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Abstract

Tetramethylpyrazine and ferulic acid are two active ingredients of a Chinese herbal medicine Ligusticum wallichi Franchat. In the present

investigation, iron-induced oxidative neuronal damage and the protective effects of tetramethylpyrazine and ferulic acid against this induction

were studied in primary cultures of rat cerebellar granule cells. When neurons were treated with 200 AM of FeSO4 for 1 h, lipid peroxidation

in neurons increased time dependently, as measured with the thiobarbituric acid assay. Thirty-six hours after iron treatment, the cell viability

decreased to 43.6% and the percentage of apoptotic cells increased to 50.6%. Transmission electron microscopic examination showed a

disrupted nuclear envelope and condensed chromatin in iron-treated neurons. Analysis of DNA extracted from iron-treated cells by agarose

gel electrophoresis showed the typical ‘‘ladder pattern’’, which indicated the formation of mono- and oligonucleosomes. After iron treatment,

caspase 3 activity increased significantly, as measured in a fluoregenic assay. The results above suggested that iron treatment triggered

oxidative stress and apoptosis in neurons. Western blot revealed that iron treatment up-regulated the apoptosis-related gene p53 as well as its

effector gene p21waf1/cip1. Pretreatment of the cells with 100 AM of tetramethylpyrazine or ferulic acid effectively decreased the activation of

caspase 3 as well as the expression of p53 and p21waf1/cip1, and attenuated iron-induced oxidative damage and apoptosis. The results suggest

that tetramethylpyrazine and ferulic acid might be used as preventive agents against neuronal diseases associated with oxidative stress.
D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Iron is the most abundant transition metal in the brain

and is the key element of enzymes that regulate cellular

energy metabolism (Beard et al., 1993). Iron also plays a

central role in myelin formation. In the brain of neonatal

rats, the uptake of iron is at its highest during the period of

rapid brain growth (Taylor and Morgan, 1990; Roskams and

Connor, 1994). Iron is vital in life because it is an important

component of molecules that undergoes redox reactions in

cells. However, this property also makes iron potentially

toxic, since redox reactions may generate reactive oxygen

species. In fact, reactive oxygen species are known to

damage almost all cellular components including proteins,

lipids and nucleic acids. Recently, it has been proposed that
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a disturbed iron metabolism may cause certain neurodege-

nerative disorders such as Parkinson’s, Alzheimer’s, Hun-

tington’s, Hallervorden-Spatz’s and Friedreich’s diseases, as

well as stroke and epilepsy (Shoham and Youdim, 2000),

while oxidative stress induced by iron play an important role

in the pathogenesis of iron-related diseases (De Freitas and

Meneghini, 2001). Thus effective antioxidants that can

attenuate iron-induced oxidative damage might be potential

neuroprotectors against these disorders.

Apoptosis is a certain type of cell death in multicellular

organisms and involves a cascade of closely regulated

intracellular events leading to cell suicide. In the last decade,

more and more evidence has suggested that reactive oxygen

species play an important role in the neuronal apoptosis

associated with neuronal diseases (Jacobson, 1996). In this

paper, primary culture of rat cerebellar granule cells was

used as the experimental model. The cytotoxic effect of

oxidative stress induced by iron and the protective effect of

tetramethylpyrazine and ferulic acid, two active ingredients

of a Chinese herbal medicine named Chuan Xiong (Ligu-
ed.
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usticum wallichi Franchat), on neuronal cells were exam-

ined. The results will help us to understand the process of

iron-induced neuronal apoptosis and neurodegeneration,

which will contribute to the search for selective methods

to control them.
2. Materials and methods

2.1. Materials

Seven-day-old Wistar rats were purchased from Beijing

Experimental Animal Center. Cell culture plastic ware was

purchased from Corning Costar. Dulbecco’s modified Eagle

medium (DMEM), fetal bovine serum, cell culture supple-

ments, proteinase K, RNase A, and trypsin (1:250) were

products of Invitrogen. Tetramethylpyrazine was a generous

gift from Beijing Fourth Pharmaceutical Factory and ferulic

acid was a generous gift from Chendu First Pharmaceutical

Factory, the structures of which are shown in Fig. 1.

Monoclonal antibodies against p53 or p21waf1/cip1 and the

caspase 3 substrate acetyl-Asp-Glu-Val-Asp-a-(4-methyl-

coumaryl-7-amide) (DEVD-MCA) were purchased from

Pharmingen. Other reagents were purchased from Sigma.

2.2. Cell culture

Primary cultures of rat cerebellar granule cells were

prepared from 7-day-old Wistar rats following procedures

described previously (Resink et al., 1994). By this method, a

relatively homogenous and well-characterized culture sys-

tem of cerebellar neurons can be obtained (Dudek et al.,

1997). Briefly, cerebella were dissected out, rinsed with

Hanks’ balanced salt solution (HBSS), and dissociated by

mild trysinization. Cells were plated on 6-well multidishes

(2� 106 cells/ml, 2 ml/well) or 96-well multidishes

(1.0� 106 cells/ml, 0.1 ml/well) previously coated with

poly-L-lysine. Culture medium consisted of DMEM supple-

mented with KCl (19.6 mM), glutamine (2 mM), HEPES

(10 mM) and fetal bovine serum (10%, v/v). Cells were

maintained at 37 jC in a humidified 5% CO2–95% air

atmosphere. Experiments were carried out 48 h after plating.

2.3. Treating cells with iron

Two hundred micromolar FeSO4 was added to cells from

freshly prepared stock solutions and cells were cultured for

1 h. Then the medium was removed, fresh medium was

added, and cells were cultured for the indicated time. The
Fig. 1. Structure of tetramethylpyrazine and ferulic acid.
concentration of FeSO4 (200 AM) was chosen after prelimi-

nary experiments. Lower concentrations could not induce

notable oxidative stress in neurons, whilst higher concen-

trations caused necrotic rather than apoptotic cell death. The

antioxidants tetramethylpyrazine or ferulic acid were added

to cells from freshly prepared stock solutions 15 min before

the treatment with FeSO4.

2.4. Assessment of cell injury

Cell viability was assessed with the thiazolyl blue assay

(Wei et al., 1998). Thiazolyl blue (0.5 mg/ml final concen-

tration) was added to cells cultured in 96-well multidishes

and incubated at 37 jC for 30 min. Then 100 Al of lysis
solution [10% sodium dodecyl sulfate (SDS), 25% N,N-

dimethylformamide, pH 3.5] was added to each well and the

optical density at 570 nm was measured by a microplate

reader.

2.5. Measurement of lipid peroxidation

Lipid peroxidation in cells was measured with the

thiobarbituric acid assay as described previously (Salgo

and Pryor, 1996) with minor modifications. Briefly,

1.2� 107 cells were pelletted, rinsed with cold phosphate-

buffered saline (PBS), mixed with 0.4 ml of 2.8% trichloro-

acetic acid, 1 ml of 0.67% thiobarbituric acid, 0.1 ml of

0.3% butylated hydroxytoluene and then heated at 95 jC for

1 h. After extraction with 1 ml of n-butanol, the optical

density of the organic layer was determined spectrophoto-

metrically. The thiobarbituric acid-reactive substrates were

quantified using 1,1,3,3-tetraethoxypropane as the standard.

The protein concentration was determined by the Bradford

method.

2.6. Morphological study

The ultrastructure of cells was observed by transmission

electron microscopy (Watt et al., 1994). Briefly, cells were

pelletted and fixed with 2.5% glutaraldehyde at 4 jC for 1 h

and post-fixed with 1% OsO4 at 4 jC for 1 h, dehydrated

through a series of graded ethanol solutions, and embedded

in resin. Ultrathin sections of samples were stained with

uranyl acetate/lead citrate and then observed with a trans-

mission electron microscope.

2.7. Detection of DNA fragmentation

The ‘‘ladder pattern’’ of DNA fragmentation was detected

by agarose gel electrophoresis (Didier et al., 1996). Briefly,

1.2� 107 cells were pelletted and lysed in buffer [10 mM

Tris, 10 mM ethylenediaminetetraacetic acid (EDTA), 0.2%

Triton X-100, pH 7.5] by incubation at 4 jC for 15 min.

After centrifugation at 12,000� g for 10 min, the super-

natant (containing fragmented DNA) was treated with 0.5

mg/ml Proteinase K and 0.1 mg/ml RNase A at 50 jC for 3 h.



Fig. 2. Iron-induced cell death in cerebellar granule cells and the protective

effect of tetramethylpyrazine and ferulic acid. Cells were treated with 200

AM of FeSO4 for 1 h and cultured in fresh medium for 36 h. Then the

viability of cells was measured with the thiazolyl blue assay. The

antioxidant tetramethylpyrazine or ferulic acid (50 or 100 AM) was added

to cells 15 min before the treatment with FeSO4. Data are meansF S.D. of

12 samples. aP < 0.05 in comparison with untreated cells; bP < 0.05 in

comparison with cells treated with FeSO4.
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After phenol extraction and chloroform extraction, DNAwas

precipitated with 0.1 volume of 10 M ammonium acetate and

2 volume of ethanol at � 20 jC overnight, and harvested by

centrifugation at 12,000� g for 15 min. After being washed

with 70% ethanol, DNAwas dissolved in Tris–EDTA buffer

(TE; 10 mM Tris, 1 mM EDTA, pH 8.0) and subjected to

electrophoresis in 1.5% agarose gel. After staining with

ethidium bromide (0.5 Ag/ml), DNA bands were visualized

by UV transillumination.

2.8. Analysis of apoptosis by flow cytometry

Flow cytometry analysis of DNA was performed in

order to evaluate the percentage of apoptotic cells, whose

DNA content was lower than that of diploid cells. As

generally accepted, apoptotic cells can be recognized by

their diminished stainability with DNA-specific fluoro-

chromes, which is due to DNA degradation and subse-

quent leakage from the cell. The method for DNA

labeling was performed as previously described (Nicoletti

et al., 1991) with minor modification. Briefly, 2� 106

cells were prepared as a single cell suspension in 500 Al
PBS and fixed with 2 ml of ice-cold 70% ethanol at 4 jC
overnight. Then cells were harvested after being centri-

fuged at 200� g for 10 min, resuspended in 500 Al PBS
supplemented with RNase A (100 Ag/ml), incubated at 37

jC for 30 min, and stained with 50 Ag/ml propidium

iodide at 4 jC for 30 min. The red fluorescence of

individual cells was measured with FACScan (Becton

Dickinson, Mountain View, CA) and the number of

apoptotic cells was counted by software provided by the

manufacturer.

2.9. Western blot

In neurons, p53 has been associated with apoptotic cell

death following ischemia, excitotoxicity and irradiation. One

of its effector genes is p21waf1/cip1, which is expressed in p53-

dependent apoptosis. Generally, p53 is activated in response

to cellular stress, most notably DNA damage (Kastan et al.,

1991). Because p53 and p21waf1/cip1 genes are expressed

during the early stage of apoptosis, the expression of p53 and

p21waf1/cip1 was determined by Western blot 12 h rather than

36 h after iron treatment. Briefly, 1.2� 107 cells were lysed

with 500 Al of lysis buffer [1% NP40, 0.25% sodium

deoxycholate, 150 mM NaCl, 1 mM ethyleneglyco-bis(2-

aminoethylether)-N,N,NV,NV-tetraacetic acid (EGTA), 1 mM

Na3VO4, 1 mMNaF, 1 mM phenylmethanesulfonyl fluoride,

1 Ag/ml leupeptin, 1 Ag/ml aprotinin] at 4 jC for 30 min.

After centrifugation at 12,000� g for 15 min, the supernatant

was collected and protein concentrations were determined by

the Bradford method. Each sample containing 60 Ag of

cellular protein was subjected to 10% sodium dodecyl

sulfate-polyacrylamide gel electrophoresis and then trans-

ferred to a polyvinylidene difluoride membrane. The mem-

brane was incubated with anti-p53 antibody (1:2500
dilution), anti-p21waf1/cip1 antibody (1:5000 dilution) or

anti-h-Actin antibody (1:2500 dilution), respectively, and

then incubated with horseradish peroxidase-conjugated goat

anti-mouse immunoglobulin G antibody (1:5000 dilution).

The target protein was detected by chemiluminescence using

ECL Plus Western blotting detection kit (Amersham Phar-

macia) and exposed to Kodak X-ray autoradiography films.

2.10. Measurement of caspase 3-like activity

The activity of caspase 3, the main execution caspase,

was measured by fluoregenic assay according to methods

described previously using acetyl-Asp-Glu-Val-Asp-a-(4-

methylcoumaryl-7-amide) (DEVD-MCA) as the specific

substrate (Chen et al., 1998; Dare et al., 2002). Protein

extracts were prepared from 1.2� 107 cells by Dounce

homogenization on ice. Homogenization buffer contained

25 mM N-(2-hydroxyethyl)piperazine-NV-(2-ethanesulfonic
acid) (HEPES) pH 7.5, 5 mM EDTA, 1 mM EGTA, 5 mM

MgCl2, 5 mM dithiothreitol, and 10 Ag/ml each of pepstatin,

leupeptin, aprotinin and phenylmethanesulfonyl fluoride.

After centrifugation at 12,000� g for 15 min, the super-

natants were collected and protein concentrations were

determined by the Bradford method. Volumes of protein

extracts containing 100 Ag of protein were incubated for 1 h

at 37 jC with the reaction buffer (25 mM HEPES pH 7.5,

10% sucrose, 0.1% 3-[(3-cholamidopropyl)dimethylammo-

nil]-1-propane sulfonate, 5 mM dithiothreitol, and 5 mM

EDTA) in a total volume of 150 Al containing 25 AM of the

substrate DEVD-MCA. Enzyme-catalyzed release of 4-

methylcoumaryl-7-amide was measured by a fluorescence

microplate reader at excitation 355 nm and emission 460

nm. Fluorescent units were converted to pmol of 4-methyl-



Fig. 3. Lipid peroxidation in cells. Cells were treated with 200 AM of

FeSO4 for 1 h and cultured in fresh medium for the indicated time. Lipid

peroxidation in cells was measured with the thiobarbituric acid assay. The

antioxidant tetramethylpyrazine or ferulic acid (100 AM) was added to cells

15 min before the treatment with FeSO4. Data are meansF S.D. of four

samples. aP < 0.05 in comparison with untreated cells; bP < 0.05 in

comparison with cells treated with FeSO4.
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coumaryl-7-amide released using a standard curve generated

with 4-methylcoumaryl-7-amide. One unit of caspase 3-like

activity was defined as releasing 1 pmol of 4-methylcou-
Fig. 4. Ultrastructure of the nucleus of a cerebellar granule cell. Cerebellar granule

fresh medium for 36 h. The antioxidant tetramethylpyrazine or ferulic acid (100 AM
cell; (B) cell treated with 200 AM of FeSO4 for 1 h and subsequently cultured in fre

before exposure to FeSO4; (D) cell pretreated with 100 AM of ferulic acid before
maryl-7-amide per min at 37 jC at saturating substrate

concentrations.

2.11. Statistical analysis

Each experiment was performed at least three times and

the results are presented as meansF S.D. The data were

analyzed by one-way analysis of variance (ANOVA). A

level of P < 0.05 was considered significant.
3. Results

3.1. Iron-induced cell death

Iron treatment induced cell death in cultures of cerebellar

granule cells, as measured by the decrease in thiazolyl blue

reduction (Fig. 2). In cells treated with 200 AM FeSO4 for 1

h and subsequently cultured in fresh medium for 36 h, cell

viability decreased to 43.6%. Pre-treatment with tetrame-

thylpyrazine or ferulic acid dose dependently attenuated cell

death induced by iron. Thirty-six hours after iron treatment,

the viability of cells pretreated with 100 AM of tetramethyl-

pyrazine or ferulic acid was 76.5% and 83.1%, respectively.
cells were exposed to 200 AM of FeSO4 for 1 h and subsequently cultured in

) was added to cells 15 min before the treatment with FeSO4. (A) Untreated

sh medium for 36 h; (C) cell pretreated with 100 AM of tetramethylpyrazine

exposure to FeSO4. Magnification: 6000�.



Table 1

Quantitative determination of apoptosis by flow cytometry

Group Untreated

cells

Control Tetramethylpyrazine Ferulic acid

Apoptotic

cells (%)

3.4F 3.3 50.6F 7.4a 13.0F 2.8b 9.9F 4.6b

Data are meansF S.D. of four samples.
a P < 0.05 in comparison with untreated cells.
b P< 0.05 in comparison with cells treated with FeSO4.
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3.2. Lipid peroxidation in cells

Exposure to 200 AM FeSO4 induced time-dependent

lipid peroxidation in cerebellar granule cells, as indicated

by the significant increase in thiobarbituric acid-reactive

substrate levels (Fig. 3). In cells exposed to 200 AM of

FeSO4 for 1 h and cultured in fresh medium for 36 h, the

thiobarbituric acid-reactive substrate level was significantly

higher than that of untreated cells (7.9 versus 3.0 nmol/mg

protein; P < 0.05 compared with untreated cells). In cells

pretreated with tetramethylpyrazine or ferulic acid, the

formation of thiobarbituric acid-reactive substrate was

markedly suppressed (P < 0.05 compared with iron-treated

cells). Thirty-six hours after iron treatment, the thiobarbitu-

ric acid-reactive substrate level of tetramethylpyrazine- or

ferulic acid-pretreated cells was 4.2 and 4.4 nmol/mg

protein, respectively.

3.3. Characteristics of apoptosis

After exposure to 200 AM FeSO4 for 1 h, cerebellar

granule cells underwent apoptosis gradually, which was

characterized morphologically by chromatin condensation

and nuclei fragmentation, as shown in Fig. 4B. Agarose gel

electrophoresis of DNA extracted from iron-treated cells

showed a ladder pattern (Fig. 5), which indicated the

formation of mono- and oligonucleosomes. The formation

of mono- and olignucleosomes is a well-accepted biochem-

ical characteristic of apoptosis. No apparent morphological

alterations occurred in cells pre-treated with tetramethylpyr-

azine or ferulic acid (Fig. 4C,D). Pretreatment of cells with

tetramethylpyrazine or ferulic acid also prevented DNA

from fragmentation.
Fig. 5. Agarose gel electrophoresis analysis of DNA fragmentation.

Cerebellar granule cells were exposed to 200 AM of FeSO4 for 1 h and

subsequently cultured in fresh medium for 36 h. Lane 1, DNA marker

(EDNA/EcoRI +HindIII); Lane 2, cells exposed to 200 AM of FeSO4 for 1

h and subsequently cultured in fresh medium for 36 h; Lane 3 and 4, cells

pretreated with 100 AM of tetramethylpyrazine or ferulic acid, respectively,

and then exposed to FeSO4; Lane 5, untreated cells.
3.4. Quantitative measurement of apoptosis

The percentages of normal (diploid DNA content) and

apoptotic cells (subdiploid DNA content) were calculated

according to the DNA content and are shown in Table 1.

In untreated cells, fewer than 3.4% of total cells under-

went apoptosis. In control cells treated with 200 AM
FeSO4 for 1 h and subsequently cultured in fresh medium

for 36 h, about 50.6% cells underwent apoptosis. When

cells were pretreated with tetramethylpyrazine or ferulic

acid and then exposed to FeSO4, the percentage of
Fig. 6. Western blot analysis of p53 and p21waf1/cip1 expression in cerebellar

granule cells. After exposure to 200 AM of FeSO4 for 1 h and subsequent

culture in fresh medium for 12 h, the expression of p53 and p21waf1/cip1 was

analyzed by Western blot. The antioxidant tetramethylpyrazine or ferulic

acid (100 AM) was added to cells 15 min before the treatment with FeSO4.

(A) Typical results of Western blot. (B) Quantitative analysis of the

expression of p53 and p21waf1/cip1. Data are meansF S.D. of three samples.
aP < 0.05 in comparison with untreated cells; bP < 0.05 in comparison with

cells treated with FeSO4.
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apoptotic cells was 13.0% and 9.9%, respectively, which

was significantly lower than that of control cells (P <

0.01).

3.5. Activation of caspase 3

Activation of caspases is a typical feature of apoptosis.

To confirm the activation of caspases in iron-treated cer-

ebellar granule cells, the caspase 3-like activity was deter-

mined. The results revealed that iron treatment induced a

significant increase in caspase 3-like activity, as shown in

Fig. 7. In cells treated with 200 AM FeSO4 for 1 h and

subsequently cultured in fresh medium for 24 h, the caspase

3-like activity was 16.5 units/mg protein, which was more

than 10-fold higher than that of untreated cells (1.2F 0.2

units/mg protein; P < 0.01). Pretreatment with tetramethyl-

pyrazine or ferulic acid significantly lowered the caspase 3-

like activity in comparison with that in control cells

(P < 0.01).

3.6. Expression of p53 and p21waf1/cip1 genes

Fig. 6(A) shows the typical result of the expression of

p53 and p21waf1/cip1 measured by Western blot. Iron treat-

ment up-regulated the expression of p53 as well as its

effector gene p21waf1/cip1 in cerebellar neurons. Quantitative

analysis revealed that in iron-treated cells, the p53 protein

level increased to 2.1-fold that of untreated cells, while the

p21waf1/cip1 protein level increased to 2.5-fold that of

untreated cells (Fig. 6(B)). Both tetramethylpyrazine and

ferulic acid inhibited the up-regulation of p53 and p21waf1/

cip1 genes significantly.
Fig. 7. Fluoregenic determination of caspase 3 activation in cerebellar

granule cells. After exposure to 200 AM of FeSO4 for 1 h and subsequent

culture in fresh medium for the indicated time, caspase 3-like activity was

determined by fluoregenic methods using DEVD-MCA as the specific

substrate. The antioxidant tetramethylpyrazine or ferulic acid (100 AM) was

added to cells 15 min before the treatment with FeSO4. Data are

meansF S.D. of eight samples. aP< 0.05 in comparison with untreated

cells; bP < 0.05 in comparison with cells treated with FeSO4.
4. Discussion

Under certain pathological conditions when the antiox-

idant capacity of the tissue is surpassed, the over-generation

of free radicals may lead to apoptosis. Antioxidant agents

suppress apoptosis induced by a variety of stimuli (Stoian et

al., 1996). Studies have shown that down-regulation of

superoxide dismutase leads to apoptosis (Troy et al.,

1996) while the up-regulation of superoxide dismutase

delays apoptosis in neuronal cells (Greenlund et al.,

1995). Accordingly, it is possible that apoptosis can be

regulated by modulation of the cellular redox status.

In this paper, iron-induced oxidative stress and apoptosis

in cultured cerebellar neurons was used as a model for iron-

and reactive oxygen species-related neuronal disorders. The

protective effect of tetramethylpyrazine and ferulic acid, two

active ingredients of a Chinese herbal medicine named

Chuan Xiong (L. wallichi Franchat), on neuronal cells

was also examined. It is well documented that iron can

induce the generation of free radicals, which attack impor-

tant biomolecules including proteins, deoxynucleic acids,

and lipid membranes and thus cause oxidative stress. After

exposure to FeSO4, the lipid peroxidation level in cerebellar

granule cells increased time dependently. Lipid peroxidation

may alter the fluidity of the cell membrane and damage

receptors and ion channels on the cell membrane, which

may cause more serious consequences including calcium

influx, and may ultimately result in cell death (Xin et al.,

2000; Mattson, 1998). In the present investigation, the

cytotoxic effects of iron on neurons were evaluated by

different methods. In cerebellar granule cells exposed to

200 AM of FeSO4, morphological alterations that charac-

terized apoptosis could be observed. DNA underwent inter-

nucleosomal cleavage after iron treatment, a well-accepted

criterion of apoptosis, as shown by agarose gel electro-

phoresis. However, transition metal ions may induce DNA

internucleosomal fragmentation directly (Tsang et al., 1996).

To further confirm whether iron treatment triggered apop-

tosis in neuronal cells, we measured the activation of

caspases and analyzed the expression of apoptosis-related

p53 and p21 waf1/cip1 genes. Measurement of cytosolic

caspase 3-like activity revealed the activation of caspase 3

after iron treatment in cerebellar granule cells. Iron treat-

ment also significantly up-regulated the p53 gene as well as

the p21waf1/cip1 gene. Upon exposure to iron, the expression

of p53 increased to 2.1-fold that of untreated cells, while

p21waf1/cip1 protein level increased to 2.5-fold that of

untreated cells. This might be due to the DNA damage

induced by iron. The results above suggested that iron-

induced neuronal apoptosis is mediated by p53-related

pathways.

In cerebellar granule cells pretreated with 100 AM of

tetramethylpyrazine or ferulic acid, iron-induced activation

of caspase 3 and the expression of p53 and p21waf1/cip1 were

suppressed significantly, and apoptosis was attenuated effec-

tively. It has been reported that tetramethylpyrazine, an
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alkaloid, exhibits strong scavenging effects on cytotoxic

oxygen radicals (superoxide anion, lipid peroxyl radical and

hydroxyl radical) and is almost as effective as vitamin E

(Zhang et al., 1994). Ferulic acid, as other polyphenol

compounds, is also a potent scavenger of oxygen radicals,

as reported previously (Ju et al., 1990). Despite the direct

scavenging of reactive oxygen species, both tetramethylpyr-

azine and ferulic acid can chelate the ferrous ion and

decrease the formation of hydroxyl radicals via inhibition

of the iron-dependent Fenton reaction. The protective effect

of tetramethylpyrazine and ferulic acid against apoptosis

may be the overall effect of both scavenging of reactive

oxygen species directly and chelation of iron to inhibit the

Fenton reaction indirectly.

In conclusion, both tetramethylpyrazine and ferulic acid

effectively prevented oxidative stress and apoptosis induced

by iron, suggesting that tetramethylpyrazine and ferulic acid

may be used as potential protective agents for diseases

associated with disturbed iron metabolism.
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