Free Radical Biology & Medicine, Vol. 34, No. 10, pp. 1333-1342, 2003
Copyright © 2003 Elsevier Inc.
Printed in the USA. All rights reserved
0891-5849/03/$—see front matter

S

ELSEVIER doi: 10.1016/S0891-5849(03)00145-X

Jﬁ' Original Contribution

ROLE OF REACTIVE OXYGEN SPECIES AND MAPKs IN VANADATE-
INDUCED G,/M PHASE ARREST

ZHUo ZHANG,*T STEPHEN S. LEONARD,*T CHUANSHU HUANG,¢ VAL VALLYATHAN ,* V INCE CASTRANOVA,*
and XIANGLIN Shr* T

*Pathology and Physiology Research Branch, National Institute for Occupational Safety and Health, Morgantown, WV, USA;
"Department of Basic Pharmaceutical Sciences, West Virginia University, Morgantown, WV, USANatsin Institute of
Environmental Medicine, New York University School of Medicine, New York, NY, USA

(Received 30 December 2002; Revised 21 February 2003; Accepted 21 February 2003)

Abstract—Cell growth arrest is an important mechanism in maintaining genomic stability and integrity in response to
environmental stress. Using the human lung alveolar epithelial cancer cell line A549, we investigated the role of reactive
oxygen species (ROS), extracellular signal-regulated protein kinase (ERK), and p38 protein kinase in vanadate-induced
cell growth arrest. Exposure of cells to vanadate led to cell growth arrest at,thvepghase and caused upregulation

of p21 and phospho-cdc2 and degradation of cdc25C in a time- and dose-dependent manner. Vanadate stimulated
mitogen-activated protein kinases (MAPKSs) family members, as determined by the phosphorylation of ERK and p38.
PD98059, an inhibitor of ERK, and SB202190, an inhibitor of p38, inhibited vanadate-induced cell growth arrest,
upregulation of p21 and cdc2, and degradation of cdc25C. In addition to hydroxyl ra@é#) formation, cellular
reduction of vanadate generated superoxide radicgll {Gnd hydrogen peroxide ga@,), as determined by confocal
microscopy using specific dyes. Generation of Oand HO, was inhibited by specific antioxidant enzymes,
superoxide dismutase (SOD) and catalase, respectively. ROS activate ERK and p38, which in turn upregulate p21 and
cdc2 and cause degradation of cdc25C, leading to cell growth arrest atfepBase. Specific ROS affect different

MAPK family members and cell growth regulatory proteins with different potencies. © 2003 Elsevier Inc.
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INTRODUCTION sis and repair [14-16]. Vanadate induced forward muta-
tions and DNA-protein cross-links in cultured
mammalian cells [17]. While the biochemical mecha-
nism of vanadium carcinogenicity still is not fully un-

" derstood, recent studies have indicated that vanadium-
mediated generation of reactive oxygen species (ROS)
may play an important role [18—26]. For example,

Sthrough ROS, vanadium caused 2'-deoxyguanosine hy-
droxylation and DNA damage [26], apoptosis [27,28],

and activation of nuclear transcription factors [21] AP-1

and NF«B [29].

In mammalian cells, cell cycle transition is under the

Vanadium is an essential transition trace element found
in some plants and animals. It is widely distributed in
rocks, soil, and to a lesser extent in water [1-3]. Vana
dium compounds (V(V)) exert potent toxic effects on a
wide variety of biological systems [1,4—8]. This metal
regulates growth factor-mediated signal transduction
pathways, promotes cell transformation, and decrease
cell adhesion [9-11]. Occupational exposure to vana-
dium occurs in mining, petrochemical industries, and
coal- and oil-fired plants. Epidemiological studies have
shown a correlation between vanadium exposure and theControl of a tightly regulated network of cell division

:;‘.C':]egocri 0; I::gg CZ?:?; 'grgj dmtzn;o[gz&lDzl’\lf]s. z?r?:_' kinases (cdks) and numerous surveillance mechanisms,
u pou w P ify y the so-called checkpoints [30]. In most normal cells,

DNA damage arrests proliferation in,& or G/M phase
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genome [31-33]. Lack of fidelity in DNA replication and
maintenance can result in deleterious mutations, leading
to cell death or, in multicellular organisms, cancer [30].

Recent evidence indicates that ROS may function as
intracellular messengers to modul ate signaling pathways
[34,35]. The changes of intracellular ROS have been
detected in a variety of cells stimulated with cytokines,
growth factors, and agonists of receptors [34,36,37].
Various experiments have shown that many protein ki-
nases and transcription regulatory factors are activated
under the conditions of oxidative stress [38—43]. Mito-
gen-activated protein kinases (MAPKS) cascades are
protein kinase signal transduction pathways that have
been remarkably conserved in evolution. They are dif-
ferentially used to relay numerous extracellular signals
within cells [44—46]. These MAPK cascades have been
found to be involved in such diverse cellular functions as
proliferation, differentiation, stress responses, and apo-
ptosis.

Stress-activated protein kinases (SAPK)/Jun N-termi-
nal kinase (JNK), p38, and extracellular signal-related
kinase (ERK) are the most widely studied members of
the MAPK family. Activation of MAPKs led to abnor-
mal M phase transition in the cell cycle [47]. It has been
reported that p38 functions as a component of the spindle
assembly checkpoint in somatic cell cycles [48]. Al-
though ROS are frequently mentioned in the literature to
be inducers for MAPKs, many of the studies are indirect.
For example, N-acetylcysteine (NAC) was used as an
inhibitor [49] and the generation of ROS by the stimulant
in cellular system was not well characterized. NAC can
readily react with “—SH” group of the protein and affect
its function in a mechanism other than the scavenging of
ROS.

The link between ROS and cell growth arrest has not
yet been established. Many questions remain to be an-
swered. For example, do ROS play a key role in the
induction of cell growth arrest? Which species among
ROS are involved? Are MAPKs involved in ROS-medi-
ated cell growth arrest? Do MAPKs and ROS affect cell
growth regulatory proteins? The present study attempts
to answer these questions using vanadate as an inducer.

MATERIALS AND METHODS
Chemicals

Sodium metavanadate was purchased from Aldrich
Chemical Co. (Milwaukee, WI, USA). RNase A and
superoxide dismutase (SOD) were from Sigma Chemical
Co. (St. Louis, MO, USA). Catalase was from Roche
Molecular Biochemicals (Indianapolis, IN, USA). Pro-
pidium iodide (Pl), 2, 7-dichlorofluorescin diacetate
(DCFH-DA), and dihydroethidium (HE) were from Mo-

lecular Probes (Eugene, OR, USA). Both F12K nutrient
mixture medium and fetal bovine serum (FBS) were
from Gibco BRL (Life Technologies, Gaithersburg, MD,
USA). PD98058 and SB202190 were from Calbiochem
(San Diego, CA, USA). Antibodies against p21 and
cdc25C were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibodies against p38, ERK, and
phospho-Cdc2 and second AP-linked antirabbit 1gG
were from Cell Signaling (Beverly, MA, USA).

Cell culture

The human alveolar epithelial cell line A549 was
cultured in F12K nutrient mixture medium containing
10% FBS, 2 mM L-glutamine, and 1000 U/ml penicillin-
streptomycin in an incubator at 5% CO, and 37°C.

Measurement of cell cycle/DNA content

DNA content was detected using flow cytometry
[50,51]. A549 cells were fixed and permeabilized with
70% ice-cold ethanol for more than 2 h and incubated
with the freshly prepared staining buffer (0.1% Triton
X-100in PBS, 200 wg/ml RNAase A, and 20 ug/ml PI)
for 15 min at 37°C. Cell cycle analysiswas performed by
flow cytometry with at least 10,000 cells for each sam-
ple. The histogram was abstracted and the percentage of
cellsin the G;/S and G,/M phases were then cal cul ated
using ModFit LT software (Verity Software House, Top-
sham, ME, USA).

Western blot analysis

Whole cell extracts were mixed with Tris-Glycine
SDS sample buffer and then subjected to Tris-Glycine
gel electrophoresis. The resolved proteins were trans-
ferred to a PVDF membrane. Western blotting was per-
formed using antibodies against p21, cdc25C, phospho-
cdc2, p38, ERK, and second antirabbit 1gG. After
reaction with ECF substrate, the signal was visualized by
blue laser scanning using a Molecular Dynamics
STOM860 scanner (Molecular Dynamics, Sunnyvale,
CA, USA).

Cellular hydrogen peroxide (H,O,) and superoxide
anion (O, ") assay

Confocal microscopy was used to measure the gener-
ation of H,O, and O,". DCFH-DA is a specific molec-
ular probe for H,O, and HE is a specific dye for O,
detection. 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 di-
chlorofluorescein (DCF) [52-54]. The blue fluorescent
dye HE isoxidized by O," to ethidium, which stains the
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Fig. 1. Effects of vanadate on cell growth regulatory proteins. A549 cellswere incubated in a6-well plate until 80-90% confluent. After
washing with PBS three times, cells were treated with 100 uM vanadate for different times or with different concentrations of vanadate
for 24 h. The whole cell lysates were collected for Western blotting using specific antibodies to p21, cdc25C, and phospho-cdc2. Left
panel: time dependence; the concentration of vanadate was 100 uM. Right panel: concentration dependence; the incubation time was

24 h.

nucleus a bright fluorescent red. A549 cells were cul-
tured in 6-well plates containing 5 X 10° cells in each
well. The cells were treated with 100 uM vanadate for
1 h. DCFH-DA or HE (final concentration, 5 uM) was
added to the cells and incubated for another 15-20 min
prior to the measurement of fluorescence.

RESULTS

The effect of vanadate on the cell cycle

DNA content was measured by flow cytometry to in-
vestigate vanadate-induced cell growth arrest. Human alve-
olar epithdid cels (the A549 cdl line) were first synchro-
nized by serum starvation and then exposed to vanadate for
24 h with various concentrations of vanadate. The results
show that exposure of the cellsto 100 uM vanadate caused
growth arrest a the G,/M phase in agreement with a pre-
vious report [55]. At a vanadate concentration of 100 uM,
vanadate-induced G,/M phase arrest pesked (32%) at 24 h.
The contral cells without exposure to vanadate exhibited
G,/M a 9%. The effects of vanadate concentration in the
ranges of 10—200 uM were examined after a24 h exposure.
An increase in vanadate concentration increased the per-
centage of G,/M phase (Fig. 1B).

The effect of vanadate on cell growth regulatory
proteins

Several cell growth regulatory proteins, p21, phos-
pho-cdc2, and cdc25C, were examined by Western blot-
ting. These proteins were chosen due to their involve-
ment in the regulation of G,/M phase arrest [56-58]. The

results are shown in Fig. 1. Treatment of the A549 cells
with 100 uM vanadate for different times increased the
levels of both p21 and phosphorylated cdc2 (left panel).
Treatment of the cells with 100 uM vanadate for 6 h
slightly increased the cdc25C level. An increase in incu-
bation time caused degradation of cdc25C; further expo-
sure of the cellsto 100 uM vanadate for 48 h completely
degraded cdc25C.

The dose-dependent effects of vanadate on these three
growth regulatory proteins also were examined. As
shown in Fig. 1 (right panel), vanadate caused a dose-
dependent increase in the levels of both p21 and phos-
phorylated cdc2. Vanadate at 25 uM caused degradation
of cdc25C; at 100 uM, vanadate almost completely
degraded this regulatory protein.

Activation of MAPK induced by vanadate

The influences of vanadate on the phosphorylation of
ERK and p38 were examined by Western blotting using
antibodies specific for the phosphorylated MAPKSs in
A549 cells. These cells were seeded in 6-well plates and
cultured until 80-90% confluence. The cells were
starved for 48 h in 0.1% FBS MEM and were treated
with 100 uM vanadate for different times. Exposure of
the cells to vanadate stimulated the phosphorylation of
both ERK and p38 (Fig. 2). The phosphorylation was
relatively rapid and remained at ahigh level from1to4h
for both ERK and p38 (left panel). To study the dose
dependence of the phosphorylation of both ERK and
p38, A549 cells were treated with various concentrations
of vanadate for 4 h. A dose-related increase in both ERK
and p38 phosphorylation was observed in the cells
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Fig. 2. Vanadate-induced phosphorylation of ERK and p38. A549 cells were seeded in 6-well plates. The cells were treated with 100
1M vanadate for 0.5 to 4 h or with different doses of vanadate for 4 h. Western blotting was performed as described in Fig. 2. Left
panel: time dependence; the concentration of vanadate was 100 uM. Right panel: concentration dependence; the incubation time was
4 h. The designations “p” and “N-p” represent the phosphorylated and nonphosphorylated forms of the MAPKs.

treated with increasing concentrations of vanadate from
10 to 200 uM (right panel).

The effect of inhibitors of ERKs and p38 on
vanadate-induced cell growth arrest

ERK and p38 may affect vanadate-induced cell
growth arrest through a signal transduction network. To
test the role of ERK and p38 in vanadate-induced growth
arrest, the A549 cells were exposed to 100 uM vanadate
for 24 h and cell cycle arrest was monitored by flow
cytometry. As shown in Fig. 3, exposure of the cells to
vanadate caused cell growth arrest with 32% of the cells
being retained in the G,/M phase. For examination of the
role of ERK in vanadate-induced cell growth arrest, the
cells were pretreated with PD98059—a specific MEK 1-
ERK pathway inhibitor— before the exposure of cellsto
vanadate. The results show that pretreatment of the cells
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Fig. 3. The effects of ERK and p38 inhibitors on vanadate-induced cell
growth arrest at G,/M phase. A549 cells were incubated in a2 100 mm
dish and pretreated with either PD98059 (an ERK inhibitor) or
SB202190 (a p38 kinase inhibitor) for 0.5 h prior to vanadate treatment
(100 M) for 24 h. Cell growth arrest was analyzed by DNA content
using flow cytometry, as described in Fig. 1. *A significant increase
from control without vanadate treatment; #a significant decrease from
vanadate-treated positive control.

with PD98059 resulted in an inhibition of vanadate-
induced cell growth arrest, decreasing the percentage of
cells in the G,/M phase from 33% to: 20% for 50 uM
PD98059 and 16% for 100 uM PD98059. Pretreatment
of the cells with SB202190—a specific inhibitor of
p38—also inhibited vanadate-induced cell growth arrest,
decreasing the percentage of cells in the G,/M phase
from 33% to: 19% for 5 uM SB202190 and 16% for 10
M SB202190. Both of these two inhibitors alone had no
effect on cell cycle and the G,/M phases stayed the same
as control (data not shown). These results indicate that
both ERK and p38 are involved in vanadate-induced cell
growth arrest.

Inhibition of ERK and p38 inhibitors on cell growth
regulatory proteins

To further show that vanadate-induced cell growth
arrest is mediated by ERK and p38, we examined the
effects of PD98059 and SB202190 on vanadate-induced
p21 and phospho-cdc2 levels and cdc25C degradation.
As shown in Fig. 4, pretreatment of the cells with
PD98059 or SB202190 decreased the levels of p21 and
phospho-cdc2. Both of these two inhibitors partialy
blocked the degradation of cdc25C observed after vana-
date exposure.

Generation of H,O, and O, by vanadate-stimulated
cells

Confocal microscopy, together with ROS dyes, was
used to measure H,O, and O,"~ generated by vanadate-
stimulated cells. Although selective dyes (DCFH-DA for
H,O, and HE for O," ) were employed, it is still possible
that these dyes may not be totally specific. To overcome
this potential problem, catalase and SOD were used in
combination with the dye staining. Cells were cultured in
a 6-well plate. After reaching 80—90% confluence, cells
were treated with 100 uM vanadate for 1 h. The cdls
were pretreated with 500 U/ml SOD or 5000 U/ml cata
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Fig. 4. The effects of ERK and p38 inhibitors on vanadate-regul ated
cell growth regulatory proteins. The cells were pretreated with
PD98059 or SB202190 for 0.5 h prior to vanadate treatment (100 uM,
24 h). Proteins p21, phospho-cdc2, and cdc25C were analyzed using
Western blotting. Lane 1: control without vanadate; lane 2: vanadate;
lane 3: vanadate + 50 uM PD; lane 4: vanadate + 100 uM PD; lane
5: vanadate + 5 uM SB; and, lane 6: vanadate + 10 uM SB.

lase for 0.5 h before treatment with the 100 uM vana-
date. DCFH-DA or HE was added to the cells and
incubated for another 1520 min at 37°C. Then, the cells
were washed with PBS twice and collected for analysis
using confocal microscopy.

Asshownin Fig. 5A, in the presence of DCFH-DA,
treatment of the cells with 100 uM vanadate for 1 h
resulted in a green fluorescence, which was evidence
of vanadate-induced generation of H,O,. Pretreatment
with catalase, a specific scavenger of H,O,, sharply
decreased the intensity of the green color, confirming
the H,O, generation. Figure 5B shows the generation
of O,"". The control cells were blue due to the addi-
tion of HE (left panel). In the presence of O, ", blue
HE was oxidized to ethidium that fluoresces red. The
red color observed in vanadate-treated cells (right
panel) indicated that vanadate indeed caused the gen-
eration of O,". The addition of SOD, a scavenger of
O,"", blocked the conversion of HE to ethidium.
Therefore, the cells remained blue (Ieft panel) and red
color did not appear (right panel), confirming that
O,"~ was indeed produced.

The effects of antioxidants on ERK and p38

In the previous sections, we have shown that van-
adate-stimulated cells are able to generate H,O, and

O,"". Since both ERK and p38 are oxidative stress-
sensitive kinases [18], we examined the effects of
antioxidants on vanadate-induced ERK and p38 acti-
vation. As shown in Fig. 6, SOD, formate, and catalase
inhibited activation of ERK and p38 kinase. The in-
hibitory effect of catalase was more potent than that of
formate ("OH radical scavenger) and SOD. These re-
sults indicate that all ROS members were involved in
the activation of MAPKSs.

The effects of antioxidants on growth regulatory
proteins

The effects of antioxidants on severa growth regula-
tory enzymes were examined. The results are shown in
Fig. 7. SOD, formate, and catalase all exhibited an in-
hibitory effect on vanadate-induced p21 level, with cata-
lase showing the strongest effect of the three. Neither
SOD nor formate had any observable effect on vanadate-
induced phosphorylation of cdc2. However, catalase
abolished it. Both SOD and formate partially blocked the
degradation of cdc25C. In contrast, catalase enhanced
the extent of vanadate-induced cdc25C degradation.
These results show ROS are involved in the regulation of
these growth regulatory proteins. Specific ROS affect
different regulatory proteins and exhibit different poten-
cies.

DISCUSSION

Although vanadate-containing compounds exert po-
tent toxic and carcinogenic effects on a wide variety of
biological systems, the mechanisms of their actions re-
main to be investigated. We hypothesize that vanadate-
mediated free radical reactions may cause oxidative
stress and play a key role in the mechanism of vanadate-
induced carcinogenesis [24,25]. ROS generated by van-
adate-mediated reactions are able to damage DNA [26].
Normally, if the cell isinjured by external agents, it will
respond to such injury by the activation of signal trans-
duction pathways that control the modulation of tran-
scription factors and regulation of gene expression while
transiently delaying cell cycle progression to alow the
repair of damaged DNA [42,59]. Alternatively, if the
damage is too severe to be adequately repaired, the cell
may undergo apoptosis or enter an irreversible senes-
cence-like state [31]. Our recent studies have shown that
vanadate causes cell growth arrest and apoptosis through
H,O,-mediated reactions [27,28,55]. The present study
shows that vanadate is able to induce cell growth arrest
and regulate cell growth regulatory enzymes through
MAPKSs and ROS.

MAPKs can be activated by many stress signals
[29,60,61]. These kinases are serine/threonine protein
kinases that participate in signal transduction of many
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Fig. 5. Formation of H,O, and O,"~ induced by vanadate and the effects of catalase and SOD detected by confocal microscopy. Cells
were cultured in a6-well plate. After reaching 80—90% confluence, cells were treated with 100 uM vanadate for 1 h. For the evaluation
of antioxidant effects, the cells were pretreated with 500 U/ml SOD or 5000 U/ml catalase for 0.5 h before treatment with 100 uM
vanadate. 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 confocal microscopy. (A) The generation of H,O,; (B) the generation of O,"~ (left: blue
channel; right: red channel).
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Fig. 6. The effects of antioxidants on vanadate-activated ERK and p38.
A549 cells were seeded in a 6-well plate and pretreated with 500 U/ml
SOD, 300 uM sodium formate, or 5000 U/ml catalase for 0.5 h before
treatment with vanadate (100 wM). After 4 h, cells were harvested and
Western blotting was used to analyze phosphorylation of ERK and p38.
The designations “p” and “N-p” represent the phosphorylated and
nonphosphorylated forms of the MAKPs.

extracellular stimuli, including UV light, bacterial deriv-
atives, and growth factors. These stress-activated kinases
have been implicated in the control of severa diverse
biological processes including cell proliferation, devel-
opment, apoptosis, the response to stress, and the pro-
duction of inflammatory cytokines [62]. Activation of
these kinases is marked by phosphorylation of serine/
threonine amino residues in their protein molecules.
They act as signal transducers at the end of kinase
cascades, which transmit signals to the nucleus. Activa
tion of these kinases leads to the induction of transcrip-
tion factors that in turn regulate gene expression in the
nucleus and cell proliferation.

Recent studies have shown that MAPKs signaling
pathways regulate the eukaryotic cell cycle [62]. It has
been reported that growth factors can trigger entry into
the G, phase of the cell cycle via activation of the Ras
signaling pathway [63,64]. MAPKs also have been im-
plicated in this process. In Xenopus oocytes, activation of
MAPKSs is necessary for the progression from meiotic
prophase 1 to metaphase 2 [65]. After fertilization, inac-
tivation of MAPKs is essentia for the first G, to M
progression [66]. The present study shows that ERK and
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Fig. 7. The effects of antioxidants on vanadate-regulated cell growth
regulatory proteins. A549 cells were incubated in a 6-well plate and
pretreated with SOD, sodium formate, or catalase for 0.5 h before
treatment with vanadate (100 uM). After 24 h, cells were collected for
Western blotting using specific antibodies to p21, cdc25C, and phos-
pho-cdc2.

p38 are involved in vanadate-induced cell growth arrest
because both PD98059 and SB202190 exhibited inhibi-
tory effects, with SB202190 being the more potent of the
two. Inhibition of ERK or p38 also inhibited vanadate-
induced expression of p21 and phospho-cdc2 and degra-
dation of cdc25C. It appears that ERK and p38 regulate
cell growth arrest at the G,/M phase through these cell
growth regulatory enzymes.

Our previous studies have shown that vanadate-stim-
ulated cells consumed molecular oxygen that generated
ROS in the process of cellular vanadate reduction [59].
Using ESR spin trapping, we showed generation of the
‘OH radical in vanadate-stimulated cells [55]. H,O,
serves as a precursor for the generation of this radical.
The present study shows that H,O, and O," were gen-
erated in the reduction of vanadate by the cells, as
detected by confocal microscopy in combination with
specific scavengers for these species—catalase and
SOD. From the results obtained in this study and those
reported previously [55], the following can be conclud-
ed: (i) molecular oxygen was consumed to generate O,
radical during the cellular reduction of vanadate, with
flavoenzyme/NADPH as a major reductant; (ii) the O,"~
radical produced H,O, upon dismutation; and, (iii) H,O,
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Fig. 8. The possible mechanism of vanadate-induced ROS generation
and cell growth arrest.

produced *OH radical via a Fenton-like reaction (V(1V)
+ H,0, = "OH + OH™ + V(V)).

Thus, in vanadate-stimulated cells, a whole spectrum
of ROS was generated. ROS can aso be generated as a
result of norma oxygen metabolism in mitochondria.
When generation of ROS exceeds the capability of the
cellular defense system, consisting of small molecules
and cooperative redox enzymes, oxidative stress occurs,
resulting in DNA damage, protein modification, and
other cellular responses. At these oxidative stress condi-
tions, signaling protein kinases and transcription regula-
tory factors are activated. The present study shows that
ROS scavengers inhibited the activities of ERK and p38,
with different scavengers exhibiting different potencies,
indicating that ERK and p38 are two important, early
response kinases in response to vanadate-induced oxida-
tive stress.

The results obtained from the present study show that
vanadate also affected several cell growth regulatory
proteins, namely p21, phospho-cdc2, and cdc25C, al-
though different reactive oxygen species exhibited dif-
ferent potencies. All of these proteins are involved in the
regulation of the G,/M arrest [56-58]. The effects of
vanadate on these regulatory proteins became observable
at 6 h. It appearsthat ERK and p38 acted on the upstream
of these growth regulatory proteins, as shown by the
following observations: (i) both ERK and p38 inhibitors
reduced the effects; and, (ii) while ERK and p38 were
activated in a relatively short time, the effects of vana-
date on the growth regulatory proteins were observed
after a relatively long time. Therefore, it can be con-
cluded that ROS generated by the stimulation of the cells
with vanadate acted upstream of ERK and p38 and
caused activation of these MAP kinases. ERK and p38

affected the cell growth regulatory proteins p21, phos-
pho-cdc2, and cdc25C, leading to the cell growth arrest.
The possible mechanism of vanadate-induced ROS gen-
eration and cell growth arrest is shown in Fig. 8.

Increasing evidence indicates a vital role for ROS in
mediating cellular responses by various extracellular
stimulators [67]. ROS can be generated from many ex-
ogenous and endogenous sources in biological systems.
Exogenous sources of ROS include tobacco smoke, toxic
gases, vapors, chemicals, pollutants present in ambient
air, ashestos, metals, and mineral particles [68]. It is
possible that these agents may activate MAPK's and alter
the status of growth regulatory proteins, leading to cell
growth arrest.

The results obtained from the present study support
the following conclusions: (i) vanadate induces cell
growth arrest at the G,/M phasg; (ii) vanadate causes
phosphorylation of ERK and p38 by acting on their
upsteam regulatory proteins; (iii) vanadate upregulates
p21 and cdc2 and causes the degradation of cdc25C
through both ERK and p38 pathways; (iv) during the
cellular reduction of vanadate, molecular oxygen is re-
duced to generate ROS; (v) ROS are involved in vana-
date-induced activation of ERK and p38, expression of
p21 and cdc2, and degradation of cdc25C; and, (vi) it
may be speculated that other metal carcinogens and
mineral particles, such as chromium [69—72], cobalt
[73], nickel [74], and silica[75], that are ROS-promoting
agents may also cause cell growth arrest by a mechanism
similar to that of vanadate.
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