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Purpose:

Materials and
Methods:

Conclusion:

To determine whether a type of contrast medium (CM),
1odixanol, modifies outer medullary descending vasa recta
(DVR) vasoreactivity and nitric oxide (NO) production in
isolated microperfused DVR.

Animal handling conformed to the Animal Care Commit-
tee Guidelines of all participating institutions. Single spec-
imens of DVR were isolated from rats and perfused with a
buffered solution containing iodixanol. A concentration of
23 mg of iodine per milliliter was chosen to mimic that
expected to be used in usual examinations in humans.
Luminal diameter was determined by using video micros-
copy, and NO was measured by using fluorescent tech-
niques.

Todixanol led to 52% reduction of DVR luminal diameter, a
narrowing that might interfere with passage of erythro-
cytes in vivo. Vasoconstriction induced by angiotensin II
was enhanced by iodixanol. Moreover, iodixanol de-
creased NO bioavailability by more than 82%. Use of 4-hy-
droxy-2,2,6,6-tetramethylpiperidine 1-oxyl (a superoxide
dismutase mimetic) prevented both vasoconstriction with
iodixanol alone and increased constriction with angioten-
sin Il caused by CM.

lodixanol in doses typically used for coronary interventions
constricts DVR, intensifies angiotensin [I-induced con-
striction, and reduces bioavailability of NO. CM-induced
nephropathy may be related to these events and scaveng-
ing of reactive oxygen species might exert a therapeutic
benefit by preventing the adverse effects that a CM has on
medullary perfusion.

© RSNA, 2009

Supplemental material: http://radiology.rsnajnls.org/cgi
/content/full/2513081732/DC1
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ontrast medium (CM)-induced

nephropathy (CIN) is a life-

threatening complication of ra-
diologic examinations and procedures
in which an iodinated CM is used (1).
In Europe and the United States, CIN
accounts for more than 10% of all
causes of hospital-acquired acute re-
nal failure (2).

Percutaneous coronary angiogra-
phy is associated with a high risk of
CIN in patients with preexisting
chronic kidney disease: Roughly one-
half of these patients develop acute
renal failure (3) that is associated with
a 25% 1-year mortality rate (4). Sev-
eral prior investigators have studied
whether infusing sodium bicarbonate
or scavenging reactive oxygen species
(ROS) with ascorbic acid or N-acetyl-
cysteine can prevent CIN (5-10). The
intrarenal events that underlie CIN re-
main controversial, and the mecha-
nism by which scavenging ROS might
exert a therapeutic benefit remains to
be determined.

Evidence supports a high degree of
vulnerability of the renal outer medulla
to CM-induced damage (11). That pro-
pensity has been attributed to the na-
ture of tubular-vascular relationships
(12). Vulnerability of the thick ascend-
ing limbs to ischemic insult therefore
may be an inescapable consequence of
the anatomic arrangements in the
outer medulla. In summary, descend-
ing vasa recta (DVR) are microvessels
whose luminal diameters approach the
dimensions of an erythrocyte and are
anatomically positioned to regulate re-
gional blood flow to the medulla (13)
wherein they serve conflicting roles of

Advances in Knowledge

B [n isolated microperfused de-
scending vasa recta (DVR), perfu-
sion with iodixanol per se leads to
constriction of DVR.

B Jodixanol also decreased nitric ox-
ide production and increased reac-
tivity of DVR to angiotensin II.

B The addition of scavenging super-
oxides in the perfusate and bath
prevented changes in vasoreactiv-
ity owing to iodixanol.

tissue oxygenation and counter cur-
rent trapping of solute (Fig 1). En-
hancement of DVR contraction
through endothelial dysfunction might
therefore have dire pathologic conse-
quences to yield acute renal dysfunc-
tion.

Outer medullary DVR are inacces-
sible in vivo, so that technically de-
manding methods for isolation must
be used to study their functional char-
acteristics. Studies of angiotensin II
and nitric oxide (NO) responses have
revealed their respective capacities to
constrict and dilate DVR (13), and ev-
idence points to a tonic role for NO in
preserving medullary blood flow and
preventing ischemic injury to the me-
dulla (13-15). NO also inhibits salt re-
absorption, thereby reducing oxygen
demands within the outer medulla
(16). In contrast, angiotensin II con-
stricts DVR (17), enhances sodium re-
absorption (18), and favors formation
of oxygen-free radicals (19).

The purpose of our study was to
determine whether a type of CM, io-
dixanol, modifies DVR vasoreactivity
and NO production in isolated mi-
croperfused DVR.

Materials and Methods

Isolation and Perfusion of DVR

Animal handling conformed to the An-
imal Care Committee Guidelines of all
participating institutions. Male Sprague-
Dawley rats (n = 37) (Charles River
Laboratories, Sulzfeld, Germany),

Implications for Patient Care

B QOur findings widen the current
knowledge about the pathophysi-
ology of contrast medium (CM)-
induced nephropathy (CIN), and
possible therapeutic approaches
might be developed that are
based on the findings.

B This study adds to our under-
standing of CIN by showing that
the blood vessels that supply the
vulnerable outer medulla of the
kidney are significantly affected
by a type of CM.

with a weight range of 120-200 g, were
sedated with intraperitoneally injected
ketamine hydrochloride/xylazine hydro-
chloride solution (Sigma, Munich, Ger-
many) and sacrificed by means of de-
capitation. The kidneys were removed,
sliced along the corticomedullary axis,
and placed in buffered solution at 4°C.
The solution that was used for dissec-
tion and microperfusion of DVR and as
the bath solution in the perfusion cham-
ber contained 140 mmol/L. NaCl, 10
mmol/I. NaCH;COO, 5 mmol/I. KCI,
1.2 mmol/L. MgSO,, 1.2 mmol/L
Na,HPO,, 1 mmol/L. CaCl,, 5 mmol/L
HEPES buffer, 5 mmol/L L-alanine, 0.1
mmol/L 1-arginine, 5 mmol/L b-glucose,
and 0.08 mmol/L albumin (all chemicals
from Sigma, Munich, Germany). The
pH was adjusted to 7.4 at 37°C. Single
specimens of DVR from the renal outer
medulla were dissected by using sharp-
ened microforceps, transferred into a
chamber on the stage of an inverted
microscope, and maintained at 37°C.
DVR were mounted on concentric pi-
pettes, cannulated at one end, and held
at the other end with a collection pipette
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in a manner that permitted free flow
through the lumen, as previously de-
scribed (20). Effectiveness of perfusion
was tested throughout and at the end of
experiments to ensure that changes in
luminal diameter were not caused by
technical problems.

Measurement of DVR Diameter

The luminal diameter of DVR was ob-
served with a X40 objective to yield a
final magnification of X1300. The ex-
periments were recorded on digital
video disks, and a computer with a
frame grabber was used to acquire im-
ages during playback. Image analysis
was performed with software (ImageJ;
National Institutes of Health, Be-
thesda, Md) available at http://rsb.in-
fo.nih.gov/ij/, and luminal diameter
was measured from acquired images.
Vasoreactivity was quantified as the
percentage of change of luminal diam-
eter from the baseline measurement.

Fluorescent Detection of NO

To measure NO, 4-amino-5 methyl-
amino-2, 7-difluorofluorescein (DAF-FM)
diacetate (DAF-FM DA) (Sigma, Stock-
holm, Sweden) was used. DAF-FM DA
is diacetylated intracellularly by ester-
ases to DAF-FM. It reacts with NO in
the presence of oxygen to form green-
fluorescent triazolofluoresceins that
provide a measure of intracellular NO
bioavailability (21). DAF-FM DA was
loaded into DVR by halting perfusion
and adding it to the bath (2 X 1077
mol/L, 30 minutes, room tempera-
ture). DAF-FM was excited at 480 nm,
and the emission was isolated at 535
nm. Digital images were acquired ev-
ery 30 seconds at a magnification of
X1300. Fluorescence intensity of
DAF-FM was quantified as the per-
centage of change from the initial
value.

Protocols

Vasoreactivity protocols.—After achiev-
ing stable perfusion, DVR were stabi-
lized at 37°C for 10 minutes. Record-
ing was then started, and after 1
minute of baseline image acquisition,
the perfusate was exchanged to con-
tain either iodixanol (Visipaque; GE

Healthcare, Munich, Germany) with
23 mg of iodine per milliliter, a con-
centration chosen to mimic that ex-
pected in usual examinations in hu-
mans, or a vehicle (control). The con-
stant flow of new solution inside the
DVR, as well as the washing and in-
come of new bath solution into the
perfusion chamber, kept the differ-
ences between intra- and extravascu-
lar concentrations of iodixanol con-
stant. In experiments where the NO
synthase inhibitor N(G)-nitro-L-argi-
nine methyl ester (L-NAME) (Sigma,
Munich, Germany), at —10~* mol/L,
was used in the bath alone or a super-
oxide dismutase mimetic 4-hydroxy-
2,2,6,6-tetramethylpiperidine 1-oxyl
(Tempol; Sigma, Munich, Germany),
at 10° mol/L, was used in the bath
and perfusate, they were exchanged
into the bath at the same time as the
perfusate was exchanged. In all proto-
cols, perfusion was maintained for 20
minutes. To test the effects of iodixa-
nol on angiotensin Il (Sigma, St Louis,
Mo)-induced constriction, angioten-
sin I was exchanged at 5-minute inter-
vals to concentrations of 10719, 1079,
and 107% mol/L into the bath of DVR
that had been exposed to iodixanol be-
forehand. Diameter measurements
were performed during the last 5 sec-
onds of each interval.

NO bioavailability protocols.—After
achieving stable perfusion of DVR,
flow was halted, and DAF-FM DA (2 X
107° mol/L) was added to the bath
solution at room temperature for 30
minutes. At the end of that loading
period, the perfusion chamber tem-
perature was set to 37°C, and the per-
fusate was exchanged to contain io-
dixanol (23 mg of iodine per milliliter)
or vehicle (control). When L-NAME
(107* mol/L) was used, it was ex-
changed into the bath at the same time
as the perfusate was exchanged. Per-
fusion was then restarted, providing
flow as a stimulus to DVR endothelial
production of NO (22). DAF-FM fluo-
rescence images were captured at 30-
second intervals throughout the 20-
minute perfusion period. Luminal perfu-
sion was then halted, and fluorescence
was again recorded for 20 minutes.

Reagents

DAF-FM DA, angiotensin II, Tempol, and
L-NAME were dissolved in aliquots,
stored at —20°C, and thawed for daily
use. Angiotensin II, L-NAME, and Tem-
pol were dissolved in aliquots in wa-
ter, and DAF-FM DA was dissolved in
aliquots in dimethyl sulfoxide.
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Figure 1:  Blood flow to renal medulla is sup-
plied entirely by DVR, 12—18-pm-diameter mi-
crovessels that originate near the corticomedullary
junction as branches of efferent arterioles of jux-
tamedullary glomeruli. DVR are lined by continu-
ous endotheliumand are surrounded by smooth
muscle—like pericytes that impart contractility.
DVR traverse outer medulla of kidney in vascular
bundles, closely juxtaposed to ascending vasa
recta (AVR)that return from inner medulla. Goun-
tercurrent exchange between DVR and ascending
vasa recta traps and recycles NaCl and urea. That
exchange is necessary to preserve corticomedul-
lary gradients that enable urinary concentration
butalso results in shunting of oxygen from DVR to
ascending vasa recta, thereby lowering oxygen
tensions in medulla. DVR peel off from periphery
of outer medullary vascular bundles to perfuse
capillary plexus of interbundle region wherein
salt-transporting, metabolically demanding thick
ascending limbs of Henle loop reside (13).
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Statistical Analysis

Results were expressed as the mean *
standard error of the mean. The size
of each sample is indicated for Figures
2-6. Data were compared by using the

Brunner rank test (nonparametric
analysis of variance-like test for re-
peated measurements) (23) (Appen-
dix E1 [http://radiology.rsnajnls.org/
cgi/content/full/2513081732/DC1]). A
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Figure 2:  Left: Luminal diameter of DVR treated with vehicle (control) perfusion (7= 10), iodixanol perfu-
sion (7= 8), or .-NAME and iodixanol perfusion in bath (n = 6). Designations of significance are: * = P<
001,#= P<.005,§ = P< .05.Right: Typical images of blood vessels from each of three groups.
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Figure 3:  Luminal diameter of DVR treated with vehicle (control) perfusion (7= 10), iodixanol perfusion
(n=8), or .-NAME and iodixanol perfusion in bath (n = 6) for 20 minutes, followed by exposure to log—
mole-per-liter (M)increments of angiotensin Il (ANG /1) in bath (+ = P<<.05, control vs iodixanol).

difference with P < .05 was used to reject
the null hypothesis.

Vasoreactivity during Perfusion of DVR
with lodixanol

As depicted in Figure 2, iodixanol alone
significantly constricted DVR. After 20
minutes of perfusion with iodixanol,
mean luminal diameter decreased to
48% of its initial value = 10 (standard
error of the mean), whereas that for the
controls remained at a mean of 102% of
the initial diameter = 6. DVR constric-
tion by using angiotensin Il was also sig-
nificantly enhanced by exposure to io-
dixanol beforehand (Fig 3).

Vasoreactivity during NO Synthase
Blockade and lodixanol Perfusion

The nonselective NO synthase inhibitor
L-NAME was used to evaluate the con-
tribution of NO bioavailability to the ef-
fects of iodixanol on DVR. As illustrated
in Figure 2, compared with the effect
with iodixanol alone, the combination of
20-minute exposure to iodixanol along
with L-NAME enhanced DVR constric-
tion (final mean diameter, 18% of initial
diameter = 5 for the combination vs
48% of initial diameter = 10 for iodixa-
nol alone).

The angiotensin Il dose-response
curves performed after exposure to io-
dixanol beforehand are shown in Figure
3. The combination of .-NAME and io-
dixanol did not significantly intensify an-
giotensin [I-induced constriction when
compared with iodixanol alone.

NO Bioavailability during and after
lodixanol Perfusion
lodixanol significantly decreased NO
bioavailability when compared with this
factor in control buffer, as shown in Fig-
ure 4. At the end of 20-minute perfusion
with iodixanol, the mean increase in
DAF-FM fluorescence was 4.3% of the
mnitial value = 4.2, whereas the mean
increase in controls was 23.9% of the
initial value * 6.3.

NO bioavalability in perfused DVR
treated with .-NAME also is shown in
Figure 4. Compared with controls, NO
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Left: Relative changes of DAF-FM fluorescence over time as indicator of DVR NO bioavailability during perfusion with vehicle (control) (7= 9), iodixanol
(n=8), or .-NAME (n = 6). Designations of significance are = = P<<.001,# = P<.01,§ = P<<.05.Right: Typical original images for vessels during experiment.
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synthase blockade significantly reduced
DAF-FM fluorescence (23.9% of initial
value = 6.3 vs —8.6% of initial value *
3.2, respectively, at 20 minutes). Fluo-
rescence measurements performed af-
ter flow cessation were not different be-
tween groups.

Vasoreactivity during ROS Scavenging
and lodixanol Perfusion

Because ROS may decrease NO bio-
availability, we used the superoxide dis-
mutase mimetic Tempol to test the con-
tribution of ROS to iodixanol-induced

DVR constriction. As shown in Figure 3,
Tempol prevented the DVR constriction
caused by iodixanol (final diameter,
85% of initial diameter * 5 vs 48% of
initial diameter * 10, respectively).
The angiotensin Il dose-response

curves performed after iodixanol expo-
sure beforehand are shown in Figure 6.
Administration of Tempol and iodixanol
prevented the changes in angiotensin II-
induced constriction caused by iodixa-
nol alone.

Our understanding of the mechanisms
that underlie CIN is incomplete. Our
study sheds new light on the intrarenal
events: lodixanol, a CM in a concentra-
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Figure 5:  Luminal diameter of DVR perfused with vehicle (control) (n = 10), iodixanol (n = 8), Tempol
(n= 6, perfusate and bath), or Tempol and iodixanol (7 = 8). Designations of significance are * = P<<.001,
#=P<.01.

tion chosen to mimic that expected to
be used in usual examinations in hu-
mans, can constrict the blood vessels
that supply blood flow to the outer me-
dulla, the region of the kidney most
commonly believed to be at risk for hyp-
oxic damage (24). We showed that va-
soconstriction induced by iodixanol may

be related to reduction of NO bioavail-
ability in DVR and that scavenging su-
peroxide with a superoxide dismutase
mimetic prevents iodixanol-induced va-
soconstriction.

The injury caused by reduction of
medullary blood flow resulting from CM
exposure is generally confined to the
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outer medulla, as evidenced by necrosis
of medullary thick ascending limbs, tu-
bular collapse, and cast formation (15).
Medullary blood flow is provided exclu-
sively by highly specialized blood ves-
sels, the vasa recta (13,14,25). These
blood vessels transport solutes and wa-
ter, express endothelial water channels
and urea transporters, and are sur-
rounded by pericytes that express
a-smooth muscle actin (26), in the
manner of other vascular smooth mus-
cle cells. The area at risk for CIN (ie, the
interbundle region of the inner stripe of
the outer medulla) is supplied by a
dense capillary plexus that arises from
DVR on the periphery of vascular bun-
dles. Vasoconstriction of those DVR
may compromise the oxygen supply to
this region, where the metabolically de-
manding process of salt transport takes
place in the thick ascending limb.

In our study, we examined events
that occur when a specific CM comes in
contact with the DVR endothelium. lo-
dixanol, a dimeric late-generation non-
ionic CM, constricted isolated, mi-
croperfused DVR by roughly 50%. The
DVR lumen is approximately 12-18 pm
in diameter, compared with the 8-um

100

=]
o
1

B
o
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control
—@— iodixanol

—— Tempol

size (% of initial diameter)
N (=11
Qo Qo

—W— Tempol+iodixanol

diameter of red blood cells. Were such
constriction to occur in vivo, it might
halt the flow of red blood cells. Evidence
of red blood cell stasis in the medullary
vasculature has been described in ani-
mal models of CIN, where it correlates
with necrosis of thick ascending limbs
(27). Similar evidence of complete ob-
struction of medullary vessels induced
by CM was found by Liss et al (28).

The iodixanol-induced DVR vaso-
constriction we observed also is consis-
tent with prior observations of the re-
duction of medullary perfusion CM ex-
posure (29-31). As previously shown,
the viscous properties of some contrast
media may underlie the reduction of
medullary blood flow: lodixanol, a hy-
perviscous CM, prolongs flow of blood
through the renal medulla and reduces
its oxygen supply (30). Our current ob-
servations in isolated DVR complement
that whole animal study by demonstrat-
ing that exposure of the DVR endothe-
lium to iodixanol causes direct vasocon-
striction independent of its viscosity.
The concentration used represents 13.9
times the dilution of the commercial so-
lution, which brings the viscosity of the
perfusing solution to values close to the

ba'sal

Figure 6:

-10
dose of ANG Il (log M)
Luminal diameter of DVR during angiotensin Il (ANG //)exposure. DVR were perfused with vehi-
cle (control) (n = 10), iodixanol (7 = 8), Tempol (n = 6, perfusate and bath), or Tempol and iodixanol (n =

8) for 20 minutes, followed by introduction of log—mole-per-liter (M)increments of angiotensin Il into bath.
Designations of significance are = = P<<.005, # = P<<.05.

-9 -8

control solution. This action could aug-
ment the effects of increased viscosity in
reducing medullary blood flow observed
in vivo.

Angiotensin II and NO are key con-
trollers of DVR resistance (13,14). DVR
may be exposed to varying levels of an-
giotensin II, depending on the activity of
the renin-angiotensin system (32). In
our study, iodixanol significantly aug-
mented the vasoconstrictor response to
angiotensin II. Hence, iodixanol may im-
pair DVR blood flow by more than one
route: through vasoconstriction of DVR
and through enhancement of the vaso-
constrictor response to angiotensin II.
In the setting of CIN, angiotensin II
might also stimulate sodium transport
and enhance oxygen demand in the
outer medulla (33).

Under control conditions, perfused
DVR produce NO, which may be impor-
tant to maintain luminal patency. Dur-
ing administration of iodixanol, basal
NO production was markedly reduced,
implying that blunted production of NO
might favor DVR vasoconstriction dur-
ing iodixanol exposure. This finding also
is consistent with findings in experi-
ments that show worsening of medul-
lary perfusion induced by L.-NAME after
CM infusion in rats (34).

A competitive relationship may exist
between NO formation and ROS gener-
ation (17). Angiotensin Il promotes
ROS generation, which can have delete-
rious effects, particularly when NO is
limited (19,35). One consequence of in-
creased ROS concentration is reduced
NO bioavailability, which might en-
hance pericyte contraction, favoring
DVR occlusion (35,36).

Taken together, iodixanol constricts
DVR, reduces NO production by DVR,
and augments angiotensin ll-induced
vasoconstriction. ROS may play a key
role in mediating these effects, so that
ROS scavenging could be an effective
therapeutic target. Researchers in a
great number of studies have set out to
investigate the effectiveness of N-acetyl-
cysteine and bicarbonate infusions in al-
leviating CIN (10,37,38). Our study may
provide a basis for understanding the
benefit of those therapies: lodixanol-
induced vasoconstriction of DVR was
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prevented by Tempol. Moreover, Tempol
prevented iodixanol from augmenting va-
soconstriction induced by angiotensin II.

Issues related to the clinical effec-
tiveness of ROS scavenging remain to
be resolved. For instance, it is unclear
whether the doses used in the clinical
trials are sufficient to effectively reduce
ROS in outer medullary vascular bun-
dles where DVR reside. Moreover,
DVR are not the only sites where ROS
are generated. The medullary thick as-
cending limb is another important
source (35). Finally, N-acetylcysteine
may not be as effective as Tempol in
reducing superoxide concentrations.

Limitations of our study included
the use of only one type of CM (ie, we
do not know whether other contrast
media, with different physicochemical
properties, would have the same con-
strictory effect as iodixanol). Another
limitation was the fact that Tempol
cannot be used clinically, thus limiting
the extrapolation of our findings to a
clinical setting.

In conclusion, this study adds to our
understanding of CIN by showing that
the blood vessels that supply the vulner-
able outer medulla of the kidney are
significantly affected by a type of CM.
DVR perfusion with iodixanol at a con-
centration similar to that which occurs
in vivo during coronary angiography
caused constriction, increased vasocon-
strictor response to angiotensin I, and
decreased NO bioavailability. A diminu-
tion of oxygen supply to the outer me-
dulla seems a plausible consequence of
those actions, which may ultimately re-
sult in tubular hypoxia and apoptosis.
Superoxide scavenging effectively pre-
vented the deleterious effect of iodixa-
nol on DVR.

ROS may play a key role in mediat-
ing the effects of CM on DVR and on
medullary perfusion, so that ROS scav-
enging might be an effective therapeutic
target for CIN. Our study provides a
basis for understanding the benefit of
those therapies.
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