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Abstract. Atherosclerotic renovascular disease (RVD) ampli-
fies damage in a stenotic kidney by inducing pro-inflammatory
mechanisms and disrupting tissue remodeling. Oxidative stress
isincreased in RVD, but its direct contribution to rena injury
has not been fully established. The authors hypothesized that
chronic antioxidant intervention in RVD would improve rena
function and attenuate tissue injury. Single-kidney hemody-
namics and function at baseline and during vasoactive chal-
lenge were quantified using electron-beam computed tomog-
raphy in pigs after 12 wk of experimental RVD (simulated by
concurrent hypercholesterolemia and renal artery stenosis, n =
7), RVD daily supplemented with antioxidant vitamins C (1 g),
and E (100 IU/kg) (RVD+Vitamins, n = 7), or controls
(normal, n = 7). Renal tissue was studied ex vivo using
Western blot analysis and immunohistochemistry. Basal renal
blood flow (RBF) and glomerular filtration rate (GFR) were
similarly decreased in the stenotic kidney of both RVD groups.
RBF and GFR response to acetylcholine was blunted in RVD,

but significantly improved in RvVD+Vitamins (P < 0.05 ver-
sus RVD). RVD+Vitamins also showed increased rena ex-
pression of endothelial nitric oxide synthase (eNOS) and de-
creased expression of NAD(P)H-oxidase, nitrotyrosine,
inducible-NOS, and NF-«B, suggesting decreased superoxide
abundance and inflammation. Furthermore, decreased expres-
sion of pro-fibrotic factors in RVD+Vitamins was accompa-
nied by augmented expression of extracellular (matrix metal-
loproteinase—2) and intracellular  (ubiquitin)  protein
degradation systems, resulting in significantly attenuated glo-
merulosclerosis and renal fibrosis. In conclusion, chronic an-
tioxidant intervention in early experimental RVD improved
renal functional responses, enhanced tissue remodeling, and
decreased structural injury. This study supports critical patho-
genic contribution of increased oxidative stress to renal injury
and scarring in RVD and suggests arole for antioxidant strat-
egies in preserving the atherosclerotic and ischemic kidney.

Renal artery stenosis (RAS), most commonly due to athero-
sclerosis (1), is an important clinical entity that can lead to
hypertension and progressive renal failure (2). Clinical studies
have consistently demonstrated that atherosclerotic renovascu-
lar disease (RVD) is particularly associated with greater dete-
rioration of renal function as well as poorer responses to
therapy compared with other causes of RAS (3). The mecha
nisms responsible for the increased propensity for renal dam-
age have been proposed to include augmented generation of
reactive oxygen species (ROS) and increased oxidative stress
(4,5). ROS have been implicated in the pathogenesis of renal
injury by liberation of vasoconstrictors, direct cellular damage,
and inactivation of nitric oxide (NO) (6,7), which may subse-
quently lead to both functional and structural renal abnormal-

Received August 28, 2003. Accepted January 6, 2004.
Correspondence to Dr. Lilach O. Lerman, Division of Hypertension, Mayo
Clinic, 200 First Street SW, Rochester, MN, 55905. Phone: 507-266-9376;
Fax: 507-266-9316; E-mail: lerman.lilach@mayo.edu

1046-6673/1504-0958
Journal of the American Society of Nephrology
Copyright © 2004 by the American Society of Nephrology

DOI: 10.1097/01.ASN.0000117774.83396.E9

ities. We have previously shown in apig model that early RvD
markedly increased oxidative stress, intrarena inflammation, and
fibrosis and amplified rend dysfunction (4,5). Evidence of poten-
tial benefits resulting from blockade of the oxidative stress path-
way with antioxidant vitamins in renal disease is accumulating
(8-10); however, their potentidly beneficia effects on the ste-
notic kidney in atherosclerotic RVD have not been tested.

Electron-beam computed tomography (EBCT) is an ultra-
fast scanner, and we have previously shown that it provides
accurate and noninvasive quantification of single kidney vol-
ume, regional perfusion, blood flow, GFR, and segmental
tubular function (4,5,11-14). This clinically available tech-
nigue provides an opportunity to repeatedly evaluate the re-
gional renal hemodynamics and function of the intact RVD
kidney in vivo distal to a stenosis and to define rena impair-
ment and response to intervention. Thus, the goal of the present
study was to test the hypothesis that blockade of the oxidative
stress pathway by antioxidant vitaminsin RV D would improve
renal function and prevent intrarenal structural damage.

Materials and Methods

All procedures were approved by the Institutional Animal Care and
Use Committee. Twenty-one domestic pigs (55 to 65 kg) were studied
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after 12 wk of observation. In 14 pigs, alocal irritant coil was placed
in the main renal artery at baseline and induced gradual development
of unilateral RAS, as described previously (4,5,12,14). BP measure-
ment was obtained in all animals by use of a PhysioTel telemetry
system (Data Sciences) implanted at baseline in the left femoral
artery. Mean arterial pressure (MAP) was recorded at 5-min intervals
and averaged for each 24-h period. Levels reported were those ob-
tained for 2 d before each in vivo study (5,14). The degree of RAS was
subsequently measured by quantitative renal angiography (4,12,14).
To simulate early atherosclerosis, the animals were fed with either a
high-cholesterol (HC) diet (2% cholesterol and 15% lard, TD-93296;
Harlan-Teklad, Madison, WI) (4,5,13,15) (RVD, n = 7), or aHC diet
orally supplemented with daily doses of vitamin C (1000 mg) and E
(100 1U/kg) (10) (RVD+Vitamins, n = 7). We have previously
shown that these doses and duration of treatment led to effective
blockade of oxidative stress (10,14,16,17). The other seven pigs were
fed with a normal diet and used as controls (normal, n = 7).

On study days, each animal was anesthetized with 0.5 g of intra-
muscular ketamine and xylazine, intubated, and mechanically venti-
lated with room air. Anesthesia was maintained with a mixture of
ketamine (0.2 mg/kg per min) and xylazine (0.03 mg/kg per min) in
normal saline, administered via an ear vein cannula (0.05 ml/kg per
min). Under sterile conditions and fluoroscopic guidance, an 8F
arterial catheter was advanced to the stenotic renal artery, proximal to
the stenosis. Short bolus injections (4 to 6 ml) of low-osmolar non-
ionic contrast media (iopamidol, Isovue-370; Squibb Diagnostics,
Princeton, NJ) were used to visualize the lumen of the rena artery
using a fluoroscopy system (Siemens Siremobil Compact) and mag-
nification that allows a field of view between 17 and 23 cm. The
images were recorded and later analyzed off-line to determine the
degree of stenosis. The degree of RAS was determined manually
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(using a ruler) by assessing the decrease in lumina diameter of the
rena artery at the most stenotic point compared with a stenosis-free
segment (12). After angiography, in vivo EBCT flow studies were
then performed as previously detailed (4,13-15,18) for assessment of
basal regional-renal perfusion, RBF, GFR, and tubular function and
repeated during suprarenal infusion of acetylcholine (Ach, 5 ng/kg
per min) and sodium-nitroprusside (SNP, 6 nM/kg per min) to test
endothelium-dependent and -independent responses, respectively.
Blood samples were collected from the inferior vena cava for mea-
surement of vitamin levels (HPLC), plasma renin activity (PRA,
radio-immunoassay), superoxide dismutase (SOD), activity and serum
creatinine (spectrophotometry).

After completion of all studies, the pigs were euthanized with a
lethal intravenous injection of Sleepaway (100 mg/kg intravenous!;
Fort Dodge Laboratories, Inc, Fort Dodge, 1A). Kidneys were re-
moved using a retroperitoneal incision, immediately shock-frozen in
liquid nitrogen, and stored at —80°C or preserved in formalin
(5,13,14). In vitro studies were then performed to characterize oxida
tive stress and to assess pro-inflammatory and pro-fibrotic activity in
the kidney. SOD activity was quantified in renal tissue and plasma
using spectrophotometry. Protein expression of the NAD(P)H-oxidase
subunits p67phox and p47phox, nitrotyrosine (as a footprint for per-
oxynitrite formation in vivo), endothelial nitric oxide synthase
(eNOS), NF-«B, matrix metalloproteinase-2 (MMP-2), and tissue
inhibitor of metalloproteinase-1 (TIMP-1) were measured using
Western blot analysis and immunohistochemistry. In addition, using
either frozen or deparaffinized 5-um-thick mid-hilar cross-sections,
renal morphology (H&E), inflammation (ED-1 and CD-3), fibrosis
(trichrome), as well as immunoresactivity for inducible NOS, TGF-,
and the intracellular protein degradation mediator ubiquitin were also
investigated in representative sides from each kidney.

Table 1. Systemic characteristics, single-kidney hemodynamics (mean = SEM), in normal, renovascular disease (RVD), and

RVD treated with vitamins (RVD+Vitamins) pigs®

Normal (n = 7) RVD (n =7) RVD+Vitamins (n = 7)

Total cholesterol (mmol/L) 1.7+ 01 8.4 + 05° 92+ 12°
LDL cholesterol (mmol/L) 06+ 0.1 6.8+ 0.6° 6.8+ 0.9°
Mean arterial pressure (mmHg) 101.8 + 4.4 123.8 = 6.9° 1263 = 4.3°
Degree of stenosis (%) 0.0+ 0.0 65.9 + 9.5° 65.8 + 2.4°
Plasma renin activity (ng/mL per h) 05+0.1 04+0.1 05+0.1
Creatinine (wmol/L) 123.7 + 6.2 176.8 = 17.7° 168.0 = 8.8°
Vitamin E (mg/mmol LDL) 1.2+ 0.2 11+02 25+ 04°
Vitamin C (mg/L) 04+01 04+0.1 0.65 + 0.1°
Plasma SOD activity (U/ml) 35+0.3 1.7 +03° 2.1+ 04°
Renal volume (cc) 1425+ 95 97.5 + 10.4° 78.8 + 19.5°
Renal blood flow (ml/min) 553.4 + 48.7 306.6 + 28.9° 234.6 + 69.1°
Glomerular filtration rate (ml/min) 69.3 + 4.4 50.0 + 6.0° 328+ 12.1°
Perfusion (ml/min per cc)

cortex 42+03 34+03° 33+ 04°

medulla 26+0.3 23+03 23+04
Intratubular fluid concentration (arbitrary units)

proximal tubule 38*=0.2 36*+04 37+04

Henle's loop 82+13 45+ 0.7° 65+ 1.4

distal tubule 6.9+ 0.9 5.0+ 05" 59+ 09

collecting duct 113+ 1.4 6.6 + 0.8° 6.5+ 1.5°

2LDL, low-density lipoprotein; SOD, superoxide dismutase.
PP < 0.05 versus normal.
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Superoxide Dismutase Assay

Total SOD, manganese (Mn), and copper-zinc (Cuzn) SOD iso-
forms activity was measured in renal tissue using a Superoxide
Dismutase Kit (R&D Systems, Inc, Minneapolis, MN), as described
previously (14). For measurement of Mn SOD activity, 100 ul of
potassium cyanide (KCN, 60mMol), which blocks CuZn SOD activ-
ity, was added to the mixture in parallel experiments.

In addition, SOD activity was measured in plasma using the Cay-
man Chemical Superoxide Dismutase Assay Kit (Cayman Chemicals,
Inc, Ann Arbor, MI) and following the vendor’s instructions. Briefly,
blood anticoagulated with EDTA was centrifuged twice at 4°C, and
the supernatant collected. The standards and samples were placed in
a sample plate and assayed in duplicate. Reaction was initiated by
adding 20 ul of diluted xanthine oxidase to all wells, and then the
plate was incubated on a shaker at room temperature for 20 min. The
absorbance of each standard and sample was read at 450 nm using a
plate reader. SOD activity was calculated using an equation obtained
from the linear regression of the standard curve substituting the
linearized rate for each sample. One unit was defined as the amount
of enzyme needed to exhibit 50% dismutation of the superoxide
radical.

Protein Expression and Western Blotting

Standard Western blot protocols were followed as described pre-
viously (5,13), using specific antibodies against nitrotyrosine residues
(2:500; Cayman Inc., Ann-Arbor, Ml), eNOS (1:250; BD Transduc-
tion Laboratories, Lexington, KY), the NAD(P)H-oxidase subunit
p47phox (1:2000; Upstate Biotechnology, Lake Placid, NY); and
p67phox, NF-kB, MMP-2, and TIMP-1 (1:200 for all; Santa Cruz
Biotechnology Inc., CA).

Immunohistochemistry for eNOS, iNOS, NF-«B, CD-3, ED-1,
nitrotyrosine, TGF-8, MMP-2, TIMP-1, and ubiquitin was performed
on either frozen (eNOS) or deparaffinized renal tissue. Primary anti-
bodies utilized were either polyclona for iINOS (1:500; Affinity
Bioreagents, Golden, CO), CD-3 (1:300; Cell Marque Corporation,
AK), TGF-B (1:10; Santa Cruz Biotechnology Inc., CA), TIMP-1 and
PAI-1 (1:100 for both; Santa Cruz Biotechnology, CA), or monoclo-
nal for ED-1 (1:50; RDI, NJ), eNOS (1:500; Transduction Laborato-
ries), nitrotyrosine residues (1:20; Cayman, Ann-Arbor, MI), NF-«B
(2:50; Santa Cruz Biotechnology Inc., CA), MMP-2 (1:100; Chemi-
con International, Temecula, CA), and ubiquitin (1:200; Berkeley
Antibody Co., Richmond, CA). The secondary antibody, 1gG Envi-
sion Plus (Dako), was followed by staining with the Vector NovaRED
substrate kit (Vector-Laboratories, Burlingame, CA), and slides were
counter-stained with hematoxylin (4,5,13,14,19).

Data Analysis

Manually traced regions of interest were selected in EBCT images
in the aorta, renal cortex, medulla, and papilla, and their densities
were sampled. Time-density curves were generated and fitted with
extended gamma-variate curve-fits, and the area enclosed under each
segment of the curve and its first moment were calculated using the
curvefitting parameters (11). These were used to calculate renal
regional perfusion (ml/min per g of tissue), intratubular fluid concen-
tration (ITC), which is an index of segmental tubular fluid reabsorp-
tion and tubular function, single-kidney GFR, and RBF, using previ-
ously-validated methods (4,11,14,15,18).

Histology
Mid-hilar cross-sections of theischemic kidney (1 per animal) were
examined using a computer-aided image-analysis program (Meta-
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Morph, Meta Imaging Series 4.6). In each representative dide, im-
munostaining was semi-automatically quantified in 15 to 20 fields by
the computer program and expressed as percentage of staining of total
surface area, and the results from al fields were averaged
(4,5,13,14,19). Glomerular score (percentage of sclerotic glomeruli)
was assessed by recording the number of sclerotic glomeruli out of
100 counted glomeruli (4,14).

Satistical Analyses

Results are expressed as mean = SEM. Comparisons within groups
were performed using paired t test and among groups using ANOVA,
with the Bonferroni correction for multiple comparisons followed by
unpaired t test. Statistical significance was accepted for P < 0.05.

Results
Serum lipids, MAP, and plasma creatinine were similarly
and significantly elevated in both RVD and RVD+Vitamins
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Figure 1. Rena blood flow (RBF) and GFR responses to acetylcho-
line (Ach, % change) in normal, renovascular disease (RVD), and
RVD+Vitamins. Rena hemodynamics and function were signifi-
cantly improved in RVD after antioxidant intervention. *P < 0.05
versus normal, *P = 0.09 versus Normal.
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compared with normal, and the angiographic degree of stenosis
was not different between them (Table 1). PRA was not dif-
ferent among the groups (Table 1). Serum levels of vitamin C
and E were significantly increased in the treated animal's, while
systemic plasma SOD activity was attenuated in both RVD
groups (Table 1).

Basal Renal Hemodynamics and Function

Basal rena volume, RBF, GFR, and cortical perfusion were
significantly decreased in RVD and RV D+ Vitamins compared
with normal (Table 1), while medullary perfusion was similar
among the groups. Compared with normal animals, ITC was
significantly lower along the nephron of RVD from the loop of
Henle and distally, suggesting impaired tubular fluid reabsorp-
tion, as previously shown (4). This impairment was mostly
reversed in RVD+ Vitamins, although it remained unaltered in
the collecting duct (Table 1).

Response to Acetylcholine and Sodium-Nitroprusside
Infusion of Ach and SNP was not associated with a persis-
tent change in BP, as we have previously shown (4). In normal
animals, Ach significantly increased RBF and GFR (to 737.1
+ 56.1 and 97.4 = 8.3 ml/min, respectively; P = 0.003 for
both), cortical and medullary perfusion (to 5.7 = 0.5and 4.2 +
0.4, ml/min per g, respectively; P =< 0.02 each). This response
was blunted in RVD, in which Ach did not further increase
RBF, GFR, or any regional perfusion compared with baseline.
However, in RVD+Vitamins, Ach significantly increased sin-
gle-kidney RBF (to 318.4 = 73.3 ml/min; P = 0.01), GFR (to
48.3 = 16.9 mi/min; P = 0.03), and cortical perfusion (to 4.7
+ 0.3 ml/min per g; P = 0.02). Furthermore, the degree of
RBF and GFR responses to Ach was greater in
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RVD +Vitamins compared with RVD (57.4 £ 13.7 versus 22.7
+ 18 and 26.8 = 1.8 versus 6.4 + 15.6% change; P < 0.05;
Figure 1). Medullary perfusion remained unchanged.

In response to SNP, normal animals showed a significant
increase in RBF (to 667.9 = 57.8 ml/min; P = 0.04), cortical,
and medullary perfusion (to 4.9 = 0.4, and 3.6 = 0.39 ml/min
per g of tissue, respectively; P < 0.04 for both), whereas these
remained unchanged in RVD and RVD+Vitamins.

Redox Status

The activity of both CuZn and Mn SOD isoforms was
significantly decreased in RVD compared with normal and
remained attenuated in RVD +Vitamins (Table 2), suggest-
ing that antioxidant intervention did not improve SOD-
mediated superoxide anion scavenging. However, the in-
creased protein expression of both the NAD(P)H-oxidase
subunits p67phox and p47phox observed in RVD was nor-
malized in RVD+Vitamins (Figure 2, A and B), suggesting
decreased potential for generation of superoxide. Further-
more, tubular and glomerular protein expression of nitroty-
rosine, which was significantly elevated in RVD kidneys
compared with normal, was substantially reduced in
RVD+Vitamins (Table 2, Figure 2C), implying decreased
production of peroxynitrite.

Renal Inflammation and Fibrosis

Microvascular endothelial expression of eNOS was not dif-
ferent than normal in RVD animals but showed a strong
tendency to increase in RVD+Vitamins (P = 0.08 versus
RVD; Table 2 and Figure 3A), suggesting increased bioavail-
ability of nitric oxide (NO). In addition, tubular (mainly prox-
imal) and glomerular expression of the pro-inflammatory fac-

Table 2. Renal tissue redox status (mU/mg, mean = SEM), protein expression, and morphological evaluation (% of rena
area; mean = SEM), in normal, renovascular disease (RVD), and RVD treated with vitamins (RVD+ Vitamins)

pigs
Normal (n = 7) RVD (n = 7) RVD+Vitamins (n = 7)

Tissue SOD activity (mU/mg)

Total 76.7 = 5.2 429 + 8.7 473 = 8.4%

Cuzn 67.8 =39 422 = 8.4% 448 + 7.1

Mn 89=+19 0.7 + 0.4° 22+ 18
Nitrotyrosine 75+ 0.3 104 = 0.5% 3.8+ 0.6®
eNOS 44+ 03 39+04 5.6 + 0.6°
iNOS 3404 11.8 = 0.4* 50+ 0.1%®
NF-xB 0.4 = 0.06 6.7 + 0.9° 0.7 + 0.04%®
TGF-B 15+ 0.09 7.1+ 05% 31+03®
TIMP-1 20=x01 6.2 + 0.4° 37+ 05®
MMP-2 34=01 33+0.2 38+ 0.1
Ubiquitin 31+02 43+ 047 6.3 + 0.4
Trichrome 33+0.2 8.6 + 0.4° 6.8 + 0.6
Glomerular score 0.0+ 0.0 40+ 112 1.9 + 0.3%®

2P < 0.05 versus normal.
PP < 0.05 versus RVD.
P = 0.08 versus RVD.
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Figure 2. Renal expression (cortex and medulla) of NAD(P)H-p67
phox (A), p47phox (B), and nitrotyrosine (C) in normal, renovascular
disease (RVD), and RVD+ Vitamins kidneys. Vitamin supplementa-
tion in RVD normalized the expression of NAD(P)H-p67phox,
p47phox, and nitrotyrosine, suggesting decreased superoxide genera-
tion and peroxynitrite formation. * P < 0.05 versus normal, TP < 0.05
versus RVD. Magnification, X40.

tors iINOS and NF-kB, which was markedly elevated in RVD
animals, were substantially decreased in the vitamin-treated
group (Table 2; Figure 3, B and C), indicating attenuation in
rena inflammation. Furthermore, the expression of the pro-
fibrotic TIMP-1 and TGF-B was increased in the tubular and
glomerular compartments of RVD compared with normal, ac-
companied by a marked increase in perivascular, glomerular,
and tubulointerstitial fibrosis. In contrast, kidneys from ani-
mals treated with vitamins showed a significant decrease in
TIMP-1 and TGF-B expression (Table 2; Figure 4, A and B),
suggesting decreased inclination for matrix deposition. Fur-
thermore, the expression of MM P-2 and ubiquitin was elevated
in RVD+Vitamins (P < 0.02 versus normal and RVD for
both, respectively; Table 2 and Figure 4, B and C), implying an
increase in extracellular and intracellular protein degradation
and removal. Accordingly, RVD animals showed a marked
increasein CD-3" and ED-1" cells (Figure 5, A and B), which
were normalized after antioxidant intervention. Consequently,
although it remained greater than normal (P < 0.001 versus
normal; Table 2), the trichrome histopathological analysis of
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Figure 3. Representative renal immunoblots and immunohistochem-
istry demonstrating protein expression of eNOS (A) and pro-inflam-
matory iNOS (B) and NF-«kB (C) in normal, renovascular disease
(RVD), and RVD+Vitamins kidneys. Chronic antioxidant supple-
mentation in RVD increased eNOS expression and decreased iNOS
and NF-kB, suggesting augmented generation of NO and a decrease
in inflammation. *P < 0.05 versus normal, “P = 0.08 versus RVD.
Magnification, X40.

stained sections illustrated a significantly reduced glomerular
score (an index of glomerulosclerosis) in RVD+Vitamins,
accompanied by diminished tubular and interstitial staining (P
= 0.02 versus RVD; Table 2), suggesting an overall decrease
in renal fibrosis (Table 2; Figure 5C).

Discussion

This study demonstrates that chronic blockade of the oxida-
tive stress pathway in an experimental model of early RVD
improves RBF, GFR, and regional perfusion responsesto chal-
lenge and blunts inflammation and fibrosis in the stenotic
kidney. Thus, antioxidant vitamin intervention might play a
role in preserving the function and structure of the stenotic
kidney and delaying progression of renal injury.

Atherosclerotic RVD is associated with high cardiovascular
morbidity and mortality and has been increasingly recognized
as amagjor cause of end-stage rena disease (20,21). The aug-
mented renal parenchymal damage observed in atherosclerotic
RVD is considered a major determinant of renal dysfunction
and outcome (22). Inhibition of NO-mediated vasodilatation,
activation of angiotensin |1, increased generation of ROS, and
modulation of cell growth and proliferation may mediate renal



J Am Soc Nephrol 15: 958-966, 2004

A 1imp-1

2B DA P e e S S —
120
*

B.1GF-p

o
Q
o
1

Densitometric units

RVD

RVD  RVD+Vitamins

Normal RVD+Vitamins
C .mup-2
72 kDa » — —

D.Ubiquitin

~
o

@
]

o
Q

Densitometric units
W s
o O

n
Q

-
(=]

“RVD+Vitamins

Normal RVD RVD +Vitamins

Figure 4. Representative renal immunoblots and immunohistochem-
istry demonstrating protein expression of tissue inhibitor of metallo-
proteinases-1 (TIMP-1) (A), TGF-B (B), matrix-metalloproteinase-2
(MMP-2) (C), and ubiquitin (D), in normal, renovascular disease
(RVD), and RVD+Vitamins kidneys. Vitamin supplementation nor-
malized the expression of pro-fibrotic TGF-B and TIMP-1, and it
improved MMP-2 and ubiquitin, suggesting a decrease pro-fibrotic
activity accompanied by augmented extracellular and intracellular
removal. *P < 0.05 versus normal, TP < 0.05 versus RVD. Magni-
fication, x40.

vascular, tubular, and glomerular injury. Many forms of renal
disease are modulated by increased oxidative stress, and ex-
perimental blockade of the oxidative stress pathway with an-
tioxidant vitaminsin several disease models has been shown to
decrease renal injury and glomerulosclerosis (23-25) and im-
prove renal hemodynamics in models of Goldblatt hyperten-
sion (14,26). However, the potential of this approach to protect
the stenotic kidney with RVD, which involves several concur-
rent renal insults (5) and may be more similar to the human
disease, has not been explored.

Diet-induced HC is awell-accepted method to simulate early
atherosclerosis (4,10,27). We have previously shown that HC
resulted in renal functional impairment, associated with in-
creased systemic oxidative stress, intrarenal inflammation, and
vascular and tubulointerstitial injury (4,13,19) (Table 3). How-
ever, these changes are significantly accentuated in our exper-
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imental model of RVD, in which coexisting hypercholesterol-
emiaand RAS synergistically activate deleterious mechanisms
that amplify renal injury (4,5). This model exhibits impaired
renal functional response to challenge and decreased fluid
reabsorption due to early tubular injury. Furthermore, the ste-
notic kidney shows a marked increase in both systemic and
renal oxidative stress, which has the potential to mediate renal
dysfunction, inflammation, and fibrosis (4,14). Supporting this
view, the current study shows the benefits from antioxidant
intervention achieved in our RVD model. Because of the
similar degree of stenosis, basal renal hemodynamics and
function were sSimilarly decreased in RVD and
RV D+ Vitamins compared with controls. Medullary perfusion
remained similar among the groups, likely as a renal defense
mechanism to preserve the medulla and reflecting the indepen-
dent regulation of medullary blood flow from that of the cortex
(28,29).

Rena hemodynamics and function remained attenuated in
both RVD groups during the endothelium-independent chal-
lenge with SNP, possibly due to unabated increased activity of
vasoconstrictors (e.g. endothelin-1) that the low systemic dose
that we used of this NO donor might have been insufficient to
negate. Nevertheless, diminished sensitivity to NO and smooth
muscle cell dysfunction cannot be excluded either. Indeed,
increased expression of eNOS, as observed in RVD+Vitamins,
might have been necessary to augment renovascular responses
to the endothelium-dependent vasodilator Ach in this group.
Antioxidant vitamin intervention greatly improved RBF, GFR,
and regional perfusion responses to Ach. Thisimprovement in
renal functional responses may have resulted from decreased
abundance of the vasoconstrictor superoxide anion (suggested
by the normalized expression of the NAD(P)H-oxidase sub-
units p67phox and p47phox), increased expression of eNOS,
decreased peroxynitrite formation, and increased bioavailabil-
ity of NO. Peroxynitrite and ROS may also increase the pro-
inflammatory iNOS and NF-«B (30,31), as observed in the
RVD kidneys. Increased iNOS activity may further inhibit
eNOS activity, thereby leading to renal vasoconstriction and
reduction in GFR (32), and NF-«xB may increase transcription
of genes, leading to inflammation and injury (31), especialy in
the sensitive tubules. Remarkably, stenotic kidneys treated
with antioxidant vitamins showed decreased expression of both
iNOS and NF-«B, reflecting reduced intrarenal inflammation,
which was further supported by the reduced presence of ED-1"
and CD-3" cells. Since iNOS-derived tubular NO may also
impair tubular function and decrease ITC, attenuated iINOS
expression may account for the improvement in tubular func-
tion and GFR observed in vitamin-treated RVD (33).

Furthermore, the impairment in renal function in RVD due
to increased oxidative stress is accompanied by augmented
tubulointerstitial and glomerular fibrosis (4). The excessively
produced ROS may mediate renal fibrotic injury through acti-
vation of the TGF-B pathway to facilitate extracellular matrix
(ECM) accumulation (34). Indeed, TGF-B has been shown to
increase various ECM proteins and TIMP while decreasing
MMP (35), the major regulators of renal ECM degradation
(36). In addition, ROS can directly diminish the activity of
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Figure 5. Representative stainning for CD-3 (A), ED-1 (B), and trichrome (C) in normal, renovascular disease (RVD), and RVD+Vitamins
kidneys, showing a substantial decrease in inflammation, glomerulosclerosis, and tubulointerstitial fibrosis compared to RVD. Magnification,

X40.

MMP-2 (37), and oxidation of ECM can modulate its suscep-
tibility to degradation, which may account for ECM accumu-
lation and glomerulosclerosis (38). Moreover, augmented in-
trarenal oxidized LDL may elicit a fibrogenic response by
leading to both an increase in intrarenal and extracellular
matrix protein synthesis and decrease their degradation
(39,40). We have previously shown that the significant in-
crease in activities of extracellular and intracellular protein
degradation systems, likely mediated by oxidative stress (41),
was dtill relatively blunted in RVD and insufficient to afford
adequate protein degradation and removal, resulting in sub-
stantial renal scarring (5). Accordingly, RVD animals treated
with vitamins C and E showed ameliorated tubulointerstitial
and glomerular fibrosis, attenuated TGF-B and TIMP-1 expres-
sion, and augmented immunoreactivity of MMP-2. Notably,
the expression of the ubiquitin/proteasome system was aso
increased at tubular and glomerular compartments in vitamin-
treated RVD. We have previously shown that ubiquitin expres-
sion was increased in the coronary arteries in early atheroscle-
rosis and decreased with antioxidant intervention (41). Since
ubiquitin expression was further increased with antioxidant
vitamins in the ischemic kidney of RVD, this may potentially
reflect a tissue-specific and/or disease-specific effect of anti-
oxidant intervention on regulation of the ubiquitin/proteasome
system. This improvement in tissue remodeling may account
for the dlightly (albeit NS) lower renal volume (and conse-
quently RBF and GFR) in RVD+Vitamins. Overal, these
findings suggest that chronic blockade of multiple oxidative

stress pathways in early RVD tends to restore the altered
bal ance between protein degradation and removal responsible
for renal scarring (5), and thereby to preserve the structure of
the stenotic kidney.

Increased abundance of ROS may initidly lead to rena
microvascular endothelial dysfunction (42) similar to that ob-
served in the myocardial microcirculation, which may precede
and subsequently be aggravated by development of obstructive
lesions in the main renal artery. Notably, although blockade of
the oxidative stress pathway substantially attenuated renal in-
jury, it did not completely abolish it, suggesting that additional
pathophysiological mechanisms might be involved. The de-
crease in RBF and subsequent sustained activation of the
renin-angiotensin system is likely a major trigger for rena
injury in this model (43,44). Furthermore, increased oxidation
of LDL in atherosclerosis may also induce structural modifi-
cations of cell proteins and impair cell viability and pro-
grammed cell death (39). Although vitamins C and E can
protect LDL from oxidation (45,46), it is possible that this
substantial increase in plasma LDL resulted in abundance of
substrate that exceeded this protective mechanism. An effect of
antioxidants such as vitamin C and E on BP is not consistently
observed (23,47,48) and was not observed in our study, nor did
it interfere with our results. PRA was similar among the
groups, as common in chronic untreated, experimental reno-
vascular hypertension (4,5,18). Notably, we have previously
shown that PRA in our model shows a transient increase 4 to
5wk after induction of a stenosis (from 0.4 = 0.1to 4.4 + 1.9
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Table 3. Qualitative evaluation of the systemic and renal
effects of swine hypercholesterolemia (HC) alone
or in conjunction with renal artery stenosis (RVD)
compared to normal pigs®

HC RVD
Systemic
total cholesterol (mmol/L) ) 0
mean arterial pressure (mMmHQ) N 0
plasma superoxide dismutase activity i W
(U/mg)
Renal
renal blood flow (ml/min) N l
glomerular filtration rate (ml/min) N l
perfusion (ml/min per cc)
cortex N J
medulla N N
intratubular fluid concentration
(arbitrary units)
proximal nephron N l
distal nephron N J
tissue superoxide dismutase activity N l
(mU/mg)
nitrotyrosine ) M
NF-«B 1 "
TGF-B 7 ()
MMP-2 N 1
ubiquitin N 0
trichrome 1 M
glomerular score N M

2N, no difference from normal pigs.

ng/ml per hour) and lateralizes to the stenotic kidney but
returns to baseline levels (to 0.4 = 0.1 ng/ml per hour) by 10
to 12 wk (12). This may be partly due to the relatively mod-
erate stenosis and the contralateral kidney, which suppresses
renin release to somewhat counterbalance systemic PRA.

Our study involved a relatively early stage of this disease,
and the chronic antioxidant intervention was initiated before
instigation of renal injury. Clinical atherosclerotic RVD is a
progressive disorder, and longer duration and chronicity likely
eventuate in renal damage and irreversible scarring. Neverthe-
less, this study demonstrates that chronic antioxidant interven-
tion with vitamins C and E in amodel of early RVD improves
RBF, GFR, and regional perfusion responses. Importantly, the
stenotic RVD+Vitamins kidney showed attenuated intrarenal
inflammation, fibrosis, glomerulosclerosis, and tissue remod-
eling. Thus, the current study supports a potential role for
antioxidant vitamin intervention in preserving the kidneys in
RVD and reveals a novel renoprotective effect of antioxidant
intervention in the setting of RVD, which may potentially
delay progression to ESRD.

Acknowledgments
Supported by grant number HL-63282 from the NIH, and by the
American Heart Association.

Antioxidants in Renovascular Disease 965

References

1

Safian RD, Textor SC: Renal-artery stenosis. N Engl J Med 344:
431-442, 2001

2. Vashist A, Heller EN, Brown EJ Jr, Alhaddad IA: Renal artery

10.

11.

12.

13.

14.

15.

16.

17.

stenosis: a cardiovascular perspective. Am Heart J 143: 559—
564, 2002

Plouin PF, Rossignol P, Bobrie G: Atherosclerotic rena artery
stenosis: To treat conservatively, to dilate, to stent, or to operate?
J Am Soc Nephrol 12: 2190-2196, 2001

Chade AR, Rodriguez-Porcel M, Grande JP, Krier JD, Lerman
A, Romero JC, Napoli C, Lerman LO: Distinct renal injury in
early atherosclerosis and renovascular disease. Circulation 106:
1165-1171, 2002

Chade AR, Rodriguez-Porcel M, Grande JP, Zhu X, Sica V,
Napoli C, Sawamura T, Textor SC, Lerman A, Lerman LO:
Mechanisms of renal structural aterations in combined hyper-
cholesterolemia and renal artery stenosis. Arterioscler Thromb
Vasc Biol 23: 1295-1301, 2003

Lerman L, Textor SC. Pathophysiology of ischemic nephropathy.
Urol Clin North Am 28: 793-803, ix, 2001

Napoli C, de Nigris F, Palinski W: Multiple role of reactive
oxygen speciesin the arterial wall. J Cell Biochem 82: 674—682,
2001

Nowzari FB, Davidson SD, Eshghi M, Mallouh C, Tazaki H,
Konno S: Adverse effects of oxidative stresson renal cellsand its
prevention by antioxidants. Mol Urol 4: 15-19, 2000

Boaz M, Smetana S, Weinstein T, Matas Z, Gafter U, laina A,
Knecht A, Weissgarten Y, Brunner D, Fainaru M, Green MS:
Secondary prevention with antioxidants of cardiovascular dis-
ease in endstage renal disease (SPACE): Randomised placebo-
controlled trial. Lancet 356: 1213-1218, 2000

Stulak JM, Lerman A, Porcel MR, Caccitolo JA, Romero JC,
Schaff HV, Napoli C, Lerman LO: Rena vascular function in
hypercholesterolemiais preserved by chronic antioxidant supple-
mentation. J Am Soc Nephrol 12: 1882-1891, 2001

Krier JD, Ritman EL, Bajzer Z, Romero JC, Lerman A, Lerman
LO: Noninvasive measurement of concurrent single-kidney per-
fusion, glomerular filtration, and tubular function. Am J Physiol
Renal Physiol 281: F630-638, 2001

Lerman LO, Schwartz RS, Grande JP, Sheedy PF, Romero JC:
Noninvasive evaluation of a novel swine model of renal artery
stenosis. J Am Soc Nephrol 10: 1455-1465, 1999

Chade AR, Best PJ, Rodriguez Porcel M, Herrmann J, Zhu X,
Sawamura T, Napoli C, Lerman A, Lerman LO: Endothelin-1
receptor blockade prevents renal injury in experimental hyper-
cholesterolemia. Kidney Int 64: 962—969, 2003

Chade AR, Rodriguez-Porcel M, Herrmann J, Krier JD, Zhu X,
Lerman A, Lerman LO: Beneficia effects of antioxidant vita-
mins on the stenctic kidney. Hypertension 42: 605-612, 2003
Chade AR, Rodriguez-Porcel M, Rippentrop SJ, Lerman A,
Lerman LO: Angiotensin Il AT1 receptor blockade improves
renal perfusion in hypercholesterolemia. Am J Hypertens 16:
111-115, 2003

Rodriguez-Porcel M, Lerman A, Best PJ, Krier JD, Napoli C,
Lerman LO: Hypercholesterolemiaimpairs myocardial perfusion
and permeability: Role of oxidative stress and endogenous scav-
enging activity. J Am Coll Cardiol 37: 608—615, 2001
Rodriguez-Porcel M, Lerman LO, Holmes DR Jr, Richardson D,
Napoli C, Lerman A: Chronic antioxidant supplementation at-
tenuates nuclear factor-kappa B activation and preserves endo-
thelial function in hypercholesterolemic pigs. Cardiovasc Res53:
1010-1018, 2002



966

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Journal of the American Society of Nephrology

Lerman LO, Nath KA, Rodriguez-Porcel M, Krier JD, Schwartz
RS, Napoli C, Romero JC: Increased oxidative stress in experimen-
tal renovascular hypertension. Hypertension 37: 541-546, 2001
Wilson SH, Chade AR, Feldstein A, Sawamura T, Napoli C,
Lerman A, Lerman LO. Lipid-lowering independent effects of
simvastatin on the kidney in experimental hypercholesterolemia.
Nephrol Dial Transplant. 18: 703-709, 2003

McLaughlin K, Jardine AG, Moss JG: ABC of arteria and venous
disease. Rend artery stenosis. BMJ 320: 11241127, 2000

Uzu T, Takgi M, Yamada N, Fujii T, Yamauchi A, Takishita S,
Kimura G: Prevalence and outcome of renal artery stenosis in
atherosclerotic patients with renal dysfunction. Hypertens Res
25: 537-542, 2002

Wright JR, Shurrab AE, Cheung C, Waldek S, O’ Donoghue DJ,
Foley RN, Mamtora H, Kalra PA: A prospective study of the
determinants of rena functional outcome and mortality in ath-
erosclerotic renovascular disease. Am J Kidney Dis 39: 1153—
1161, 2002

Schnackenberg CG: Oxygen radicalsin cardiovascular-rena dis-
ease. Curr Opin Pharmacol 2: 121-125, 2002

Mune M, Otani H, Yukawa S: Effects of antioxidants on kidney
disease. Mech Ageing Dev 123: 1041-1046, 2002

Van den Branden C, Deman A, Ceyssens B, Pauwels M, Empsen
C, Verbeelen D: Vitamin E protects renal antioxidant enzymes
and attenuates glomerulosclerosis in Adriamycin-treated rats.
Nephron 91: 129-133, 2002

Welch WJ, Mendonca M, Aslam S, Wilcox CS: Roles of oxida-
tive stress and AT1 receptors in renal hemodynamics and oxy-
genation in the postclipped 2K,1C kidney. Hypertension 41:
692-696, 2003

Rodriguez-Porcel M, Krier JD, Lerman A, Sheedy PF 2nd,
Romero JC, Napoli C, Lerman LO: Combination of hypercho-
lesterolemia and hypertension augments renal function abnor-
malities. Hypertension 37: 774—780, 2001

Lerman LO, Taer SJ, Textor SC, Sheedy PF 2nd, Stanson AW,
Romero JC: Computed tomography-derived intrarenal blood
flow in renovascular and essential hypertension. Kidney Int 49:
846-854, 1996

Rudenstam J, Bergstrom G, Taghipour K, Gothberg G, Karl-
strom G: Efferent renal sympathetic nerve stimulation in vivo.
Effects on regional renal haemodynamics in the Wistar rat,
studied by laser-Doppler technique. Acta Physiol Scand 154:
387-394, 1995

Cooke CL, Davidge ST: Peroxynitrite increases iNOS through
NF-kappaB and decreases prostacyclin synthase in endothelial
cells. Am J Physiol Cell Physiol 282: C395-C402, 2002
Guijarro C, Egido J: Transcription factor-kappa B (NF-kappa B)
and renal disease. Kidney Int 59: 415-424, 2001

Gabbal FB: Effects of nitric oxide synthase blockers on renal
function. Nephrol Dial Transplant 16: 10-13, 2001

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

J Am Soc Nephrol 15: 958-966, 2004

Klahr S. Mechanisms of progression of chronic renal damage. J
Nephrol. 12[Suppl 2]: S53-62, 1999

Iglesas-De La Cruz MC, Ruiz-Torres P, Alcami J, Diez-
Marques L, Ortega-Velazquez R, Chen S, Rodriguez-Puyol M,
Ziyadeh FN, Rodriguez-Puyol D: Hydrogen peroxide increases
extracellular matrix mRNA through TGF-beta in human mesan-
gia cells. Kidney Int 59: 87-95, 2001

Douthwaite JA, Johnson TS, Haylor JL, Watson P, El Nahas
AM: Effects of transforming growth factor-betal on renal extra-
cellular matrix components and their regulating proteins. J Am
Soc Nephrol 10: 2109-2119, 1999

Lenz O, Elliot SJ, Stetler-Stevenson WG: Matrix metalloprotein-
ases in rena development and disease. J Am Soc Nephrol 11:
574-581, 2000

Mattana J, Margiloff L, Sharma P, Singhal PC: Oxidation of the
mesangial matrix metalloproteinase-2 impairs gelatinolytic ac-
tivity. Inflammation 22: 269-276, 1998

Mattana J, Margiloff L, Chaplia L: Oxidation of extracellular
matrix modulates susceptibility to degradation by the mesangial
matrix metalloproteinase-2. Free Radic Biol Med 27: 315-321,
1999

Vieira O, Escargueil-Blanc |, Jurgens G, Borner C, Almeida L,
Salvayre R, Negre-Salvayre A: Oxidized LDLs dter the activity
of the ubiquitin-proteasome pathway: Potential role in oxidized
LDL-induced apoptosis. Faseb J 14: 532-542, 2000

Eddy AA: Interdtitial fibrosis in hypercholesterolemic rats: Role
of oxidation, matrix synthesis, and proteolytic cascades. Kidney
Int 53: 1182-1189, 1998

Herrmann J, Gulati R, Napoli C, et al. Oxidative stress-related
increase in ubiquitination in early coronary atherogenesis.
FASEB J 2003, in press

Bonetti PO, Lerman LO, Lerman A: Endothelial dysfunction: A
marker of atherosclerotic risk. Arterioscler Thromb Vasc Biol 23:
168-175, 2003

Zou LX, Imig JD, von Thun AM, Hymel A, Ono H, Navar LG:
Receptor-mediated intrarenal angiotensin |l augmentation in an-
giotensin |l-infused rats. Hypertension 28: 669—677, 1996
Johnson RJ, Alpers CE, Yoshimura A, Lombardi D, Pritzl P,
Floege J, Schwartz SM: Rend injury from angiotensin |1-medi-
ated hypertension. Hypertension 19: 464—474, 1992

Meydani M. Vitamin E and atherosclerosis. beyond prevention
of LDL oxidation. J Nutr. 131: 3665-368S, 2001

Libby P, Aikawa M: Vitamin C, collagen, and cracks in the
plague. Circulation 105: 1396—1398, 2002

Ness AR, Chee D, Elliott P: Vitamin C and blood pressure-an
overview. J Hum Hypertens 11: 343-350, 1997

Kim MK, Sasaki S, Sasazuki S, Okubo S, Hayashi M, Tsugane
S: Lack of long-term effect of vitamin C supplementation on
blood pressure. Hypertension 40: 797—-803, 2002



