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ABSTRACT. Distribution of liposome-encapsulated [125I]iodixanol in different types of liver cells following
intravenous injection was studied in rats. The data showed that liposome-encapsulated [125I]iodixanol was
rapidly taken up by the liver; after 15 min, radioactivity corresponding to nearly 25% of the injected radioactivity
could be recovered therein. After 4 hr, approximately 60% of the injected radioactivity was in the liver. One
week after injection, nearly 30% of the encapsulated radioactivity could still be recovered in the liver.
Liposome-encapsulated [125I]iodixanol was taken up both by hepatocytes and the Kupffer cells. On a per cell
basis, the uptake of liposome-encapsulated [125I]iodixanol in Kupffer cells was more than 10-fold greater than
that in hepatocytes, while the contribution of liver endothelial cells to uptake was negligible. Osmotic protection
studies showed that iodixanol does not readily diffuse across lysosomal membranes, indicating that loss of
iodixanol from the liver probably occurred by recycling rather than by diffusion across phagolysosomal and
plasma membranes. BIOCHEM PHARMACOL 60;4:553–559, 2000. © 2000 Elsevier Science Inc.
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This study was performed to investigate in detail the
cellular distribution of liposome-encapsulated [125I]iodixa-
nol, an exploratory x-ray contrast medium for liver imaging.
Iodixanol is a 1.55-kDa water-soluble, hydrophilic, and
non-ionic iodinated contrast agent for x-ray imaging. After
intravenous administration, iodixanol is distributed into
the extracellular fluid space and rapidly eliminated via the
kidneys. After encapsulation into liposomes, the hydro-
philic character of iodixanol is masked, changing the
pattern of biodistribution in such a way that the liposomally
encapsulated iodixanol will probably be specifically taken
up by phagocytosis of the Kupffer cells of the liver. Since
the phagocytic activity is predominantly found in normal
hepatic tissue but not in tumors and lesions, liposomes
containing x-ray contrast agents might be helpful tools in
the diagnosis of liver tumors and lesions [1, 2]. The
diagnostic potential of liposome-encapsulated iodixanol is
mainly the detection of liver lesions.

Kupffer cells are the macrophages of the liver and are
very active phagocytic cells directly exposed to the blood
stream. Hepatocytes have, however, also been reported to
phagocytose particles [3, 4], and one should therefore not
exclude the possibility that liposomes could also be taken

up by these cells. Furthermore, the formulation used in this
study consists of a mixture of iodixanol encapsulated in
liposomes and “free” non-encapsulated iodixanol. While
encapsulated iodixanol would be taken up by phagocytes,
non-encapsulated iodixanol is internalized by pinocytosis
into many different cell types.§ Rat liver is very active in
fluid-phase endocytosis, and this process may therefore
contribute significantly to the uptake of blood constituents.
Once internalized into the endocytic/phagocytic compart-
ments, liposome-encapsulated [125I]iodixanol may leave the
cell either by recycling or by diffusion through the phago-
somal/lysosomal membrane and the plasma membrane. The
kinetics of these processes will probably vary in different
cell types. The relative distribution of [125I]iodixanol be-
tween different cell types in the liver could therefore vary
over time following an intravenous injection.

While recycling from the endocytic pathway has been
studied in detail, less is known about regurgitation from
phagosomes. Although the importance of such a pathway
for antigen presentation on MHC II class (major histocom-
patibility complex II) molecules is well established [5],
much is yet to be learned about the kinetics of “retro-
phagocytosis”, and the intracellular routes by which this
occurs. Studies of phagocytosis using liposomes enclosing
fluid-phase markers such as [125I]iodixanol may therefore
give valuable information about these processes.† Corresponding author: Dr. Rune Kjeken, Institute of Biology, University
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MATERIALS AND METHODS
Materials

ASOR* was prepared as described by Tolleshaug and Berg
[6] and labeled by covalent attachment of a radioiodinated
TC adduct according to Pittman et al. [7]. BSA, collagen
(type IV), collagenase (type IV), dexamethasone, diamino-
benzidine, EDTA, HEPES, and horseradish peroxidase were
obtained from Sigma. Cell culture dishes (5.0 cm diameter)
were obtained from Becton Dickinson. Dulbecco’s modified
Eagle’s medium, gentamicin sulfate, L-glutamine, and Ea-
gle’s minimum essential medium were obtained from Bio-
Whittaker. Human fibronectin was a gift from Dr. Bård
Smedsrød, Institute for Medical Biology, University of
Tromsø. Formulation of [125I]iodixanol containing lipo-
somes (made from phospholipids with encapsulated [125I]io-
dixanol and non-encapsulated [125I]iodixanol in the ratio of
1:1.4 (radioactive concentration 3.5 MBq/mL; 80 mg en-
capsulated iodine per mL); liposome size 200–400 nm; 50
mg hydrogenated phosphatidylcholine and 5 mg hydroge-
nated phosphatidylserine per mL), [125I]iodixanol, iodixa-
nol, heparin (5000 IU/mL), Nycodenz®, and TC were
supplied by Nycomed Imaging A/S. The Micro BCA
(bicinchoninic acid) Protein Assay Reagent Kit was ob-
tained from Pierce. All additional chemicals were of ana-
lytical grade.

Animals

Male Wistar rats, weighing 180–200 g at the start of the
study, were obtained from Møllegaard Breeding Center.
The animals were kept three or four to a cage. They were
housed in an animal room with a light/dark cycle of 12 hr,
a temperature 24 6 2°, and a relative humidity of 55 6
10%. The animals were given water and food ad lib.

Uptake of Liposome-Encapsulated [125I]Iodixanol

Fifteen rats were randomly allocated to 5 groups, with 3 rats
in each group. The rats were anesthetized by i.p. injection
of pentobarbital (50 mg/kg body weight). A dose of lipo-
some-encapsulated [125I]iodixanol (100 mg encapsulated
I/kg body weight) was given by intravenous injection into
the tail vein of 3 rats in each group. The injection rate was
1.2 mL per min. The volume of substance injected was
approximately 250 mL, containing about 50 3 106 cpm. At
various time points following injection (15 min, 1 hr, 4 hr,
24 hr, and 1 week), the rats were laparotomized and
heparin-injected (300 mL heparin/rat i.v. injection, 5000
IU/mL). The portal vein was cannulated and a standard
liver perfusion with collagenase was performed [8]. Imme-
diately before collagenase perfusion, the smallest liver lobe
was tied off, cut away, chilled on ice, and analyzed for total
uptake in the liver. The liver cell suspension was separated
into hepatocytes, endothelial cells, and Kupffer cells by a

combination of differential centrifugation and centrifugal
elutriation [9]. A fraction of the hepatocytes, Kupffer cells,
and endothelial cells was purified by selective seeding [10],
counted using an eye-piece graticule, and then scraped off
the Petri dishes in PBS with 0.5% Triton X-100 and
analyzed for radioactivity and protein. The rest of the
Kupffer and endothelial cells was further purified by cen-
trifugation through Nycodenz [11]. At this stage, aliquots of
the cells were taken out for peroxidase staining [12] and
counted in suspension. After counting, the cell suspensions
were analyzed for radioactivity and protein.

Uptake of [125I]Iodixanol

A dose of [125I]iodixanol (100 mg I/kg body weight) was
given by intravenous injection into the tail vein of 3 rats.
The injection rate was 1.2 mL per min. The volume of
substance injected was approximately 250 mL, containing
about 107 cpm. Twenty-four hours following injection, the
rats were laparotomized and heparin-injected (300 mL
heparin/rat i.v. injection, 5000 IU/mL). The portal vein
was cannulated and the liver perfused with calcium-free
buffer for 10 min at a flow rate of 50 mL/min. Liver lobes
were removed and analyzed for radioactivity.

Osmotic Protection Experiments

Osmotic protection experiments were performed according
to Iveson with some modifications [13]. Rat liver lysosomes
were isolated from rats injected with 125I-TC–ASOR* 3 hr
prior to killing in order to load lysosomes with 125I-TC. The
liver was homogenized in 2.5 vol. of ice-cold homogeniza-
tion buffer (0.25 M sucrose containing 10 mM HEPES and
10 mM EDTA, pH 7.25). The homogenate was diluted
fourfold and subjected to centrifugation for 2 min at 2000 g
to remove nuclei. The postnuclear supernatant was sub-
jected to differential centrifugation, and the fraction sedi-
menting between 1100 3 g (10 min) and 22,500 3 g (10
min) was gently resuspended in a volume of 0.25 M test
solution (iodixanol, iohexol, or sucrose) equal to four times
the original weight of the liver pulp. The suspension was
placed in an incubation bath at 25°, and samples were
withdrawn at 0, 30, and 60 min, layered on top of 10 mL of
ice-cold homogenization buffer, and centrifuged for 10 min
at 22,500 3 g. Radioactivity was measured in pellet and
supernatant. Osmolysis was calculated as radioactivity in
the supernatant as a percentage of total.

Calculations and Statistics

The liver weight was taken as 4.1% of the body weight [14].
Total uptake was calculated and presented as mg iodine per
gram liver. Uptake in isolated cells is presented as mg iodine
per 106 cells or as ng iodine per cell protein. For calculation
of the total uptake of radioactivity in the cell fractions, it
was assumed that 1.0 g rat liver (wet weight) contains 1.9 3
107 Kupffer cells, 12.5 3 107 hepatocytes, and 3.5 3 107

* Abbreviations: ASOR, asialoorosomucoid; GPN, glycyl-phenylalanine
2-naphthylamide; and TC, tyramine cellobiose.

554 R. Kjeken et al.



liver endothelial cells [15, 16]. Corrections for contamina-
tion by other cell types in the Kupffer fraction were made.

RESULTS
Uptake of [125I]Iodixanol in Rat Liver

Since the formulation used in this study was composed of
encapsulated [125I]iodixanol as well as “free” [125I]iodixanol
outside of liposomes, we first wanted to determine the
contribution of the non-encapsulated [125I]iodixanol to the
total uptake of radioactivity in the liver following intrave-
nous injection. Rats were injected with a dose of [125I]io-
dixanol comparable to the amount of “free” [125I]iodixanol
given in the liposome injection experiments; 24 hr follow-
ing injection, liver samples were removed and analyzed for
radioactivity. Uptake of [125I]iodixanol was approximately
0.1% of the injected dose. The contribution of non-
encapsulated [125I]iodixanol to the uptake of radioactivity
following intravenous injection of liposome-encapsulated
[125I]iodixanol is therefore negligible.

Uptake of Liposome-Encapsulated [125I]Iodixanol in Rat
Liver

Figure 1 shows the radioactivity in liver at various time
points following injection of liposome-encapsulated
[125I]iodixanol. Liposome-encapsulated [125I]iodixanol was
rapidly taken up by the liver cells, and 15 min after
injection, radioactivity corresponding to approx. 25% of

the injected dose of encapsulated [125I]iodixanol was recov-
ered in the liver. A maximum of approximately 60% of the
injected dose was recovered 4 hr after injection. The data
also indicate that [125I]iodixanol was retained in the liver
for a substantial amount of time, since almost 30% of the
injected dose of encapsulated [125I]iodixanol remained in
the liver one week after injection.

Cellular Distribution of Liposome-Encapsulated
[125I]Iodixanol

To investigate the cellular distribution of liposome-encap-
sulated [125I]iodixanol in rat liver, various types of liver
cells were isolated and analyzed for radioactivity as de-
scribed in the Materials and Methods section. Figure 2
shows the per cell distribution of radioactivity in cultured
hepatocytes, Kupffer cells, and liver endothelial cells at
various time points following injection. On a per cell basis,
the uptake of liposome-encapsulated [125I]iodixanol by the
Kupffer cells was much higher than that taken up by the
other cell types at all time points. Four hours after injec-
tion, the radioactivity in the Kupffer cells was more than
ten times that of the hepatocytes. Only negligible amounts
of radioactivity were found in the liver endothelial cells at
any time point after injection. Similar results were obtained
using purified cell suspensions of hepatocytes, Kupffer cells,
and liver endothelial cells (not shown).

The total cell-associated radioactivity in cultured hepa-

FIG. 1. Uptake of liposome-encapsulated [125I]iodixanol in rat liver following intravenous injection. At various time points following
intravenous injection, rats were laparotomized and the liver perfused with calcium-free buffer. The smallest liver lobe was removed and
analyzed for total uptake in the liver. The ordinates show uptake expressed in mg 125I/g liver (left) and the percentage of the injected
dose recovered in the liver (right). The bars indicate one standard deviation (N 5 3).
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tocytes, Kupffer cells, and liver endothelial cells at
various time points following injection are shown in Fig.
3. While most of the radioactivity was recovered in the
Kupffer cell fraction at early time points after injection,
approximately equal amounts of radioactivity were re-
covered in the Kupffer and hepatocyte cell fractions at
later time points, as the total level of radioactivity in the

liver decreased. The data further indicate a different
uptake kinetics in the Kupffer cells relative to the
hepatocytes. While the initial uptake of liposome-encap-
sulated [125I]iodixanol in the Kupffer cells was high,
reaching a maximum level of cell-associated radioactiv-
ity 4 hrs after injection, radioactivity in the hepatocytes
reached a maximum level after 24 hr.

FIG. 2. Uptake of liposome-encap-
sulated [125I]iodixanol by different
cell types in rat liver. At various
time points following intravenous
injection, Kupffer cells (E), hepa-
tocytes (F), and liver endothelial
cells (‚) were isolated and used as
cultured cells. Cell-associated ra-
dioactivity was measured and ex-
pressed as mg 125I/cells 3 106. The
bars indicate one standard devia-
tion (N 5 3).

FIG. 3. Total contribution to uptake
of liposome-encapsulated [125I]iodixa-
nol by different cell types in rat liver.
At various time points following intra-
venous injection, Kupffer cells (E),
hepatocytes (F), and liver endothelial
cells (‚) were isolated and used as
cultured cells. Cell-associated radioac-
tivity was measured and expressed as
mg 125I/g liver. Total contribution to
uptake by the different cell types was
calculated assuming that 1.0 g rat liver
(wet weight) contains 1.9 3 107

Kupffer cells, 12.5 3 107 hepatocytes,
and 3.5 3 107 liver endothelial cells.
The bars indicate one standard devia-
tion (N 5 3).
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Osmotic Protection Experiments

To gain information on the ability of iodixanol to diffuse
across lysosomal membranes, we performed osmotic protec-
tion experiments. Lysosomes, preloaded with 125I-TC–
ASOR, were isolated from rat liver and resuspended in 250
mM aqueous solution of solute (iodixanol, iohexol, or
sucrose) as described. After incubation for various time
intervals at 25°, the integrity of the lysosomes was assessed
by pelleting them and measuring released radioactivity in
the supernatants. As shown in Fig. 4, 250 mM iodixanol
gave approximately the same osmotic protection as 250
mM sucrose. These results suggest that iodixanol does not
readily diffuse across lysosomal/endosomal membranes.

DISCUSSION

The present data show that liposome-encapsulated [125I]io-
dixanol is mainly taken up in the liver by Kupffer cells.
Nevertheless, hepatocytes also play an important role in
liver uptake, particularly at later time points after injection.
One week after injection, the amount of iodixanol in liver
was divided almost equally between Kupffer cells and
hepatocytes. On a per cell basis, however, the uptake at all
times tested much higher in the Kupffer cells was than in
the hepatocytes and endothelial cells. The difference in
uptake of liposome-encapsulated [125I]iodixanol was even
larger on a per protein basis, which merely reflects the
difference in cell volume between the different cell types,
since the protein content of cells is proportional to their
cell volume. It is, however, the concentration of iodixanol
in the different cell types that determines the level of
imaging contrast. Therefore, the concentration of iodixanol

per cell protein determines the usefulness of liposome-
encapsulated iodixanol as an x-ray contrast agent.

The results presented show large variations between the
three different animals in each group. Most of these variations
probably reflect the difficulties in obtaining pure cell fractions.
Both recovery and purity of the cells varied from experiment
to experiment. This was especially the case with the Kupffer
cells, which were difficult to isolate in high yield and to some
extent were also contaminated by liver endothelial cells.
Hepatocytes and liver endothelial cells were easier to purify.
Nevertheless, since hepatocytes and liver endothelial cells
contained little radioactivity, only a small contamination by
Kupffer cells would cause a large overestimation of the
uptake of iodixanol in these cells. These facts should
especially be taken into consideration when comparing the
uptake in hepatocytes and liver endothelial cells.

Approximately 60% of liposome-encapsulated [125I]io-
dixanol found in liver lobes was recovered in the isolated
cells. This discrepancy could have several explanations.
First, the exact number of different liver cells per g liver is
not known, and different reports vary in their estimates
[15–17]. An overestimation of the number of isolated
Kupffer cells would lead to an underestimation of uptake of
iodixanol. Furthermore, iodixanol could to some degree
have leaked out of the cells during the purification process.
Moreover, the uptake of liposome-encapsulated iodixanol
probably varied within the Kupffer cell population, and the
methods used for purification of Kupffer cells may have
selected such cells with low levels of iodixanol. The real
uptake of liposome-encapsulated iodixanol in the Kupffer
cell fraction was therefore probably higher than that ob-
served.

FIG. 4. Osmotic lysis during incuba-
tion with iodixanol. Rat liver lyso-
somes, isolated from rats injected
with 125I-TC–ASOR 3 hr prior to
killing, were incubated in H2O (h)
or in the precence of 0.25 M iodixa-
nol (F), iohexol (‚), or sucrose (E),
as described. At various times, sam-
ples were withdrawn and centrifuged
for 10 min at 22,500 3 g. Radioac-
tivity was measured and osmolysis
was calculated as radioactivity in the
supernatant as a percent of total
activity. The bars indicate one stan-
dard deviation (N 5 3).

Distribution of Liposome-Encapsulated Iodixanol in Rat Liver Cells 557



It is likely that the difference in uptake of liposome-
encapsulated iodixanol in Kupffer cells, hepatocytes, and
liver endothelial cells reflects different mechanisms of
uptake. The formulation used consisted of both [125I]iodixa-
nol contained in liposomes and of “free” [125I]iodixanol
outside liposomes. While most of the [125I]iodixanol encap-
sulated in liposomes would be phagocytosed by the Kupffer
cells, the bulk of radioactivity in liver endothelial cells
probably comes from pinocytic uptake of non-encapsulated
[125I]iodixanol. There are, however, some indications that
encapsulated [125I]iodixanol may also be taken up by
hepatocytes. The differences in uptake between hepato-
cytes and liver endothelial cells are not compatible with a
mere pinocytic uptake of [125I]iodixanol. Other studies on
fluid-phase uptake in rat liver cells using various fluid-phase
markers such as [3H]raffinose, [125I]-polyvinylpyrolidone,
and [125I]iodixanol showed that liver endothelial cells, on a
per protein basis, have a much higher uptake than hepato-
cytes.* Moreover, intravenous injection of [125I]iodixanol
alone resulted in only a small liver uptake. Although the
contribution of the individual cell types was not investi-
gated in this experiment, it is reasonable to assume that on
a per cell basis hepatocytes are the least active cell type in
pinocytic uptake Since phagocytosis in hepatocytes has
been reported by several groups [3], it is likely that the
uptake of liposome-encapsulated [125I]iodixanol in hepato-
cytes is not fluid-phase uptake of “free” [125I]iodixanol, but
mainly uptake of liposome-encapsulated [125I]iodixanol.

Liposome-encapsulated [125I]iodixanol was retained in
the liver for at least one week following intravenous
injection. From a clinical point of view, it is of course
desirable that a compound used for x-ray imaging should
not be retained in the body for a very long period of time.
After uptake of liposome-encapsulated [125I]iodixanol in
the liver, the liposome membrane is probably rapidly
degraded, leading to release of “free” [125I]iodixanol into
the phagosome. [125I]Iodixanol could then either leave the
cell by diffusion or be transported along the phagocytic/
endocytic route and finally be regurgitated. Since iodixanol
effectively protected isolated lysosomes against osmolysis,
we favor the idea that iodixanol does not readily leave the
cells by diffusion across lysosomal/endosomal membranes,
but rather by recycling through the endocytic pathway.

The rate of recycling is known to vary along the
endocytic pathway. More than 80% of internalized material
from early endosomes may be transported back to the
extracellular medium [18, 19]. There is much less recycling
from late endosomes and lysosomes. The level at which the
phagosomes containing liposome-encapsulated [125I]iodixa-
nol communicate with the endocytic pathway could there-
fore strongly influence the rate of regurgitation of [125I]io-
dixanol from the cell. It is also possible that regurgitation or
“retrophagocytosis” can occur directly from the phagosome,
although little is known about this pathway.

Several studies have shown that chemical properties of

the engulfed particle may determine how and to what
degree the phagosome containing the particle communi-
cates with the endosomal system [20–22]. The results of
this study, therefore, do not rule out that the liposome
composition somehow down-regulates the ability of phago-
somes to transfer their content to the endosomal system. A
more direct way to test this assumption would be to use
liposome-containing fluorochromes instead of iodixanol.
The transfer of phagosomal content to the endosomal
system could then be visualized by fluorescence microscopy.

We thank the Norwegian Research Council for financial support.
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