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In this study, the in vitro and in vivo efficacies of free sodium stibogluconate (SSG) and a nonionic surfactant
vesicular formulation of SSG (SSG-NIV) against a laboratory strain of Leishmania donovani (MHOM/ET/67:
LV82) and different clinical isolates of L. donovani were determined. Treatment with SSG-NIV was more
effective against intramacrophage amastigotes than treatment with SSG. In vivo murine studies showed that
there was interstrain variability in the infectivity of the different L. donovani strains, with two of the strains
(20001 and 20003) giving low parasite burdens. In addition, interstrain variability in the antileishmanial
efficacy of SSG in a single dose containing 300 mg of Sb(V)/kg of body weight was observed. This dose of free
drug either caused a >97% reduction in liver parasite burdens or had no significant effect on parasite burdens
compared with the result with the respective control. In some instances, treatment with this free SSG dose also
caused a significant reduction in spleen (strain 20006) or bone marrow (strains 20001 and 20009) parasite
burdens. Treatment with SSG-NIV was more effective than that with SSG against all of the strains tested. In
SSG-responsive strains, the reduction in liver parasite burdens by SSG-NIV treatment was similar to that
caused by free SSG. In SSG-nonresponsive strains, SSG-NIV treatment caused at least a 95% reduction in liver
parasite burdens. Overall, these results indicate that the use of a vesicular formulation of SSG is likely to

increase its clinical efficacy against visceral leishmaniasis.

Visceral leishmaniasis (VL) caused by Leishmania donovani
infection poses a serious health threat and is endemic in 82
countries. Once clinical illness develops, the disease progresses
and patients die if untreated (9). Reactivation of latent Leish-
mania infections can also occur in human immunodeficiency
virus-infected individuals. Studies in France, Italy, Spain, and
Portugal have shown that between 1.5 and 9% of human im-
munodeficiency virus-positive patients develop VL (9). The
pentavalent antimonials, such as sodium stibogluconate (SSG),
are the main chemotherapeutic drugs used to treat the infec-
tion. The pentavalent antimonials have a number of clinical
limitations; for example, in vivo pharmacokinetic characteris-
tics of the antimonials necessitate the use of extended treat-
ment regimens (1, 6). Therefore, effective alternative chemo-
therapies or improved formulations of existing drugs are
required. In our previous studies, we have shown that the use
of a nonionic surfactant vesicular formulation of SSG (SSG-
NIV) can markedly improve the therapeutic efficacy of SSG
(18). In a murine model, SSG-NIV treatment was more or as
effective as lipid-based amphotericin B drug formulations
which are now commercially available for VL treatment (16).
The emergence of clinical resistance to the antimonials (12, 15)
suggests that future development of this formulation may be
inappropriate. However, it is possible that the NIV formula-
tion may circumvent parasite resistance to SSG and extend the
clinical life of this drug. In this study, the efficacies of free-SSG
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and SSG-NIV formulations against different clinical isolates of
L. donovani were determined in vitro and in vivo.

MATERIALS AND METHODS

Materials. SSG [31.1% (wt/wt) Sb (V)] was provided by Glaxo Wellcome Ltd.
(Ware, United Kingdom). The nonionic surfactant tetraethylene 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.

Animals and parasites. Age-matched 8- to 10-week-old BALB/c mice (in-
house-inbred males and females) were used in this study. In-house-bred or
commercially obtained (B & K Universal, Hull, United Kingdom) golden Syrian
hamsters (Mesocricetus auratus) were used for maintenance of L. donovani
strains. A standard laboratory strain (strain MHOM/ET/67:MHOM/ET/67:
LV82) and various clinically isolated strains obtained from India in 1996 (Food
and Drug Administration [FDA] strains) or 2000 were used in this study. Clinical
strains, from spleen aspirate isolates, were maintained in vitro using TC-100
insect medium (Sigma) containing 20% fetal calf serum (Gibco) and no antibi-
otics.

Hamsters were infected by intraperitoneal or intravenous injection of L. don-
ovani promastigotes (stationary phase) obtained from in vitro cultures or amas-
tigotes harvested from an infected hamster’s spleen (3). Intravenous injections
were carried out under anesthesia (4). The neck region of the anesthetized
hamster was swabbed with antiseptic solution, and an incision was made to the
right or left side of a central line. Parasites were injected into the exposed jugular
vein. Pressure was applied to limit bleeding, and then the incision was closed up
using 7.5- by 1.75-mm clips. The area was swabbed with antiseptic, and the
animal was left to recover. Two to three weeks postinfection, any remaining clips
were removed. Mice were infected (day O of the experiment) by intravenous
injection (tail vein, with no anesthetic) with 1 X 107 to 2 X 107 L. donovani
amastigotes (3) or 1 X 107 to 4 X 107 promastigotes from in vitro cultures.

Drug formulations. One-hundred-fifty-micromole vesicle constituents, consist-
ing of a 3:3:1 molar ratio of mono-n-hexadecyl ether tetraethylene glycol, cho-
lesterol, and dicetyl phosphate, were melted by heating at 130°C for 5 min. The
molten mixture was cooled to 70°C and hydrated with 5 ml of preheated (70°C)
100-mg/ml SSG solution and homogenized at 8,000 = 100 rpm for 15 min at
70°C, using a model L4R SU mixer (Silverson Machines, Chesham, United
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TABLE 1. Comparison of the efficacies of different SSG
formulations on the intracellular survival
of L. donovani strains”

No. of

Strain and % of cells % Sup- . % Sup-
treatment infected pression” ;Larasucs/ pression®
ost cell
20005
Control 75+ 4 2.6 04
58.9 pgof Sb(V)/ml 43 £5%* 437 1.9+0.2 6*+8
29.5 pg of Sb(V)/ml 48 = 3** 35+%3 25+02 74
14.73 pg of Sb(V)/ml 60 +3.7 19+49 24x02 12+7
PBS-NIV 60 £87 21108 2702 0x0
SSG-NIV 19+ 1.0 7515 21=x0.1 21+2
200013
Control 99 *1 11.0 £ 0.9
58.9 pg of Sb(V)/ml 90 £ 2** 10 =2 40+ 03*** 64*3
29.5 pg of Sb(V)/ml 89 = 3** 10£3 59x08" 50x7
14.73 pg of Sb(V)/ml 99 = 1 2+1 85+ 0.5%* 235
PBS-NIV 100 £0 0x0 8.6 = 0.3** 22+3
SSG-NIV 76 £ 1¥** 23 +1 44 *+0.6%** 615
200011
Control 49 +1 21x03
58.9 pg of Sb(V)/ml 58 £8 0*x0 2+05 14+ 14
29.5 pg of Sb(V)/ml 42 x2 13+3 22+02 3*+3
14.73 pg of Sb(V)/ml 44 = 10 20 =12 2102 10 = 10
PBS-NIV 38+6 23+ 12 21x05 12 +12
SSG-NIV 39+9 20 =19 3.0x03 0x0

“ Macrophages (3.4 X 10%well) from female BALB/c mice were infected with
L. donovani promastigotes at a parasite/cell ratio of 2:1. Cells were incubated for
96 h, and the mean percentage of cells infected and the mean number of
parasites per host cell were determined. All values are means = SEs. In com-
parison to the values for the relevant controls, the values in some cases were
significantly different at a P of <0.0005 (***), <0.05 (**), and <0.05 (*).

b Percent reduction in percent of cells infected was calculated relative to the
mean control values.

¢ Percent reduction in number of parasites per host cell was calculated relative
to the mean control values.

Kingdom) fitted with a 5/8-in.-diameter tubular work head. Vesicle suspensions
were stored at room temperature. SSG-NIV suspensions were sized by photon
correlation spectroscopy using a Zetasizer 4 (Malvern Instruments Ltd.,
Malvern, United Kingdom).

Macrophage studies. Five milliliters of complete medium (RPMI 1640 sup-
plemented with 100 pg of penicillin-streptomycin/ml and L-glutamine per ml)
was used to harvest the cells from the peritoneal cavity of each mouse. Cells from
three to four mice were pooled and washed, and live cells were enumerated by
trypan blue exclusion. Cell suspensions were adjusted to 1 X 10° to 2 X 10°
cells/ml in complete medium (RPMI 1640 supplemented with 10% fetal calf
serum, 100 pg of penicillin or streptomycin per ml, and L-glutamine), and 1-ml
volumes were added to each well of a 24-well tissue culture plate, which con-
tained round 13-mm-diameter glass coverslips. After 2 h of incubation at 37°C in
5% CO,, the medium was removed from each well and replaced with 0.9 ml of
fresh medium. The removed supernatants were pooled, and the number of cells
present was assessed so that the mean number of cells attached per well could be
determined.

L. donovani promastigotes (in 0.1 ml of complete medium, stationary phase),
obtained from in vitro cultures, were added to each well at various parasite-to-
cell ratios, and incubation was continued for 1 to 4 h or overnight at 37°C in 5%
CO,. The medium was then removed from each well and replaced with 1 ml of
fresh medium (controls) or with 0.9 ml of fresh medium and 0.1 ml of one of the
filter (0.2-pm pore size)-sterilized formulations (SSG drug solution [free drug],
SSG-NIV, or phosphate-buffered saline [PBS]-loaded NIV [PBS-NIV]). In some
cases, 25 or 50 pl of free SSG [58.9 pg of Sb(V)/ml] was added; medium was then
added so that the final volume was 100 p.l. The cells were then incubated at 37°C
in 5% CO, for up to 96 h, the contents of each well were removed, and the
remaining coverslip was washed with PBS, fixed in methanol, and stained with
10% (vol/vol) Giemsa stain. Microscopic examination of 200 randomly chosen
cells was used to determine the percentage of cells infected. The mean number
of parasites per infected cell was determined from the first 20 infected cells.
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Drug treatment. Infected animals (n = 5) were treated intravenously via the
tail vein on day 7 or 8 with either a single dose of PBS (controls) or a single dose
of either SSG-NIV [31 to 300 mg of Sb(V)/kg of body weight], PBS-NIV, or SSG
solution [266 to 300 mg of Sb(V)/kg]. Mice were sacrificed on day 14 or 15.

Determination of parasite numbers. Parasite burdens in the livers, spleens,
and bone marrows of control and drug-treated mice were determined (3). Leish-
man-Donovan units (LDU) were calculated per organ for the liver and spleen
using the following formula: LDU = amastigote number per 1,000 host cell
nuclei X organ weight in grams (modified from a previously used method [2]
which used organ weight in milligrams to calculate LDU).

Presentation and statistical analysis of data. Parasite suppression (mean
percent =+ standard error of the mean [SE]) was determined for a particular site
by comparing each experimental parasite burden with the relevant mean control
value. For each experiment, the mean control parasite burden (LDU per organ
for spleen and liver and number of parasites per 1,000 host cell nuclei for the
bone marrow) is shown. Parasite burdens were analyzed using Student’s un-
paired ¢ test on the log,,-transformed parasite burden data.

RESULTS

Macrophage studies. There was intrastrain variability in the
infection levels obtained for different strains (based on mean
number of cells infected and mean number of parasites per
host cell; data for three strains are shown in Table 1). Treat-
ment with free SSG resulted in a dose-dependent antiparasitic
effect for strains 20005 (based on the reduction in the percent-
age of cells infected) and 200013 (based on the reduction in the
percentage of cells infected and the mean number of parasites
per host cell). Intramacrophage survival of strain 200011 was
not significantly inhibited by any of the drug doses used (Table
1). Treatment with PBS-NIV had no significant effect on the
percentage of cells infected for all three strains but did result
in a significant reduction in the mean number of parasites per
host cell for strain 200013. SSG-NIV treatment was more ef-
fective than the corresponding free-drug dose [58.9 pg of
Sb(V)/ml] against strains 20005 and 200013 (demonstrated as
a greater suppression in the percentage of cells infected) but
not 200011.

In vivo studies. Intraperitoneal infection of hamsters with all
of the FDA strain promastigotes did not result in any obvious
signs of VL infection. A few parasites were present in the
spleens and livers of hamsters intravenously infected with all of
the FDA strain promastigotes. However, parasites could not be
cultured from the spleen or liver samples taken from these
animals. Mice infected intravenously with promastigotes of six
of the FDA strains had low parasite burdens (Table 2). Immu-
nosuppression of the mice during infection did not improve
infection rates (data not shown). Interestingly, the use of pro-

TABLE 2. Comparison of the infectivities of different
L. donovani parasite strains

Parasite burden (mean = SE) (n = 3)*

Strain
Spleen Liver Bone marrow
FDA 9667 5*06 232 9=*5
FDA 9668 9=*5 16 =7 6=*+3
FDA 9533 10+ 4 76 =12 12x2
FDA 9535 32+3 131 = 17 12+2
FDA 9527 19+ 4 35+9 15+3
FDA 9630 16 =4 44 =13 16 =2
MHOM/ET/67:LV82 18+9 67 £33 16 = 4

“ Parasite burdens on day 14 postinfection of mice infected with 1 X 107 to 4 X
107 L. donovani promastigotes from bulk cultures.
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TABLE 3. Comparison of the effects of SSG formulations on
the parasite burdens of different L. donovani strains”

% Suppression (mean * SE)

Strain and
treatment Spleen Liver Bone marrow

200017

SSG 25+10 97 + 2% 86 = 5%*

PBS-NIV 50 £ 0* == 51+ 11%

SSG-NIV 63 £22 94 + 4% 95 =+ 5%*
20003”

SSG 13 =10 21 =18 24 * 14

PBS-NIV ND ND ND

SSG-NIV 33+£24 95 £ 1*** 24 * 14
20006

SSG 41 = 12* 97 = 0.9%** 46 £ 15

PBS-NIV 03*+03 86 159

SSG-NIV 99 £ 0.9%** 99.6 = 0.2%** 98 £ 0.8%**
20009

SSG 52+ 13%* 98 = 0.5%** 43 =17

PBS-NIV 27+ 17 9+9 2x2

SSG-NIV 98 & ] 99.8 £ 0.1%*** 97 = 1%%*
200011

SSG 24 £ 17 18+6 19 £ 15

PBS-NIV 157 0.25 = 0.25 77

SSG-NIV 17+ 10 92 £ 1*%** 47 £ 127
200015

SSG 11+11 18+ 6 10 =10

PBS-NIV 6*6 72 9+5

SSG-NIV 84 = 14 98 & 0.5%** 79 + 13*
200016

SSG 36 =19 99 £0.25 52 £28

PBS-NIV 4117 29+3 1+1

SSG-NIV 88 = 4%* 99.7 £ 0.01%** 77 = 14**
MHOM/ET/67:LV82

SSG 29 £12 98 £ 1%%* 20 =20

PBS-NIV 14 £4 13+9 42 = 4

SSG-NIV 99 £ 1%%* 99.6 = 0.15%** 99 £ 0.8%**

“ BALB/c mice were infected with different strains of L. donovani amastigotes
and treated on day 7 postinfection with PBS (controls) (data not shown), SSG
[300 mg of Sb(V)/kg], SSG-NIV [300 mg of Sb(V)/kg], or PBS-NIV (NIV con-
trol). On day 14 postinfection, parasite burdens in the liver, spleen, and bone
marrow were determined. The mean reduction in parasite burdens was calcu-
lated relative to the mean control burdens for the relevant site. In comparison to
the value for the relevant controls, the values in some cases were significantly
different at a P of <0.001 (***), <0.01 (**), and <0.05 (*). ND, not determined.

b Treated as described in footnote a, except animals were treated on day 8
postinfection and were sacrificed on day 15 postinfection.

mastigotes to infect mice with the standard laboratory strain
MHOM/ET/67:1L.V82 also failed to result in high parasite bur-
dens in the spleen, liver, or bone marrow (Table 2).

Intravenous infection of hamsters with promastigotes of
strains obtained in Varanasi, India, in 2000 resulted in patent
infections in most of the hamsters (8 out of 10 strains tested).
Parasites were harvested from the spleens of hamsters when
they showed signs of infection (usually a rapid weight loss). In
most cases, more than 10° amastigote parasites were recovered
from the spleens of infected animals. The length of time ani-
mals took to become ill varied between strains but was in the
range of 4 to 7 months postinfection.

There was interstrain variability in the in vivo infectivities of
the different L. donovani strains (Table 3). Two of the strains
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(20001 and 20003) gave quite low parasite burdens. There was
interstrain variability in the antileishmanial efficacy of a single
SSG dose containing 300 mg of Sb(V)/kg (Table 3). This dose
of free drug either caused a >97% reduction in liver parasite
burdens (strains 20001, 20006, 20009, 200016, and MHOM/ET/
67:LV82) or had no significant effect on parasite burdens
(strains 20003, 200011, and 200015) compared with the results
for the respective controls. In some cases, treatment with this
free-drug dose also caused a significant reduction in spleen
(strain 20006) or bone marrow (strains 20001 and 20009) par-
asite burdens (Table 3). However, this occurred only in strains
which also exhibited a significant reduction in liver parasite
burdens.

Treatment with SSG-NIV was more effective than treatment
with SSG against all of the strains tested (Table 3). In SSG-
responsive strains, the reduction in liver parasite burdens by
SSG-NIV treatment was similar to that caused by SSG. In
nonresponsive strains, this formulation caused at least a 95%
reduction in liver parasite burdens.

There were interorgan differences in the antileishmanial ef-
ficacy of SSG-NIV treatment (Table 3). In some cases this
formulation was equally effective (based on a reduction in
parasite burdens in all three sites compared to the respective
control values) against the laboratory strain (MHOM/ET/67:
LV82) and clinical strains (20006 and 20009). In others (strains
20001, 20003, 200011, 200015, and 200016), this treatment was
less effective (based on its ability to cause a lower or insignif-
icant reduction in parasite burdens in one site or more, com-
pared to the respective control value).

Dose-response studies showed that there was interstrain
variability in the response of the L. donovani strains to SSG-
NIV treatment (Fig 1). The strains tested could be ranked on
the basis of their overall responses to drug treatment (based on
data in Fig 1 and Table 3, MHOM/ET/67:LV82 > 200016 >
200015 > 200011).

DISCUSSION

Macrophage experiments gave a good indication of a strain’s
in vivo susceptibility to SSG. Survival of strain 200011, which
was obtained from a patient previously exposed to antimonial
therapy, was unaffected by SSG treatment in macrophage stud-
ies and in the BALB/c mouse model. Primary resistance to
Sb(V) occurs in 10 to 30% of cases in India (9). Results from
this study gave an incidence of 67.7% [based on in vivo re-
sponses of the year 2000 strains to a single SSG dose contain-
ing 300 mg of Sb(V)/kg].

In the present study, strains were cultured in the absence of
drug pressure; therefore, their resistance to SSG was presum-
ably due to a stable change in the parasite’s genome. Previous
studies using axenic Leishmania amastigotes have also shown
that antimony resistance is due to an intrinsic genomic change
in the parasite (18, 19). Specific genetic changes (e.g., ampli-
fication in the ABC transporter gene psgpA [14], amplification
of the orfSbV gene [10], or overexpression of the ornithine
decarboxylase gene [11]) or phenotypic differences (e.g., ele-
vated levels of trypanothione [16] or a deficiency in the ability
to reduce Sb(V) in the amastigote [20]) have been character-
ized for different Leishmania strains. Studies are under way to
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FIG. 1. Effects of SSG-NIV treatment on the parasite burdens in
the spleens livers and bone marrows of mice infected with different L.
donovani strains. BALB/c mice were infected with different strains of
L. donovani amastigotes and treated on day 7 with PBS (controls) or
different doses of SSG-NIV. On day 14 postinfection, parasite burdens
in the spleen (A), liver (B), and bone marrow (C) were determined.
The mean reduction in parasite burdens was calculated using the mean
control burdens for the relevant site.

characterize the relative amounts of glutathione and trypano-
thione levels in these strains.

The results of this study showed that the SSG-NIV was more
effective than free SSG both in vitro and in vivo. In vitro
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studies showed that PBS-NIV did have antileishmanial prop-
erties, which confirms results of previous studies (21). How-
ever, treatment with PBS-NIV did not significantly suppress
parasite burdens in vivo, a finding which was obtained in pre-
vious studies (22). It was shown that the in vivo efficacies of
SSG-NIV formulations are dependent on the hydrating SSG
concentration used when NIVs are formed, which controls
intravesicular drug content (22). However, for a particular NIV
formulation, there is a maximum tolerated hydrating drug
dose. Above this dose, vesicles do not form. Studies have
shown that factors such as solution pH and ionic strength
strongly influence NIV formation (17). The greater efficacy of
SSG-NIV in vivo presumably reflects its ability to modify its in
vivo distribution and thus direct a great proportion of the drug
dose to tissues (7, 8). For example, tissue antimony levels
(spleen, liver, femur, and humerus) at 6 days posttreatment
were similar in free-SSG- and SSG-NIV-treated animals, de-
spite a 70-fold difference in the drug dose administered (8).
There was interstrain variability in susceptibility to SSG-NIV.
Host factors can influence the outcome of drug treatment (5),
but since these studies were carried out using inbred BALB/c
mice, any differences are likely to be due to differences be-
tween strains and their inherent susceptibilities to antimony.
Studies are under way to determine whether an increased
number of administered SSG-NIV doses can cure mice in-
fected with the strains which are less responsive to SSG treat-
ment.

The inability to infect hamsters with the FDA L. donovani
strains may be related to the length of time these strains have
been maintained in vitro. Infection of mice with FDA strain
promastigotes or promastigotes of MHOM/ET/67:LV82, the
standard L. donovani strain used in our laboratory, gave low
parasite burdens. It is well known that other factors such as
components in sand fly saliva can increase the infectivity of
Leishmania promastigotes (13). However, this study did show
that intravenous infection of hamsters with recently isolated
Leishmania strains can result in high parasite burdens.

In summary, this study showed that the use of a carrier
system increases the antileishmanial efficacy of SSG against
Leishmania strains. These antimony-resistant strains offer a
unique opportunity to evaluate the biological basis of antimony
resistance and to determine the in vivo efficacies of alternate
chemotherapeutic regimens in clinical practice, e.g., paromo-
mycin or amphotericin B (Fungizone, AmBisome, Abelcet,
and Amphocil), or in the advanced stages of clinical evalua-
tion, e.g., miltefosine.
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