membrane incubated for 1 h with Tris-buffered
saline containing 0.1% Tween (TBST), 5% skim milk and 2% BSA powder. Membranes were
incubated overnight at 4℃ with the primary antibody solution in TBST. Blots were analyzed
with goat anti-GAD-65/67 (C-20, Santa Cruz; 1:1,000), anti-TH (sc-14007, Santa Cruz; 1:500),
rabbit anti-DNP (D9656, Sigma; 1:10,000), rabbit anti-HO-1 (SPA-895, Stressgen; 1:2,000).
The membranes were then washed three times (10 min each) with TBST, the membranes were
further incubated with the secondary antibody (1:2,000), and the proteins were visualized by
using an enhanced chemiluminescence reagent (Amersham Biosciences, Buckinghamshire, UK).
The antibody directed against ß-actin (MAB1501R, Chemicon; 1:10,000) was used to normalize
the amount of protein per lane.

Statistical analysis
All data are presented as mean  standard error of the mean (S.E.M.). Statistical comparison
between different treatments was done by one-way analysis of variance (ANOVA) with
Duncan’s multiple comparison. Results with p < 0.05 were considered as statistically significant.

５

Results

The effect of magnolol in 3-NP-treated cells
Magnolol protects 3-NP-induced cytotoxicity
To evaluate protective effect of magnolol against 3-NP-induced cytotoxicity, SK-N-SH cells
were treated with 5 mM 3-NP for 24 h and then cytotoxicity was assessed by PI staining.
Treatment with magnolol at 2.5-10 μM for 48 h did not induce cell death (data not shown).
Treatment with 3-NP increased PI fluorescence. PI-positive cells were detected from 6 h and the
number of PI-positive cells was increased over 24 h after 3-NP treatment. Percentage of PIpositive cells in 3-NP treatment for 24 h was increased to 48.0 ± 3.0% of total cells (vs. 13 ±
1.6% in control group). But pretreatment with magnolol significantly reduced PI-positive cells
(27.5 ± 4.4% of total cells), compared to ‘3-NP-treated group (Fig. 1). These results showed that
magnolol effectively protected SK-N-SH cells from 3-NP-induced cytotoxicity.

Magnolol inhibits morphological changes and apoptosis-related
proteins expression after 3-NP treatment
To evaluate the effect of magnolol on 3-NP-induced apoptosis, cells were stained with
Hoechst 33258 12 h after 3-NP treatment. Apoptotic features such as nuclear shrinkage,
chromatin condensation or fragmentation were shown after 3-NP treatment for 12 h. But,
pretreatment with 5 μM magnolol significantly reduced 3-NP-induced chromatin condensation
and nuclear fragmentation (Fig. 2A).
To further investigate the suppressive effect of magnolol on 3-NP-induced cell death, I
examined whether magnolol can suppress the 3-NP-stimulated caspase-3 activity. As expected,
exposure of cells to 3-NP led to enhance caspase-3 activity in the cell lysate (Fig. 2B). However,
treatment of magnolol effectively reduced caspase-3 activation induced by 3-NP.

Magnolol protects cells from oxidative stress induced by 3-NP
To determine the effect of magnolol on 3-NP-induced oxidative stress in cultured cells, ROS
generation was measured using fluorescent dye, DCF-DA. DCF fluorescence was started to
increase 6 h after 3-NP treatment, and significantly elevated to more than 20-fold 9 h after 3-NP
treatment compared to control. Pretreatment with magnolol for 1 h before 3-NP treatment
６

significantly decreased 3-NP-induced ROS generation (Fig 3A, B). Treatment with 3-NP for 9 h
also increased levels of protein carbonylation, compared to control group. But, pretreatment
with magnolol protected 3-NP-induced increase in protein carbonylation in cells (Fig 3C).

Magnolol reduces 3-NP-induced HO-1 expression
It is generally accepted that induction of HO-1 mediates a cellular adaptive response against
the various type of stress in vitro and in vivo study [20]. And it is well-known that several
polyphenol compounds, such as curcumin, baicalein, resveratrol, etc are able to induce HO-1
expression and the HO-1 inducing activity is related to the additional protective mechanisms of
these chemicals as well as their direct antioxidant action [19-21]. So, we evaluated whether the
protective effect of magnolol, a natural polyphenolic compound, may be mediated by HO-1
induction. Cells were treated with various concentrations of magnolol (5~20 µM), but magnolol
did not induce HO-1 expression in these concentrations (data not shown). To the contrary, 3-NP
treatment induced the expression of HO-1 protein in cultured cells in a time-dependent manner.
Treatment with 3-NP slightly increase HO-1 expression at 1-3 h with a maximum level at 6 h
exposure. Induction of HO-1 expression was showed at least for 12 h after 3-NP treatment (Fig.
4A). However, pretreatment with magnolol inhibited 3-NP-induced expression of HO-1 protein
(Fig. 4B).

The effect of magnolol in unilateral injection of 3-NP to mouse
striatum.
Magnolol reduces 3-NP-induced neuronal damage
Neuronal damage was examined by TTC staining. 3-NP was injected into the right striata of
male mice as described previously [9]. Brain was removed 4 days later, and prepared for TTC
staining. Injection of 3-NP was produced neuronal damage in lesioned side of striatum 4 days
after intrastriatal 3-NP injection. Lesion volume was 15.9 ± 2.1 mm3 in 3-NP-injected mice (n =
5), compared with sham-injected mice. However, magnolol treatment effectively reduced the 3NP-induced striatal neuronal damage to 4.2 ± 0.3 mm3 (10 mg/kg magnolol treatment, n = 5)
and 1.1 ± 1.0 mm3 (30 mg/kg magnolol treatment, n = 5) (Fig. 5).
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Magnolol protects the reduction of GAD and TH contents in the
striatum after 3-NP injection
To support the protective effect of magnolol on 3-NP-induced striatal neuronal damage,
specific striatal neuronal markers (GAD, TH) were also determined by immunoblotting after
treatment with 30 mg/kg magnolol. Striatal GAD contents were markedly decreased 4 days
after 3-NP injection to 43.0 ± 4.7% of sham-injected mice (Fig. 6). However, the treatment with
magnolol at 30 mg/kg significantly restored striatal GAD contents to 61.3 ± 3.7% of shaminjected mice. TH contents were also reduced to 66.8 ± 2.2% of sham-injected mice after 3-NP
injection. Treatment of magnolol at 30 mg/kg was also increased TH contents in striatum to 78.6
± 5.7% of sham-injected mice, respectively.

Magnolol significantly reduces 3-NP-induced oxidative stress
The amount of MDA and protein carbonylation as the parameters of oxidative stress in the
striatum was measured 1 day after 3-NP injection. There was a significant increase in MDA
levels in 3-NP-injected mice compared to sham-injected mice (9.6 ± 1.4 vs 2.7 ± 1.4 µmole/mg
protein). Magnolol significantly attenuates 3-NP-induced increase in the levels of MDA (3.0 ±
1.1 µmole/mg protein) (Fig. 7A). Protein carbonylation in the lesioned striatum also increased
in 3-NP-injected group, compared to control group (over 940% of control, Fig. 7B). But
magnolol treatment prevented 3-NP-induced increase in protein carbonyl content near to control
level (116% of control). These results indicated that magnolol effectively protected the striatum
from 3-NP-induced oxidative stress.

Magnolol reduces 3-NP-induced increase in HO-1 expression in
lesioned striatum
In this experiment I observed that 3-NP significantly increased HO-1 expression and
magnolol effectively inhibited 3-NP-induced HO-1 expression in cultured cells. So, I tried to
evaluate that magnolol can inhibit HO-1 induction by 3-NP in lesioned brain, too. One day after
3-NP injection, the expression of HO-1 protein in the striatum in 3-NP-injected group was upregulated compared to sham-injected group (194 % of control). However, treatment with
magnolol significantly decreased the expression of HO-1 induced by 3-NP (133 % of control).
Magnolol alone did not affect HO-1 expression (Fig. 8).
８

Fig. 1. Effect of magnolol on cytotoxicity induced by 3-NP in cultured cells
Cell death was evaluated by PI staining. Cells were pretreated with magnolol (5 μM) for 1 h
followed by exposure to 3-NP (5 mM). Magnolol significantly prevented the cytotoxicity
induced by 3-NP at 24 h incubation. Cell death is expressed as a percentage of the total number
of cells (approximately 100 cells per field were counted). Values are expressed as mean ± SEM.
* indicates p < 0.05 compared with the control and ** indicates p < 0.05 compared with the 3NP treated group.

９
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Fig. 2. Effect of magnolol on morphological changes and caspase-3 activity induced by
3-NP treatment in cultured cells
Cells were pretreated with magnolol (5 μM) for 1 h and further incubated in the presence or
absence of 5 mM 3-NP for 12 h. Cells were stained with Hoechst 33258 and assayed for nuclear
morphology and determined caspase-3 like activity. (A) The extent of apoptotic cell death was
assessed by counting condensed or fragmented cells using a fluorescence microscopy after
Hoechst staining. (B) Enzymatic activity of Ac-DEVD-pNA (caspase-3-like enzyme activity) in
3-NP-treated cells in the presence or absence of magnolol. * indicates p < 0.05 compared with
the control and **indicates p < 0.05 compared with the 3-NP treated group.
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Fig. 3. Protective effect of magnolol on oxidative stress induced by 3-NP in cultured cells
(A) Representative imaging of DCF fluorescence 9 h after 3-NP (5mM) exposure in cells.
Increased DCF fluorescence by 3-NP treatment was effectively reduced by magnolol. (B) Timedependent change of ROS generation. DCF fluorescence was started to increase 6 h after 3-NP
treatment and significantly elevated 9 h after 3-NP treatment compared to control. Pretreatment
with magnolol for 1 h before 3-NP treatment significantly decreased 3-NP-induced ROS
generation. (C) Protein carbonylation induced by 3-NP. Treatment with 3-NP significantly
increased protein carbonylation but magnolol inhibited 3-NP-induced protein carbonyls in these
cells.
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Fig. 4. Effect of magnolol on heme oxygenase (HO)-1 expression induced by 3-NP in
cultured cells
(A) Time-dependent increase in HO-1 expression by 3-NP (5mM). Cell lysates were
electrophoresed and expression of HO-1 protein was detected at the indicated times. (B)
Expression of HO-1 protein induced by 3-NP with and without magnolol treatment. Cells were
pretreated with magnolol for 1 h prior to the addition of 3-NP at 6 h incubation. ß-actin was
used as a loading control. Densitometric analysis (HO-1/ß-actin) for each band for independent
experiments, n = 7. * indicates p < 0.05 compared with the control and ** indicates p < 0.05
compared with the 3-NP treated group.
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Fig. 5. Effect of magnolol on striatal damage induced by intrastriatal injection of 3-NP
(A) Representative brain section photographs, and (B) quantitative analysis of the striatal
lesion size in the TTC stained sections 4 days after 3-NP injection. Injection of 3-NP in the
striatum induced extensive neuronal damage while few or no lesion was observed in the
sham-operated mice. However, treatment with magnolol markedly reduced the lesion
volume induced by 3-NP. Values are expressed as mean ± SEM (n = 5). * indicates p < 0.05
compared with the control and ** indicates p < 0.05 compared with the 3-NP treated group.
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Fig. 6. Protective effect of magnolol on the reduction of striatal GAD and TH contents
induced by 3-NP injection
The GAD and TH levels in the striata were determined by Western blotting 4 days after 3NP injection. The GAD and TH contents of the lesioned side (L) to those of the intact side
(I) were reduced in the 3-NP-injected mice, whereas these contents in lesioned side were
restored in the magnolol-treated mice (n = 5). * indicates p < 0.05 compared with the control
and ** indicates p < 0.05 compared with the 3-NP treated group.
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Fig. 7. Protective effect of magnolol on oxidative stress induced by 3-NP injection
(A) lipid peroxidation (B) protein carbonylation. Injection of 3-NP in the striatum increased
levels of MDA, protein carbonyl 1 day after 3-NP injection. However, treatment with
magnolol effectively reduced these parameters. Values are expressed as mean ± SEM (n = 7).
* indicates p < 0.05 compared with the control group and ** indicates p < 0.05 compared
with the 3-NP-injected group.
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Fig. 8. Effect of magnolol on heme oxygenase (HO)-1 expression induced by 3-NP injection
Representative immunoblots show the expression of HO-1 protein in the striatum 1 day after 3NP injection. Quantitative analyses of immunoblots reveal significant increases in HO-1 in the
3-NP-injected mice. Magnolol treatment effectively reduced 3-NP-induced HO-1 expression.
Values are expressed as mean ± SEM (n = 5). * indicates p < 0.05 compared with the control
group and ** indicates p < 0.05 compared with the 3-NP-injected group. (L: lesioned side; I:
intact side of the striatum)
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Discussion

3-NP, one of inhibitors of mitochondrial enzyme SDH, is a widely distributed plant and
fungal neurotoxin known to induce damage to basal ganglia, hippocampus, spinal tracts and
peripheral nerves in animals [1-3]. It has been reported that systemic administration of 3-NP can
produce selective striatal lesions and produces delayed dystonia and abnormal choreiform
movements in rats and humans [4-5]. Intrastriatal injection of 3-NP gives rise to reduction in
markers for both striatal intrinsic neurons, such as GABA [28-29] and substance P [30], and
dopaminergic afferent fibers [6] and these neuronal damage induced by 3-NP is due to the
suppression of electron transport within the mitochondria [4]. There are lots of evidence that
administration of 3-NP can produce selective striatal lesions occurred by secondary excitotoxic
mechanisms [24], i.e., indirect activation of glutamate receptors [25]. Also it was reported that
3-NP induces protein oxidation in striatal and cortical synaptosomes and oxidative stress and
neuronal DNA fragmentation in mouse striatum [27].
In the present study, I observed that treatment with 3-NP increased ROS production and
protein carbonylation in cultured cells. Also 3-NP lead to cytotoxicity such as DNA
condensation/fragmentation and increased the caspase-3 activity, expression of p53 and Bax
protein. In in vivo study, intrastriatal injection of 3-NP produced significant striatal neuronal
damage (TTC staining) and markedly reduced GAD, TH contents in lesioned side compared to
sham-injected group 4 days after striatal 3-NP injection. And the levels of lipid peroxidation and
protein oxidation in lesioned striatum were significantly increased 1 day after injection of 3-NP
to mouse brains. These results are consistent with other previous reports that 3-NP induces
oxidative stress and it might be an important mediator in 3-NP-induced neuronal damage [3, 4,
6].
I also evaluated that protective effect of magnolol on 3-NP-induced neuronal damage.
Treatment with magnolol effectively decreased 3-NP-induced ROS generation and protein
carbonylation. This decrease suggests that free radical scavenger magnolol can significantly
eliminate the 3-NP-induced oxidative stress. And magnolol significantly reduced 3-NP-induced
caspase-3 activity and apoptotic cell death. In animal study, treatment with magnolol
significantly attenuates 3-NP-induced lipid peroxidation and protein oxidation in lesioned
striatm 1 day after 3-NP injection. Treatment with magnolol effectively restored striatal
neuronal damage induced by 3-NP injection. These present results showed that magnolol
effectively protects 3-NP-induced oxidative stress and neuronal damage.
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Magnolol, a component of M. officinalis, has been used in traditional herbal medicine to treat
a variety of disorders including anxiety and nervous disturbances. And it could effectively
scavenge hydroxyl radicals, 1-diphenylpicryl-2-hydrazyl (DPPH) radicals [14, 28]. Magnolol
has exhibited approximately 1,000 times more potent than antioxidant effect than alphatocopherol (vitamin E) [31]. Magnolol significantly decreases amyloid beta (Aß) -induced ROS
production and cell death [36] and protects neurons against chemical hypoxia by KCN in
cultured cortical cells [13]. The protective effect of magnolol against neuron toxicity induced by
glucose deprivation, excitatory amino acids and hydrogen peroxide in cultured cerebellar
granule cells is also largely known [34]. Magnolol was shown to protect cortical neuronal cells
from chemical hypoxia and to attenuate heat stroke-induced neuronal damage [29, 30]. In
addition, exogenous and endogenous antioxidants such as taurine [8], vitamin C,
epigallocatechin gallate (EGCG) [31] and melatonine [9, 32] effectively protect 3-NP-induced
neuronal damage in rats. Taurine is an antioxidant that protects against neuronal damage caused
by oxidative stress and vitamin C can directly scavenge free radicals in plasma and suppress
their reactivity. EGCG reversed the behavioral, histological and cellular alterations against 3-NP
toxicity. Melatonin prevented the increases in lipid peroxidation and total LDH activity, as well
as the depletion of reduced glutathione and the reduction of antioxidative enzymes activities in
cells incubated with 3-NP. Based on these previous reports and our results it can be suggested
that magnolol can effectively attenuates 3-NP-induced oxidative stress and protects 3-NPinduced neuronal damage in cultured cells and mouse brain by reducing oxidative stress as a
strong antioxidant.
Recently, there are many reports that several flavonoids or natural antioxidants, such as αmangostin and nordihydroguaiaretic acid (NDGA) activate the antioxidant pathway Nrf2/HO-1
in cerebellar granule neurons and protect them against 3-NP-induced neurotoxicity [31, 34] This
statement is based on the fact that the protective effect of α-mangostin or NDGA was
completely reversed by tin mesoporphyrin (SnMP; HO-1 inhibitor) suggesting that it was
mediated by involving induction of HO-1. In fact, many reports have demonstrated that the
induction of HO-1 expression represents an adaptive response that increases cell resistance to
oxidative injury [31, 32]. Although magnolol is well known as polyphenol compound, this
present study showed that magnolol itself did not induce HO-1 expression. But, treatment with
magnolol reduced 3-NP-induced increase in HO-1 expression in cultured cells and mouse brains.
From these results it can be suggested that the induction of HO-1 by 3-NP treatment is related to
the adaptive protective response to 3-NP-induced oxidative stress and can be an oxidative stress
marker.
In summary, our data demonstrated that magnolol can effectively protect 3-NP-induced
oxidative stress and neuronal damage in cultured cells and mouse brains. And the protective
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effect of magnolol against 3-NP-induced neuronal damage may be attributed to antioxidant
activity. These results support that magnolol may be a potential candidate in preventing or
reducing the metabolic impairment related disorders.

２５

1.

Tsai, T.H., C.J. Chou, and C.F. Chen. Pharmacokinetics and brain
distribution of magnolol in the rat after intravenous bolus injection. J
Pharm Pharmacol. 1996 48(1): p. 57-9.

2. Gould, D.H. and D.L. Gustine. Basal ganglia degeneration, myelin
alterations, and enzyme inhibition induced in mice by the plant toxin
3-nitropropanoic acid. Neuropathol Appl Neurobiol. 1982 8(5): p.
377-93.
3. Ludolph AC, He F, Spencer PS, Hammerstad J, and Sabri M. 3Nitropropionic acid-exogenous animal neurotoxin and possible
human striatal toxin. Can J Neurol Sci. 1991 18(4): p. 492-8.
4. Alexi T, Hughes PE, Faull RL, and Williams CE. 3-Nitropropionic acid's
lethal triplet: cooperative pathways of neurodegeneration.
Neuroreport. 1998 9(11): p. R57-64.
5. Yang, Y.T., T.C. Ju, and D.I. Yang. Induction of hypoxia inducible
factor-1 attenuates metabolic insults induced by 3-nitropropionic
acid in rat C6 glioma cells. J Neurochem. 2005 93(3): p. 513-25.
6. Rodríguez-Martínez E, Rugerio-Vargas C, Rodríguez AI, BorgonioPérez G, and Rivas-Arancibia S. Mice deficient in cellular glutathione
peroxidase show increased vulnerability to malonate, 3-nitropropionic
acid, and 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine. J Neurosci.
2000 20(1): p. 1-7.
7. Klivenyi P, Andreassen OA, Ferrante RJ, Dedeoglu A, and Mueller G,
Lancelot E, et al. Evaluation of 3-nitrotyrosine as a marker for 3nitropropionic acid-induced oxidative stress in Lewis and Wistar rats
and strain-specific whole brain spheroid cultures. Brain Res. 2002
931(1): p. 5-20.
8. Rodríguez-Martínez E, Rugerio-Vargas C, Rodríguez AI, BorgonioPérez G, and Rivas-Arancibia S. Antioxidant effect of taurine, vitamin
C, and vitamin E on oxidative damage in hippocampus caused by the
administration of 3-nitropropionic acid in rats. Int J Neurosci. 2004
114(9): p. 1133-45.
9. Nam E, Lee SM, Koh SE, Joo WS, Maeng S, Im HI, and Kim YS.
Melatonin protects against neuronal damage induced by 3２６

nitropropionic acid in rat striatum. Brain Res. 2005 1046(1-2): p. 90-6.
10. Pérez-De La Cruz V, González-Cortés C, Pedraza-Chaverrí J,
Maldonado PD, Andrés-Martínez L, and Santamaría A. Protective
effect of S-allylcysteine on 3-nitropropionic acid-induced lipid
peroxidation and mitochondrial dysfunction in rat brain synaptosomes.
Brain Res Bull. 2006 68(5): p. 379-83.
11. Lo YC, Teng CM, Chen CF, Chen CC, and Hong CY. Magnolol and
honokiol isolated from Magnolia officinalis protect rat heart
mitochondria against lipid peroxidation. Biochem.Pharmacol. 1994 47
(3), 549-553
12. Matsui N, Nakashima H, Ushio Y, Tada T, Shirono A, and Fukuyama Y,
et al. Neurotrophic effect of magnolol in the hippocampal CA1 region
of senescence-accelerated mice (SAMP1). Biol Pharm Bull. 2005
28(9): p. 1762-5.
13. Jin YC, Kim KJ, Kim YM, Ha YM, Kim HJ, and Yun UJ, et al. Antiapoptotic effect of magnolol in myocardial ischemia and reperfusion
injury requires extracellular signal-regulated kinase1/2 pathways in
rat in vivo. Exp Biol Med (Maywood). 2008 233(10): p. 1280-8.
14. Wang Y, Li CY, Lin IH, Lee AR, and Hu MK. Synthesis and radical
scavenging of novel magnolol derivatives. J Pharm Pharmacol. 2002
54(12): p. 1697-703.
15. Hong CY, Huang SS, and Tsai SK. Magnolol reduces infarct size and
suppresses ventricular arrhythmia in rats subjected to coronary
ligation. Clin. Exp. Pharmacol. Physiol. 1996 23 (8), 660-664.
16. Li, C.Y., Y. Wang, and M.K. Hu. Allylmagnolol, a novel magnolol
derivative as potent antioxidant. Bioorg Med Chem. 2003 11(17): p.
3665-71.
17. Kumar P, Padi SS, Naidu PS, and Kumar A. Possible neuroprotective
mechanisms of curcumin in attenuating 3-nitropropionic acid-induced
neurotoxicity. Methods Find Exp Clin Pharmacol. 2007 Jan-Feb;
２７

29(1):19-25.
18. Lin YR, Chen HH, Ko CH, and Chan MH. Neuroprotective activity of
honokiol and magnolol in cerebellar granule cell damage. Eur J
Pharmacol. 2006 537(1-3): p. 64-9.
19. Matsui N, Takahashi K, Takeichi M, Kuroshita T, Noguchi K, and
Yamazaki K, et al. Magnolol and honokiol prevent learning and
memory impairment and cholinergic deficit in SAMP8 mice. Brain Res.
2009 1305: p. 108-17.
20. Surh YJ, Kundu JK, Li MH, Na HK, and Cha YN. Role of Nrf2mediated heme oxygenase-1 upregulation in adaptive survival
response to nitrosative stress. Arch Pharm Res. 2009 32(8): p. 1163-76.
21. Bose M, Lambert JD, Ju J, Reuhl KR, Shapses SA, and Yang CS. The
major green tea polyphenol, (-)-epigallocatechin-3-gallate, inhibits
obesity, metabolic syndrome, and fatty liver disease in high-fat-fed
mice. J Nutr. 2008 138(9): p. 1677-83.
22. Yang C, Zhang X, Fan H, and Liu Y. Curcumin upregulates
transcription factor Nrf2, HO-1 expression and protects rat brains
against focal ischemia. Brain Res. 2009 1282: p. 133-41.
23. Chen YC, Chow JM, Lin CW, Wu CY, and Shen SC. Baicalein
inhibition of oxidative-stress-induced apoptosis via modulation of
ERKs activation and induction of HO-1 gene expression in rat glioma
cells C6. Toxicol Appl Pharmacol. 2006 216(2): p. 263-73.
24. Beal MF, Brouillet E, Jenkins BG, Ferrante RJ, Kowall NW, and Miller
JM. Neurochemical and histologic characterization of striatal
excitotoxic lesions produced by the mitochondrial toxin 3nitropropionic acid. J Neurosci. 1993 13(10): p. 4181-92.
25. Riepe M, Hori N, Ludolph AC, Carpenter DO, Spencer PS, and Allen
CN. Inhibition of energy metabolism by 3-nitropropionic acid
activates ATP-sensitive potassium channels. Brain Res. 1992 586(1): p.
61-6.
26. Fontaine MA, Geddes JW, Banks A, and Butterfield DA. Effect of
exogenous and endogenous antioxidants on 3-nitropionic acidinduced in vivo oxidative stress and striatal lesions: insights into
２８

Huntington's disease. J Neurochem. 2000 75(4): p. 1709-15.
27. Túnez I, Montilla P, del Carmen Muñoz M, Medina FJ, and DruckerColín R. Effect of transcranial magnetic stimulation on oxidative
stress induced by 3-nitropropionic acid in cortical synaptosomes.
Neurosci Res. 2006 56(1): p. 91-5.
28. Lee J, Jung E, Park J, Jung K, Lee S, and Hong S. Anti-inflammatory
effect of magnolol and honokiol are mediated through inhibition of the
downstream pathway of MEKK-1 in NF-kappaB activation signaling.
Planta Med. 2005 71(4): p. 338-43.
29. Lee J, Jung E, Park J, Jung K, Lee S, Hong S, and Park J, et al.
Magnolol protects cortical neuronal cells from chemical hypoxia in
rats. Neuroreport. 1998 9(15): p. 3451-6.
30. Chang, C.P., Y.C. Hsu, and M.T. Lin. Magnolol protects against
cerebral ischaemic injury of rat heatstroke. Clin Exp Pharmacol
Physiol. 2003 30(5-6): p. 387-92.
31. Kumar, P. and A. Kumar. Protective effect of epigallocatechin
gallate following 3-nitropropionic acid-induced brain damage:
possible nitric oxide mechanisms. Psychopharmacology (Berl). 2009
207(2): p. 257-70.
32. Tasset I, Espínola C, Medina FJ, Feijóo M, Ruiz C, and Moreno E, et
al. Neuroprotective effect of carvedilol and melatonin on 3nitropropionic acid-induced neurotoxicity in neuroblastoma. J Physiol
Biochem. 2009 65(3): p. 291-6.
33. Guzmán-Beltrán S, Espada S, Orozco-Ibarra M, Pedraza-Chaverri J,
and Cuadrado A Nordihydroguaiaretic acid activates the antioxidant
pathway Nrf2/HO-1 and protects cerebellar granule neurons against
oxidative stress. Neurosci Lett. 2008 447(2-3): p. 167-71.
34. Pedraza-Chaverrí J, Reyes-Fermín LM, Nolasco-Amaya EG, OrozcoIbarra M, Medina-Campos ON, and González-Cuahutencos O, et al.
ROS scavenging capacity and neuroprotective effect of alphamangostin against 3-nitropropionic acid in cerebellar granule neurons.
Exp Toxicol Pathol. 2009 61(5): p. 491-501.

２９

국문초록
Magnolia officinalis로부터 추출된 magnolol은 항암, 항생균 그리고 항산화와 같은
여러 생물학적 활성이 있다고 알려져 있다. 그러나 현재까지 3-nirtopropionic acid
(3-NP)로 인하여 유도되는 신경손상과 세포사에 대한 magnolol의 작용에 대해서는
알려진 바가 없다.
본 연구에서는 생쥐의 뇌조직과 배양세포에서 3-NP에 대한 magnolol의 보호작용
기전에 대하여 알아보고자 하였다.
사람의 신경아세포종인 SK-N-SH 세포주에 3-NP를 처리하면 3-NP는 핵의 응축과
분열, caspase-3 활성과 세포사를 초래하고, 활성산소의 생성와 단백질의 카보닐화
를 증가시킴을 보였다. 그러나 magnolol은 3-NP에 의한 세포독성, 그리고 3-NP에
의한 활성산소의 발생과 단백질의 카보닐화를 효과적으로 감소시켰다. 한편 3-NP는
HO-1의 발현을 유의하게 증가시키는 반면, magnolol을 전처리한 경우 3-NP이 증가
되는 HO-1의 발현을 감소시켰다. 그러나 SK-N-SH 세포주에서 magnolol 자체는
HO-1의 발현에 영향을 미치지 않았다. 동물실험에서는 3-NP를 생쥐의 오른쪽 선조
체에 정위 주입함으로써 병변을 유발하였다. 3-NP 주입 후 4일에서 3-NP를 주입한
선조체에서 현저한 신경손상을 보이며(TTC 염색), 선조체 내 GAD (glutamic acid
decarboxylase)와 TH (tyrosine hydroxylase)의 단백발현이 감소되는 결과를 보였다.
그러나 magnolol을 투여하면 3-NP에 의한 신경손상과 GAD, TH 단백발현의 감소를
유의하게 보호하였다. 또한 3-NP 주입 후 1일에서 malondealdehyde (MDA), 단백질
의 카보닐화, 그리고 HO-1의 발현이 현저히 증가되었지만, magnolol을 투여하면 3NP에 이들 지표가 유의하게 억제되는 결과를 보였다.
이상의 결과로부터 magnolol은 배양세포와 생쥐 모델에서 3-NP에 의한 신경세포
의 손상을 항산화 작용을 통해 효과적으로 보호할 수 있음을 확인하였다. 이러한
결과는 magnolol은 대사장애와 연관된 신경손상을 방지하거나 억제하는데 적용할
수 있음을 제시하는 결과로 믿어진다.
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