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1 Smooth muscle cell (SMC) apoptosis occurs at the onset of enalapril-induced regression of aortic
hypertrophy in SHR. A potential mechanism is the correction of endothelial dysfunction (ED) leading
to reduced production of reactive oxygen species and enhanced bioavailability of nitric oxide (NO), a
potent apoptosis inducer. Stimulants of NO include the precursor L-arginine and the NO synthase
cofactor tetrahydrobiopterin (BH4), which correct ED in several models.

2 The objective was to examine the relationships between ED and the cell growth/death balance
during vascular remodeling induced by enalapril in SHR.

3 SHR, 10-week-old, received enalapril (ENA: 30mg.kg�1.day�1 p.o.) for 1 or 2 weeks, or a co-
treatment of L-arginine (2.0 g.kg�1.day�1 p.o.) and BH4 (5.4mg.kg�1.day�1 i.p. twice daily)
administered alone (group: LB) or in combination with enalapril (ENAþLB) for 1 week. Controls
received vehicle.

4 After 1 week, ED was completely corrected with LB but not affected significantly by ENA,
whereas both treatments failed to induce SMC apoptosis or aortic remodeling. The correction of ED
and the induction of SMC apoptosis (3.3-fold increase in TUNEL labeling) required 2 weeks of ENA
treatment. The combination of LB with ENA for 1 week, however, was additive for the reduction of
SMC proliferation, and synergistic for the induction of apoptosis and regression of vascular
hypertrophy. These interactions were independent of blood pressure regulation.

5 Our results suggest that the correction of ED is not sufficient to induce SMC apoptosis and
vascular remodeling, although it facilitates these responses during enalapril treatment.
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Introduction

Hypertension is associated with endothelial dysfunction (ED),

which is characterized by an increased production of reactive

oxygen species (ROS) and a decreased bioavailability and

output of nitric oxide (NO) by the NO synthase (NOS)

enzyme. This impairs vasorelaxation (Tschudi et al., 1996;

Crabos et al., 1997; Boulanger, 1999) and more importantly, in

the present context, vascular mass regulation by NO.

Tetrahydrobiopterin (BH4), an essential cofactor of NOS,

plays a key role in endothelial homeostasis (Heitzer et al.,

2000; Ueda et al., 2000) and in the generation of NO (Nathan,

1992). Other than direct antioxidant mechanisms attributed to

BH4 (Verhaar et al., 1998), the administration of this cofactor

normalizes eNOS function in spontaneously hypertensive rat

(SHR) vasculature, whereas inhibition of its synthesis induces

endothelial NOS (eNOS) dysfunction in isolated vessels

(Cosentino & Katusic, 1995; Cosentino et al., 1998; Cosentino

& Luscher, 1999; Katusic, 2001; Yang et al., 2003).

The SHR is a model of primary hypertension in which an

imbalance between cell growth and apoptosis favors increased

cardiovascular mass and DNA content, which represent

underlying causes of pathologic remodeling in neonatal and

adult animals (Walter & Hamet, 1986; Hamet, 1995; Moreau

et al., 1997). Altered cardiac tissue ACE activity (Diez et al.,

1997) and ED (Cosentino et al., 1998) also represent common

features of this model.

According to several studies, aortic and cardiac eNOS

dysfunction in SHR is corrected following long-term treatment

with certain classes of antihypertensive drugs such as

angiotensin pathway blockers (Rubanyi et al., 1993; Tschudi

et al., 1994; Linz et al., 1999), but not some vasodilators

(Clozel et al., 1990). Interestingly, our group has previously

reported that ACE inhibitors, AT1 antagonists, but not

hydralazine, induce a transient wave of apoptosis in cardiac

fibroblasts and aortic SMC leading to cardiovascular hyper-

trophy regression in SHR (deBlois et al., 1997; Tea et al., 1999;

2000; Der Sarkissian et al., 2003). It therefore appears that

antihypertensive drugs known to normalize endothelial func-

tion also share the ability to induce apoptosis during
*Author for correspondence; E-mail: denis.deblois@umontreal.ca
Advance online publication: 14 June 2004

British Journal of Pharmacology (2004) 142, 912–918 & 2004 Nature Publishing Group All rights reserved 0007–1188/04 $30.00

www.nature.com/bjp



regression of cardiovascular hypertrophy. Moreover, in vitro

studies have demonstrated that ROS such as superoxide (O2
�)

increase cell growth or survival in SMC and fibroblasts (Li

et al., 1997; 1999), whereas NO elicits the opposite effect by

inducing apoptosis in these cells via cGMP-dependent and

-independent pathways (Garg & Hassid, 1989; Fukuo et al.,

1996; Shin et al., 1996; Khan et al., 1997). Overall, this suggests

that the balance between ROS and NO, an indicator of

endothelial functionality, constitutes a key determinant in the

control of cell fate.

Based on these observations, we postulated that normal-

ization of ED may be a key determinant of apoptosis

regulation and cardiovascular DNA content in the ACE

inhibitor enalapril treated SHR. To promote endothelial

function, we have designed a therapy in which L-arginine,

the precursor molecule of NO, and BH4 are supplemented. Our

results demonstrate that the correction of endothelial dysfunc-

tion in the SHR is permissive to apoptosis stimulation and

provides a precocious and synergistic interaction with enalapril

in regulating SMC apoptosis leading to vascular remodeling.

Methods

Animal procedures

In all, eighty-seven 10-week-old male SHR were purchased

(Charles-River, St-Constant, QC, Canada) and housed for at

least 10 days before the initiation of the study. Food and water

were administered ad libitum.

Since our preliminary data indicated that treatment with

L-arginine or BH4 administered alone for 1 week failed to

modulate vascular growth, apoptosis or remodeling in animals

treated with placebo or enalapril, we postulated that their

combination may be more efficient. Thus, the co-administra-

tion of L-arginine and BH4 termed ‘NO-enhancing therapy’

was examined alone or in combination with enalapril. Rats

(n¼ 5–11 per group) were treated for 1 or 2 weeks with the

ACE inhibitor enalapril (ENA: 30mg.kg�1.day�1 p.o.; Sigma

Chemicals, St Louis, MO, U.S.A.), the NO-enhancing therapy

(LB): L-arginine (2 g.kg�1.day�1 p.o., Sigma Chemicals, St

Louis, MO, U.S.A.)þ (6R)-5,6,7,8-tetrahydro-L-biopterin

(BH4: cumulative dose 10.8mg.kg�1.day�1; Schircks Labora-

tories, Jona, Switzerland) dissolved in saline and given

fractionally in two i.p. injections per day, or a combination

of both treatments (ENAþLB). Control rats received vehicle

according to the same administration schedule as treated

animals. Moreover, subsets of SHR were treated with L-

arginine and BH4 separately. Systolic blood pressure was

determined in conscious restrained rats by the tail-cuff method

as we described previously (deBlois et al., 1997). Rats were

anesthetized with a single i.m. injection of a mixture of

ketamine (80mg.kg�1; MTC Pharmaceuticals, Cambridge,

ON, Canada), xylazine (4mg.kg�1; Bayer, Etobicoke, ON,

Canada), and acepromazine (2mg.kg�1; Ayerst, Montreal,

QC, Canada). In order to evaluate vascular DNA synthesis in

vivo, a subgroup of rats received a single i.v. bolus of [3H]-

thymidine (0.5mCi.kg�1; New England Nuclear, Mississaugua,

ON, Canada) after induction of anesthesia at 1.5 h prior to

sacrifice. Death was induced by exsanguination by draining via

the jugular vein. The thoracic aorta was isolated, cleaned of

adherent tissue and a vascular segment (3mm) between the

third and fourth intercostal arteries was fixed in 4%

paraformaldehyde and later paraffin-embedded for in situ

histological studies. In a subgroup of rats, a segment was

placed in cold Krebs solution for immediate vasoreactivity

studies. The rest of the aortic media was denuded of

endothelium, snap-frozen and pulverized in liquid nitrogen

and stored at �801C until further processing for DNA

internucleosomal fragmentation (hallmark feature of apopto-

sis), synthesis and content measurements, as described

previously (deBlois et al., 1997). All animal manipulations

were conducted according to institutional guidelines.

Vasoreactivity

Freshly isolated aortic rings were placed in organ chambers

filled with oxygenated (95% O2 – 5% CO2) 371C Krebs

solution (in mM: dextrose, 11; NaCl, 117.5; MgSO4, 1.18;

KH2PO4, 1.2; NaHCO3, 25; KCl, 4.7; CaCl2, 2.5). Isometric

contractions were measured using isometric force transducers

(Harvard Apparatus, Montreal, QC, Canada), and a compu-

terized data-acquisition system (Biopac System, Harvard

Apparatus, Montreal, QC, Canada). Tissues were subjected

to 1.0� g of tension and instrinsic contractility was assessed by

stimulating tissues with KCl (70mM) as previously established

(Lemay et al., 2000a, b). Indomethacin (10 mM; Sigma Chemi-

cals, St Louis, MO, U.S.A.) was added in order to block

vasoactive prostaglandins. At 5min prior to assay, segments of

aortic rings from each rat were incubated with catalase

(1200 units.ml�1; Roche, Indianapolis, IN, U.S.A.) or super-

oxide dismutase (SOD: 150 units.ml�1; Sigma Chemicals,

St Louis, MO, U.S.A.) for hydrogen peroxide (H2O2) and

superoxide (O2
�) reduction, respectively. Next, tissues were pre-

contracted with phenylephrine (PE; 0.3mM; Sigma Chemicals,

St Louis, MO, U.S.A.) and endothelium-dependent vasore-

laxations were measured by exposing tissues to cumulative

concentrations of acetylcholine (Ach: 1–1000 nM range).

Relaxations were expressed as a percentage of the PE-induced

plateau of contraction. Following acetylcholine, a subset of the

relaxed tissues were challenged with the NOS inhibitor NG-

nitro-L-arginine-methylester (L-NAME; 1–300mM; Calbiochem,

San Diego, CA, U.S.A.). Finally, tissues were contracted again

with phenylephrine (0.3mM) and stimulated with sodium

nitroprusside (1 nM–100 mM; Sigma Chemicals).

Histology

Paraffin-embedded aortic segments were cut into 5mm
sections, deparaffinized and stained with hematoxylin (Sigma

Chemicals, St Louis, MO, U.S.A.). Arterial sections were

captured at � 40 magnification and digitized for medial

cross-sectional area (CSA) measurements (deBlois et al.,

1997; Tea et al., 2000) using the NIH Image 1.61 program

(http://rsb.info.nih.gov/nih-image/).

SMC nuclei showing evidence of internucleosomal DNA

fragmentation were detected in situ using a fluorescent

terminal deoxynucleotidyl transferase (tdt)-mediated dUTP-

biotin nick end labeling (TUNEL) assay using biotin-16-dUTP

(Roche, Indianapolis, IN, U.S.A.) and FITC-labeled Extra-

vidin (Sigma Chemicals, St Louis, MO, U.S.A.) as tracers and

propidium iodide as a counterstain as described previously

(Der Sarkissian et al., 2003). Negative controls had water

instead of tdt.
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Image analysis of TUNEL-positive nuclei was performed in

a blinded manner using a fluorescence microscope with

appropriate filters. Every TUNEL-positive SMC nuclei per

cross section was counted.

Statistical analysis

Values are presented as mean7s.e.m. Data from treated

groups were compared with those of control group by two-way

analysis of variance (ANOVA) and unpaired Student’s t-test

with Bonferroni/Dunn correction for multiple comparisons.

Po0.05 was considered statistically significant.

Results

Pretreatment values of body weight were 25072 g (n¼ 83). All

rats gained weight during the experiment, but final values of

body weight were similar between all groups (not shown).

High blood pressure was significantly reduced by 6 days of

treatment with enalapril alone or in combination with LB as

compared to controls, whereas LB alone had no significant

effect versus controls (Figure 1).

Correction of endothelial dysfunction in SHR aortic rings

precontracted with phenylephrine was measured by the

catalase-resistant components of vasorelaxations in response

to increasing cumulative concentrations of Ach in the presence

of indomethacin. The contractile response to KCl or phenyl-

ephrine (0.8070.10 and 1.1670.12 g, respectively) was not

significantly different between placebo and treated groups (not

shown). In control animals, the vasorelaxation curve of the

catalase group (strictly NO-mediated relaxation) was signifi-

cantly shifted towards the right as compared to the vehicle

group (NO and H2O2-mediated relaxations), suggesting

endogenous ROS production in these tissues (Figure 2a). This

effect of catalase was still present after 1 week but not 2 weeks

of enalapril treatment (Figures 2b and c), suggesting correction

of ED at this later time point. However, a 1-week treatment

with LB alone or combined with enalapril abolished the

sensitivity to catalase, suggesting the early correction of ED

with the ‘NO-enhancing therapy’ (Figures 2d and e). Incuba-

tion of aortic rings with SOD had no significant effect on

vasorelaxations. Following relaxation with Ach, rings incu-

bated in the absence of catalase or SOD were immediately

stimulated with L-NAME. This elicited a dose-dependent

increase in vascular tone (Figure 3). A two-way ANOVA

revealed that contractile responses to L-NAME were signifi-

cantly enhanced in tissues from rats treated for 1 week with LB

in combination with enalapril. Finally, relaxations in response

to sodium nitroprusside were maximal in all groups and

unaffected by treatment (not shown). These data suggest that

Ach-induced vasorelaxations were attributable to NO synthase

activity.

As we have previously reported, there was no significant

change in TUNEL labeling in SHR treated with enalapril for 1

week as compared to controls. However, in SHR treated with

enalapril for 2 weeks and consistent with the time course of

correction of ED, TUNEL labeling in the aortic medial

segment revealed a significant 3.3-fold increase in the

percentage of apoptotic nuclei (Figure 4c). Moreover, whereas

a 1-week treatment with the ED correcting LB therapy did not

significantly increase the levels of internucleosomal DNA

fragments in extracted DNA, its combination with enalapril

stimulated a 9.7-fold increase in fragmentation values (versus

controls: 0.5370.18 arbitrary units.mg�1 DNA; Figure 5a).

This synergistic interaction of treatments on apoptosis

induction was corroborated by values obtained from TUNEL

labeling. Co-treatment of enalapril and LB caused a significant

4.6-fold increase in the percentage of TUNEL-positive nuclei

in the aortic media, whereas enalapril or LB applied separately

had no effect (Figure 6). Incorporation of [3H]-thymidine into

aortic DNA was significantly reduced by enalapril and LB

(by 27% and 19%, respectively). However, the combination of

enalapril and LB elicited an additive 51% decrease of DNA

synthesis (Figure 5b). At this early time point (1 week), DNA

content in the aortic media was not significantly affected by

the treatments with enalapril and LB applied alone or in

combination versus controls (1.4870.33 mg.mm�1). Treatment

with enalapril or LB alone did not affect aortic CSA, whereas

the combination of enalapril and LB elicited a 13% decrease

indicative of hypertrophy regression (Figure 5c).

Discussion

Vascular oxidative stress due to dysregulation of endothelial

function contributes to the pathophysiology of cardiovascular

diseases including hypertension. Loss of homeostatic balance

between cellular growth and death remains at the basis of

morbidity such as hypertrophy and atherosclerosis. Potential

underlying mechanisms are provided by a growing body of

evidence demonstrating that while H2O2 and ROS increase cell

growth or survival in cell types such as SMC and fibroblasts

(Li et al., 1997; 1999), NO exerts the opposite effect in those

cells (Shin et al., 1996) and induces apoptosis by cGMP-

dependent and -independent pathways (Garg & Hassid, 1989;

Fukuo et al., 1996; Shin et al., 1996; Khan et al., 1997).

Therefore, it seems that ED favors cardiovascular growth,

while its restoration favors regression of hypertrophy.

In a recent study, we demonstrated that apoptosis is

stimulated in aortic SMC of SHR treated with the angiotensin

Figure 1 Changes in systolic blood pressure in untreated (Placebo)
and SHR treated for 1 week with enalapril (ENA), L-arginineþBH4
(LB), or a combination of both (ENAþLB). *Significantly different
(Po0.05) from Placebo group (n¼ 6 per group).
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AT1 receptor antagonist valsartan following an AT2-depen-

dant mechanism, since co-treatment with PD123319, a

selective AT2 receptor antagonist, completely abolished

valsartan’s proapoptotic effect. However, unlike the combina-

tion of valsartan and PD123319, attenuation of signaling to

both receptor subtypes with the ACE inhibitor enalapril is

effective in stimulating apoptosis in aortic SMC (Tea et al.,

2000). Since ACE inhibitors correct ED and the restoration of

this function could contribute to the regression of vascular

mass, we decided to investigate the implication of the

correction of ED in enalapril’s proapoptotic ability.

In order to examine the relationship between correction of

ED and vascular remodeling, we tested various drug combina-

tions to enhance vascular NO output. In preliminary experi-

ments, the administration of L-arginine or BH4 alone did not

elicit vascular remodeling within 1 week. This was seen in

animals receiving placebo or enalapril. Thus, we tested these

drugs in combination in animals treated with or without

enalapril for 1 week.

Administration of L-arginine and BH4 completely corrected

ED, as interpreted by the loss of H2O2-mediated vasorelaxa-

tions. Co-administration of enalapril did not alter L-arginine

and BH4’s combined effect on restoration of endothelial

function. Interestingly, L-NAME-induced contractions were

significantly potentiated only in animals treated with the

combination of L-arginine, BH4 and enalapril, that is, the drug

combination that induced SMC apoptosis and vascular

remodeling. Moreover, since evidences show that arterial

cGMP production is higher in SHR than in normotensive

Wistar-Kyoto rats (Qiu et al., 1998), our data suggest

increased vascular NOS activity and/or improved cGMP

coupling in animals receiving tri-therapy.

Suppression of SMC DNA synthesis was observed in aortic

extracts from SHR treated with enalapril and with L-

arginineþBH4 for 1 week, whereas the combination of both

treatments had an additive effect on DNA synthesis reduction,

suggesting the activation of common pathways. Consistent

with our previous observations (deBlois et al., 1997), enalapril

induced SMC apoptosis after 2 but not 1 week of administra-

tion, and aortic apoptosis correlated in time with the

correction of ED during enalapril treatment. Moreover,

although a 1-week treatment with L-arginineþBH4 alone

corrected ED, this treatment had no effect on aortic apoptosis

Figure 2 Endothelium-dependant acetylcholine-(Ach) induced vasorelaxations in vehicle, catalase or SOD pre-incubated aortic
rings of (a) untreated controls, SHR treated with (b) enalapril (ENA) for 1 week, (c) ENA for 2 weeks, (d) L-arginineþBH4 (LB)
for 1 week, (e) or a combination of both ENAþLB for 1 week. Relaxations are expressed by the percentage response to
phenylephrine (PE) pre-contraction. *Significantly different (Po0.05) from vehicle group (n¼ 6–12 per group).

Figure 3 L-NAME induced vascular contractile response in vehi-
cle, catalase or SOD pre-incubated aortic rings of untreated
(Placebo) and SHR treated for 1 week with enalapril (ENA),
L-arginineþBH4 (LB), or a combination of both (ENAþLB).
*Significantly different (Po0.05) from Placebo (n¼ 6–12 per
group).
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measured by oligosomal DNA fragmentation and TUNEL

assays. Interestingly, the combination of both enalapril and

L-arginineþBH4 treatments had a synergistic interaction on

SMC apoptosis stimulation independently of blood pressure

regulation since L-arginineþBH4 treatment had no hemo-

dynamic effect. In all, these results suggest that the correction

of ED is associated with the induction of SMC apoptosis;

however, since correction of ED alone with L-arginineþBH4

did not induce SMC death, the data suggest that correction of

ED is not sufficient although it may be permissive for SMC

apoptosis induction during regression of vascular hypertrophy

with ACE inhibitors.

The synergistic response in apoptosis observed with tri-

therapy may reflect the cumulative proapoptotic and anti-

growth effects of NO-dependent and -independent pathways.

In fact, NO is a known inducer of apoptosis in cultured SMC,

whereas AT1 receptors for AngII elicit antiapoptotic effects

in those cells (Pollman et al., 1996). Moreover, since cardio-

vascular diseases are often associated with a decreased bio-

availability of NO and increased levels of AngII (Gibbons,

1995), our results support the notion that the balance between

NO and AngII plays an important role in the modulation of

vascular structure.

The important role of nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase system in ED and vascular

hypertrophy in hypertension has been well established.

Infusion of AngII in vivo doubles the production of O2
� in

the rat aorta via the activation of the NADPH oxidase by a

mechanism dependant of AT1 receptors but independently of

Figure 4 Photomicrographs taken in the aortic media of SHR
showing (a) total SMC nuclei stained with propidium iodide, (b)
TUNEL-positive nuclei in the same field visualized under an FITC
filter. (c) Changes in the number of TUNEL-positive SMC nuclei
per cross section of the aortic media in SHR treated with placebo or
enalapril (ENA) for 1 or 2 weeks. *Significantly different (Po0.05)
from Placebo group (n¼ 5 per group).

Figure 5 Changes in (a) internucleosomal DNA fragmentation
(n¼ 6 per group), (b) DNA synthesis (n¼ 6–12 per group), (c)
medial cross-sectional area in the aorta (n¼ 12 per group) of
untreated (Placebo) and SHR treated for 1 week with enalapril
(ENA), L-arginineþBH4 (LB), or a combination of both (EN-
AþLB). *Significantly different (Po0.05) from Placebo group.
wSignificantly different (Po0.05) from ENAþLB group.
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pressure elevation (Laursen et al., 1997). Hence, the increase of

NO bioavailability for apoptosis stimulation in our model

could be due to a decrease in deleterious ROS production by

blunting of the NADPH oxidase pathway by enalapril. Also,

the pressure decrease by enalapril could potentially contribute

to the increase in NO bioavailibility by reduction of sheer

stress and ROS. However, this effect is considered marginal in

this context since a 1-week treatment with enalapril although

effective at decreasing high blood pressure failed to produce an

apoptotic response.

The kinin/NO pathway is an interesting candidate pathway

for apoptosis induction in this model. ACE inhibitors decrease

kinin degradation which promote the release of NO via the

activation of endothelial B1 and B2 receptors (Fukuo et al., 1996;

Pollman et al., 1996; Berthiaume et al., 1997). Activation of the

kinin/NO pathway reduces cardiovascular mass during ACE

inhibition (Linz & Scholkens, 1992; Wollert et al., 1997),

decreases excessive deleterious AngII production (Boulanger,

1999) and prevents kinin B2 receptor desensitization (Marcic

et al., 1999; Minshall et al., 1997). However, recent studies from

our laboratory have demonstrated that the induction of

apoptosis and the regression of aortic hypertrophy induced by

4 weeks of treatment with enalapril is unaffected by the B2

receptor antagonist HOE 140 (Duguay et al., 2004). Unlike the

B2 receptor normally expressed in abundance in mammalian

tissues and mediating most of the physiological actions of kinins,

the inductible B1 receptor is generally expressed in pathological

conditions and during inflammation (Marceau & Bachvarov,

1998). However, recent studies have reported the activation of

the B1 receptor by ACE inhibitors in normotensive rats (Marin-

Castano et al., 2002), and an interesting direct stimulation of the

B1 receptor by ACE inhibitors such as enalaprilat (Ignjatovic

et al., 2002a, b). Taken together, these observations argue for the

possible implication of the kinin B1 receptor in mediating

enalapril’s NO output increase in our studied model.

The cumulative effects of both enhanced DNA synthesis

reduction and synergistic interaction on apoptosis stimulation

with the combination of both enalapril, L-arginineþBH4

treatments was associated with a significant reduction of

aortic mass. Consistent with our previous observations

(deBlois et al., 1997), DNA content was not yet reduced at

the early time of 1 week of enalapril treatment. It is tempting

to speculate that the modulation of SMC growth and

apoptosis by the combined treatment with LB and enalapril

would result in regression of SMC number at later time point.

Endothelial dysfunction causes vascular complications in

hypertension. Normalization of endothelial function by an

‘NO-enhancing therapy’, as we describe or by chronic

supplementation of folates that increase BH4 availability

(Verhaar et al., 1998; 1999), could constitute an important

goal for antihypertensive therapy. The synergistic interaction

of our ‘NO-enhancing therapy’ on enalapril’s ability in SMC

apoptosis induction during vascular hypertrophy regression

reveals possible new avenues for rapid therapeutic intervention

in cardiovascular remodeling.
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Marchand both hold a studentship from the Heart and Stroke
Foundation of Canada in partnership with the Canadian Institutes
for Health Research. D. Duguay holds an award from the Natural
Sciences and Engineering Research Council of Canada.

References

BERTHIAUME, N., HESS, F., CHEN, A., REGOLI, D. & D’ORLEANS-

JUSTE, P. (1997). Pharmacology of kinins in the arterial and venous
mesenteric bed of normal and B2 knockout transgenic mice. Eur. J.
Pharmacol., 333, 55–61.

BOULANGER, C.M. (1999). Secondary endothelial dysfunction:
hypertension and heart failure. J. Mol. Cell. Cardiol., 31, 39–49.

CLOZEL, M., KUHN, H. & HEFTI, F. (1990). Effects of angiotensin
converting enzyme inhibitors and of hydralazine on endothelial
function in hypertension. Hypertension, 16, 532–540.

COSENTINO, F. & KATUSIC, Z.S. (1995). Tetrahydrobiopterin and
dysfunction of endothelial nitric oxide synthase in coronary
arteries. Circulation, 91, 139–144.

COSENTINO, F. & LUSCHER, T.F. (1999). Tetrahydrobiopterin and
endothelial nitric oxide synthase activity.Cardiovasc. Res., 43, 274–278.

COSENTINO, F., PATTON, S., D0USCIO, L.V., WERNER, E.R.,
WERNER-FELMAYER, G., MOREAU, P., MALINSKI, T. & LUSCHER,
T.F. (1998). Tetrahydrobiopterin alters superoxide and nitric oxide
release in prehypertensive rats. J. Clin. Investig., 101, 1530–1537.

CRABOS, M., COSTE, P., PACCALIN, M., TARIOSSE, L., DARET, D.,
BESSE, P. & BONORON-ADELE, S. (1997). Reduced basal NO-
mediated dilation and decreased endothelial NO- synthase expres-
sion in coronary vessels of spontaneously hypertensive rats. J. Mol.
Cell. Cardiol., 29, 55–65.

DEBLOIS, D., TEA, B.S., THAN, V.D., TREMBLAY, J. &
HAMET, P. (1997). Smooth muscle apoptosis during vascular
regression in spontaneously hypertensive rats. Hypertension, 29,
340–349.

DER SARKISSIAN, S., MARCHAND, E.L., DUGUAY, D., HAMET, P.
& DEBLOIS, D. (2003). Reversal of interstitial fibroblast hyperpla-
sia via apoptosis in hypertensive rat heart with valsartan or
enalapril. Cardiovasc. Res., 57, 775–783.

DIEZ, J., PANIZO, A., HERNANDEZ, M., VEGA, F., SOLA, I.,
FORTUNO, M.A. & PARDO, J. (1997). Cardiomyocyte apoptosis
and cardiac angiotensin-converting enzyme in spontaneously
hypertensive rats. Hypertension, 30, 1029–1034.

Figure 6 Changes in the percentage of TUNEL-positive SMC
nuclei per cross section in the aortic media of untreated (Placebo)
and SHR treated for 1 week with enalapril (ENA), L-arginineþBH4
(LB), or a combination of both (ENAþLB). *Significantly different
(Po0.05) from Placebo group. wSignificantly different (Po0.05)
from ENAþLB group (n¼ 6 per group).

S. Der Sarkissian et al BH4 potentiates proapoptotic effect of ACEi 917

British Journal of Pharmacology vol 142 (5)



DUGUAY, D., DER SARKISSIAN, S., KOUZ, R., ONGALI, B.,
COUTURE, R. & DEBLOIS, D. (2004). Kinin B2 Receptor is not
involved in enalapril-induced apoptosis and regression of hyper-
trophy in spontaneously hypertensive rat aorta: possible role of B1
receptor. Br. J. Pharmacol., 141, 728–736.

FUKUO, K., HATA, S., SUHARA, T., NAKAHASHI, T., SHINTO, Y.,
TSUJIMOTO, Y., MORIMOTO, S. & OGIHARA, T. (1996). Nitric
oxide induces upregulation of Fas and apoptosis in vascular smooth
muscle. Hypertension, 27, 823–826.

GARG, U.C. & HASSID, A. (1989). Nitric oxide-generating vasodilators
and 8-bromo-cyclic guanosine monophosphate inhibit mitogenesis
and proliferation of cultured rat vascular smooth muscle cells. J.
Clin. Investig., 83, 1774–1777.

GIBBONS, G.H. (1995). Mechanisms of vascular remodeling in
hypertension: role of autocrine–paracrine vasoactive factors. Curr.
Opin. Nephrol. Hypertens., 4, 189–196.

HAMET, P. (1995). Proliferation and apoptosis in hypertension. Curr.
Opin. Nephrol. Hypertens., 4, 1–7.

HEITZER, T., BROCKHOFF, C., MAYER, B., WARNHOLTZ, A.,
MOLLNAU, H., HENNE, S., MEINERTZ, T. & MUNZEL, T.

(2000). Tetrahydrobiopterin improves endothelium-dependent va-
sodilation in chronic smokers: evidence for a dysfunctional nitric
oxide synthase. Circ. Res., 86, E36–E41.

IGNJATOVIC, T., TAN, F., BROVKOVYCH, V., SKIDGEL, R.A. &
ERDOS, E.G. (2002a). Activation of bradykinin B1 receptor by ACE
inhibitors. Int. Immunopharmacol., 2, 1787–1793.

IGNJATOVIC, T., TAN, F., BROVKOVYCH, V., SKIDGEL, R.A. &
ERDOS, E.G. (2002b). Novel mode of action of angiotensin I
converting enzyme inhibitors: direct activation of bradykinin B1
receptor. J. Biol. Chem., 277, 16847–16852.

KATUSIC, Z.S. (2001). Vascular endothelial dysfunction: does tetra-
hydrobiopterin play a role? Am. J. Physiol. Heart Circ. Physiol.,
281, H981–H986.

KHAN, S., KAYAHARA, M., JOASHI, U., MAZARAKIS, N.D.,
SARRAF, C., EDWARDS, A.D., HUGHES, M.N. & MEHMET, H.

(1997). Differential induction of apoptosis in Swiss 3T3 cells by nitric
oxide and the nitrosonium cation. J. Cell Sci., 110, 2315–2322.

LAURSEN, J.B., RAJAGOPALAN, S., GALIS, Z., TARPEY, M.,
FREEMAN, B.A. & HARRISON, D.G. (1997). Role of superoxide
in angiotensin II-induced but not catecholamine-induced hyperten-
sion. Circulation, 95, 588–593.

LEMAY, J., HOU, Y. & DEBLOIS, D. (2000a). Evidence that nitric oxide
regulates AT1-receptor agonist and antagonist efficacy in rat
injured carotid artery. J. Cardiovasc. Pharmacol., 35, 693–699.

LEMAY, J., HOU, Y., TREMBLAY, J. & DEBLOIS, D. (2000b).
Angiotensin I-converting enzyme activity and vascular sensitivity
to angiotensin I in rat injured carotid artery. Eur. J. Pharmacol.,
394, 301–309.

LI, P.F., DIETZ, R. & VON HARSDORF, R. (1997). Differential effect of
hydrogen peroxide and superoxide anion on apoptosis and prolifera-
tion of vascular smooth muscle cells. Circulation, 96, 3602–3609.

LI, P.F., DIETZ, R. & VON HARSDORF, R. (1999). Superoxide induces
apoptosis in cardiomyocytes, but proliferation and expression of
transforming growth factor-beta1 in cardiac fibroblasts. FEBS
Lett., 448, 206–210.

LINZ, W. & SCHOLKENS, B.A. (1992). A specific B2-bradykinin
receptor antagonist HOE 140 abolishes the antihypertrophic effect
of ramipril. Br. J. Pharmacol., 105, 771–772.

LINZ, W., WOHLFART, P., SCHOELKENS, B.A., BECKER, R.H.,
MALINSKI, T. & WIEMER, G. (1999). Late treatment with ramipril
increases survival in old spontaneously hypertensive rats. Hyperten-
sion, 34, 291–295.

MARCEAU, F. & BACHVAROV, D.R. (1998). Kinin receptors. Clin.
Rev. Allergy Immunol., 16, 385–401.

MARCIC, B., DEDDISH, P.A., JACKMAN, H.L. & ERDOS, E.G. (1999).
Enhancement of bradykinin and resensitization of its B2 receptor.
Hypertension, 33, 835–843.

MARIN-CASTANO, M.E., SCHANSTRA, J.P., NEAU, E.,
PRADDAUDE, F., PECHER, C., ADER, J.L., GIROLAMI, J.P. &
BASCANDS, J.L. (2002). Induction of functional bradykinin b(1)-
receptors in normotensive rats and mice under chronic angiotensin-
converting enzyme inhibitor treatment. Circulation, 105, 627–632.

MINSHALL, R.D., ERDOS, E.G. & VOGEL, S.M. (1997). Angiotensin I-
converting enzyme inhibitors potentiate bradykinin’s inotropic
effects independently of blocking its inactivation. Am. J. Cardiol.,
80, 132A–136A.

MOREAU, P., TEA, B.S., DAM, T.V. & HAMET, P. (1997). Altered
balance between cell replication and apoptosis in hearts and kidneys
of newborn SHR. Hypertension, 30, 720–724.

NATHAN, C. (1992). Nitric oxide as a secretory product of mammalian
cells. FASEB J., 6, 3051–3064.

POLLMAN, M.J., YAMADA, T., HORIUCHI, M. & GIBBONS, G.H.

(1996). Vasoactive substances regulate vascular smooth muscle cell
apoptosis. Countervailing influences of nitric oxide and angiotensin
II. Circ. Res., 79, 748–756.

QIU, H.Y., HENRION, D., BENESSIANO, J., HEYMES, C., TOURNIER,
B. & LEVY, B.I. (1998). Decreased flow-induced dilation and
increased production of cGMP in spontaneously hypertensive rats.
Hypertension, 32, 1098–1103.

RUBANYI, G.M., KAUSER, K. & GRASER, T. (1993). Effect of
cilazapril and indomethacin on endothelial dysfunction in the
aortas of spontaneously hypertensive rats. J. Cardiovasc. Pharma-
col., 22, S23–S30.

SHIN, J.T., BARBEITO, L., MACMILLAN-CROW, L.A., BECKMAN,
J.S. & THOMPSON, J.A. (1996). Acidic fibroblast growth factor
enhances peroxynitrite-induced apoptosis in primary murine
fibroblasts. Arch. Biochem. Biophys., 335, 32–41.

TEA, B.S., DAM, T.V., MOREAU, P., HAMET, P. & DEBLOIS, D.

(1999). Apoptosis during regression of cardiac hypertrophy in
spontaneously hypertensive rats: temporal regulation and spatial
heterogeneity. Hypertension, 34, 229–235.

TEA, B.S., DER SARKISSIAN, S., TOUYZ, R.M., HAMET, P. &
DEBLOIS, D. (2000). Proapoptotic and growth-inhibitory role of
angiotensin II type 2 receptor in vascular smooth muscle cells
of spontaneously hypertensive rats in vivo. Hypertension, 35,
1069–1073.

TSCHUDI, M.R., CRISCIONE, L., NOVOSEL, D., PFEIFFER, K. &
LUSCHER, T.F. (1994). Antihypertensive therapy augments en-
dothelium-dependent relaxations in coronary arteries of sponta-
neously hypertensive rats. Circulation, 89, 2212–2218.

TSCHUDI, M.R., MESAROS, S., LUSCHER, T.F. & MALINSKI, T.

(1996). Direct in situ measurement of nitric oxide in mesenteric
resistance arteries. Increased decomposition by superoxide in
hypertension. Hypertension, 27, 32–35.

UEDA, S., MATSUOKA, H., MIYAZAKI, H., USUI, M., OKUDA, S. &
IMAIZUMI, T. (2000). Tetrahydrobiopterin restores endothelial
function in long-term smokers. J. Am. Coll. Cardiol., 35, 71–75.

VERHAAR, M.C., WEVER, R.M., KASTELEIN, J.J., VAN DAM, T.,
KOOMANS, H.A. & RABELINK, T.J. (1998). 5-methyltetrahydro-
folate, the active form of folic acid, restores endothelial function in
familial hypercholesterolemia. Circulation, 97, 237–241.

VERHAAR, M.C., WEVER, R.M., KASTELEIN, J.J., VAN LOON, D.,
MILSTIEN, S., KOOMANS, H.A. & RABELINK, T.J. (1999). Effects
of oral folic acid supplementation on endothelial function in
familial hypercholesterolemia: a randomized placebo-controlled
trial. Circulation, 100, 335–338.

WALTER, S.V. & HAMET, P. (1986). Enhanced DNA synthesis in heart
and kidney of newborn spontaneously hypertensive rats. Hyperten-
sion, 8, 520–525.

WOLLERT, K.C., STUDER, R., DOERFER, K., SCHIEFFER, E.,
HOLUBARSCH, C., JUST, H. & DREXLER, H. (1997). Differential
effects of kinins on cardiomyocyte hypertrophy and interstitial
collagen matrix in the surviving myocardium after myocardial
infarction in the rat. Circulation, 95, 1910–1917.

YANG, D., LEVENS, N., ZHANG, J.N., VANHOUTTE, P.M. &
FELETOU, M. (2003). Specific potentiation of endothelium-depen-
dent contractions in SHR by tetrahydrobiopterin. Hypertension, 41,
136–142.

(Received January 22, 2004
Accepted April 5, 2004)

918 S. Der Sarkissian et al BH4 potentiates proapoptotic effect of ACEi

British Journal of Pharmacology vol 142 (5)


