Renal hemodynamics in renal artery
stenosis and angiotensin II-dependent

hypertension

Pathophysiological and diagnostic aspects

Aso Saeed

UNIVERSITY OF GOTHENBURG

From the
Department of Molecular and Clinical Medicine/Nephrology
Institute of medicine at Sahlgrenska Academy
University of Gothenburg

Sweden

Gothenburg 2011



© Aso Saeed 2011

All rights reserved. No part of this publication may be reproduced or
transmitted, in any form or by any means, without written permission.

ISBN 978-91-628-8295-2
Printed by Geson Hylte Tryck, Géteborg, Sweden 2011

U

K 4

Certifierad
150 14001




Renal hemodynamics in renal artery stenosis and
angiotensin II-dependent hypertension

Pathophysiological and diagnostic aspects

Aso Saeed, Department of Molecular and Clinical Medicine/Nephrology, Institute of
Medicine. The Sahlgrenska Academy at the University of Gothenburg, Sweden, 2011

ABSTRACT

Patients with renovascular hypertension have a poor renal and cardiovascular prognosis. To
improve the care of these patients, we need to increase knowledge about the pathophysiological
mechanisms involved. Thus, the aims of these studies were to examine: (1) renal hemodynamics and
renal blood flow autoregulation (RBFA) in an experimental model of chronic angiotensin (Ang) II-
dependent hypertension and the role of superoxide and endothelin (ET)-1; (2) the diagnostic value of
intrarenal velocimetric color duplex sonography (CDS) indices in patients with suspected renal artery
stenosis (RAS); and (3) biomarkers of oxidative stress (oxs), and ET-1, in hypertensive patients with
atherosclerotic RAS (ARAS) and the effect of renal angioplasty.

In chronically Ang Il-infused rats, high-NaCl intake (AnglI-HNa) resulted in a marked
impairment in the myogenic response (MR) of dynamic RBFA. This abnormality was not seen in
sham rats on a high-NaCl diet and was significantly more pronounced than in Ang II-infused rats on a
normal-NaCl diet. Chronic treatment with tempol, a superoxide dismutase mimetic, attenuated the
abnormality in dynamic RBFA in Angll-HNa, whereas acute treatment with ET, and/or ETy receptor
antagonists had no effect on this abnormality. In AnglI-HNa, ET, antagonism reduced arterial
pressure (AP) and specifically increased outer medullary perfusion. These effects were attenuated or
abolished by co-administration of ETy receptor antagonist.

In a retrospective cohort of patients undergoing renal angiography for suspected RAS,
acceleration indices of CDS; maximal systolic acceleration (ACCmax) and maximal acceleration
index (Almax= ACCmax/peak systolic velocity) provided comparable, good diagnostic accuracy in
detecting a hemodynamically significant RAS even in patients with markedly reduced kidney
function, in contrast to pulsatility index which correlated significantly to age, renal function and pulse
pressure, but not the degree of RAS.

In a prospective cohort of patients undergoing renal angiography for suspected ARAS
(significant ARAS; n=83, and non-RAS; n=59) baseline (prior to angiography) inflammatory, but not
oxs, biomarkers were significantly elevated in group ARAS vs. both group non-RAS and healthy
matched controls (n=20). Plasma ET-1 at baseline was significantly increased in group ARAS vs.
healthy controls and was significantly reduced compared to baseline 4 weeks after angioplasty.
Angioplasty had no significant effects on AP, biomarkers of oxs, inflammation or serum creatinine.

In conclusion, in a rat model of AnglI-dependent hypertension, high-NaCl intake produced a
marked impairment in the MR of dynamic RBFA. Tempol attenuated this abnormality, whereas ET-1
receptor antagonists did not, indicating a role for superoxide in the impaired autoregulatory response.
In the same animal model, acute ET, antagonism reduced AP and selectively increased outer
medullary perfusion. Our results suggest that selective ET, antagonists are more effective than
combined ET4.p antagonists in this model. Acceleration indices ACCmax and Almax are superior to
pulsatility index, and provide a similar, good, diagnostic accuracy in detecting a hemodynamically
significant RAS, even in patients with markedly reduced kidney function. Biomarkers of
inflammation, but not oxs, are elevated in patients with ARAS. Angioplasty did not decrease
inflammatory biomarkers but reduced plasma levels of ET-1 4 weeks after intervention.

Key words: angiotensin 11, autoregulation of renal blood flow, color duplex sonography, endothelin-1,
oxidative stress, renal artery stenosis, renal hemodynamics, renovascular hypertension,
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ABBREVIATIONS

ACCmax maximal systolic acceleration

ACE angiotensin converting enzyme
ACEI angiotensin converting enzyme inhibitor
Almax maximal acceleration index

Ang II angiotensin II

AP arterial blood pressure

ARAS atherosclerotic renal artery stenosis
ARB angiotensin receptor blocker

ASA acetylsalicylic acid

ATI1 angiotensin II type 1 receptor

AT2 angiotensin II type 2 receptor

CD collecting duct

CDS color duplex sonography

CKD chronic kidney disease

CLDF cortical laser-Doppler flux

CpO, cortical pO,

CTA computed tomography angiography
DBP diastolic blood pressure

DSA digital subtraction angiography
DTPA diethylenetriaminepenta-acetic acid
EDV end diastolic velocity

eGFR estimated glomerular filtration rate
ESV early systolic velocity

ET endothelin

FF filtration fraction

FMD fibromuscular dysplasia

GFR glomerular filtration rate

LD laser-Doppler

LDL-BDC baseline conjugated dienes in isolated LDL-cholesterol
MAG3 mercaptoacetyltriglycine

MAP mean arterial pressure

MAPG mean arterial blood pressure gradient
MR myogenic response

MRA magnetic resonance angiography
MV mean velocity

NADPH nicotinamide adenine dinucleotide phosphate
NO nitric oxide

NOS nitric oxide synthase

0," superoxide anion

oM outer medulla



OMLDF outer medullary laser-Doppler flux

OMpO, outer medullary pO,

ONOO"~ peroxynitrite

0XS oxidative stress

PC protein carbonyls

PI pulsatility index

PRA peripheral plasma renin activity

PSD power spectral density

PSV peak systolic velocity

PTRA percutaneous transluminal renal angioplasty
PU perfusion units

RAAS renin-angiotensin-aldosterone system
RAS renal artery stenosis

RBC red blood cell

RBF renal blood flow

RBFA renal blood flow autoregulation

RI resistive index

ROS reactive oxygen species

RVH renovascular hypertension

RVR renal vascular resistance

SBP systolic blood pressure

SOD superoxide dismutase

TAOC total antioxidant capacity

Tempol 4- hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl
TF transfer function

TGF tubuloglomerular feedback

UA uric acid

WBC blood leukocyte count

VSMCs vascular smooth muscle cells



INTRODUCTION

General background
The kidney and hypertension

Hypertension may have its origin in the kidney. However, hypertension, if not treated
effectively, can cause kidney damage resulting in a vicious circle wherein kidney damage
leads to exaggerated hypertension which in turn leads to further progression of renal disease.
Evidence from experimental renal cross-transplantation studies indicates an important role for
the kidney in the pathogenesis of hypertension. Renal grafts from genetically hypertensive
rats increased arterial blood pressure (AP) in normotensive recipients, whereas renal grafts
from genetically normotensive rats lowered AP in hypertensive recipients, suggesting that
“blood pressure goes with the kidney” .

As early as in 1836, Richard Bright reported the first potential association between
hypertension and renal disease when he associated autopsy findings of kidney disease and
cardiac hypertrophy to an increased peripheral resistance 2. In 1898 Tigerstedt and Bergman
discovered that extract from the renal cortex of rabbits caused a marked increase in AP when
injected intravenously (i.v.) to normotensive rabbits °. They hypothesized that the renal
cortical tissue extract contained a hypertensive factor and hence named it renin *. The first
successful experimental model of arterial hypertension caused by manipulation of the kidney
was developed in 1934 when Goldblatt et al. showed that clamping of renal arteries in dogs
produced a reproducible and persistent rise in AP *. Clamping other large arteries as splenic or
femoral arteries had no effect on AP, indicating that hypertension resulted specifically from
renal ischemia caused by renal artery stenosis (RAS) *. In 1938, Leadbetter and Burkland
reported the first successful treatment of hypertension by nephrectomy in a patient with RAS
3. Treatment of RAS changed with the introduction of surgical revascularization in 1954 ® and
later on, in 1978, with the introduction of percutaneous transluminal renal angioplasty

(PTRA) .

Renovascular hypertension

Renovascular hypertension (RVH), defined as hypertension secondary to RAS, is a
relatively common disease, constituting approximately 1-5% of patients with hypertension *
? However, the prevalence may be considerably higher in selected groups of patients in which

the diagnosis is suspected '*'!. In patients with generalized atherosclerosis, RAS may lead to
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aggravated hypertension, decreased glomerular filtration rate (GFR) and eventually to end-
stage renal disease '>. In addition, atherosclerotic RAS (ARAS) is associated with increased

cardiovascular morbidity and mortality '*'*

. Endovascular treatment by PTRA, with or
without stenting, is a commonly used treatment of RAS in selected patients. However, despite
improvement of vessel patency, it is at present uncertain if PTRA improves renal and

cardiovascular outcomes in patients with ARAS '>'6.

The renal circulation - anatomy and physiology

The kidneys play an essential role in maintaining a stable internal milieu for optimal
cellular function (homeostasis) through the excretion of metabolic waste products and
adjustment of urinary excretion of water and electrolytes. To achieve this homeostatic
function, a high proportion of cardiac output (20-25%) passes through the renal circulation
producing about 180 liters of glomerular filtrate (primary urine) per day. In the tubular system
the reabsorption of water and electrolytes is adjusted to match the prevailing needs while
waste products are retained in the urine and excreted. Almost all (= 99%) of the filtered water
and sodium is normally reabsorbed in the tubules.

The kidneys receive their blood supply from the main renal arteries which arise from
the abdominal aorta. Before reaching the hilum of the kidney, the renal artery generally
divides into anterior and posterior branches which in turn give rise to four or five segmental
arteries. The segmental arteries divide into interlobar arteries, which progress towards the
cortex. At the junction between the cortex and medulla, interlobar arteries change course and
become arcuate arteries that run in parallel to the kidney surface (Figure 1). These, in turn,
give rise to interlobular arteries which radiate into the cortex and divide into afferent
arterioles supplying blood to the glomeruli (Figure 1).

Each afferent arteriole supplies blood to a glomerulus, a tuft of capillaries attached to
the mesangium and enclosed in Bowman’s capsule. Glomeruli are drained by efferent
arterioles that in the cortex give rise to the peritubular capillary plexus '’ (Figure 2). Efferent
arterioles from juxtamedullary glomeruli form vasa recta capillaries that form long hair-pin
loops that turn in the medulla ' (Figure 2). Thus, the renal circulation consists of two
capillary beds connected in series by the efferent arteriole. The first in the series is the
glomerular capillary bed which is the site of filtration and formation of primary urine and the
second is the peritubular capillary bed which transports reabsorbed water and solutes back to

the systemic circulation.
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RIGHT KIDNEY RENAL VASCULATURE
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Figure 1. Schematic illustration of kidney Figure 2. Schematic illustration of renal
blood supply. Reprinted with permission, microcirculation. Reprinted with permission,
copyright ©Omedicalartstudio.com. copyright ©medicalartstudio.com.

Total renal blood flow (RBF) in a healthy adult is approximately 1.2 L/min which
corresponds to about 20-25% of cardiac output. The high RBF is required to maintain a high
GFR and effective excretion of waste products. Consequently, oxygen delivery to the kidneys
is very high and renal oxygen extraction low. However, there is a marked regional difference
in blood flow distribution in the kidney '®. About 90% of total RBF is distributed to the cortex
where the partial pressure of oxygen (pO,) is high (= 50 mmHg), whereas approximately 10%
of RBF goes to the medulla where the pO; is low (= 10-20 mmHg). In addition, oxygen
consumption in the outer medulla (OM) is high due to active transport of sodium in the thick
ascending loop of Henle making the OM vulnerable to ischemic injury '*. However, low local
blood flow in the medulla also plays important physiological roles in preventing washout of
the medullary hyperosmotic gradient which is necessary for effective water reabsorption and

. . 1 1
urine concentration 7, 8.
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Regulation of renal blood flow

Many factors are involved in the regulation of RBF. These factors can be classified
into three main categories: a) systemic neurohumoral factors comprising renal sympathetic
nerves, the endocrine renin-angiotensin-aldosterone system (RAAS), vasopressin, and the
family of natriuretic peptides, b) paracrine and autocrine regulators including the intrarenal
renin-angiotensin system, nitric oxide (NO), endothelin (ET), and prostaglandins and c) the
intrinsic capacity of the kidney in regulating its own blood flow in response to altered
perfusion pressure, i.e. autoregulation ' '°.

Cortical blood flow is efficiently autoregulated '°. Despite wide variations in AP, RBF
and GFR remain relatively stable (Figure 3). Autoregulation of RBF is mediated mainly by
two mechanisms: the myogenic response (MR) and the tubuloglomerular feedback
mechanism (TGF) '°. The MR is an intrinsic property of vascular smooth muscle cells
(VSMCs) to contract, or dilate, in response to alterations in wall stress caused by changes in
AP '°. The TGF is a mechanism specific to the kidney which regulates RBF and GFR by
sensing NaCl load at the macula densa in the early distal tubule and by transmitting this
information to the afferent arteriole. Thus, increased AP leads to increased NaCl delivery to
the macula densa which eventually leads to vasoconstriction of the afferent arteriole and a
downregulation of RBF and GFR. In contrast, reduced AP leads to the opposite effects in an
effort to maintain RBF and GFR "’

Autoregulatory range

154
=
£
=]
o 1.01 — RBF
o ---GFR
z
(=]
i
0.51

0 40 80 120 160 200 240
Mean arterial pressure (mmHg)

Figure 3. Schematic illustration of autoregulation of renal blood flow (RBF) and glomerular
filtration rate (GFR). In the autoregulatory range (mean arterial pressure ~ 80-180 mmHg),
RBF and GFR stay relatively constant despite changes in arterial blood pressure. (Modified
from Renal physiology. In Johnson RJ, Feehally J (eds): Comprehensive Clinical Nephrology,
2nd ed. London, Mosby 2003).
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In contrast to cortical blood flow that is efficiently autoregulated, autoregulation of
medullary blood flow is uncertain '°. It has been suggested that the renal medulla has no or a

limited autoregulatory capacity *°. However, these findings have been disputed in subsequent

. 19,21,22
studies 12"

21,22

. Yet, the autoregulatory range of the medulla may be narrower than that of the

cortex

Epidemiology of renal artery stenosis
RAS can be caused by a variety of lesions. In Western populations atherosclerosis and

23,24 .
S 2% Atherosclerosis

fibromuscular dysplasia (FMD) are the main two causes of RA
accounts for about 90% of all cases of RAS. These lesions are commonly ostial and are in
many cases extensions of atheromatous aortic plaques that involve the proximal 1-2 cm of the

23,24
renal artery >

. Patients with ARAS are typically over the age of 50 years and males are
more commonly affected than females. ARAS is usually a manifestation of generalized
atherosclerosis and hence these patients frequently have coronary artery disease (about 20 %)
and peripheral vascular disease (about 35 %) **2*,

FMD accounts for about 10% of all cases of RAS. Medial fibroplasia is the most
common subtype of FMD (75-80%) ****. The right renal artery is more commonly affected
and the disease is most prevalent in 25- to 50- year old females *****. FMD may involve other
major arteries, commonly internal carotid arteries, and less often the vertebral, iliac,
subclavian, visceral and coronary arteries. The etiology of FMD is unknown although a
number of factors have been suggested, including: a) genetic predisposition, b) hormonal
influence, in view of the predominance in females, ¢) mechanical factors, such as stretching
and trauma to the blood vessel wall and d) ischemia of the vascular wall due to fibrotic

. 23,24
occlusion of the vasa vasorum ",

Pathophysiology of hypertension in renal artery stenosis

Luminal narrowing of the renal artery is not in itself sufficient to increase AP unless a
“critical” degree of stenosis develops that reduces renal perfusion pressure below the range of
autoregulation »°. Experimental hemodynamic studies indicate that measurable changes in
blood flow or perfusion pressure does not develop until the cross-sectional area of the stenotic
lesion has been reduced by at least 75% >°. Reduction of renal perfusion results in activation

of the RAAS which is one of the most important counterregulatory pathways directed toward
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restoring renal perfusion and GFR. However, the role of the RAAS in causing elevated AP in

RAS depends on whether or not a contralateral, non-stenotic kidney is present > .

Unilateral RAS

In unilateral RAS reduced renal perfusion pressure distal to the stenosis, and decreased
NaCl delivery to the macula densa result in release of renin from juxtaglomerular cells ** %,
Renin catalyzes the cleavage of angiotensinogen to angiotensin I which is subsequently
converted to angiotensin II (Ang II) by the action of angiotensin converting enzyme (ACE).
The biological actions of Ang II are multiple and mediated via two distinct receptors, denoted
Ang IT type 1 (AT1) and type 2 (AT2) with fundamentally opposite effects. Ang II, via AT1
receptor, elicits a potent vasoconstrictor action, enhances sodium and water reabsorption, and
increases AP in an attempt to restore renal perfusion > *°. However, the non-stenotic
contralateral kidney responds to the elevated AP by excreting more sodium and water
(pressure-natriuresis). Thus, renal perfusion remains low in the stenotic kidney resulting in

sustained release of renin and activation of the RAAS. Hypertension in this situation is

considered Ang II-dependent ***® (Figure 4).

1 Renal perfusion
4

[ \ l,/T RMTG”SMOQG”

1
1
1
1
1
1
1
! /
: RAAS t Na* and water excretion 7

suppression ( tri ; /
1 pressure natriuresis) . )
: \ ,l ACE Angiotensin |

\

1 \ / Q, 1
I e
: Hypertension is angiotensin Il dependent  Angiotensin Il _l
1
1 T Aldosterone
1
1
1
1
1
e e e e e e e e, e e, e e, — e —————— Na* and water retention

Figure 4. Schematic illustration of the pathogenesis of renovascular hypertension in unilateral
renal artery stenosis. (Modified from Renovascular Hypertension. In Johnson RJ, Feehally J
(eds): Comprehensive Clinical Nephrology, 2nd ed. London, Mosby 2003).
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Bilateral RAS or stenosis in a solitary kidney

In this situation the entire renal mass has reduced perfusion and there is no non-
stenotic kidney to excrete sodium in response to increased AP. Thus, sodium retention and the
expansion of extracellular fluid volume persist. This eventually leads to restoration of renal

perfusion and suppression of RAAS. Hypertension in this condition is typically not Ang II-

dependent > (Figure 5).
RAS of solitary kidney Bilateral RAS
l Renal perfusion
© ‘ Angiotensinogen
P === = - === = === nd T Renin ®
RAAS suppression Q, 1
v acg  Angiotensin |
Normal or low angiotensin Il Q. 1
Hypertension is Angiotensin |l

angiotensin Il independent

(volume expansion) TAIdosterone

————————————————————————— Na* and water retention

Figure 5. Schematic illustration of the pathogenesis of renovascular hypertension in bilateral
renal artery stenosis or stenosis in a solitary kidney. (Modified from Renovascular
Hypertension. In Johnson RJ, Feehally J (eds): Comprehensive Clinical Nephrology, 2nd ed.
London, Mosby 2003).

Additional mechanisms in renovascular hypertension

Evidence from experimental studies suggests that additional mediators are involved in
the long-term hypertensive effect of RAS. These comprise oxidative stress (oxs), ET-1,
sympathetic nerve activity, and inflammatory factors and cytokines that through different
pathophysiological pathways maintain and/or exacerbate hypertension and promote end-organ

25,26
damage .

16



Oxidative stress

Aerobic metabolism results in generation of highly reactive chemical entities known as
“oxidants” or “reactive oxygen species” (ROS) 2 ?*. These include both free radicals and
non-radical species. Free radicals are chemical species with one or more unpaired electrons in
the outer orbital, yielding the radical unstable and highly reactive. Free radicals of importance
in biological systems are e.g. the superoxide anion (O,""), hydroxyl radical ("OH) and nitric
oxide (NO") 7 *® Non-radical species, e.g. hydrogen peroxide (H,0,) and peroxynitrite
(ONOO"), are more stable and less reactive, but can easily be converted to radicals "%,
Under physiological conditions deleterious effects of ROS are counteracted by a variety of
antioxidant defense mechanisms such as the enzymes superoxide dismutase (SOD), catalase,
and glutathione peroxidase. Thus, oxidative stress is defined as a state of imbalance between
the production of oxidants, and native antioxidant defense mechanisms, in favor of the
oxidants > %,

In the arterial vasculature O, ~, via redox-sensitive processes, can induce pro-
inflammatory gene transcription, oxidative tissue injury, and rapidly react with NO resulting
in diminished NO bioavailability, endothelial dysfunction and vasoconstriction **%.
Compelling evidence indicates that Ang II via AT1 receptors can induce oxs by stimulating
the production of O, "~ through activation of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase ***. Increased O,"~ generation and oxs by Ang II has been demonstrated

2 1 -
830,31 1y addition, treatment

in a large number of studies in experimental models of RVH
with SOD mimetics, and other antioxidants, has been shown to reduce AP and to diminish
end-organ damage in these models ******. However, the involvement of oxs in RVH in
humans is less consistent and only a few small studies have addressed this issue ****. In these
studies, biomarkers of oxs were elevated in patients with RVH compared to patients with
essential hypertension and/or healthy controls. In addition, angioplasty of the stenotic lesion

. . . 4
was associated with reduced levels of oxs biomarkers >+ .

The endothelin system

The ET family comprises three 21 amino acid peptides (ET-1, ET-2 and ET-3), with a
variety of biological functions including modulation of vascular resistance, sodium
homeostasis and AP regulation. ET-1 is formed within the cells by cleavage of the large
precursor, prepro-ET-1, to Big ET-1, which is inactive. Big ET-1 is then converted to
biologically active ET-1 by an ET converting enzyme. Once produced, ET-1 exerts its

biological actions through two major receptor subtypes; ET4 and ETg. The vascular effects of
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ET-1 are influenced by the distribution and relative abundance of ET, and ETg receptors.
Activation of ET4 and ETjg receptors on VSMCs mediates vasoconstriction whereas
activation of endothelial cell ETg receptors produces vasodilatation which is mainly caused
by activation of nitric oxide synthase (NOS) and increased production of NO *¢-3%.

In the kidney, ET-1 is produced by most tubular segments and regulates sodium and
water reabsorption predominantly through ETg receptors in the thick ascending limb and
collecting duct (CD) *. In these tubular segments ETg receptor activation has been shown to
inhibit sodium and water reabsorption by suppression of Na-K-ATPase and epithelial sodium
channel activity ** . Interestingly, the highest levels of ET-1 and ET-1 receptors in the body
are found in the renal medulla * where ET-1 is mainly synthesized by CD cells and acts in an
autocrine and paracrine manner *°. However, ET-1 also modulates medullary blood flow *!*2
and may inhibit tubular sodium reabsorption by causing medullary vasodilatation.

The ET system has been implicated in the pathophysiology of different forms of
hypertension. ETg receptor antagonism has been shown to increase AP, reduce medullary
blood flow, and to blunt the pressure-natriuresis relationship in rats on a high NaCl intake *.
In addition, rats deficient in ETg receptors ** and mice with collecting duct-specific deletion
of ET-1 **, ETg receptors *°, or ET4 and ETg receptors *’, develop hypertension that is
exaggerated by a high NaCl intake. Taken together, ET-1 in the renal medulla is involved in
long-term AP regulation, particularly during high NaCl intake and exerts antihypertensive
effects primarily via ETg receptors by promoting urinary sodium and water excretion.

Ang II has been show to promote intrarenal ET-1 synthesis ***’

and hence ET-1 may
contribute to hypertension in Ang II-dependent forms of hypertension. The antihypertensive
effect of ET4 receptor antagonists has been shown to be more prominent in Ang Il-infused
rats on a high NaCl diet compared to those on a normal NaCl diet *°. In line with these results
ET 4 receptor antagonists lower AP also in other salt-sensitive models of hypertension > 2.

However, the role of ET-1 in RVH in humans is less clear.

Renal impairment in renovascular hypertension
Ischemic nephropathy

The mechanisms causing impaired renal function in patients with RVH are multiple,
complex and not fully understood. The term “ischemic nephropathy” has been commonly
used to describe renal injury beyond a stenotic lesion in the renal artery > >*. The histological
picture in ischemic nephropathy is rather unspecific and includes arteriolar nephrosclerosis,

collapsed glomeruli and interstitial fibrosis >. In addition to hypoxia per se, injury of the
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stenotic kidney may also be caused by the activation of vasopressor systems such as the
RAAS and ET-1. Ang IT and ET-1 may in turn increase oxidative stress which can trigger
redox-sensitive gene transcription that ultimately leads to tissue injury *> .

Interestingly, in contrast to in ARAS, FMD rarely results in impaired renal function
despite similar degrees of stenosis. These observations suggest an important role for the
burden of atherosclerotic disease and comorbidity in determining the consequence of RAS on
kidney integrity *°. In addition, pre-existing essential hypertension, seen in many patients with

ARAS, may also contribute to renal injury in this patient group >>.

Autoregulation of renal blood flow and hypertensive renal injury

Hypertension is a common cause of kidney injury and end-stage renal disease but also
accelerates loss of kidney function in patients with chronic kidney disease (CKD) regardless
of the underlying etiology > However, the risk of hypertensive renal injury is variable and
the pathophysiological mechanisms are complex and incompletely understood **°. Notably,
the deleterious effect on kidney function is observed with even mild-to-moderate AP
elevations in CKD patients, indicating an enhanced vulnerability to hypertensive renal
damage. Normally, increases in systemic AP are prevented from being transmitted to the renal
microvasculature by autoregulatory vasoconstriction of the preglomerular arterioles such that
RBF and glomerular hydrostatic pressure are maintained constant.

As mentioned above, renal blood flow autoregulation (RBFA) is maintained by two
major mechanisms, the MR and the TGF '°. An abnormality in any of these two mechanisms
may therefore make the kidney prone to hypertensive renal damage *’. Importantly, even in
the absence of severe hypertension, renal damage can still develop if there is an enhanced
transmission of systemic AP to the renal microvasculature, which might be the case if renal
autoregulatory behavior is impaired. Impaired RBFA in genetic rat models has been
suggested as a possible explanation for the vulnerability to hypertensive renal injury seen in

69-61 1 addition, the importance of autoregulatory capacity as a determinant of

these models
the susceptibility to progressive pressure-induced renal injury in CKD has been demonstrated
in 5/6 nephrectomized (5/6 NTX) rats treated with calcium channel blockers (CCBs) that
impair the MR ®. In these studies CCBs reduced the AP threshold, and increased the slope of
the relationship between AP and glomerulosclerosis, such that greater glomerular damage was
observed at any given AP elevation as compared with untreated animals. Thus, a potential
impairment in RBFA in patients with RVH would make the non-stenotic kidney in unilateral

RAS susceptible to pressure-induced renal injury and this could be an important cause of
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renal failure in these patients. Hence, in the present studies we wanted to examine RBFA in

an animal model of RVH characterized by elevated circulating Ang II levels.

Clinical clues to renovascular hypertension

The typical clues to suggest the diagnosis RVH include: (a) abrupt early (age <30
years) or late (age >50 years) onset of hypertension suggestive of FMD or ARAS
respectively, (b) resistant, accelerated or malignant hypertension, (c) hypertension associated
with reduced renal function or worsening of renal function during treatment with ACE
inhibitor, Ang II receptor antagonist or renin inhibitor, (d) unexplained asymmetry in renal

. . . . 2
size, or (e) recurrent pulmonary edema associated with hypertension 2.

Diagnostic tests for renal artery stenosis
Digital subtraction angiography

Digital subtraction angiography (DSA) is the gold standard technique for the diagnosis
of RAS. In addition to morphological assessment of the stenosis, intra-arterial measurement
of the pressure gradient over the stenosis has also been used to evaluate the degree of the
stenosis . However, there is as yet no consensus regarding the level of trans-stenotic
pressure gradient that indicates a hemodynamically significant RAS. A trans-stenotic mean
AP gradient (MAPG) cut-off value of 10 mmHg has previously been shown to be able to
predict those patients with RVH responding to angioplasty with reduced AP or a reduced need
for antihypertensive drugs ®. Although DSA is the gold standard for the diagnosis of RAS, it
is an expensive invasive procedure associated with risks . Thus, several less invasive

screening methods have been used for the evaluation of RAS.

Magnetic resonance angiography

Gadolinium contrast-enhanced magnetic resonance angiography (MRA) is widely used
as screening test with a high sensitivity (around 95%) and specificity (around 90%) for
detecting proximal RAS, but may overestimate the degree of the stenosis 2> °. In addition,
MRA has considerably lower sensitivity in detecting stenotic lesions in the middle and distal
segments of the renal artery caused by e.g. FMD due to inadequate visualization of these
segments > % Another drawback is the risk of nephrogenic systemic fibrosis caused by

gadolinium-based contrast agents in patients with severe renal failure.
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Computed tomography angiography

The diagnostic accuracy of computed tomography angiography (CTA) in detecting
RAS is similar to that of MRA *> . Limitations include the risk of contrast nephropathy in
patients with reduced renal function and inadequate visualization of the distal segments of

renal artery.

ACE inhibitor renography

A technetium-labeled agent such as diethylenetriaminepenta-acetic acid (DTPA)
which is excreted by glomerular filtration, or mercaptoacetyltriglycine (MAG3) that is
excreted by glomerular filtration and proximal tubular secretion, is injected i.v. and renal
uptake of the isotope is recorded by a gamma camera. Time-activity curves provide
information on total and single-kidney GFR and RBF. The test is preceded by administration
of an ACE inhibitor (ACEI), usually oral captopril 25-50 mg one hour before the procedure.
The underlying principle of the test is the assumption that in the stenotic kidney Ang I1—
induced vasoconstriction of the efferent arteriole is reduced by captopril resulting in a
selective reduction of GFR and an exaggerated difference in GFR between the stenotic and
non-stenotic kidney ® . A positive ACEI scan (delayed peak uptake of the isotope >11
minutes, decreased relative uptake, increased cortical retention of the isotope or slower
washout of the isotope in the stenotic kidney) is usually followed by a non-ACEI scan. If the
abnormalities were more prominent during ACEI, a significant RAS is considered to be
present. The sensitivity and specificity of ACEI renography is in the range of 85%, but varies
widely in different series > . In addition, the test has been shown to be of value in
identifying patients with clinical improvement (better AP control) after revascularization with
a positive predictive value varying between 51% and 100% (mean, 85%) °°. However, ACEI
renography is less reliable in patients with significant renal parenchymal disease and renal

insufficiency or bilateral RAS .

Color duplex sonography

Color duplex sonography (CDS) is an inexpensive non-invasive screening test for
RAS. It provides both an anatomical evaluation and a hemodynamic assessment of the renal
vessels * . Two main approaches are used to detect RAS with CDS:
1. Direct visualization of the main renal artery and assessment of renal blood flow velocity
(proximal criteria): The commonly used criteria to diagnose significant RAS are: (a)

increased peak systolic velocity in the stenotic renal artery (commonly used cut-off is 1.8-2.0
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m/s), (b) a renal-to-aortic ratio of peak systolic velocity >3.5 and (c) absence of Doppler
signal despite visualization of the renal artery indicates occlusion ** ¢”. The main limitations
of this approach include technical difficulties associated with direct scanning of the main
renal artery such as inability to identify the renal artery due to overlying fat or bowel gas,
inability to obtain optimal scan angle, and difficulty to identify accessory arteries .
2. Analysis of the intrarenal Doppler waveforms (distal criteria): Parenchymal arteries
(segmental or interlobar arteries) in different regions of the kidney are scanned systematically.
The basis of this analysis is that the intrarenal blood flow, downstream to a hemodynamically
significant RAS, should become damped with a reduced acceleration of flow during systole.
This phenomenon has been called the *‘tardus-parvus’® **®’. Many distal quantitative criteria
have been used for detection of significant RAS: () early systolic acceleration <3.0-4.7 m/s?,
(b) acceleration time >0.05-0.08 seconds, and (c) differences between kidneys in resistive
index (RI) >5% or in pulsatility index (PI) >0.12-0.20 with reduced values in the stenotic
kidney %% .
The sensitivity and specificity of CDS in experienced centers is around 80 to 95% 66.67,
Although assessment of intrarenal Doppler waveforms has overcome the abovementioned
technical difficulties associated with direct scanning of the main renal artery, there are still
considerable variations in diagnostic criteria and accuracy .

Furthermore, intrarenal RI may be useful as a determinant of renal functional outcome
after revascularization. Radermacher et al. ® showed that RI >80 served as a negative
predictor for revascularization outcome 5 However, these results were not confirmed in other

. 1
studies 77"

Plasma renin analysis
Peripheral plasma renin activity

Measurement of peripheral plasma renin activity (PRA) has low diagnostic value as
only 50-80% of patients with RVH have elevated PRA ™. Administration of oral captopril 25-
50 mg one hour before the measurement has improved the diagnostic value of the test with a
sensitivity and specificity ranging from 75-100% and 60-95%, respectively "°. The practical
usefulness of the test is limited by the need to discontinue antihypertensive agents that

interfere with renin activity .
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Renal vein renin

In unilateral RAS, renal vein renin levels from the stenotic kidney should be elevated,
while corresponding levels of renin from the contralateral non-stenotic kidney should be
suppressed. Thus, comparison of renal vein renin can be used to predict potential
improvement after revascularization > . However, studies of renal vein renin are now
generally not used because of the high cost and complexity of the procedure and the poor

specificity "> 7.

Management of renovascular hypertension
Treatment options in patients with RVH comprise mainly medical treatment and renal

revascularization either surgically or by PTRA with or without stenting **%°.

Medical treatment

Aggressive pharmacological control of AP is essential for all patients with RVH
independent of the decision to perform renal revascularization. Although different classes of
antihypertensive drugs can be used in patients with RVH, treatment with ACEI or angiotensin
receptor blocker (ARB) is preferable, since the RAAS plays an important role in the
pathogenesis of hypertension. The main concern in using ACEI or ARB in patients with RVH
is the potential of these agents to cause a significant reduction in GFR, mainly in patients with
bilateral RAS or stenosis of a solitary kidney. However, this may be an indication to consider

.. 032
revascularization 2.

Renal revascularization

Endovascular renal revascularization by PTRA with or without stenting has replaced
surgery since the overall outcomes with successful PTRA are generally comparable to those
with surgery and associated with a much lesser risk. In addition, stent placement in patients
with ARAS has been shown to be associated with better technical success and patency and
lower restenosis rate. However, surgical interventions are still necessary in complicated cases

. 23,25, 74
e.g. in renal artery aneurysm > 2> 7%,

Treatment of fibromuscular dysplasia of the renal arteries

PTRA is the treatment of choice in most patients with renal FMD, although some

distally located complicated lesions may necessitate surgery as they can not be approached by

23



PTRA. The results of PTRA are good in FMD, with cure or improvement of hypertension in a
high percentage (about 75%) of patients .

Treatment of atherosclerotic renal artery stenosis

As ARAS is part of generalized vascular disease, there is a wide agreement that
multiple medical interventions comprising tight control of AP by antihypertensive
medications, cholesterol lowering therapy by statins, use of antiplatelet agents, and lifestyle
modification by cessation of smoking, reduced dietary intake of salt and increased exercise
constitute keystones of treatment regardless of renal revascularization 3 However, in contrast
to FMD, it is unclear if restoring vessels patency by PTRA improves outcomes in patients

with ARAS 2.

Medical versus endovascular therapy in atherosclerotic renal artery stenosis
Several randomized studies have compared medical therapy with endovascular therapy in the
treatment of ARAS:

e The Dutch Renal Artery Stenosis Intervention Cooperative (DRASTIC) study "®: 106
patients with ARAS (=50% stenosis) and diastolic AP > 95 mmHg despite treatment
with at least two antihypertensive agents were randomized to either medical therapy or
PTRA. There were no significant differences between groups in AP at 3 or 12 months
(i.e. the primary outcome measures) '°. The average number of antihypertensive drugs
taken by the PTRA group (1.9) was significantly lower than the number taken by the
medical therapy group (2.4) at 12 months. Estimated creatinine clearance according to
the formula of Cockcroft and Gault 7 was higher in the PTRA group at 3 months, but
was similar between groups at 12 months . The study has been criticized due to the
enrolment of patients with <70% stenosis "> ”°. In addition, after 3 months 22 of the 50
patients randomized to medical therapy crossed over to the PTRA group as their AP
became difficult to control 7.

e The Essai Multicentrique Medicaments versus Angioplastic (EMMA)) trial **: 49
patients with unilateral ARAS were randomly assigned to PTRA or medical therapy.
Mean ambulatory AP at termination of the study (after 6 months) did not differ
between control (141/84 mm Hg) and PTRA (140/81 mm Hg) groups *°. However, the
number of patients requiring at least two antihypertensive medications was 8 of 23 in
the PTRA group compared to 22 of 25 with medical therapy *. This study has been

criticized as the study size was too small and as there was a high rate (27%) of
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crossover from the medical to the PTRA group *°. In addition, many patients failed to
reach the goal diastolic AP of < 95 mmHg *°.

The Newcastle Renal Artery Stenosis Collaborative (NRASC) trial ': 55 patients with
ARAS (at least 50% stenosis by DSA) and a diastolic AP of >95 mmHg despite
treatment with at least two antihypertensive drugs were randomly assigned to either
medical therapy or PTRA ®'. A significant reduction in AP was observed in patients
with bilateral ARAS randomized to PTRA (-34/-11 mmHg) vs. medical therapy (-8 /-1
mmHg; p=0.02) at follow-up (range 3-54 months). However, in patients with
unilateral ARAS no significant difference in AP was observed between groups *'. In
addition, no significant differences in serum creatinine levels or major cardiovascular
outcomes were found. PTRA resulted in some serious or potentially serious
complications, bleeding at the arterial site being the most frequent *'. Similar to other
studies, the NRASC trial has been criticized because no patient underwent stenting
and as patients with probably no hemodynamically significant RAS (patients with
50% stenosis) were included *'. In addition, the goal AP was not stated and the
number of patients were small making interpretations difficult *'.

The Stent placement Atherosclerosis Renal artery (STAR) trial ®%: 140 patients with
Cockceroft-Gault estimated creatinine clearance <80 mL/min (mean 46 mL/min) and
ARAS of at least 50% were randomized to PTRA with stenting plus optimal medical
treatment (antihypertensive drugs + statin+ antiplatelet therapy) or optimal medical
treatment alone. The primary end point was a 20% or greater decrease in estimated
creatinine clearance *2. In the intention-to-treat analysis there was no difference
between groups in reaching the primary end point (16% in the stent placement group
and 22% in the medication group; hazard ratio, 0.73 and 95% CI, 0.33 to 1.61) .
PTRA with stenting was associated with serious complications including 2 procedure-
related deaths (3%). The STAR trial has been criticized mainly due to enrolment of
mild cases with RAS as at least 33% of patients assigned to stenting had 50-70%
stenosis "™ **. In addition, 12 of the 64 patients who were randomized to stenting had
<50% stenosis and hence did not undergo stenting "**,

The Angioplasty and Stenting for Renal Artery Lesions (ASTRAL) trial '®: 806
patients with ARAS were randomly assigned to either PTRA with stenting combined
with medical treatment (antihypertensive drugs + statin+ antiplatelet) or medical
treatment alone. The primary outcome was the rate of decline in renal function,

calculated as the mean slope of the reciprocal of the serum creatinine level over time.
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Secondary outcomes were AP, the time to renal and major cardiovascular events, and
mortality '°. There were no significant differences between groups in the estimated
slope of decline in renal function or in secondary outcomes 16 However, serious
complications associated with revascularization occurred in 23 patients. An important
limitation of the ASTRAL trial was the exclusion of patients who were considered
having a high likelihood of requiring revascularization within 6 months '® %, In
addition, according to the protocol, patients were eligible to participate only “if the
patient’s doctor was uncertain that the patient would definitely have a worthwhile
clinical benefit from revascularization” '¢ . Furthermore, the authors did not define

which degree of stenosis that was considered hemodynamically significant and hence

many patients with very mild ARAS may have been included '* "%,

Conclusion regarding treatment of patients with atherosclerotic renal artery stenosis
Results from available studies suggest that there is no rational for revascularization of
ARAS without strong clinical indications that the procedure will provide a benefit. This
conclusion is based mainly on the ASTRAL trial, the largest randomized trial performed as
yet on this patient group. The other studies have been small, underpowered and should be
interpreted with great caution. The Cardiovascular Outcomes in Renal Atherosclerotic
Lesions (CORAL) trial * is an ongoing multicenter randomized controlled trial comparing
revascularization with medical therapy in 1080 patients with resistant hypertension and
angiographically defined ARAS of at least 60% with a >20 mmHg systolic trans-stenotic
pressure gradient or a stenosis >80% without pressure gradient *. This study will provide
further answers regarding the potential clinical benefits of revascularization of ARAS as more

severe and clinically relevant cases will be included.
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AIMS

The overall aim of this work is to improve the care of patients with renovascular
hypertension. To achieve this we need to increase our knowledge about the
pathophysiological mechanisms and abnormalities in renal hemodynamics that are involved in

the initiation, and maintenance of renovascular hypertension.

The specific aims were:
¢ to evaluate the diagnostic value of intrarenal velocimetric color duplex sonography
indices in the screening and diagnosis of renal artery stenosis and the influence of non-

renal systemic factors on these indices

¢ to examine biomarkers of oxidative stress, and endothelin-1 in hypertensive patients
with atherosclerotic renal artery stenosis and to evaluate the effect of endovascular

revascularization on these variables
e to investigate renal hemodynamics and renal blood flow autoregulation in an

experimental model of chronic angiotensin II dependent hypertension and to evaluate

the roles of high dietary salt intake, superoxide and endothelin-1
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MATERIAL AND METHODS

A combination of experimental animal studies (I, IV) and clinical investigations in
patients were performed (I, III). All animal experiments were approved by the regional ethics
committee in Gothenburg, Sweden. In addition, the Ethics Committees of the Universities of
Gothenburg and Lund approved of the clinical studies and all participants gave their written

consent.

Experimental animal studies (II, IV)

Animals
Male Sprague-Dawley rats (Harlan, Horst, The Netherlands) weighing ~300 g were
used. Rats had free access to rat chow and tap water throughout and were kept in rooms with

a controlled temperature of 24—26°C and a 12:12-h dark-light cycle.

Protocols

Chronically Ang Il-infused rats on normal or high NaCl diet and effects of tempol (I1)

Rats received Ang IT (250 ng/kg/min, s.c.) or isotonic saline vehicle (sham) via
osmotic minipumps (Alzet model 2002) for 14 days, after which acute experiments were
performed. Rats were either on a normal (NNa, 0.4% NaCl) or high (HNa, 8% NaCl) NaCl
diet (Lantménnen, Sweden), creating the following groups: /) sham NNa (» = 10); 2) sham
HNa (n =9); 3) Ang Il NNa (n = 9); and (4) Ang Il HNa (n = 8) (Figure 6).

In separate groups, the membrane-permeable superoxide dismutase mimetic 4-
hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (tempol) was administered in the drinking
water (1 mM) throughout the 14-day period: 5) sham NNa+tempol (n = 8); 6) sham
HNa-+tempol (n = 10); 7) Ang II NNa+tempol (n = 10); and §) Ang Il HNa+tempol (n = 10)
(Figure 6). Tempol administered by drinking water in this concentration has been
demonstrated to significantly reduce AP and markers of oxidative stress in several

hypertensive rat models **® including in Ang Il HNa *’.
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Clearance experiments in anesthetized rats

Figure 6. Experimental protocol, study II.

Chronically Ang Il-infused rats on high NaCl diet and effects of endothelin receptor
antagonists (IV)

Rats received Ang II (250 ng/kg/min, s.c.) via osmotic minipumps (Alzet model 2002)
and a high NaCl (8% NaCl) diet (Lantménnen, Sweden) for 14 days after which acute renal
clearance experiments were performed. After two 20-minute baseline clearance periods, rats
were infused i.v. with either: (a) isotonic saline vehicle (Angll HNa-vehicle, n=8); (b) the
ETa receptor antagonist BQ-123 (30 nmol/kg/min, Angll HNa-BQ123, n=9); (c) the ETg
receptor antagonist BQ-788 (30 nmol/kg/min, Angll HNa-BQ788, n=10); or (d) BQ-123 +
BQ-788 (both in doses of 30 nmol/kg/min, Angll HNa-BQ123+BQ788, n=9).

Based on previous studies these doses were expected to result in steady state plasma
concentrations that completely block responses to both endogenous and exogenous
(0.3 nmol/kg, i.v. bolus) ET-1 via ET4 and ETg receptors **°. Drugs and vehicle saline were
infused in equivalent volumes of 4 ml/kg/h throughout six consecutive 20-minute clearance

periods (Figure 7).
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Figure 7. Experimental protocol, study IV.

Renal clearance experiments in anesthetized rats (I, IV)
General procedures

Rats were anesthetized with thiobutabarbital (Inactin, 120 mg/kg i.p.), placed on a
heating table and tracheotomized to facilitate spontaneous breathing. A polyethylene catheter
(PES50) inserted via the femoral artery was connected to a pressure transducer (Smiths
Medical, Kirchseeon, Germany) for monitoring of AP [pulsatile and mean (MAP)] and heart
rate (HR) using a data acquisition program (Biopac MP 150, Biopac Systems, Santa Barbara,
CA, USA). Infusions of saline and drugs were administered through a femoral vein catheter.
The left kidney was exposed by a flank incision and immobilized in a plastic cup and
embedded in cotton wool soaked in warm (37° C) saline. The surface of the kidney was
covered with warm (37° C) paraffin oil. The left ureter was catheterized (PE25) for urine
collection. Rectal and kidney temperatures were kept at 37° C. After completion of the
surgical preparations, a 40-45 minute equilibration period was allowed before renal clearance

measurements started (Figure 8).
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Figure 8. Experimental set-up for intrarenal hemodynamics and oxygen tension registrations
(Reprinted with permission from Nitescu N: Studies on pathophysiological mechanisms in
experimental models of acute renal failure, University of Gothenburg, Sweden, 2007).

Clearance measurements (11, 1V)

GFR was determined by measuring renal °'Cr-EDTA clearance (°' Cr-ethylenediamine
tetraacetic acid, Amersham Laboratories, Buckinghamshire, UK). A bolus dose of 10 pCi/kg
SICr-EDTA, injected i.v. at the start of the equilibration period, was followed by an infusion
of 15uCi/kg/h throughout. Urine was collected during each clearance period into pre-weighed
vials. Blood was sampled in heparin coated tubes at the start and completion of each 20-
minute clearance period. Plasma was obtained by centrifuging at 2000 rpm for 5 minutes.
Values of plasma and urine radioactivity were used to calculate GFR. Drawn blood samples
(0.3 ml) were replaced by equivalent volumes of 4 % bovine serum albumin in isotonic saline.

Rats were infused with a total volume of 10 ml/kg/h of isotonic saline throughout.
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Renal blood flow measurements (11, IV)

A perivascular ultrasonic transit-time flow probe (0.7 VB, T206, Transonic Systems
Inc., Ithaca, NY, USA) was placed around the left renal artery for measurement of RBF.
Perivascular transit-time probes measure blood flow by emitting a plane wave of ultrasound
that crosses the blood vessel in both the upstream and downstream directions. During the
upstream cycle, the ultrasonic wave travels against flow and total transit time is increased by a
flow-dependent amount. On the other hand, the sound wave travels with flow during the
downstream cycle and hence, total transit time is decreased by the same flow-dependent
amount (Figure 9). The difference between the integrated transit-times is a measure of volume
per minute. The ultrasound transit-time method has been shown to provide reliable and accurate
measurements of RBF in anesthetized rats °'. Renal vascular resistance (RVR) was calculated as
MAP (mmHg)/RBF (ml/min/g kidney weight [KW]), and filtration fraction (FF) was

calculated as GFR/RBF as hematocrit data were not available for calculation of renal plasma

flow.
Figure 9. Schematic illustration of the
principle for measurement of renal
blood flow by a perivascular ultrasonic
Transducer

transit-time flow probe (Modified from
Transonic Systems Inc).

Ultrasonic wave

Blood vessel

Reflector

Intrarenal perfusion measurements with laser-Doppler technique (IV)

Renal cortical (CLDF) and outer medullary (OMLDF) laser-Doppler fluxes were
measured by laser-Doppler (LD) flowmetry (PF5000; Perimed, Stockholm, Sweden). Cortical
perfusion was measured by a fiber optic LD probe (diameter 1.0 mm, model 407; Perimed)
applied on the kidney surface. Outer medullary perfusion was measured by a needle probe
(diameter 0.45 mm, model 411; Perimed) at a depth of 3.5 mm into the kidney. Placement of
LD probes was performed by micromanipulators, and correct localization was verified by
dissecting the kidney at the end of each experiment. The positioning of probes was accurate in

all experiments and no data were discarded.
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Measurement of intrarenal perfusion with LD technique is based on the emission of
laser light from a fiber-optic probe focused on a small volume of tissue. The light is then
scattered and partly absorbed by the tissue being studied. Moving red blood cells (RBCs) in
the tissue vasculature reflect the light with a shift in frequency (Doppler shift) that is
proportional to RBCs velocity and number in the sample volume, while light hitting static
objects is unchanged. The reflected light with different frequencies is picked up by the
receiver part of the probe, converted into an electronic signal and analyzed (Figure 10).
Perfusion is the product of the velocity and the concentration of moving RBC signals within

the measured volume and expressed in perfusion units (PU), which are arbitrary.

Figure 10. The principle for laser-
Doppler measurements (Reprinted
with permission from Perimed).

The LD technique has widely been used to estimate relative changes in regional tissue
blood flow ****. However, data are influenced by the biophysical properties of the
investigated tissue, e.g. local hematocrit, structure and density of the capillary beds, and light
absorption and scattering. In addition, the LD device provides perfusion measurements within
a small tissue volume (0.3-0.5 mm’), and this could be a limitation as microvascular perfusion

. 92-94
is heterogeneous

. Nevertheless, renal LD data have previously been shown to be highly
correlated to regional RBF measured by other methods ****. The main advantage of the LD
technique is that it enables continuous measurements of rapid changes in regional tissue
perfusion. However, LD measurements can not provide absolute perfusion values and data are

expressed in PU which are arbitrary.
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Renal oxygen tension measurements (IV)

Renal oxygen tension was measured using Clark-type microelectrodes (outer tip
diameter, 10 pm; OX 10; Unisense, Aarhus, Denmark) inserted at depths of 1.0 mm in the
cortex and 3.5 mm in the outer medulla as described *°. Electrodes were polarized at -0.800 V.
Oxygen diffuses through the silicone membrane at the tip of the microsensor and is
subsequently reduced at the gold cathode surface. The reduction of oxygen gives rise to a
small current (<0.50 picoampere) that is linearly related to the pO, around the electrode tip *°.
The current is measured by a picoamperemeter. Prior to each experiment electrodes were
calibrated in isotonic saline saturated with N, and air at 37° C. Placement of oxygen
microelectrodes was performed by micromanipulators, and correct localization was verified
by dissecting the kidney at the end of each experiment. The positioning of probes was

accurate in all experiments and no data were discarded.

Transfer function analysis (11, IV)

Data used to examine the dynamic relationship between AP and RBF, i.e. dynamic
autoregulation of RBF, were sampled at 62.5 Hz yielding 75,000 data points for each 20
minute period (150,000 data points for the two 20 minute periods). Processing of AP and RBF
data was performed offline using previously developed software routines written for Matlab
7.14 (The MathWorks Inc., Natick, MA, USA). After subtracting the mean value from the
data files, they were digitally low-pass filtered (3.0 Hz cut-off frequency, finite-impulse
response, order 50) and then resampled to a rate of 6.25 Hz. These 6.25 Hz data files were
split into blocks of 2048 data points, yielding a frequency discrimination of 0.003 Hz. Power
spectral density (PSD) of AP and RBF was calculated, as described -9 The transfer
function (TF) spectra were calculated from AP (input) and RBF (output). The TF gain was
taken as the quotient of the cross spectrum of input and output divided by the power spectrum
of the input *"*®. Coherence is a frequency domain estimate of a linear correlation (i.e.
squared coherence, akin to coefficient of determination) between two signals indicating the
degree to which the variance in one signal can be explained by a linear operation on the other
signal %%, The coherence spectra were calculated from AP (input) and RBF (output). The
coherence function was taken as the quotient of the square of the cross spectrum of input and
output divided by the product of the power spectral densities of AP and RBF °"*®. These
algorithms involved a Hanning window with 50% overlap of the blocks (12 blocks in the two
20 minute recording periods). To permit comparison among rats, the TF gain (magnitude)

values over the frequency range have been normalized to the mean value of the renal vascular
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conductance for the entire data set. After conversion of the normalized TF gain values into
decibels (20 log [gain]) a mean spectrum was calculated from the consecutive spectra in each
rat, and these were subsequently averaged for all rats.

The TF gain corresponds to the ratio of the amplitude of normalized fluctuations in
RBF divided by those of AP. In the presence of RBFA, fluctuations of RBF are attenuated vs.
those of AP causing the TF gain to be negative. Thus, positive TF gain values indicate
impaired RBFA '**. Phase and coherence spectra were similarly calculated and averaged.
Data over the range of frequencies for the MR (0.08-0.18 Hz) and the TGF mechanism (0.03-
0.06 Hz) were analyzed 199 The slope of gain reduction in the frequency range of the MR
was determined by least squares fitting of the linear region of gain reduction and the phase
peak was estimated as the average phase value within the same frequency interval. In
addition, to assess the contribution of the MR to RBFA, mean gain values in the frequency
range of 0.06 -0.09 Hz were used to minimize corruption by TGF (<0.06 Hz) and by
myogenic transients (>0.09 Hz)®'. To determine the threshold for coherence above which it
exceeds zero with a certain significance level, we used the method described by Koopmans '
which depends on the total number of samples, the total number of blocks, and the nature of
the tapering window. In this study with large sample numbers, coherence values > 0.1 are
significantly different from zero at P < 0.001.

To assess the effect of filtering the original signal at either 30 Hz or 100 Hz (filter
setting options on Transonic TS420 flowmeter module), we made two consecutive recording
periods in a single rat with 30 Hz filter/62.5 Hz sampling followed by 100 Hz filter/62.5 Hz
sampling. Each of these data sets was subjected to the same processing and analysis as
described above. The results showed that over the frequency range of interest (0.01-1.0 Hz)
there were no significant differences in PSD for AP and RBF or in TF gain, phase or
coherence in the TGF (0.03-0.06 Hz) or MR (0.08-0.18 Hz) frequency ranges.

Generally, a number of different techniques can be applied to assess RBFA. The
analysis is based on measurements of RBF in response to changes in renal perfusion pressure.
A common approach is to measure steady-state autoregulatory responses using pressure steps.
Renal perfusion pressure is manipulated upward and downward in steps and RBF is allowed
to stabilize at each level. This method can be applied both to whole kidney investigations and
analyses of isolated nephron or arterial segments '**’. An alternative approach is to analyze
dynamic RBFA which means that the influence of spontaneous AP fluctuations on RBF is
analyzed. Dynamic analysis of RBFA provides a more physiological assessment of the

autoregulatory capacity compared to steady-state analysis. In addition, by using TF analyses
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in the frequency domain different components contributing to the autoregulatory response
(e.g. the MR and TGF mechanisms) can be assessed separately and simultaneously '*%°.
However, in contrast to steady-state approaches wherein autoregulatory responses to a wide
range of perfusion pressure can be measured, assessment of dynamic RBFA by TF analyses is

applicable only for the range of spontaneous fluctuations in AP ',

Kidney histology (II)

At the end of the experiments rats were sacrificed by an overdose of pentobarbital
sodium and kidneys were excised and weighed. Kidneys were immersion fixed in
paraformaldehyde and prepared for histological analyses using routine techniques. Transverse
sections through the hilar area were prepared (3 pwm thick) and stained with hematoxylin and
eosin, periodic acid-Schiff (PAS) and elastin-vanGieson’s. Histopathological changes were
scored semiquantitatively (0-3) by an investigator (N.M.) blinded to treatment group. The
score 0 was used when no pathologic changes were present, 1 when few of the structures
showed changes and the changes were mild, 2 when moderate changes were present, and 3
when severe changes were present in the structures under investigation. For glomerular
parameters, the percentage of pathologically altered glomeruli was estimated. Cortical arteries
(i.e. interlobar, arcuate and interlobular arteries) and arterioles (i.e. afferent and efferent

arterioles) were scored separately.

Clinical studies (L, I1I)

Participants

Color duplex sonography in renal artery stenosis (I)

This study was a retrospective analysis of all consecutively studied patients with
suspected RAS who were evaluated by renal angiography at the Nephrology section at
Sahlgrenska University Hospital during 2002-2007. The suspicion of RAS was based on the
following criteria: hypertension [resistant, accelerated, malignant, or with elevation of serum
creatinine during treatment with ACEI or ARBs], hypertension accompanied by a progressive
increase in serum creatinine levels, or recurrent pulmonary edema without overt left

ventricular dysfunction. In order for patients to be included, an examination with CDS had
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had to be performed in less than 4 months (mean 34 days) prior to renal angiography. A total
of 169 patients fulfilled these criteria.

Oxidative stress and endothelin-1 in atherosclerotic renal artery stenosis (I11)

Between 2003 and 2008, all patients at the Nephrology section, Sahlgrenska
University Hospital, Gothenburg, and the Department of Vascular Diseases at Skane
University Hospital, Malmo, Sweden, undergoing renal angiography for suspected RAS were
considered for this study. Indications for angiography were clinical suspicion of RAS (see
above) together with a positive screening test for RAS by duplex ultrasonography or by CTA
or MRA (>50% diameter stenosis). To avoid pharmacological interference with the RAAS,
patients in whom treatment with ACEI, ARBs or aldosterone receptor antagonists were
clearly indicated (e.g. patients with congestive heart failure or diabetic nephropathy), were
excluded (for exclusion criteria see Table 1). In remaining patients treated with RAAS
inhibitors, who were included in the study, these agents were replaced by other
antihypertensive drugs two weeks prior to renal angiography. Hence, included patients were
not on any RAAS inhibiting drugs during the study period starting from two weeks prior to
baseline measurements. In addition, only patients with unilateral ARAS were included and
individuals with RAS of other etiology, or with either bilateral RAS or stenosis of a solitary
kidney, were excluded. Twenty age-matched healthy subjects without any medications were

recruited from the database of the Gothenburg MONICA study '*' and served as controls.

Table 1. Exclusion criteria, study I1I

Renal size < 7.5 cm at the stenotic side

Age >80 years

Pregnancy or nursing

CKD stage 5 (eGFR <15 ml/min/1.73m?)

Congestive heart failure

RAS of other etiology than atherosclerosis

Bilateral RAS or RAS of a solitary kidney

Urinary albumin excretion >1 g/day

Diabetes mellitus with urinary albumin excretion >0.3 g/day
Contraindication for renal angiography/angioplasty (e.g. serious contrast allergy)
Other forms of secondary hypertension

Malignant disease

Treatment with immune modulating drugs, e.g. cyclosporine or oral steroids

CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate according to the 4-
variable equation from the Modification of Diet in Renal Disease (MDRD) study; RAS, renal
artery stenosis.
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Protocol and measurements
Study 1

Patients were admitted to the hospital at least 1 day before renal angiography. Systolic
and diastolic BPs (SBP and DBP) were measured in the non-dominant arm, in a sitting
position, after 5 minutes rest on the morning of renal angiography. Estimated glomerular
filtration rate (¢GFR) was calculated according to the 4-variable equation from the

Modification of Diet in Renal Disease Study (MDRD) formula '%%.

Study 1T

Patients were subjected to baseline measurements one day before angiography (Figure
11). A significant RAS was defined as a lesion with a trans-stenotic MAPG >10 mmHg, or a
>50% diameter stenosis on angiography in those cases in which the MAPG was not measured
because of technical difficulties due to high-grade stenosis and luminal occlusion during the
procedure. Accordingly, 83 patients had significant RAS and underwent PTRA, whereas 59
individuals had no significant RAS and were therefore only subjected to diagnostic procedure

(Figure 11).

ARAS: trans-stenotic
MAPG > 10 mmHg

(Angiography + PTRA)
~—1n=283 [}
I
|
Hypertensive "
patients with | -1 day 0 day +4 :
suspected RAS T ot
=142 ! t I
n= I I I
! ! Non-RAS: trans-stenotic !
: (| MAPG <10 mmHg !
1 1 (Angiography only) |
! ! n=159 !
[ [ |
1 1 |
Baseline ~ Angiography 4 week
measurements measurements

Figure 11. Protocol and measurements, study III.
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Systolic and diastolic BP were measured after 5 minutes rest in the sitting position
immediately before and one day and 4 weeks after renal angiography. Routine laboratory
analyses and biomarkers were measured immediately before renal angiography in all patients.
In patients that were subjected to PTRA (n=83) analyses were repeated 4 weeks after
intervention. Estimated GFR was calculated according to the 4-variable equation from the
MDRD Study '*%.

All patients with suspected RAS had been on treatment with a HMG-CoA reductase
inhibitor (i.e. statin) for at least 2 weeks at the time of baseline measurements. The majority
of patients was already on statin therapy at the time of study inclusion and continued with the
same dosage throughout. In remaining patients treatment with simvastatin was started at the
time of study inclusion in a daily dose of 20 mg that was maintained throughout. In addition,
most patients in both hypertensive groups (90% in group ARAS and 74% in non-RAS) were
already on low-dose acetylsalicylic acid (ASA) at this time-point, while treatment with ASA
was started 1-2 days before PTRA among those patients who were not already on this
treatment. Treatments with statins and ASA were maintained unaltered in patients with ARAS
throughout the study period. Healthy controls (n=20) were only studied at one time-point and

data were compared with baseline values from hypertensive groups.

Color duplex sonography (1, 111)

Color duplex sonography was carried out using Acuson Sequoia 512 with a V4
Transducer (Acuson Corp., Mountain View, California, USA) equipment by experienced
technicians with the patient in the lateral decubitus position. After B-scanning for
determination of kidney size, blood flow velocities were localized within interlobar arteries.
Blood flow velocity spectra were registered for at least 4-8 s with the patient holding breath
at the end of a normal expiration. During the examination, at least three measurements in
different interlobar arteries covering the upper pole, the midportion, and the lower pole of
each kidney were registered, and an average value was calculated. Antihypertensive
medication was continued except for ACEI and ARBs, which were withheld 2 weeks prior to

the investigation.

Doppler indices (1)

Velocimetric indices from the analysis of Doppler waveforms are described in (Figure

12). In cases with two kidneys, a side-to-side difference in PI, delta (A) PI, was calculated and
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used for analysis. PI and maximal acceleration of blood flow during the early systolic phase
(ACCpy,x) were estimated in every patient directly at the time of examination, whereas
maximal acceleration index (Almax) Was calculated retrospectively by going back to stored

Doppler data.

Figure 12. Velocimetric Doppler indices. Representative Doppler waves from an interlobar
artery of a non-stenotic kidney (left panel) and a schematic presentation (right panel).
ACCmax denotes maximal systolic acceleration; Almax, maximal acceleration index; EDV,
end diastolic velocity; ESV, early systolic velocity; MV, mean velocity; PSV, peak systolic
velocity.

PI=PSV-EDV/MV
ACCmax = the visually judged maximum derivative of the early systolic upstroke

Almax = ACCmax/PSV

Renal angiography and angioplasty (1, 111)

Digital subtraction angiography was used for evaluating renal arteries. Percutaneous
transluminal renal interventions were performed in two angiosuites using Philips ViewForum
(Integris Release 3.1 or GE Advantx, Waukesha, Wisconsin, USA). A 6 French (F) vascular
sheath was placed in the femoral artery after which 3000-5000 IU of heparin was
administered. Through a guiding catheter (Vista Brite tip 7F 55 cm RDC), the target renal
artery was selectively engaged using a multifunctional probing Catheter 3F (Boston
Scientific, Natick, Massachusetts, USA) over a 0.14 stabilizer guide-wire (Cordis, Buenos
Aires, Argentina) or a 4F catheter (Cordis). Routinely, a 4F end-hole catheter was used for
measuring AP in the aorta and distal to the stenotic lesion enabling estimation of the MAPG.

A significant RAS was defined as a lesion with a trans-stenotic MAPG >10 mmHg, or an at
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least 50% diameter stenosis on angiography in those cases in which the MAPG was not
measured mainly because of technical difficulties due to high-grade stenosis and luminal
occlusion during the procedure. The morphological degree of the stenosis was estimated
manually in all cases. Indications for stent placement were angioplasty failure (elastic recoil
or flow-limiting dissection resulting in >30% residual luminal narrowing, absence of
antegrade flow, or significant residual MAPG), or restenosis. Of patients treated with PTRA,
39 (47%) received stents in study III.

Plasma endothelin-1 and biomarkers of oxidative stress (I11)

Blood was sampled and kept on ice until centrifuged (2000 rpm for 10 min at 4° C).
Plasma was snap-frozen in liquid nitrogen and stored at -80° C until analyzed. Collected urine
was similarly stored at -80° C until analyzed.

Plasma concentrations of ET-1 were measured by a RIA kit (Nichols Institute
Diagnostics, San Juan Capistrano, CA, USA). The detection limit for ET-1 was 0.25 pg/ml,
the intraassay coefficien of variation (CV) based on pooled samples was 11.3%, and the
interassay CV was 22%.

Plasma levels of baseline conjugated dienes in isolated LDL-cholesterol (LDL-BDC)
were estimated by the method of Ahotupa et al. '®*. In brief, serum LDL-cholesterol (C) was
isolated by precipitation with buffered heparin. Lipids were extracted from LDL-C samples
by chloroform-methanol, dried under nitrogen, then redissolved in cyclohexane and analyzed
spectrophotometrically at 234 nm (Perkin-Elmer Lambda 2 spectrometer). Intra- and
interassay CV were 9.6% and 10.9% respectively. The levels of LDL-BDC were corrected for
serum LDL-C (LDL-BDC:LDL-C) to express the LDL-C oxidation degree.

Plasma total antioxidant capacity (TAOC) was determined by trolox equivalent antioxidant
capacity assay according to Miller et al. with some modification '*. In brief, potassium
peroxodisulfate was used to induce the oxidation of 2, 20-azinobis-(3-ethylbenzthiazoline-6-
sulfonate) (ABTS) [Aldrich, Deisenhofen, Germany] to form the stable radical cation
(ABTS"). The cation ABTS" was measured photometrically at 734 nm. Antioxidants present
in the added plasma caused a reduction in absorption proportional to their concentration.
Results are expressed in mmol/L of trolox equivalent.

Plasma protein carbonyls (PC) were measured by a colorimetric assay as described by
Reznick et al.'®using a commercially available kit (Cayman Chemicals, Ann Arbor, MI,

USA). The intra- and interassay CVs were 4.7% and 8.5% respectively.
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Urinary 8-iso-PGF2a was measured in spot urine samples by an 8-isoprostane EIA Kit
(Cayman Chemicals, Ann Arbor, MI, USA). Urinary creatinine (U-Cr) was measured by
standard enzymatic laboratory methods and the levels of U-8-iso-PGF2a were corrected for
U-Crvalues. Results are expressed in pg/mg of creatinine. The intra- and interassay CVs were
18.6%, and 29.3% respectively.

Statistical analysis

All values are means+SE if not otherwise stated. Analyses were performed using one-
way analysis of variance (ANOVA). Normality was tested with the Shapiro-Wilk test and
equality of variances was assessed by Levene’s test. If data were not normally distributed or
had unequal variances, Kruskal-Wallis one-way ANOVA on ranks was used. Unpaired t-test
or Mann—Whitney U test was used when appropriate. Bonferroni corrections were made for
multiple comparisons between groups. The sensitivity and specificity, as well as the ideal cut-
off limits for Doppler indices in study I, were determined with receiver operating
characteristic (ROC) analysis. The Pearson correlation (Spearman correlation when data did
not meet assumption about normality) coefficient was used to evaluate correlations.
A P value <0.05 was considered statistically significant.
The statistical software SPSS 17.0 (SPSS Inc., Chicago, Illinois, USA) was used. To assess
drug effects in study IV, the area under/over the curve (AUC, AOC) for the intervention
period was calculated by the trapezoidal formula using the statistical program Prism version 5

(GraphPad Software Inc., San Diego, CA).
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REVIEW OF RESULTS

Experimental studies in rats (I, IV)

Effects of high-NaCl intake and chronic ANG II infusion on renal hemodynamics

and kidney function (IT)

Effects of high-NaCl diet (Table 2): Group sham HNa showed elevated RBF and reduced FF
compared with sham rats on a normal NaCl diet. However, there was no significant difference

between groups in MAP.

Effects of Ang 1I and high-NaCl diet (Table 2): In group Ang Il NNa, MAP and RVR were
increased compared with sham NNa. Similarly, MAP and RVR were significantly elevated
and RBF reduced, in group Ang II HNa compared with both sham NNa and sham HNa. In
addition, GFR and FF were significantly elevated in Ang I HNa versus (vs.) sham HNa
Furthermore, RVR and FF were elevated in Ang II HNa vs. Ang II NNa.

Effects of tempol in hypertensive groups (Table 2): In Ang II NNa+tempol, GFR was reduced
compared with Ang II NNa, but tempol had no significant effects on any of the other
variables. In Ang Il HNa+tempol, MAP, GFR, and FF were reduced vs. Ang Il HNa.

Effects of high-NaCl intake and chronic ANG II infusion on dynamic RBFA (II)

Effects of high-NaCl diet (Table 3, Figure 13): In sham rats high-NaCl intake had no
statistically significant effects on dynamic RBFA.

Effects of Ang II (Table 3, Figure 13): In Ang Il NNa gain values reflecting the regulatory
action of the MR (0.06-0.09 Hz) were not significantly different from those in Sham NNa. In
the frequency range of the MR (0.08-018 Hz), the slope of gain reduction and the associated
local maximum in phase were reduced in Ang II NNa compared to Sham NNa suggesting
attenuation in the MR. In the TGF frequency range, gain values in Ang II NNa were

comparable to those in Sham NNa.
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Effects of Ang II and high-NaCl diet (Table 3, Figure 13): In the frequency range of the MR
(0.08-018 Hz), the normal transition in gain from positive to negative values (seen in both
Sham groups) did not occur in Ang II HNa, and the corresponding local maximum in phase
was missing, indicating an impaired MR. Gain values in the frequency range of 0.06-0.09 Hz
were significantly elevated in Ang Il HNa compared to Sham NNa, Sham HNa and Ang II
NNa. In the TGF frequency range (0.03-0.06 Hz) gain values in Ang Il HNa were
significantly elevated compared to Sham NNa and Sham HNa.

Effects of tempol (Table 3, Figure 14): Tempol had no statistically significant effects on
dynamic RBFA in sham groups (data not shown) or in Ang II NNa+tempol. However, in Ang
II HNa-+tempol, there was a clear transition in gain from positive to negative values in the
frequency range of the MR and this was associated with a local maximum in phase indicating
an active MR. Consequently, gain values were significantly reduced in Ang IT HNa+tempol
compared to Ang II HNa in the frequency range of both the MR (0.06-0.09 Hz) and the TGF
(0.03-0.06 Hz). Nevertheless, TF analysis variables remained significantly different in Ang II
HNa-+tempol compared to Sham HNa in the frequency range of both the MR and the TGF
indicating that tempol did not normalize RBFA.

Kidney histology (Table 4)

There were no statistically significant differences between groups in tubulointerstitial
changes or glomerular abnormalities (data not shown). There was significant thickening of
intimal and medial layers, and hyaline deposition/necrosis, of cortical arteries in both Ang II
NNa and Ang I HNa compared to Sham NNa. In addition, cortical arterioles (i.e. afferent and
efferent arterioles) showed significant hyperplasia and hyalinosis compared to sham.
However, the magnitude of arterial and arteriolar changes in Ang II NNa and Ang II HNa
were not significantly different, and tempol had no significant effects on vascular
abnormalities. Vascular changes in hypertensive animals were generally mild and showed a

focal distribution.
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Figure 13. Transfer function gain (top) and phase (bottom) in anesthetized Sprague-Dawley

rats after 14 days of ANG II (250 ng/kg/min s.c.) or saline vehicle (sham) infusion. Rats were

on either a NNa or HNa diet (see METHODS). In the frequency range of the myogenic

response (MR; 0.08 — 018 Hz), gain values showed a positive-to-negative transition in groups

sham NNa, sham HNa, and Ang II NNa. The positive-to-negative transition in gain in these
groups was associated with the expected local maximum in phase, indicating active MR. In
Ang II HNa, the positive-to-negative transition in gain in the frequency range of the MR

remained above 0 dB, and the local maximum in phase was missing, indicating impaired MR.

Values are means+SE.
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Figure 14. Power spectral density (PSD) for arterial pressure (AP) and renal blood flow
(RBF), and transfer function gain, phase, and coherence in anesthetized Sprague-Dawley rats
after 14 days of Ang Il-infusion (250 ng/kg/min s.c.) with or without tempol in drinking water
(1 mM). Rats were on a HNa diet (see METHODS). Contrary to in And II HNa, there was, in
group Ang Il HNa+tempol, a clear transition in gain from positive to negative values in the
frequency range of the MR (0.08 — 018 Hz), and this was associated with a local maximum in
phase, indicating an active MR. Values are means +SE.



Effects of endothelin receptor antagonists on renal hemodynamics in Ang II-

infused rats on high NaCl intake (IV)

Renal hemodynamics and function — baseline data

At baseline, prior to drug administration, there were no significant differences
between groups in MAP, RBF, RVR or GFR (Table 5). There were small but statistically
significant differences between groups in FF, OMLDF, CpOs,, urine flow rate and urinary

sodium excretion (Table 5).

Renal hemodynamics and function - effects of ET receptor antagonists
Effects of BO-123

BQ-123 reduced MAP vs. vehicle (p<0.05, Figure 15a). In addition, group Angll
HNa-BQ123 showed a progressive increase in OMLDF vs. Angll HNa-vehicle (p<0.05)
whereas RBF or CLDF were not significantly affected (Figure 16). During the last clearance
period OMLDF had increased by 29+8 % vs. baseline in Angll HNa-BQ123. Combined
treatment with BQ-123 and BQ-788 abolished the increase in OMLDF produced by BQ-123
alone (p<0.05, Angll HNa-BQ123+BQ788 vs. Angll HNa-BQ123, Figure 16c¢).

Effects of BQ-788

BQ-788 caused a continuous decrease in RBF (p<0.05 vs. vehicle) and during the final
clearance period RBF had decreased by 29+3 % vs. baseline (Figure 16a). BQ-788 had no
statistically significant effects on MAP or GFR and hence RVR and FF increased
significantly vs. vehicle (p<0.05, Figures 15). Combined treatment with BQ-123 and BQ-788
abolished the effects of BQ-788 alone (Figures 15 and 16).

Effects of endothelin receptor antagonists on dynamic RBFA (IV)

In general, baseline (prior to drug administration) transfer function variables of
dynamic RBFA were consistent with our previous data in group Ang II HNa in study II.
Endothelin receptor antagonists did not produce any changes in investigated transfer function
variables that were significantly different from responses in group Angll HNa-vehicle (data

are not shown).
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Table 5. Renal hemodynamics and function at baseline, prior to drug administration

Angll HNa-  Angll HNa-  Angll HNa-  Angll HNa- ANOVA

vehicle BQI23 BQ788 BQI123+BQ788

(n=8) (n=9) (n=10) (n=9)
Body weight (g) 281+£16 261+11 263+6 262+8 ns
MAP (mmHg) 156+4 146+4 14445 1462 ns
HR (bpm) 392+10 373+12 374+9 393+6 ns
GFR (ml/min/g KW) 1.40+0.04 1.22+0.10 1.10+0.08 1.19+0.05 ns
RBF (ml/min/g KW) 6.0+0.3 6.1+0.3 5.8+0.3 6.5+0.3 ns
RVR (mmHg/[ml/min/g  26.4+1.6 24.4+1.4 25.6£1.5 22.9+1.1 ns
KW])
FF (GFR/RBF, %) 23.5+0.7 20.4+1.7 19.3£1.1%* 18.6+0.9* p<0.05
CLDF (PU) 670+28 643120 626124 686+22 ns
OMLDF (PU) 146+5 13347 110+9%* 12948 p<0.05
CpO, (mmHg) 51.940.8 53.240.8 50.2+1.0% 53.8+0.7% p<0.05
OMpO, (mmHg) 32.1+0.6 31.1+0.8 29.7+0.7 30.3+0.7 ns
UV (ul/min/g KW) 32.845.8 45.5+11.4 39.1+12.8 13.5£2.3*1 p<0.05
UnoV (umol/min/g KW)  6.27+0.95 4.67+0.83 6.31£1.82 2.17+0.44%% p<0.05
FEn, (%) 3.07+0.47 3.89+0.92 4.84+1.31 1.77+0.3471 p<0.05

Data are means+SE of two baseline 20-minute clearance periods prior to drug administration
in thiobutabarbital anesthetized rats (see Methods). MAP, mean arterial pressure; HR, heart

rate; GFR, glomerular filtration rate; KW, kidney weight; RBF, renal blood flow; RVR, renal
vascular resistance; FF, filtration fraction; CLDF, cortical laser-Doppler flux; OMLDF, outer
medullary laser-Doppler flux; PU, perfusion units; CpO,, cortical pO,; OMpO,, outer
medullary pO,; UV, urine flow rate; FEy,, fractional urinary sodium excretion, Ux,V, urinary
sodium excretion. * P < 0.05 vs. Angll HNa-Vehicle, 7 P <0.05 vs. Angll HNa-BQ123 and I

P <0.05 vs. Angll HNa-BQ788.
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Figure 15. Changes in (a) mean arterial pressure (MAP) and (b) renal vascular resistance
(RVR) in response to intravenous BQ123, BQ788, BQ123 + BQ788 or vehicle isotonic saline
in hypertensive Sprague-Dawley rats subjected to chronic Ang II-infusion and high NaCl
(HNa) diet. Drug administration was started at time zero (see Methods). Values

are means+SE. The area under/over the curve was used for comparisons between groups. A

P value <0.05 was considered statistically significant. * P <0.05 vs. Angll HNa-Vehicle, {

P <0.05 Angll HNa-BQ788 vs. Angll HNa-BQ123+BQ788.
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Figure 16. Changes in (a) renal blood flow (RBF) and renal (b) cortical (CLDF) and (c) outer
medullary (OMLDF) laser-Doppler fluxes in response to intravenous BQ123, BQ788, BQ123
+ BQ788 or vehicle isotonic saline in hypertensive Sprague-Dawley rats subjected to chronic
Ang Il-infusion and high NaCl (HNa) diet. Drug administration was started at time zero (see
Methods). Values are means+SE. The area under/over the curve was used for comparisons
between groups. A P value <0.05 was considered statistically significant. * P <0.05 vs. Angll
HNa-Vehicle, ¥ P<0.05 Angll HNa-BQ123 vs. Angll HNa-BQ123+BQ788.
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Clinical studies (I, IIT)

Color duplex sonography in renal artery stenosis (I)

Diagnostic value of velocimetric Doppler indices

The distribution of patients and kidneys included in the study is shown in figure 17. In
the 136 patients (exclusion of patients with solitary kidney and those with bilateral RAS),
there was a good and comparable diagnostic accuracy of API, and of both ACCpax and Alpax,
for the detection of a significant unilateral RAS (Table 6).

When taking all kidneys into account, the diagnostic accuracy of ACCpax and Alpax
were better than that of PL, especially in patients with eGFR less than 30 ml/min per 1.73m>
(Table 6). There was no significant difference in the AUC showing sensitivity for detection of
a significant RAS versus 1-specificity for different ACCyax and Alyax cut-off values (Figure
18).

Included in the
study

169 patient
(317 kidneys)

. ) ' . Patients with Patients with Patients with
Patients with Patients with , , .
. . RASina a solitary no stenosis
unilateral RAS bilateral RAS ) . ) )
=74 =12 solitary kidney kidney, but no bilateral
n=13 RAS n=62
— 1
Kidneys with Kidneys with Kidneys with Kidneys with Kidneys with Kidneys with
RAS no RAS RAS RAS no RAS no RAS
n=74 n=74 n=24 n=13 n=8 n=124

Figure 17. Distribution of patients and kidneys included in the study. For description of
included patients see ‘Methods’. RAS, renal artery stenosis.
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Figure 18. Receiver operating characteristic curves (ROC) for ACCmax and Almax. ROC
curves showing sensitivity for detection of a significant RAS vs. 1-specificity for

different cut-off values for maximal systolic acceleration (ACCmax, left) and maximal
acceleration index (Almax, right). Included in the analysis are all examined kidneys (n =317).

Table 6. Sensitivity, specificity and predictive values of velocimetric indices for the diagnosis
of renal artery stenosis

Sensitivity ~ Specificity Positive predictive Negative predictive

(%) (%) value (%) value (%)
In 136 patients (exclusion of patients with solitary kidney and those with bilateral
RAS)
ACCmax 84 76 55 93
Almax 80 79 59 92
PI 69 71 46 88
API 78 85 86 76
In all kidneys (n=317)
ACCmax 85 75 65 90
Almax 83 79 67 90
PI 60 72 54 77
In kidneys of patients with eGFR>30 ml/min per 1.73m’ (n = 265)
ACCmax 84 75 64 90
Almax 85 77 66 91
PI 64 69 52 78
In kidneys of patients with eGFR<30 ml/min per 1.73m* (n = 52)
ACCmax 90 73 65 92
Almax 74 88 78 86
PI 37 88 64 71

Values were calculated for the ideal cut-off limits established with the receiver operating
characteristic (ROC) curve. Best cut-off: ACCmax < 3.80 m/s’, Almax < 15.0's™,

PI<1.1 (analyzed in 317 kidneys) and delta (A)PI > 0.20. API were only analyzed on patients
with unilateral RAS (n = 136), excluding patients with a solitary kidney and those with
bilateral RAS. ACCmax, maximal systolic acceleration; Almax, maximal acceleration index;
eGFR, estimated glomerular filtration rate based on the MDRD formula; PI, pulsatility index.
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Correlation between velocimetric Doppler indices and the degree of RAS (Table 7)

In kidneys with significant RAS, the transstenotic MAPG showed a significant

negative correlation to ACCp,x and Al There was also a negative, though not significant,

correlation to PI.

Table 7. Analyses of correlations

ACC,, AL P
In kidneys with significant RAS (n=111)
Age (year) r=-0.05 (P=0.58) r=020 (P=0.04) r=0.54 (P<0.001)
S-Creatining (pmol/l) r=-010(P=029) r=-011(P=023 r=028 (P<0.01)
eGFR (ml/min per 1.73m") r=006 (P=056) r=-015(P=012 r=-040(P<0.001)
Pulse pressure (mmHg) r=010(P=0.28) r=-010(P=032 r=052 (F<0.001)
Transstenotic MAPG (mmHg) r=-026(P=002) r=-029(P=001) r=-022 (P=0.054)
In kidneys without significant RAS (n=206)
Age (year) r=-0004 (P=0.953) r=-002(P=082 r=054 (P<0.001)
S-Creatinine (wmol/|) r=-0.08 (P=0.19) r=017 (P=001)  r=021 (P<0.01)
eGFR (mi/min per 1.73m? r=008 (P=015) r=-012(P=010) r=-0.33 (P<0.001)
Pulse pressure (mmHg) r=0.26 (P<0.001)  r=021(P=0003) r=057 (P<0.001)

Pearson correlation coefficients between renal Doppler indices and clinical variables.
ACCmax, maximal systolic acceleration; Almax, maximal acceleration index; eGFR,
estimated glomerular filtration rate based on the MDRD formula; MAPG, mean arterial
pressure gradient; PI, pulsatility index; RAS, renal artery stenosis; r, Pearson correlation

coefficient.

Influence of non-renal systemic factors on velocimetric Doppler indices (Table 7)

Pulse pressure correlated significantly to both ACC,,,x and Al in non-stenotic

kidneys. However, these correlations were not significant in stenotic kidneys. In contrast to

ACCax and Alnax, PI showed a significant correlation to patient age, serum creatinine levels,

eGFR, and pulse pressure in both stenotic and non-stenotic kidneys.
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Oxidative stress and endothelin-1 in atherosclerotic renal artery stenosis (I1I)

Baseline characteristics and biomarkers prior to angiography (Table 8)

Systolic BP, DBP and serum creatinine levels were elevated, and eGFR reduced, in
both hypertensive groups (ARAS and non-RAS) compared to healthy controls.

Plasma TAOC was significantly elevated in groups ARAS and non-RAS compared to
healthy controls. However, there were no statistically significant differences between groups
in oxs markers plasma PC, LDL-BDC:LDL-C or in urinary 8-iso-PGF2a.

Patients with ARAS showed increased levels of high sensitive C-reactive protein (hs-
CRP) and blood leukocyte count (WBC) compared to healthy controls and group non-RAS.

Plasma levels of ET-1 were significantly increased in groups ARAS and non-RAS
versus healthy controls. However, there was no significant difference in plasma ET-1

concentrations between group ARAS and non-RAS.

Effects of PTRA on functional variables in patients with ARAS (Table 8)

Four weeks after PTRA, SBP had decreased from 163424 mmHg to 159+22 mmHg
(p=0.053) whereas DBP remained largely unchanged. The number of antihypertensive drugs
used was not significantly affected. Serum creatinine levels and eGFR were also not

significantly affected by PTRA.

Effects of PTRA on biomarkers in patients with ARAS (Table 8)

Plasma ET-1 and serum levels of uric acid (UA) were significantly reduced four
weeks after PTRA. There was no significant correlation between changes in plasma ET-1 or
UA and those in SBP following PTRA. Changes in plasma levels of ET-1 four weeks after
PTRA correlated only to changes in serum UA concentrations (r = 0.32, p<0.05). There were

no statistically significant effects of PTRA on any of the other biomarkers.
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Table 8. Blood pressure, kidney function and biomarkers at baseline and 4 weeks after PTRA

Healthy Non-RAS ARAS ARAS 4 weeks

controls baseline baseline Post-PTRA

(n=20) (n=59) (n=83) (n=83)
SBP (mmHg) 116+10 153+£22% 163£24*1 159422
DBP (mmHg) 74+7 89+11* 87+11* 86+11
Antihypertensive drugs (n) 0 2.5+1.1* 2.6+0.9% 2.4%1.1
S-Creatinine (umol/L) 77+14 102+36* 121+52%* 118+44
eGFR (ml/min/1.73m?) 78+13 64+23%* 56+22% 57421
S-Albumin (g/L) 3943 38+4 37+4 39438
tU-Albumin (mg/24hrs) 7+4 63+138* 91+160%* 1154250
S-Uric acid (upmol/L) 267+40 370+£122% 392+101*%  366+92§
Fasting B-glucose (mmol/L) 4.7+£0.9 5.9+1.3% 6.7£2.6* 6.5+3.6
P-ET-1 (pg/ml) 0.54+0.24 1.08+0.52*  1.29+0.71* 1.04+0.45§
S-Aldosterone (nmol/L) 0.55+0.21 0.51+0.49 0.57£0.72  0.54+0.97
PRA (ng/ml/h) 1.23+0.65 1.23+1.44 3.67+6.417 2.334+2.78
P-Ang II (pg/ml) 11.9+4.6 11.4+7.2 18.2+18.31  16.0+17.9
U-8-is0-PGF2a (pg/mg creatinine) ~ 884+755 648+511 657+533 615+419
P-TAOC (mmol/L) 4.1+0.7 4.6+0.8* 4.6+0.9% 4.6+0.8
P-LDL-BDC:LDL-C (umol/mmol) 12.5+4.0 15.4+7.1 14.6+5.3 16.1+5.8
P-PC (nmol/mg) 0.24+0.06 0.27+0.08 0.28+0.08  0.27+0.07
hs-CRP (mg/L) 1.9+1.6 4.247.5 5.6£6.3*F  6.4+£8.5
B-WBC (x10”/L) 6.3£2.1 6.9+1.8 7.8£1.9*%F  7.9+2.1

Data are means + SD. * denotes p< 0.05 vs. healthy controls, ¥ denotes P < 0.05 vs. non-RAS
and § denotes P <0.05 ARAS post-PTRA vs. ARAS baseline. PTRA; percutaneous
transluminal renal angioplasty; RAS, renal artery stenosis; ARAS, atherosclerotic RAS; SBP,
systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration
rate according to the 4-variable equation from the Modification of Diet in Renal Disease
(MDRD) study; tU-Albumin, total urinary albumin excretion; P-ET-1, plasma endothelin-1;
PRA, plasma renin activity; P-Ang II, plasma angiotensin II; U-8-iso-PGF2a, urinary 8-iso-
prostaglandin F2 alpha; P-TAOC, plasma total antioxidant capacity; P-LDL-BDC:LDL-C,
plasma baseline conjugated dienes in isolated low density lipoprotein: isolated low density
lipoprotein-cholesterol ratio; P-PC, plasma protein carbonyls; hs-CRP, high sensitivity C-
reactive protein; B-WBC, blood leucocyte count.
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DISCUSSION

Experimental models of Ang II-dependent hypertension (II, I'V)

The 2-kidney, 1 clip (2K1C) model is a commonly used model of RVH that bears
similarities to patients with unilateral RAS. Still, there are obvious differences to the clinical
situation. In the clinic, RAS develops gradually over a long period of time and is mainly
caused by atherosclerosis. However, 2K1C hypertension is usually induced in healthy animals
without prevailing vascular disease and the onset of renal hypoperfusion is immediate
following clip placement. It is well established that increased release of renin from the
stenotic kidney results in elevated circulating Ang II levels, at least during the early phase,

and Ang II-dependent hypertension in the 2K 1C model *°

. By substituting renin release with a
chronic infusion of Ang II, chronic Ang II-infused hypertensive animal models have been
used to mimic 2K 1C hypertension and RVH ' '7. Chronic Ang II infusion produces a more
reproducible hypertension than 2K 1C in rats and major surgery can be avoided. The dose of
Ang II infused determines the rate of onset, and magnitude, of hypertension. Several
investigators have used low, sub-pressor, doses of Ang II that do not increase AP
immediately, instead AP increases gradually over time. Chronic infusion of sub-pressor doses
of Ang II has been proposed as a model of primary hypertension in humans. In the present
studies (I1, IV), rats received a dose of Ang II (250 ng/kg/min, s.c. via osmotic minipumps
for 14 days) that gives rise to a reproducible and gradual increase in AP that is evident already
after 24 h '®. The Ang II dose used in our studies is higher compared to most, but not all, sub-

19719 Hence, our model of Ang II-dependent hypertension

pressor doses used by others
resembles hypertensive patients with unilateral RAS and elevated circulating Ang II levels

and does not reflect the situation in primary hypertension.

High-NaCl intake impairs renal blood flow autoregulation in Ang Il-infused rats (I1)
Effect of chronic Ang II

In the frequency range of the MR, TF analysis showed a reduced slope of gain
reduction, and a diminished phase peak, in Ang Il NNa compared to Sham NNa indicating an
impaired MR. This result differs from a previous study in which dynamic RBFA was assessed
in conscious dogs infused with Ang II to produce plasma Ang II levels within the
physiological range''’. These investigators found that Ang II did not affect RBFA and the
relative contribution of the MR and TGF components ''°. The discrepancy between studies

could be explained by differences in the experimental protocols. For instance, in our study
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animals were anesthetized, hypertensive and infused with much higher Ang II concentrations
and for a longer duration. However, impaired RBFA has been demonstrated in several studies
in chronically Ang II-infused hypertensive animals using the in vitro blood-perfused
juxtamedullary nephron model in which responses of afferent arterioles to step-wise changes
in perfusion pressure were analyzed '°”''""''2 In contrast to these in vitro investigations, our
study presents data on dynamic autoregulation of whole kidney RBF during spontaneous
fluctuations in AP in intact Ang II hypertensive animals. We also extend previous findings by

suggesting that chronic Ang II infusion selectively affects the MR component of RBFA.

Effect of chronic Ang Il and high-NaCl intake

The major finding was the much more pronounced impairment in dynamic RBFA in
Ang I HNa compared to Ang II NNa. This abnormality in Ang IT HNa was characterized by
an almost complete absence of the MR. This synergistic effect of Ang II and high NaCl intake
on dynamic RBFA represents a novel finding. One could hypothesize that the impairment in
RBFA, mainly in group Ang II HNa, would make kidneys vulnerable primarily to reductions
in AP, and not to glomerular hypertension, as RVR was markedly elevated and RBF reduced
in these rats. However, despite the reduction in RBF, GFR tended to be elevated in Ang II
HNa and FF was significantly increased versus the other groups. These results indicate that
the increase in resistance predominantly occurred at efferent arterioles and that glomerular
capillary pressure was maintained or elevated despite reductions in RBF. In this situation it is
reasonable to speculate that the aforementioned abnormalities in RBFA in Ang II HNa could
eventually cause pressure-induced glomerular injury. Notably, we were unable to observe
significant differences between groups in glomerular histology after 2 weeks. However, it is
possible that glomerular abnormalities could have been detected in hypertensive animals with
longer study duration. In line with our results, Elmarakby et al. > showed that autoregulatory
responses of afferent arterioles to step-wise increases in perfusion pressure were blunted in
Ang Il-infused rats on high dietary NaCl >*. However, in that study no comparison was made
to Ang Il-infused animals on a normal NaCl intake. Interestingly, Zhao et al. ''* using the in
vitro blood-perfused juxtamedullary nephron preparation, showed that afferent arteriolar
vasodilator responses to acetylcholine and sodium nitroprusside were significantly more
attenuated in Ang II-infused rats on a high NaCl diet compared to those on a normal NaCl
diet '*. Although RBFA was not assessed, these results demonstrate that the combined
influence of Ang II and high NaCl intake produces more pronounced abnormalities in afferent

arterioles, the main site of RBFA, than either stimulus alone.
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Effect of tempol

Tempol attenuated, but did not normalize, the abnormal MR in Ang I HNa indicating
an important role for O, in the impairment of autoregulatory response specifically under the
circumstance of both elevated Ang II and high NaCl intake. In addition, tempol reduced AP
only in Ang II HNa. In line with our results previous studies in Ang II-infused animals have
demonstrated that high NaCl intake further increased O, generation and lipid peroxidation
compared to animals on a normal NaCl intake ''*''*. The mechanisms by which tempol
attenuated abnormalities in RBFA in Ang IT HNa remain to be elucidated. One might
speculate that the AP reduction, per se, could play a role as indicated by Inscho et al. in Ang
Il-infused rats on a normal NaCl diet ''®. However, in the present study, tempol clearly did
not return AP to normal, suggesting that other, pressure-independent mechanisms might be
involved. In addition, tempol did not significantly affect renovascular histological changes
and there was no correlation between arterial histopathology and autoregulatory capacity in
hypertensive animals. Taken together, these findings indicate that abnormalities in dynamic
RBFA could not be explained by structural alterations of the renal vasculature. Interestingly,
Sharma et al. ''” showed that transforming growth factor (TGF)-B1 markedly attenuated
RBFA in rats using the blood-perfused juxtamedullary nephron technique and that this was
associated with increased arteriolar O, production '’. In addition, pretreatment with tempol
prevented the impairment in RBFA induced by TGF-B1 indicating an important role for O,

"7 similar to the finding in our study.

Effects of endothelin receptor antagonists on renal hemodynamics in chronic Ang II-
infused rats on a high NaCl diet (IV)
Effects of ET, receptor antagonist BQ-123

BQ-123 reduced MAP indicating a role for ET4 receptors in this model of
hypertension. This result supports previous findings with ET4 receptor antagonists in similar

50,118
models °*~

. Interestingly, combined ET, and ETp receptor antagonism did not decrease
MAP significantly suggesting that at least some of the effect of BQ-123 was mediated
through ETg receptors. Hence, selective ET receptor antagonists seem to be more effective
antihypertensive agents than combined ET4 and ETg receptor antagonists in this model.
Interestingly, selective ET4 receptor antagonism with BQ-123 specifically increased
OM perfusion by approximately 30 % in spite of reducing MAP. This finding is potentially
important as renal medullary vasodilatation and increased medullary blood flow has been

shown to exert antihypertensive effects by increasing urinary sodium and water excretion and
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by facilitating pressure-natriuresis *°. However, although BQ-123 reduced MAP in our study
this was not associated with increased urinary sodium excretion suggesting that the acute
antihypertensive effect was mediated through other mechanisms.

Combined ET, and ETg receptor antagonism abolished the increase in OM perfusion
produced by BQ-123 alone, indicating that this effect of BQ-123 was dependent on
stimulation of ETg receptors. Previous results demonstrate that there is a complex interaction
between ET A and ETg receptors in the regulation of renal medullary blood flow. Systemic
infusion of ET-1 has been shown to selectively increase medullary perfusion via ETg
receptors 4142119 11 addition, Vassileva et al. ** showed that medullary vasodilation produced
by Big ET-1, through ETg receptors, was more prominent in rats on high NaCl intake
compared to animals on normal NaCl intake. However, ET-1 has also been shown to cause
renal medullary vasoconstriction via ET, receptors when infused directly into the medulla ',
In addition, Silldorff et al. '*' demonstrated that ET-1 constricted isolated descending vasa
recta in vitro and that this effect could be blocked by ET, antagonists. Considering that OM
vasodilation by BQ-123 seemed to be mediated through ETg receptors in the present study
one might have anticipated that selective ETg antagonism with BQ-788 should have reduced
OM perfusion. However, although BQ-788 tended to reduce OM perfusion this decrease did
not reach statistical significance.

Our interpretation is that ET-1 has the potential to cause both vasodilation and
vasoconstriction in the renal medulla depending on the prevailing balance between ETg and
ET\4 receptor stimulation. Presumably, the vasodilatory influence of endogenous ET-1
through ETp receptors required concomitant removal of ETx-mediated vasoconstriction in the
present study. Taken together, we hypothesize that the increase in OM perfusion caused by
BQ-123, which was dependent on ETg receptor stimulation, could potentially have beneficial
effects in this model either by exerting antihypertensive effects or by protecting the medulla
from hypoxic injury. However, these hypothetical effects clearly need to be investigated
further. In support of a antihypertensive role of ETg receptors, rats deficient in ETg receptors
* and mice with collecting duct-specific deletion of ET-145, ETg receptors46, or ET4 and ETg
receptors®’, develop salt-sensitive hypertension. In addition, rats chronically treated with ETg

122

receptor antagonist®, and mice with collecting duct-specific deletion of ET-1'* show a

blunted pressure-natriuresis relationship.
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Effects of ETp receptor antagonist BO-788

Selective ETp receptor antagonism with BQ-788 caused a significant increase in RVR
and a marked decrease in RBF of approximately 30%. However, combined ETA and ETg
receptor antagonism fully prevented these changes indicating that renal vasoconstriction was
completely dependent on ET receptor stimulation. These results are in agreement with those
previously reported in normotensive animals ** "> 12 Still, it may seem contradictory that
selective ET s antagonism with BQ-123 alone did not have significant effects on RBF or
RVR. A possible explanation is that ETg antagonism increased plasma levels of ET-1 as ETp
receptors play an important role in clearance of ET-1 from the circulation '**. Thus, increased
plasma levels of ET-1 produced by ETg antagonism could have caused an exaggerated renal
vasoconstrictor response through ET receptors. Interestingly, selective ETg receptor
antagonism with BQ-788 had no significant effect on GFR despite reducing RBF and hence
FF increased. These results suggest that ETg receptor antagonism predominantly increased
RVR by constriction of efferent arterioles. Also this effect was abolished by combined ET s
and ETg receptor antagonism indicating that the increase in efferent arteriolar resistance was
mainly caused by ET receptor stimulation. In accord with our findings, Inscho et al. '** have
demonstrated that ET s receptor blockade prevents ET-1-mediated vasoconstriction of efferent

arterioles.

Effects of ET receptor antagonists on renal blood flow autoregulation

As discussed above, dynamic RBFA is impaired in Ang II-infused rats, and
exaggerated by a high NaCl intake. In addition, these abnormalities were attenuated by the
superoxide dismutase mimetic tempol '*°. As ET-1 has been shown to stimulate NADPH

. .. . . 127.12
oxidase activity and superoxide production *” 1%

we speculated that ET receptor antagonists
might attenuate abnormalities in RBFA in this model. However, acute administration of ET
receptor antagonists did not have any significant effects on dynamic RBFA, clearly

suggesting that ET-1 is not involved in these defects in autoregulatory behavior.

Clinical perspectives from experimental animal studies (IL, IV)

Our results suggest that a high NaCl intake in Ang II-dependent forms of hypertension
could increase the susceptibility to hypertensive glomerular injury by impairing RBFA. For
instance, in patients with RVH and unilateral RAS the avoidance of a high NaCl intake might
protect the non-stenotic kidney from progressive glomerular injury and the development of

renal failure. Alternatively, pharmacological agents that target O, may exert renoprotective
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effects by attenuating abnormalities in RBFA in the same situation. It remains to be
investigated whether the effect of high NaCl intake on RBFA in Ang II-infused rats is specific
for this model or relevant also in other hypertensive states.

In addition, selective ET 5 receptor antagonism reduces AP and at the same time
increases OM perfusion in a hypertensive model of elevated Ang II and high NaCl intake. The
implications of the increase in medullary perfusion in this situation need to be examined
further in future studies. Still, the increase in medullary perfusion could potentially have
beneficial effects in the non-stenotic kidney of patients with hypertension and unilateral RAS
by exerting antihypertensive effects or by protecting the medulla from hypoxic injury.
However, ET-1 antagonists are unlikely to exert renoprotective effects by improving

autoregulatory behavior.

Clinical studies (I, I1I)

Good diagnostic accuracy of color duplex sonography acceleration indices in patients with

suspected renal artery stenosis (I)

Early systolic pulse acceleration and delta pulsatility index

For the diagnosis of a unilateral RAS, the sensitivity and specificity for API and
ACCx were high in our study and comparable to those previously reported by Johansson et
al. '°. However, if we included patients with bilateral RAS (n = 12) the diagnostic accuracy of
API was lower (sensitivity 67% and specificity 73%) for obvious reasons as PI is reduced in
both kidneys in this situation. In our study, unlike in the study by Johansson and co-workers
1 patients with serum creatinine values exceeding 200 pmol/I were included, and 13 % of all
patients had an eGFR below 30 ml/min per 1.73m”. Thus, we could extend the findings by
Johansson et al. by demonstrating a high diagnostic accuracy for API and ACCp,y in the
detection of unilateral RAS even in patients with markedly reduced GFR. Furthermore, in our
study stricter criteria for the diagnosis of a significant RAS were applied and a trans-stenotic

MAPG >10mmHg was required.
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Pulsatility index

The absolute PI value demonstrated a very poor accuracy in diagnosing a significant
RAS. Indeed, PI correlated significantly to age, eGFR, and pulse pressure in both stenotic and
non-stenotic kidneys, whereas there was no significant correlation to the trans-stenotic
MAPG. These results indicate that PI, like resistive index that is often used by other

investigators '%°, is not a reliable velocimetric index for the diagnosis of RAS.

Acceleration index Al,q

Acceleration indices ACCax and Alna showed high diagnostic values for detecting
RAS in all kidneys regardless of unilateral or bilateral involvement. In addition, both ACCiy,x
and Al.« showed a good diagnostic accuracy independent of GFR. Furthermore, there were
no significant correlations between acceleration indices and age, or pulse pressure, in stenotic
kidneys, whereas both ACCn,x and Al were significantly correlated to the degree of
stenosis as measured by the trans-stenotic MAPG. The results indicate that acceleration
indices during early systole are mainly influenced by the trans-stenotic pressure gradient and
reflect the hemodynamic consequences of the stenotic lesion. Taken together, these data
suggest that ACCpyax and Alay, in contrast to PL, are reliable Doppler indices for the diagnosis
of RAS even in patients with single kidneys, marked renal impairment and in elderly
individuals with increased arterial stiffness. Our data confirm the findings by Bardelli et al. 130
by demonstrating a better diagnostic accuracy of indices estimating the acceleration of blood
flow during the early systolic phase compared with PI for the diagnosis of RAS. In both
studies, distal velocimetric indices were used, but in the study by Bardelli et al. ]30, the ideal
cut-off value for ACCpax Was higher, probably reflecting different sampling sites of the renal
arterial tree.

Importantly however, our data can only partially support the results by Bardelli et al.
13 demonstrating an improved diagnostic accuracy of early systolic acceleration indices if
they were corrected for peak systolic velocity. In our study, ROC curves for ACCy,,x and
Alpax had similar AUCs, and there was no significant difference between the correlation of
ACCax and Al to the trans-stenotic MAPG. One explanation for the discrepancy between
studies could be that unlike in the Italian multicentre study, all patients in our cohort were
examined in a single centre by a few experienced technicians in a strictly standardized
manner. As Al was suggested to correct ACCy,y for the absolute flow regimen and, hence,

reduce the operator dependency, the potential disadvantage of ACC,.x compared with Al



caused, for example, by scanning of different regions of the kidney was presumably

eliminated under these strictly standardized circumstances in our single-centre study.

Considerations regarding the design of the study

It should be emphasized that our study was not optimally designed to assess the
diagnostic accuracy of different velocimetric indices of CDS in RAS. The population was
highly selected as patients with negative screening tests for RAS did not undergo further
evaluation by renal angiography and hence, were not included in the study. Thus, to evaluate
the diagnostic accuracy of the novel index Aly,x we compared the predictive values of Alyax
with those of ACCax, as this index has previously been shown to have high predictive values
for the detection of significant RAS at our centre 10, Furthermore, we compared how these

velocimetric Doppler indices correlated to the trans-stenotic MAPG.

Elevated inflammatory indices and plasma endothelin-1 but no increase in biomarkers of

oxidative stress in atherosclerotic renal artery stenosis (I111)

Biomarkers of oxidative stress

We found no difference in biomarkers of oxs between hypertensive patients with, or
without, ARAS although inflammatory indices were elevated in individuals with ARAS. Our
findings are different from those in two previous studies in which patients with ARAS
showed increased levels of biomarkers of oxs compared to healthy controls and to patients
with essential hypertension ****. Higashi et al. ** found that urinary excretion of 8- hydroxy-
2-deoxyguanosine (8-OHdG) and serum malondialdehyde-modified LDL (MDA-LDL) were
elevated in 15 patients with RVH compared to matched healthy subjects. In addition, these
biomarkers were significantly reduced following renal angioplasty. However, no
antihypertensive agents were administered for at least two weeks before measurements and no
patient received ASA or statins **. In the study by Minuz et al. ** urinary 8-iso-PGF2a.
excretion was elevated in patients with RVH. As in our study all patients were on
antihypertensive treatment and drugs interfering with the RAAS were not used. However,
only five patients were on low-dose ASA and no patient received statin treatment **. In
contrast, all patients (ARAS and non-RAS) in our study were treated with statins and low-

dose ASA throughout the study period.

1 131 132,133

A growing body of evidence from both experimental = and human studies

clearly indicate antioxidant effects of statins. In addition, ASA has been shown to possess
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antioxidant properties '**. Hence, the discrepancy between our findings and earlier results
could at least in part be explained by differences in drug use between study populations.
Another possible explanation for the discrepancy between results could be that different
biomarkers of oxs were analyzed. Higashi et al. analyzed urinary 8-OHdG excretion which is
a marker of oxidative DNA damage that occurs in the cell nucleus or mitochondria **. Thus, it
is possible, at least in theory, that patients with ARAS could have had increased intracellular
oxs leading to oxidative DNA damage that we were unable to detect with our biomarkers. In
addition, protein oxidation was not assessed by Higashi et al. ** whereas we examined protein
oxidation by measuring PC. However, lipid peroxidation was evaluated both by Higashi et al.
who measured serum levels of MDA-LDL ** and by us in the present study (U-8-iso-PGF2a
excretion). Both U-8-iso-PGF2a excretion and serum MDA-LDL are considered reliable
markers of lipid peroxidation '** '3, For instance, treatment of patients with coronary
atherosclerosis with statins has been shown to reduce both U-8-iso-PGF20. '** and serum
MDA-LDL "*®. Thus, different characteristics of these biomarkers of lipid peroxidation are
less likely to explain the discrepant results in the present study compared to those by Higashi
et al. It should also be acknowledged that the small sample size of the healthy control group in
our study might have reduced the power in detecting differences between groups in
biomarkers. Notably, we observed that plasma TAOC was significantly elevated in both
hypertensive groups compared to healthy controls. This could at least partly be explained by
the antioxidant effects of ASA and statins. In addition, although several studies have shown
reduced antioxidant capacity in patients with atherosclerosis '’ adaptive elevations in

antioxidant activity have also been reported 1,

Inflammatory biomarkers

Patients with ARAS showed increased levels of hs-CRP and WBC compared to
healthy controls and group non-RAS. Accumulating evidence demonstrates that statins exert
anti-inflammatory actions " '**_ Still, patients with ARAS who were on statin treatment
showed significantly increased levels of hs-CRP and WBC compared to both healthy controls
and hypertensive patients without RAS. This finding clearly indicates that in our cohort of
patients ARAS was associated with inflammation but not with increased oxs. Notably, PTRA
had no significant effects on hs-CRP or WBC when analyzed 4 weeks after intervention.

These results indicate that inflammation in ARAS patients was not caused by the stenotic
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lesion of the renal artery per se but may have reflected the burden of generalized

atherosclerotic disease.

Plasma endothelin-1

Endothelin-1, a powerful vasoconstrictor peptide, has been implicated in Ang II-
mediated hypertension > and treatment with ET4 receptor antagonists has been shown to
reduce AP and to attenuate cardiovascular remodeling in experimental models of Ang II-
dependent hypertension '*'. Consistent with these findings, we found that plasma levels of
ET-1 were significantly increased in both hypertensive groups versus healthy controls. In
addition, PTRA significantly reduced plasma ET-1 concentrations in ARAS patients
suggesting a beneficial effect of PTRA on vascular integrity. In line with our findings,
Higashi et al. ** showed impaired endothelium-dependent vasodilatation in patients with RVH
prior to PTRA and an improved vasodilatory response following intervention. However, the
functional consequences of reduced plasma levels of ET-1 following PTRA in our study need
to be examined further. We also observed that changes in plasma levels of ET-1 in response
to PTRA only correlated to changes in serum UA during the same time period, suggesting that
reductions in ET-1 might have been mediated by decreased UA levels. Interestingly, UA has
been implicated in endothelial dysfunction in hypertension '** and has been shown to
stimulate ET-1 gene expression '3 The association between plasma levels of UA and ET-1

following PTRA is a novel observation that needs to be investigated further.

Serum uric acid

Evidence from previous studies shows strong associations between serum levels of
UA and biomarkers of inflammation '**. Consistent with these findings, we showed that
baseline hs-CRP, which was significantly elevated in ARAS patients, only correlated to serum
UA levels. However, the reduction in serum UA after PTRA was independent of
inflammatory biomarkers as hs-CRP was not affected by intervention. In addition, the
reduction in UA after PTRA did not correlate to changes in SBP or in serum creatinine levels.
The mechanism by which PTRA reduced serum UA is unclear and needs to be elucidated.
Interestingly, experimental studies have shown increased blood and renal tissue levels of UA
precursors adenosine, inosine, and hypoxanthine after only a few minutes of renal ischemia
145.146 In addition, reperfusion for only 15 minutes resulted in a normalization of renal tissue

levels of adenosine and inosine '**. Thus, one could speculate that elevated serum UA in
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patients with ARAS was caused by renal ischemia and that PTRA reduced levels of UA by
restoring RBF.
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CONCLUSIONS

e In Ang Il-infused rats, an animal model of unilateral RAS, high dietary NaCl intake
aggravates the impairment in dynamic RBFA and causes a markedly abnormal MR.
This abnormality was attenuated by tempol, suggesting a pathogenetic role for O, in
the impaired autoregulatory response

e In Ang Il-infused rats on a high NaCl diet, ET4 antagonism with BQ-123 reduces AP
and selectively increases OM perfusion without affecting total or cortical RBF. These
effects were attenuated or abolished by combined ET, and ETg antagonism indicating
an important role for ETg receptors in mediating these effects. ET receptor antagonists
did not affect dynamic RBFA.

e Acceleration Doppler indices ACCpax and Alax provide good diagnostic accuracy in
the detection of hemodynamically significant RAS even in patients with markedly
reduced kidney function and have an advantage over PI. Although the diagnostic
accuracy of Al . Was not superior to ACC .« in our single-centre study, this novel

index may have benefits in multicentre studies.

e Patients with ARAS show no increase in oxidative stress despite elevated
inflammatory indices. Notably, despite treatment with antihypertensive agents, ASA
and statins, inflammation was still elevated in ARAS patients and was not reduced by
PTRA. The effect of PTRA on biomarkers 4 weeks after intervention was
differentiated and plasma levels of ET-1 and UA were reduced although inflammatory

indices were unaffected.
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