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In this study, we tested the efficacy of amphotericin B (AmB)-arabinogalactan (AmB-AG) conjugates for the
treatment of experimental leishmaniasis. Chemical conjugation of AmB to a water-soluble, biodegradable, and
biocompatible polymer could present many advantages over presently available AmB formulations. Two
conjugates were tested, a reduced (rAmB-AG) form and an unreduced (uAmB-AG) form. In vitro, the drug
concentrations which lower the values of parasites (for promastigotes) or infected macrophages (for amasti-
gotes) to 50% of the untreated values (ED50s) of uAmB-AG and rAmB-AG were 0.19 and 0.34 mg/ml, respec-
tively, for Leishmania major promastigotes and 0.17 and 0.31 mg/ml, respectively, for amastigotes. The effect on
Leishmania infantum-infected macrophages was more marked, with ED50s of 0.035 mg/ml for rAmB-AG and
0.027 mg/ml for uAmB-AG. In in vivo experiments, BALB/c mice injected with L. major were treated from day
2 onwards on alternate days for 2 weeks. Both conjugates, as well as liposomal AmB (all at 6 mg/kg of body
weight) and Fungizone (1 mg/kg), significantly delayed the appearance of lesions compared to that in untreated
mice. In addition, both conjugates, but not liposomal AmB, were significantly more effective than Fungizone.
Subcutaneous injection of the conjugates (6 mg/kg) was significantly more effective than liposomal AmB in
delaying the appearance of lesions. Higher AmB concentrations of up to 12 mg/kg could be administered by this
route. When an established infection was treated, uAmB-AG was somewhat more effective than liposomal AmB.
In summary, water-soluble polymeric AmB derivatives were found effective and safe for the treatment of
leishmanial infections. The conjugates, which are stable and can be produced relatively cheaply (compared to
lipid formulations), can be used in the future for the treatment of leishmaniasis infections.

Amphotericin B (AmB), a polyene antibiotic, is a standard
drug for the treatment of fungal infections and is currently
recommended as a second-line treatment for visceral leish-
maniasis (VL) and mucocutaneous leishmaniasis, especially
with human immunodeficiency virus coinfection. AmB has also
been proven effective as a first-line treatment for post-kala-
azar dermal leishmaniasis (20) and for VL in Europe and India
(4, 8, 16).

AmB is a hydrophobic molecule with negligible solubility in
aqueous solution and poor solubility in most organic solvents.
The marketed formulation, Fungizone, forms a micellar dis-
persion after the addition of water to the lyophilized sodium
deoxycholate-AmB mixture. Fungizone exhibits major clinical
limitations. In systemic use, both the sodium deoxycholate and
AmB toxicities are not selective enough, and therefore, the
therapeutic index of Fungizone is narrow. Additionally, the
rather low maximal tolerated dose (1 mg/kg of body weight per
day) makes the drug ineffective in many cases of leishmanial
infections, especially when the immune status of the patient is
compromised, and therefore larger drug doses are necessary in
order to kill parasites in unusual locations (5, 14).

Lipid AmB formulations were examined in rodent models
and found effective against VL. Recently, AmB-containing li-
posomes, administered intravenously (i.v.), have been success-
fully used for human VL. These liposomes allow for the use of
larger doses of the drug with much lower side effects and

toxicity (8, 11, 21). In addition, it has been shown that mice
treated with AmB liposomes have a persistent high drug level
in tissues (19). However, some problems, such as the high cost
of production and necessity of repeated i.v. infections for suc-
cessful treatment, prevent their widespread use.

Another approach to improving drug performance and re-
ducing toxicity is the conjugation to a polymeric carrier (15).
Conjugation of an insoluble drug such as AmB to a water-
soluble biodegradable polymer may increase the water solubil-
ity of the drug, drug circulation time, and accumulation in the
diseased tissue (15), resulting in an improved therapeutic effect
and reduced toxicity.

Arabinogalactan (AG) is a highly branched natural polysac-
charide with unusual water solubility (70% in water). It is
extracted from the Larix tree and it is available in a 99.9% pure
form with reproducible molecular weight and physicochemical
properties (1, 18). The high solubility in water, biocompatibil-
ity, biodegradability, and ease of drug conjugation in an aque-
ous medium make AG an attractive drug carrier.

AmB-AG conjugates have been synthesized and tested for
efficacy against common pathogenic fungi and for toxicity in
mice. The conjugate containing 20% by weight of AmB was
soluble in water (.100 mg/ml), was as effective as the parent
drug, and possessed a 20-fold-lower toxicity. In a direct com-
parison between the AmB-AG conjugate and AmBisome, the
most-effective and safe AmB formulation available, the conju-
gate was superior in safety and in efficacy against fungal infec-
tions (10). Another water-soluble polyene was also recently
shown to be active against Leishmania amazonensis and Leish-
mania donovani in mice (2).

The advantage of the development of new antileishmanial
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AmB derivatives over other drugs is further stressed by the
recently reported lack of parasite resistance to AmB (9). In this
study, we show the effects of two AmB-AG derivatives, a re-
duced (rAmB-AG) form and an unreduced (uAmB-AG) form,
on leishmania promastigotes and amastigotes in vitro and on
Leishmania major infection in BALB/c mice.

(Part of this research was conducted by T. Ehrenfreund in
partial fulfillment of the requirements for a Ph.D. from He-
brew University of Jerusalem, Jerusalem, Israel.)

MATERIALS AND METHODS
AmB-AG synthesis. AmB (a gift from Dumex, Copenhagen, Denmark) was

conjugated to AG (a gift from Larex International, St. Paul, Minn.) in two steps:
first, AG was oxidized to dialdehyde AG with potassium periodate in water at
25°C and purified from the interfering oxidative anions (periodate and iodate) by
passage through an ion-exchange column of Dowex-1 (Aldrich, Milwaukee, Wis.)
in acetate form. Dowex-1 acetate was obtained by pretreating the commercial
anion exchanger with 1 M acetic acid. The purified oxidized AG solution was
dialyzed through a 12,000-molecular-weight cutoff dialysis tubing (Medicell In-
ternational, London, United Kingdom) against deionized water for 48 h at 4°C
and lyophilized to dryness. This purification step was critical because AmB is very
sensitive to oxidation. In the next step, AmB was bound to the oxidized AG by
the formation of an imine bond between the primary amine bond of AmB and
the aldehydes of the oxidized AG. Conjugation occurred in 0.1 M borate buffer
solution, pH 11, for 48 h under constant stirring. A clear yellow-orange solution
was obtained. The imine conjugate was purified by dialysis and lyophilized to
dryness. The average yield was 80%. The imine (unreduced) conjugate (uAmB-
AG) was reduced to a more stable amine form by the addition of sodium
borohydride powder (1.1 M NaBH4/mol of saccharide units in the polymer) to
the imine conjugate solution, with overnight stirring at room temperature. The
average yield of this reaction was 90%. During the reduction process, a clear
change of color, from yellow-orange to light yellow, was observed. The amine
(reduced) conjugate (rAmB-AG) obtained was purified by dialysis and lyophyl-
ized as described above for the imine conjugate.

Other AmB formulations used in this study. Other AmB formulations used in
this study were Fungizone (Bristol Myers Squibb), a mixed micelle formulation
composed of AmB and sodium deoxycholate, and AmBisome, a unilamellar
liposome formulation (Vestar, San Dimas, Calif.).

Parasites. L. major parasites, strain WR1045, were periodically isolated from
BALB/c mice (Harlan Laboratories, Jerusalem, Israel) and maintained in RPMI
1640 culture medium supplemented with 20% fetal calf serum (Biological In-
dustries, Beth Haemek, Israel) at 28°C, by weekly passage, for no more than 2
months.

L. infantum parasites, strain LON 49 (MCAN/IL/94/LRC-639) were isolated
from an infected dog near Jerusalem. The original isolate was frozen in aliquots
which were thawed shortly before use. The parasites were maintained in culture
under the same conditions as those of L. major.

In vitro effect on promastigotes. Parasites, after 3 or 4 days of growth, were
washed and resuspended in fresh medium containing fetal calf serum to a
concentration of 15 3 104 promastigotes in 200 ml and distributed into flat-
bottom wells (96-well plate; Nunc, Roskilde, Denmark). The plates were incu-
bated at 28°C in a wet chamber in an atmosphere of 5% CO2, 5% O2, and 90%
N2. After 24 h, 0.5 mCi of [3H]thymidine (2 mCi/mmol; Nuclear Research Centre,
Neger, Israel) was added to each well, the parasites were incubated for another

24 h, and then harvested on glass-microfiber filters. Radioactivity was measured
in a liquid scintillation counter. Each treatment was performed in triplicate; the
results are expressed as percent growth inhibition. [(100 2 cpm of wells with
drug)/cpm of untreated wells] 3 100 (cpm stands for counts per minute).

In vitro effect on amastigotes. Peritoneal macrophages were obtained from 10-
to 12-week-old outbred mice previously stimulated for 4 or 5 days with 3%
thioglycolate. The macrophages were distributed into 8-well slides (Nunc) to
2.5 3 105 cells in 300 ml per well and incubated at 37°C and 5% CO2 for 3 h in
order to allow for cell adhesion. The supernatant was discarded, and promas-
tigotes (8 3 105 to 10 3 105 per well) were added. After overnight incubation,
fresh medium containing the AmB derivatives was added for an additional 24 to
48 h. At the end of this period, the wells were washed, fixed with methanol, and
stained with Giemsa. Each treatment was done in duplicate wells; in each well,
100 macrophages and the number of amastigotes they contained were counted.

In vivo experiments. Female BALB/c mice (Harlan Laboratories) 6 to 10
weeks old, were injected subcutaneously (s.c.) in the base of the tail with 2 3 104

stationary-phase promastigotes, six to eight mice per experimental group. Drug
treatment was initiated 2 days after parasite injection or after the appearance of
lesions (1 month after parasite injection) and was administered six times on
alternate days. The drugs were given i.v. or s.c. in the abdominal area, as detailed
for each experiment. Once a week, mice were checked for appearance of lesions,
and lesion size was measured. To determine the diameter, the average was taken
between the longest distance across the lesion and the length of the line bisecting
this distance at a 90° angle. Mice were kept in a sterile pathogen-free animal
facility throughout the experiments. In most cases, results are presented as
number of mice with lesions at a given time, since the appearance of lesions is
usually followed by a steady increase in lesion size.

Statistical analyses. Statistical evaluations were performed by Kaplan-Meier
survival analysis. The log rank test was used to compare groups. Multiple com-
parisons were performed using Holm’s correction to the significance level. The
SPSS program was used to run the analyses.

RESULTS

Synthesis. AmB was conjugated to oxidized AG in borate
buffer solution, pH 11, for 24 h at room temperature with an
overall yield of 85%. Lower pH resulted in a very low yield,
while higher pH resulted in increased toxicity. Pure water-
soluble conjugates containing 20% by weight of AmB were
obtained as lyophilized powder. The reduced conjugate where
the drug is attached by a stable amine bond was prepared by
reducing the imine bond of the derivative using sodium boro-
hydride. The structure of the imine conjugate is shown in Fig.
1.

Effects of AmB-AG conjugates on parasites in vitro (Table
1). First, AmB-AG was added to promastigote cultures, and its
leishmanicidal effect was compared to that of Fungizone. The
results using L. major show that the drug concentration which
lowers the value of parasites (for promastigotes) or infected
macrophages (for amastigotes) to 50% of the untreated values
(ED50) of Fungizone was lowest (0.02 mg/ml), while the ED50s
of uAmB-AG and rAmB-AG were 0.19 and 0.34 mg/ml, re-

FIG. 1. Structure of uAmB-AG conjugate. rAmB-AG is obtained by reduction of the double bond N¢C between AmB and the sugar.
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spectively. The leishmanicidal effect on L. infantum was con-
siderably higher: 0.01 mg/ml for Fungizone, 0.03 mg/ml for
uAmB-AG, and 0.06 mg/ml for rAmB-AG.

Second, the effect of the derivatives on intracellular L. major
amastigotes was determined in infected macrophage cultures.
The percentage of infected macrophages was reduced by both
conjugates (ED50s of 0.17 mg/ml for uAmB-AG and 0.31 mg/ml
for rAmB-AG). The effect on L. infantum-infected macro-
phages was even more marked, with an ED50 of 0.035 mg/ml
for rAmB-AG and 0.027 mg/ml for uAmB-AG.

Incubation of infected macrophages in the presence of the
conjugates also reduced the number of amastigotes per mac-
rophage: while most untreated macrophages contained one to
six amastigotes, 85% of the macrophages treated with 0.25 mg
of uAmB-AG per ml and 45% of the macrophages treated with
0.25 mg of rAmB-AG per ml contained no parasites (Fig. 2).

Effects of AmB-AG derivatives on the course of infection.
BALB/c mice were injected in the rump with L. major promas-
tigotes and treated on alternate days with 6 i.v. injections of
Fungizone (1 mg/kg/day), AmBisome, or the AmB-AG conju-
gates (6 mg/kg/day), starting on day 2 after parasite injection.
Mice were checked weekly for the appearance of lesions. Fig-
ure 3 presents the results of one typical experiment (of four
performed, although not every experiment included all
groups). Cumulative data of all experiments show that
rAmB-AG (n 5 23), uAmB-AG (n 5 11), AmBisome (n 5
16), and Fungizone (n 5 14) significantly delayed the appear-
ance of lesions (P , 0.0000) from that of untreated mice. In
addition, rAmB-AG and uAmB-AG, but not AmBisome, were
significantly more effective than Fungizone (P , 0.03 and
0.0001, respectively).

In another experiment, treatment by s.c. injection of the
drugs was compared to i.v. treatment. AmBisome at 6 mg/kg
had no significant effect when injected s.c. or i.v. However, s.c.
injection of 12 mg/kg was more effective than the control (P ,
0.0008) or than 6 mg/kg (P , 0.0017). uAmB-AG (6 mg/kg, i.v.
or s.c.) was significantly more effective than the controls
(0.0013 and 0.0003, respectively) or AmBisome given i.v.
(0.007 and 0.0023, respectively) and s.c. (0.0023 and 0.0006,
respectively) (Table 2). Figure 4 summarizes the mean lesion
area data for the mice from this experiment. The data show
that, after 10 weeks, there is a marked difference not only in
the number of mice with lesions but also in lesion size. It
should be stressed that all the mice received the same parasite
inoculum. The effects of treatment of an established infection
with uAmB-AG and with AmBisome were examined. Treat-
ment was started after lesions appeared, 1 month after parasite
injection. While lesion size continued to increase in the control
group, lesion size remained stable or decreased in the treated
groups. The conjugate was slightly more effective than AmBi-

some (Fig. 5). However, the number of animals was too small
to draw definite conclusions from this experiment.

DISCUSSION

In recent years, AmB lipid formulations have been devel-
oped and have been shown to be effective and significantly less
toxic than Fungizone. Three lipid formulations are now mar-
keted for clinical use in many countries worldwide (12). The
efficacy of these formulations has been evaluated in mouse
models of VL. Liposomal AmB was about three times more
active against L. infantum than Fungizone and was not toxic
(19). In L. donovani-infected BALB/c mice, the overall efficacy

FIG. 2. Effects of AmB conjugates and Fungizone on the number of amas-
tigotes in infected macrophages. The conjugates were added for 48 h to macro-
phages containing L. major amastigotes. The number of amastigotes per macro-
phage was counted by microscopic evaluation.

TABLE 1. Effects of AmB-AG conjugates and Fungizone on L.
major and L. infantum promastigotes and amastigotes in vitroa

Drug

ED50 (mg/ml) for in vitro activity against:

L. major L. infantum

Promastigotes Amastigotes Promastigotes Amastigotes

Fungizone 0.02 NDb 0.01 ND
rAmB-AG 0.34 0.31 0.06 0.035
uAmB-AG 0.19 0.17 0.03 0.027

a The effect on promastigotes was evaluated by [3H]thymidine incorporation,
and the effect on amastigotes was evaluated by microscopic counting of macro-
phages and intracellular amastigotes.

b ND, not done.
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of AmBisome was equal to that of Amphocil and higher than
that of Abelcet. Fungizone was the least effective AmB com-
pound tested (17). In a murine L. major model for VL in which
mice were treated starting 3 to 4 weeks after parasite injection,
25 and 12.5 mg of AmBisome per kg induced a reduction in
lesion size, but 6.25 mg/kg was ineffective. In this model, 25
mg/kg, when injected s.c. close to the lesion, caused a small
insignificant reduction in lesion size. Fungizone (1 mg/kg) was
inactive both i.v. and s.c. (21).

In all studies with mice, as well as with humans (8), all lipid
formulations must be repeatedly administered i.v. in order to
be effective. An additional disadvantage of the lipid formula-
tions, which may prevent their widespread use, is their high
cost to the patient (7).

In this study, we have evaluated the efficacy of a new type of
water-soluble AmB compound for the treatment of experimen-
tal leishmaniasis based on the conjugation of AmB to a highly
branched polysaccharide, which may overcome some of the
disadvantages of lipid AmB formulations.

The main difference between the conjugated drug and the
lipid-based formulations is that the latter are particulate sys-

tems that may be unstable physically and chemically and they
are difficult to sterilize by filtration. The conjugated AmB,
however, is water soluble, easily sterilized by filtration, and
physically and chemically stable as lyophilized powder and as
reconstituted solution. The conjugated AmB-AG, loaded with
up to 40% drug by weight, has a molecular weight of 20,000, is
highly water soluble (.10% [wt/vol] in water for injection) and
biodegradable, and is thus expected to be safely eliminated
from the body.

The preparation of the conjugate involves two independent
steps which are conducted at room temperature using water

FIG. 3. Effect of i.v. treatment with AmB derivatives on the appearance of
lesions caused by L. major in BALB/c mice. Mice infected with L. major were
treated with 6 i.v. injections of Fungizone (1 mg/kg/day), AmBisome, or
AmB-AG conjugates (6 mg/kg/day) on alternate days. Lesion appearance was
monitored weekly.

FIG. 4. Comparison of s.c. and i.v. treatment of L. major-infected mice with
AmB derivatives. Mice infected with L. major were treated, starting 2 days after
infection, with 6 i.v. or s.c. injections of AmBisome or AmB-AG conjugates (6 or
12 mg/kg/day) on alternate days. Lesion size was measured weekly. Symbols: E,
control; Œ, AmBisome, i.v., 6 mg/kg; h, AmBisome, s.c., 6 mg/kg; F, AmBisome,
s.c., 12 mg/kg; ■, uAmB-AG, i.v., 6 mg/kg; µ, uAmB-AG, s.c., 6 mg/kg; ‚,
uAmB-AG, s.c., 12 mg/kg; ¼, rAmB-AG, s.c., 12 mg/kg.

TABLE 2. Effects of AmB-AG conjugates and AmBisome administered i.v. or s.c. on the time of lesion appearance in BALB/c micea

Treatment (n)
No. of mice with lesions at the following time (wks) after infection:

2 3 4 5 6 7 8 9 10

Control (8) 0 5 8 8 8 8 8 8 8

AmBisome
i.v., 6 mg/kg (8) 0 3 5 6 8 8 8 8 8
s.c., 6 mg/kg (8) 0 3 8 8 8 8 8 8 8
s.c., 12 mg/kg (8) 0 0 2 5 6 6 7 7 7

uAmB-AG
i.v., 6 mg/kg (6) 0 0 1 1 2 3 5 5 5
s.c., 6 mg/kg (8) 0 0 1 2 2 5 5 5 5
s.c., 12 mg/kg (8) 0 0 0 1 1 2 2 2 2

rAmB-AG, s.c., 12 mg/kg (8) 0 0 0 0 1 2 4 4 5

a Treatment was started 2 days after injection of parasites.
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solutions with no organic solvents involved. There is essentially
one reagent, potassium periodate, that is used besides AG and
AmB. The first step is the formation of pure oxidized AG
which is conducted by dissolving AG into a solution of the
oxidizing agent, periodate, and allowing the oxidation to occur
for a few hours at room temperature. The oxidized AG with
about 38% of its saccharide units oxidized to dialdehydes is
purified by ion-exchange chromatography to remove excess
periodate and lyophilized to a powder that is stable at refrig-
eration for at least 1 year. The conjugation step is conducted at
room temperature in borate buffer solution, pH 11, at which
the drug has some solubility. The reaction solution is filtered
and dialyzed to remove unreacted drug and salts and lyophi-
lized to form a yellow powder which is easily reconstituted
prior to use. If the reduced conjugate is desired, the conjugate
solution is reacted with excess sodium borohydride prior to
dialysis and lyophilization. As described, the method of prep-

aration and reagents are simple and inexpensive, which may
make this product available for treating leishmania infections
in poor countries.

Both AmB-AG conjugates were initially prepared and in-
vestigated for treating fungal infections. Both were found very
effective against candidiasis and Cryptococcus infections in
mice with the unreduced conjugate being more effective, as
described elsewhere (10). Studies conducted on mice indicated
that both conjugates are at least as safe as AmBisome with
maximal tolerated doses in the range of 50 mg of AmB equiv-
alents per kg or 250 mg of the conjugated product per kg (10).

The two AmB-AG derivatives evaluated in this study, the
reduced (rAmB-AG) and unreduced (uAmB-AG) forms were
consistently more effective than Fungizone and often also
more effective than AmBisome for the treatment of leishmania
infection, when treatment was started 2 days after parasite
injection (Fig. 3 and 4). The unreduced conjugate was also
more effective than AmBisome for the treatment of an estab-
lished leishmanial infection (Fig. 5).

In both in vivo and in vitro experiments, uAmB-AG was
more effective than rAmB-AG against L. major. The higher
efficacy of this conjugate may be related to the fact that the
imine bond of the unreduced form is less hydrolytically stable
than the amine bond of the reduced form, thus making AmB
more easily released from the carrier molecule. If this is the
case, the data presented here suggest that the performance of
the imine-conjugated AmB-AG may be affected by similar
delivery systems such as amphiphile-based assemblies contain-
ing AmB (6, 13).

Upon comparison of the effects of AmB-AG on L. major and
L. infantum, it appears that the ED50 for L. infantum is lower
than the ED50 for L. major for both promastigotes and amas-
tigotes. Since the same is true for Fungizone (Table 1 and
results not shown), and for pentavalent antimonial drugs (3),
this is probably due to an intrinsic difference between L. major
and L. infantum rather than to a characteristic of the AmB-AG
conjugate. Regarding the effects of AmB-AG on amastigotes
and promastigotes, the ED50 for amastigotes was lower than
for promastigotes. Similar results were reported for Fungizone
and AmBisome (21). Taken together, these data suggest that
AmB administered as a polysaccharide conjugate does not
interfere with the known mechanism of AmB administered as
an amphiphile-based assembly.

We have shown here that higher doses of AmB-AG can be
administered by the s.c. as well as by the i.v. route. The fact that
fewer mice developed lesions after s.c. injection with higher
doses of uAmB-AG stresses the advantage of s.c. injections. In
addition to allowing for the administration of higher drug
dosages, the s.c. route represents a method of slow drug re-
lease, thus lowering the toxicity of AmB.

In summary, water-soluble polymeric AmB derivatives were
found effective and safe for treating leishmanial infections in
mice. Such treatment could also be used for animal and human
infections.
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