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We investigated an involvement of ROS, such as H2O2 and O2
�� and GSH in the As4.1 cell

death by antimycin A and examined whether ROS scavengers rescue antimycin A-induced

As4.1 cell death and its mechanism. Levels of intracellular H2O2 and O2
�� were markedly

increased in antimycin A-treated cells. Antimycin A reduced the intracellular GSH content.

A ROS scavenger, Tiron down-regulated the production of intracellular H2O2. However, the

reduction of intracellular H2O2 level did not change the apoptosis parameters, such as sub-

G1 DNA content and annexin V binding. Interestingly, treatment of Tiron could partially

prevent the loss of mitochondrial transmembrane potential (DCm). Treatment of SOD and

catalase also reduced the intracellular H2O2 and loss of mitochondrial transmembrane

potential (DCm) without reducing O2
�� level and apoptosis in antimycin A-treated As4.1

cells. All the ROS scavengers, SOD and catalase did not inhibit GSH depletion induced by

antimycin A, resulting in failure of preventing the apoptosis. In addition, all the reagents

including antimycin A did not induce any specific phase arrest of cell cycle in As4.1 cells. In

summary, these results demonstrate that antimycin A generates potently ROS, H2O2 and

O2
�� and induces the depletion of GSH content in As4.1 JG cells, and that Tiron, SOD and

catalase inhibited partially the loss of mitochondrial transmembrane potential (DCm) via the

reduction of intracellular H2O2 level.
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1. Introduction

Reactive oxygen species (ROS) include hydrogen peroxide

(H2O2), nitric oxide (NO), superoxide anion (O2
��), hydroxyl

radical (�OH) and peroxynitrite (ONOO�). ROS have recently

been implicated in the regulation of various important

cellular events, including transcription factor activation,
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gene expression, differentiation and cell proliferation [1–3].

ROS are formed as byproducts of mitochondrial respiration or

precise oxidases including nicotine adenine diphosphate

(NADPH) oxidase, xanthine oxidase (XO) and certain arachi-

donic acid oxygenases [4]. An alteration on the redox state of

the tissue implies a change in ROS generation or metabolism.

Principal metabolic pathway involves superoxide dismutase
DPH, nicotine adenine diphosphate; XO, xanthine oxidase; SOD,
l bovine serum; PBS, phosphate buffer saline; FITC, fluorescein
DHE, dihydroethidium; GSH, glutathione; NAC, N-acetylcysteine;

.
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(SOD), which is expressed as extracellular, intracellular and

mitochondrial isoforms, and metabolizes O2
�� to H2O2.

Further metabolism by peroxidases that include catalase

and glutathione peroxidase yields O2 and H2O [5]. Cells

possess antioxidant systems to control the redox state, which

is important for their survival. Excessive production of ROS

gives rise to activation of events, which lead to death and

survival in several types of cells [6–9]. The precise mechan-

isms involved in cell death induced by ROS remain an open

question and the protective effect of some antioxidants on

cell death is still controversial.

Antimycin A (AMA) is a mixture product of predominantly

antimycin A1 and A3 derived from Streptomyces kitazawensis

[10]. The compound inhibits the activity of succinate oxidase

and NADH oxidase and also blocks mitochondrial electron

transport specifically between cytochromes b and c [11–14].

Inhibition of electron transport causes a collapse of the proton

gradient across the mitochondrial inner membrane, thereby

collapsing the mitochondrial membrane potential (DCm)

[11,13,15]. This inhibition also causes the production of ROS

[15,16]. There is evidence that either ROS or the collapse of

mitochondrial membrane potential (DCm) opens the mito-

chondrial permeability transition pore, accompanied by the

release of proapoptotic molecules, such as cytochrome c into

the cytoplasm [17–19]. In fact, because AMA acts directly on

the mitochondria, AMA-induced apoptosis has been reported

in many experiments [20–23].

Juxtaglomerular cell tumors (JGCTs; also known as reni-

nomas), first described in the late 1960s [24,25], are rare benign

tumors of the kidney. About 100 cases have been described to

date. Reninomas are understood to arise from juxtaglomerular

cells. Clinically, the patients suffer from headaches, polyuria,

nocturia and dizziness including other symptoms. Hyperten-

sion is a sign in almost all patients and laboratory findings of

hyperreninemia, hyperaldosteronism and hypokalemia are

characteristic. Recently, a malignant JGCT was described [26].

As4.1 cells have been used as a model for the JG cell. This

cell line was isolated from kidney neoplasm in a transgenic

mouse containing a renin SV40 T-antigen transgene [27].

However, the role of ROS in kidney cell death, especially JG cell,

has not been evaluated. Therefore, understanding the mole-

cular mechanism of kidney cell death by ROS generator,

especially AMA is an important subject. In the present study,

we evaluated the involvement of ROS, such as H2O2 and O2
��

and GSH in the AMA-treated As4.1 cells and investigated

whether ROS scavengers could rescue AMA-induced As4.1 cell

death and its mechanism.
2. Materials and methods

2.1. Cell culture

As4.1 cells (ATCC No. CRL-2193) are a renin-expressing clonal

cell line derived from the kidney neoplasm of a transgenic

mouse [27]. As4.1 cells were cultured in DMEM supplemented

with 10% fetal bovine serum (FBS) and 1% penicillin–

streptomycin (GIBCO BRL, Grand Island, NY). Cell cultures

were maintained in a humidified incubator containing 5% CO2

at 37 8C. Cells were routinely grown in 100-mm plastic tissue
culture dish (Nunc, Roskilde, Denmark) and were passed when

they were in logarithmic phase of growth, and maintained at

the above-described culture conditions for all experiments.

2.2. Reagents

AMA (Sigma–Aldrich Chemical Company, St. Louis, MO)

was dissolved in ethanol at 2 � 10�2 M as a stock solution.

The cell permeable O2
�� scavengers, 4-hydroxy-TEMPO

(4-hydroxyl-2,2,6,6-tetramethylpierydine-1-oxyl) (Tempol),

(4,5-dihydroxyl-1,3-benzededisulfonic acid) (Tiron), (1-[2,3,4-

trimethoxibenzyl]-piperazine) (Trimetazidine) and (N-acetyl-

cysteine) (NAC) were obtained from Sigma. These were

dissolved in designated solution buffer at 1 � 10�1 M as a stock

solution. All of stock solutions wrapped in foil were kept in 4 or

�20 8C.

2.3. Cell cycle and sub-G1 analysis

Cell cycle and sub-G1 distribution were determined by staining

DNA with propidium iodide (PI; Sigma–Aldrich) as described

used [28]. Briefly, 1 � 106 cells were incubated with the

designated doses of AMA with or without ROS scavenger,

SOD or catalase for 48–72 h. Cells were then washed with

phosphate buffer saline (PBS) and fixed in 70% ethanol. Cells

were again washed with PBS and then incubated with PI

(10 mg) with simultaneous treatment of RNase at 37 8C for

30 min. The percentages of cells in the different phases of the

cell cycle or having the sub-G1 DNA content were measured

with FACStar flow cytometer (Becton Dickinson, San Jose, CA)

and analyzed using lysis II and cellfit software (Becton

Dickinson) or ModFit software (Verity Software Inc.).

2.4. Annexin V/PI staining

Apoptosis was determined by staining cells with annexin V-

fluorescein isothiocyanate (FITC) or -phycoerythrin (PE) and PI

labeling. Annexin V was used to detect early apoptotic cells

during apoptosis. Briefly, to quantitate the apoptosis of cells,

1 � 106 cells were incubated with the designated doses of AMA

with or without ROS scavenger, SOD or catalase for 48–72 h.

The cells were washed twice with cold PBS, and suspended in

500 ml of binding buffer (10 mM HEPES/NaOH [pH 7.4], 140 mM

NaCl, 2.5 mM CaCl2) at a concentration of 1 � 106 cells/ml.

Then 5 ml of annexin V-FITC or -PE (PharMingen, San Diego,

CA) and PI (1 mg/ml) were added to these cells at 37 8C for

30 min. The cells were analyzed with FACStar flow cytometer

(Becton Dickinson). Viable cells were negative for both PI and

annexin V, and apoptotic cells were positive for annexin V and

negative for PI, whereas late apoptotic dead cells displayed

both high annexin V and PI labeling. Non-viable cells, which

underwent necrosis, were positive for PI and negative for

annexin V.

2.5. Measurement of mitochondrial membrane potential
(DCm)

Mitochondrial membrane was monitored using a cell perme-

able cationic, fluorescent dye Rhodamine 123, which prefer-

entially enters into mitochondria due to the highly negative
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mitochondrial membrane potential (DCm). Depolarization of

mitochondrial membrane potential (DCm) results in the loss of

Rhodamine 123 from the mitochondria thereby decreasing

intracellular fluorescence. Briefly, 1 � 106 cells were incubated

with the designated doses of AMA with or without ROS

scavenger, SOD or catalase for 48–72 h. The cells were washed

twice with PBS and incubated with Rhodamine 123 (0.1 mg/ml;

Sigma) at 37 8C for 30 min. Subsequently, PI (1 mg/ml) was

added, and Rhodamine 123 and PI staining intensity were

determined by flow cytometry.

2.6. Detection of intracellular H2O2 and O2
�S concentration

Intracellular H2O2 concentration was detected by means of an

oxidation-sensitive fluorescent probe dye, 20,70-dichlorodi-

hydrofluorescein diacetate (H2DCFDA) (Invitrogen Molecular

Probes, Eugene, OR). H2DCFDA was deacetylated intracellu-

larly by non-specific esterase, which was further oxidized by

cellular peroxides to the fluorescent compound 2,7-dichloro-

fluorescein (DCF). Dihydroethidium (DHE) (Invitrogen Mole-

cular Probes) is a fluorogenic probe that is highly selective for

superoxide anion radical detection. DHE is cell permeable

and reacts with superoxide anion to form ethidium, which in

turn intercalates in the deoxyribonucleic acid, thereby

exhibiting a red fluorescence. Briefly, cells were incubated

with the designated doses of AMA with or without ROS

scavenger, SOD or catalase for 48–72 h. The cells were then

washed with PBS. They were then incubated with 20 mM

H2DCFDA or 5 mM DHE at 37 8C for 30 min according to the

manufacturer’s instructions. DCF fluorescence and Red

fluorescence were detected by FACStar flow cytometer

(Becton Dickinson). For each sample, 5000 or 10,000 events

were collected. H2O2 and O2
�� production were expressed as

mean fluorescence intensity (MFI), which was calculated by

CellQuest software.
Fig. 1 – Effects of AMA on ROS production, H2O2 in As4.1 cells. (A)

AMA for 48 h. Intracellular H2O2 level was determined by FACSta

the levels of mean DCF fluorescence of A. (C) Graph shows the in

times. (D) The increased levels of mean DCF fluorescence in 100

group.
2.7. Detection of intracellular glutathione (GSH)

Cellular GSH levels were analyzed using 5-chloromethylfluor-

escein diacetate (CMFDA, Molecular Probes). It is a useful

membrane-permeable dye for determining levels of intracel-

lular glutathione [29–31]. Briefly, cells were incubated with the

designated doses of AMA with or without ROS scavenger, SOD

or catalase for 48–72 h. The cells were then washed in PBS.

They were then incubated with 5 mM CMFDA at 37 8C for

30 min according to the manufacturer’s instructions. Cyto-

plasmic esterases convert non-fluorescent CMFDA to fluor-

escent 5-chloromethylfluorescein, which can then react with

the glutathione. CMF fluorescence was detected by FACStar

flow cytometer (Becton Dickinson), which was calculated by

CellQuest software. For each sample, 5000 or 10,000 events

were collected.

2.8. Statistical analysis

Results represent the mean of at least two or three

independent experiments; bar, S.E.M. Statistical analysis

was performed using student’s t-test to evaluate differences

between the groups. The software for Microsoft Excel was used

for this analysis. Statistical significance was defined as

p < 0.05.
3. Results

3.1. Effect of AMA on ROS and GSH production in As4.1
cells

To assess the production of intracellular H2O2 in the AMA-

treated As4.1 cells, we used H2DCFDA fluorescence dye. As

shown in Fig. 1A and B, intracellular H2O2 levels were
Exponentially growing cells were treated with the indicated

r flow cytometer as described in Section 2. (B) Graph shows

tracellular H2O2 level for the designated concentration and

mM H2O2-treated cells. *p < 0.05 compared with the control



Fig. 2 – Effects of AMA on ROS production, O2
�S in As4.1 cells. (A) Exponentially growing cells were treated with the indicated

AMA for 48 h. Intracellular O2
�S level was determined by FACStar flow cytometer as described in Section 2. (B) Graph shows

the levels of mean DHE fluorescence of A. (C) Graph shows the intracellular O2
�S level for the designated concentration and

times. *p < 0.05 compared with the control group.

Fig. 3 – Effects of AMA on GSH production in As4.1 cells.

Exponentially growing cells were treated with the

indicated AMA for 48 h. Intracellular GSH level was

determined by FACStar flow cytometer as described in

Section 2. Graph shows the levels of mean CMF

fluorescence of above figures. *p < 0.05 compared with the

control group.
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significantly increased in As4.1 cells treated with AMA for

48 h. However, the decreased pattern of H2O2 levels by this

drug (5 nM, 0.05 and 0.5 mM) was clearly detected within

10 min (Fig. 1C). Then, a slow increase of H2O2 levels by 5 nM

AMA was observed after about 90 min. As shown in Fig. 1D,

our method to detect the production of intracellular H2O2

using the H2DCFDA fluorescence was likely to be correct,

since we could obviously observe the increasing DCF

fluorescence in the H2O2-treated As4.1 cells in our experi-

mental condition.

Next, we determined the change of intracellular O2
�� in the

AMA-treated As4.1 cells. Red fluorescence derived from DHE,

reflecting O2
�� accumulation, was significantly increased

approximately five times in As4.1 cells treated with AMA

compared to that of the control cells (Fig. 2A and B). The

accumulation of O2
�� was observed at the early time (50 min)

in a dose dependent manner of AMA (Fig. 2C). Maximum

generation of O2
�� was reached at about 90 min after

treatment of 0.5 mM AMA was and was approximately 10

times higher than that of the control cells. The level was then

decreased after about 90 min.

Cellular GSH has been shown to be crucial for regulation of

cell proliferation, cell cycle progression and apoptosis [32,33].

We therefore analyzed the changes of GSH level in As4.1 cells

by using CMF fluorescence. The M1 population of As4.1 cells

showed lower level of intracellular GSH content. AMA

significantly elevated the percentages of cells residing in the

M1 population in a dose-dependent manner at the 48 h (Fig. 3),

indicating the depletion of intracellular GSH content in As4.1

cells by AMA. The critical depletion changes of intracellular

GSH content were observed at less than 0.05 mM concentration

of AMA. The decrease of intracellular GSH content was

observed in the early time of 20 min on the exposure to

5 nM, 0.05 and 0.5 mM of AMA (data not shown).
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3.2. Effects of ROS scavengers on ROS production, GSH
depletion and apoptosis in AMA-treated As4.1 cells

To determine whether ROS production and GSH depletion

in AMA-treated As4.1 cells are changed by ROS scavengers,

cell-permeable ROS scavenger, Tempol or Tiron [34], or a well-

known antioxidant, NAC were co-incubated with the AMA-

treated As4.1 cells for 48 h. Also an anti-ischemic and

metabolic agent, Trimetazidine was used as an indirect

antioxidant [35,36]. To measure the accurate intracellular

fluorescence level of ROS, we used only the cells residing in the

R2 region, which could be considered cells with intact plasma

membrane (Fig. 4A and B). As shown in Fig. 4A and D, the

increased level of H2O2 by 0.05 mM AMA was not significantly
Fig. 4 – Effects of ROS scavengers on intracellular ROS and GSH

growing cells were treated with the indicated ROS scavengers in

level, which is derived from the cells in R2 region of the FSC and

Intracellular GSH level. Graphs show the levels of mean DCF fluo

CMF fluorescence of C (F). *p < 0.05 compared with the control g
decreased by Tempol (50 mM), Trimetazidine (50 mM) or NAC

(50 mM). However, treatment of Tiron decreased the level of

H2O2 in As4.1 cells treated with 0.05 mM AMA below the level of

control cells. In regard to the O2
�� levels by these ROS

scavengers, Tempol and Trimetazidine slightly augmented

the O2
�� levels in AMA-treated cells instead (Fig. 4B and E).

Tiron did not alter the O2
�� levels. Interestingly, NAC (50 mM)

significantly enhanced the O2
�� levels in AMA-treated cells

(Fig. 4B and E). In addition, the scavengers did not decrease the

depletion of GSH content in As4.1 cells treated with AMA

(Fig. 4C and F). Only NAC intensified the depletion of GSH

content in AMA-treated cells (Fig. 4C and F).

We also examined whether ROS scavengers prevent

AMA-induced As4.1 cell death. All the scavengers could
production in AMA-treated As4.1 cells. Exponentially

addition to 0.05 mM of AMA for 48 h. (A) Intracellular H2O2

SSC dot plot. (B) Intracellular O2
�S level from R2 region. (C)

rescence of A (D), mean DHE fluorescence of B (E) and mean

roup. #p < 0.05 compared with the only AMA-treated cells.



Fig. 5 – Effects of ROS scavengers on AMA-induced apoptosis. Exponentially growing cells were treated with the indicated

ROS scavengers in addition to 0.05 mM of AMA for 48 h. (A) Sub-G1 cells, (B) annexin positive cells and (C) Rhodamine 123

negative cells were measured with flow cytometric analysis in Section 2. Graphs show the percentage of sub-G1 population

from A (D), annexin positive cells from B (E) and Rhodamine 123 negative cells from C (F). *p < 0.05 compared with the control

group. #p < 0.05 compared with the only AMA-treated cells.
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not decrease the sub-G1 cell population in AMA-treated

As4.1 cells (Fig. 5A and D). However, NAC amplified the sub-

G1 cell population. In view of annexin V positive staining, all

the scavengers could not decrease the As4.1 cells having

annexin V positive stain by AMA. And Tempol could slightly

prevent the loss of mitochondrial membrane potential (DCm)

and Tiron significantly inhibited the loss of mitochondrial

membrane potential (DCm) (Fig. 5C and F). Trimetazidine did

not block the loss of mitochondrial membrane potential

(DCm). NAC even significantly augmented the loss of

mitochondrial membrane potential (DCm) (Fig. 5C and F).

Additionally, when we used the higher concentration (0.1,

0.5, 2.5 mM) of ROS scavengers, these concentrations could

not significantly changes apoptosis parameters (data not

shown). In regard to the cell cycle distribution by AMA and

ROS scavengers, AMA did not show any specific phase arrest

of cell cycle in As4.1 cells and the scavengers did not

significantly alter cell cycle distribution in AMA-treated cells

(Fig. 6).
3.3. Effects of SOD and catalase on ROS production, GSH
depletion and apoptosis in AMA-treated As4.1 cells

Next, to determine whether ROS production and GSH deple-

tion in AMA-treated As4.1 cells were changed by SOD and

catalase, As4.1 cells were treated with AMA in the presence or

absence of SOD (30 unit/ml) or/and catalase (30 unit/ml) for

48 h. As shown in Fig. 7A and D, SOD and catalase significantly

decreased the level of H2O2 in AMA-treated As4.1 cells. There

was no synergistic or addictive effect of SOD and catalase on

reducing the intracellular H2O2 in As4.1 cells. In regard to the

O2
�� levels by SOD and catalase, SOD and catalase did not

decrease the increased O2
�� levels in AMA-treated cells (Fig. 7B

and E). When we assessed the level of intracellular GSH in

AMA-treated cells in presence of SOD or/and catalase, SOD

and catalase did not alter the depletion of GSH content in As4.1

cells treated with AMA.

Next, we examined whether SOD and catalase prevent

AMA-induced As4.1 cell death. Co-incubation of SOD and



Fig. 6 – Effects of ROS scavengers on cell cycle distribution

in AMA-treated As4.1 cells. Exponentially growing cells

were treated with the indicated ROS scavengers in

addition to 0.05 mM of AMA for 48 h. Graph shows the cell

cycle distribution by AMA and ROS scavengers. Results

represent the mean of at least two or three independent

experiments; bar, S.E.M.

Fig. 7 – Effects of SOD and catalase on intracellular ROS and GS

growing cells were treated with the SOD, catalase and AMA for

(C) Intracellular GSH level. Graphs show the levels of mean DCF

mean CMF fluorescence of C (F). *p < 0.05 compared with the con

cells.
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catalase slightly decreased the number of annexin V positive

staining in As4.1 cells treated with AMA (Fig. 8A and C). SOD

significantly reduced the loss of mitochondrial transmem-

brane potential (DCm) in AMA-treated As4.1 cells and catalase

slightly reduced the loss. Only SOD or/and catalase as a control

experiment conserved strongly mitochondrial transmem-

brane potential (DCm) in As4.1 cells (Fig. 8B and D). In regard

to the cell cycle distribution by SOD and catalase, these could

not alter cell cycle distribution in AMA-treated cells (Fig. 9).

When we used SOD (60 unit/ml) and catalase (60 unit/ml) in

this experiment, these concentrations show no differences in

ROS production, GSH content, apoptosis parameters and cell

cycle distribution in comparison with SOD (30 unit/ml) and

catalase (30 unit/ml) (data not shown).
4. Discussion

Since, we have previously shown that AMA induced apoptosis

in As4.1 cells via the loss of mitochondrial transmembrane

potential (DCm) (now in press). Now we focused on the

involvement of ROS, such as H2O2 and O2
�� and GSH in the

AMA-induced As4.1 cell death and investigated whether ROS

scavengers could rescue As4.1 cell death and its mechanism.

Our data showed that the intracellular H2O2 and O2
�� levels

were significantly increased in AMA-treated As4.1 cells. In

fact, 0.05 mM AMA could efficiently induce apoptosis in As4.1

cells. These results are consistent with other reports, showing
H production in AMA-treated As4.1 cells. Exponentially

48 h. (A) Intracellular H2O2 level. (B) Intracellular O2
�S level.

fluorescence of A (D), mean DHE fluorescence of B (E) and

trol group. #p < 0.05 compared with the only AMA-treated



Fig. 8 – Effects of SOD and catalase on AMA-induced apoptosis. Exponentially growing cells were treated with the SOD,

catalase and AMA for 48 h. (A) Annexin positive cells and (B) Rhodamine 123 negative cells were measured with flow

cytometric analysis in Section 2. Graphs show the percentage of annexin positive cells from A (C) and Rhodamine 123

negative cells from B (D). *p < 0.05 compared with the control group. #p < 0.05 compared with the only AMA-treated cells.

Fig. 9 – Effects of SOD and catalase on cell cycle distribution

in AMA-treated As4.1 cells. Exponentially growing cells

were treated with the SOD, catalase and AMA for 48 h.

Graph shows the cell cycle distribution by SOD, catalase

and AMA. Results represent the mean of at least two or

three independent experiments; bar, S.E.M.
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that increased intracellular H2O2 played an important role in

AMA-induced cell death in liver cells [37,38] and A549 human

lung cancer cells [16]. Also the increased O2
�� levels by AMA

was reported in human lung epithelial cells [39]. These

findings suggest that the apoptotic effects of AMA are

comparative to intracellular ROS level, especially H2O2.

Interestingly, the intracellular H2O2 level was markedly

decreased in the short time exposure of AMA and then was

increased. This transient decrease is likely to be from the

reduced activity of SOD rather than the increased activity of

catalase and peroxidase because the level of O2
�� was

manifestly increased at the same time.

We tried to know whether the intracellular changes of

H2O2 and O2
�� levels by ROS scavengers prevent the cell

death induced by AMA. Tiron only could significantly reduce

the level of H2O2 in As4.1 cells treated with AMA. However,

this decrease was not in proportion to the decrease level of

sub-G1 cells and annexin V staining cells, indicating that the

changes of intracellular H2O2 by AMA are not directly related

to apoptosis in As4.1 cells. Interestingly, Tiron could partially

prevent the loss of mitochondrial transmembrane potential

(DCm), suggesting that the slight reduced intracellular H2O2

level by Tiron plays a role in protection of mitochondrial
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transmembrane potential (DCm) rather than in inhibiting of

apoptosis resulting from entire cell damage. This notion

could be supported by the result that SOD significantly

reduced the intracellular H2O2 and the loss of mitochondrial

transmembrane potential (DCm) without preventing the

apoptosis in AMA-treated cells. And catalase showing the

significant reduction of intracellular H2O2 level slightly

inhibited the loss of mitochondrial transmembrane poten-

tial (DCm), suggesting that the changes of intracellular H2O2

levels in AMA-treated As4.1 cells are important to main-

tenance of mitochondria membrane potential. It is of note

that we could not observe the synergistic or addictive effects

of SOD and catalase on the reduction of intracellular H2O2

level and of loss of mitochondrial transmembrane potential

(DCm). In contrast, catalase even neutralized the ability of

SOD to inhibit the loss of mitochondrial transmembrane

potential (DCm) in AMA-treated cells. Probably, these results

come from different pathways of reducing intracellular H2O2

levels by SOD and catalase. In fact, catalase can directly

reduce the intracellular H2O2 level, however, SOD does not,

suggesting that the unidentified mediators activated by SOD

are required for reducing the intracellular H2O2 levels. These

unidentified mediators as well as the lower H2O2 levels are

likely to be important for recovery of loss of mitochondrial

transmembrane potential (DCm) in AMA-treated cells. If

catalase could disrupt these unknown mediators activated

by SOD, catalase would neutralize the mitochondria protec-

tion ability of SOD in AMA-treated cells, resulting in non-

synergistic or addictive effects of SOD and catalase. With

regard to the O2
�� levels, even Tempol and Tiron as stable

SOD mimetics [34,40,41] did not reduce the accumulating of

O2
�� level in AMA-treated cells. The inability of Tempol and

Tiron as O2
�� scavengers might be due to the peculiarity of

As4.1 cells, since we have detected that these scavengers

significantly decreased level of O2
�� in AMA-treated Calu-6

lung carcinoma cells and HeLa cervical cancer cell (data not

shown). Also, SOD used in our experiment did not reduce the

O2
�� level in AMA-treated cells, suggesting that there is the

variety of SOD isoforms.

With regard to the intracellular GSH, this is a main non-

protein antioxidant in the cell, and it could clear away the

superoxide anion free radical and provide electrons for

enzymes, such as glutathione peroxidase, which reduce

H2O2 to H2O. Our result clearly indicates the depletion of

intracellular GSH content by AMA in As4.1 cells. These results

support that intracellular GSH levels are inversely compara-

tive to cell death. No effect of ROS scavengers, SOD and

catalase on preventing apoptosis in AMA-treated cells was

likely to be failure of the recovery of the GSH depletion induced

by AMA. Interestingly, NAC showing significantly the aug-

mented GSH depletion and the increased O2
�� level intensified

the apoptosis, suggesting that NAC plays a role as an oxidant

rather than an anti-oxidant. Recent studies suggest that some

substances, such as ascorbic acid and tannic acid that have

been regarded as anti-oxidant agents can stimulate the

generation of ROS and show pro-oxidant effect under certain

circumstance [42,43]. In view of the cell cycle distribution by

AMA, ROS scavengers, SOD and catalase, all the agents

including the AMA did not induce any specific phase arrest

of cell cycle in As4.1 cells, indicating that the changes of ROS
level and GSH content are not tightly associated the cell cycle

regulation in As4.1 cells.

It has been speculated that the kidney and juxtaglomerular

apparatus (JGA) contain an ROS generating system that is

responsive to angiotensin II [5,44]. ROS in the JGA-related cells

are related to regulation of blood pressure [5,44]. However, the

role of ROS in kidney cell death, especially JG cell, has not been

evaluated in inspection of apoptosis. Therefore, understand-

ing the molecular mechanism of kidney cell death by ROS

generator. such as AMA is an important subject.

In conclusion, we have demonstrated that AMA generates

potently ROS, H2O2 and O2
�� and induces the depletion of GSH

content in As4.1 JG cells, and Tiron, SOD and catalase inhibit to

a lesser extent the loss of mitochondrial transmembrane

potential (DCm) via the down-regulation of intracellular H2O2

level.
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