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Low-density lipoprotein reduction by simvastatin is
accompanied by angiotensin |l type 1 receptor
downregulation, reduced oxidative stress, and improved
endothelial function in patients with stable coronary artery

disease

Marek Kiliszek?, Michat Maczewski®, Grzegorz Styczynski®, Monika Duda®,
Grzegorz Opolski® and Andrzej Bergsewicz®

Objectives We tested the hypothesis that low-density
lipoprotein-cholesterol induces angiotensin Il type 1
receptor upregulation that, in turn, accounts for enhanced
oxidative stress, and the subsequent endothelial
dysfunction in patients with coronary artery disease.

Methods Brachial artery flow-mediated vasodilation,
serum 8-iso-prostaglandin F,, (8-isoprostane), and
angiotensin Il type 1 receptor density on platelets were
measured in 19 patients with coronary artery disease, at
entry and after 12 weeks of simvastatin therapy, 40 mg/day.

Results At entry there was a significant linear correlation
between: angiotensin Il type 1 receptor density and plasma
low-density lipoprotein-cholesterol; plasma 8-isoprostane
and angiotensin Il type 1 receptor density; and flow-
mediated vasodilation and 8-isoprostane. Simvastatin
therapy reduced low-density lipoprotein-cholesterol,
downregulated angiotensin Il type 1 receptor, decreased
8-isoprostane, and improved flow-mediated vasodilation.
The slopes of the presimvastatin and the postsimvastatin
angiotensin Il type 1 receptor/low-density lipoprotein
relationships did not significantly differ, indicating that
simvastatin caused a downregulation of angiotensin Il type
1 receptor that could be predicted by the low-density
lipoprotein reduction. In addition, simvastatin-mediated
changes in 8-isoprostane could be predicted by
angiotensin Il type 1 receptor downregulation, and
flow-mediated vasodilation improvement by changes in

Introduction

Endothelial dysfunction is an essential step in the
development of atherosclerosis and coronary artery
disease (CAD). Impaired endothelium-dependent and
nitric oxide (NO)-dependent vasodilation is a hallmark of
endothelial dysfunction [1-3]. In humans, endothelial
dysfunction comprises both coronary and peripheral
arteries, correlates with risk factor profile, and predicts
cardiac events [3,4]. Moreover, interventions improving
endothelial function reduce cardiovascular events in
patients with CAD and hypercholesterolemia [5-7].
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8-isoprostane. A significant correlation existed between
simvastatin-mediated changes in 8-isoprostane and
angiotensin Il type 1 receptor.

Conclusion The results of this study are consistent with
the hypothesis that in coronary artery disease, the
impairment of endothelial function is strongly associated
with oxidative stress, oxidative stress with cellular
angiotensin Il type 1 receptor density, and the angiotensin
Il type 1 receptor density with low-density lipoprotein-
cholesterol, suggesting cause-effect relationships
between these variables. In support for this notion, these
baseline associations were not significantly disturbed

by low-density lipoprotein-lowering therapy with
simvastatin. Coron Artery Dis 18:201-209 © 2007
Lippincott Williams & Wilkins.
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Increased superoxide production contributes to oxidative
stress, reduced NO bioavailability, and endothelial
dysfunction in animal models of vascular disease [1,3,8].
In humans, the contribution of free radicals to endothelial
dysfunction is an independent predictor of adverse
cardiovascular risk [9]. In human blood vessels [10],
including coronary arteries [11], nicotinamide adenine
dinucleotide phosphate (reduced form) (NADPH) oxi-
dase is the principal source of superoxide, and is
functionally related to clinical risk factors and systemic
endothelial dysfunction [12]. Angiotensin II activates
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NADPH oxidase, via angiotensin Il type 1-receptor
(AT1R) stimulation [13]. AT1R blockade [14-16] and
NADPH oxidase inhibition by 3-hydroxy-3-methylglut-
aryl coenzyme A inhibitors (statins) [16—18] have been
shown to inhibit vascular superoxide formation and
attenuate endothelial dysfunction in animal models.
Previous studies have shown that low-density lipoprotein
(LDL) mediates AT1R upregulation in isolated vascular
smooth muscle cells [19], and that hypercholesterolemic
rabbits [20] and men [21] display an enhanced expression
of AT1R. In addition, cholesterol-lowering therapy with
statins downregulates AT1R in hypercholesterolemic
men [21].

These interactions lead to the hypothesis that hyper-
cholesterolemia induces AT1R overexpression that, in
turn, increases vascular superoxide production, oxidative
stress, and the subsequent endothelial dysfunction
[1,22,23]. In humans, the interactions between LDL-
cholesterol, AT1R, oxidative stress, and endothelial
dysfunction have not been studied in the same group of
patients. Therefore, this study examined in CAD
patients: (i) whether endothelial dysfunction is related
to oxidative stress, AT'1R density, and LDL-cholesterol,
as predicted by the hypothesis and (ii) whether
cholesterol-lowering therapy with statin improves en-
dothelial function by LDL reduction and subsequent
downregulation of AT1R, and attenuation of oxidative
stress.

Methods

Participants

Nineteen patients with proven CAD (angiography or a
history of infarction) were enrolled (Table 1). Exclusion
criteria included unstable angina, recent myocardial
infarction or coronary revascularization (<6 months),
significant valvular heart disease, heart failure, uncon-
trolled hypertension, significant endocrine, hepatic, renal
or inflammatory disease, history of drug or alcohol abuse,
and history of treatment with lipid-lowering drugs for at
least 4 weeks before the study. The local ethics
committee approved the study, and patients gave written
informed consent.

Protocols

The patients were asked to refrain from eating food,
drinking alcohol and coffee, smoking, and taking short-
acting nitrates for at least 12 h before the study. Calcium
channel blockers, angiotensin-converting enzyme (ACE)
inhibitors, and long-acting nitrates were withheld for at
least 48h before the study. The patients underwent
physical examination, electrocardiography, blood pressure
measurement, vascular function measurement, and blood
sampling for biochemical determinations, and for the
assay of AT'1R density on platelets. These determinations
were performed at entry and after 12 weeks of simvastatin
therapy, 40 mg/day.

Table 1 Characteristics of 19 enrolled patients at entry and after
12 weeks of simvastatin therapy
Variable Baseline Simvastatin P value
Age (year) 62.3%+1.6
Sex (M/F) 15/4
Body mass index (kg/mQ) 27.9+0.7
Risk factors (N)

Hypercholesterolemia 14

History of hypertension 15

History of diabetes 1

Current smoking 1

History of myocardial infarction 9
Cardiovascular medication (N)

Aspirin 19 19

Beta-blockers 18 18

ACE-| 12 12

Diuretics 4 4

Long-acting nitrates 4 4

Calcium antagonists 4 4
Systolic blood pressure (mmHg) 125.7+4.4 124.6+3.9 NS
Diastolic blood pressure (mmHg) 79.41+2.2 785+2.0 NS
Heart rate (bpm) 68.0+1.8 66.7+£1.5 NS
Lipids (mg/dl)

Total cholesterol 234+9.5 169+ 74 <0.0001

LDL-cholesterol 1561+9.1 90+6.3 <0.0001

HDL-cholesterol 50+2.4 51+2.7 NS

Triglycerides 163+12.2 150+16.3 NS
High-sensitive CRP (mg/l) 3.8 (1.7-8.2) 1.8 (1.0-4.8) NS
ASPAT (IU) 274+21 29.1+1.8 NS
ALAT (IU) 31.613.3 379135 NS
AT1Rs/platelet (Bpay) 156.0£1.1 7810.6 <0.0001
AT1R affinity (kq) (nmol/l) 2.0+0.5 2.3+05 NS
Platelet count ( x 10%/1) 178+ 45 183+52 NS
Platelet volume (fl) 76+0.3 7.6+0.2 NS
8-Isoprostane (pg/ml) 40.2+3.2 275+25 0.017
Brachial artery diameter (mm)

Basal 3.70£0.12 3.6410.12 NS

During reactive hyperemia 4.02+0.14 4.04+0.14 NS

After nitroglycerin 4.29+1.4 4.35%0.15 NS

administration

Percentage change during 8.9+1.1 11.0£0.9 0.0317

reactive hyperemia

Percentage change after 17.8+£2.7 15.8+2.0 NS

nitroglycerin

Continuous variables are expressed as mean*SEM, except for C-reactive
protein, which are medians (first and third quartiles). Differences between
baseline and postsimvastatin variables were analyzed by paired t-test or, as in
case of C-reactive protein, by Wilcoxon matched pairs test.

ACE-|, angiotensin-converting enzyme |; ALAT, alanine aminotransferase; ASPAT,
aspartate aminotransferase; AT1R, angiotensin Il type 1 receptor; CRP,
C-reactive protein; F, female; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; M, male; NS, non significant

Vascular function

Flow-mediated vasodilation (FMD) was assessed on left
brachial artery by ischemia-induced reactive hyperemia
[24]. Studies were performed between 7:30 and 9:00 h in
a 23°C temperature-controlled room. Patients rested for
at least 30 min in the supine position to establish a stable
baseline. Brachial artery diameter was measured using a
10MHz linear phase arrayed ultrasound transducer
attached to a GE Vivid FiVe ultrasound machine (General
Electric, Horten, Norway). Scans were taken proximal to
the bifurcation of the brachial and the ulnar artery, at
end-diastole, coincident with R-wave on electrocardio-
gram (ECG). Vessel diameter was measured at fixed
distance from an anatomical marker, over a 1-2-cm
segment. Measurements were taken at baseline and
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every 15s between 30 and 120s after cuff deflation
completing suprasystolic compression (240 mmHg) of the
left upper arm for 4.5 min. After 15 min of rest and a
baseline recording, 0.5 mg nitroglycerin was given sub-
lingually to assess nitrate-mediated (NMD), endothe-
lium-independent vasodilation. Brachial artery diameter
was measured every 20 s between 2 and 4.5 min and it was
found, as it was established by others [24] and confirmed
in our preliminary studies, that peak vasodilation occured
3—4min after nitroglycerin administration. Scans were
recorded for later analysis. FMD and NMD were defined
as the maximum percentage increase in the artery
diameter mediated by reactive hyperemia and nitrogly-
cerin, respectively, over the baseline value. Two blinded
readers took these measurements, unaware of the
patient’s clinical characteristics and treatment. Inter-
observer and intraobserver coefficients of variation
[standard deviation (SD)/mean diameter] for vessel
diameter measurements were 2.56 and 2.17%, respec-
tively.

Radioligand binding assay

Blood (20ml) was drawn into tubes containing anti-
coagulant citrate dextrose (ACD) and stored on ice.
Platelet-rich supernatant was obtained by centrifugation
(4°C for 10min) at 1100g. The platelet pellet was
resuspended and washed twice in ACD, and platelets
were counted. Platelets were transferred to a 96-well
filter Plate for high-throughput separations (MultiScreen;
Millipore, Massachusetts, USA) (100ul of the sus-
pension containing 2 x 107 to 7 x 107 platelets/well) and
incubated with increasing concentrations of '*’I-angio-
tensin II (0.2-2 nmol/l; Amersham, Little Chalfont, UK).
Preliminary experiments revealed that in the range of
5% 10° to 10° platelets/well, the final estimate of the
AT1R density was not affected by the platelet count.
Nonspecific binding was assessed in the presence of
10 pmol/l losartan (a gift of Merck, Whitehouse Station,
New Jersey, USA). Incubation was performed at room
temperature for 120 min. Reaction was terminated by
addition of ice-cold buffer containing 0.5% bovine serum
albumin (BSA) and 10 mmol/l Tris—=HCI, and subsequent
vacuum filtering. The filters were cut out and bound
radioactivity was measured.

Assay of 8-isoprostane and C-reactive protein
8-1s0-Prostaglandin F,, (8-isoprostane) was measured as
an index of cellular oxidative stress [25], in duplicate, by
ELISA kit (Cayman Chemical, Ann Arbor, Michigan,
USA). C-reactive protein (CRP) was determined by
turbidimetric immunoassay.

Statistical analysis

Continuous variables were tested for normal distribution
with the Shapiro-Wilk test and were expressed as
mean = SEM if normally distributed or otherwise by
median with 25 and 75 percentiles. Differences between

AT1R, oxidative stress, and endothelium Kiliszek et al. 203

prestatin and poststatin values were analyzed by paired
z-test or Wilcoxon matched pairs test, respectively.
Univariate associations between the study variables were
analyzed by calculating Pearson’s or Spearman’s correla-
tion coefficients, when appropriate.

Poststatin relationships between parameters were com-
pared with prestatin ones by calculating predicted
parameters using regression equation (y = ax + ) estab-
lished for baseline relationships and comparing them with
authentic poststatin parameters using Dunnet’s test. A
P value less than 0.05 was considered significant.

Results

Baseline characteristics

Table 1 presents demographic and clinical characte-
ristics of 19 enrolled patients. Their total serum
cholesterol level ranged from 143 to 320mg/dl and
LDL-cholesterol from 75 to 230 mg/dl. In five indivi-
duals, total cholesterol was less than 200 mg/dl and
LDL-cholesterol less than 130 mg/dl, and they were
considered normocholesterolemic.

On univariate analysis, AT'1R density (Bpax), measured by
radioligand binding assay in isolated platelets, was
strongly dependent on concentration of LDL-cholesterol
(r=0.744, P<0.0003; Fig. 1a). The ligand affinity
(£4), however, correlated neither with LDL-cholesterol
(r=0.14, P=0.57) nor with B, (r=0.386, P =0.102).
B.x was expressed per single platelet because mean
platelet volume, and therefore their size, was similar in all
studied individuals, did not correlate with LDL-choles-
terol (»=0.04), and was not changed by simvastatin
(Table 1).

Although AT1R density strongly correlated with LDL-
cholesterol, there was only a trend for the correlation
between serum 8-isoprostane and LLDL-cholesterol, and
no correlation between FMD and LDL-cholesterol
(Fig. 1).

Serum 8-isoprostane positively correlated with AT1R
density, and there was only a trend for the correlation
between FMD and ATI1R (Fig. 2). Furthermore, FMD
inversely correlated with serum 8-isoprostane (Fig. 3).
High-density lipoprotein (HDL)-cholesterol, triglycer-
ides, or CRP were not significantly correlated with LDL-
cholesterol, AT1R density, 8-isoprostane, and FMD (not
shown).

On multivariate regression analysis, triglycerides, HDL-
cholesterol, LDL-cholesterol, AT'1R density, and oxidative
stress (8-isoprostane) were tested as independent markers
of endothelial function. Only oxidative stress significantly
predicted FMD (»=0.758, P < 0.02; Table 2). Likewise,
AT1R density appeared to be the sole predictor of oxidative
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Linear regression analysis of baseline plasma low-density lipoprotein (LDL) concentration and (a) platelet angiotensin Il type 1 receptor (AT1R)
density (y=1.4+0.09x, r=0.744, P<0.0003), (b) plasma concentration of 8-isoprostane (y=17.4+0.15x, r=0.419, P=0.074), and (c) flow-
mediated vasodilation (FMD) (r=0.05, P=0.85) in 19 patients with coronary artery disease.

stress (7= 0.685, P < 0.003), and LDL - the sole predictor
of AT1R density (»=0.731, P <0.001).

Simvastatin therapy

Simvastatin decreased total cholesterol by 28%, LDL-
cholesterol by 41%, AT1R density by 48%, and
8-isoprostane by 32% (Table 1). FMD was improved by
24%, and all these changes achieved statistical signifi-
cance (Table 1 and Fig. 4). Simvastatin reduced LDL-
cholesterol (Fig. 4a) and AT1R density (Fig. 4b)
consistently in all patients, whereas the changes in other
variables were less consistent (Fig. 4). Serum concentra-
tions of HDL, triglyceride, and CRP did not change
significantly with simvastatin therapy (Table 1).

Among the simvastatin-induced changes, only those in
8-isoprostane and AT1R density were significantly
associated (r=0.657, P <0.003; Fig. 5), and there was
no significant correlation between simvastatin-induced
changes in (i) AT1R and LDL-cholesterol, (i) FMD and
AT1R, and (iii) FMD and 8-isoprostane (not shown).

After simvastatin therapy, AT1R density was still linearly
dependent on LDL-cholesterol (»=0.684, P < 0.002;
Fig. 6a), and there was no correlation between 8-
isoprostane and AT1R (Fig. 6b) and between FMD and
8-isoprostane (Fig. 6¢).

Of note, the slopes of the presimvastatin and the
postsimvastatin AT1R/LDL relationships did not signifi-
cantly differ (P> 0.05). Consequently, the mean post-
simvastatin AT1R density did not significantly deviate
from the regression line describing the baseline AT1R/
LDL relationship (P > 0.05), indicating that AT1R were
downregulated by simvastatin to an extent that could be
predicted by the LDL reduction. Likewise, the mean
postsimvastatin 8-isoprostane and FMD (Fig. 6) did not
deviate (P> 0.05) from the regression lines describing
the baseline 8-isoprostane/AT1R and FMD/8-isoprostane
relationship, respectively. Thus, simvastatin reduced 8-
isoprostane and improved FMD to an extent predictable
in view of the changes in AT1R and 8-isoprostane,
respectively.
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Linear regression analysis of baseline plasma concentration of
8-isoprostane and flow-mediated vasodilation (FMD) (y=17.5—0.22x,
r=-0.648, P<0.003) in 19 patients with coronary artery disease.

Discussion

This study tested the hypothesis that in CAD patients,
LDL-cholesterol induces AT1R overexpression that, in
turn, accounts for enhanced oxidative stress, and the
subsequent endothelial dysfunction [1,22,23].

Table 2 Multivariate model for flow-mediated vasodilator
response before and after simvastatin therapy

Variable Before simvastatin After simvastatin
Regression P value Regression P value
coefficient coefficient

Triglycerides 0.350 0.244 0.343 0.531

HDL-cholesterol 0.391 0.190 -0.352 0.423

LDL-cholesterol 0.287 0.235 -0.381 0.430

AT1R density -0.348 0.330 -0.233 0.664

Serum 8-isoprostane -0.758 0.012 0.303 0.348

Before simvastatin : multiple r=0.792, F=3.71, P<0.032. After simvastatin :
multiple r=0.354, F=0.34, P=0.876.

AT1R, angiotensin Il type 1 receptor; FMD, flow-mediated dilation; HDL,
high-density lipoprotein; LDL, low-density lipoprotein.

We found that in CAD patients, there was a significant
linear correlations between (i) cellular AT1R density and
LDL-cholesterol, (ii) 8-isoprostane concentration and the
AT1R, and (iii) FMD and 8-isoprostane. Thus, in CAD,
the impairment of endothelial function is strongly
associated with oxidative stress, oxidative stress with
cellular AT'1R density, and the AT1R density with LLDL-
cholesterol, suggesting cause—cffect relationships between
these variables. In line with this hypothesis, statin therapy,
which reduced LDL-cholesterol, also reduced AT1R
density and oxidative stress, and improved FMD. Further-
more, the slopes of the presimvastatin and the postsim-
vastatin AT1R/LDL relationships did not significantly
differ, indicating that simvastatin downregulated AT1R in
a way that could be predicted by the LDL reduction. In
addition, simvastatin-mediated 8-isoprostane reductions
could be predicted by AT1R downregulation, and FMD
improvement by changes in 8-isoprostane.
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Fig. 4
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Platelet AT1R density served here as an index of AT1R
density in angiotensin II target tissues, including vascular
smooth muscle. The rationale for this was two-fold.
Human platelets possess angiotensin Il receptors whose
properties and regulation resemble those characterized in
animal smooth muscle and brain [26]. In humans, blood
pressure responses to angiotensin II infusion correlate
with AT1R density on platelets [21].

This study examined the hypothesis that the mechanism
of endothelial dysfunction in CAD involves a cascade of
steps with the LDL-cholesterol on the top of the
cascade. If this concept is correct, all four steps of the
cascade outlined above should correlate with each other,
with the strongest correlation expected to occur between
any two immediately succeeding steps. In fact, strong
associations occurred only between LDL-cholesterol and
AT1R, AT1R and 8-isoprostane, and 8-isoprostane and
FMD. Neither 8-isoprostane nor FMD, however, corre-
lated with LDL-cholesterol, and there was no correlation
between AT1R and FMD. Nevertheless, in keeping with
our hypothesis, other authors described, although in
larger groups of patients, significant correlations between
8-isoprostane formation and LDL cholesterol [27,28],

and between serum cholesterol and endothelial function
[29,30]. One conceivable explanation for these discrepant
results would be that various steps of the discussed
reaction cascade might be regulated by more than one
factor that is expected to weaken the statistical correla-
tions. Indeed, evidence indicates that LDL-cholesterol is
not a sole regulator of ATIR expression [31], and
angiotensin II is not the only mediator of the vascular
oxidative stress [1,3,8]. For instance, oxidized LDL are
increased in CAD patients and raise reactive oxygen
species formation in endothelium via the lectinlike
oxidized LDL receptor-1 (LOX-1 receptor) [32]. This
would independently contribute to oxidative stress. We
believe, therefore, that the significant correlations may
not have been detected in the present study because of
insufficient sample size.

In keeping with our hypothesis, simvastatin that reduced
LDL-cholesterol simultaneously downregulated ATIR,
attenuated oxidative stress, and improved endothelial
function. In previous human studies, statin therapy has
been already reported to downregulate ATI1R [21],
attenuate oxidative stress [28,33,34], and improve
endothelial function [5-7,34]. Here, these four statin-
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disease.

induced effects were studied together, allowing for a
closer insight into their mutual interactions. It appeared
that among the statin-mediated changes, the only
significant correlation was that between changes in
8-isoprostane and AT1R. This, and the significant
association between 8-isoprostane and AT1R at baseline,
support the view that the oxidative stress in the studied
patients was directly mediated by ATIR, and that
simvastatin attenuated oxidative stress because it down-
regulated AT1R and not because it exerted a direct
antioxidative effect. Consistent with this, AT1R blockade
reduced oxidative stress and improved forearm endothe-
lial function in patients with hypercholesterolemia [35]
and hypertension [36].

No correlation was there between simvastatin-mediated
changes in AT1R and LLDL-cholesterol, and between the
changes in FMD and 8-isoprostane, casting doubts as to
the nature of the association between these variables.
This lack of correlation may simply be because of the
insufficient sample size. Alternatively, it may be a
reflection of some cholesterol-independent effects of
statin therapy.

In this respect, it has been shown [37] that statins
directly increase endothelial NO synthase expression and
activity. In addition, in some clinical studies [33,38],
improvement in endothelial function under statin ther-
apy occurred before significant reduction in cholesterol
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level was evident. Statins were also shown [16,18,39] to
exert antioxidant effects in rat vascular smooth muscle by
cholesterol-independent depression of NADPH oxidase
subunit expression, and by the upregulation of catalase
expression. In humans, the reduction in oxidative stress
under statin therapy occurs before significant reduction
in LDL-cholesterol [33]. Finally, statin therapy was
shown [16,18] to directly downregulate AT1R expression
in rat vascular smooth muscle. Consistent with its
cholesterol-independent activity, 6-week statin therapy
in hypercholesterolemic patients exerted greater reduc-
tion in AT1R density than could be predicted by the
LDL reduction [21].

Unexpectedly, the present study does not provide
evidence for cholesterol-independent effects of statin
therapy. We demonstrate that statins (i) downregulated
AT1R to an extent that could be predicted by the LDL
reduction, (ii) decreased 8-isoprostane levels to an extent
predictable from reduction in AT1R density, and (iii)
improved FMD to an extent predictable from changes in
8-isoprostane. Altogether, these findings are consistent
with the notion that the changes in ATI1R, oxidative
stress, and endothelial function under statin therapy were
secondary to their lipid-lowering activity rather than to
their putative pleiotropic effects. These effects have
been proposed to account for the fact that the clinical
benefits observed with statins exceeded the benefits that
would be expected from the observed reductions in
cholesterol [40].

The reason for these discrepant clinical results is not
apparent from this study. We speculate that various doses
and/or duration of statin therapy in this and other studies
might explain the discrepancies. For instance, the
improvement in endothelial function and the reduction
in oxidative stress with statins occur within hours to days
of the therapy, that is, before the reduction in cholesterol
is achieved [33,38]. Thus, early during statin therapy, its
cholesterol-independent effects seem to predominate,
whereas with longer therapy, the effects secondary to
lipid-lowering activity may prevail.

In conclusion, we demonstrate that in CAD patients, the
impairment of endothelial function is associated with
oxidative stress, oxidative stress with cellular AT1R
density, and the AT1R density with LDL-cholesterol,
an observation consistent with the hypothesis that these
processes are causally related. In further support of the
hypothesis: (i) the reduction in LDL-cholesterol with
simvastatin was paralleled by AT1R downregulation,
attenuation of oxidative stress, and improvement of
endothelial function, and (ii) statin therapy downregu-
lated AT1R to an extent predictable by the LDL
reduction, decreased oxidative stress in a way predictable
from reduction in AT1R density, and improved FMD to
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Fig. 6
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an extent predictable from changes in oxidative stress.
The latter suggests that the changes in AT1R, oxidative
stress, and endothelial function under statin therapy were
mainly related to their lipid-lowering effects.

Acknowledgements
This study was supported by the Medical Center of
Postgraduate Education Grant 501-2-1-05-07/02.

References

1 Cai H, Harrison DG. Endothelial dysfunction in cardiovascular diseases:
the role of oxidant stress. Circ Res 2000; 87:840-844.

2 Channon KM, Qian H, George SE. Nitric oxide synthase in atherosclerosis
and vascular injury: insights from experimental gene therapy. Arterioscler
Thromb Vasc Biol 2000; 20:1873-1881.

3 Landmesser U, Harrison DG, Drexler H. Oxidant stress: a major cause of
reduced endothelial nitric oxide availability in cardiovascular disease. Eur J
Clin Pharmacol 2006; 62 (Suppl 13):13-19.

4 Davignon J, Ganz P. Role of endothelial dysfunction in atherosclerosis.
Circulation 2004; 109 (Suppl I11):11I-27-111-32.

Anderson TJ, Meredith IT, Yeung AC, Frei B, Selwyn AP, Ganz P.

The effect of cholesterol-lowering and antioxidant therapy on endothelium-
dependent coronary vasomotion. N Engl J Med 1995; 332:488-493.
O'Driscoll G, Green D, Taylor RR. Simvastatin, an HMG-coenzyme A
reductase inhibitor, improves endothelial function within 1 month. Circulation
1997; 95:1126-1131.

John S, Schlaich M, Langenfeld M, Weihprecht H, Schmitz G, Weidinger G,
et al. Increased bioavailability of nitric oxide after lipid-lowering therapy in
hypercholesterolemic patients: a randomized, placebo-controlled, double-
blind study. Circulation 1998; 98:211-216.

Wassmann S, Nickenig G. Interrelationship of free oxygen radicals and
endothelial dysfunction: modulation by statins. Endothelium 2003; 10:
23-33.

Heitzer T, Schlinzig T, Krohn K, Meinertz T, Munzel T. Endothelial dysfunction,
oxidative stress, and risk of cardiovascular events in patients with coronary
artery disease. Circulation 2001; 104:2673-2678.

Griendling KK, Sorescu D, Ushio-Fukai M. NAD(P)H oxidase.

Role in cardiovascular biology and disease. Circ Res 2000; 86:
494-501.

Guzik TJ, Sadowski J, Guzik B, Jopek A, Kapelak B, Przybylowski P,

et al. Coronary artery superoxide production and nox isoform expression in
human coronary artery disease. Arterioscler Thromb Vasc Biol 2006; 26:
333-339.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



20

21

22

23

24

25

Guzik TJ, West NE, Black E, Mcdonald D, Ratnatunga C, Pillai R, et al.
Vascular superoxide production by NAD(P)H oxidase: association with
endothelial dysfunction and clinical risk factors. Circ Res 2000; 86:
E85-E90.

Brandes RP, Kreuzer J. Vascular NADPH oxidases: molecular mechanisms
of activation. Cardiovasc Res 2005; 65:16-27.

Rajagopalan S, Kurz S, Munzel T, Tarpey M, Freeman BA, Griendling KK, et al.
Angiotensin ll-mediated hypertension in the rat increases vascular superoxide-
production via membrane NADH/NADPH oxidase activation. Contribution to
alterations of vasomotor tone. J Clin Invest 1996; 97:1916-1923.
Warnholtz A, Nickenig G, Schulz E, Macharzina R, Brasen JH, Skatchkov M,
et al. Increased NADH-oxidase-mediated superoxide production in the early
stages of atherosclerosis: evidence for involvement of the renin—angiotensin
system. Circulation 1999; 99:2027-2033.

Wassmann S, Laufs U, Baumer AT, Muller K, Ahlbory K, Linz W, et al.
HMG-CoA reductase inhibitors improve endothelial dysfunction in
normocholesterolemic hypertension via reduced production of reactive
oxygen species. Hypertension 2001; 37:1450-1457.

Wagner AH, Kohler T, Ruckschloss U, Just I, Hecker M. Improvement of nitric
oxide-dependent vasodilatation by HMG-CoA reductase inhibitors through
attenuation of endothelial superoxide anion formation. Arterioscler Thromb
Vasc Biol 2000; 20:61-69.

Wassmann S, Laufs U, Baumer AT, Muller K, Konkol C, Sauer H, et al.
Inhibition of geranylgeranylation reduces angiotensin ll-mediated free radical
production in vascular smooth muscle cells: involvement of angiotensin AT1
receptor expression and Rac1 GTPase. Mo/ Pharmacol 2001; 59:646-654.
Nickenig G, Sachinidis A, Michaelsen F, Bohm M, Seewald S, Vetter H.
Upregulation of vascular angiotensin Il receptor gene expression by low-
density lipoprotein in vascular smooth muscle cells. Circulation 1997;
95:473-478.

Nickenig G, Jung O, Strehlow K, Zolk O, Linz W, Scholkens BA, et al.
Hypercholesterolemia is associated with enhanced angiotensin AT(1)-
receptor expression. Am J Physiol 1997; 41:H2701-H2707.

Nickenig G, Baumer AT, Temur Y, Kebben D, Jockenhovel F, Bohm M.
Statin-sensitive dysregulation of AT1 receptor function and density in
hypercholesterolemic men. Circulation 1999; 100:2131-2134.

Nickenig G, Harrison DG. The AT;-type angiotensin receptor in oxidative
stress and atherogenesis. Part |: oxidative stress and atherogenesis.
Circulation 2002; 105:393-396.

Nickenig G, Harrison DG. The AT,-type angiotensin receptor in oxidative
stress and atherogenesis. Part |l: AT, receptor regulation. Circulation 2002;
105:530-536.

Corretti MC, Anderson TJ, Benjamin EJ, Celermajer D, Charbonneau F,
Creager MA, et al. Guidelines for the ultrasound assessment of endothelial-
dependent flow-mediated vasodilation of the brachial artery: a report of the
International Brachial Artery Reactivity Task Force. J Am Coll Cardiol 2002;
39:257-265.

Lawson JA, Rokach J, Fitzgerald GA. Isoprostanes: formation, analysis
and use as indices of lipid peroxidation in vivo. J Biol Chem 1999;
274:24441-24444,

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

AT1R, oxidative stress, and endothelium Kiliszek et al. 209

Moore TJ, Williams GH. Angiotensin |l receptors on human platelets.

Circ Res 1982; 51:314-320.

Reilly MP, Pratico D, Delanty N, DiMinno G, Tremoli E, Rader D, et al.
Increased formation of distinct F2 isoprostanes in hypercholesterolemia.
Circulation 1998; 98:2822-2828.

De Caterina R, Cipollone F, Filardo FP, Zimarino M, Bernini W, Lazzerini G,
et al. Low-density lipoprotein level reduction by the 3-hydroxy-3-
methylglutaryl coenzyme-A inhibitor simvastatin is accompanied by a related
reduction of F2-isoprostane formation in hypercholesterolemic subjects: no
further effect of vitamin E. Circulation 2002; 106:2543-2549.

Zeiher AM, Drexler H, Saurbier B, Just H. Endothelium-mediated

coronary blood flow modulation in humans. Effects of age, atherosclerosis,
hypercholesterolemia, and hypertension. J Clin Invest 1993; 92:
652-662.

Steinberg HO, Bayazeed B, Hook G, Johnson A, Cronin J, Baron AD.
Endothelial dysfunction is associated with cholesterol levels in the high
normal range in humans. Circulation 1997; 96:3287-3293.

Wassmann S, Nickenig G. Pathophysiological regulation of the AT1-
receptor and implications for vascular disease. J Hypertens Suppl 2006;
24:515-S21.

Thum T, Borlak J. Mechanistic role of cytochrome P450 monooxygenases in
oxidized low-density lipoprotein-induced vascular injury: therapy through
LOX-1 receptor antagonism? Circ Res 2004; 94:1-13.

Tsunekawa T, Hayashi T, Kano H, Sumi D, Matsui-Hirai H, Thakur NK et al.
Cerivastatin, a hydroxymethylglutaryl coenzyme a reductase inhibitor,
improves endothelial function in elderly diabetic patients within 3 days.
Circulation 2001; 104:376-379.

Wassmann S, Ribaudo N, Faul A, Laufs U, Bohm M, Nickenig G. Effect of
atorvastatin 80 mg on endothelial cell function (forearm blood flow) in
patients with pretreatment serum low-density lipoprotein cholesterol levels
<130mg/dl. Am J Cardiol 2004; 93:84-88.

Wassmann S, Hilgers S, Laufs U, Bohm M, Nickenig G. Angiotensin Il
type 1 receptor antagonism improves hypercholesterolemia-associated
endothelial dysfunction. Arterioscler Thromb Vasc Biol 2002; 22:
1208-1212.

Koh KK, Ahn JY, Han SH, Kim DS, Jin DK, Kim HS, et al. Pleiotropic effects
of angiotensin Il receptor blocker in hypertensive patients. J Am Coll Cardiol
2003; 42:905-910.

Laufs U, Lafata V, Plutzky J, Liao JK. Upregulation of endothelial nitric
oxide synthase by HMG CoA reductase inhibitors. Circulation 1998;
97:1129-1135.

Wassmann S, Faul A, Hennen B, Scheller B, Bohm M, Nickenig G. Rapid
effect of 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibition on
coronary endothelial function. Circ Res 2003; 93:¢98-e103.

Wassmann S, Laufs U, Muller K, Konkol C, Ahlbory K, Baumer AT, et al.
Cellular antioxidant effects of atorvastatin in vitro and in vivo. Arterioscler
Thromb Vasc Biol 2002; 22:300-305.

Lefer AM, Scalia R, Lefer DJ. Vascular effects of HMG CoA-reductase
inhibitors (statins) unrelated to cholesterol lowering: new concepts for
cardiovascular disease. Cardiovasc Res 2001; 49:281-287.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



