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SUMMARY

 

1. Antihypertensive treatment has been demonstrated to
result in persistent reductions in morbidity and mortality due
to stroke. However, the coronary risk attributable to hyper-
tension has been only partially reversed. We hypothesized that
diuretics could have unfavourable effects on atherosclerosis.

2. New Zealand rabbits were fed a 0.5% cholesterol-
enriched diet for 12 weeks, followed by a 0.1% cholesterol diet
for another 12 weeks. During the last 12 week period, 40
animals were randomly assigned to one of four groups: (i)
group I was the control group; (ii) group II received hydro-
chlorothiazide (10 mg/day); (iii) group III received quinapril
(30 mg/day); and (iv) group IV was treated with hydrochloro-
thiazide (10 mg/day) plus quinapril (30 mg/day).

3. The treatments did not affect either the lipid profile or
serum electrolytes and oxidative stress. However, endothelium-
dependent vasorelaxation in isolated aortic rings was signifi-
cantly improved with quinapril (group III) treatment
(

 

P

 

 < 0.001 

 

vs

 

 other groups). In addition, therapy with quinapril
promoted a significant reduction in atherosclerosis (intima
area, intima/media ratio and perimeter of vessel with plaque;

 

P

 

 < 0.05 

 

vs

 

 other groups), as well as in cholesterol content of the
aorta (

 

P

 

 < 0.05 

 

vs

 

 groups II and IV).
4. In conclusion, hydrochlorothiazide did not modify

atherosclerosis and, when added to quinapril treatment,
impaired the anti-atherosclerotic effect seen with quinapril
alone.

Key words: antihypertensive agents, atherosclerosis, endo-
thelium, hypercholesterolaemia, rabbits.

 

INTRODUCTION

 

Previous studies have reported a uniform and persistent reduction
in morbidity and mortality due to stroke that averages 40% with
antihypertensive therapy, a reduction that fits the risk attributable
to hypertension.

 

1,2

 

 In contrast, the impact of blood pressure control
on coronary artery disease reported in the past decade, mainly with
diuretic therapy, was below its epidemiological importance.

 

3

 

 More
recently, two major clinical trials with angiotensin-converting

enzyme (ACE) inhibitors have shown clear benefits of treatment to
high-risk, normotensive individuals, as well as to those with
hypertension, not only regarding stroke reduction, but also
coronary events.

 

4,5

 

Recent data suggest that the renin–angiotensin system may play
an important role in the pathogenesis of atherosclerosis.

 

6–8

 

 In fact,
in animal models, treatment with ACE inhibitors induced a reduc-
tion in experimentally induced atherosclerosis and in some known
mechanisms involved.

 

9,10

 

The crucial role of the endothelium in cardiovascular homeo-
stasis and protection against atherosclerosis has been firmly
established in the past two decades,

 

11,12

 

 but the impact of anti-
hypertensives on these strategic cells has been poorly reported,
especially regarding diuretics, recommended as first-line agents for
blood pressure control.

 

13

 

Therefore, the present study explores the hypothesis that diuretic
therapy may have adverse effects on atherosclerosis.

 

METHODS

Experimental protocol

 

Three-month-old male New Zealand rabbits, weighing 2.8 

 

±

 

 0.1 kg, were
housed individually with free access to drinking water. All animals received
proper care in compliance with the Ethics Committee for Research of the
São Paulo Hospital/Federal University of São Paulo

 

.

 

 Rabbits were fed a
0.5% cholesterol-enriched diet for 12 weeks, followed by a 0.1% choles-
terol diet for another 12 weeks to achieve moderate hypercholesterolaemia
during the period of active drug treatment. Animals were randomly
assigned to one of four groups with matching of lipid profiles and body-
weight at the 12th week: (i) group I (

 

n

 

 = 10) was the control group; (ii)
group II (

 

n

 

 = 10) was treated with hydrochlorothiazide (Clorana

 

®

 

; Sanofi-
Synthelabo, Rio de Janeiro, Brazil; 10 mg/day); (iii) group III (

 

n

 

 = 10)
received quinapril (Accupril

 

®

 

; Pfizer, Cali, Colombia;  30 mg/day); and (iv)
group IV (

 

n

 

 = 10) was treated with hydrochlorothiazide (10 mg/day) plus
quinapril (30 mg/day). All drugs were given orally, incorporated in 20 g of
standard chow and placed on top of the atherogenic diet (approximately
100 g/day).

 

Measurements of lipids, electrolytes, tissue cholesterol 
and oxidative stress

 

Fasting blood for lipid profiles was obtained at 12 and 24 weeks. At this
time,

 

 

 

animals

 

 

 

were

 

 

 

anaesthetized

 

 

 

with

 

 

 

an

 

 

 

intramuscular

 

 

 

injection

 

 

 

of
5 mg/kg xylazine (Rompun

 

®

 

; Bayer AG, Sao Paulo, Brazil;) and 35 mg/kg
ketamine (Ketalar

 

®

 

; Parke-Davis, Buenos Aires, Argentina;). Lipids were
measured by standard techniques using an enzymatic assay (Opera; Bayer,
Leverkusen, Germany) and tissue cholesterol was examined as reported
previously.

 

14

 

 Serum sodium, potassium, calcium and magnesium were
measured by colourimetric techniques (Advia 1650; Bayer, Tokyo, Japan).
Plasma and tissue hydroperoxide concentrations were estimated by the
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ferrous oxidation–xylenol orange assay (FOX2),

 

15

 

 and a technique based on
thiobarbituric acid-reactive substances (TBARS).

 

16

 

 These measurements
were performed using a Spectronic Genesys 2 spectrophotometer
(Spectronic

 

 

 

UNICAM,

 

 

 

Rochester,

 

 

 

NY,

 

 

 

USA)

 

 

 

with

 

 

 

readings

 

 

 

at

 

 

 

560 nm
and 535 nm, respectively.

 

Vascular responsiveness

 

The thoracic aorta was isolated and placed in a modified Krebs’ solution of
the following composition (in mmol/L): NaCl 122.0; KCl 5.9; CaCl

 

2

 

 1.2;
MgCl

 

2

 

 1.2; NaHCO

 

3

 

 15.0; glucose 11.0. Ring preparations were made as
reported previously.

 

14

 

 Changes in isometric force under a resting tension of
2 g were monitored by a force-displacement transducer (Myograph F-60;
Narco

 

 

 

BioSystems,

 

 

 

Houston,

 

 

 

TX,

 

 

 

USA).

 

 

 

Rings

 

 

 

were

 

 

 

pre-incubated

 

 

 

with
10

 

–5

 

 mol/L indomethacin for 1 h, contracted with 10

 

–6

 

 mol/L noradrenaline
and the endothelium-dependent vasorelaxation tested with increasing doses
of acetylcholine (10

 

–9

 

 to 10

 

–4

 

 mol/L). Endothelium-independent vasorelax-
ation was examined using 10

 

–5

 

 mol/L sodium nitroprusside.

 

Morphological study of the aorta

 

Specimens of the thoracic descending aorta and the proximal portion of the
aortic arch from each animal were prepared as reported previously.

 

14

 

Macrophages were identified with a monoclonal antibody (anti-RAM-11;
DAKO, Heidelberg, Germany). The labelled areas in the intima were
delimited using CorelDraw 9 software (Microsoft Corporation, Redmond,
WA, USA). Computer-assisted morphometric analysis was performed
blindly with Image Tool for Windows software (University of Texas Health
Science

 

 

 

Center

 

 

 

in

 

 

 

San

 

 

 

Antonio,

 

 

 

San

 

 

 

Antonio,

 

 

 

TX,

 

 

 

USA).

 

 

 

Five

 

 

 

sections,
one of the upper and four of the descending aorta, were chosen for
quantification.

 

Statistical analysis

 

Data are the mean

 

±

 

SEM. Statistical analysis was performed using one-way

 

ANOVA

 

 followed by Newman–Keuls’ multiple comparison test. When the
data consisted of repeated observations at successive time points, a
repeated-measures 

 

ANOVA

 

 was applied to determine differences between
groups. Statistical significance was accepted at 

 

P

 

 < 0.05.

 

RESULTS

Lipid profile

 

Serum total cholesterol, low-density lipoprotein–cholesterol, high-
density lipoprotein–cholesterol and triglycerides were significantly
higher at 12 weeks compared with 24 weeks (Table 1). Treatment
with hydrochlorothiazide and/or quinapril did not modify these
lipid parameters.

 

Electrolytes

 

No differences were seen among groups regarding serum sodium,
potassium, calcium or magnesium measured at the end of the
experiment (Table 2).

 

Tissue cholesterol

 

Table 3 shows the values observed for the cholesterol content in the
aorta, liver, kidney, spleen, brain and heart. Cholesterol content did

 

Table 1

 

Effect of treatment on serum lipid levels and bodyweight

Variable

 

n

 

Group 
I II III IV

Total cholesterol (mg/dL)
12 weeks 10 1310 

 

± 

 

122* 1286 

 

± 

 

79*0 1163 

 

± 

 

105* 1450 

 

± 

 

117*
24 weeks 10 243 

 

± 

 

610 234 

 

± 

 

410 205 

 

± 

 

400 210 

 

± 

 

340
Low-density lipoprotein–cholesterol (mg/dL)

12 weeks 10 1219 

 

± 

 

123* 1219 

 

± 

 

159* 1020 

 

± 

 

317* 1344 

 

± 

 

78*0
24 weeks 10 215 

 

± 

 

580 178 

 

± 

 

270 168 

 

± 

 

360 186 

 

± 

 

330
High-density lipoprotein–cholesterol (mg/dL)

12 weeks 10  36 

 

± 

 

4

 

†

 

0  36 

 

± 

 

8

 

†

 

0  40 

 

± 

 

5

 

†

 

0  45 

 

± 

 

7

 

†

 

0
24 weeks 10 18 

 

± 

 

30 16 

 

± 

 

20 19 

 

± 

 

30 18 

 

± 

 

20
Triglycerides (mg/dL)

12 weeks 10  94 

 

± 

 

14

 

†

 

 110 

 

± 

 

19

 

†

 

0  100 

 

± 

 

12

 

†

 

0  138 

 

± 

 

28

 

†

 

0
24 weeks 10 49 

 

± 

 

60 38 

 

± 

 

40 47 

 

± 

 

12 34 

 

± 

 

40
Weight (g)

0 weeks 10  2.78 

 

± 

 

0.11

 

‡

 

 2.79 

 

± 

 

0.12

 

‡

 

 2.78 

 

± 

 

0.12

 

‡

 

 2.95 

 

± 

 

0.12

 

‡

 

12 weeks 10 3.32 

 

± 

 

0.10 3.20 

 

± 

 

0.15 3.59 

 

± 

 

0.13 3.23 

 

± 

 

0.10
24 weeks 10 3.59 

 

± 

 

0.11 3.49 

 

± 

 

0.15 3.68 

 

± 

 

0.10 3.46 

 

± 

 

0.10

Data are the mean

 

±

 

SEM. †P < 0.05, *P < 0.001 compared with 24 weeks (Newman–Keuls’ test); ‡P < 0.05 compared with 12 and 24 weeks (repeated-
measures ANOVA).

Group I, control; group II, hydrochlorothiazide; group III, quinapril; gourp IV, hydrochlorothiazide + quinapril.

Table 2 Serum electrolytes at 24 weeks

Group n
Sodium 
(mEq/L)

Potassium 
(mEq/L)

Magnesium 
(mg/dL)

Calcium 
(mg/dL)

Ionized calcium 
(mmol/L)

I 10 140 ± 1 3.3 ± 0.2 2.8 ± 0.2 11.4 ± 0.3 1.51 ± 0.04
II 10 140 ± 1 3.6 ± 0.1 2.7 ± 0.1 11.1 ± 0.4 1.53 ± 0.03
III 10 143 ± 1 3.4 ± 0.1 2.7 ± 0.1 11.4 ± 0.3 1.56 ± 0.03
IV 10 138 ± 2 3.2 ± 0.2 2.4 ± 0.1 11.2 ± 0.4 1.59 ± 0.02

Data are the mean±SEM.
Group I, control; group II, hydrochlorothiazide; group III, quinapril; gourp IV, hydrochlorothiazide + quinapril.
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not differ in these tissues regardless of the type of treatment, except
for in the aorta, where group III animals (receiving quinapril) had
a lower cholesterol content than that observed in animals under
diuretic therapy (groups II and IV).

Oxidative stress

No differences were observed in plasma or aortic concentrations of
either hydroperoxide or TBARS (Table 4).

Morphology

Microscopic examination of atherosclerotic aortas revealed signifi-
cant plaque development, which was attenuated by quinapril treat-
ment. In fact, the intima area, intima/media ratio, plaque length and
thickness were all significantly reduced following quinapril treat-
ment. Moreover, in quinapril-treated rabbits, there was a 50%
reduction in the intimal area occupied by macrophages, although
this result did not reach statistical significance  (Figs 1a–d,2).

Table 3 Tissue cholesterol at 24 weeks

Group n
Cholesterol (mg/g tissue) 

Aorta Liver Kidney Spleen Brain Heart

I 10 38.0 ± 5.00 22.0 ± 3.2 4.1 ± 0.4 9.4 ± 1.6 10.6 ± 0.7 2.0 ± 0.1
II 10 42.0 ± 5.00 21.8 ± 2.8 4.5 ± 0.3 9.0 ± 1.7 11.2 ± 0.6 1.9 ± 0.1
III 10 26.0 ± 5.0* 21.4 ± 2.9 4.4 ± 0.2 6.9 ± 1.3 10.7 ± 0.9 1.8 ± 0.1
IV 10 48.0 ± 6.00 22.0 ± 3.8 4.8 ± 0.4 8.1 ± 1.2 11.1 ± 0.8 2.0 ± 0.2

Data are the mean±SEM. *P < 0.05 compared with groups II and IV (Newman–Keuls’ test).
Group I, control; group II, hydrochlorothiazide; group III, quinapril; gourp IV, hydrochlorothiazide + quinapril.

Table 4 Plasma and aorta concentrations of hydroperoxide and Thiobarbituric acid-reactive substances

Group n

Hydroperoxides Thiobarbituric acid-reactive substances 
Plasma 

(�mol/L)
Aorta 

(�mol/100 g)
Plasma 

(nmol/mL)
Aorta 

(nmol/100 g)

I 10 1.00 ± 0.30 2.52 ± 0.41 1.27 ± 0.24 1.23 ± 0.33
II 10 1.33 ± 0.48 2.54 ± 0.57 1.32 ± 0.23 1.86 ± 0.51
III 10 1.16 ± 0.40 1.88 ± 0.17 1.59 ± 0.19 1.26 ± 0.43
IV 10 1.40 ± 0.69 3.00 ± 0.86 1.37 ± 0.22 2.13 ± 0.59

Group I, control; group II, hydrochlorothiazide; group III, quinapril; gourp IV, hydrochlorothiazide + quinapril.

Fig. 1 Mean values for (a) intima
area, (b) intima/media ratio, (c) peri-
meter and (d) macrophage area. Five
specimens were chosen for measure-
ments in each animal (one from the
upper aorta and four from the
descending aorta). (�), control
(group I); ( ), hydrochlorothiazide
(group II); ( ), quinapril (group III);
(�), hydrochlorothiazide + quinapril
(group IV). Data are the mean±SEM.
*P < 0.05, †P < 0.01, ‡P < 0.001
compared with groups I, II and
IV (Newman–Keuls’ test). For all
morphometric analyses, specimens
from 10 animals in each group were
examined.
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Vasoreactivity

The precontraction levels in response to noradrenaline were similar
among groups (6.3 ± 0.4, 4.4 ± 0.3, 4.8 ± 0.5 and 5.1 ± 0.6 g for
groups I–IV, respectively).

Concentration–response curves for the vasodilator effect of
acetylcholine in aortic rings showed similar ED50 values among
the four groups (6.11 � 10–8, 3.24 � 10–8, 3.46 � 10–8 and
3.31 � 10–8 mol/L for groups I–IV, respectively). However, Fig. 3
shows that dose–response curves to acetylcholine indicated a
significant improvement in the vasorelaxant response in tissues
from animals treated with quinapril (group III) compared with the
control (group I) and hydrochlorothiazide groups (groups II and
IV). Conversely, the dose–response curve to acetylcholine in the
quinapril + diuretic-treated animals (group IV) was shifted to the
right with the maximun response depressed.

Endothelial-independent vasorelaxation in response to sodium
nitroprusside was not modified by drug treatment (data not shown).

DISCUSSION

Our results support the hypothesis that hydrochlorothiazide may
have adverse effects on atherosclerosis. In fact, to our knowledge,
the present study shows, for the first time, that diuretic therapy can

abolish the beneficial effects of an ACE inhibitor with regard to
endothelial function and atherosclerosis. Considering the wide-
spread use of thiazide therapy for the control of blood pressure and
the little benefit to coronary risk, at least with high doses, the
present study sheds new lights on the importance of vascular
homeostasis that is based not just on the efficacy of antihyper-
tensive agents in reducing blood pressure.

Quinapril-treated animals showed consistent attenuation of
atherosclerosis and improvement in endothelial function, a result
that was expected based on the extensive literature and the results
of recent clinical trials.4–10 Conversely, hydrochlorothiazide treat-
ment did not modify the development of atherosclerosis or
endothelial function in this model. However, when added to
quinapril, the benefits of the ACE inhibitor were lost. All these
aspects were more striking considering that they were obtained
while the same lipid and electrolyte profiles were maintained. In
addition, no differences were observed among groups in body-
weight, which agrees with our observation that the intake of drug
was comparable and uniform during the investigation. We have
changed the amount of cholesterol in the diet during the active
pharmacological treatment (final 12 weeks) to avoid excessive
hypercholesterolaemia, which may affect endothelium function
and could mask any potential benefit of drug treatment. The anti-
atherosclerotic effect of quinapril after 3 months treatment was of

Fig. 2 Histological cross-sections of
representative atherosclerotic aortas
demonstrating marked reduction of
intimal thickness following quinapril
treatment. (a–c) Specimens from
control animals (group I); (d–f) speci-
mens from hydrochlorothiazide-
treated animals (group II); (g–i) speci-
mens from quinapril-treated animals
(group III); (j–l) specimens from
hydrochlorothiazide + quinapril-treat-
ed animals (group IV). (a,d,g,j)
Verhoeff stain (original magnification
�6); (b,e,h,k) haematoxylin and eosin
stain (original magnification �40);
(c,f,i,l) specimens treated with RAM-
11 to identify macrophages (brown;
original magnification �100).
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the same magnitude as that observed recently with pravastatin in a
similar protocol developed by our group with regard to intima/
media ratio, perimeter and maximal thickness of the atherosclerotic
lesions.14

Previous studies have shown that patients with essential hyper-
tension have reduced endothelium-dependent vasorelaxation17,18

and some studies have suggested a decreased activity of endothelial
nitric oxide (NO).19–21 In the present study, hydrochlorothiazide
treatment did not modify the endothelium-dependent vasodila-
tation in response to acetylcholine, whereas quinapril-treated
animals (group III) showed significant improvement in this aspect.
In addition, vasodilation to acetylcholine was more severely
impaired (i.e. maximum response was depressed) in animals
treated with hydrochlorothiazide plus quinapril.

Previous studies have shown that the production of NO by
hypercholesterolaemic and atherosclerotic rabbit aorta is markedly
enhanced rather than impaired.22 However, hypercholesterolaemia
increases superoxide anion production, which is associated with
NO degradation due mainly to the formation of peroxynitrate.22–24

In addition, a two- to fivefold increase in vascular ACE activity has
been demonstrated in the atherosclerotic rabbit.8 All components of
the renin–angiotensin system have been found in cardiovascular
structures.25,26 More recently, an increase in the overall vascular
responsiveness to angiotensin II was observed in atherosclerotic
rabbits.26 Therefore, the inhibition of ACE activity and, conse-
quently, the reduction in angiotensin II formation may be of
importance in the benefits seen in terms of endothelial function and
atherosclerosis. Some protective mechanisms of ACE inhibition
involves the reduction of superoxide anion concentrations in the
intimal layer, decreases in endothelin transcription, leading to an
improvement of endothelial function, and an attenuation of athero-

sclerosis. In our model, we did not measure ACE in the aorta, but
overexpression of the renin–angiotensin system in vascular tissues
following diuretic therapy could explain the lack of efficacy of
quinapril. Furthermore, prevention of the degradation of endo-
genous kinins and other peptides by ACE inhibitors stimulates the
production of endothelium-derived mediators, which include NO,
prostacyclin and endothelium-derived hyperpolarizing factors
(EDHF).27 No differences were found in plasma concentrations of
hydroperoxide or TBARS. However, examining these variables in
the aorta, we found a trend for them to be higher with diuretic
therapy. Moreover, the cholesterol content in the aorta was reduced
following quinapril treatment compared with diuretic therapy.

Chronic administration of hydrochlorothiazide is associated with
a reduction in serum magnesium and potassium via a mechanism
that involves a reduction in intracellular potassium and magnesium,
leading to membrane depolarization.28 Furthermore, increased
natriuresis has been reported following diuretic therapy in combin-
ation with ACE inhibitors.29,30 Depletion of intracellular potassium
and magnesium may affect important cellular responses, including
the availability of calcium and cell membrane polarization. In the
presence of atherosclerosis, the EDHF may have an important role
in vasodilation and other endothelial functions, especially follow-
ing ACE inhibitor treatment.31 In addition, hydrochlorothiazide, as
opposed to other diuretics, neither increases kallikrein gene
expression nor has any anti-oxidant properties.32,33 In fact, in the
PROGRESS study,5 the group that most benefited from ACE
inhibitor (perindopril) treatment was the one in which the ACE
inhibitor was combined with indapamide. However, this particular
diuretic has no deleterious effect on glucose metabolism, serum
lipid levels or renal function and also has anti-oxidant proper-
ties.33,34

In the recent ALLHAT study,35 a larger trial in hypertensive
patients, a low dose of chlorthalidone was better than the ACE
inhibitor lisinopril in reducing some cardiovascular outcomes.
However, 5 year systolic blood pressure was significantly higher
in the lisinopril group compared with the chlorthalidone group.
Furthermore, greater differences occurred in non-Caucasian
patients (one-third of the entire study population) and these results
are in accordance with many reports of poorer blood pressure
responses with ACE inhibitor treatment in this population.36,37

We did not measure arterial blood pressure in the present study,
but it is unlikely that a blood pressure reduction alone could explain
our results on endothelial function as well as atherosclerosis
because no benefit was observed in the quinapril + diuretic-treated
animals. Combination of ACE inhibitors with low-dose diuretics is
common in clinical practice and necessary for appropriate blood
pressure control in many cases. However, as mentioned before,
high doses of diuretics do not modify coronary outcomes in
hypertensive patients. In the ALLHAT study, even a low dose of
chlorthalidone was accompanied by an increase in fasting glucose
levels. The precise role of the use of low-dose diuretics combined
with ACE inhibitors in long-term cardiovascular outcomes for
patients with appropriate blood pressure control, remains to be
tested.

In conclusion, hydrochlorothiazide, considered as a first-line
antihypertensive drug, showed a neutral effect on atherosclerosis in
cholesterol-fed rabbits. However, in combination with the ACE
inhibitor quinapril, hydrochlorothiazide abolished the benefit of
quinapril drug on endothelial function and atherosclerosis. Our

Fig. 3 Dose–response curves for the vasorelaxation induced by acetylcho-
line (ACh) in isolated aortic rings. Relaxations are expressed as a per-
centage of the initial constrictor response obtained to 10–5 mol/L
noradrenaline. (�), control; (�), hydrochlorothiazide; (�), quinapril; (�),
hydrochlorothiazide + quinapril. Data are the mean±SEM (n = 10 in each
group). Vasorelaxation in quinapril-treated animals showed significant
improvement compared with the other groups (*P < 0.001). Conversely,
vasodilatation in the quinapril + hydrochlorothiazide-treated animals was
significantly impaired compared with the other groups (†P < 0.001 versus
other groups, ANOVA for repeated measurements followed by Newman-
Keuls multiple comparison test).
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results are in agreement with a new paradigm of antihypertensive
therapy: the need of these agents to have beneficial effects on
vascular homeostasis in addition to their ability to reduce blood
pressure. The molecular mechanisms, including inhibition of the
NO pathway, and how arterial blood pressure could affect these
findings are important questions that remain to be answered.

ACKNOWLEDGEMENT

This research was supported by FAPESP–São Paulo State Research
Foundation (grant 06092–4).

REFERENCES

1. Collins R, Peto R, MacMahon S et al. Blood pressure, stroke, and
coronary heart disease. Part II. Short-term reductions in blood pres-
sure: Overview of randomized drug trials in their epidemiological
context. Lancet 1990; 335: 827–38.

2. Psaty BM, Smith NL, Siscovick DS et al. Health outcomes associated
with antihypertensive therapies used as first-line agents. JAMA 1997;
277: 739–45.

3. MacMahon S, Peto R, Cutler J et al. J. Blood pressure, stroke, and
coronary heart disease. Part I. Prolonged differences in blood pressure:
Prospective observational studies corrected for the regression dilution
bias. Lancet 1990; 335: 764–74.

4. Heart Outcomes Prevention Evaluation Study Investigators. Effects
of an angiotensin-converting-enzyme inhibitor, ramipril, on cardio-
vascular events in high-risk patients. N. Engl. J. Med. 2000; 355:
1575–81.

5. PROGRESS Collaborative Group. Randomised trial of a perindopril-
based blood-pressure-lowering regimen among 6105 individuals with
previous stroke or transient ischaemic attack. Lancet 2001; 358:
1033–41.

6. Hernandez-Presa M, Bustos C, Ortego M et al. Angiotensin-
converting enzyme inhibition prevents arterial nuclear factor-�B
activation, monocyte chemoattractant protein-1 expression, and
macrophage infiltration in a rabbit model of early accelerated athero-
sclerosis. Circulation 1997; 95: 1532–41.

7. Pitt B. Angiotensin-converting enzyme inhibitors in patients with
coronary atherosclerosis. Am. Heart J. 1994; 128: 1328–32.

8. Mitani H, Bandoh T, Kimura M, Totsuka T, Hayashi S. Increased
activity of vascular ACE related to atherosclerotic lesions in hyper-
lipidemic rabbits. Am. J. Physiol. 1996; 271: H1065–71.

9. Hoshida S, Nishida M, Yamashita N et al. Vascular angiotensin-
converting enzyme activity in cholesterol-fed rabbits: Effects of
enalapril. Atherosclerosis 1997; 130: 53–9.

10. Hernandez-Presa MA, Bustos C, Ortego M, Tunon J, Ortega L, Egido
J. ACE inhibitor quinapril reduces the arterial expression of NF-�B-
dependent proinflammatory factors but not of collagen I in a rabbit
model of atherosclerosis. Am. J. Pathol. 1998; 153: 1825–37.

11. Rubanyi G. The role of endothelium in cardiovascular homeostasis and
diseases. J. Cardiovasc. Pharmacol. 1993; 22 (Suppl. 4): S1–14.

12. Cooke JP, Tsao PS. Endothelial alterations in atherosclerosis: The role
of nitric oxide. In: Webb D, Wallance P (eds). Endothelial Function in
Hypertension. Springer-Verlag, Heidelberg. 1997; Ch. 3.

13. Anonymous. The sixth report of the Joint National Committee on
Prevention, Detection, Evaluation and Treatment of High Blood
Pressure. Arch. Intern. Med. 1997; 157: 2413–45.

14. Silva EP, Fonseca FA, Ihara SS et al. Early benefits of pravastatin to
experimentally induced atherosclerosis. J. Cardiovasc. Pharmacol.
2002; 39: 389–95.

15. Nourooz-Zadeh J, Tajaddini-Sarmadi J, Wolff SP. Measurement of
plasma hydroperoxide concentrations by the ferrous oxidation–
xylenol orange assay in conjunction with triphenylphosphine. Anal.
Biochem. 1994; 220: 403–9.

16. Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in animal
tissues by thiobarbituric acid reaction. Anal. Biochem. 1979; 95:
351–8.

17. Linder L, Kiowski W, Buhler FR, Luscher TF. Indirect evidence for
release of endothelium-derived relaxing factor in human forearm
circulation in vivo. Circulation 1990; 81: 1762–7.

18. Taddei S, Virdis A, Mattei P, Salvetti A. A vasodilation to acetyl-
choline in primary and secondary forms of human hypertension.
Hypertension 1993; 87: 1468–74.

19. Calver A, Collier J, Moncada S Vallance P. Effect of local intra-arterial
NG-monomethyl-L-arginine in patients with hypertension: The nitric
oxide dilator mechanism appears abnormal. J. Hypertens. 1992; 10:
1025–31.

20. Panza JA, Casino PR, Kilcoyne CM, Quyyumi AA. Impaired endo-
thelium-dependent vasodilation in patients with essential hyper-
tension: Evidence for the abnormality is not at the muscarinic receptor
level. J. Am. Coll. Cardiol. 1994; 23: 1610–16.

21. Cardillo C, Kilcoyne CM, Quyyumi AA, Cannon 3rd RO, Panza JA.
Selective defect in nitric oxide synthesis may explain the impaired
endothelium-dependent vasodilatation in patients with essential hyper-
tension. Circulation 1998; 97: 851–6.

22. Minor Jr RL, Myers PR, Guerra Jr R, Bates JN, Harrison DG. Diet-
induced atherosclerosis increases the release of nitrogen oxides from
rabbit aorta. J. Clin. Invest. 1990; 86: 2109–16.

23. Peng HB, Rajavashisth TB, Libby P, Liao JK. Nitric oxide inhibits
macrophage-colony stimulating factor gene transcription in vascular
endothelial cells. J. Biol. Chem. 1995; 270: 17 050–5.

24. Ohara Y, Peterson TE, Harrison DG. Hypercholesterolemia increases
endothelial superoxide anion production. J. Clin. Invest. 1993; 91:
2546–51.

25. Schalekamp MA. Second Bjorn Folkow Award Lecture. The renin–
angiotensin system: New surprises ahead. J. Hypertens. 1991; 9
(Suppl. 6): S10–17.

26. Johnston CI. Franz Volhard Lecture. Renin–angiotensin system: A
dual tissue and hormonal system for cardiovascular control.
J. Hypertens. 1992; 10 (Suppl. 7): S13–26.

27. Mombouli JV, Vanhoutte PM. Kinins mediate kallikrein-induced
endothelium-dependent relaxation in isolated canine coronary arteries.
Biochem. Biophys. Res. Commun. 1992; 185: 693–7.

28. Dai LJ, Friedman PA, Qume GA. Cellular mechanism of chloro-
thiazide and cellular potassium depletion on Mg2+ uptake in mouse
distal convoluted tubule cells. Kidney Int. 1996; 51: 8–17.

29. Good JM, Brady AJ, Noormohamed FH, Oakley CM, Cleland JG.
Effect of intense angiotensin II suppression on the diuretic response to
furosemide during chronic ACE inhibition. Circulation 1994; 90:
220–4.

30. Bauersachs J, Fraccarollo D, Ertl G, Gretz N, Wehling M, Christ M.
Striking increase of natriuresis by low-dose spironolactone in con-
gestive heart failure only in combination with ACE inhibition.
Mechanistic evidence to support RALES. Circulation 2000; 102:
2325–8.

31. Mombouli JV, Vanhoutte PM. Kinins and endothelial control
of vascular smooth. Annu. Rev. Pharmacol. Toxicol. 1995; 35:
679–85.

32. Penschow JD, Bulmer B. Effects of diuretics on renal kallikrein gene
expression in rats. Clin. Exp. Pharmacol. Physiol. 1998; 25 (Suppl.):
S86–90.

33. Vergely C, Walker MK, Zeller M et al. Antioxidant properties of
indapamide, 5-OH indapamide and hydrochlorothiazide evaluated by
oxygen-radical absorbing capacity and electron paramagnetic reson-
ance. Mol. Cell. Biochem. 1998; 178: 151–5.

34. Weidmann P. Metabolic profile of indapamide sustained-released in
patients with hypertension: Data from three randomized double-blind
studies. Drug Safety 2001; 24: 1155–65.

35. ALLHAT Officers and Coordinators for the ALLHAT Collaborative
Research Group. The Antihypertensive and Lipid-Lowering Treatment
to Prevent Heart Attack Trial. Major outcomes in high-risk hyper-
tensive patients randomized to angiotensin-converting enzyme inhib-



Antihypertensives in atherosclerosis 785

itor or calcium channel blocker vs diuretic. The Antihypertensive and
Lipid-Lowering Treatment to Prevent Heart Attack (ALLHAT). JAMA
2002; 288: 2981–97.

36. Weir MR, Gray JM, Paster R, Saunders E. Differing mechanisms of
action of angiotensin-converting enzyme inhibition in black and white

hypertensive patients. The Trandolapril Multicenter Study Group.
Hypertension 1995; 26: 124–30.

37. Rahman M, Douglas JG, Wright Jr JT. Pathophysiology and treatment
implications of hypertension in the African–American population.
Endocrinol. Metab. Clin. North Am. 1997; 26: 125–44.


