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Mechanism of Ascorbic Acid-induced Reversion Against Malignant
Phenotype in Human Gastric Cancer Cells
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Objective To find out the mechanisms of redifferentiation and reversion of malignant human gastric cancer cells induced
by ascorbic acid. Methods Human gastric cancer cells grown in the laboratory were used. The Trypan blue dye exclusion
method was used to determine the cell doubling time. The electrophoresis rate and colonogenic potential were the indices used
to measure the rate of redifferentiation. The content of malondialdehyde (MDA) was measured using the thiobarbituric acid
(TBA) method. The activities of superoxide dismutase (SOD), catalase (CAT) and the content of H,O, were evaluated by
spectrophotography. Results Six mmol/L ascorbic acid was used as a positive control. Human gastric cancer cells were
treated with 75 pm hydrogen peroxide, which alleviated many of the malignant characteristics. For example, the cell surface
charge obviously decreased and the electrophoresis rate dropped from 2.21 to 1.10 ums™V"'-cm™. The colonogenic potential, a
measure of cell differentiation, decreased 90.2%. After treatment with ascorbic acid, there was a concentration- and
time-dependent increase in hydrogen peroxide (H,O,) and the activity of superoxide dismutase (SOD). However, the activity of
catalase (CAT) resulted in a concentration- and time-dependent decrease. SOD and 3-amino-1,2,4-triazole (AT) exhibited some
effects, but there were statistically significant differences between the SOD and AT group and the H,O, group. Conclusions
Ascorbic acid induces growth inhibition and redifferentiation of human gastric cancer cells through the production of hydrogen
peroxide.
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INTRODUCTION

In this laboratory, we have successfully induced
human hepatoma cells and gastric cancer cells to
redifferentiate using an ascorbic acid treatment!' ).
The antioxidant properties of ascorbic acid (AA) are
well known. Moreover, cytosolic ascorbate plays a
significant role in cell defense against the toxic
effects of free radicals and reactive oxygen species,
although this protective role is not yet fully
understood®. On the other hand, ascorbate also
behaves as a pro-oxidant compound. Thus, an
ascorbate-dependent, iron-catalyzed formation of
peroxide has been described®. Furthermore,
ascorbate accelerates the release of iron from ferritin,
stimulating its pro-oxidant effects’™. However, it is
not clear whether ascorbate acts as a pro-oxidant
under normal physiological conditions'®™.

Podmore et al.””’ found that AA administered as a
dietary supplement to healthy humans exhibits a
pro-oxidant as well as an antioxidant effect in vivo.
Lee et all' ascertained that AA induces lipid
hydroperoxide decomposition to the DNA-reactive
bifunctional electrophiles 4-0x0-2-nonenal,
4,5-epoxy-2 (E)-decenal, and 4-hydroxy-2-nonenal.
The compound 4,5-epoxy-2 (E)-decenal is a
precursor of etheno-2’-deoxyadenosine, a highly
mutagenic chemical found in human DNA.

Ascorbate incubated in buffered solution
undergoes auto-oxidation in the presence of oxygen
at 37°C"Y. The first product of this oxidation is the
intermediate free radical (AFR), which behaves both
as one-electron oxidant and as one-electron
reductant!'?, explaining both the anti-oxidative and
pro-oxidant effects described for ascorbate. AFR is a
relatively stable, non-hazardous biological free
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radical. However, ascorbate oxidation seems to
contribute to the generation of other free radicals and
reactive oxygen species such as hydroxyl, a
superoxide radical, and hydrogen peroxide™. The
low levels of catalase and peroxidase in cancer cells
render them particularly sensitive to ascorbate
toxicity!*'*. In fact, ascorbic acid has been reported
to be cytotoxic to Ehrlich ascites tumor cells'"! and
some leukemia and pediatric tumors in humans''*'®,

In vitro treatment of PC3 and MLL with sodium
ascorbate (0-10 mmol/L) results in a decrease in cell
viability and thymidine incorporation into DNA
through the production of hydrogen peroxide!'”. In
this laboratory, we have successfully induced human
gastric cancer cells to redifferentiate with 6 mmol/L
of AA. We also found that the H,O, content increases
during redifferentiation of human gastric cancer
cells!?, but the mechanism remains unclear.

The aim of this study was to find out the
mechanism of redifferentiation and growth inhibition
of human gastric cancer cells induced by AA.

MATERIALS AND METHODS
Reagents

Dulbcco’s modifed eagle medium (DMEM) was
purchased from Gibco Laboratories (Santa Clara,
CA). Bovine serum was obtained from Si-Ji-Qing
Biotechnology Co (Hangzhou, China). Trypsin was
obtained from Sigma (St Louis, MO, USA). All other
reagents were produced on site and tested for purity.

Cell Culture

Human gastric cancer cells were grown in
DMEM containing 10% inactivated bovine serum,
100 pg/mL streptomycin, 100 units/mL penicillin,
and 2.0 g/L NaHCO;, and were maintained at 37°C
in a humidified atmosphere containing 5% CO,. The
cells were held in solution at a concentration of 1x10®
cells/mL and cultured for 24 h. Then the culture
medium was aspirated and replaced with a culture
medium containing one of the following: 2, 4, 6, or 8
mmol/L of AA, 75 umol/L H,0,, 200 U-mL "' SOD or
1.5 mmol/L AT alone. After AA was added to the
medium, the pH was adjusted to 7.1 using 1 mmol/L
NaOH.

Superoxide Dismutase (SOD) Assay

For measurement of SOD activity, cells were
washed in PBS and resuspended in a solution
containing 10 mmol/L Tris-HCI (pH 7.5), 0.25 mol/L
sucrose, 1 mmol/L EDTA, 0.5 mmol/L DL-dithiothreitol,
and 0.1 mmol/L phenylmethylsulfonyl fluoride
(PMSF)?’. Triton X-100 was added to a final

concentration of 1%. The sample was then incubated
for 30 min at 4°C. The solution was then centrifuged
at 3000xg for 15 min. The supernatant fractions were
separated and assayed for enzyme activity. The
activity of SOD was measured at 550 nm. The rate of
suppression of nitrotetrazolium blue was reduced by
the superoxide anion radical generated during
oxidation of xanthine by xanthine oxidase®'. The
reaction mixture contained 50 mmol/L sodium
carbonate dissolved in 50 mmol/L K, Na-phosphate
buffer (pH 7.8, at 25°C), 0.1 mmol/L EDTA, 0.1
mmol/L xanthine, and 0.025 mmol/L nitrotetrazolium
blue. The activity of SOD was calculated according
to the standard curve of SOD and expressed as
U'mg” protein. The protein content was measured by
Lowry’s method'”*! with BSA as a standard.

Assay of Catalase (CAT)

For measurement of catalase activity, cell
homogenate was made in a solution containing 10
mmol/L Tris-HCL (pH 7.5), 0.25 mol/L sucrose, 1
mmol/L EDTA, 0.5 mmol/L DL-dithiothreitol, and
0.1 mmol/L  phenylmethylsulfonyl  fluoride
(PMSF)?. Triton X-100 was added to a final
concentration of 1% and the sample was then
incubated for 30 min at 4°C. The solution was then
centrifuged at 3000xg for 15 min. The supernatant
fractions were separated and assayed for enzyme
activity. The activity of catalase was determined by
measuring the rate of disappearance of 15 mmol/L
hydrogen peroxide at 240 nm in phosphate buffer, pH
7.0%%. The molar extinction coefficient of H,O, was
43.6 mol/L'«cm™™. The amount of the enzyme
utilizing 1 pmol H,O, per min was taken as 1 activity
unit.

Assay of MDA Content

Malondialdehyde (MDA), a terminal product of
lipid peroxidation, was measured to estimate the
extent of lipid peroxidation. The MDA Ilevel in
human gastric cancer cells was determined using the
thiobarbituric acid (TBA) method®" with some
minor modifications. Briefly, the cell homogenate
was prepared in 0.5 mL of PBS with 1% SDS, and
then mixed with 3 mL of 1% phosphoric acid and 1
mL of 0.67% thiobarbituric acid reagent (TBA),
which was prepared by dissolving 0.67 g
thiobarbituric acid in 100 mL double distilled water
and adding 0.5 g solid NaOH and 100 mL glacial acid.
The tubes were covered with foil, incubated at 95°C
for 60 min, and then cooled. In order to extract the
MDA, 375 pL N-butanol was added to each sample
after cooling. The tubes were vortexed vigorously for
10 seconds, and then centrifuged at 5000xg for 10
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min. The upper N-butanol layer, along with the
extract of MDA, was transferred to a glass tube. The
absorbance of the butanol phase was 532 nm. The
MDA concentration was expressed as nmol/mg
protein.

Assay of H,0, Content

The amount of H,O, in the cells was determined
fluorometrically in a 0.15 aliquot of the supernatant.
Twenty-five ug p-hydroxyphenyl acetate (PHPA) and
80 pg horseradish peroxidase (HRP)*! with the
excitation and emission wavelengths of 300 and 420
nm, respectively were added to the supernatant. The
non-fluorescent substrate PHPA was oxidized to the
stable fluorescent product via the enzymatic
reduction of H,O, by horseradish peroxidase (HRP).
It was determined to be 2,2’-dihydroxybiphenyl-5,
5’-diacetate [(PHPA),].

Determination of Cell Doubling Time

The viable cells were counted every day in the
first 8 days by trypan blue dye exclusion method. The
cell doubling time was calculated using the formula
Tp=0.693 (T,-T;) / In (N,/N;), where Tp is the cell
doubling time from T; to T,, N; and N, are the cell
number at T, and T,¢).

Cell Electrophoresis

The cells were collected and washed twice with
D-Hanks’ solution, and re-suspended at a density of
1x10° cells/L. Cell electrophoresis was performed
with a round plastic tube electric-bridge filled with
NaCl, 10% agar and Ag-AgCl electrodes at a direct
current voltage 40 V at 24°C. Nine percent sucrose
was used as the electrophoretic medium. The average
time for each of 40 cells in a group to move over a
distance of 120 pm was then calculated””. The
experiments were repeated three times with similar
results, and the results of the first experiment were
used in later calculations.

Colonogenic assay After a 48-hour treatment,
cells were washed with DMED medium containing
10% heat-inactivated bovine serum. Cell counts were
performed by a hemocytometer, and viable cells were
assayed using the trypan blue exclusion method. The
cells were plated in a 24-well culture plate using a
double layer nutrient agar system®™. The culture
medium was DMEM with a final concentration of
10% bovine serum. Cells were plated at a
concentration of 6x10° cells/mL, which was
calculated to be 0.5 mL of the suspension in each
well of the 24-well culture plate. The plates were then
incubated for 21 days at 37°C in a humidified air
containing 5% carbon dioxide. A colony was defined

to be any aggregate of more than 50 cells™™".

RESULTS

Effect of AA on H,O, Content

As shown in Fig. 1, different concentrations of
AA resulted in a concentration- and time-dependent
increase in the H,O, content of human gastric cancer
cells.
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FI1G. 1. Effect of ascorbic acid on H,O, content in
gastric cancer cells. "P<0.05, ~'p<0.01 vs
control group.

Effect of AA on MDA Content

After treatment with 2 or 4 mmol/L of AA, the
content of MDA slightly decreased. But in groups
treated with 6 or 8 mmol/L of AA, the content of
MDA increased in a time- and concentration-
independent manner (Fig. 2).
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FIG. 2. Effect of ascorbic acid on MDA content in
gastric cancer cells. "P<0.05, “P<0.01 vs
control group.

Effect of AA on CAT Activity

The AA treatment also resulted in a
concentration- and time-dependent decrease of CAT
activity of human gastric cancer cells (Fig. 3).
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FIG. 3. Effect of ascorbic acid on CAT activity in

gastric cancer cells. ‘P<0.05, “p<0.01 vs
control group.

Effect of AA on SOD Activity

After the treatment of human gastric cancer cells
with AA, the activity of SOD increased in
concentration- and time-dependent manner (Fig. 4).

Effects of AA, H,0,, SOD, or AT on Cell Proliferation

The cell doubling time slowed down at hour 27.1
in the control group, at hour 39.2 in the 6 mmol/L AA
group, and at hour 32.7 in the 75 pmol/L H,O, group.
The cell doubling time of SOD 200 U-mL"' was
slowed down at 30.8 h. Finally, in the 1.5 mmol/L
aminotriazole (AT) groups, cell began to grow at 29.1
h (Table 1).

Effects of AA, H,O,, SOD, or AT on Cell
Electrophoresis Rate

The net charges at tumor cell surface are
generally more than those in corresponding normal
cells, so the electrophoresis rate of tumor cells should
be higher than that of normal cells. The decrease in
cell electrophoresis rate has therefore been taken as
an indicator of tumor cell differentiation*”. After six
days of treatment with 6 mmol/L AA or 75 pumol/L
H,0,, the electrophoresis rate slowed down. The
percentages of retardation were 41.6% and 50.2%,
respectively (Table 2).

Effects of AA, H,0,, SOD, or AT on Colonogenic

70 Potential
T 3 il
60 o el El The colonogenic potential (CP) is a general
s0l L R index of cell differentiation, so inspecting the CP of
o e 1 T . . .
k- 1] cultured cells in soft agar is an important means for
g 1 o24h distinguishing maligant from benign and normal
3 ;cEn 30 b O48h cells®”. The CP of cells treated with AA or H,0, in
25 soft agar decreased significantly in a concentration-
= 20t
dependent manner (Table 3).
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Concentration of AA (mmol/L) .
o S Our results showed that treatment with 6 mmol/L
FIG. 4. Effect of ascorbic acid on SOD activity in AA and 75 pmol/L H,O, alleviates the malignant
gastric cancer cells. P<0.05, P<0.01 vs .. .
control group. characteristics of human gastric cancer cells and
enhances the properties related to cell normalization,
TABLE 1
Effects of AA, H,O,, SOD, or AT on Human Gastric Cancer Cell Proliferation
Cell Doubling Time (h) 107 Cells Original Final Inhibition (%)
Control 27.1+£2.7 1.8 144421
AA (4 mmol/L) 32,442 4 1.8 101277 29.9
AA (6 mmol/L) 39.243.1 1.8 86+8" 40.2
AA (8 mmol/L) 41.6+5.2 1.8 88+11" 38.9
H,0; (75 umol/L) 32.742.9 1.8 92+9™ 36.1
SOD (200 U'mL™) 30.8+3.5 1.8 1049 27.8
AT (1.5 mmol/L) 29.1+£2.7 1.8 109+8™ 243

Note. “P<0.01 vs control group. “"P<0.01 vs positive control group.



ASCORBIC ACID AND REVERSION OF GASTRIC CANCER CELLS 389

TABLE 2

Effects of AA, H,0,, SOD, or AT on Cell Electrophoresis Rate

Electrophoresis Time(s)

Electrophoresis Rate (um-s™-V"'-cm™) Retardation (%)

Control 11.2+1.6
AA (4 mmol/L) 12.7+2.6
AA (6 mmol/L) 24.5+3.2
AA (8 mmol/L) 27.445.6
H,0, (75 pmol/L) 29.6+4.1
SOD (200 U'mL™) 13.1£2.6
AT (1.5 mmol/L) 13423

2.21+0.26
1.80£0.41" 18.5
1.29+0.217 41.6
0.9120.15™ 58.8
1.10£0.26™ 50.2
1.5740.28™ 28.9
1.72+0.24™ 222

Note. “P<0.01 vs control group. “"P<0.01 vs positive control group.

TABLE 3

Effects of AA, H,0,, SOD, or AT on Colonogenic Potential of
Gastric Cancer Cells.

Number of Colonogenic
Colonies Potential/%
Control 341+37 100
AA (4 mmol/L) 1724217 50.4
AA (6 mmol/L) 98+10" 28.7
AA (8 mmol/L) 74£11" 21.7
H,0, (75 pmol/L) 337" 9.8
SOD (200 U-mL™) 202+18" 59.2
AT (1.5 mmol/L) 271431 79.5

Note. “"P<0.01 vs control group. “P<0.01 vs positive control
group.

suggesting that gastric cancer cells tend to become
normal after treatment with AA or H,O,.

In our previous studies, we successfully induced
redifferentiation of human gastric cancer and
hepatoma cells using 6 mmol/L AAI'?. In this
research, we found that treatment with 2, 4, 6, or 8
mmol/L AA increased the content of H,O, and the
activity of SOD, and decreased CAT activity in a
time- and dose-dependent manner. The amount of
MDA was reduced when the concentrations of AA (2
and 4 mmol/L) were low, but was increased when the
concentrations (6 and 8 mmol/L) were high,
suggesting that these effects are not related to MDA
alteration. In this study, our interest was focused on
the increase of H,O, and SOD activity and the
decrease of CAT activity. When using AT as an
inhibitor of CAT activity, no ideal redifferentiation
was observed, compared with the control. When SOD
was added to the medium, its effects on inducing
redifferentiation were insignificant. But treatment
with H,O, successfully induced the redifferentiation
of human gastric cancer cells.

The effects of SOD may be due to H,O,. AT may
exert its effect by restraining the activity of CAT,
leading to accumulation of H,0,. There was a
significant difference between the SOD and AT
groups or between AA and H,0, groups, confirming
that AA induces the redifferentiation and the
reversion of human gastric cancer cells by producing
H,0,.

The elevation of H,0, induced by AA may be
influenced by enhancing SOD activity and inhibiting
CAT activity. For example, AA changes the activities
of SOD and CAT on lipid peroxide levels in chicken
erythrocytes. It was reported that SOD activity in AA
group is increased by 20%, while CAT activity in the
liver and heart of AA group is decreased by 32%"").
Another study reported that the induction of SOD
activity leads to cell differentiation®”), which is
consistent with our results.

Another study!" has shown that AA treatment
decreases cell viability and thymidine incorporation
into the DNA in a dose- and time-dependent manner.

Auto-oxidation of ascorbic acid or thiols present
with the guanylate cyclase preparation leads to
generation of H,O,, and its metabolism by bovine
liver catalase mediates the concomitant activation of
guanylate cyclase, which is associated with the
presence of compound I of catalase and is inhibited
by a superoxide anion**),

Simultaneous addition of ascorbic acid and
organic hydroperoxides to rat liver microsomes
resulted in an approximately three-fold enhancement
of lipid peroxidation, compared with incubation of
organic hydroperoxides with microsomes alone. In
the study, no lipid peroxidation was evident when
ascorbate alone was incubated with microsomes. The
stimulatory effect of ascorbate on linoleic acid
hydroperoxide (LAHP)-dependent peroxidation was
evident at all times. However, stimulation of cumene
hydroperoxide (CHP)-dependent  peroxidation
occurred after a lag phase of up to 20 min. EDTA did
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not inhibit CHP-dependent lipid peroxidation but
completely abolished ascorbate enhancement of lipid
peroxidation. Likewise, EDTA did not significantly
inhibit peroxidation by LAHP but dramatically
reduced ascorbate enhancement of lipid peroxidation.
The results revealed a synergistic pro-oxidant effect
of ascorbic acid on hydroperoxide-dependent lipid
peroxidation, suggesting that endogenous metals play
a role in mobilizing the hydroperoxide-dependent
oxidations of microsomal components”*. Lee et al.!™
recently found that AA generates bifunctional
electrophiles, which explains why hydroperoxide-
dependent lipid peroxidation is enhanced by AA in
vitro.

Addition of reducing agents to commonly used
cell-culture media leads to generation of H,O,. Some
or all of the reported effects of ascorbic acid and
polyphenolic compounds (e.g., quercetin, catechin,
epigallocatechin, epigallocatechin gallate) on cells in
culture may be due to H,O, generation by interaction
with cell culture media®*!.

Some studies have shown that cell death is
inhibited by ascorbate, whereas others demonstrated
that ascorbate is cytotoxic. The toxicity of ascorbate
is due to ascorbate-mediated production of H,O,,
depending on the medium used to culture the cells.
For example, 1 mmol/L ascorbate generates 161
pmol/L. of H,0, in Dulbecco’s modified Eagle’s
medium and induces apoptosis in 50% of HL60 cells.
In RPMI 1640, only 83 pmol/L H,0, is produced,
and no apotosis is induced. Direct addition of H,O, to
the cells has an effect similar to that of adding
ascorbate, showing that ascorbate itself is not toxic to
the cell lines used and effects of ascorbate in vivo
cannot be predicted from studies on cultured cells.
The capability of ascorbate to interact with different
cell culture media to produce H,O, at different rates
could account for many or all of the conflicting
results obtained from cultured cell assays using
ascorbatel”.

Hydrogen peroxide is widely regarded as a
cytotoxic agent when its levels is minimized by the
action of antioxidant defense enzymes. Levels of
H,0, in the human body may be controlled not only
by catabolism but also by excretion. H,O, plays a
role in the regulation of renal function and is used as
an antibacterial agent in the urine. Recent research
has also revealed that H,O, plays an important role in
signal transduction® and regulation of gene
expression””,

Although the pro-oxidant role of ascorbic acid
cannot be neglected, under normal physiological
conditions ascorbate mainly behaves as a first-order
antioxidant. It protects cellular components from free
radical-induced damage by directly quenching the
soluble free radicals or by scavenging those radicals

that can initiate lipid peroxidation™®. It is important
to supplement ascorbic acid in the doses of less than
500 mg per day to achieve the desired antioxidant
effect!”),

Ascorbic acid induces growth inhibition and
redifferentiation of gastric cancer cells through the
production of H,O, and may be a potent anticancer
agent for human gastric cancer cells.

REFERENCES

1. Zheng Q S, Zheng R L (2002). Effects of ascorbic acid and
sodium selenite on growth and redifferentiation in human
hepatoma cells and its mechanisms. Pharmazie 57, 265-269.

2. Zheng Q S, Sun X L, Wang C H (2002). Ascorbic acid and
sodium selenite induce growth inhibition and redifferentiation
in human gastric cancer cells. Biomed Environ Sci 15, 40-49.

3. Antonenkov V D, Sies H I (1992). Ascorbate-dependent
capacity of dialysed rat liver cytosol to prevent nonenzymatic
lipid peroxidation. Biol. Chem. Hoppe Seyler 373, 111-116.

4. Miller D M, Aust S D (1989). Studies of ascorbate-dependent,
iron-catalyzed lipid peroxide. Arch Biochem Biophys 271,
113-119.

5. Boyer R F, McCleary C J (1987). Superoxide ion as a primary
reductant in ascorbate-mediated ferritin iron release. Free Radic
Biol Med 3, 389-395.

6. Levine M, Daruwala R C, Park J B, et al. (1998). Does
vitamin .C have a pro-oxidant effect? Nature 395, 231.

7. Poulsen H E, Wiemann A, Salonen J T, et al. (1998). Dose
vitamin C have a pro-oxidant effect? Nature 395, 232.

8. Podmore I D, Griffiths H R, Herbert K E, et al. (1998). Does
vitamin C have a pro-oxidant effect? Nature 395, 232.

9. Podmore I D, Griffiths H R, Herbert K E, et al. (1998). Vitamin
C exhibits pro-oxidant properties. Nature 392, 559.

10.Seon H L, Tomoyuki O I, Blair A (2001). Vitamin C-induced
decomposition of lipid hydroperoxides to endogenous
genotoxins. Science 292, 2083.

11.Winkler B S (1987). In vitro oxidation of ascorbic acid and its
prevention by GSH. Biochim. Biophys. Acta 925, 258-264.

12.Coassin M, Tomasi A, Vannini V, et al. (1991). Enzymatic
recycling of oxidized ascorbate in pig heart: one-electron Vs
two-electron pathway. Arch Biochem Biophys 290, 458-462.

13.Park C H, Amare M, Savin M A, et al. (1980). Growth
suppression of human leukemic cells in vitro by L-ascorbic acid.
Cancer Res 40, 1062-1065.

14.Prasad K N, Sinha P K, Ramanujam M, et al. (1997). Sodium
ascorbate potentiates the growth inhibitory effect of certain
agents on neuroblastoma cells in culture. Proc Natl Acad Sci
USA 76, 829-832.

15.Benade L, Howard T, Burk D (1969). Synergistic killing of
Ehrlich ascites carcinoma cells by ascorbate and 3-amino-1,2,
4-triazole. Oncology 23, 33-43.

16.Cameron E, Pauling L, Leibovitz B (1979). Ascorbic acid and
cancer: a review. Cancer Res 39, 663-681.

17.Pavelic K (1985). L-ascorbic acid-induced DNA strand breaks
and cross link in human neuroblastoma cells. Brain Res 342,
369-373.

18.Medina M A, Garcia de Veas R, Schweigerer L (1994).
Ascorbic acid is cytotoxic for pediatric tumor cells cultured in
vitro. Biochem Mol Biol Int 34, 871-874.

19.Menon M, Maramag C, Malhotra R K, et al. (1998). Effect of
vitamin C on androgen independent prostate cancer cells (PC3
and Mat-Ly-Lu) in vitro: involvement of reactive oxygen
species-effect on cell number, viability and DNA synthesis.
Cancer Biochem Biophys 16, 17.

20.Baker A F, Brichl M M, Dorr R, et al. (1996). Decreased



ASCORBIC ACID AND REVERSION OF GASTRIC CANCER CELLS 391

antioxidant defense and increased oxidant stress during
dexamethasone-induced apoptosis: bcl-2 prevents the loss of
antioxidant enzyme activity. Cell Death and Differentiation 3,
207-213.

21.Boldyrev A A, Yuneva M O, Sorokina E V, et al. (2001).
Antioxidant systems in tissues of senescence accelerated mice.
Biochemistry (Mosc) 66, 1157-1163.

22.Aebi H (1984). Catalase in vitro. Methods Enzymol 105,
121-126.

23.Lowry O H, Rosebrough N J, Farr A L, et al. (1951). Protein
measurement with the Folin phenol reagent. J Biol Chem 193,
265-275.

24.Heath R L, Packer L (1965). Effect of light on lipid
peroxidation in chloroplasts. Biochem. Biophys Res Commun 19,
716-720.

25.Halliwell B, Clement M V, Ramalingam J, et al. (2000).
Hydrogen peroxide: Ubiquitous in cell culture and in vivo?
IUBMB Life 50, 251-257.

26.Gadbois D M, Crissman H A, Nastasi A, et al. (1996).
Alterations in the progression of cells through the cell cycle
after exposure to alpha particles or gamma rays. Radiat Res 146,
414-424.

27.Liang Z J, Shi Y D (1976). The technique of cell
electrophoresis and its use on biology and medicine. Prog
Biochem Biophys (Chinese) 3, 54-62.

28.Kong W N, Stephen A L, Fiona C, et al. (1985). Effect of
retinoids on the growth, ultrastucture, and cytoskeletal
structures of malignant rat osteoblasts. Cancer Res 45,
5106-5113.

29.San R H C, Laspia M F, Soiefer A 1, et al. (1979). A survey of
growth in soft agar for transformation in adult rat liver
epithelial-like cell culture. Cancer Res 39, 1026-1032.

30.Ohashi E, Hong S H, Takahashi T, et al. (2001). Effect of

retinoids on growth inhibition of two canine melanoma cell
lines. J Vet Med Sci 63, 83-86.

31.Beckman B S, Balin A K, Allen R G (1989). Superoxide
dismutase induces differentiation of Friend erythroleukemia
cells. J Cell Physiol 139, 370-376.

32.Li J, Zheng Y, Zhou H, et al. (1997). Differentiation of human
gastric adenocarcinoma cell line MGc80-3 induced by
verbasoside. Planta Med 63, 499-502.

33.Cherry P D, Wolin M S (1989). Ascorbate activates soluble
guanylate cyclase via H,O,-metabolism by catalase. Free Radic
Biol Med 7, 485-490.

34.Laudicina D C, Marnett L J (1990). Enhancement of
hydroperoxide-dependent lipid peroxidation in rat liver
microsomes by ascorbic acid. Arch Biochem Biophys 278,
73-80.

35.Clement M V, Ramalingam J, Long L H, et al. (2001). The in
Vitro cytotoxicity of ascorbate depends on the culture medium
used to perform the assay and involves hydrogen peroxide.
Antioxid Redox Signal 3, 1571-1563.

36.Sano M, Fukuda K, Sato T, et al. (2001). ERK and p38 MAPK,
but not NF-kappaB, are critically involved in reactive oxygen
species-mediated induction of IL-6 by angiotensin II in cardiac
fibroblasts. Circ Res 89, 661-669.

37.Mendoza L, Carrascal T, De Luca M, et al. (2001). Hydrogen
peroxide mediates vascular cell adhesion molecule-1 expression
from interleukin-18-activated hepatic sinusoidal endothelium:
implications for circulating cancer cell arrest in the murine liver.
Hepatology 34, 298-310.

38.Carr A, Frei B (1999). Dose vitamin C act as a pro-oxidant
under physiological conditions? Faseb J 13, 1007-1024.

(Received June 6, 2005 Accepted February 24, 2006)



