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Cardiovascular changes in spontaneously
hypertensive rats are improved by chronic
treatment with zofenoprilbph_491 1911..1921
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Background and purpose: The aim of this study was to investigate the effect of chronic treatment with antihypertensive and
non-antihypertensive doses of zofenopril on cardiovascular changes in spontaneously hypertensive rats (SHR).
Experimental approach: Male SHR were treated with 0.5 or 10 mg·kg-1 per day of zofenopril (Z0.5 and Z10) for 3 months. SHR
and Wistar-Kyoto rats (WKY) receiving vehicle were used as controls. Systolic blood pressure was measured using the tail cuff
method. Left ventricular weight/body weight ratio was calculated as cardiac hypertrophy index. Angiotensin converting
enzyme (ACE) activity was determined in plasma and tissues by a fluorimetric method. Vascular reactivity was evaluated on
aortic rings by acetylcholine and sodium nitroprusside relaxations. Effects on vascular structure were assessed by lumen
diameter, wall thickness and medial cross-sectional area determination. Superoxide anion generation was quantified using
lucigenin-amplified chemiluminescence in aorta.
Results: Long-term daily administration of zofenopril (10 mg·kg-1) to SHR reduced blood pressure to WKY values, decreased
cardiac hypertrophy, improved the acetylcholine-induced relaxant response and reversed the vascular remodelling. ACE
inhibition and antioxidant activity were involved in these effects. 0.5 mg·kg-1 per day of zofenopril slightly modified blood
pressure and the other effects were weaker.
Conclusions and implications: Antihypertensive effects of chronic treatment with zofenopril were accompanied by recovery
of endothelial function and improvement of cardiovascular structure. Low-dose zofenopril had little effect on blood pressure,
with some benefits on cardiovascular structure and function. Inhibition of ACE and antioxidant activity were involved in these
effects.
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Abbreviations: ACE, angiotensin converting enzyme; BW, body weight; COX, cyclooxygenase; CSAm, medial cross sectional
area; DDC, ammonium diethyldithiocarbamate; HHL, Hippuryl-L-Histidyl-L-Leucine; HL, Histidyl-L-Leucine;
KH, kidney hypertrophy; KW, kidney weight; L, lumen; L-NAME, Nw-nitro-L-arginine methyl ester hydrochlo-
ride; LVH, left ventricular hypertrophy; LVW, left ventricle weight; NOS, nitric oxide synthase; O2

-, superoxide
anion; Re, external radii; Ri internal radii; RLU, relative luminescence units; SBP, systolic blood pressure; SHR,
spontaneously hypertensive rat; SNP, sodium nitroprusside; WKY, Wistar Kyoto rat; Wm, medial wall thickness;
Z0.5 and Z10, SHR treated with 0.5 or 10 mg·kg-1 per day of zofenopril

Introduction

Angiotensin converting enzyme (ACE) inhibitors are well-
established drugs in the treatment of hypertension (Weir,
2007; Heran et al., 2008; Mancia et al., 2009) and protection
of the cardiovascular system during congestive heart failure
(Šimko et al., 2003). Although the pharmacological mecha-

nisms of ACE inhibitors are not fully understood, various
studies suggest that these agents may, besides inhibition of
angiotensin II production, stimulate synthesis of prostaglan-
dins and bradykinin, inhibit production of superoxide, scav-
enge free radicals, and increase expression of endothelial
nitric oxide synthase (eNOS) (Buczko et al., 2006).

High blood pressure is the main risk factor for stroke, coro-
nary heart disease and renal vascular disease. The renin–
angiotensin system plays an important role in blood pressure
regulation and fluid homeostasis. Within the enzyme cascade
of this system, ACE generates angiotensin II from its inactive
precursor, angiotensin I, by cleaving a dipeptide from its
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C-terminal (Erdös, 1976). Angiotensin II induces vasocon-
striction, aldosterone release, production of reactive oxygen
species and other physiological actions that act to raise the
blood pressure. ACE also catalyses the degradation of brady-
kinin, a blood pressure lowering peptide in the kallikrein–
kinin system (Bhoola et al., 1992). ACE is widely distributed,
not only in the cardiovascular system, but also in other
tissues. It has been localized in endothelial cells throughout
the body, in the epithelial cells of various organs and in male
germinal cells (Danser, 1996).

Angiotensin converting enzyme inhibitors are known to
inhibit the conversion of angiotensin I to angiotensin II and
to reduce blood pressure both clinically and in animal models
of hypertension. ACE activity is easily detected in plasma, and
the inhibition of ACE activity in plasma has been used as an
indicator of ACE inhibition after treatment with ACE inhibi-
tors. Zofenopril, a sulfhydryl ACE inhibitor derived from the
amino acid proline, has been shown to have beneficial car-
diovascular effects in patients with infarction or heart failure
(Ambrosioni et al., 1995; Borghi et al., 1999) and anti-
atherogenic activity (Napoli et al., 1999; de Nigris et al.,
2001).

The endothelium plays a primary role in the modulation of
vascular tone and structure. Several cardiovascular disease
states, such as essential hypertension and congestive heart
failure, are associated with impaired endothelium-dependent
vasodilation (Kubo et al., 1991; Panza et al., 1995). In hyper-
tension, endothelial dysfunction is believed to be associated
with the production of reactive oxygen species. These react
with nitric oxide (NO) in a setting of decreased antioxidant
defences, culminating in attenuated endothelium-dependent
vasodilation (Kerr et al., 1999; Lerman et al., 2001). The most
characteristic pathophysiological feature of endothelial dys-
function is a diminished bioactivity of endothelium-derived
NO due to reduced eNOS activity and/or increased metabo-
lism through its interaction with superoxide anion (O2

-) pro-
duced in the vascular wall by free-radical-generating enzymes,
such as NADPH oxidase (Cai and Harrison, 2000).

The aim of this study was to investigate the effects of
chronic treatment with zofenopril, on the prevention of
hypertension, cardiac hypertrophy and vascular reactivity
of aortic arteries and, if possible, to correlate those effects
with its antioxidant properties.

Methods

Animals and experimental design
All animal care and experimental procedures were performed
according to the European Union guidelines for the ethical
care of animals. The study was conducted on 12-week-old
male Wistar-Kyoto rats (WKY) (n = 7) and SHR (n = 36) that
were purchased from Janvier (France) and maintained in the
Animal Experimentation Service of Salamanca University.
SHR were randomly divided into three groups: (i) SHR (n =
12); (ii) zofenopril 0.5 mg·kg-1·day-1 (Z0.5 n = 12); and (iii)
zofenopril 10 mg·kg-1·day-1 (Z10 n = 12). Animals had free
access to standard rat diet and tap water ad libitum. The drug
was administered for 3 months in the drinking water and the

concentration of zofenopril was adjusted weekly according to
body weight and water intake. Untreated SHR and WKY rats
received tap water during the time of study.

Experimental protocol
Body weight and blood pressure were determined periodically
during the course of the experiment. Systolic blood pressure
(SBP) was determined by the tail cuff method with a photo-
electric sensor (Niprem 546, Cibertec S.A., Spain) using a
MacLab software (AD Instruments, UK).

Animals were killed for further cardiovascular structural
and functional analysis, immediately at the end of drug treat-
ment. Rats were weighed and anaesthetized with sodium
pentobarbital (60 mg·kg-1 i.p.). The left carotid artery was
cannulated and heparinized physiological saline solution was
infused. Rats were bled through the femoral artery. The
kidney, heart and thoracic aorta were isolated and placed in
Krebs solution of the following composition (in mM): NaCl,
118; KCl, 4.7; CaCl2, 2.5; KH2PO4, 1.2; MgSO4, 1.2; NaHCO3,
25; and glucose, 11. The pH of the solution after saturation
with a 95% O2 and 5% CO2 mixture was 7.4.

Cardiac and renal hypertrophy
Hearts were removed and placed immediately in gassed Krebs
solution at 37°C to wash out residual blood. Then, hearts were
stopped in diastole by transferring them to another solution
containing 150 mM KCl. Atria were removed and all the epi-
cardial fat was scraped off. Right and left ventricles were
separated from each other, regarding interventricular septum
as an integral part of the left ventricle and this portion was
weighed. The left ventricular hypertrophy index was calcu-
lated using the left ventricle weight/body weight ratio (LVW/
BW). Right kidneys were isolated, dried and weighed to
calculate the renal hypertrophy index as the kidney weight/
body weight ratio (KW/BW).

Vascular functionality of thoracic aorta rings
The thoracic aorta was cleaned of adherent fat and rings 3 mm
long were cut and placed between stainless-steel hooks for
isometric tension recording in organ chambers. One of the
hooks was fixed to the bath and the other connected to an
isometric force transducer (UF1; Harvard Apparatus Inc., South
Natick, MA, USA). The force was recorded on a PC computer
using a Chart version 3.4 software and a PowerLab/800 data
acquisition system (AD Instruments, Chalgrove, UK).

Rings were stretched to 2 g of tension and equilibrated for
1 h. After pre-contraction with phenylephrine (10-6 M) the
presence of endothelium was verified by the ability of acetyl-
choline (ACh, 10-6 M) to induce relaxation. Concentration-
response curves of aortic rings with endothelium to ACh
(10-8–10-4 M) and sodium nitroprusside (SNP, 10-9–10-5 M)
were performed with and without indomethacin (5 ¥ 10-6 M;
30 min) and apocynin (10-3 M; 30 min).

To evaluate the formation of basal NO, the contraction
induced by phenylephrine (10-6 M) was measured before and
30 min after aortic incubation with Nw-nitro-L-arginine
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methyl ester hydrochloride (L-NAME, 10-4 M), an inhibitor of
endothelial NO synthase (eNOS).

In these experiments, the vasodilator responses to ACh
and SNP are expressed as percentages of phenylephrine
contraction.

Vascular histomorphometric study
We selected intrarenal arteries, with an external diameter
between 25 and 50 mm, as resistance arteries and aorta as
conductance arteries.

Kidney and aortic sections were stained with Sirius Red and
examined under light microscopy with an attached video
camera. Using an image analyser (Image J Software, http://
rbs.info.nih.gov/ij), the internal and external perimeters of
the media layer were measured and converted into internal
and external radii (Ri and Re respectively) according to the
formula: perimeter = 2PR, where 2 ¥ Ri is the internal
diameter (L) and Re – Ri is the medial thickness (Wm).
Medial cross-sectional area (CSAm) was calculated as:
CSAm = P (Re

2 – Ri
2).

Tissue preparation and measurement of ACE activity
Blood and tissue samples were collected for measuring ACE
activity by a fluorimetric method adapted from Friedland and
Silverstein (1976). Briefly, frozen samples of left ventricle and
aorta were homogenized in 0.05 M potassium phosphate
buffer (pH 7.5). The plasma and tissue samples were mixed
with 12.5 nM of hippuryl-L-histidyl-L-leucine (H-H-L), and
the mixture was incubated at 37°C for 10 min. After the
reaction had been stopped by adding NaOH (0.28 M),
o-phthalaldehyde 1% in methanol was added, the mixture
was kept at room temperature for 10 min, and then HCl (3 M)
was added. After that, the amount of liberated histidyl-L-
leucine (H-L) was determined by measuring the fluorescent
intensity of its adduct with o-phthalaldehyde (excitation at
364 nm and emission at 486 nm).

The protein contents of the plasma and tissue extracts were
measured with Bradford assay (Bradford, 1976), using bovine
serum albumin as a standard. ACE activity was expressed as
nmol H-L formed per (mg protein) per min.

Detection of vascular O2
- production

Production of O2
- in intact aortic segments was quantified

by lucigenin-enhanced chemiluminescence, as previously
described by Ohara et al. (1993). Aortic rings from all experi-
mental groups were incubated for 30 min at 37°C in HEPES-
containing physiological salt solution (pH 7.4) of the
following composition (in mM): NaCl, 119; HEPES, 20; KCl,
4.6; MgSO4, 1; Na2HPO4, 0.15; KH2PO4, 0.4; NaHCO3, 5;
CaCl2, 1.2; and glucose, 5.5 and in presence of ammonium
diethyldithiocarbamate (DDC, 0,5 M). Rings were then
placed in tubes containing HEPES solution with lucigenin (5
¥ 10-6 M). Changes in O2

- release were determined by mea-
suring luminescence over 300 s, at 30 s intervals, in a lumi-
nometer (Lumat LB 9507, Berthold, Germany). Aortic
production of O2

- was stimulated by addition of NADPH
(10-4 M). A cell-permeable, non-enzymatic, scavenger of O2

-,

tiron (4,5-dihydroxy-1,3-benzene disulphonic acid, 1 M),
was added to quench the O2

--dependent chemiluminiscence.
Repeated measurements were taken again during 5 min.
The difference between the initial set of readings and the
readings after tiron was taken to calculate O2

- production.
O2

- release is expressed as relative luminescence units (RLU)
per min.

Statistical analysis
Data are expressed as mean � SEM. Dose-response curves were
analysed using the GraphPad Prism 4.0 software (GraphPad,
San Diego, CA, USA) and adjusted to a logistic equation.
Statistical calculations for significant differences were per-
formed using Student’s t-test in order to compare SHR and
WKY or one-way ANOVA when effect of treatment was analy-
sed. Significance was accepted at P < 0.05.

Materials
Phenylephrine hydrochloride, acetylcholine chloride,
sodium nitroprusside, L-NAME (Nw-nitro-L-arginine
methyl ester hydrochloride), apocynin (4-hydroxy-3-
methoxyacetophenone), indomethacin, DDC (ammonium
diethyldithiocarbamate), tiron (4,5-dihydroxy-1,3-benzene
disulphonic acid) and all the other compounds used for Krebs
solution were obtained from Sigma-Aldrich (Química, S.A.,
Spain). Zofenopril was kindly supplied by the Menarini Labo-
ratory (Menarini Ricerche SpA, Florence, Italy). Stock solu-
tions of drugs were made up in ultrapure water and stored at
-20°C, and appropriate dilutions were made on the day of the
experiments. Drug and molecular target nomenclature
follows Alexander et al. (2008).

Results

Systolic blood pressure
At the beginning of the study, SBP was higher in SHR (175 �

2 mmHg) than in WKY rats (119 � 3 mmHg, P < 0.05), and
this difference persisted as time progressed. Treatment with
zofenopril at 10 mg·kg-1 per day induced an acute and signifi-
cant reduction in systolic blood pressure; this reached a
maximum in the fourth week and persisted until the end of
the study (134 � 3 mmHg, P < 0.05). Blood pressure in SHR
was maintained without increase during the treatment period
with 0.5 mg·kg-1 per day of zofenopril (Figure 1).

Cardiac and renal hypertrophy
At the beginning of the study, all 3-month-old SHR had
similar body weights but this variable was, however, signifi-
cantly higher in the WKY group (data not shown). Treatment
with either dose of zofenopril did not modify the body weight
in SHR rats.

The left ventricular hypertrophy index (LVW/BW) and
renal hypertrophy index (KW/BW) in SHR were significantly
greater than in WKY. These parameters were significantly
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reduced in zofenopril-treated SHR as compared with
untreated SHR, without reaching the values seen in the WKY
animals (Table 1).

Vascular functionality of thoracic aorta rings
Aortic rings from SHR and WKY rats presented similar
responses to phenylephrine (10-6 M), with this concentration
inducing around 80% of the maximum response. Aortas
from untreated SHR rats showed decreased endothelium-
dependent vasodilator responses to ACh in arteries stimu-
lated by phenylephrine, compared with aortas from WKY
rats (Emax = 51 � 5% vs. 82 � 4%, P < 0.05). Zofenopril
produced a significant, dose-dependent, increase in the
relaxation induced by ACh, compared with untreated SHR
rats (Emax, Z0.5 = 64 � 3% and Z10 = 82 � 5%) (Figure 2A). The
response to SNP was also improved by zofenopril treatment
(Figure 2B).

Exposure of aortic rings to indomethacin (5 ¥ 10-6 M)
significantly increased ACh-induced vasodilatation (in the
untreated SHR and Z0.5 groups) (Figure 3A,B), without affect-
ing rats treated with the high dose of zofenopril (Figure 3C).
As shown in Figure 4A and B, concentration curves to SNP
were similarly affected by pretreatment with indomethacin in
untreated SHR and SHR treated with low-dose zofenopril,
without affecting rats treated with the high dose (10 mg·kg-1

per day) of zofenopril (Figure 4C).

Relaxation to ACh and SNP was less in the presence of
apocynin in aortic rings from untreated SHR and SHR treated
with low-dose zofenopril (Figures 5 and 6). Apocynin was
ineffective in rings from SHR treated with the high dose of
zofenopril (Figures 5C and 6C).

Treatment of aortic rings for 30 min with L-NAME abol-
ished ACh-induced relaxation in all experimental groups.
After treatment with L-NAME, ACh evoked concentration-
dependent contractions which were larger in rings from
untreated SHR compared with the Z05 group, whereas it did
not contract the rings from the Z10 group of SHR (Figure 7).

The NOS inhibitor L-NAME induced a significantly higher
contraction to phenylephrine in aortic rings from WKY rats
than in rings from untreated SHR (Figure 8), indicating a

Table 1 Parameters of left ventricular and renal hypertrophy

Parameter SHR Z0.5 Z10 WKY

BW (g) 402 � 3# 414 � 3 402 � 6 538 � 14
LVW (mg) 1092 � 12# 1080 � 15 874 � 15* 941 � 34
LVW/BW 2.82 � 0.03# 2.68 � 0.04* 2.22 � 0.04* 1.86 � 0.03
KW (mg) 1241 � 15# 1221 � 27 1213 � 20 1421 � 37
KW/BW 3.20 � 0.05# 3.06 � 0.06* 3.07 � 0.05* 2.81 � 0.10

Values are means � SEM.
*P < 0.05 compared with SHR; #P < 0.05 compared with WKY.
SHR, spontaneously hypertensive rats; Z0.5, SHR treated with zofenopril 0.5 mg·kg-1 per day; Z10, SHR treated with zofenopril 10 mg·kg-1 per day; WKY,
Wistar-Kyoto rats; BW, body weight; LVW, left ventricular weight; KW, kidney weight.
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Figure 1 Effects of zofenopril on systolic blood pressure (SBP)
during treatment. SHR, spontaneously hypertensive rats; WKY,
Wistar-Kyoto rats; Z0.5, SHR treated with zofenopril 0.5 mg·kg-1 per
day; Z10, SHR treated with zofenopril 10 mg·kg-1 per day. *P < 0.05
versus SHR. #P < 0.05 versus WKY.
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Figure 2 Acetylcholine (ACh, A) and sodium nitroprusside (SNP, B)
induced relaxations of phenylephrine-preconstricted aortic rings.
SHR, spontaneously hypertensive rats; WKY, Wistar-Kyoto rats; Z0.5,

SHR treated with zofenopril 0.5 mg·kg-1 per day; Z10, SHR treated
with zofenopril 10 mg·kg-1 per day.
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reduced basal NO formation in SHR. Aortic rings from the
SHR treated with the high dose of zofenopril showed values
close to those from the WKY group.

Vascular histomorphometric study
A prolonged hypertensive state induces a range of structural
modifications, depending of the vascular bed under study. In
conductance arteries, hypertension leads to thickening of the
arterial wall and increased lumen (internal diameter). This
leads to greater values of the Wm/L ratio in SHR, with respect
to the control normotensive rats. Zofenopril induced a dose-
related reduction in aortic media thickness, lumen and
medial cross-sectional area (Table 2).

On small-sized intrarenal arteries of the SHR, the vascular
changes consisted of luminal narrowing accompanied by
increased arterial wall thickness compared with those of WKY.
Both low and high doses (0.5 and 10 mg·kg-1 per day) of
zofenopril increased the lumen but Wm only was decreased by
the high dose of zofenopril (Table 3).

ACE activity in plasma and tissues
The effects of zofenopril on ACE activity are shown in Table 4.
ACE activity in plasma and tissues of SHR was significantly
increased with respect to the WKY group. Only treatment
with 10 mg·kg-1 per day of zofenopril inhibited activity (by
83%) of plasma ACE. Treatment with zofenopril also
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Figure 3 Acetylcholine (ACh) induced relaxations of phenylephrine-
preconstricted aortic rings in the absence or presence of indometha-
cin (INDO, 5 ¥ 10-6 M). SHR, spontaneously hypertensive rats (A);
Z0.5, SHR treated with zofenopril 0.5 mg·kg-1 per day (B); Z10, SHR
treated with zofenopril 10 mg·kg-1 per day (C).
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Figure 4 Sodium nitroprusside (SNP) induced relaxations of
phenylephrine-preconstricted aortic rings in the absence or presence
of indomethacin (INDO, 5 ¥ 10-6 M). SHR, spontaneously hyperten-
sive rats (A); Z0.5, SHR treated with zofenopril 0.5 mg·kg-1 per day (B);
Z10, SHR treated with zofenopril 10 mg·kg-1 per day (C).
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Table 2 Thoracic aortic wall geometry

Parameter SHR Z0.5 Z10 WKY

L (mm) 1702 � 15 1583 � 28* 1530 � 66* 1646 � 37
Wm (mm) 135.0 � 2.5# 116.7 � 7.9* 101.0 � 3.7* 105.5 � 4.4
Wm/L 0.079 � 0.002# 0.074 � 0.005 0.066 � 0.003* 0.064 � 0.003
CSAm (mm2) 0.77 � 0.02# 0.62 � 0.05* 0.51 � 0.03* 0.58 � 0.03

Values are means � SEM.
*P < 0.05 compared with SHR; #P < 0.05 compared with WKY.
SHR, spontaneously hypertensive rats; Z0.5, SHR treated with zofenopril 0.5 mg·kg-1 per day; Z10, SHR treated with zofenopril 10 mg·kg-1 per day; WKY,
Wistar-Kyoto rats; L, lumen; Wm, medial thickness; CSAm, medial cross-sectional area.
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Figure 5 Acetylcholine (ACh) induced relaxations of phenylephrine-
preconstricted aortic rings in the absence or presence of apocynin
(APO, 10-3 M). SHR, spontaneously hypertensive rats (A); Z0.5, SHR
treated with zofenopril 0.5 mg·kg-1 per day (B); Z10, SHR treated with
zofenopril 10 mg·kg-1 per day (C).
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Figure 6 Sodium nitroprusside (SNP) induced relaxations of
phenylephrine-preconstricted aortic rings in the absence or presence
of apocynin (APO, 10-3 M). SHR, spontaneously hypertensive rats (A);
Z0.5, SHR treated with zofenopril 0.5 mg·kg-1 per day (B); Z10, SHR
treated with zofenopril 10 mg·kg-1 per day (C).
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produced a dose-dependent lowering of ACE activity in the
aorta and in the heart to levels well below those in the
untreated SHR.

Detection of vascular O2
- production

Chronic treatment of SHR with 10 mg·kg-1 per day of zofeno-
pril induced a significant decrease of basal superoxide anion
production by aortic rings, relative to values from untreated
SHR (Figure 9).

Incubation of aortic rings with 10-4 M NADPH enhanced
O2

- production in all experimental groups. Chronic treatment
with zofenopril did not modify this NADPH-stimulated O2

-

production.

Discussion

In this study, we have treated SHR for 3 months, with two
doses (0.5 and 10 mg·kg-1 per day) of zofenopril, an ACE
inhibitor. With the high dose, we observed a marked decrease
of systolic blood pressure (SBP) accompanied by a recovery of
endothelial function and improvement of cardiovascular
morphology. Although the effect of low-dose zofenopril on
SBP was minimal, this dose did provide clearer benefits for
cardiovascular structure and function.

Treatment of SHR with 10 mg·kg-1 of zofenopril daily gradu-
ally reduced the SBP. Most of the reduction occurred over the
first 4 weeks of treatment and then this reduction was main-
tained over the following 8 weeks. There was a time-
dependent increase of SBP in untreated SHR which was

Table 3 Wall geometry of small intrarenal resistance arteries

Parameter SHR Z0.5 Z10 WKY

L (mm) 11.8 � 0.7# 14.1 � 1.0* 14.5 � 0.9* 21.1 � 2.6
Wm (mm) 11.6 � 0.5# 11.4 � 0.5 10.1 � 0.4* 8.9 � 0.5
Wm/L 1.06 � 0.06# 0.91 � 0.07 0.77 � 0.06* 0.47 � 0.05
CSAm (mm2) 793 � 60 893 � 67 761 � 59 664 � 98

Values are means � SEM.
*P < 0.05 compared with SHR; #P < 0.05 compared with WKY.
SHR, spontaneously hypertensive rats; Z0.5, SHR treated with zofenopril 0.5 mg·kg-1 per day; Z10, SHR treated with zofenopril 10 mg·kg-1 per day; WKY,
Wistar-Kyoto rats; L, lumen; Wm, medial thickness; CSAm, medial cross-sectional area.

Table 4 Effects of zofenopril on ACE activity in plasma, aorta and heart

ACE activity [nmol HL·(mg protein)-1·min-1] SHR Z0.5 Z10 WKY

PLASMA 2.44 � 0.25# 1.86 � 0.12 0.41 � 0.09* 1.09 � 0.23
AORTA 5.05 � 0.58# 2.49 � 0.35* 1.45 � 0.42* 1.97 � 0.64
HEART 0.052 � 0.01# 0.022 � 0.01* 0.015 � 0.00* 0.012 � 0.00

Values are means � SEM.
*P < 0.05 compared with SHR; #P < 0.05 compared with WKY.
SHR, spontaneously hypertensive rats; Z0.5, SHR treated with zofenopril 0.5 mg·kg-1 per day; Z10, SHR treated with zofenopril 10 mg·kg-1 per day; WKY,
Wistar-Kyoto rats.

–9 –8 –7 –6 –5 –4 –3

–25

0

25

50

75

100

125

SHR Z0.5 Z10

SHR-L-NAME Z0.5-L-NAME

log ACh (M)

Z10-L-NAME

R
E

L
A

X
A

T
IO

N
 (

%
)

Figure 7 Acetylcholine (ACh) induced relaxations of phenylephrine-
preconstricted aortic rings in the absence or presence of L-NAME
(10-4 M). SHR, spontaneously hypertensive rats; Z0.5, SHR treated with
zofenopril 0.5 mg·kg-1 per day; Z10, SHR treated with zofenopril
10 mg·kg-1 per day.
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Figure 8 Ratio between contractions induced by phenylephrine
before and after incubation of aortic rings with L-NAME (10-4 M).
This ratio is shown as NO bioavailability (%) and contractions before
L-NAME were set to 100%. NO, nitric oxide; SHR, spontaneously
hypertensive rats; WKY, Wistar-Kyoto rats; Z0.5, SHR treated with
zofenopril 0.5 mg·kg-1 per day; Z10, SHR treated with zofenopril
10 mg·kg-1 per day. *P < 0.05 compared with SHR. #P < 0.05
compared with WKY.
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suppressed by the low dose of zofenopril for the two first
months and in the last month, this low-dose treatment
became ineffective in controlling the hypertension. While
some authors report, in the chronic stage of hypertension, an
increased ACE activity in vessels but a normal activity in
plasma (Okunishi et al., 1991; Shiota et al., 1992) others have
found more activity in WKY than in SHR (Webb et al., 1997).
We observed significant differences between normotensive
and hypertensive animals and a good correlation between
plasma ACE activity and SBP in treated animals. Nevertheless,
both doses inhibited ACE activity in aorta and heart.

In hypertension, the increase in cardiac mass is essentially
considered to be an adaptation of the heart in response to this
pathological situation, in which the myocardium must work
harder and for a longer time than normal to supply the
organism’s requirements and to decrease the tension in the
walls of the ventricles. However, this adaptive process cannot
compensate this pathology indefinitely, and the ventricles
acquire a lower degree of compliance and cardiac output
decreases (Agabiti-Rosei et al., 2007). Although ACE inhibitors
have been reported to regress left ventricular hypertrophy
(LVH) in hypertensive humans and various experimental
models, the mechanisms underlying this process have not yet
been fully elucidated. It is known that ACE activity in the
heart may be an important factor in the development of
cardiac hypertrophy (Raasch et al., 2002). Consistent with
that finding, the hearts of SHR, in our study, showed higher
enzyme activity and hypertrophy than hearts from WKY rats
and the antihypertensive effect of zofenopril was accompa-
nied by a greater reduction in the left ventricular hypertrophy
index and cardiac ACE activity. On the other hand, a decrease
in cardiac hypertrophy was also observed with low-dose
zofenopril where treatment only delayed the blood pressure
increase observed in the untreated SHR group. Our results are
in agreement with those of Linz et al. (1995) who have
reported that ramipril, at a dose that did not decrease blood
pressure, reversed LVH in aortic-banded rats. Moreover, Mori
et al. (1995) have observed that short-term treatment with
lisinopril, 3 mg·kg-1 per day for 2 weeks, inhibited the pro-
gression of hypertension and suppressed the development of
LVH in SHR, whereas 0.5 mg·kg-1·day-1 of lisinopril suppressed
the development of LVH without reducing blood pressure. In

order to clarify this point, the correlations between tissue ACE
activities, blood pressure and cardiac hypertrophy were analy-
sed by Takai et al. (2004), using several ACE inhibitors. The
authors established a significant correlation between LVH and
ACE activity in the heart but not between plasma ACE activity
and SBP. They concluded that the inhibition of ACE activity
in vascular tissues may be the most important mechanism for
the antihypertensive effects of ACE inhibitors, and inhibition
of ACE activity in the heart may contribute to the suppression
of cardiac hypertrophy.

The potential of sulphydryl angiotensin-converting
enzyme inhibitors in scavenging free radical oxygen species
has been proposed as a contributing factor to the cardiopro-
tection exerted by this class of compounds (Gagnon et al.,
2004). Zofenopril has antioxidant properties, acting as a scav-
enger of various reactive oxygen species in vitro (Chopra et al.,
1992; Cominacini et al., 2002; Evangelista and Manzini, 2005)
as well as in vivo (Buikema et al., 2000; de Nigris et al., 2001;
Sacco et al., 2001). These properties, together with its high
lipophilicity, could provide an enhanced penetration into
cardiac tissue (Subissi et al., 1999) and be involved in its
beneficial effect in patients with myocardial infarction
(Ambrosioni et al., 1995) or chronic heart failure (Borghi
et al., 1996). Recently, experimental studies in SHR (Liu et al.,
2007) and in essential hypertensive patients (Pasini et al.,
2007) indicate that the presence of the sulphydryl group may
confer properties other than ACE inhibition, such as improve-
ment of endothelial dysfunction.

Hypertrophic remodelling of the vascular wall may result
from hyperplasia, hypertrophy, architectural rearrangement
of existing cells, increased deposition of fibrillar or nonfibril-
lar intercellular matrix, or from a combination of these events
(Schiffrin and Hayoz, 1997). According to Mulvany et al.
(1996), the most common change found in large arteries in
hypertension is an ‘outward hypertrophic remodelling’,
increased lumen diameter and increased media cross-
sectional area with increased wall thickness. In hypertensive
large arteries, these changes appear to be the consequence of
cellular hypertrophy and redisposition of the wall mass
around a larger internal diameter. Histological examination of
the vessels from our SHR controls revealed medial thickening
and a cross sectional area larger than in WKY. According to
other authors (Marque et al., 1999), the lumen was increased
as compared with WKY but without significant differences.
Three months of treatment with zofenopril produced a
marked improvement in all parameters. We observed a com-
plete recovery of remodelling when the treatment achieved
SBP values close to the normotensive animals.

Vascular remodelling of the small resistance arteries can
involve a reduction in internal lumen (eutrophic remodel-
ling) or a lumen increase (outward remodelling) (Izzard et al.,
2005). We also examined small intrarrenal arteries of SHR and
WKY and, our data confirmed an eutrophic remodelling
which was partially reversed with the high dose (10 mg·kg-1

per day) of zofenopril. Also zofenopril at the low dose
increased the lumen to a similar extent as the antihyperten-
sive dose. Our results agree with those of other authors that
ACE inhibitors are effective in controlling and even reversing
vascular remodelling, independently of their blood pressure
reducing effect (Galderisi and de Divitiis, 2008).
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Figure 9 Superoxide anion (O2
-) release quantified by lucigenin-

enhanced chemiluminescence, from intact aortic segments. SHR,
spontaneously hypertensive rats; Z0.5, SHR treated with zofenopril
0.5 mg·kg-1 per day; Z10, SHR treated with zofenopril 10 mg·kg-1 per
day. *P < 0.05 compared with SHR.
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Another objective of our study was to investigate whether
long-term treatment with zofenopril might improve the
endothelial function of conductance arteries. It is known that
structural and/or functional alterations of the vascular endot-
helium occur in many pathological conditions, including
hypertension (Lüscher and Vanhoutte, 1986). Regression of
these alterations is an important target of antihypertensive
therapy. It has been proposed that impaired relaxation to ACh
in the large conductance arteries of SHR may result from
decreased NO synthesis (Hayakawa et al., 1993; Panza et al.,
1995) and perhaps from an increase in superoxide anions or
other contracting factors, released from a dysfunctional
endothelium.

Increased vasodilator capacity to ACh after zofenopril treat-
ment of SHR was observed in our study and is consistent with
the findings of Buikema et al. (2000), who reported in rats
with heart failure following myocardial infarction, an
improvement of endothelial dysfunction through increased
activity of NO released from the endothelium into the vessel
wall. In our experiments, indomethacin enhanced ACh-
induced relaxations and this effect was greater in untreated
SHR than in the Z0.5 group, whereas this enhancement was
not observed in the Z10 group. The same pattern of effect was
observed with SNP. In different models of hypertension, an
increased level of vascular basal cyclooxygenase-2 (COX-2)
protein expression and prostanoid production from COX-2
(Garcia-Cohen et al., 2000; Adeagbo et al., 2005; Alvarez et al.,
2005) has been reported. Our results with indomethacin
suggest that zofenopril could modify the expression or activ-
ity of this enzyme, although this point should be corrobo-
rated by further studies.

The involvement of reactive oxygen species in ACh-
induced endothelium-dependent contraction in the SHR
aorta has been noted earlier (Yang et al., 2002; 2003; Tang and
Vanhoutte, 2009). These authors indicate that superoxide
anions or secondary reactive oxygen species, such as hydro-
gen peroxide and hydroxyl radicals, could activate COX-1 in
smooth muscle and produce prostanoids that in turn stimu-
late thromboxane (TP) receptors. We observed that the con-
tractile response to ACh in aortic rings incubated with
L-NAME was greater in untreated SHR than in the low-dose
zofenopril (Z0.5) group and was absent in the high-dose
zofenopril (Z10) group. This effect of zofenopril could be medi-
ated by decreasing COX expression or superoxide production.

Apocynin has been used in many laboratories as a potent
and selective inhibitor of the O2

- anion-generating NADPH
oxidase of activated neutrophils (Van den Worm et al., 2001).
In order to achieve a complete inhibition of NADPH oxidase,
apocynin has been used under a wide variety of experimental
conditions. In our experiments, it was surprising that there
was less relaxation to ACh and SNP in presence of apocynin
in aortic rings from untreated SHR and the low-dose Z0.5

groups, but not in rings from treated rats with 10 mg·kg-1 per
day. Earlier work has suggested that high concentrations of
apocynin can induce superoxide anion generation in a
mouse glial cell line (Riganti et al., 2006) and in endothelial
cells (Vejrazka et al., 2005). We used 1 mM of apocynin and
this concentration may exert a pro-oxidant effect and thus
cause the impairment of ACh response. In our opinion, the
higher dose (10 mg·kg-1 per day) of zofenopril prevented the

apocynin pro-oxidant effect, as this treatment decreased the
O2

- generation measured by chemiluminescence in aortic
rings.

In conclusion, both antihypertensive and non-
antihypertensive doses of zofenopril produced a reduction of
heart hypertrophy and vascular remodelling as well as an
improvement of endothelial function, although these effects
were more marked when zofenopril was used at an antihyper-
tensive dose. Inhibition of ACE and antioxidant activity were
involved in these effects of zofenopril.
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