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INTRODUCTION

THE RESPONSE OF VASCULAR SMOOTH MUSCLE CELLS

(VSMCs) to reactive oxygen species (ROS) is variable.
Agonist-induced generation of intracellular ROS or exposure
of cells to oxidants has been reported to lead to proliferation
(21, 29), senescence (8), or apoptosis (6, 15). Although the
precise identity of the NAD(P)H oxidase responsible for
these effects is not completely known, H2O2 has emerged as
an important mediator of both growth and apoptotic re-
sponses of VSMCs (15, 21, 25, 29). The mechanisms by
which hydrogen peroxide (H2O2) regulates these different re-
sponses are not entirely clear. It is likely that the dose and du-
ration of exposure, as well as the modulation of specific
molecular targets, are critical determinants of the apparent
paradoxical effects of ROS on cell growth (5). Because cell

proliferation and apoptosis contribute to many vascular dis-
eases, including atherosclerosis and hypertension, under-
standing the differential responses of VSMCs to H2O2 is of
paramount importance.

Cell cycle proteins comprise the final common pathway by
which the cell is directed toward mitosis, growth arrest, or
apoptosis. Internal and external signals modulate cyclin-
dependent kinases (CDKs 2, 4, and 6) by altering the avail-
ability of their positive regulators (cyclins E, A, and D), the
levels of CDK inhibitory proteins (CDKIs) such as p21 and
p27, and their phosphorylation status (17). An additional im-
portant negative regulator of the cell cycle is p53, which reg-
ulates both p21 and cyclin A expression (20). The only well
characterized substrate of the CDKs is the retinoblastoma
gene product, Rb, which mediates progression through the
G1, S, and G2 phases of the cell cycle (19). Several studies in
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ABSTRACT

Reactive oxygen species such as hydrogen peroxide (H2O2) can positively and negatively modulate vascular
smooth muscle cell (VSMC) growth. To investigate these paradoxical effects of H2O2, we examined its effect on
apoptosis, cell cycle progression, and cell cycle proteins. High concentrations of H2O2 (500 µM to 1 mM) in-
duced apoptosis, whereas moderate concentrations (100 µM) caused cell cycle arrest in G1. H2O2 (100 µM)
blocked serum-stimulated cyclin-dependent kinase-2 (CDK2) activity, but not CDK4 activity, suggesting that
cell cycle arrest occurred in part by inhibiting CDK2 activity. The serum-induced increase in cyclin A mRNA
was also completely suppressed by H2O2, whereas cyclin D1 mRNA was not affected. In addition, H2O2 caused
a dramatic increase in expression of the cell cycle inhibitor p21 mRNA (9.67 ± 0.94-fold at 2 h) and protein
(8.75 ± 0.08-fold at 8 h), but no change in p27 protein. Finally, H2O2 transiently increased p53 protein levels
(3.16 ± 1.2-fold at 2 h). Thus, whereas high levels of H2O2 induce apoptosis, moderate concentrations of H2O2
coordinate a set of molecular events leading to arrest of VSMCs at the G1/S checkpoint of the cell cycle. These
results provide insight into the mechanisms underlying positive and negative regulation of VSMC growth by
H2O2 in vascular disease. Antioxid. Redox Signal. 4: 845–854.



fibroblasts suggest that these proteins and enzymes may be
responsive to ROS (2, 4), but the effect of H2O2 on their ex-
pression and activity in VSMCs has not been studied.

We previously showed that endogenous, low levels of ROS
are required for hypertrophy (29) and identified several up-
stream signaling molecules that are redox-sensitive (13). In
this study, we sought to gain insight into the reported para-
doxical effects of H2O2 on VSMC growth, and to define the
molecular mechanisms by which H2O2 modulates cell cycle
progression. We found that whereas high concentrations of
H2O2 induce apoptosis, intermediate concentrations of H2O2

potently inhibit serum-induced progression through the cell
cycle, apparently via a decrease in cyclin A expression and
CDK2 activity, as well as an up-regulation of p21 and p53.
These results provide insight into the potential redox-
sensitive molecular targets involved in abnormal VSMC
growth in vascular disease.

MATERIALS AND METHODS

Materials

The following investigators kindly provided the cDNAs
used in this study: Dr. Charles Sherr, St. Jude’s Children’s Re-
search Hospital (cyclin D1); Dr. James Roberts, Hutchinson
Cancer Center (p27); Dr. Jonathan Pines, Wellcome/CRC
Institute (Cyclin A); and Dr. Elizabeth Nabel, University of
Michigan (p21). Antibodies to p21 (sc-756), p27 (sc-1641),
p53 (sc-6243), and CDK2 (sc-163), as well as GST-Rb and
protein A/G agarose, were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, U.S.A.).

Cell culture

Rat aortic VSMCs were isolated and cultured as described
previously (12). VSMCs were synchronized for the cell cycle
experiments by replacing Dulbecco’s modified Eagle’s
medium (DMEM)/10% calf serum with DMEM/0.1% calf
serum when the cultures were 60% confluent. Cells were
maintained in low-serum medium for 48 h before addition of
serum with or without H2O2.

Northern blot analysis

Total RNA was isolated from VSMCs using the one-step
TRI reagent lysis (Molecular Research Center) (14). The
membranes were subjected to autoradiography using phos-
phor screens for the PhosphorImager, and results were quan-
tified using the ImageQuant software (Molecular Dynamics).

Cell lysis and western blot analysis

VSMCs were washed three times with ice cold phosphate-
buffered saline and lysed in 50 mM Tris HCl, pH 7.4, 250 mM
NaCl, 0.1% NP-40, 5 mM EDTA, 10 mM NaF, 0.1 mM dithio-
threitol, 10 µg/ml aprotinin, and 10 µg/ml leupeptin. The
lysate was stored in aliquots at 280°C until use. Protein con-
centration in the lysate was measured by the Bradford assay
(Bio-Rad). Samples were subjected to sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
with either 9% or 12% acrylamide depending on the size of
the protein of interest. Following immunoblotting of the pro-

teins onto Hybond membrane (Amersham Life Science), 5 µg
of primary antibody was used per miniblot to detect the pro-
tein of interest. The immunoreactive bands were visualized
using horseradish peroxidase-conjugated anti-rabbit or anti-
mouse IgG and the ECL western blot analysis system.

Immunoprecipitation of cyclin–CDK 
complexes and kinase assay

VSMC lysate (30 µg) was precleared with rabbit IgG.
Anti-CDK antibody (1 µg) was added to the cleared fractions,
incubated overnight at 4°C, and the immune complexes were
precipitated with protein A/G agarose for 1 h at 4°C. The im-
munoprecipitates were washed and resuspended in 15 µl of
kinase buffer (50 mM HEPES, pH 7.5, 10 mM MgCl2, 10 mM
b-glycerophosphate, 2.5 mM EGTA, 1 mM NaF, 100 µM
NaVO4 and 1 mM dithiothreitol) containing 10 µCi of 
[g-32P]ATP and GST-Rb (1 µg) for CDK4 or histone H1 (5 µg)
for CDK2. The reaction was stopped after incubation at 30°C
for 30 min by the addition of 33 SDS loading buffer. Samples
were subjected to SDS-PAGE, and labeled substrate was quan-
tified using a PhosphorImager (Molecular Dynamics).

FACS analysis of cell cycle

VSMCs quiesced as described above were exposed to the
indicated treatments for 24 h and stained with propidium io-
dide for FACS (fluorescence-activated cell sorter) analysis of
DNA as described previously (26). The fluorescence distribu-
tion from 10,000 cells was captured and analyzed using the
CELLQuest program (Becton–Dickinson).

Measurement of apoptosis

Apoptosis was assessed by measuring fluorescein isothio-
cyanate-conjugated annexin V staining, as well as DNA lad-
dering. For annexin V staining, quiescent cells were treated
with H2O2 for 24 h, harvested, and suspended in 10 mM
HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2 buffer at a
concentration of 1 2 106 cells/ml. Aliquots (100 µl) of the
cell solution were then stained with 5 µl fluorescein isothio-
cyanate-conjugated annexin V (BD–Pharmingen) and 10 µl
of propidium iodide (50 µg/ml), and analyzed using the FAC-
Sort. DNA laddering was performed using the Suicide Kit
(Calbiochem no. AM41) per the manufacturer’s instructions.

Statistical analysis

Statistical significance was assessed by Student’s paired
two-tailed t test or analysis of variance on untransformed
data, followed by comparison of group averages by contrast
analysis, using the SuperANOVA statistical program (Abacus
Concepts, Berkeley, CA, U.S.A.).

RESULTS

Role of H2O2 in cell cycle 
progression and apoptosis

We previously showed that endogenous, low levels of ROS
(10–100 nM H2O2) are required for growth (29), but the ef-
fects of higher concentrations of H2O2 on VSMC growth have
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not been well defined. We f irst examined the dose-response
relationship between H2O2 and apoptosis. As shown in
Fig. 1A and B, concentrations of H2O2 of #200 µM did not
increase apoptosis in VSMC. However, concentrations higher
than 200 µM dose-dependently increased apoptosis, to a max-
imum of 64 ± 11% (n = 3) at 1 mM H2O2. To determine the
response of VSMCs to intermediate, nonapoptotic concentra-
tions of H2O2, we examined the effect of 100 µM H2O2 on
serum-induced progression through the cell cycle. Nuclei

were stained with propidium iodide following treatment with
H2O2 in the presence or absence of serum, and cells were ana-
lyzed using FACS (Fig. 1B). Upon quiescence, 93.3 ± 2.0%
of the cells were in G0/G1, with ~5% in S/G2/M. Addition of
H2O2 alone to 0.1% calf serum had no effect on this distribu-
tion (95 ± 1.2% in G0/G1). When quiescent cells were ex-
posed to 10% serum for 24 h, 35.4 ± 3.3% of the cells moved
to the S/G2/M phases of the cell cycle, and 63.5 ± 4.1% of the
cells remained in G0/G1 phase. However, when H2O2 was
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FIG. 1. Effect of H2O2 on apoptosis and cell cycle progression. (A) VSMCs were exposed to the indicated concentrations of
H2O2 for 24 h, and apoptosis was assessed by annexin V staining (left) or DNA laddering (right). Data for annexin V are means ±
SE from three experiments. *p < 0.01 for control vs. H2O2. (B) VSMCs were quiesced, exposed to 100 µM H2O2 for 4 h, and incu-
bated with 0.1% or 10% calf serum (CS) for 24 h. Right panels show representative histograms of DNA content during the cell
cycle. Left panel shows the distribution of cells in G1, S, or G2/M expressed as a percentage of total cells. Data are means ± SE
from three experiments. *p < 0.005 for 10% CS vs. 10% CS + H2O2.



added 4 h prior to serum, cells were no longer able to pro-
gress to S/G2M, but arrested in the G0/G1 phase of the cell
cycle (93.2 ± 1.3%). H2O2 added either concomitantly or 4 h
after 10% serum resulted in virtually identical severe cell
cycle arrest in G0/G1 (data not shown). These results indicate
that treatment of VSMCs with high concentrations of H2O2

causes apoptosis, whereas intermediate concentrations of
H2O2 prevent progression through the cell cycle, causing ar-
rest in the G0/G1 phase.

CDK2, but not CDK4, activity is a target of H2O2

Progression through the cell cycle checkpoints (G1/S and
serum-sensitive restriction point R in mid-G1) is mainly con-

trolled by the activities of CDK2 and CDK4. To study the
mechanisms of H2O2–induced cell cycle arrest, we first
analyzed the effect of H2O2 on CDK2 and CDK4 activities.
Serum treatment potently increased CDK2 activity at 24 h
(4.54 ± 0.58-fold over quiescence). However, when 100 µM
H2O2 was added simultaneously with serum, serum failed to
activate CDK2 (97 ± 21% of quiescent control) (Fig. 2A).
Serum-induced activation of CDK2 requires increased ex-
pression of cyclin A. As shown in Fig. 2B, serum elevated cy-
clin A mRNA expression in a time-dependent manner, with a
peak at 12–24 h (8.2 ± 0.6-fold compared with quiescence).
However, when cells were exposed to serum in the presence
of H2O2, cyclin A expression at 24 h no longer increased
(Fig. 2C). H2O2 alone (in 0.1% calf serum) had no effect on
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FIG. 2. Effect of H2O2 on serum-induced CDK2 activity and cyclin A expression. (A) VSMCs were quiesced in 0.1% serum,
pretreated with 100 µM H2O2 for 4 h as indicated, and assayed for CDK2 activity at 0 and 24 h as described in Materials and
Methods (n = 3). Histone H1 was used as a substrate for CDK2. (B) Time course of cyclin A mRNA expression. H2O2 was added
to quiescent cells in 0.1% serum. Parallel dishes were maintained in 0.1% serum or exposed to 10% calf serum. Right panels are
representative northern blots. Left panel shows means ± SE of three experiments after normalization to 28S rRNA. (C) Effect of
H2O2 on cyclin A mRNA expression at 0 and 24 h after addition of 10% serum. H2O2 was added simultaneously with serum.
Upper panel is a representative northern blot. Lower panel describes means ± SE of three experiments after normalization to 28S
rRNA. *p < 0.005 for 10% CS vs. 10% CS + H2O2; **p < 0.005 for 10% CS vs. H2O2.
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cyclin A mRNA (Fig. 2B). Because cyclin E also interacts
with CDK2 to regulate its activity, we examined the effect of
serum and H2O2 on cyclin E mRNA expression. Neither ago-
nist significantly affected cyclin E levels (data not shown),
suggesting that cyclin E is not a major target of H2O2.

CDK4 activation occurs prior to CDK2 activation, and is
required for progression from mid- to late G1. It was conceiv-
able, therefore, that H2O2 would also inhibit CDK4 activity.
As expected, serum increased CDK4 activity at 24 h
(Fig. 3A). Surprisingly, H2O2 alone also increased CDK4
activity in the presence of 0.1% calf serum. However, simul-
taneous addition of 100 µM H2O2 had no effect on the in-
crease in CDK4 activity due to serum. Consistent with this
observation, H2O2 did not alter expression of cyclin D1, the

positive regulator of CDK4 (Fig. 3B). Thus, in the presence
of moderate concentrations of H2O2, serum-stimulated cells
progress normally to late G1, but are unable to pass the G1/S
checkpoint because H2O2 inhibits CDK2 activity.

H2O2 induces the cell cycle inhibitors p21 
and p53, but not p27

Because 100 µM H2O2 blocked serum-induced progres-
sion through the cell cycle, we postulated that H2O2 may
stimulate expression of CDKIs, negative regulators of the cell
cycle that bind to and inhibit the kinase activity of cyclin–
CDK complexes, thus preventing progression. Among them,
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FIG. 3. Effect of H2O2 on serum-induced CDK4 activity and cyclin D1 expression. (A) VSMCs were quiesced, pretreated
with H2O2 for 4 h in 0.1% serum, and then exposed to 10% serum alone or in combination with H2O2 (n = 2). T = 0 is the point at
which serum was added. A 49-kDa fragment of Rb served as a substrate for CDK4. (B) Time course of cyclin D1 mRNA expres-
sion. H2O2 was added in 0.1% serum. Right panels are representative northern blots. Left panel shows means ± SE of three ex-
periments after normalization to 28S rRNA. *p < 0.05; **p < 0.005 for serum vs. H2O2.
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p21, p27, and p53 are the most important inhibitors in
VSMCs (1, 22).

p53 is a transcriptional activator that up-regulates cell
cycle inhibitory mechanisms including p21 and GADD45,
and inhibits cyclin A expression as well. H2O2 alone induced
a transient increase in p53 mRNA expression, to ,3.14 ± 1.2-
fold of the levels in quiescent cells at 2 h (Fig. 4). This is sim-
ilar to the time course seen in response to H2O2 in human f i-
broblasts (7). Neither 0.1% nor 10% serum had any effect on
p53 levels.

The protein p21 is a major effector of p53 and binds to and
inhibits cyclin E/A–CDK2 and cyclin D–CDK4 complexes,
resulting in G1 arrest. This mechanism is mediated through
pRb, which sequesters in an inactive form the elongation fac-
tor E2F required for DNA synthesis. As shown in Fig. 5A,
H2O2 alone caused a dramatic biphasic increase in p21
mRNA levels, with a peak at 2 h (9.67 ± 0.94-fold increase)
and again at 8–12 h (3.52 ± 0.22-fold increase at 12 h). This is
strikingly different from the effect of serum, which did not
alter p21 mRNA levels. Because CDKIs can be strongly regu-
lated posttranscriptionally (10), we also examined the effect
of H2O2 on p21 protein levels. As shown in Fig. 5B, H2O2
alone caused a robust increase in the level of p21 protein. By
8 h, p21 protein increased by 8.75 ± 0.08-fold in response to
H2O2, and remained elevated to 4.7 ± 1.3-fold over quiescent
levels for as long as 24 h. As expected, serum alone did not
increase the level of p21 protein.

To test whether p21 is involved in cell cycle arrest in re-
sponse to H2O2 even in the presence of serum, we pretreated
the cells with H2O2 for 4 h and measured p21 protein levels
after stimulation with serum. Similar to its effect in quiescent
cells, H2O2 robustly up-regulated p21 protein levels by 2.11 ±
0.47-fold at 6 h and 2.27 ± 0.15-fold at 24 h compared with
levels found in serum-stimulated cells (Fig. 5C), suggesting
that p21 is a major effector of H2O2-induced growth arrest.

Another important CDKI, p27, binds to cyclin E–CDK2
and cyclin A–CDK2 complexes, causing a late G1/S phase ar-
rest of the cell cycle. In contrast to the dramatic effect of
H2O2 on p21 expression, H2O2 had no effect on the down-
regulation of p27 mRNA or protein in response to serum
(Fig. 6). Thus, p27 does not seem to be an important target of
H2O2 in VSMCs.

DISCUSSION

In the present study, we provide insight into the molecular
mechanisms underlying the paradoxical effects of H2O2 on
VSMC growth. Although high concentrations of H2O2 induce
apoptosis, lower concentrations of H2O2 induce a coordinated
regulation of cell cycle components leading to an arrest of
VSMCs in late G1, even when cells are stimulated by a potent
mitogenic stimulus such as serum. H2O2 increases CDK4 ac-
tivity, which, together with down-regulation of p27 by serum,
stimulates progression through mid-G1. However, H2O2 in-
hibits CDK2 activity by up-regulating p21 and p53 and down-
regulating cyclin A expression. This leads to hypophosphory-
lation of Rb and prevents dissociation of E2F, thus blocking
progression through G1/S (Fig. 7).

Previous reports have indicated that H2O2 can either promote
growth (18) or induce apoptosis (16) of VSMCs. Similar effects
have been reported in other cell types (2, 28). In VSMCs, it is
clear that some H2O2 is necessary for growth, because overex-
pression of catalase (3) or treatment of VSMCs with N-acetyl-
cysteine induces apoptosis (24), and endogenously produced
H2O2 (~ 10–100 nM) is required for angiotensin II- and platelet-
derived growth factor-stimulated growth (21, 29). Thus, our
results indicate that the cellular response to H2O2 is concen-
tration-dependent: at low, submicromolar concentrations, H2O2

participates in the mitogenic stimulation (possibly by increasing
CDK4 activity; Fig. 3A), at higher concentrations (micromolar)
it induces growth arrest, and at millimolar concentrations it trig-
gers apoptosis of VSMCs.

The mechanisms responsible for the growth inhibitory ef-
fects of H2O2 appear to be complex. The present results indi-
cate that H2O2-induced cell cycle arrest in VSMCs is medi-
ated by several specific redox-sensitive targets, including
both positive and negative elements essential for cell cycle
progression beyond G1. With regard to positive cell cycle
regulators, cyclin A expression in response to serum [essen-
tial for progression through G1/S and S phase (11)] and
CDK2 activity were completely suppressed by 100 µM H2O2.
In contrast, cyclin D1 and cyclin E (required for progression
through mid-late G1) were not affected by H2O2, indicating
that the inhibitory effect of H2O2 is not the result of general
cytotoxicity, but rather arises from modulation of specific
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FIG. 4. Effect of H2O2 and serum on p53 mRNA expression.VSMCs were quiesced and exposed to H2O2 or serum for the in-
dicated times, and cyclin DA mRNA was measured. Right panels are representative northern blots. Left panel shows means ± SE
of three experiments after normalization to 28S rRNA.
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FIG. 5. Effect of H2O2 and serum on the regulation of p21. (A) VSMCs were quiesced as described in Materials and Meth-
ods, and RNA was isolated from treated cells at the time points indicated. H2O2 was added in 0.1% serum. Right panels show rep-
resentative northern blots of p21 mRNA regulation by serum and H2O2. Left panel shows means ± SE of four experiments after
normalization to 28S rRNA. *p < 0.05; **p < 0.005 compared with time 0. (B) Right panels show representative western blots for
p21 after exposure of cells to serum or H2O2 in 0.1% calf serum. Left panel shows means ± SE of densitometric data from three
experiments. *p < 0.05; **p < 0.005 compared with time 0. (C) VSMCs were quiesced, pretreated with H2O2 for 4 h as indicated,
and exposed to 10% calf serum (CS). p21 protein expression was measured by western analysis at 0, 6, and 24 h. Upper panel is a
representative western blot. Lower panel describes means ± SE of three experiments. *p < 0.01 for 10% CS vs. 10% CS + H2O2.



cell cycle targets. The observation that H2O2 alone increases
CDK4 activity as potently as serum suggests that it may stim-
ulate cells to progress from quiescence to mid-late G1, but
the subsequent inhibition of cyclin A–CDK2 causes arrest at
the G1/S interface.

The most striking effect of H2O2 in VSMCs is its induction
of the CDKI p21, a major negative cell cycle regulator that
binds to and inhibits G1 cyclin/CDK complexes. H2O2 up-
regulated p21 at both the mRNA and protein levels (Fig. 5).
Similar results have been reported in human f ibroblasts (7).
Inactivation of CDKs results in hypophosphorylation of Rb,
which keeps E2F inactive (23). E2F is required for further in-
duction of cyclin E and A and other factors essential for

S phase progression; thus, maintaining E2F in an inactive
state leads to late G1/S arrest. In addition to its effect on
CDKs, p21 binds to proliferating cell nuclear antigen, result-
ing in the latter’s inability to activate DNA polymerase d,
thereby affecting DNA replication (27). The increase in p21
levels following H2O2 treatment of VSMCs, in combination
with the decline in the ability of immunoprecipitated cyclin
A–CDK2 complexes to phosphorylate Rb, indicates that p21
plays a major role in inhibiting cell cycle progression.

p21 gene transcription has been shown to be regulated in
part by the tumor suppressor protein p53 (9). p53 is a transcrip-
tion factor induced by DNA damage that inhibits cell growth
by several potential mechanisms (20). Among these, the induc-
tion of p21 (9) and the inhibition of cyclin A promoter activity
(20) may be the most relevant to H2O2-induced growth arrest.
H2O2 induces p53 in VSMCs; however, in contrast to sustained
induction of p21 mRNA, this increase is transient (peak 2 h).
This suggests that, in addition to p53, alternative mechanisms
are involved in H2O2-mediated induction of p21 in VSMCs,
consistent with findings in other systems (7).

The inhibitory effect of H2O2 on cell cycle progression
may have important consequences in the process of human
coronary atherosclerosis. In atherosclerosis, the macrophage-
derived growth factors and H2O2 may concomitantly stimu-
late adjacent cells. VSMCs derived from human athero-
sclerotic plaques have a lower proliferation rate than those
isolated from normal coronary arteries, undergo senescence
as evidenced by the lack of proliferation after several pas-
sages, and have a higher rate of spontaneous apoptosis (1).
Many, if not all, of the targets of H2O2 identified here have
been shown to be involved in atherosclerosis. A recent study
documented that p21 is elevated in VSMCs of atherosclerotic
human coronary arteries and that this correlates with the se-
verity of the disease (22). Although their level of p53 is simi-
lar to that of VSMCs isolated from normal arteries, they are
more sensitive to p53-mediated apoptosis (1). The effects of
H2O2 in vitro thus seem to recapitulate closely the observa-
tions from human atherosclerotic plaque, implying a potential
mechanistic link. Our data suggest that high levels of H2O2
can potentially recruit VSMCs from quiescence via its stimu-
latory effect on CDK4 activity (Fig. 3A), while preventing
full proliferation. Although the growth arresting effect may
be favorable, the activation of VSMCs from quiescence may
make them more prone to apoptosis or senescence than quies-
cent cells, thus contributing to plaque rupture or fibrosis.

In summary, the response of VSMCs to H2O2 suggests an
elaborate mechanism with multiple targets for the inhibition
of full cell cycle progression. Results from this study lend
further support to the involvement of ROS in the regulation of
vascular cell growth, important in many vascular diseases.
These experiments define the molecular mechanisms by
which H2O2 controls VSMC growth, and provide insight into
the regulation of redox-sensitive genes and proteins involved
in vascular pathophysiology.
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FIG. 6. Effect of H2O2 and serum on the regulation of p27.
VSMCs were quiesced, pretreated with H2O2 for 4 h as indi-
cated, and exposed to 10% calf serum (CS). p27 protein expres-
sion was measured by western analysis at 0 and 24 h. Upper
panel is a representative western blot. Lower panel describes
means ± SE of three experiments. NS, not significant.

FIG. 7. Model of molecular mechanisms responsible for
H2O2-induced cell cycle arrest. Moderate concentrations of
H2O2 increase CDK4 activity, which together with down-
regulation of p27 by serum stimulates progression through
mid-G1. H2O2 inhibits CDK2 activity by up-regulating p21 and
p53 and down-regulating cyclin A expression. This leads to hy-
pophosphorylation of Rb and prevents dissociation of E2F, thus
blocking progression through G1/S.
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trophoresis; ROS, reactive oxygen species; SDS, sodium do-
decyl sulfate; VSMC, vascular smooth muscle cell.

REFERENCES

1. Bennett MR, Littlewood TD, Schwartz SM, and Weissberg
PL. Increased sensitivity of human vascular smooth mus-
cle cells from atherosclerotic plaques to p53-mediated
apoptosis. Circ Res 81: 591–599, 1997.

2. Bladier C, Wolvetang EJ, Hutchinson P, de Haan JB, and
Kola I. Response of a primary human fibroblast cell line to
H2O2: senescence-like growth arrest or apoptosis? Cell
Growth Differ 8: 589–598, 1997.

3. Brown MR, Miller FJ Jr, Li WG, Ellingson AN, Mozena
JD, Chatterjee P, Engelhardt JF, Zwacka RM, Oberley LW,
Fang X, Spector AA, and Weintraub NL. Overexpression
of human catalase inhibits proliferation and promotes
apoptosis in vascular smooth muscle cells. Circ Res 85:
524–533, 1999.

4. Burdon RH. Superoxide and hydrogen peroxide in relation
to mammalian cell proliferation. Free Radic Biol Med 18:
775–794, 1995.

5. Burdon RH. Oxyradicals as signal transducers. In: Oxida-
tive Stress and Signal Transduction, edited by Forman HJ
and Cadenas E. New York: Chapman & Hall, 1997, pp.
289–319.

6. Cerutti P. Prooxidant states and tumor promotion. Science
227: 375–381, 1985.

7. Chen QM, Bartholomew JC, Campisi J, Acosta M, Reagan
JD, and Ames BN. Molecular analysis of H2O2-induced
senescent-like growth arrest in normal human fibroblasts:
p53 and Rb control G1 arrest but not cell replication.
Biochem J 332: 43–50, 1998.

8. Chen QM, Liu J, and Merrett JB. Apoptosis or senescence-
like growth arrest: influence of cell-cycle position, p53,
p21 and bax in H2O2 response of normal human fibro-
blasts. Biochem J 347: 543–551, 2000.

9. el-Deiry WS. Regulation of p53 downstream genes. Semin
Cancer Biol 8: 345–357, 1998.

10. Esposito F, Cuccovillo F, Vanoni M, Cimino F, Anderson
CW, Appella E, and Russo T. Redox-mediated regulation
of p21(waf1/cip1) expression involves a post-transcrip-
tional mechanism and activation of the mitogen-activated
protein kinase pathway. Eur J Biochem 245: 730–737,
1997.

11. Girard F, Strausfeld U, Fernandez A, and Lamb NJ. Cyclin
A is required for the onset of DNA replication in mam-
malian fibroblasts. Cell 67: 1169–1179, 1991.

12. Griendling KK, Taubman MB, Akers M, Mendlowitz M,
and Alexander RW. Characterization of phosphatidylin-
ositol-specific phospholipase C from cultured vascular
smooth muscle cells. J Biol Chem 266: 15498–15504,
1991.

13. Griendling KK, Sorescu D, Lassègue B, and Ushio-Fukai
M. Modulation of protein kinase activity and gene expres-
sion by reactive oxygen species and their role in vascular
physiology and pathophysiology. Arterioscler Thromb Vasc
Biol 20: 2175–2183, 2000.

14. Lassègue B, Alexander RW, Nickenig G, Clark M, Mur-
phy TJ, and Griendling KK. Angiotensin II down-
regulates the vascular AT1 receptor by transcriptional and
post-transcriptional mechanisms: evidence for homolo-
gous and heterologous regulation. Mol Pharmacol 48:
601–609, 1995.

15. Li P, Dietz R, and von Harsdorf R. Differential effect of
hydrogen peroxide and superoxide anion on apoptosis and
proliferation of vascular smooth muscle cells. Circulation
96: 3602–3609, 1997.

16. Li PF, Dietz R, and von Harsdorf R. Reactive oxygen
species induce apopotosis of vascular smooth muscle.
FEBS Lett 404: 249–252, 1997.

17. Pines J. Protein kinases and cell cycle control. Cell Biol 5:
399–408, 1994.

18. Rao GN and Berk BC. Active oxygen species stimulate
vascular smooth muscle cell growth and proto-oncogene
expression. Circ Res 70: 593–599, 1992.

19. Shackelford RE, Kaufmann WK, and Paules RS. Oxidative
stress and cell cycle checkpoint function. Free Radic Biol
Med 28: 1387–1404, 2000.

20. Shaw PH. The role of p53 in cell cycle regulation. Pathol
Res Pract 192: 669–675, 1996.

21. Sundaresan M, Zu-Xi Y, Ferrans VJ, Irani K, and Finkel T.
Requirement for generation of H2O2 for platelet-derived
growth factor signal transduction. Science 270: 296–299,
1995.

22. Tanner FC, Yang ZY, Duckers E, Gordon D, Nabel GJ,
and Nabel EG. Expression of cyclin-dependent kinase in-
hibitors in vascular disease. Circ Res 82: 396–403, 1998.

23. Toyoshima H and Hunter T. p27, a novel inhibitor of G1
cyclin-Cdk protein kinase activity, is related to p21. Cell
78: 67–74, 1994.

24. Tsai J-C, Jain M, Hsieh C-M, Lee W-S, Yoshizumi M,
Patterson C, Perrella MA, Cooke C, Wang H, Haber E,
Schlegel R, and Lee M-E. Induction of apoptosis by
pyrrolidinedithiocarbamate and N-acetylcysteine in vas-
cular smooth muscle cells. J Biol Chem 271: 3667–3670,
1996.

25. Ushio-Fukai M, Zafari AM, Fukui T, Ishizaka N, and
Griendling KK. p22phox is a critical component of the
superoxide-generating NADH/NADPH oxidase system
and regulates angiotensin II-induced hypertrophy in vascu-
lar smooth muscle cells. J Biol Chem 271: 23317–23321,
1996.

26. Vindelov LL and Christensen IJ. Detergent and proteolytic
enzyme-based techniques for nuclear isolation and DNA
content analysis. Methods Cell Biol 41: 219–229, 1994.

27. Waga S, Hannon G, Beach D, and Stillman B. The p21
inhibitor of cyclin-dependent kinases controls DNA

H2O2 AND CELL CYCLE IN VSMCS 853



replication by interacting with PCNA. Nature 369: 574–
578, 1994.

28. Wiese AG, Pacifici RE, and Davies KJ. Transient adapta-
tion of oxidative stress in mammalian cells. Arch Biochem
Biophys 318: 231–240, 1995.

29. Zafari AM, Ushio-Fukai M, Akers M, Yin Q, Shah A, Har-
rison DG, Taylor WR, and Griendling KK. Novel role of
NADH/NADPH oxidase-derived hydrogen peroxide in an-
giotensin II-induced hypertrophy of rat vascular smooth
muscle cells. Hypertension 32: 488–495, 1998.

Address reprint requests to:
Kathy K. Griendling, Ph.D.

Emory University
Division of Cardiology

1639 Pierce Drive, 319 WMB
Atlanta, GA 30322

E-mail: kgriend@emory.edu

Received for publication January 31, 2002; accepted July 9, 2002.

854 DESHPANDE ET AL.



This article has been cited by:

1. S. C. Bir, Y. Xiong, C. G. Kevil, J. Luo. 2012. Emerging role of PKA/eNOS pathway in therapeutic
angiogenesis for ischaemic tissue diseases. Cardiovascular Research . [CrossRef]

2. Xiwen Zhang, Yao Wang, Weiwei Yang, Xiaofeng Hou, Jiangang Zou, Kejiang Cao. 2012. Resveratrol
inhibits angiotensin II-induced ERK1/2 activation by downregulating quinone reductase 2 in rat
vascular smooth muscle cells. Journal of Biomedical Research 26:2, 103-109. [CrossRef]

3. Alejandra San Martín , Kathy K. Griendling . 2010. Redox Control of Vascular Smooth Muscle
Migration. Antioxidants & Redox Signaling 12:5, 625-640. [Abstract] [Full Text HTML] [Full Text
PDF] [Full Text PDF with Links]

4. Adrian T. Churchman, Anila A. Anwar, Francois Y.L. Li, Hideyo Sato, Tetsuro Ishii, Giovanni E.
Mann, Richard C.M. Siow. 2009. Transforming growth factor-#1 elicits Nrf2-mediated antioxidant
responses in aortic smooth muscle cells. Journal of Cellular and Molecular Medicine 13:8b, 2282-2292.
[CrossRef]

5. Hitesh Peshavariya, Gregory J. Dusting, Fan Jiang, Lesley R. Halmos, Christopher G. Sobey, Grant
R. Drummond, Stavros Selemidis. 2009. NADPH oxidase isoform selective regulation of endothelial
cell proliferation and survival. Naunyn-Schmiedeberg's Archives of Pharmacology 380:2, 193-204.
[CrossRef]

6. J.-Y. Kim, H.-J. Cho, J.-J. Sir, B.-K. Kim, J. Hur, S.-W. Youn, H.-M. Yang, S.-I. Jun, K.-W. Park, S.-
J. Hwang, Y.-W. Kwon, H.-Y. Lee, H.-J. Kang, B.-H. Oh, Y.-B. Park, H.-S. Kim. 2009. Sulfasalazine
induces haem oxygenase-1 via ROS-dependent Nrf2 signalling, leading to control of neointimal
hyperplasia. Cardiovascular Research . [CrossRef]

7. H WANG, T LIU, S GUAN, Y ZHU, Z CUI. 2008. Protocatechuic acid from Alpinia oxyphylla
promotes migration of human adipose tissue-derived stromal cells in vitro. European Journal of
Pharmacology . [CrossRef]

8. Christian Delles , William H. Miller , Anna F. Dominiczak . 2008. Targeting Reactive Oxygen Species
in Hypertension. Antioxidants & Redox Signaling 10:6, 1061-1078. [Abstract] [Full Text PDF] [Full
Text PDF with Links]

9. Donald J. McCrann, Hao G. Nguyen, Matthew R. Jones, Katya Ravid. 2008. Vascular smooth muscle
cell polyploidy: An adaptive or maladaptive response?. Journal of Cellular Physiology 215:3, 588-592.
[CrossRef]

10. Zhangping Peng, William J. Arendshorst. 2008. Activation of Phospholipase C&gamma;<sub>1</sub>
Protects Renal Arteriolar VSMCs from H<sub>2</sub>O<sub>2</sub>-Induced Cell Death. Kidney
and Blood Pressure Research 31:1, 1-9. [CrossRef]

11. Aina Rodríguez-Vilarrupla, Jaume Bosch, Joan-Carles García-Pagán. 2007. Potential role of
antioxidants in the treatment of portal hypertension. Journal of Hepatology 46:2, 193-197. [CrossRef]

12. Nazish Ahmed, Rita Dreier, Achim G&ouml;pferich, Joachim Grifka, Susanne Gr&auml;ssel.
2007. Soluble Signalling Factors Derived from Differentiated Cartilage Tissue Affect Chondrogenic
Differentiation of Rat Adult Marrow Stromal Cells. Cellular Physiology and Biochemistry 20:5,
665-678. [CrossRef]

13. Fatiha Tabet, Rhian M. TouyzReactive Oxygen Species, Oxidative Stress, and Vascular Biology in
Hypertension 337-347. [CrossRef]

14. Martina Vokurkova, Shaoping Xu, Rhian M Touyz. 2007. Reactive oxygen species, cell growth, cell
cycle progression and vascular remodeling in hypertension. Future Cardiology 3:1, 53-63. [CrossRef]

15. M. Concepción Serrano, Raffaella Pagani, Miguel Manzano, Juan V. Comas, M. Teresa Portolés. 2006.
Mitochondrial membrane potential and reactive oxygen species content of endothelial and smooth
muscle cells cultured on poly(#-caprolactone) films. Biomaterials 27:27, 4706-4714. [CrossRef]

16. Shaoping Xu, Rhian M. Touyz. 2006. Reactive oxygen species and vascular remodelling in
hypertension: Still alive. Canadian Journal of Cardiology 22:11, 947-951. [CrossRef]

http://dx.doi.org/10.1093/cvr/cvs143
http://dx.doi.org/10.1016/S1674-8301(12)60019-0
http://dx.doi.org/10.1089/ars.2009.2852
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2852
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2852
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2852
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2852
http://dx.doi.org/10.1111/j.1582-4934.2009.00874.x
http://dx.doi.org/10.1007/s00210-009-0413-0
http://dx.doi.org/10.1093/cvr/cvp072
http://dx.doi.org/10.1016/j.ejphar.2008.09.030
http://dx.doi.org/10.1089/ars.2007.2008
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.2008
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.2008
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.2008
http://dx.doi.org/10.1002/jcp.21363
http://dx.doi.org/10.1159/000111020
http://dx.doi.org/10.1016/j.jhep.2006.11.008
http://dx.doi.org/10.1159/000107512
http://dx.doi.org/10.1016/B978-0-323-03961-1.50033-7
http://dx.doi.org/10.2217/14796678.3.1.53
http://dx.doi.org/10.1016/j.biomaterials.2006.05.007
http://dx.doi.org/10.1016/S0828-282X(06)70314-2


17. Téni G Ebrahimian, Christophe Heymes, Dong You, Olivier Blanc-Brude, Barend Mees, Ludovic
Waeckel, Micheline Duriez, José Vilar, Ralph P. Brandes, Bernard I. Levy, Ajay M. Shah, Jean-
Sébastien Silvestre. 2006. NADPH Oxidase-Derived Overproduction of Reactive Oxygen Species
Impairs Postischemic Neovascularization in Mice with Type 1 Diabetes. The American Journal of
Pathology 169:2, 719-728. [CrossRef]

18. Alison C. Cave , Alison C. Brewer , Anilkumar Narayanapanicker , Robin Ray , David J. Grieve , Simon
Walker , Professor Ajay M. Shah . 2006. NADPH Oxidases in Cardiovascular Health and Disease.
Antioxidants & Redox Signaling 8:5-6, 691-728. [Abstract] [Full Text PDF] [Full Text PDF with Links]

19. Rhian M. Touyz . 2005. Reactive Oxygen Species as Mediators of Calcium Signaling by Angiotensin
II: Implications in Vascular Physiology and Pathophysiology. Antioxidants & Redox Signaling 7:9-10,
1302-1314. [Abstract] [Full Text PDF] [Full Text PDF with Links]

20. Emily C. Rothstein , Pamela A. Lucchesi . 2005. Redox Control of the Cell Cycle: A Radical Encounter.
Antioxidants & Redox Signaling 7:5-6, 701-703. [Citation] [Full Text PDF] [Full Text PDF with Links]

21. Yavuz Cakir , Scott W. Ballinger . 2005. Reactive Species-Mediated Regulation of Cell Signaling and
the Cell Cycle: The Role of MAPK. Antioxidants & Redox Signaling 7:5-6, 726-740. [Abstract] [Full
Text PDF] [Full Text PDF with Links]

22. Peter M. Burch , Nicholas H. Heintz . 2005. Redox Regulation of Cell-Cycle Re-entry: Cyclin D1 as
a Primary Target for the Mitogenic Effects of Reactive Oxygen and Nitrogen Species. Antioxidants &
Redox Signaling 7:5-6, 741-751. [Abstract] [Full Text PDF] [Full Text PDF with Links]

23. R. M. Touyz, E. L. Schiffrin. 2004. Reactive oxygen species in vascular biology: implications in
hypertension. Histochemistry and Cell Biology 122:4, 339-352. [CrossRef]

24. Tong-Shin Chang, Woojin Jeong, Duck-Yeon Lee, Chun-Seok Cho, Sue Goo Rhee. 2004. The RING-
H2–finger protein APC11 as a target of hydrogen peroxide. Free Radical Biology and Medicine 37:4,
521-530. [CrossRef]

25. Anthie Ellis, Chris R Triggle. 2003. Endothelium-derived reactive oxygen species: their relationship
to endothelium-dependent hyperpolarization and vascular tone. Canadian Journal of Physiology and
Pharmacology 81:11, 1013-1028. [CrossRef]

http://dx.doi.org/10.2353/ajpath.2006.060042
http://dx.doi.org/10.1089/ars.2006.8.691
http://online.liebertpub.com/doi/pdf/10.1089/ars.2006.8.691
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2006.8.691
http://dx.doi.org/10.1089/ars.2005.7.1302
http://online.liebertpub.com/doi/pdf/10.1089/ars.2005.7.1302
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2005.7.1302
http://dx.doi.org/10.1089/ars.2005.7.701
http://online.liebertpub.com/doi/pdf/10.1089/ars.2005.7.701
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2005.7.701
http://dx.doi.org/10.1089/ars.2005.7.726
http://online.liebertpub.com/doi/pdf/10.1089/ars.2005.7.726
http://online.liebertpub.com/doi/pdf/10.1089/ars.2005.7.726
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2005.7.726
http://dx.doi.org/10.1089/ars.2005.7.741
http://online.liebertpub.com/doi/pdf/10.1089/ars.2005.7.741
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2005.7.741
http://dx.doi.org/10.1007/s00418-004-0696-7
http://dx.doi.org/10.1016/j.freeradbiomed.2004.05.006
http://dx.doi.org/10.1139/y03-106

