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Caveolae are vesicular invaginations of the plasma membrane. Caveolin-1 is the principal struc-
tural component of caveolae in vivo. Several lines of evidence are consistent with the idea that
caveolin-1 functions as a “transformation suppressor” protein. In fact, caveolin-1 mRNA and
protein expression are lost or reduced during cell transformation by activated oncogenes. Inter-
estingly, the human caveolin-1 gene is localized to a suspected tumor suppressor locus (7q31.1).
We have previously demonstrated that overexpression of caveolin-1 arrests mouse embryonic
fibroblasts in the G0/G1 phase of the cell cycle through activation of a p53/p21-dependent
pathway, indicating a role of caveolin-1 in mediating growth arrest. However, it remains un-
known whether overexpression of caveolin-1 promotes cellular senescence in vivo. Here, we
demonstrate that mouse embryonic fibroblasts transgenically overexpressing caveolin-1 show: 1)
a reduced proliferative lifespan; 2) senescence-like cell morphology; and 3) a senescence-associ-
ated increase in �-galactosidase activity. These results indicate for the first time that the expression
of caveolin-1 in vivo is sufficient to promote and maintain the senescent phenotype. Subcytotoxic
oxidative stress is known to induce premature senescence in diploid fibroblasts. Interestingly, we
show that subcytotoxic level of hydrogen peroxide induces premature senescence in NIH 3T3 cells
and increases endogenous caveolin-1 expression. Importantly, quercetin and vitamin E, two
antioxidant agents, successfully prevent the premature senescent phenotype and the up-regula-
tion of caveolin-1 induced by hydrogen peroxide. Also, we demonstrate that hydrogen peroxide
alone, but not in combination with quercetin, stimulates the caveolin-1 promoter activity. Inter-
estingly, premature senescence induced by hydrogen peroxide is greatly reduced in NIH 3T3 cells
harboring antisense caveolin-1. Importantly, induction of premature senescence is recovered
when caveolin-1 levels are restored. Taken together, these results clearly indicate a central role for
caveolin-1 in promoting cellular senescence and they suggest the hypothesis that premature
senescence may represent a tumor suppressor function mediated by caveolin-1 in vivo.

INTRODUCTION

Caveolae are vesicular invaginations of the plasma membrane.
Caveolins are the structural components of caveolae. It has

been proposed that caveolins participate in vesicular trafficking
events and signal transduction processes (Lisanti et al., 1994;
Couet et al., 1997a; Okamoto et al., 1998). Several independent
lines of evidence suggest that signaling molecules are seques-
tered, organized, and functionally regulated by caveolae mi-
crodomains. These caveolin-interacting proteins include Ha-
Ras, Src-family tyrosine kinases, G protein � subunits,
endothelial nitric oxide synthase, epidermal growth factor re-
ceptor, Neu, protein kinase A, and protein kinase C (Smart et
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al., 1993; Lisanti et al., 1994; Shenoy-Scaria et al., 1994; Li et al.,
1995; Schnitzer et al., 1995; Feron et al., 1996; Li et al., 1996;
Mineo et al., 1996; Song et al., 1996a; Couet et al., 1997b; Ju et al.,
1997; Liu et al., 1997; Segal et al., 1999). In many cases, muta-
tional activation of these molecules (e.g., G-proteins, H-Ras,
and Src-family kinases) prevents regulated interaction with
caveolin. These activating mutations include H-Ras and G�s
variants that are found in human cancers (Song et al., 1996a).

The mammalian caveolin gene family consists of caveo-
lin-1, -2, and -3 (Scherer et al., 1996; Tang et al., 1996; Oka-
moto et al., 1998). Caveolin-1 and -2 are coexpressed and
form a hetero-oligomeric complex (Scherer et al., 1997) in
many cell types, with particularly high levels in adipocytes,
whereas expression of caveolin-3 is muscle specific and is
found in both cardiac and skeletal muscle, as well as smooth
muscle cells (Song et al., 1996b; Minetti et al., 1998; Galbiati et
al., 1999; Galbiati et al., 2000a,b; Galbiati et al., 2001a). These
caveolin homo- and hetero-oligomers directly interact with
cholesterol and represent the functional assembly units of
caveolae (Sargiacomo et al., 1995). In addition, the caveolin
gene family is structurally and functionally conserved from
worms (C. elegans) to man (Tang et al., 1997), supporting the
idea that caveolins play an essential role.

Most cells cannot divide indefinitely due to a process
termed cellular senescence. Cellular senescence appears to
be a fundamental feature of somatic cells, with the exception
of most tumor cells and certain stem cells. Senescent cells
enter into irreversible growth arrest, display a large and flat
morphology, up-regulate several cell cycle inhibitory pro-
teins, and show increased acid �-galactosidase activity
(Dimri et al., 1995; Dumont et al., 2000; Frippiat et al., 2001).
It has been suggested that cellular senescence may represent
a powerful tumor suppressive mechanism (Kim et al., 1994;
Dimri et al., 1995; Lee et al., 1998; Wynford-Thomas, 1999;
Black et al., 2000; Lundberg et al., 2000; Sherr and DePinho,
2000).

Caveolin-1 is down-regulated in human tumors, in cell
lines derived from human tumors, and in cell lines trans-
formed by oncogenes (i.e., H-Ras and Abl; Sager et al., 1994;
Koleske et al., 1995; Engelman et al., 1997; Engelman et al.,
1998; Lee et al., 1998). On the other hand, up-regulation of
caveolin-1 is sufficient to revert the transformed phenotype
of oncogene-transformed cell lines (Engelman et al., 1997).
These results suggest that caveolin-1 may have tumor sup-
pressor activity. In support of this hypothesis, we previously
overexpressed caveolin-1 in mice as a transgene (Galbiati et
al., 2001b) and we demonstrated that overexpression of
caveolin-1 in mouse embryonic fibroblasts is sufficient to
block these cells in the G0/G1 phase of the cell cycle. We also
demonstrated that caveolin-1-mediated cell cycle arrest oc-
curs through a p53/p21-dependent pathway, as verified by
the activation of the p53 responsive element and the up-
regulation of p21WAF1/Cip1 protein expression in caveolin-1-
overexpressing mouse embryonic fibroblasts (MEFs).

A block in cellular proliferation and inhibition of cell cycle
progression are two fundamental steps in achieving cellular
senescence. In fact, molecules that negatively regulate cell
cycle progression are considered possible players in promot-
ing and/or maintaining the senescent phenotype. Thus,
caveolin-1 may represent a candidate protein in mediating
cellular senescence. Interestingly, it has been previously re-
ported that caveolin-1 expression is up-regulated in senes-

cent human diploid fibroblasts (Park et al., 2000; Wheaton et
al., 2001). Up-regulation of caveolin-1 in these cells was
associated with lack of kinase activity in the caveolar-en-
riched fraction and unresponsiveness to EGF stimulation.
However, whether caveolin-1 up-regulation is a “trigger
factor” in promoting and/or maintaining cellular senes-
cence remains unknown.

Here, we address this question directly by performing a
series of biochemical analyses on MEFs that transgenically
overexpress caveolin-1. We demonstrate that MEFs overex-
pressing caveolin-1 have a shorter proliferative lifespan
when grown in culture as compared with MEFs expressing
normal levels of endogenous caveolin-1. In addition, caveo-
lin-1-overexpressing MEFs show a senescence-like cell mor-
phology and express high levels of senescence-associated
�-galactosidase activity.

One of the manifestations of aging is the accumulation of
damage at both the cellular and organismal levels. This
damage is initiated by endogenous and exogenous stimuli
and may lead to cellular senescence. Cellular stress, for
example, may induce premature senescence. Thus, cellular
senescence represents a physiological endpoint for many
diploid cells. However, stressful stimuli can harmfully ac-
celerate the process. Stressful conditions include exposure to
hydrogen peroxide (H2O2; Chen and Ames, 1994; Chen et al.,
1998; Frippiat et al., 2001), UV light (Bayreuther et al., 1988;
Rodemann et al., 1989), tert-butylhydroperoxide (Toussaint
et al., 1992), hyperoxia (von Zglinicki et al., 1995), and radio-
activity (Bumann et al., 1995). Cellular senescence may also
be achieved when cells are passaged for a long period of
time in culture (Thomas et al., 1997). Here, we demonstrate
that subcytotoxic levels of H2O2 induce premature senes-
cence in NIH 3T3 cells and up-regulate endogenous caveo-
lin-1 expression. Interestingly, costimulation with H2O2 and
quercetin or vitamin E, two well-known antioxidant agents,
does not promote premature senescence and does not up-
regulate caveolin-1 protein expression. We also demonstrate
that H2O2-induced premature senescence is dramatically
reduced in NIH 3T3 cells harboring antisense caveolin-1.
Taken together, these results support the hypothesis that
caveolin-1 overexpression is sufficient to induce cellular se-
nescence and that up-regulation of caveolin-1 may represent
a fundamental step in mediating stress-induced premature
senescence (SIPS).

MATERIALS AND METHODS

Materials
Antibodies and their sources were as follows: anti-caveolin-1 im-
munoglobulin (Ig) G (monoclonal antibody [mAb] 2297; BD Trans-
duction Laboratories, Lexington, KY); anti-caveolin-2 IgG (mAb 65;
BD Transduction Laboratories); and anti-�-actin IgG (mAb AC-15;
Sigma, St. Louis, MO). Other reagents were purchased commer-
cially: DMEM (Cellgro, Herndon, VA) and donor bovine calf serum
(DBCS; JRH Biosciences, Lenexa, KS). All other biochemicals used
were of the highest purity available and were obtained from regular
commercial sources.

Cell Culture
Normal NIH 3T3 cells and caveolin-1 antisense revertants (Rev-
Cav-1-AS) were grown in DMEM supplemented with glutamine,
antibiotics (penicillin and streptomycin) and 10% DBCS. NIH 3T3
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caveolin-1 antisense cells (Cav-1-AS) were grown in DMEM sup-
plemented with glutamine, antibiotics (penicillin and streptomy-
cin), 10% DBCS, and hygromycin B (200 �g/ml). MEF cells were
grown in DMEM supplemented with glutamine, antibiotics (peni-
cillin and streptomycin), and 10% fetal bovine calf serum.

Immunoblotting
Cells were collected in boiling sample buffer and were homogenized
using a 26-gauge needle. Cellular proteins were resolved by SDS-
PAGE (12.5% acrylamide) and were transferred to BA83 nitrocellu-
lose membranes (0.2 �m, Schleicher & Schuell, Keene, NH). Blots
were incubated for 2 h in Tris-buffered saline/Tween 20 (TBST; 10
mM Tris-HCl, pH 8.0, 150 mM NaCl, and 0.2% Tween 20) contain-
ing 2% powdered skim milk and 1% bovine serum albumin. After
three washes with TBST, membranes were incubated for 2 h with
the primary antibody (�1000-fold diluted in TBST) and for 1 h with
horseradish peroxidase-conjugated goat anti-rabbit/mouse IgG
(�5000-fold diluted). Bound antibodies were detected using an ECL
detection kit (Amersham Pharmacia Biotech, Piscataway, NJ).

Proliferative Lifespan Assay of MEFs
MEFs were passaged into a new 10-cm dish (1:3 division) every time
they reached subconfluency until they showed irreversible growth
arrest (as verified by counting the cell number and BrdU incorpo-
ration assays, our unpublished results). The number of passages
MEFs underwent before showing irreversible growth arrest was
recorded.

Acid �-Galactosidase Staining
Cells were subjected to acid �-galactosidase staining using the Se-
nescence �-galactosidase Staining kit (Cell Signaling) according to
the manufacture’s recommendations. Briefly, cells were washed
twice with phosphate-buffered saline (PBS) and were fixed with the
fixative solution for 15 min. Cells were then washed twice with PBS
and incubated overnight at 37°C with the staining solution. Cells
were then examined for the development of blue color. Cells were
photographed at low magnification (�10) using a BX50WI Optical
light microscope (Olympus, Tokyo, Japan).

Induction of Premature Senescence in NIH 3T3 Cells
Cells were seeded in 60-mm dishes at 270,000 cells/dish. After 24 h,
cells were exposed to subcytotoxic oxidative stress with different
concentrations of H2O2 (1–150 �M) in the presence or absence of 300
�M quercetin or 300 �M vitamin E for 2 h. Cells were also treated
with 300 �M quercetin or 300 �M vitamin E alone for 2 h. Cells were
then washed twice and allowed to recover in complete medium for
different periods of time (1–11 d). Although NIH 3T3 cells exposed
to subcytotoxic oxidative stress alone did not proliferate during
recovery, proliferation was not affected in control cells, cells ex-
posed to subcytotoxic oxidative stress in the presence of quercetin
or vitamin E, and cells treated with quercetin or vitamin C alone (as
verified by counting the cell number, our unpublished results) and
they were passaged as necessary. Cells at similar confluency were
then subjected to immunoblot analysis and senescence acid �-ga-
lactosidase staining.

Luciferase Reporter Assay
Cells were seeded in 60-mm dishes at 270,000 cells/dish. The fol-
lowing day, cells were transiently transfected, using a modified
calcium-phosphate precipitation method, with 2 �g of the caveo-
lin-1 promoter luciferase reporter (3 Kb � Intron-1) or the luciferase
reporter plasmid pTA-p53RE. Six hours post-transfection, cells were
rinsed twice with PBS and were incubated in medium containing
150 �M H2O2 with or without 300 �M quercetin for 2 h. Cells were
then washed twice and incubated in complete medium at 37°C for

an additional 72 h. Cells were then lysed in 500 �l of extraction
buffer; 200 �l was used to measure luciferase activity (Engelman et
al., 1999). Three independent experiments were performed for each
condition.

UV Radiation Treatment
Cells were seeded in 60-mm dishes at 270,000 cells/dish. After 24 h,
cells were irradiated with a subLD of UV-C light (10 J/m2). During
irradiation, cells were deprived of growth medium. Cells were
allowed to recover in complete medium for different periods of time
(2–11 d). Cells were then subjected to immunoblot analysis and
senescence acid �-galactosidase staining.

4,6-Diamidino-2-Phenylindole (DAPI) Staining
Normal NIH 3T3, Cav-1-AS, and Rev-Cav-1-AS cells (untreated or
treated with H2O2) were washed twice with PBS and fixed with
3.7% paraformaldehyde at room temperature for 20 min. Cells were
then incubated with RNase A (10 �g/ml in PBS) for 10 min and with
DAPI (1 �g/ml in PBS) for 10 min. Nuclear morphology was
examined with a Provis fluorescent microscope (Olympus).

RESULTS

MEFs That Transgenically Overexpress Caveolin-1
Show Premature Irreversible Growth Arrest in
Culture and Have a Large, Flat Morphology
We have previously achieved broad expression of caveolin-1
in mice as a transgene using the cDNA for caveolin-1 in-
serted into a vector (pCAGGS) driven by the cytomegalovi-
rus enhancer and the chicken �-actin promoter, followed by
the rabbit �-globin polyadenylation signal (Galbiati et al.,
2001b). By Western-blot analysis, we demonstrated that high
levels of caveolin-1 transgene expression are present in fat,
kidney, liver, brain, lung, spleen, skeletal muscle, and the
heart (Galbiati et al., 2001b). In addition, we generated MEFs
overexpressing caveolin-1 and demonstrated that these cells
show an increased tendency toward cell cycle arrest in the
G0/G1 phase of the cell cycle; this G0/G1 arrest is mediated
by activation of a p53/p21-dependent pathway (Galbiati et
al., 2001b).

To test the hypothesis that caveolin-1 may also induce
cellular senescence in these MEFs, we began to evaluate the
proliferative lifespan of these cells in culture. Two indepen-
dent MEF primary cell lines overexpressing caveolin-1 (#1
and #3) and two independent MEF primary cell lines ex-
pressing normal levels of caveolin-1 (#2 and #4) were used
for these studies. The results reported in Figure 1 and Figure
2 were obtained with MEFs #1 and #2. Similar results were
achieved with MEFs #3 and #4 (our unpublished results).
MEFs (1 � 106 cells, passage 1) derived from normal control
mice and from caveolin-1 transgenic mice were plated into a
10-cm dish and were allowed to expand. Every time the
culture reached subconfluency, the cells were split 1:3 into a
new 10-cm dish. This protocol was followed until more then
95% of the cells lost the ability to proliferate (as verified by
counting the cell number and by BrdU incorporation assays,
our unpublished results). We observed that MEFs express-
ing normal levels of caveolin-1 lost their ability to proliferate
after 10 � 1.8 (means � SD) passages (n � 8; Figure 1A). In
contrast, caveolin-1-overexpressing MEFs clearly showed
premature irreversible growth arrest (4 � 0.9 passages; n �
8; Figure 1A).
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It is well known that senescent cells display a typical
large and flat morphology (Dimri et al., 1995; Dumont et
al., 2000; Frippiat et al., 2001). Next, we evaluated the cell
morphology of MEFs derived from caveolin-1 transgenic
embryos as compared with MEFs derived from normal
control littermate embryos. Representative cells for each
of the two MEF populations are shown in Figure 1B. Light
microscopy experiments indicated that 70 � 5% of MEFs
(passage 1; n � 20) overexpressing caveolin-1 show a
large and flat morphology as compared with 15 � 3% (n �

18) of MEFs derived from normal control mice (Figure
1C). These results indicate that overexpression of caveo-
lin-1 in MEFs is responsible for a reduced proliferative
lifespan in culture and for inducing a large and flat cell
morphology, features that are typical of the senescent
phenotype.

Acid �-Galactosidase Activity Is Elevated in MEFs
Overexpressing Caveolin-1
Our results suggest that overexpression of caveolin-1 in
MEFs may induce a senescent phenotype (Figure 1, A-C).
Thus, we next assessed whether overexpression of caveo-
lin-1 was associated with elevated acid �-galactosidase en-
zymatic activity. Acid �-galactosidase activity (at pH 6) is a
well-established biochemical marker that is associated with
the senescent cell phenotype (Dimri et al., 1995; Dumont et
al., 2000; Frippiat et al., 2001). Figure 2A clearly indicates that
a higher percentage of caveolin-1-overexpressing MEFs
(passage 1) are positive for acid �-galactosidase enzymatic
activity as compared with MEFs derived from normal con-
trol mice. Quantitation of this staining is shown in Figure 2B.
Note that 59 � 6% (n � 20) of MEFs overexpressing caveo-
lin-1 were positive as compared with only 12 � 2% (n � 20)
of MEFs expressing normal levels of endogenous caveolin-1
(Figure 2B).

Figure 1. Caveolin-1-overexpressing MEFs show premature irre-
versible growth arrest and senescence-like cell morphology. (A)
MEFs derived from normal control mice and from caveolin-1 trans-
genic mice were passaged into a new 10-cm dish (1:3 division) every
time they reached subconfluency. The number of passages MEFs
were passaged before showing irreversible growth arrest was re-
corded. Note that overexpression of caveolin-1 induces premature
growth arrest in MEFs. Values represent means � SEM *P � 0.001.
(B) Cells representative of the two MEF cell populations are shown
(�60 magnification). (C) MEFs derived from normal control mice
and from caveolin-1 transgenic mice were examined using a
BX50WI Optical light microscope (Olympus) at a magnification of
�10. The percentage of cells showing senescence-like cell morphol-
ogy was recorded. Note that 70 � 5% of MEFs (passage 1) overex-
pressing caveolin-1 shows a large and flat morphology as compared
with 15 � 3% of MEFs derived from normal control mice. Values
represent means � SEM. *P � 0.0005.

Figure 2. Primary cultures of MEFs that transgenically express
caveolin-1 show senescence-associated acid �-galactosidase activity.
MEFs derived from normal control mice and from caveolin-1 trans-
genic mice were assayed for senescence-associated acid �-galacto-
sidase activity (S-A �-gal). (A) Cells were examined using a BX50WI
Optical light microscope (Olympus) at a magnification of �10. A
representative field is shown. (B) Quantitation of the senescence-
associated acid �-galactosidase activity assay is shown. Note that
59 � 6% of MEFs overexpressing caveolin-1 are positive for S-A
�-gal as compared with only 12 � 2% of MEFs expressing normal
levels of endogenous caveolin-1. Values represent means � SEM.
*P � 0.0005.
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Up-Regulation of Caveolin-1 Occurs during SIPS in
NIH 3T3 Fibroblasts
We have demonstrated that overexpression of caveolin-1
induces a G0/G1 arrest via a p53/p21WAF1/Cip1-dependent
mechanism (Galbiati et al., 2001b) and promotes a premature
senescence phenotype (this report) in MEFs in vivo. To
further elaborate on these findings, we decided to focus our
studies on the role of caveolin-1 in SIPS. Subcytotoxic oxi-
dative stress, for example, has been shown to induce pre-
mature senescence in fibroblasts in culture (Chen and Ames,
1994; Chen et al., 1995; Dimri et al., 1995; von Zglinicki et al.,
1995; Dumont et al., 2000; Frippiat et al., 2001). If caveolin-1
is directly involved in mediating cellular senescence, we
would expect up-regulation of caveolin-1 in NIH 3T3 cells
stimulated with subcytotoxic levels of H2O2.

NIH 3T3 cells were treated with 150 �M H2O2 for 2 h in
complete medium. Cells were then washed twice and al-
lowed to recover in complete medium for 11 d. Figure 3
shows that we successfully induced premature senescence.
The flat and large morphology typical of senescent NIH 3T3
cells is shown in Figure 3A. Figure 3B indicates that 95 � 3%
(n � 16) of NIH 3T3 cells treated with 150 �M H2O2 for 2 h
showed a senescence-like cell morphology after 11 d as
compared with 5 � 2% (n � 18) of untreated cells. In
addition, we demonstrated that NIH 3T3 cells subjected to
oxidative stress (150 �M H2O2 for 2 h) displayed positive
acid �-galactosidase staining after 11 d in culture (Figure
3C). Importantly, normal untreated cells were essentially
negative in this assay system. Quantitation of the acid �-ga-
lactosidase staining is shown in Figure 3D. Approximately
84 � 4% (n � 20) of H2O2-treated NIH 3T3 cells showed
senescence-associated �-galactosidase activity. Conversely,
only 3 � 2% (n � 20) of normal untreated cells were positive.
Similar results were also obtained with lower doses of H2O2
(15 and 50 �M, our unpublished results).

Next, we evaluated whether subcytotoxic levels of H2O2
affect caveolin-1 expression. In Figure 4A, NIH 3T3 cells
were treated with the indicated concentration of H2O2 for
2 h. Cells were washed twice and allowed to recover in
complete medium for 11 d. The cells were then collected and
subjected to immunoblot analysis with a caveolin-1-specific
antibody probe.

Figure 4A shows that caveolin-1 protein expression is
significantly up-regulated in cells treated with at least 15 �M
H2O2. In contrast, caveolin-2 protein expression was not
affected by the H2O2 treatment. Immunoblotting with �-ac-
tin was performed as a control for equal protein loading. In
addition, we treated NIH 3T3 cells with 150 �M H2O2 for 2 h
and allowed them to recover for the indicated period of
time. Figure 4B shows that 3 d after stimulation with sub-
cytotoxic levels of H2O2, caveolin-1 expression is signifi-
cantly increased and remained significantly higher over a
period of 11 d. Caveolin-2 expression was not significantly
affected by the H2O2 treatment. These results indicate that
up-regulation of caveolin-1 occurs during SIPS in fibroblasts.

Antioxidants Prevent H2O2-Induced Premature
Senescence and Block the Up-Regulation of
Caveolin-1 in NIH 3T3 Cells
Dietary antioxidants are believed to prevent the accumula-
tion of age-related oxidative damages (Halliwell, 1996;

Figure 3. Oxidative stress induces premature senescence in NIH 3T3
cells. NIH 3T3 cells were left untreated or treated with 150 �M H2O2
for 2 h and recovered for 11 d. (A) Cells representative of the two cell
populations (untreated or H2O2-treated NIH 3T3 cells) were photo-
graphed at a magnification of �60. (B) Cells were observed under a
BX50WI Optical light microscope (Olympus) at a magnification of �10.
The percentage of cells showing a large and flat morphology was
scored. Values represent means � SEM. *P � 0.0005. (C) Untreated and
H2O2-treated NIH 3T3 cells were subjected to senescence-associated
�-galactosidase activity assay and were observed under a BX50WI
Optical light microscope (Olympus) at a magnification of �10. A
representative field is shown. (D) Quantitation of the acid �-galactosi-
dase activity assay shown in C. Note that the treatment with H2O2
successfully promotes premature senescence in NIH 3T3 cells. Values
represent means � SEM. *P � 0.0005.
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Palmer and Paulson, 1997). Next, we investigated the poten-
tial for the dietary antioxidant quercetin to reverse H2O2-
induced premature senescence in NIH 3T3 cells and to mod-
ulate caveolin-1 protein expression.

NIH 3T3 cells were stimulated for 2 h with 150 �M H2O2
alone or in combination with 300 �M quercetin. Cells were
washed twice and allowed to recover in complete medium

for 11 d. Cells were then subjected to acid �-galactosidase
staining and Western-blot analysis. Figure 5A illustrates that
H2O2 alone (not in combination with quercetin) promoted
the expression of senescence-associated �-galactosidase ac-
tivity in NIH 3T3 cells. However, quercetin successfully
prevented this H2O2-induced premature senescence. As an
important control, we ruled out the possibility that quercetin
had a direct inhibitory effect on acid �-galactosidase activity.
In fact, when NIH 3T3 cells were stimulated for 2 h with 150
�M H2O2 alone and recovered for 11 d, treatment with 300
�M quercetin for 2 h before assaying for �-galactosidase
activity (H2O2 � quercetin*) did not prevent the expression
of senescence-associated �-galactosidase activity (Figure
5A). As an additional control, quercetin alone did not stim-
ulate acid �-galactosidase activity (Figure 5A).

In Figure 5B, we next evaluated the effect of the antioxi-
dant quercetin, in combination with H2O2, on caveolin-1
protein expression. Interestingly, quercetin totally pre-
vented the up-regulation of caveolin-1 induced by the treat-
ment with H2O2 alone after 11 d of recovery. Similar results
were obtained after only 3 d of recovery (our unpublished
results). In addition, caveolin-1 expression appeared slightly
reduced by treatment with H2O2 in combination with quer-
cetin. Caveolin-2 protein expression was not significantly
affected by the treatment with H2O2 alone and was slightly
reduced, similar to caveolin-1, by the treatment of H2O2 in
combination with quercetin. Immunoblotting with �-actin
was performed as a control for equal protein loading. Taken
together, these results indicate that the antioxidant quercetin
successfully prevented the H2O2-induced premature senes-
cent phenotype and blocked the up-regulation of caveolin-1
protein expression in NIH 3T3 cells.

As we observed a slight reduction in caveolin-1 protein
expression by the treatment with quercetin in combination
with H2O2 (Figure 5B), we next investigated whether quer-
cetin alone has any effect on caveolin-1 protein expression.
NIH 3T3 cells were treated for 2 h with 300 �M quercetin.
Cells were then washed twice and allowed to recover in
complete medium for the indicated period of time. Figure
5C shows that quercetin significantly reduced caveolin-1
protein expression after 11 d of recovery. Importantly,
caveolin-1 expression was not affected by quercetin treat-
ment after 3 d of recovery. Interestingly, caveolin-2 protein
expression was down-regulated, similarly to caveolin-1,
only after 11 d of recovery. This result is consistent with the
idea that caveolin-1 expression is required to stabilize the
caveolin-2 protein product. In support of this hypothesis,
caveolin-2 protein expression is reduced in MEFs derived
from caveolin-1 null mice (Razani et al., 2001). Because quer-
cetin prevented H2O2-induced caveolin-1 up-regulation af-
ter 3 d of recovery (our unpublished results), one possibility
is that quercetin may act through two distinct mechanisms
in affecting caveolin-1 expression. In the short term, querce-
tin indirectly prevents caveolin-1 up-regulation induced by
H2O2, whereas in the long term, quercetin directly nega-
tively regulates caveolin-1 protein expression. An alterna-
tive explanation may be that cells are simply more vulner-
able to quercetin’s effects when stressed by H2O2.

To assess whether other antioxidants are capable of pre-
venting H2O2-induced premature senescence and up-regu-
lation of caveolin-1, we next treated NIH 3T3 cells for 2 h
with 150 �M H2O2 alone or in combination with 300 �M

Figure 4. SIPS is associated with up-regulation of caveolin-1. (A)
NIH 3T3 cells were left untreated or treated for 2 h with the
indicated concentration of H2O2 and were allowed to recover for
11 d. Cells were then subjected to immunoblot analysis with mono-
specific antibody probes that recognize only caveolin-1 (mAb 2297)
or caveolin-2 (mAb 65). Note that the treatment with H2O2 (15–150
�M) induces up-regulation of endogenous caveolin-1, but not
caveolin-2. Immunoblotting with anti-�-actin IgG served as a con-
trol for equal loading. (B) NIH 3T3 cells were left untreated or
treated with 150 �M H2O2 for 2 h and were allowed to recover for
the indicated period of time. Cells were then subjected to immuno-
blot analysis with monospecific antibody probes that recognize only
caveolin-1 (mAb 2297) or caveolin-2 (mAb 65). Note that caveolin-1
protein expression is induced 3 d after the treatment with 150 �M
H2O2 and remains elevated for up to 11 d. In contrast, caveolin-2
expression was not affected. Immunoblotting with anti-�-actin IgG
served as a control for equal loading.
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vitamin E. Cells were washed twice and allowed to recover
in complete medium for 11 d. Cells were then subjected to
acid �-galactosidase staining and Western-blot analysis. Fig-
ure 6A illustrates that treatment with vitamin E successfully
prevented the H2O2-induced expression of acid �-galactosi-
dase activity. Like quercetin, vitamin E did not have a direct
inhibitory effect on acid �-galactosidase activity (H2O2 �
vitamin E*). Importantly, Figure 6B shows that treatment

Figure 5. SIPS and caveolin-1 up-regulation are prevented by the
treatment with the antioxidant quercetin. (A) �-galactosidase activ-
ity. NIH 3T3 cells were left untreated (CTL), treated with 150 �M
H2O2 alone (H2O2) or in combination with 300 �M quercetin (H2O2
� quercetin), or treated with 300 �M quercetin alone (quercetin) for
2 h and the cells were allowed to recover for 11 d. Cells were then
subjected to an acid �-galactosidase activity assay. In addition, NIH
3T3 cells were treated with 150 �M H2O2 alone for 2 h, recovered for
11 d, and then incubated with 300 �M quercetin for 2 h before
assaying for acid �-galactosidase activity (H2O2 � quercetin*). Cells
were photographed using a BX50WI Optical light microscope
(Olympus) at a magnification of �10. Note that treatment with
quercetin completely prevented the induction of senescence-associ-
ated �-galactosidase activity in H2O2-treated cells. (B) Immunoblot-
ting. Cells were treated as in A. Cell lysates were then prepared and
subjected to SDS-PAGE/Western-blot analysis with anti-caveolin-1
and anti-caveolin-2 mAb probes. Interestingly, the antioxidant quer-
cetin abolished the up-regulation of caveolin-1 protein expression
induced by H2O2. Immunoblotting with anti-�-actin shows equal
protein loading. (C) Immunoblotting. Cells were left untreated or
treated with 300 �M quercetin for 2 h and were allowed to recover
for the indicated period of time. Cells were then subjected to im-
munoblot analysis with monospecific antibody probes that recog-
nize only caveolin-1 (mAb 2297) or caveolin-2 (mAb 65). Note that
caveolin-1 protein expression was not affected after 3 d of recovery,
but was down-regulated 11 d after the treatment. Interestingly,
caveolin-2 protein expression was similarly affected. Immunoblot-
ting with anti-�-actin was performed to show equal protein loading
in all lanes.
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with H2O2 in combination with vitamin E did not up-regu-
late caveolin-1 protein expression in NIH 3T3 after 11 d of
recovery. These results indicate that quercetin’s effects can
be replicated by vitamin E.

Oxidative Stress Promotes Caveolin-1
Transcriptional Activity and Activates the p53
Responsive Element
To evaluate whether the up-regulation of caveolin-1 protein
expression induced by H2O2 was correlated with increased
caveolin-1 transcriptional activity, we next examined caveo-
lin-1 promoter activity in NIH 3T3 cells stimulated with
H2O2 alone or in combination with quercetin. For these
experiments, we used a previously characterized luciferase-
based caveolin-1 promoter construct. This construct consists
of �3-kb region upstream of the caveolin-1 ATG, plus caveo-
lin-1/exon 1, caveolin-1/intron 1, and a portion of caveolin-
1/exon 2 inserted upstream of the luciferase gene (En-
gelman et al., 1999).

Figure 7A shows that 72 h after induction of oxidative
stress with 150 �M H2O2, caveolin-1 promoter activity was
increased by �twofold. Interestingly, when NIH 3T3 cells
were treated with 150 �M H2O2 in combination with 300 �M
quercetin, the expected increase in caveolin-1 promoter ac-
tivity was completely abolished. These results suggest that
up-regulation of caveolin-1 protein expression observed in
senescent NIH 3T3 cells is due, at least in part, to increased
transcriptional activity.

We have previously reported that transient overexpres-
sion of caveolin-1 in NIH 3T3 cells and stable overexpression
of caveolin-1 in MEFs activates the p53 responsive element
(Galbiati et al., 2001b). Thus, we next decided to examine
whether up-regulation of endogenous caveolin-1 induced by
oxidative stress was associated with increased activation of
the p53 responsive element.

Figure 7B shows that 3 d after stimulation with H2O2 (150
�M for 2 h), the p53 responsive element was activated by
�five- to sixfold. However, when normal NIH 3T3 cells
were stimulated with H2O2 in combination with quercetin,
activation of the p53 responsive element was reduced by

Figure 6. Quercetin’s effects can be replicated by the antioxidant
vitamin E. (A) �-galactosidase activity. NIH 3T3 cells were left
untreated (CTL), treated with 150 �M H2O2 alone (H2O2) or in

Figure 6 (cont). combination with 300 �M vitamin E (H2O2 �
vitamin E), or treated with 300 �M vitamin E alone (vitamin E) for
2 h and the cells were allowed to recover for 11 d. Cells were then
subjected to an acid �-galactosidase activity assay. In addition, NIH
3T3 cells were treated with 150 �M H2O2 alone for 2 h, recovered for
11 d, and then incubated with 300 �M vitamin E for 2 h before
assaying for acid �-galactosidase activity (H2O2 � vitamin E*). Cells
were photographed using a BX50WI Optical light microscope
(Olympus) at a magnification of �10. Interestingly, vitamin E com-
pletely prevented the induction of senescence-associated �-galacto-
sidase activity in H2O2-treated cells. As a control, treatment with
vitamin E alone did not stimulate acid �-galactosidase activity. (B)
Immunoblotting. Cells were treated as in A. Cell lysates were then
prepared and subjected to SDS-PAGE/Western-blot analysis with
anti-caveolin-1 and anti-caveolin-2 mAb probes. Interestingly, the
antioxidant vitamin E abolished the up-regulation of caveolin-1
protein expression induced by H2O2. Caveolin-2 protein expression
was not significantly affected by the treatment with H2O2 alone and
was slightly reduced, similar to caveolin-1, by the treatment of H2O2
in combination with vitamin E. Immunoblotting with anti-�-actin
shows equal protein loading.
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�50% (Figure 7B). Thus, although quercetin completely
abolished H2O2-induced caveolin-1 transcriptional activity,
it only partially abrogated the activation of the p53 respon-
sive element. These results suggest that the p53-dependent
pathway, when activated by oxidative stress, consists of two
components: one that is caveolin-1 sensitive and the other is
caveolin-1 insensitive. As such, treatment with the antioxi-
dant quercetin prevented only the activation of the caveolin-
1-sensitive p53-dependent pathway. Because in Figure 5A
we demonstrated that treatment with quercetin totally abol-
ished the acquisition of the senescent phenotype induced by
H2O2, these data indicate that the activation of the caveolin-
1-sensitive p53-dependent pathway is selectively responsi-
ble for promoting the senescent phenotype.

Loss of Caveolin-1 Protein Expression Prevents
Premature Senescence Induced by Oxidative Stress
Because up-regulation of caveolin-1 occurs in SIPS (this
report), we next investigated whether loss of caveolin-1
protein expression was sufficient to prevent the develop-
ment of the senescent phenotype in H2O2-stimulated NIH
3T3 cells. We took advantage of three independent stable
NIH 3T3 cell lines that express dramatically reduced levels
of caveolin-1 (Cav-1-AS) that we have previously derived
using an antisense approach (Galbiati et al., 1998). Caveo-
lin-1 antisense cells stably express caveolin-1 antisense
mRNA that constitutively reduces caveolin-1 protein expres-
sion (Galbiati et al., 1998). These cells are characterized by a
transformed phenotype, as demonstrated by hyperactiva-
tion of the p42/44 mitogen-activated protein kinase path-
way, anchorage-independence growth, and formation of tu-
mors in immunodeficient mice (Galbiati et al., 1998). As we
previously reported (Galbiati et al., 1998), NIH 3T3 cells
harboring Cav-1-AS expressed substantially reduced levels
of caveolin-1 (Figure 8A). After NIH 3T3 cells that harbor
Cav-1-AS were cultured in the absence of selection media for
four passages, caveolin-1 expression was restored (ap-
proaching �70% of normal levels), due to loss of the caveo-
lin-1 antisense vector (Rev Cav-1-AS; Figure 8A; Galbiati et
al., 1998). These results indicate that down-regulation of
caveolin-1 in this system is reversible. The results illustrated
in Figure 8 and Figure 9 were obtained using one Cav-1-AS
cell line and the corresponding Rev-Cav-1-AS cell line. Im-
portantly, similar results were obtained using three indepen-
dent Cav-1-AS cell lines and the corresponding Rev-Cav-
1-AS cell lines that we have previously generated (our
unpublished results; Galbiati et al., 1998).

Thus, we next evaluated the ability of subcytotoxic levels
of H2O2 to induce premature senescence in NIH 3T3 cells
harboring Cav-1-AS and as well in caveolin-1 antisense re-
vertants. Cells were treated with 150 �M H2O2 for 2 h or
were left untreated, washed twice, and allowed to recover in
complete medium for the indicated period of time. Interest-
ingly, 11 d after the treatment with H2O2, 81 � 6% (n � 20)
of normal NIH 3T3 cells and 67 � 4% (n � 20) of caveolin-1
antisense revertants displayed a senescent phenotype, as
verified by acid �-galactosidase staining (Figure 8B). In con-
trast, only 18 � 3% (n � 20) of caveolin-1-AS cells showed
senescence-associated �-galactosidase activity (Figure 8B).
As expected, oxidative stress induced up-regulation of
caveolin-1 expression in normal NIH 3T3 cells and in caveo-
lin-1 antisense revertants without affecting caveolin-1 pro-

Figure 7. The antioxidant quercetin totally prevents the stimulation of
the caveolin-1 promoter activity, but only partially abrogates the activation
of the p53-responsive element induced by H2O2. NIH 3T3 cells were
transiently transfected with 2 �g of the caveolin-1 promoter luciferase
reporter (3 Kb � Intron-1; A) or with the luciferase reporter plasmid
pTA-p53RE (B). Six hours post-transfection, cells were rinsed with PBS
and incubated in medium containing 150 �M H2O2 with or without 300
�M quercetin for 2 h. Cells were washed in complete medium and were
incubated at 37°C for an additional 72 h. Cells were then lysed and the
luciferase activity was measured. Note that H2O2 stimulates the caveolin-1
promoter activity (A) and the p53 responsive element (B). Importantly,
quercetin completely abolished the stimulation of the caveolin-1 promoter
activity induced by H2O2, but only partially inhibited the activation of the
p53-responsive element. Values represent means � SEM (n � 9 for each
experimental point). *P � 0.001; **P � 0.0005.
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tein expression in caveolin-1 antisense cells (Figure 8C).
These results indicate that up-regulation of caveolin-1 pro-
tein expression is necessary to fully achieve oxidative stress-
induced cellular senescence.

Cells Expressing Low Levels of Endogenous
Caveolin-1 Preferentially Respond to Oxidative
Stress Undergoing Apoptosis
Interestingly, Cav-1-AS cells showed severe intolerance to
treatment with subcytotoxic levels of H2O2. In fact, only 12 h
after stimulation with H2O2, �50% of these cells died as
compared with the �10–15% of cell death observed with
normal NIH 3T3 cells and Rev-Cav-1-AS cells (Figure 9A).
Importantly, treatment of Cav-1-AS cells with quercetin in
combination with H2O2 completely prevented the H2O2-
induced cell death (our unpublished results).

Because H2O2 has been shown to induce apoptosis in a
variety of cell types (Hampton and Orrenius, 1997; Macho et
al., 1997; Chen et al., 2000), we next investigated whether the
cell death we observed was actually apoptosis. Apoptosis is
characterized by morphological changes such as cell shrink-
age and nuclear condensation. We first evaluated the cell
morphology of normal NIH 3T3 cells, Cav-1-AS cells, and
Rev- Cav-1-AS cells 12 h after the treatment with H2O2 (150
�M for 2 h) as compared with untreated controls.

Figure 9B shows that Cav-1-AS cells rounded-up and
started detaching from the dish when treated with H2O2. In
contrast, only a few cells displayed cell shrinkage in H2O2-
treated normal NIH 3T3 cells and Cav-1-AS revertants. Un-
treated controls showed the regular fibroblast-like cell mor-
phology.

Next, we evaluated whether the cell shrinkage observed
in Cav-1-AS cells treated with H2O2 was associated with
nuclear condensation. Twelve hours after stimulation with
150 �M H2O2 for 2 h, cells were stained with DAPI (1 �g/ml
in PBS for 10 min) to visualize their nuclear morphology.
Consistent with our above data, nuclear condensation was
observed in H2O2-treated Cav-1 AS cells, but not in H2O2-
treated normal NIH 3T3 cells and Rev-Cav-1-AS cells (Fig-
ure 9C). Regular nuclear morphology was observed in un-
treated controls (Figure 9C). Similar results were obtained
3 h after H2O2 stimulation (our unpublished results).

Taken together, these results suggest that oxidative stress
may promote either premature senescence or apoptosis, de-
pending on the expression levels of caveolin-1 in the cell.
Upon H2O2 treatment, cells that responded to oxidative
stress through up-regulation of caveolin-1 protein expres-
sion preferentially achieved premature senescence. In con-
trast, cells with low levels of endogenous caveolin-1 protein
expression preferentially underwent apoptosis.

UV Irradiation Up-Regulates Caveolin-1 Protein
Expression
Besides oxidative stress, other stressful conditions have been
shown to promote premature senescence. Such stressful con-
ditions include UV light (Bayreuther et al., 1988; Rodemann
et al., 1989). To study the effect of UV light on caveolin-1
protein expression, NIH 3T3 cells were irradiated with sub-
LDs of UV-C light (10 J/m2). Cells were then allowed to
recover for the indicated period of time and were subjected

Figure 8. Down-regulation of caveolin-1 protein expression confers
resistance to SIPS. (A) Immunoblotting. Normal NIH 3T3 cells, Cav-
1-AS cells, and Rev-Cav-1-AS cells were subjected to Western-blot
analysis using a mAb probe specific for caveolin-1. Note that caveolin-1
expression is significantly reduced in Cav-1-AS cells. Immunoblotting
with anti-�-actin antibody shows equal protein loading. (B) �-galacto-
sidase activity. Normal NIH 3T3 cells, Cav-1-AS cells, and Rev-Cav-
1-AS cells were left untreated or treated with 150 �M H2O2 for 2 h and
were allowed to recover for 11 d. Cells were then observed under a
BX50WI Optical light microscope (Olympus; �10 magnification) and
the percentage of cells positive for senescence-associated acid �-galac-
tosidase activity was recorded. Note that cells expressing low levels of
caveolin-1 display a dramatically reduced number of acid �-galactosi-
dase activity-positive cells. Values represent means � SEM. *P �
0.0005. (C) Immunoblotting. Cells were treated as in B. Cell lysates
were then subjected to SDS-PAGE/Western-blot analysis with a mAb
probe specific for caveolin-1. Interestingly, H2O2 promoted up-regula-
tion of endogenous caveolin-1 only in normal NIH 3T3 cells and in
Rev-Cav-1-AS cells. Immunoblotting with anti-�-actin IgG served as a
control for equal protein loading.
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to Western-blot analysis with a caveolin-1-specific antibody
probe.

Figure 10 shows that 6 d after UV-C stimulation, caveo-
lin-1 protein expression was significantly increased. Caveo-
lin-1 protein expression remained elevated over a period of
11 d. Also, Figure 10 shows that caveolin-2 protein expres-
sion was not affected by UV-C light stimulation. Immuno-
blotting with �-actin was performed as a control for equal
protein loading. In addition, NIH 3T3 cells stimulated with
UV-C light (10 J/m2) showed an increased acid �-galactosi-

dase activity after 11 d (our unpublished results). Taken
together, these results suggest that up-regulation of caveo-
lin-1 is associated with the premature senescence phenotype
induced by different stressful conditions, including both
oxidative stress and UV light.

DISCUSSION

Several lines of evidence indicate that caveolin-1 may func-
tion as a general negative regulator to inhibit the basal

Figure 9. Oxidative stress promotes apoptosis in cells with low caveolin-1 protein expression. (A) Cell death. Normal NIH 3T3 cells,
Cav-1-AS cells, and Rev-Cav-1-AS cells were treated with 150 �M H2O2 for 2 h and the cells were allowed to recover for the indicated period
of time. The cells remaining in the dish were then collected and counted. Interestingly, H2O2 induces a significantly higher degree of cell death
in the Cav-1-AS cells (i.e., that express low levels of caveolin-1). Values represent means � SEM (n � 8 for each experimental point). *P �
0.001. (B) Cell morphology. Cells were left untreated or treated as in A and allowed to recover for 12 h. Cells were then observed under a
BX50WI Optical light microscope (Olympus; �10 magnification). Note that Cav-1-AS cells clearly show cell shrinkage when stimulated with
H2O2. (C) Nuclear morphology. Cells were left untreated or treated as in B, stained with DAPI to visualize their nuclear morphology, and
then observed under a Provis fluorescence microscope (Olympus). Note that nuclear condensation is observed only in Cav-1-AS cells.
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activity of many signaling proteins. One would predict that
down-regulation of caveolin-1 leads to increased basal ac-
tivity for a number of signaling pathways and subsequent
cell transformation. Numerous independent but comple-
mentary data support this hypothesis. In fact, caveolin-1
mRNA and protein expression are lost or reduced during
cell transformation by activated oncogenes such as v-Abl
and H-ras (G12V); caveolae are absent from these cell lines.
In addition, induction of caveolin-1 expression in v-Abl- and
H-ras (G12V)-transformed NIH 3T3 cells abrogated the an-
chorage-independent growth of these cells in soft agar and
resulted in the de novo formation of caveolae (Engelman et
al., 1997). Moreover, antisense-mediated reduction of caveo-
lin-1 protein expression in NIH 3T3 cells is sufficient to drive
oncogenic transformation and constitutively activate the
p42/44 mitogen-activated protein kinase cascade (Galbiati et
al., 1998). Thus, down-regulation of caveolin-1 expression
and caveolae organelles may be critical for maintaining the
transformed phenotype.

Consistent with this idea, we have recently demonstrated
that overexpression of caveolin-1 in MEFs induces cell cycle
arrest in the G0/G1 phase of the cell cycle, a reduction in cell
proliferation, and a reduction in the DNA replication rate
(Galbiati et al., 2001b). We have also shown that a p53/p21-
dependent pathway mediates this caveolin-1-induced cell
cycle arrest (Galbiati et al., 2001b). Given the role of caveo-
lin-1 in mediating cell cycle arrest, one might predict a

possible role for caveolin-1 in promoting cellular senescence.
In fact, cell cycle arrest is an essential step in achieving the
senescent phenotype. In support of this hypothesis, up-
regulation of caveolin-1 was recently observed during the
serial passaging of normal human diploid fibroblasts (Park
et al., 2000). However, whether up-regulation of caveolin-1 is
a necessary step in promoting cellular senescence remains
unknown.

In the present study, we directly investigated the impor-
tance of caveolin-1 protein in mediating cellular senescence
in vivo. We demonstrated that MEFs overexpressing caveo-
lin-1 show premature irreversible growth arrest, have a se-
nescence-like cell morphology, and are enriched in senes-
cence-associated acid �-galactosidase activity, which is
typical of senescent cells. In addition, the senescent pheno-
type is characterized by induction of cell cycle inhibitory
proteins (Dimri et al., 1995; Dumont et al., 2000; Frippiat et al.,
2001). Importantly, we have previously demonstrated that
overexpression of caveolin-1 activates a p53/p21-dependent
pathway in MEFs (Galbiati et al., 2001b). Taken together,
these results indicate that overexpression of caveolin-1 in
vivo is sufficient to promote and maintain the senescent
phenotype.

Tumor development is initiated by a multiplicity of ge-
netic abnormalities. Moreover, tumor cells need to escape
barriers that limit uncontrolled cell proliferation. One of
these barriers is represented by cellular senescence. Cancer
cells need to overcome this obstacle to produce a clinically
relevant tumor mass. For these reasons, cellular senescence
represents a natural tumor suppressor mechanism. In recent
years, several independent lines of evidence have emerged
that suggest that caveolin-1 functions as a “tumor suppres-
sor protein” in mammalian cells. In fact, modification
and/or inactivation of caveolin-1 expression appears to be a
common feature of the transformed phenotype. For exam-
ple, caveolin-1 protein expression has been demonstrated to
be absent in several transformed cell lines derived from
human mammary carcinomas, including MT-1, MCF-7, ZR-
75–1, T47D, MDA-MB-361, and MDA-MB-474 (Sager et al.,
1994). We show here that caveolin-1 expression is critical in
achieving the senescent phenotype. These results suggest
that cellular senescence may represent one of the molecular
mechanisms through which caveolin-1 acts as a tumor sup-
pressor protein.

Cellular senescence is spontaneously achieved by somatic
cells. However, many external and internal cellular stimuli
can accelerate the acquisition of the senescent phenotype.
Oxidative stress, for example, has been widely demon-
strated to be responsible for premature senescence (Chen
and Ames, 1994; Chen et al., 1995; Dimri et al., 1995; von
Zglinicki et al., 1995; Dumont et al., 2000; Frippiat et al., 2001).
Understanding at the molecular level the intracellular path-
ways affected by cellular stresses will improve our knowl-
edge of the more complicated aging process. In this report,
we demonstrated that overexpression of caveolin-1 induces
premature senescence. As a consequence, we next asked
whether premature senescence induced by oxidative stress
is associated with increased endogenous caveolin-1 expres-
sion. H2O2 has been previously demonstrated to induce
premature senescence in human diploid fibroblasts (Chen
and Ames, 1994; Chen et al., 1995; von Zglinicki et al., 1995).
We demonstrate here that treatment of NIH 3T3 cells with

Figure 10. UV-C light treatment induces the up-regulation of
caveolin-1 protein expression. NIH 3T3 cells were left untreated or
treated with subLDs of UV-C light (10 J/m2) and were allowed to
recover for the indicated period of time. Cells were then subjected to
immunoblotting with monospecific antibody probes that recognize
only caveolin-1 (mAb 2297) or caveolin-2 (mAb 65). Note that 6 d
after stimulation with subLDs of UV-C light, caveolin-1 protein
expression is up-regulated. Caveolin-1 expression remains elevated
up to 11 d. In contrast, caveolin-2 protein expression was not af-
fected by UV irradiation. Immunoblotting with anti-�-actin IgG
shows equal protein loading.
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subcytotoxic doses of H2O2 induces premature senescence
and up-regulation of caveolin-1 at the transcriptional level
and at the protein level. Interestingly, 3 d after subcytotoxic
stimulation with H2O2, caveolin-1 expression was up-regu-
lated and remained elevated up to 11 d, whereas senescence-
associated �-galactosidase activity was first observed only
after 7 d post-H2O2 stimulation (our unpublished results)
and remained elevated up to 11 d. These results indicate that
up-regulation of caveolin-1 precedes the onset of the senes-
cent phenotype, suggesting that caveolin-1 expression may
be necessary to initiate and maintain cellular senescence.

The maintenance of a “physiological redox tone” is essen-
tial to prevent the degenerative processes associated with
aging. Dietary antioxidants are believed to prevent and/or
contain oxidative damages induced by oxidative stress (Hal-
liwell, 1996; Palmer and Paulson, 1997). We demonstrated
that quercetin, a flavanoid found in foods of plant origin,
and vitamin E prevented the premature senescence pheno-
type and the up-regulation of caveolin-1 induced by H2O2.
We also found that quercetin directly negatively regulates
caveolin-1 protein expression. These results support the idea
of a tight correlation between the senescence phenotype and
up-regulation of caveolin-1. This data is supported by stud-
ies showing that endogenous antioxidants such as reduced
glutathione decrease with age (Hu et al., 2000). Interestingly,
caveolin-1 protein expression has been demonstrated to in-
crease with age (Park et al., 2000). Because we demonstrated
in this report that oxidative stress up-regulates caveolin-1,
whereas the dietary antioxidant quercetin down-regulates
caveolin-1 protein expression, we may speculate that up-
regulation of caveolin-1 occurring with the aging process
may be due in part to the accumulation of oxidants and the
reduction of endogenous antioxidants.

Using an antisense-based approach, we previously gener-
ated and characterized NIH 3T3 cells that express substan-
tially reduced levels of caveolin-1 (Galbiati et al., 1998).
These cells are characterized by a transformed phenotype. In
fact, they form foci in petri dishes, exhibit anchorage-inde-
pendent growth in soft agar, and form tumors in immuno-
deficient mice (Galbiati et al., 1998). If caveolin-1 expression
is a key element in promoting cellular senescence, NIH 3T3
cells harboring caveolin-1 antisense should be protected
against SIPS. We demonstrate in this report that Cav-1-AS
cells express significantly lower levels of acid �-galactosi-
dase activity when stimulated with subcytotoxic levels of
H2O2 as compared with normal control NIH 3T3 cells. In-
terestingly, the ability of these cells to express high levels of
senescence-associated �-galactosidase activity is recovered
when caveolin-1 levels are restored. Taken together, these
data indicate that caveolin-1 may be a fundamental player in
the intracellular pathway that leads to premature senes-
cence.

The role of caveolin-1 in mediating apoptosis remains
contradictory. On one hand, caveolin-1 has been shown to
promote ceramide-induced apoptosis in diploid fibroblasts
(Zundel et al., 2000). Moreover, Lisanti and colleagues (Liu et
al., 2001) have demonstrated that caveolin-1 sensitizes fibro-
blasts and epithelial cells to staurosporine-induced pro-
grammed cell death and that caveolin-1 antisense cells are
resistant to staurosporine-induced apoptosis. In addition,
we have shown that transgenic expression of caveolin-1 in
MEFs sensitizes these cells to staurosporine-induced pro-

grammed cell death (Galbiati et al., 2001b). On the other
hand, caveolin-1 has been shown to act as a suppressor of
c-myc-induced apoptosis in LNCaP cells, a human epithelial
prostate cancer-derived cell line (Timme et al., 2000). Thus,
evidence has been presented that caveolin-1 is both a facil-
itator and a suppressor of programmed cell death in differ-
ent contexts. In the present study, we show that cells ex-
pressing low levels of caveolin-1 (Cav-1-AS cells)
preferentially undergo apoptosis when stimulated with sub-
cytotoxic levels of H2O2 as compared with normal control
NIH 3T3 cells and Rev-Cav-1-AS cells, as verified by cell and
nuclear morphology. This result is not surprisingly because
it has been previously reported that subcytotoxic concentra-
tions of H2O2 can induce apoptosis in human fibroblasts
(Hampton and Orrenius, 1997; Macho et al., 1997; Chen et al.,
2000). In addition, this result is consistent with the idea that
the role of caveolin-1 in mediating apoptosis may be differ-
ent depending on the nature of the extracellular apoptotic
stimulus. We can speculate that diploid fibroblasts react
differently to oxidative stress depending on the level of
endogenous caveolin-1. Cells with normal levels of caveo-
lin-1 react to oxidative stress by choosing premature senes-
cence through up-regulation of caveolin-1, whereas cells in
which caveolin-1 expression is kept low (by the antisense
vector in the case of Cav-1-AS cells) preferentially undergo
programmed cell death.

It is interesting to point out that ionizing radiation and
chemotherapeutic drugs, which induce apoptosis in cancer
cells, represent sources of reactive oxygen species. We know
that caveolin-1 protein expression is down-regulated during
cell transformation. Also, caveolin-1 has been shown to be
up-regulated in multidrug-resistant cancer cells (Lavie et al.,
1998; Yang et al., 1998). We speculate that differences in
caveolin-1 protein expression may facilitate or prevent the
efficacy of specific anticancer treatments. In addition, the
dual role of caveolin-1 in promoting senescence and apopto-
sis is not uncommon. In fact, the tumor suppressor protein
p53 is directly involved in both cell cycle arrest/senescence
and programmed cell death (Amundson et al., 1998; el-
Deiry, 1998; Sionov and Haupt, 1998; Bates and Vousden,
1999). Lisanti and colleagues (Razani et al., 2000) have dem-
onstrated that caveolin-1 gene transcription is induced by
p53. We have recently shown that caveolin-1 expression can
increase the activity of p53 (Galbiati et al., 2001b). Thus,
caveolin-1 and p53 may act synergistically in their dual role
of promoting senescence and apoptosis in different cellular
contexts.

Because transgenic expression of caveolin-1 in MEFs in-
duces cellular senescence and SIPS correlates with increased
endogenous caveolin-1 expression, we speculate that caveo-
lin-1 transgenic mice may represent an interesting mouse
model for the study of the aging process and the character-
ization of the molecular mechanisms underlying degenera-
tive diseases. However, additional experiments are neces-
sary to directly test this hypothesis.
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