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ABSTRACT:

The present study was designed to clarify the possibility for application of nitroxide derivatives in magnetic resonance imaging (MRI) of
hypercholesterolemia-mediated renal dysfunction in mice, as well as to assess the effectiveness of antilipidemic drugs (cholestyramine and
ezetimibe). Themice were separated in four groups: (i) on a normal diet (ND) withoutmedication (control); (ii) on a high cholesterol diet
(CD) withoutmedication; (iii) CDmice receiving cholestyramine; and (iv) CDmice receiving ezetimibe. InCDmice withoutmedication, a
hypercholesterolemiawas developed, detected by the increasing of total plasma cholesterol andnon-HDLcholesterol, anddecreasing ofHDL
cholesterol. The hypercholesterolemia compromised renal function: blood urea nitrogen, creatine and uric acid increased significantly,
accompaniedwith development of glomerulosclerosis, enhancement of the amount of neutrophils and overexpression ofmetalloproteinase-9.
Themicewere subjected to anesthesia andMR imagingwas performedon7Tmagnet (T1-weighted incoherent gradient-echo sequence; fast
low-angle shot). The region-of-interest was selected within the kidney. The images were obtained before and after injection of contrast probe
[carbamoyl-PROXYL (CMP) orGd-DTPA]. In the kidney ofNDmice, theMRI signal intensity increased after injection ofCMP, reached a
maximum (very well-defined renal filtration peak) and decreased to the baseline level within 14 min. In kidney of CDmice, the CMP-
mediated enhancement of MRI signal was not detected. Antilipidemic drugs patially abolished the effect of hypercholesterolemia on
CMP-enhancedMRI in the kidney. The kinetic curves of Gd-enhancedMRI signal had also different profiles in the kidney of ND and
CDmice. They were similar to the profiles of the kinetic curves, obtained fromMR urography of healthy human and human with renal
pathology, respectively. The present study suggests that CMP is a suitable MRI contrast probe for visualization of hypercholester-
olemia-induced renal dysfunction in intact animals and the assessment of the efficacy of antilipidemic drugs. The probe was applied at a
concentration that was 3 times lower than the LD50 for intravenous administration inmice. Since the probe is excreted by the kidney, it
could be considered harmless for mammalians in the selected dose and appropriate candidate for translational research.
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’ INTRODUCTION

The nitroxide radicals are well-known from electron-para-
magnetic resonance (EPR) studies.1�3 In 1984, it was reported
that nitroxide radicals possess comparatively high T1 contrast
properties and could be also applied in magnetic resonance
imaging (MRI).4�6 The nitroxides are small molecules, sensitive
to the reduction status of biological samples, and their use in life
science research is limited predominantly to tissue redoxmapping

in vitro and in vivo, using EPR imaging (EPRI) or MRI.7�12

The paramagnetic nitroxide radical could be reduced to dia-
magnetic hydroxylamine with a loss of EPR signal or 1H-MRI
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relaxivity and thus to serve as a reduction sensor. However, the
diamagnetic hydroxylamine could be reconverted via oxygena-
tion to paramagnetic nitroxide radical with an appearance of
EPR signal or 1H-MRI relaxivity and thus to serve as an
oxidation sensor. The rate constants of both processes could be
used for the evaluation of tissue redox status.

Most MRI studies have employed pyrolidine-type (PROXYL-
type) nitroxide radicals due to their higher stability to reduction
in vivo in comparison with piperidine-type (TEMPO-type) nitr-
oxide radicals.13�16 The PROXYL-enhanced MRI signal has
higher stability and intensity than TEMPO-enhanced MRI
signal.9,13�17 This allows the application of PROXYL derivatives
for MR imaging in vivo in harmless (low toxic) doses.

It has been reported that water-soluble PROXYL derivatives,
e.g. carboxy-PROXYL and carbamoyl-PROXYL, are excreted by
the kidney. Since redox status of the kidney varies significantly in
dysfunction,8,18,19 oxidative injury in renal disease is a premise for
nitroxide efficiency in evaluating of this pathology. Therefore,
PROXYL derivatives can be used as molecular sensors for imaging
of renal injury, accompanied by dysbalance of tissue redox activity.
The present study was designed to clarify this assumption.

We used carbamoyl-PROXYL as 1H-MRI contrast agent to
detect kidney dysfunction in C57Bl/6 mice. Mice with hypercho-
lesterolemia were used as an experimental model. A variety of
experimental studies and clinical trials have demonstrated that
hypercholesterolemia is a risk factor for the development of chronic
kidney disease, accompanied with decreased renal filtration.20�23

Our study also aimed to assess the effectiveness of antilipi-
demic drugs (e.g., cholestyramine and ezetimibe) on renal

function in intact animals, using water-soluble PROXYL deriva-
tives and MRI. The mechanisms of antilipidemic effect of
cholestyramine and ezetimibe are shown in Scheme 1. Choles-
tyramine is an ion-exchanged polymer and a bile acid sequestrant.
Bile acids are synthesized in the liver from cholesterol and secreted
to the intestine through the gallbladder. Cholestyramine binds bile
acids in gastrointestinal tract and prevents their reabsorption. The
low level of bile acids in the portal vein and liver induces a synthesis
of bile acids in the liver and the transport of cholesterol from the
plasma. Thus, plasma cholesterol decreases. Ezetimibe is a choles-
terol-transport inhibitor. It suppresses cholesterol absorption in
the intestine and decreases the plasma cholesterol level.

Studies over the past decade have linked aberrant metallopro-
teinase (MMP) expression, especially MMP-2 and MMP-9, to a
number of renal pathophysiologies.24 MMP-2 (72 kDa type IV
collagenase or gelatinase A) and MMP-9 (92 kDa type IV
collagenase or gelatinase B) belong to the subclass of gelatinase.
They degrade the components of extracellular matrix in the basal
lamina, including collagen, laminin, and zona occludens-1 (ZO-1)
in the endothelial tight junctions.24,25 There is no study that
focuses on the cause-end-effect relationship between altered
MMP-2 and MMP-9 activity in the plasma and hypercholester-
olemia-induced renal dysfunction. Our efforts were directed to
estimate the role of both metalloproteinases in this process.

’EXPERIMENTAL METHODS

Animals. The care, maintenance, and experiments with ani-
mals were in accordance to the “Principles of Laboratory Animal

Scheme 1. Mechanisms of Lowering Plasma Cholesterol by Cholestyramine and Ezetimibe
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Care” (NIH publication number 85-23, revised 1985) and the
Guidelines of the Animal Investigation Committee of Chiba
University (Chiba, Japan) and National Institute of Radiological
Sciences (Chiba, Japan). Our study protocol was approved by the
Animal Care and Use Committee of Chiba University.
Male C57Bl/6 mice were purchased from Charles River

Laboratories Japan Inc. (Kanagawa, Japan). Mice were subjected
to a normal diet (ND mice) (MF; Oriental Yeast Co., Tokyo,
Japan) or a cholesterol diet (CD mice) (ATT6492210; 1.25%
[wt/wt] cholesterol, Oriental Yeast Co.), starting at 5 weeks of
age. CDmice were separated into three groups: (i) on a CD diet;
(ii) on a CD diet, containing 3% cholestyramine; (iii) on a CD
diet, containing 0.01% ezetimibe.
Throughout the experiments, the mice were kept in stainless

steel cages with food and water available ad libitum, and main-
tained on a 12 h light�dark cycle. At the time of MRI measure-
ments, the mice were between 15 and 17 weeks of age. At the
time of all other measurements, the mice were 15 weeks of age.
MRI Measurements on Experimental Animals. The MRI

measurements were performed on a 7.0 T horizontal magnet
(Kobelco and Jastec, Kobe, Japan) interfaced to a Bruker Avance-
I console (Bruker BioSpin, Rheinstetten, Germany) and con-
trolled with ParaVision 4.0.1 (Bruker BioSpin).
Mice were anesthetized by isoflurane (1.2%, Abbott Japan,

Tokyo, Japan) and placed in a body holder (Rapid Biomedical,
Rimpar, Germany), stomach side down and fixed head. A
polyethylene catheter (PE-10, Becton-Dickinson, NJ, USA)
was placed in the tail vein for probe administration. The mouse
was then placed in the 1H-volume radio frequency (rf) resonator
(Bruker BioSpin) with surface rf receiver (Rapid Biomedical).
Rectal temperature of the mouse was maintained at 37.0 (
0.5 �C using an automatic controlled electric heater and mon-
itored using an optical temperature probe (FOT-M and FTI-10,
FISO Technology, Quebec, Canada). A respiration sensor (SA
Instruments, Edison, NY, USA) was placed on the chest of the
mouse for monitoring.
Before probe administration, five control images of the mouse

body were acquired with the following parameters: T1-weighted
incoherent gradient-echo sequence (fast low-angle shot); repeti-
tion time = 75 ms; echo time = 3.2 ms; flip angle = 45 degrees;
number of averages = 4; scan time = 19.2 s; matrix = 64 � 64;
slice thickness = 1.0 mm; number of slices = 4. We selected the
coronal slice orientations with a 300� 300� 1000 μm3 nominal
voxel resolution. Ninety-six seconds after starting the MRI scan
(5 images acquired as preadministration data), 100 μL of
carbamoyl-PROXYL (Sigma-Aldrich, St. Louis, MO, USA; initial
concentration 100 mmol/L, in PBS, pH 7.4) or Gd-DTPA
(Meglumine Gadopentetate, Bayer HealthCare, Osaka, Japan;

final concentration 0.125 mmol/kg) was injected via the tail vein.
T1-weighted images were acquired continuously within ∼20
min. The MRI data were analyzed using ImageJ (National
Institute of Health, Bethesda, MD, USA) software. The MRI
signal intensity in the kidney area (region-of-interest) after the
injection of nitroxide was normalized to the average MRI signal
intensity in the same area before the injection (first 5 frames).
Determination of Plasma Cholesterol Levels. Blood sam-

ples were taken from the tail vein in a heparinized microhema-
tocrit tube. The blood samples were centrifuged at 12000g for 5
min at room temperature to obtain plasma. Plasma was stored at
�80 �C until cholesterol and MMP determination. The total
cholesterol levels were determined by a modification of the
cholesterol oxidase method with the use of kit reagents (Wako
Pure Chemical Industries, Osaka, Japan). The high density
lipoprotein (HDL) cholesterol levels were measured by the
cholesterol oxidase assay of the supernatant from the precipitate
of non-HDL lipoproteins with phosphotungstic acid and magne-
sium chloride using the kit reagents (Wako Pure Chemical
Industries). The non-HDL cholesterol levels were calculated as
HDL cholesterol levels subtracted from the total cholesterol levels.
Determination of Plasma MMP-2 and MMP-9 Levels.

Enzyme-linked immunosorbent assay (ELISA) was used to
determine plasma total MMP-2 and total MMP-9 levels according
to the manufacturer’s instructions. The MMP-2 ELISA kit
(human/mouse/rat MMP-2 [total], Quantikine; R&D Systems,
Inc., Minneapolis, MN, USA) detects pro-, active, and tissue
inhibitor of metalloproteinase (TIMP)-complexed MMP-2. The
MMP-9 ELISA kit (mouse MMP-9 [total], Quantikine; R&D
Systems, Inc.) detects pro-, active, and TIMP-complexed MMP-9.
Plasma, obtained from the mice at 15 weeks of age, was analyzed.
White Blood Cell Differential Analysis. Blood samples of

mice were taken from the tail vein in an EDTA-treated micro-
hematocrit tube. Blood samples for time course analysis of the
change of white blood cells were taken from the vena cava in the
anesthetized condition with intraperitoneal injection of sodium
pentobarbital (40 mg/kg, Dainippon Sumitomo Pharma Co.,
Osaka, Japan), and the samples were transferred to an EDTA-
treated tube. White blood cell differential analyses were per-
formed by an automated hematology analyzer (Advia 120, Bayer
Diagnostics, Tarrytown, NY, USA).
Histological Staining. The kidney was fixed with PBS,

containing 4% formaldehyde, overnight. Paraffin-embedded
cross sections of fixed tissues were stained with hematoxylin
and eosin (Wako, Japan).
Statistical Analysis. The results are expressed as mean (

standard error (SE). Statistical analyses were conducted with
SAS System Release 8.2 (SAS Institute Inc., Cary, NC, USA). In

Table 1. Plasma Cholesterol Levels in Mice on ND or CD with or without Cholestyramine or Ezetimibea

parameter

ND without medication

(group 1; n = 7)

CD without medication

(group 2; n = 7)

CD + cholestyramine

(group 3; n = 7)

CD + ezetimibe

(group 4; n = 7)

total cholesterol, (mg/dL) 109( 3 ref value 288( 11 *** 133( 5 ns/+++ 99( 3 ns/+++

HDL cholesterol, (mg/dL) 96( 1 ref value 58( 5 *** 128( 6 ***/+++ 75( 2 **/+

non-HDL cholesterol, (mg/dL) 13( 3 ref value 230( 8 *** 5( 3 ns/+++ 24( 3 ns/+++
aThe results are mean ( SE; ns, non-significant; *** P < 0.001, ** P < 0.01, * P < 0.05 versus group 1 (ND without medication); +++ P < 0.001,
++ P < 0.01, + P < 0.05 versus group 2 (CD without medication); n, number of mice in each experimental group. Group 3 (CD with cholestyramine)
versus group 4 (CD with ezetimibe): total cholesterol, nonsignificant; HDL cholesterol, p < 0.001; non-HDL cholesterol, p < 0.05. All CD mice had
significantly elevated serum cholesterol. CDmice in the group receiving cholestyramine and the group receiving ezetimibe had significantly higher HDL
cholesterol than NDmice and CD only mice; other cholesterol parameters were significantly lower than those for CD only mice and not different from
those for ND mice.
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Tables 1�3, the comparisons between the groups were per-
formed with Tukey’s multiple comparison test. A value of
p < 0.05 was considered significant.

’RESULTS AND DISCUSSION

Carbamoyl-PROXYL as a Contrast Agent for Magnetic
Resonance Imaging of Renal Dysfunction: A Comparison
with Gd-DTPA. The mice were subjected to a normal diet (ND
mice; control group) or a high cholesterol diet (CD mice),
starting at 5 weeks of age. After 15 weeks of age, the mice were
used for the analysis. CD mice developed hypercholesterolemia,
which resulted in increased levels of total plasma cholesterol and
non-HDL cholesterol, and decreased levels of HDL cholesterol
(Table 1, group 2 versus group 1).
The hypercholesterolemia compromised the renal function in

CD mice: blood urea nitrogen, creatine and uric acid increased
significantly. The hystochemical staining shows a development of
glomerulosclerosis in CD mice (Figure 1).
The data in Figure 2 represent the dynamics of carbamoyl-

PROXYL-enhanced MRI signal in the region-of-interest (ROI;
Figure 2A) within the kidney of anesthetized mice. Carbamoyl-
PROXYL was applied in a dose of 400 μmol/kg. It is ∼3 times
lower than LD50 for its intravenous administration in mice (1.45
mmol/kg). The first five points of the kinetic curve were obtained
before the injection of nitroxide (baseline). All data after the
injection of nitroxide were normalized to the averaged baseline
level. In ND mice, the MRI signal intensity increased after
injection of carbamoyl-PROXYL, reached a maximum (renal
filtration peak) and then decreased (excretion part) to the
baseline level within 14 min (Figure 2B, blue curve). The half-
life of MRI signal decay was∼4 min. In CDmice, the MRI signal

intensity after injection of carbamoyl-PROXYL was the same as
the baseline, without renal filtration peak and excretion part
(Figure 2B, red curve). The color images in Figure 2A show that
MRI signal enhancement was not detected in the kidney of
CD mice.
There are two possible reasons for this observation: (i)

hypercholesterolemia leads to impaired (or reduced) renal
filtration, which prevents the penetration of carbamoyl-PROXYL
in the kidneys; (ii) hypercholesterolemia leads to a significant
increase in reduction potential of the kidneys, which is accom-
panied with rapid conversion of carbamoyl-PROXYL from
radical to hydroxylamine form and loss of MRI signal. The
second assumption is unlikely. The previously published data
show that hypercholesterolemia induces oxidative stress and
inflammatory response, which are involved in renal injury in
mammalians.25�27 All these events are accompanied by an
increased level of reactive oxygen species (ROS) and decreased
level of endogenous reducing equivalents in the kidneys.25�27

Therefore, in CD mice, the rate of oxidation of carbamoyl-
PROXYL should be considerably higher than the rate of its
reduction and loss of T1 relaxivity should not be observed.
Therefore, the absence of nitroxide-enhanced MRI signal in
CD mice does not relate to a high redox activity of renal tissue.
Presumably, it is a result of fibrosis and significant reduction of
renal filtration, triggered by hypercholesterolemia.25

Whatever the cause of the kidney dysfunction, the drastic
difference between both kinetic curves in Figure 2 shows that
carbamoyl-PROXYL is a suitable contrast agent for MR imaging
of this anomaly, induced by hypercholesterolemia.
In parallel, we investigated the dynamics of Gd-enhancedMRI

signal in the ROI within the kidney of ND and CD mice
(Figure 3A1,A2). The kinetic curves had different profiles in

Table 2. Biochemical Test of Seruma

parameter ND without medication (group 1) CD without medication (group 2) CD + cholestyramine (group 3) CD + ezetimibe (group 4)

total protein (g/dL) 5.00( 0.19 ref value 4.48( 0.26 ns 4.88( 0.39 ns/NS 4.24( 0.05 ns/NS

albumin (g/dL) 3.18( 0.15 ref value 2.24( 0.05 ** 3.16( 0.35 ns/+ 2.64( 0.05 */NS

BUN (mg/dL) 22.62( 2.16 ref value 28.05( 5.15 * 24.10( 3.00 ns/NS 28.86( 2.15 ns/NS

CRE (mg/dL) 0.18( 0.02 ref value 0.23( 0.01 ** 0.21( 0.08 */NS 0.24( 0.01 **/NS

UA (mg/dL) 1.60( 0.20 ref value 2.48( 0.22 * 2.38( 1.53 */NS 2.92( 0.86 */NS

Na (mEq/L) 154.00( 1.00 ref value 153.75( 0.96 ns 152.00( 1.22 ns/NS 153.60( 0.55 ns/NS

K (mEq/L) 4.76( 0.53 ref value 5.48( 0.26 ns 6.10( 1.29 ns/NS 5.80( 0.82 ns/NS

Cl (mEq/L) 112.00( 1.58 ref value 111.75( 1.50 ns 111.40( 0.89 ns/NS 113.00( 2.83 ns/NS

Ca (mg/dL) 8.72 ( 0.19 ref value 9.33( 0.36 ns 8.60( 0.20 ns/NS 9.10( 0.38 ns/NS

IP (mg/dL) 8.80( 1.55 ref value 7.78( 2.15 ns 10.48( 1.40 ns/NS 10.22( 2.14 ns/NS
aBUN, blood urea nitrogen; CRE, creatine; UA, uric acid; IP, inorganic phosphorus. The data was measured by Oriental Yeast Co., Tokyo. The results
are mean ( SE; ns, nonsignificant; ** P < 0.01, * P < 0.05 versus group 1 (ND without medication); NS, nonsignificant; + P < 0.05 versus group 2
(CD without medication); n, number of mice in each experimental group.

Table 3. Plasma Matrix Metalloproteinases and Neutrophils in Mice on ND and CD with or without Medicationa

parameter

ND without medication

(group 1; n = 7)

CD without medication

(group 2; n = 7)

CD + cholestyramine

(group 3; n = 7)

CD + ezetimibe

(group 4; n = 7)

MMP-2, (ng/mL) 218( 8 ref value 226( 8Ns 233( 6 ns/NS 237( 8 ns/NS

MMP-9, (ng/mL) 88( 11 ref value 217( 21 *** 152( 17 ns/+ 144( 18 ns/+

neutrophils, (%) 11.5( 0.7 ref value 36.0( 6.6 *** 14.0( 0.7 ns/++ 20.9( 1.1 ns/+
aThe results are mean ( SE; ns, nonsignificant; *** P < 0.001 versus group 1 (ND without medication); NS, nonsignificant; ++ P < 0.01, + P < 0.05
versus group 2 (CD without medication); n, number of mice in each experimental group. Group 3 (CD with cholestyramine) versus group 4 (CD with
ezetimibe): MMP-2, nonsignificant; MMP-9, nonsignificant; neutrophils, nonsignificant.
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comparison with carbamoyl-PROXYL.However, there was also a
difference between ND group and CD group. In ND mice, the
kinetic curve was characterized with three major parts: (i)
baseline (before contrast administration); (ii) renal filtration
peak, and (iii) excretion part (Figure 3A1). In CDmice, the renal
filtration peak was not well-defined (Figure 3A2). The kinetics of

Gd-enhanced MRI signal in the kidney of ND and CD mice was
similar to that of humans, subjected to MR urography. Figure 3B
represents one typical clinical case. In human, the ROI was placed
first around and in the aorta, then around the selected kidney and
within the renal parenchyma, excluding the renal pelvis from the
analysis. In healthy human, the MRI signal dynamics in this ROI
was characterized by four major parts: (i) baseline; (ii) arterial
peak; (iii) glomerular filtration peak; and (iv) excretion part
(Figure 3B1). Vivier et al. have reported that the “area under the
curve”, from the arterial peak to the point of equilibrium between
filtration and excretion, is representative for the glomerular
filtration.28 Figure 3B1 represents the typical enhancement
curves in a normal kidney with very well-defined arterial and
glomerular filtration peaks and a large “area under the curve”.
Figure 3B2 represents typical enhancement curves in a damaged
kidney. The arterial peak is missing, glomerular filtration peak is
poorly defined and the “area under the curve” is very small.
Carbamoyl-PROXYL for Assessment of the Effects of

Antilipidemic Drugs on Renal Dysfunction Using MRI. CD
mice were treated with antihypercholesterolemia drugs: choles-
tyramine or ezetimibe. The data in Table 1 show that CDmice in
the group receiving cholestyramine and the group receiving
ezetimibe had significantly higher HDL cholesterol than the
NDmice and the CD only mice. Total cholesterol and non-HDL
cholesterol were significantly lower than CD only mice and were
not different from ND mice.
The data in Figure 4 show the ability to assess the effectiveness

of antilipidemic drugs on renal function, using carbamoyl-
PROXYL-enhanced MRI. In the case of cholestyramine-treated
CD mice, the MRI signal intensity in the ROI within the kidney
followed the same dynamics as the control ND mice: increase
during first two minutes after injection of nitroxide, reaching a
maximum and decrease to the baseline level within 14 min
(Figure 5B, green curve). The half-life of MRI signal decay was
∼4 min 30 s. Cholestyramine partially prevents the negative
effects of cholesterol diet on renal function. In the case of
ezetimibe-treated CD mice, the MRI signal dynamics in the
kidney after injection of nitroxide followed the same profile, but
not well-defined as in the case of cholestyramine (Figure 5B,
green curve). Sometimes the signal was recorded in one kidney,
but not in the other (Figure 5A). Ezetimibe manifested a slight

Figure 1. Hematoxylin and eosin staining of tissue sections of kidney, isolated from ND (A) or CD mouse (B). The mice were 15 weeks of age. Red
arrow indicates glomerulus with proliferated mesangial cells and reduced blood flow (erythrocytes are not observed). Green arrow indicates initial
fibrosis in glomerulus (glomerulosclerosis). Black arrow indicates degeneration of proximal tubules.

Figure 2. Carbamoyl-PROXYL-enhanced MRI of the kidney in ND
and CD mice: Effect of hypercholesterolemia. (A) Black and white
images: T1-weighted MR images of the kidney before the injection of
carbamoyl-PROXYL (CMPx). Color images: Extracted MRI signal inten-
sity, normalized to the averaged baseline level (before injection of carba-
moyl-PROXYL). (B) Kinetic curves of normalized MRI signal intensity
before and after injection of carbamoyl-PROXYL in NDmice (blue curve)
and CD mice (red curve). The data are mean ( SE from 5 animals.



1967 dx.doi.org/10.1021/mp200087v |Mol. Pharmaceutics 2011, 8, 1962–1969

Molecular Pharmaceutics BRIEF ARTICLE

positive effect on hypercholesterolemia-mediated renal
dysfunction.

The comparative analysis of the results in Figures 4 and 5
shows that the therapeutic efficacy of cholestyramine is better

Figure 3. (A) Kinetic curves of normalized MRI signal intensity in kidney before and after injection of Gd-DTPA in NDmice (blue curve) or CDmice
(red curve). The data are the mean from 4 animals (SE did not exceed 20%). ImageJ software was used for the data processing. (B) Typical kinetic curves
of Gd-enhanced MRI in the ROI within the kidney of healthy human (B1) and human with renal pathology (B2). CHOP-fMRU software was used for
the data processing of the postcontrast T1 VIBE Dynamic sequence in coronal plane during the excretory MR urography.

Figure 4. Carbamoyl-PROXYL-enhanced MRI of kidney in CD mice:
Effect of cholestyramine. (A) Black and white image: T1-weighted MR
images of the kidney before injection of carbamoyl-PROXYL (CMPx).
Color image: Extracted MRI signal intensity, normalized to the averaged
baseline level (before injection of carbamoyl-PROXYL). (B) Kinetic curves
of the normalized MRI signal intensity before and after injection of
carbamoyl-PROXYL in CD mice receiving (red curve) and not receiving
cholestyramine (green curve). The data are mean ( SE from 5 animals.

Figure 5. Carbamoyl-PROXYL-enhanced MRI of kidney in CD mice:
Effect of ezetimibe. (A) Black andwhite image:T1-weightedMR images of
kidney before injection of carbamoyl-PROXYL (CMPx). Color image:
Extracted MRI signal intensity, normalized to the averaged baseline level
(before injection of carbamoyl-PROXYL). (B) Kinetic curves of the
normalized MRI signal intensity before and after injection of carbamoyl-
PROXYL in CD mice receiving (red curve) and not receiving ezetimibe
(green curve). The data are mean ( SE from 5 animals.
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expressed than that of the ezetimibe and it is possible to assess
this efficiency using carbamoyl-PROXYL as MRI contrast agent.
It seems that cholesterol (above some critical level) is a trigger

of renal injury. Cholestyramine and ezetimibe reduced the level
of total plasma cholesterol to the same degree (Table 1).
However, cholestyramine increased the level of HDL cholesterol
above the reference value and decreased the level of non-HDL
cholesterol below the reference value. In the case of ezetimibe,
HDL-cholesterol was 25% below the reference level and non-
HDL cholesterol was 2 times above the reference level. It is well-
known that HDL fraction is responsible for the transport of the
cholesterol in both directions: blood f tissues and tissues f
blood. This fraction serves as an antiatherogenic factor. Non-
HDL fraction is responsible for transport of the cholesterol in
one direction, blood f tissues, and serves as an atherogenic
factor. This might be a reason for the better effects observed by
cholestyramine on the renal function.
Our study shows that hypercholesterolemia was accompanied by

increased plasma levels of MMP-9: three times higher than the
reference level (Table 3). The cell fraction, which is responsible for
the production of MMP-9, neutrophils, also increased 3 times. This
might be one of the mechanisms of kidney damage in CD mice.
Cholestyramine and ezetimibe decreased the plasma level of MMP-
9 in CDmice, but the values were still about 2 times higher than the
reference value. There was a good correlation between the plasma
levels of MMP-9 and intensity of carbamoyl-PROXYL-enhanced
MRI signal in the kidney area (detected as absolute value of the
amplitude of renal filtration peak). In ND mice, the MRI signal
enhancement was ∼30%, while in cholestyramine- and ezetimibe-
treated CD mice it was ∼17% and ∼10%, respectively.
In conclusion, this study shows that carbamoyl-PROPXYL is a

suitable MRI contrast probe for visualization of hypercholester-
olemia-induced renal dysfunction and assessment of the efficacy
of antilipidemic drugs. The probe was applied in a concentration
that was 3 times lower than the LD50 for intravenous adminis-
tration in C57Bl/6 mice. Since the probe is excreted by the
kidney, it could be considered harmless for mammalians in the
selected dose.
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CD, cholesterol diet; carbamoyl-PROXYL (CMPx), 3-carbamoyl-
2,2,5,5-tetramethyl-1-pyrrolidineoxy, free radical; EPRI, electron

paramagnetic resonance imaging;HDL, high density lipoproteins;
LD50, median lethal dose;MMP, matrix metalloproteinase;MRI,
magnetic resonance imaging;ND, normal diet; PBS, phosphate
buffered saline; TEMPO, 2,2,6,6-tetramethyl-1-piperidinyloxy,
free radical
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