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Abstract

Macrophages in the liver (Kupffer cells) can be depleted by a single intravenous injection with liposome
encapsulated clodronate, an anionic bisphosphonate or by liposome encapsulated propamidine, a cationic diamidine.
In the present study, it was investigated whether the efficacy of the liposome mediated depletion of Kupffer cells could
be enhanced by modification of the phospholipid bilayers. The efficacy of liposome mediated depletion was evaluated
by comparison of the percentages of ED2-positive Kupffer cells in the rat liver, depleted by the drugs encapsulated
in the liposomes at different concentrations. It is demonstrated that anionic control liposomes, containing no drug at
all and composed of phosphatidylcholine (PC), phosphatidylserine (PS) and cholesterol (C) in a molar ratio of 3:3:1,
reduced the percentage of ED2-positive Kupffer cells in the rat liver to about 20% of their normal numbers. At
certain drug concentrations, anionic liposomes are shown to be efficacious carriers for intraphagocytic delivery of
clodronate, but not for propamidine. Optimal efficacy of the latter drug was achieved by encapsulation into neutral
liposomes. Omission of cholesterol or mannosylation of the phospholipid bilayers did not improve the efficacy when
compared to neutral liposomes. At high concentrations of encapsulated drugs, all liposome formulations induced a
nearly complete depletion of Kupffer cells (\95%). © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Liposomes are efficacious vehicles for intracel-
lular delivery of various drugs into phagocytic
cells. In mammals, macrophages are multifunc-
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tional cells which are involved in the clearance of
microorganisms, senescent erythrocytes, apoptotic
cells and immune complexes, in the induction of
acquired and natural host defense reactions and in
the regulation of various functions of non-phago-
cytic cells (Van Rooijen et al., 1996a). In order to
study the in vivo role of macrophages, the so
called liposome mediated macrophage suicide ap-
proach has been developed (Van Rooijen and
Sanders, 1994). It is based on liposome mediated
intracellular accumulation of clodronate, an an-
ionic bisphosphonate. Recently, it has been shown
that liposome encapsulated propamidine, a
cationic diamidine, can, as well, be used for deple-
tion of liver macrophages (Kupffer cells, Van
Rooijen and Sanders, 1996). Both drugs were
shown to induce cell death by apoptosis when
targeted into the cytoplasm of macrophages with
the aid of liposomes (Van Rooijen et al., 1996b).

Liposomes used in the macrophage suicide ap-
proach are generally composed of phosphatidyl-
choline (PC) and cholesterol (C) in a molar ratio
of 6:1, and do not exhibit an overall electrical
charge for that reason (so called neutral lipo-
somes). However, several authors have empha-
sized that anionic liposomes are more eagerly
ingested by macrophages than their neutral or
cationic counterparts (Fidler et al., 1980;
Nishikawa et al., 1990). As a consequence, inclu-
sion of PS into liposomes increases their clearance
from the circulation, primarily by Kupffer cells of
the liver (Liu and Liu, 1996). Although choles-
terol is known to stabilize the liposomal bilayers,
it has been shown to inhibit the clearance of
liposomes from the circulation, presumably by
inhibiting the binding of serum opsonins and
consequently their phagocytosis. Actually, the
highest degree of binding of blood serum proteins
to liposomes and their most rapid clearance were
obtained when intravenously injected liposomes
did not contain any cholesterol at all (Semple et
al. 1996). Incorporation of sugar ligands like
mannose in the phospholipid bilayers of lipo-
somes has been shown to accelerate their phago-
cytosis (Barratt et al., 1986; Garcon et al., 1988).
Compared to normal liposomes containing clo-
dronate, mannosylated clodronate liposomes
caused a marked reduction of the infiltration of

macrophages into the central nervous system dur-
ing experimental allergic encephalomyelitis
(Huitinga et al., 1990).

It was the purpose of the present study to
investigate whether one of the following treat-
ments would improve targeting of liposome en-
capsulated clodronate and propamidine into
Kupffer cells in the rat liver. (1) Incorporation of
the anionic phospholipid phosphatidylserine (PS).
(2) Omission of cholesterol from liposomal bilay-
ers. (3) Mannosylation of the liposomal bilayers.
The efficacy of liposome mediated targeting was
evaluated by comparison of the percentages of
ED2-positive Kupffer cells, depleted by adminis-
tration of the liposome encapsulated drugs (Van
Rooijen and Sanders, 1996).

2. Materials and methods

2.1. Preparation and administration of liposomes

Multilamellar liposomes were prepared as de-
scribed earlier (Van Rooijen and Sanders, 1994).
In brief, phosphatidylcholine (Lipoid E PC,
LIPOID GmbH, Ludwigshafen, Germany), phos-
phatidylserine (Lipoid E PS, LIPOID GmbH,
Ludwigshafen, Germany) and cholesterol (Sigma,
St. Louis, MO) were dissolved in chloroform in a
round-bottom flask. Molar ratios of PC, PS and
C were respectively, 6:0:0 (neutral liposomes with-
out cholesterol), 6:0:1 (neutral liposomes with
cholesterol), 4:2:1 (anionic liposomes with choles-
terol) and 3:3:1 (strongly anionic liposomes with
cholesterol). For mannosylation of liposomes,
70.9 mg PC and 10.8 mg cholesterol were dis-
solved in 8 ml chloroform and added to 3.6 mg
p-aminophenyl-a-D-mannopyranoside (Sigma, St.
Louis, MO) dissolved in 2 ml methanol. The
molar ratio of PC:C:mannoside (7:2:1) was chosen
according to Umezawa and Eto (1988) in agree-
ment with the earlier experiments (Huitinga et al.,
1990). The thin film that formed on the interior of
the flask after high vacuum rotary evaporation
was dispersed by gentle rotation under low vac-
uum for 10 min in 10 ml PBS for empty (control)
PBS-liposomes or in solutions of the various
drugs at different concentrations in 10 ml PBS.



N. Van Rooijen, A. Sanders / International Journal of Pharmaceutics 162 (1998) 51–58 53

After swelling, sonication and washing in PBS,
the liposomes were resuspended in 4 ml PBS.
Stock solutions of all drugs were made at a con-
centration of 0.23 M (this is the maximum con-
centration that can be obtained for both drugs;
0.69 M is the maximum concentration by which
clodronate can be dissolved and this is the clo-
dronate concentration that is widely used for lipo-
some mediated macrophage depletion, Van
Rooijen and Sanders, 1994). Clodronate and
propamidine (isethionate) were encapsulated in
liposomes in concentrations of 9, 3, 1 or 0.3 mM.
Groups of four male or female Wag/rij rats (aged
8 weeks, +6 200 g) were injected with one of the
three drugs in one of these concentrations. Each
of the rats was intravenously injected in the tail
vein with 2 ml of the liposome suspension. Clo-
dronate was a gift of Boehringer Mannheim
GmbH, Mannheim, Germany. Propamidine
(isethionate) was provided by Rhone-Poulenc
Rorer, Dagenham, UK.

2.2. Determination of Kupffer cells in the li6er

Demonstration of macrophages in the rat liver
(Kupffer cells) as well as their disappearance after
administration of liposome encapsulated drugs
was performed as described in earlier studies (Van
Rooijen et al., 1990; Van Rooijen and Sanders,
1996). In short, rat livers were removed at 2 days
after administration of liposomes, snap-frozen in
liquid nitrogen and stored at −70°C. Frozen
tissues were cut on a cryostat and sections of 8
mm thickness were picked up on glass slides.
Sections were air-dried, fixed in pure acetone for
10 min and air-dried again. A two-step im-
munoperoxidase method was carried out using the
monoclonal antibody ED2 for demonstration of
Kupffer cells in the rat liver. ED2 recognizes
resident macrophages (Dijkstra et al. 1985); in the
liver, all Kupffer cells are positive for this anti-
body. ED2 was diluted 1:250 using PBS/BSA
0.1%. After incubation for 1.5 h at 4°C, a 1:300
dilution of rabbit anti-mouse Ig-peroxidase in
PBS/BSA 0.1% was applied to the sections for 1 h
at room temperature. Peroxidase was visualized
with 3,3%diaminobenzidine-tetra-hydrochloride
(DAB; Sigma, St. Louis, MO).

Determination of Kupffer cell numbers in the
liver was performed with a normal light micro-
scope using 200×magnification as described ear-
lier (Van Rooijen and Sanders, 1996). Per rat
liver, numbers of Kupffer cells were determined in
three different sections. Per section, Kupffer cells
were counted in six areas of 0.16 mm2 (total 0.96
mm2). Sections in the liver and areas in the section
were chosen at random. In each experiment, de-
pletion of ED2 positive Kupffer cells was evalu-
ated by determination of the percentage of ED2
positive cells found 2 days after administration of
the liposomes. Unless stated otherwise, numbers
of Kupffer cells in the untreated control group
(n=4) of each experiment were taken as 100%. In
agreement with earlier results, about 300 ED2
positive macrophages were found per mm2 liver
tissue.

3. Results

It can be seen in Fig. 1 that neutral liposomes
composed of PC and C (molar ratio 6:1) have
little effect on numbers of ED2 positive Kupffer
cells in the rat liver. A slight increase in cell
numbers was observed. This result confirms the

Fig. 1. Depletion of Kupffer cells in the liver by clodronate
encapsulated in different concentrations in neutral liposomes
or anionic liposomes containing PS. N, neutral liposomes
(PC:C=6:1); A1, anionic liposomes (PC:PS:C=4:2:1); A2,
anionic liposomes (PC:PS:C=3:3:1). Numbers of ED2-posi-
tive Kupffer cells present 2 days after intravenous administra-
tion of liposomes were expressed as a percentage of their
numbers in untreated control rats (C1=100%). C2, neutral
liposomes (PC:C=6:1) without clodronate; C3, anionic lipo-
somes (PC:PS:C=3:3:1) without clodronate.
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Fig. 2. Depletion of Kupffer cells in the liver by propamidine
encapsulated in different concentrations in neutral liposomes
or anionic liposomes containing PS. N, neutral liposomes
(PC:C=6:1); A, anionic liposomes (PC:PS:C=3:3:1). Num-
bers of ED2-positive Kupffer cells present 2 days after intra-
venous administration of liposomes were expressed as a
percentage of their numbers in untreated control rats (C1=
100%). C2, neutral liposomes (PC:C=6:1) without
propamidine; C3, anionic liposomes (PC:PS:C=3:3:1) without
propamidine.

rated in the phospholipid bilayers. In each experi-
ment, the same amount of phospholipids was
given to all animals whereas the concentrations of
encapsulated clodronate were varied. As a conse-
quence, it may be expected that at high clodronate
concentrations the observed effects were mainly
drug dependent, i.e. not different from the effects
achieved by neutral liposomes with similar encap-
sulated drug concentrations. However, at low clo-
dronate concentrations, the effects were mainly
PS dependent, i.e. not different from the effects
achieved by control liposomes of similar composi-
tion. It can be seen in Fig. 1 that clodronate
concentrations of 9 and 3 mM encapsulated in
both types of anionic liposomes result in a
stronger reduction of Kupffer cell numbers than
similar clodronate concentrations in neutral lipo-
somes. On the other hand, it can be seen in Fig. 3
that these clodronate concentrations encapsulated
in negative liposomes (PC:PS:C=3:3:1) led to a
stronger reduction in Kupffer cell numbers than
control liposomes of similar composition. These
results confirm that at these clodronate concentra-
tions in anionic liposomes, there is a synergistic
action of encapsulated clodronate and PS incor-
porated in the phospholipid bilayers. In the con-
trary, propamidine encapsulated in anionic

inert nature of such liposomes, which are widely
applied in the liposome mediated macrophage
suicide approach (2, 15). On the contrary, admin-
istration of liposomes in which a high extent of PS
had been incorporated (PC:PS:C=3:3:1), reduced
ED2 positive Kupffer cells to about 20% of their
normal numbers, confirming that incorporation of
phosphatidylserine may abolish the inert charac-
ter of liposomes.

Neutral liposomes, loaded with clodronate in
concentrations of 26 mM or more (Fig. 1) or with
propamidine in concentrations of 3 mM or more
(Fig. 2), reduced the numbers of ED2 positive
Kupffer cells to about 5% or less of their normal
numbers. It can be seen in Fig. 1 that incorpora-
tion of PS in the phospholipid bilayers of clo-
dronate liposomes led to a stronger reduction in
the numbers of ED2 positive Kupffer cells than
that achieved by neutral clodronate liposomes.
This applies to both types of anionic clodronate
liposomes (PC:PS:C=4:2:1 and PC:PS:C=3:3:1).
Since anionic control liposomes (PC:PS:C=3:3:1)
in itself led to a considerable reduction in the
numbers of ED2 positive Kupffer cells, the result
of anionic clodronate liposomes will be caused by
both the encapsulated drug and by PS incorpo-

Fig. 3. Alternative reproduction of some of the results ob-
tained by clodronate (Clod) and propamidine (Prop) encapsu-
lated in concentrations of 9, 3, 1 and 0.3 mM in anionic
liposomes containing PS (PC:PS:C=3:3:1) and already shown
in Fig. 1. This time, numbers of ED2-positive Kupffer cells
present 2 days after intravenous administration of liposomes
were expressed as a percentage of their numbers in control rats
treated with similar liposomes without any drug encapsulated
(C3=100%).
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Fig. 4. Depletion of Kupffer cells in the liver by clodronate
and propamidine encapsulated in different concentrations in
mannosylated liposomes or cholesterol free liposomes. MC,
mannosylated liposomes with clodronate; CfC, cholesterol free
liposomes with clodronate; MP, mannosylated liposomes with
propamidine; CfP, cholesterol free liposomes with
propamidine. Numbers of ED2-positive Kupffer cells present 2
days after intravenous administration of liposomes were ex-
pressed as a percentage of their numbers in untreated control
rats (C1=100%).

tration too low to counteract this positive effect
of the liposomes.

4. Discussion

In the present study, depletion of Kupffer cells
in the rat liver by intravenously injected liposome
encapsulated clodronate and propamidine was de-
termined using a quantitative assay, based on
numbers of ED2 positive Kupffer cells per surface
area in liver tissues. In each experiment, the same
amount of phospholipids was given to all animals
whereas the concentrations of encapsulated clo-
dronate and propamidine were varied. Compared
to numbers of ED2 positive Kupffer cells in un-
treated animals, administration of neutral control
liposomes composed of phosphatidylcholine and
cholesterol (PC:C=6:1) induced a slight increase
in numbers of ED2 positive cells. A similar slight
increase in numbers of ED2 positive cells was also
found in rats injected with mannosylated lipo-
somes and cholesterol free liposomes, in which
clodronate had been encapsulated in a very low
concentration (1 mM). This concentration ap-
peared to be too low to affect the Kupffer cells.
These three types of liposomes showed little dif-
ference in their efficacy as carriers of clodronate
and propamidine into macrophages, as deter-
mined by the drug induced depletion of ED2
positive cells. Obviously, mannosylation of the
liposomal bilayers, a procedure known to stimu-
late phagocytosis (Barratt et al., 1986; Garcon et
al., 1988), as well as total omission of cholesterol,
resulting in enhanced opsonization and clearance
of liposomes (Semple et al. 1996), did not increase
their targeting efficacy in these studies. It is con-
cluded that there is no reason to change the
phospholipid composition of the neutral lipo-
somes (PC:C=6:1) which are widely applied as
drug carriers in the liposome mediated
macrophage suicide approach (Van Rooijen and
Sanders, 1994; Van Rooijen, 1995). Such lipo-
somes are immunologically inert and their prepa-
ration is cheap and easy.

Contrary to neutral, mannosylated and choles-
terol free-liposomes, anionic liposomes
(PC:PS:C=3:3:1) strongly reduced the numbers

liposomes (PC:PS:C=3:3:1) in concentrations of
3 and 1 mM had less effect on the numbers of
ED2 positive Kupffer cells than similar concentra-
tions of the drug encapsulated in neutral lipo-
somes (Fig. 3). The latter result demonstrates that
there is an antagonistic action of encapsulated
propamidine and PS incorporated in the phospho-
lipid bilayers of the liposomes.

Mannosylated liposomes and liposomes with-
out cholesterol were about as efficacious for deliv-
ery of clodronate and propamidine into Kupffer
cells as neutral liposomes (Fig. 4). Numbers of
ED2 positive Kupffer cells determined after treat-
ment of rats with neutral liposomes, mannosy-
lated liposomes or liposomes without cholesterol
were of the same order when clodronate or
propamidine had been encapsulated in each of
these liposomes in the same concentration. When
clodronate had been encapsulated in mannosy-
lated liposomes and liposomes without cholesterol
in a concentration of 1 mM, a slight increase in
the numbers of ED2 positive Kupffer cells was
observed. This probably reflects the activity of the
liposomal carrier itself, which, as in the case of
neutral liposomes (PC:C=6:1), induces a slight
increase in numbers of ED2 positive cells. Obvi-
ously the drug had been encapsulated in a concen-
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of ED2 positive Kupffer cells, even in the absence
of any encapsulated drug. This effect is probably
due to the high amount of phosphatidylserine
(PS) incorporated in the phospholipid bilayers of
these liposomes. PS is virtually absent in the outer
leaflet of cell membranes of normal cells (Op den
Kamp, 1979; Williamson and Schlegel, 1994). The
ratio of internal to external PS in the phospho-
lipid bilayers of normal cells may be as high as
2000:1. This membrane phospholipid asymmetry
is important in the regulation of cell functions and
homeostasis. Movement of PS to the outer leaflet
of the cell membrane, e.g. in aged erythrocytes,
tumor cells and apoptotic cells, promotes several
physiological responses eventually leading to
recognition and destruction by macrophages
(Bruckheimer and Schroit, 1996). PS targeted to
macrophages by liposomes may affect the phos-
pholipid asymmetry of their cell membranes dur-
ing the process of endocytosis itself, e.g. if part of
the liposomal PS is taken up in the outer leaflet of
the cell membrane. It might also affect the
macrophages after ingestion of the liposomes as a
result of intracellular accumulation of liposomal
PS. At the moment, the most probable explana-
tion for the negative effect of PS inclusion in
liposomes on numbers of ED2 positive Kupffer
cells is a reduced expression of surface antigens on
Kupffer cells, recognized by the ED2 monoclonal
antibody. This in turn could be caused by a
PS-induced inhibition of its production in the
macrophage. Recently, it has been shown that
inclusion of PS in liposomes (ratio PC:PS:C=
1:1:1) inhibits the NO production by macrophages
in a dose dependent manner, whereas omission of
PS (PC:C=2:1) had no effect (Aramaki et al.
1996). Furthermore, these authors provided evi-
dence that the inhibition was due to suppression
of inducible NO synthase (iNOS) rather than by
inhibition of iNOS activity itself. In other studies,
it has been shown that the lipopolysaccharide
induced serum levels of tumor necrosis factor
(TNF) were decreased in animals treated with
liposomes containing PS (Monastra and Bruni,
1994). Also in this case, the liposomal PS is
thought to affect the secretion of TNF by
macrophages (Brisseau et al. 1994).

Clodronate encapsulated in anionic liposomes
(PC:PS:C=3:3:1) in concentrations of 9 and
3mM led to a stronger reduction of the numbers
of ED2 positive Kupffer cells than comparable
concentrations of the drug in neutral liposomes
(PC:C=6:1). Obviously, at these concentrations,
clodronate and anionic liposomes affect ED2 pos-
itive macrophages in a synergistic way. However,
at higher concentrations of clodronate, there was
no difference between the two liposome types.
Enough clodronate had been encapsulated to
cause a nearly complete depletion of ED2 positive
cells. On the other hand, lower clodronate con-
centrations were not able to add to the effect
already caused by liposomal PS. For the liposome
mediated macrophage suicide approach, clo-
dronate is usually encapsulated in a concentration
as high as 690 mM (i.e. three times the highest
concentration used in the present study, Van
Rooijen and Sanders, 1994). We recommend to
optimize treatment schedules for the macrophage
suicide approach in each organ and animal by
reducing the total dose of liposomes rather than
by reducing the concentration of encapsulated
drugs. So, there is no reason to replace neutral
liposomes consisting of PC and C only (ratio 6:1)
by anionic liposomes containing PS in their bilay-
ers. This is more evident when propamidine is
encapsulated as a macrophage depleting drug.
When encapsulated in neutral liposomes (PC:C=
6:1), the Kupffer cell depleting activity of this
drug exceeded that of clodronate by about a
factor 10 (Van Rooijen and Sanders, 1996). How-
ever, it is shown in the present study that
propamidine encapsulated in anionic liposomes
(PC:PS:C=3:3:1) and liposomal PS appeared to
influence the numbers of ED2 positive Kupffer
cells in an antagonistic way. It may well be that
the anionic PS molecules and the cationic
propamidine molecules interact in such a way that
the latter are inhibited in their effect on cellular
DNA.

Propamidine is a cationic antimicrobial agent
belonging to the family of aromatic polyamidines
(Gambari and Nastruzzi, 1994). It has been
shown that polyamidines can interact with the
minor groove of the DNA double helix in an
integrated fashion (Edwards et al., 1992; Nunn et
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al., 1993; Conte et al., 1995; Nunn and Neidle,
1995). Given the high efficacy of liposome encap-
sulated propamidine in the macrophage suicide
approach, especially when encapsulated in simple
neutral liposomes composed of PC and C only, it
is anticipated that it will become an important
drug in research on macrophage functions and
manipulation.

Although both liposome-delivered propamidine
and clodronate were shown to induce death of
macrophages by apoptosis (Van Rooijen et al.,
1996b), they represent quite different families of
drugs. Unlike propamidine, clodronate is an an-
ionic bisphosphonate. Its mechanism of action in
the cell was speculated to depend on the intracel-
lular depletion of crucial metal ions or ATP (Van
Rooijen, 1993).
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