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Figure 9 Growth factor-stimulated phosphorylation of Elkl, c-Jun and ATF2. At 10 days after the addition of Sirtinol (100 M),
following overnight serum starvation, the cells were exposed to EGF (50 ng/ml) for 10 or 20min (a, b) or to IGF-I (100ng/ml) for
10min (c). In untreated (Control) MCF-7 and H1299 cells, marked phosphorylation of Elkl, c-Jun and ATF2 was induced by EGF
and IGF-L In Sirtinol-treated MCF-7 and H1299 cells, both basal (unstimulated) and EGF- or IGF-I-stimulated phosphorylation of
Elkl, c-Jun and ATF2 were decreased compared with untreated cells.
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Figure 10 Growth factor-stimulated phosphorylation of EGF
receptor and IGF-I receptor in Sirtinol-treated cells. At 10 days
after the addition of Sirtinol (100 uM), following overnight serum
starvation, the cells were exposed to EGF (50 ng/ml) (a) or IGF-I
(100 ng/ml) for 2min (b). There was no difference in tyrosine
phosphorylation and protein expression of EGF receptor (EGFR)
and IGF-I receptor (IGFR) between Sirtinol-treated and untreated
(Control) MCF-7 and H1299 cells.

In contrast to the Ras-MAPK pathway, EGF- or
IGF-I-induced as well as basal (unstimulated) phos-
phorylation of Akt/PKB was not decreased in Sirtinol-
treated senescent MCF-7 and H1299 cells compared
with untreated cells at 10 days after Sirtinol addition
(Figure 12). The expression of Akt/PKB was not altered
by Sirtinol treatment, either.

Discussion

We found that Sirtl inhibition by specific inhibitors,
Sirtinol and Splitomicin, and siRNA caused senescence-
like growth arrest in human cancer MCF-7 and H1299
cells, as judged by SA-S-gal staining, PAI-1 expression,
BrdU incorporation, flattened and enlarged morphology
of the cells and flow cytometric analysis (Figures 1-6).
Sirtinol-induced senescence-like growth arrest was
accompanied by attenuated responses to growth factors
in terms of activation of Ras~-MAPKs (Figures 8, 9 and

11). By contrast, phosphorylation (activation) of EGF
receptor, IGF-I receptor and Akt/PKB by growth
factors was not affected in Sirtinol-treated senescent
MCEF-7 and H1299 cells (Figures 10 and 12).

Consistent with impaired activation of MAPKs,

EGF- and IGF-I-stimulated phosphorylation of down-
stream targets, Elk-1, c-Jun and ATF-2, was also
reduced (Figure 9). A hallmark feature of senescent
cells is unresponsiveness to mitogenic stimuli in terms of
induction of c-fos as well as cell proliferation. Previous
studies in senescent human diploid fibroblasts showed
that induction of c-fos (Seshadri and Campisi, 1990) and
activation of Elk-1 (Tresini ef al., 2001) and MEK-ERK
(Torres et al., 2003) in response to growth factors are
impaired. Transcriptional activity of Elk-1 regulates the
induction of c-fos, an immediate early gene. Thus, our
results of attenuated activation of Ras-MEK-ERK-
Elk-1 in Sirtinol-treated senescent cancer cells are in
agreement with previous findings in senescent human
fibroblasts.

Our results indicate that the signaling defect in
Sirtinol-treated cells is specific for MAPK pathways
and that the PI3-K-Akt/PKB pathway is preserved. Ras
is a key regulator of MAPK pathways (Lange-Carter
and Johnson, 1994). However, Ras does not play a
major role in activation of the PI3-K—Akt/PKB path-
way (Sakaue et al, 1995; Gnudi ef al., 1997; Klesse
et al., 1999). Our results showed that active, GTP-bound
Ras was reduced in Sirtinol-treated cancer cells com-
pared with untreated cells (Figure 11a). The present
data, therefore, suggest that reduced activation of Ras
might be involved in a specific attenuation in MAPK
pathways in Sirtinol-treated senescent MCF-7 and
H1299 cells.

Growth factor-initiated mitogenic signals are conveyed
mainly by two major signaling cascades: Ras—ERK and
PI3-K-Akt/PKB. Senescent cells remain viable and
metabolically active, in spite of irreversible loss of
replication capability (Roninson, 2003; Shay and
Roninson, 2004). One can reasonably speculate, there-
fore, that the preserved PI3-K—-Akt/PKB pathway might
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Figure 11 Activation status of Ras and its downstream signaling molecules in Sirtinol-treated cells. At 10 days after the addition of
Sirtinol (100 pM), following overnight serum starvation, the cells were exposed to EGF (50 ng/ml) for 10 or 20min, or IGF-I (100 ng/ml)
for 10 min. (a) Active Ras was evaluated as described in Materials and methods. In untreated (Control) MCF-7 and H1299 cells, active
Ras was markedly increased by EGF treatment for 20 min. In Sirtinol-treated MCF-7 and H1299 cells, basal (unstimulated) level of
active Ras was decreased compared with untreated cells, and EGF failed to increase active Ras. (b—d) In untreated (Control) MCF-7
and H1299 cells, EGF and IGF-I induced robust phosphorylation of Raf, MEK, SEK1/MKK4 and MKXK7. However, in Sirtinol-
treated MCF-7 and H1299 cells, both basal (unstimulated) and EGF- or IGF-I-stimulated phosphorylation of these molecules were

decreased compared with untreated (Control) cells.
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Figure 12 Growth factor-stimulated Akt/PKB phosphorylation in
Sirtinol-treated cells. At 10 days after the addition of Sirtinol
(100 M), following overnight serum starvation, the cells were
exposed to EGF (50ng/ml) for 10 or 20min (a, b) or to IGF-I
(100ng/ml) for 10min (c¢). No difference was found in basal
(unstimulated) and EGF- or IGF-I-stimulated phosphorylation of
Akt/PKB between Sirtinol-treated and untreated (Control) MCF-7
and H1299 cells.
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contribute to cell viability and metabolic activities in
Sirtinol-treated cells, because the PI3-K-Akt/PKB path-
way plays critical roles in cell survival and regulation of
metabolism.

p53, Rb and cyclin-dependent kinase inhibitors
such as pl6, p21 and p27 have been recognized as
key mediators of cellular senescence (Serrano er al.,
1997; Collado et al., 2000; Alexander and Hinds, 2001;
Beausejour er al., 2003; Jirawatnotai et al, 2003;
Mallette et al., 2004). Our results showed that hypophos-
phorylation of Rb and increased expression of p27 were
associated with Sirtinol-induced senescence-like growth
arrest in MCF-7 and H1299 cells (Figure 7). In addition
to regulation at transcriptional level, increased p27
expression may result from reduced protein degradation
through a ubiquitin—proteasome system (Carrano et al.,
1999). Since Sirtl is an HDAC, it is possible that Sirtl
inhibition may directly modulate p27 transcription.
However, our finding of unaltered p27 mRNA in
Sirtinol-treated cells (Supplementary Figure 2) suggests
that decreased protein degradation of p27, rather than
increased transcription, may contribute to increased p27
protein expression in Sirtinol-treated cells. Thus, our
data argue against a direct effect of Sirtinol on
transcription of p27.

On the other hand, we did not find increased
expression of p53, p21 and plé in Sirtinol-treated
MCF-7 and HI1299 cells. It is important to note,
however, that previous studies showed that premature
senescence can be readily induced independent of p53,



p21 or pl6 in cancer cells (Zhu et al., 1997; Chang et al.,
19992, b; Collado et al., 2000, Wainwright et al., 2001;
Wright and Shay, 2001; te Poele et al., 2002; Beausejour
et al., 2003; Mallette ez al., 2004; Munro et al., 2004).
p27 was shown to be required for premature senescence
mediated by Rb (Alexander and Hinds, 2001) or PI3-K
inhibitor (Collado et al., 2000). In accordance with
previous findings (Chang et al., 1999a; Collado ez al,
2000; Wainwright et al., 2001; Mallette ez al., 2004),
Sirtinol induced senescence-like growth arrest in pl6-
deficient MCF-7 and p53-deficient H1299 cells. These
results indicate that p53 and pl16 are not required for
Sirtinol-induced senescence-like growth arrest in H1299
and MCF-7 cells, respectively.

Recently, senescence-like growth arrest has been
proposed as a new target of cancer therapy. Since p53
and pl6 are not expressed or mutated in many types of
malignancies, the effectiveness of Sirtinol to induce
senescence-like growth arrest in p53- and pl6-deficient
cancer cells may be of clinical significance for the
treatment of patients with malignancy. Taken together,
the present study highlights Sirtl inhibitor as an
antitumor drug candidate.

Materials and methods

Materials

Sirtinol, Splitomicin, IGF-I, EGF (Calbiochem, La Jolla, CA,
USA), trichostatin A, cisplatin, propidium iodide, RNase,
tamoxifen (Sigma, St Louis, MO, USA), anti-phospho-ERK
(Thr202/Tyr204), ERK, phospho-JNK/SAPK (Thri83/Tyr185),
phospho-p38 (Thr180/Tyr182), p38, phospho-Raf (Ser259),
Raf-1, phospho-MEK1/2 (Ser217/221), MEK1/2, phospho-
SEK1/MKK4 (Ser80), SEK1/MKK4, MKK?7, phospho-Elkl
(Ser383), Elkl, phospho-ATF2 (Thr71), ATF2, phospho-Rb
(Ser795), Rb, phospho-Akt (Serd73), Akt, p53 (Cell Signaling,
Beverly, MA, USA), acetylated p53, EGFR, phospho-MKK7
(Thr275/Ser277) (Upstate, Lake Placid, NY, USA), phospho-
EGFR (Tyr1173), pl6, p21, phospho-c-Jun (Ser63), c-Jun,
JNK1 (Santa Cruz, Santa Cruz, CA, USA), p27 (BD
Transduction Laboratories, Lexington, KY, USA), PAI-!
(Molecular Innovations, Southfield, MI, USA), acetylated
histone H3, histone H3 (Upstate, Charlottesville, VA, USA),
phospho-IGF-I receptor (Tyril162/1163), IGF-I receptor
(Biosource, Camarillo, CA, USA) and pan-Ras antibodies
(Oncogene, San Diego, CA, USA) were purchased commer-
cially.

Cell culture

Human breast cancer MCF-7 cells and non-small lung cancer
H1299 cells (American Type Culture Collection, Manassas,
VA, USA) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) and RPMI 1640 supplemented with 10%
fetal bovine serum (FBS, Sigma), respectively. Logarithmically
growing cells were treated with the indicated concentrations of
Sirtinol or Splitomicin for 24 h. After exposure to Sirtinol or
Splitomicin for 24h, the cells were washed three times with
inhibitor-free medium and cultured for an additional 9 days
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with the complete media in the absence of inhibitor. Cell
viability was determined by the Trypan blue exclusion test, and
viable cells were counted. At 9 days after the addition of
Sirtinol to the culture media, the cells were serum-deprived for
overnight, and then treated with EGF (50ng/ml) or IGF-I
(100 ng/ml) for 2, 10 or 20 min.

SA-B-gal staining
SA-f-gal staining was performed as previously described
(Dimri et al., 1995) (see Supplementary section).

BrdU incorporation assay

At 10 days after the addition of Sirtinol, BrdU incorporation
was assayed as previously described (Takahashi et al., 1992).
In cells treated with siRNA, at 10 days after the transfection of
siRNA, BrdU incorporation was evaluated using a commercial
kit (Roche, Indianapolis, IN, USA).

Gene knockdown with siRNA

Cells were plated in six-well plates at 20-30% confluency, and
24h later transfected with 200pmol of siRNA for Sirtl
('5-GAT GAA GTT GAC CTC CTC A-3' (Picard et al.,
2004) and 5-TGA AGT GCC TCA GAT ATT A-3) or
control siRNA (Dharmacom, Chicago, IL, USA), using
siIMPORTER (Upstate).

Flow cytometric analysis

At 10 days after the addition of Sirtinol, the cells were fixed
with 70% ethanol and treated with 5pug/ml (RNase) for
30min. After staining with 50 uM propidium iodide, the cells
were subjected to flow cytometric analysis with FACS Calibur
and Cell Quest software (Becton-Dickinson, Franklin Lakes,
NI, USA).

Immunoblot analysis
Immunoblot analysis was performed as previously described
(Yasukawa et al., 2005) (see Supplementary section).

Determination of activation status of Ras

Active, GTP-bound Ras was assayed using the Ras activation
assay kit (Upstate) according to the manufacturer’s instruc-
tions (see Supplementary section).

Colony formation assay
Colony formation assay was performed as previously
described (Elegbede et al., 2002) (see Supplementary section).

Northern blotting

The mRNA level of p27 was evaluated by Northern blotting
as previously described (Sugita er al, 2005), using cDNA
probe for p27 that was kindly provided by Dr N Fujita (Fuyjita
et al., 2002).
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Abstract

Background: The effects of angiotensin converting enzyme (ACE) inhibitors on oxidative stress-induced apoptosis of endothelial cells and
the intracellular signaling were investigated.

Methods: Cultured endothelial cells derived from a bovine carotid artery were treated with H,O, or TNF-« to induce apoptosis. Apoptosis
was evaluated by DNA fragmentation and cell viability, p38 MAP kinase activity by Western blotting, and oxidative stress by formation of 8-
isoprostane. The effects of ACE inhibitors were examined by adding them into the medium throughout the experiments.

Results: Apoptosis was attenuated by ACE inhibitors, temocapril and captopril, in a dose-dependent manner (1-100 pmol/l). H,0, (0.2
mmol/l for 1.5 h) or TNF-« (10 ng/ml for 72 h) treatment stimulated the activities of p38 MAP kinase. Temocapril and captopril decreased
the activity of p38 MAP kinase as well as 8-isoprostane formation induced by H,O,. A p38 MAP kinase inhibitor, SB203580, partially
mhibited the effect of temocapril on apoptosis.

Conclusions: These results suggest that ACE inhibitors protect endothelial cells from oxidative stress-induced apoptosis, and that p38 MAP

kinase plays a critical role in the process.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Apoptosis; ACE inhibitor; Endothelial cell; p38 MAP kinase

1. Introduction

Stress-induced injury of vascular endothelial cells (ECs) is
considered to be an initial event in the development of
atherosclerosis [1]. In particular, oxidative stress has been
implicated in endothelial injury caused by oxidized LDL and
smoking as well as hypertension, diabetes and ischemia-
reperfusion [1-3]. This notion is supported by the findings
that the production of reactive oxygen species is upregulated
in vascular lesions [4,5], and that lesion formation such as
endothelial dysfunction is accelerated by superoxide anion
[6] and, in contrast, is attenuated by free radical scavengers
including vitamin E [7] and superoxide dismutase [8].

* Corresponding author. Tel.: +81 3 5800 8832; fax: +81 3 5800 8831.
E-mail address: akishita-tky@umin.ac.jp (M. Akishita).
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Angiotensin converting enzyme (ACE) inhibitors effec-
tively interfere with the renin angiotensin system and exert
various beneficial actions on vascular structure and function
beyond their blood pressure-lowering effects [9,10]. ACE
inhibitors attenuate neointimal formation after vascular
injury in animals [11] and endothelial dysfunction in
humans [12]. It has been demonstrated that ACE activation
induces oxidative stress [13]. However, it has not been
elucidated whether ACE inhibitors could attenuate oxidative
stress-induced EC apoptosis, an initial and important
process in atherosclerosis [14,15].

In this study, we examined the effects of ACE inhibitors,
temocapril and captopril, on H,O,- and TNF-a-induced EC
apoptosis and the pro-apoptotic intracellular signaling, p38
mitogen-activated protein (MAP) kinase, to clarify the
underlying mechanism.
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2. Materials and methods
2.1. Induction of EC apoptosis

ECs derived from a bovine carotid artery [16] was
cultured in Dulbecco’s modified Eagle medium (Gibco)
supplemented with 10% fetal bovine serum. Cells were
maintained at 37 °C in a 95% air/5% CO, atmosphere.
ECs of the 5th to 7th passage were used in the experi-
ments. When the cells had grown to 70—80% confluence,
ECs were pretreated for 24 h with culture medium
containing the reagents that were tested in the experiments.
Subsequently, after washing twice with Hank’s balanced
salt solution (Gibco), the cells were exposed to H,0,
(0.1-0.4 mmol/l) diluted in Hank’s balanced salt solution
for 1.5 h at 37 °C to induce apoptosis. The cells were
washed three times with Hank’s balanced salt solution, and
then cultured in culture medium containing the reagents
until assay. Similarly, tumor necrosis factor-a (TNF-a, 5-
20 ng/ml; Sigma) was added to the medium until assay
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after 24-h pretreatment with the reagents tested. EC
viability and apoptosis were evaluated at 24 h after
H,0, treatment, or at 72 h after TNF-a treatment. The
effects of temocapril (1-100 pmol/l) and captopril (1-100
pmol/l) were examined by adding them into the medium
throughout the experiments. The effect of a specific p38
MAP kinase inhibitor, SB203580 (10 pmol/l; Calbiochem),
was examined by treating ECs with SB203580 for 1 h
before H,0, treatment.

2.2. Cell viability

Cell viability was estimated using an MTT (3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide;
Sigma) assay [17]. Briefly, 1 mg/ml MTT (final concen-
tration) was added to the well and incubated for 2 h at 37
°C. The medium was removed and cells were lysed with 2-
isopropanol containing 0.04 mol/l HCL. The absorbance
measured at 595 nm was used to calculate the relative cell
viability ratio.
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Fig. 1. Dose-dependent effects of H,0, (A, C) and TNF-a (B, D) on EC apoptosis (A, B) and p38 MAP kinase activity (C, D). A and B, apoptosis was
evaluated 24 h after H;0, treatment (for 1.5 h) or 72 h after addition of TNF-a by means of DNA fragmentation (n=3). C and D, the activity of p38 MAP
kinase was evaluated by immunoblotting using the specific antibody against the phosphorylated form of the kinase (p-p38) at 30 min after addition of H,0, or
TNF-a. Right panels show the results of densitometric analyses of immunoblotting (mean+SEM, n=3). NS, not significant. Values are expressed as

mean+SEM (n=3).
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2.3. Evaluation of EC apoptosis and formation of
8-isoprostane

For quantitative determination, EC apoptosis was meas-
ured as DNA fragmentation. DNA fragmentation was
evaluated by histone-associated DNA fragments using a
photometric enzyme immunoassay (Cell Death Detection
ELISA, Roche), according to the manufacturer’s instruc-
tions. Briefly, attached cells were harvested with trypsin,
and the cell suspension was pelleted by centrifugation.
Floating and attached cells were lysed. After centrifugation,
the supernatant was measured by ELISA.
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Formation of 8-isoprostane (8-iso prostaglandin F,,) was
measured using a commercially available EIA kit (Cayman
Chemical). Culture supernatants were diluted with EIA
buffer when necessary, and were applied to EIA according
to the manufacturer’s instructions.

2.4. Immunoblotting
The cells were washed twice with ice-cold phosphate-
buffered saline and lysed in lysis buffer (25 mmol/l Tris/HC],

pH 7.5, 25 mmol/l NaCl, 0.5 mmol/l EGTA, 10 mmol/l NaF,
20 mmol/l B-glycerophosphate, 1 mmol/l Na;VO,, 1 mmol/l
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Fig. 2. Effects of ACE inhibitors on H,O,-induced (A, B) and TNF-a-induced (C, D) EC apoptosis and the effects of ACE inhibitors on H;O»-induced 8-
isoprostne formation (E). Temocapril, captopril or their vehicle was added to the culture medium 24 h before H,O, or TNF-a treatment until assay. Apoptosis
(A, C) and cell viability (B, D) were evaluated 24 h after H,O, treatment (0.2 mmol/l for 1.5 h) or 72 h after TNF-o treatment (10 ng/ml for 72 h) by means of
DNA fragmentation (n =3) and MTT assay (1 =8), respectively. 8-Isoprostane concentration (E; n=3) in the culture supematant was measured 3 h after H,0,
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vs. TNF-a (+)+ACE inhibitor (—). Values are expressed as mean+SEM. Similar results were obtained in three independent experiments.
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PMSF, and 10 pg/ml aprotinin) at 4 °C. After sonication and
centrifugation at 15,000 rpm, the supernatant was used for the
following immunoblotting. The lysate (20 pg protein per
lane) was separated on 12% SDS-polyacrylamide gel,
electroblotted onto nitrocellulose membrane, and immuno-
blotted with specific primary antibodies, both of which were
purchased from Cell Signaling Technology (Beverly, MA).
The antibodies used in this study were anti-phospho-p38
MAP kinase (phospho-p38 28B10 #9216) and anti-p38 MAP
kinase (#9212). Antibodies were detected by means of a
horseradish peroxidase-linked secondary antibody using an
enhanced chemiluminescence system (Amersham Pharmacia
Biotech). Densitometric analysis was performed using an
image scanner and analyzing software (NIH image ver. 1.61).
The activity of each kinase was evaluated by calculating the
ratio of the amount of the phosphorylated form to that of the
total form.

2.5. Data analysis

The values are expressed as mean+SEM in the text and
figures. Data were analyzed using one-factor ANOVA. If a

A. Temocapril

H0; () H,0, ()

statistically significant effect was found, Newman—Keuls’
test was performed to isolate the difference between the
groups. Differences with a value of P<0.05 were consid-
ered statistically significant.

3. Results

3.1. Dose-dependent effects of H,O, and TNF-u on EC
apoptosis and p38 MAP kinase activity

Increasing concentrations of H,O, and TNF-a were
applied to examine the effects on EC apoptosis and p38
MAP kinase activity. Based on the literature [18] and time~—
response experiments (data not shown), EC apoptosis was
evaluated at 24 h after H,O, treatment for 1.5 h, orat 72 h
after addition of TNF-a.. The activity of p38 MAP kinase, as
measured by immunoblotting using the specific antibody
against the phosphorylated form of the kinase, was
evaluated at 30 min after addition of H,0O, or TNF-q,
based on time—response experiments (data not shown). As
shown in Fig. 1A—D, the effects of H,O, and TNF-a were
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dose dependent, but there was no significant further increase
in EC apoptosis and p38 MAP kinase activity by H,0, of
>0.2 mmol/l or by TNF-a of >10 ng/ml. Based on these
data, the following experiments were examined using 0.2
mmol/l H,O, or 10 ng/ml TNF-a.

3.2. Effect of ACE inhibitors on EC apoptosis

EC apoptosis, as measured by DNA fragmentation, was
significantly attenuated by temocapril and captopril in a
dose-dependent manner (Fig. 2A). Reflecting this effect, cell
viability was ameliorated by addition of temocapril and
captopril in a dose-dependent manner (Fig. 2B).

We also tested using TNF-o whether anti-apoptotic
effects of ACE inhibitors would be specific to H,O, or
not. As shown in Fig. 2C, both temocapril and captopril
effectively inhibited EC apoptosis in a dose-dependent
manner. This was associated with the recovery of cell
viability by the ACE inhibitors (Fig. 2D). Throughout the
experiments, the effects of temocapril were comparable to
those of captopril.

To confirm the antioxidant effects of temocapril and
captopirl, the formation of 8-isoprostane, a marker of
oxidative stress, was measured. Temocapril and captopril
restrained 8-isoprostane formation induced by H,O, in a
dose-dependent manner (Fig. 2E).

3.3. Effect of ACE inhibitor on p38 MAP kinase activity

Next, the effects of ACE inhibitors on p38 MAP kinase
activity were examined because the kinase has been
implicated in the cell signaling leading to apoptosis
[14,19,20]. As shown in Fig. 3A,B, temocapril and captopril
decreased the activity of p38 MAP kinase at 30 min after
H,0, treatment by approximately 30-40% without any
change in the total protein. An AT!1 receptor blocker,
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Fig. 4. Effects of temocapril and SB203580 on H,0»-induced EC apoptosis.
Temocapril (100 umol/l) or its vehicle was added to the culture medium 24
h before H,0, treatment until assay. SB203580 (10 umol/l) or its vehicle
was added to the culture medium for 1 h before H,0, treatment. EC
apoptosis was determined by DNA fragmentation 24 h after H,0,
treatment. NS, not significant. Values are expressed as mean*SEM
(n=3). Similar results were obtained in three independent experiments.

olmesartan, showed similar effects on p38 MAP kinase
activity (Fig. 3C).

Finally, the effect of a p38 MAP kinase inhibitor,
SB203580, was examined. SB203580 reduced H,O,-
induced EC apoptosis by 20%. More importantly,
SB203580 partially but significantly inhibited the effect of
temocapril on apoptosis (Fig. 4). Taking these results
together with the pro-apoptotic action of p38 MAP kinase,
it is suggested that p38 MAP kinase is involved in the effect
of temocapril on EC apoptosis.

4. Discussion

A number of investigations have shown that angiotensin
IT induces oxidative stress in ECs. Angiotensin IT stimulates
the production of reactive oxygen species in ECs by
upregulating the subunits of NAD(P)H oxidase, gp91 phox
[21] and p47 phox [22]. It has been reported that the renin
angiotensin system confributes to endothelial dysfunction in
patients with renovascular hypertension [23]. Conversely, it
has been shown experimentally that ACE inhibitors can
reduce the production of reactive oxygen species in
pathological conditions such as peripheral arteries in rats
with chronic heart failure [24], rat diabetic nephropathy [25]
and kidney mitochondria in aged rats [26]. In the clinical
setting, 4-week treatment with ramipril, in patients with
coronary artery disease, diminished the response of endo-
thelivm-dependent vasodilation to intracoronary adminis-
tration of antioxidant vitamin C in parallel with
improvement of basal endothelium-dependent vasodilation
[27], indicating that ACE inhibitors can improve endothelial
function in association with a reduction of oxidative stress.

In the present study, we investigated EC apoptosis, an
important process that leads to endothelial dysfunction and
atherosclerosis [14,15], and showed that ACE inhibitors,
temocapril and captopril, attenuated EC apoptosis induced
by H,0, as well as by TNF-«. This result indicates that anti-
apoptotic effects of ACE inhibitors are not specific to H,O,,
but might be attributable to the anti-oxidant action of ACE
inhibitors, because reactive oxygen species are known to be
involved in TNF-a-induced EC apoptosis [28,29]. Reduc-
tion in 8-isoprostane formation by temcapril and captopril
further supports the anti-oxidant effects of ACE inhibitors. It
is not likely that the anti-apoptotic effects of ACE inhibitors
were mediated through nitric oxide production via the
inhibition of bradykinin degradation [11], because a nitric
oxide synthase inhibitor, N®-nitro-L-arginine methyl ester,
did not influence the effect of temocapril on EC apoptosis
(data not shown). Rather, the effects of ACE inhibitors are
likely to be mediated through inhibition of angiotensin II
production, as was demonstrated by the effect of olmesartan
on p38 MAP kinase.

Reactive oxygen species activate many kinds of intra-
cellular signaling, resulting in the transcription of numerous
genes and the modulation of cellular function [30]. As
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previously reported [31-33], extracellular signal-regulated
kinase (ERK), c-Jun N-terminal kinase (JNK) and Akt in
addition to p38 MAP kinase were activated in ECs by
exposure to H,O, (data not shown). Of these serine/
threonine kinases, we focused on p38 MAP kinase because
p38 MAP kinase is pro-apoptotic signaling, while ERK and
Akt are anti-apoptotic, and JNK is anti- or pro-apoptotic
depending on conditions [14,19,20]. We found that both
temocapril and captopril inhibited the activity of p38 MAP
kinase induced by H,0,. Although p38 MAP kinase is
activated by stress and cytokines and acts on various target
proteins, little is known about the downstream signaling
[19,20,34]. However, EC apoptosis was effectively blocked
in studies using a p38 MAP kinase inhibitor [35,36] and a
dominant-negative form of p38 MAP kinase [35], indicat-
ing that activation of p38 MAP kinase leads to EC
apoptosis. As a matter of fact, a p38 MAP kinase inhibitor,
SB203580, partially inhibited HyO,-induced EC apoptosis
in the present study. More importantly, SB203580 partially
but significantly inhibited the effect of temocapril on
apoptosis, further implying the role of p38 MAP kinase
in the effect of temocapril. However, the partial effects of
SB203580 also suggest the role of other pathways than p38
MAP kinase. We should perform future studies to
determine the exact mechanism underlying H,O,-induced
EC apoptosis.

In summary, we found that ACE inhibitors attenuated
oxidative stress-induced EC apoptosis in culture. Further-
more, it was suggested that p38 MAP kinase was critical in
the inhibitory effect of temocapril on EC apoptosis. These
findings provide a mechanistic insight into the effects of
ACE inhibitors, which have been used for the treatment of
cardiovascular disease.
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Original Article

Impact of Blood Pressure Variability on
Cardiovascular Events in Elderly Patients
with Hypertension

Masato ETO, Kenji TOBA, Masahiro AKISHITA, Koichi KOZAKI,
Tokumitsu WATANABE, Seungbum KIM, Masayoshi HASHIMOTO, Junya AKO,
Katsuya IIJIMA, Noriko SUDOH, Masao YOSHIZUMI, and Yasuyoshi OUCHI

Blood pressure variability is one of the characteristic features of hypertension in the elderly. However, its
clinical significance remains to be determined. We therefore examined the impact of blood pressure vari-
ability on the development of cardiovascular events in elderly hypertensive patients. A total of 106 consec-
utive hypertensive patients aged more than 60 years old (mean age, 73.9£8.1 years old; male, 54%), all of
whom underwent 24-h ambulatory blood pressure monitoring, were followed up (median, 34 months; range,
3-60 months). During the follow-up perlod, 39 cardiovascular events were observed, including 14 cases of
cerebral infarction and 7 cases of acute myocardial infarction. The coefficient of variation (CV) of 24-h sys-
tolic blood pressure (SBP) values was used as an index of blood pressure variability. The patients showed
a mean CV value of 10.6%, and were divided into two groups according to this mean value as a cut-off point:
a high CV group (n=46) and a low CV group (n=60). Although baseline clinical characteristics were similar
in the two groups, Kaplan-Meier plots for event-free survival revealed that the rate of cardiovascular events
was significantly higher in high CV group than in low CV group (p<0.05). Cox’s proportional hazards anal-
ysis showed that increased blood pressure variability (a high CV value of 24-h SBP) was an independent
predictive variable for cardiovascular events. The CV value of daytime SBP and the SD value of both 24-h
SBP and daytime SBP also had positive correlations with the onset of cardiovascular events. These results
suggest that increased blood pressure variability may be an independent risk factor for cardiovascular
events in elderly hypertensive patients. (Hypertens Res 2005; 28: 1=7)

Key Words: elderly hypertension, blood pressure variability, cardiovascular events, ambulatory blood pres-
sure monitoring

introduction

Hypertension has been well established as a major predispos-
ing factor for cardiovascular disease (/). The goal of treat-
ment for hypertensive patients is not only to reduce blood
pressure, but also to prevent cardiovascular events. The prev-

alence of hypertension increases with age (2), and elderly
hypertensive patients are known to have some specific clini-
cal features, such as isolated systolic hypertension (3), blood
pressure variability (4, 5), orthostatic hypotension (6, 7) and
postprandial hypotension (8).

Blood pressure variability is a characteristic feature of
hypertension in the elderly (4, 5). The arterial baroreflex
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Table 1. Baseline Clinical Characteristics

Total

Low CV group High CV group

(n=106) (n=60) (n=46) pvalue
Age (years old; mean*SD) 73.9+8.1 74.4%7.9 73.2%+8.3 NS
(range) (60-91) (60-91) (60—-87)
Sex (men) (n (%)) 58 (54%) 36 (60%) 22 (48%) NS
WHO class (n (%))
I 31 (29%) 22 (37%) 9 (20%) NS
i 22 (21%) 12 (20%) 10 (22%)
I 53 (50%) 26 (43%) 27 (58%)
Smoking (n (%)) 53 (50%) 32 (53%) 21 (46%) NS
Antihypertensive drug (n (%))
ACE inhibitor 19 (18%) 10 (17%) 9 (20%) NS
-Blocker 7(7%) 4 (7%) 3 (7%)
Ca channel blocker 82 (77%) 48 (80%) 34 (74%)
Diuretics 13 (12%) 8 (13%) 5(11%)
Complicaton (1 (%))
Hypercholesterolemia 33 (31%) 21 (35%) 12 (26%) NS
Diabetes 36 (34%) 22 (37%) 14 (30%) NS
Cerebrovascular disease 32 (30%) 19 (32%) 13 (28%) NS
Coronary artery disease 19 (18%) 9 (15%) 10 (22%) NS
Total cholesterol (mg/dl; mean+SEM) 189.5+12.2 180.5+13.3 209.1+11.4 NS
Creatinine (mg/dl; mean+SEM) 1.0+0.1 0.9+0.1 1.0+0.1 NS

CV, coefficient of variation; ACE, angiotensin converting enzyme.

plays a pivotal role in the neural regulation of blood pressure,
and blood pressure variability is regulated by this compensa-
tory reflex mechanism. Arterial baroreflex function is
decreased in elderly individuals (9, 10), and as a result, their
blood pressure fluctuates (/7). Although the mechanism of
blood pressure variability in the elderly has been well eluci-
dated, its clinical significance remains to be determined. In
particular, there is little available information on the relation-
ship between blood pressure variability and cardiovascular
events in elderly hypertensive patients.

We hypothesized that blood pressure variability would be
an independent risk factor for cardiovascular events in elderly
patients with hypertension. To test this hypothesis, we inves-
tigated the outcome of elderly patients who underwent ambu-
latory blood pressure monitoring (ABPM). The results
demonstrated that increased blood pressure variability is an
independent predictive variable for cardiovascular events.

Methods

Patients

We recruited a total of 106 consecutive hypertensive patients,
aged 60 years or older, who underwent 24-h ABPM at the
University of Tokyo Hospital. The age, sex, smoking status,
World Health Organization/International Society of Hyper-
tension (WHO/ISH) classification, presence or absence of
hypercholesterolemia and diabetes, history of cerebrovascu-

lar disease and history of coronary artery disease of each
patient were investigated as baseline clinical characteristics
according to their medical records. Hypertension was defined
as an office systolic blood pressure (SBP) level above 140
mmHg and/or an office diastolic blood pressure (DBP) level
above 90 mmHg on more than two occasions or the use of
antihypertensive drugs. Smokers were defined as current
smokers. Hypercholesterolemia was defined as a serum total
cholesterol concentration above 220 mg/dl or the use of lipid-
lowering drugs. Diabetes mellitus was defined as a fasting
plasma glucose concentration above 140 mg/dl or use of
antidiabetic medication. None showed severe renal failure
(serum creatinine>2.0 mg/dl). Informed consent for this
study was obtained from all patients.

Twenty-Four-Hour ABPM

Ambulatory blood pressure was recorded with a noninvasive
automatic ABPM device (ABPM-630; Nippon Colin,
Komaki, Japan) every 30 min for 24 h. The data used in this
study were obtained by the oscillometric method. The accu-
racy of this device was previously described (/2). Patients
were not included in the study if their blood pressure could
not be evaluated because of artifacts in more than 10% of the
total measurements.

The mean values of 24-h, daytime (from 6:00 to 21:00) and
nighttime (from 21:30 to 5:30) SBP and DBP were calculated
for each patient. We calculated the coefficient of variation



Table 2. Profiles of 24 h, Daytime, Nighttime and Casual Blood Pressure
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Total Low CV group High CV group
(n=106) (n=60) (n=46)

24 h blood pressure

Systolic blood pressure (mmHg) 142.4+£17.2 143.3£17.2 141.2+16.6

Diastolic blood pressure (mmHg) 78.1£10.3 79.2£10.6 76.8£9.9

CV of systolic blood pressure (%) 10.6+2.9 8.8+14 13,142 5%
Daytime blood pressure

Systolic blood pressure 143.7£17.0 143.9+17.2 141.9+16.5

Diastolic blood pressure (mmHg) 79.2+10.4 79.7£10.9 78.6+9.9
Nighttime blood pressure (mmHg)

Systolic blood pressure (mmHg) 140.1+£20.3 142.0+18.5 137.7+20.7

Diastolic blood pressure (mmHg) 75.2+11.3 77.0£11.1 73.0+11.4
Casual blood pressure

Systolic blood pressure (mmHg) 148.7£19.1 150.5+15.5 146.0+£22.8

Diastolic blood pressure (mmHg) 81.4+11.6 82.0+10.0 81.0£13.0

Pulse pressure (mmHg) 67.3+16.6 69.1+£16.0 64.8£17.3

Data are expressed as mean+SD. CV, coefficient of variation. *p<0.01.

(CV; CV=SD/mean value x 100%) of 24-h SBP as an index
of blood pressure variability. The CV values of daytime SBP
and nighttime blood pressure as well as the SD values of 24-
h SBP, daytime SBP and nighttime blood pressure were also
calculated. Casual blood pressure was measured by the stan-
dard cuff method in the morning (9:00 to 12:00) when the
ambulatory blood pressure was monitored.

To confirm the reproducibility, we compared the two sub-
sequent measurements in 23 patients who underwent 24-h
ABPM twice within 1 month. There were significant positive
correlations between the two measurements of 3 parameters
of 24-h blood pressure (24-h SBP, »=0.808, p<0.01; 24-h
DBP, r=0.693, p<0.01; CV of 24-h SBP, »=0.564, p<0.01,
n=23).

Follow-Up

Patients were followed up in the outpatient clinic of the hos-
pital. Cardiovascular endpoints consisted of new onset of
angina pectoris, acute myocardial infarction, coronary artery
bypass graft surgery, percutaneous coronary intervention,
sudden cardiac death, heart failure, cerebral infarction, cere-
bral hemorrhage, transient cerebral ischemic attack, acute
aortic dissection and aortic graft replacement surgery for aor-
tic aneurysm. Angina pectoris was diagnosed based on a his-
tory of chest pain and reversible ischemic change on
electrocardiography during a spontaneous attack or exercise
stress test. Acute myocardial infarction was diagnosed based
on a history of chest pain, transient ST elevation on electro-
cardiography and increased serum myocardial enzyme con-
centrations. Sudden cardiac death was defined as a death that
occurred within 1 h after the onset of symptoms. Heart failure
was diagnosed based on clinical symptoms and signs and

chest roentgenographic findings. Cerebral infarction and
cerebral hemorrhage were diagnosed based on focal neuro-
logical deficits and brain computed tomographic findings.
Transient cerebral ischemic attack was diagnosed based on
focal neurological deficits that disappeared completely less
than 24 h after the onset. Acute aortic dissection was diag-
nosed based on a history of chest, back and/or abdominal pain
and thoracic and abdominal computed tomographic findings.

Data Analysis

To explore the clinical significance of blood pressure vari-
ability on cardiovascular events, we divided the patients into
two groups: a high CV group and a low CV group, using the
mean CV value of 24-h SBP (10.6%) as a cut-off point and
compared the two groups in terms of baseline clinical charac-
teristics, blood pressure profiles and the incidence of cardio-
vascular events. In addition, we divided the patients into two
groups according to the mean values of CV of daytime and
nighttime SBP and SD of 24-h, daytime and nighttime SBP
and analyzed the data for each group. Data are expressed as
the mean®SD. Categorical variables were compared by 2
test. Continuous variables were compared by Student’s r-test.
Kaplan-Meier curves were plotted for event free survival and
compared by log rank test. Finally, Cox’s proportional haz-
ards analysis was performed to examine the relative risk for
cardiovascular events using age, sex, WHO/ISH class, smok-
ing, hypercholesterolemia, diabetes, history of cerebrovascu-
lar disease, history of coronary artery disease, mean 24-h
blood pressure, mean daytime blood pressure, mean night-
time blood pressure, casual blood pressure, pulse pressure and
CV (or SD) of SBP as variables. A value of p<0.05 was con-
sidered to be significant.
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Fig. 1. Cumulative event-free rates of cardiovascular events. Patients were divided into two groups according to the mean val-
ues of the CV of 24-h blood pressure (4), daytime blood pressure (C) or nighttime blood pressure (E), or those of the SD of 24-h
blood pressure (B), daytime blood pressure (D) or nighttime blood pressure (F). CV, coefficient of variation.

patients were treated with one or two antihypertensive drugs.

Results Calcium channel blockers were used in 77% of the patients.

ACE inhibitors, B-blockers and diuretics were used in 18%,

The baseline clinical characteristics are shown in Table 1. All 7% and 12% of the patients, respectively (Table 1). The



Table 3. Relative Risk of Cardiovascuiar Events

Relative risk  95% CI

A
Sex (male) 328  122-8.381*
24-h SBP (=150 mmHg) 517  2.03-13.1%*
CV of 24-h SBP (210.6%) 358 1.63-7.85*%
B
History of coronary artery disease 488  1.41-16.9%
24-h SBP (2150 mmHg) 6.57 2.24-249*%
SD of 24-h SBP (=15.0 mmHg) 326  1.25-8.52%
C
Sex (male) 322 1.14-9.09*
History of coronary artery disease 5.00 1.38-18.1*
24-h SBP (=150 mmHg) 7.46  2.37-30.5*
CV of daytime SBP (=11.4%) 372 1.08-15.1*
D
History of coronary artery disease 494  141-18.1*
24-h SBP (=150 mmHg) 6.63  2.23-25.8*%
SD of daytime SBP (=16.4 mmHg) 372  1.06-8.00*

Clinical characteristics, mean values of 24-h, daytime, nighttime
and casual blood pressure, pulse pressure and SD of daytime,
nighttime SBP are used as variables. *p<0.05, **p<0.01. CI,
confidence interval; SBP, systolic blood pressure; CV, coefficient
of variation.

results of ABPM and casual blood pressure measurement are
summarized in Table 2. Table 1 shows that there were no sig-
nificant differences between the two groups in baseline clini-
cal characteristics, including the history of cerebrovascular
disease and that of coronary artery disease. Table 2 shows that
mean 24-h blood pressure, mean daytime blood pressure,
mean nighttime blood pressure, casual blood pressure and
pulse pressure were also similar between the two groups.

The median follow-up period was 34 months (range, 3—60
months). A total of 39 cardiovascular events occurred during
the follow-up period. The events consisted of 3 cases of
angina pectoris, 7 of acute myocardial infarction, 1 of coro-
nary artery bypass graft surgery, 3 of sudden cardiac death, 3
of heart failure, 14 of cerebral infarction, 1 of cerebral hemor-
rhage, 5 of transient cerebral ischemic attack and 2 of aortic
graft replacement surgery. Neither percutaneous coronary
intervention nor acute aortic dissection was observed.

To investigate the impact of blood pressure variability on
the onset of cardiovascular events, we plotted Kaplan-Meier
curves for event-free survival and compared them between
the two groups. Figure 1A shows that the rate of cardiovascu-
lar events was significantly higher in the high CV group than
in the low CV group. When the patients were divided into two
groups according to the mean value of SD of 24-h SBP, a sig-
nificantly higher rate of cardiovascular events was observed
in the high SD group (Fig. 1B). With respect to daytime SBP,
patients with high CV values of daytime SBP as well as those
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with high SD values also had significantly more cardiovascu-
lar events (Fig. 1C, D). On the other hand, no difference in the
rate of cardiovascular events was observed between the two
groups when the mean value of CV or SD of nighttime SBP
was used as a cut-off point (Fig. 1E, F).

To determine the independent predictive factors for cardio-
vascular events, the Cox’s proportional hazards analysis was
performed. This analysis identified male sex, high mean 24-h
SBP and increased blood pressure variability (high CV value
of 24-h SBP) as independent predictors for cardiovascular
events (Table 3, A). In addition, the SD value of 24-h SBP
was used as a variable rather than CV and the analysis was
performed. History of coronary artery disease, high mean 24-
h SBP and high SD value of 24-h SBP were significantly cor-
related with the onset of cardiovascular events (Table 3, B).
Next, CV values of both daytime and nighttime blood pres-
sure were used as variables. Male sex, history of coronary
artery disease, high mean 24-h SBP and high CV value of
daytime SBP were independent predictors (Table 3, C).
Finally, the SD values of both daytime and nighttime blood
pressure were used instead of the CV values and the analysis
was performed. History of coronary artery disease, high mean
24-h SBP and high SD value of daytime SBP had significant
correlations with the onset of cardiovascular events (Table 3,
D).

Discussion

Hypertension is one of the leading causes of cardiovascular
events (/) and the prevalence of hypertension increases with
age (2). Therefore, it is important to clarify how to manage
elderly hypertensive patients in clinical practice on the basis
of their clinical features. Indeed, recent clinical trials have
demonstrated that some antihypertensive drugs have a benefi-
cial effect in elderly patients with isolated systolic hyperten-
sion (13, 14). However, the clinical significance of blood
pressure variability remains to be determined in elderly
hypertensive patients. Therefore, in this study, we analyzed
the relationship between blood pressure variability and car-
diovascular events in those patients.

Many studies concerning the clinical values of blood pres-
sure variability have focused on circadian rhythm (15-23).
Very recently, several clinical studies have been published to
clarify the significance of blood pressure variability (24-31).
The degree of blood pressure variability is related to hyper-
tensive target organ damage (24, 25). The SD value of day-
time blood pressure has a significant positive correlation with
the progression of intima-media thickness of carotid arteries
(26) and with the occurrence of lacunar infarction (27) in the
hypertensive population, It has also been reported that the SD
value of daytime blood pressure is correlated with left ven-
tricular mass index both in hypertensive patients (28) and in
the general population (29). In addition, an increase in the SD
value of blood pressure variability is associated with cogni-
tive impairment (30). Furthermore, it has been shown that a
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high SD value of daytime blood pressure is an independent
predictor for cardiovascular mortality in the general popula-
tion (37). In addition to these studies, the present study on eld-
erly patients with hypertension showed that high values of
blood pressure variability of both 24-h blood pressure and
daytime blood pressure were independent predictors of car-
diovascular events in those specific patients.

The mechanisms underlying the positive correlation
between blood pressure variability and the incidence of car-
diovascular events could not be addressed in this study. The
blood pressure variability is influenced by baroreflex regula-
tion. The afferent fibers of this reflex arise from the aortic
arch and carotid artery bifurcations and, therefore, in patients
with arteriosclerosis, the afferent signal of the baroreflex may
be decreased owing to low compliance of the arteriosclerotic
vascular wall (32). In the present study, there was no signifi-
cant difference in baseline clinical background or mean blood
pressure values between the high CV group and low CV
group. However, there is a possibility that subclinical arterio-
sclerosis may have been more advanced in the high CV
group, and that blood pressure variability was increased as a
consequence. This might explain the finding that more car-
diovascular events occurred in the high CV group. On the
other hand, another possibility is that blood pressure variabil-
ity could have a direct effect on clinical outcome. The acute
hemodynamic change observed in the high CV group might
be a trigger for acute catastrophic events. In addition, blood
pressure variability itself could induce vaseular and organ
damage, which might subsequently lead to cardiovascular
events. Indeed, it has been reported that structural alteration
of arteries (33) and cardiac hypertrophy (34) are observed in
an animal model of high blood pressure variability.

Our study has some limitations. We used the discontinuous
method of measuring blood pressure. This method is indeed
less invasive to the patients but did not permit their full range
of activity, and thus did not allow the recording of their full
potential range of variability compared with the invasive con-
tinuous method. Indeed, we measured blood pressure only
every 30 min. Because this measurement represents a low fre-
quency sampling, the accuracy of blood pressure variability
estimates assessed by ABPM may be reduced (35). In addi-
tion, our pilot study showed statistically significant correla-
tions in terms of the short-term reproducibility of parameters
obtained with 24-h ABPM, but absolute values of the correla-
tion coefficient were not high enough. Furthermore, the pos-
sibility cannot be excluded that patients with excess nocturnal
fall of blood pressure (extreme dippers), a condition that has
already been shown to be associated with cerebrovascular dis-
ease (/7), may have been defined as high CV patients in the
present study. Moreover, it has been reported that some anti-
hypertensive drugs reduce blood pressure variability (36).
Because all patients were treated with one or two antihyper-
tensive drugs in this study, there is a possibility that patients
with lower blood pressure variability may have received more
effective treatment, leading to better cardiovascular out-

comes, despite the fact that the average blood pressure levels
were identical between the two groups. Patients with and
without organ damage at baseline were mixed together for
analysis. It is possible that the significance of blood pressure
variability in patients with organ damage could be different
from that in patients without organ damage, because the auto-
regulatory function in response to acute change in blood pres-
sure might be impaired in patients with organ damage, and
thus these patients might be more susceptible to cardiovascu-
lar events. To clarify this point, subgroup analysis with a
larger number of patients is required.

The present study was performed retrospectively in a longi-
tudinal fashion. We made only a single measurement of 24-h
blood pressure for the prediction of further events. Therefore,
a prospective study with larger sample size and with repeated
measurement should be conducted in the future to confirm the
findings obtained in this study.

In conclusion, our data indicate that blood pressure vari-
ability is an independent risk factor for cardiovascular events
in elderly hypertensive patients. This finding suggests that not
only the average blood pressure level but also blood pressure
variability should be taken into consideration for the manage-
ment of elderly hypertensive patients,
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Renin-Angiotensin System Modulates Oxidative
Stress—Induced Endothelial Cell Apoptosis in Rats

Masahiro Akishita, Kumiko Nagai, Hang Xi, Wei Yu, Noriko Sudoh, Tokumitsu Watanabe,
Mica Ohara-Imaizumi, Shinya Nagamatsu, Koichi Kozaki, Masatsugu Horiuchi, Kenji Toba

Abstract—The role of the renin-angiotensin system in oxidative stress—induced apoptosis of endothelial cells (ECs) was
investigated using a rat model and cultured ECs. EC apoptosis was induced by 5-minute intra-arterial treatment of a rat
carotid artery with 0.01 mmol/L. H,0, and was evaluated at 24 hours by chromatin staining of en face specimens with
Hoechst 33342. Although activity of angiotensin-converting enzyme in arterial homogenates was not increased,
administration of an angiotensin-converting enzyme inhibitor temocapril for 3 days before H,0, treatment inhibited EC
apoptosis, followed by reduced neointimal formation 2 weeks later. Also, an angiotensin II type 1 (AT1) receptor
blocker (olmesartan) inhibited EC apoptosis, whereas angiotensin II administration accelerated apoptosis independently
of blood pressure. Next, cultured ECs derived from a bovine carotid artery were treated with H,0, to induce apoptosis,
as evaluated by DNA fragmentation. Combination of angiotensin IT and H,0, dose-dependently increased EC apoptosis
and 8-isoprostane formation, a marker of oxidative stress. Conversely, temocapril and olmesartan reduced apoptosis and
8-isoprostane formation induced by H,0,, suggesting that endogenous angiotensin II interacts with H,0, to elevate
oxidative stress levels and EC apoptosis. Neither an AT2 receptor blocker, PD123319, affected H,0,-induced apoptosis,
nor a NO synthase inhibitor, N°-nitro-L-arginine methyl ester, influenced the effect of temocapril on apoptosis in cell
culture experiments. These results suggest that ATI receptor signaling augments EC apoptosis in the process of
oxidative stress—induced vascular injury. (Hypertension. 2005;45:1188-1193.)

Key Words: ahgiotensin @ apoptosis ® carotid arteries @ endothelium ® free radicals

S tress-induced injury of vascular endothelial cells (ECs) is
considered to be an initial event in the development of
atherosclerosis.! In particular, oxidative stress has been im-
plicated in endothelial injury caused by oxidized LDL and
smoking, as well as hypertension, diabetes, and ischemia
reperfusion.l-3 This notion is supported by the findings that
the production of reactive oxygen species is upregulated in
vascular lesions*3 and that lesion formation such as endothe-
lial dysfunction is accelerated by superoxide anion® and, in
contrast, is attenuated by free radical scavengers, including
vitamin E7 and superoxide dismutase.®

The renin-angiotensin system (RAS) is known to play a
pivotal role in the process of vascular lesion formation such
as atherosclerosis and restenosis after angioplasty. The ex-
pression of RAS components renin,® angiotensinogen,!®
angiotensin-converting enzyme (ACE),!112 and angiotensin II
(Ang II) receptors!? is upregulated in vascular lesions. Also,
RAS inhibitors attenuate neointimal formation after vascular
injufy in animals'2!* and endothelial dysfunction in hu-
mans.!516 The interaction between oxidative stress and the
RAS, factors essential for the development of vascular

disease, needs to be addressed. It has been demonstrated that
RAS activation induces oxidative stress!’-20 and can enhance
EC apoptosis in vitro.222! However, it has not been elucidated
whether the RAS plays a role in oxidative stress—indoced
vascular injury in vivo, particularly in EC apoptosis, an initial
and important process in atherosclerosis.!-?223

In this study, we first tested whether the RAS would
augment EC apoptosis induced by brief exposure to H,0, and
the subsequent neointimal formation using a rat model.?*
Next, we used an in vitro model of H,0,-induced EC
apoptosis to clarify the underlying cellular mechanism.

Methods

H,0, Treatment of Carotid Artery

Ten- to 12-week-old male Wistar rats (Japan Clea; Tokyo, Japan)
were used in this study. Maintenance of rats and surgical procedures
for H,0, treatment were performed as described previously.?
Methods are detailed in the online data supplement (available online
at http://www.hypertensionaha.org). All of the experimental proto-
cols were approved by the animal research committee of the Kyorin
University School of Medicine.
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Animal Groups and Blood Pressure Measurement
An ACE inhibitor, temocapril (10 mg/kg per day; donated by Sankyo
Co, Ltd; Tokyo, Japan), or vehicle (40% ethanol) was administered
orally using a feeding tube daily for 3 days. Separately, an Ang II
type 1 (AT1) receptor blocker, olmesartan (1 mg/kg per day; donated
by Sankyo Co, Ltd), or vehicle (40% ethanol) was administered
orally for 3 days. Ang II was administered for 3 days using an
osmotic minipump (Model 103D; Alza Corporation) prefilied with
Ang I1(0.7 mg/kg per day; Sigma), and implanted subcutaneously in
the back. Hydralazine (25 mg/kg per day; Sigma) was orally
administered alone for 5 days and subsequently with or without Ang
1I for 3 days before H,0, treatment to abolish the effect of Ang I on
blood pressure. On the last day of drug administration, blood
pressure was measured with the animals in a conscious state by the
tail-cuff method (BP-98A; Softron), and then H,0, treatment was
performed.

Measurement of ACE Activity and

Ang IT Concentration

At various time points after H,0, treatment, the carotid arteries were
dissecied, weighed, and stored at —80°C. Pooled samples (n=6 to 10
for a pool) were homogenized with a polyiron homogenizer in
distilled water and centrifuged at 25 000g for 30 minutes at 4°C.
ACE activity and Ang II concentration in the supernatants were
measured using a colorimetric assay!'? and a sensitive radioimmuno-
assay, respectively. The values were calibrated by the tissue wet
weight. ACE activity in the cell lysates of cultured ECs was
measured using a colorimetric assay and calibrated by the protein
concentration.

Evaluation of EC Apoptosis and Neointimal
Formation in Carotid Artery

EC apoptosis was evaluated at 24 hours after H,0, treatment as
described previously.?* Neointimal formation in the common carotid
artery was evaluated 2 weeks after H,0, treatment as described
previously.?* Methods are detailed in the online data supplement.

Induction of EC Apoptosis in Culture

ECs isolated from bovine carotid artery?s were used at the fifth to
seventh passage. When the cells had grown to 80% confluence, ECs
were preireated for 24 hours with culture medium containing the
reagents that were tested in the experiments. Subsequently, after
washing twice with Hank’s balanced salt solution, the cells were
exposed to H,0, (0.01 to 0.2 mmol/L)) diluted in Hank’s balanced
salt solution for 1.5 hours at 37°C to induce apoptosis. The cells were
washed twice with Hank’s balanced salt solution and then culiured in
culture medium containing the reagents until assay.

The effects of temocapril, olmesartan, a NO synthase inhibitor,
N-nitro-L-arginine methyl ester (L-NAME; Sigma), an Ang II type
2 (AT?2) receptor blocker, PD123319 (Research Biochemical Inter-
national), and Ang II (Sigma) were examined by adding them into
the medium throughout the experiments.

AKishita et al RAS and EC Apoptosis 1189

B. Angiotensin I concentration

Figure 1. ACE activity and Ang Il concentration in
rat carotid artery after H,0O, treatment. Treated
{closed bars) and contralateral (open bar) carotid
arteries were harvested at the indicated time
points after H,0, treatment. ACE activity and Ang
Il concentration in tissue homogenates were mea-
sured using a pool of samples consisting of 6 to
10 arteries and were calibrated by the tissue wet
weight. Values are expressed as mean+SEM of 5
to 6 independent pools.
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Measurement of EC Apoptosis and Oxidative
Stress Markers in Culture

For quantitative determination of apoptosis, we measured DNA
fragmentation and caspase-3 activity at 24 hours after H,O, treat-
ment. DNA fragmentation was evaluated by histone-associated DNA
fragments using a photometric enzyme immunoassay (EIA; Cell
Death Detection ELISA; Roche) according to manufacturer instruc-
tions. Caspase-3 activity was measured using a colorimetric kit
(Caspase-3 Colorimetric Activity Assay Kit; Chemicon) based on its
activity to digest the substrate DVED according to manufacturer
instructions.

Formation of 8-isoprostane (8-iso prostaglandin F,,) was mea-
sured using a commercially available EIA kit (Cayman Chemical).
Culiure supernatants were diluted with EIA buffer when necessary
and were applied to EIA according to manufacturer instructions.
Intracellular oxidative stress levels were measured using 2',7'-
dichlorofluorescein (DCF) as described previously,26 and the inten-
sity values were calculated using the Metamorph software.

Real-Time Polymerase Chain Reaction

Real-time polymerase chain reaction (PCR) to quantify AT1 receptor
mRNA in cultured ECs was performed using SYBR Green T (Sigma)
and the ABI Prism 7000 Sequence Detection System (Applied
Biosystems). Methods are detailed in the online data supplement.

Data Analysis

The values are expressed as mean=SEM in the text and figure data
were analyzed using 1-factor ANOVA. If a statistically significant
effect was found, Newman—Keuls test was performed to isolate the
difference between the groups. Differences with a value of P<0.05
were considered statistically significant.

Results

ACE Activity in Carotid Artery After

H,0, Treatment

We examined whether H,0, treatment would activate ACE
and stimulate Ang II synthesis in the carotid artery. As shown
in Figare 1A, ACE activity in tissue homogenates was not
increased at 1 to 3 hours and, rather, was decreased at 24
hours, probably because of EC denudation.* Low ACE
activity in the de-endothelialized artery is consistent with the
previous finding'''? and was confirmed by measurement of
ACE activity in the rat carotid artery, in which ECs were
denuded ex vivo using a cotton swab (data not shown). In
contrast, ACE activity was significanily increased at 1 week
after H;O, treatment, reflecting neointimal formation.!!.12.24
Ang II concentration in arterjal homogenates showed similar
changes to ACE activity after H,0, treatment (Figure 1B).



