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SUMMARY

Low density lipoprotein (LDL) is a spherical particle with a
diameter of 22 nm. It consists of an apolipoprotein and a lipid
moiety, in which a variety of lipophilic drugs and prodrugs can
be incorporated. In the present study, lactose was coupled to
the apolipoprotein of LDL by reductive amination (398 + 40
residues/LDL particle). After injection into rats, radioactively la-
beled lactosylated LDL was cleared rapidly from the plasma (half-
life, <2 min). Ten minutes after injection, the liver contained
about 90% of the dose, whereas only small amounts of radio-
activity were found in other tissues. Preinjection of N-acetyiga-
lactosamine completely blocked liver uptake, whereas N-acetyl-
glucosamine was ineffective. This indicates that the hepatic
recognition site is galactose specific. Subcellular fractionation of
liver indicated that the recognition of lactosylated LDL is followed

by intemalization and degradation of the apolipoprotein in the
lysosomes. In the liver, Kupffer cells are mainly ible for
uptake. At 10 min after injection, these cells contained a 70 and
7 times higher amount of lactosylated LDL per mg of cell protein
than parenchymal and endothelial cells, respectively. After galac-
tose-specific uptake in parenchymal cells was blocked with
asialofetuin, the relative concentration in Kupffer cells was even
higher. The hepatic uptake of the lipid moiety of lactosylated
LDL, labeled with [*H]cholesteryl oleoyl ether, was identical to
that of the '*|Habeled apolipoporotein, which indicates that the
particle is taken up as a unit. Thus, lactosylated LDL is taken up
rapidly and selectively by Kupffer cells, and it appears that it
might be a very effective vehicle for the specific delivery of
lipophilic drugs, e.g., immunomodaulators, to these cells.

Recent advances in molecular and cell biology have led to a
better understanding of the mechanisms of uptake and subse-
quent handling of molecules by cells. The newly attained know-
ledge can be used to increase the therapeutic indices and
efficacies of drugs by developing methods for the specific deliv-
ery to their desired sites of action. For instance, cell surface
receptors that are unique for a particular cell type could be
used to specifically target drugs to this cell type.

In liver, both Kupffer and parenchymal cells possess recep-
tors that specifically bind and internalize D-galactose-contain-
ing material. The receptor on parenchymal cells is the classical
asialoglycoprotein receptor that was originally described by
Ashwell and Morell (1). The receptor on Kupffer cells was
characterized more recently (2). This receptor is different from
the receptor on parenchymal cells (3), and it was found that it
specifically recognizes particles larger than 10-15 nm that have
exposed galactose residues (4). Recent evidence suggests that
this so-called galactose-particle receptor might be identical to
a circulating lectin, serum amyloid P (5). Because galactose-
specific receptors are largely confined to Kupffer and liver
parenchymal cells, they can be considered suitable targets for
the specific delivery of drugs to these cells.

! Supported by the Dutch Heart Foundation (Grant 85.050).

In earlier studies, it was shown that liposomes with galactose-
containing structures on their surfaces can be taken up via
galactose-specific receptors on both liver cell types (6-9). In
the present study, LDL was modified to direct it to hepatic
galactose receptors. LDL is a spherical particle with a diameter
of about 22 nm. It consists of an apolar core, which is composed
of cholesteryl esters, surrounded by a phospholipid monolayer
in which cholesterol and a specific apolipoprotein (apolipopro-
tein B-100) are embedded (10). Because a variety of highly
lipophilic compounds can be easily incorporated in the hydro-
phobic core of LDL (11, 12), it may be used as a carrier for
lipophilic drugs. The apolipoprotein can be used for modifica-
tion, and in the present study we have coupled terminal galac-
tose residues to the apolipoprotein by reductive amination.

The results presented here indicate that lactosylated LDL is
rapidly and specifically internalized by the galactose-specific
receptors on Kupffer cells. Lactosylated LDL seems, therefore,
to be a suitable carrier for the specific delivery of lipophilic
drugs to these cells.

Experimental Procedures

Reagents. Lactose was supplied by Merck (Darmstadt, FRG). So-
dium cyanoborohydride was from Aldrich (Brussels, Belgium). [1a,2a-
(N)-*H]Cholesteryl oleoyl ether, '*I (carrier free), and [D-glucose-1-

ABBREVIATIONS: LDL, low density lipoprotein; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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“C]lactose were supplied by Amersham International (Amersham,
Bucks, UK). Collagenase type I, N-acetyl-D-galactosamine, N-acetyl-
D-glucosamine, bovine serum albumin (fraction V), agarose-bound
neuraminidase (from Clostridium perfringens; type VI-A), and fetuin
(type IV) were obtained from Sigma (St. Louis, MO). All other chemi-
cals were analytical grade.

Fetuin was desialyated enzymatically by incubating the protein,
which was dissolved in 0.1 M sodium acetate buffer, pH 5.5, with
agarose-bound neuraminidase (20 milliunits/ml) for 4 hr at 37°. A
minimum of 80% of the sialic acid residues, assayed as described earlier
(13), were removed by this procedure.

Isolation and radiolabeling of LDL. Human LDL (1.019 <d <
1.083) was isolated by two repetitive centrifugations, as described
earlier (14). The lipoprotein was labeled with '] as described previously
(15). Less than 1% of the labeled material was trichloroacetic acid
soluble. For some experiments, LDL was labeled with '**I-tyramine-
cellobiose. Synthesis and subsequent radioiodination of tyramine-cel-
lobiose were carried out as described. earlier (16). Coupling of '*I-
tyramine-cellobiose to LDL was done as follows. To 50 gl of 0.3 mM
1] tyramine-cellobiose were successively added 20 ul 0.75 mM cyanuric
chloride in acetone and 10 ul of 3.0 mM NaOH. After 20 sec, 20 ul of
2.25 mM acetic acid were added. The resulting activated ligand was
added to 1-2 mg of LDL in 1 ml of 20 mM sodium tetraborate buffer,
pH 9.0, that contained 0.12 M NaCl and 1 mM EDTA. After 30 min at
room temperature, the reaction was quenched by the addition of an
equal volume of 0.2 M NHHCO;. Unbound label was removed by
exhaustive dialysis against phosphate-buffered saline (10 mM sodium
phosphate buffer, pH 7.4, containing 150 mM NaCl and 1 mM EDTA).
Less than 1% of the labeled material was trichloroacetic acid soluble.

Lactosylation of LDL. Human LDL (2 mg/ml) in 20 mM sodium
phosphate buffer, pH 7.0, that contained 1 mM EDTA) was incubated
at room temperature with lactose and sodium cyanoborohydride to
final concentrations of 100 and 50 mg/ml, respectively. After 7 days,
the reaction mixture was diluted 5-fold with phosphate-buffered saline
and was dialyzed exhaustively against this buffer.

Extraction of lactosylated LDL. [*C]Lactosylated LDL, which
was dissolved in borate-buffered saline (10 mM sodium borate buffer,
pH 7.0, containing 150 mM NaCl and 1 mM EDTA), was freeze dried.
The lyophilized material was extracted with ethanol/diethyl ether (3:1)
for 16 hr at 4° and was subsequently centrifuged for 5 min at 2000 X g.
The supernatant was aspirated, and the pellet was subjected to two
similar extractions for 4 hr each. The final pellet was washed with
ether, dried, and dissolved in 0.1 M sodium dodecyl sulfate. The dis-
solved pellet and the combined supernatants of the extractions were
assayed for protein, phosphate (17), and radioactivity.

Incorporation of [*H]cholesterol oleoyl ether into lactosylated
LDL. The incorporation was carried out essentially as described by
Blombhoff et al. (18). Twenty-five microcuries of [*H]cholesteryl oleoyl
ether, which was dissolved in 200 ul of acetone, were mixed with 2 ml
of lipoprotein-deficient human serum (obtained by density gradient
centrifugation; d > 1.21 g/ml), and the acetone was evaporated under
a stream of nitrogen. After 20 min at room temperature, the mixture
was shaken for 10 min at 37°. Then, 1 ml of a lactosylated LDL solution
(1-2 mg of apolipoprotein/ml in phosphate-buffered saline) was added
and the mixture was incubated for 5 hr at 37°. The labeled lactosylated
LDL (specific radioactivity, approximately 20 X 10° dpm/mg of apo-
protein) was subsequently purified by density gradient centrifugation.
The preparations contained some loosely associated radioactivity. They
were, therefore, screened by injecting 0.5 mg of the modified lipoprotein
into rats that had been pretreated with 400 mg of N-acetylgalactosa-
mine/kg of body weight. Total serum was collected 10 min later, and
was used after dialysis against phosphate-buffered saline.

In vivo serum clearance and liver association. Male Wistar
rats, weighing between 225 and 325 g, were used. The animals were
anaesthesized by intraperitoneal injection of 15-20 mg of sodium
pentobarbital and the abdomen was opened. Radiolabeled lactosylated
LDL was injected via the vena penis at a dose of 50 ug of apolipoprotein/
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kg of body weight. At the indicated times, blood samples of 0.2-0.3 ml
were taken from the inferior vena cava and were collected in heparin-
ized tubes. The samples were centrifuged for 2 min at 16,000 X g.
Duplicate samples of plasma were assayed for radioactivity after pre-
cipitation of protein with 10% (w/v) trichloroacetic acid. The total
amount of radioactivity in plasma was calculated using the equation:
plasma volume (ml) = [0.0219 X body weight (g)] + 2.66. This relation
between plasma volume and body weight was determined as described
previously (19), using 17 rats with body weights ranging from 140 to
340 g.

At the indicated times, liver lobules were tied off and excised, and
at the end of the experiment the remainder of the liver was removed.
The amount of liver tissue tied off successively did not exceed 15% of
the total liver mass. Radioactivity in liver at each time point was
calculated from the radioactivity and weights of the liver samples and
was corrected for the radioactivity in plasma assumed to be present in
the tissue at the time of sampling (85 ul/g fresh weight; Ref. 20).

Isolation of liver cells. Rats were anaesthesized and injected with
lactosylated LDL as described in the previous section. Ten minutes
later, the vena porta was canulated and the liver was perfused with
Ca’*-free Hanks’ balanced salt solution that contained 10 mmM HEPES,
pH 7.4 (8°), at a flow rate of 14 ml/min. After 8 min, a lobule was tied
off for determination of the total liver uptake. Then, the liver was
perfused with 0.05% (w/v) collagenase in Hanks’ solution that con-
tained 10 mM HEPES, pH 7.4, and parenchymal and nonparenchymal
cells were isolated as described previously (15). The nonparenchymal
cell preparation was further fractionated into endothelial and Kupffer
cells by centrifugal elutriation, as described in detail earlier (21). The
contributions of the various cell types to the total liver uptake was
calculated as described previously (21). As found earlier with other
substrates (15, 21, 22), no significant amounts of radioactivity were
lost from the cells during the isolation procedure. This was checked in
each experiment by comparing the calculated liver uptake (i.e., the
summation of the contributions of the various cell types) with the value
actually measured in the liver lobule.

Determination of proteins. Protein concentrations in homoge-
nates, subcellular fractions, cell suspensions, and solutions of LDL
were determined by the method of Lowry et al. (23), with bovine serum
albumin as the standard. The values found for LDL were multiplied by
a factor of 0.82 to correct for the higher color yield of apolipoprotein B
(24).

Results

Incorporation of lactose into LDL. Terminal D-galactosyl
residues were incorporated into LDL by incubation of the
lipoprotein with 100 mg/ml lactose (D-galactosyl-D-glucose)
and 50 mg/ml sodium cyanoborohydride. The latter reduces
the Schiff base between the glucose moiety of lactose and amino
groups on LDL, which results in covalent attachment of lactose
to LDL (25). The extent of incorporation was studied by
measuring radioactivity in the lipoprotein after incubation with
[**C]lactose and sodium cyanoborohydride. It was found that
398 + 40 mol of lactose (mean + SE; three experiments) were
incorporated per mol of LDL. Incubation for longer periods did
not result in a higher degree of substitution.

An LDL particle consists of an apolipoprotein and a lipid
moiety. To determine the site of incorporation of lactose, the
protein and lipid moieties of [**C]lactosylated LDL were sepa-
rated by extraction with ethanol/ether. The results, shown in
Table 1, indicate that lactose was predominantly associated
with the apolipoprotein. The lipid fraction contained only a
small amount of radioactivity, presumably due to contamina-
tion with protein. Because apolipoprotein B contains 355 lysine
residues (26) and one lysine residue can react with two lactose
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TABLE 1

Distribution of lactose over the apolipoprotein and the lipid moiety
of lactosylated LDL
Omniwuno'LDLwaslacﬁosytatedwih[“C]actose(spedﬁcmdoecﬁvﬁy 0.1
uCi/mg) as described in Procedures. The apolipoprotein and lipid
moleties were separated by extraction with ethanol/ether. Themidmdapobopro-
tein fractions were assayed for protein, total phosphorus, and radioactivity. Values
given, expressed as percentage of recovered amounts, are means + standard
errors of three separate experiments. Recoveries were phosphate, 104 + 16%;
protein, 129 + 13%; and radioactivity, 99 + 5%.

% of recovered amount
Phosphate 7+1 93+ 1
Protein 87+4 13+4
Radioactivity 94 +2 6+2
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Fig. 1. Density gradient centrifugation of LDL and lactosylated LDL.
Radiolodinated lactosylated LDL and native LDL (0.25 mg of apolipopro-
tein) were subjected to density gradient centrifugation as described by
Redgrave et al. (14). The gradients (12 mi) were fractionated into fractions
of approximately 0.7 mi. The fractions were assayed for radioactivity (@)
and cholesterol (O), and their densities were measured. Recoveries of
radioactivity and cholesterol were 94-105%.

molecules, it can be calculated that a minimum of 56% of the
lysine residues of the apolipoprotein are substituted.

Lactosylated LDL was also analyzed by density gradient
centrifugation. As shown in Fig. 1, the density of lactosylated
LDL (peak density, 1.053 g/ml) was slightly different from that
of unmodified LDL (peak density, 1.038 g/ml). Protein and
cholesterol of lactosylated LDL were found at the same density,
which indicates that lactosylation does not affect the integrity
of the LDL particle.

Plasma clearance and liver uptake of lactosylated

LDL. Native LDL disappears very slowly from the circulation
of the rat (half-life, 5-10 hr), and only 2.1 + 0.1% (mean + SE
of eight animals) of the injected dose is found in the liver at 10
min after injection of radiolabeled LDL. In sharp contrast,
lactosylated '*I-LDL was cleared from plasma very rapidly
after intravenous injection into rats. Virtually all the injected
material was cleared from the circulation within 10 min. The
decrease in plasma radioactivity coincided with an increase in
radioactivity associated with the liver. Radioactivity in liver
was maximal at 10 min after injection and subsequently de-
clined. The decrease in liver radioactivity was accompanied by
an increase in the trichloroacetic acid-soluble radioactivity in
liver and plasma (see Fig. 2 insets). These findings indicate
that lactosylated LDL, once associated with the liver, is de-
graded to acid-soluble products that diffuse into the blood. The
lag periods in the increase in acid-soluble radioactivity in
plasma and liver suggest that lactosylated LDL has to be
internalized before degradation takes place. To investigate the
intracellular processing of lactosylated LDL, the liver was
subjected to a subcellular fractionation (27). For these experi-
ments, LDL was labeled with *I-tyramine-cellobiose, a label
that after degradation of the protein is retained in cells (16).
The distribution pattern of radioactivity closely resembles that
of the lysosomal marker acid phosphatase (Fig. 3), whereas the
microsomal marker glucose-6-phosphatase and the cytoplasmic
marker lactate dehydrogenase show clearly different distribu-
tions.

The mechanism of liver association was determined by pre-
treating the animals with either N-acetylgalactosamine or N-
acetylglucosamine. Pretreatment of rats with N-acetylgalacto-
samine (400 mg/kg of body weight) dramatically inhibited
plasma clearance and liver uptake of lactosylated LDL, whereas
pretreatment with the same dose of N-acetylglucosamine had
no effect at all (see Fig. 4). This indicates that galactose-specific
recognition sites in the liver are responsible for uptake.

Tissue distribution of lactosylated LDL. The results
shown in the previous section point to a predominant role of
the liver in the removal of lactosylated LDL from the circula-
tion. To investigate possible specific uptake by other organs
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Fig. 2. Plasma clearance and liver uptake of lactosylated LDL. Rats were
given injections of lactosylated '**I-LDL (@) or native '**I-LDL (O) at a
dose of 50 ug of apolipoprotein/kg of body weight. At the indicated
times, the amounts of radioactivity in plasma and liver were determined.
acid-precipitable and acid-soluble (inset) radioactivi-
ties in plasma. Right, total and trichloroacetic acid-soluble (inset) radioac-
tivities in liver. Values are means + standard errors of three rats.
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Fig. 3. pattemns of radioactivity and marker
enzymes over subcellular fractions of the liver after injection
of radiolabeled lactosylated LDL. Rats were given injec-
tions of 50 ug of lactosylated LDL (labeled with '*%i-tyra-
mine-cellobiose)/kg of body weight. Thirty minutes after
injection, the liver was perfused with ice-cold 0.25 m su-
crose, containing 10 mm Tris-HCI buffer, pH 7.5, and
divided into subcellular fractions by differential centrifuga-
tion, as described earlier (27). The fractions were assayed
for radioactivity, protein, and the activity of several marker
enzymes (27); recoveries were 78-137%. Bars from left to
right represent fractions in the order in which they were
isolated: nuclear, mitochondrial, lysosomal, microsomal,
and supematant (cytosol) fractions. The relative protein
concentration is given on the abscissa. The ordinate rep-
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Fig. 4. Effects of N-acetyigalactosamine and N-acetylglucosamine on
plasma clearance and liver uptake of lactosylated LDL. Rats were given
injections of lactosylated '>I-LDL (50 ug of apolipoprotein/kg of body
weight). One minute before injection, the animals received 400 mg of N-
acetyigalactosamine/kg of body weight (l), 400 mg of N-acetylglucosa-
minefkg of body weight (O), or solvent (phosphate-buffered saline) (0)
At the indicated times, trichloroacetic acid-precipitable radioactivites in
plasma and total radioactivities in liver were determined. Values are
means + standard errors of three rats.

and tissues, the distribution of lactosylated !**I-LDL over a
large number of tissues was determined at 10 min after injec-
tion. Table 2 shows that approximately 90% of the injected
dose is recovered in the liver, with the remaining 10% evenly
distributed throughout the body. The specific uptake by liver
was found to be at least 1 order of magnitude higher than that
in any other tissue.

Cellular distribution of lactosylated LDL in the liver.
To identify the cell type(s) responsible for uptake in the liver,
rats were injected with lactosylated *I-LDL and liver paren-
chymal, Kupffer, and endothelial cells were isolated from the
liver 10 min later. The cell isolation procedure was performed
at a low temperature (8°) to prevent degradation of the inter-
nalized ligand. The results are shown in Table 3. The Kupffer
cells were by far the most active liver cells in the uptake of
lactosylated LDL. The uptake by these cells, expressed per mg
of cell protein, was approximately 70 and 7 times higher than
uptake by parenchymal and endothelial cells, respectively.
From the data on the uptake/mg of cell protein and the contri-
butions of each cell type to the total liver protein, it was
calculated that Kupffer cells, despite their small size and num-
ber, are responsible for most of the liver uptake.

In earlier studies it was shown that asialofetuin blocks uptake

50 100 Protein).

TABLE 2

Tissue distribution of intravenously injected lactosylated LDL

Rats were given injections of lactosylated ***-LDL (50 ug of apolipoprotein/kg of

body weight). At 10 min after injection, radioactivities in the indicated tissues and

organs were determined (bone, skin, and muscie were dissotved in 10 m NaOH at

95°). The resuits are expressed as percentage of the recovered amount of

radnoacﬁvltymasrelaﬁvespedﬁcacﬁvity of recovered radioactivity
of recovered ). Recoveries of radioactivity and tissues

wete1076::41%and964106% respectively. Values are means + standard

errors of three rats.

Tissue/organ Radioactivity Relative specific
% of recovered dose

Liver 89.0 +0.7 188 +1.1
Plasma, acid-soluble <0.10 <0.10
Plasma, acid-precipitable 1.40 £ 0.20 0.41 + 0.08
Adrenals <0.10 0.94 + 0.27
Bladder + urine <0.10 <0.10
Blood cells <0.10 <0.10
Bone 1.71 £ 0.16 <0.10
Bone marrow 0.12+0.12
Brain <0.10 <0.10
Fat <0.10
Heart <0.10 0.20 + 0.04
Intestine, large 0.23 + 0.01 <0.10
Intestine, small 0.70 + 0.07 0.20 + 0.01
Kidneys 0.43 £ 0.07 0.49 + 0.06
Lungs 0.23 + 0.03 0.54 +£ 0.09
Lymph nodes 0.16 + 0.06
Muscles 2.83+0.16 <0.10
Pancreas 0.17 £ 0.06 0.40 + 0.11
Penis (site of injection) 0.46 + 0.28 418 + 2,51
Reproductive organs 0.13 £ 0.02 <0.10
Skin 2.02 + 0.43 0.10 + 0.02
Spieen 0.12 +£ 0.02 0.48 + 0.07
Stomach + contents 0.39 +0.12 0.30 + 0.06
Thyroid <0.10 <0.10

via the galactose-specific receptors on parenchymal liver cells
but not galactose-mediated uptake by Kupffer cells (28). In the
experiments summarized in Fig. 5, we studied the effect of
preinjection with asialofetuin on the intrahepatic distribution
of lactosylated LDL. Preinjection with 50 mg of asialofetuin/
kg of body weight only slightly reduced plasma clearance and
liver uptake of lactosylated LDL. At 10 min after injection,
liver and plasma contained 80.2 £+ 3.0 and 13.8 + 3.5% of the
recovered dose, respectively (means + SE of three rats). Cell
isolation experiments indicated that the preinjection greatly
reduces uptake by parenchymal cells. However, the lower up-
take by parenchymal cells is compensated for by a higher uptake

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet

488  Bijsterbosch et al.

TABLE 3

Uptake of lactosyiated LDL by various liver cell types

Rats were given injections of lactosytated 'Z1-LDL (50 ug of apolipoprotein/kg of
body weight). Ten minutes later, parenchymal, endothelial, and Kupffer celis were
isolated, and the association of radioactivity to each cell type was determined.
Uptake by each cell type is expressed as ng of lactosylated LDL associated/mg of
cell protein and as the relative contribution to the total iver uptake. The latter
values were caiculated from the uptake per mg of cell protein and the contribution
of each cell type to the total liver protein (21). Values are means + standard errors
of three rats.

Col type Uptake of lactosylated LDL
ng/mg of cell protein % of total liver uptake
Parenchymal cells 20+0.3 31.8+49
Kupffer cells 135.4 + 29.6 571+1.9
Endothetial celis 207 +73 11.1+£3.2

1
0 100 200

Ng of lactosylated LDL/mg of cell protein
(% of controis)
Parenchymal
cells F
Kupffer cells
Endothelial
cells
1 1
(] 50 100

Percentage of total liver uptake

Fig. 5. Effect of asialofetuin on uptake of lactosylated LDL by various
liver cell types. Rats were given injections of lactosylated '?*I-LDL at a
dose of 50 ug of apolipoprotein/kg of body weight. One minute before
injection, the animals received 50 mg of asialofetuin/kg of body weight
(W). Controls ((J) were not pretreated. Liver cells were isolated at 10 min
after injection, and the association of radioactivity to each cell type was
determined. Upper, the amounts of lactosylated LDL associated per mg
of cell protein, as percentage of the controls. Lower, the contribution of
each cell type to the total liver uptake (calculated as described in the
legend to Table 3). Values are means + standard error of three experi-
ments.

by Kupffer cells, and under these conditions Kupffer cells
contained about 80% of the total amount of radioactivity in the
liver.

Plasma clearance and liver uptake of [*H]cholesteryl
oleoyl ether-labeled lactosylated LDL. In the previous
sections, the fate of lactosylated LDL was followed by moni-
toring the radioactivity of the '*I-labeled apolipoprotein. As
outlined in the introduction, the lipid moiety of lactosylated
LDL is crucial for its putative role as drug carrier. In order to
follow the lipid core of LDL, we incorporated [*H]cholesteryl
oleolyl ether into the particle and monitored radioactivity after
intravenous injection. The results, which are shown in Fig. 6,
indicate that the radioactivity is rapidly cleared from plasma
by the liver. Preinjection with 400 mg of N-acetylgalactosa-

ey

Radioactivity (% of dose)
3

o
o

20 40 0 20 40
Time after injection (min)

Fig. 6. Plasma clearance and liver uptake of [*H]cholesteryi oleoyl ether-
labeled lactosylated LDL: effects of N-ace osamine and N-ace-
tylglucosamine. Rats were given injections of ["H]cholesteryl oleoyl ether-
labeled lactosylated LDL (50 ug of apolipoprotein/kg of body weight).
One minute before injection, theatm\alsreoeivedwOmgofN-acetyl-
galactosamine/kg of body weight (), 400 mg of N. /
kg of body weight (O), or solvent (phosphate-buffered saline) (@). At the
indicated times, radioactivities in plasma and liver were determined.
Values are means + standard errors of three rats.

mine/kg of body weight completely blocked liver uptake,
whereas the same dose of N-acetylglucosamine had no effect at
all. The intrahepatic distribution of [*H]cholesteryl oleoyl
ether-labeled lactosylated LDL was studied at 10 min after
injection. Kupffer, parenchymal, and endothelial cells con-
tained 66.6 + 4.0, 25.1 + 7.6, and 8.2 + 3.6% of the total liver
radioactivity, respectively (means + SE of three experiments).
This distribution is very similar to the distribution found after
injection of '?*I-labeled lactosylated LDL.

Discussion

Our data clearly demonstrate that lactosylated LDL (398 +
40 mol of lactose/mol of LDL) is extremely rapidly cleared
from the circulation of the rat after intravenous injection. The
rapid plasma clearance of lactosylated LDL was found to be
due to galactose-specific uptake by the liver. This organ con-
tained, at 10 min after injection, approximately 90% of the
injected dose. The remaining 10% was evenly distributed over
a variety of tissues.

The specific uptake by liver was 10-100 times higher than
that by any other tissue. In the liver, Kupffer cells are mainly
responsible for the uptake of lactosylated LDL. These cells
internalize a 70- and 7-fold higher amount of lactosylated LDL,
per mg of cell protein, than parenchymal and endothelial cells,
respectively. After galactose-specific uptake in parenchymal
liver cells was blocked by asialofetuin, the relative concentra-
tion of lactosylated LDL in Kupffer cells is even higher.

The protein and cholesterol of lactosylated LDL show iden-
tical density distributions after density gradient centrifugation.
Clearance and hepatic uptake of the lipid moiety of lactosylated
LDL, labeled with [*H]cholesteryl oleoyl ether, were similar to
those of the '*I-labeled apolipoprotein. Thus, the integrity of
the LDL particle is not affected by lactosylation, and it is taken
up as a unit. This indicates that effective transport of core-
associated drugs is assured.

In a previously reported study (15), galactose-specific uptake
of LDL by Kupffer cells was induced by the incorporation of a
galactose-containing cholesterol derivative (tris-galactose-cho-
lesterol) into the lipid moiety of the lipoprotein. The complex
of LDL with tris-galactose-cholesterol seems, nonetheless, to
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be less suitable as a drug carrier. Only 60% of the injected dose
could be directed in a galactose-specific way to the Kupffer
cells, and 40% of the dose remained in the circulation. Fur-
thermore, loading of the lipid moiety of LDL with tris-galac-
tose-cholesterol might hamper the capacity of the lipid core to
accommodate lipophilic drugs. In the case of lactosylated LDL,
complete removal of the particle from the circulation is
achieved. In addition, the galactose residues are attached to the
apolipoprotein, which leaves the capacity of the core to incor-
porate drugs unaffected.

In earlier studies, Spanjer et al. (8, 9) incorporated galactose-
containing compounds, like tris-galactose-cholesterol and lac-
tosylceramide, into the phospholipid bilayer of small unilamel-
lar liposomes (mean diameter, 25-35 nm). The incorporation
of these galactose structures into the liposomes induced an
increased uptake by Kupffer cells. However, the galactose-
containing liposomes were cleared much more slowly (half-
lives, >10 min) from the circulation than lactosylated LDL,
and the galactose-specific uptake by Kupffer cells was lower.
The shorter plasma half-life of lactosylated LDL is probably
advantageous, because it forestalls possible leakage of incor-
porated drugs from the vehicle. On the other hand, the addi-
tional capacity of liposomes to transport hydrophilic drugs in
their aqueous core potentially enables a more widespread use
of these vesicles for the presently available drugs (29-31).

In conclusion, it appears that lactosylated LDL might be
suitable for the specific delivery of drugs to Kupffer cells. Some
highly lipophilic drugs incorporate spontaneously into LDL
(11). Other more hydrophilic drugs should, however, be ren-
dered more lipophilic by the coupling of fatty acyl chains (12).
Lactosylated LDL could be particularly useful for the introduc-
tion into Kuppfer cells of drugs that modulate the immunolog-
ical activity of these cells. For instance, activation of Kupffer
cells to a tumoricidal state might prevent the development of
liver metastases, a serious clinical problem (32). Lipophilic
derivatives of the immunomodulator muramyl dipeptide (12,
33, 34) seem very suitable for this purpose. Preliminary exper-
iments in our laboratory’ indicate that such compounds do
indeed incorporate into lactosylated LDL and render Kupffer
cells tumoricidal.
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