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While vanadium compounds are known as potent
toxicants as well as carcinogens, the mechanisms of
their toxic and carcinogenic actions remain to be in-
vestigated. It is believed that an improper cell growth
regulation leads to cancer development. The present
study examines the effects of vanadate on cell cycle
control and involvement of reactive oxygen species
(ROS) in these vanadate-mediated responses in a hu-
man lung epithelial cell line, A549. Under vanadate
stimulation, A549 cells generated hydroxyl radical
(‘OH), as determined by electron spin resonance
(ESR), and hydrogen peroxide (H,O,) and superoxide
anion (O37), as detected by flow cytometry using spe-
cific dyes. The mechanism of ROS generation involved
the reduction of molecular oxygen to O;” by both a
flavoenzyme-containing NADPH complex and the mi-
tochondria electron transport chain. The O3 in turn
generated H,0,, which reacted with vanadium(lV) to
generate -OH radical through a Fenton-type reaction
vV({IV) + H,0, - V(V) + ‘:OH + OH™). The ROS gener-
ated by vanadate induced G,/M phase arrest in a time-
and dose-dependent manner as determined by mea-
suring DNA content. Vanadate also increased p21 and
Chkl levels and reduced Cdc25C expression, leading
to phosphorylation of Cdc2 and a slight increase in
cyclin B, expression as analyzed by Western blot.
Catalase, a specific antioxidant for H,0,, decreased
vanadate-induced expression of p21 and Chkl, re-
duced phosphorylation of Cdc2™™, and decreased cy-
clin B, levels. Superoxide dismutase, a scavenger of
0,7, or sodium formate, an inhibitor of ‘OH, had no
significant effects. The results obtained from the
present study demonstrate that among ROS, H,O, is
the species responsible for vanadate-induced G,/M
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phase arrest. Several regulatory pathways are in-
volved: (1) activation of p21, (2) an increase of Chkl
expression and inhibition of Cdc25C, which results in
phosphorylation of Cdc2 and possible inactivation of
cyclin B,/Cdc2 complex. © 2001 Academic Press

Key Words: vanadate; cell cycle; reactive oxygen spe-
cies; p21; Chk1; Cdc25C; Cdc2; cyclin B;.

Vanadium is widespread in the environment and is a
trace metal in biological systems. It exists in water,
rocks, and soil in low concentrations and in coal and oil
deposits in relatively high concentrations. Vanadium is
widely found in mining, steel, and steel-alloy making
and in the chemical industry. In the periodic table,
vanadium belongs to the first transition series and can
form compounds in valences 111, 1V, and V. The vana-
dium(l11) species are unstable at physiological pH and
in the presence of oxygen. Vanadium(lV) is easily oxi-
dized to vanadium(V) under physiological conditions
and vanadium(V) species are found as vanadate an-
ions. Workers occupationally exposed to vanadium are
at risk as respirable particulates may penetrate deep
into the pulmonary tract. Epidemiological studies have
shown a correlation between vanadium exposure and
the incidence of lung cancer in humans (1, 2). While the
mechanisms of vanadium’s toxicity and carcinogenicity
remain to be investigated, it has been reported that
this metal is able to regulate growth-factor-mediated
signal transduction pathways, promote cell transfor-
mation, exert inhibitory effect on certain enzymatic
systems, and decrease cell adhesion (3-5). Vanadium
compounds were also reported to cause direct DNA
damage such as strand breaks and hydroxylation of dG
residues (6).

The ability of cells to maintain genomic integrity is
vital for cell survival and proliferation. Lack of fidelity
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in DNA replication and maintenance can result in del-
eterious mutations leading to cell death or, in multi-
cellular organisms, cancer (7). Signal transduction
pathways play a key role in the regulation of cell cycle
progression and stabilization of DNA under genotoxic
stress. Cell-cycle checkpoints control the onset of DNA
replication and mitosis in order to ensure the integrity
of the genome (8, 9). Earlier studies have shown that
sodium vanadate causes G,/M arrest and Rb hypophos-
phorylation in T98 glioma cells (10), demonstrating
that the G,/M arrest induced by a peroxovanadium
compound was related to the reduced activity of p34°*
and inhibition of Cdc25C (11). A 2-h exposure of the
melanoma cells to sodium vanadate led to the decrease
of cyclin D (12). Other studies have indicated that the
mitogenesis induced by vanadate in CSV3-1 cells was
associated with the induction of the expression of pro-
tooncogenes, c-jun and jun B, two major components of
the AP-1 transcription factor (13).

It has been reported that under oxidative stress,
cycling cells will exhibit cell cycle checkpoint response
(14, 15). It has been demonstrated that vanadate-me-
diated generation of reactive oxygen species (ROS)’
plays an important role in its adverse biological effects
(16, 17). A recent study has also shown that vanadate
induces apoptosis via hydrogen peroxide (H,0,) (18).
However, many questions remain to be answered con-
cerning the role of ROS in cell growth regulation in
general and in vanadate-stimulated cells in particular.
For example, (a) Are ROS involved in vanadate-in-
duced cell growth arrest and cell cycle regulatory
checkpoints? (b) Among the ROS, which species is di-
rectly responsible? (c) What is the mechanism of ROS
generation in vanadate-stimulated cells? The goal of
this study was to answer these questions.

MATERIALS AND METHODS

Reagents. Sodium metavanadate was from Aldrich (Milwaukee,
WI). RNase A, superoxide dismutase (SOD), sodium formate, cata-
lase, diphenylene iodonium (DPI), and rotenone were from Sigma
(St. Louis, MO). Propidium iodide (PI), 2',7'-dichlorofluorescin diac-
etate (DCFH-DA) and dihydroethidium (HE) were from Molecular
Probes (Eugene, OR). Both F12K nutrient mixture medium and fetal
bovine serum (FBS) were purchased from Gibco BRL (Life Technol-
ogies, Gaithersburg, MD). Antibodies to p21, cyclin B,, and Cdc25C
were from Santa Cruz Biotechnology (Santa Cruz, CA). Phospho-
Cdc2™™ and second AP linked anti-rabbit 1gG were from Cell Sig-
naling (Beverly, MA).

? Abbreviations used: ROS, reactive oxygen species; SOD, super-
oxide dismutase; DPI, diphenylene iodonium; PI, propidium iodide;
DCFH-DA, 2',7'-dichlorofluorescin diacetate. HE, dihydroethidium;
FBS, fetal bovine serum; PBS, phosphate-buffered saline; PVDF,
polyvinylidene fluoride; DPPH; 1,1,-diphenyl-2-polyhydroxyl;
DMPO, 5,5-dimethyl-1-pirroline-N-oxide; DCFH, dichlorofluorescin;
DCF, dichlorofluorescein; MPF, mitosis-promoting factor; ECF, en-
zyme catalytic fluorescence.
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Cell culture. The human lung epithelial cell line, A549, was cul-
tured in F12k nutrient mixture medium containing 10% FBS, 2 mM
L-glutamine, and 25 pg/ml gentamicin in an incubator at 5% CO, and
37°C.

Treatments. For the time-course study, the cells were treated
with 100 uM vanadate for 6, 12, 24, and 48 h. For the dose—response
study, the cells were treated with 10, 25, 50, 100, and 200 uM
vanadate for 24 h. For antioxidant inhibitory studies, SOD, sodium
formate, or catalase was added 0.5 h prior to the vanadate treatment.

Measurement of cell cycle/DNA content. DNA content in G,/S,
G,/M phase was analyzed using flow cytometry (19, 20). Cells were
first fixed and permeabilized with 70% ice-cold ethanol for more than
2 h, followed by incubation with the freshly prepared staining buffer
(0.1% Triton X-100 in PBS, 200 ng/ml RNase A, and 20 pg/ml PI) for
15 min at 37°C. Cell cycle analysis was performed by flow cytometry
with at least 10,000 cells for each sample. The histogram was ab-
stracted and the percentage of cells in the G,/S and G,/M phase was
then calculated using ModFit LT software.

Western blot analysis. Whole-cell extracts were mixed with SDS—
polyacrylamide sample buffer and then subjected to SDS—polyacryl-
amide gel electrophoresis. The resolved proteins were transferred to
a PVDF membrane. A Western blot assay was performed using
antibodies against p21, Cdc25C, cyclin B,, and phospho-Cdc2™™* and
second anti-rabbit 1gG. After reaction with ECF substrate, the signal
was detected using a Storm Scanner (Molecular Dynamics, Sunny-
vale, CA).

Electron spin resonance (ESR) measurements. ESR spin trapping
was used to examine free radical generation. This technique involves
an addition-type reaction of a short-lived radical with a diamagnetic
compound (spin trap) to form a relatively long-lived free radical
product, the so-called spin adduct, which can be studied by conven-
tional ESR (21). The intensity of the spin adduct signal corresponds
to the amount of short-lived radicals trapped, and the hyperfine
splittings of the spin adduct are generally characteristic of the orig-
inal, short-lived, trapped radical.

All measurements were conducted using a Varian E9 ESR spec-
trometer and a flat cell assembly as described previously (17).
Briefly, hyperfine couplings were measured directly from magnetic
field separation using potassium tetraperoxochromate (K;CrOg) and
1,1-diphenyl-2-picrylhydrazyl (DPPH) as reference standards. The
relative radical concentration was calculated by multiplying half of
the peak height by (AH,,)? which indicates peak-to-peak width.
A549 cells were mixed with DMPO to a total final volume of 0.5 ml.
The reaction mixture was transferred to a flat cell for measurement.

Cellular hydrogen peroxide (H,0,) and superoxide anion (O;")
assay. DCFH-DA is a specific molecular probe for H,0,, and HE is
a specific dye for O; . The principle of this assay is that DCFH-DA
diffuses through the cell membrane and is enzymatically hydrolyzed
by intracellular esterases to nonfluorescent dichlorofluorescin
(DCFH). In the presence of H,0,, this compound is rapidly oxidized
to highly fluorescent dichlorofluorescein (DCF) (22, 23). HE is oxi-
dized to ethidium that stains nucleus a bright fluorescent red (24).
A549 cells were cultured in six-well plates. Each well contained 5 X
10° cells. The cells were treated with 100 uM vanadate for 1 h.
DCFH-DA and HE (final concentration, 5 uM) were added to the cells
and incubated for another 15-20 min prior to measurement of fluo-
rescence. The harvested cells were washed with PBS twice. The
samples were analyzed using flow cytometry.

Oxygen consumption assay. The reaction mixtures contained 1 X
10%/ml cells and 100 uM vanadate. Oxygen consumption was deter-
mined using a Gilson oxygraph equipped with a Clark electrode. The
oxygraph was calibrated with medium equilibrated with oxygen of
known concentrations.

Statistical analysis. All data were based on at least three inde-
pendent experiments. Cell growth arrest and oxygen consumption
data were presented as means = SD and analyzed using one-way
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FIG. 1. Vanadate-induced cell growth arrest. A549 cells were suspended in 10% fetal bovine serum (FBS) F12 K nutrient mixture medium
in a 100-mm dish. After 80—90% confluence, cells were washed with PBS for three times and treated with 100 uM vanadate for 6, 12, 24, and
48 h (A) or with 10, 25, 50, 100 uM vanadate for 24 h (B). Cells were harvested and DNA content was measured by flow cytometry. *P < 0.05
compared to control. #P < 0.05 compared to 6 h vanadate treatment (one-way ANOVA with Scheffe’s test).

ANOVA with the Scheffe's test. A P value less than 0.05 was con-
sidered statistically significant.

RESULTS

Effects of vanadate on the cell cycle. To investigate
vanadate-induced cell growth arrest, DNA content was
measured by flow cytometry. Figure 1A shows that
treatment of A549 cells with 100 uM vanadate causes
a significant increase in the percentage of cells in G,/M
phase from 12 h onward. The percentage of cells in

G.,/M phase in the control cells remains at a constant
level from 6 to 48 h of incubation. Figure 1B shows the
dose-dependent increase in the percentage of cells in
G./M phase when the cells were treated with vanadate
for 24 h. At 100 uM vanadate, the percentage of cells in
G./M phase was fourfold greater than control value.

Effects of vanadate on cell growth regulatory pro-
teins. Cell growth regulatory proteins were examined
by Western blotting. The treatment of cells with van-
adate caused a time- and dose-dependent increase in
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FIG. 2. Effects of vanadate on cell growth regulatory proteins.

Cells were cultured in a six-well plate until 80—-90% confluent. After
washing with PBS three times, cells were treated with 100 uM
vanadate for different times and different concentrations of vanadate
for 24 h as described in Fig. 1. The whole cell lysates were collected
for Western blotting using specific antibodies to p21, Chk1, Cdc25C,
phospho-Cdc2™™, cyclin B,, and PKC-« (as a control of loaded pro-
tein). (Left) Time dependence. Lane 1, control without vanadate; lane
2, 12 h; lane 3, 24 h. The concentration of vanadate was 100 uM.
(Right) Concentration dependence. Lane 4, control without vana-
date; lane 5, 10 uM vanadate; lane 6, 25 uM vanadate; lane 7, 50 uM
vanadate; lane 8, 100 uM vanadate. The incubation time was 24 h.
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p21 level (Fig. 2). The level of Chk1l increased with 100
uM vanadate stimulation. Using the 24-h time point,
increased Chkl levels were seen at vanadate concen-
trations from 10 to 100 uM. Treatment of cells with 100
uM vanadate for 24 h caused degradation in Cdc25C
(Fig. 2). Cdc25B level did not exhibit any change (data
not shown). As expected, both phosphorylation of
Cdc2™™ and cyclin B, level increased compared to the
control. The PKC-a protein was used as a control for
loaded protein.

Effects of antioxidants on vanadate-induced cell
growth arrest. Figure 3 shows the different effects of
antioxidants on vanadate-induced G,/M phase arrest.
The percentage of G,/M phase exhibited little change
after treatment of the cells with SOD, formate or cata-
lase without vanadate present (data not shown). SOD,
formate, and catalase are scavengers for superoxide
radical (O; ), hydroxyl radical (-OH), and H,O,, respec-
tively. The cells were incubated with these individual
antioxidants together with 100 uM vanadate for 24 h.
Vanadate significantly increased the percentage of
cells in G,/M phase. Both SOD and formate had no
significant effect on this vanadate-induced G,/M phase
arrest. Treatment with catalase decreased G,/M phase
arrest induced by vanadate.

Effects of antioxidants on vanadate-regulated cell
growth checkpoints. Figure 4 shows that treatment of
the cells with catalase decreases both p21 and Chkl
levels induced by vanadate (100 uwM), resulting in a
reduction of both Cdc2™™ and cyclin B,. Catalase ap-
peared to enhance vanadate-induced Cdc25C degrada-

Control

) + SOD V(V) + Forrrate V(V)+ Catalase

FIG. 3. Effects of antioxidants on vanadate-induced cell growth arrest. A549 cells were incubated in a 100-mm dish and pretreated with
500 U/ml SOD, 300 uM sodium formate or 50,000 U/ml catalase for 0.5 h before vanadate treatment (100 uM). After 24 h, cells were
harvested, and DNA content was measured by flow cytometry. *P < 0.05 compared to control. #P < 0.05 compared to vanadate treatment

(one-way ANOVA with the Scheffe's test).
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FIG. 4. Effects of antioxidants on vanadate-regulated cell growth
checkpoints. Cells were seeded in a six-well plate and pretreated
with SOD, sodium formate, or catalase for 0.5 h before vanadate
treatment (100 uM). After 24 h, cells were collected for Western
blotting using specific antibodies to p21, Chk1, Cdc25C, phospho-
Cdc2™™, cyclin B,, and PKC-a (as control of loaded protein). Lane 1,
control; lane 2, vanadate; lane 3, vanadate + SOD; lane 4, vana-
date + sodium formate; lane 5, vanadate + catalase. The results are
representative of three separate experiments.

tion. Treatment with SOD (500 U/ml) or formate (300
uM) slightly decreased Cdc25C degradation by vana-
date and had little effect on p21 and Chkl. Neither
SOD nor formate changed Cdc2™™ or cyclin B, level.

Hydroxyl radical formation induced by vanadate and
the effects of antioxidants. ESR study was used to
detect the formation of -OH. A549 cells alone did not
produce any detectable amount of free radicals (Fig.
5a), whereas addition of 100 wM vanadate generated a
1:2:2:1 quartet ESR spin adduct signal (Fig. 5b). The
splittings of this spectrum were a, = ay = 14.9 G,
where a,, and a, denote hyperfine splittings of the
a-hydrogen and the nitroxyl nitrogen, respectively, in-
dicating the DMPO-OH adduct. The detection of this
DMPO-OH spin adduct is evidence for -OH generation.
Addition of formate, an -OH scavenger, significantly
reduced the signal intensity (Fig. 5c). Catalase, a spe-
cific scavenger of H,0,, eliminated the generation of
‘OH (Fig. 5d). The inhibition of -OH generation upon
addition of catalase indicates that H,0, was generated
and that it was a precursor for -OH generation. It is
possible that NADPH oxidase or the mitochondrial
electron transport chain or both play a major role in
this vanadate-induced ROS generation. In order to in-
vestigate this possibility, DPI and rotenone were used.
DPI and rotenone were reported to be an NADPH
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oxidase inhibitor and a mitochondrial electron trans-
port interrupter (25). The results show that both DPI
and rotenone reduced -‘OH generation induced by van-
adate (Figs. 5e and 5f). Moreover, the spin adduct
signal was completely eliminated upon addition of DPI
and rotenone together (Fig. 5g), indicating that both
NADPH oxidase and the mitochondria electron trans-
port chain were responsible for vanadate-induced ROS
generation.

Formation of hydrogen peroxide and superoxide an-
ion radical induced by vanadate and the effects of an-
tioxidants. As shown in Fig. 6, the generation of H,0,
and O; was determined using dye staining. Compared
to control, treatment of cells with 100 uM vanadate for
1 h increased H,0, formation by 75% (Fig. 6A). Since
dye staining is not specific for the detection of H,O, or
077, specific antioxidants, catalase, and SOD were
used to verify that these species were indeed detected.
Catalase inhibited vanadate-induced H,O, formation
by 70%. Only a slight change was observed after treat-
ment of the cells with SOD or formate, i.e., a decrease
of 8 or 17%, respectively. Figure 6B shows that 100 uM
vanadate dramatically increased O; formation by
63%. SOD, a specific scavenger of O3, reduced vana-
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FIG. 5. Hydroxyl radical formation induced by vanadate and the
effects of antioxidants. 1 X 10° cells were mixtured with 100 mM
DMPO and 100 uM vanadate with or without antioxidants, DPI, or
rotenone. ESR spectra were recorded for 6 min. a, Cells only; b,
cells + vanadate; c, cells + vanadate + sodium formate; d, cells +
vanadate + catalase; e, cells + vanadate + DPI; f, cells + vanadate +
rotenone; g, cells + vanadate + DPI + rotenone. The final concen-
trations were as follows: vanadate, 100 uM; catalase, 2000 U/ml;
sodium formate, 100 mM; DPI, 20 uM; rotenone, 50 uM.
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FIG. 6. Formation of H,0, and O;" induced by vanadate and the effects of antioxidants. Cells were cultured in a 6-well plate. After 80—-90%
confluence, cells were treated with 100 uM vanadate for 1 h. For evaluation of antioxidant effects, the cells were pretreated with 500 U/ml
SOD, 300 mM formate, or 5000 U/ml catalase for 0.5 h before 100 uM vanadate treatment. DCFH-DA or HE was added to the cells and
incubated for another 15-20 min at 37°C. Then the cells were washed with PBS twice and collected for analysis using flow cytometry. A and
B represent H,O, and O3 signals, respectively. a, Control; b, vanadate; ¢, vanadate + SOD; d, vanadate + sodium formate; e, vanadate +

catalase.

date-induced O; formation by 97%. Formate or cata-
lase had smaller effects on vanadate-induced O; for-
mation, i.e., a decrease of 22 or 10%, respectively. As
O is the one-electron reduction product of molecular
oxygen, the O, consumption from cells was measured
using an oxygraph. O, consumption was 1600 nmol/10°
cells after vanadate treatment, whereas it was 1200
nmol/10° cells in controls; i.e., vanadate significantly
increased O, consumption by 33% (Fig. 7).

DISCUSSION

Damage to growing cells causes a temporary pause
in G,/S or G,/M phase until the damage is repaired.
When damage is severe, cells may either undergo
apoptosis or enter a dormant G, state. Regulation of
cell cycle progression is achieved by events including

cyclin accumulation and degradation; phosphoryla-
tions of Cdks, cyclins, and other proteins; regulation of
cyclin/Cdk dimerization; and the binding of a number
of Cdk inhibitory proteins (24-28). Movement of cells
from G, — M is regulated by cyclin A and cyclin
B/Cdc2. Cyclin B/Cdc2 kinase activity peaks in late G,
and remains high until its degradation (29). This ki-
nase has been identified as being a principal compo-
nent of mitosis promoting factor (MPF) (30). In mam-
malian cells, three cyclin B isoforms have been char-
acterized: cyclin B4, cyclin B,, and cyclin B;. Cyclin B,
plays an important role in maintaining G,/M transition
and its progression (31). The present study shows that
vanadate induces G,/M phase arrest in both a time-
and a dose-dependent manner. G,/M phase arrest in-
creased after treatment with 100 wM vanadate for 6 h
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and was maintained at a high level through 48 h. The
percentage of cells in G,/M phase significantly in-
creased when cells were treated with 25 uM vanadate
for 24 h. A549 cells treated with 400 uM vanadate for
24 h underwent apoptosis (data not shown).

Cell cycle checkpoints monitor movement through
the cell cycle, survey for cell damage, and induce a
pause in cell cycle progression when necessary. There
are two pathways associated with cyclin B/Cdc2 com-
plex: (a) Cdc25C phosphatase activates cyclin B/Cdc2
by dephosphorylated Thr-14/Tyr-15 (32), and this as-
sociation between Cdc25C and cyclin B/Cdc2 complex
may be blocked through the actions of the Chkl and
Chk2 kinases which phosphorylate Cdc25C on serine
216 (33). This phosphorylation is necessary for binding
to 14-3-3 proteins and its apparent sequestration from
the cyclin B/Cdc2 complex (34-36). (b) Transcriptional
activation of p21"*™"" pinds to and inactivates cyclin

B/Cdc2 complex that is required for the cell cycle pro-
gression (37—-39). y-Irradiation results in an accumula-
tion of Thr-14/Tyr-15 phosphorylated Cdc2, leading to
inhibition of cyclin B/Cdc2 activity (40, 41). Our results
show that vanadate was able to activate Chk1, result-
ing in degradation of Cdc25C, which could not remove
Cdc2 ™™ phosphorylation. This may result in inactiva-
tion of the cyclin B,/Cdc2 complex. Further, our results
show that vanadate increased the level of p21 in a
time- and dose-dependent manner. Induction of p21
inhibits cell progression in two ways: (a) by inhibiting
a variety of cyclin/cdk complexes and (b) by inhibiting
DNA synthesis through PCNA binding (42). The p53
protein activates transcription of the p21 gene (43—-45),
although activation of p21 can also be p53 independent
(46, 47). The results from our previous study also dem-
onstrate that vanadate indeed increased p53 protein
level (data not shown), resulting in activation of p21.
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FIG. 7. Measurement of oxygen consumption. 1 X 10° Cells were
prepared for detection of oxygen consumption using oxygraph. The
final concentration of vanadate was 100 uM. *P < 0.05 compared to
control (one-way ANOVA with Scheffe's test).

Both p53 and p21 levels decrease after pretreated with
Pifithrin-«, a specific inhibitor of p53 in both JB6 cells
and fibroblasts (48). These results indicate that activa-
tion of p21 induced by vanadate is p53-dependent.
The accumulation of ROS-induced cellular damage is
believed to be an important cause of various patholog-
ical processes, including aging, cancer, diabetes melli-
tus, atherosclerosis, and neurological degeneration
(49-51). ROS are capable of damaging many cellular
components including DNA (52). DNA damage results
in the activation of mechanisms that arrest cell cycle
progression at specific checkpoints, presumably to al-
low time for the damage to be repaired (14). Under
oxidative stress, cycling cells will exhibit a cell cycle
checkpoint response (14, 15). The results from the
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present study show that under vanadate stimulation,
Ab49 cells are able to generate O; , H,0,, and -OH
radicals. Molecular oxygen is the original source of
ROS generation in vanadate-stimulated A549 cells as
demonstrated by the oxygen consumption assay. The
major pathways involved are both the flavoprotein-
containing NADPH oxidase complex and the mitochon-
drial electron transport chain. This conclusion was
supported by the inhibition of ROS generation by DPI,
a flavoprotein inhibitor, as well as rotenone, an inhib-
itor of the mitochondrial electron transport chain. Mo-
lecular oxygen was consumed to generate O3, which
produced H,O, upon dismutation. H,O, produced -OH
via a Fenton-like reaction (V(IV) + H,O0, — V(V) +
‘OH + OH"). Catalase scavenged H,0,, a precursor of
‘OH, and inhibited -OH generation.

Among ROS generated by vanadate-stimulation of
Ab49 cells, H,0, appears to be the species responsible
for vanadate-induced cell growth arrest at the G,/M
phase. The following experimental observations sup-
port this conclusion: (a) Catalase, a specific H,0, scav-
enger, decreased vanadate-induced growth arrest. (b)
Neither SOD, a O3~ scavenger, nor sodium formate, an
‘OH radical scavenger, exhibited any effect. Both cata-
lase and SOD are efficient H,0, and O;  scavengers.
Using confocal microscope together with specific fluo-
rescent dyes, we have shown that addition of catalase
or SOD extracellularly reduced H,O, or O; generated
inside the A549 cells under Cr(VI) stimulation to con-
trol level (24, 53). Using flow cytometry, we have
shown in the present study that catalase reduced van-
adate-induced H,O, formation by 70%.

1/2 0, +H,0 Formate
Catalase
vav)
— > «OH
P21 Chk1
Cdc25C

cycelin B,/Cdc2

G,/M phase arrest

FIG. 8. Schematic representation of possible mechanisms of vanadate (V)-induced cell growth arrest and its regulation via generation of

H,0, in A549 cells.
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In addition to the identification of the role of H,O, in
vanadate-induced cell growth arrest at the G./M
phase, the present study also examined the regulatory
enzymes involved. The results obtained show that
among ROS generated by vanadate-stimulated cells,
H,O, is the species responsible for an increase in p21
and Chk1, Cdc2™™, and cyclin B, as demonstrated by
inhibition with catalase. It may be noted catalase did
not protect vanadate-induced Cdc25C degradation, in-
dicating that H,0, is not a major species responsible
for vanadate-induced Cdc25C degradation. Neither
SOD nor formate exhibited a major effect on these
regulatory enzymes. A scheme for vanadate-induced
ROS generation, its induction of cell growth arrest at
the G,/M phase, and its effect on cell growth-related
regulatory enzymes is illustrated in Fig. 8. It should be
noted that earlier studies (54-56) have shown that
Weel and Mikl kinase can also phosphorylate cdc2
and regulate its activity. It is possible that this mech-
anism together those discussed in the present study all
contribute to the vanadate-induced cell growth arrest
at G,/M phase and its regulation.

In summary, vanadate is able to induce G,/M phase
arrest through ROS-mediated reactions. Among ROS
generated by vanadate-stimulated A549 cells, H,0, is
the species responsible for vanadate-induced -cell
growth arrest and the regulation of several key en-
zymes involved. The H,0, was generated by dismuta-
tion of O; . The latter was produced by one-electron
reduction of molecular oxygen by both NADPH reduc-
tase and the mitochondria electron transport chain.
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