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Angiotensin |1 Induces Phenotype-Dependent Apoptosis in
Vascular Smooth Muscle Cells

Jean-Loup Bascands, Jean-Pierre Girolami, Muriel Troly, Isabelle Escargueil-Blanc,
Dani Nazzal, Robert Salvayre, Nelly Blaes

Abstract—Angiotensin || regulates vascular structure through growth and apoptosis, with implications in pathophysiology.
Subtypes of vascular smooth muscle cells with specific morphology, growth, or apoptotic features have been isolated.
Here, we investigated the effects of angiotensin |1 on apoptosis of 2 morphologically different rat aortic smooth muscle
cell phenotypes. Spindle and epithelioid cell lines cultured under low serum conditions were stimulated by angiotensin
I1. Responsiveness was evaluated by calcium signaling. In both phenotypes, an angiotensin 11 type 1 receptor—mediated
transient intracellular calcium peak arose from intracellular pools. However, a sustained nifedipine-sensitive calcium
entry occurred specificaly in epithelioid cells. Angiotensin Il did not impair spindle cell survival, whereas a delayed
reduction in cell number occurred in epithelioid cells. Cell death through apoptosis was characterized by cellular and
nuclear morphology. Consistently, DNA fragmentation, evaluated by biochemical quantification, nuclei staining, and
ladders, and caspase 3-like activity were promoted by angiotensin Il in epithelioid cells. Kinetics of annexin V binding
showed that apoptosis was a delayed process. Angiotensin [1-induced apoptosis of epithelioid cells was prevented by
angiotensin |1 type 1 but not type 2 receptor antagonists and was inhibited by a calcium chelator or calcium antagonist.
Conversely, epithelioid cell apoptosis could be induced by a calcium ionophore. Thus, the death signaling promoted by
angiotensin |1 in epithelioid cells involves type 1 receptor—-mediated calcium entry. These data suggest that angiotensin
Il can promote angiotensin |1 type 1 receptor—-mediated apoptosis in vascular smooth muscle cells, depending on their
phenotype. This process may play a role in vascular remodeling in cardiovascular diseases. (Hypertension. 2001;38:
1294-1299.)
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ascular smooth muscle cells (V SMCs) maintain vascular
tone mainly through coordinated contraction/relaxation,
and they play a role in arterial wall remodeling through
proliferation, hypertrophy, and apoptosis.* The arteria tree
exhibits heterogeneity in response to vasoactive stimuli and
in aterations induced by hypertension or atherosclerosis. The
concept that distinct VSMC subtypes may play specific roles,
at different locations or pathophysiological situations, iswell
documented in animals,2® and VSMC heterogeneity aso
exists in human arteries.” In the rat arterial model, 2 major
VSMC subtypes have been discerned on the basis of stable
distinct morphologies in culture: spindle versus epithe-
lioid.28° They aso differ in growth properties or protein
synthesis28-11; however, their responses to vasoactive stimuli
are barely known.*2
Angiotensin (Ang) Il, the main effector peptide of the
renin-angiotensin system, plays an important role in normal
vascular physiology and cardiovascular diseases,'3 mostly
through the Ang Il type 1 (AT,) receptor and partly through
the Ang Il type 2 (AT,) receptor. AT, receptor—-mediated
intracellular calcium concentration ([Ca*]) signaling is a

major determinant of VSMC contraction.** Ang Il is a
modulator of VSMC growth with proliferative/hypertrophic
effects mediated by the AT, receptor through complex, partly
calcium-dependent, signaling.1* Heterogeneity exists in Ang
Il calcium signaling4-16 and long-term responsest’19 be-
tween individual VSMCs, arteries, or arterial layers. In vivo,
Ang Il can induce a delayed apoptosis through AT, receptor
activation.2o2t [nversely, in vitro, Ang Il induces apoptosis
through AT, receptor activation in AT,-transfected V SM Cs,22
whereas AT, receptors might also protect native VSMCs
against acute NO-induced apoptosis.z3

The question of whether the diversity in Ang |1 biological
effects could originate from variations in the different VSMC
subtypes has not been addressed. Therefore, the am of the
present study was to investigate whether VSMC subtypes
responded differently to Ang Il in [Ca?*]; signaling and
long-term survival. We used 2 stable cell lines, Sp-SMC and
Ep-SMC, as respective models of spindle and epithelioid rat
arteriadl VSMC subtypes. The results show dramatically
different Ang Il responses in the 2 VSMC lines. A delayed
AT, receptor—mediated calcium-dependent apoptosis was
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elicited in Ep-SMCs only; it was related to specific calcium
signaling. This strongly suggests a phenotype-dependent
apoptotic sensitivity of VSMCs to Ang Il through AT,
receptors.

M ethods

Materials

Ang |1, nifedipine, N°® nitro-L-arginine methyl ester (L-NAME),
thapsigargin (TG), and propidium iodide (Sigma Chemica Co),
EXP3174 (active metabolite of losartan), PD 123,177, and DUP753
(losartan) (Merck Sharp & Dohme), nisoldipine (Bayer),
CGP42112A (RBI), fura 2-AM and SYTO-16 (Molecular Probes),
polyclonal anti-AT, and anti-AT, antibodies (Santa Cruz), monoclo-
nal anti-myosin (smooth) and anti—«-actin (Sigma), and annexin
V-FITC (Immunotech) were used.

SMC Cultures

Sp-SMCs and Ep-SMCs, initially named V6-SMCs and V8-SMCs,
respectively, have been isolated from Wistar rat aortic media as
stable cell lines.® Standard primary VSMCs from rat aorta,24 hetero-
geneous, athough mostly spindle cells,212 were used as a reference.
All experiments were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals (NIH publication No. 93-23,
revised 1985) and were approved by the Institutional Care and Use
Committee. Sp-SMCs and Ep-SMCs were characterized by expres-
sion of smooth muscle markers in 0.2% serum and by serum-
independent (0.0% serum) growth. For apoptosis experiments, cells
cultured 24 hours in MEM plus 10% newborn calf serum were
serum-deprived (0.2% serum) 24 hours before stimulation.

M easurement of [Ca?*];

Cellsin Krebs-Ringer buffer (1 mmol/L CaCl,) were loaded with the
permeant calcium-sensitive fluorescent probe fura2-AM and washed
before Ang Il perfusion. Fluorescence was measured with a Spex
Fluorilog spectrofluorometer. [Ca?*]; was determined as previously
described.?s

Viability

Whole viability of a culture was evaluated by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test26
or by counting cell number (Coulter counter, Coultronics).24

Morphology of Apoptosis or Necrosis

For nuclear staining, monolayers were coincubated with 1 ug/mL
SYTO-16 and 4 pg/mL propidium iodide fluorescent DNA-binding
dyes26 Dead cells, permeable for propidium iodide, stained red.
Apoptosis (green condensed or fragmented nuclei), primary necrosis
(red nuclei with loose chromatin), postapoptotic necrosis (red apo-
ptotic nuclei), and normal cells (green nuclei with loose chromatin)
were discriminated.

Annexin V-FITC Staining

Trypsinized VSMCs washed in binding buffer were incubated in
FITC-labeled annexin V (annexin kit, Immunotech) for 10 minutes.
Cells were analyzed by flow cytometry by using a single cell gate,
and the percentage of annexin-positive cells was evaluated.

DNA Fragmentation

DNA fragmentation was visualized by the terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling (TUNEL) procedure
(In Situ Cell Death Detection POD kit, Boehringer). For quantifica-
tion of DNA fragmentation, cell lysates were centrifuged (27 000g).
Separated chromatin pellet and DNA cleavage products were quan-
tified by the fluorometric 4,6-diamidino-2-phenylindole procedure.26
DNA ladders were visualized by ethidium bromide after DNA
electrophoresis (Suicide-Track DNA Ladder |solation Kit, Oncogene
Research Products).
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Figure 1. Phenotypes of Sp-SMCs and Ep-SMCs. A, Phase-
contrast microscopy (magnification, X100) and immunofluores-
cence staining for smooth muscle a-actin (magnification, xX320)
and smooth muscle myosin heavy chain (SM-MHC) (magnifica-
tion, X200). Bars represent 10 um. B, Representative Western
blots of a-actin, SM-MHC, and AT, and AT, receptor proteins in
0.2% serum. Sp and Ep indicate Sp-SMCs and Ep-SMCs,
respectively. C, Serum-independent growth in 0.0% serum.
Results are presented as number of cells after 7 days divided
by seeded cells. Values are mean=SEM of 3 experiments.

Caspase 3-Like Activity

Caspase 3-ike activity was determined by detecting chromophore
p-nitroanilide after cleavage from the labeled substrate ac-DEV D-p-
nitroanilide (Bachem).

Immunofluor escence Microscopy
Cells on coverdlips, fixed with methanol, were incubated with
primary antibody (1:50 dilution) and then with the appropriate
fluorescein-conjugated secondary antibody.8

Western Blot Analysis

Proteins (40 ng) were subjected to SDS-PAGE, transferred to
membranes (Amersham), incubated with primary antibody (1:200
dilution) and the appropriate secondary antibody,2¢ and visualized by
ECL kit (Amersham).

Data Analysis

Values are presented as mean=SEM. Groups were compared by
ANOVA, and means were compared by the Student’s t test. Values
of P<<0.05 were considered statistically significant.

Results

VSM C Phenotypes

The stable morphologically distinct Sp-SMC and Ep-SMC
cell lines (Figure 1A) expressed both smooth muscle
a-actin (43 kDa) and myosin heavy chain (205 kDa) under
low serum conditions (0.2%), but expression was markedly
lower in Ep-SMCs (Figure 1B). Only Ep-SMCs were
capable of serum-independent growth (Figure 1C), as were
other epithelioid smooth muscle cell models.®1° AT, re-
ceptor (41 kDa) expression was higher in Ep-SMCs. AT,
receptor (44 kDa) expression was comparable between
both cell lines (Figure 1B).
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Figure 2. Ang ll-elicited [Ca?®*]; signaling. A, Representative tracings of [Ca®*], responses to Ang Il (1 umol/L) in primary VSMC,
Sp-SMC, or Ep-SMC cultures in 1 mmol/L extracellular calcium concentration ([Ca®*],). Effect of AT, (DUP735 [DUP], EXP3174 [EXP]) or
AT, (PD 123,177 [PD]) receptor antagonists 2 minutes before and throughout Ang Il administration. B, Averaged [Ca?*]; levels: baseline
(hatched bars), [Ca®*]; peaks (open bars), and 5 minutes after stimulation (solid bars). Bars represent mean=SEM (n=8). *P<0.05 vs
VSMCs. C, Dose response of Ang ll-elicited peak. D, Responses in absence of [Ca®"],, without and with thapsigargin (TG, 1.5 umol/L)
pretreatment (7 minutes) before Ang Il. E, Responses in 1 mmol/L [Ca?*], with nifedipine (Nif, 10 umol/L) or NiCl, (100 wmol/L)

pretreatment.

Ang |1-Stimulated [Ca?*]; Signaling in

VSM C Phenotypes

In VSMC cultures, Ang |l €licited a classic biphasic [Ca®*];
signal with a transient peak, followed by a stationary phase
dlightly above the baseline (Figure 2A). In Sp-SMCs, the
response was a single transient peak. In Ep-SMCs, the signal
was biphasic, with a high plateau. The basal [Ca*]; and
plateau levels were higher in Ep-SMCs (Figure 2B). All
responses were dose dependent (Figure 2C). Pretreatment
with the AT, receptor antagonists EXP3174 or DUP753, but
not with the AT, antagonist PD 123,177, prevented the Ang
I1-induced [C&®']; responses (Figure 2A). The resultsindicate
that in both Sp-SMCs and Ep-SMCs, functional AT, recep-
tors are coupled with [Ca*]; signaing, but with distinct
patterns.

Calcium Sources of Ang I1-Induced [Ca?*];
Signaling in VSMC Phenotypes

In calcium-free medium, the peak responses to Ang Il were
similar in Sp-SM Cs and Ep-SMCs, whereas the plateau phase
was abolished in Ep-SMCs (Figure 2D). This suggests that
the Ang ll-induced transient [Ca®]; peak resulted mainly
frominternal calcium stores, whereas the plateau in Ep-SMCs
required calcium entry. Pretreatment with TG (1.5 wmol/L, 7
minutes before Ang I1), an inhibitor of the sarcoplasmic

reticulum calcium-ATPase pump, increased [Ca?*]; by deple-
tion of TG-sensitive stores. In both lines, TG prevented, in
calcium-free medium, a subsequent Ang Il-induced signa
(Figure 2D). This suggests no difference in the intracellular
pools (TG sensitive) rapidly mobilized by Ang Il in the 2
phenotypes. Preincubation with nifedipine (10 umol/L, dihy-
dropyridine blocker of L-type voltage-operated channels) did
not alter the Sp-SMC response but reduced the peak and
abolished the plateau in Ep-SMCs (Figure 2E). NiCl, (100
umol/L) abolished the Ep-SMC response, suggesting the
participation of calcium-induced calcium release.?” In sum-
mary, in both Sp-SMCs and Ep-SMCs, calcium was rapidly
mobilized by Ang Il from TG-sensitive intracellular poals. In
Ep-SMCs, an additional calcium entry occurred, mostly
through L-type voltage-operated channels.

Ang I1-Induced VSMC Phenotype-

Dependent Apoptosis

Under low serum conditions (0.2%), Ang Il dramatically
reduced Ep-SMC but not Sp-SMC number (Figure 3A),
suggesting that Ang |l differently atered cell survival.
Reduction in Ep-SMC number was dose dependent (Figure
3B) and occurred 3 days after stimulation (not shown). At 10
minutes, Ang Il incubation was enough to reduce the cell
number 3 days later (Figure 3B). The nature of cell death was
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Figure 3. Ang Il and survival of VSMC phenotypes. A, VSMC,
Sp-SMC, or Ep-SMC numbers counted 96 hours after addition
of Ang Il (1 umol/L) in low (0.2%) serum. Results are expressed
as percentage of control without Ang Il and are mean+SEM of
4 experiments. *P<0.05 vs Ang ll-treated VSMCs or Sp-SMCs.
B, Concentration response curves of Ep-SMC numbers in cul-
tures stimulated with Ang Il for variable times (10 minutes [O], 20
minutes [$], 48 hours [@], and 96 hours [4]) and thereafter cul-
tured up to 96 hours. Results are presented as percentage of
control without Ang Il and are mean=SEM of 3 experiments.

characterized. Examination of Ep-SMC morphology showed
that Ang Il promoted apoptosis, ie, nuclear condensation,
apoptotic bodies, chromatin fragmentation, and postapoptotic
necrosis (Figure 4C; 40+18% apoptotic figures in Ang
Il-treated Ep-SMCs versus 8+3% apoptotic figures in con-
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Figure 4. Ang ll-induced apoptosis in Ep-SMCs. A, Phase-
contrast microscopy of control and Ang Il (1 wmol/L)-treated
Ep-SMCs. Magnification, X100. B, Nuclear staining with
SYTO-16 (green) and propidium iodide (red). Magnification,
X200. C, Apoptotic nuclei in Ang llI-treated Ep-SMCs (a indi-
cates nuclear condensation; b, apoptotic bodies; ¢ and d, frag-
mentation; and e, red postapoptotic bodies near a normal
nucleus). Magnification, X600. D, TUNEL staining in control and
Ang ll-treated Ep-SMCs. Magnification, X125. E, Quantification
of TUNEL-positive nuclei. Results are presented as number of
positive nuclei per microscopic field and are mean=SEM of 3
experiments. *P<0.05 vs control. Bars represent 10 um.
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Figure 5. Biochemical features of Ang ll-induced apoptosis in
Ep-SMCs. A, DNA ladders in Ep-SMCs. Lanes are as follows: 1,
control serum deprivation; 2, Ang Il treatment (1 wmol/L) for 72
hours; and 3, 2-kb ladder marker. B, Quantification of DNA frag-
ments in Sp-SMCs or Ep-SMCs. Results are presented as per-
cent fragments in total DNA and are mean=SEM of 4 experi-
ments. *P<0.05 vs control. C, Caspase 3-like activity in
Sp-SMCs or Ep-SMCs. Results are expressed as percent varia-
tion divided by corresponding control. Values are mean+SEM of
4 experiments. D and E, Kinetics of FITC-annexin V labeling of
Ep-SMCs analyzed by fluorescence-activated cell sorting. Panel
D shows representative histograms of FITC-annexin V fluores-
cence intensity in control serum-deprived (0.2% serum) and Ang
ll-treated Ep-SMCs. Panel E shows the percentage of annexin
V-positive cells as determined by setting the marker M1 for
positive population. Values are mean=SEM of 4 experiments.
*P<0.05 vs control.

trol Ep-SMCs, P<0.05). Primary necrosis was <5% of
nuclei. Apoptosis was confirmed by TUNEL staining (Figure
4D and 4E), DNA ladders (Figure 5A), DNA fragmentation
(Figure 5B; 33+5.8% in Ep-SMCs versus 7+5.6% in con-
trols, P<<0.05), and caspase 3-ike activity (Figure 5C).
Interestingly, opposite effects were induced in Sp-SMCs
(Figure 5B and 5C). Kinetics of annexin V-FITC labeling to
exposed plasma membrane phosphatidylserine (early apopto-
sis marker) showed that Ang Il promoted not an early (up to
24 to 36 hours) but a delayed increase in the labeled Ep-SMC
population (Figure 5D and 5E). Taken together, the results
show that Ang Il promoted a delayed apoptosis in Ep-SMCs
but not in Sp-SMCs.

AT -Receptor— nduced and Calcium-Dependent
Apoptosis in Ep-SMCs

Apoptosis was abolished by AT, (EXP3174) but not by AT,
(PD 123,177) receptor antagonists (Figure 6A, 6B, and 6C)
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Figure 6. AT, receptor mediation, calcium dependence, and
lack of NO generation in Ep-SMC apoptosis. Ep-SMCs were
pretreated with EXP (0.1 wmol/L), PD (1 umol/L), L-NAME (10
umol/L), Nif (1 wmol/L), or nisoldipine (Nis, 1 umol/L) before Ang
Il (1 wmol/L) for 72 hours. Ep-SMCs were pretreated for 30 min-
utes with EGTA (5 mmol/L) or calcium ionophore A23187 (10
umol/L) with or without Ang Il for 20 minutes and with a subse-
quent 72-hour culture without drug. A, Cell viability by MTT test.
Results are presented as percent viability of control nontreated
Ep-SMCs. Values are mean=SEM of 3 to 5 experiments.
*P<0.05 vs Ang Il treatment. B, DNA fragmentation. Results are
presented as percent fragmentation in control Ep-SMC DNA. C,
Nuclear staining with SYTO-16 and propidium iodide (magnifica-
tion, X200). Bars represent 10 um.

and was not induced by the AT, agonist CGP42112A (not
shown). We tested whether NO, a known inducer of VSMC
apoptosis, could mediate apoptosis. L-NAME (10 wmol/L),
an inhibitor of NO generation, did not prevent Ang Il—
induced Ep-SMC death (Figure 6A). Because Ang Il specif-
ically induced calcium entry in Ep-SMCs, we studied whether
calcium entry was involved in apoptosis. Ang Il-induced
Ep-SMC apoptosis was significantly inhibited by EGTA
(5 mmol/L, 20 minutes; Figure 6A and 6C), nifedipine (10
wmol/L, Figure 6A), or nisoldipine (10 wmol/L, Figure 6B
and 6C). Conversely, A23187 (10 wmol/L, 20 minutes), a
calcium ionophore, induced Ep-SMC death (Figure 6A). The
results demonstrate that Ang Il-induced apoptosis in Ep-
SMCs involved calcium entry and was mediated by AT,
receptors but not by AT, receptors.

Discussion
The present study shows for the first time that Ang Il can
induce apoptosis in VSMCs depending on their phenotype
(epithelioid or spindle-shaped) through the activation of AT,
receptor—mediated calcium entry. Apoptosis was specifically
promoted in the epithelioid phenotype (Ep-SMCs). Charac-
terization of cell death was made on the basis of typica
morphological features (cell shrinkage, nuclear condensation,
and fragmentation) and biochemical changes (DNA fragmen-
tation, caspase 3-like activity, and annexin V binding after

plasma membrane phosphatidyl serine translocation). Apopto-
sis was dose and time dependent and occurred under serum
deprivation.

Ang |l iswell known as aregulator of VSMC proliferation/
hypertrophy. More recently, Ang Il has been proposed as a
bifunctional modulator of VSMC apoptosis through either
AT, (antiapoptotic) or AT, (proapoptotic) receptors.22 Previ-
ous in vitro results have shown that Ang Il can induce
apoptosis in AT, receptor—transfected VSMCs? and protect
native VSMCs, through AT, receptors, against early (NO-
induced) apoptosis.2® In the present study, in VSMCs of
different phenotypes, Ang |l did not induce early apoptosis as
reported in a previous study.2? However, in Ep-SMCs, Ang ||
promoted a delayed apoptosis. Consistently, apoptosis has
been reported in adelayed manner in rat arteriesviathe AT,
receptor.202t The present AT, receptor—induced apoptosis
extends the possible cellular mechanisms of VSMC growth
regulation by Ang Il. Summarizing, AT, receptor activation
may control VSMC growth through either proliferation or
delayed apoptosis, whereas AT, receptor activation may
induce antigrowth effects (inhibition of proliferation and
apoptosis).

The VSMC phenotype specificity in the apoptotic response
to Ang Il cannot be explained by differential AT,J/AT,
receptor expression in Sp-SMCs versus Ep-SMCs. Both cell
lines expressed AT, and AT, receptors, but apoptosis was
clearly AT, receptor—mediated, inasmuch as it was prevented
by AT, but not by AT, receptor antagonists and was not
induced by an AT, receptor agonist. Apoptosis in Ep-SMCs
required only short Ang Il exposure with associated calcium
influx. Apoptosis was reduced by an extracellular calcium
chelator and by calcium antagonists. Furthermore, apoptosis
was induced by a calcium ionophore. Thus, the AT, receptor—
mediated calcium entry seems causally involved in apoptosis.
A rolefor calcium signaling is documented in apoptosis?® and
in AT, receptor—induced apoptosis.23° Calcium can directly
activate hydrolytic enzymes or signa cell death through
calcium-dependent kinases or phosphatases. Further investi-
gation will be necessary to determine precisely the AT,
receptor downstream apoptotic pathway in Ep-SMCs.

Regiona heterogeneity exists in response to vasoactive
stimuli in normal and diseased vessels. One hypothesisis that
arterial walls vary in composition of different VSMC sub-
types to fulfill specific roles.2-6 Heterogeneity was mostly
studied with VSMC cell lines originating from different rat
arteries.28-11.31 |n the present study, VSMC lines of spindle or
epithelioid phenotypes, both from healthy adult rat aortas,@
were used. Similarity in their culture history allowed com-
parison of the intrinsic properties of the phenotypes, exclud-
ing the influence of environmental factors.10.131 Although
transformed, these cell lines can be compared with other
models of VSMC subtypes®19; the 2 VSMC lines differ in
serum-independent growth (specific to epithelioid cells) and
in differentiation state (lower for epithelioid cells) asin other
models.210 In the present study, AT, receptors were func-
tional in both phenotypes but were coupled to distinct AT,
receptor [Ca?*]; signals. The sustained calcium entry specific
to Ep-SMCs has been observed in epithelioid VSMC—en-
riched cultures stimulated with other vasoconstrictors,12 and it
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could be a feature of the epithelioid subtype. VSMC hetero-
geneity might participate in regional differencesin contractile
or pathological alterations. As a maor point, the present
study suggests a susceptibility of epithelioid VSMCs to Ang
I1-induced apoptosis. Interestingly, a higher ACE activity (ie,
potential Ang Il formation) was found in epithelioid com-
pared with elongated embryonic VSMCs.” The renin-angio-
tensin system could be a determinant of VSMC subtype-
specific behavior.

VSMC apoptosisoccursin al cardiovascular diseases, hyper-
tension, aherosclerosis, and restenosis The present Ang Il
effects on VSMC subtypes could have pathophysiological rele-
vance. An AT, receptor—mediated remodeling of vascular wall
mass by apoptosis of a peculiar VSMC subtype may occur. This
process could regulate proliferation during healing,'® in aneu-
risms, in narrowed peripheric arteries, or within atherosclerotic
lesions.t With respect to atherosclerosis, human plagues contain
a VSMC subtype3? with apoptotic-prone behaviors? and have
increased ACE activity.3* Therefore, Ang Il could locally con-
tribute to plague weakening and rupture by promoting apoptosis.
Finally, the present study points out the importance of extending
the knowledge on VSMC heterogeneity to better understand
vascular pathology.
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