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Little has been done during the past 100 years to develop new antileishmanial drugs. Most infected individuals live in poor coun-
tries and have a low cash income to be attractive targets to pharmaceutical corporations. Two heterosidic steroids, solamargine
and solasonine, initially identified as major components of the Brazilian plant Solanum lycocarpum, were tested for leishmani-
cidal activity. Both alkaloids killed intracellular and extracellular Leishmania mexicana parasites more efficiently than the refer-

ence drug sodium stibogluconate. A total of 10 uM each individual alkaloid significantly reduced parasite counts in infected
macrophages and dendritic cells. In vivo treatment of C57BL/6 mice with a standardized topical preparation containing sola-
margine (45.1%) and solasonine (44.4%) gave significant reductions in lesion sizes and parasite counts recovered from lesions.
Alkaloids present different immunochemical pathways in macrophages and dendritic cells. We conclude that this topical prepa-
ration is effective and a potential new and inexpensive treatment for cutaneous leishmaniasis.

arasitic infections represent a global health problem, particu-

larly in the developing world (1). It has been reported that
infection and parasitic diseases contribute to ~25% of the total
global disease burden (1-3). The World Health Organization
(WHO) estimates that 350 million people live in countries where
at least one of the different forms of leishmaniasis is endemic and
that 12 million people are infected worldwide, with an annual
mortality rate of ~60,000 people (1-3). There are ~2 million new
cases each year, and the disease significantly contributes to the
propagation of poverty due to loss of wages and because available
treatment is expensive and represents an unaffordable economic
burden. Leishmania species are obligate intracellular protozoan
parasites that, in the amastigote form, live in macrophages and
dendritic cells of infected hosts. Leishmania mexicana causes
mostly localized cutaneous leishmaniasis (LCL) and in just a few
cases causes diffuse cutaneous leishmaniasis (DCL) (1-3). L.
mexicana infections are prevalent mostly in Mexico and Central
America (1-3). L. mexicana promastigotes live in the sandfly vec-
tor, which includes several identified species of the genus Lut-
zomyia (1). Leishmaniasis is mostly zoonotic in nature, but an
anthroponotic mode of transmission also exists (1). Leishmania
species in different parts of the world have developed resistance to
currently used antileishmanial drugs. For example, parasites in-
fecting the human population in India, in particular in the city of
Bihar, present an alarmingly high level of resistance to antimonials
(4). Therefore, the development of novel treatments for this dis-
ease is considered a priority worldwide (2-5). Natural products
represent an invaluable source of drugs to treat various diseases,
and in many areas of the world where the disease is endemic, local
populations rely on medicinal plant material to treat different
forms of leishmaniasis. The New World plants Pentalinon an-
drieuxii Muell. Arg. (Apocynaceae) and Pera benensis (Euphorbi-
aceae) have been a source of valuable leishmanicidal components
(2, 6-8). Fruits of the plant Solanum lycocarpum St. Hil. (So-
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lanaceae), also known as wolf fruit (“fruto-do-lobo”), have been
used to treat a number of medical conditions. Preparations from
this plant also display cytotoxic, antimicrobial, immunomodula-
tory, and antimutagenic activities (9-18). We showed that alka-
loids from this plant are lethal to Leishmania amazonensis promas-
tigotes (9). In this work, we studied the role of the alkaloidal
extract of S. lycocarpum in the in vitro and in vivo destruction of L.
mexicana parasites. We found that two alkaloids, solamargine and
solasonine, isolated from this plant present considerable leish-
manicidal activity in vitro and induce different immunochemical
pathways in macrophages and dendritic cells.

MATERIALS AND METHODS

Pure heterosidic steroids and preparation of the topical formulation for
animal treatment. Pure solamargine and solasonine (heterosidic steroids,
each >95% pure) were provided by ].D.M., and J.K.B. prepared the top-
ical formulation containing the steroid extract. The plant extract contain-
ing these two steroids (~45% each) was analyzed by high-performance
liquid chromatography using an ultraviolet detector (HPLC-UV) as de-
scribed previously (10). Briefly, 250 mg of dried alkaloidic extract was
dissolved in 20 ml of a mixture of water and ethanol (80%) containing 3
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FIG 1 (A) Chemical structures of solamargine and solasonine. (B) Chromato-
graphic profile of Solanum lycocarpum fruit alkaloidal extract as determined by
HPLC-UV. The mobile phase was composed of acetonitrile and sodium phos-
phate buffer (pH 7.2; 0.01 M) in a ratio of 36.5:63.5 (vol/vol) at a flow rate of 1
ml/min with detection at 200 nm. IS, veratraldehyde; 1, solasonine; 2, solamar-
gine. Data are expressed as milli-absorbance units (mAU) on the y axis and
time (minutes) on the x axis.

pg/ml veratraldehyde as an internal standard (IS). We used a Shimadzu
(Kyoto, Japan) high-performance (pressure) liquid chromatograph with
an isocratic system of elution, and the mobile phase contained acetonitrile
and sodium phosphate buffer (pH 7.2; 0.01 M) in a ratio of 36.5:63.5
(vol/vol), using a flow rate of 1 ml/min. The detector reading was set at 200
nm, and a sample of 20 p.l was injected and ran for 20 min. Stems, leaves,
and ripe and unripe fruits of S. lycocarpum originally collected in Cajuru,
SP, Brazil, were deposited in the Department of Botany University of Sao
Paulo, SP, Brazil, with the accession number SPFR:11638. Fruits were
chopped, dried in an air-circulating oven at 40°C, powdered by using a
knife mill, and stored until use in a —20°C freezer. A standardized extract
was prepared as reported previously (19). Briefly, 100 g of powdered bio-
mass was extracted overnight with hydrochloric acid (0.2 M). The acid
extract was then filtered, and the pH was adjusted to 12 with NaOH (6 M).
The supernatant was removed by centrifugation, and the pellet was sus-
pended in ethanol with careful shaking. This ethanolic extract was con-
centrated under a vacuum, followed by lyophilization furnishing the gly-
coalkaloid standardized extract. The contents of solamargine and
solasonine in the topical formulation were 45.1 and 44.4%, respectively
(Fig. 1B). Next, the topical preparation was formulated for animal and
human treatment of cutaneous infections with L. mexicana parasites. A
known amount of glycoalkaloid extract was mixed with 5% 2,3-dihy-
droxypropyl (9Z)-9-octadecenoate (monoolein) and 5% propylene glycol
in hydroxyethylcellulose (HEC) (Natrosol gel, a nonionic, water-soluble
polymer [pH 6.5]). The control topical preparation was prepared by mix-
ing 5% monoolein and 5% propylene glycol in HEC (Natrosol gel, a
nonionic, water-soluble polymer [pH 6.5]).

Parasites. L. mexicana parasites (MNYC/BZ/62/M379) were used in
this work. For data in the supplemental material, we used an L. mexicana
strain (DsRed L. mexicana) expressing firefly luciferase (LUC) and red
fluorescent protein. In brief, clonal transfectants were obtained by homol-
ogous integration of a LUC-DsRed2 cassette (Swal fragment from plas-
mid pIRISAT-LUC-DsRed strain B5947) into the rRNA locus as de-
scribed previously (20), and we name these parasites DsRed L. mexicana
parasites. Fluorescence was verified by fluorescence microscopy in pro-
mastigotes and amastigotes (inside macrophages). All parasites (regular
and transgenic) were maintained by serial passage of amastigotes into the
shaven rump of 129SvE mice. Metacyclic promastigotes of L. mexicana
were negatively selected by using the peanut agglutinin (PNA) negative-
selection protocol: 1.5 X 10® promastigotes were treated with PNA for 30
min at room temperature and spun down at 200 X g for 5 min. Superna-
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tants containing parasites were collected, and the parasites were washed
and suspended in fresh complete M-199 culture medium (Sigma, St.
Louis, MO) supplemented with 10% fetal bovine serum (FBS; Equitech-
Bio Inc., Kerrville, TX), 100 IU of penicillin, and 100 g of streptomy-
cin/ml (Gibco BRL, Grand Island, NY) and injected into the ear dermis of
C57BL/6 mice in order to assess the in vivo effectiveness of the alkaloidal
extract.

Animals. C57BL/6 mice of both sexes were used throughout these
experiments. Mice were maintained and bred at the specific-pathogen-
free (SPF) animal facility at The Ohio State University animal facilities in
accordance with institutional and NIH ethical guidelines. Institutional
ethical approval was given to perform all animal experiments. C57BL/6
mice of both sexes were used for bone marrow-derived macrophage
(BMDM) and bone marrow-derived dendritic cell (BMDDC) isolation
and in vivo infection using the ear model of low-dose infection (2).

In vivo infections and treatment. C57BL/6 mice (10 to 15 weeks old)
were dosed with 1,000 PNA-negative (PNA™) parasites in the left ear
dermis. Three weeks after initial infection, once palpable lesions were
present, mice were treated every day for 6 weeks with the topical formu-
lation of the standardized alkaloidal extract. Control animals were treated
with only the vehicle alone (5% monoolein and 5% propylene glycol in
Natrosol gel [pH 6.5]) Lesion growth was monitored every week, and
parasite loads were calculated at the end of the experiment by direct
counting of parasites from infected ears and by a limiting-dilution
assay (2).

Parasite killing. Promastigote killing was assessed by flow cytometry
(2, 20). One million parasites suspended in 1 ml of complete M-199 cul-
ture medium were used. Solamargine or solasonine dissolved in dimethyl
sulfoxide (DMSO) (10 mg/ml in DMSO from Sigma-Aldrich) was added
at a known concentration (0 to 100 wM), and the cultures were incubated
at 28°C for 48 h. At this point, parasites were centrifuged at 3,000 rpm for
5 min, and the pellet was resuspended in 100 pl of phosphate-buffered
saline (PBS) containing 20 p.g of propidium iodide (Sigma-Aldrich) and
incubated for 1 h in the dark at 4°C. The parasite suspension was made up
to 1 ml and analyzed by flow cytometry using a FACSCalibur instrument
from Becton Dickinson, and 10,000 cells were analyzed.

In vitro infection of macrophages and dendritic cells. Bone marrow
from femurs and tibias of C57BL/6 mice were disrupted and cultured at
37°C in 5% CO, in complete culture medium containing 20% of the
supernatant from cultured L-929 cells (macrophages) or 20% granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) (dendritic cells)
in separate flasks. Cells were grown in 75-cm? cell culture flasks (Corning
Inc., NY) and collected after 5 days of culture. More than 90% of differ-
entiated macrophages were positive for CD11b, a monocyte/macrophage
marker, and >90% of differentiated dendritic cells were positive for
CDl11c, adendritic cell marker, as tested by flow cytometry (FACSCalibur;
Becton Dickinson, San Jose, CA). Half a million BMDMs or BMDDCs
were seeded on top of circular glass coverslips placed at the bottom (one
coverslip/well) of 24-well tissue culture plates (Corning Inc.). BMDMs
were infected overnight with 5 X 10° stationary-phase L. mexicana meta-
cyclic promastigotes (ratio of 10:1). Next, BMDMs and BMDDCs were
extensively washed with Hanks’ balanced salt solution (HBSS) to elimi-
nate noninternalized parasites. At this point, infected macrophages or
dendritic cells were treated with different concentrations (0 to 100 pM) of
solamargine or solasonine for a period of 48 h. After this time, cells were
stained with Giemsa stain and mounted for microscopic counting using a
100X objective.

Macrophage and dendritic cell viability test. Viability of Raw cells,
BMDMs, and BMDDC:s was tested by using the alamarBlue protocol (2).
Cells (10° cells/0.2 ml) were grown in 96 wells in a CO, incubator (5%
CO, and 95% air) at 37°C and were cocultured with or without 10 M
solamargine or solasonine. After 48 h, 100 pl of the cell supernatant was
mixed with 10 pl of the alamarBlue reagent, and the plates were incubated
at 37°C for 3 h to allow cells to convert resazurin to resorufin. Next,
sample results were read at 570 nm, using 600 nm as a reference wave-
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TABLE 1 IC;s of promastigote and amastigote killing

Mean ICs, (LM) for Mean ICs, (WM) for Therapeutic
Mean IC;, (uM) for amastigotes inside amastigotes inside index for Therapeutic index
Compound promastigotes = SD? BMDMs *+ SD? BMDDCs *+ SD? BMDMs” for BMDDCs"
Sodium stibogluconate 251.3 + 15.6 14.32 + 1.01 47.91 + 6.46 10.6 4.6
Solamargine 35.06 + 5.4° 13.36 + 3.06 6.03 + 2.27° 9.3 43.3
Solasonine 36.5 + 0.26° 9.30 + 0.59° 5.93 + 0.96° 20.2 38.3

“The ICsy, is the concentration of drug (micromolar) to achieve 50% killing of parasites per 10° axenic promastigotes or 2.5 X 10° amastigotes inside 0.5 X 10° BMDMs or

BMDDC:s after 48 h of culture.

b The therapeutic index is the mean 50% cellular cytotoxicity (CCs,) of uninfected BMDMs (or BMDDCs)/mean ICs, of amastigotes inside BMDMs (or BMDDCs).

¢ Significantly different (P < 0.05) compared to sodium stibogluconate.

length (normalized to the 600-nm value), and the reduction of resazurin
was calculated according to the manufacturer’s instructions.

Raw NF-kB/AP-1 reporter cell assay. The cells were transfected to
allow them to stably express a secreted embryonic alkaline phosphatase
(SEAP) gene inducible by the NF-kB and AP-1 transcription factors in
Raw-Blue cells (InvivoGen Inc.). The enzymatic activity of SEAP was
quantitated as follows. One hundred thousand cells were seeded into 96-
well flat-bottom culture plates in 200 .l containing 10 uM sodium stibo-
gluconate, 10 WM solamargine, solasonine, or sham control cells. After
incubation for 48 h at 37°C in a CO, incubator, 50 pl of each cell super-
natant was transferred into separate plates, and 50 pl of Quantiblue re-
agent was added according to the manufacturer’s instructions. Next, this
mixture was incubated for 3 h at 37°C, and the absorbance was then
measured at 650 nm. Results are expressed as the absorbance read at 650
nm in a plate reader.

Raw and Jaw cell infection with DsRed L. mexicana parasites. Raw
(macrophage) and Jaw (dendritic) cell lines, maintained as described
above, were infected overnight with DsRed L. mexicana parasites and then
treated for 48 h with 10 M sodium stibogluconate, solamargine, or so-
lasonine. A control culture included only cells infected with transgenic
parasites. Next, cells were washed with PBS, mounted with 4',6-di-
amidino-2-phenylindole (DAPI) on glass slides, and observed under a
fluorescence microscope. Parasite intracellular killing can be assessed by
fluorescence loss (20).

Determination of nitric oxide and cytokine levels. The concentra-
tion of nitric oxide (NO) was determined in supernatants from BMDM:s
or BMDDCs stimulated overnight with 100 IU of interferon gamma
(IFN-v) and 1 pg of lipopolysaccharide (LPS), followed by coculture with
solamargine or solasonine (10 wM) during 48 h. Next, Griess reagent was
added to supernatants, and results were read at 570 nm in an enzyme-
linked immunosorbent assay (ELISA) reader. Unknown samples were
extrapolated from a standard curve (0 to 400 wM). Interleukin-6 (IL-6),
IL-12p70, and tumor necrosis factor alpha (TNF-a) concentrations were
determined by a capture ELISA using recombinant cytokines as standards
and antibody clones from commercial sources. Results were extrapolated
from a standard curve after reading in an ELISA reader at 405 nm (2).

Image-based cytometry (FlowSight imaging flow cytometry). In the
supplemental material, apoptosis of uninfected BMDMs and BMDDCs
was recorded with an ImageStreamX instrument (Amnis Corporation,
Seattle, WA) (image-based cytometry by measuring nucleus sizes of un-
infected phagocytes). Uninfected cells were treated with 10 WM tamoxifen
(positive control for apoptosis), sodium stibogluconate, solamargine, or
solasonine for 48 h and then stained with DAPI. Images were acquired by
utilizing a 405-nm laser at a X20 magnification; cell images are repre-
sented as bright-field and blue fluorescence. Side scatter (SSC) was col-
lected in channel 7 at 405 nm (430- to 505-nm filter). Doublets and larger
cell clusters were eliminated from the analysis according to the manufac-
turer’s instructions. Data analysis was performed by using IDEAS soft-
ware.

Statistical analysis. Mann-Whitney and Dunnett tests were used for
statistical analysis, and 50% inhibitory concentrations (ICs,s) were calcu-
lated by using an LdP Line and Prism 5 software.
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RESULTS

In vitro leishmanicidal activity. Solamargine and solasonine
(Fig. 1A) are heterosidic steroids isolated from Solanum lyco-
carpum fruits, as described previously (9, 10). Figure 1B shows a
typical HPLC chromatogram of the standardized plant extract
containing solamargine and solasonine and an internal standard
(veratraldehyde). The IC;s for parasites treated with solamargine
and solasonine were 36.5 * 0.26 M and 35 = 5.4 wM, respec-
tively, which are significantly lower than that of the reference drug
(251.3 = 15.6 wM) (Table 1). The therapeutic index in dendritic
cells is considerably higher for solamargine and solasonine than
for the reference drug. However, in macrophages, only solas-
onine’s and not solamargine’s therapeutic index was higher than
that of the reference drug (Table 1). Macrophages and dendritic
cells were infected with L. mexicana promastigotes, and after in-
ternalization took place, infected cells were treated with solamar-
gine, solasonine, or the reference drug (Table 1). Both alkaloids
showed greater activity (lower ICq,s) than that of sodium stibog-
luconate (Table 1). The infection rate (percentage of infected
phagocytes) and infection level (average number of parasites per
phagocyte) of macrophages and dendritic cells treated with alka-
loids (10 wM) are shown in Fig. S1 in the supplemental material.
Dendritic cells are more efficient than macrophages in internaliz-
ing and killing L. mexicana when stimulated with either alkaloid
(see Fig. S1 in the supplemental material). Internalized transgenic
parasites (DsRed L. mexicana) were also killed more efficiently by
treatment with 10 pM the individual alkaloids than by the refer-
ence drug (see Fig. S2 in the supplemental material). This intra-
cellular killing is shown by a loss of fluorescence of internalized
parasites.

In vivo healing of cutaneous leishmaniasis. Next, we per-
formed in vivo experiments, as shown in Fig. 2. Figure 2A shows
lesion size development in mice infected with 1,000 PNA™ meta-
cyclic promastigotes and treated every day for 6 weeks with the
topical preparation (SLA) containing 10 M solamargine and so-
lasonine per mouse per day. As can be seen in Fig. 2A, lesion
growth was significantly delayed (P < 0.05) in animals treated
with the topical preparation (SLA) compared to untreated ani-
mals. Figure 2B shows results obtained after counting parasites in
animal ear tissue. Direct counting performed immediately after
animals were sacrificed showed a significant reduction in parasite
numbers (P < 0.05) (Fig. 2B), and the limiting-dilution assay of
parasite suspensions from animal tissue also displayed a signifi-
cant reduction (P < 0.05) (Fig. 2C) in parasite counts.

Activation of transcription factors NF-kB and AP-1 and pro-
duction of NO and cytokines. We analyzed the effects of these
alkaloids on the activation of NF-kB/AP-1. These two alkaloids
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FIG 2 Lesion growth (A) and amastigote numbers recovered from individually infected ears (B and C) of mice treated with the topical formulation. Animals
were untreated (control) or treated daily during 6 weeks with a topical preparation of S. lycocarpum (SLA) (A). Parasites were recovered from individual ears,
counted (B), and tested by limiting dilution after 4 days of culture (C). Data are expressed as means = standard errors of the means.

tested separately did not affect the viability of regular Raw cells
(Fig. 3A), and they induced the expression of the NF-kB/AP-1
transcription factors in reporter transgenic Raw cells (Fig. 3B).
Solamargine and solasonine but not sodium stibogluconate in-
duced the expression of these transcription factors at 10 WM. We
also measured the content of NO in supernatants of macrophages
or dendritic cells treated with alkaloids or the reference drug.
Macrophages (Fig. 3C) or dendritic cells (Fig. 3D) cocultured with
solamargine but not solasonine presented a robust and significant
reduction (P < 0.05) in NO production in cells previously treated
with LPS and IFN-y to induce NO production. These findings
suggest that L. mexicana-infected macrophages or dendritic cells
treated with solamargine but not solasonine would follow a NO-
independent parasite-killing pathway, since this alkaloid signifi-
cantly suppresses NO production (Fig. 3). The production of cy-
tokines such as IL-6, IL-12, and TNF-a was analyzed in
macrophages or dendritic cells induced by treatment with 100 TU
of IFN-y and 1 pg of LPS, followed by treatment with 10 uM the
individual alkaloids. TNF-a production was significantly reduced
in macrophages stimulated with IFN-vy plus LPS and treated with
solamargine but not solasonine (Fig. 4A). Dendritic cells stimu-
lated with IFN-vy plus LPS, followed by treatment with solamar-
gine, showed a significant increase in IL-6 production, which was
not observed when cells were treated with solasonine (Fig. 4E).
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Programmed cell death or apoptosis was also studied, and we
found that it is induced by solamargine treatment (10 uM for 48
h) in both macrophages and dendritic cells. Solasonine treatment
(10 wM for 48 h) induced apoptosis only in dendritic cells (see Fig.
S3 in the supplemental material). In summary, alkaloids inhibit
parasite proliferation, kill and reduce the number of parasites in
axenic cultures, and reduce parasite counts, and solamargine re-
duces NO levels in macrophages and dendritic cells previously
treated with LPS and IFN-+y. Alkaloids also reduce TNF-a produc-
tion in both types of cells, enhance IL-6 in dendritic cells previ-
ously treated with LPS and IFN-v, and increase the expression of
NE-kB/AP-1 transcription factors in transfected Raw cells. Fi-
nally, in vivo treatment with a standardized extract rich in both
alkaloids suppressed lesion growth and parasite survival and pro-
moted healing.

DISCUSSION

Development of new drugs to treat leishmaniasis is an urgent need
according to WHO reports due to the emergence of drug resis-
tance in parasites and the toxicity of drugs commonly used in
areas of endemicity (1-3). Drug resistance is a major problem
associated with the failure of treatment of human infections
caused by this type of parasite and underscores the importance of
the development of novel drugs (21-23). Plant products have long
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D) Nitric oxide levels in supernatants from LPS/IFN-y-stimulated macrophages (C) or dendritic cells (D). Cells were cocultured with 10 uM stibogluconate,
solamargine, or solasonine. Sham control cells stimulated with LPS/IFN-y grew in culture medium with 2% DMSO (C and D). Data are expressed as means *

standard errors of the means.

been used in traditional medicine to treat different types of ill-
nesses (2, 6-18) and are now considered a good alternative for
drug discovery. There are promising compounds originally iso-
lated from plants with leishmanicidal properties, which could be
antileishmanial drugs with commercial potential. Our group re-

A

TNF (pg/mL)

o

TNF (pg/mL)

350 1
300 1
250
200
150 A
100 A
50 1
0 -

500 -

400 -

300 4

200 -

100

0 E

B 1200 -
10000 -
8000
6000

4000

IL-6 (pg/ mL)

2000 -

0 -

10000 -

m

8000

6000

4000

IL-6 (pg/mL)

2000 -

0 4

p<0.05

cently reported potent antileishmanial activity of one 8-amino-
substituted aminoquinoline that can be orally administered (24).
There are some other compounds with interesting possibilities for
further development as antileishmanial drugs (24-27). Com-
pounds isolated from S. lycocarpum have already demonstrated
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FIG 4 Determination of cytokine levels (IL-6, IL-12, and TNF-a) in macrophages (A to C) or dendritic cells (D to F) stimulated with LPS/IFN-y and then treated
with 10 uM sodium stibogluconate (Sb), solamargine (Sg), or solasonine (Sn). Data are expressed as means * standard errors of the means.
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great potential as antimicrobials and cytotoxic products (10-18).
In particular, the glycoalkaloids from this plant present potent
antimicrobial activity (11, 13, 16-18). We recently demonstrated
that the more abundant S. lycocarpum alkaloids present strong
toxicity to extracellular L. amazonensis in vitro (9). In this work,
our in vitro experiments showed that L. mexicana promastigotes
are equally susceptible to solasonine and solamargine. Parasites
treated with these alkaloids inhibit the proliferation of promasti-
gotes. Solamargine and solasonine could interfere with the sterol
biosynthesis and membrane stability of L. mexicana. However,
more mechanistic studies are needed to prove that these alkaloids
affect parasite membrane biosynthesis. Amastigotes inside mac-
rophages and dendritic cells proved to be highly susceptible to
both alkaloids. Exposure of uninfected phagocytes to these alka-
loids showed that only solamargine-treated macrophages dis-
played a therapeutic index similar to that of the reference drug. Of
particular interest is that a mixture of both alkaloids was very
effective in vivo in the treatment of experimentally induced cuta-
neous lesions in C57BL/6 mice. The rationale for the study this
combination of steroids is that we performed a simple and inex-
pensive extraction protocol that yielded these two alkaloids in a
reproducible and pure way from a natural product that can be
easily obtained. Purification of individual molecules will go
through a more elaborate and expensive preparation procedure,
and quantities obtained in this way would yield very small
amounts. Both glycoalkaloids mixed in a topical preparation in-
duced an effective clearance of parasites at the site of the lesion, as
could be demonstrated by the significant reduction in the number
of parasites recovered from lesions of treated mice compared to
untreated controls (sham controls). It is important to state that
antimonials, the first-line drugs currently used to treat L. mexi-
cana infections in humans (28), do not work in mouse models of
ear infection with this parasite (2). Therefore, data from positive
controls during in vivo experiments in this and other works are not
included (29). When we stimulated macrophages or dendritic
cells with IFN-y and LPS and then treated them with these alka-
loids, only solamargine and not solasonine showed a dramatic
reduction in NO production. This supports the idea that these
alkaloids induce the killing of internalized parasites by using dif-
ferent biochemical pathways in macrophages or dendritic cells,
increasing the importance of having a topical formulation con-
taining both alkaloids. In addition, our results show that both
alkaloids can increase the expression of NF-kB/AP-1 transcription
factors. These factors translocate into the cell nucleus and induce
the expression of a number of different genes involved in the reg-
ulation of several cellular functions such as cell growth, cytokine
production, cell differentiation, apoptosis, and inflammation.
Synthesis regulation of these factors by solamargine and solaso-
nine would normalize those biological functions dysregulated by
parasite infection, including NO production and inflammation at
the lesion site. The significant (P < 0.05) reduction of the synthe-
sis of the proinflammatory cytokine TNF-« in macrophages and
the enhancement of the synthesis of the anti-inflammatory cyto-
kine IL-6 in dendritic cells previously stimulated with IFN-vy plus
LPS and then treated with solamargine in vitro support this con-
clusion. Interestingly, our previous work with humans naturally
infected with this parasite showed a considerable reduction in the
serum content of IL-6 that correlated with the enhancement of the
serum content of TNF-a before treatment with the antimonial
drug (28). We also found that solamargine induces apoptosis in
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both macrophages and dendritic cells, while solasonine induces
apoptosis only in dendritic cells. We speculate that treatment of
cutaneous lesions with an S. lycocarpum extract would lead to
healing of these lesions by killing of extracellular parasites. Once
alkaloids penetrate infected cells, intracellular parasites would also
be killed by alkaloids or by the phagocyte-killing machinery. By-
stander phagocytes in the lesion site in contact with alkaloids
would speed up the process of apoptosis. Interestingly, in the Yu-
catan peninsula of Mexico, ear infections with this parasite in
humans (chiclero’s ulcers) are very common, and in this work, we
used the ear model of infection in mice. Unfortunately, there are
no available data in the literature regarding the pharmacokinetics
of these steroids, but they constitute a new potential phytomedi-
cine to treat cutaneous leishmaniasis. Finally, we have demon-
strated that this topical preparation containing solamargine and
solasonine is effective in suppression of cutaneous leishmaniasis
in C57BL/6 mice.
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