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Abstract

Background—~Renal function in patients with atherosclerosis and renal artery stenosis (ARAS)
deteriorates more frequently than in non-atherosclerotic RAS. We hypothesized that ARAS
aggravates stenotic kidney microvascular loss compared to RAS.

Methods—Domestic pigs were randomized to Normal, RAS, and ARAS (RAS fed a high-
cholesterol diet) groups (n=7 each). Ten weeks later stenotic kidney oxygenation, renal blood flow
(RBF), and glomerular filtration rate (GFR) were evaluated in-vivo, and microvascular density by
Micro-CT.

Results—Blood pressure in both RAS and ARAS was elevated, and stenotic kidney RBF and

GFR similarly decreased. RAS decreased the density of small-size cortical microvessels (<200

um), while ARAS extended the decrease to medium-sized microvessels (200-300 um). Cortical
hypoxia and interstitial fibrosis increased in both RAS and ARAS, but correlated inversely with
microvascular density only in RAS.

Conclusions—Atherosclerosis aggravates loss of stenotic-kidney microvessels, yet additional
determinants likely contribute to cortical hypoxia and fibrosis in swine ARAS.
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Introduction

Renal artery stenosis (RAS), a narrowing of one or both main renal arteries or their
branches, is most commonly caused by atherosclerosis. RAS is an important cause of
secondary hypertension in the elderly population,[t] that may ultimately lead to advanced
kidney injury.[?] The reported prevalence of clinically manifest atherosclerotic RAS (ARAS)
in the Medicare population is approximately 0.5% overall, and 5.5% in those with chronic
kidney disease.[3] Because atherosclerotic renovascular disease is often asymptomatic, the
true frequency may be higher.[4l Renal dysfunction and hypertension progress in ARAS
patients more frequently compared with patients with fibromuscular dysplasia.[>:6] Similarly,
we showed that tubular and glomerular dysfunction in ARAS pigs were accentuated
compared with RAS alonel7-9l. Yet, the potential effect of ARAS on renal microvascular
architecture has not been fully explored.

The renal microcirculation sustains renal perfusion and function, and rarefaction of
intrarenal microvessels is an important contributor to renal injury. Loss of microvasculature
in various forms of kidney injury correlates directly with the development of glomerular and
tubulointerstitial scarring.[10-13] and may lead to chronic ischemia and hypoxia, thus
accelerating renal fibrosis.[!1] We have previously shown that in ARAS atherogenic factors
aggravate renal fibrosis and oxidative stress[’-9]. However, while microvascular rarefaction
may also contribute to loss of kidney function distal to RASI4, the degree to which early
atherosclerosis modulates microvascular loss in RAS compared to ARAS remains unclear.

The present study was designed to test the hypothesis that ARAS aggravates stenotic kidney
microvascular loss compared to RAS. For this purpose, we compared in swine models of
unilateral RAS and ARAS the relationship between the spatial density of microvessels and
the impairments in individual kidney hemodynamics, function, oxygenation, and structure.

Materials & Methods

Experimental Design

All procedures were approved by the Institutional Animal Care and Use Committee.
Twenty-one female domestic pigs (initially weighing 25-35kg) were randomized to three
groups: Normal, RAS and ARAS, which underwent imaging studies after 10 weeks of
observation.

In vitro studies were subsequently performed to measure total cholesterol and low-density
lipoprotein (LDL) in plasma (Roche), plasma renin activity (Radioimmunoassay, DiaSorin,
Stillwater, MN), and serum creatinine (Arbor Assays, Ann Arbor, MI). After completion of
all studies, the pigs were euthanized with sodium pentobarbital (100 mg-kg=! IV, Fort Dodge
Laboratories). Kidneys were sectioned and immediately shock-frozen in liquid nitrogen and
stored at —80°C, pres erved in formalin or prepared for micro-computed tomography (micro-
CT).
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Induction of RAS and ARAS

Animals were anesthetized with intramuscular Telazol® (Fort Dodge Animal Health, New
York, NY) (5mg-kg™1) and xylazine (2mg-kg™1), intubated, and anesthesia maintained with
intravenous ketamine (0.2mg-kg~1-min~1) and xylazine (0.03 mg-kg=1-min=1). The femoral
artery was catheterized, followed by a heparin bolus (5000U). Under fluoroscopic guidance,
local-irritant coils were implanted in the proximal-middle right renal artery, as previously
described.[”-141 RAS pigs were subsequently fed a 10-week standard pig chow (n=7),
whereas ARAS consumed an atherogenic diet of 2% cholesterol and 15% lard (TD-93296,
Harlan-Teklad) (n=7),["-%1 which is considered a surrogate of early atherosclerosis. In
control pigs, selective renal angiography was followed by a 10-week normal diet (Normal,
n=7). Mean arterial pressure (MAP) was subsequently measured by a PhysioTel® telemetry
system (Data Sciences International, St. Paul, MN) implanted at baseline in the left femoral
artery and averaged in the last 2-3 days before study completion.[2.7-]

Measurement of Kidney Oxygenation

Stenotic kidney oxygenation was determined 10 weeks after the RAS or sham procedure
using blood oxygen-level dependent (BOLD) magnetic resonance imaging (MRI) under 1-
2% isoflurane inhaled anesthesia. BOLD images were collected at baseline and 15 minutes
after injection of a bolus of furosemide (0.5 mg-kg™1), through an ear vein cannula. The
renal cortex and medulla were manually traced in each image, and the average relaxivity
index R2* computed. The basal BOLD signal (R2*), and its change after furosemide
(AR2*), were used as measures of tissue oxygenation and oxygen-dependent tubular
function, respectively.[15.16]

Measurement of renal function

A few days later after MRI studies, all pigs were again anesthetized and underwent renal
angiography. Single-kidney renal blood flow (RBF), glomerular filtration (GFR) and the
degree of renal artery stenosis were then evaluated using multidetector CT (MDCT,
SOMATOM Definition-64; Siemens, Forchheim, Germany). MDCT images were analyzed
with ANALYZE™ (Biomedical Imaging Resource, Mayo Clinic, MN). RBF was calculated
by the sum of the products of cortical and medullary perfusions and volumes, and GFR was
assessed from the cortical proximal-tubular curve.[17] The degree of stenosis was calculated
as the decrease in renal arterial luminal area, as previously described.[?]

Microvascular Architecture

Harvested kidneys were prepared and scanned as previously described.[18] Briefly, Microfil
MV122 (an intravascular contrast agent, Flow Tech, Inc.) was perfused under physiological
pressure through a cannula ligated in the renal artery. Samples were prepared and scanned at
0.5 degree angular increments at 18-um resolution, and images analysis was performed with
ANALYZE™, as previously described.[18.191 The microvessels (diameters <500 pm) in the
renal cortex (divided into equal inner and outer halves) were counted in each level and
classified according to diameter as small (20-200 pm), medium (200-300 um), or large
(300-500 pm) microvessels. The medullary microvascular volume fraction (proportion of
tissue containing blood vessels) was calculated as previously described.[16]
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Kidney Tissue Studies

Renal morphology in each pig was examined in representative 5-um-thick formalin-
embedded sections stained with trichrome. Renal fibrosis was assessed by a computer-aided
image analysis program (AxioVision 4.8.2, Carl Zeiss Microscopy, Thornwood, NY). In
each slide, trichrome staining was semi-automatically quantified in 6-10 fields, expressed as
fraction of kidney surface area, and the results from all fields averaged.[®] Glomerular score
(% of sclerotic out of 100 glomeruli) was assessed as described.[29] Tubular injury was
scored as described previously.[2] Oxidative stress indicated by /n-situ production of
superoxide anion was quantified in 30 um fresh frozen tissue slides stained with
Dihydroethidium (DHE).[*6] Endothelial nitric oxide synthase (eNOS) (1:500; BD
Transduction Lab) and phosphorylated eNOS (p-eNOS) (1:500; Abcam)
immunofluorescence was also assessed. Nuclear factor-xB (NF-xB, 1:100, Abcam,
Cambridge, England) and oxidized low-density lipoprotein (ox-LDL, 1:150, Abcam)
immunohistochemistry was done to investigate inflammation and LDL oxidization.
Microvascular remodeling, primarily of small and medium-size arteries, was assessed by
wall-to-lumen ratio using a-smooth muscle actin (a-SMA) staining (1:50; Dako, Glostrup,
Denmark).[2]

Standard Western blotting protocols were followed as described previously,®-23] using
specific antibodies against vascular endothelial growth factor (VEGF, 1:250, Santa-Cruz)
and NF-«xB (1:1000, Abcam).

Statistical Analysis

Results

Results are shown as mean+SEM. Comparisons among groups were performed by 1-way
ANOVA followed by unpaired Student’s #tests, and within groups by paired #tests. Least-
square regression was used to assess the relationship between renal microvessels, function,
and oxygen supply. Statistical significance was accepted for £<0.05.

The degree of stenosis and blood pressure were not different between the RAS and ARAS
groups (Table 1). MAP in the RAS and ARAS groups increased compared with normal
animals (£=0.05 and P=0.02, respectively), and serum cholesterol and LDL levels were
elevated only in ARAS pigs (£<0.01 for each). Plasma creatinine was significantly elevated
in RAS and ARAS animals compared with Normal (£=0.02 and P=0.01, respectively),
whereas plasma renin activity was not different among the three groups. RBF and GFR were
not different between the stenotic RAS and ARAS kidneys and were significantly decreased
compared with normal kidneys (P<0.04 for each) (Table 1).

Intrarenal Microvasculature

In the renal cortex, RAS decreased the density of small-sized microvessels (<200 um)
through the inner, outer and whole cortex (P<0.02 each), while ARAS decreased the density
of both small and medium-sized microvessels (200-300 pm) throughout the cortex (Figure
1A and 1B, P<0.04 for each). Large microvessels (300-500 pm) remained unchanged in
both groups compared to normal kidneys.
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In the renal medulla, the density of microvessels in both RAS and ARAS decreased
significantly compared to Normal (Figure 1A and 1C, P=0.02 and P=0.007, respectively).

Renal Oxygenation

Basal renal cortical R2*, an index of deoxyhemoglobin concentration in the kidney,[15:24]
was higher in both RAS and ARAS than in the Normal group (Figure 1D and 1E, A<0.01
and A<0.05, respectively). Basal medullary R2* values were only elevated in ARAS
compared to Normal (Figure 1D and 1E, £=0.04). In response to furosemide, both the cortex
and medulla remained more hypoxic in RAS and ARAS than in normal pigs (~£<0.04 each).
The medullary change in R2* in response to furosemide, as a measure of oxygen-dependent
tubular transport function, indicated a similarly attenuated response in both RAS and ARAS
compared to Normal (Figure 1D and 1F, P=0.04 and P=0.02, respectively). (Figure 1).

Renal Histology

Stenotic RAS kidneys showed sporadic regions of focal interstitial fibrosis and tubular
atrophy, whereas ARAS kidneys showed more extensive multifocal interstitial fibrosis with
associated tubular atrophy. Compared with other groups, fibrosis in the ARAS cortex and
medulla increased significantly, and was localized mainly in the peritubular interstitial space
(Figure 2A and 2B, P<0.03 each). Glomerular score increased similarly in RAS and ARAS
pigs, whereas tubular injury observed in RAS was further aggravated in ARAS (Figure 2A,
2C and 2D, /<0.05 each). DHE staining was elevated in RAS (~<0.05 vs. Normal), and
further exacerbated in ARAS (Figure 2A and 2E, £<0.01 vs. Normal, and £=0.04 vs. RAS).
Compared to Normal, total eNOS immunoreactivity decreased in both RAS (P=0.01) and
ARAS (Figure 2A and 2F, P=0.006), while p-eNOS decreased only in ARAS (Figure 2A
and 2G, P=0.04 vs. Normal). Both ox-LDL and NF-xB immunoreactivities increased
significantly only in ARAS kidneys (Figure 3A, 3B and 3C, £<0.002 vs. Normal and RAS).
Microvascular wall thickening (media-to-lumen ratio) increased in RAS (P=0.0001 vs.
Normal), but further in ARAS (Figure 3A and 3D, /£<0.0001 vs. each).

Western blotting confirmed that NF-xB expression increased significantly only in ARAS
(Figure 4A and 4B, P=0.04 vs. Normal, and P=0.04 vs. RAS). VEGF expression was not
significantly different among the three groups (Figure 4A and 4C).

Relationship between Microvessels and Stenotic Kidney Function, Oxygenation, and

Fibrosis

In the inner and whole cortex, the density of medium microvessels in RAS correlated
directly with RBF and GFR (Figure 5). Similarly, the density of medium microvessels in the
outer cortex declined with increasing degree of stenosis (data not shown). Contrarily, in
ARAS microvascular density did not correlate with the degree of stenosis, RBF or GFR,
suggesting that other factors were also involved in renal dysfunction in ARAS. BOLD-MRI
showed that in stenotic RAS kidneys, basal renal cortical and medullary R2* (hypoxia
index) increased with decreasing density of inner cortical medium-sized microvessels and
with medullary vascular volume fraction, respectively. Tubular injury score correlated
directly with basal renal cortical R2* in RAS (Figure 5). Furthermore, in stenotic RAS
kidneys, medium size microvessels in the whole and inner cortex correlated inversely with
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the severity of renal cortical fibrosis and tubular injury score, and medullary microvessels
with the severity of medullary fibrosis. On the other hand, in ARAS no such correlation was
observed (Figure 5).

Discussion

This study demonstrates that atherosclerosis activates mechanisms that can aggravate loss of
stenotic-kidney microvessels beyond the effects of the vascular occlusive lesion alone. Both
RAS and ARAS showed cortical hypoxia and marked decreases in RBF and GFR, and
eNOS expression, but only in RAS did microvascular loss correlate with these changes.
Therefore, additional factors likely contribute to loss of renal function in ARAS.

Atherosclerosis accounts for the majority of cases of clinical RAS. Compared with other
causes of RAS, ARAS has unfavorable outcomes,[25] and is increasingly identified in
patients with end-stage renal disease.[®] These observations imply that mechanisms beyond
the main vessel stenosis contribute to the deleterious effect of hypoperfusion on the kidneys
and augment renal damage. Previous studies indicated that atherosclerosis and renal
hypoperfusion combine to disrupt the balance among intrarenal vasoactive factors that
regulate vascular tone and tissue growth, thereby increasing renal injury.[81 This study
extends our previous observations and shows that magnified microvascular loss in ARAS
compared to RAS exceeds the level of vascular occlusion and is likely secondary to
atherogenic factors.

Accumulating experimental evidence indicates that inflammatory factors play an important
role in renal injury in ARAS.[2] In a previous study, we found that stenotic swine kidneys in
ARAS have increased tissue levels of the pro-inflammatory chemokine monocyte chemo-
attractant protein (MCP-1), which is associated with endothelial dysfunction and
microvascular loss.[26] Elevated systemic levels of tumor necrosis factor (TNF)-a and
MCP-1 in ARAS patients also persist after revascularization.[2”] NF-kB is a transcription
factor, which regulates expression of genes involved in inflammation and cell
proliferation.[8.28.291 MCP-1/CCR2-dependent activation of NF-xB in tubular epithelial cells
might amplify local inflammation[30] and fibrosis. Increased renal tissue inflammation may
directly cause microvascular injury and endothelial dysfunction.[31] Hence, upregulation of
NF-xB in ARAS pigs might have magnified microvascular injury.

Many forms of renal diseases are associated with increased oxidative stress, and anti-oxidant
therapy has been shown to improve renal hemodynamics in experimental renovascular
diseasel32:33] Furthermore, oxidative stress may contribute to microvascular loss in the
stenotic kidney.[18] For example, prolonged and severe tissue inflammation and oxidative
stress interfere with upregulation of angiogenic factors.[20:31] Hypoxia increases the
expression of many genes, particularly hypoxia-inducible factor (HIF)-1a and VEGF, a
major angiogenic factor essential for neovascularization.[341 However, reactive oxygen
species may degrade VEGF protein, which may account for its unchanged expression in
stenotic kidneys. In the present study, both RAS and ARAS increase renal oxidative stress,
as well as a cortical R2* (index of hypoxia), whereas ox-LDL expression increased only in
ARAS, possibly also due to increased availability of LDL. Ox-LDL can downregulate
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eNOSI3], attenuate its phosphorylation, and thereby aggravate microvascular injury in
ARAS compared to RAS, because eNOS is an important effector of VEGF. Furthermore,
these were accompanied in ARAS by decreased activation of eNOS, increased
immunoreactivity of ox-LDL and NF-xB, as well as oxidative stress and microvascular
remodeling, which might be involved in progression of renal injury that characterizes
ARAS.

Renal vascular resistance is determined by the integrated components of large interlobar
arteries, medium-size arcuate and interlobular arteries, as well as small afferent and efferent
arterioles (approximately 40um in size), capillaries, and veins. Vascular tone in afferent/
efferent arterioles and in glomerular capillaries is the main determinant of GFR.[23:36] A
decrease in renal hemodynamics in aging results primarily from remodeling of arcuate and
interlobular arteries, with an associated interstitial fibrosis.[37] In the inner renal cortex, the
frequency of vessels with diameters >250um, most of which are arcuate and radial
vessels[38], increases as the cortico-medullary junction is approached.[39] Interestingly, we
observed that in RAS, but not in ARAS, medium-sized cortical microvessels showed a
significant linear relationship with RBF, GFR, renal oxygen, fibrosis and tubular injury
score, and medullary microvessels correlated inversely with the severity of medullary
fibrosis. Indeed, microvascular injury may cause chronic ischemia and hypoxia, and
accelerate the process of fibrosis.[1*] Basal renal cortical R2* increased in both RAS and
ARAS animals, although medullary R2* was elevated only in ARAS, associated with more
severe fibrosis. The blunted changes of medullary R2* in RAS and ARAS implied reduced
prevailing oxygen consumption related to tubular sodium transport.[2l Moreover, medium-
sized microvessels were relatively preserved in RAS compared with Normal pigs, but were
decreased in ARAS. We interpret this to indicate that cortical microvessels are critical for
maintaining stenotic kidney function in RAS, whereas ARAS activates additional
mechanisms that not only aggravate microvascular loss but also impair renal function and
structure partly independent of these vascular changes. These changes partly may account
for greater decline in renal function in ARAS compared to RAS patients.

In our models, RAS and ARAS developed over 10 weeks, with short-term preexisting
disease and exposure to atherosclerosis and renovascular disease. Our small sample size
might lead to Type-2 errors, and larger studies are also needed to define in greater detail the
relationship between kidney function and microcirculation. Notably, despite the divergent
relationship of microvascular density with renal function, differences in hemodynamics,
function, or glomerulosclerosis between RAS and ARAS kidneys were not significant.
Possibly, longer duration of ARAS might impose functionally more severe kidney damage,
likely related to ischemia. We have previously found that an atherosclerotic diet induces only
mild functional and structural changes in kidney[’=91, with no insulin resistance Notably,
microvascular density assessed ex-vivo with micro-CT might be slightly different from that
observed in-vivo, yet likely reflects availability of microvessels. While not statistically
significantly different, we cannot rule out the possibility of the small differences in body
weight and blood pressure in ARAS compared to RAS modulated injury. In addition,
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because of the vascular complexity of the kidney, arbitrary division of the cortex into halves
may have no anatomical correlate in terms of vascular pattern.[4%]

In conclusion, the present study demonstrates that atherosclerosis aggravates loss of cortical
microvessels. Nevertheless, while in stenotic-kidneys in non-atherosclerotic RAS renal
remodeling and dysfunction may be attributable to microvascular loss, in ARAS additional
factors may magnify progression of kidney injury, including inflammation, oxidative stress,
and LDL oxidation, which promote development of renal fibrosis. Although at this early
stage renal function and hemodynamics in ARAS decreased to the same extent as in RAS,
greater renal injury is likely to accelerate deterioration of renal function at a more advanced
phase and increase its vulnerability to additional co-existing risk factors. These deleterious
alterations may account for accelerated renal dysfunction observed in atherosclerotic
renovascular disease, and warrant a multi-pronged approach tailored for underlying
mechanisms in order to halt progressive loss of renal function.
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Highlights
e RAS and ARAS induce similar hypertension and stenotic kidney dysfunction.

»  Swine ARAS magnifies loss of stenotic kidney cortical microvessels.

»  Cortical hypoxia and fibrosis do not correlate with microvascular loss in RAS.

« Inswine ARAS determinants additional to RAS alone contribute to cortical
injury.
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Figure 1.

Renal microvasculature and oxygenation in Normal, renal artery stenosis (RAS), and
atherosclerotic RAS (ARAS) pigs. A. Representative micro-CT images. B. In the renal
cortex, RAS decreased the density of small-sized microvessels (<200 um) throughout the
whole cortex, while ARAS decreased the density of both small and medium-sized (200-300
um) microvessels. C. Medullary microvessels decreased in both RAS and ARAS compared
with Normal. D. Representative BOLD images. E. Basal renal cortical R2* increased in both
RAS and ARAS compared with Normal, but medullary R2* were only elevated in ARAS. F.
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The medullary R2* response to furosemide was blunted in both RAS and ARAS. *P<0.05
vs. Normal; #P<0.05 vs. RAS.
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Figure 2.
Renal tissue remodeling. A. Representative renal trichrome, dihydroethidium (DHE), eNOS

and p-eNOS immunofluorescence (all x20). B. Renal cortical and medullary fibrosis
increased in RAS compared with Normal, and aggravated in ARAS. C. Glomerular score
increased in RAS and ARAS. D. Tubular injury score increased in RAS, and further
aggravated in ARAS. E. DHE staining (normalized to DAPI-positive nuclei) increased in
RAS compared with Normal, and in ARAS compared with Normal and RAS. F-G. eNOS
expression decreased in RAS and ARAS compared with Normal, but p-eNOS only
decreased in ARAS. *P<0.05 vs. Normal; #/<0.05 vs. RAS. Scale bar=50 pm.
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Figure 3.
Immunohistochemical staining. A. Representative ox-LDL, NF-kB and a-SMA staining (all

x20). B, C. ox-LDL and NF-xB immunoreactivity increased in ARAS compared with both
Normal and RAS. D. Renal microvascular media-to-lumen ratio (a-SMA) increased in RAS
compared with Normal, and further in ARAS compared with Normal and RAS. */<0.05 vs.
Normal; #£<0.05 vs. RAS. Scale bar=50 pm.
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Figure 4.

NF-xB and VEGF expression. A. Western blotting (representative 2 bands shown per group)
in three groups. B, C. NF-xB increased in ARAS compared with Normal and RAS, but
VEGF expression was not significantly different among the three groups. *A<0.05 vs.
Normal; #£<0.05 vs. RAS.
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Systemic characteristics, single-kidney hemodynamics and function in Normal, renal artery stenosis (RAS)
and atherosclerotic RAS (ARAS) pigs (mean£SEM).

Normal RAS ARAS
(n=7) (n=7) (n=7)

Body weight, kg 48.2+1.2 48.7+4.1 52.142.2
Degree of renal artery stenosis, % 0 76.0£7.2 % 68.9+8.0
MAP, mmHg 98.4£1.6  1175+107%  127.4¢1097
Total Cholesterol, mg/dl 82.3+3.6 88.2+7.9 405.3+59.7 %
LDL, mg/di 311#27  385%t18 g 44429
Creatinine, mg/dl 1.20+0.13 1.68+0.11 % 1.73+0.03%
Plasma renin activity, ng/mL/h 0.11+0.03 0.20+0.08 0.16+0.03
STK RBF, min/min 640.0£45.1  405.5+90.0% 436.7+67.7°
STK GFR, ml/min 87.9+7.8 60.6+6.4 " 59.645.0 F

MAP, mean arterial pressure; LDL, low density lipoprotein; RBF, renal blood flow; GFR, glomerular filtration rate; STK, stenotic kidney.

*
P<0.05 vs. Normal;

#P<0.05 vs. RAS.
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