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ARTICLE INFO ABSTRACT

Keywords: Purpose: The use of contrast media is essential to achieve high accuracy in diagnostic imaging. Iodine contrast
I?dma"ed contrast agent media, one of these contrast media, has nephrotoxicity as a side effect. Therefore, the development of iodine
Liposome contrast media that can reduce nephrotoxicity is expected. Since liposomes are generally adjustable in size
Nephrotoxicity

(100-300 nm) and are not filtered by the renal glomerulus, we hypothesized that iodine contrast media could be
encapsulated in liposomes and administered to avoid the nephrotoxicity of iodine contrast media. The aim of this
study is to develop an iomeprol-containing liposome (IPL) agent with high iodine concentration and to inves-
tigate the effect of intravenous administration of IPL on renal function in a rat model with chronic kidney injury.
Materials and methods: IPLs were prepared by encapsulating an iomeprol (400mgl/mL) solution in liposomes by a
kneading method using a rotation-revolution mixer. Radiodensities of iomeprol and IPL were measured. IPL or
iopamidol at normal dose (0.74 g I/kg) or high dose (3.7 g I/kg) was administered to healthy and 5/6-nephrec-
tomized rats (n = 3-6). Serum creatinine (sCr) and histopathological change of tubular epithelial cells were
evaluated after injection.

Results: The iodine concentration of IPL was 220.7 mgl/mL, equivalent to 55.2% of the iodine concentration of
iomeprol. The CT values of IPL was 4731.6 + 53.2 HU, 59.04% that of iomeprol. The ratios of change in sCr in 5/
6-nephrectomized rats that received high-dose iopamidol were 0.73, which were significantly higher than that in
5/6-nephrectomized rats that received high-dose IPL (—0.03) (p = 0.006). Change in foamy degeneration of
tubular epithelial cells was confirmed in 5/6-nephrectomized rats that received high-dose iopamidol than that in
the sham control group and healthy rats that received normal dose iopamiron (p = 0.016, p = 0.032, respec-
tively). Foamy degeneration of tubular epitherial cells was rarely observed in the IPL injection group.
Conclusions: We developed new liposomal contrast agents that have high iodine concentration and minimal effect
on renal function.

Contrast-induced acute kidney injury
Liposomal contrast agent

1. Introduction adverse events, prolonged hospital stay, and long-term mortality

compared with those without CI-AKI. Chronic kidney disease (CKD) is

Medical diagnostic imaging visualizes life phenomena in a minimally
invasive manner [1,2] and plays a major role in diagnosing pathological
conditions, determining treatment strategies and effects, and predicting
prognosis. Recent developments in therapeutic techniques require pre-
cise imaging findings, and the importance and demand for tests using
contrast media is increasing [3,4]. However, iodinated contrast agents
can cause contrast-induced acute kidney injury (CI-AKI), a severe
adverse event that accounts for one-third of hospital-acquired acute
kidney injury. Patients with CI-AKI have a higher risk of in-hospital
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considered the most important risk factor for CI-AKI in humans [5].
According to several epidemiologic studies, the prevalence of CKD is
10.8%-16.8% in the general population and shows an increasing trend
[5]. Therefore, the development of contrast agents that have minimal
effect on renal function is essential.

Liposomes are spherical vesicles composed of a lipid bilayer enve-
lope surrounding a central aqueous core. Various contrast and treatment
agents have been encapsulated in liposomes for diagnostics, therapy,
and preventive medicine [6-8]. After administration into the blood
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circulation, liposomes are gradually entrapped by the mononuclear
phagocyte system, by such as Kupffer cells in the liver and macrophages
in the spleen, and subsequently excreted into feces within a few weeks
[9,10]. It has been reported that liposomal iodinated contrast agents do
not exhibit significant renal clearance [11]. We hypothesized that
liposomal iodinated contrast agents have different pharmacokinetics
and minimal effect on renal function compared with free iodinated
contrast agents.

It is difficult to encapsulate iodinated contrast agents using the
conventional liposome preparation method because of their high vis-
cosity at the required concentration [12]. Therefore, we attempted to
prepare liposomes by encapsulating a solution of iodinated contrast
agent, applying a kneading method using a rotation-revolution mixer,
developed previously for preparing liposome-based artificial red blood
cells [13]. The kneading method using a rotation-revolution mixer, takes
advantage of the high viscosity of the liposomes and uses shear stress to
encapsulate a thick, viscous liquid into liposomes [14]. Circulation
stability and dispersion stability of liposomal artificial red blood cells
prepared by this technique has been reported previously [10,14].

The aims of this study were to prepare an iomeprol-containing
liposome (IPL) agent and to determine its effect on renal function
following intravenous administration in a rat model with chronic kidney
injury.

2. Materials and methods
2.1. Preparation of liposome agent

We prepared IPL by the kneading method using a rota-
tion—revolution mixer [14]. We purchased 1,2-dipalmitoyl-sn-glycer-
0-3-phosphatidylcholine (DPPC) from H. Holstein Co., Ltd. (Tokyo,
Japan), and purchased cholesterol and 1,5-Odihexadecyl- N-succi-
nyl-i-glutamate (DHSG) from Nippon Fine Chemical Co., Ltd. (Osaka,
Japan). 1,2-Distearoyl-snglycero- 3-phosphatidylethanolamine-N-poly
(ethylene glycol) (PEG5000, PEG—DSPE) was purchased from NOF
Corp. (Tokyo, Japan). Selected lipids at specific molar ratios
(DPPC/cholesterol/DHSG/PEG-DSPE = 5/4/0.9/0.03) were dissolved
in 2-methyl-2-propanol (500 mL; Fujifilm Wako Pure Chemical Corp.,
Osaka, Japan) by stirring in a 500 mL flask at 60 °C. The lipid mixture
solution was then freeze-dried (EYELA FD-1000; Tokyo Rikakikai Co.,
Ltd., Tokyo, Japan) for 1 day to obtain a powdered lipid mixture.

Iomeprol (80 mL, 400 mgl/mL; Iomeron, Bracco Imaging Eisai,
Tokyo, Japan) and mixed lipid powder (20 g) were placed in a cylin-
drical polytetrafluoroethylene container (outer diameter, 93 mm;
height, 110 mm; with multiple concave inner surfaces) and kneaded
using a rotation—revolution mixer (ARE-500; Thinky Corp., Tokyo,
Japan) at 1000 rpm for clockwise revolution and at 1000 rpm for
counterclockwise rotation, for 5-30 min. The obtained iomeprol—lipid
mixture paste was dispersed with saline (Otsuka Pharmaceutical Co.,
Ltd., Tokyo, Japan) and then filtered through 0.80 pm filters (Advantec
cellulose acetate hydrophilic filter; Toyo Roshi Kaisha Ltd., Tokyo,
Japan). After separating unencapsulated iomeprol by ultracentrifuga-
tion (Himac CP80WX; Hitachi Ltd., Tokyo, Japan) at 19,000 rpm for 60
min, the precipitate was re-dispersed with saline and the dispersion was
filtered through 0.80 pm filters.

Aseptic conditions were ensured by making all raw materials sterile
and preparing them in a clean room.

2.2. Characterization of liposomes

Particle size was measured using a dynamic light-scattering method
(nanoparticle analyzer, SZ-100; Honda Ltd., Kyoto, Japan) according to
existing methods [13]. The total lipid concentration of reluctant lipo-
somes was estimated from the phospholipid concentration measured
using the choline oxidase-DAOS method [Wako Pure Chemical Corp.
Ltd.; DAOS: N-ethyl-N-(2-hydroxy3-sulfopropyl)-3,5-dimethoxyanili
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ne]. To measure the concentration of iomeprol in IPL solution, octyl-
glucoside was added to completely dissolve the liposomes. Iomeprol has
a characteristic absorption in the UV region at Ayn,x = 244 nm. A cali-
bration curve was prepared by changing the concentration of iomeprol,
and the concentration was determined based on this curve.

2.3. Assessment of CT absorption of IPL

CT images of iomeprol (400 mgl/mL), iopamidol (300 mgl/mL;
Iopamiron 300, Bayer, Osaka, Japan) and IPL (220.7 mgl/mL) were
obtained using a cylindrical water-filled phantom. Three test tubes
(inner diameter, 8 mm) filled with each of iomeprol (400 mgl/mL),
iopamidol (300 mgl/mL), and IPL were placed in the phantom and
scanned by a 320 area detector CT scanner (Aquilion ONE, Canon
Medical Systems, Japan) at applied voltage of each of 100 kVp and 120
kVp. The imaging conditions were as follows: tube current, 50 mA;
rotation time, 1.0 s; pitch factor, 0.813; and 80 x 0.5 mm detectors. The
obtained filtered back-projection images were reconstructed with a
display field of view of 100 mm, nominal slice thickness of 5 mm, and
abdominal standard reconstruction kernel FC13. CT attenuation values
were measured and compared among the iodinated solutions.

2.4. Animals

All animals were purchased from CLEA Japan Inc., Tokyo, Japan.
Healthy male Sprague-Dawley rats and those that had undergone 5/6
nephrectomy (300-380g, 15 weeks old) were used in this study. The
animals were housed in groups of two per cage in a temperature-
controlled room on a 12-h light/dark cycle. They were allowed free
access to food and water. All experimental protocols were reviewed by
the Committee on the Ethics of Animal Experiments at our university
and conducted in accordance with the Guidelines for Animal Experi-
ments issued by our university and with law No. 105 (Act on Welfare and
Management of Animals) issued by the Japanese government. The
ethical guidelines conformed to the guiding principles issued by the
National Academy of Science.

2.5. Experimental protocol

The experimental protocol is shown in Fig. 1. First, either contrast
agent or normal saline was injected intravenously slowly over 1 min via
the tail vein after oral administration of normal saline for one week.
Second, additional intravenous injection of the same dose of contrast
agent or normal saline slowly over 1 min was performed after dehy-
dration for 48 h. Third, rats were dehydrated for 24 h after the second
injection, and then sacrificed by intravenous administration of 60 mL/kg
pentobarbital. The kidneys were harvested for histopathological evalu-
ation [5,15].

The rats were divided into seven groups and different drugs and
dosages were administered in each group as follows (Table 1): (1) sham
control group (n = 5): 40 mL/kg normal saline; (2) RN group, n = 6:
normal-dose (2 mL/kg) iopamidol (370 mgl/mL; Iopamiron 370, Bayer,
Osaka, Japan) and 38 mL/kg normal saline simultaneously; (3) RH
group, n = 6: high-dose (10 mL/kg) Iopamidol (370 mgl/mL) and 30
mL/kg normal saline simultaneously; (4) NxN) group (n = 3): 5/6 (83%)
nephrectomized rats injected with normal-dose (2 mL/kg) Iopamidol
(370 mgl/mL) and 38 mL/kg normal saline simultaneously; (5) NxH
group (n = 6): 5/6 nephrectomized rats injected with high-dose (10 mL/
kg) Iopamidol (370 mgl/mL) and 30 mL/kg normal saline simulta-
neously; (6) NxNL group (n = 3): 5/6 nephrectomized rats injected
simultaneously with normal-dose IPL (0.74 gl/kg) and normal saline
simultaneously, to achieve a total of 40 mL/kg body weight per
administration; (7) NxHL group (n = 5): 5/6 nephrectomized rats
injected simultaneously with high-dose IPL (3.7 gl/kg) and normal sa-
line simultaneously, to achieve a total of 40 mL/kg body weight per
administration. The iodine concentration of IPL was measured by the
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Fig. 1. Experimental protocol.

Table 1
The name of groups and characteristics of groups.

Name of groups characteristics of groups

CR control rats

RN healthy rats -+ normal dose iopamiron

RH healthy rats + high dose iopamiron

NxN 5/6 nephrectomy rats + normal dose iopamiron
NxH 5/6 nephrectomy rats + high dose iopamiron
NxNL 5/6 nephrectomy + normal dose IPL

NxHL 5/6 nephrectomy + high dose IPL

The name of groups and characteristics of groups are shown.

method described above, and the dose was determined.
2.6. Biological samples

Baseline blood samples (1.5 mL) were collected from the tail vein
before the first injection, and again after dehydration for 24 h following
the second injection. Serum was then separated from whole blood. Each
sample was centrifuged (3000 rpm for 10 min at 4 °C), and the plasma
was immediately frozen using liquid nitrogen and stored at —80 °C.
After the second injection, all rats were transferred to individual meta-
bolic cages and urine samples were collected for 24 h from each rat
separately. Because of their small size, liposomes remain in the serum
after centrifugation and interfere with clinical laboratory tests [16]. To
precipitate the liposomes by conventional centrifugal separation of
blood, Dextran (Mw. 450-650 kDa; final concentration: 2.6 g/dL in
blood) was added to the blood and urine samples of the NxNL and NxHL
groups [17].

Serum creatinine (sCr), blood urea nitrogen (BUN), serum albumin,
and urinary protein concentrations were measured using an automatic
biochemistry analyzer at Sanritsu Zelkova Laboratory. The ratios of
changes in sCr, BUN, and serum albumin before and after the injection of
contrast agent or normal saline were calculated as follows.

V2 -V1

tio of ch =
ratio of change Vi

In that equation, V1 and V2, respectively, denote biochemical test
value from the baseline blood collection and the final blood collection.

2.7. Histopathological examination of kidney tissue

Kidney tissue was fixed in 10% buffered formalin for 24 h and then
dehydrated in a graded series of ethyl alcohol. For histologic examina-
tion, the tissue was cut into 3-mm-thick slices and paraffinized; 2-pm-
thick slices were then deparaffinized and stained with hematoxylin and
eosin. For semiquantitative analysis of the frequency and severity of
renal lesions, we randomly selected three high-magnification ( x 200)
fields of the cortex and outer stripe of the outer medulla. Foamy
degeneration was graded as follows: 0 = no damage, 1 = mild (<25%
damage), 2 = moderate (25%-50% damage), 3 = severe (50%-75%
damage), or 4 = very severe (>75% damage) [5].

2.8. Statistical analysis

Statistical analysis was performed using the statistical software IBM
SPSS Statistics 25. All data are presented as the mean + SD. One-way
analysis of variance (ANOVA) was used to compare means among
groups. Upon detection of significant differences by ANOVA, post-hoc
pairwise comparisons were conducted using Tukey’s test, with the
level of statistical significance taken as P < 0.05.

3. Results
3.1. Characterization and CT attenuation values of IPL

The physiochemical parameters of IPLs were as follows: particle
diameter, 283.6 + 3.8 nm; iodine concentration, 213.6 + 3.7 mgl/mL;
concentration of lipids, 8.0 + 0.1 g/dL; poly-dispersity index, 0.054 +
0.006; encapsulation efficiency, 17.5 + 0.7%. The results of the latest
five preparations (Table 2) indicate that IPL could be prepared stably.
The iodine concentration ratio of IPL was 54.7% that of iomeprol. Fig. 2
shows a CT image of the three contrast media in the phantom. The CT
attenuation values of iomeprol (400 mgl/mL), iopamidol (300 mgl/mL),
and IPL (220.7 mgl/mL) at 120 kVp were 8013.8 + 140.8, 6273.6 +
110.2, and 4731.6 + 53.2 Hounsfield units (HU), respectively. The ratio
of the CT attenuation values of IPL and iomeprol was 59.0%. At 100 kVp,
the CT attenuation values of iomeprol and IPL were 10,358.4 + 138.8
and 5995.4 + 47.3 HU, respectively. The CT attenuation value of IPL at
100 kVp was close to that of iopamidol (300 mgl/mL) at 120 kVp
(5995.4 + 47.3 HU vs. 6273.6 + 110.2).

3.2. Biochemical evaluation

Fig. 3 shows the ratios of change in sCr, BUN, serum albumin before
and after the injection of contrast agent or normal saline, and urinary
protein concentrations. In the normal rats, the pre and post sCr values in
the sham control group were 0.31 + 0.01 and 0.37 + 0.02 mg/dL,
respectively, and the ratio of change was 0.18. The ratio of change in the
RN group was 0.17 (pre, 0.60 + 0.01 mg/dL; post, 0.70 + 0.02 mg/dL),
and that in the RH group was 0.43 (pre, 0.27 + 0.01 mg/dL; post, 0.38
+ 0.02 mg/dL). In the RH group, sCr increased by more than 25%
compared to pre-treatment. There was no significant difference between
the sham control and RN groups (P = 1.000), the sham control and RH
groups (P = 0.783). In the groups of 5/6-nephrectomized rats that
received iodinated contrast agents, the ratio of change in the NxN group

Table 2
Physiochemical parameters of IPL.

Lot Particle Iodine concentration Concentration of lipids
number diameter (nm) (mg/mL) (g/dL)

1 301.3 212.0 7.99

2 277.0 219.3 8.04

3 271.5 229.5 7.44

4 302.1 220.7 8.63

5 310.2 232.6 8.19

Results are shown for the latest five preparations of IPL.
IPL: iomeprol-containing liposome.
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Fig. 2. CT phantom image obtained at 120 kV showing the various agents. Test
tubes (inner diameter, 8 mm) filled with A: iomeprol (400 mgl/mL), B: Iopa-
miron (300 mgl/mL), C: IPL (220.7 mgl/mL) were placed within a cylindrical
water-filled phantom. The CT values of iomeprol, Iopamiron, and IPL at 120
kVvp were 8013.77 + 140.84, 6273.55 + 110.26, and 4731.62 + 53.24
Hounsfield units, respectively.

CT: computed tomography, IPL: iomeprol-containing liposome.

was 0.14 (sCr value: pre, 0.55 + 0.06 mg/dL: post, 0.62 + 0.08 mg/dL)
and that in the NxH group was 0.73 (sCr value: pre, 0.47 + 0.02 mg/dL;
post, 0.83 + 0.17 mg/dL). In the NxH group, sCr increased by more than
25% compared to pre-treatment. There was no significant difference

1.5 4
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P=0.006

0.5 4

anll.

-0.5
control RN RH NxN NxH NxNL NxHL

1.0

0.5
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control RN RH NxN NxH NxNL NxHL

Fig. 3. Change of serum creatinine.

Biochemistry and Biophysics Reports 34 (2023) 101473

between the sham control and NxN groups (P = 1.000), the sham control
and RH groups (P = 0.078). In the groups of 5/6-nephrectomized rats
that received IPL, the ratio of change in the NxNL group was 0.07 (sCr
value: pre, 0.53 £ 0.05 mg/dL, post, 0.57 £+ 0.08 mg/dL) and that in the
NxHL group was —0.03 (sCr value: pre, 0.47 + 0.03 mg/dL; post, 0.45
=+ 0.04 mg/dL). The ratio of change was significantly lower in the NxHL
group than in the NxH group (p = 0.006).

The ratio of change in BUN in the sham control group was 0.07 +
0.07 (pre, 17.08 + 0.73 mg/dL; post, 18.20 + 0.86 mg/dL). The ratios of
change in serum BUN in the normal rat groups of RN and RH were —0.02
=+ 0.05 (pre, 18.63 £ 0.68 mg/dL; post, 18.25 + 0.87 mg/dL) and 0.23
=+ 0.08 (pre, 15.28 + 0.51 mg/dL; post, 18.65 + 0.95 mg/dL), respec-
tively. There was no significant difference in the ratio of either of these
groups compared with the sham control group (p = 0.999 and p = 0.978,
respectively). The ratios of change in serum BUN in the 5/6-nephrectom-
ized rat groups of NxN, NxH, NxNL, and NxHL were —0.20 + 0.06 (pre,
48.10 + 7.90 mg/dL; post, 38.40 + 7.23 mg/dL), 0.21 = 0.26 (pre,
29.12 =+ 1.65 mg/dL; post, 35.86 + 9.09 mg/dL), —0.14 + 0.10 (pre,
37.60 + 4.41 mg/dL; post, 33.10 + 7.80 mg/dL), and 0.12 + 0.19 (pre,
30.12 + 3.31 mg/dL; post, 33.10 + 5.23 mg/dL), respectively. There
was no significant difference in the ratios of the NxN, NxH, NxNL, and
NxHL groups compared with the sham control group (p = 0.892, p =
0.989, p = 0.962, and p = 1.000, respectively).

In the normal rats, the pre and post serum albumin values in the
sham control group were 4.18 + 0.10 mg/dL and 4.20 + 0.06 mg/dL,
respectively, and the ratio of change was 0.01 + 0.02. The ratio of
change in serum albumin in the RN group was 0.01 + 0.00 (pre, 4.38 +
0.06 mg/dL, post, 4.42 + 0.06 mg/dL) and that in the RH group was
0.06 + 0.02 (pre, 4.17 + 0.07 mg/dL; post, 4.43 £+ 0.08 mg/dL). In the
groups of 5/6-nephrectomized rats that received iodinated contrast
agents, the ratio of change in serum albumin in the NxN group was 0.03

05 4

-05 -
control RN RH NxN NxH NxNL NxHL

(meg/dL) |
2,500 P=0.001

i *| ‘.

2,000
1,500
1,000

500

control RN RH NxN NxH NxNL NxHL

A, Ratio of change of sCr. B, Ratio of change of BUN. C, Ratio of change of serum albumin. D, urinary protein. Data are presented as the mean + standard deviation
(SD). The ratios of change in sCr level were significantly higher in the RH and NxH groups compared with the sham control group. There was no significant difference
in sCr between the NxHL and sham control groups. Urinary protein was highest in the NxHL group and was significantly higher in the NxHL group compared with the
sham control group. sCr: serum creatinine, BUN: blood urea nitrogen, RN: healthy rats with normal-dose iopamiron, RH: healthy rats with high-dose iopamiron, NxN:
5/6 nephrectomized rats with normal-dose iopamiron, NxH: 5/6 nephrectomized rats with high-dose iopamiron, NxNL: 5/6 nephrectomized rats with normal-dose

IPL, NxHL: 5/6 nephrectomized rats with high-dose IPL.
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+ 0.05 (pre, 4.17 + 0.09 mg/dL; post, 4.30 + 0.20 mg/dL) and that in
the NxH group was 0.10 + 0.04 (pre, 3.92 + 0.10 mg/dL; post, 4.28 +
0.05 mg/dL). There was no significant difference in ratio of change of
serum albumin for any of these four groups compared with the sham
control group (p = 1.000, p = 0.691, p = 0.998, and p = 0.251,
respectively). In the groups of 5/6-nephrectomized rats that received
IPL, the ratio of change in serum albumin in the NxNL group was —0.28
+ 0.03 (pre, 4.20 + 0.17 mg/dL; post, 3.00 + 0.00 mg/dL) and that in
the NxHL group was —0.37 + 0.04 (pre, 3.82 + 0.07 mg/dL; post, 2.42
+ 0.12 mg/dL). The ratios of change of serum albumin were signifi-
cantly lower in the NxNL and NxHL groups than that in the sham control
group (p = 0.000 and p = 0.000, respectively).

Urinary protein concentration was 88.2 + 12.2 mg/dL in the sham
control group. In the normal rats, concentration was 96.3 + 9.4 mg/dL
and 88.8 + 15.6 mg/dL in the RN and RH groups, respectively, which
were not significantly different compared with the sham control group
(p =1.000 and p = 1.000, respectively). Urinary protein concentrations
in the 5/6-nephrectomized rat groups of NxN, NxH, NxNL, and NxHL
were 145.3 + 45.9, 75.6 &+ 6.7, 64.0 & 20.8, and 1686.0 + 473.3 mg/
dL, respectively. There was no significant difference in concentration in
the NxN, NxH, and NxNL groups compared with the sham control group
(p = 1.000, p = 1.000, and p = 1.000 respectively). Concentration was
significantly higher in the NxHL group than in the sham control group
(p = 0.000).

3.3. Histopathological examination of kidney tissue

Table 3 lists the results of foamy degeneration score in kidney tissues.
Representative pathological images in the NxH and NxHL groups are
shown in Fig. 4. In the normal rats, scores in the sham control group, RN
group, and RH group were 1.8 + 0.17, 1.0 &+ 0.13, and 2.7 + 0.13,
respectively. There was no significant difference between the sham
control group and the RN group and RH group (p = 0.999, p = 0.118,
respectively). In the groups of 5/6-nephrectomized rats, foamy degen-
eration scores in the NxN, NxH, NxNL, and NxHL groups were 1.9 +
0.44, 3.0 +0.24, 2.0 £ 0.19, and 2.2 + 0.34, respectively. The score was
significantly higher than in the sham control group and RN group only in
the NxH group (p = 0.016, p = 0.032, respectively). There was no sig-
nificant difference in score between the NxHL and sham control groups
and RN group.

4. Discussion

Most previous studies of liposomal contrast agents have reported
their application to imaging of the liver and spleen, micro vessels, blood

Table 3
Histopathological score of kidney tissue.

Group dose Healthy rats 5/6 nephrectomy rats
iopamiron normal 1.9 +£0.13 1.9 + 0.44
high 2.7 £ 0.13 3.0 + 0.24*
IPL Normal - 2.0 +0.19
high - 2.2 +0.34
Control 1.8+ 0.17 -
*:p < 0.05.

Data are presented as the mean + standard deviation (SD). The histopatholog-
ical score of kidney tissue was significantly higher in the NxH groups compared
with the sham control group and RN group (p = 0.016, p = 0.032, respectively).
There was no significant difference in score between the NxHL and sham control
groups or RN group.

IPL: iomeprol-containing liposome, RN: healthy rats with normal-dose iopa-
miron, RH: healthy rats with high-dose iopamiron, NxN: 5/6 nephrectomized
rats with normal-dose iopamiron, NxH: 5/6 nephrectomized rats with high-dose
iopamiron, NxNL: 5/6 nephrectomized with normal-dose IPL, NxHL: 5/6
nephrectomized with high-dose IPL.
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pool imaging, and image-guided drug delivery [6,18-22]. To the best of
our knowledge, none has evaluated the nephrotoxicity of liposomal
iodinated contrast agents.

Our method of liposome preparation uses a rotation-revolution
mixer, which enables efficient encapsulation of a highly viscous solution
and control of particle size. Using this technique [14], we successfully
prepared a large amount of liposome-encapsulating iodinated contrast
agent at a higher iodine concentration (220.7 + 9.3 mgl/mL) than has
been reported previously (26.5-120 mgl/mL) [12,18,22-25]. Relative
to iomeprol 400, IPL achieved similar rates of iodine concentration and
CT attenuation values of 55.2% and 59.0%, respectively. In addition, the
CT attenuation value of IPL at 100 kVp was close to that of iopamidol
(300 mgl/mL) at 120 kVp. A recent study reported that in dual energy
CT with monoenergetic reconstructions at lower energy levels, adequate
image quality could be obtained using a 50% reduction in the volume of
iodinated contrast medium administered [26]. The results of the present
study suggest that IPL might also deliver image quality of sufficient
quality for application in the clinical setting. Improvements in imaging
of the liver and spleen, micro vessels, blood pool imaging, and
image-guided drug delivery, which have been reported previously, are
also expected with the use of IPL with high iodine concentration.

A single injection of iodinated contrast agent does not cause overt
kidney damage in rats, and an additional insult to the kidney is required
to establish clinically manifest CI-AKI [27]. Renal concentrating ability
is higher in rats than in humans and may be the factor responsible for
resistance to CI-AKI in rats. In the present study, we succeeded in
increasing the serum creatinine level in the NxH group by more than
25% compared to the pre-treatment level by the combination of 5/6
nephrectomy, salt loading with oral saline, combined 72-h dehydration,
and multiple large doses of iodinated contrast agents. Using this model,
large amounts of iodinated contrast agents must be administered.
Following the successful preparation of IPL, we administered IPL as a
high-dose iodinated contrast agent and evaluated its nephrotoxicity.
Nephrotoxicity was apparent in the NxH group, which were injected
with high-dose iodinated contrast agents; however, no nephrotoxicity or
histopathological damages were observed following the administration
of IPL, even in the high-dose group (NxHL). The pathogenesis of CI-AKI
is controversial, and two mechanisms have been postulated: renal artery
constriction resulting from iodinated contrast agents and subsequent
renal hypoperfusion, and tubular damage. Several theories have been
proposed for the cause of tubular damage, including direct toxicity, high
viscosity, and reactive oxygen species-mediated cellular injury [28,29].
The degree of tubular epithelial cell vacuolization, which is the char-
acteristic histopathological change in CI-AKI, was lower in the IPL group
than in the iopamidol group of the present study. Our histopathological
results showed that injection of IPL had little effect on the kidney. Ac-
cording to previous reports, liposomes are taken up mainly by the
phagocytic cells of the mononuclear phagocytic system following
intravenous injection of iodinated liposomes [30]. The liposomal en-
velope shields the body from the contrast agent, resulting in elimination
via the liver and spleen rather than excretion via the kidneys [23].

Serum albumin was significantly lower in the NxNL and NxHL groups
than in the other groups. In the present study design, there was a large
amount of fluid infusion per body weight of the rats. As liposomes
remain in the circulating blood for a long time, we consider that the
condition of prolonged excessive fluid volume may have caused this
dilution of serum albumin in the NxNL and NxHL groups [31]. In the
NxN group a slight decrease in BUN between before and after injection
of contrast medium was of limited significance. Urinary protein was
significantly higher in the NxHL group than in the other groups. Lipo-
somes are present in the circulating blood for long periods when a high
volume is administered. It is known that physiological changes in
pregnancy result in increased cardiac output and renal blood flow, with
a subsequent increase in proteinuria [32]. One possible reason for the
increase in urinary protein in the present study is the increase in renal
blood flow due to increased circulating blood volume.
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Fig. 4. Histological images of kidney tissue (hematoxylin—eosin staining).
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(b)

(a) NxH group: injury is apparent as vacuolation of tubular cells, (b) NxHL group: the extent of tubular injury is less than that in the NxH group. NxH: 5/6
nephrectomized rats with high-dose iopamiron, NxHL: 5/6 nephrectomized rats with high-dose IPL.

There were some limitations in this study. The mechanisms of the
metabolism and excretion pathways of IPL were not investigated.
However, Sakai et al. has reported that similar liposomes to those used
in the present study were removed by entrapment by Kupffer cells and
by macrophages in the spleen [33]. Finally, we did not examine whether
the rats used in our study were an appropriate model for renal failure.

In conclusion, we have developed a new liposomal contrast agent
that has a high iodine concentration and minimal effect on renal func-
tion. This agent may offer a clinical advantage of reduced renal toxicity
compared with conventional iodinated contrast agents and better
enhancement and image quality compared to previous liposomal
contrast agents.
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