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Abstract

The intracellular uptake of Angiotensin II has been described, although its physiological role is not yet understood. We aimed to study the role of
Angiotensin II internalization inAngiotensin II-induced apoptosis. Vascular smoothmuscle cells were cultured frommaleWistar–Kyoto rats and treated
with Angiotensin II (1 μM, 48 h). Apoptosis was assessed by DNA fragmentation, cell cytometry and caspase-3 activity. The Angiotensin AT1 receptor
antagonist irbesartan (0.1–10 μM) and the inhibitors of Angiotensin II internalization phenylarsine oxide (PAO, 20 μM), but not the AT2 receptor
antagonist PD123319 (S-(+)-1-[(4-(Dimethylamino)-3-methylphenyl)methyl]-5-(diphenylacetyl)-4,5,6,7-tetrahydro-1H-imidazo[4,5-c]pyridine-6-car-
boxylic acid di(trifluoroacetate) salt), decreased Angiotensin II-mediated apoptosis. Pre-treatment with irbesartan, but not with PD123319, blocked
Angiotensin II internalization. We found a strong correlation between intracellular Angiotensin II staining and Angiotensin II-induced apoptosis for
all compared groups. We therefore conclude that internalization of Angiotensin II is involved in apoptosis of vascular smooth muscle cells induced by
this peptide.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The octapeptide Angiotensin II is considered as the main
effector of the renin–angiotensin system. This peptide plays an
important role in normal vascular physiology as well as in
cardiovascular disease, mostly through the Angiotensin II type 1
receptor (AT1) and partially through the Angiotensin II type 2
receptor (AT2) (Andresen et al., 2004). Angiotensin II acts as a
potent vasoconstrictor (Vanhoutte et al., 2005), comitogen (Xiao
et al., 2004) and it also induces apoptosis (Bascands et al., 2001).
On the other hand, in atherosclerosis and hypertensive vascular
remodelling, Angiotensin II is increasingly regarded as an ac-
celerator of vascular cell damage, not only by means of shear
stress but also through direct tissue damage at the vessel wall level
(Landmesser et al., 2002). Interestingly, this effect seems to be
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mediated by the Angiotensin AT1 receptor (Daugherty et al.,
2001).

Selective non-peptidic Angiotensin AT1 receptor antagonists
have been developed for the clinical treatment of hypertension
and there is intense research of its putative antiatherosclerotic
or plaque stabilizing effects. Some studies have revealed that
Angiotensin AT1 receptor antagonists, such as losartan, prevented
apoptotic cell death induced by Angiotensin II in vascular smooth
muscle cells in several in vitro assays (Bascands et al., 2001;
Siegert et al., 1999). At the same time, Angiotensin AT1 receptor
antagonists have been described to decrease hypertensive
oxidative damage in in vivo studies (Daugherty et al., 2001;
Landmesser et al., 2002), as well as decrease plaque vulnerability
in clinical series (Cipollone et al., 2004).

The classical pathway for Angiotensin II signaling by induc-
tion of second messengers has been complemented by the mech-
anisms which lead to Angiotensin II internalization (Cook et al.,
2001). It is generally accepted that Angiotensin II binding to
the Angiotensin AT1 receptor causes rapid internalization of the
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AT1–Angiotensin II complex (Anderson et al., 1993). The uptake
of Angiotensin II into vascular smooth muscle cells in vivo was
demonstratedmore than 30 years ago (Robertson et al., 1971). The
mechanism of Angiotensin II internalization is not fully
understood. It is thought to be mediated, in part, by β-arrestins.
β-arrestins have been shown to link receptors to the cytoplasmic
clathrin-binding protein (Kule et al., 2004). Clathrin forms a cage-
like structure that forms coated vesicles, which invaginate from
the cell surface (Trowbridge et al., 1993). Disruption of the struc-
ture of the clathrin coat by treatment with phenylarsine oxide
(PAO)markedly inhibits Angiotensin II internalization in vascular
smooth muscle cells (Ullian et al., 1989).

The potential importance for intracellular Angiotensin II for
cardiovascular medicine is highlighted by the finding of an
association between intracellular Angiotensin II and oxidative
damage in pathological specimens from diabetic hearts (Frustaci
et al., 2000). It has been postulated that the ability of AT1 an-
tagonists to inhibit intracellular functions of Angiotensin II
may depend on their liposolubility (Cook et al., 2001). Since
irbesartan is a highly liposoluble molecule, we aimed to study
the physiological role of Angiotensin II internalization on the
apoptosis induced by Angiotensin II and the preventive role of
irbesartan concerning this phenomenon.

2. Methods

2.1. Cell cultures

Male Wistar–Kyoto rats (230±20 g) were used. The
investigation followed the Guide for the Care and Use of
Laboratory Animals published by the US National Institute of
Health (NIH Publication No. 85-23, revised 1996). Cultures of
rat vascular smooth muscle cells were obtained from enzymat-
ically dissociated rat thoracic aorta. Cells showed the typical
hill-and-valley phenotype and stained positive for α-actin. The
cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) containing 10% foetal calf serum (Gibco®, Madrid,
Spain), supplemented with 100 IU/ml penicillin G (sodium salt)
and 100 μg/ml streptomycin (Gibco, Madrid, Spain). Experi-
ments were conducted with cells at passages 3–5. The cells
showed a spindle-like morphology.

We set the cell culture conditions for Angiotensin II-induced
apoptosis as a low density seed (20,000 cells/cm2, which yields
70% confluence) and low-serum cell culture medium (0.4%
foetal calf serum). These conditions are similar to the ones
reported by other groups (Qin et al., 2004).

2.2. Measurement of apoptosis by DNA fragmentation

The cells (5000 cells/well) were plated on 96-well plates and
allowed to attach for 24 h. Angiotensin II (1 μM) was added
for 48 h (0.4% foetal calf serum). To establish the role of the
Angiotensin AT1 receptor in the apoptosis induced by Angioten-
sin II, the cells were preincubated with the Angiotensin AT1

receptor antagonist irbesartan (0.1–10 μM) or with the AT2

receptor antagonist PD123319 (S-(+)-1-[(4-(Dimethylamino)-3-
methylphenyl)methyl]-5-(diphenylacetyl)-4,5,6,7-tetrahydro-
1H-imidazo[4,5-c]pyridine-6-carboxylic acid di(trifluoroacetate)
salt) at 1–10 μM for 30 min prior to Angiotensin II treatment. We
also blocked Angiotensin II internalization with phenylarsine
oxide (PAO, 20 μM, 30 min preincubation) which disrupts
clathrin-coated pits. Cellular DNA fragmentation was measured
with a commercially available cellular DNA fragmentation
Enzyme-linked Immunosorbent Assay (ELISA) kit from Roche-
Boerhinger®, Spain. After treatment, the cells were washed with
phosphate buffer saline (PBS) and incubated with the kit lysis
buffer composed by bovine serum albumin (BSA), ethylenedia-
minetetraacetic acid (EDTA), and Tween®20 for 30 min at room
temperature. Soluble Bromodeoxyuridine (BrdU)-labelled DNA
fragments present in the buffer were quantified using the ELISA
kit. DNA fragmentation was expressed as fold increase of the
control values.

2.3. Western blotting

Protein expression induced by cell treatments was assessed
byWestern blotting, according to a method previously described
(Redondo et al., 2005). Cells (80,000 cells/well) were plated
onto 6-well plates and allowed to attach for 24 h. For Bcl-xs
detection, the cells were treated with Angiotensin II 1 μM for
3–18 h in 0.4% foetal calf serum containing medium. The cells
werewashedwith ice-cold PBS, and lysed on ice with 200μl lysis
buffer (10% glycerol, 2.3% sodium dodecyl sulphate, 62.5 mM
Trizma base–HCl, pH6.8; 150mMNaCl, 10mMEDTA, 1μg/ml
leupeptin, 1 μg/ml pepstatin, 5 μg/ml chymostatin, 1 μg/ml
aprotinin, 1 mM phenylmethylsulphonyl fluoride) and boiled for
5min. Equal amounts of proteinwere run on 10% sodiumdodecyl
sulphate–polyacrylamide gel electrophoresis. The proteins were
then transferred to polyvinylidene difluoride (PVDF) membranes
(Immobilon-P, Amersham®, Madrid, Spain), and blocked
overnight at 4 °C in blocking solution (5% bovine serum albumin
in TBS-T: 25 mM Trizma base, 75 mMNaCl, pH=7.4, 0.1% v/v
Tween®20). For analysis of Bcl-xs, blots were incubated with
mouse monoclonal anti Bcl-xs (1:500) (Transduction Labs®,
Madrid, Spain). After washing in TBS-T solution, the blots
were further incubated for 1 h at room temperature with the
horseradish peroxidase conjugated anti-mouse antibodies
diluted at 1:10,000 (Santa Cruz Biotechnology®, CA, USA)
in the blocking solution. The blots were then washed 5 times
in TBS-T, and antibody-bound protein was visualized with
Enhanced Chemiluminescence's (ECL) kit (Amersham Bios-
ciences®, Barcelona, Spain). Smooth muscle α-actin was used
as a housekeeping protein, and was determined following
the same procedure as mentioned above, using a specific anti-
α-actin mouse monoclonal antibody (Sigma-Aldrich®, Madrid,
Spain), at 1:1000 in TBS-T.

2.4. Measurement of apoptosis by flow cytometry

Cellular DNA content was measured by fluorescence-
assessed flow cytometry (FACS). The cells (105 cells/flask)
were plated and allowed to attach for 24 h and then treated with
Angiotensin II 1 μM for 24 or 48 h in 0.4% foetal calf serum
containing medium. The cells were then harvested by



233E. Ruiz et al. / European Journal of Pharmacology 567 (2007) 231–239
trypsinization, washed with PBS, pelleted, and resuspended in
PBS containing 0.6% Nonidet P-40 and 100 g/ml propidium
iodide, to which RNase was added to a final concentration of
100 μg/ml. Flow cytometric analysis was carried out with a
FACScan (Becton-Dickinson®) flow cytometer equipped with a
15-mW Argon laser emitting at 488 nm. Propidium iodide
fluorescence was determined through a 575/24-BP filter; 10,000
cells were acquired per sample, and a double discriminator
module was used to ensure detection of single cells.

2.5. Analysis of caspase-3 activity

Vascular smooth muscle cells were plated on 90 mm Petri
dishes (5×105 cells/dish) and allowed to attach for 24 h. The
cells were then pre-treated with irbesartan (10 μM) or PAO
(20 μM) for 30 min and then with Angiotensin II 1 μM for 24 h
in 0.4% foetal calf serum containing medium. Caspase-3 activ-
ity was measured spectrophotometrically using a commercially
available kit (Calbiochem®) following the manufacturer's
instructions.

2.6. Immunofluorescence staining

Subcellular locations of Angiotensin II and Angiotensin AT1

receptor were analyzed by confocal images of immunofluores-
cence stained samples. The cells were plated onto cover slips
Fig. 1. Angiotensin II induces apoptosis in rat aortic vascular smooth muscle cells. P
(0.1, 1 or 10 μM in 0.4% foetal calf serum containing medium). Panel B: flow cyto
apoptosis of three independent experiments, each in duplicate. Lower panel: repres
Panel C: Upper panel: representative Western blot shows the expression of the proapo
containing medium). Lower panel: Bar graph shows densitometric analysis of Bcl-x
and allowed to attach for 24 h. The culture medium was
changed for DMEM containing 0.4% foetal calf serum and
1 μM Angiotensin II for 5 min to 3 h to determine the time-
dependency of Angiotensin II internalization and nuclear
translocation. Once the conditions were set, the cells were
pre-treated for 30 min in the presence or absence of irbesartan at
0.1, 1 or 10 μM, PD123319 at 1 or 10 μM, or the internalization
inhibitor PAO (20 μM) and then with Angiotensin II at 1 μM for
60 min. The cells were washed with PBS and fixed for 20 min in
4% paraformaldehyde in phosphate-buffered saline (PBS) at
room temperature and permeabilized with 0.4% triton-X100 for
30 min at room temperature. After blocking with 3% bovine
serum albumin (BSA) in PBS, the cells were then incubated
with goat polyclonal anti-Angiotensin II (1:100) for 1 h. The
Angiotensin I/Angiotensin II antibody (sc-7419) is a goat
polyclonal antibody, and therefore cross-reactive for Angioten-
sin I and Angiotensin II (Santa Cruz Biotechnologies®, Santa
Cruz, USA), as previously described (Thomas et al., 2004). To
test the specificity of this antibody in our experimental model,
we ran a control experiment in which the primary antibody was
blocked with the Angiotensin II peptide. The antibody against
the Angiotensin AT1 receptor was purchased by Acris
Antibodies GmbH® (Germany) and diluted 1:100. Excess of
the primary antibody was removed by washing with blocking
solution, followed by incubation with donkey anti-goat Alexa
468® (1:100, Molecular, Probes) for 1 h. The cells were then
anel A: analysis of DNA fragmentation after 48 h treatment with Angiotensin II
metry study of the apoptosis. Upper panel: bar graph shows the increase in the
entative experiment. NS=Non-significant, ⁎Pb0.05, ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001.
ptotic protein Bcl-xs induced by Angiotensin II (1 μM in 0.4% foetal calf serum

s expression of 3 different experiments with respect to Control (time 0).



Fig. 2. Irbesartan inhibits apoptosis induced by Angiotensin II in vascular smooth
muscle cells. Panel A: Preventive effect of the AT1 antagonist irbesartan (0.1 to
10 μM) on apoptosis induced by Ang II in vascular smooth muscle cells (1 μM,
48 h). Panel B: Effect of the AT2 receptor antagonist PD123319. Apoptosis
was measured as fold increase of DNA fragmentation of 3 different experiments,
each in hexuplicate. Panel C: Caspase-3 activity in cells treated with Angiotensin
II (1 μM, 24 h) in the presence or absence of the Angiotensin AT1 receptor
antagonist irbesartan 10 μM. Bar graphs show specific activity of caspase-3 as
pmol of P-nitroaniline/min/mg of protein in 3 different experiments, each in
duplicate. NS=Non-significant, ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001.

Fig. 3. Inhibitors of Angiotensin II internalization decreased Angiotensin II-
induced apoptosis. Panel A: Effect of the inhibitor of Angiotensin II
internalization phenylarsine oxide (PAO, 20 μM) on the apoptosis induced by
Angiotensin II (1 μM in 0.4% foetal calf serum containing medium, 48 h).
Apoptosis was measured as fold increase of DNA fragmentation in three
different sets of experiments, each in hexuplicate. Panel B: Caspase-3 activity in
cells treated with Angiotensin II (1 μM in 0.4% foetal calf serum containing
medium, 24 h) in the presence or absence of PAO 20 μM. Bar graphs show
specific activity of caspase-3 as pmol of P-nitroaniline/min/mg of protein in 3
different experiments, each in duplicate. ⁎Pb0.05, ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001.
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washed four times with a blocking buffer every 5 min. Images
were captured using a Leica TCS SP2 inverted microscope.
Quantification of the fluorescence was performed using the
Image J 1.33 software (US National Institutes of Health).

2.7. Transfection of AT1R–EYFP

Rat vascular smooth muscle cells were plated onto coverslips
and allowed to attach for 24 h. The cells were transfected with
a AT1R–EYFP construct kindly donated by Dr. Julia Cook
(Division of Research, Ochsner Clinic Foundation, New Orleans,
USA), as described (Cook et al., 2004). The expression plasmid
(2 μg of pcDNA) was transfected into donor cells by a lipid-
mediated method using a Fugene 6® (Roche-Boerhinger®,
Barcelona, Spain) for 3 h. Two days after transfection, the
transfected cells were treated with Angiotensin II 1 μM, fixed
with formaldehyde at 4% in PBS and examined by confocal
microscopy.

2.8. Drugs and reagents

Irbesartan was a generous gift by Bristol-Myers-Squibb. It
was diluted in DMSO and added to the samples at a constant ratio
of 1:1000. Phenylarsine oxide (PAO) was purchased from Sigma
(Madrid, Spain) and diluted in dimethyl sulfoxide (DMSO), at
1:1000 final concentration of DMSO in the culture medium.
PD123319 was purchased from Sigma® and dissolved in PBS.

2.9. Statistical analysis

The results are expressed as the mean±S.E.M and accompa-
nied by the number of observations. A statistical analysis of the
data was carried out by a one way analysis of variance (ANOVA)
test followed by a post-hoc Tukey multiple comparison pro-
cedure. Differences with a P value of less than 0.05 were con-
sidered statistically significant.

3. Results

3.1. Apoptotic effect of Angiotensin II under controlled
experimental conditions

We first performed a concentration–response curve in order
to assess whether Angiotensin II was able to induce apoptosis
(measured as DNA fragmentation) when added to 0.4% foetal
calf serum medium. As shown in Fig. 1, panel A (upper panel),
Angiotensin II was able to trigger apoptotic cell death when
incubated for 48 h at 1 μM. The apoptotic effect under these
conditions was equally assessed by expression of the apoptotic
inductor Bcl-xs (Fig. 1, panel A, lower panel) and by assessment
of hypoployd nuclei in cell cytometry assays (Fig. 1, panel B).

For the tested experimental conditions, proliferation induced
by Angiotensin II was not observed (data not shown).
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3.2. Apoptosis induced by Angiotensin II depends on the
interaction of angiotensin with the Angiotensin AT1 receptor

To study the role of the Angiotensin AT1 receptor on the
apoptosis induced by Angiotensin II in rat vascular smooth
muscle cells, cellular DNA fragmentation induced by Angio-
tensin II was analyzed in the presence or absence of increasing
concentrations of irbesartan from 0.1 to 10 μM or the AT2

receptor antagonist PD123319 (1 or 10 μM). As shown in Fig. 2,
panel A, treatment with Angiotensin II generates an increase
in DNA fragmentation compared to control cells. Apoptosis
induced by Angiotensin II was diminished in a concentration-
dependent manner by pre-treatment with irbesartan. However,
PD123319 did not exert any effect onDNA fragmentation (Fig. 2,
panel B). We also analyzed the caspase-3 activity in the presence
of Angiotensin II and found that Angiotensin II increased the
Fig. 4. Time-dependency of Angiotensin II internalization. Panel A: Representative c
with Angiotensin II 1 μM (1 μM in 0.4% foetal calf serum containing medium) for th
measured as fluorescence in arbitrary units (3 different experiments). Panel C: Contro
Angiotensin II peptide. ⁎⁎Pb0.01.
activity of caspase-3 in rat vascular smooth muscle cells. This
effect was diminished by pre-treatment with irbesartan (Fig. 2,
panel C).

3.3. Role of internalization inhibition on Angiotensin II-induced
apoptosis

To assay whether internalization of Angiotensin II plays a
role on its apoptotic effect, we studied the apoptosis induced
by Angiotensin II in the presence or absence of PAO. Fig. 3
panel A shows that pre-treatment with PAO for 30 min
prior to Angiotensin II treatment significantly reduced the
apoptosis induced by Angiotensin II, measured as DNA
fragmentation. The internalization inhibitor did not exert a
significant effect when added in the absence of Angiotensin
II.
onfocal images show intracellular localization of Angiotensin II in cells treated
e time indicated above. Panel B: Graph show data of intracellular Angiotensin II
l of antibody specificity of staining samples. Primary antibody was blocked with



Fig. 5. Internalization of Angiotensin AT1 receptor. Panel A: Transfection of
AT1R–EYFP in rat vascular smooth muscle cells. VSMC in culture were trans-
fected with a plasmid encoding for the fusion protein Angiotensin AT1 receptor–
EYFP according to Methods. Cells were treated with vehicle (left photograph) or
Angiotensin II (1 μM in 0.4% foetal calf serum containing medium) for 1 h (right
photograph). The arrows indicate the membrane localization of AT1R–EYFP in
control or the intracellular localization of AT1R–EYFP in Angiotensin II-treated
cells. Panel B: Immunofluorescence staining of Angiotensin AT1 receptor in rat
vascular smooth muscle cells untreated (left) or treated with Angiotensin II (right)
at 1 μM in 0.4% foetal calf serum containing medium for 1 h. The arrows indicate
the membrane localization of Angiotensin AT1 receptor in control or the intra-
cellular localization of Angiotensin AT1 receptor in Angiotensin II-treated cells.
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A similar protective effects of both inhibitors were observed
when apoptosis was assessed by caspase-3 activity (Fig. 3,
panel B).
Fig. 6. Inhibition of internalization of Angiotensin II by irbesartan. Irbesartan (0.1 to 1
for further 1 h. Panel A: Representative confocal images show intracellular localizati
1 μM. Panel B: Bar graphs show the intracellular Angiotensin II measured as fluores
3.4. Time-dependent analysis of Angiotensin II internalization

Subsequently, cellular internalization of Angiotensin II was
analyzed by confocal microscopy. Fig. 4, panel A, shows the
time-dependent internalization of Angiotensin II (1 μM) in rat
vascular smooth muscle cells. We found that control cells did
not show any Angiotensin II staining (as observed by the lack of
Angiotensin II green fluorescence). Treatment with Angiotensin
II increased the fluorescence signal of intracellular Angiotensin
II, reaching the maximum internalization after 60 min treatment.
Interestingly, there is a more intense fluorescence signal in the
perinuclear region at this time-point.

Quantification of the fluorescence intensity shows a time-
dependent increase which reaches statistical significance at 30
and 60 min (Fig. 4, panel B).

In order to provide an internal control for antibody specificity,
the Angiotensin II peptide was added to anti-Angiotensin
II antibody in another set of experiments. As shown in Fig. 4,
panel C, this experimental approach dramatically inhibited the
Angiotensin II immunostaining.

3.5. Angiotensin II internalization takes place through
Angiotensin AT1 receptor

To assess whether the Angiotensin AT1 receptor is also in-
ternalized, rat vascular smooth muscle cells were transfected with
a plasmid encoding for AT1R–EYFP. As shown in Fig. 5, panel
A, fluorescent AT1 forms a strong band at the cell surface level
(arrows), which is lost after Angiotensin II incubation (1 μM, 1 h).

Similar results were obtained when cells were stained with
anti-AT1 antibody (Fig. 5, panel B). Angiotensin II treatment
(1 μM, 1 h) induced the loss of membrane staining which is
observed under basal conditions (arrows). Additionally, colo-
calization for Angiotensin II and Angiotensin AT1 receptor was
observed (data not shown).
0 μM) was preincubated for 30 min prior to the addition of Angiotensin II 1 μM
on of Angiotensin II in vascular smooth muscle cells treated with Angiotensin II
cence in arbitrary units of three different experiments. ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001.



Fig. 7. Effect of PD123319 on Angiotensin II-internalization. PD123319 (1–10 μM) was preincubated for 30 min prior to the addition of Angiotensin II
1 μM for further 1 h. Panel A: Confocal images show intracellular localization of Angiotensin II in vascular smooth muscle cells treated with
Angiotensin II 1 μM. Panel B: Bar graphs show the intracellular Angiotensin II measured as fluorescence in arbitrary units. NS=Non-significant,
⁎⁎⁎Pb0.001.
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3.6. Irbesartan inhibits Angiotensin II staining

Since we have shown that AT1 is co-internalized with exoge-
nously added Angiotensin II from cell membrane to cytoplasm,
the question arises whether pharmacological AT1 blockade is able
to inhibit Angiotensin II internalization which takes place
after binding to the Angiotensin AT1 receptor. Fig. 6 shows
that pre-treatment with increasing concentrations of irbesartan
Fig. 8. Inhibition of Angiotensin II internalization by phenylarsine oxide (PA
Angiotensin II 1 μM for further 1 h. Panel A: Confocal images show intracellula
Angiotensin II in the presence or absence of inhibitors. Panel B: Bar graphs sh
⁎⁎⁎Pb0.001.
(0.1–10 μM) caused a concentration-dependent reduction in the
Angiotensin II internalization.

3.7. Pharmacological AT2 blockade does not affect Angiotensin
II internalization

As shown in Fig. 7, panel A, preincubation of cell cultures
with the AT2 receptor antagonist PD123319 at 1 and 10 μM
O). PAO (20 μM) was preincubated for 30 min prior to the addition of
r localization of Angiotensin II in vascular smooth muscle cells treated with
ow the intracellular Angiotensin II staining of three different experiments.



Fig. 9. Angiotensin II-induced apoptosis and internalization correlate each other
for all analyzed groups. Figure shows a high correlation between Angiotensin
II-induced apoptosis (measured as mean of fold increase of DNA fragmentation)
and intracellular Angiotensin II (mean of fluorescence intensity, in arbitrary units).
Inverted triangle: Angiotensin II, 1 μM, 48 h. Square: +Irbesartan 0.1 μM. Black
circle: +Irbesartan 1 μM.Grey circle: +Irbesartan 10 μM.Rhomboid: +PD123319
1 μM. White circle: +PD123319 10 μM. Circle inside a triangle: +phenylarsine
oxide (PAO) 20 μM.
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proved unable to block the internalization of Angiotensin II.
Quantitative analysis did not show a significant decrease of
fluorescence intensity compared to the Angiotensin II group
(Fig. 7, panel B).

3.8. Role of PAO on Angiotensin II internalization

Pre-treatment with PAO completely blocked cellular inter-
nalization of Angiotensin II (Fig. 8, panel A). When quantified,
the inhibitory effect of these compounds reached statistical
significance (Fig. 8, panel B).

3.9. Correlation between Angiotensin II-induced internaliza-
tion and apoptosis

As shown in Fig. 9, for all treated groups, a strong and sig-
nificant correlation for these two parameters was found.

4. Discussion

The present study describes for the first time the obligatory
role of intracellular uptake of Angiotensin II into vascular
smooth muscle cells for the induction of apoptotis, as well as its
dependence of Angiotensin AT1 receptor.

The effects of Angiotensin II on cultured rat vascular smooth
muscle cells are pleiotropic, including cell proliferation, hyper-
trophy and apoptosis. The role of Angiotensin II in cell pro-
liferation has been described in the presence of other proliferative
factors such as 20% foetal calf serum (Xiao et al., 2004), which
functions as a comitogen. However, since the role of Angiotensin
II in vascular cell toxicity and plaque vulnerability has been
described in experimental animals (Landmesser et al., 2002) and
patients (Cipollone et al., 2004) we aimed to assess whether an
induction of cell death byAngiotensin II took place. In our first set
of experiments, we found that 1 μMwas the lowest concentration
to induce apoptosis in our cell culture model (0.4% foetal calf
serum). This concentration is higher than the one found in plasma
from hypertensive patients (Laviades et al., 2000) although in
vitro induction of apoptosis in the absence of other comitogen or
co-apoptotic stimuli may need higher concentrations than the
ones found in plasma. This same concentration has been reported
to induce vascular smooth muscle cell apoptosis under low serum
conditions (Bascands et al., 2001; Siegert et al., 1999).

Controversy exists regarding which type of Angiotensin II
receptor is responsible for its apoptotic effect. It has been sug-
gested that AT1 mediates cell growth while AT2 mediates ap-
optosis, although the importance of the AT2 receptor has been
described to be reduced in postnatal life and, to add more
complexity, AT1 and AT2 receptors may be both implicated on the
Angiotensin II-induced cellular inflammation (Andresen et al.,
2004). One possible explanation for the lack of a AT2-mediated
effect which has been reported here (Fig. 2, panel B) may be the
low AT2 expression in smooth muscle cell culture models which
are obtained from adult animals (De Gasparo et al., 2000). Our
in vitro model establishes an AT1-dependent apoptosis. This
model may be related to the in vivo effects of AT1-dependent
aneurysm formation in response to high-dose Angiotensin II
infusion in experimental animals (Daugherty et al., 2001) as well
as the clinical observation of plaque stabilization after AT1

blockade (Cipollone et al., 2004).
We found that the AT1 antagonist irbesartan reduced DNA

fragmentation in a concentration-dependent manner. The con-
centrations of irbesartan used were in the range of concentrations
used in other in vitro studies (Bascands et al., 2001). Inter-
estingly, the 1 and 10 μM concentrations of the drug were able to
inhibit both the apoptotic effect (Fig. 2, panel A) and the inter-
nalization of Angiotensin II (Fig. 6, panel B).

The importance of Angiotensin II internalization regarding
its apoptotic effect is highlighted by the fact that pre-treatment
of rat vascular smooth muscle cells with PAO, an inhibitor of
Angiotensin II internalization, decreased apoptosis induced by
Angiotensin II (Fig. 3, panels A and B). Clathrin forms a cage-
like structure which invaginates from the cell membrane
(Trowbridge et al., 1993). Phenylarsine oxide (PAO) inhibits
clathrin-mediated endocytosis (Ullian et al., 1989). We found
that PAO inhibited both apoptosis (Fig. 3, panels A and C) and
internalization of Angiotensin II (Fig. 7, panels A and B).

Internalization of Angiotensin II has been reported in
numerous cells of vascular (Cook et al., 2006) origin that express
the Angiotensin AT1 receptor. It has been reported that
Angiotensin II is internalized by cultured proximal tubular cells
and seems to be involved in sodium transport in the kidney
(Thekkumkara et al., 2002). We found enhanced perinuclear
localization of Angiotensin II after 60 min treatment (Fig. 4,
panels A and B). Early studies also reported perinuclear lo-
calization of Angiotensin II in rat cardiac myocites and vascular
smooth muscle cells (Robertson et al., 1971).

Molecular pathways which regulate Angiotensin II-induced
apoptosis are not yet completely understood. A recent publication
(Li et al., 2006) reports the essential roles of Akt phosphorylation
and membrane FasL expression in this process. Since these
pathways are related to intracellular trafficking, their role is likely
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associated with Angiotensin II internalization, which is instru-
mental in the eventual DNA fragmentation.

The major finding of the present work is the significant role
of Angiotensin II internalization in its apoptotic effect (Fig. 9).
Future studies will broaden our knowledge of the intracellular
trafficking of Angiotensin II, its pharmacological modulation
and its implication for therapeutics in atherosclerosis.
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