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Senescence may contribute to the pathogenesis of atherosclerosis.
Although the bioavailability of nitric oxide (NO) is limited in
senescence, the effect of NO on senescence and its relationship
to cardiovascular risk factors have not been investigated fully.
We studied these factors by investigating senescence-associated
�-galactosidase (SA-�-gal) and human telomerase activity in hu-
man umbilical venous endothelial cells (HUVECs). Treatment with
NO donor (Z)-1-[2-(2-aminoethyl)-N-(2-aminoethyl)amino]diazen-
1-ium-1,2-diolate (DETA-NO) and transfection with endothelial NO
synthase (eNOS) into HUVECs each decreased the number of
SA-�-gal positive cells and increased telomerase activity. The NOS
inhibitor NG-nitro-L-arginine methyl ester (L-NAME) abolished the
effect of eNOS transfection. The physiological concentration of
17�-estradiol activated hTERT, decreased SA-�-gal-positive cells,
and caused cell proliferation. However, ICI 182780, an estrogen
receptor-specific antagonist, and L-NAME each inhibited these
effects. Finally, we investigated the effect of NO bioavailability on
high glucose-promoted cellular senescence of HUVECs. Inhibition
by eNOS transfection of this cellular senescence under high glucose
conditions was less pronounced. Treatment with L-arginine or
L-citrulline of eNOS-transfected cells partially inhibited, and com-
bination of L-arginine and L-citrulline with antioxidants strongly
prevented, high glucose-induced cellular senescence. These data
demonstrate that NO can prevent endothelial senescence, thereby
contributing to the anti-senile action of estrogen. The ingestion of
NO-boosting substances, including L-arginine, L-citrulline, and an-
tioxidants, can delay endothelial senescence under high glucose.
We suggest that the delay in endothelial senescence through NO
and�or eNOS activation may have clinical utility in the treatment
of atherosclerosis in the elderly.
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Aging is known to be a major cardiovascular risk factor (1).
Cellular senescence is the limited ability of human cells to

divide when cultured in vitro and is usually accompanied by
phenotypic changes in morphology, gene expression, and function
(2). These changes have been implicated in human aging. Until
recently, little attention has been paid to the potential impact of
vascular cellular senescence on age-related vascular disorders.
Senescent cells from aged animals express increased levels of
proinflammatory molecules, suggesting that cellular senescence in
vivo contributes to the pathogenesis of human atherosclerosis (3).

The telomere hypothesis is a widely accepted explanation of the
occurrence of senescence (4). Telomeres, repetitive DNA se-
quences at the ends of eukaryotic chromosomes, shorten as a linear
function of increasing cellular division, and according to the hy-
pothesis, short telomere length triggers the onset of senescence (5,
6). Telomerase, a ribonucleoprotein, can synthesize new telomeric
repeats and restore telomere length. Cellular senescence usually
accompanies telomere shortening and increases in senescence-

associated �-galactosidase (SA-�-gal) (assayed at pH 6), which is
distinguishable from endogenous lysosomal �-gal activity, is con-
sidered to be a marker of cellular senescence (7).

According to a free-radical theory, reactive oxygen species
(ROS) may be potential candidates responsible for senescence, and
oxidative stress may promote senescence by shortening telomere
through inactivation of the Src kinase family (8–10). Therefore, not
only atherosclerosis but also senescence has been shown to progress
via ROS (11). NO is a widespread signaling molecule in the
cardiovascular system, which functions in multiple ways to protect
against the initiation and progression of atherosclerosis (12, 13).
NO prevents the adhesion and aggregation of blood cells and
inhibits vascular smooth muscle cell proliferation (14). However,
neither the role nor the effect of endothelial NO on senescence is
fully known. As NO can abrogate the state of oxidative stress, NO
may thus have the potential to affect cellular senescence by scav-
enging senescent stimuli such as ROS.

Accordingly, the present study was performed to examine
whether or not NO and the activation of eNOS can delay endo-
thelial senescence. We also considered estrogen depletion and
diabetes mellitus among various cardiovascular risk factors as
applied models of the combined effects of NO on both atheroscle-
rosis and cell longevity.

The morbidity of cardiovascular disease dramatically increases
after menopause (15). In such cases, estrogen depletion has been
speculated as a cause of the disease, and estrogen plays an anti-
atherogenic role both in vivo and in vitro (16, 17). Although
hormone replacement therapy was reported not to prevent cardio-
vascular disease in a clinical trial, this ineffectiveness was due to the
increased frequency of thrombosis produced by estrogen in ad-
vanced atherosclerosis and to the adverse effect of coprescribed
progesterone (18). The fact that females are known to live several
years longer than males world-wide strongly supports the anti-
atherogenic effect of estrogen.

Diabetes mellitus is also a major cardiovascular risk factor, and
the etiology of diabetic atherosclerosis is suggested to include the
increase of ROS and the decrease of NO bioavailability as a result
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of high glucose levels (19). The incidence of cardiovascular diseases
is increased in elderly diabetic patients, but the relationship be-
tween senescence and diabetes on endothelial function has yet to be
elucidated (20). NO is synthesized by NOS, which utilizes L-arginine
as a substrate and produces L-citrulline as the second reaction
product. L-arginine can be synthesized from L-citrulline in endo-
thelial cells through a recycling pathway (21). This pathway may be
the principal mechanism for sustaining localized L-arginine avail-
ability for endothelial nitric oxide synthase (eNOS)-catalyzed NO
production (21, 22). In the present study, we examined the effect of
NO boosting on high glucose and�or senescence by the regulation
of eNOS.

Results
NO Delays Cellular Senescence. The effect of NO on endothelial
cellular senescence was investigated by evaluating SA-�-gal used as
a cellular senescence marker and human telomerase activity used
as an indicator of elongation of telomere length in human umbilical
vein endothelial cells (HUVECs). We also examined SA-�-gal
activity in the thoracic aorta and coronary arteries obtained from
3 autopsied elderly individuals. Fig. 1a shows that SA-�-gal activity
was observed in the mild atherosclerotic area in human thoracic
aorta. Treatment with the NO donor, (Z)-1-[2-(2-aminoethyl)-N-
(2-aminoethyl) amino] diazen-1-ium-1,2-diolate (DETA-NO), for
24 h significantly decreased the SA-�-gal activity in HUVECs (Fig.
1 b and c). The effect of DETA-NO was found to be both
concentration-dependent (3–100 �M, Fig. 1b) and time-dependent
(24–96 h treatment, Fig. 1c). Coincubation with NG-nitro-L-
arginine methyl ester (L-NAME) (300 �M) did not affect the action
of DETA-NO (data not shown). DETA-NO also increased telom-
erase activity in HUVECs (data not shown).

Transfection with eNOS into HEK 293 cells or HUVECs for 48 h
increased the NO metabolite, NO2� (Fig. 2a), and also significantly
increased telomerase activity (Fig. 2b). On the other hand, the
number of SA-�-gal-stained cells was reduced by eNOS transfec-
tion (data not shown). Fig. 2c shows the effects of eNOS-related
substrate and products on SA-�-gal staining in HUVECs. Coincu-
bation with the NOS inhibitor L-NAME (300 �M) tended to
decrease the number of SA-�-gal-stained cells by inhibiting NO
release from HUVECs. SA-�-gal-positive staining also tended to
decrease in the presence of L-arginine and�or L-citrulline. However,

their effects on SA-�-gal-stained cells are not statistically significant
even though they were given together.

Estrogen Delays Cellular Senescence via an NO-Dependent Mecha-
nism. We next investigated the effect of E2 on cellular senescence
in HUVECs. At physiological concentrations (10 nM), E2 treat-
ment reduced the number of SA-�-gal-positive cells, especially in
large population-doubling level (PDL) cells (Fig. 3a). Fig. 3b shows
representative photographs of SA-�-gal-stained cells in HUVECs
of PDL 22. E2 decreased the number of SA-�-gal-stained cells,
whereas this effect was prevented by coincubation with L-NAME
(Fig. 3b). E2 markedly activated telomerase, and this activation was
inhibited by ICI 182780, an estrogen receptor-specific antagonist,
and by L-NAME (Fig. 3c). These results suggest that the counter-
acting effect of E2 on senescence involves an eNOS-dependent
mechanism by means of activation of estrogen receptors.

The physiological concentration of E2 also enhanced prolifera-
tion of HUVECs (Fig. 4). As the HUVEC proliferating activity
tended to slow down in senescent cells, this basal mechanism seems
to be different from that underlying the effect of E2 on telomerase
and SA-�-gal. On the other hand, L-NAME treatment decreased
proliferation of HUVECs in all PDL (Fig. 4a). The peak effect on
cell proliferation was achieved with physiological concentrations
of E2, whereas higher E2 concentration produced a lesser effect
(Fig. 4b).

The Effect of NO Bioavailability on High-Glucose-Induced Cellular
Senescence. Finally, the effects of NO bioavailability on cellular
senescence under high glucose conditions were investigated. Ex-
posure to high glucose for 24 h decreased the expression level of
eNOS protein in a manner dependent on the concentration of
glucose, resulting in decreases of 19% at 11 mM and 33% at 22 mM
glucose compared with the control (5.5 mM glucose) level (Fig. 5a).
Mannitol, used as an osmolarity control, had no influence on eNOS
protein level. In HUVECs cultured under high glucose conditions
(11, 22, and 31 mM) for 3 days, nitrite (NO2�) production was
decreased (Fig. 5b) and intracellular ROS production was increased
(data not shown) in a manner dependent on the concentration of
glucose. Treatment with L-arginine, L-citrulline, and antioxidants
(vitamin C and E) alone or in combination showed a significant
recovery of the decreased nitrite level under high glucose condi-

Fig. 1. SA-�-gal activity as cellular senescence. (a) SA-�-gal-positive staining was observed in atherosclerotic lesions of the intimal side of human thoracic aorta,
which was obtained by autopsy. No staining was detected in the nonatherosclerotic area and advanced atherosclerotic area, including the necrotic core and ulcer
complicated lesion. (b) Concentration-dependent decrease in SA-�-gal activity in HUVECs by DETA-NO. HUVECs were treated with DETA-NO for 24 h. *, P � 0.05;

**, P � 0.01; ***, P � 0.0001 vs. DETA-NO-untreated control. (c) Time-dependent decrease in SA-�-gal activity in HUVECs by DETA-NO. HUVECs were treated with
10 �M DETA-NO for 24–96 h. *, P � 0.05; **, P � 0.01 vs. the corresponding control. Control sample, which is treated for 48 h, is expressed as 100%.
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tions (Fig. 5c). When L-arginine, L-citrulline and antioxidants were
given together, the recovery of nitrite production was more marked.

High glucose exposure for 72 h promoted cellular senescence as
indicated by increases in SA-�-gal-positive staining (Fig. 6) and
decrease in telomerase activity (data not shown). The number of
SA-�-gal-positive staining cells under high glucose conditions
tended to decrease slightly after incubation with L-arginine, L-
citrulline, and antioxidants alone, and was significantly decreased
when they were given together (Fig. 6 a and b). Moreover, trans-
fection with eNOS tended to prevent cellular senescence slightly,
and the combined presence of L-arginine, L-citrulline, and antioxi-

dants very effectively prevented it under high glucose conditions
(Fig. 6c).

Discussion
The free-radical theory of aging proposes that degenerative senes-
cence is largely the result of the cumulative effect of ROS (9, 10).
It is possible that some association exists between increased oxi-
dative stress and reduced telomerase activity. Interestingly, indi-
viduals with shorter white blood cell telomeres tend to show a
�2.8-fold higher coronary risk than the highest quartile for telo-
mere length, after adjusting for age (23).

Fig. 2. Influence of eNOS modulation on cellular senescence. (a) The effect of transfection with eNOS on nitrite production by HEK 293 cells. Transfection with
eNOS into cells was performed; e5 included five times the amount of eNOS vector compared with e1. The nitrite concentrations in the medium 24 and 48 h after
transfection are shown. *, P � 0.05; **, P � 0.01. (b) The effect of transfection with eNOS on telomerase activity in HEK 293 cells. The activity of hTERT in cells
24 and 48 h after transfection are shown. *, P � 0.05; **, P � 0.01. (c) The effects of treatment with L-NAME (L-N, 300 �M), L-arginine (L-arg, 1 mM), and L-citrulline
(L-cit, 300 �M) alone or in combination (A�C) on SA-�-gal activity in HUVECs. The treatment time was 24 h. Mix � L-arginine, L-citrulline and vitamin E plus vitamin
C (each, 100 �M).

Fig. 3. Effect of estrogen on cellular senescence. (a) The relative levels of SA-�-gal-positive staining cells in different PDL when HUVECs were untreated and
treated with 10�8 M E2 for 24 h. Positive staining cells were evaluated by FACscan. (b) Representative photographs of SA-�-gal staining in control, 10�8 M
E2-treated, and 10�8 M E2- and 10�4 M L-NAME-treated cells. Note that treatment with E2 decreased the number of SA-�-gal-positive cells, which was prevented
by further treatment with L-NAME. Cells were used in PDL 22 at passage 7. (c) The effects of E2 (E, 10�8 M), ICI 182780 (I, 1 �M), and L-NAME (N, 1 mM) on
telomerase activity in HUVECs. UD, undetectable. **, P � 0.01 vs. control.
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Telomerase counteracts the shortening of telomeres and con-
tains a catalytic subunit, the hTERT (4, 5). The introduction of
hTERT into human cells extends both their lifespan and their
telomeres to lengths typical of those of young cells (5, 6). The
regulation of hTERT involves both transcriptional and posttran-
scriptional mechanisms. Transcriptional regulation is believed to be
the main regulatory mechanism in cancer cells (24). Telomerase
activity can be posttranscriptionally regulated by kinases such as
protein kinase C (PKC), extracellular signal-regulated kinase 1�2
(ERK1�2), and Akt [Akt�PKB (protein kinase B)] in endothelial
cells (8–10). ROS formation leads to an increase in Src-family
kinase activation and a reduction of Akt expression in aging
endothelial cells. It is speculated that phosphorylation by Akt keeps
hTERT in an active status in the nucleus, whereas increasing the
activation of Src-family kinases induces the nuclear export of
hTERT, thereby reducing the ability to lengthen telomeres and
protect from aging. Along with the enhanced ROS formation, we
found that a decrease in telomerase activity preceded the onset of
replicative senescence. Thus, ROS such as the superoxide radical
and H2O2, which are formed during aerobic metabolism, are
generally considered to be important regulators of the aging
processes, and their production may be mainly due to the actions of
NADPH oxidase and the mitochondria (9, 10, 24–26). In the
present study, we showed that DETA-NO, an NO donor, and eNOS
transfection activate hTERT and increase scavenging of ROS.
L-NAME inhibited the effect of eNOS transfection. These results
mean that telomerase activity was likely regulated by NO bioavail-

ability. Our data indicated that eNOS transfection has comparable
effects to hTERT transfection on both cellular aging and telom-
erase activity. In addition, these findings might also indicate that
endothelial cell aging is linked to the balance between ROS
formation and NO bioavailability, which in turn affects telomerase
activity.

eNOS transfection has an antiatherosclerotic effect even in cases
of advanced atherosclerosis, and the administration of L-arginine
with the gene transfer of eNOS enhances the effect of eNOS
transfection (27, 28). We showed that the coadministration of
antioxidants with L-arginine and L-citrulline produces an enhanced
antiatherosclerotic response in advanced atherosclerosis (29). L-
arginine seems to increase the production of NO, whereas antioxi-
dants most likely protect the newly formed NO against destruction
by ROS. Recent evidence indicates that the bulk of intracellular
endothelial L-arginine may not be available for NO production,
because intracellular L-arginine for eNOS may be limited by uptake
into plasmalemmal caveolae (30). The pathway by which L-citrulline
is recycled to L-arginine is localized to the caveolae and it may be
the main source of available L-arginine (21, 22, 29, 31). L-citrulline
is converted to L-arginine by mammalian cells, including endothe-
lial cells. This recycling pathway might, therefore, play an important
role in sustaining the production of NO in endothelial cells by
providing available L-arginine, especially in advanced atheroscle-
rosis or diabetes mellitus, when plasma L-arginine levels are
depleted.

Physiological concentrations of E2 activate telomerase activity
and decrease the number of SA-�-gal-stained cells through the

Fig. 4. Effects of E2 on endothelial cell proliferation. (a) The effects of E2 (10�8 M) and L-NAME (1 mM) on population doublings in each passage of HUVECs.
The treatment time with E2 or L-NAME was 24 h. *, P � 0.05 vs. control. (b) The effects of different concentrations of E2 on relative cell division of HUVECs. Cells
were used in PDL 20.2 at passage 7. *, P � 0.05: cell division vs. control.

Fig. 5. Influence of high glucose on eNOS expression and nitrite production. (a) The effect of exposure to different concentrations of glucose on the level of
eNOS protein expression in HUVECs. Mannitol (Man) was given as an osmolarity control. Cells were kept under different glucose conditions for 72 h. *, P � 0.05
vs. normal (5.5 mM) glucose. (b) The effect of exposure to different concentrations of glucose on nitrite levels in culture medium of HUVECs. *, P � 0.05; **, P �
0.01 vs. normal glucose. (c) The effects of L-arginine (L-arg, 1 mM), L-citrulline (L-cit, 300 �M), and antioxidants (AOX, 100 �M vitamin E plus 100 �M vitamin C)
alone or in combination on nitrite levels in culture medium in HUVECs, which were reduced by 22 mM glucose. *, P � 0.05; **, P � 0.01 vs. normal glucose.
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estrogen receptor and NO-dependent mechanisms. E2 treatment
also stimulated the proliferation of HUVECs through the estrogen
receptor and NO-dependent mechanisms. We reported the possi-
bility that such effects of estrogen were mediated by the direct effect
on eNOS and the scavenging effect on ROS-producing enzymes
such as NADPH oxidase, especially the p22phox subunit (32, 33).
It is, therefore, proposed that estrogen exerts its effect on endo-
thelial cell senescence by increasing NO bioavailability, which may
then reduce ROS generation and subsequently prevent the nuclear
export of TERT.

Atherosclerosis is an inflammatory disease characterized by
endothelial dysfunction, impairment of NO production (1, 12 13),
and oxidative stress (11), which can lead not only to cell membrane
injury but also to the destruction of NO. Diabetic macroangiopathy
occurs under almost the same conditions, with increased levels of
superoxide from NADPH oxidase and impairment of NO produc-
tion (34, 35). In the present study, high-glucose-induced endothelial
dysfunction, oxidative stress, and cellular senescence were reversed
with the administration of L-arginine, L-citrulline, and antioxidants.
A lack of GTP cyclohydrolase I, which is the rate-limiting enzyme
of tetrahydrobiopterin (BH4) synthesis, a cofactor of eNOS, also
reduces NO production (36). We speculate that not only BH4 but
also L-arginine, L-citrulline, and antioxidants are important in
diabetic macroangiopathy. Although NO is known to be involved in
reducing both oxidative stress and the progression of atheroscle-
rosis, the present study also assessed the consequence of the
NO-mediated delay of cellular senescence on the progression of
atherosclerosis. The aforesaid notwithstanding, the local expression
(bioavailability) of NO remains an important factor in the main-
tenance of normal tissue function. We also cannot exclude the
possibility that other factors than NO is involved in the progressive
cellular senescence in diabetes.

Taken together, the present data provide evidence demonstrat-
ing an NO-dependent mechanism in the delay of endothelial cell
senescence. Consequently, the antiatherosclerotic action of NO is
particularly profound under conditions of aging, estrogen depletion,
and diabetes mellitus. NO could, therefore, scavenge the age-
associated increase in ROS and thereby reduce the coronary risk
factor-induced increase in ROS. Moreover, our data indicate that

NO may also prevent endothelial cell senescence, possibly by
interfering with the redox balance of endothelial cells.

Methods
Materials. We used 17�-estradiol (Sigma, St. Louis, MO), D-
glucose, D-mannitol (Wako, Osaka, Japan), Takara One Step RNA
PCR Kit (Takara, Kyoto, Japan), and eNOS monoclonal antibody
(BD Biosciences, San Jose, CA). ICI 182780 was kindly provided by
Zeneca Pharmaceuticals. L-NAME and DETA-NO were obtained
from Sigma-Aldrich (St. Louis, MO). Monoclonal antibodies to
�-galactosidase (Chemicon International, Lexington, NY) were
used (7, 37).

Cell Culture. HUVECs were purchased from Clonetics (San Diego,
CA) and cultured in low-glucose EBM-2 supplemented with 10%
calf serum, EBM-2 including EGM-2 SingleQuots (Clonetics), 2
mM glutamine, 100 units�ml penicillin, and 100 �g�ml streptomy-
cin in a humidified atmosphere of 5% CO2, 95% air. These cells
were positive for the endothelial cell-specific von Willebrand factor
and angiotensin-1-converting enzyme activity. The cells were
seeded into six-well plates, and subconfluent cell monolayers were
studied within six to eight passages. Before starting the experimen-
tal procedures, the medium was removed and replaced with phenol
red-free low-glucose D-MEM supplemented with 1% calf serum,
0.06% glutamine, and 1% penicillin–streptomycin. In some exper-
iments accompanying eNOS transfection, HEK 293 cells were
treated instead of HUVECs because of relative ease of transfection.
The rate of PDL was calculated at each passage until growth arrest
based on the following formula: PDL � (log10Y � log10X)�log102
(Y indicates the number of cells counted at the end of the passage;
X is the number of cells seeded). Cumulative population doubling
was calculated as the sum of all of the changes in population
doubling.

Measurement of Nitrite. The methods for measuring nitrite (NO2
�)

production by HUVECs have been previously described by our
laboratory. In brief, samples of the incubation culture medium were
recovered after centrifugation to remove any precipitated materi-
als. The nitrite concentrations of the supernatants were determined
by high-performance liquid chromatography (ENO10; EICOM,

Fig. 6. Influence of high glucose for 72 h on cellular senescence of HUVECs. (a) The effects of L-arginine (L-arg, 1 mM), L-citrulline (L-cit, 300 �M), and antioxidants
(AOX, 100 �M vitamin E plus 100 �M vitamin C) on the increase in �-gal-positive stained cells when exposed to high (22 mM) glucose. *, P � 0.05 vs. high glucose
without any treatment. (b) Representative photographs showing cellular senescence by staining cells with SA-�- gal. (c) Modulation by transfection with eNOS
of the effects of L-arginine, L-citrulline, and antioxidants on the increase in SA-�-gal-positive-stained cells when exposed to high glucose. Null vector is control
vector of eNOS Vector. *, P � 0.05 vs. high glucose without any treatment. NG, normal glucose; HG, high glucose (22 mM).
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Kyoto, Japan) as described (29, 38). The incubated medium was not
completely free of nitrite; therefore, an aliquot of medium was
assayed by the same process as the medium obtained from the
cultured cells. We used the nitrite value obtained in the medium
alone as a blank, and it was subtracted from all of the samples.

Flow Cytometric Analysis of ROS Generation. The determination of
intracellular oxidant production in HUVECs was based on the
oxidation of 2�,7�-dichlorodihydrofluorescein diacetate, acetyl ester
(H2DCFDA) resulting in the formation of the fluorescent com-
pound 2�,7�-dichlorofluorescein (DCF) (Molecular Probes, Eu-
gene, OR) (29, 38). Carboxy-H2DCFDA freely diffuses across the
cell membrane, is diacylated, and incorporates into hydrophobic
lipid regions of the cell. HUVECs were incubated at 37°C for 30 min
in PBS in which 2 �l of 5 mM H2DCFDA was added. After
incubation, the dye was aspirated and the cells were trypsinized and
washed once by centrifugation at 1,670 � g for 5 min to remove
trypsin and extracellular H2DCFDA. HUVECs were resuspended
in PBS and transferred into 5 ml of polystyrene round-bottom tubes
with cell-strainer caps (Becton Dickinson, Franklin Lakes, NJ).
They were protected from light and kept cold until ready for
analysis on a FACS caliber flow cytometer (Becton Dickinson) set
at �515- to 545-nm excitation. The emission filters used a 530�
30-nm bandpass.

SA-�-Gal. HUVECs and tissues were fixed and stained for SA-�-gal
activity as described (37). In brief, the cells were fixed for 10 min in
2% formaldehyde, 0.2% glutaraldehyde in PBS, and incubated for
12 h at 37°C without CO2 with fresh �-gal staining solution: 1
mg�ml 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside, 5 mM
potassium ferrocyanide, 5 mM potassium ferricyanide, and 2 mM
MgCl2, pH 6.0. The cells were counterstained with 4�6-diamidino-
phenylindole (DAPI; 0.2 mg�ml in 10 mM NaCl) for 10 min to
count the total cell number. The percentage of SA-�-gal-positive
cells was determined by counting the number of blue cells within a
sample of 1,000 cells. We also used the Flow Cytometric Analysis.

Human Telomerase Activity. The quantitative determination of te-
lomerase activity was performed according to the manufacturer’s
protocol for the TeloTAGGG telomerase PCR ELISAPLUS Kit
(Roche Diagnostics, Mannheim, Germany) based on the telomeric
repeat application protocol (TRAP) assay. To measure telomerase
activity, 2 �g of protein was used in the PCR.

Western Blot Analysis of eNOS. Total protein was extracted from the
endothelial cells and then analyzed by Western blotting (38, 39).
Briefly, the protein concentration was determined with a Dc
protein assay kit (Bio-Rad Laboratories, Hercules, CA). Samples of
cell homogenate (5 �g) were subjected to electrophoresis on
polyacrylamide gels, and proteins were transferred to poly(vinyli-
dine difluoride) filter membranes. To reduce any nonspecific
binding, the membrane was preincubated for 30 min at room
temperature in TTBS (150 mM NaCl�10 mM Tris, pH 8.0�0.05%
Tween 20) containing 5% nonfat milk. The membrane was then
incubated overnight with the primary antibody at 3:10,000 dilutions
in PBS (0.075 �g�ml). The membrane was incubated with the
horseradish peroxidase-conjugated secondary antibody (1:10,000
dilution) for 60 min at room temperature. The blots were washed
in TTBS and subsequently visualized with the aid of a SuperSignal
West Dura Trial Kit (Pierce Biotechnology, Rockford, IL), exposed
to x-ray film, and analyzed by the NIH Image Software program
produced by Wayne Rasband (National Institutes of Health, Be-
thesda, MD). Loading of equal amounts of protein was confirmed
by Coomassie brilliant blue and Amido black staining of protein in
each lane of the same blot.

Construction of an Adenovirus Vector Carrying eNOS and Transfer into
Cultured ECs. Recombinant adenoviruses containing eNOS cDNA
were constructed by using the ADENO-QUEST Kit (Quantum,
Quebec City, Canada) (27). Briefly, bovine eNOS cDNA (provided
by T. Michel, Harvard University, Cambridge, MA) was cloned into
the AdBM5pAG vector. The resulting plasmid was then cotrans-
fected with viral DNA into HEK 293 cells. We incubated 5 � 105

HUVECs in a six-well plate for 24 h, then incubated cells with
adenoviruses at a multiplicity of infection of 20 for 24 h. For all of
the studies, the viral titers were adjusted to 2 � 109 pfu�ml.
Adenoviruses carrying an Escherichia coli lacZ gene encoding a
nucleus-localized variant of �-gal (Ad. �-gal) or no cDNA (Ad.-
null) were also used. We also used eNOS�pcDNA3.1(�) and
Qiagen Effectane Transferase Reagent.

Statistics. All data are given as means 	 SEM from at least three
independent experiments. Comparisons between the two groups
were made based on the nonparametric Mann–Whitney U test.
Statistical significance was evaluated with repeated-measures
ANOVA by using a least-significant difference (LSD) post hoc test
or ANOVA for multiple comparisons (SPSS Software 11.0). Dif-
ferences were considered to be significant at a value of P � 0.05.
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