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In Vitro Synergistic Effect of Amphotericin B and Allicin on
Leishmania donovani and L. infantum
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Current monotherapy against visceral leishmaniasis has serious side effects, and resistant Leishmania strains have been identi-
fied. Amphotericin B (AmB) has shown an extraordinary antileishmanial efficacy without emergence of resistance; however, tox-
icity has limited its general use. Results obtained showed, using a fixed-ratio analysis, that the combination of diallyl thiosulfi-
nate (allicin) and AmB ranged from moderately synergic to synergic at low concentrations (0.07 puM AmB plus 35.45 pM allicin
induced 95% growth inhibition). None of the treatments, alone or in combination, had noticeable adverse effects on macro-
phages (M) in the concentration range examined (allicin, 0.5, 1, 5 and 10 pM; AmB, 0.05, 0.075, and 0.1 pM). Allicin, AmB, or
the combination did not affect the infection rate (percentage of infected M) of Leishmania. Allicin enhanced the activity of
AmB on intracellular amastigotes of Leishmania donovani and L. infantum (ca. 45% reduction of amastigote burden with 0.05
M AmB plus 10 uM allicin); this represented nearly a 2-fold reduction in the 50% inhibitory concentration (IC,) of the antibi-
otic added alone. Results point toward the possible utility of testing this combination in vivo to reduce the toxicity associated

with monotherapy with AmB.

H uman Leishmania infections are present in all inhabited con-
tinents, with around 12 million people infected, 2 million
new cases every year, and estimates of around 350 million people
living in areas at risk (http://who.int/health-topics/leishmaniasis
.htm). Leishmaniasis is a spectral infection with a range of clinical
presentations, from self-healing dermal infections to deadly pro-
cesses. Cutaneous leishmaniasis is by large the most common dis-
ease, but visceral leishmaniasis (caused by Leishmania donovani
and L. infantum [=L. chagasi]) is also present in all continents,
and the infections produce severe disease. The distribution of
these infections has greatly expanded, and coinfection of Leishma-
nia and HIV is very frequent (1). In addition to human cases,
canine leishmaniasis caused by L. infantum (Mediterranean Ba-
sin) and L. chagasi (South America) constitutes a first-order pa-
thology in veterinary clinics besides the zoonotical importance of
dogs as reservoirs. The main control system of leishmaniasis in
both humans and dogs is chemotherapy. However, antileishma-
nial drugs have some important shortcomings, including high
toxicity and teratogenicity in some cases, absence of parasitologi-
cal cure in most cases, and unaffordable prices for some of the
compounds and presentations. Moreover, in some areas, Leish-
mania strains resistant to commonly used drugs, particularly an-
timonials, have emerged (2). Liposomal amphotericin (AmB),
paromomycin, and miltefosine were considered the most prom-
ising drugs for chemotherapy of leishmaniasis (http://www.who
.int/tdr/diseases-topics/leishmaniasis/en/). However, for the large
part, these drugs were introduced over 40 years ago, and new
active compounds or combinations against Leishmania are
needed (3, 4).

The pharmaceutical industry has experienced a contraction
during recent years, resulting in very few companies being present
in the market. It is anticipated that investment and intercompany
competition and consequently the launch of new antiparasitic
agents will be reduced (5). One of the alternative chemotherapeu-
tic approaches is the use of combinations of effective existing
drugs whose toxicity precluded them from being widely used with
chemically unrelated compounds of reduced toxicity. The antibi-
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otic AmB, besides being the standard treatment for systemic
fungal infections, has shown an extraordinary antileishmanial
efficacy. Its main mechanism of action, binding to ergosterol-
containing membranes of Leishmania (6), probably explains the
lack of significant emergence of resistance to the compound.
However, toxicity has limited its general use, and different low-
toxicity preparations have been developed (i.e., liposomes), but
their high price limits their standard use (7). Some low-cost vehi-
cles for the antibiotic have been tested in vitro and in vivo (i.e.,
albumin microspheres [8] and polylactic-co-glycolic acid [PLGA]
[9, 10]), although without further development. For its part, alli-
cin (diallyl thiosulfinate = 2-propene-1-sulfinothioic acid S-2-
propenyl ester), a natural product present in plants of the family
Alliaceae, with antibacterial (11), antifungal (Candida) (12), and
antiprotozoal (Plasmodium and Leishmania promastigotes) (13,
14) activities, has been found to exhibit a notable antileishmanial
effect on the intracellular stages of L. donovani and L. infantum
without substantial cytotoxicity for mammalian cells (15).

On these grounds, our approach was the exploration of the
potential synergistic or additive antileishmanial effect of the com-
bination of AmB and allicin (low micromolar concentrations of
AmB plus micromolar allicin), thus avoiding the toxic concentra-
tions needed with AmB in monotherapy. Results obtained in vitro
against both promastigotes and intracellular amastigotes of L.
donovani and L. infantum showed that allicin significantly en-
hanced the leishmanicidal activity of AmB and therefore reduced
the required amount of AmB to eliminate intracellular infection
of Mo by Leishmania.
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MATERIALS AND METHODS

Parasites. L. infantum (MCAN/ES/2001/UCM-9) is an autochthonous
isolate obtained at the Clinical Service of the Department of Animal
Health, Faculty of Veterinary Medicine (UCM), from a naturally
infected dog (Madrid, Spain). L. donovani isolate Khartoum 1246
(MHOM/SD/43/124) was provided by A. Torafio (Department of Immu-
nology, Instituto de Salud Carlos III, Madrid, Spain). Both species were
routinely maintained as promastigotes in 25-ml culture flasks at 26°C in
RPMI 1640 medium (Lonza Group, Switzerland) supplemented with
10% heat-inactivated (30 min at 56°C) fetal bovine serum (FBS; Sera
Laboratories International, Horsted Keynes, United Kingdom) and 100
U/ml of penicillin plus 100 pg/ml of streptomycin (BioWhittaker, Ver-
viers, Belgium).

Drugs. Fungizone (deoxycholate-dispersed amphotericin B) was a gift
from Bristol-Myers Squibb (France). Stabilized allicin was obtained as
liquid Allisure (5,000 ppm) from Allicin International Ltd. (Rye, East
Sussex, United Kingdom). For the in vitro experiments, 10 mM stock
solutions of amphotericin B deoxycholate (AmB) in dimethyl sulfox-
ide (DMSO; Sigma, St. Louis, MO) were prepared. Further dilutions
were freshly made in RPMI 1640 medium. The final DMSO concen-
tration never exceeded 0.5% in the culture medium and had no effect
on cell growth. Dilutions of allicin were directly performed in culture
medium.

Promastigote assay. (i) Cell counts. Preliminary tests to determine
the 50% inhibitory concentrations (ICs,) of the individual drugs were
performed. For the combination assay, the IC.s of the single drugs, pre-
viously determined by cell counts, were combined. Leishmania log-phase
promastigotes were cultured in 10-ml sterile polystyrene tubes (initial
concentration, 10° parasites/ml; 2 ml/tube) and treated with 0.07 wM
AmB or 30 pM allicin or the combination of both (0.07 uM AmB plus 30
M allicin). Cultures were counted 24, 48, and 72 h posttreatment in a
Neubauer chamber, and the viability was determined with trypan blue
exclusion dye (0.4% in phosphate-buffered saline [PBS]). Experiments
were performed in triplicate.

(ii) alamarBlue assay for promastigote proliferation and synergism
of the drug combination. Mid-log-phase promastigotes were seeded in
96-well culture plates (Corning, New York, NY) at an initial plating den-
sity of 2.5 X 10° cells/well (200 wl/well). Cultures were exposed for 24 h to
various concentrations of the drugs and their combinations. Promastigote
proliferation and inhibition were determined with alamarBlue reagent
(AbDSerotec Ltd., United Kingdom) (10%, vol/vol) by following the
manufacturer’s recommendations by reading fluorescence intensity
(550-nm excitation wavelength and 590-nm emission wavelength) in a
FLUOstar Omega (BMG Labtech) fluorimeter after 72 h of incubation
with the dye. Untreated cultures, wells without cells and the maximal
concentration from each compound and their combinations, and wells
with culture medium and alamarBlue (10%, vol/vol) were included as
controls. Results for growth inhibition were expressed as percentage of
growth in untreated control cultures. Cultures were performed at least in
triplicate.

alamarBlue assays with increasing concentrations of the single drugs
were performed first, and appropriate drug combination ratios were
tested according to the results obtained. Drugs were combined at constant
ratios (0.01:5, 0.01:10, and 0.01:20 [uM AmB/pM allicin]) by following a
modified fixed-ratio method (16), and their dose-effect relationships were
assessed by the Chou-Talalay combination index (CI) method using
CalcuSyn software (17, 18). This method is based on the multiple-drug
effect equation derived from the median-effect principle and the mass
action law. Results provide a quantitative determination for synergism
(CI < 1), additivity (CI = 1), and antagonism (CI > 1). The software
allows the calculation of the dose reduction index (DRI), a parameter
which indicates the fold dose reduction allowed in a drug combination to
reach a given degree of inhibition compared to the drug as a single agent.
It provides other dose-effect-related parameters such as the potency (D,),)
of the drugs alone or in combination, this representing the concentration
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which inhibits cell growth by 50%, and the shape of the dose-effect curve
(m), where m of 1, >1, and <1 indicate hyperbolic, sigmoidal, and flat
sigmoidal curves, respectively. The linear correlation coefficient () of
the median-effect plot represents the conformity of the data to the
mass action law.

Cytotoxicity assay for mammalian cells. Toxicity for mammalian
cells was determined ex vivo in murine (female BALB/c mice; Harlan
Barcelona, Spain) peritoneal M¢ isolated by peritoneal lavage, resus-
pended in RPMI 1640 medium supplemented with 10% FBS, and seeded
in 96-well culture plates (4 X 10° cells/ml; 200 pl/well). Plates were incu-
bated overnight to allow cell adherence at 37°C in a 5% CO,—95% air
mixture. Different concentrations of allicin (10, 30, and 40 M) plus AmB
(0.1 and 0.5 M) were added to the cultures. At the end of the drug
exposure period (24 h), the medium was removed; wells were replenished
with fresh medium and incubated for another 24 h. The viability of cells
was determined by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) reduction assay as described previously (19).
Briefly, 50 ul of MTT (Sigma) solution (5 mg/ml in sterile PBS) was added
to the wells, and the plates were kept for 4 h at 37°C in a humidified
atmosphere protected from light. Formazan crystals were dissolved with
200 pl of DMSO and 25 pl/well of Sorensen’s glycine buffer (0.1 M glycine
and 0.1 M NaCl, adjusted to pH 10.5 with 1 M NaOH) and added to stop
the reaction. Absorbance was read at 570 nm in a microplate reader. Un-
treated cells and wells without cells and the maximal concentration from
each compound were included. Three independent experiments were car-
ried out.

Amastigote assay and determination of the synergism of the drug
combination. Infection of Md was carried out with the modification
developed by us (15, 20). In brief, 2.5 X 10 J774 cells/well (200 wl/well)
were cultured in 8-well Lab-Tek chambers (Nunc, Roskilde, Denmark)
for 16 h to ensure adherence. Stationary-phase Leishmania promastigotes
(day 7 to 10) were centrifuged (370 X g, 10 min, without brake) ina 5810R
centrifuge (Eppendorf, Germany) through a Ficoll gradient (0, 10% in
medium 199, and 30% in sterile PBS). Metacyclic parasites recovered
were washed and opsonized with 15% normal mouse serum (Jackson
ImmunoResearch, United Kingdom) in a solution (1/1, vol/vol) of RPMI
medium and Hanks’ balanced salt solution (HBSS; Sigma), 0.15 mM
CaCl,, and 1 mM MgCl, for 30 min at 37°C and 5% CO,. Infection was
carried out overnight at 33°C at a parasite/M¢ ratio of 10:1 in 5% CO,.
Noninternalized promastigotes were removed by thorough washing, and
fresh media containing the appropriate compounds dilutions were added
to the wells. Cultures were treated with AmB (0.05, 0.075, and 0.1 uM)
and allicin (0.05, 1, 5, and 10 wM) administered alone and in combination
for 48 h. Unless otherwise stated, mitomycin C (Calbiochem, Merck,
USA) at 1 pg/ml was added to avoid cell line proliferation. Untreated
cultures, cultures treated with mitomycin C, and cultures treated with
0.5% DMSO were included as negative controls. Slides were fixed and
stained (May-Griinwald Giemsa; Merck Darmstadt, Germany), and the
number of amastigotes/100 cells and percent infected cells were deter-
mined. Drug activity was expressed as percentage of growth inhibition
compared to that in untreated cultures. Three independent experiments
were performed at least in triplicate.

Statistical analysis. Graphs were generated and statistical analysis was
performed using GraphPad Prism 5. Statistical significance of differ-
ences between mean values obtained in the different groups was deter-
mined by repeated-measures generalized linear model analysis, one-way
analysis of variance (ANOVA), and Bonferroni test. Differences were con-
sidered significant at a P value of <0.05.

RESULTS

Figure 1 shows the results obtained by cell counting in the prelim-
inary test on the effect of the combination of AmB and allicin.
Similar results were obtained with both species, L. donovani (Fig.
1A) and L. infantum (Fig. 1B). Both compounds, AmB (0.07 pM)
and allicin (30 uM), reduced by more than 50% the Leishmania
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FIG 1 Effects of 30 uM allicin (H), 0.07 uM AmB (A), and the combination (30 uM allicin plus 0.07 pM AmB) (O) on the multiplication of L. donovani (A)
and L. infantum (B) promastigotes after 24, 48, and 72 h. @, untreated control cultures. Data are means = standard deviations of an experiment in triplicate.

growth after 24 h of exposure, although a certain recovery of cell
multiplication was observed on the 48-h and 72-h samplings.
Combination of AmB (0.07 uM) and allicin (30 wM), however,
provoked the cell death of the majority of the leishmanial popu-
lation, and actually, after 72 h, L. infantum counts reached a mere
3 X 10° ml™", this representing a reduction of more than 99%
compared to the untreated cultures. These results were suggestive
of a positive interaction (additive or synergic) between the com-
pounds. To determine the effect of the combination, drugs were
tested at constant micromolar ratios (0.01:5,0.01:10, and 0.01:20)
(AmB/allicin); growth inhibition was estimated with the alamar-
Blue fluorimetric method. The two Leishmania species behaved
similarly; Table 1 shows the results obtained for L. infantum pro-
mastigotes. In all cases, data obtained agreed with mass law action
(r) and inhibition followed a sigmoid curve (m > 1). D,, values,

corresponding to ICss, obtained for the individual drugs tested
were in the range of the previously estimated concentrations (22.1
M for allicin and 0.09 pM for AmB). Growth inhibition results
showed the significantly higher effect of the combination with
allicin even with 0.01 wM AmB. Thus, whereas AmB administered
alone did not induce at this concentration any inhibition of pro-
mastigotes’ multiplication, the combination with 20 uM allicin
provoked a 37.5% growth reduction. This effect of allicin was
more evident with 0.02 puM AmB, since when the antibiotic was
combined with 20 wM allicin, 50% inhibition was reached (ICs,),
and with 40 pM allicin, 89% (IC,,) of the multiplication was
stopped. Similarly, an AmB concentration of 0.08 M, close to the
ICs, of this compound, with 40 uM allicin reduced almost com-
pletely the multiplication of the promastigotes. It is noteworthy
that microscopic examination of the promastigotes subjected to

TABLE 1 Effects of AmB and allicin and their combination on promastigotes of Leishmania infantum determined by alamarBlue assay”

D,-D, combination Allicin Growth
ratio AmB concn (WM) concn (M) Inhibition (%)® m Dm (M) r
0.01:5 0.0025 1.25 3.5+ 0.59

0.005 2.5 3.4 +0.98

0.01 5 3.5+ 0.45

0.02 10 3.6 +2.84

0.04 20 15.0 = 1.32

0.08 40 99.0 = 0.03

0.16 80 99.0 = 0.02 2.655 11.71 0.90
0.01:10 0.0025 2.5 3.1 £1.54

0.005 5 3.3+ 1.49

0.01 10 4.0 £ 2.02

0.02 20 52.0 = 2.22

0.04 40 97.0 = 1.65

0.08 80 99.0 £ 0.11

0.16 160 99.0 = 0.12 1.998 21.96 0.91
0.01:20 0.0025 5 1.42 = 1.05

0.005 10 2.09 = 1.13

0.01 20 37.5*+1.52

0.02 40 89.0 £ 2.31

0.04 80 99.0 = 0.07

0.08 160 99.0 + 0.04

0.16 320 99.0 = 0.02 2.478 26.30 0.94

@ Drugs were combined at constant ratios (0.01:5, 0.01:10, and 0.01:20) and their dose-effect parameters were assessed by the Chou-Talalay method (17) using CalcuSyn software.
D,,, (median-effect dose) signifies the potency and it is the concentration which inhibits cell growth by 50%; m is the shape of the dose-effect curve, where m values of 1, >1, and
<1 indicate hyperbolic, sigmoidal, and flat sigmoidal curves, respectively; r represents the linear correlation coefficient of the median-effect plot (conformity of the data to the mass
action law principle). The m, D,,, (WM), and r values for AmB (drug 1 [D,]) were 1.451, 0.09, and 0.86, respectively, and those for allicin (D,) were 2.066, 22.13, and 0.90,

respectively.

b Results are expressed as the means =+ standard deviations of three independent experiments.
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TABLE 2 Dose-effect relationships of the combination of AmB and allicin on Leishmania infantum promastigotes®

D,-D, combination % growth inhibition DRI Dose required (bM)
ratio (ED,) CI AmB Allicin AmB Allicin
0.01:5 50 0.79 (moderate synergism) 3.89 1.89 0.023 11.69
75 0.65 (synergism) 5.48 2.13 0.035 17.69
90 0.54 (synergism) 7.73 2.39 0.053 26.75
95 0.49 (synergism) 11.52 2.74 0.071 35.45
0.01:10 50 1.23 (moderate antagonism) 4.14 1.01 0.022 21.94
75 1.16 (slight antagonism) 5.31 1.03 0.037 36.49
90 1.09 (nearly additive) 6.81 1.05 0.061 60.71
95 1.05 (nearly additive) 8.06 1.07 0.085 85.82
0.01:20 50 1.33 (moderate antagonism) 6.92 0.84 0.015 31.22
75 1.19 (slight antagonism) 9.47 0.91 0.023 47.48
90 1.07 (nearly additive) 12.96 1.01 0.036 72.23
95 0.99 (nearly additive) 16.05 1.06 0.048 96.07

@ Drugs were combined at constant ratios (0.01:5, 0.01:10, and 0.01:20), and their dose-effect relationships were assessed by the Chou-Talalay method (17) using CalcuSyn software.
CI was calculated by the combination index equation. CI of <1, 1, and >1 indicate synergism, additive effect, and antagonism, respectively, at different effective doses (EDs,, ED,s,

EDy,, and EDy;). Synergistic effects (CI < 1) are in bold. DRI indicates the fold dose reduction allowed in a drug combination to reach a given degree of inhibition compared to the
drug as a single agent. Computer-simulated dose-required values of each drug in combination to reach a given effect level are included.

the combinations showed that they were not viable and that no
recovery of the cultures was found (data not shown). The com-
bined effect of the two compounds in terms of synergism-antag-
onism was complex, as shown at Table 2. Generally speaking, all
combinations allowed reduction of the concentrations required
for AmB (DRI), and synergism (CI < 1) was evident only with the
fixed ratio (0.01 wuM AmB plus 5 uM allicin) (Fig. 2). Combina-
tion allowed a 7- to 10-fold reduction of the AmB dose required to
provoke a 90 to 95% reduction in the promastigotes’ multiplica-
tion.

Given the results obtained with the extracellular stage of Leish-
mania, interaction was tested on intracellular amastigotes. Toxic-
ity of the combination of AmB plus allicin was assayed on peri-
toneal Md from BALB/c mice. None of the concentrations of
allicin employed (10 through 40 wM) in the combination in-
duced any significant toxicity as assessed by MTT assay (Fig. 3).
However, 0.5 wuM AmB, irrespective of the allicin concentra-
tion used, significantly (P < 0.001) inhibited the viability of
Md, more than 60%. As expected, no toxicity for mammalian
cells was found with 0.1 uM AmB. This value is in the range of
reported ICqqs for Leishmania and supported the exploration of
the combined treatment with allicin on the multiplication of in-

tracellular amastigotes of Leishmania given the apparent absence
of toxicity of the dialylsulfide up to 40 wM. Only concentrations
below 0.1 .M AmB and 10 pM allicin were tested (Table 3). For
comparative purposes, the effect of both compounds adminis-
tered alone was also included. Since antileishmanial effect was
determined by cell counting, drugs were combined at a noncon-
stant ratio in a checkerboard manner. As expected, AmB alone
showed an approximate IC5, of 0.1 M, and the maximal concen-
tration of allicin (10 wM) reduced by ca. 30% the multiplication of
amastigotes. Tested concentrations of the drugs, added alone or in
combination, did not significantly affect the viability and infection
rate of M¢ under our experimental conditions; infection rates
ranged from 47.3% * 3.8% to 67.0% = 3.5%, and the results
obtained with the two Leishmania species (L. infantum and L.
donovani) were similar (data not shown). An interaction between
the compounds was found from moderately synergistic with the
lowest concentrations to antagonistic with the highest concentra-
tion used (0.1 wM AmB plus 10 uM allicin) (Fig. 4A). In spite of
this deduced interaction (CI), the most significant finding of the
experiment was that 10 uM allicin could induce ca. 50% reduction
of amastigotes’ multiplication when administered with 0.05 wM
AmB. It should be pointed out that for the particular L. infantum
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@ 06 o - o 06 @ 06
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FIG 2 Representative normalized isobolograms of the interaction of AmB with allicin at a fixed ratio (0.01pM AmB to 5 M allicin). Lines intersect at the x and
y axes at the normalized concentrations corresponding to the EC;, (@) (A), EC,5 (M) (B), and EC,, (A) (C) when the compounds were administered alone. The
same symbols are used for the concentrations found with the AmB-plus-allicin combination to elicit the same effect as the drugs added alone (ECs,, EC,5, and
ECy). Dr, dose required (WM AmB + M allicin); EC, effective concentration.
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FIG 3 Effect of the combination of AmB and allicin on the ex vivo survival of
mouse peritoneal macrophages (Md). Numbers on the x axis represent the
concentration (wM) of AmB plus concentration (M) of allicin. Solid bar,
untreated control Md; gray bars, M cultures treated with 0.1 wM AmB; white
bars, M cultures treated with 0.5 M AmB. Results are the means = standard
deviations of three independent experiments.

isolate employed, this AmB concentration administered alone had
almost no effect (7.3% = 5.5% growth inhibition) on the multi-
plication of intracellular amastigotes. This represents a 2-fold re-
duction in the dose required for the antibiotic.

DISCUSSION

The aim of this work was the evaluation of the in vitro antileish-
manial effect of the combination of AmB and allicin with the final

purpose of reducing the required doses of the antibiotic and there-
fore the toxicity associated with its use. Results showed, using
a fixed-ratio analysis with the extracellular stage (17, 18) and a
checkerboard analysis with amastigotes, that the combination of
the two compounds was from moderately synergic to synergic at
low concentrations against both promastigotes (0.07 wM AmB
plus 35.45 pM allicin induced 95% growth inhibition) and amas-
tigotes (ca. 45% reduction with 0.05 uM AmB plus 10 wM allicin);
this represents nearly a 2-fold reduction in the IC, of the antibi-
otic added alone (15, 21). The differences observed between pro-
mastigotes, with a 7- to 11-fold reduction of AmB, and amasti-
gotes, with a ca. 2-fold reduction, support an interest in using
intracellular amastigotes in drug screening (9, 21, 22). It is clear
that in vitro and ex vivo tests measure only the antiparasitic effect
and that no direct prediction of the effect in vivo can be drawn
from the results (23). Analysis showed that some drug combina-
tions were classified as antagonist in spite of reaching a highly
inhibitory effect in amastigotes and particularly promastigotes.
This finding, previously observed in anti-Plasmodium screening
(24, 25), suggests that even drugs associated with an indifferent
effect in vitro could be useful therapeutic partners in vivo. In ad-
dition, differential interaction between AmB and allicin found in
promastigotes and amastigotes of Leishmania could give us some
clues on the mechanism of action of the drugs used. The main
mechanism of action of AmB against Leishmania is related to the
preferential binding to ergosterol (6), which impairs the permea-
bility of membranes, resulting in loss of small cations and causing
cell death (26, 27). This mechanism is also responsible for the

TABLE 3 Effects of AmB, allicin, and their combination on the multiplication of intracellular amastigotes of Leishmania infantum in J774 cells”

Drug combination

nonconstant ratio (M) % growth DRI

AmB Allicin % infection” inhibition” Cl AmB Allicin

0 0 64.7 + 2.5 0

0.05 67.0 = 3.5 73 £55

0.075 64.7 = 4.5 25.8 £ 5.1

0.1 58.3 2.1 50.1 £ 5.5
0.05 60.3 = 2.1 1342
1 61.7 £ 5.7 15.7 £ 4.6
5 56.7 = 3.1 249 * 1.8
10 63.0 = 4.4 32.8 3.9

0.05 0.05 62.7 = 3.1 26.1 = 3.1%* 0.75 (moderate synergism) 1.51 11.28
1 60.0 = 4.0 28.5 £ 4.4%* 0.80 (moderate synergism) 1.55 6.04
5 56.7 = 1.5 34,2 &+ 6.30%* 1.30 (moderate antagonism) 1.67 1.42
10 56.3 £ 1.5 45.6 £ 8.5%** 1.58 (antagonism) 1.91 0.94

0.075 0.05 56.0 = 9.5 47.4 * 4.504% 0.82 (moderate synergism) 1.29 19.68
1 54.0 = 8.2 55.8 & 10.9%** 0.79 (moderate synergism) 1.42 11.96
5 59.0 + 4.4 54.8 + 2.0%%* 1.13 (nearly additive) 1.41 2.34
10 59.0 = 2.6 54.0 &= 3.6%*%* 1.58 (antagonism) 1.39 1.15

0.1 0.05 473 £3.8 61.4 = 3.8* 0.90 (slight synergism) 1.13 27.58
1 53.3 £ 3.8 61.5 *+ 3.3* 0.95 (nearly additive) 1.13 13.86
5 53.0 £ 3.6 64.5 £ 5.0%* 1.18 (slight antagonism) 1.17 3.00
10 47.7 £ 1.5 64.9 £ 0.9* 1.50 (antagonism) 1.18 1.51

“ Drugs were combined at a nonconstant ratio and their dose-effect relationships assessed by the Chou-Talalay method (17) using CalcuSyn software. CI was calculated by the
combination index equation. CI of <1, 1, and >1 indicate synergism, additive effect, and antagonism, respectively, at the different drug combination doses. Synergistic effects
(CI < 1) are in bold. DRI indicates the fold dose reduction allowed in a drug combination at the different data points compared with each drug alone. Statistical differences
between the effects of AmB alone and the combination of AmB plus allicin are indicated as follows: *, P < 0.05; **, P < 0.001; and ***, P < 0.0001.

’ Values are means =+ standard deviations.

1600 aac.asm.org

Antimicrobial Agents and Chemotherapy


http://aac.asm.org

1.09

0.0

0.0

Interaction of Amphotericin and Allicin on Leishmania

C

1.0

v

T
0.5 1.0

Allicin

0.0

0.0

T
0.5
Allicin

0.0
0.0

hd

T
1.0 0.5

Allicin

FIG 4 Representative isobolograms of the in vitro interaction between AmB and allicin on intracellular amastigotes of L. donovani. Results correspond to the
nonconstant-ratio experiments using 0.05 M (A), 0.075 pM (B), and 0.1 uM (C) AmB and 0.05, 1, 5, and 10 uM allicin. Black circles indicate the IC,, of the

combination at the concentrations on the x and y axes.

fungicidal activity of the antibiotic. The part mechanistic basis of
the antiproliferative, and in particular the leishmanial, activity of
allicin (15, 19) is not clearly understood, although several cellular
targets have been incriminated (28). Apparently allicin produces
an enhancement of fungicidal activity of AmB by inhibiting ergos-
terol trafficking from the plasma membrane to the vacuole mem-
brane in Candida (a member of the Fungi) (29). Leishmania also
has considerable amounts of ergosterol on the plasma membrane.
Resistance to AmB in clinical isolates of L. donovani has been
associated, besides the presence of cholesta-5,7, 24-trien-33-ol in-
stead of ergosterol, with the upregulation of the thiol metabolic
pathway (30). No thiol contents have been yet determined by us in
allicin-treated Leishmania, but interference with thiols has been
considered the main mechanism of action for allicin (28, 31). The
synergy observed could be related to the impairment of the thiol
metabolic pathway provoked by allicin, thus enhancing the effect
of AmB. Whether or not this enhancement of AmB effect in the
presence of allicin is responsible for the synergism found by us in
amastigotes and, particularly, promastigotes of Leishmania needs
further experimentation, which is under way.

Chemotherapy of leishmaniasis, both human and animal, is
not yet solved in spite of the substantial efforts made on basic
aspects of Leishmania biology. An alternative approach to mono-
therapy is the combination of drugs using well-established che-
motherapeutic agents (i.e., miltefosine plus amphotericin B or
antimonials plus amphotericin B) (32); in addition, these drug
combinations have been common in veterinary clinical practice.
Our results showed the apparently synergistic effect of allicin and
AmB in the micromolar range. Data obtained with drug combi-
nations in vitro have many limitations in spite of the dose-effect
relationship analysis carried out (i.e., unforeseen interactions and
pharmacokinetics) (18). However, the 2-fold reduction in the re-
quired dose of AmB against intracellular amastigotes and the pos-
sibility of using higher nontoxic doses of allicin (>10 uM) suggest
exploration of this combination in vivo.
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