Endothelin-1 Stimulates Arterial VCAM-1 Expression Via
NADPH Oxidase-Derived Superoxide in
Mineralocorticoid Hypertension
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Abstract—Although hypertension is a major risk factor for atherosclerosis, its underlying mechanisms remain to be
delineated. We have recently reported that both endothelin-1 (ET-1) and vascular cellular adhesion molecule-1
(VCAM-1) levels, key early markers of atherosclerosis, are significantly elevated in carotid arteries of deoxycortico-
sterone acetate (DOCA)-salt hypertensive rats, a model known for its suppressed plasma renin levels. This study tested
the hypothesis that ET-1 augments arterial VCAM-1 expression through NADPH oxidase—derived superoxide (O,).
Carotid arteries of DOCA-salt or sham-operated rats were transduced ex vivo with extracellular superoxide dismutase
(EC-SOD), dominant negative HA-tagged N17Racl that inhibits Racl, the small GTPase component of NADPH
oxidase, or B-galactosidase (8-gal) reporter gene (5x10%° plague formation units [pfu]/mL), and the effect of transgene
expression on O, and VCAM-1 levels was assayed 24 hours afterward. The arterial activity of NADPH oxidase but not
xanthine oxidase was significantly higher in DOCA-salt than in sham rats, which was abolished by the selective ET,
receptor antagonist ABT-627 (3108 mol/L), NADPH oxidase inhibitor apocynin (10* mol/L), or dominant negative
Racl gene transfer. The levels of O, and VCAM-1 were significantly increased in arteries of DOCA-salt rats, an effect
that was ameliorated after EC-SOD or dominant negative Racl but not B-gal reporter gene transfer. ABT-627 and
apocynin aso significantly reduced elevated VCAM-1 levels in ET-1-treated arteries of normal rats and arteries of
DOCA-sdlt rats. The results of this study indicate that ET-1 stimulates arterial VCAM-1 expression by producing O,
from an ET, receptor/NADPH oxidase pathway in low-renin mineralocorticoid hypertension. (Hypertension. 2003;42:
997-1003.)
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ypertension is an established risk factor for atheroscle-
rosis.t Experimental and clinical evidence demonstrates
that the renin-angiotensin system contributes to the pathogen-
esis of atherosclerosis.23 Angiotensin (Ang) Il induces the
expression of vascular cellular adhesion molecule-1 (VCAM-
1), akey early marker in the development of atherosclerotic
lesions (fatty streaks and fibrous plagues),*~” in Ang Il—
induced hypertensive rats.2 In contrast, endothelin-1 (ET-1)
expression and level are significantly higher in aortic and
mesenteric arteries of deoxycorticosterone acetate (DOCA)-
sat hypertension,®1© a model known for its suppressed
plasma renin levels.1t Recently, we have reported that both
ET-1and VCAM-1 levels are significantly elevated in carotid
arteries of DOCA-sdt hypertensive rats.’213 However, a
direct causative relation between vascular ET-1 and VCAM-1
in mineralocorticoid hypertension has never been demon-
strated to date.
Our recent studies have shown that ET-1 increases super-
oxide (O,) levelshy activating ET 5 receptor/NADPH oxidase

pathway in carotid arteries of DOCA-salt rats.*2 In addition,
we have also demonstrated that enhanced arterial VCAM-1
expression is suppressed by gene transfer of manganese
superoxide dismutase (Mn-SOD) in this model,*3 suggesting
that O, plays an important role in mediating VCAM-1
expression. Indeed, O, has been shown to stimulate VCAM-1
expression through activation of redox-sensitive transcription
factor nuclear factor (NF)-«B.8 Based on the above experi-
mental observations, we tested the hypothesis that ET-1
augments arterial VCAM-1 expression through NADPH oxi-
dase-derived O, in DOCA-sdlt hypertensive rats in the
present study.

Because NADPH oxidase is a key enzymatic source for
O, in this model and the effective pharmacological inter-
ventions that can be applied to its inhibition is rather
limited because of the complexity of the enzyme with
multiple subunits, we used a replication-incompetent ad-
enoviral vector encoding a dominant negative HA-tagged
N17Racl gene that abrogates Racl, the small GTPase

Received July 16, 2003; first decision August 6, 2003; revision accepted September 5, 2003.

From the Department of Pharmacology and Toxicology and the Neuroscience Program (L.L, G.D.F., A.F.C.), Michigan State University, East Lansing;
and the Departments of Medicine (Y.C., J.F.E., D.D.H.) and Anatomy and Cell Biology (J.F.E.), University of lowa, lowa City.

Correspondence to Dr Alex F. Chen, Department of Pharmacology and Toxicology, B403 Life Sciences Bldg, Michigan State University, East Lansing,

MI 48824-1317. E-mail chena @msu.edu
© 2003 American Heart Association, Inc.

Hypertension is available at http://mww.hypertensionaha.org

DOI: 10.1161/01.HY P.0000095980.43859.59



998 Hypertension November 2003

component required for NADPH oxidase activation.1# In
addition, since recent studies have shown that gene transfer
of extracellular SOD (EC-SOD), but not copper/zinc SOD
(Cuzn-SOD) is effective to reduce both vascular O, level
and mean arterial pressure in spontaneously hypertensive
rats (SHR),1> EC-SOD gene transfer was used to suppress
arterial O, levels in this study. Our results indicate that
ET-1 stimulates VCAM-1 expression through its ET,
receptors in carotid arteries of DOCA-salt rats, an effect
that is dependent on O, derived from NADPH oxidase.

M ethods

DOCA-Salt Hypertension

DOCA-sdalt hypertension was created in adult male Sprague-Dawley
rats as previously described.1213 All the arteries used were collected
between weeks 4 to 6 after DOCA implantation. All animal proce-
dures were in accordance with the institutional guidelines of Mich-
igan State University.

Ex Vivo Gene Transfer

The propagation, purification, and titration of replication-
incompetent adenoviral vectors were as previously described.16.17
The prepared B-galactosidase (B-gal), EC-SOD, and dominant
negative Racl vectors were stored at —80°C in 0.01 mol/L Tris,
0.01 mol/L MgCl,, and 10% glycerol before use. Isolated arterial
segments (4 mm long) were transduced ex vivo with adenoviral
vectors at a titer of 5x10% plague formation units (pfu)/mL in
minimal essential medium (MEM, Fisher) at 37°C for 4 hours,
followed by incubation in fresh MEM for 24 hours, as previously
described.1213

NADPH Oxidase and Xanthine Oxidase Activity
Isolated arteria ring segments (4 mm long) from carotid arteries of
sham and DOCA-salt rats with or without treatment of the selective
ET, receptor antagonist ABT-627 (3% 1078 mol/L, 24 hours, Abbott
Laboratories),2 the NADPH oxidase inhibitor apocynin (APO, 10~*
mol/L, 24 hours, Calbiochem), or gene transfer of dominant negative
Racl were homogenized in lysis buffer (10°* mol/L K,HPO,, 1073
mol/L phenylmethylsulfonyl fluoride, and 0.2% Triton X-100). The
homogenates were centrifuged at 12 000g, 4°C, for 30 minutes and
then subjected to protein assay (Bio-Rad). The enzyme activities
were measured by lucigenin chemiluminescence assay (5X10°°
mol/L, lucigenin, Sigma)*213 and indicated as the amount of O,
levels in the presence of their relative substrates NADPH (10°*
mol/L, Sigma) or xanthine (10~* mol/L, Sigma), as previously
described.® No enzymatic activity could be detected in the absence
of NADPH or xanthine. Reactions were initiated by addition of 10 to
20 L tissue homogenates containing 25 to 50 wg extracted protein.
The enzyme activity was expressed as nmol/min per milligram of
protein.

Arterial O, Levels

Arterial O, was quantified with the use of lucigenin chemilumi-
nescence, as previously described.’213 The concentration of
lucigenin was 5x10°° mol/L to minimize the formation of
nonspecific O, through redox cycling.19-20 |solated arterial ring
segments of DOCA-salt or sham rats with or without gene transfer
of EC-SOD, dominant negative Racl, or g-gal (5x10% pfu/mL);
or treatment of ABT-627 (3x10~® mol/L, 24 hours) were assayed
for O, levels. After reading, arterial tissues were weighed, and
the subtracted readings were then converted to nmol/min per
milligram of tissue through a standard curve made by cytochrome
C (Sigma) reduction from O,, produced from hypoxanthine
(Sigma) and xanthine oxidase (Sigma).

In addition, in situ detection of O, was performed by confocal
microscopy with oxidative fluorescent dye dihydroethidium (DHE,
Sigma), as described previously.1213

Immunohistochemistry and Western |mmunoblot
for Arterial VCAM-1

Arterial VCAM-1 levels were assayed by both immunohisto-
chemistry and Western blot analysis, as previously described.13
Isolated arterial ring segments (4 mm long) of DOCA-salt or
sham rats were transduced with EC-SOD, dominant negative
Racl, or B-gal (5X10 pfu/mL), or treated with ABT-627
(3x1078 mol/L, 24 hours), BQ788 (10~ mol/L, 24 hours, Sigma),
or apocynin (107* mol/L, 24 hours). Arteries of normal rats were
treated without or with ET-1 (10~° mol/L, 24 hours); some were
pretreated with ABT-627 (3X10°® mol/L, 1 hour) or apocynin
(10~* mol/L, 1 hour); some were incubated with adenoviral
vectors encoding EC-SOD or B-gal for 4 hours, then transferred
to fresh MEM containing ET-1 (10~° mol/L) for 24 hours. All the
experiments were performed at 37°C in MEM containing 0.1%
BSA. The primary antibodies for immunostaining used were goat
polyclonal antibody against VCAM-1 (1:40, Santa Cruz Biotech-
nology), and the secondary antibodies were biotinylated anti-goat
IgG (1:750, Santa Cruz Biotechnology). For immunoblotting, the
secondary antibody used was bovine anti-goat antisera (1:4000,
Santa Cruz Biotechnology). To verify equal amount of protein
loading (20 wg), all membranes were stained with the Coomassie
brilliant blue R-250 (Sigma). The actual gel bands on radiograph-
ic films were then used against corresponding Coomassie blue
bands for densitometry analyses (NIH Scion image software). The
molecular size of the VCAM-1 band is ~100 kDa, as confirmed
with a standard molecular weight marker (Bio-Rad) in each blot.

Statistical Analysis

Data are expressed as mean+SEM. Repeated-measures ANOVA
was used for comparison of multiple values obtained from the same
subject, whereas factoridl ANOVA was used for comparing data
obtained from two independent samples of subjects. The Bonferroni
procedure was used to control type | error. Significance was
established at a level of P<<0.05.

Results

Arterial NADPH Oxidase, But Not Xanthine
Oxidase Activity, Is Increased in DOCA-Salt Rats
There was a significant increase in systolic arterial blood
pressure in DOCA-salt rats compared with the sham
control rats (181=4.0 versus 120+ 1.0 mm Hg, n=27 sham
and 35 DOCA-salt rats, P<<0.01). The activity of NADPH
oxidase was significantly higher in carotid arteries of
DOCA-salt rats compared with the sham rats, an effect that
was suppressed by the selective ET, receptor antagonist
ABT-627. Apocynin or gene transfer of dominant negative
Racl also decreased NADPH oxidase activity (Figure 1A).
However, the activity of xanthine oxidase was similar in
carotid arteries between sham and DOCA-salt rats (Figure
1B).

ETA/NADPH Oxidase Increases Arterial O, Levels
in DOCA-Salt Rats

Arteriad O, levels were aso significantly higher in DOCA-
sdt than in sham rats, an effect that was abolished by the
selective ET, receptor antagonist ABT-627. Gene transfer of
dominant negative Racl or EC-SOD also reduced O, to its
control levels, an effect that was not observed after 3-ga
reporter gene transfer (Figure 2A).
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Figure 1. NADPH oxidase (A) and xanthine oxidase (B) activity
in carotid arteries of sham and DOCA-salt rats. Arterial superna-
tants from sham and DOCA rats, with or without treatments as
indicated, were subjected to NADPH and xanthine oxidase mea-
surements by lucigenin chemiluminescence in the presence of
their relative substrates 10~ mol/L NADPH or xanthine (see
Methods). No enzymatic activity could be detected in the
absence of NADPH or xanthine. n=4 to 10 rats (A) and 6 rats
(B). *P<<0.05 vs sham, #P<0.05 vs DOCA control.

ET, Receptor Blockade and NADPH Oxidase
Inhibition Reduce Arterial VCAM-1 Levelsin
DOCA-Salt Rats

Arterid VCAM-1 levels were significantly increased in
DOCA-sdlt rats compared with the sham control rats, an
effect that was ameliorated by selective ET, receptor antag-
onist ABT-627 (Figure 2B) but not selective ETg receptor
antagonist BQ788 (data not shown). NADPH oxidase inhibi-
tion by either apocynin or gene transfer of dominant negative
Racl suppressed VCAM-1 expression. In addition, gene
transfer of EC-SOD reduced both arterial VCMA-1 and O,
levels (Figure 2B and Figures 3A and 3B).

ET-1 Stimulates Arterial VCAM-1 Expression
Through ET, Receptor/NADPH Oxidase-Induced
O, in Normal Rats

In carotid arteries of normal rats, ET-1 treatment for 24
hours significantly increased VCAM-1 levels compared
with the blank-incubated control rats, an effect that was
prevented by the pretreatment of ABT-627 (Figures 4A
and 4B). NADPH oxidase inhibition by either apocynin or
gene transfer of dominant negative Racl suppressed ET-
1-induced VCAM-1 expression. Similarly, gene transfer
of EC-SOD also reduced arterial VCMA-1 levels (Figures
4A and 4B).
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Discussion

The major new findings in the present study are (1) the
activity of NADPH oxidase isincreased in carotid arteries of
DOCA-sdlt rats, which is abrogated by the ET, receptor
antagonist ABT-627, and by NADPH oxidase inhibition with
either apocynin or gene transfer of dominant negative Racl;
(2) ET-1 directly stimulates arterial VCAM-1 expression, an
effect that is abolished by ABT-627 or apocynin; and (3) gene
transfer of EC-SOD or dominant negative Racl ameliorates
increased arterial VCAM-1 expression in DOCA-salt hyper-
tensive rats.

Experimental and clinical studies have demonstrated
that ET-1 plays arole in atherogenesis. ET-1 enhances the
expression of VCAM-1, a key early marker in atheroscle-
rosis, in TNFa-stimulated endothelial cells.2t Hyperten-
sive patients with high plasma ET-1 levels are correlated
with elevated blood VCAM-1 levels and increased risks
for developing hypertension-induced organ damages.2223
Consistent with these reports, our data showed for the first
time that ET-1 treatment for 24 hours augments VCAM-1
levels directly in carotid arteries of normal rats, an effect
that is mediated by the ET, receptor since its selective
antagonist ABT-627 abolished the response. Similarly, the
elevated arterial VCAM-1 levels in DOCA-salt rats were
abrogated by ABT-627 but not the selective ETg receptor
antagonist BQ788, suggesting that VCAM-1 expression in
this model is mediated by ET-1 through its ET, receptors.
These in vitro observations are consistent with our pub-
lished data that in vivo treatment with the ET, receptor
antagonist ABT-627 reduced superoxide levels and blood
pressure in the same model.22 The reason that carotid
artery was used is that it is a common vessel type prone to
the development of atherosclerosis in hypertensive pa-
tients.24¢ We used in vitro ET-1 stimulation of VCAM-1
expression in normal carotid arteriesin the present study to
mimic the effect of the high levels of arterial ET-1
observed in DOCA-salt hypertensive rats.12 The concen-
tration of ET-1 used was 10° mol/L, which was based on
our published data that ET-1 at this concentration pro-
duced similar amount of O, in normal carotid arteries
compared with that of DOCA-salt rats.’2 In addition,
according to our published2 and present data, there is no
significant difference of superoxide levels between 24-
hour incubated and freshly isolated arteries from DOCA-
salt rats.

Increased oxidative stress including superoxide has been
shown to upregulate adhesion molecule expression.? In
Ang ll-induced hypertensive rats, Ang Il stimulates O,
and oxidative signaling pathways involving redox-
sensitive transcription factor NF-«kB and upregulates its
downstream genes including VCAM-1.8 Ang Il is known
to produce O, through activating the membrane-bound
NADPH oxidase.*® In aldosterone-induced hypertension,
intercellular adhesion molecule-1 (ICAM-1) is enhanced
by an oxidase-stress—dependent mechanism.2> In DOCA-
salt hypertensive rats, a model with high ET-1 levelsin the
carotid arteries, we have shown that ET-1 is a potent
stimulant for O, production through an ET, receptor/
NADPH oxidase pathway.'2 The present study demon-
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strated that NADPH oxidase activities were significantly
elevated in carotid arteries of DOCA-salt rats, which were
blocked by ET, receptor antagonist ABT-627 and NADPH
oxidase inhibitor apocynin. In contrast, the activity of
xanthine oxidase was not increased in carotid arteries of
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DOCA-salt rats. Furthermore, ABT-627 and apocynin also
suppressed augmented VCAM-1 levels in both ET-1-
treated carotid arteries of normal rats and carotid arteries
of DOCA-salt rats. The selectivity of apocynin, a methoxy-
substituted catechol, on NADPH oxidase has been well

Figure 3. A, Fluorescent confocal micro-
graphs showing in situ detection of
superoxide in rat carotid arteries. Arterial
cross sections were labeled with the
superoxide-sensitive dye dihydro-
ethidium (DHE), which fluoresces red
when oxidized to ethidium bromide by
superoxide (see Methods). Sections
shown are typical of 3 separate experi-
ments. Bar=0.05 mm. B, Immunohisto-
chemical detection of VCAM-1 expres-
sion in cross sections of carotid arteries
of DOCA-salt and sham rats. Positive
VCAM-1 immunoreactivity is indicated by
> dark brown staining. Sections shown are
s 2 typical of 4 separate experiments.
Bar=0.1 mm.

¥
\
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Figure 4. A, Immunohistochemical
detection of VCAM-1 expression in cross
sections of carotid arteries of normal
rats. Positive VCAM-1 immunoreactivity
is indicated by dark brown staining. Sec-
tions shown are typical of 4 separate
experiments. Bar=0.1 mm. B, Western
blot analysis of VCAM-1 protein levels in
carotid arteries of normal rats. Equal
amounts of protein (20 ng) were used for
each group as confirmed by membrane
staining with the Coomassie brilliant blue
R-250. Molecular size for VCAM-1 is
~100 kDa. Protein level in control group
is expressed as 100%. A, n=3 to 4 rats.
*P<0.05 vs normal, #P<0.05 vs
normal+ET-1, +P<0.05 vs B-gal+ET-1.
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characterized, as it impedes the assembly of the p47phox
and p67phox subunits within the membrane NADPH
oxidase complex.26 Taken together, these data suggest that
ET-1-induced VCAM-1 expression is mediated by O,
which is derived from the activated NADPH oxidase.
Since we have observed that NADPH oxidase is a key
source for arterial O, generation in DOCA-salt hyperten-
sion,2 a blockade of its activity may also allow effective
inhibition of VCAM-1 expression. However, NADPH oxi-
dase is a complex enzyme that includes multiple membrane
and cytosolic subunits. Pharmacological interventions are
rather limited and often difficult for maximal and specific
inhibition of the enzyme activity. In this study, arterial gene
transfer of a dominant negative HA-tagged N17Racl was
used in an attempt to abrogate the endogenous Racl expres-
sion, a key GTPase component required for NADPH oxidase
activation.’4 Our results demonstrate that gene transfer of
dominant negative Racl markedly inhibited NADPH oxidase

activity (Fig 1A), with aresultant suppression of both arterial
O, levels (Fig 2A) and VACM-1 levels (Fig 2B) in DOCA-
sat rats. These experimental observations strongly suggest
that dominant negative Racl overexpression leadsto NADPH
oxidase inhibition, which were aso consistent with our
apocynin data. Collectively, these findings suggest that
NADPH oxidase inhibition results in a concomitant reduction
of both O, and VCAM-1 levelsin carotid arterial of DCOA-
sdt rats.

Because ET-1-induced VCAM-1 expression appears to be
mediated by superoxide, we also examined the strategy that
aimed at scavenging vascular O, levels directly by gene
transfer of EC-SOD, which has been shown to reduce
vascular O, and mean arteria pressure in SHR.1> Gene
transfer of EC-SOD at the titer of 5X10% pfu/mL reversed
VCAM-1 levels to that of the sham control rats in carotid
arteries of DOCA-salt rats. Compared with gene transfer of
Mn-SOD, the mitochondrial O, scavenging enzyme EC-SOD
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appears to be more effective, since Mn-SOD gene transfer
only partially suppressed arterial VCAM-1 levels at the same
titer in DOCA-sdlt rats, as we previously reported.’3 These
data suggest that in addition to mitochondria, extracellular O,
aso plays a pivota role in stimulating VCAM-1 expression.
Thisis consistent with the reports that EC-SOD is a principle
regulator of oxidative stress and represents an important
enzymatic antioxidant defense system in vascular disease
including atherosclerosis.2”2° The reason for the observed
discrepant effects between these two SOD isozymes is
unclear; it may be that EC-SOD has a higher affinity to
cellular membrane and is cell-permeable with heparin-
binding domain and/or that EC-SOD has a much longer
half-life (18 hours) than Mn-SOD and CuZn-SOD (severd
minutes).’> Further studies are needed to determine the
relative endogenous activities of all three SOD isoforms and
compare their gene transfer effectson VCAM-1 expressionin
this and other models of hypertension.

It is of interest to note that the increased O, appears to be
scavenged by EC-SOD gene transfer throughout the vascular
walls. Recombinant EC-SOD can scavenge O, in endothelial
and adventitial layers because of known ex vivo transgene
expression at both locations,6 whereas this may not be the
case inside the smooth muscle cells. The exact reason that ex
vivo gene transfer led to reduced O, signa in the media is
unknown. We speculate that because O, has been shown to
cross erythrocyte3° and endothelial cell3 membranes through
anion channels (eg, chloride channels), it may diffuse out-
ward into the lumen and perivascular site because of its high
level in smooth muscle and relative low levels in the
endothelium and adventitia as it is being scavenged at both
sites after gene transfer. Thus, overexpression of EC-SOD in
the endothelium and adventitia may produce a “diffusion-
gradient” effect through which O, gets into the two outside
layers, whereby it is scavenged. Additionally, EC-SOD is
known to possess a high affinity to cellular membrane and is
cell-permeable with its heparin-binding domain.t> Future
studies are needed to elucidate the underlying mechanisms on
our experimental observations. Finally, the increased
VCAM-1 expression appears to occur throughout the vascu-
lar walls. It isdifficult to identify the specific cell types under
light microscopy, athough the VCAM-1 immunoreactivity
appears to exist in endothelial cells, smooth muscle cells, and
adventitial fibroblasts.

In summary, the findings of the present study demonstrate
that ET-1 directly stimulates arterial VCAM-1 expression
through its ET, receptor—mediated activation of NADPH
oxidase and superoxide formation in mineralocorticoid hy-
pertension. Inhibition of NADPH oxidase by gene transfer of
dominant negative Racl is a novel strategy that may be
effective against increased arterial VCAM-1 levels associated
with cardiovascular disease, including hypertension.
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