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ABSTRACT

Background It has been reported that renovascular
hypertension activates the renin—angiotensin system,
leading to an increase in oxidative stress. We sought to
determine whether renal-artery angioplasty improves
endothelial dysfunction in patients with renovascular
hypertension through a reduction in oxidative stress.

Methods We evaluated the response of forearm
blood flow to acetylcholine, an endothelium-depend-
ent vasodilator, and isosorbide dinitrate, an endothe-
lium-independent vasodilator, before and after renal-
artery angioplasty in 15 subjects with renovascular
hypertension and 15 controls without hypertension
who were matched for age and sex. Forearm blood
flow was measured with the use of a mercury-filled
Silastic strain-gauge plethysmograph.

Results The forearm blood flow in response to
acetylcholine was less in subjects with renovascular
hypertension than in controls, although the forearm
blood flow in response to isosorbide dinitrate was sim-
ilar in the two groups. Angioplasty decreased systolic
and diastolic blood pressures, forearm vascular resist-
ance, and urinary excretion of 8-hydroxy-2'-deoxy-
guanosine and serum malondialdehyde-modified low-
density lipoprotein (LDL), indexes of oxidative stress.
After angioplasty, the mean (+SD) forearm blood
flow in response to acetylcholine was increased in the
patients with renovascular hypertension (19.3+6.8
vs. 29.6+7.1 ml per minute per 100 ml, P=0.002). The
increase in the maximal forearm blood flow in re-
sponse to acetylcholine correlated significantly with
the decrease in urinary excretion of 8-hydroxy-2'-
deoxyguanosine (r= —0.51, P=0.004) and serum ma-
londialdehyde-modified LDL (r=—0.39, P=0.02). Coin-
fusion of ascorbic acid (vitamin C) augmented the
response of forearm blood flow to acetylcholine be-
fore angioplasty (P<0.001) but not after angioplasty.

Conclusions These findings suggest that excessive
oxidative stress is involved, at least in part, in impaired
endothelium-dependent vasodilatation in patients with
renovascular hypertension. (N Engl J Med 2002;346:
1954-62.)

Copyright © 2002 Massachusetts Medical Society.

ENOVASCULAR hypertension caused
by renal-artery stenosis leads to stimula-
tion of the renin—angiotensin system and
increased production of its main active
peptide, angiotensin II. In experimental models of
renovascular hypertension, increased vascular oxida-
tive stress plays an important part in the pathogene-
sis of renovascular hypertension and the enhance-
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ment of the oxidation-sensitive mechanism.! It has
been reported that angiotensin II stimulates the
production of reactive oxygen species such as super-
oxide through the activation of membrane-bound
NADH or NADPH oxidase.2# In addition, both ex-
perimental renovascular hypertension and human re-
novascular hypertension are associated with changes
in endothelium-dependent vasodilatation.5”7 An im-
balance characterized by reduced production of ni-
tric oxide or increased production of reactive oxygen
species, mainly superoxide, may promote endothelial
dysfunction.$!! One mechanism by which endothe-
lium-dependent vasodilatation is impaired is an in-
crease in the oxidative stress that inactivates nitric
oxide. Patients with renovascular hypertension are
ideal subjects in whom to determine how endothe-
lium-dependent vasodilatation is affected by excess
angiotensin I and an angiotensin II-related increase
in oxidative stress. We hypothesized that renal angio-
plasty would improve impaired endothelial function
in subjects with renovascular hypertension by decreas-
ing oxidative stress.

To determine the role of oxidative stress in endo-
thelial function in patients with renovascular hyper-
tension, we evaluated the endothelium-dependent
vasodilatation induced by acetylcholine and the endo-
thelium-independent vasodilatation induced by iso-
sorbide dinitrate before and after renal angioplasty and
with and without the administration of the antioxidant
ascorbic acid (vitamin C).

METHODS

Protocol 1: Endothelial Function in Controls
and in Subjects with Renovascular Hypertension

Fifteen subjects with renovascular hypertension (9 men and
6 women; mean [=SD] age, 41*15 years) and 15 age- and sex-
matched control subjects without hypertension (9 men and 6
women; mean age, 4013 years) were enrolled in the study. The
study protocol was approved by the Ethics Committee of the Hi-
roshima University Faculty of Medicine. Written informed consent
for participation was obtained from all subjects.

Hypertension was defined as a systolic blood pressure of at least
140 mm Hg, a diastolic blood pressure of at least 90 mm Hg, or
both, measured with the subject in a sitting position on at least
three different occasions in the outpatient clinic of the Hiroshima
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University Faculty of Medicine. The diagnosis of renovascular hy-
pertension was confirmed by renal arteriography. The comparison
of plasma renin activity from each renal vein was used to categorize
subjects as having isolated unilateral renovascular hypertension or
bilateral asymmetric renovascular hypertension. Only subjects with
unilateral renal-artery stenosis (six with right-sided stenosis and nine
with left-sided stenosis) were included. Six subjects had fibromus-
cular hyperplasia (four men and two women; mean age, 39+17
years), and nine subjects had atherosclerotic disease (five men and
four women; mean age, 4610 years). Subjects with causes of sec-
ondary hypertension other than renovascular disease were excluded
on the basis of a complete history; physical, radiologic, and ultrason-
ographic examinations; and urinalysis. The plasma renin activity and
concentrations of aldosterone, angiotensin II, and catecholamine
and the serum concentrations of creatinine, potassium, calcium, and
free thyroxine were determined; the 24-hour urinary excretion of
catecholamines, 17-hydroxycorticosteroids, 17-ketogenic steroids,
and vanillylmandelic acid were measured as well. No antihyperten-
sive agents were administered for at least two weeks before the study.

Normal blood pressure was defined as a systolic blood pressure
of less than 130 mm Hg and a diastolic blood pressure of less than
80 mm Hg. (Systolic pressures of 130 to 139 mm Hg and diastolic
pressures of 80 to 89 mm Hg were considered to represent border-
line hypertension, and subjects with such values were excluded from
the study.) None of the control subjects had a history of serious
medical problems. No subject in either group currently smoked or
had a history of smoking.

Forearm vascular responses to acetylcholine (Daiichi Pharmaceu-
tical) and isosorbide dinitrate (Eisai Pharmaceutical) were evaluated
in all subjects. The study began at 8:30 a.m. Subjects had fasted the
previous night for at least 12 hours. They were kept in the supine
position in a quiet, dark, air-conditioned room (temperature, 22°C
to 25°C) throughout the study. A 23-gauge polyethylene catheter
(Hakkow) was inserted into the left brachial artery for the infusion
of acetylcholine and isosorbide dinitrate and for recording the ar-
terial pressure with the use of a pressure transducer (Nihon Kohden)
under local anesthesia (1 percent lidocaine). We inserted a second
catheter into the left deep antecubital vein to obtain blood samples.
After the subjects had spent 30 minutes in the supine position, we
measured forearm blood flow and arterial blood pressure. Then,
the effects of the infusions of acetylcholine and isosorbide dinitrate
on forearm hemodynamics were measured. Acetylcholine (7.5, 15.0,
and 30.0 ug per minute) and isosorbide dinitrate (0.75, 1.5, and
3.0 pug per minute) were infused intraarterially for five minutes at
cach dose with the use of a constant-rate infusion pump (Terfusion
STG-523, Termo). The forearm blood flow was measured during
the last two minutes of the infusion. The infusions of acetylcholine
and isosorbide dinitrate were carried out in random order. Each
study proceeded after the forearm blood flow had returned to base
line. During fasting, base-line serum concentrations of total cho-
lesterol, high-density lipoprotein (HDL) cholesterol, low-density
lipoprotein (LDL) cholesterol, malondialdehyde-modified LDL,
triglycerides, creatinine, insulin, glucose, and electrolytes and plasma
concentrations of catecholamines, plasma renin activity, and concen-
trations of angiotensin II were obtained after the 30-minute rest
period. The 24-hour urinary excretion of nitrite and nitrate, as well
as 8-hydroxy-2'-deoxyguanosine, was determined.

Protocol 2: Effect of Renal Angioplasty on Endothelial
Function in Subjects with Renovascular Hypertension

Vasodilative responses to acetylcholine and isosorbide dinitrate
were evaluated in a manner identical to that of Protocol 1 before per-
cutaneous transluminal renal angioplasty and within 4 weeks (mean,
213 days; range, 15 to 28) after angioplasty in the 15 subjects with
renovascular hypertension. We confirmed that plasma renin activity
and blood pressure were in the normal range two weeks after angio-
plasty in all subjects. No antihypertensive agents were administered
after renal angioplasty.

To assess the effect of oxidative stress on endothelium-dependent
vasodilatation in subjects with renovascular hypertension, we infused
acetylcholine in the presence of an antioxidant, ascorbic acid (Fuso
Pharmaceutical), before and after angioplasty in 11 of 15 subjects
with renovascular hypertension (8 men and 3 women; mean age,
3813 years). The forearm vascular responses to acetylcholine alone
and in combination with ascorbic acid (24 mg per minute) were
evaluated with the use of a protocol identical to Protocol 1. The
24-hour urinary excretion of nitrite and nitrate, and 8-hydroxy-
2'-deoxyguanosine were measured before and after angioplasty.

Measurement of Forearm Blood Flow

The forearm blood flow was measured with the use of a mercury-
filled Silastic strain-gauge plethysmograph (model EC5R, D.E. Ho-
kanson), as previously described.!2!3 Forearm blood flow was ex-
pressed in milliliters per minute per 100 ml of forearm tissue vol-
ume. Four plethysmographic measurements were averaged to
determine the forearm blood flow at base line and during the ad-
ministration of drugs. Forearm vascular resistance was calculated as
the mean arterial pressure divided by the forearm blood flow.

Analytical Methods

Routine chemical methods were used to determine serum con-
centrations of total cholesterol, HDL cholesterol, LDL cholesterol,
triglycerides, creatinine, glucose, and electrolytes. Plasma renin ac-
tivity (Gamma Coat PRA, SRL) and angiotensin II (antiangiotensin
IT antibody, SRL) were assayed by radioimmunoassay. The plasma
and urinary concentrations of catecholamines were measured by
high-performance liquid chromatography. Urinary concentrations
of nitrite and nitrate were assayed by colorimetric methods with the
use of commercially available nitrite and nitrate assay kits (Cayman
Chemical). The plasma and urinary concentrations of 8-hydroxy-
2'-deoxyguanosine were assayed by enzyme-linked immunosorbent
assay (ELISA) with the use of 8-hydroxy-2'-deoxyguanosine kits
(Nihon Yushi). The serum concentrations of malondialdehyde-
modified LDL were also assayed by ELISA (antimalondialdehyde-
modified LDL antibody, SRL). Blood samples obtained before and
after renal angioplasty in the same subject were assayed in the same
batch to minimize day-to-day variation. The intraassay and interassay
coefficients of variation were 6.2 percent and 7.6 percent, respec-
tively, for plasma renin activity; 8.9 percent and 9.4 percent for an-
giotensin II; 7.9 percent and 8.4 percent for norepinephrine; 6.8
percent and 7.7 percent for malondialdehyde-modified LDL; 4.1
percent and 3.8 percent for nitric oxide; and 5.9 percent and 6.5
percent for 8-hydroxy-2'-deoxyguanosine.

Statistical Analysis

Results are presented as means =SD. All reported P values are
two-tailed. P values of less than 0.05 were considered to indicate
statistical significance. Multigroup comparisons of variables were
carried out by the one-way analysis of variance followed by the Bon-
ferroni correction. Comparisons of variables before and after angio-
plasty were performed with adjusted means by analysis of covari-
ance with the use of base-line data as covariates. Comparisons of
time-course curves of variables during the infusions of acetylcholine
and isosorbide dinitrate were analyzed by two-way analysis of vari-
ance for repeated measures on one factor followed by the Bonfer-
roni correction for multiple paired comparisons. Relations between
variables were determined by linear regression analysis. The data
were processed with the use of the software package StatView IV
(SAS Institute) or Super Analysis of Variance (Abacus Concepts).

RESULTS
Protocol 1

The base-line clinical characteristics of the 15 con-
trols and the 15 subjects with renovascular hyperten-
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sion are summarized in Table 1. The systolic and dia-
stolic blood pressures as well as the forearm vascular
resistance were higher in subjects with renovascular
hypertension than in controls. The plasma renin activ-
ity and plasma angiotensin II concentration, serum
malondialdehyde-modified LDL concentration, and
urinary excretion of 8-hydroxy-2'-deoxyguanosine
were higher and the urinary excretion of nitrite and
nitrate was lower in subjects with renovascular hyper-
tension than in controls. The other values were similar
in the two groups.

The intraarterial infusion of acetylcholine increased
forearm blood flow in a dose-dependent manner in
both groups. The response of forearm blood flow to
acetylcholine was greater in controls than in subjects
with renovascular hypertension (P<<0.001) (Fig. 1A).

The intraarterial infusion of isosorbide dinitrate also
increased forearm blood flow in a dose-dependent
manner in both groups, but the response of forearm
blood flow was similar in the two groups (Fig. 1B).
No significant change was observed in the arterial
blood pressure or heart rate with the intraarterial in-
fusion of either acetylcholine or isosorbide dinitrate in
cither group.

Protocol 2

The base-line clinical characteristics, before and after
renal angioplasty, of the six subjects with renovascular
hypertension due to fibromuscular hyperplasia and the
nine subjects with renovascular hypertension due to
atherosclerotic disease are summarized in Table 2. Re-
nal angioplasty decreased plasma renin activity and the

TABLE 1. CLINICAL CHARACTERISTICS OF CONTROLS AND SUBJECTS WITH RENOVASCULAR
HYPERTENSION BEFORE AND AFTER ANGIOPLASTY.

CHARACTERISTIC*

Body-mass index

Systolic blood pressure (mm Hg)

Diastolic blood pressure (mm Hg)

Heart rate (beats/min)

Total cholesterol (mmol/liter)

Triglycerides (mmol/liter)

HDL cholesterol (mmol/liter)

LDL cholesterol (mmol/liter)

Serum malondialdehyde-modified LDL
(U/liter)

Serum glucose (mmol/dl)

Serum insulin (pmol/liter)

Plasma nitrite and nitrate (umol/liter)

Plasma norepinephrine (ng,/ml)

Plasma renin activity (ng,/ml/hr)

Plasma angiotensin II (pg/ml)

Urinary nitrite and nitrate
(mmol/mmol of creatinine)

Urinary norepinephrine (ug,/mg of creatinine)
Urinary 8-hydroxy-2'-deoxyguanosine

(ng/mg of creatinine)
Forearm blood flow (ml/min/100 ml of tissue)

Forearm vascular resistance
(mm Hg,/ml/min/100 ml of tissue)

SUBJECTS WITH

CONTROLS RENOVASCULAR HYPERTENSION
(N=15) (N=15)
BEFORE AFTER
ANGIOPLASTY ANGIOPLASTY
mean =SD
23.2*1.9 239*1.8 23.7+1.8
115.3+8.4 161.4+17.51 124.2+7.3%
67.9+6.2 98.7+8.91 77.1+6.2%
66.5+6.3 79.4+9.3 65.2+6.0
5.11*+0.69 5.78+0.98 5.32+0.78
1.12+0.57 1.76+0.79 1.38+0.59
1.43+0.41 1.16+0.64 1.21£0.41
3.49x0.57 3.78%0.77 3.51%£0.57
69.1+31.8 126.3+47.11 78.5+21.0%
4704 5.8+1.2 49+04
51.2*x10.3 42.1+15.4 52.3+9.8
33.1£19.1 29.2+18.3 35.7+20.2
0.28+0.17 0.37+0.21 0.33+0.19
1.34£0.55 2.01x£0.73t 1.41+0.68%
17.9+8.4 27.2+10.2¢ 22.3+11.3%
138.9+60.2 87.8+34.7t 120.3*£56.4%
73.9+24.1 81.8+29.5 76.3+22.9
9.7+4.6 19.8+8.71 10.8+4.1%
4.7*1.3 41x1.6 45*1.4
18.3+x3.9 29.1+5.7t 18.8+4.11

*The body-mass index was calculated as the weight in kilograms divided by the square of the height
in meters. To convert values for cholesterol (total, HDL, and LDL) to milligrams per deciliter, divide by
0.02586; to convert values for triglycerides to milligrams per deciliter, divide by 0.01129; to convert
values for glucose to milligrams per deciliter, divide by 0.05551; to convert values for insulin to mi-
crounits per milliliter, divide by 6.0; to convert values for norepinephrine to nanomoles per liter, mul-
tiply by 0.05911; and to convert values for plasma renin activity to nanograms per liter-second, multiply

by 0.2778.

1P<<0.05 for the comparison with controls.

$P<<0.05 for the comparison with subjects with renovascular hypertension before angioplasty.
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Figure 1. Comparison of the Mean (+SD) Response of Forearm Blood Flow to the Administration of
Acetylcholine (Panel A) and Isosorbide Dinitrate (Panel B) in Controls and Subjects with Renovascular

Hypertension.

plasma angiotensin II concentration, serum malon-
dialdehyde-modified LDL concentration, urinary ex-
cretion of 8-hydroxy-2'-deoxyguanosine, systolic and
diastolic blood pressures, and forearm vascular resist-
ance and increased urinary excretion of nitrite and
nitrate in both groups. Changes in these values were
similar in the two groups.

After renal angioplasty, the responses of forearm
blood flow to acetylcholine were enhanced in both
subjects with renovascular hypertension due to fibro-
muscular hyperplasia (maximal forearm blood flow,
21.1£8.5 vs. 32.2+8.9 ml per minute per 100 ml;
P=0.002) (Fig. 2A) and subjects with renovascular
hypertension due to atherosclerosis (maximal forearm
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TABLE 2. CLINICAL CHARACTERISTICS OF RENOVASCULAR HYPERTENSION
WITH FIBROMUSCULAR HYPERPLASIA AND ATHEROSCLEROSIS BEFORE AND AFTER ANGIOPLASTY.

CHARACTERISTIC*

Body-mass index
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Heart rate (beats/min)
Total cholesterol (mmol/liter)
Triglycerides (mmol/liter)
HDL cholesterol (mmol/liter)
LDL cholesterol (mmol/liter)
Serum malondialdehyde-modified LDL (U/liter)
Serum glucose (mmol/dl)
Serum insulin (pmol/liter)
Plasma nitrite and nitrate (uwmol/liter)
Plasma norepinephrine (ng,/ml)
Plasma renin activity (ng/ml/hr)
Plasma angiotensin II (pg,/ml)
Urinary nitrite and nitrate (wmol/mmol of creatinine)
Urinary norepinephrine (ug/mg of creatinine)
Urinary 8-hydroxy-2'-deoxyguanosine
(ng/mg of creatinine)
Forearm blood flow (ml/min/100 ml of tissue)

Forearm vascular resistance
(mm Hg,/ml/min/100 ml of tissue)

SUBJECTS WITH SUBJECTS WITH

FiBROMUSCULAR HYPERPLASIA ATHEROSCLEROSIS
(N=6) (N=9)

BEFORE AFTER BEFORE AFTER
ANGIOPLASTY ~ ANGIOPLASTY ANGIOPLASTY ~ ANGIOPLASTY
mean =SD

239x2.1 23.3*1.9 23.8*+1.7 23.8*1.8
168.5+24.5 119.7+10.3t 159.9*x17.1 126.4*+9.7t
102.2+9.5 75.8+7.4% 96.8+8.8 79.7+6.8%
80.3+9.5 66.4*6.7 77.9%9.1 65.1+6.0
5.66x1.03 5.23+0.81 5.79+0.89 5.41x0.77
1.68+£0.67 1.40+0.61 1.78+£0.71 1.36+0.57
1.18%£0.69 1.23+0.50 1.15*+0.63 1.19%0.39
3.71£0.81 3.46*0.60 3.80£0.72 3.52+0.54
119.5+51.2 78.3=14.11 130.7%46.7 77.9+24.2%
5.6x1.2 4.9*0.6 58+1.3 49+04
45.6x20.1 53.5*+10.4 41.3x14.6 51.1+95
30.4*x21.1 36.3*x245 28.7*x17.9 34.6x19.6
0.41£0.29 0.36%0.22 0.35£0.20 0.32%0.18
2.24*+0.85 1.44*0.73f 1.99+0.71 1.39%0.67t
304*x13.6 23.7*x12.5¢% 26.9+9.8 21.8+10.9%
84.5+40.1 122.5*+51.8% 88.4+33.9 119.4%+60.11
86.7£31.9 79.2%28.8 80.7+28.5 754*21.7
20.2+8.5 9.5+3.1%1 19.6+9.3 11.4+3.9%
4.2*1.7 4.6*14 4.1x1.6 44*1.5
29.5*+6.1 18.6+£4.3t1 28.8%+5.5 19.1+£4.0t1

*To convert values for cholesterol (total, HDL, and LDL) to milligrams per deciliter, divide by 0.02586; to convert
values for triglycerides to milligrams per deciliter, divide by 0.01129; to convert values for glucose to milligrams per dec-
iliter, divide by 0.05551; to convert values for insulin to microunits per milliliter, divide by 6.0; to convert values for
norepinephrine to nanomoles per liter, multiply by 0.05911; and to convert values for plasma renin activity to nanograms

per liter-second, multiply by 0.2778.

1P<0.05 for the comparison with subjects before angioplasty.

blood flow, 19.1+6.5 vs. 29.5£7.0 ml per minute per
100 ml; P=0.004) (Fig. 2B). Changes in the respons-
es of forearm blood flow to acetylcholine were similar
before and after renal angioplasty in the two groups.
The response of forearm blood flow to isosorbide di-
nitrate was unaffected by angioplasty in both groups.
No significant change was observed in the arterial
blood pressure or heart rate in response to intraarterial
infusion of either acetylcholine or isosorbide dinitrate
before or after renal angioplasty. The increase in the
maximal response of forearm blood flow to acetylcho-
line correlated with the decrease in the urinary excre-
tion of 8-hydroxy-2'-deoxyguanosine (r=-0.51, P=
0.004) and the decrease in the serum concentration of
malondialdehyde-modified LDL (r=-0.39, P=0.02)
(Fig. 3). There was no correlation between the increase

1958 - N Engl ] Med, Vol. 346, No. 25 - June 20, 2002 -

in the maximal response of forearm blood flow to ace-
tylcholine and changes in blood pressure, heart rate,
plasma norepinephrine concentration, or other vari-
ables such as plasma renin activity or plasma angio-
tensin II concentration or between these variables
and the increase in the maximal response of forearm
blood flow to isosorbide dinitrate.

Coinfusion of ascorbic acid augmented the response
of forearm blood flow to acetylcholine before angio-
plasty (maximal forearm blood flow, 20.2*+6.7 vs.
28.1+4.8 ml per minute per 100 ml; P=0.006) but
not after angioplasty in subjects with renovascular hy-
pertension (Fig. 4). No significant change was ob-
served in the arterial blood pressure or heart rate with
the intraarterial infusion of acetylcholine in combina-
tion with ascorbic acid.
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Figure 2. Comparison of the Mean (+SD) Response of Forearm Blood Flow to the Administration of Acetylcholine (Panels A and B)
and Isosorbide Dinitrate (Panels C and D) before and after Angioplasty in Subjects with Renovascular Hypertension Caused by Fi-

bromuscular Hyperplasia and Atherosclerosis.

DISCUSSION

Patients with elevations of the angiotensin II con-
centration induced by renovascular hypertension are
ideal subjects in whom to study how endothelium-
dependent vasodilatation is altered under conditions
of increased oxidative stress. Endothelium-dependent
vasodilatation induced with acetylcholine was blunted
in subjects with renovascular hypertension, most likely
through a decrease in the release of nitric oxide.

A balance between ambient levels of superoxide
and the release of nitric oxide has a critical role in the
maintenance of normal endothelial function.*!5 Both
8-hydroxy-2’-deoxyguanosine and malondialdehyde-
modified LDL have been used as indexes of oxidative

stress.!#19 The compound 8-hydroxy-2'-deoxyguan-
osine is one of the most common markers for eval-
uating oxidative DNA damage and is a product formed
by the specific attack of a hydroxyl radical on DNA. .4
Several studies have suggested that oxidative DNA
damage is increased in non-insulin-dependent diabe-
tes mellitus and aging.!51¢ The concentration of ma-
londialdehyde-modified LDL has been proposed as
the biologic signature of clinical in vivo LDL oxida-
tion.1718 Maggi et al.!® reported that the serum ma-
londialdehyde-modified LDL concentration is higher
in subjects with essential hypertension than in normal
controls. In the present study, subjects with renovas-
cular hypertension had a higher urinary excretion of
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Figure 3. Correlation between the Maximal Response of Forearm Blood Flow to the Administration of
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8-hydroxy-2'-deoxyguanosine and serum malondial-
dehyde-modified LDL concentration than controls,
suggesting that oxidative stress is increased in clinical
renovascular hypertension as well. The improvement
of endothelium-dependent vasodilatation correlated
with the decrease in urinary excretion of 8-hydroxy-
2'-deoxyguanosine and the serum concentration of

1960 - N Engl ] Med, Vol. 346, No. 25 - June 20, 2002 -

malondialdehyde-modified LDL. In addition, ascor-
bic acid, an antioxidant, augmented the response of
forearm blood flow to acetylcholine before, but not
after, angioplasty. One possible mechanism by which
renal angioplasty improves endothelium-dependent
vasodilatation is by decreasing oxidative stress, which
may cause endothelial dysfunction directly.
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The principal source of superoxide in renovascular
hypertension is an activation of NADH or NADPH
oxidase that is induced by angiotensin I1.24 Successful
renal angioplasty and consequent down-regulation of
the renin—angiotensin system may decrease oxidative
stress, resulting in improved endothelium-dependent
vasodilatation. Therefore, angioplasty may increase the
bioavailability of nitric oxide by inhibiting production
of angiotensin II. These findings suggest that the role
of the renin—angiotensin system in the pathogenesis
of atherosclerosis may be due, at least in part, to an-
giotensin II-induced production of superoxide by
vascular cells.

Endothelial function becomes progressively im-
paired as blood pressure increases, and the degree of
dysfunction is related to the severity of the hyperten-
sion.20:21 It is thought that endothelial dysfunction is
improved by antihypertensive therapy. However, sev-
eral experimental and clinical studies have generated
conflicting results concerning this relation.222¢ Al-
though renal angioplasty acutely decreased blood pres-
sure in subjects with renovascular hypertension in the
present study, the changes in blood pressure did not
correlate with the improvement in the response of
forearm blood flow to acetylcholine. In previous stud-

ies, we and other investigators have shown that calcium
antagonists, beta-blockers, or diuretics do not improve
endothelial dysfunction in subjects with essential hy-
pertension, although all of these drugs have hypoten-
sive effects.23-2¢ In addition, although clinically effective
antihypertensive therapies, such as angiotensin-con-
verting—enzyme inhibitors and aerobic exercise, have
restored endothelial function in the forearm circula-
tion in patients with essential hypertension, there is
no correlation between the degree of reduction in
blood pressure and the augmentation of endothelium-
dependent vasodilatation.!3.23-26 Therefore, a reduction
in blood pressure may not itself be involved in the
restoration of endothelial function in the forearm
circulation.

Norepinephrine, a potent vasoconstrictor, attenu-
ates endothelium-dependent vasodilatation.?%28 Stim-
ulation of the renin—angiotensin system modulates
autonomic nervous function. However, both plasma
and urinary concentrations of norepinephrine were
similar before and after angioplasty in the present
study. Therefore, the differences in the response of
forearm blood flow to acetylcholine after angioplasty
cannot be explained by differences in sympathetic
activity.
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Although subjects with renovascular hypertension
due to atherosclerosis might be expected to have
lower responses of oxidative stress to renal angioplasty
and lower responses of forearm blood flow to acetyl-
choline than subjects with renovascular hypertension
due to fibromuscular hyperplasia, we found no signif-
icant difference in the changes in oxidative stress or im-
provement in endothelium-dependent vasodilatation
between the two groups. The increased levels of an-
giotensin II due to renal-artery stenosis may have
caused markedly excessive oxidative stress and may
have strongly affected endothelial function. Since five
of the nine subjects who had renovascular hyperten-
sion due to atherosclerosis were less than 50 years of
age, there may be relatively short periods in which
atherosclerosis has an influence. In addition, the
number of subjects in each group was relatively
small. We cannot exclude the possibility that there was
selection bias in the results. However, drastic changes
in oxidative stress and endothelial function were ob-
served with renal angioplasty. A larger number of sub-
jects are needed to determine conclusively that there
is no difference between subjects with fibromuscular
hyperplasia and those with atherosclerosis.

Increased production of superoxide impairs endo-
thelium-dependent vasodilatation in the forearm cir-
culation in humans. The dilatation of a stenotic artery
by renal angioplasty improved endothelium-dependent
vasodilatation in patients with renovascular hyperten-
sion through a decrease in oxidative stress.

Supported in part by a Grant-in-Aid for Scientific Research from the
Ministry of Education, Science, and Culture of Japan, a Japan Heart Foun-
dation Grant for Research on Hypertension and Metabolism, and a Grant
for Research on the Autonomic Nervous System and Hypertension from
the Kimura Memorial Heart Foundation and Pfizer Pharmaceuticals.

We are indebted to Yuko Omura for assistance in the prepavation
of the manuscript.

REFERENCES

1. Lerman LO, Nath KA, Rodriguez-Porcel M, et al. Increased oxidative
stress in experimental renovascular hypertension. Hypertension 2001;37:
541-6.

2. Daemen MJAP, Lombardi DM, Bosman FT, Schwarts SM. Angiotensin
1T induces smooth muscle cell proliferation in the normal and injured rat
arterial wall. Circ Res 1991;68:450-6.

3. Romero JC, Reckelhoft JE State-of-the-Art lecture: role of angiotensin
and oxidative stress in essential hypertension. Hypertension 1999;34:943-
9.

4. Rajagopalan S, Kurz S, Munzel T, et al. Angiotensin II-mediated hyper-
tension in the rat increases vascular superoxide production via membrane
NADH,/NADPH oxidase activation: contributions to alterations of vaso-
motor tone. J Clin Invest 1996;97:1916-23.

5. Hegde LG, Srivastava P, Kumari R, Dikshit M. Alterations in the vaso-
reactivity of hypertensive rat aortic rings: role of nitric oxide and superox-
ide radicals. Clin Exp Hypertens 1998;20:885-901.

6. Taddei S, Virdis A, Mattei P, Salvetti A. Vasodilation to acetylcholine in
primary and secondary forms of human hypertension. Hypertension 1993;
21:929-33.

7. Rizzoni D, Porteri E, Castellano M, et al. Endothelial dysfunction in
hypertension is independent from etiology and from vascular structure.
Hypertension 1998;31:335-41.

8. Drexler H, Hornig B. Endothelial dysfunction in human disease. J Mol
Cell Cardiol 1999;31:51-60.

9. Dijkhorst-Oei LT, Stroes ES, Koomans HA, Rabelink TJ. Acute simul-
taneous stimulation of nitric oxide and oxygen radicals by angiotensin IT in
humans in vivo. ] Cardiovasc Pharmacol 1999;33:420-4.

10. Taddei S, Virdis A, Ghiadoni L, Magagna A, Salvetti A. Vitamin C im-
proves endothelium-dependent vasodilation by restoring nitric oxide activ-
ity in essential hypertension. Circulation 1998;97:2222-9.

11. Cai H, Harrison DG. Endothelial dystunction in cardiovascular diseas-
es: the role of oxidant stress. Circ Res 2000;87:840-4.

12. Panza JA, Quyyumi AA, Brush JE Jr, Epstein SE. Abnormal endothe-
lium-dependent vascular relaxation in patients with essential hypertension.
N Engl ] Med 1990;323:22-7.

13. Higashi Y, Sasaki S, Kurisu S, et al. Regular acrobic exercise augments
endothelium-dependent vascular relaxation in normotensive as well as hy-
pertensive subjects — role of endothelium-derived nitric oxide. Circulation
1999;100:1194-202.

14. Nakae D, Kobayashi Y, Akai H, et al. Involvement of 8-hydroxyguan-
ine formation in the initiation of rat liver carcinogenesis by low dose levels
of N-nitrosodiethylamine. Cancer Res 1997;57:1281-7.

15. Fraga G, Shigenaga MK, Park JW, Degan P, Ames BN. Oxidative dam-
age to DNA during aging: 8-hydroxy-2'-deoxyguanosine in rat organ DNA
and urine. Proc Natl Acad Sci U S A 1990;87:4533-7.

16. Leinonen J, Lehtimaki T, Toyokuni S, et al. New biomarker evidence
of oxidative DNA damage in patients with non-insulin-dependent diabetes
mellitus. FEBS Lett 1997;417:150-2.

17. Salonen JT, Yla-Herttuala S, Yamamoto R, et al. Autoantibody against
oxidized LDL and progression of carotid atherosclerosis. Lancet 1992;339:
883-7.

18. Palinski W, Miller E, Witztum JL. Immunization of low density lipo-
protein (LDL) receptor-deficient rabbits with homologous malondialde-
hyde-modified LDL reduced atherogenesis. Proc Natl Acad Sci U S A
1995;92:821-5.

19. Maggi E, Marchesi E, Ravette V, Martignoni A, Finardi G, Bellomo
G. Presence of autoantibodies against oxidatively modified low-density
lipoprotein in essential hypertension: a biochemical signature of an en-
hanced in vivo low-density lipoprotein oxidation. J Hypertens 1995;13:
129-38.

20. Dohi Y, Thiel MA, Buhler FR, Liischer TE Activation of endothelial
L-arginine pathway in resistance arteries: effect of age and hypertension.
Hypertension 1990;16:170-9.

21. Panza JA, Casino PR, Kilcoyne CM, Quyyumi AA. Role of endothe-
lium-derived nitric oxide in the abnormal endothelium-dependent vascular
relaxation of patients with essential hypertension. Circulation 1993;87:
1468-74.

22. Creager MA, Roddy MA. Effect of captopril and enalapril on endo-
thelial function in hypertensive patients. Hypertension 1994;24:499-505.
23. Schiffrin EL, Deng LY. Comparison of effects of angiotensin I-con-
verting enzyme inhibition and 8-blockade for 2 years on function of small
arteries from hypertensive patients. Hypertension 1995;25:699-703.

24. Twatsubo H, Nagano M, Sakai T, et al. Converting enzyme inhibitor
improves forearm reactive hyperemia in essential hypertension. Hyperten-
sion 1997;29:286-90.

25. Higashi Y, Sasaki S, Nakagawa K, et al. A comparison of angiotensin-
converting enzyme inhibitors, calcium antagonists, beta blockers and di-
uretic agents on reactive hyperemia in patients with essential hypertension:
a multicenter study. ] Am Coll Cardiol 2000;35:284-91.

26. Higashi Y, Sasaki S, Nakagawa K, Matsuura H, Kajiyama G, Oshima
T. Effect of angiotensin-converting enzyme inhibitor imidapril on reactive
hyperemia in patients with essential hypertension: relationship between
treatment periods and resistance artery endothelial function. J] Am Coll
Cardiol 2001;37:863-70.

27. Ohyanagi M, Nishigaki K, Faber JE. Interaction between microvascu-
lar alpha 1- and alpha 2-adrenoceptors and endothelium-derived relaxing
factor. Circ Res 1992;71:188-200.

28. Greenberg SS, Diecke FPJ, Peevy K, Tanaka TP. Release of norepi-
nephrine from adrenergic nerve endings of blood vessels is modulated

by endothelium-derived relaxing factor. Am J Hypertens 1990;3:211-8.

Copyright © 2002 Massachusetts Medical Society.

1962 - N Engl J Med, Vol. 346, No. 25 - June 20, 2002 - www.nejm.org

Downloaded from www.nejm.org on November 28, 2009 . For personal use only. No other uses without permission.
Copyright © 2002 Massachusetts Medical Society. All rights reserved.



