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were determined by the trypan blue exclusion method. The
cells were suspended in 0.5 ml saline and the radioactivity
assayed as described above.

Uptake by HepG2 Cells

The HepG2 cells were plated on a 12-well cluster dish at
a density of 2 x 10° cells/3.8 cm? and cultivated in 800 pl
DMEM supplemented with 10% FBS. Twenty-four hours
later, the culture medium was replaced with an equivalent
volume of HBSS containing [*H]liposomes (0.25 mg/m], 1.8
kBg/ml). For the inhibition study, 20 mM galactose was added
to the liposome solution. After incubation for 1 h at 37°C, the
solution was removed by aspiration, and the cells were
washed five times with ice-cold HBSS buffer. For separation
of the internalized and surface bound liposomes, the cells
were washed three times with acetate buffer (pH 4) to remove
the liposomes bound to the cell surface. The cells were then
solubilized in 0.5 ml 1 M NaOH and the radioactivity was
assayed as above. The protein content of each sample was
determined by a modification of the Lowry method. In an-
other set of experiments, the cells were pre-incubated with
HBSS containing 10 mM NaNj; for 20 min prior to the addi-
tion of liposomes.

Statistical Analysis

Differences were statistically evaluated by one-way analysis
of variance followed by the Student-Newmann-Keuls multiple
comparison test. The level of significance was set at p < 0.05.

RESULTS

Liposome Size

Table I summarizes the lipid composition and particle
size of the liposomes prepared. All liposomes were similar in
size (average diameter approximately 90 nm). The size of the
liposomes remained constant over one month at 4°C.

Tissue Disposition of Liposomes after Intravenous Injection

Figure 1 shows the tissue disposition of [PH]DSPC/Chol
(60:40), [*H]DSPC/Chol/Gal-C4-Chol (60:35:5), [*H]DSPC/
Chol (90:10), and [PH)DSPC/Chol/Gal-C4-Chol (90:5:5) lipo-
somes in mice, When intravenously injected, PH)DSPC/Chol/
Gal-C4-Chol (60:35:5) and [PH]DSPC/Chol/Gal-C4-Chol (90:
5:5) were rapidly taken up by the liver (Fig.1), as well as other

Table L. Lipid Composition and Particle Size of Liposomes

Liposome (molar ratio) Particle size (mm)?

DSPC/Chol (50:50) 88.7 £ 10.5
DSPC/Chol (60:40) 94.6 £ 6.3
DSPC/Chol (70:30) 80.4£6.7
DSPC/Chol (90:10) 91.7+12.8
DSPC/Chol/Gal-C4-Chol (50:45:5) 947+79
DSPC/Chol/Gal-C4-Chol (60:35:5) 84.0+ 14.8
DSPC/Chol/Gal-C4-Chol (70:25:5) 93.9+97
DSPC/Chol/Gal-C4-Chol (90:5:5) 858 +10.8

7The particle size of the liposomes was measured using a2 dynamic
light scattering spectrophotometer. Results are expressed as the
mean + SD of three determinations.
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Fig. 1. Time-courses of the concentration in blood and amounts
in tissues of *H-radioactivity after intravenous injection of (A)
[PHIDSPC/Chol (60:40), (B) [PH]DSPC/Chol/Gal-C4-Chol (60:35:5),
(C) PH]DSPC/Chol (90:10) and (D) [PH)DSPC/Chol/Gal-C4-Chol
(90:5:5) liposomes into mice at a dose of 25 mg/kg. Results are ex-
pressed as the mean + SD of three mice. Keys: (@) blood; (O) liver;
(M) kidney; (O) spleen; (A) heart; (A) lung.

galactosylated liposomes (data not shown). On the other
hand, [PH]DSPC/Chol (60:40) liposomes exhibited prolong-
ed retention in the blood circulation (Fig. 1A), However,
[*HJDSPC/Chol (90:10) liposomes were taken up by the
liver almost as fast as their galactosylated counterpart
(Fig. 1C and D).

Pharmacokinetic Analysis of Liposomes

Figure 2 summarizes the liver uptake clearance (CL;,.,)
of all the lipesomes investigated after intravenous injection
into mice. The CL,,., of liposomes lacking galactose units
was much lower than that of galactosylated liposomes.
Among the control Jiposomes ([*H]JDSPC/Chol liposomes),
the DSPC/Chol (90:10) liposomes with the smallest Chol ratio
had the highest CL,;,.,.

The CLy,,, of [PH]DSPC/Chol/Gal-C4-Chol (50:45:5),
[PH]DSPC/Chol/Gal-C4-Chol (60:35:5), and [PH]DSPC/Chol/
Gal-C4-Chol (70:25:5) liposomes was, respectively, 514, 52.2,
and 48.8-times greater than that of the counterparts without
Gal-C4-Chol, whereas that of [*H]DSPC/Chol/Gal-C4-Chol
{90:5:5) liposomes was only 2.9-times greater than that of
[’H]DSPC/Chol (90:10) liposomes. Although all the galacto-
sylated liposomes tested were equivalent in terms of the num-
ber of galactose units per liposome, [*H]DSPC/Chol/Gal-C4-
Chol (60:35:5) liposomes had the highest CLy,,,.

Cellular Localization of Liposomes in the Liver

Figure 3 shows the distribution of PH]DSPC/Chol (60:40),
{*H]DSPC/Chol/Gal-C4-Chol (60:35:5), [*H)DSPC/Chol
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Fig. 2. Hepatic clearance (CL,,.) of liposomes after intravenous in-
jection in mice at a dose of 25 mg/kg. The CL;,., was calculated by
dividing the amount in the liver at 10 min by the area under the blood
concentration-time curve up to the same time as described in Mate-
rials and Methods. The CL;;,, values were plotted against the per-
centage of DSPC in liposome total lipids. Keys: (@) liposomes with-
out Gal-C4-Chol; (O) liposomes with Gal-C4-Chol,

(90:10), and [*H]DSPC/Chol/Gal-C4-Chol (90:5:5) liposomes
between hepatocytes and NPC at 30 min after intravenous
injection. [*PH]DSPC/Chol/Gal-C4-Chol (60:35:5) liposomes
were taken up preferentially by hepatocytes compared with
NPC (hepatocytes/NPC ratio of 15), whereas [PH]DSPC/Chol
(60:40) liposomes were taken up to an equal extent by both
hepatocytes and NPC. On the other hand, NPC uptake was
marked in the case of [*H]DSPC/Chol (90:10) liposomes.
[PH]DSPC/Chol/Gal-C4-Chol (90:5:5) liposomes exhibited
greater distribution to hepatocytes compared with [PH]DSPC/
Chol (20:10) liposomes, but the uptake by hepatocytes did not
exceed that in NPC. The hepatocyte/NPC ratio was calculated
to be 0.78, which was much smaller than that for [*H]DSPC/
Chol/Gal-C4-Chol (60:35:5) liposomes.

Effect of Gal-BSA or DSPC/Che! (90:10) Liposomes on
Hepatic Uptake of Galactosylated Liposomes

Figure 4 shows the effect of preinjection of a large
amount of Gal-BSA or DSPC/Chol {90:10) liposomes on the
hepatic uptake of [PH]DSPC/Chol/Gal-C4-Chol (60:35:5) and

DSPC/Chol
(60:40)

DSPC/Chol/Gal
{60:35:5)

DSPC/Chol
(90:10)

DSPC/Chol/Gal
(90:5:5)

L o A i

0 5 10 15 20 25
Amount (% of dose/108 cells)

Fig. 3. Distribution of *H-radioactivity between hepatocytes and
liver NPC at 30 min after intravenous injection of [*H]lipesomes into
mice at a dose of 25 mg/kg. Results are expressed as the mean = SD
of three mice. Key: (filled) hepatocytes; (open) NPC.

39

1811

100
» x

— B0
2
S
s 60
2
£ 40}
o
[S
< 20t

0

DSPCIChol/Gal DSPC/Chol/Gal

{60:35:5) (90:5:5)

Fig. 4. Amount of *H-radioactivity in the liver after intravenous in-
jection of *H]liposomes with or without preinjection of 20mg/kg Gal-
BSA or 250mg/kg DSPC/Chol (90:10) liposcmes. The distribution
was examined at 5 min after intravenous injection of [*H]liposomes,
Results are expressed as the mean + SD of three mice. Keys: (filled)
no preinjection; (open) preinjection of Gal-BSA; (hatched) preinjec-
tion of DSPC/Chol liposomes. * Statistically significant differences
{p < 0.05) from each no preinjection group.

[*H]DSPC/Chol/Gal-C4-Chol (90:5:5) liposomes. Gal-BSA
significantly inhibited the hepalic uptake of both [*H]DSPC/
Chol/Gal-C4-Chol (60:35:5) and [*H]DSPC/Chol/Gal-Cd-
Chol (90:5:5) lipasomes, The extent of the inhibition by Gal-
BSA, however, was greater for [*"H]DSPC/Chol/Gal-C4-Chol
(60:35:5) liposomes than for [*H]DSPC/Chol/Gal-C4-Chol
(90:5:5) liposornes.

Preinjection of DSPC/Chal (90:10) liposomes had no sig-
nificant effects on the hepatic uptake of PH]DSPC/Chol/Gal-
C4-Chol (60:35:5) liposomes whereas the injection of DSPC/
Chol (90:10) liposome prior to [*H]DSPC/Chol/Gal-C4-Chot
(90:5:5) liposomes significantly inhibited the hepatic uptake
of the latter.

Uptake by HepG2 Cells

Figure 5 shows the in vitro uptake of [*H]liposomes in
HepG2 cells. The uptake of [PH]DSPC/Chol/Gal-C4-Chol
(60:35:5) and [PH]DSPC/Chol/Gal-C4-Chol (90:5:5) lipo-
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Fig. 5. Uptake of [*H]liposomes by HepG2 cells. Cells were incu-
bated with each type of [*H]liposome with or without 20 mM galac-
tose. The amount of *H-radioactivity associated with the cells was
measured following 1 h of incubation. Results are expressed as the
mean + SD of three wells. Keys: (filled) control; (open) +20 mM
galactose. * Statistically significant differences (p < 0.05).
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somes was greater than that of [PH]DSPC/Chol {60:40) and
[*H]DSPC/Chol {90:10) liposomes, respectively. The uptake
of the galactosylated liposomes was significantly inhibited by
the addition of 20mM galactose, whereas no change was ob-
served with control liposomes. [PH]DSPC/Chol/Gal-C4-Chol
(60:35:5) liposomes showed significantly higher uptake than
[*H]DSPC/Chol/Gal-C4-Chol (90:5:5) liposomes.

The amount of surface binding and internalization of
the galactosylated liposomes was evaluated according to
an acid-wash procedure (Fig. 6). The surface binding of
both [?H]DSPC/Chol/Gal-C4-Chol (60:35:5) and [*HIDSPC/
Chol/Gal-C4-Chol (90:5:5) liposomes was similar although
the amount of [PH]DSPC/Chol/Gal-C4-Chol (60:35:5) lipo-
somes internalized was greater than that of [PH]DSPC/Chol/
Gal-C4-Chol (90:5:5) liposomes. When the cells were treated
with a metabolic inhibitor, NaN,, the amount associated with
the cells was similar in both galactosylated liposomes, and
comparable with the acid-washable amounts under normal

conditions.

DISCUSSION

Asialoglycoprotein receptor-mediated targeting of phar-
maceuticals to hepatocytes is a promising approach to achieve
cell (hepatocyte)-specific delivery after systemic administra-
tion because (i) the asialoglycoprotein receptors are specifi-
cally expressed in hepatocytes, {ii} molecules entering the
systemic circulation easily get access to the cells through the
discontinuous endothelium of the liver, and (iii) the liver has
a high blood flow. These physiologic and biologic features of
the liver and hepatocytes give galactosylated carriers the op-
portunity to deliver drugs to hepatocytes via asialoglycopro-
tein receptor-mediated endocytosis.

As far as the interaction of a galactosylated ligand with
the receptors is concerned, the affinity of the ligand seems to
be governed by the valency of the galactose residues and their

Total uptake (A)
(Non-treated)

Internalization {B)
(Acid-resistant}

Surface binding
(B subtracted from A)

NaN,
pretreatment

i i n A ]

0 50 100 150 200 250
Amount (% of dose/mg protein)

Fig. 6. Amount of [*H]galactosylated liposomes associated with
HepG2 cells. Cells were incubated with {(*H]DSPC/Chol/Gal-C4-Chol
(60:35:5) or [*H]DSPC/CholiGal-C4-Chol {50:5:5) liposomes. At 1h,
the cells were washed with an acid buffer to separate the surface
bound iiposomes. The difference in cellular association between acid-
treatment and no treatment was regarded as the amount associated
with the cell surface, In another group, the cells were pre-incubated
with HBSS containing 10 mM NaN; for 20 min prior to the addition
of liposomes. Results are expressed as the mean + SD of three wells.
Keys: (filled) [PH]DSPC/Chol/Gal-C4-Chol (60:35:5) liposome;
(open) [*H]DSPC/Chol/Gal-C4-Chol (90:5:5) liposome. * Statistically
significant differences (p < 0.05).
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appropriate spacing. Clustering of galactosides greatly en-
hances the affinity for the receptor in the following order:
tetra- > tri- >> bi- >> mono-antennary galactosides (17). Such
an effect can be explained by the simultaneous occupation of
the carbohydrate recognition domains of the receptor and
optimal structures of cluster galactosides for binding have
been proposed (18). Based on these findings, various oligo-

saccharides containing multiple galactose terminals have been
developed as “homing” devices with a high affinity for hepa-
tocytes {19-21). These synthetic oligosaccharide-containing
molecules as well as naturally occurring asialoglycoproteins
are believed to have a high affinity for asialoglycoprotein
receptors.

In previous papers, we have described the modification
of various macromolecules with IME-thiogalactoside to ob-
tain galactosylated derivatives. The pharmacokinetic study of
galactosylated macromolecules in mice revealed that a deriva-
tive having a sufficient number of galactose units is very ef-
ficiently recognized by the receptors in vive and is taken up
by the liver at a rate equal to the hepatic plasma flow (3-5).
These results indicate that, although monosaccharides such as
IME-thiogalactoside have a much weaker receptor affinity
than oligosaccharides, the clustering of monosaccharides on a
carrier can compensate for this weak affinity. The estimated
density of galactose units on the protein surface was found to
determine the affinity of galactosylated proteins for the asia-
loglycoprotein receptors in vivo (4). Based on these findings,
we have designed a series of mono-glycosylated derivatives of
cholesterol to obtain glycosylated lipophilic carriers such as
liposomes and lipid emulsions {7,22,23). Galactosylated lipo-
somes consisting of Gal-C4-Chol and other lipids have been
shown to be promising carriers for the delivery of drugs or genes
1o asialoglycoprotein receptor-positive cells (7-11,22,23).

As clearly shown with galactosylated proteins (4), exten-
sive modification of liposomes with Gal-C4-Chol, for ex-
ample, 5 mol % of total lipid, can give them the ability to
target hepatocytes (9,10). In the present study, both galacto-
sylated liposomes, i.e., [PH]DSPC/Chol/Gal-C4-Chol (60:35:
5) and [*H]DSPC/Chol/Gal-C4-Chol (90:5:5) liposomes, ex-
hibited marked accumulation in the liver following intrave-
nous injection in mice. However, the uptake of PH]DSPC/
Chol/Gal-C4-Chol (90:5:5) liposomes was not selective for
hepatocytes, whereas that of [*H]DSPC/Chol/Gal-C4-Chol
{60:35:5) liposomes was highly selective for these cells. The
introduction of a galactose moiety onto a liposome might not
necessarily be a universal approach to endow the liposome
with the ability to target hepatocytes, because the tissue dis-
position of galactosylated liposomes is determined not only
by the recognition by asialoglycoprotein receptors, but by the
other interactions within the body after systemic administra-
tion. Low-Chol liposomes are known to have a very short
half-life in the circulation, largely due to their extensive up-
take by MPS. On the other hand, high-Chol liposomes (30~50
mol % of total lipid) are relatively stable in the circulation
(14). Semple et al. (13) found that cholesterol-free DSPC li-

posomes bind significant amounts of serum proteins, whereas
cholesterol-rich DSPC liposomes are much less active. These
characteristics of low-Chol DSPC liposomes would explain
the uptake of [*H]DSPC/Chol/Gal-C4-Chol (90:5:5) lipo-
somes by liver NPC (Fig. 3). Inhibition studies clearly showed
that the hepatic uptake of [*H]DSPC/Chol/Gal-C4-Chol (90
5:5) liposomes takes place by at least two different pathways:
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galactose-specific hepatocyte uptake and DSPC/Chol (90:10)
liposome-sensitive NPC uptake.

The uptake experiments using HepG2 cells in virro were
performed to gain further insights into the reccptor-mediated
uptake of the two different galactosylated liposomes, Com-
pared with galactose-free control liposomes, both [H]DSPC/
Chol/Gal-C4-Chol (60:35:5) and [*H]DSPC/Chol/Gal-C4-
Cho! (90:5:5) liposomes showed greater and galactose-
inhibitable cellular uptake. However, the uptake by HepG2
cells was greater for [*H]DSPC/Chol/Gal-C4-Chol (60:35:5)
liposomes than for [*H]DSPC/Chol/Gal-C4-Chol (90:5:5) li-
posomes. The separation of surface-bound liposomes from
their internalized counterparts by acid washing shows that the
difference in their uptake can be fully explained by the
amount internalized. In a previous paper (25), we analyzed
the hepatic uptake of Gal-BSAs with varying numbers of ga-
lactose units in isolated, perfused rat liver, and found that the
internalization rate of Gal-BSA was greater for derivatives
with many galactose residues (i.e., 17 or 36 galactose units/
BSA) than for one with only 10 residues. In this case, how-
ever, it should be noted that the two galactosylated liposomes
investigated contain the same concentration of galactose
units. A possible explanation for this is that distribution of
Gal-C4-Chol in bilayers may be heterogeneous so that it can
affect the rate of internalization via asialoglycoprotein recep-
tor-mediated endocytosis. At lower Chol concentrations, a
lateral-phase separation occurs in DSPC/Chol liposomes,
(i.e., a pure phospholipid (PC) phase and a PC/Chol mixture
phase), whereas high-Chol liposomes possesses a homoge-
neous, liquid ordered structure (26,27). Such a structural dif-
ference depending on the Chol concentration would affect the
distribution and mobility of Gal-C4-Chol in bilayers. It has
also been reported that membrane lipids are rearranged in
bilayers following an interaction with plasma proteins (28),
ganglioside-containing liposomes (29}, and a polycation (30).
This would depend on the rate of tateral diffusion in lipo-
somal bilayers. Overall, slower accumulation of [*PH]JDSPC/
Chol/Gal-C4-Chol (90:5:5) liposomes in the liver compared
with Chol-rich galactosylated liposomes (Fig. 1) could also be
explained by inappropriate distribution of galactose units on
the liposomal surface, although a partial shielding of galac-
tose units by serum protein binding cannot be ruled out.

In conclusion, the lipid composition of galactosylated li-
posomes has been shown to be important for their targeted
delivery to hepatocytes. Besides non-specific serum protein
binding, the rate of internalization via a specialized uptake
process is affected. The Chol-rich galactosylated liposomes
appear to be promising carriers that can expand the specificity
of their delivery to the target.
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Purpose. To investigate the pharmacokinetics and preventive effects
of liver-targeted catalase {CAT) derivatives on hepatic injury caused
by reactive oxygen species.

Methods. The hepatic uptake of "'In-CAT, galactosylated (Gal-),
mannosylated {Man-) and succinylated (Suc-) CAT was investigated
in isolated perfused rat livers in a single-pass constant infusion mode.
Then, pharmacokinetic parameters were obtained by fitting equa-
tions derived from a one-organ pharmacokinetic medel to the out-
flow profile. Their effects in preventing hydrogen peroxide-induced
injury were determined by lactate dehydrogenase (LDH) release
from the perfused liver.

Results. The extraction of CAT derivatives by the liver was dose-
dependent, and increased by the chemical modifications described.
After being bound to the cell surface, chemically modified CAT de-
rivatives were internalized by the liver faster than CAT. Pre-
perfusion of a CAT derivative significantly reduced LDH release by
hydrogen peroxide at least for 30 min, and Man-CAT and Suc-CAT
effectively inhibited this release.

Conclusions. Internalized CAT derivatives are also effective in de-
grading hydrogen peroxide and targeted delivery of CAT to liver
nonparenchymal cells by mannosylation or succinylation is a useful
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ABBREVIATIONS: AUC, the area under the plasma concentra-

tion-time curve; BSA, bovine serum albumin; CAT, catalase; C,,, in-

flow concentration; C,,, concentration in the perfusate before passing
through the liver; CL,, hepatic clearance; C_,,, concentration in the
perfusate after passing through the liver; C,, sinusoidal concentration;

CLiou total body clearance; CLy,.,. hepatic uptake clearance;

DTPA, diethylenetriaminepentaacetic acid; E_, the extraction ratio;

Gal-CAT, galactosylated CAT; K, binding constant; k;,,, internaliza-

tion rate constant; LDH, lactate dehydrogenase; Man-CAT, manno-

sylated CAT; NPC, liver nonparenchymal cells; PC, liver parenchy-
mal cells; Q, flow rate; ROS, reactive oxygen species; SOD, super-
oxide dismutase; Suc-CAT, succinylated CAT; V,, sinusoidal volume;

X, binding amount; X, maximum binding amount.
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method for the prevention of hepatic injury caused by reactive oxy-
gen species.

KEY WORDS: catalase; pharmacokinetics; perfused rat liver;
chemical modification; reactive oxygen species.

INTRODUCTION

There is a great deal of evidence to suggest that reactive
oxygen species (ROS) are implicated in the pathogenesis of
many diseases, including atherosclerosis, cancer and Alzhei-
mer’s disease (1-3). Therefore, antioxidant enzymes such as
catalase (CAT) and superoxide dismutase (SOD) have been
considered as therapeutic agents for ROS-mediated injuries
and diseases. In a series of studies, we have demonstrated that
bovine liver CAT rapidly accumulates in hepatocytes {(or Liver
parenchymal cells; PC) after intravenous injection (4). We
developed several derivatives of CAT and SOD by chemically
medifying them in order to control their pharmacokinetic be-
havior (5,6). It has been shown that targeted delivery of SOD
and CAT to liver nonparenchymal cells {NPC) through re-
ceptor-mediated endocytosis is a promising approach to pre-
vent hepatic ischemia/reperfusion injury (6-8). However, the
major fraction of these enzyme derivatives taken up by cells
via receptor-mediated endocytosis is normally transferred to
and degraded in lysosomes. The binding and internalization
characteristics of these chemically modified enzymes, as far as
liver cells are concerned, should depend on the physicochem-
ical properties of the ligand and the receptor involved in the
uptake. To obtain the maximal therapeutic effects following
delivery of these enzymes, the spatial and temporal relation-
ships between the enzyme delivery and ROS production need
to be quantitatively examined.

In this study, the hepatic disposition characteristics of
"In-CAT derivatives were investigated in isolated perfused
rat livers. The venous outflow patterns of these derivatives
were analyzed based on a one-organ pharmacokinetic model
including the binding and internalization processes to obtain
the binding constant, maximum binding site and internaliza-
tion rate of each derivative. Then, the inhibitory effects of
pre-treatment with CAT derivatives on hydrogen peroxide
(H,0,)-induced hepatic injury were evaluated by measuring
lactate dehydrogenase (LDH) release to the outflow medium
of the perfused liver. Based on the results obtained, targeted
delivery of CAT to liver NPC was revealed to be an effective
approach to inhibit hepatic injury caused by H,0,.

MATERIALS AND METHODS

Animals

Male Wistar rats (180220 g) were purchased from the
Shizuoka Agricultural Cooperative Association for Labora-
tory Animals (Shizuoka, Japan). All animal experiments were
carried out in accordance with the Principles of Laboratory
Animal Care as adopted and promulgated by the US National
Institutes of Health and with the Guideline for Animal Ex-
periments of Kyoto University.

Chemicals

Bovine liver CAT was purchased from Sigma Chemical
(St. Louis, MO, USA). CAT was subjected to gel filtration

0724-8741/02/1200-1815/0 © 2002 Picnum Publishing Corporation
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chromatography and only the fractions containing tetramer of
the subunits with a molecular weight of about 240 kDa were
used in the experiments (4). Diethylenetriaminepentaacetic
acid (DTPA) anhydride was purchased from Dojindo Labo-
ratory, Kumamoto, Japan. ''Indium chloride {['''In]InCl,)
was supplied by Nihon Medi-Physics Co., Takarazuka, Japan.
All other chemicals were of the highest grade available.

Synthesis and Characterization of CAT Derivatives

Galactosylated (Gal-), mannosylated (Man-) and succi-
nylated (Suc-) CAT derivatives were synthesized by the
method reported previously (6). About 70% of the total pro-
tein amino groups were used for chemical modification in all
derivatives. The enzymatic activity of CAT derivatives was
measured by monitoring their ability to degrade hydrogen
peroxide (9) and satisfactory enzymatic activity (>86% of
each unmodified enzyme; 86, 90 and 97% of the original ac-
tivity for Suc-CAT, Gal-CAT, and Man-CAT, respectively)
was found to remain after each modification. For disposition
experiments, CAT derivatives were radiolabeled with '''In
using DTPA anhydride as reported previously (10).

In Vivo Disposition Experiment

Rats were anesthetized by intraperitoneal injection of
sodium pentobarbital (20 mg/kg). The bile duct and urinary
bladder were canulated to allow the collection of bile and
urine, respectively. A bolus injection of a solution of *!'In-
CAT was made into the femoral vein at a dose 0f0.1,1, 0r 10
mg/kg. At given periods after injection, blood samples (0.2
ml)} were withdrawn from the jugular vein over 2 h and cen-
trifuged at 2,000 g for 2 min to obtain plasma. At 2 h after
injection, the kidney, liver, spleen, heart, and lung were ex-
cised, rinsed with saline and weighed. ""'In-radioactivity in
the plasma and organs was counted with a well-type Nal scin-
tillation counter (ARC-500, Aloka, Tokyo, Japan). The '*'In-
radioactivity concentration in plasma was normalized to the
% of dose/ml and the area under the plasma concentration-
time curve (AUC) for the experimental period or for infinite
time was estimated by fitting an equation to the plasma con-
centration data using the non-linear least-square program
MULTI (11). Total body clearance (CL,,.;) and apparent
hepatic uptake clearance (CLy,..) were calculated by, respec-
tively, dividing the administered dose and the amount in the
liver at 2 h after administration by the AUC, as reported
previously (12).

Liver Perfusion Experiment

The in situ liver perfusion experiments were performed
as reported previously (13,14). Briefly, the liver was perfused
in a single-pass mode at a flow rate of 13 mli/min with Krebs-
Ringer bicarbonate buffer with 10 mM glucose, which was
oxygenated with 95% 0,-5% CO,, adjusted to pH 7.4 and
incubated at 37°C. To prevent interactions between CAT de-
rivatives and blood components, perfusate without red blood
cells nor albumin was used. After conditioning the perfused
liver for 20 min, "'In-CAT derivatives dissolved in the per-
fusate were continuously infused at concentrations of 0.1, 1,
.10 pg/ml. The venous cutflow and the bile were collected into
weighed tubes at appropriate intervals. The viability of the
liver was checked with respect to both the bile flow and the
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LDH activity in the out flow. In all experiments, perfused
livers remained viable during the course of the study, From
the venous outflow curves, the extraction ratio {E,;) and the
hepatic clearance (CL,) at steady- state for *''In-CAT de-
rivatives are calculated as follows:

E = Cin_Cau.r (1)
” Cin
CL,=E._Q 3]

where C,, and C,,, are the concentrations of '*'In-com-
pounds in the perfusate before and after passing through the
liver under steady-state conditions, and @ is the perfusion
rate.

Pharmacokinetic Analysis

The outflow curves of '*In-CAT derivatives in the liver
perfusion system were analyzed by the one-organ pharmaco-
kinetic model shown as Fig.1 {15). The sinusoidal compart-
ment including the Disse space is assumed to be under well-
stirred conditions, and the concentration is assumed to be
identical to that in the outflow (C,). The terms C, and C,
correspond to C,,, and C,,, respectively, in Eq. (1). The bind-
ing compartment is characterized by a maximum binding
amount (X..) and a binding constant (X), where rapid equili-
bration is assumed to occur between the sinusoidal and bind-
ing compartments. This assumption of rapid equilibrium was
confirmed by our previous studies where chemically modified
albumin derivatives were used (14,15). V, represents the sum
of the volumes of the sinusoid and Disse spaces and this was
estimated to be 0.180 ml/g liver (16).

The internalization process is assumed to follow first-
order rate kinetics, the internalization rate (dX/df) is ex-
pressed as a product of a binding amount X and its rate con-
stant (k). The efflux of radioactivity after internalization
was neglected since radioactive metabolites of ***In-labeled
ligands using DTPA cannot easily pass through biologic mem-
branes {17,18). Then, in the sinusoidal and binding compart-
ments, a mass-balance equation can be defined as follows:

dc,\ [(dX
V- (—) + (“E;) =QC, - QC, -k, X

dt @)

Sinusoidal compartment

cb Cl
— C,.V, et
Q Q
K, x, -4

A

Binding compartment X

k

Intracellular compartmen

Fig. 1. Physiologic pharmacokinetic model for analyzing the hepatic
uptake of '""In-CAT derivatives. Q, flow rate (mVmin); C,, inflow
concentration (pg/ml); C,, sinusoidal concentration (pg/ml); V,, sinu-
soidal volume (ml); JX, binding amount (pg/liver); X, maximum
binding amount {pg/liver); K, binding constant (ml/pg); k,,,, internal-
ization rate constant (min™).

44



Preventive Effect of Targeted Catalase Derivatives

The binding of "''In-CAT derivatives to the cell surface is

assumed to be consistent with the Langmuir equation and so
the following expression holds:

X.KC,

T1+KC,

(4

Differentiated with respect to t, Eq. (4) can be rearranged to

dX XK _(dc,)
dt (1+KC)P \ 4t

Substituting Eq. 3 with Eq. (5) gives the following equation:

b XK NG\ XK
‘+(1+KCJ)2 dt -Q b_Q s T 'ml"'KC,

The differential equations derived from Eq. (6) for various
inflow concentrations are numerically solved using the
Runge-Kutta-Gill method. An initial condition is C, = 0
when t = 0. Curve fitting of the equations to the outflow
curves was conducted using the MULTI{RUNGE) program
(19) on a mainframe computer on the Kyoto University Data
Processing Center.

&)

(6

Treatment of Perfused Liver with H,0, and
CAT Derivatives

The isolated rat liver was perfused in a similar way to
that described above. After a stabilization period of 20 min,
CAT derivative dissolved in the perfusate (500 U/ml) was
infused into the liver for 30 min. The concentration of each
derivative ranged from 11.4 to 13.2 pg/ml (11.4, 11.8, 12.6 and
13.2 pg/ml for CAT, Man-CAT, Gal-CAT and Suc-CAT, re-
spectively), calculated based on the remaining CAT activity
(6). Then, 0.5 mM H, 0, dissolved in the perfusate was con-
tinuously infused for 60 min. The venous outflow samples
were collected every 10 min and the lactate dehydrogenase
(LDH} activity in the outflow samples was determined using
a commercial kit (LDH-UV test Wako, Wako Pure Chemi-
cals, Japan).

Statistical Analysis

Differences were statistically evaluated by one-way
analysis of variance followed by the Fisher’s PLSD test at a
significance level of p < 0.05.

RESULTS

In Vivo Disposition and Clearances of 'In-CAT after
Intravenous Injection in Rats

Figure 2a shows the plasma concentration-time courses
of radioactivity after intravenous injection of "'*In-CAT into
rats at different doses. "' In-CAT was rapidly cleared from
plasma after injection at doses of 0.1 and 1 mg/kg. Increasing
the dose to 10 mg/kg, however, reduced the elimination rate
of "In-CAT. Fig. 2b. shows the cumulative amounts of ra-
dioactivity in tissues, bile and urine after intravenous injec-
tion of "'In-CAT. Most of the radioactivity was recovered in
the liver, and little radioactivity (less than 2.5% of the dose)
was recovered in other samples. Radioactivity excreted in bile
gradually increased with time, and increasing the dose to 10
mg/kg resulted in a reduced biliary excretion rate (Fig. 2c).
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Fig. 2. (a) Plasma concentration of 1'In-CAT after intravenous in-
jection in mice at doses of 0.1 mg/kg (C), 1 mg/kg (&) or 10 mg/kg
(00). (b} Tissue accumulation of '''In-CAT at 2h after intravenous
injection in mice at a dose of 0.1 mg/kg (closed column), 1 mg/kg
(open column), and 10 mg/kg (hatched column). (¢} Accumulation of
radioactivity in the bile after intravenous administration of '*In-
CAT to rats at doses of 0.1 mg/kg (O}, 1 mg/kg (A) or 10 mg/ke (00).
Results are expressed as the mean + SD of at least three rats,
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Fig. 3. Hepatic recovery ratio (C,,/C,,)-time profiles of ""'In-CAT
derivatives in the single-pass liver perfusion experiments at an inflow
concentration of 0.1 pg/m! (C), 1 pg/mi (@) or 10 pg/m! (O). Values
are expressed as the mean x SD of at least three experiments. (a)
CAT, (b) Gal-CAT, (c) Man-CAT, (d) Suc-CAT. Curves show simu-
lated functions cbtained based on the parameters shown in Table 1.
{dotted line) 0.1 ug/ml, {broken linc) 1 pg/ml, (solid line) 10 pg/ml.

At any dose, the hepatic uptake clearance {CL;,..)
accounted for more than 75% of the total body clearance
(CL ..o} (data not shown), indicating that the liver is the main
organ determining the in vivo distribution of '"'In-CAT.
These results are consistent with our previous results ob-
tained in mice (4).

Hepatic Uptake of *'In-CAT Derivatives during Constant
Infusion in Perfused Rat Liver

Figure 3 shows the hepatic recovery ratio (C,,,/C,,)-time
profiles of '''In-CAT derivatives at various inflow concentra-
tions (0.1, 1 and 10 pg/ml). Each '''In-CAT derivative was
continuously extracted by the liver during the uptake steady
state. The CL, was calculated from steady-state extraction
ratio ( £,,) and summarized in Fig. 4. The CL,, of each deriva-
tive decreased as the inflow concentration increased. At the
highest inflow concentration, the E,, of '"!In-Suc-CAT, Gal-
CAT and Man-CAT was 2.8, 2.2 and 1.9 times greater than
that of 11'In-CAT, respectively. Extraction of '''In-CAT by
the liver was reduced by reducing the temperature to 4°C
(data not shown), suggesting that '''In-CAT was internalized
by the liver cells via an energy-dependent mechanism.

10.0

75 +
)
E
£ S0
i
Q

25 F

0 1 | 1

0.1 1 10

Inflow concentration (ug/ml)

Fig. 4. Hepatic uptake clearance at steady state of """In-CAT deriva-
tives in the single-pass liver perfusion experiments at various inflow
concentrations; ®: CAT, O: Suc-CAT, O: Gal-CAT, A: Man-CAT.
Values are expressed as the mean + 5D of at least three experiments.
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Analysis of Outflow Patterns Based on a
Pharmacokinetic Model

The pharmacokinetic parameters of each "''In-CAT de-
rivative were estimated by fitting the mass-balance equations
to the experimental results of the hepatic recovery ratio at
various inflow concentrations (Table 1). The maximum asso-
ciation amount (X, pg) of each CAT derivative was rela-
tively large compared with that of bovine serum albumin
(BSA) derivatives reported previously (20). However, there
were no significant differences among the CAT derivatives.
Compared with *"'In-CAT, ""'In-Gal-, Man-, and Suc-CAT
had a binding constant (K) that was 5.3, 3.2, and 2.1 times
greater and an internalization rate (k;,) 2.0, 1.5, and 1.5 times
greater, respectively.

Simulation curves for the hepatic recovery ratio-time
profiles of 1" In-CAT derivatives were reconstructed employ-
ing the estimated parameters listed in Table I, and are shown
in Fig. 3. In general, good agreement was observed between
fitted curves and experimentally observed data at all inflow
concentrations in all derivatives.

Protective Effect of CAT Derivatives against
Hepatic Injury

Figure 5 shows the LDH activity in the venous outflow of
the rat liver perfused with H,0,. When no H,0, was added
to the perfusate (control group), little LDH activity was de-
tected in the venous outflow. In contrast, the LDH activity
markedly increased, starting 10 min after infusion of H;0,-
containing perfusate (no treatment group). Pretreatment with
CAT resulted in a reduced LDH activity in the venous out-
flow, The other CAT derivatives also reduced LDH release,
This effect was gradually weakened after 30 min of H,0,
infusion onward in the groups treated with a CAT derivative.
Fig. 6 shows the cumulative LDH activity in the venous out-
flow for 40 min of H,O, infusion. Of all the derivatives stud-
ied, Man-CAT suppressed the LDH release from the liver
most efficiently, followed by Suc-CAT.

DISCUSSION

CAT is an enzyme that detoxifies hydrogen peroxide,
which is involved in various ROS-mediated injuries. There-
fore, treatment with CAT alone or its combination with SOD
has been applied to the treatment of ROS-mediated diseases.
Our recent studies have demonstrated that bovine liver CAT
is rapidly delivered to liver PC {4) after intravenous injection
in mice and the tissue disposition of CAT can be controlled by
chemical modification (6). Furthermore, it has been shown
that targeted delivery of CAT to liver NPC is a promising way
to increase its potential for preventing hepatic ischemia/
reperfusion injury (6,8). In order for these targeted enzymes

Table 1. Pharmacokinetic Parameters for Hepatic Uptake of ''In-
CAT Derivatives Obtained by Model Analysis

Compound X, {(pp) K (mlpg) k. (min~1)
CAT 844 +113 0.13 £ 0.02 0.235 £ 0.018
Gal-CAT 64.1+6.0 0.69 + 0.08 0.470 + 0.048
Man-CAT 748 +8.1 0.42 £ 0.06 0.358 + (0.038
Suc-CAT 94.0£14.4 .27 £0.05 0.357 + 0.044
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Fig. 5. LDH leakage-time profiles in the venous outflow after H,0,
constant infusion, Results are expressed as the mean + SEM of at
least three rats. Significantly different: *, p < 0.05,

to be effective against ROS-mediated injuries, they should be
active after delivery to the cells. However, ligands, such as
Gal-, Man- and Suc-proteins, internalized by receptor-medi-
ated endocytosis are normally degraded within lysosomes
(21,22). To design a theoretical strategy for targeted delivery
of CAT to the liver in an attempt to prevent ROS-mediated
injuries, the temporal and spatial disposition of CAT deriva-
tives needs to be determined. To this end, the hepatic dispo-
sition of CAT derivatives was investigated in the isolated rat
livers, because this system can give quantitative information
on the binding and internalization characteristics of liver-
targeted ligands (15,16,20,23).

For disposition studies, CAT derivatives were radiola-
beled with '*'In using DTPA anhydride, because radioactive
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Fig. 6. Effect of pre-infusion of CAT derivatives on the accumulated
LDH activity in the venous outflow 40 min after H,O, constant in-
fusion. Results are expressed as the mean + SEM of at least three
rats. Significantly different from no treatment group: *, p < 0.05.
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metabolites, when produced after cellular uptake, are trapped
within the cells where the uptake takes place (17,18). Tissue
disposition studies in rats demonstrated that intravenously
administered "In-CAT is rapidly eliminated from plasma
and nearly 80% of the radioactivity is recovered in the liver.
Inereasing the dose to 10 mg/kg, however, reduced the elimi-
nation rate of !*'In-CAT from plasma, suggesting that CAT is
taken up by the liver via a saturable process like that observed
in mice (4). To quantitatively study the uptake characteristics
of CAT derivatives, pharmacokinetic parameters were calcu-
lated based on the models. In the tissue distribution experi-
ments in vivo, the hepatic uptake was calculated based on the
amount taken up by the liver. On the other hand, the outflow
profile was used to calculate the hepatic clearance in the per-
fusion study. To distinguish the differences, we used the two
abbreviations of hepatic clearances, CLy,., for the in vivo
experiments and CL,, for the in situ perfusion experiments.

In the perfused liver studies, **'In-CAT was constantly
extracted by the liver after its vptake reaching a steady state
within 5 min of infusion. Furthermore, part of the radioactiv-
ity was recovered in the bile, indicating that ""In-CAT is
internalized into cells after binding to the cell surface. Hyp-
oxia of the perfused liver might be concerned based on the
slow perfusion of medium containing neither RBC nor albu-
min. However, no significant injuries caused by the simple
perfusion were observed as previous studies (13-16,20,23).
The E,, values of ''In-Gal-CAT, Man-CAT and Suc-CAT
were 60.6, 50.7 and 45.4%, respectively, at the same concen-
tration, and 2.3 to 3.0 times greater than that of ' In-CAT.

We have used the model shown in Fig. 1 to analyze the
pharmacokinetic characteristics of chemically modified bo-
vine serum albumin (BSA) derivatives in the perfused rat
livers (13-16,20,23). In these previous studies, the internaliza-
tion rate constants (k,,,) of BSA derivatives were experimen-
1ally obtained in addition to the model analysis; the surface
bound and internalized amounts were separately measured by
some means such as EDTA-wash treatment. These calcula-
tions clearly showed that the k,, values obtained by the
model analysis were similar to those obtained experimentally,
suggesting the validity of the analysis. By fitting the mass-
balance equations to the outflow concentration-time profiles
based on the pharmacokinetic model, the k,,, value for Gal-,
Man- and Suc-CAT was estimated to be 0.470, 0.358 and 0.357
min~!, respectively, which was greater than the value for CAT
(Table I). It has been reported that galactosylated, manno-
sylated and succinylated proteins are recognized by the asia-
loglycoprotein, mannose and scavenger receptors, respec-
tively, on liver cells (24,25). The finding of greater &, values
for chemically modified CAT suggests that the receptor-
mediated process for the hepatic uptake of medified CAT
derivatives is faster than that of unmodified CAT. The &,
values for CAT derivatives obtained in this study were
slightly different from the reported values for BSA deriva-
tives (14,20,23). Although the reason for this discrepancy re-
mains unknown, the CAT-specific hepatic uptake mechanism
and/or differences in size and molecular weight between pro-
leins may influence the internalization process.

The dose of CAT derivatives for the experiment to ex-
amine their preventive effects against H,O, injury was ad-
justed in terms of the enzymatic activity to 500 U/ml, which
corresponded to 11.4, 13.2, 12.6 and 11.8 pg/ml for CAT,
Suc-CAT, Gal-CAT and Man-CAT, respectively. There were
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slight differences in the weight-based dose among CAT de-
rivatives, but such differences could hardly affect the phar-
macokinetic profiles in the perfused liver since the hepatic
uptake of any CAT derivative was highly saturated at these
concentrations (Fig. 4). Although pretreatment of each CAT
derivative reduced the LDH release from the liver to some
extent, the preventive effect did not last over 30 min (Fig. 5).
The degradation of internalized ligands in the cells couid ex-
plain these results. However, a series of our reports using
BSA derivatives showed that the surface-bound protein de-
rivatives are rapidly internalized (14,15,20,23). These results
indicate that CAT derivatives internalized by liver cells can
contribute to their protective effects against H,O, injury in
the perfused livers. Although the internalization rate of Suc-
CAT and Man-CAT was faster than that of CAT, they were
more effective than CAT in the prevention of the hepatic
injury, suggesting the importance of the delivery of CAT to
liver NPC, These results are comparable with our previous
results on the preventive effect of CAT derivatives against
hepatic ischemia/reperfusion injury {6,8).

Generally, it is known that extracellular ROS derived
from Kupffer cells and polymorphonuclear leukocytes (neu-
trophils) play important roles in ROS-mediated hepatic injury
such as ischemia/reperfusion injury (26, 27). Cellular injury to
hepatocytes and endothelial cells seems to be mainly attrib-
uted to extracellular ROS rather than its intracellular coun-
terpart. The experimental design of this study, therefore, re-
flects the phenomena that occur in vive. Although H,0, is
initially localized outside cells, it can diffuse into cells to trig-
ger oxidative reactions. Internalized CAT derivatives might
prevent the reactions generated by internalized H,O,. The
activity of endogenous antioxidant enzymes, especially CAT,
in NPC is much less than in hepatocytes (28, 29), which sug-
gests that the endothelial cells are much moere susceptible to
ROS than hepatocytes. Man-CAT or Suc-CAT can supple-
ment CAT activity in hepatic endothelial cells. The present
results confirm that targeted delivery of CAT to liver NPC is
effective.

In conclusion, the pharmacokinetics of the hepatic up-
take of CAT derivatives was determined in perfused rat liver,
showing that chemically modified CAT derivatives are more
rapidly internalized by liver cells than CAT. CAT derivatives
targeted to liver NPC are more effective in preventing H,0,-
induced hepatic injury. It has been shown that not only the
surface- bound CAT derivative but also its counterpart inter-
nalized by receptor-mediated endocytosis is effective in pre-
venting injury. These findings provide usefu!l information to
assist in the design and application of CAT derivatives to a
range of ROS-mediated injuries.
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ABSTRACT

In vivo disposition characteristics of succinylated (Suc-) pro-
teins were studied after intravenous injection in mice in relation
to their molecular characteristics as negatively charged mac-
rormolecules. Recombinant superoxide dismutase (SOD; mo-
lecular mass, 32 kDa), bovine serum albumin (BSA; molecufar
mass, 67 kDa), and bovine 19G {melecular mass, 150 kDa) were
used to produce succinylated derivatives with different degrees
of modification. ""'In-labeled Suc-SODs were rapidly excreted
into the urine with no significant hepatic uptake. In contrast,
"M In-Sue-BSA and Suc-1gG were significantly taken up by liver
nonparenchymal cells via scavenger receptors (SRs) according
to the degree of succinylation and the dose injected. Interest-
ingly, highly succinylated BSAs exhibited significant accumu-

fation in the kidney at higher doses when the hepatic uptake
was saturated. Pharmacokinetic analysis demonstrated that
the hepatic uptake of succinylated proteins depended on the
molecular size and the estimated surface density of succiny-
lated amino residues. Further analysis based on a physiological
pharmacokinetic model, involving a saturable process with
Michaelis-Menten kinetics, revealed that the surface density of
negative charges was correlated with the affinity of larger suc-
cinylated proteins for the hepatic SRs. Thus, the present study
has provided useful basic information for a therapeutic strategy
and the molecular design of succinylated proteins for use as
drug carriers and therapeutic agents per se for SR-mediated
targeting in vivo.

Site-specific drug delivery is a very important strategy for
the optimization of drug therapy in terms of efficacy and
safety since the pharmacological action of the drug of interest
can be targeted to a specific site in the body. Among a variety
of site-specific drug delivery methods, the vse of a carrier
system that is recognized by specific receptors on the target
cells is one of the most powerful tools for targeted delivery of
a variety of therapeutic agents, including chemotherapeutic
compounds, protein drugs, antisense oligonucleotides, and
genes (Takakura and Hashida, 1996; Wang and Low, 1998;
Smith and Wu, 1999).

Scavenger receptors (SRs), which can recognize anionic
macromolecules with unusually broad but circumseribed li-
gand specificity, are expressed on liver nonparenchymal cells
(endothelial and Kupffer cells) and various macrophages
(Linehan et al., 2000). The ligands for the SRs involve nega-
tively charged proteins, such as maleylated and succinylated

albumins, modified low-density lipoproteins, and polynucle-
otides (Terpstra et al., 2000). In particular, negatively
charged albumins have been used as drug carriers via SRs.
Successful receptor-mediated delivery to macrophages in
vitro has been achieved with low-molecular-weight antitu-
mor agents conjugated with maleylated albumin {Mukho-
padhyay et al., 1992, 1995; Basu et al., 1994). Recently,
maleylated albumin has also been used as a targeting carrier
for a photosensitizer (Nagae et al.,, 1998) and a macrophage-
activating peptide (Srividya et al., 2000a,b) via SRs. In addi-
tion, SR-mediated endocytosis has been used to deliver pro-
teins as antigens. Several studies have shown that the
immunoclogical characteristics of proteins can be modulated
by maleylation (Abraham et al., 1995, 1997; Singh et al.,
1998; Bansal et al., 1999; Nicoletti et al., 1999). In addition,
succinylated or other negatively charged albumins are inter-
esting compounds since they exhibit antiviral effects (Jansen

ABBREVIATIONS: SR, scavenger receptor; SOD, superoxide dismutase; BSA, bovine serum albumin; FITC, fiuorescein isothiocyanate; poly |,
polyinosinic acid; poly C, polycytidylic acid; PAGE, polyacrylamide gel electrophoresis; DTPA, diethylenetriaminepentaacetic acid; Suc-, succi-
nylated; Pl, propidium iodide; vWF, von Willebrand factor; AUC, area under the curve; CL, clearance; PP, ptasma pool; EC, sinusoidal and Disse
spaces; IC, intracellular space; SRA, class Al/AIl SRs.
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et al., 1993; Kuipers et al., 1997). Moreover, we have recently
demonstrated that targeted delivery to liver nonparenchy-
mal cells and improved therapeutic effects of catalase can be
achieved by direct succinylation of the enzyme (Yabe et al,,
1999).

In spite of the therapeutic potential of the delivery ap-
proach based on an SR-mediated mechanism, the relation-
ship between the physicochemical characteristics of nega-
tively charged proteins, such as the molecular weight and
number of negative charges, and their in vivo pharmacoki-
netic profiles are not yet fully understood. Therefore, the
purpose of the present study was to clarify this relationship
to establish a strategy for the rational design of negatively
charged proteins as drug carriers and for therapeutic pur-
poses.

Three kinds of model proteins, recombinant superoxide
dismutase (SOD), bovine serum albumin (BSA), and bhovine
IgG were selected and used to prepare succinylated deriva-
tives with different degrees of modification. The pharmaco-
kinetic characteristics of these succinylated proteins were
studied after systemic administration of various doses to
mice, The in vivo distribution properties of the succinylated
proteins were analyzed and discussed in relation to their
molecular characteristics as negatively charged proteins.

Materials and Methods

Animals, Male ddY mice (25-27 g) were purchased from the
Shizuoka Agricultural Cooperative Association for Laboratory Ani-
mals (Shizuoka, Japan). Animals were maintained under conven-
tional housing conditions.

Chemicals. BSA, IgG, fluorescein isothiocyanate (FITC), polyi-
nosinic acid (poly I} and polyeytidylic acid (poly C) were purchased
from Sigma Chemical {St. Louis, MO). Rabbit anti-human von Wil-
lebrand factor antisera and rhodamine conjugated donkey anti-rab-
bit IgG were purchased from DAKO Japan {Kyoto, Japan) and
Chemicon International, Inc. (Temecula, CA), respectively. Recom-
binant human SOD was supplied by Asahi Kasei (Tokyo, Japan).
Succinic anhydride was obtained from Nacalai Tesque (Kyoto, Ja-
pan). {*In]Indium chloride was supplied by Nihon Medi-Physics
(Takarazuka, Japan). All other chemicals were obtained commer-
cially as reagent-grade products.

Synthesis and Characterization of Succinylated Proteins.
Succinylated proteins with various degrees of modification were
synthesized by reacting different amounts of succinic anhydride with
the e-NH, group of the lysine residues of proteins according to a
previously described method (Takakura et al.,, 1994), In brief, each
protein was dissolved in 0.2 M Tris buffer, pH 8.65, and an appro-
priate amount of succinic anhydride was added. The mixture was
stirred for 12 h at room temperature. The succinylated proteins were
then washed by dialysis, concentrated by ultrafiltration, and lyoph-
ilized. The number of free amino acid groups was determined by
trinitrobenzene sulfonic acid using glycine as a standard to estimate
the degree of modification (Habeeb, 1966). The molecular masses of
the succinylated proteins were estimated by SDS-PAGE. Myosin
(mol. wt., 220,000), phosphorylase (mol. wt., 97,400), BSA (mol. wt.,
66,000), ovalbumin (mol. wt., 46,000}, carbonic anhydrase (mol. wt.,
30,000), trypsin inhibitor (mel. wt., 21,500}, and lysozyme (mol. wt.,
14,300} were used as molecular weight markers. The homogeneity of
synthesized proteins was ascertained from the results of SDS-PAGE.
The bands of succinylated proteins were very sharp and shifted
upward with increasing the degree of succinylation {data not shown).
The SDS-PAGE analysis also showed that polymerization of synthe-
sized proteins was negligible. The apparent surface density of the
succinylated amino groups was determined by dividing the number

51

of succinylated amino groups by the accessible surface area of the
succinylated protein calculated from the following equation: (acces-
sible surface area) = 6.3 (molecular mass)®™ (Miller et al., 1987).
The electrophoretic mobility of the succinylated proteins was deter-
mined using a laser electrophoresis-zeta potential analyzer (LEZA-
500T, Otsuka Electronics).

Radiolabeling and Fluorescein-Labeling of Succinylated
Proteins. For the in vivo disposition experiments, proteins were
radiolabeled with ***In using the bifunctional chelating agent DTPA
anhydride according to the method of Hnatowich et al. (1982).
Briefly, each succinylated protein (5 mg) was dissolved in 1 ml of 0.1
M HEPES buffer, pH 7.0, and mixed with 2- or 3-fold molar amounts
of DTPA anhydride in 20 ul of dimethyl sulfoxide. The mixture was
stirred for 1 h at room temperature and purified by gel filtration,
using a Sephadex G-25 column to remove the unreacted DTPA. The
protein derivative fractions were collected and concentrated by ul-
trafiltration. Then, 20 ul of 1**InCl, solution (74 MBg/ml) was added
to 20 ul of 1 M sodium acetate, and 60 ul of DTPA-coupled derivative
solution was added to the mixture. After 30 min, the mixture was
purified by gel filtration using a PD-10 column and by eluting with
0.1 M acetate buffer, pH 6.0. The derivative fractions were collected
and concentrated by ultrafiltration. This radiclabeling method is
suitable for examining the distribution phase of macromolecules
from plasma to various tissues because any radioactive metabolites
produced after cellular uptake are retained within the cells where
the uptake takes place (Duncan and Welch, 1993; Arano et al., 1994).
For confocal microscopic studies, Sucg,-BSA was labeled with FITC
by the method of Monsigny et al. (1984). In brief, 1 umol of Sucg,-
BSA was dissolved in 10 m! of 0.1 M sodium carbonate buffer, pH 9.5,
and then 3 pmel of FITC was added to the solution, followed by
stirring for 5 h at room temperature. The mixture was purified by gel
filtration using a PD-10 column, eluting with n-butanol/water (5:95),
and dialysis and then concentrated by ultrafiltration and lyophilized.

In Vivo Disposition Experiments. '’ In-labeled succinylated
proteins were injected into the tail vein of male ddY mice at doses of
0.1, 1, 10, and 20 mg/kg. At appropriate times after administration,
blood was collected from the vena cava under ether anesthesia, and
the mice were sacrificed. Heparin sulfate was used as an anticoag-
ulant. Plasma was obtained from the blood by centrifugation. The
kidney, spleen, liver, lung, and heart were removed, rinsed with
saline, and weighed. The amount of '1In radiocactivity in urine was
also determined by collecting the excreted urine and that remaining
in the bladder. The radioactivity in each sample was counted using a
well-type Nal-scintillation counter (ARC-500; Aloka, Tokyo, Japan).
Contamination by plasma in each tissue sample was corrected using
the distribution data for **'In-BSA after intravenous injection, as-
suming that BSA was not taken up by the tissue during the 10-min
period.

For competition experiments, '*'In-labeled Sucy,-BSA (0.1 mg/kg)
was injected into mice 1 min after injection of poly I, poly C, or
Suc,,-BSA at the dose of 10 mp/kg. Ten minutes after injection of
11y labeled Suecg,-BSA, the liver and kidney were collected and
subjected to radioactivity counting as described.

Confocal Microscopic Studies. To examine the cellular local-
ization in the liver and kidney, FITC-Sucg,-BSA was administered
intravenously to mice at a dose of 20 mg/kg. At 10 min after admin-
istration, mice were sacrificed; saline was infused via the portal vein
to remove blood, and the liver and kidney were excised, Slices 5 pm
thick were made, fixed with 20% formalin buffer. Slices were treated
with RNase to avoid staining the cell components, except for the
nucleus, and dyed with propidium iodide (PI) to visualize the nu-
cleus. Liver and kidney endothelial cells were stained by a rabbit
anti-human von Willebrand factor (vWF) antisera at 1:200, followed
by a donkey anti-rabbit IgG rhodamine-conjugated second antibody.
The slices were scanned with a confocal laser microscope (MRC-1024;
Bio-Rad, Hercules, CA).

Calculation of AUC and Clearances. The plasma ''In radio-
activity concentrations were normalized with respect to the percent-



age of the dose per milliliter and analyzed using the nonlinear
least-square program MULTI (Yamaoka et al., 1981). The tissue
distribution patterns were evaluated using tissue uptake clearances
according to the integration plot analysis. The tissue accumulation
at time ¢ was proportional to the AUC,_,. By dividing the tissue
accumulation at time ¢ (X,) and the AUC,_, by the plasma concen-
tration (C,), CLy... Was obtained from the slope of the plot of X,/C,
versus AUC, _/C,.

Pharmacokinetic Analysis Based on a Physiological Model.
The time-courses of the plasma concentrations and liver accumula-
tions of 1'In-labeled succinylated proteins were analyzed based on
the physiological model shown in Fig. 1 (Nishikawa et al., 1995). In
this model, the body is represented by three compartments [i.e., the
plasma pool (PP}, the sinusoidal and Disse spaces in the liver (EC),
and the intracellular space in the liver (IC)]. The PP and EC com-
partments have apparent volumes of distribution V, and V), respec-
tively. The PP compartment represents all the plasma spaces within
the bloed vessels of tissues, except for the liver; it is connected with
the EC by hepatic plasma flow. The uptake of succinylated protein
from EC to IC is expressed as a saturable process exhibiting Michae-
lis-Menten kinetics, with a maximum rate of uptake, V.., (nano-
moles per hour), and a Michaelis constant, K,,, (nanemolar). Extra-
hepatic elimination from PP is assumed to be a saturable process
represented by V., or K, .. At time 0, the injected substance is
assumed to be distributed in the PP and EC compartments at the
same concentration. Mass balance equations for the concentration of
succinylated proteins in PP and EC and the amount of succinylated
proteins in IC are expressed as:

dC Vimaso
(Qc, L c,,)/v,, (1)
dC max
(QC -QC- C,)rv, @)
Km, s Vmax,p
Plasma d \
Pool Extrahepatic
elimination

o] 1o

Sinusoidal and
Disse Spaces

l Km,l, Vmax,l

Hepatic uptake

Intracellular
Space

Fig, 1. Physiological pharmacokinetic model for analyzing the in vive
disposition of succinylated proteins. K, and K, are the Michaelis
constants for plasma pool and liver, respectively. V,,,, ,and V., are the
maximum rates of uptake for plasma pool and hver respectwely Q is the
hepatic plasma flow rate.
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dX! » Vmax.l

‘"C'iT -K—_m,l T Cl C[ (3)
where C, and C, are the concentrations of succinylated proteins in
PP and EC, respectively, X is the amount accumulated in IC, and @
is the hepatic plasma flow rate. The values of Vi, V), and @ were
assumed to be 1.5 ml, 0.15 ml, and 85 ml/h, respectively (Gerlowski
and Jain 1983),

To estimate the effect of the pharmacokinetic parameters on the
relationship between the injected dose and tissue uptake clearance,
a computer simulation was performed. Some values were substituted
for the K, K., 5 Vinaxys and V. o of eqs. 1 to 3; these equations
were solved by the Runge-Kutta-Gill method, and then the tissue
uptake clearance was calculated.

To determine the parameters, these differential equations were
simultaneously fitted to the experimental plasma concentration and
liver accumulation data using the nonlinear least-squares method
MULTI (Yamaoka et al., 1981) associated with the Runge-Kutta-Gill
method MULTI(RUNGE) (Yamacka and Nakagawa, 1983) on the
M382 mainframe computer of Kyoto University Data Processing
Center. The damping Gauss-Newton method was used as an algo-
rithm for the nonlinear least-squares method. The plasma concen-
tration and liver accumulation data were weighted reciprocally (i.e.,
1/C, and I/X)).

Results

Physicochemical Characteristics of Succinylated
Proteins. The physicochemical properties of the suceciny-
lated proteins are summarized in Table 1. In each protein,
the number of succinylated amino groups depended on the
amount of reacted succinic anhydride. Succinylation slightly
increased the molecular weight determined by SDS-PAGE.
The calculated surface density of the succinylated amino
groups correlated with the electrical mobility determined by
the laser electrophoresis-{-potential analyzer (> = 0.7652).

Distribution of '!'In-Succinylated Proteins after In-
travenous Injection. Figure 2 shows the time course of the
plasma concentrations, liver accumulation, and kidney accu-
mulation of "In-Suc-SODs (A-C), "In-Suc-BSAs (D-1),
and "In-Suc-IgGs (J-L), with different degrees of succiny-
lation after intravenous injection in mice together with those
of unmodified proteins. **'In-SOD, '!In-Sucy-SOD, and
111n-Suc,,-SOD rapidly disappeared from the plasma circu-
lation in a similar manner but showed no significant accu-
mulation in the liver after administration (Fig. 2, A-C).
These profiles were independent of the injected dose. How-
ever, a marked difference was observed in their renal excre-
tion, a major elimination pathway for small proteins. Un-
modified SOD and Suc,-SOD  exhibited significant
accumaulation in the kidney, which decreased with a concom-
itant increase in urinary excretion (data not shown) as the
dose increased. However, Suc,,-S0D was mainly recovered
in the urine (30% of dose) with minimal renal uptake (ap-
proximately 15% of the dose), regardless of the injected dose.

On the other hand, Suc-BSAs showed distinct biodistribu-
tion profiles according to the degree of succinylation and the
administered dose (Fig. 2, E-I). *'1In-Suc,,-BSA remained in
the blood circulation for a long time, and only a little was
taken up by the liver. This profile was similar to that of
1111n-BSA (Fig. 2D). With an increase in the degree of succi-
nylation, the elimination rate from the plasma circulation
and the amount of Suc-BSA taken up by the liver increased,
and Suc,,-BSA, Suc,;-BSA, and Sucg,-BSA all showed sim-
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TABLE 1
Physicochemical characteristics of succinylated proteins
Number of Surface et
umoer o Molecular ace Liensy Electrical
Arming Pasrduss® Weight® ﬂ?ﬁ%ﬁj’}j‘ﬁf Mobility” x10°
X
maol fmol molecules/A? cem?IVs
50D 0 32,000 0 -0.061 = 0.133
Suc,-50D 9.3 33,000 0.745 -0.191 * 0.257
Suc,,-S0D 2186 34,000 1.683 -0.582 = 0.273
BSA 0 67,000 0 -0.353 = 0.114
Suc,,-BSA 19.7 63,000 0.920 —0.588 x 0.541
Suc,-BSA 28.0 72,300 1.260 —0.946 = 0,192
Suc,-BSA 39.7 75,900 1.724 —-1.277 = 0.557
Suc,,-BSA 46.1 79,800 1.930 —-1.672 = 0.359
Sucg,-BSA 53.8 84,300 2.157 -1.912 * 0,336
IgG 0 150,000 0 0.027 x 0.024
Suey,-IgG 222 165,000 0.547 -0.276 * 0.046
Sueg,-IgG 49.9 177,000 1.169 —0.808 * 0.081

2 The numbers of succinylated amino groups were determined by the TNBS method.

b The molecular weights of compounds were estimated by SDS-PAGE.

* Surface density of succinylated amino residues was calculated by dividing the number of succinylated amino groups by the surface area of the protein,
4 Electrical mobilities were determined using a laser electrophoresis-zeta potential analyzer (LEZA-500T), Results were expressed as mean *+ S.D.

ilar profiles. The hepatic uptake seemed to be saturable since
increasing the dose reduced the amount and the rate of liver
accumulation. Furthermore, it was shown that highly succi-
nylated BSAs (Suc,,-BSA, Suc,s-BSA, and Suc;,-BSA) were
taken up by kidney, especially at higher doses, although BSA
did not undergo glomerular filtration under a normal physi-
ological condition.

A similar degree of succinylation-dependent hepatic up-
take was observed for the larger protein IgG (Fig. 2, J and L).
1ITn-Suc,,-1gG was taken up by the liver at a lower dose, but
the rate was slower than that of highly succinylated BSA. On
the other hand, 'In-IgG and **In-Suc,,-IgG were retained
in the plasma circulation for a long time after intravenous
injection, without any significant accumulation in the liver.
No marked renal uptake was observed for native IgG and
these IgG derivatives. No significant radioactivity was recov-
ered in any tissues other than the liver and kidney after
administration of all types of succinylated protein.

Confocal Microscopic Studies. Figure 3 shows the con-
focal microscopic images of mouse liver (A and C) and kidney
(B and D) 10 min after injection of FITC-Suc,,-BSA (20
mg/kg). The images in Fig. 3, A and B, are stained by PI, and
the images shown in Fig. 3, C and D, are stained immuno-
histochemically by anti-vWF antibody. In Fig. 34, FITC de-
rived from Suc,,-BSA was localized in the cells with smaller
nuclei along with the sinusoid not in the parenchymal cells
with larger nuclei, indicating that FITC-Sucg,-BSA was
selectively internalized by liver nonparenchymal cells, in-
cluding endothelial and/or Kupffer cells. Immunohisto-
chemical staining with endothelial cell-specific anti-vWF
antiboedy showed that vWF positive cells are the major
contributors for the uptake (Fig. 3C). On the other hand,
vWF positive cells in the kidney were not responsible for
the renal uptake of FITC-Suc,,-BSA (Fig. 3B and 3D). It
seemed that strong fluorescein staining was observed in
the luminal side of the proximal renal tubule, suggesting
FITC-Sues-BSA underwent glomerular filtration and was
taken up by the tubular cells, although the BSA deriva-
tives cannot pass through the glomerular capillary wall
due to size restriction.

23

Competition of Hepatic and Renal Uptake of '''In-
labeled Suc;,-BSA by Preadministration of Poly I, Poly
C, or Suc,,-BSA. To determine whether !In-labeled suc-
cinylated proteins are taken up by the liver and by the kidney
via specific receptors, competition studies were performed
using poly I, poly C, and Suc,,-BSA (Fig. 4). Hepatic uptake
of ' In-Sucg,-BSA was significantly inhibited by poly I and
Sueg,-BSA but not by poly C (Fig. 4A), indieating that sucei-
nylated proteins could be taken up by the liver via SRs. On
the other hand, renal uptake of ''In-Sucy,-BSA was not
obviously inhibited by pely I and poly C, and rather Suc,,-
BSA increased the amount of Sue,-BSA in the kidney (Fig.
4B). These results show that renal uptake of succinylated
proteins was independent of scavenger receptor-mediated
endocytosis.

Calculation of AUC and Organ Uptake Clearances.
For a quantitative comparison between the distribution pro-
files of the native and succinylated proteins, the clearance
values for the total body (CL,,), liver (CLy,.,), kidney
(CLyigney)s and urine (CL,;..), as well as the AUC, were
calculated based on the distribution data shown in Fig. 2 and
summarized in Table 2. As far as Suc-SOD was concerned,
the CL,.; was almost independent of the injected dose, and
Cly;aney and CL,, ;.. clearances made a major contribution,
although the CLy;,.,. was slightly high in the case of Sucy,-
SOD. These results sugpgested that glomerular filtration was
a key pathway for the elimination of Suc-SOD after intrave-
nous injection. The CLy4,., value of Suce-SOD was signifi-
cantly higher than that of Suc,,-SOD, suggesting that Suc,-
SOD underwent more efficient tubular reabsorption. As the
injected dose increased, the CLy 4., decreased and CL,;,,.
increased, indicating that saturation of tubular uptake took
place. On the other hand, in the case of Suc-BSA or Suc-IgG,
the CL,,., and CLy,.. (the main contributor to the CL,,,.)
varied depending on the degree of succinylation and the
injected dose. At the lowest dose (0.1 mg/kg), Suc,.-BSA and
Sucg-BSA had a large CL;, ., of about 70 ml/h, a value that
is close to the hepatic plasma flow rate (85 ml/h) in mice, and
the CL,,,.. value fell with a decrease in the number of succi-
nylations per BSA molecule (48.0, 9.4, and 0.4 mlh for Suc,,-
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BSA, Suc,,-BSA, and Suc,,-BSA, respectively), suggesting
that the degree of succinylation determines the rate of he-
patic uptake. On increasing the injected dose, the CLy;,.,
value for each derivative significantly decreased. Regardless
of their molecular weight being greater than the threshold of
glomeralar filtration, Suc-BSAs with a higher degree of suc-
cinylation showed relatively large CL,;4,., values. At the
higher doses (10 and 20 mg/kg), the CLy4,,., values for Suc,-
BSA and Sueg,-BSA were comparable with the CLy,,,,, indi-
cating that renal uptake plays an important role in the dis-
position of Suc-BSAs under these conditions. Although
clearances were very small for Suc,,-IgG, the clearance val-
ues of Sucg,-IgG were similar to those of Suc,s-BSA.

Further analysis was carried out to investigate the rela-
tionship between the physicochemical properties and dispo-
sition characteristics of the succinylated proteins. In Fig. 5,
the hepatic uptake clearances of Suc-IgGs, Suc-BSAs, and
Suc-S0Ds at the lowest dose of 0.1 mg’kg were plotted as a
function of the estimated surface density of the succinylated
amino groups of these proteins to compare the clearances of
the succinylated proteins with different molecular weights.
The CLy,., for succinylated catalase (molecular mass, 250
kDa), which has been shown to be effectively taken up by the
liver nonparenchymal cells in our previous study (Yabe et al.,
1999), was also included in Fig. 5. A good correlation was
observed between the surface density of succinylated amino
groups and the hepatic uptake clearance, up to a density of
about 1.5 X 10® molecules/A2; the clearances increased in
parallel with the density. Above this density, the clearance
values for the liver remained almost constant. These results
imply that the apparent surface density of the succinylated
amino groups of modified proteins could be a determinant for
recognition by SRs on liver nonparenchymal cells. The CL,,,..
value for Suc,,-SOD, however, did not fit this correlation.
Despite its relatively high surface density of succinylated
amino residues (1.68 X 102 molecules/A?), the CL,,., was
low. This result suggests that the molecular weight or size of
the succinylated proteins may be ancther important factor.

Simulation Studies Based on a Physiological Model.
Before determination of the pharmacokinetic parameters in
the physiological model shown in Fig. 1, computer simulation
studies were carried out to ascertain theoretically the effect
of the pharmacokinetic parameters in the model on the rela-
tionship between the tissue uptake clearance and injected
dose. As shown in Fig. 6, when the K, value increased from
0.1 to 500 pg/ml, the absolute value of the tissue uptake
clearance became lower, and the slope of the curve became
more gentle with the threshold dose for rapidly decreasing
clearance shifting to a lower dose. In contrast, when the V.,
value increased from 1 to 200 ug/h, the absolute clearance
value decreased, whereas the profile of the clearance as a
function of the injected dose remained almost unchanged.
These computer simulation results indicate that the dose
dependence of the clearance profiles was significantly af-
fected by K, but not by V...

Figure 7 shows the relationship between the hepatic up-

Fig. 2. Time-courses of plasma concentrations and liver and kidney
accumulation of '*'In-labeled SOD (A), Sucg-SOD (B), Suc,,-SOD (C),
BSA (D), Suc,,-BSA (E), Suc,e-BSA (F), Suc,,-BSA (G), Suc,-BSA (H),
Sucg,-BSA (I}, IgG (), Suc,,-IgG (K), and Suecg,-1gG (L) in mice after
intravenous injection of doses of 0.1 (@), 1 (O), 10 (¥), and 20 (V) mg/kg.
Results are expressed as the mean = S. D. of three mice.
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take clearances and the injected dose of Suc-IgGs (Fig. 7A}
and Suc-BSAs (Fig, 7B) based on the experimental data. The
hepatic uptake clearance values decreased, and the slope of
the dose-hepatic uptake clearance curve decreased, in paral-
lel with the reduction in the number of succinylated amino
groups. Together with the results of the computer simulation
study (Fig. 6), these results suggest that the affinity for SRs
in the liver depends on the surface density of the succinylated
amino groups on Suc-IgGs and Suc-BSAs. Moreover, the
slope of Suc,-BSA was almost equal to that of Suc,,-1gG,
whose surface density of succinylated amino groups was sim-
ilar to that of Suc,-BSA. These results show that molecular
size and the surface density of succinylated amino groups
were important for recognition of hepatic SRs,
Pharmacokinetic Analysis of Distribution Profiles of
Succinylated Proteins Based on a Physiological
Model. Differential egs. 1 to 3 were simultaneously fitted to
the experimental data of the plasma concentrations and liver
accumulation of each "'In-Suc-BSA, and four parameters
(Ken s Vinats Ky oy and V) were estimated (Table 3). The

Fig. 3. Confocal microscopic images of liver (A and C) and
kidney (B and D) sections of mice 10 min after intravenous
injection of FITC-labeled Suc,,-BSA at a dose of 20 mg/kg.
Green signals are derived from FITC-Suc,,-BSA and red
ones from PI for nuclear staining (A and B) or from rho-
damine for vascular endothelial cells (C and D). Yellow
color indicates that FITC and rhodamine colocalize in the
same site.

files of Suc-BSAs (data not shown). Figure 8 illustrates the
K., and K values of all Suc-BSAs plotted against the
surface density of the succinylated amino groups. These pa-
rameters, K | and K, ., which ¢orrespond to the affinity of
the succinylated proteins for hepatic uptake and extrahe-
patic elimination, respectively, correlated with the surface
density of the succinylated amino groups (Fig. 8). With an
increase in the surface density, K, , decreased from 2500 nM
for Suc,-BSA to 5.3 nM for the Sue,,-BSA, and K, , de-
creased from 24,000 nM to 230 nM. On the other hand, V.
and V., ., remained relatively constant. The parameters of
Suege-IgG were also plotted to examine the correlation for
Sue-BSAs. These results suggested that the in vivo affinity of
the succinylated proteins for SRs was closely related to the
surface density of the succinylated amino groups on the mod-
ified proteins.

Discussion

In recent years, several new members of the SR family
have been cloned on the basis of their ability to recognize
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Fig. 4. Competition of hepatic and
renal uptake of !'In-Suc,,-BSA by
preadministration of poly I, poly C,
or Suc,,-BSA after intravenous in-
jection in mice. [*''In)Suc,,-BSA
(0.1 mg/kg) was injected 1 min after
injection of unlabeled competitive
macromolecules (20 mg/kg). Results
were expressed as mean = S. D. of
three mice. Statistically significant
difference based on Student’s ¢ test
compared with each control.

Control Control
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TABLE 2
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AUC and clearances of 1 In-labeled succinylated proteins in mice after intravenous injection at the doses of 0.1, 1, 10, and 20 mg/kg

AUC and clearances were calculated from experimental data shown in Fig. 2.

Clearance
Compound Dose AUC
CLtohl CLliver CLhdnr‘y CLurine
mglhkg hr+ % of dose/ml mlihr

S0D ¢.1 6.83 146 0.04 13.0 0.18

20 6.97 14.3 0.03 5.20 3.56

Suc,-50D 0.1 5.73 17.5 0.05 13.6 0.74

1 "4.88 20.5 0.06 13.5 2.59

10 5.84 17.1 0.04 4.45 5.30

20 4.75 21.0 0.04 4.73 8.93

Suc,,-SOD 0.1 4.61 217 1.04 2.98 4,10

1 3.48 28.7 1.19 2.51 7.33

10 3.42 292 1.06 3.48 5.56

20 4.34 23.1 0.08 2.86 7.37
BSA 0.1 145.96 0.69 0.002 0.020 0.002
20 144.97 0.69 0.013 0.024 0.002
Suc,,-BSA 0.1 144.93 0.69 0.42 0.03 0.006
1 201.61 0.50 0.29 0.04 0.005

10 85.69 1.17 0.20 0.08 0.02

20 134.95 0.74 0.20 0.06 0.01

Suc,;-BSA 0.1 6.46 15.5 2.35 1.23 0.39

1 16.21 6.17 3.87 0.14 0.02

10 44.74 2.24 0.81 0.23 0.11

20 65.66 1.52 0.66 0.17 0

Sue,,-BSA 0.1 1.54 64.9 48.0 1.82 0.17

1 4.34 23.0 14.4 0.94 0.26

10 22.03 4.54 2.22 0.49 0.03

20 27.83 3.59 1.46 0.60 0.04

Suc,BSA 0.1 0.71 140.5 72.2 3.46 1.14

1 431 23.2 125 1.07 1.69

10 23.70 4.22 1.37 0.93 0.54

20 20.44 4.89 1.53 1.04 0.24

Sue,,-BSA a1 0.71 141.5 69.4 5.59 231

1 2.95 339 14.7 2.63 131

10 22.20 5.40 0.81 1.20 0.29

20 23.29 4,29 0.35 1.42 0.25
I1sG 0.1 138.52 0.72 0.03 0.02 0.056
20 250.01 0.40 0.02 0.01 0.0486
Sue,,-1gG 0.1 164.58 0.61 0.04 0.02 0.006
1 237.12 0.42 0.03 0.02 0.005
10 213.69 0.46 0.04 0.02 0.003

20 215.84 0.46 0.04 0.02 0.02

Sucg,-IgG 0.1 6.16 16.2 7.39 0.64 0.50

1 18.76 5.33 2.44 0.22 0.10

10 47.35 2.11 0.84 0.10 0.04

20 34.91 2.86 0.07 0.07 0.02

modified lipeproteins, and the family has been divided into
six classes (Terpstra et al., 2000). The distinct, but partly
overlapping, binding properties of the SR classes represent a
complication in defining their respective activity in terms of
ligand uptake. Most SRs can bind a variety of polyanionic
ligands, including negatively charged albumins. Since many
of the SRs are expressed in sinusoida! endothelial cells and
Kupffer cells in the liver, plural SRs may be responsible for
the hepatic uptake of succinylated proteins. We and others
have shown that highly succinylated albumins are exten-
sively taken up by mouse and rat liver (Franssen et al., 1993;
Jansen et al., 1993; Takakura et al., 1994; Furitsu et al,,
1997; Kuipers et al., 1997). Although both Kupffer cells and
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liver endothelial cells were involved in the uptake, the endo-
thelial cells made the greatest contribution. The hepatic up-
take of Suc-BSA was significantly inhibited by maleylated
BSA, dextran sulfate, and poly I but not by poly C. This
inhibition profile was similar to that observed in class AI/AII
SRs (SRA), the most well characterized SRs (Krieger, 1992;
Gough and Gordon, 2000). For a rational design of succiny-
lated proteins for SR-mediated targeting, it is necessary to
understand the quantitative relationship between the phys-
icochemical characteristics and the nonlinear in vivo phar-
macokinetics. Although our previous studies suggested the
importance of the molecular weight of proteins (Takakura et
al.,, 1994; Furitsu et al.,, 1997), a detailed analysis of this



474

Yamasaki et al.

108
g o
5
5
s 104 " Y
5
Q
.?é
& 107 4
f:-; v . Suc-IgG
:i::& 104 </ Suc-BSA
. @ @ Su_c—SOD
Suc-CAT
10" - - '
0.5 1.0 1.5 20 2.3

Fig. 5. Estimated surface density of succinylated amino groups x 102
(molecules/A?). Hepatic (A} and renal (B) uptake clearances of !'In-
labeled Suc-IgG (@), Suc-BSA (V), Suc-30D (#), and succinylated cata-
lase (#) in mice after intravenous injection at a dose of 0.1 mgkg.

remained to be carried out. In the present study, a systematic
pharmacokinetic study was performed using a series of suc-
cinylated proteins with various molecular weights and de-
gree of modification to achieve this aim.

In this study, we used !'In-labeled succinylated proteins
that are more suitable than those labeled with radioiodine to
estimate the tissue distribution since the radioactivity re-
mains within the lysosomes and is only slowly released from
cells after receptor-mediated endocytosis. This property en-
ables us to quantitatively determine the tissue distribution

(A) Michaelis constant
108

10°

by counting radioactivity. However, the amount of '*'In ra-
dioactivity in tissues gradually decreased in some cases, es-
pecially the hepatic aceumulation of highly succinylated pro-
teins at lower doses (Fig. 2). Therefore, we used the
distribution data showing no obvious decrease in radioactiv-
ity to calculate the organ uptake clearances and to fit the
differential equations to the experimental data.

The present study has demonstrated that succinylated pro-
teins are selectively taken up by liver nonparenchymal cells
via SRs according to the degree of succinylation and the
injected dose. Confocal microscopic studies, including immu-
nohistochemical studies, showed a significant contribution of
the liver nonparenchymal cells, especially endothelial cells,
to the hepatic uptake of Suc-BSA (Fig. 3). Furthermore,
involvement of the SR was confirmed by the competition
experiments using poly I, a typical ligand for the receptor
(Fig. 4). The hepatic uptake clearance correlated well with
the estimated surface density of the succinylated amino
groups, suggesting that a negative charge density is a critical
factor for recognition by SRs. Further pharmacokinetic anal-
ysis showed that the affinity corresponded well to the nega-
tive charge density. Suc,,-SOD, however, failed to be taken
up by the liver regardless of its high negative-charge density.
Taken together, these results suggest that not only the neg-
ative-charge density, but also the molecular weight or size is
important. These findings provide useful guidelines for the
development of targeted delivery systems using succinylated
proteins. To design a molecule for efficient SR-mediated he-
patic targeting, a protein larger than BSA, having a succiny-
lated amino group density of about 1.5 X 10% molecules/AZ,
should be used. Higher densities than this will not dramati-
cally increase targeting efficacy. This information will be
important when succinylation is applied to biologically active
proteins, such as enzymes. Since unnecessary chemical mod-
ification sometimes impairs the activity, an appropriate min-
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Fig. 6. Simulation of the effect of
pharmacokinetic parameters [i.e.,
Michaelis constant (A) and maximum
rate (B)] on the relationship between
the tissue uptake clearance and in-
Jjected dose.
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