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ARTICLE INFO ABSTRACT

Keywords: Visceral leishmaniasis (VL) is a fatal parasitic disease caused by the protozoan Leishmania spp. Meglumine an-
Leishmaniasis timoniate (MA) is the main treatment and has demonstrated a promising efficacy in a VL-model when en-
Liposome capsulated into negatively charged liposomes. Considering the current concept for the evaluation of pharma-
Pentavalent antimony cokinetic parameters at early phases of drug discovery, we developed a formulation of MA-encapsulated into
igzg;a:gg;f;?ne phosphatidylserine liposomes (MA-LP) and analyzed the in vitro antileishmanial activity, physicochemical
Radiolabeling properties, and pharmacokinetic profile in a mice model. The liposomal formulation had an internal mean

diameter of 114 nm and a high stability in plasma. MA-LP was 23-fold more in vitro effective against Leishmania
infantum-infected macrophages than the free drug, with a selectivity index higher than 220. The pharmacoki-
netic studies demonstrated that the liposomes increased the uptake of the drug by the liver and spleen and
promoted sustained levels. MA-LP was first eliminated through renal excretion, followed by biliary excretion. In
the blood, MA-LP followed a biexponential open model. This work emphasizes the importance of liposomes as
potential drug delivery systems for visceral leishmaniasis.

1. Introduction

Leishmaniases are mosquito-borne infectious diseases caused by
protozoan parasites of the genus Leishmania. Once inside the mamma-
lian body, the Leishmania multiplies within the macrophage and infects
cells of different tissues. The spectrum of disease range from self-
healing cutaneous leishmaniasis to severe visceral leishmaniasis, fatal
when left untreated [1]. Leishmaniases represent a major global health
problem across 98 countries, many in tropical and subtropical areas and
in some temperate settings. They are recognized by World Health Or-
ganization as one of the world’s most neglected tropical diseases af-
fecting 1.6 million of people each year [2].

Pentavalent antimonial agents, such as sodium stibogluconate or
meglumine antimoniate (MA), have remained the mainstay of treat-
ment for all forms of leishmaniasis for more than 70 years. However,

their pharmacokinetic profile and mechanism of action are not well
understood. There is no available vaccine against leishmaniases, and
chemotherapy remains as the major medical approach for managing the
disease. Due to potential toxicities of drugs, doses are often limited,
treatment failures are common and lower drug doses might be expected
to promote resistant organisms. Then, there is a continued need for new
therapies that are safe, effective in inducing long-term cure and easy to
administer [3].

An alternative is to carry antileishmanial agents using drug delivery
systems, such as liposomes. Liposomes have been reported to target the
drug to Leishmania-infected tissue and reduce the parasite load [4,5].
Antimonial drug-containing liposomes were hundreds of times more
effective than unencapsulated ones for the treatment of experimental
visceral leishmaniasis [6], promoting the parasite suppression in the
liver and/or spleen [7,8]. There are many properties that make
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liposomes the most appropriate carrier system for antimonial drugs as
their ability to encapsulate and retain large amounts of water-soluble
compounds; natural tendency to be taken up through the mononuclear
phagocyte system, predominantly by the macrophages which are the
same cells that harbor Leishmania parasites; relative safety and also high
versatility with respect to lipid composition, volume, vesicle size and
number of lamellae [9]. However, charged liposomes are known to be
phagocytosed at higher rates owing to specific or electrostatic interac-
tions between cells and vesicles [10]. Targeting Leishmania-infected
macrophages via phosphatidylserine (PS) nanoliposomes has been a
promising approach to deliver meglumine antimoniate (MA) and other
drugs [11,12]. Our initial studies demonstrated that MA-entrapped into
PS-liposomes were 133-fold more effective than free MA in a VL-mice
model [13]. Although no efforts have been made for the evaluation of
the in vivo pharmacokinetic (PK) parameters of this formulation, its
efficacy suggested a satisfactory PK profile for experimental VL. A re-
cent work from Novartis suggests pharmacokinetic and pharmacody-
namic studies be implemented at early phases of drug discovery, to
identify pharmacokinetic properties for further improvement and op-
timal compound and formulation design [14].

In the development of drug-containing liposomes, pharmacokinetic
and biodistribution of such systems are major issues to be known. To
investigate the fate of liposomes in vivo, a large variety of markers are
available. Radiolabels provide a sensitive and powerful tool to de-
termine liposome biodistribution [15]. Studying the biodistribution of
MA is easier when the drug is radioactive, but there are no antimony
radioisotopes commercially available. As we previously described, ir-
radiating the MA was the best choice by which to support this goal in
vivo studies [16].

In continuation of the investigation of MA-liposome properties
[17,18], this study aimed to develop a meglumine antimoniate en-
capsulated in phosphatidylserine-liposome and analyze its physico-
chemical characteristics, antileishmanial activity and pharmacokinetic
profile in a mice model.

2. Materials and methods
2.1. Chemicals

Hydrogenated phosphatidylcholine (PC) and phosphatidylserine
(PS) were kindly given by Lipoid GmbH (Ludwigshafen, Germany).
Glycerol, cholesterol, MTT, RPMI-1640 medium, sucrose, and phos-
photungstic acid were purchased from Sigma-Aldrich Co (Sao Paulo,
Brazil). Fetal bovine serum (FBS) was obtained from Thermo Fisher
Scientific, Inc (Sao Paulo, Brazil). Polycarbonate membranes were
purchased from Avanti Lipids, Inc (Alabama, USA). Meglumine anti-
moniate was obtained from Sanofi-Aventis (Sao Paulo, Brazil).

2.2. Animals and cells

Female BALB/c mice (Mus musculus) and male golden hamsters
(Mesocricetus auratus) were supplied by the animal breeding facility at
the Faculty of Medicine of the University of Sao Paulo and maintained
in sterilized cages in a controlled environment with free access to water
and food. All of the animal procedures were performed with the ap-
proval of the Animal Care and Use Committee of the Institute of
Tropical Medicine of the University of Sdo Paulo (Sdo Paulo, Brazil)
[CEP-IMTSP 012/29/042008].

Leishmania (Leishmania) infantum (MHOM/BR/1972/LD) was
maintained in golden hamsters for up to approximately 60-70 days
post-infection. Amastigotes were obtained from spleens of previously
infected hamsters by differential centrifugation. Peritoneal macro-
phages were collected from the peritoneal cavity of BALB/c mice by
washing with 10% FBS-supplemented RPMI 1640.
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2.3. Preparation and characterization of meglumine antimoniate-containing
liposomes

Liposomes were prepared as previously described [19]. The PC,
cholesterol, and PS (molar ratio of 5:4:1) were prepared at the final
lipid concentration of 55 g/L. The dry lipid film was dispersed in an
isotonic glycerol solution (IGS). After, the solution was sonicated and
extruded through 0.2 um pore size polycarbonate membrane. The li-
posome suspension was mixed with a sucrose solution at a mass ratio of
3:1 (sugar/lipid) and a final sugar concentration of 0.3 M. The mixture
was frozen in liquid nitrogen and lyophilized. For rehydration, 40% of
the original liposome volume of MA was added to the lyophilized
powder and the mixture was vortexed and incubated for 30 min at
55 °C, the same procedure was repeated adding 40% volume of IGS, and
120% volume of IGS. Drug-containing liposomes were separated from
the non-encapsulated drug by centrifugation (14,000g, 30 min). The
liposome pellet was then washed and resuspended in IGS at a final
antimony concentration of about 10-16 g/L.

Irradiated MA was previously produced [16] for radiolabeled lipo-
some (MA-LP). The rehydration of the lyophilized powder was per-
formed adding 20% of the volume of MA and 20% of irradiated MA
following the same procedure. Non-encapsulated irradiated MA was
removed by 24 h dialysis at 4 °C in IGS (1:1000, v/v).

The amount of antimony was determined in the resulting liposome
suspension by instrumental neutron activation analysis (INAA) [17].
Encapsulation efficiency was determined by measuring antimony con-
centrations in the liposomal dispersions before and after separation of
the non-encapsulated drug. The values were calculated as the percen-
tage of the drug entrapped in the liposomes. The final phospholipids
concentration was determined by the Stewart assay [20].

The morphological characterization was determined by negative-
staining transmission electron microscopy using 1% phosphotungstic
acid and imaged in a JEOL 1011 microscope (Peabody, Massachusetts,
USA).

Antimony release was assessed in the storage condition, using an
IGS (pH 7.4) at 4°C and in physiological condition, using normal
hamster pooled plasma at 37 °C. After 15, 60, and 120 min samples
were removed and centrifuged (14,000g, 30 min, at 4 °C) to remove the
leaked drugs. Drug concentrations in the pellet and supernatants were
determined by INAA. Drug release was expressed as a percentage of the
concentration of the encapsulated antimony [18].

2.4. Antileishmanial and cytotoxic activity

The 50% inhibitory concentration (ICso) against L. infantum in-
tracellular amastigotes was determined in infected macrophages.
Macrophages were seeded for 24h at 4 x 10° cells/well into 24-well
plates. Amastigotes were isolated as described previously and added at
a ratio of 10:1 (amastigotes: macrophages) for 24 h at 37 °C. Non-irra-
diated free MA and MA-LP were incubated for 120 h at 37 °C in 5% CO..
Cells were fixed in methanol, stained with Giemsa and observed under a
light microscope. The number of infected macrophage among 400
macrophages in the untreated cultures was considered to be 100% for
calculating the percentage of infection in the drug-treated cultures [17].

Peritoneal macrophages were seeded at 4 x 10°/well in 96-well
microplates and incubated with the drugs for 48 h at 37 °C in 5% CO..
The ICso was determined using a colorimetric MTT assay [21]. The
selectivity index (SI) was calculated using the following equation: SI =
ICso (Macrophages)/ICsq (Leishmania amastigotes).

2.5. Biodistribution of meglumine antimoniate-containing liposomes in
BALB/c mice

Two experimental groups of mice were used: (i) MA injected mice
(n = 40) and (ii) MA-LP injected mice (n = 40). In each group, eight
subgroups of five animals were randomly distributed. All animals
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received a single intraperitoneal injection of irradiated MA-LP con-
taining 1.0 mg Sb*°/100 pL with the activity of 1 x 10° Bq of **Sb and
250 Bq of 12*Sb or irradiated free MA containing 0.081 mg of Sb*5/
100 uL with the activity of 2.2 x 10* Bq of 1?2Sb and 518 Bq of '2*Sb
[16]. The animals were euthanized 0.08, 0.25, 0.5, 1, 2, 5, 24 and 48 h
after administration by cervical dislocation, which was followed by
blood sampling and their organs removed, washed, and weighed. The
injected activity (IA) was measured in a NaI(Tl) scintillation counter
(Cobra Auto-Gamma; Canberra Inc, Connecticut, USA). The data were
expressed as the percentage of IA per gram of organ (IA/g) and of IA per
milliliter of blood (IA/mL).

2.6. Pharmacokinetic analysis

A non-compartmental analysis of the blood concentration was per-
formed using PK Solutions 2.0 software (Summit Research Services, CO,
USA). Peak concentrations in the blood (Cmax) and the time at which
these concentrations were observed (Tmax) were determined from the
concentration-time data. The classical trapezoidal rule was used to
compute the area under the drug concentration vs. time curve (AUC).
The AUC was extrapolated to infinity by the addition of Clast/Kel,
where Clast was the drug concentration in the last blood sample in-
vestigated and Kel was the terminal elimination rate constant. Kel was
determined from the linear regression of the last three data points on
each of the plots, and the blood half-lives (t1/2) were calculated as
0.693/Kel. The area under the first moment (AUMC) was determined
using the same rules as for the AUC calculation. The mean residence
time (MRT) was estimated as AUMC/AUC. The method of residuals (or
curve-stripping) was applied to define the underlying exponential terms
that best describe the current concentration-time data set. This proce-
dure determines the PK parameters of half-life, rate and concentration
intercept for each phase of the blood level curve.

2.7. Statistical analysis

The ICs, values were calculated using sigmoid dose-response curves
generated by GraphPad Prism 5.03. Pharmacokinetic parameters were
derived from the mean concentrations of 5 animals at each time point.
For the biodistribution data, the mean + SD of the measurements from
5 animals at each time point are shown. The unpaired two-tailed
Student t-test was used to compare the two groups and defined as a
P < 0.05.

3. Results
3.1. Liposome characterization

Liposomes were obtained through rehydration of freeze-dried empty
liposomes with MA. The physicochemical parameters were evaluated
following drug entrapment. The mean of phospholipid content was
10.26 = 0.81 mg/mlL. The encapsulation efficiency of MA and irra-
diated MA resulted in a mean of 14.70 + 1.95% and 9.29 = 2.62%
(p < 0.05), respectively. The mean of antimony mass in liposomes was
9.41 + 1.25mg. Round-like vesicles were predominant, the liposomes
were multilamellar (Fig. 1A) and had an internal mean diameter of
114 + 43nm (Fig. 1B). The drug release from liposome in isotonic
glycerol solution and in plasma was similarly (Fig. 2); with a leakage
rate of 6-8% of its content at 15 min, retaining approximately 90% of
the entrapped drug at 2h.

3.2. Antileishmanial and mammalian cytotoxicity

The activity of free MA and MA-LP was evaluated in intracellular
Leishmania amastigotes. MA-LP inhibited parasite with an ICso value of
2.65 ug/mL, whereas the ICs value for MA was 60.28 ug/mL (Table 1).
MA-containing liposomes were more toxic towards peritoneal
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Fig. 1. Negative-staining transmission electron microscopy (TEM) analysis of
meglumine antimoniate-containing liposomes (MA-LP). (A) Representative
TEM image of liposomes. (B) Histogram showing the particle size distribution.
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Fig. 2. In vitro release of meglumine antimoniate-containing liposomes (MA-
LP). Liposomes were incubated in isotonic glycerol solution (IGS) at 4°C ()
and plasma at 37 °C (@). At times indicated, samples were centrifuged and
antimony concentration was determined by instrumental neutron activation
analysis (INAA). The results are expressed as the mean of a single experiment,
representative of two.

macrophages than the free drug, resulting in ICso values of 593.6 pug/
mL. Furthermore, the selectivity index was 224 and > 332, respec-
tively. Empty liposomes (free of drug) showed neither cytotoxicity nor
antileishmanial activity.
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Table 1
In vitro antileishmanial and cytotoxic activity of non-irradiated free meglumine
antimoniate (MA) and meglumine antimoniate-containing liposomes (MA-LP).

Drug IC50 (95% CI) (ug/mL)
L. (L.) infantum amastigotes Peritoneal macrophages SI

MA-LP 2.65 593.6 224
(2.17-3.23) (481.9-731.2)

MA 60.28 > 1000 > 332
(56.22—64.64)

LP NA NT -

IC50, 50% inhibitory concentration; CI, confidence interval; SI, selectivity
index; LP, empty liposome; NA, not active; NT, non toxic.

3.3. Biodistribution of meglumine antimoniate-containing liposomes

The concentration of antimony in the brain, heart, lungs, and
muscle are shown in Fig. 3. In the brain, a low uptake of MA-LP was
observed with 0.11% IA/g at 0.08 h and 0.42% IA/g at 48 h, and 0.22%
IA/g at 0.08 h and 0.06% IA/g at 48 h for MA (Fig. 3A). In the heart, the
antimony activity of MA-LP was 2.66% IA/g at 0.08 h to 0.54% IA/g at
48 h and, MA decreased from 5.86% IA/g at 0.08 h to 0.27% IA/g at
48h (Fig. 3B). In the lungs (Fig. 3C), the antimony activity of MA-LP
and MA decreased from 3.48% IA/g at 0.08 h to 0.37% IA/g at 48h,
and 5.40% IA/g at 0.08h to 0.21% IA/g at 48 h, respectively. In the
skeletal muscle, free MA was significantly higher with 1.20% IA/g at
0.08h and 0.15% IA/g at 48 h than the liposome, with 0.11% IA/g at
0.08h and 0.16% IA/g at 48 h (Fig. 3D).

The concentration of antimony in the liver and spleen are shown in
Fig. 4. The liver had rapidly taken up the antimony by 0.5h from MA
with a higher Cmax (60.96% IA/g) than the MA-LP by 5h (34.44% IA/
g) (Fig. 4A). However, MA-LP showed sustained level with longer MRT
of 62h compared to MA of 41 h. Also, MA-LP showed higher AUC
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values than free MA (2059,21% IA.h/g vs 1462,7% IA.h/g). These are
explained by the accumulation and retention of antimony in the liver
combined with slow clearance rate, reaching levels of 16.4% IA/g form
MA-LP and 10.1% for MA at 48 h.

The uptake of the antimony in the spleen was faster by 0.08 h with
Cmax of 23.0% IA/g for MA compared to MA-LP by 5h (54.14% IA/g),
and its activity rapidly decreased reaching 0.74% IA/g at 48 h. The MA-
LP was 60 times slower to reach the Cmax compared to MA but was 2.4-
fold higher. In contrast, liposome promoted significantly higher and
sustained antimony level, with 20.30% IA/g at 48 h (Fig. 4B). The AUC
was 19-fold higher for MA-LP (2418,2% IA.h/g vs. 126,3% IA.h/g). The
MRT of the antimony was prolonged from 44 h to 47 h after adminis-
tration of MA and MA-LP, respectively.

Antimony was rapidly eliminated by the kidneys (Fig. 5A), with
Cmax of 10.68% IA/g at 0.08 h and 9.44% IA/g at 0.25h for MA and
MA-LP, respectively. A biphasic elimination profile was observed, cor-
responding to a fast elimination phase (E phase) for up 2h postinjec-
tion, followed by a slow E phase that lasted at least until 48 h, with
levels dropping to 0.46% IA/g and 0.79% IA/g for MA and MA-LP,
respectively. A fraction of antimony was also absorbed and distributed
by the gastrointestinal tract (Fig. 5B), with elimination occurring
through hepatobiliary excretion after processing in the liver, eventually
reaching the intestinal lumen. High levels of absorption occurred in the
stomach by 0.08 h (8.02% IA/g for MA-LP and 13.34% IA/g for MA),
then the level decreasing by 0.5h and 2h for MA and MA-LP, respec-
tively. Next, increasing levels of antimony were observed within 1h
and 5h, and the elimination process began. In the intestines, MA
showed higher antimony elimination rates than the MA-LP with sta-
tistically significant differences. The peak of the fast E phase in the large
intestine occurred at 5h, with 14.4% IA/g and 4.93% IA/g for the MA
and MA-LP, respectively. This was followed by a slow E phase until at
least 48 h, with levels dropping to 0.91% IA/g for MA and 1.85% IA/g
for MA-LP.
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Fig. 3. Biodistribution of antimony in BALB/c mice after intraperitoneal administration of meglumine antimoniate (MA) and meglumine antimoniate-containing
liposomes (MA-LP). A: brain; B: heart; C: lung; D: muscle. Continuous line: MA-LP; dotted line: MA. Data are shown as the mean * standard deviation (n = 5/time)
of the percentage of injected activity (IA) per gram. Asterisk showed a significant difference: *p < 0.05.
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Fig. 4. Biodistribution of antimony in BALB/c mice after intraperitoneal administration of meglumine antimoniate (MA) and meglumine antimoniate-containing

liposomes (MA-LP). A: liver; B: spleen. Continuous line: MA-LP; dotted line: MA. Data are shown as the mean

+

standard deviation (n = 5/time) of the percentage of

injected activity (IA) per gram. Asterisk showed a significant difference: *p < 0.05 and ** p < 0.0001.
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Fig. 5. Elimination pathways of antimony in BALB/c mice after intraperitoneal administration of meglumine antimoniate (MA) and meglumine antimoniate-con-
taining liposomes (MA-LP). A: kidney; B: gastrointestinal tract. Continuous line: MA-LP; dotted line: MA. Data are shown as the mean * standard deviation (n = 5/
time) of the percentage of injected activity (IA) per gram. Asterisk showed a significant difference: * p < 0.05.

Table 2

Mean pharmacokinetic parameters in the blood of BALB/c mice (n = 5/time)
following intraperitoneal administration of meglumine antimoniate (MA) and
meglumine antimoniate-containing liposomes (MA-LP).

Parameter MA-LP MA
Crax (%IA/mL) 6.8* 12.7
Timax (h) 0.3 0.08
t1,2 E phase (h) 50.58 48.91
t1/2 D/A phase (h) 7.26 5.85
AUCy... (%IA.h/mL) 74.7 62.8
AUMC (%IA.h%/mL) 4770.5 3493.9
MRT (h) 63.9 55.7
CL (mL/h) 1.34 1.59

Cmax> Peak plasma concentration; Tyay, time to Chay; t1/2, plasma half-life; E
phase, elimination phase; D/A phase, distribution or absorption phase; AUC,
area under the concentration-time curve; AUMC, area under the first moment
curve; MRT, mean residence time; CL, total clearance *P < 0.05.

For the blood, the means of the pharmacokinetic parameters are
summarized in Table 2. Antimony was rapidly absorbed, both for free
and MA-containing liposome (Fig. 6). In the blood, MA showed a higher
Cmax (12.7% IA/mL) than the MA-LP (6.8% IA/mL) (P < 0.05). For
MA the Tmax was achieved at 0.08 h, the first evaluation time. The
determination of exponential terms corresponding to the absorption,
distribution, and elimination phases occurring during the time course of
the drug in the blood could characterize that absorption and distribu-
tion phase occurring at the same moment, with a predominance of
distribution phase. The distribution phase was followed by a faster E
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Fig. 6. Blood pharmacokinetics of antimony in BALB/c mice after in-
traperitoneal administration of meglumine antimoniate (MA) and meglumine
antimoniate-containing liposomes (MA-LP). Continuous line: MA-LP; dotted
line: MA. Data are shown as the mean *+ standard deviation (n = 5/time) of
the percentage of injected activity per milliliter of blood. Asterisk showed a
significant difference: * p < 0.05.

phase until 5h. Thereafter, the slower E phase occurred at least 48 h,
when it had reached 0.4% IA/mL. Despite the higher antimony levels
for MA at the beginning of the study, no statistically significant dif-
ferences were observed in other parameters.

4. Discussion

This study demonstrated that MA-containing liposome composed of
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phosphatidylserine was able to eliminate intracellular amastigotes of L.
infantum and was 23-fold more in vitro effective than the free drug.
Furthermore, low in vitro cytotoxicity was detected, resulting in a se-
lectivity index higher than 220. Similar results were previously ob-
served using MA-liposomes, being =10-fold more effective against L.
major-infected macrophages [17] and 63-fold more effective against L.
infantum-infected macrophages than the free drug [18].

The clearance rate and biodistribution of liposomes are strongly
influenced by their physicochemical characteristics. Liposomes had an
internal mean diameter of 114nm, indicating the presence of a
homogeneous population. This small liposome size allows for a longer
circulation time and substantial penetration into tissues such as the
liver and spleen, sites where Leishmania resides. L. infantum-infected
dogs treated with a MA-liposome of 400 nm targeted antimony to the
bone marrow at a threefold-higher level than the liposome with
1200 nm, suggesting that it may more effectively clear parasites from
this tissue [19]. Liposomes containing antimonial drugs with 100 nm
were more effective than the large-sized in reducing the number of
Leishmania parasites in the bone marrow of mice [7].

The surface charge of liposomes has an important role in the en-
capsulation efficiency of drugs and also in the interaction with the
target cells. Higher encapsulation efficiency of MA was achieved when
the vesicles carried a negatively charged phospholipid such as PS [17].
The inclusion of PS or phosphatidylglycerol in liposomes greatly en-
hances their binding to and phagocytosis by macrophages [22]. PS-
based liposomes targeted intracellular L. chagasi amastigotes via sca-
venger receptors (SR) in macrophages to deliver antimony. Leishmania-
infected macrophages have been shown to upregulate the SRs CD36,
SRB-1 and MARCO. Therefore, SRs may represent a promising target for
PS liposomes [23]. PS MA-liposome was preferentially taken up by
infected macrophages getting close to the amastigotes rather than by
uninfected, probably due to changes in phagocytic behavior after in-
fection [17].

The MA-containing lyophilized liposome suggests that this pre-
paration is stable for storage at 4 °C for at least 2 h, the required time to
rehydrate and administer the drug to the individual. Moreover, a sig-
nificant technological advantage of this method over conventional ones
is that liposomes may be stored as pre-formed freeze-dried empty ve-
sicles and that rehydration may be performed just before use with
longer storage stability [24], an important property for distribution in
remote areas with Leishmania infections [25].

This work provides comprehensive pharmacokinetic data of MA-li-
posomes. Vital organs such as the heart, lungs, and brain showed no
significant accumulation of antimony, suggesting no toxic properties,
but additional studies are needed to confirm this hypothesis. The ske-
letal muscle showed higher levels of antimony from the MA than the
MA-LP. It is possible that this tissue has no or low specific affinity for
liposomes. A study of L. braziliensis-infected rhesus monkeys treated
with MA found that these organs were among the tissues classified as
having accumulated low to intermediate levels of antimony [26]. In our
study, based on the antimony uptake from MA-LP, the levels in the
organs can be classified as low (< 1%) in the brain, muscle; inter-
mediate (> 1-10%) in the blood, heart, kidneys, large intestine, lungs,
stomach, small intestine; and high (> 10%) in the liver, spleen.

The marked targeting and tissue persistence of antimony in the liver
and spleen following administration of the liposome represent im-
portant findings of this study. The spleen showed the highest level of
antimony at 5h after administration of MA-LP, being 57-fold higher
than free MA and, it is retained longer, a key factor for the antil-
eishmanial activity. High levels of antimony in the spleen could be
needed to achieve the elimination of the parasites [27] as low levels
were associated with relapses and insufficiency for promoting the
parasite suppression [28].

A higher level of antimony in the liver caused a reduction in parasite
burden but was not observed in spleen and bone marrow, sites where
Leishmania parasites were apparently less susceptible to antimony
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therapy and should be the cause of treatment failure and relapse [29].
Hunter and coworkers [8] also observed a higher level of antimony and
parasite suppression in the liver of mice treated with free, niosomal and
liposomal antimony formulations.

However, MA-LP showed a lower value of Cmax than MA; a higher
value of AUC and prolonged circulation time was observed. Our data
suggest that part of antimony is retained in the liver into the portal
system after administration before being released into the bloodstream.
PS liposomes are efficiently eliminated from the blood by cells of the
mononuclear phagocyte system, predominantly Kupffer cells in the
liver [30]. Hepatocytes and liver endothelial cells have a significant
contribution for the clearance of systemic administered PS-containing
liposomes, presumably via a SR-mediated mechanism [31].

Liposome-encapsulated antimonial drugs were extremely effective
in suppressing hepatic leishmaniasis. The dose required to obtain 50%
suppression of hepatic parasites was approximately 350-900 times
lower than the unencapsulated drug [4,32]. Similar results were also
observed in mice [33,34] and in dogs [5]. Enhanced therapeutic effects
were observed when liposomes were injected intracardially, in-
traperitoneally or intramuscularly and subcutaneously [11], but not
orally [35].

The kidney and intestine uptake data support the hypothesis of two
elimination pathways for antimony from both free and MA-liposome;
initial elimination through renal excretion followed by biliary excre-
tion. Moreover, the processes in both organs demonstrated a biphasic
elimination profile classified as fast and slow. The fast renal clearance
was followed by a concomitant fast enterohepatic clearance phase, and
the slow elimination phase in the kidneys was followed by a slow
biliary excretion phase. The slow terminal elimination phase by both
routes may be related to the conversion of pentavalent antimony into
trivalent antimony [36]. Similar findings were also reported in an ex-
perimental visceral leishmaniasis [16].

Few studies have reported on renal clearance being the predominant
route of elimination of antimony [37,38]. Our data of rapid renal
clearance during the first 2 h of administration is consistent with studies
of Rees and coworkers [37]. Free MA was previously demonstrated to
be absorbed by the gastrointestinal tract and entered the liver via the
portal vein, where it was metabolized before reaching the rest of the
body [16]. The biliary tree is known to be a major route of excretion for
trivalent antimonial, but for the pentavalent drugs the kidney is the
major route of excretion, and the biliary tree is only a minor route [39].

The clearance of the antimony from circulation also had a biphasic
character. First, a rapid initial phase leading to 94% and 86% dis-
appearance from the blood after 5 h was followed by slower elimination
half-lives of approximately 50 h, for both free MA and MA-LP. The low
antimony level after 5h can be explained by both its rapid clearance by
the liver and its rapid renal elimination. The small fraction of antimony
that is more slowly eliminated may be related to its accumulation in the
body during treatment. Similar profile for the MA-containing liposomes
was observed in healthy dogs [40] and in experimental canine leish-
maniasis [41].

The blood antimony concentration as a function of time is char-
acterized by two phases until 48 h. The initial phase shows a rapid
decrease of antimony concentration, corresponding to a distribution
which is followed by a slower second phase describing drug elimina-
tion. A similar pharmacokinetic profile has been proposed for the un-
encapsulated drug in humans [38], as well as in healthy [40] and in-
fected dogs [41] for the MA-containing liposome.

The large variability in patient response to the treatment of leish-
maniasis with pentavalent antimonial drugs can be ascribed to various
factors, including the ability of the antimony to reach the infected sites,
which depends primarily on antimony’s pharmacokinetic profile. Until
now, there had been no consensus on whether a favorable response to
treatment with pentavalent antimonial depends on achieving a high
peak-drug concentration (smaller AUC) or on maintaining an in-
hibitory-drug concentration longer (larger AUC). A lower but more
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sustained level of antimony would seem to be the more effective for
treating leishmaniasis [38]. However, it appears that rather than the
lower concentrations, which are readily sustained in most tissues, it is
the peak tissue concentration of antimony achieved soon after dosing
that is the most important factor in its antileishmanial activity [29,42].

Although animal models are useful to conduct preclinical evalua-
tions of a drug and to study a disease, there are major structural and
physiological differences with human beings that show a limitation of
these models when testing drug to be used in human beings. Current
animal models for the discovery of new potential antileishmanial drugs
differ vastly in their immunological response to disease and clinical
presentation of symptoms. However, animal models are used to ensure
correlation of drug results in vivo before human clinical trials begin
[43].

5. Conclusion

Meglumine antimoniate encapsulated in phosphatidylserine-con-
taining liposomes enhances the uptake of the drug by liver and spleen,
and promote sustained level for a longer period than free drug. This
work emphasizes the importance of PS-liposomes as potential drug
delivery systems for visceral leishmaniasis. Radiolabeled liposomes is a
feasible approach to evaluate the biodistribution of drugs in animal
models and these results could contribute to the development of new
pharmacological studies using drug delivery systems for VL.
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