ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Sept. 2003, p. 2781-2787
0066-4804/03/$08.00+0 DOI: 10.1128/AAC.47.9.2781-2787.2003

Vol. 47, No. 9

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Pharmacokinetics, Toxicities, and Efficacies of Sodium Stibogluconate

Formulations after Intravenous Administration in Animals

J. Nieto,'* J. Alvar,’ A. B. Mullen,” K. C. Carter,’ C. Rodriguez,”> M. 1. San Andrés,*
M. D. San Andrés,* A. J. Baillie,*} and F. Gonzalez*

WHO Collaborating Center for Leishmaniasis Servicio de Parasitologia, Centro Nacional de Microbiologia, Instituto de Salud

Carlos Ill, Majadahonda," and Departamento de Toxicologia y Farmacologia, Facultad de Veterinaria, Universidad
Complutense, Madrid,* Spain, and Department of Pharmaceutical Sciences® and Department of Immunology,®
University of Strathclyde, Glasgow, United Kingdom

Received 1 March 2002/Returned for modification 27 July 2002/Accepted 3 June 2003

The pharmacokinetics and toxicities of free sodium stibogluconate (SSG) and two vesicular formulations of
this drug (a nonionic surfactant vesicular formulation of SSG [SSG-NIV] and SSG-NIV-dextran) were
determined after treatment with a single intravenous dose in healthy dogs and were related to their antileish-
manial efficacies in mice. Analysis of the curves of the concentrations in plasma after intravenous adminis-
tration of SSG and SSG-NIV in dogs showed that both formulations produced similar antimony (Sb) phar-
macokinetics. In contrast, treatment with SSG-NIV-dextran significantly modified the pharmacokinetics of the
drug. The elimination half-life was four times longer (280 min) than that observed after administration of SSG
(71 min) (P = 0.01), and the volume of distribution at steady state (Vgg) was also increased (Vg for SSG, 0.21
liters/kg; Vg for SSG-NIV-dextran, 0.34 liters/kg [P = 0.02]), thus indicating that drug encapsulation favors
the distribution of Sb into organs and increases its residence time in tissues. This would explain the superior
antileishmanial efficacy of this formulation compared to those of the free drug in mice. No signs of toxicity were
found in dogs after SSG and SSG-NIV administration. However, SSG-NIV-dextran treatment was associated
with short-term toxicity, demonstrated by the development of chills and diarrhea, which cleared by 24 h
postdosing, and hepatic dysfunction at 24 h postdosing (P < 0.05). The levels of all the biochemical parameters
had returned to normal at 1 month postdosing. No signs of toxicity were observed in mice treated with all three

formulations.

Dogs are the principal reservoir of Leishmania infantum,
which is the etiological agent of visceral leishmaniasis (VL) in
Mediterranean countries (39). Therefore, one of the ways to
prevent human VL would be to eradicate canine disease. Pen-
tavalent antimonials, such as sodium stibogluconate (SSG) and
meglumine antimoniate, are the first-line drugs used for the
treatment of infections in humans (5) and dogs (2, 21). How-
ever the multiple-dose treatment protocol used with dogs
(twice-daily subcutaneous treatment with 75 mg/kg of body
weight for 3 to 4 weeks) generally causes only a temporary
remission of symptoms, and relapses are common. The phar-
macokinetic behavior of antimony (Sb) after the administra-
tion of meglumine antimoniate to healthy dogs (4, 31, 33, 34)
and dogs experimentally infected with L. infantum (35, 36) has
been described previously. In contrast, the pharmacokinetic
behavior of Sb in dogs after SSG administration has only been
partially described (13). The lack of a correlation between
administration protocols and the pharmacokinetic behavior of
Sb could be an important parameter involved in therapeutic
failures.

More recently, lipid-based amphotericin B formulations
(e.g., Ambisome, Abelcet, and Amphocil), which were devel-
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oped for the treatment of systemic fungal infections, are being
used for the treatment of leishmaniasis (5). These formulations
attain high levels of drug in the target organs infected with the
parasite with reduced dosing schedules, thus providing more
effective and safer therapies (17). However, no commercial
lipid formulations of Sb are available, even though these types
of formulations were shown to be 700 times more effective,
based on the drug dose, than unencapsulated drug as early as
the 1980s (9). A liposomal meglumine antimoniate formula-
tion administered to dogs infected experimentally with L. in-
fantum every 24 h allowed high and sustained plasma drug
concentrations throughout the treatment period, and the dogs
remained symptom free for at least 12 months posttreatment
(36). Major barriers to the development of a phospholipid-
based antimonial drug formulation for the treatment of canine
leishmaniasis is the high commercial costs associated with the
production of a new drug formulation and the emergence of Sb
resistance within the Leishmania parasite populations in some
parts of the world (20).

Previous studies have shown that the use of a nonionic
surfactant vesicular formulation of SSG (SSG-NIV) can mark-
edly improve the therapeutic efficacy of SSG (23, 37). In a
murine model, SSG-NIV treatment was more effective or as
effective as lipid-based amphotericin B drug formulations,
which are now commercially available for the treatment of VL
(23). In addition, recent studies have shown that an SSG-NIV
formulation was more effective than free SSG against clinically
derived Sb-resistant strains (8). Studies with an alternative
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SSG-NIV formulation in mice showed that use of the carrier
system increased the pentavalent Sb (SbY) concentrations in
tissues infected with Leishmania (12). In addition, the phar-
macokinetics of SSG were altered so that more of the drug
dose was targeted to infected tissues, thus avoiding rapid renal
excretion.

In this study the pharmacokinetics and toxicities of free SSG
and two vesicular formulations of SSG were determined in
healthy dogs, and these results were related to its antileishma-
nial efficacy in mice.

MATERIALS AND METHODS

Materials. SSG (31.1% [wt/wt] Sb¥) was provided by Glaxo Wellcome Ltd.
(Ware, United Kingdom). The nonionic surfactant tetracthylene glycol mono-n-
hexadecylether was purchased from Chesham Chemicals Ltd. (Harrow, United
Kingdom). Dicetyl phosphate and ash-free cholesterol were obtained from
Sigma, and all other reagents were of analytical grade. Water for irrigation (lot
96J29B25, code F7114) was obtained from Baxter Healthcare (Northampton,
United Kingdom), and dextran T10 was obtained from Pharmacia Biotech AB
(Uppsala, Sweden). Pentostam (27 mg of Sb¥/ml; lot A3532A) was purchased
from a commercial supplier (Unichem, Livingston, United Kingdom).

Animals. Eight healthy beagle dogs (four males and four females; age range,
2 to 3 years; weight range, 12 to 18 kg) were used in this study. The dogs were
classified as healthy on the basis of a physical examination by a qualified veter-
inarian and hematological and biochemical profiles (19). Animals were housed
indoors in separate rooms, given water ad libitum, and fed dry food once a day.
The study was approved by the institutional animal use committee of the Insti-
tuto de Salud Carlos III.

Age-matched 8- to 10-week-old BALB/c mice (inbred male or female mice
bred in-house) were used in this study. Golden Syrian hamsters (Mesocricetus
auratus) bred in-house or obtained commercially (Harlan Olac, Bicester, Oxon,
United Kingdom) were used for maintenance of L. donovani (strain MHOM/
ET/67:LV82). The mice were infected by intravenous injection (in the tail vein
without anesthetic) with 1 X 107 to 2 X 107 L. donovani amastigotes (7). The day
of parasite administration to the mice was designated day 0 of the experiment.

Drug formulations. Four drug formulations, prepared under aseptic condi-
tions at Strathclyde University, were used in this study: free SSG solution (27 mg
of Sb¥/ml), an SSG and dextran solution (SSG-dextran; 27 mg of SbY¥/ml and 150
mg of dextran [10,680 Da] per ml), and two SSG-NIV formulations (SSG-NIV
and SSG-NIV-dextran). A total of 740 ml of SSG-NIV (lipid concentration, 30
mM), consisting of a 3:3:1 molar ratio of tetraethylene glycol mono-n-hexade-
cylether, cholesterol, and dicetyl phosphate, was prepared as described previ-
ously (23). Briefly, the lipids were melted at 130°C for 5 min. The molten mixture
was then cooled to 70°C, hydrated with 740 ml of preheated SSG solution (70°C,
27 mg of Sb¥/ml), and homogenized at 8,000 = 100 rpm for 15 min at 70°C with
an Ultra-turrax T25 homogenizer fitted with an S25N-25G dispersing tool (IKA-
Werke GmbH, Staufen, Germany). A total of 700 ml of the resultant SSG-NIV
formulation was then processed as follows to prepare the SSG-NIV-dextran
formulation.

The SSG-NIV suspension was left for 45 min to cool to room temperature and
was then subjected to ultrafiltration with a sterilized (by autoclaving at 121°C for
15 min) Spirasep 90 device (Intersep, Berkshire, United Kingdom) which incor-
porated a sterile 100,000 molecular-weight-cutoff polyethersulfone membrane.
The vesicle suspension was passed through the device by using a Jenkins peri-
staltic pump operated at the high speed setting. The ultrafiltration process used
is described in Table 1. The SSG-NIV and SSG-NIV-dextran suspensions were
sized by photon correlation spectroscopy with a Zetasizer 4 instrument (Malvern
Instruments Ltd., Malvern, United Kingdom) and stored at room temperature
until use.

Treatment of dogs. Four dogs (two males and two females; group A) were
given a single intravenous injection of either SSG (40 mg of SbY/kg) or SSG-NIV
(20 or 40 mg of SbV/kg). Four other dogs (two males and two females; group B)
were given a single intravenous injection of SSG, SSG-dextran, or SSG-NIV-
dextran with 10 mg of Sb¥/kg. Drug formulations were administered into the
cephalic vein by slow (5 min) intravenous infusion, and a 4-week drug-free
interval between trials was used. Blood samples were collected with disposable
syringes that contained sodium heparin from a catheter placed contralateral to
the infusion cephalic vein. After each administration, blood sampling was carried
out at 5, 10, 20, 30, 40, 60, 80, and 100 min and 2, 2.5, 3, 4, 5, 6, 8, and 24 h after
administration. Blood samples (3 ml) were kept refrigerated until they were
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TABLE 1. Ultrafiltration processing of SSG-NIV formulation to
produce SSG-NIV-dextran formulation”

Expected SbY

Starting (Xoélgzg (rlr)ﬂe)xgrgélezotlo Final c'oncn ('mg/_ml)
vol (ml) collected formulation Vol (ml) ‘:&fﬁ gg;t:::
700 450 250 500 13.5
500 200 100 400 10.125
400 150 100 350 7.232
350 100 150 400 4.52
400 50 350 400 2.26

“ A total of 700 ml of SSG-NIV (27 mg of SbV/ml) was processed to produce
SSG-NIV-dextran. The expected SbY concentration at each step is shown.

centrifuged (2,000 X g). The plasma was aspirated and stored at —20°C until
analysis, which was completed within 2 weeks after blood collection.

Pharmacokinetic studies with dogs. Detection and quantification of Sb were
performed in a graphite furnace atomic absorption spectrometer (model Zee-
man 3030 HGA 600; Perkin-Elmer) by using the optimized conditions described
previously (11, 14). Before analysis and quantification, the plasma samples were
diluted in ultrapure water (Milli Q system; Millipore). The values of the phar-
macokinetic parameters for each animal were determined by means of the
PCNONLIN (version 4.0) program. The weighted (1/C2, where C is concentra-
tion) data for intravenous administration were fitted to different compartmental
models by nonlinear least-squares regression analysis with first-order elimination
from the central compartment. The criteria used for discrimination between
models were residual sum of squares (= Res?) and Akaike’s information criterion
(26).

Treatment of mice. Groups of infected mice (n = 4 or 5 mice per treatment)
were treated intravenously on day 7 postinfection with one of the following:
phosphate-buffered saline (controls), a single dose of SSG-NIV (222 mg of
SbY/kg), SSG-NIV-dextran (33 mg of Sb¥/kg), or SSG solution (SSG; 222 mg of
SbV/kg). Animals were killed on day 14 postinfection, and the parasite burdens
were determined by microscopic examination of Giemsa-stained tissue smears
(7). Leishman-Donovan units (LDUs; where LDU is the number of amastigotes
per 1,000 host cell nuclei X organ weight [in grams]) were calculated for the liver
and spleen, and the numbers of parasites per 1,000 host cell nuclei were calcu-
lated for the bone marrow (6).

Toxicity study with dogs. A complete serum biochemical analysis was per-
formed before dosing, at 24 h postdosing, and at 1 month postdosing by using an
autoanalyzer (OPERA model; Bayer). The dogs were observed during the first
48 h after drug administration to evaluate possible clinical or behavioral changes.
Food and water intake, temperature, and heart and respiratory rates were also
observed.

Statistical analysis. Statistical analysis was performed by using the SPSS (ver-
sion 10.0) software package (SAS Institute, Inc., Cary, N.C.). The data obtained
for samples from dogs are presented as arithmetic means * standard deviations
(SDs). A Wilcoxon test and a Friedman nonparametric test were used to evaluate
differences of paired comparisons in pharmacokinetic and biochemical parame-
ters between the different formulations administered. For the studies with mice,
the mean log = standard error parasite burdens (LDUs per organ for the spleen
and liver and the number of parasites/1,000 host cell nuclei for the bone marrow)
are shown. Parasite burdens were analyzed by a Students’ unpaired ¢ test with
log,o-transformed parasite burden data. A P value <0.05 was considered signif-
icant.

RESULTS

NIV formulations. The SSG-NIV suspension used in this
study had a mean * SD hydrodynamic diameter of 526 = 20
nm and a mean = SD zeta potential of 3.8 = 1.3 mV; this
formulation had an entrapment efficiency of 6%. The SSG-
NIV-dextran formulation was prepared from the SSG-NIV
formulation used in this study, and the dextran concentration
was selected to minimize any change in the osmotic pressure
across the vesicular bilayer during processing, thereby mini-
mizing the loss of entrapped drug. The SSG-NIV-dextran for-
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TABLE 2. Effects of various SSG formulations on L. donovani
parasite burdens in BALB/c mice®

Treatment Mean * SE parasite burden®
Spleen Liver Bone marrow
Control 149 090 3.12*+224 2.07 =1.23
SSG, 222 of mg SbV/kg 1.78 = 1.30  2.32 * 2.05 214 =132
SSG-NIV, 222 of mg ~ 0.85 = 0.60° 1.77 = 1.36°¢ 1.04 + 0.48°¢
SbY/kg
SSG-NIV-dextran, 33 0.48 = 0.30°  0.70 = 0.30° ND<¢

of mg SbV/kg

“ L. donovani-infected mice were treated on day 7 postinfection with a single
dose of phosphate-buffered saline (controls), SSG, SSG-NIV, or SSG-NIV-
dextran. Normalized parasite burdens were determined on day 14 postinfection.

b Parasite burdens are in mean log LDUs for the spleen and liver and are the
mean log number of parasites per 1,000 host cell nuclei for the bone marrow.

¢ P < 0.0015 compared to the control treatment.

4P < 0.01 compared to SSG-NIV-dextran treatment.

¢ND, no parasite detected.

mulation had a lipid concentration of 30 mM and an SbY
concentration of 3.9 mg/ml (the concentrations were calculated
by atomic absorption spectroscopy; data not shown). It was
assumed that intravesicular drug would be responsible for the
formulation having a higher Sb concentration per milliliter
than that anticipated from the volume changes during process-
ing (Table 1). Thus, it was calculated that 43% of the Sb
formulation was intravesicular (this value was obtained by sub-
tracting the calculated expected antimony concentration [2.3
mg of Sb¥/ml; Table 1] from the measured antimony concen-
tration [3.9 mg of SbY/ml]). Thus, the processing method had
reduced the total antimony content to 15% of the original
starting concentration. Preparation of the SSG-NIV-dextran
formulation from the SSG-NIV formulation was associated
with significant physicochemical changes, including a reduction
in the mean vesicle size (mean = SD hydrodynamic diameter,
253 + 13 nm) and the zeta potential (mean = SD, 13.7 = 1.8
mV). The changes in vesicle size and zeta potential may be
related to the processing method (e.g., particle-particle attri-
tion during filtration and the substitution of dextran for SSG)
rather than to the presence of a specific physical change in the
vesicle. The amount of SbY present in the SSG-NIV-dextran
formulation (3.9 mg of Sb¥/ml) gave an entrapment efficiency
of 43%.

Studies with mice. Treatment with the vesicular formula-
tions was more effective than treatment with free SSG (Table
2), since treatment with free SSG (222 mg of Sb¥/kg) caused a
significant reduction in parasite burdens only in the liver,
whereas treatment with the NIV formulations caused a signif-
icant reduction in parasite burdens in all three sites. Animals
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treated with SSG-NIV or SSG-NIV-dextran were treated with
the same lipid dose. This equated to drug doses of 33 mg of
SbY/kg for animals treated with SSG-NIV-dextran and 222 mg
of SbY/kg for animals treated with SSG-NIV. Treatment with
the SSG-NIV-dextran formulation was more effective than
treatment with the SSG-NIV formulation since it caused a
greater reduction in parasite burdens in the liver and bone
marrow (P < 0.01). Thus, treatment efficacy is primarily de-
pendent on the amount of entrapped drug present in the for-
mulation. None of the treatments caused any signs of toxicity
in dosed mice.

Pharmacokinetic study with dogs. The standard curve for
determination of Sb concentrations was linear over the range
of concentrations tested (0.1 to 100 pg/ml) in dog plasma
diluted (1/10) in ultrapure water (> = 0.999). The intra- and
interassay coefficients of variation were <6%. The quantifica-
tion limit of the analytical method was 9.2 ng of Sb/ml.

The concentrations of all four SSG formulations in plasma
were best fitted by a bicompartmental open model with first-
order elimination. The mean values for the pharmacokinetic
parameters for each formulation derived for individual animals
are shown in Tables 3 and 4. SbY levels dropped quickly in
animals dosed with free SSG at 10 or 40 mg of SbV/kg. This is
reflected by the very short elimination half-lives (t,/,5s) of 71 =
18 and 88 = 31 min, respectively. Administration of dextran
along with SSG (SSG-dextran) did not have any significant
effect on the pharmacokinetics of SSG, since the values for all
the parameters determined were similar for the two formula-
tions (Table 4). Treatment with SSG-NIV did not alter the
pharmacokinetics of SSG, presumably since most of the SSG
remains unentrapped (Table 3). In contrast, treatment with the
SSG-NIV-dextran formulation, which contained a higher pro-
portion of intravesicular SSG compared to the proportion in
the SSG-NIV formulation, did have a significant effect on the
pharmacokinetic behavior of SSG (Table 4). After SSG-NIV-
dextran administration, the distribution half-life (¢, ,,) had sig-
nificantly increased compared with that obtained after free
drug administration (P = 0.01), the ¢, ,5 was four times longer
than that observed after administration of SSG, and the mean
residence time was two times longer (P = 0.02). These results
indicate marked delays in the elimination of Sb. The volume of
distribution at steady state (Jsg) for the SSG-NIV-dextran
formulation was also significantly increased (P = 0.02), but the
clearance from plasma and the area under the plasma concen-
tration-time curve were not modified (P > 0.05).

Toxicity study. No overt clinical signs of toxicity were de-
tected in any dog given SSG (10 or 40 mg of SbY/kg) or
SSG-dextran (10 mg of Sb¥/kg [Table 5] and 40 mg of SbV/kg

TABLE 3. Effects of dosing with SSG or SSG-NIV on various pharmacokinetic parameters in dogs®

\"%4
Fe i (0D Koy 0D s ()t () (AT diterske) Vo (litersk) o S MRT, . (h)
SSG (40) 0.32 = 0.26 0.32 +0.17 024 =0.08 1.46 = 0.51 241.1 = 60.2 0.11 =0.02 0.25 = 0.08 1.71 =0.04 1.48 = 0.56
SSG-NIV (40) 0.15 +0.25 0.21 £0.17 050 =042 1.97 = 1.14 264.4 = 121.1 0.22 0.1 0.33 =0.08 1.70 =£0.05 2.19 = 1.25
SSG-NIV (20) 0.66 = 0.71 0.56 =046 0.20=*0.17 1.42 = 0.15 1543 =169 0.10 =0.03 0.21 =0.05 0.13 =0.01 1.68 = 0.39

“Dogs (n = 4/group) were given a single intravenous injection of SSG (40 mg of Sb¥/kg) or SSG-NIV (20 or 40 mg of SbY /kg). The values are means + SDs.
Abbreviations: ki, and k;, intercompartmental transfer rate constants; t,/,,, distribution phase half-life; ¢,/,5, elimination phase half-life; AUC,_.., area under the
plasma concentration-time curve projected to infinity; V., volume of distribution of the central compartment; Vg = steady-state volume of distribution; CL, total body

clearance; MRT,_.., mean residence time projected to infinity.
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TABLE 4. Pharmacokinetic parameters determined for dogs given different SSG formulations®

AUC,.. V. (liters) Vs (liters/ CL

Formulation ki (07H[107°]) ko (h71[1077]) f120 (D) tiap (h) (mg - hliter) kg) kg) (liters/kg - h) MRT,_. (h)
SSG 0.69 = 0.42 056 =022 0.14 +0.06 1.19+0.31 60.7*+125 01=00 02*=0.1 1.68=*0.04 137=*026
SSG-dextran 0.38 = 0.08 0.67 =0.07 0.13+0.06 098 +=0.14 589+87 01=01 02=01 168002 1.19=*024
SSG-NIV-dextran ~ 0.11 £ 0.1 0.06 +0.07 052+0.14 4.67+088 67.1+224 02=0.0" 03=01° 1.62+0.07 2.56=0.65

“ Dogs (n = 4/group) were given a single intravenous injection of SSG, SSG-NIV, or SSG-NIV-dextran with 10 mg of SbV/kg. k,, and k,,, intercompartmental transfer

rate constants; #,,,,, distribution phase half-life; #, 55, elimination phase half-life; AUC,_.,, area under the plasma concentration-time curve projected to infinity; V

I

volume of distribution of the central compartment; Vg, steady-state volume of distribution; CL, total body clearance; MRT, .., mean residence time projected to

infinity.
b P < 0.05 compared to values for animals given free SSG.

[data not shown]). No serum biochemical alterations were ob-
served in animals treated with 10 mg of SbY/kg as part of the
SSG or the SSG-dextran formulation, but a significant increase
in aspartate aminotransferase (AST) levels was obtained for
animals given free SSG with 40 mg of SbY/kg at 24 h postdos-
ing (AST level before dosing, 28 * 7 Ulliter; AST level after
dosing, 41 = 10 Ulliter [P < 0.05]). Treatment with the SSG-
NIV formulation with 40 mg of Sb"/kg also produced a signif-
icant increase in AST levels at 24 h (AST level before dosing,
25 = 7 Ulliter; AST level after dosing, 37 = 4 Ulliter [P <
0.05]). In dogs treated with both formulations, AST levels were
back to the predosing levels 1 month postdosing. However,
treatment with the SSG-NIV-dextran formulation, which con-
tained a higher proportion of entrapped drug, did result in
acute toxic effects. Every dog dosed with this formulation had
chills and salivated during infusion and showed signs of respi-
ratory distress. Two hours postinfusion vomiting and a light
mucous diarrhea, which turned hemorrhagic 3 to 4 h later,
were observed in two of the four treated dogs. However these
adverse effects had subsided by 8 h postdosing. Treatment with
the SSG-NIV-dextran formulation was also associated with
biochemical changes. Thus, at 24 h postdosing there was a
significant increase in the levels of serum enzymes (alanine
aminotransferase [ALT], AST, and alkaline phosphatase) that
determine hepatic functionality (Table 5) compared to the
pretreatment levels. In addition, iron levels were lower at 24 h
posttreatment (Table 5). There were no significant changes in
any of the other parameters evaluated (data not shown). There

were no differences in the values for any of the biochemical
parameters assessed predosing and 1 month postdosing in any
of the dogs (data not shown).

DISCUSSION

The results of this study confirm those of previous studies,
i.e., that in the dog SSG is rapidly excreted from the body, has
a rapid distribution phase (t,,,,) to tissues, and has a low Vg
(13). Similar results have been reported for dogs treated with
meglumine antimoniate (4, 33) and human patients given an-
timonial drugs (10, 16, 25, 27). The short t, s obtained in this
study for dogs given SSG solution (t;,,e8, 71.1 = 18.4 min for
10 mg of Sb¥/kg and 88 = 31 min for 40 mg of Sb"/kg) are also
indicative of rapid clearance of the drug. The main route of
excretion for antimonial drugs is via the kidney (16, 27); there-
fore, the glomerular filtration rate influences how fast the drug
can be cleared from the systemic circulation postdosing. In this
study the calculated clearance rate for SSG solution is within
the normal range for the glomerular filtration rate in the dog
(24). Indeed, the clearance rates for all the SSG formulations
were in this range. The results of this study are similar to those
obtained by Belloli et al. (4) after treatment of dogs with
meglumine antimoniate (t;,,g, 85.6 min). A similar study by
Collins et al. (13), in which dogs were treated with a single SSG
dose equivalent to 45 mg of Sb¥/kg, gave a more rapid elimi-
nation phase (mean t, g, 34.64 * 5.08 min), which is consid-
erably shorter than the t,,,5 obtained in this study. However,

TABLE 5. Effects of dosing with different SSG formulations on selected biochemical parameters before dosing and 24 h postdosing®

Formulation and time AST (Ufliter)®

ALT (U/liter)”

Alkaline phosphatase Tron (pg/dl)®

of evaluation (Ulliter)”

Normal level 19-70 28-78 32-185 90-125
SSG

Before dosing 3225 +16.74 56.75+ 39.73 83.50 + 24.28 126.00 = 51.58

24 h after dosing 33.0 £ 11.05 54.5 +16.52 100.75 = 32.2 141.25 £ 37.2
SSG-dextran

Before dosing 2425 + 591 32.00 = 10.98 69.50 + 28.01 139.00 = 18.57

24 h after dosing 37.00 = 12.11 54.50 = 21.13 81.75 = 35.27 128.00 + 27.64
SSG-NIV-dextran

Before dosing 27.25 + 10.05 40.00 + 15.38 81.25 + 32.75 158.75 = 40.88

24 h after dosing 115.00 + 90.18 97.50 = 44.73 214.0 = 150.90 39.25 + 10.63

“Dogs (n = 4/group) were given a single intravenous injection of SSG, SSG-dextran, or SSG-NIV-dextran with 10 mg of Sb¥/kg. The normal physiological range

for each parameter is shown. The values are means = SDs.

b Statistically significant differences between SSG-NIV formulation and the other two formulations.
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differences in the dogs (beagles versus mongrels) or assay
methods used may explain the discrepancies in the results. The
t126s for individual dogs in the study of Collins and coworkers
(13) ranged from 15 to 77 min, so that for some of the dogs the
ty/258 were within the range found in this study.

Conjugation of drugs to dextrans can alter the in vivo phar-
macokinetics of the drugs (22). However, in this study dual
treatment with SSG and dextran did not alter the pharmaco-
kinetics of SSG. This is perhaps not surprising since the two
were not conjugated. In addition, this also indicates that the
presence of dextran in the SSG-NIV-dextran formulation
would not have a major impact on the pharmacokinetics of the
SSG-NIV-dextran formulation.

Similar pharmacokinetic profiles were obtained for SSG
and SSG-NIV. This result probably reflect the low propor-
tion of drug entrapped in the SSG-NIV formulation relative
to the total drug dose (entrapment efficiency, <7%). In
contrast, treatment with SSG-NIV-dextran (entrapment ef-
ficiency, 43%), which was processed to remove unentrapped
drug, had a profound effect on the in vivo pharmacokinetics
of SSG. This is demonstrated by the significantly higher
distribution, 7,54, area under the plasma concentration-time
curve, volume of distribution in the central compartment,
Vs, and mean residence time compared to those for free
SSG. Only clearance from plasma was unaltered by use of a
carrier system, indicating that the elimination of Sb was still
reliant on the kidney glomerular filtration rate. Similar stud-
ies with a different SSG-NIV formulation, in which unen-
trapped drug was removed from the formulation by gel
filtration, also showed that incorporation of the drug into an
NIV system altered the drug’s pharmacokinetics and tar-
geted more of the drug dose to tissues (13). However, the
low blood SbY levels obtained postdosing in this study did
not allow determination of the pharmacokinetic data for the
SSG-NIV formulation (13). Treatment with SSG-NIV-
dextran gave a Vgg value which was fourfold higher than that
obtained after administration of the same dose of SSG,
indicating that use of the carrier system favored tissue load-
ing. It has been shown that retention of drugs in tissues is
favored when lipid drug formulations are used (18). This
supposition is supported by the higher #,,,5 (four times that
of SSG) and the longer mean residence time (twice that of
SSG) of the SSG-NIV-dextran formulation compared to the
values obtained with the same dose of free SSG. Data from
murine in vivo studies ranked the antileishmanial efficacies
of the three formulations as SSG-NIV-dextran > SSG-NIV
> SSG. This would imply that it is the amount of entrapped
drug present which controls in vivo efficacy.

There were interspecies differences in the toxicities of the
formulations. The SSG-NIV-dextran formulation had no ob-
vious adverse effects in mice given 33 mg of SbV/kg. In
contrast, treatment with this formulation with 10 mg of
SbV/kg caused acute toxic effects in dogs. The difference in
toxicity could be explained by the differences in the half-
lives between the mouse and the dog and, thereby, exposure
versus time; but it is not possible to provide pharmacoki-
netic data for mice treated with the SSG formulations. Toxic
effects in dogs included chills, salivation, respiratory dis-
tress, vomiting, and passing of mucous diarrhea, which
turned hemorrhagic. In addition, serum hepatic enzyme lev-
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els increased and iron levels decreased considerably over the
physiological range of values. The SSG-NIV formulation did
cause a slight increase in AST levels, but treatment with the
same dose of free drug caused a similar effect, suggesting
that the carrier itself is not toxic. In addition, joint treatment
with SSG and dextran (SSG with 10 mg of SbV/kg, 1,332 mg
of dextran/kg) did not cause the same adverse effects, sug-
gesting that the presence of dextran in the SSG-NIV-dex-
tran formulation did not contribute to the toxicity of this
formulation. Dosing of the dogs (SSG with 10 mg of Sb¥/kg)
on the basis of the total SbY dose rather than the amount of
entrapped Sb meant that dogs given SSG-NIV-dextran (2.5
ml/kg, equivalent to 76.2 uM lipid, 3.9 mg of Sb¥/ml, and a
43% entrapment efficiency) were given a larger amount of
total lipid and entrapped drug than those given SSG-NIV
(0.37 ml/kg, equivalent to 11.1 uM lipid, 27 mg of Sb¥/ml,
and a 6% entrapment efficiency). Either one or a combina-
tion of these could be responsible for the adverse effects
observed, or more likely, the SSG-NIV-dextran formulation
resulted in toxic SbY levels in tissues. The pharmacokinetic
data allied with the high degree of efficacy of the SSG-NIV-
dextran formulation against L. donovani in the mouse stud-
ies suggest that this formulation induces high tissue SbY
levels. It is well known that SbY is toxic and can cause side
effects such as nausea, vomiting, diarrhea, cardiotoxicity,
hepatic damage, and respiratory problems (38). Treatment
of rats with doses of SSG below those required to eradicate
the organism caused a significant dose-related reduction in
the hemoglobin concentration and the hematocrit count (1).
Therefore, the reduction in iron levels observed in SSG-
NIV-dextran-treated dogs in not surprising. It has previ-
ously been described that SSG treatment also cause signif-
icant dose-dependent rises in AST, ALT, alkaline
phosphatase, and serum creatinine levels and can induce
proteinuria (1), which would indicate liver and kidney dam-
age. In this study all of these effects except significant
changes in creatinine levels and the induction of proteinuria
were observed, indicating that damage was restricted to the
liver. This would not be surprising, since previous studies
have shown that use of an NIV formulation directs a large
proportion of the dose to tissues such as the liver (3, 13),
and this fact could also be contributing to the hepatic tox-
icity of the NIV formulation in dogs. Thus, a potential
problem with improved drug delivery is that it can lead to
high concentrations in tissues and improved efficacy but
increased toxicity if the drug has adverse side effects.
Previous studies have show that serum complement opso-
nizes particles for clearance by the reticuloendothelial sys-
tem (15). Many cardiovascular and hematological changes
observed following the administration of liposomes in vivo
can be explained by complement C3a and C5a activation,
and this phenomenon is called “complement activation-re-
lated pseudoallergy.” The adverse effects caused by this
include a rise in pulmonary arterial pressure, a decline in
cardiac output, increased heart rate, increased pulmonary
vascular resistance, increased systemic vascular resistance,
and up to a 100-fold increase in plasma thromboxane B,
levels. These may have caused some of the effects observed
in the SSG-NIV-dextran-treated dogs, since they can occur
rapidly postdosing (peak, 1 to 5 min after administration)
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and they have been shown to be lipid dose dependent (28,
29, 30). In addition, liposome-induced complement activa-
tion and its consequences show significant interspecies and
interindividual variations, which may explain the interspe-
cies variability observed in this study. Although complement
activation seems to be an intrinsic property of all charged
phospholipid and cholesterol bilayers (15, 28), long-term
administration of an SbY liposomal formulation in beagle
dogs did not produce toxic effects (36). Alternatively, the
SSG-NIV-dextran formulation may have caused a hypersen-
sitivity type I reaction. The liver, and especially the supra-
hepatic veins, is the target organ for acute anaphylactic
reactions in dogs. The release of vasoactive agents (hista-
mine, prostaglandins, and leukotrienes) produces portal hy-
pertension and visceral congestion (32). Dogs with an ana-
phylactic reaction show respiratory distress, vomiting, and
diarrhea (32); and these symptoms correlate with those de-
tected in our study.

In summary, the results of this study reveal that the changes
in the kinetic behavior of SbY after the use of the SSG-NIV-
dextran formulation in dogs could be related to a longer resi-
dence time and higher concentration of SSG in the target
organs. These results are in agreement with the improved in
vivo antiparasitic efficacy of this formulation compared to that
of free SSG, as observed in mice. This study indicates that if
the drug being incorporated into a carrier system has poten-
tially toxic side effects, then achieving maximal tissue drug
loading should not be the overall objective in formulation
design. Testing of lower doses of the SSG-NIV-dextran formu-
lation may identify a nontoxic dose which still retains improved
therapeutic efficacy compared to that of free SSG. In future
studies it may be more useful to dose animals on the basis of
the amount of entrapped drug administered rather than on the
basis of the total amount of drug administered.
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