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  The present study examined the inhibitory effect of licorice compounds glycyrrhizin and a metabolite 
18β -glycyrrhetinic acid on the neurotoxicity of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
in the mouse and on the 1-methyl-4-phenylpyridinium (MPP+)-induced cell death in differentiated PC12 
cells. MPTP treatment increased the activities of total superoxide dismutase, catalase and glutathione 
peroxidase and the levels of malondialdehyde and carbonyls in the brain compared to control mouse 
brain. Co-administration of glycyrrhizin (16.8 mg/kg) attenuated the MPTP effect on the enzyme 
activities and formation of tissue peroxidation products. In vitro assay, licorice compounds attenuated 
the MPP+-induced cell death and caspase-3 activation in PC12 cells. Glycyrrhizin up to 100μM 
significantly attenuated the toxicity of MPP+. Meanwhile, 18β -glycyrrhetinic acid showed a maximum 
inhibitory effect at 10μM; beyond this concentration the inhibitory effect declined. Glycyrrhizin and 
18β -glycyrrhetinic acid attenuated the hydrogen peroxide- or nitrogen species-induced cell death. 
Results from this study indicate that glycyrrhizin may attenuate brain tissue damage in mice treated 
with MPTP through inhibitory effect on oxidative tissue damage. Glycyrrhizin and 18β -glycyrrhetinic 
acid may reduce the MPP+ toxicity in PC12 cells by suppressing caspase-3 activation. The effect seems 
to be ascribed to the antioxidant effect.

Key Words: Glycyrrhizin, MPTP, MPP+, Brain tissue damage, Cell death, Inhibitory effect

INTRODUCTION

  Mitochondrial dysfunction and increased oxidative stress 
have been shown to be implicated in dopaminergic cell 
degeneration in Parkinson's disease (Jenner, 2003). The 
major mitochondrial defect in Parkinson's disease appears 
to be associated with complex I at the electron transport 
chain. Impairment of complex I activity leads to excess 
formation of ROS, which is involved in mitochondrial 
dysfunction and cell death (Fleury et al, 2002; Jenner, 
2003). Implication of oxidative stress in the pathogenesis 
and progression of Parkinson's disease is supported by the 
decrease in GSH contents, increase in levels of lipid 
peroxidation products, increased production of ROS, and 
increase in iron content in substantia nigra (Olanow & 
Tatton, 1999).
  MPTP produces an irreversible and severe parkinsonian- 
like syndrome in human and nonhuman primates 
(Przedborski & Jackson-Lewis, 1998). The inhibition of 
complex I in the mitochondrial electron transport chain 
induced by MPP+, the active metabolite of MPTP, results 
in impaired ATP production, loss of mitochondrial 
membrane potential and formation of ROS (Cassarino et 
al, 1997; Schulz et al, 1997). The membrane permeability 
transition of mitochondria is known as a central event in 

the course of a variety of toxic and oxidative forms of cell 
injury as well as apoptosis (Mignotte & Vayssiére, 1998). 
Along with respiratory chain inhibition, neuronal cell death 
by MPP+ is suggested to be mediated by formation of the 
mitochondrial permeability transition that leads to the 
release of cytochrome c and activation of caspases, and by 
disturbance of intracellular Ca2+ homeostasis (Cassarino et 
al, 1999; Lee et al, 2006, 2007). 
  Licorice root is a traditional herbal remedy, which has 
been used for the treatment of various pathologic conditions, 
including chronic hepatitis and gastric ulcer (Shibata, 2000). 
Increasing evidence indicates that glycyrrhizin (GL), a 
triterpenoid saponin found in Glycyrrhiza glabrata, and its 
hydrolyzed metabolite 18β-glycyrrhetinic acid (GA) have 
anti-inflammatory, anti-cancer and anti-hepatotoxic effects 
(Jeong et al, 2002; Matsui et al, 2004; Agarwal et al, 2005). 
GL and GA have an anti-oxidant ability and reduce 
oxidative damage due to carbon tetrachloride, tert-butyl 
hydroperoxide or ischemia-reperfusion injury (Nagai et al, 
1991; Jeong et al, 2002; Kinjo et al, 2003). GA attenuates 
tumor necrosis factor-α-, lipopolysaccharide-induced cell 
death in human hepatoblastoma cell line and cultured liver 
cells (Yoshikawa et al, 1999; Zheng & Lou, 2003).
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  Mitochondrial dysfunction, increased oxidative stress and 
inflammation are involved in neurodegenerative process in 
Parkinson's disease (Olanow & Tatton, 1999; Jenner, 2003). 
Therefore, the compounds that have properties such as 
mitochondrial function enhancement, anti-inflammatory 
activity and anti-oxidant ability may provide the neuropro-
tective effect on the degeneration of striatal dopaminergic 
neurons (Bonuccelli & Del Dotto, 2006). GA and GL are 
known to exhibit an anti-oxidant and anti-inflammatory 
effect. However, the effect of licorice compounds against the 
neurotoxicity of MPTP and MPP+ remains uncertain. The 
aim of the present study was therefore to elucidate the 
protective effect of GL on the MPTP neurotoxicity in the 
mouse and assess the inhibitory effect of GL and GA on 
the toxicity of MPP+ in differentiated PC12 cells.

METHODS

Materials

  MPTP, MPP+, glycyrrhizin, 18β-glycyrrhetinic acid, 
superoxide dismutase (from bovine erythrocytes; 2,500∼
7,000 units/mg protein), catalase (from bovine liver; 10,000
∼25,000 units/mg protein), carboxy-PTIO, MTT and RPMI 
1640 medium were purchased from Sigma-Aldrich Inc. (St. 
Louis, MO, USA). ApoAlertTM CPP32/caspase-3 assay kit 
was purchased from CLONTECH Laboratories Inc. (Palo 
Alto, CA, USA), and trolox was from OXIS International 
Inc. (Portland, OR, USA).

MPTP treatment

  Adult male ICR mice (weighing 25∼30 g) were treated 
with 30 mg/kg MPTP intraperitoneally for 5 days at 24-h 
intervals and killed 24 h after the last MPTP injection and 
ether anesthesia (Cassarino et al, 1997; Hung & Lee, 1998). 
Animals (32 mice) were divided into four groups, and saline 
and compounds were administered intraperitoneally: One 
group received saline (0.9% NaCl) injection for 5 days, the 
second group received MPTP injection alone, the third 
group received both MPTP and 16.8 mg/kg GL injection, 
and the fourth group received GL injection alone. The GL 
injection started one day before the MPTP injection and 
continued for 5 days. Animal care was in accordance with 
the NIH guidelines for animal experiments of USA and the 
guide for animal experiments of Korean Academy of 
Medical Sciences (2000 yr). Mice were maintained under 
a 12-h light and dark cycle in a temperature-regulated (23 
±1oC) animal room with water and food continuously 
available.

Preparation of brain homogenates 

  Mouse brain [basal ganglia, diencephalon plus midbrain 
(BDM), cortex and cerebellum] homogenates were prepared 
in 150 mM KCl and centrifuged at 800 × g at 10 min. The 
supernatants were used in the experiments. Protein 
concentration was determined by the method of Bradford 
according to the manufacturer's instructions (Bio-Rad 
Laboratories, Hercules, CA, USA).

Measurement of SOD activity 

  The total SOD activity in brain homogenates was assayed 

by using the SOD-inhibitable ferricytochrome c reduction 
(McCord & Fridovich, 1969). Brain homogenates (0.1 mg of 
protein/ml) were suspended in one ml of reaction mixtures 
containing 10 mM ferricytochrome c, 0.03% sodium deoxy-
cholate, 100 mM EDTA, 50 mM xanthine and 50 mM 
potassium phosphate, pH 7.4. The reaction was started by 
addition of xanthine oxidase and absorbance was measured 
at 550 nm spectrophotometrically (model DU-70; Beckman 
Instruments, Fullerton, CA, USA). The absorbance change 
of cytochrome c induced by xanthine oxidase without tissue 
homogenates was adjusted to show 0.021∼0.025 at the 
same wavelength. Fifty percent inhibition of cytochrome c 
reduction is defined as 1 unit of enzyme activity.

Measurement of catalase activity 

  Catalase activity in brain homogenates was measured by 
the decomposition of H2O2 at 240 nm (Aebi, 1984). Tissue 
homogenates (0.1 mg of protein/ml) were added to one ml 
of reaction mixtures containing 15 mM H2O2, 0.1% Triton 
X-100, and 50 mM potassium phosphate, pH 7.4. Units of 
enzyme activity were determined using the extinction 
coefficient of 0.0394 mM−1cm−1 for H2O2. One unit of 
catalase activity is defined as 1 mmol H2O2 consu-
med/min/mg of protein.

Measurement of glutathione peroxidase activity 

  Glutathione peroxidase activity was assayed by the 
method of Flohe & Gunzler (1984). Brain homogenates (0.1 
mg of protein/ml) were suspended in 30°C reaction mixtures 
(one ml) containing 1 mM glutathione, 0.96 units/ml 
glutathione reductase, 100 mM EDTA, and 50 mM pota-
ssium phosphate (pH 7.4). The reaction was started by 
sequential addition of 150 mM NADPH and 1.2 mM tert- 
butyl hydroperoxide, and then absorbance was measured at 
340 nm. Units of enzyme activity were determined using 
the extinction coefficient of 6.22 mM-1cm-1. One unit of the 
enzyme is defined as 1 nmol NADPH consumed/min/mg of 
protein.

Measurement of lipid peroxidation 

  The lipid peroxidation product in brain homogenates was 
assayed by measurement of the MDA concentration using 
the thiobarbituric acid method. Brain homogenates (0.4 mg 
of protein/ml) of mice exposed to MPTP were mixed with 
1 ml of 1% thiobarbituric acid in 50 mM NaOH and 1 ml 
of 2.8% trichloroacetic acid, and the concentration of MDA 
was measured (Gutteridge et al, 1982). The MDA concen-
tration is expressed as nanomoles per milligram of protein 
using the molar extinction coefficient of 1.56×105 M−1cm−1.

Quantification of carbonyl groups 

  The protein oxidation product of brain homogenates was 
quantified by carbonyl assay using 2,4-dinitrophenylhy-
drazine (Levine et al, 1990). Brain homogenates (1 mg of 
protein/ml) of mice exposed to MPTP were reacted with 
carbonyl assay mixture. Four milliliters of 10 mM 2,4- 
dinitrophenylhydrazine in 2.5 M HCl was added to 
mixtures, and tubes were left for 1 h at room temperature 
in the dark. The mixtures were sequentially treated with 
20 and 10% trichloroacetic acid. After centrifugation, 
pellets were washed three times with 4 ml of ethanol/ethyl 
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Table 1. Effect of GL on increased antioxidant enzyme activities in the brains of mice treated with MPTP

Control MPTP MPTP＋GL GL

BDM
  SOD 23.16±0.73 39.32±1.19† 28.86±0.96* 24.58±0.81
  Catalase  0.603±0.024  0.926±0.025†  0.723±0.023*  0.603±0.022
  GSH peroxidase  3.999±0.111  6.269±0.173†  5.003±0.172*  4.276±0.136
Cortex
  SOD  7.98±0.22  9.95±0.31†  8.94±0.22*  7.78±0.23
  Catalase  0.384±0.032  0.520±0.025†  0.428±0.034*  0.406±0.027
  GSH peroxidase  3.698±0.129  4.984±0.145†  4.120±0.129*  3.778±0.146
Cerebellum
  SOD 11.84±0.47 17.23±0.67† 13.66±0.75* 11.43±0.45
  Catalase  0.857±0.039  1.123±0.040†  0.920±0.043*  0.841±0.037
  GSH peroxidase  5.145±0.256  7.014±0.117†  5.908±0.266*  5.366±0.198

Mice were treated with MPTP (30 mg/kg) and GL (16.8 mg/kg) for 5 days. Enzyme activities in tissue homogenates of BDM, cortex 
and cerebellum were measured as described in Methods. Data represent units/mg protein and means ± SEM (n=8). †p＜0.05 compared 
to control; and *p＜0.05 compared to MPTP alone.

acetate mixture (1：1 vol/vol). The final pellets were 
dissolved in 2 ml of 6 M guanidine HCl and left for 15 min 
at 30oC with mixing. Absorbance of the supernatants was 
measured at 370 nm and protein carbonyls were quantified 
using the molar extinction coefficient of 2.2×104 M−1cm−1.

Cell culture 

  Rat PC12 cells (adrenal gland; pheochromocytoma) were 
obtained from Korean cell line bank (Seoul, Korea). PC12 
cells were cultured in RPMI medium supplemented with 10% 
heat-inactivated horse serum, 5% heat-inactivated fetal 
bovine serum (FBS), 100 units/ml of penicillin and 100μg/ml 
of streptomycin according to the manual of the cell line 
bank. Cells were differentiated by treating with 100 ng/ml 
7S nerve growth factor for 9 days (Tatton et al, 2002). Cells 
were washed with RPMI medium containing 1% FBS 24 
h before experiments and replated onto the 96- and 24-well 
plates.

Cell viability assay

  Cell viability was measured by using the MTT assay, which 
is based on the conversion of MTT to formazan crystals by 
mitochondrial dehydrogenases (Mosmann, 1983). PC12 cells 
(4×104) were treated with MPP+ in the presence of licorice 
compounds for 24 h at 37oC. The medium (200μl) was 
incubated with 10μl of 10 mg/ml MTT solution for 2 h at 
37oC. After centrifugation at 412 × g for 10 min, culture 
medium was removed and 100μl dimethyl sulfoxide added 
to each well to dissolve the formazan. Absorbance was 
measured at 570 nm using a microplate reader (Spectra 
MAX 340, Molecular Devices Co., Sunnyvale, CA, USA). Cell 
viability was expressed as a percentage of the value in 
control cultures.

Measurement of caspase-3 activity 

  The activation of caspase-3 occurred during the apoptotic 
process in cells was assessed (Mignotte & Vayssière, 1998). 
PC12 cells (2×106 cells/ml) were treated with MPP+ for 24 
h at 37oC and caspase-3 activity was determined according 
to the user's manual for the ApoAlertTM CPP32/Caspase-3 

assay kit. The supernatant obtained by a centrifugation of 
cells dissolved was added to the reaction mixture containing 
dithiothreitol and caspase-3 substrate (N-acetyl-Asp-Glu- 
Val-Asp-p-nitroanilide) and incubated for 1 h at 37oC. 
Absorbance of the chromophore p-nitroanilide produced was 
measured at 405 nm. The standard curves were obtained 
from the absorbance of p-nitroanilide standard reagent 
diluted with cell lysis buffer (up to 20 nM). One unit of the 
enzyme was defined as the activity producing 1 nmol of 
p-nitroanilide.

Statistical analysis

  Data are expressed as means±SEM. Statistical analysis 
was performed by one-way analysis of variance. When 
significance was detected, post hoc comparisons between 
the different groups were made using the Duncan's test for 
multiple comparisons. A probability less than 0.05 was 
considered to be statistically significant.

RESULTS

Inhibitory effect of GL on elevated antioxidant enzyme 
activities in MPTP-treated mouse brain 

  Increased ROS formation and alteration of endogenous 
antioxidant enzyme activities, which seems to reflect 
enhanced oxidative stress, are found in the brains of 
MPTP-treated mice (Cassarino et al, 1997; Hung & Lee, 
1998). In agreement with these reports, the present study 
showed an increase in the antioxidant enzyme activities in 
various brain areas [basal ganglia, diencephalon plus 
midbrain (BDM), cortex and cerebellum] of mice treated 
with 30 mg/kg MPTP intraperitoneal injection for 5 days. 
The MPTP treatment exhibited a significant increase in the 
activities of total SOD, catalase and glutathione peroxidase 
in the brains of mice compared to saline-injected mice. 
Increase in three antioxidant enzyme activities in the brain 
BDM of MPTP-treated mice (increase of 1.54∼1.70 fold 
compared to control) was greater than those of cortex (1,25∼
1,35 fold increase) and cerebellum (1.31∼1.46 fold increase). 
Co-administration of GL (16.8 mg/kg=20μM) significantly 
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Fig. 1. Effect of licorice compounds on MPP+-induced cell death.
PC12 cells were pre-treated with licorice compounds (1∼100μM 
GL in A or 1∼25μM GA in B) for 20 min, exposed to 500μM MPP+

for 24 h and cell viability was determined. Data represent means
± SEM (n=6). +p＜0.05 compared to control (percentage of control);
and *p＜0.05 compared to MPP+ alone.

Table 2. Effect of GL on formation of MDA and carbonyls in the brains of mice treated with MPTP

Control MPTP MPTP＋GL GL

BDM
0.462±0.017†

2.918±0.102†
  MDA 0.268±0.010 0.340±0.014* 0.282±0.012
  Carbonyls 1.835±0.059 2.248±0.117* 1.907±0.079
Cortex

0.384±0.019†

2.494±0.133†
  MDA 0.292±0.012 0.328±0.013* 0.285±0.014
  Carbonyls 1.875±0.085 2.120±0.129* 1.973±0.089
Cerebellum

0.409±0.016†

2.705±0.090†
  MDA 0.306±0.012 0.358±0.014* 0.273±0.013
  Carbonyls 1.971±0.085 2.238±0.103* 1.890±0.082

Mice were treated with MPTP (30 mg/kg) and GL (16.8 mg/kg) for 5 days. Amounts of MDA and carbonyls in tissue homogenates 
of BDM, cortex and cerebellum were quantified as described in Methods. Data represent nmol/mg protein and means ± SEM (n=8). 
†p＜0.05 compared to control; and *p＜0.05 compared to MPTP alone.

attenuated the activity increase of the antioxidant enzymes 
in mice treated with MPTP (Table 1). The enzyme activities 
in the brain of mice treated with GL alone was similar to 
that of saline-injected mice.

Inhibitory effect of GL on lipid peroxidation and 
carbonyl formation in MPTP-treated mouse brain

  Oxidative tissue damage in the brains of mice treated with 
MPTP was assessed by measuring the formation of lipid 
oxidation product MDA and protein oxidation product 
carbonyls. In the various brain areas of mice treated with 
MPTP, the formations of MDA and carbonyls were 
significantly increased compared to saline-injected mice. As 
observed in the endogenous antioxidant enzymes, increases 
in the amounts of MDA and carbonyls (increase of 1.59∼1.72 
fold compared to control) were greater than those of cortex 
(1.32∼1.33 fold increase) and cerebellum (1.34∼1.37 fold 
increase). Co-administration of GL reduced the formation of 
MDA and carbonyls induced by MPTP treatment (Table 2). 
The amounts of MDA and carbonyls in the brains of mice 
treated with GL alone were similar to those of control mice.

Inhibition of MPP+-induced cell death by licorice 
compounds 

  To assess the toxicity of MPTP at the level of cells, we 
examined the toxic effect of MPP+, an active metabolite of 
MPTP, against PC12 cells that are differentiated by nerve 
growth factor. The incidence of cell death after exposure 
to 500μM MPP+ for 24 h was about 46%. GL (1∼100μM) 
significantly reduced the 500μM MPP+-induced cell death 
with a maximal inhibitory at 50μM; beyond this concen-
tration the inhibitory effect declined (Fig. 1). The present 
study also examined the effect of GA, a metabolite of GL, 
against the MPP+-induced cell viability loss in PC12 cells. 
The present data shows that GA showed a maximal 
inhibitory effect at 10μM; beyond this concentration the 
inhibitory effect declined (Fig. 1). Although GL at 100 μM 
and GA at 25μM caused about 3 and 11% cell death, 
respectively, they reduced the MPP+-induced cell death.

Inhibitory effect of licorice compounds on MPP+- 
induced activation of caspase-3

  Opening of the mitochondrial permeability transition 

pore causes the release of cytochrome c from mitochondria 
into the cytosol and subsequent activation of caspases as 
one of the mitochondria-mediated cell death signaling 
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Fig. 2. Effect of licorice compounds on MPP+-induced activation of 
caspase-3. PC12 cells were treated with 500μM MPP+ in the presence
of licorice compounds (10∼50μM) or scavengers [1 mM N-acetyl-
cysteine (NAC), 30μM trolox or 30 μM carboxy-PTIO (PTIO)] for 24
h. Data are expressed as units for caspase-3 activity and represent
means ± SEM (n=6). +p＜0.05 compared to control; and *p＜0.05 
compared to MPP+ alone.

Fig. 3. Effect of licorice compounds on cell death due to hydrogen 
peroxide or 3-morpholinosydnonime. PC12 cells were pre-treated with
licorice compounds [1∼50μM GL (A) or 1∼10μM GA (B)] for 15 min,
exposed to 200μM hydrogen peroxide for 4 h or 750μM 
3-morpholinosydnonime for 24 h, and cell viability was determined.
Data represent means ± SEM (n=6). +p＜0.05 compared to control; and
*p＜0.05 compared to hydrogen peroxide (HP) or 3-morpholinosy-
dnonime (SIN).

events (Kim et al, 2006). We examined the inhibitory effect 
of licorice compounds on the MPP+-induced cell death by 
performing the ELISA-based quantitative analysis for 
caspase-3 activity. Cells treated with MPP+ exhibited an 
increase in caspase-3 activity, whose response was signi-
ficantly attenuated by the addition of 1 mM N-acetyl-
cysteine, 30μM trolox (a scavenger of hydroxyl radicals and 
peroxynitrite), or 30μM carboxy-PTIO (a scavenger of nitric 
oxide). Licorice compounds (50μM GL and 10μM GA) 
attenuated the MPP+-induced activation of caspase-3, while 
treatment of 50μM GL or 10μM GA alone did not cause 
significant changes in caspase-3 activity (Fig. 2).

Inhibition of hydrogen peroxide- and reactive nitrogen 
species-induced cell death by licorice compounds 

  The present study examined that GL and GA protect 
PC12 cells against damaging action of ROS or nitrogen 
species. As observed in the data, GL and GA significantly 
attenuated the hydrogen peroxide (200μM)-induced cell 
death in PC12 cells and showed a maximal inhibitory effect 
at 25μM and 1μM, respectively; beyond these concen-
trations the inhibitory effect declined (Fig. 3). We examined 
the effect of licorice compounds against the cytotoxicity of 
reactive nitrogen species. 3-Morpholinosydnonime libe-
rates a strong oxidant peroxynitrite that is formed by 
reaction of nitric oxide with superoxide (Muijsers et al, 
1997). Treatment of GL and GA reduced cell death due to 
exposure of 750μM 3-morpholinosydnonime and showed a 
maximal inhibitory effect at 10μM and 1μM, respectively 
(Fig. 3). The inhibitory potency of licorice compounds on 
the toxicity of 3-morpholinosydnonime was greater than on 
that of hydrogen peroxide.

DISCUSSION

  In substantia nigra from patients with Parkinson's 
disease, diminished activity of mitochondrial complex I, and 
increased activities of SOD and glutathione peroxidase are 
detected (Olanow & Tatton, 1999). The continuous pro-
duction of free radicals in dopaminergic neurons is com-
pensated by the induction of endogenous antioxidant 
enzymes. MPTP neurotoxicity has been shown to be 
ascribed to the inhibition of complex I at the mitochondrial 
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electron transport chain (Cassarino et al, 1997; Schulz et 
al, 1997). The MPP+-induced mitochondrial dysfunction 
appears to induce a pathologic cascade involving both 
excitotoxicity and free radical production. The brains of 
mice treated with MPTP exhibited the decreased complex 
I activity, the increased hydroxyl radical production and the 
elevated activities of SOD, catalase and glutathione 
peroxidase (Cassarino et al, 1997; Hung & Lee, 1998). In 
the present study, the brains of mice treated with MPTP 
exhibited increase in the activities of antioxidant enzymes 
(total SOD, catalase and glutathione peroxidase). Com-
pared to cortex and cerebellum, the marked increase in 
antioxidant enzyme activities in the BDM area suggests 
that after exposure to MPTP, the brain BDM seems to be 
chiefly affected. And such finding appears to be mostly 
involved in the elicitation of motor control disturbance.
  Licorice compounds GA and GL are known to exhibit an 
anti-oxidant and anti-inflammatory effect. GL and GA 
reduce oxidative tissue damage due to tert-butyl hydro-
peroxide or ischemia-reperfusion injury (Nagai et al, 1991; 
Kinjo et al, 2003). Nevertheless, the effect of licorice 
compounds against the MPTP/MPP+ toxicity remains 
uncertain. The present study examined whether GL added 
intraperitoneally exhibited an inhibitory effect against 
oxidative tissue damage in the brains of mice treated with 
MPTP. The results suggest that GL seems to prevent 
oxidative tissue damage in the brain (BDM, cortex and 
cerebellum) of mice treated with MPTP through the 
inhibitory action on the activation of the antioxidant 
enzymes (total SOD, catalase, and glutathione peroxidase) 
and the formation of MDA and carbonyls. GL adminis-
tration alone did not cause significant changes of anti-
oxidant enzyme activities and formation of MDA and 
carbonyls in the brain. This finding shows that GL at the 
stated concentration has no toxic effect against the brain 
tissue and may have a therapeutic safety. Therefore, 
licorice compounds seem to exert an effective inhibitory 
effect against oxidative tissue damage in the brains of 
patients with Parkinson's disease.
  To assess the toxicity of MPTP on cell viability, we 
examined the toxic effect of MPP+ instead of MPTP against 
differentiated PC12 cells. PC12 cells upon the nerve growth 
factor stimulation not only display abundant neuritic 
growth, but also adopt a neurochemical dopaminergic 
phenotype (Kadota et al, 1996). The MPP+-induced 
apoptosis in neuronal cells is mediated by formation of the 
mitochondrial permeability transition, which results in the 
release of mitochondrial cytochrome c and subsequent 
activation of caspase-3 (Cassarino et al, 1999; Lee et al, 
2006). In agreement with these reports, the MPP+ induced 
cell death seems to be mediated by activation of caspase-3.
  GA attenuates the tumor necrosis factor-induced 
apoptotic cell death without cell surface Fas activation 
(Yoshikawa et al, 1999). In contrast, GL could enhance 
Fas-mediated apoptosis without alteration of caspase-3-like 
activity (Ishiwata et al, 1999). Therefore, along with 
variable effects, it is uncertain by which mechanism licorice 
compounds exert a protective effect. In this study, GL up 
to 100μM and its metabolite GA up to 25μM significantly 
reduced the MPP+-induced cell viability loss in PC12 cells. 
The preventive effect of licorice compounds on MPP+- 
induced cell death seems to be ascribed to the inhibitory 
effect on caspase-3 activation. Although there is a difference 
of inhibitory potency on the basis of concentration, a 
metabolite GA as well as GL exhibits a protective effect. 

GA at low concentration seems to exert an effective pro-
tective effect the MPP+-induced cell damage. Meanwhile, the 
toxicity at high concentrations appears to diminish the 
protective of licorice compounds against the MPP+-induced 
neuronal cell death.
  The MPP+ treatment causes the respiratory chain 
inhibition, leading to the formation of ROS and nitrogen 
species (Jenner, 2003). ROS act upon mitochondria, causing 
a disruption of mitochondrial membrane potential and the 
release of cytochrome c (Fleury et al, 2002). It has been 
shown that MPP+ induces the formation of ROS and 
nitrogen species, which is involved in mitochondrial dys-
function and cell death (Lee et al, 2006, 2007). Inhibitory 
effect of antioxidants such as N-acetylcysteine and carboxy- 
PTIO on the MPP+-induced activation of caspase-3 may 
support the results of the previous reports. GL and GA are 
demonstrated to attenuate either renal injury due to 
ischemia-reperfusion or FeCl2 plus ascorbate-induced lipid 
peroxidation in liver homogenates by scavenging free 
radicals (Yokozawa et al, 2000; Jeong et al, 2002). In 
contrast, GA induces apoptosis of HL60 cells by increasing 
production of ROS (Makino et al, 2006). These reports 
indicate on uncertainty whether licorice compounds have 
antioxidant ability and reveal a cyto-protective effect. In 
this study, the inhibitory effect on the enhanced 
antioxidant enzyme activity and the formation of tissue 
oxidation products in the brain of mice treated with MPTP 
clearly indicates that GL exhibit a neuroprotective effect 
by suppressing oxidative tissue damage. In addition, 
licorice compounds may exert an inhibitory effect against 
cell death due to exposure of ROS and nitrogen species. 
Therefore, GL and GA seem to prevent the MPP+-induced 
cell death and caspase-3 activation by suppressing 
oxidative stress.
  Overall, the in vivo results show that licorice compound 
GL may prevent brain tissue damage in mice treated with 
MPTP through inhibitory effect on oxidative tissue damage. 
At the cellular levels, GL and GA seem to reduce the 
MPP+-induced cell viability loss in PC12 cells by sup-
pressing caspase-3 activation. The effect seems to be 
ascribed to the antioxidant effect. GL in combination with 
drugs such as levodopa may provide a beneficial effect in 
the treatment of Parkinson's disease.
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