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Abstract The aim of this study was to investigate the

neuroprotective effects of (2S)-5, 20, 50-trihydroxy-7-

methoxyflavanone (TMF), a natural product from Aba-

copteris penangiana (Hook.) Ching, in oxidative stress-

induced neurodegeneration models in vitro and in vivo. In

PC12 cells, preincubation of TMF (3–20 lM) for 24 h

decreased the dopamine-induced toxicity and attenuated

the redox imbalance in PC12 cells through regulating the

ratio of reduced glutathione/oxidized glutathione (GSH/

GSSG), which is a sensitive marker of oxidative stress.

Additionally, long-term intraperitoneal (i.p.) injection of

TMF (4 or 8 mg/kg/day) for 2 weeks significantly

improved the behavioral performance of D-galactose

(D-gal) treated mice in a Morris water maze test. Bio-

chemical analysis revealed that TMF inhibited the activa-

tion of AP-1 (activator protein-1) and upregulated the level

of BDNF (brain derived neurophic factor) as well as the

ratio of GSH/GSSG in the hippocampus of D-gal treated

mice. Furthermore, western blotting analysis indicated

that TMF increased phosphorylation of cAMP-response

element-binding protein (CREB). Therefore, the natural

product TMF possessed a potential for the treatment of

neurodegenerative diseases.
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Introduction

With the progress of aging of population, high incidence of

Parkinson’s disease (PD) and Alzheimer’s disease (AD)

has attracted researchers’ attention. Studies have revealed

that oxidative stress plays an important role in the patho-

genesis of PD and AD, proved by the decreased levels of

reduced glutathione (GSH), elevated levels of oxidized

glutathione (GSSG) and increased production of reactive

oxygen species (ROS) detected in PD and AD patients and

animal models [1, 2].

PD is characterized by a progressive degeneration of

dopaminergic neurons in the substantia nigra. Previous

studies have proved that PD has an association with

dopamine toxicity and antioxidant system [2]. Dopamine is

thought to be a major source of oxidative stress in dopa-

minergic neuron [3]. Increased turnover of dopamine and a

consequent dopamine oxidation have been suggested to

cause neurodegeneration [4]. The enzymatic or nonenzy-

matic oxidation of dopamine liberates free radicals and

quinone, which cause alteration of the mitochondrial

membrane permeability, leading to neuronal cell death

[5–7]. D-galactose (D-gal) is a reducing sugar and can be

metabolized at normal concentration. At high levels,

reversely, it reacts with the free amines of amino acids in

proteins and peptides in vivo to form advanced glycation

end products, which induce ROS production and lead to
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neuronal death in a variety of age-related neurodegenera-

tive disorders including AD [8–10].

In the past decades, many flavonoids have received a

great attention owing to their biological properties,

including antioxidative, radical scavenging, immunoregu-

lative and anti-inflammatory effects [11, 12]. More inter-

estingly, evidences have suggested that some flavonoids

are highly effective in reversing age-related declines in

neuro-cognitive performance through their ability to

interact with the cellular and molecular architecture of the

brain responsible for memory and by reducing neuronal

loss due to neurodegenerative processes [13].

(2S)-5, 20, 50-trihydroxy-7-methoxyflavanone (TMF,

Fig. 1) is a natural product isolated from Abacopteris

penangiana (Hook.) Ching, which is a folk medicine plant

commonly used by Tujia nationality in China [14, 15]. A

series of comparative pharmacological studies among

derivatives of TMF have suggested that the rare 2,

5-substituted B ring of TMF is responsible for its powerful

active oxygen radicals scavenging activity and protective

effects on primary cultured hepatocytes against lipid per-

oxidation [16–18].

The purpose of this study was to investigate the neuro-

protective effects of TMF in oxidative stress-induced

neurodegeneration models in vitro and in vivo. Further-

more, the underlying mechanisms involved in the neuro-

protective effects of TMF were explored.

Materials and Methods

Chemicals and Reagents

Dopamine, D-gal, N-acetyl-L-cysteine (NAC), 3-(4, 5-

Dimethylthiazol)-2, 5-diphenyltetrazolium-bromid (MTT)

and nerve growth factor (NGF) were purchased from

Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modi-

fied Eagle’s medium (DMEM), fetal bovine serum

and horse serum were purchased from Gibco BRL

(Gaithersburg, MD, USA). The antibodies used for western

blot were purchased from Santa Cruz Biotechnology, Inc.

(Santa Cruz, CA, USA). All solvents and chemicals used in

the study were of analytical grade and purchased from

Sinopharm chemical Reagent Co. Ltd. (Shanghai, China).

Plant Material and Isolation of TMF

Dried rhizomes of A. penangiana were collected in June

2009 from Jiujiang, Jiangxi province, China and authenti-

cated by Prof. Ce-Ming Tan, Jiujiang Forest Plants Spec-

imen Mansion. The voucher specimen (PZX0311) has been

deposited in School of Pharmacy, Tongji Medical College,

Huazhong University of Science and Technology (HUST).

Dried rhizomes of A. penangiana (500 g) were extracted

with 80 % ethanol (1:6, w/v). The solvent was evaporated

under reduced pressure to yield the ethanol extract (90 g).

The extract (15 g) was fractionated by macroporous resins

HPD500 (Bonherb Technology Company, Hebei, China;

EtOH–H2O, 20: 80, 40: 60, 60: 40, 80: 20, each 3,000 ml)

to give fractions A (2.0 g), B (5.9 g), C (2.8 g) and D

(1.5 g), respectively. Fraction D (800 mg) was repurified

by silica gel column chromatography (300–400 mesh,

Qingdao Marine Chemical Company, China) using CHCl3–

MeOH (30:1) to yield fraction D1 (380 mg). Fraction D1

was subjected to Sephadex LH-20 (Fluka BioChemika,

Switzerland) using CHCl3–MeOH (1:1) and then further

purified on a silica gel (300–400 mesh) column, eluting

with CHCl3–MeOH (30:1) to give a purified compound

(58 mg). The structure was identified as TMF by Nuclear

Magnetic Resonance (NMR, Bruker AM-400 spectrome-

ter) and Circular Dichroism (CD, Jasco J-810) analysis [15,

19]. Purity of the compound was more than 98 % by HPLC

analysis.

Cell Culture and Drug Treatment

Differentiated PC12 cells were used in experiments

in vitro. Cell differentiation was conducted according to

the reported method [20]. Briefly, PC12 cells were plated

in 35 mm culture dishes at a density of 2.5 9 104 cells/dish

in DMEM supplemented with 10 % fetal calf serum, 6 %

horse serum, 100 U/ml Penicillin, and 100 lg/ml Strepto-

mycin and were kept at 37 �C in humidified 5 % CO2/95 %

air. After 24 h incubation, culture medium was replaced

with NGF (50 ng/ml) containing medium. The medium

was replaced with fresh NGF containing medium every

48 h. After 8 days, cell differentiation was finished. Dif-

ferentiated PC12 cells were maintained in DMEM sup-

plemented with 10 % heat inactivated fetal calf serum,

100 U/ml Penicillin, and 100 lg/ml Streptomycin and

were kept at 37 �C in humidified 5 % CO2/95 % air. The

drug treatment process was as follows: PC12 cells wereFig. 1 The chemical structure of TMF
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preincubated for a given period of time with TMF (solvent:

0.1 % DMSO in DMEM) or N-acetyl-L-cysteine (NAC,

positive control; solvent: 0.1 % DMSO in DMEM),

respectively; cells treated with the same solvent alone as a

negative control. Consequently, PC12 cells were treated

with 0.5 mM dopamine (solvent: 0.1 % DMSO in DMEM)

for 12 h.

Cell Viability Measurement

Cells were plated at a density of 1 9 104/100 ll in 96-well

plates and grown for 24 h before treatment. The cell via-

bility was determined by the conventional MTT reduction

assay [21]. Briefly, 20 ll MTT (5 mg/ml) was added to the

culture medium. After incubation for 4 h at 37 �C, culture

medium was removed and the produced blue formazan

crystals were solubilized with 100 ll DMSO. The absor-

bance was measured at 490 nm with a microplate reader

(Thermo Multiskan Ascent V 1.23, Finland).

Animals and Administration

Thirty two 2-month old Kunming strain mice weighing

20–25 g were obtained from the Animal Center of Tongji

Medical College, of HUST (Wuhan, China). Kunming

strain mice were originated from outbred group of Swiss

mice and introduced to Kunming, China, from Indian Ha-

ffkine institute in 1946 [22]. Presently, the mice are the

most widely used colony in China. Kunming mice show

high reproduction and survival rate, and possess strong

disease resistance and resilience. Due to limited amount of

TMF isolated from the plant and based on the reported

researches [23–25], Kunming mice are chosen as the ani-

mal model in the present study. Prior to experiments, mice

were allowed free access to food and water and were kept

under conditions of constant temperature (25 ± 2 �C) and

humidity (45 ± 5 %). Eight mice were housed per cage on

a 12 h light/12 h dark schedule. After acclimatization to

the laboratory conditions, the mice were randomly divided

into four groups (eight in each group): vehicle control

group, D-gal model group, TMF low dose group, and TMF

high dose group. The mice in D-gal model group and two

TMF-treated groups were daily subcutaneously injected

with D-gal at the dose of 150 mg/kg (solvent: physiological

saline) once daily for 7 weeks, while those of vehicle

control group were treated with same volume of physio-

logical saline. From the sixth week, the mice in TMF-

treated groups were intraperitoneal (i.p.) injected with

TMF at the dose of 4 or 8 mg/kg (solvent: physiological

saline), respectively, after the injection of D-gal. At the

same time, mice in the vehicle control and the D-gal model

group were i.p. injected with same volume of physiological

saline for 2 weeks. At the end of the treatment period,

behavioral test was performed as follows. The behavioral

test was conducted at the same time of the day (9:00 am–

5:00 pm). All experiments were performed in compliance

with the Chinese legislation on the use and care of labo-

ratory animals and were approved by the Committee on

Animal Care and Use of HUST.

Morris Water Maze Test

The Morris water maze (MWM) test was performed as

previously described [24, 26]. The experimental apparatus

consisted of a circular water tank (120 cm in diameter,

50 cm in height), containing water (22 ± 1 �C) to a depth

of 30 cm which was rendered opaque by adding black

nontoxic carbon ink, and a video tracking system for

automation of behavioral experiments (Ethovision, Noldus

Information Technology bv, Wageningen, The Nether-

land). Four poles along the perimeter of the pool concep-

tually divided the maze into four equal quadrants. A

platform (10 cm in diameter, 29 cm in height) was sub-

merged 1 cm below the water surface and placed at the

midpoint of one quadrant. The pool was located in a test

room, which contained various prominent visual cues.

Each mouse received three trials per day for five consec-

utive days. During the test trial, the mouse was placed in

the water facing the wall at one of three randomized

starting positions (in three different quadrants that did not

contain the platform), with each trial having a ceiling time

of 60 s and a trial interval of approximately 60 s. After

climbing onto the platform, the animal remained there for

30 s before the next trial. If the mouse failed to reach the

escape platform within 60 s, it was gently placed on the

platform and allowed to remain there for 30 s. Latency to

escape from the water maze (finding the submerged escape

platform) was calculated for each trial. On the sixth day, a

probe test was carried out by removing platform and

allowing each mouse to swim freely for 60 s. The latency

of first crossing the platform (the previous platform area),

the time that a mouse spent in the target quadrant (where

the platform was located) and the number of crossing the

non-exits (the previously platform site) were recorded for

each trial. All data were recorded and analyzed by the

video tracking system.

Preparation of the Tissue Samples

All mice were deeply anaesthetized by chloral hydrate and

sacrificed by decapitation after the MWM test. Brains were

promptly dissected on ice to obtain the hippocampus. One

half hippocampus tissues were homogenized in cold

physiological saline. The homogenate (10 %) was centri-

fuged at 4,0009g at 4 �C for 10 min, and the supernatant

was collected for GSH/GSSG assay and enzyme-linked
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immunosorbent assay. The other half of hippocampus tis-

sues were stored at -80 �C for the western blot analysis.

Measurement of GSH/GSSG Ratio in PC12 Cells

and Hippocampal Tissue

Treated PC12 cells were washed twice with PBS (0.1 M,

pH = 7.4), and then scraped from the plates into ice-

cooled PBS (containing 0.05 mM EDTA) followed by

homogenization on ice. The yielded homogenate was

immediately centrifuged at 4 �C for 30 min at

10,0009g. The resulting supernatant and homogenate of

hippocampal tissue were subjected to the commercially

available colorimetric kit for GSH/GSSG assay (Jiancheng

Bioengineering Institute, Nanjing, China). According to the

manufacturer’s guideline, the concentrations of GSH and

GSSG have been normalized with the protein content in the

homogenates of PC12 cells and hippocampal tissue.

Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of AP-1 (activator protein-1) and BDNF (brain

derived neurophic factor) were measured using specific

ELISA kits for AP-1 and BDNF (R&D systems Inc.,

Minneapolis, MN, USA). According to the manufacturer’s

recommendations, levels of AP-1 and BDNF have been

normalized with the protein content in the homogenate of

hippocampal tissue.

Western Blot Analysis

The hippocampal expressions of CREB and phospho-

CREB (p-CREB) were evaluated by western blot analysis

according to the reported method [24]. Briefly, the tissue

samples were ground in liquid nitrogen and protein con-

centrations were determined using the BCA protein assay

kit (Pierce Biotechnology, Rockford, IL, USA). Protein

samples (50 lg) were separated by 12 % SDS–polyacryl-

amide gel electrophoresis and then transferred to a PVDF

membrane (Roche Diagnostics Corporation, Indianapolis,

IN, USA) by electrophoretic transfer (Bio-Rad Laborato-

ries, Inc., USA). Transferred membranes were blocked for

1 h at room temperature with 5 % nonfat milk in Tris-

buffered saline containing 0.1 % Tween 20 (TBST), and

then incubated overnight at 4 �C with different primary

antibodies (anti-CREB (1:500), anti-p-CREB (1:400)).

After three washes with TBST, the membranes were

incubated with horseradish peroxidase-conjugated second-

ary antibodies in TBST with 3 % nonfat milk for 1 h at

room temperature. Immunoblots were developed on films

using the enhanced chemiluminescence technique (Super

Signal West Pico; Pierce Biotechnology, Rockford, IL,

USA). Quantification of bands was determined by

densitometric analysis using Bio-Rad Quantity One. The

data were normalized using GAPDH (1:1,000) as an

internal control.

Statistical Analysis

The values were presented as mean ± SEM. Differences

were considered as significant at P \ 0.05. Results were

statistically analyzed by performing one-way analysis of

variance (ANOVA) followed by Tukey’s multiple com-

parison tests using SPSS 11.5 software for Windows (SPSS

Inc., Chicago, IL). Group differences in the escape latency

in the MWM training task were analyzed with two-way

ANOVA with repeated measures, the factors being treat-

ment and training day.

Results and Discussion

Protective Effect of TMF on Dopamine-Treated PC12

Cells

The effect of TMF on PC12 cells viability was assessed by

the MTT reduction assay. The results in Fig. 2 showed that

treatment with 0.5 mM Dopamine for 12 h reduced the

viability of PC12 cells. Pretreatment with TMF (3, 10,

20 lM) and NAC (N-acetyl-L-cysteine, positive control,

20 lM) for 24 h induced a significant increase on cell

survival compared with only dopamine-treated group

(P \ 0.05).

Fig. 2 Protective effect of TMF on dopamine-induced toxicity in

PC12 cells by MTT assay. Preincubation with TMF or NAC (positive

control) for 24 h protected PC12 cells from dopamine toxicity

(0.5 mM, for 12 h). Data are expressed as percent cell viability from

vehicle control cultures and are mean ± SEM (n = 5). * p \ 0.05

and ** p \ 0.01 compared with the model group (only dopamine

treated)
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Studies in vitro have shown that cell death induced by

dopamine associates with the production of ROS in variety

of cell types including PC12 cells. NAC was employed as

positive control for its powerful antioxidant activity. The

result suggests that TMF reverses the decreased survival

rate of PC12 cells by offsetting the oxidative stress caused

by dopamine.

TMF Regulated the GSH/GSSG Ratio in Dopamine-

Induced Redox Imbalance of PC12 Cells

GSH is an important protein thiol which coordinates body

defense system against oxidative stress. It can scavenge

free radicals and other reactive free oxygen species effec-

tively. In such reactions, GSH is oxidized to form GSSG,

which is then reduced to GSH by the NADPH-dependent

glutathione reductase [27].

The GSH/GSSG system is the most important redox

system in cells and the ratio of GSH/GSSG can be seen as

an oxidative stress marker. There is evidence to suggest

that the GSH/GSSG equilibrium may have an important

modulatory role on the activity of certain key signal

transduction proteins and a depletion of cellular GSH was

recently hypothesized as a component of the signal trans-

duction pathway that regulates the activation of the tran-

scription factor NF-jB and AP-1 [28].

As results showed (Fig. 3a, b), dopamine-induced PC12

cells show reduced level of GSH and increased level of

GSSG, leading to lower GSH/GSSG ratio than vehicle

control group (P \ 0.01), suggesting that dopamine treat-

ment caused serious redox imbalance in PC12 cells. TMF

exerted its neuroprotective effect by elevating GSH level

and reducing GSSG level in PC12 cells, and inducing a

significant increase of GSH/GSSG ratio (10 and 20 lM,

Fig. 3 Regulative effects of TMF on GSH/GSSG ratio in dopamine-

induced PC12 cells and D-gal treated mice. a Levels of GSH and

GSSG in PC12 cells. b GSH/GSSG ratios in PC12 cells. c Levels of

GSH and GSSG in the hippocampus of D-gal treated mice. d GSH/

GSSG ratios in the hippocampus of D-gal treated mice. Data are

expressed as mean ± SEM (n = 3). *, # p \ 0.05 and **, ## p \ 0.01

compared with the model group (only dopamine/D-gal treated)
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P \ 0.01) with a concentration-dependent manner. These

results indicated that the TMF could restore the normal in-

tracellullar redox balance which was impaired by dopamine.

TMF Improved Performance of D-Gal Treated Mice

in the MWM Test

The MWM test was employed to assess the effect of TMF

on impairment of spatial learning and memory. The per-

formance of mice in all groups was improved with training

by the shortened escape latencies across successive days

(Fig. 4a). Tested mice displayed no difference in motor

activity observed during the MWM test. The results

showed significant difference in mean latency of the animal

between training days [F(4, 140) = 7.260, P \ 0.001] and

between treatments [F(3, 140) = 5.949, P \ 0.001], but no

interaction between the factors day and treatment [F(12,

140) = 0.180, P [ 0.05]. The D-gal treatment caused the

significant cognitive impairment in the model mice, proved

by the fact that the D-gal model mice had longer escape

latency than mice in vehicle control group in all training

days (P \ 0.001). Reversely, the prolonged escape latency

of mice in the D-gal model group was reduced by long-term

administration of TMF in all five training days.

In the probe trial followed by the training days, showed

in Fig. 4b–d, the D-gal model group took longer latency of

first platform crossing (P \ 0.05), made fewer platform

crossings (P \ 0.01) and spent less time in target zone

(P \ 0.05) than the vehicle control group. Significant dif-

ferences were observed between the D-gal model group and

the TMF high dose group (8 mg/kg/day; P \ 0.05), but

there was no significant difference between the D-gal model

group and the TMF low dose group (4 mg/kg/day;

P [ 0.05).

Fig. 4 Effects of TMF on the spatial learning and memory of mice in

the MWM test. a Mean latency in the hidden platform test during five

consecutive days training. b The latency of first crossing the platform

in the probe trial. c The number of crossings over the exact location of

the former platform in the probe trial. d Comparison of time spent in

the target quadrant in the probe trial. All values are expressed as

mean ± SEM (n = 7). * P \ 0.05 and ** P \ 0.01 compared with

the D-gal model group

Neurochem Res (2013) 38:1686–1694 1691

123



The above results of the MWM test suggested that long-

term injection of TMF improved spatial learning and

memory in D-gal treated mice.

TMF Regulated the GSH/GSSG Ratio

in the Hippocampus of D-Gal Treated Mice

Shown in Fig. 3c and d, D-gal treated mice displayed a

significant decrease in the GSH/GSSG ratio (P \ 0.01)

compared with mice in the vehicle control group, sug-

gesting injection of D-gal caused serious imbalanced redox

state in hippocampal tissues of model mice. Meanwhile,

TMF administration significantly reversed the decreased

GSH/GSSG ratio caused by D-gal.

As mentioned before, GSH/GSSG ratio worked as a

sensitive marker of oxidative stress which influenced the

activity of some key signal transduction proteins and

transcription factors. Therefore, a hypothesis can be drawn

that TMF may also have effect on some important cell

signals dominated by the glutathione redox system.

The Effects of TMF on the Levels of AP-1, BDNF

and p-CREB in the Hippocampus of D-Gal Treated

Mice

ROS can regulate the expression of different genes

including immediate early response genes such as c-fos

and c-jun. Heterodimer complex of their respective pro-

tein products forms the transcription factor activator

protein (AP-1). It regulates gene expression in response to

a variety of stimuli, including cytokines, growth factors,

stress, and bacterial and viral infections [29]. AP-1 has

been proven to depend on change of the GSH/GSSG ratio

[30]. As shown in Fig. 5a, the concentration of AP-1 in

the hippocampus of mice in model group was signifi-

cantly higher than mice in the vehicle control group

(P \ 0.01). While TMF treatment (8 mg/kg/day) reversed

the increased level of AP-1 in hippocampus induced by

D-gal (P \ 0.01), indicating that the TMF inhibited the

activation process of AP-1 induced by the hippocampal

redox imbalance status.

Fig. 5 The effects of TMF on the levels of AP-1, BDNF and p-CREB

in the hippocampus of D-gal treated mice. a Levels of AP-1 in the

hippocampus of mice by ELISA. b Levels of BDNF in the

hippocampus of mice by ELISA. c Representative western blot

images for each of the treatment groups. d p-CREB/CREB ratios in

hippocampus of mice. All values are expressed as mean ± SEM

(n = 4). * P \ 0.05 and ** P \ 0.01 compared with the D-gal model

group
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In brain, particularly in hippocampus, stress evokes a

large array of molecular effects, which produce structural,

functional, molecular and behavioral changes [31]. The

gene coding for the neurotrophin Brain Derived Neuro-

trophic Factor (BDNF) is a stress-responsive gene. Regu-

lation of BDNF is interesting as this neurotrophin has been

linked with the control of synaptic plasticity and long-term

memory, and decreases in BDNF and p-BDNF have been

reported in AD [13]. One of the most well known

and immediate transcriptional regulator of BDNF gene

expression is CREB. CREB is a transcription factor that

regulates genes associated with neuronal survival, memory

consolidation and synaptic plasticity [32].

The levels of BDNF and p-CREB in the hippocampus of

mice in model group were significantly lower than mice in

vehicle control group (P \ 0.01), leading to the cognitive

impairment in D-gal treated mice which was proved by the

MWM test (Fig. 5b–d). On the contrary, TMF treatment

(8 mg/kg/day) significantly increased the BDNF and

p-CREB levels compared with the model group (P \ 0.05).

These results indicated that TMF exerted its neuroprotec-

tive effect through increasing the BDNF and p-CREB

activities in the hippocampus of D-gal treated mice.

Conclusion

We firstly investigated the protective effect of TMF with

in vitro model of dopamine-induced PC12 cells, and found

TMF offset the oxidative stress caused by dopamine

through restoring the intracellular normal redox balance.

Further, our study in vivo demonstrated that TMF ame-

liorated the redox imbalance status and attenuated the

cognitive impairment by inhibiting the activation of AP-1

and upregulating the expression of BDNF and p-CREB in

the hippocampus of D-gal treated mice. Therefore, TMF is

a potential agent for the treatment of neurodegenerative

diseases.
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