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Table 3. Characteristics of Typical Target Cells for in Five Gene Transfer
Type of cell tatestinal epithelial Hepatocytes Myotubes
cells
Life span <| week >5 months Extremely long
Accessibility Easy (Oral) Difficult Easy (Topical}
Blood flow” Abundant Abundam Moderate
(36 ml/h/g tissue) (51 mlth/g tissug) (3 ml/h/g tissue)

Specific progerties  Thick mucus layer  Specific receptors Developed

extracellular matrix

&) Values are calenlated based on reperted values.'™

compared with viral promoters like CMV.

Lifespan of (Transfected) Cells If gene transfer occurs
in differentiated cells, such as the lung epithelial or endothe-
lial cells, hepatocytes, or skeletal myotubes, which is the
most common for in vive gene transfer by nonviral methods,
the life-span of transfected cells limits sustained transgene
expression. The lifespan of cells varies greatly depending on
the type of cells: from less than 1 week for intestinal epithe-
lial cells to life-long for nerve cells and skeletal and cardiac
muscle cells. Table 3 compares the characteristics of poten-
tial target cells for in vivo gene transfer: intestinal epithelial
cells, hepatocytes and myotubes.

Transgene expression in muscle cells can persist for sev-
eral months after intramuscular injection,’'®!'”! indicating
that a considerable fraction of the transfected cells survive
for a long period. However, administration by this procedure
may induce cell death. A large-volume injection of naked
pDNA has resulted in an extremely high, but short, transgene
expression,”>* and the procedure induced hepatocellular
damage.® The loss of gene-expressing cells through an
apoptotic process has been reported to occur in the lung fol-
lowing systemic administration of a cationic lipid—prota-
mine-pDNA complex.’®

NUMBER OF TRANSFECTED CELLS

As discussed in Table 1, the number of transfected cells is
very important for cases in which transgene products localize
within transfected cells e.g. dystrophin.'” Although an intra-
muscular injection of naked pDNA results in relatively effi-
cient transgene expression, transfected cells localize near the
injection site and the efficiency is approximately 1% that of
muscle fibers.'*"'® The disposition of transfected cells is
limited to the region around the injection site, about 10 mm
in diameter in dog muscle.'*® Direct injection into the liver
also resulted in transgene expression over an area of 5mm
around the injection sites.'” Limited disposition of pDNA in-
jected locally is a major reason for this highly localized gene
transfer (Fig. 4). When complexed with pDNA, cationic lipo-
somes reduced the spread of pDNA in tumors following di-
rect injection into the tissues.**’ Although the disposition of
locally injected pDNA can be partially improved by using
polyvinyl pyrrolidone,''” hyaluronidase,**'?% or electropora-
tion,**'?!" these effects are limited to areas adjacent to the in-
jection site.

Several approaches have been examined to overcome this
hurdle. Injection of a sucrose solution prior to pDNA injec-
tion has been shown to force the generation of spaces be-
tween muscle fibers, thereby improving the disposition of
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Fig. 4. Disposition and Gene Transfer of Locally or Intravascularly In-
jected pDNA

The disposition of pDNA injected into tissues is normally limited and. therefore,
gene transfer will occur in cells very close to the injection site. On the other hand, in-
travascularly injected pDNA can distribute throughout tissues and have the opportunity
1o achieve pene transfer in a large number of cells. Pale lines represent blood vessels
and solid areas represent cells expressing transgene products,

pDNA throughout the muscle.'” Digestion of extracellular
matrix by proteases, such as collagenase and hyaluronidase,
also increases gene transfer by naked pDNA or AAV vec-
tor,**¥ and so could improve the disposition of those vec-
tors within the muscle tissue injected. Molecules inducing
muscle regeneration, such as bupivacaine, are also effec-
tive 123124

Another strategy for in vivo gene transfer to a large num-
ber of cells is intravascular delivery of pDNA. Due to the
well-developed vasculature within tissues, such as internal
organs, skeletal muscle and brain, pDNA can be delivered to
the vicinity of a number of parenchymal cells of these tis-
sues. Rapid injection of a large volume of naked pDNA solu-
tion resulted in very high transgene expression in the liver.
Transfected cells were spread throughout the liver and ap-
proximately 40% of them expressed a transgene product.”? A
similar approach to skeletal muscle was also effective in in-
ducing transgene expression in many myotubes in various
species.”>~'* In monkeys, an average of 6.9% of myofibers
were transfected in both leg and arm muscies.

Liu et al."*¥ succeeded in gene transfer into the diaphragm
muscle of the mdx mouse, a model of Duchenne muscular
dystrophy (DMD). Significant gene transfer was also found
after intravenous injection of naked pDNA followed by a
brief occlusion of blood flow at the vena cava. Approxi-
mately 40% of muscle fibers of the diaphragm were positive
for dystrophin in mdx mice injected with pDNA encoding the
full-length Dmd cDNA.

CONCLUSION

Successful in vivo gene therapy requires the development
of a rational gene transfer approach that fulfills various re-
quirements for each target disease. Development of target
cell-specific delivery and controiled release technologies, the
combined use of a variety of approaches, and the optimiza-
tion of administration methods are needed to achieve effec-
tive in vivo gene therapy. Further basic and clinical studies in
this field should allow in vivo gene therapy to become a real-
istic medical option in the near future.
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INHIBITION OF EXPERIMENTAL PULMONARY METASTASIS BY
CONTROLLING BIODISTRIBUTION OF CATALASE IN MICE

Makiya NisHikawa, Ayumi Tamapa, Hitomi Kumar, Fumiyoshi Yamaskima and Mitsurue Hasnipa™®

Department of Drug Delivery Research, Graduate School of Pharmaceutical Sciences, Kyoto University, Kyoto, Japan

In a previous study, we showed that targeted delivery of
bovine liver catalase to hepatocytes by direct galactosylation
augmented the inhibitory effect of the enzyme on experi-
mental hepatic metastasis of colon carcinoma cells {unpub-
lished data). Here, we examined the ability of catalase to
inhibit tumor metastasis to the lung by controlling its biodis-
tribution. Four types of catalase derivative, Gal-CAT, Man-
CAT, Suc-CAT and PEG-CAT, were synthesized. Experi-
mental pulmonary metastasis was induced in mice by iv.
injection of | x 10° colon 26 tumor cells. An i.v. injection of
catalase (35,000 units/kg) partially, but significantly, de.
creased the number of colonies in the lung 2 weeks after
tumor injection, from 93 = 29 (saline injection) to 63 = 23
(p < 0.01). Suc-CAT, Man-CAT and Gal-CAT showed effects
similar to those of catalase on the number of colonies. How-
ever, PEG-CAT greatly inhibited pulmonary metastasis to
22 = 11 (p < 0.001). Furthermore, s.c. injection of catalase
also greatly inhibited metastasis (1] = §, p < 0.001). Neither
inactivated catalase nor BSA showed any effects on the num-
ber of metastatic colonies, indicating that the enzymatic
activity of catalase to detoxify H,O, is the critical factor
inhibiting metastasis. '''In-PEG-CAT showed a sustained
concentration in plasma, whereas s.c-injected ' 'In-catalase
was slowly absorbed from the injection site. These results
suggest that retention of catalase activity in the circulation is
a promising approach to inhibit pulmonary metastasis.
© 2002 Wiley-Liss, Inc.
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Metastasis is the leading cause of death from cancer. It can be
roughly divided into the following steps: tumor cell dissociation,
invasion, intravasation, distribution to distant organs, arrest in
small vessels, adhesion to endothelial cells, extravasation, invasion
into the target organ and proliferation.! ROS regulate the expres-
sion levels of molecules involved in the above processes of me-
tastasis. For example, ROS are involved in the regulation of the
expression levels of adhesion molecules?? and proteases such as
MMPs.4-6 In addition, low-level ROS, especially H,0,, increase
cell proliferation.™®

Several studies have shown that removal of ROS by antioxidant
enzymes such as catalase and SOD can inhibit the incidence of
tumor metastasis in various animal models.?-'* These enzymes,
however, have unique biodistribution characteristics depending on
their physicochemical properties; catalase is cleared by hepato-
cytes, whereas SOD is filtered at the kidney.'2!® Therefore, to
show their pharmacologic effects on tumor metastasis, their bio-
distribution should be controlled by any means corresponding to
the tissue disposition of metastasizing tumor cells. In a previous
study, we inhibited experimental hepatic metastasis of colon car-
cinoma cells in mice by synthesizing hepatocyte-targetable Gal-
CAT (unpublished data). These results indicate the importance of
targeted delivery of antioxidant enzymes to sites where tumor cells
are going to metastasize.

Because the lung is the first organ encountered by tumor cells
detached from primary tumors in most cases, it is a major site for
tumor metastasis. The continuous capillary endothelium of the
lung as well as the basement membrane restrict the entry of tumor
cells into the tissue parenchyma. Therefore, tumor cells must
destroy these barriers to form metastatic colonies in the organ.
Targeting of catalase to the lung or prolongation of its concentra-
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tion in plasma would be good approaches to inhibit pulmonary
metastasis.

In the present study, experimental pulmonary metastasis was
induced in mice by i.v. injection of colon 26 mouse colon carci-
noma cells. The tissue distribution of tumor cells was studied
following i.v. injection of '''In-labeled cells. Various catalase
derivatives were administered by i.v. or s.c. injection to mice
inoculated with tumor cells. The effects of catalase derivatives
were examined by measuring the number of metastatic colonies in
the lung. Tumor cells pretreated with catalase or H,0, were also
injected into mice, to examine the direct effects of these reagents
on the metastatic ability of the tumor cells.

MATERIAL AND METHODS
Animals

BALB/c (4 weeks old, male), CDF, (6 weeks old, male) and
ddY (6 weeks old, male) mice were purchased from the Shizucka
Apgricultural Cooperative Association for Laboratory Animals
(Shizuoka, Japan). Animals were maintained under conventional
housing conditions. All animal experiments were carried out in
accordance with the guidelines for animal experiments of Kyoto
University.

Chemicals

Bovine liver catalase (C-100, 35,000 units/mg) was purchased
from Sigma (St. Louis, MO). ['''In]Cl, was supplied by Nihon
Medi-Physics (Takarazuka, Japan). Catalase derivatives Suc-CAT,
Man-CAT, Gal-CAT and PEG-CAT as well as inactivated catalase
were synthesized as reported previously.'* The remaining enzy-
matic activity of the catalase derivatives was determined to be
86%, 90%, 97% and 96% of the original activity for Suc-CAT,
Gal-CAT, Man-CAT and PEG-CAT, respectively. All other chem-
icals were of the highest grade available.

Tumor cells

Colon 26 tumor cells, obtained from Dr. T. Yamori (Cancer
Chemotherapeutic Center of the Cancer Institute, Tokyo, Japan),
were maintained in vive by s.c. transplantation into BALB/c mice.

Abbreviations: Gal-CAT, galactosylated catalase; Man-CAT, mannosy-
lated catalase; MMP, matrix metalloproteinase; PEG-CAT, polyethylene
glycol-conjugated catalase; ROS, reactive oxygen species; SOD, superox-
ide dismutase; Suc-CAT, succinylated catalase.
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INHIBITION OF PULMONARY METASTASIS BY CATALASE

For experimental pulmonary metastasis studies, tumor tissue was
excised from mice and minced into small pieces in HBSS on ice.
After treatment with trypsin, colon 26 cells were passed through a
filter and washed with PBS (pH 7.4); the cell concentration was
adjusted to 10° cells/ml in HBSS. For tissue distribution experi-
ments on tumor cells in mice, colon 26 cells were radiolabeled
using "'*In-oxine, according to the method of Thakur et al.'$

Biodistribution of colon 26 temor cells in mice

'"'In-labeled colon 26 cells {1 X 10° cells/100 pl HESS) were
injected into a tail vein. At 1, 8 and 24 hr after injection, blood was
collected from the vena cava under ether anesthesia and mice were
killed. The liver, kidney, spleen, lung and heart were removed and
rinsed with saline. Radioactivity in tissue samples was counted
with a well-type Nal-scintillation counter (ARC-500; Aloka, To-
kyo, Japan).

Experimental pulmonary metastasis

Experimental pulmonary metastasis was induced by injecting
1 % 10° colon 26 tumor cells in 0.1 ml HBSS into a tail vein of
CDF, mice. One hour after tumor injecticn, catalase or its deriv-
ative was injected i.v. or s.c. at a dose of 35,000 units/kg (approx.
1 mg/kg for unmodified catalase). Two weeks after tumor inocu-
lation, the lung was excised, weighed and fixed with methanol;
then, pulmonary metastatic colonies was counted. To examine the
effects of pretreatment of catalase and H,O, on tumor metastasis,
colon 26 cells exposed to various concentrations of catalase or
H,0, for 16 hr were also used in the metastasis experiments as
above.

Biodistribution of '''in-catalase derivatives

Catalase derivatives were radiolabeled with '''In as reported
previously.'* The solution of '''In-catalase derivative was injected
i.v. or s.c. in male ddY mice at a dose of | mg/kg. At appropriate
intervals after injection, blood was collected from the vena cava
under ether anesthesia and mice were killed. Then, plasma was
obtained by centrifugation of the blood collected. The lung, liver,
kidney and spleen were removed, rinsed with saline and weighed.
In cases with s.c. injection, the skin and underlying muscle around
the injection site were also collected as a sample of the injection
site, The brachial lymph nodes were collected as a major route of
drainage from the injection site. Radioactivity was counted with
the well-type Nal-scintillation counter.

Measurement of caralase activity in mouse rissues

Experimental pulmonary metastasis was induced by injecting
colon 26 tumor cells into BALB/c mice as above. Two weeks after
tumor inoculation, mice were killed and 200 pl blood were col-
lected from the vena cava with a heparinized syringe. Erythrocytes
separated by centrifugation were washed with saline and lysed
with water. The liver and lung were perfused with saline to remove
erythrocytes as much as possible, then excised, weighed and
homogenized with a lysis buffer [0.05% Triton X-100, 2 mM
EDTA, 0.1 M TRIS (pH 7.8)]. Catalase activity in the lysed
erythrocytes and the supernatant of tissue homogenates was mea-
sured as previously reported.!4

Stratistical analysis

Differences were statistically evaluated by l-way ANOVA,
followed by the Student-Newmann-Keuls multiple-comparison
test. Two-column comparisons were analyzed using Student's
f-test.

RESULTS
Brodistribution of colon 26 tumor cells

Figure | shows the radiocactivity in tissue samples of mice
injected with '''In-colon 26 tumor cells into a tail vein at 1, 8 and
24 hr after injection. Approximately 8% of the injected radioac-
tivity was detected in the lung at | hr, and the radioactivity
decreased with time to 1.2% at 24 hr. More radioactivity was
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Figure 1 — Tissue distribution of radioactivity in mice following i.v,
injection of '''In-colon 26 wmor cells. Results are expressed as
means * SD of 3 mice.

detected in the liver (22-32% of dose) and the kidney (12%).
Although these organs had more radioactivity than the lung, met-
astatic colonies were detected only in the lung. The biodistribution
of the radioactivity following intraportal injection of '''In-colon
26 tumor cells was different from that following i.v. injection
(unpublished data), suggesting that the bicdistribution of tumor
cells and the formation of metastatic colonies depend on the
administration route. Administration of catalase (1 mg/kg) by i.v.
or s.c. injection hardly altered the biodistribution profiles of radio-
activity following injection of ' 'In-colon 26 tumor cells {data not
shown).

Effect of pretreatment of colon 26 cells with catalase or H,0,
on metastasis

Colon 26 tumor cells were incubated in vitro with saline (con-
trol}, catalase (500 or 1,000 wnits/ml), H,O, (I, 2 or 4 pM),
inactivated catalase (an equivalent concentration to 500 units cata-
lase/ml) or BSA. Then, tumor cells (1 X 10°) were injected into a
tail vein of mice and metastatic colonies in the lung counted at 2
weeks. Injection of saline-treated tumor cells resulted in the for-
mation of 130 * 43 colonies/mouse lung (Fig. 2). Cells pretreated
with catalase decreased the number of lung colonies (104 = 16 for
500 units/ml and 101 * 8 for 1,000 units/ml). However, treatment
with H,0, increased the number of colonies in a H,Q, concen-
tration-dependent manner. Neither inactivated catalase nor BSA
showed any effects on the number of metastases. The numbers of
lung colonies with H,O,-pretreated cells were significantly greater
than those with catalase-pretreated cells (p < 0.01).

Pulmonary metastasis and its inhibition by catalase derivatives

Figure 3 shows typical tissue images of the mouse lung with
tumor celonies. The number of metastatic colonies was 93 = 29
for the saline (vehicle)-treatment group at 2 weeks after injection
of 1 % 107 cells (Fig. 4).

An i.v. injection of catalase at a dose of 35,000 units/kg (1
mg/kg) significantly reduced the number of metastatic colonies in
the lung 10 63 = 23 (p < 0.01, Figs. 3, 4). The numbers of colonies
in mice treated with Suc-CAT, Man-CAT or Gal-CAT were almost
identical to the numbers in the catalase-treatment group (» < 0.01
against the saline-treatment group). However, PEG-CAT showed
an inhibitory effect on the number of colonies in the lung greater
than the other catalase derivatives; only 22 = 11 colonies were
counted 2 weeks after tumor inoculation {p < 0.001 against the
saline-treatment group). Furthermore, s.c. injection of catalase also
greatly prevented metastasis (11 * 6, p < 0.001 against the
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FIGURE 2 — Number of metastatic colonies of colon 26 tumor cells in
the lung of mice injected with colon 26 tumor cells. Tumer cells {1 X
10°/mouse) pretreated with saline {vehicle), catalase (500 or 1,000
units/ml), H,0, (1, 2 or 4 pM), BSA or inactivated catalase for 16 hr
in vitro were injected into mice through a tail vein. Then, mice were
killed 14 days after tumor injection, and the number of colonies was
determined. Results are expressed as means * SD of at least 4 mice.
Numbers of colonies with H,Q,-pretreated cells were significantly
different from those with catalase-pretreated cells (p < 0.01).

saline-treatment group). The inhibitory effects of PEG-CAT and
s.c. catalase on metastasis were significantly greater than the effect
of i.v. catalase (p < 0.01). Neither inactivated catalase nor BSA
showed any effects on the number of metastases, indicating that
the enzymatic activity of catalase to detoxify H,0, is the critical
factor preventing metastasis.

Biodistribution of ! In-catalase derivatives

Figure 5 shows the amount in the lung and concentration in
plasma of '"'In-catalase derivatives in mice following i.v. injec-
tion at a dose of 1 mg/kg. No !''In-catalase derivative showed a
pronounced accumulation in the lung (<1% of dose) 1 hr after
injection. The concentration in plasma, however, largely differed
among the derivatives in the following order: '''In-PEG-CAT >
'[n-catalase > other '''In-catalase derivatives.

The time courses of the biodistribution of '''In-catalase and
I"n-PEG-CAT were then examined after i.v. or s.c. injection
(Fig. 6). '"'In-catalase injected i.v. rapidly disappeared from the
plasma and accumulated in the liver, whereas '''In-PEG-CAT
exhibited prolonged retention in the plasma and slowly accumu-
lated in various organs. When injected s.c., '''In-catalase re-
mained at the injection site for a long time and slowly disappeared
with half-life of approximately 27 hr.

Catalase activity in mouse tissues

Table I summarizes the catalase activity in mouse tissues. In
normal mice, the greatest amount of catalase activity was con-
tained in the liver, followed by erythrocytes and the lung. Catalase
activity in the liver and erythrocytes was not changed by the
presence of tumor colonies in the lung. However, catalase activity
in the lung of mice with pulmonary colonies was significantly
lower than that in control mice. Figure 7 shows the relation of
catalase activity (units/g tissue) and lung weight. Increasing tissue
weight due to growth of tumor colonies decreased catalase activity,
indicating that tumor tissue has less catalase activity than lung
tissue.
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Fictre 3 - Typical examples of pulmonary metastases in mice
receiving i.v. injection of 1 X 10* colon 26 tumor cells followed by
injection of a catalase derivative. (a) saline (vehicle), (b} catalase {i.v.),
{c) Suc-CAT, (d) Man-CAT, (e) Gal-CAT, (f} PEG-CAT and (g)
catalase (s.c.). Each catalase derivative was injected at a dose of
35,000 units/kg 1 hr after tumor inoculation.

DISCUSSION

Because of the complexity and multiple-step nature of tumor
metastasis, antimetastatic strategies include diverse approaches:
surgical resection, radiation, immunotherapy, chemotherapy and
administration of angiogenic or protease inhibitors. However,
some of these approaches are not suitable for antimetastatic ther-
apy because of their localized effects and/or severe side effects.
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FiGure 4 — Number of metastatic colonies of colon 26 tumnor cells in
the lung of mice injected with saline (vehicle) or catalase derivative
(35,000 units/kg). Mice were killed 14 days after tumor injection, and
the number of colonies was determined. Results are expressed as
means * SD of at least 6 mice. *Statistically significant difference
compared to the saline group (p < (0.01). fStaustically significant
" difference compared to the catalase (i.v.} group (p << 0.01).

Antimetastatic therapy should possess long-lasting and systemic
effects as well as low toxicity.

ROS are involved in various aspects of tumor metastasis;2-#
therefore, their removal can be a promising approach in antimeta-
static therapy of tumor. To this end, antioxidant enzymes such as
catalase and SOD have been used in animal models and found to
be effective at inhibiting tumor metastasis.®-!! Although these
studies showed the usefulness of these enzymes as reagents for
antimetastatic therapy, they would be effective only when deliv-
ered to the site of metastasis of tumor cells, where ROS are
produced and facilitate tumor metastasis.

The biodistribution of tumor cells, therefore, is an important
factor in designing a strategy of targeted delivery of antioxidant
enzymes for inhibition of tumor metastasis. The radioactivity
following i.v. injection of '"''In-colon 26 tumor cells was distrib-
uted to various organs, including the liver, kidney, lung and spleen
(Fig. 1). Although the radicactivity data showed that the liver was
the major organ for uptake, metastatic colonies of tumor cells were
detected only in the lung following i.v. injection of colon 26 tumor
cells. Most tumor cells die within the blood circulation following
intravascular injection, and fewer than 0.05% survive to form
metastasis.'s When ''In-colon 26 tumor cells were injected in-
traportally, the radioactivity extensively (>50% of dose) accumu-
lated and metastatic colonies formed only in the liver (unpublished
data). These results indicate that, in experimental tumor metastasis
models, the target organ for metastasis is strictly dependent on the
route of injection of tumor cells and that, when injected i.v., the
lung is the only target organ for tumor metastasis. The biodistri-
bution of radioactivity following injection of !!'In-colon 26 tumor
cells was hardly affected by administration of catalase i.v. or s.c.,
under conditions where it effectively inhibited tumor metastasis,
These results suggest that the early steps of metastasis, including
the physical entrapment of tumor cells in capillaries,!? are hardly
influenced by catalase. Therefore, the inhibitory effects of catalase
should be related to the later steps of metastasis.

After adsorption to the surface of endothelial cells, tumor cells
need to extravasate to form metastatic colonies at the site. Then,
they require proteases that digest the basement membranes and the
extracellular matrix, which act as physical barriers to tumor cells
metastasizing into tissue parenchyma. MMPs are the major pro-
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FiGURE 5 — Tissue distribution of *!'In-catalase derivatives follow-
ing i.v. injection in mice at a dose of 1 mgke. {a) Amount of
radioactivity accumulated in the lung at 1 hr. (b) Concentration of
radioactivity in plasma at | hr. Results are expressed as means = SD
of 3 mice.

teolytic enzymes involved in the invasion of tumor cells.!® In
metastatic foci, MMPs are produced by both tumor cells and host
cells, such as infiltrating macrophages. Colon 26 tumer cells
expressed some MMPs in vitro, and their activities in the medium
were enhanced by sublethal H,O, but diminished by catalase
(unpublished data). Injection of colon 26 tumor cells treated with
catalase in vitro resulted in a decreased number of metastatic
colonies in the lung, suggesting that catalase can directly reduce
the metastatic ability of tumor cells, probably through reduction of
MMPs.45 Increased numbers of colonies with tumor cells treated
with H,0, also supports the inhibitory effect of catalase on the
invasive ability of the cells. A high H,0, concentration is cyto-
toxic to various cells, including tumor cells. Yang et al.'? reported
that 80 uM H,0, is the IC,, for a humnan T-lymphoblastic leuke-
mia cell. However, without any obvious cytotoxicity, low H,0,
concentrations (several micromolar or less, depending on the cell
type) can induce various changes in cells, including increased
gelatinase activity?? and proliferation.® Some tumor cells produce
large amounts of H,0,.921 When incubated with low H,0, con-
centrations in vitro, therefore, the cellular activities in proteolytic
enzymes and/or proliferation could increase, resulting in increased
numbers of colonies in mice injected with H,0,-pretreated tumor
cells. Furthermore, extracellularly added catalase is reported to
decrease cellular activities enhanced by the presence of H,0, 82!
supporting fewer pulmonary colonies in mice injected with cata-
lase-treated colon 26 tumor cells.
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ing s.c. injection. Results are expressed as means * SD of 3 mice.

In a different experiment (unpublished data), we examined the
antimetastatic effects of catalase derivatives in mice with experi-
mental hepatic metastasis. Gal-CAT, which is most effectively
delivered to hepatocytes via asialoglycoprotein receptor-mediated
uptake,'* showed the greatest inhibitory effect on the experimental
hepatic metastasis of colon 26 tumor cells compared to other
catalase derivatives. These results clearly indicate that targeting of
catalase is important for its application to antimetastatic therapy.
When tumor cells metastasize to other organs, therefore, another
strategy for delivery of catalase should be required. Bovine liver
catalase has affinity with hepatocytes and, following i.v. injection,
rapidly disappears from the systemic circulation and is delivered to
hepatocytes.'* Suc-, Man- and Gal-CAT are also rapidly delivered
to the liver via scavenger, mannose and astaloglycoprotein recep-
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TABLE I~ CATALASE ACTIVITY IN TISSUES OF BALB/C MICE

Catzlase activity (units/p tissue or unitsiml blood)

Tissue R
Without mztastatic colonies With metastatic colonies
Lung 2,390 = 160 1,430 * 360"
Liver 66,100 = 19,300 69,400 *+ 10,400
Erythrocytes 6,340 = 1,930 4,920 *+ 900

'Statistically significant difference (p < 0.01) from the activity in
mice without metastatic colonies in the lung,
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Figure 7~ Catalase activity in the lung of mice. Open circles,
control mice (without metastatic colonies); solid circles, mice with
pulmonary metastatic colonies of colon 26 tumer cells.

tor-mediated processes, respectively.® These 4 catalase deriva-
tives showed significant but marginal effects, decreasing the num-
ber of metastatic colonies in the lung. However, PEG-CAT, a
long-circulating derivative of catalase, showed a marked reduction
of metastatic colonies in the lung. The major difference between
FPEG-CAT and the others is its biodistribution profile following i.v,
injection (Fig. 5). Like other PEG-conjugated proteins, PEG-CAT
had a longer plasma half-life and was slowly delivered to various
organs, including the lung. This prolonged circulation of PEG-
CAT would be the reason for its greater potential to inhibit
metastasis compared to the other derivatives. All catalase deriva-
tives showed marked accumulation in the lung.

The biodistribution of drugs, including proteins such as catalase,
depends on the administration route. Because of absorption from
the injection site into the blood, s.c.-injected compounds show
prolonged profiles of concentration in plasma. When ' 'In-catalase
was s.c.-injected, it disappeared very slowly from the injection
site, with an apparent half-life of 27 hr (Fig. 5). Although the
concentration in plasma was very low (<1% of dose/ml} and the
amount delivered to the lung was minimal throughout the exper-
imental period of 24 hr, s.c.-injected catalase showed the greatest
effect on the inhibition of pulmonary metastasis. Chang and
Poznansky?? reported that i.p. injection of microcapsules contain-
ing catalase efficiently decomposed s.c.-injected sedium perborate
in acatalasemic mice, which have very reduced blood and total
catalase activities. Here, we show that catalase injected s.c. might
detoxify H,0, and decrease the level of systemic oxidants without
entering the blood circulation. Such a possibility should be inves-
tigated in fumire experiments. However, in normal mice, s.c.-
injected sodium perborate was very effectively degraded without
administration of catalase,?? suggesting that endogenous catalase
can decrease the level of systemic oxidants. In mice without lung
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colonies of colon 26 tumor cells, high catalase activity was de-
tected in the liver (66,100 units/g tissue), lung (2,390 units/g
tissue) and erythrocytes (6,340 units/ml blood), whose activities
were much greater than or comparable to the administered dose of
catalase (35,000 units/kg, ie., ebout 900 units/mouse). In mice
with pulmonary metastasis, the catalase activity of the lung tended
to decrease when expressed as activity per unit weight, from 2,390
to 1,430 units/g tissue, suggesting that tumor tissues have less
catalase activity than lung tissue. Although there is high catalase
activity in the liver, experimental hepatic metastasis occurs in
various models and can be at least inhibited by administration of
catalase derivatives (unpublished data). Therefore, the local level
of H,Q, at sites where tumor cells metastasize, not its systemic or
tissue level, appears 1o be critical for the stimulation of metastasis.
These results suggest that a prolonged concentration of catalase in
plasma is effective for inhibiting pulmonary tumor metastasis.

Irreversibly inactivated catalase or BSA showed little effect on
the pulmonary metastasis of colon 26 tumor cells in either the in

479

vitro incubation with tumor cells or the in vivo administration into
mice with pulmonary metastasis. Therefore, the antimetastatic
activity of catalase derivatives would be related to the enzymatic
activity of catalase to degrade H,0O, inte oxygen and water.

In conclusion, approaches to prolong the plasma half-life of
catalase, i.e., conjugation of PEG and injection into s.c. tissue,
were revealed to augment its antimetastatic activity in experimen-
tal pulmonary metastasis. A direct effect of catalase on tumor cells
was also indicated, probably due to reduced MMP activity of colon
26 tumor cells by detoxification of H,0,. These findings indicate
that the control of catalase biodistribution is important to prevent
pulmonary metastasis. ‘
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Nishikawa, Makiya, Susumu Hasegawa, Fumiyoshi
Yamashita, Yoshinobu Takakura, and Mitsuru Hashida.
Electrical charge on protein regulates its absorption from the
rat small intestine. Am J Physiol Gastrointest Liver Physiol
282: G711-G719, 2002, First published December 19, 2001;
10.1152/ajpgi.003568.2001.—The effect of the electrical
charge on the intestinal absorption of a protein was studied
in normal adult rats. Chicken egg lysozyme (Lyz), a basic
protein with a molecular weight of 14,300, was selected and
several techniques for chemical modification were applied.
Then the intestinal absorption of Lyz derivatives was evalu-
ated by measuring the radioactivity in plasma and tissues,
after the administration of an 1![n-labeled derivative to an
in situ closed loop of the jejunum. After the administration of
11:Tn-Lyz, the level of radicactivity in plasma was compara-
ble with the lytic activity of Lyz, supporting the fact that the
radioactivity represents intact Lyz. !lIn-cationized Lyz
showed a 2-3 times higher level of radioactivity in plasma,
whereas the radioactivity of 'In-anionized Lyz was much
lower. The absorption rate of **!In-Lyz derivatives calculated
by a deconvolution method was correlated for the strength of
their positive net charge. A similar relationship was observed
using superoxide dismutase. These findings indicate that the
intestinal absorption of a protein is, at least partially, deter-
mined by its electrical charge.

intestinal absorption; chicken egg lysozyme; pharmacokinet-
ics; chemical modification; superoxide dismutase

INTESTINAL PERMEABILITY 1S known to be altered in dis-
ease states such as Crohn’s disease, celiac disease,
viral infection, and multiple organ failure (38, 42, 47).
Under these abnormal conditions, not only low-molec-
ular weight compounds but also macromolecules, such
as proteins, can pass transcellularly or paracellularly
through the intestinal epithelium and be absorbed into
the circulation. Altered properties of the intestinal
epithelial cells would explain the difference in perme-
ability. Such changes lead to the increased nonspecific
adsorption of proteins to the cell (42). Increased per-
meability of macromolecules is related to the symp-
toms observed in these diseases.

However, in healthy adults, it is well known that the
intestinal permeability of a solute through the inter-

cellular junction (paracellular pathway) is highly de-
pendent on its molecular size (6, 15). Molecules that
hardly interact with intestinal tissue might exhibit a
simple correlation between their molecular size and
rate and extent of abscrption. Therefore, the intestinal
epithelium of healthy adults is generally considered to
be virtually impermeable to macromolecules. In addi-
tion to this mechanical barrier presented by the tissue,
the enzymatic barrier, i.e., a rapid and extensive deg-
radation of proteins by digestive enzymes, highly re-
stricts the entry of intact, undigested proteins into the
body (42). However, some studies support the idea that
there is a small, but significant, degree of transport of
biologically and/or antigenically active peptides and
proteins through the epithelial cells of the intestines
(2, b, 17, 25, 41). The mechanism of this transport through
the intestines has received little attention to date.

Intestinal epithelial cells possess a negatively
charged cell surface as do other types of cells. The
charged surface provides sites of interaction for posi-
tively charged compounds. Because of this charge-
based interaction, cationic macromolecules have been
used to increase the delivery of drugs and genes to
target cells (3, 4). Positive charges on the molecular
surface can be electrostatically attracted and adsorbed
to the negatively charged cell surface glycoproteins,
followed by increased cellular uptake of the positively
charged molecules. These findings suggest that electro-
static interaction of protein with the intestinal epithe-
lial cells may be a factor determining its intestinal
absorption. However, there are few investigations of
the intestinal absorption of proteins that have consid-
ered the electrical charge. Proteins formulated in oral
dosage forms include positively charged ones, such as
lysozyme, bromelain, and pancreatopeptidase E. The
cationic nature of these protein drugs could facilitate
their interaction with intestinal tissue, resulting in
detectable absorption from the intestine (5). The effect
of the electrical charge of proteins on their intestinal
absorption needs to be quantitatively investigated.

To this end, we chose chicken egg lysozyme (Lyz) as
a model positively charged protein (isoelectric point of
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11) with a molecular weight of 14,300, because it can be
absorbed from the Intestines in small quantities (53,
54). Its electrical charge is altered by chemical modifi-
cation, i.e., coupling with hexamethylenediamine or
succinic anhydride to endow Lyz with an additional
positive charge or negative charge, respectively. In
addition, galactose or glucose can be covalently at-
tached to Lyz to give glycosylated derivatives, because
the intestinal epithelial cells possess glucose trans-
porters, and some reports (23, 30) suggested their in-
volvement in the enhanced absorption of glycosylated
molecules. Pharmacokinetic profiles of these deriva-
tives radiolabeled with 1*!In were studied in rats after
intrajejunal administration or intravenous injection.
The absorption rate was estimated by a deconvolution
method using the profiles of the concentrations in
plasma after intravenous and intrajejunal administra-
tion, and the relationship between the electrical charge
of the protein derivatives and their absorption rate
from the intestine was examined. In addition, to exam-
ine whether the relationship obtained can be applied to
other proteins, we also report the altered intestinal
absorption properties of recombinant human superox-
ide dismutase (SOD) that is different from Lyz in its
physicochemical properties such as the electrical
charge (negative, isoelectric point of ~5) and molecular
weight (32,000) after cationization.

MATERIALS AND METHODS

Animals. Male Wistar rats (180-210 g) were purchased
from the Shizuoka Agricultural Cooperative Association for
Laboratory Animals (Shizucka, Japan). Rats were fasted for
20 h before experimentation. All procedures were examined
by the Ethics Committee on Animal Experimentation at
Kyoto University.

Chemicals. Chicken egg Lyz and FITC were purchased
from Sigma (St. Louis, MO). Recombinant human SOD
(1118er) was supplied by Asahi Chemical (Shizuoka, Japan).
Diethylenetriaminepentaacetic acid (DTPA) anhydride was
purchased from Dojindo Laboratory (Kumamoto, Japan).
111 Cl3 was supplied by Nihon Medi-Physics (Takarazuka,
Japan). Micrococcus lysodeikticus was purchased from Na-
calai Tesque (Kyoto, Japan). All other chemieals were cb-
tained commercially as reagent-grade products.

Synthesis of Lyz and SOD derivatives. Anionized Lyz (An-
Lyz) was synthesized by suceinylation (51), i.e., by reacting
succinic anhydride with the amino group of Lyz. Coupling
1,6-hexamethylenediamine to Lyz was performed with
l-ethyl 3-(3-dimethylaminopropyl)carbodiimide to obtain
highly positively charged Lyz [cationized Lyz (Cat-Lyz)] (49).
Glucosylated (Gle-Lyz) and galactosylated Lyz (Gal-Lyz)
were synthesized by reacting Lyz with 2-imino-2-methoxy-
ethyl 1-thiogluceside or thiogalactoside, respectively, accord-
ing to the method of Lee et al. (24). Highly negatively charged
SOD [anionized SOD (An-SOD)] and cationized SOD (Cat-
SOD) were synthesized by the same method as An-Lyz and
Cat-Lyz, respectively.

The number of amino groups in each derivative was deter-
mined by trinitrobenzene sulfonic acid using glycine as a
standard (11). The number of sugar residues was determined
by the anthron-sulfuric acid method. The molecular weight of
Lyz derivatives was estimated by SDS-PAGE using a stan-
dard curve obtained with marker proteins (low-range
marker; Wako, Osaka, Japan), and that of SOD derivatives

CHARGE-MEDIATED ABSORPTION

was estimated by HPLC gel-filtration chromatography using
Shim-pack Diol-300 column (Shimadzu, Kyoto, Japan). Elec-
trophoretic mobility of Lyz and SOD derivatives was mea-
sured with a laser electrophoresis-zeta potential analyzer
(LEZA-500T; Otsuka Electronics), The lytic activity of Lyz
derivatives was measured using M. Iysodeikticus according to
the method of Selsted and Martinez (45).

Labeling. Lyz and SOD derivatives were radiolabeled with
11T using the bifunctional chelating agent, DTPA anhy-
dride, according to the method of Hnatowich et al. (16). In
brief, protein (2 mg) was dissolved in 1 ml 4-(2-hydroxyethyl)-
1-piperazinethane sulfonic acid buffer (0.1 M, pH 7.0) and a
twofold molar excess of DTPA anhydride in 10 pl dimethyl
sulfoxide was added. After stirring for 30 min at room tem-
perature, the mixture was purified by gel-filtration chroma-
tography using a Sephadex G-25 column (1 X 40 c¢m) and
eluted with acetate buffer (0.1 M, pH 6.0) to separate unre-
acted DTPA. Fractions containing DTPA-coupled protein
were selected using spectrophotometry and concentrated by
ultrafiltration. Thirty microliters 1InCl;z solution was
added to 30 pl sodium acetate buffer (1 M, pH 6.0), and 60 pl
DTPA-protein derivative was then added to the mixture.
After 30 min at room temperature, the mixture was purified
by gel filtration chromatography using a PD-10 column (Am-
ersham Pharmacia Biotech, Uppsala, Sweden) and eluted
with acetate buffer (0.1 M, pH 6.0). The appropriate fractions
were selected based on their radicactivity and concentrated
by ultrafiltration. The specific activity of the obtained sam-
ples was ~40 MBa/mg protein.

Separately, FITC was coupled to Lyz derivatives by the
method of Monsigny et al. (31) for confocal fluorescence
microscopic studies.

Biodistribution after intravenous injection. Rats were an-
aesthetized by intraperitoneal injection of pentobarbital so-
dium (50 mg/kg). The urinary bladder and bile duct were
cannulated for the collection of bile and urine samples. !!!In-
Lyz derivative was injected into the femoral vein at a dose of
0.1 mg/kg. At predetermined time points, bloed, urine, and
bile were collected for the entire experimental period (3 h). At
the end, rats were killed, and the liver, kidney, and spleen
were sampled. Blood samples were centrifuged at 2,000 g for
2 min, and 100 pl plasma was assayed for radioactivity.

Intestinal absorption from an in situ closed loop. Intestinal
absorption of the test compound was examined in the in situ
closed loop of the jejunum. A midline abdominal ineision was
made, and the lumen of the jejunum was washed with saline
three times. A jejunal loop, 5 em in length, was prepared by
closing both ends with sutures. Each protein derivative was
dissolved in 700 ul phosphate buffer (0.15 M, pH 6.5) and
then administered into the jejunal loop at a dose of 1 or 10
mg/kg body wt. Blood, urine, and bile samples were collected
for 3 h.

Degradation of ''In-Lyz derivatives in the loop was ex-
amined in different rats. At 30 min, 1 or 3 h after intrajejunal
administration, the contents of the loop were subjected to
gel-filtration chromatography on a Sephadex G-50 column
(1 X 40 cm) and eluted with MES buffer (0.05 M, pH 6.0).

Determination of 1{In radioactivity and lytic activity of
Lyz derivatives. *''In radioactivity in each sample was mea-
sured in a well-type Nal scintillation counter (ARC-500,
Aloka, Tokyo). Lytic activity of Lyz and Cat-Lyz in plasma
was measured using M. lvsodeikticus as described above.

Confocal microscopic images. FITC-Lyz derivatives were
introduced into the loop in the same manner as in the in situ
absorption experiment. At 1 h after administration, rats were
killed and the loop was excised, washed with PBS, and
frozen. Cryosections 10-pm thick were made using a cryostat
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(CM3000-Kryostat; Leica, Heidelberg, Germany) and fixed
with 4% formaldehyde; the nucleus was stained with pro-
pidium iodide. Slices were scanned with a confocal laser
microscope (ACAS 570 interactive laser cytometer; Meridian
Instruments),

Estimation of amount absorbed by deconvolution method.
Plasma concentration of *''In-protein after intrajejunal ad-
ministration [Cp.(t)] is expressed as follows (39)

Cpolt) = .l.!f(B)Civ(t — 6)dé I

1]

where f{#) is an absorption rate at fime ¢ and C;.(f) is the
plasma concentration at time ¢ after intravenous injection of
an unit dose (an impulse input). When the amount of f{6}A8 is
rapidly injected to the systemic circulation at time 8, plasma
concentration associated with the pulse is fl8)A6C;,(¢~0) at
time t. Equation 1 is derived, considering that an absorption
rate-time profile is composed of an infinite number of the
input pulses. Absorption profiles of 1In-protein were esti-
mated by deconvoluting Cp.(t} with Ci(¢) in Eg. 1 (20). In
applying the computation algorithm (20), the plasma concen-
tration-time profile of radioactivity after intravenous injec-
tion of !!In-protein was approximated with a biexponential
equation,

Statistical analysis. Differences were statistically evalu-
ated by one-way ANOVA followed by the Student-Newman-
Keuls multiple comparison test. The level of significance was
set at *P < 0.05 and **P < 0.01.

RESULTS

Physicochemical characteristics of Lyz derivatives.
The physicochemical characteristics of Lyz derivatives
are summarized in Table 1. All synthesized Lyz deriv-
atives had a similar molecular size to unmodified Lyz.
The number of free amino groups in Lyz fell from 7.8 to
1.4 for An-Lyz and to 2.5 for Gle- and Gal-Lyz, whereas
the number increased to 10.5 for Cat-Lyz. Lyz had an
electrophoretic mobility of 0.14 X 10~% ¢m2-V~1.57 1 at
pH 6.5, after determination by a zeta potential ana-
lyzer. The mobility increased by cationization to 0.56 X
107% em?- V=571, On the other hand, An-Lyz was
electrophoresed to the positive pole, indicating its neg-
ative surface charge (-0.52 X 107* e¢m?-V-1.s71 ),

G713

These determinations confirmed that Cat-Lyz is a
highly cationic derivative of Lyz, whereas An-Lyz is an
anionic derivative. Glycosylation slightly reduced the
positive charge of Lyz. Lytic activity was almost un-
changed for Cat-, Glc-, and Gal-Lyz. However, succiny-
lation of Lyz (An-Lyz) resulted in a complete loss of
enzymatic activity, suggesting the cationic charge of
Lyz is critical for its lytic activity.

Disposition of 1 In-Lyz derivatives after intravenous
injection. The tissue disposition of '!In-Lyz deriva-
tives was examined after intravenous bolus injection
into rats. Figure 1A shows the plasma concentration-
time profile of radioactivity after intravenous injection
at a dose of 0.1 mg/kg into rats. *In-Lyz rapidly
disappeared from plasma. Chemical modification of
Lyz slightly altered the elimination rate from plasma
and had a marked effect on the tissue disposition of
M7n.Lyz (Fig. 1, B-F). 1''In-Lyz was recovered largely
in the kidneys (53% of dose) and urine (20%) but not in
the liver (1.9%), reflecting its high susceptibility to
glomerular filtration and reabsorption (18, 26). !11In-
An-Lyz was largely excreted into urine instead of ac-
cumulating in the kidney, whereas 'In-Cat-Lyz was
recovered in both the liver (31%) and kidney (54%).
M1In-Gal-Lyz and *''In-Gle-Lyz also showed high he-
patic recovery in addition to recovery in the kidney and
urine, suggesting their recognition by the asialoglyco-
protein receptors on hepatocyte (34).

Tissue disposition of 11In-Lyz after intrajejunal ad-
ministration. 11 In-Lyz was administered into the jeju-
nal loop, and the contents of the loop were applied to a
column to check the molecular size of *''In-Lyz. 1*![n-
Lyz recovered at 0.5 and 1 h after its administration
into the jejunal loop showed a similar chromatographic
profile to that of intact 11'In-Lyz. At the end of the 3-h
experiment, ~3% of the radioactivity was eluted in
fractions different from those of 'In-Lyz (data not
shown).

Figure 2A shows the plasma concentration-time pro-
file of radioactivity after intrajejunal administration of
M1n-Lyz derivatives at a dose of 1 mg/kg. Radioactiv-
ity was detected in plasma after intrajejunal adminis-
tration of ''In-Lyz, indicating that 1'1In-Lyz can be

Table 1. Physicochemical properties of Lyz and SOD derivatives

Number of amino

Enzymatic Activity, Electrophoretic Mobility at pH 6.5,

Compound Meclecular Weight (Bugar)} Groups % with respect to original 1074 em2-V-1.g71
Lyz 14,300 78 160 0.137 +0.058
An-Lyz 14,600 14 ND -0.517+0,169
Cat-Lyz 15,000 10.5 100 0.556 + 0.060
Glc-Lyz 15,000 25(4.3) 105 0.052 = 0.021
Gal-Lyz 15,000 25(4.4) 106 0.048 £0.009
50D 32,000 24 100 —0.461*0.025
Cat-SOD 34,000 35 47 0.106 = 0.056

The molecular weight of lysozyme (Lyz) and superoxide dimutase (SOD}) derivatives was estimated by SDS-PAGE or by HPLC gel
chromatography, respectively. The number of amino groups was measured with trinitrobenzene sulfonic acid using glycine as a standard (11).
The number of sugar residues was determined by the anthron-sulfuric acid method. Enzymatic activity of Lyz was measured using
Micrococeus lysodeikticus (45), and that of SOD was determined by a nitroblue tetrazolium reduction method. Electrophoretic mobility was
measured using a laser electrophoresis-zeta potential analyzer (model LEZA-500T, Otsuka Electronics). An, anionized; Cat, cationized; Gle,
glucosylated; Gal, galactosylated; ND, not detected. )
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Fig. 1. Plasma concentration-time course (A)
and tissue disposition at 3 h (B-F) of radioac-
tivity after intravenous injection of **'In-Lyz
derivatives into rats at a dose of 0.1 mgkg. ¢,
B, "n.Lyz; e, C, ""In-An-Lyz; 0, D, !!In-
Cat-Lyz; &, E, YIn-Gle-Lyz; ¥, F, 1*'In-Gal-
Lyz. Results are expressed as means * 8D of
3 rats. *P < 0.05 and **P < 0.01, statistically
significant difference from **'In-Lyz. The con-
centration of 11In-Lyz derivatives in plasma
was also significantly different from 1'In-Lyz
although not marked in the figure: '!In-An-
Lyz (P < 0.05 for 5 min, 3 h; P < 0.01 for 30
min, 1 and 2 h); **In-Cat-Lyz (P < 0.05 for 30
min, 3 h; P < 0.01 for 1 and 2 h); 1*In-Gle-Lyz
(P <0.05for 1 and 3 h; P < 0.01 for 2 h); and
111n.Gal-Lyz (P < 0.05 for 10, 30 min, and
3h; P<0.01for 2 and 5 min, 1 and 2 h). Lyz,

0.1
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absorbed from the intestine. Compared with 1In-Lyz,
1111n.Cat-Lyz showed a two- to threefold higher level of
radioactivity in plasma (P < 0.05at2h, P <0.01 at 1
and 3 h). On the other hand, ''In-An-Lyz showed
much less radioactivity, although the difference was
not significant. The plasma level of radioactivity after
the administration of the 1! In-glycosylated Lyz deriv-
atives was a little lower than that of 1'In-Lyz. The
tissue disposition profiles of radioactivity after intraje-
junal administration of the 1!In-Lyz derivatives were
similar to those obtained after administration by the
intravenous route (Fig. 2, B-F). These tissue disposi-
tion data after intrajejunal administration suggest
that Lyz derivatives retain their structural character-
istics even after passage through the intestinal epithe-
lial cells into the blood circulation.

When the tissue disposition was normalized with
respect to the dose (%dose or %dose/ml), no significant

271

LS KUY

LS XU

differences were observed in the tissue disposition of
radioactivity after intrajejunal administration of 1!In-
Lyz or *1In-Cat-Lyz at a dose of 1 and 10 mg/kg (Fig.
3). For both derivatives, the disposition profiles at the
10 mg/kg dose could be superimposed on those ob-
tained at the 1 mg/kg dose, indicating that the intesti-
nal absorption of these Lyz derivatives is proportional
to the dose over the range examined.

To see whether the absorbed fraction of 1!In-Lyz
remains intact, the lytic activity of Lyz in plasma after
intrajejunal administration of (nonradiclabeled) Lyz
was examined at a dose of 10 mg/kg. The concentration
of lytic activity in plasma was comparable with, and
not significantly different from, the concentration of
111y radiocactivity after 11 In-Lyz administration, after
their normalization to the administration dose (Fig. 4).
These results suggest that the radioactivity in plasma
after administration of 1'1In-Lyz is due to intact Lyz.

0008 A
E
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Fig. 3. Dose dependence of plasma concentra-
tion-time course of radioactivity after intrajeju-
nal administration of 'In-Lyz (A) and "In-
Cat-Lyz (B) into rats at a dose of 1 or 10 mg/kg.
0, 1 mg/kg; @, 10 mg/kg. Results are expressed as
means * SD of 3 (10 mg/kg) or 4 (1 mg/kg) rats.
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Confocal microscopic images of rat jejunum after
administration of FITC-Lyz derivatives. Figure 5
shows the confocal microscopic images of rat jejunum
cryosections after intrajejunal administration of FITC-
Cat-Lyz. Green fluorescence derived from FITC-Cat-
Lyz was mainly observed around the luminal surface of
the tissue. In addition, fluorescence could be detected
near the nucleus of the epithelial cells. Fluorescent
intensity associated with the intestinal tissue de-
pended on the electrical charge of the Lyz derivative,
and FITC-An-Lyz had a much weaker signal (data not
shown).

Intestinal absorption rate of '!In-Lyz derivatives
calculated by deconvolution method. Intestinal absorp-
tion-time courses of 'In-Lyz derivatives were calcu-
lated by a deconvolution method using the plasma
concentration-time profiles after intravenous and in-
trajejunal administration (Fig. 6). ''In-Lyz deriva-
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Fig. 4. Comparison of radioactivity and lytic activity of Lyz after
intrajejunal administration of '*!In-Lyz and Lyz, respectively, into
rats at a dose of 10 mg/kg. O, lytic activity; e, 1}1In radioactivity.
Results are expressed as means * SD of 4 (1'}In radioactivity) or 3
(Iytic activity) rats.

2

Time (h)

tives were linearly abscrbed from the jejunum with
time. The amount of !1In-Cat-Lyz absorbed was sig-
nificantly greater than that of 1*In-Lyz (P < 0.05 at 1,
2, and 3 h), which resulted in a greater absorption rate
for 11In-Cat-Lyz (0.46% dose/h) (Table 2). On the other
hand, the absorption of 1)In-An-Lyz was much slower
than that of the cationic derivatives, although the
difference was not significant. The rates of *}In-Gal-
Lyz and !!In-Gle-Lyz were calculated and found to be
comparable with that of 1!In-Lyz, indicating that gly-
cosylation has no effect on the intestinal absorption
of Lyz.

Intestinal absorption of 11{In-SOD derivatives. Table
1 shows the physicochemical characteristics of SOD
and Cat-SOD. After intrajejunal administration of
1117 SOD and !!In-Cat-SOD, low but significant ra-
dioactivity was detected in plasma (data not shown).
However, in the case of 'In-An-SOD, there was no
detectable radioactivity in plasma throughout the ex-
periment that lasted 3 h. Figure 7 shows the intestinal
absorption-time courses of 'In-SOD and '!'In-Cat-
SOD. Although *In-Cat-SOD tended to be more ab-
sorbed from the intestine than 1In-SOD, the amount
absorbed was not significantly different except for the
first time point (P < 0.05). The absorption rate calcu-
lated for 'In-Cat-SOD was twofold greater than that
for 11 [n-SOD (Table 2), but these values were less
than those exhibited by the 111In-Lyz derivatives, prob-
ably reflecting the differences in the properties of SOD
and Lyz, e.g., the molecular size (32,000 SOD; 14,300
Lyz).

DISCUSSION

Cationization is a universal approach applied to in-
crease the interaction of compounds with negatively
charged biological components. Since Felgner (8) re-
ported efficient gene expression using cationic lipids
for the transfection of cells with plasmid DNA, cationic
molecule-based delivery systems for plasmid DNA
have been extensively investigated in an attempt to
achieve nonviral gene transfer to target cells (33). In
addition, enzymes such as SOD (27, 28, 40, 48), glucose
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Fig. 5. Confocal microscoepic images of
eryosections of the rat jejunum after
intrajejunal administration of FITC-
Cat-Lyz to rats. Nuclei of cells were
stained with propidium iodide. Left,
%169 maginification; right, X564 mag-
nification of rectangular area indicated
by the white line, left.

oxidase {21), and catalase (21, 43), as well as serum
albumins (32), immunoglobulins (52), and ferritin (7),
all of which are negatively charged at physiological pH,
have been directly modified with diamines to obtain
cationized derivatives, Cationized proteins exhibit in-
creased cellular uptake by brain microvascular endo-
thelial cells, hepatocytes, kidney epithelial cells, and
enterocytes. On iInteraction with the negatively
charged surface of cells, cationized proteins are be-
lieved to be endocytosed or transcytosed through an
adsorptive endocytosis/transcytosis process. However,
to our knowledge, there have been few studies to ex-
amine the effect of the electrical charge of a protein on
its intestinal absorption. Intestinal epithelial cells pos-
sess a negatively charged surface like other cells.
Therefore, in the present study, the effect of the phys-
icochemical properties, especially the electrical charge,
of the protein on its intestinal absorption was explored
using an in situ closed loop of rat jejunum. In this
system, the pH of the solution in the loop could hardly

15

1.0

% of Absorbed

0.5

Time (h)

Fig. 6. Intestinal absorption time courses of 1''In-Lyz derivatives
caleulated by a deconvolution method. ©, 1*'In-Lyz; @, 1'1In-An-Lyz;
0, 1'In-Cat-Lyz; a, 11! In-Gle-Lyz; ¥, 1" In-Gal-Lyz. *P < 0.05, sta-
tistically significant difference from *In-Lyz.
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change from the initial value of pH 6.5 during experi-
ment, and the local luminal pH might not be so differ-
ent from the pH value of the bulk solution (22).

A reliable detection method is required to evaluate
the intestinal absorption of proteins. We carried out
11115 labeling using DTPA anhydride to monitor the
disposition of proteins because of the better stahility of
these radiolabeled proteins compared with their iodin-
ated counterparts (13, 36). A possible radioactive me-
tabolite, 11In-DTPA-lysine (9), has only a limited ca-
pacity to cross biclogical membranes and to escape
from cells where the labeled protein is degraded after
endocytosis. When Lyz was radioiodinated and admin-
istered to the rat jejunal loop, the concentration of
trichloroacetic acid-precipitable 251 radioactivity in
plasma was higher than that of ''In radioactivity
after the administration of ***In-Lyz (data not shown).
When radioiodinated Lyz was used for experiments,
the concentration of radioactivity in plasma was much
greater than one obtained with 1'!In counterpart (P <
0.01). Finding no significant differences between the
lytic activity of Lyz and !'In radioactivity strongly
supports the idea that the transport of intact Lyz
derivatives through the intestinal epithelium can be
assayed by monitoring '*In radioactivity. These con-
siderations suggest that radioiodination might overes-

Table 2. Intestinal absorption rate of *?1In-Lyz
and In-SOD derivatives following intrajejunal
administration to rats calculated by

a deconvolution method

Absorption rate, Apparent permeability

Compound % of dose/h coefficient X 10~7 (emds)
Lyz 0.184 +0.002 0.539

An-Lyz 0.065 = 0.006 0.191

Cat-Lyz 0.462 = 0.009 1.35

Gle-Lyz 0.165=0.008 0.484

Gal-Lyz 0.187 % 0.002 0.548

S0OD 0.025 +0.002 0.0733
Cat-S0D 0.056 =0.003 0.164

Results are expressed as the means *+ SD. The apparent perme-
ability coefficient is caleculated by dividing the estimated absorption
rate by the area of exposed intestine (6.63 cm?) and the initial
concentration (100% of dose/().7 ml).
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Fig. 7. Intestinal absorption time courses of *In-SOD and "In-
Cat-SOD calculated by a deconvolution method. o, In-SOD; o,
11n-Cat-SOD. *P < 0.05, statistically significant difference from
11In-Lyz, SOD, superoxide dismutase,

timate the intestinal absorption of proteins, although
the reason for the discrepancy needs to be understood.

Chemical meodification greatly changed the tissue
disposition characteristics of Lyz after intravenous in-
jection. As summarized in our reviews (14, 46, 50), the
tissue disposition of macromolecules is determined
mainly by the overall physicochemical properties, such
as the electrical charge and molecular weight, as well
as by the structure involved in the specific recognition,
such as monoclonal antiboedy, lectin, and sugar. Mac-
romolecules having a molecular size smaller than the
threshold of the glomerular filtration of the kidney are
easily filtered and then reabsorbed at the proximal
tubules depending on their property (26). This is the
case for Lyz and SOD, and the cationic nature of Lyz
increases the susceptibility to glomerular filtration and
reabsorption. When In-Lyz was injected intrave-
nously, the radioactivity was mainly recovered in the
kidney and urine (Fig. 2). 1In-Cat-Lyz, which has
about fourfold greater mobility to the negative pole
than Lyz, showed a relatively high accumulation in the
liver, like other cationic proteins, such as cationized
bovine serum albumin (32). No detectable oligomers
formed during the cationization were found during
SDS-PAGE (data not shown). On the other hand, suc-
cinylation of Lyz greatly altered the balance of radio-
activity in the kidney and urine. Because the renal
uptake of macromolecules occurs mainly from the lu-
minal side of epithelial cells (26} and not from the
capillary side, such changes indicate that the reabsorp-
tion of Lyz is inhibited by succinylation. Both !!In-
glycosylated Lyz derivatives showed some hepatic up-
take after systemic administration. Hepatocytes are
known to possess asialoglycoprotein receptors on their
surface that recognize compounds having galactose or
N-acetylgalactosamine at the nonreducing end of the
sugar chain (1). Synthetically galactosylated macro-

G717

molecules are ligands for the receptor (34), and this is
the reason for the high hepatic uptake of 11*In-Gal-Lyz.
Although asialoglycoprotein receptors have a much
lower affinity for glucose than galactose, it binds to
proteins modified with 2-imino-2-methoxyethyl 1-thio-
glucoside as used in the present study. Therefore, asia-
loglycoprotein receptors are involved in the hepatic
uptake of 11In-Gle-Lyz (34). Although the imidination
used in this study to synthesize glycosylated Lyz has
been reported not to alter the electrical charge of the
protein (24), their electrophoretic mobility was a little
lower than that of Lyz, suggesting a reduced positive
charge after glycosylation. These glycosylated deriva-
tives were prepared because: 1) these modified deriva-
tives possess a positive charge intermediate between
unmodified Lyz and An-Lyz and 2) some reports
have suggested the involvement of specific mecha-
nisms for sugars associated with enterocytes as far as
the transport of glycosylated macromolecules is con-
cerned (12, 23).

The tissue disposition profile of radioactivity after
intrajejunal administration of each !!In-Lyz deriva-
tive was comparable with that after intravenous ad-
ministration (Figs. 1 and 2), suggesting that Lyz deriv-
atives entering the systemic circulation from the
intestine possess unique physicochemical properties.
Tissue uptake clearances, which can be calculated based
on the area under the plasma concentration-time curve
and the amount in tissue (35), were also comparable
after intravenous and intrajejunal administration
(data not shown). These results indicate that the ra-
dioactive molecules appearing in the plasma maintain
the structures that determine their tissue disposition.

There have been reports showing that some proteins
can be absorbed from the intestinal tract, although

Absorption rate (% of dose/h)
o

0.01 Il F1 i i 1 ]
0.75-05-025 0 025 05 D75

Electrophoretic mobility x 10* (cm-?/\V/sec)

Fig. 8. Dependence of the intestinal absorption rate of 112 In-Lyz and
Mn-SOD derivatives on the electrophoretic mobility measured by a
zeta sizer. o, 11 In-Lyz derivatives; 0, 11In-SOD derivatives. The
absorption rate of a derivative calculated by the deconvolution
methed is plotted against its electrophoretic mobility.
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skepticism about the experimental evidence of trans-
mucosal absorption of proteins is common because of
the limitations of the methodology used (44). Recently,
Castell et al. (5) clearly showed that bromelain, a basic
protein with a molecular mass of 24—26 kDa isolated
from the stem of the pineapple plant, can be absorbed
from the intestinal tract of healthy volunteers as an
immunoreactive form of unchanged molecular mass.
The consistency of their results indicates that the ab-
sorption of a certain protein molecule from the gastro-
intestinal tract is probably a common phenomenon in
healthy adults. As discussed above, the cationic nature
of this protein could help its intestinal absorption,
although the route of its absorption, i.e., transcellular
or paracellular, needs to be identified.

Cationization of Lyz did increase the intestinal ab-
sorption of Lyz, probably through the increase in the
isoelectrical point of the enzyme whose positive
charges result in an electrostatic attraction to the neg-
atively charged proteoglycans of the cell surface, a
process that can lead to adherence to the oppositely
charged surfaces (4). Interaction of proteins with the
intestinal tissues was facilitated by cationization (21,
40). Because binding to the surface can be considered
as the first step in the intestinal transport of proteins,
cationization might be one possible approach to in-
crease the permeability of proteins. Increased binding
of Cat-Lyz was detected in the specimens of intestinal
tissues treated with FITC-labeled Lyz derivatives.

Recently, glycosylation has been applied to peptides
to increase their transport across the intestinal tissues
via a Na*/glucose cotransporter (30), as well as to
produce increased stability to peptidases (29). Al-
though some reports have suggested involvement of
these mechanisms in the transport of glycosylated
macromolecules (12, 23), no improved absorption was
observed for glycosylated Lyz derivatives. Kim et al.
(19) reported that bile acid-conjugated small peptides
could bind to intestinal bile acid transporters without
being transported.

The amount of 1!!In-Cat-Lyz absorbed was signifi-
cantly greater than that of 1*In-Lyz (P < 0.05 at 1, 2,
and 3 h), whereas that of lIn-An-Lyz was smaller.
The absorption rate of Lyz derivatives was propor-
tional to their electrophoretic mobility (Fig. 8). These
results clearly indicate that the electrical charge of Lyz
determines its intestinal absorption from the jejunal
loop. The apparent permeability coefficient of '!In-
Cat-Lyz (0.135 X 107¢ cm/s, Table 2), however, was
still much smaller than that of small molecules such as
a vasopressin derivative (43 X 107¢ ¢m/s, molecular
weight of 1,069) and inulin (4 X 107% c¢m/s, molecular
weight of 5,200) (37). The relationship between the
electrical charge and intestinal absorption could also
be applied to other proteins such as SOD. ' In-Cat-
SOD tended to be absorbed faster than !'In-SOD,
although the amount absorbed was not significantly
different at later time points. With these protein deriv-
atives, it is quite obvious that the molecular weight is
a very important factor determining their intestinal
absorption. Although !'In-Cat-SOD had a greater

CHARGE-MEDIATED ABSCRPTION

electrophoretic mobility to the negative pole than
1131n.Lyz, its absorption rate was smaller than that of
MIp.Lyz, showing the importance of the molecular
weight of the protein as far as its intestinal absorption
is concerned. It is difficult to conclude that these pro-
tein derivatives are absorbed through the transcellular
or paracellular route. The absorption through the both
routes could be enhanced by cationization (10, 42).
Further studies are needed to clarify the contribution
of each route to the intestinal absorption of the deriv-
atives. .

In conclusion, it has been shown that the intestinal
absorption of a protein is regulated by its electrical
charge, if the molecular size of protein is not altered,
Enhanced adsorption of a cationic derivative to the
surface of the tissue would result in its increased
permeability through the barrier. These findings pro-
vide useful information about the intestinal absorption
of proteins of immunological and/or pharmacological
importance in normal, healthy subjects.

This work is supported, in part, by a grant-in-aid for Scientific
Research from the Ministry of Education, Culture, Sports, Science
and Technology, Japan.
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Purpose. To investigate the effects of the lipid composition of galac-
tosylated liposomes on their targeted delivery to hepatocytes.
Methods. Several types of liposomes with a particle size of about 90
nm were prepared using distearoyl-L-phosphatidylcholine (DSPC),
cholesterol (Chol) and cholesten-5-yloxy-N-(4-((1-imino-2-D-
thiogalactosylethyl)amino)butyl)formamide {Gal-C4-Chol), and la-
beled with *H]cholesterol hexadecyl ether, Their tissue disposition
was investigated in mice following intravenous injection. The binding
and internalization characteristics were also studied in HepG2 cells.
Results. Compared with [*H]DSPC/Chol (60:40) liposomes, [*H]D-
SPC/Chol/Gal-C4-Chol (60:35:5) liposomes exhibit extensive hepatic
uptake. Separation of the liver cells showed that galactosylated lipo-
somes are preferentially taken up by hepatocytes, whereas those lack-
ing Gal-C4-Chol distribute equally to hepatocytes and nonparenchy-
mal cells (NPC). Increasing the molar ratio of DSPC to 90% resulted
in enhanced NPC uptake of both liposomes, suggesting their uptake
via a mechanism other than asialoglycoprotein receptors. DSPC/
Chol/Gal-C4-Chol (60:35:5) and DSPC/Chol/Gal-C4-Chol (90:5:5) li-
posomes exhibited similar binding to the surface of HepG2 cells, but
the former were taken up faster by the cells,

Conclusions. The recognition of galactosylated liposomes by the asia-
loglycoprotein receptors is dependent on the lipid composition. Cho-
lesterol-rich galactosylated liposomes, exhibiting less non-specific in-
teraction and greater receptor-mediated uptake, are better for tar-
geting drugs to hepatocytes in vivo.

KEY WORDS: liposome; asialoglycoprotein receptor; hepatocytes;
drug targeting; internalization.

INTRODUCTION

Drug carriers with specific ligands for the corresponding
receptors on the cell surface are useful for targeted drug de-
livery. Among various ligands investigated so far, galactose
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has been shown to be a promising targeting ligand to hepa-
tocytes (liver parenchymal cells) because the cells possess a
large number of the asialoglycoprotein receptors that recog-
nize the galactose units on the oligosaccharide chains of gly-
coproteins or on chemically galactosylated drug carriers (1).
The receptor-ligand interaction is known to show a significant
“cluster effect” in which a multivalent interaction results in
extremely strong binding of ligand to the receptors (2). We
have already demonstrated that the in vive recognition of
galactosylated macromolecules by asialoglycoprotein recep-
tors correlates with the degree of galactose modification (3—
5). A pharmacokinetic analysis of the tissue disposition pat-
terns of galactosylated proteins in mice has clearly shown that
the density of galactose units on the protein surface deter-
mines the affinity of galactosylated proteins for asialoglyco-
protein receptor-mediated hepatic uptake (4). These results
indicate that the drug targeting efficiency to hepatocytes us-
ing galactosylated macromolecular carriers is dependent on
the degree of galactose modification.

Liposomes are another class of drug carriers that have
several advantages such as ease of preparation and a large
capacity for drug loading (6). In previous papers, we synthe-
sized a galactosylated cholesterol derivative and formulated it
into neutral or cationic liposomes to obtain the galactosylated
counterparts (7-11). These galactosylated liposomes were
able to effectively deliver prostaglandin E,, probucol and
plasmid DNA to hepatocytes in vivo, indicating that the ga-
lactose units on the liposome surface can increase the affinity
of the liposome for asialoglycoprotein receptors on hepato-
cytes. To ensure hepatocyte-specific targeting of liposomes by
galactosylation, however, properties other than galactose
density should also be controlled, such as the size and electric
charge. The recognition of liposomes by the mononuclear
phagocyte systern (MPS) is known to be dependent on its
lipid compaosition (12,13}, which is an important factor in de-
termining the surface properties of liposomes. Therefore, the
clearance of liposomes from the circulation in vivo is highly
dependent on the lipid composition (14). The surface prop-
erties of liposomes, such as the rigidity of the membrane and
co-existence of two or more phases, is determined by their
composition, which might affect the clustering of galactose
units incorporated into a liposome formulation.

To understand the effects of the lipid compesition of
galactosylated liposomes on their targeted delivery to hepa-
tocytes in vivo, various liposomes with or without galactose
units were prepared involving different lipid mixing ratios:
distearayl-L-phosphatidylcholine (DSPC), cholesterol (Chol)
a and galactosylated cholesterol derivative, and cholesten-5-
yloxy-N-(4-((1-imino-2-D-thiogalactosylethyl)amino)bu-
tyl)formamide (Gal-C4-Chol). The liposomes were adjusted
to a size of about 90 nm in diameter and radiolabeled with
[*H)cholesteryl hexadecyl ether (CHE). The tissue disposi-
tion of each type of liposome was studied in mice after intra-
venous injection. The distribution of liposomes within the
liver (i.e., to hepatocytes or liver nonparenchymal cells
(NPC)), was examined after digestion of the liver by collage-
nase. In addition, the internalization of liposomes was inves-
tigated in HepG2 cells in vitro. We report here that the lipid
composition of the galactosylated liposomes is important for
their recognition by asialoglycoprotein receptors.
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Targeting of Galactosylated Liposomes

MATERIALS AND METHODS

Chemicals

N-{4-aminobutyl)carbamic acid fert-butyl ester was pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). DSPC
and cholesteryl chloroformate was purchased from Sigma
Chemical Co., (St. Louis, MO). Chol and Clear-Sol I were
obtained from Nacalai Tesque {(Kyoto, Japan), and Soluene
350 was purchased from Packard (Groningen, Netherlands).
[*H]JCHE was purchased from NEN Life Science Products,
Inc. (Boston, MA). 2-imino-2-methoxyethyl-1-thiogalactoside
(IME-thiogalactoside) and galactosylated bovine serum albu-
min (Gal-BSA) were synthesized as reported previously (7).
All other chemicals were of the highest purity commercially
available,

Synthesis of Gal-C4-Chol

Gal-C4-Chol was prepared as reported previously (7).
Briefly, cholesteryl chloroformate and N-(4-aminobutyl)car-
bamic acid tert-butyl ester were reacted in chloroform for 24
h at room temperature. A solution of trifluoroacetic acid and
chloroform was added dropwise and the mixture was stirred
for 4 h at 4°C. The solvent was evaporated to obtain N-(4-ami-
nobutyl)-{cholesten-5-yloxyl)formamide then combined with
IME-thiogalactoside and this mixture was then stirred for 24
h at room temperature. After evaporation, the resultant ma-
terial was suspended in water, dialyzed against distilled water
for 48 h (12 kDa cut-off dialysis tubing), then lyophilized.

Preparation of Liposomes

A mixture of DSPC and Chol, with or without Gal-C4-
Chol, was dissolved in chloroform and evaporated to dryness
in a round-bottomed flask. Then, the lipid film formed was
resuspended in 5 ml sterile phosphate-buffered saline (pH
7.4). After hydration, the dispersion was sonicated for 5-10
min in a bath sonicator to form liposomes. Each suspension
was extruded through a 100 nm pore size polycarbonate mem-
brane at 60°C using an extruder (Northern Lipids, Vancou-
ver, Canada). The concentration of Chol in each formulation
was measured with a cholesterol E-test Wako kit {Wako Pure
Chemicals, Osaka, Japan) and the lipid concentration was
adjusted to 5 mg/ml.

The particle size of the liposomes was measured in a
dynamic light scattering spectrophotometer {LS-900, Otsuka
Electronics, Osaka, Japan). Radiolabeling of the liposomes
was performed by addition of [*H]CHE to the lipid mixture
before formation of a thin film layer.

Tissue Disposition Study

All animal experiments were carried out in accordance
with the Principles of Laboratory Animal Care as adopted
and promuigated by the US Nationa! Institutes of Health and
the Guidelines for Animal Experiments of Kyoto University.
Five-week-old male ddY mice (25-27 g body weight) were
obtained from Shizuoka Agricultural Co-operative Associa-
tion for Laboratory Animals {Shizuoka, Japan). [*H]lipo-
somes at a dose of 25 mg/kg and 60 kBg/kg were injected into
a tail vein, At predetermined time points, the mice were
killed, and blood and urine were collected. The liver, kidney,
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spleen, heart, and lung were collected, washed with saline,
blotted dry, and weighed. Ten microliters blood, 200 ! urine,
and a piece of each tissue were digested with 0.7 ml Soluene-
350 by incubating overnight at 45°C. Then, isopropanol (200
nl), 30% hydroperoxide (200 pl), 5 M HCI (100 pl) and,
finally, Clear-Sol I {5 ml} were added. The samples were
stored overnight and the radioactivity was measured using a
scintillation counter (LSA-500, Beckman, Tokyo, Japan).

In different sets of experiments, 20 mg/kg Gal-BSA or
250 mg/kg DSPC/Chol liposome was first injected into mice.
Then *H]DSPC/Chol/Gal-C4-Chol liposome at a dose of 25
mg/kg and 60 kBqg/kg was injected and the liver was excised
after 5 min.

Calculation of Clearance

Tissue distribution data were evaluated using organ
clearances as reported previously (15). Briefly, the tissue up-
take rate can be described by the following equation

dx,

de ~
where X, is the amount of [*H)liposomes in a tissue at time ¢,
CL, . 18 the tissue uptake clearance, and C,, is the blood
concentration of [PH]liposomes. Integration of Eq. (1) gives
Xr = CLuprakeA UCD—I (2)
where AUC,, represents the area under the blood concen-
tration-time curve from time 0 to t. Eq. (2) divided by C,, gives
X, I CLuprake A UCO—(

G, Cy

The CL,ak. can then be obtained from the initial slope of a
plot of XJ/C,, vs. AUC, /C,.

= CLupmker (1)

(3)

Intrahepatic Disposition

Mice were anesthetized with an intraperitoneal injection
of pentobarbital sodium (50 mg/kg) and injected intrave-
nously with [*H]liposomes (25 mg/kg and 300 kBq/kg). The
body temperature of the mice was kept at around 37°C with
a heat lamp during the experiment. At 30 min after adminis-
tration, the liver was perfused first with Ca**, Mg?**-free per-
fusion buffer (10 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES), 137 mM NaCl, 5 mM KCJ, 0.5
mM NaH,POQ,, and 0.4 mM Na,HPO,, pH 7.2) for 10 min and
then with a perfusion buffer supplemented with 5 mM CaCl,
and 0.05% (w/v) collagenase (type I) {pH 7.5) for 10 min. As
soon as the perfusion started, the vena cava and aorta were
cut and the perfusion rate was maintained at 34 ml/min. At
the end of the perfusion, the liver was excised and its capsular
membranes were removed. The cells were dispersed in ice-
cold Hank’s-HEPES buffer containing 0.1% BSA by gentle
stirring. The dispersed cells were filtered through a cotton
mesh sieve, followed by centrifugation at 50 x g for 1 min. The
pellets containing hepatocytes were washed twice with
Hank's-HEPES buffer by centrifuging at 50 x g for 1 min. The
supernatant containing NPC was similarly centrifuged at least
twice. The resulting supernatant was then centrifuged twice at
200 x g for 2 min. Hepatocytes and NPC were resuspended
separately in ice-cold Hank’s-HEPES buffer (4 ml for hepa-
tocytes and 1.8 m! for NPC). The cell number and viability



