
Successful Therapy of Murine Visceral Leishmaniasis with
Astrakurkurone, a Triterpene Isolated from the Mushroom Astraeus
hygrometricus, Involves the Induction of Protective Cell-Mediated
Immunity and TLR9

Suvadip Mallick,a Aritri Dutta,a Ankur Chaudhuri,b Debasri Mukherjee,c Somaditya Dey,a* Subhadra Halder,a,c Joydip Ghosh,a

Debarati Mukherjee,a Sirin Salma Sultana,a Gunjan Biswas,d Tapan Kumar Lai,d Pradyumna Patra,a,e Indranil Sarkar,e

Sibani Chakraborty,b Bhaskar Saha,c Krishnendu Acharya,d Chiranjib Pala

Cellular Immunology and Experimental Therapeutics Laboratory, Department of Zoology, West Bengal State University, Barasat, West Bengal, Indiaa; Department of
Microbiology, West Bengal State University, Barasat, West Bengal, Indiab; National Centre for Cell Science, Ganeshkhind, Pune, Maharashtra, Indiac; Molecular and Applied
Mycology and Plant Pathology Laboratory, Department of Botany, University of Calcutta, West Bengal, Indiad; Canning Subdivisional Hospital, Canning, South 24
Parganas, West Bengal, Indiae

In our previous report, we showed that astrakurkurone, a triterpene isolated from the Indian mushroom Astraeus hygrometricus
(Pers.) Morgan, induced reactive oxygen species, leading to apoptosis in Leishmania donovani promastigotes, and also was effec-
tive in inhibiting intracellular amastigotes at the 50% inhibitory concentration of 2.5 �g/ml. The aim of the present study is to
characterize the associated immunomodulatory potentials and cellular activation provided by astrakurkurone, leading to effec-
tive antileishmanial activity in vitro and in vivo. Astrakurkurone-mediated antileishmanial activity was evaluated by real-time
PCR and flow cytometry. The involvement of Toll-like receptor 9 (TLR9) was studied by in vitro assay in the presence of a TLR9
agonist and antagonist and by in silico modeling of a three-dimensional structure of the ectodomain of TLR9 and its interaction
with astrakurkurone. Astrakurkurone caused a significant increase in TLR9 expression of L. donovani-infected macrophages
along with the activation of proinflammatory responses. The involvement of TLR9 in astrakurkurone-mediated amastigote kill-
ing has been evidenced from the fact that a TLR9 agonist (CpG, ODN 1826) in combination with astrakurkurone enhanced the
amastigote killing, while a TLR9 antagonist (bafilomycin A1) alone or in combination with astrakurkurone curbed the amasti-
gote killing, which could be further justified by in silico evidence of docking between mouse TLR9 and astrakurkurone. Astr-
akurkurone was found to reduce the parasite burden in vivo by inducing protective cytokines, gamma interferon and interleukin
17. Moreover, astrakurkurone was nontoxic toward peripheral blood mononuclear cells of immunocompromised patients with
visceral leishmaniasis. Astrakurkurone, a nontoxic antileishmanial, enhances the immune efficiency of host cells, leading to par-
asite clearance in vitro and in vivo.

Leishmania occurs in the tropical and subtropical regions of the
world and cause severe symptoms, with a huge socioeconomi-

cal impact to millions of poor people. The diseases are endemic in
more than 80 countries, and 350 million people are considered to
be at risk (1). Among the three clinical forms of leishmaniasis—
visceral (VL), cutaneous (CL), and mucocutaneous (MCL)—VL
is the most severe form and is fatal if untreated. The disease is
highly endemic in the Indian subcontinent and in East Africa. An
estimated 200,000 to 400,000 new cases of VL occur worldwide
each year. Over 90% of new cases occur in 6 countries: India,
Nepal, Bangladesh, Brazil, Ethiopia, and Sudan (1). Use of penta-
valent antimonials for the treatment of different forms of leish-
maniasis was introduced more than 7 decades ago and now has
been forced to be checked for its limited efficacy, toxicity, and
resistance (1). Efficacy of the first-line oral treatment, miltefosine,
has declined rapidly over the past decade due to treatment failure
and relapse, and miltefosine is also associated with gastrointestinal
toxicity and teratogenesis (2, 3). Paramomycin had shown a
promising 94% cure rate but is associated with systemic hepatic
toxicity; the extended treatment schedule is also a major disadvan-
tage for routine clinical use (2). Recently, the use of liposomal
amphotericin B has been suggested by the WHO Advisory Panel
for Leishmaniasis Control as the first choice to treat and eliminate

VL from the Indian subcontinent (4). The aim for elimination of
VL from the Indian subcontinent, bringing down the number of
cases to fewer than one diseased person per 10,000 people in the
districts of endemicity by 2015 (5), still remains a dream, even
after the unremitting efforts of clinicians and scientists. Every
magic bullet has a certain path and then drops down, but the
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incidence of leishmaniasis, which has been estimated to cause the
ninth largest disease burden among individual infectious diseases,
continues to increase (6, 7), so the pursuit for a more efficient drug
takes a compelling urgency. Despite the best efforts to introduce
enhanced therapy, the cost of drugs is a major concern. In this
context, mushrooms, which are traditionally revered as sources of
medicines by ethnic groups in India, can provide alternative
sources for antileishmanial medicines. The homeostasis of healthy
organisms grown unattended in nature produces a diverse range
of metabolites to fight against the adverse condition. Immuno-
modulation through natural substances may be considered an al-
ternative for the prevention and cure of diseases. In the past de-
cade, discovery of bioactive molecules from the mushroom-type
fungi (Basidiomycetes and Ascomycetes) has renewed the interest in
the quest for natural immunomodulatory and therapeutic sub-
stances. Easy availability, along with cheap industrial-scale pro-
duction, has made these organisms the major targets for research
as well as for industrial exploitation. The total number of mush-
room-forming species on Earth has been estimated at between
53,000 and 110,000. There are approximately 20,000 described
species of mushroom, which mostly correspond to Basidiomyce-
tes. This would suggest that only 18% to 38% of all the mushrooms
have been documented (8). More than 778 species of macrofungi
are available in India (9), and further investigation for the phar-
macological importance of macrofungi is anticipated. To date, a
very limited approach has been made to establish the mushrooms
or mushroom-derived metabolites as therapeutic or immunos-
timulatory agents against Leishmania infection. As few as only
seven reports, including three from our group, have been docu-
mented up to 2015 regarding the antileishmanial effect of extracts
or active constituents of wild mushrooms (10–16). The first
breakthrough was made by Jin and Zjawiony in 2006, when they
isolated a novel compound, 5-heptadeca-8=Z,11=Z,16-trienylres-
orcinol, from a polypore mushroom, Merulius incarnatus Schwe-
initz 1822 (Corticiaceae), which inhibited the Leishmania growth
in vitro (50% inhibitory concentration [IC50] of 3.6 �g/ml) with
no toxicity on Vero cells up to 25 �g/ml (10). Souza-Fagundes et
al., in 2010, reported that two terpenoids, hypnophilin and pan-
epoxydone, isolated from Lentinus strigosus (Pegler 1983) (Polypo-
raceae, a basidiomycete), inhibited the growth of Leishmania
(Leishmania) amazonensis (amastigote-like) by 67% in vitro at a
concentration of 1.25 �g/ml (11). Coelho and colleagues in 2011
and 2012 continued their work with Agaricus blazei Murill extract
and showed its activity against L. amazonensis, Leishmania chagasi,
and Leishmania major in vitro and against Leishmania amazonensis
in vivo (12, 13). We initiated our work with the active extracts of
Astraeus hygrometricus (Pers.) Morgan and reported the differen-
tial antileishmanial effect against L. donovani promastigotes and
intracellular amastigotes in vitro (15). In continuation with our
line of investigation on antileishmanial leads, we also claimed si-
multaneously the isolation and structure elucidation of a novel
triterpene molecule, astrakurkurone, from an active fraction of A.
hygrometricus, with a significant effect against promastigotes (14).
We have also reported the involvement of reactive oxygen species
(ROS) and mitochondrial dysfunction in astrakurkurone-medi-
ated cell death in promastigotes (16). Astrakurkurone was also
found effective against clinically important intracellular amasti-
gotes, with a significantly low IC50 of 2.5 �g/ml and a high selec-
tive index of 100 (16). To further strengthen our investigation on
inventive antileishmanial leads, we attempted in this study to an-

swer three major questions: First, what role does astrakurkurone
play in the activation of the innate arm of homeostasis, including
the generation of nitric oxide? Second, what, if any, is the involve-
ment of Toll-like receptors (TLRs)? Third, how can we character-
ize cellular events to identify effector cytokines, in vitro and in vivo,
responsible for disease eradication?

MATERIALS AND METHODS
Ethics statement. All of the animal experiments were performed with the
prior approval of the institutional animal ethical committee (IAEC), West
Bengal State University (WBSU). IAEC, WBSU, approval CP-KA-SM/
WBSU/2010-11/2 was dated 23 March 2012. The IAEC has been consti-
tuted and registered as per the guidelines of the committee for the purpose
of control and supervision of experiments on animals (CPCSEA), Minis-
try of Environment and Forests, Government of India (Registration 1394/
ac/10/CPCSEA, dated 16 November 2010). Peripheral blood mononu-
clear cells (PBMCs) of VL patients were collected from the Canning
Subdivisional Hospital, West Bengal. Protocols regarding the VL patient–
related work have also been approved (reference no. WBSU-IEC/06,
dated 24 April 2012), as per the guidelines of the Indian Council of Med-
ical Research, Government of India. All adult subjects provided informed
written consent, and no child participant was enrolled in the study. The
study of mushrooms as ethnic medicine in tribal populations in West
Bengal was approved (reference no. 7337-BCW, 6M-51/2010, dated 15
December 2010, Government of West Bengal).

Animals and Leishmania parasites. Male BALB/c mice (average
weight, 25 to 30 gm) were procured from the National Center for Labo-
ratory Animal Sciences, Hyderabad, India. Animals were maintained at a
standard temperature (25°C � 5°C) on a 12-h day/night cycle, fed a stan-
dard pellet diet, and provided water ad libitum in the animal facility of
West Bengal State University, as per the guidelines of IAEC, WBSU.

L. donovani (MHOM/IN/1983/AG83) was maintained in BALB/c
mice in an animal facility, as per the guidelines of IAEC, WBSU. Amasti-
gotes were prepared from the spleen of a BALB/c mouse infected with L.
donovani, as described previously (17). Promastigotes were differentiated
from amastigotes and maintained in vitro in an M-199 medium contain-
ing 10% fetal calf serum (FCS). For in vivo infection, BALB/c mice were
injected with 5 � 106 amastigotes in 0.5 ml of normal saline via the intra-
venous route (18).

L. donovani infection in macrophages and astrakurkurone treat-
ment. BALB/c mice were injected with 2 ml of 4% thioglycolate intraperi-
toneally. The peritoneal cells were harvested 5 days after the thioglycolate
injection and kept in rest for 24 h before any treatments on these cells to
achieve resting peritoneal macrophages. Meanwhile, the nonadherent
cells were washed out. The thioglycolate-elicited macrophages thus iso-
lated were cultured in 8-well culture slides in complete RPMI 1640 media
(supplemented with 1% L-glutamine, 1% penicillin-streptomycin, 50 �M
2-mercaptoethanol, 1% essential amino acids, and 10% FCS). Macro-
phages were infected with promastigotes at a macrophage-to-promastig-
ote ratio of 1:10 for 4 h. After washing, the cultures were then incubated
for another 60 h without treatment for established infection. After treat-
ment with a 50% inhibitory concentration of astrakurkurone (2.5 �g/ml)
with or without N-monomethyl-L-arginine (L-NMMA; Sigma-Aldrich),
the cultures were continued for 48 h, culture supernatants were collected,
and the nitrite concentration was measured by the use of Griess reagent
(Sigma-Aldrich), as described earlier (19). To check the cooperation of
Toll-like receptor 9 (TLR9), infected macrophages were pretreated with a
TLR9 antagonist (bafilomycin A1; Invivogen) and a TLR9 agonist (CpG,
ODN 1826; Invivogen) and incubated without or with the 50% inhibitory
concentration of astrakurkurone (2.5 �g/ml). The cultures were contin-
ued for 48 h and then fixed with methanol and stained with Giemsa for
determination of parasite load under a Zeiss phase-contrast microscope.
The parasite load was calculated as the number of amastigotes per hun-
dred macrophages, as described earlier (16, 17).
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Reverse transcriptase and real-time PCR. To reconfirm the effect of
astrakurkurone on induction of intracellular cytokines interleukin 12 (IL-
12), interleukin 10 (IL-10), tumor necrosis factor alpha (TNF-�), and
transforming growth factor beta (TGF-�) in L. donovani-infected and
uninfected macrophages, cells were treated with a 50% inhibitory concen-
tration of astrakurkurone (2.5 �g/ml) for 6 h. Total RNA was extracted
using TRIzol (Sigma). For cDNA synthesis, 2 �g of total RNA from each
sample was incubated with random primer, 0.1 M dithiothreitol, 500 pM
deoxynucleoside triphosphates, 40 U RNase inhibitor, and 1 �l (3 U) of
Moloney murine leukemia virus reverse transcriptase (Bangalore Genei).
Samples were incubated at 37°C for 1 h, followed by 10 min incubation at
70°C. cDNA from each sample was amplified with Taq DNA polymerase
(Bangalore Genei) in 50 �l under following conditions: 95°C for 2 min,
94°C for 1 min, 58°C for 1 min, and 72°C for 1 min, for a total of 35 cycles.
Specific primers were designed to amplify the mouse IL-12 (forward: 5=-
CACGCCTGAAGAAGATGACA-3=; reverse: 5=-GACAGAGACGCCAT
TCCACA-3=), IL-10 (forward: 5=-CTGCTATGCTGCCTGCTCTT-3=; re-
verse: 5=-CTCTTCACCTGCTCCACTGC-3=), TNF-� (forward: 5=-CCA
CCACGCTCTTCTGTCTA-3=; reverse: 5=-CTTGGGCAGATTGACCTC
AG-3=), and TGF-� (forward: 5=-GCAACAACGCCATCTATAGAG-3=;
reverse: 5=-CCTGTATTCCGTCTCCTTGG-3=). Each sample was ampli-
fied for mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(forward: 5=-GAGCCAAACGGGTCATCATC-3=; reverse: 5=-CCTGCTT
CACCACCTTCTTG-3=) to ensure equal cDNA input. The PCR products
were run in a 1.2% agarose gel, and densitometry calculation was carried
out. Real-time PCR was performed to check the expression of TLR2,
TLR4, and TLR9 and also to check inducible nitric oxide synthase 2
(iNOS2). Specific primers were designed for iNOS2 (forward: 5=-CTCCT
CCCAGGACCACAC-3=; reverse: 5=-ACGCTGAGTACCTCATTGGC-
3=), TLR2 (forward: 5=-AAGAGGAAGCCCAAGAAAGC-3=; reverse: 5=-
CGATGGAATCGATGATGTTG-3=), TLR4 (forward: 5=-ACCTGGCTG
GTTTACACGTC-3= ; reverse : 5=-CTGCCAGAGACATTGCA
GAA-3=), and TLR9 (forward: 5=-ACTGAGCACCCCTGCTTCTA 3=; re-
verse: 5=-AGATTAGTCAGCGGCAGGAA-3=). Real-time PCR was done
in the Applied Biosystems 7500 fast real-time PCR using the power SYBR
green PCR master mix. For the real-time reaction, 10 ng of cDNA tem-
plate, 2 ng of forward primer, and 2 ng of reverse primer were used, and
the reaction was performed on a 0.1-ml MicroAmp fast optical 96-well
reaction plate (Applied Biosystems). Using the comparative threshold

method (��CT), quantification was done, and mRNA expressions of tar-
get genes were normalized against GAPDH and represented as the relative
fold change compared with untreated controls (19).

Flow cytometric analysis. Expression of relevant costimulatory mol-
ecules in macrophages and dendritic cells in vitro, and induction of intra-
cellular cytokines in L. donovani-infected and uninfected macrophages in
vitro, in the presence of astrakurkurone was estimated by flow cytometry,
as described earlier (19). The in vivo expansion pattern of CD4� T cells in
respect to Th1, Th2, and Th17 cytokines in L. donovani-infected and un-
infected BALB/c mice with or without treatment of astrakurkurone was
also analyzed (20). Anti-mouse IA/IE (isoform of mouse MHC II), CD40,
CD80, CD86, gamma interferon (IFN-	), TNF-�, TGF-�, and IL-17 were
purchased from Biolegend (San Diego, CA). Anti-mouse IL-10 and IL-12
were procured from BD Pharmingen (San Diego, CA). A fluorescence-
activated cell sorter (FACS) permeabilizing solution was obtained from
BD Biosciences (Mountain View, CA). Brefeldin A was obtained from
Sigma-Aldrich (St. Louis, MO). Cells were acquired in a flow cytometer
(BD FACSVerse; BD Biosciences, CA, USA) and analyzed by Flowing
software, version 2.5 (http://www.flowingsoftware.com; Perttu Terho,
Centre for Biotechnology, Turku, Finland).

Regulation of kinases and NF-�B as determined by Western blot-
ting. L. donovani-infected and uninfected macrophages were treated with
a 50% inhibitory concentration of astrakurkurone (2.5 �g/ml) for 15 min
and were lysed using lysis buffer (20 mM Tris [pH 7.5], 150 mM NaCl,
10% glycerol, 1 mM EDTA, 1 mM EGTA, and 1% Nonidet P-40), protease
inhibitor mixture (Roche Applied Science, Mannheim, Germany), and
phosphatase inhibitor mixture (Pierce) by incubation on ice for 1 h. After
centrifugation at 12,000 rpm for 15 min, the supernatants were quantified
by a bininhoninic acid kit (Pierce, Rockford, Michigan). Equal protein
amounts were loaded on SDS-PAGE and resolved. The resolved protein
was transferred to a polyvinylidene difluoride membrane (Millipore, Bil-
lerica, MA). After transfer, the membrane was blocked with 5% non-dried
fat milk in Tris-buffered saline and Tween 20 (TBST; 25 mM Tris [pH
7.6], 137 mM NaCl, and 0.2% Tween 20) and incubated with primary
antibody (Ab) at 4°C for 4 h at 22°C, washed with TBST, and incubated
with horseradish peroxidase-conjugated secondary antibodies. Luminol
reagent was used to visualize the immunoactive bands. Densitometric
analyses of bands were performed using Quantity One software (21).

FIG 1 Effect of astrakurkurone on NO generation. Astrakurkurone induced the release of NO in uninfected and infected macrophages. (a) Elevation of iNOS2
mRNA was L. donovani infection specific at 6 h, as examined by real-time PCR. (b) Astrakurkurone-induced inhibition of intracellular amastigotes was abrogated
in the presence of (gray) versus in the absence of (black) L-NMMA in vitro, suggesting the involvement of NO in amastigote killing. (c) Astrakurkurone induced
the release of NO in both uninfected and infected macrophages in the presence (gray) and absence (black) of L-NMMA, as estimated by the nitrite concentration
determined by the use of Griess reagent at 48 h. Values are means � standard errors (n 
 5) from 3 independent experiments (*, P � 0.001; **, P � 0.008; ***,
P � 0.006).
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Assessment of toxicity on PBMCs of VL patients. PBMCs of VL pa-
tients were collected from the Canning Subdivisional Hospital, West Ben-
gal, India, as per the guidelines of the ethics committee. Proliferation of
CD4� T cells was estimated from in vitro culture of PBMCs of immuno-
compromised VL patients in the presence or absence (control) of astr-
akurkurone by appropriate staining with fluorochrome-tagged antibod-
ies. Cells were acquired in a flow cytometer (BD FACSVerse; BD
Biosciences, USA) and analyzed by Flowing software, version 2.5 (http:
//www.flowingsoftware.com; Perttu Terho, Centre for Biotechnology,
Turku, Finland).

In silico modeling of three-dimensional structure of ectodomain of
TLR9 and interaction with astrakurkurone. The model of mouse TLR9
was generated using the crystal structure of the B chain of human TLR8
complexed with the agonist CL097 (PBD identification 3W3J) solved at
2.0-Å resolution as the template. The ectodomains of mouse TLR9 and
human TLR8 share a sequence identity of 35%. The two-dimensional
(2D) chemical structure of astrakurkurone was sketched using Discovery
Studio version 3.5 (Accelrys Discovery Studio visualizer version 3.5.
0.12158; Accelrys Software, Inc., San Diego) and converted into the cor-
responding standard three-dimensional (3D) structure. Docking of the

FIG 2 Astrakurkurone could upregulate the release of proinflammatory cytokines in L. donovani-infected macrophages in vitro. (a) Astrakurkurone induced the
release of proinflammatory cytokines and prevented the release of anti-inflammatory cytokines in L. donovani-infected macrophages at the mRNA level as
measured by semiquantitative reverse transcriptase PCR. Data are representative of results of 5 independent experiments. (b) The densitometry ratio of mRNA
expression of proinflammatory to anti-inflammatory cytokines (IL-12:IL-10 and TNF-�:TGF-�) was higher in both uninfected and infected macrophages,
which indicated the induction of the Th1 response in vitro (*, P � 0.002; **, P � 0.001). (c) A significant induction of IL-12 in L. donovani-infected macrophages
and the simultaneous downregulation of both IL-10 and TGF-�, the anti-inflammatory arms, led to effective control of Leishmania infection in macrophages at
48 h in vitro. Data are representative of results of 5 independent experiments. (d) The statistical significance of the induction of proinflammatory cytokines, as
estimated by flow cytometry (*, P � 0.001; NS, nonsignificant).
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inhibitor astrakurkurone to one of the possible binding sites of the recep-
tor molecule was performed. The possible binding sites on the receptor
molecule were identified based on the shape of the receptor using the
program Discovery Studio version 3.5. Docking calculations were carried

out with program LibDock (22). The top 70 poses were collected from 6
binding sites, with the best docked score values associated with a favorable
binding conformation. Each pose was selected for calculation of binding
energy between the receptor and ligand. In situ ligand-receptor minimi-

FIG 3 Astrakurkurone restored the expression of costimulatory molecules (CD40, CD80, and CD86) in infected macrophages in vitro, as estimated by flow
cytometry. Data are representative of results of 5 independent experiments.
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zation was performed on the complexes to remove any ligand van der
Waals clashes prior to calculating the binding energy. The TLR9-astr-
akurkurone complex with the best binding energy was kept for further
calculations and analyses. The docked complex of TLR9 with astrakurku-
rone was solvated with the 3-site transferable intermolecular potential
(TIP3P) water molecules (23) in an explicit spherical boundary condition
(24) for molecular dynamic simulation study using Discovery Studio ver-
sion 3.5. The properly optimized assembly was subjected to simulation
study, which was carried out by the standard dynamics cascade protocol.
The minimized structures were subjected to heating from 50 K to 300 K
for 120 ps and equilibrated for 250 ps. Long-range electrostatic interac-
tions were treated with a spherical cutoff method. The receptor-inhibitor
complex was further simulated for 5 ns at 300 K with a time step of 2 fs for
the production run. This was carried in the constant-temperature, con-
stant-volume ensemble (NVT). During the simulations, all covalent
bonds involving hydrogen were constrained using the SHAKE algorithm
(25). The trajectories were saved for further analysis.

Statistical analysis. All experiments were performed with at least five
independent replicates. Results were analyzed using Student’s t test or
one-way analysis of variance followed by Tukey’s post hoc test. Differences
were considered to be statistically significant if the P value was less than
0.05.

RESULTS
Astrakurkurone-induced nitric oxide caused the inhibition of L.
donovani amastigotes in murine macrophages. Earlier, we

showed that 2.5 �g/ml of astrakurkurone could inhibit the repli-
cation of 50% of intracellular amastigotes in L. donovani-infected
macrophages (16). The inhibition was associated with upregula-
tion of iNOS2 mRNA expression in infected macrophages
(Fig. 1a). It has been also found that the astrakurkurone-induced
inhibition of intracellular amastigotes was abrogated in the pres-
ence of L-NMMA (an inhibitor of nitric oxide [NO]) in vitro,
suggesting the involvement of nitric oxide in amastigote killing
(Fig. 1b). Fascinatingly, astrakurkurone could upregulate the level
of nitric oxide in infected macrophages compared with in unin-
fected culture (Fig. 1c). This finding supported the fact that astr-
akurkurone inhibited the intracellular amastigotes by inducing
NO in macrophages, an essential innate arm involved in amasti-
gote killing, in vitro and in vivo (26). The induction of NO ex-
tended our interest to explore the effect of astrakurkurone on
encouragement of the release of proinflammatory cytokines in
vitro.

Astrakurkurone encouraged the release of proinflammatory
cytokines in L. donovani-infected macrophages. A therapeutic
lead which is able to upregulate the Th1 response by inducing
proinflammatory cytokines would actually be effective as a drug
against L. donovani infection (27). Astrakurkurone fulfilled that
promise, as it encouraged the release of the proinflammatory cy-

FIG 4 Astrakurkurone enhanced the expression of costimulatory molecules (CD40, CD80, CD86, and major histocompatibility complex class II) in murine
bone marrow-derived dendritic cells, as measured by flow cytometry. Data are representative of results of 5 independent experiments.
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tokine IL-12 significantly in infected macrophages in vitro. A small
amount of TNF-� was also induced in infected macrophages, with
simultaneous downregulation of IL-10 and TGF-�, the anti-in-
flammatory arms, leading to effective control of Leishmania infec-
tion, as estimated by reverse transcriptase semiquantitative PCR
(Fig. 2a). However, the in vitro treatment of astrakurkurone also
induced the anti-inflammatory cytokines IL-10 and TGF-� in un-
infected macrophages, but it has been observed that the ratio of
expression of mRNA of proinflammatory cytokines to anti-in-
flammatory cytokines (IL-12:IL-10 and TNF-�:TGF-�) is higher
in both uninfected and infected macrophages than in control
macrophages, indicating the bias toward a Th1 response in vitro
(Fig. 2b). Specifically it can also be inferred (Fig. 2b) that the ratio
of IL-12 to IL-10 and of TNF-� to TGF-� mRNA expression was
higher in treated cells (uninfected and infected) than in control
macrophages.

The upregulation of proinflammation by astrakurkurone has

also been evidenced by the flow cytometric analysis (Fig. 2c and d)
that the molecule was able to upregulate the IL-12 mRNA signif-
icantly and TNF-� mRNA sparingly (Fig. 2d). At the same time, a
sharp decline in IL-10 and TGF-� mRNA was observed in infected
macrophages in vitro (Fig. 2d).

Astrakurkurone induced the expression of costimulatory
molecules in infected macrophages and dendritic cells. Induc-
tion of IL-12 is linked with the engagement of CD40 in infected
macrophages (21) and dendritic cells (28). The level of costimu-
latory molecules on the surface of the antigen-presenting cell is
also reported to influence both the induction of a T-cell response
and the magnitude of cytokine patterns (29). Accordingly, the
influence of astrakurkurone on expression of costimulatory phe-
notypes of uninfected macrophages, infected macrophages, and
bone marrow-derived dendritic cells has been explored. Incuba-
tion of macrophages with astrakurkurone not only induced the
expression of CD40, CD80, and CD86 in uninfected macrophages

FIG 5 Astrakurkurone-mediated killing of intracellular amastigotes involved TLR9. (a to c) Expression of TLR2 (a), TLR4 (b), and TLR9 (c) in treated
L. donovani-infected macrophages in vitro. (d) Pretreatment with bafilomycin A1 (TLR9 antagonist) alone and in addition to astrakurkurone curbed the
parasite killing, suggesting the involvement of TLR9, a conclusion which is further strengthened by the fact that TLR9 agonist CpG enhances the
antiamastigote potential of astrakurkurone. Values are means � standard errors (n 
 5) from 3 independent experiments (*, P � 0.004; **, P � 0.01; ***,
P � 0.003; ****, P � 0.001).
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(Fig. 3) but also rescued the expression of these molecules in in-
fected macrophages after treatment (Fig. 3). Substantial induction
in expression of costimulatory molecules in bone marrow-derived
dendritic cells has also been documented (Fig. 4). As CD40, IL-12,
and TLRs modulate each other in initiation of cellular activation
leading to parasite clearance (30–40), we next attempted to ex-
plore the involvement of TLRs in astrakurkurone-mediated im-
munomodulation (Fig. 4).

Astrakurkurone-induced death of intracellular amastigotes
involved TLR9. TLRs are the innate immunity component and
intended for the exclusion of various pathogens after recognition
of the specific pathogenic patterns. The TLR signaling activates
effector functions of macrophages and can lead to either a Th1 or
a Th2 response, depending upon the nature of parasitic molecules.
Several reports have shown that L. donovani infection causes im-
pairment of TLR-associated functions in macrophages. It has been

FIG 6 Interaction between mouse TLR9 and astrakurkurone, as predicted by molecular docking. (a) Mouse TLR9-astrakurkurone docked complex. (b) Closer
view of docked complex. (c) The surface of the mouse TLR9 binding site. (d) Intermolecular interaction of TLR9 with astrakurkurone. Residues involved in
electrostatic and Van der Waals interactions are represented by pink and green circles, respectively. The solvent-accessible surface of an interacting residue is
represented by a blue halo around the residue.
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found that L. donovani suppresses TLR2-mediated p38 mitogen-
activated protein kinase (MAPK) activation, which results in de-
creased IL-12 and upregulated IL-10 production through extra-
cellular signal-regulated kinase 1 and 2 (ERK1/2)-MAPK
activation that eventually leads to disease pathogenesis (32). It has
been also reported that TLR4 mRNA in the spleen correlates with
the parasitic load in Leishmania infantum-infected BALB/c mice
(33). The previous reports indicated that the prophylactic and/or
therapeutic administration of TLR2 (34, 35), TLR4 (36), or TLR9
agonists (37–39) enhances resistance in L. donovani-infected
hamsters or BALB/c mice.

Therefore, we intended to look at the expression of TLR2,
TLR4, and TLR9 in the infected marophages in the presence of
astrakurkurone in vitro (Fig. 5) and study its cooperation in intra-
cellular amastigote killing. Interestingly, we found that the expres-
sion of TLR9 (Fig. 5c), but not of TLR2 (Fig. 5a) or TLR4 (Fig. 5b),
was compensated by astrakurkurone treatment in infected mac-
rophages at the mRNA level, as judged by real-time PCR. Astr-
akurkurone was found to induce the TLR9 expression both in
uninfected and infected macrophages.

This finding inclined us to look at the cooperation of TLR9 in
astrakurkurone-induced amastigote inhibition. Infected macro-
phages were pretreated with a TLR9 antagonist (bafilomycin A1)
and an agonist (CpG), followed by treatment with astrakurkurone
for 48 h. Interestingly, pretreatment with bafilomycin A1 (the
TLR9 antagonist) alone or in combination with astrakurkurone
curbed the parasite killing, suggesting the involvement of TLR9, a
conclusion which is further strengthened by the fact that CpG
enhanced the antiamastigote potential of astrakurkurone (Fig.
5d). Our next approach was to analyze the docking of astrakurku-
rone with the active site of TLR9 to understand the protein-ligand
interaction pattern.

A closer view of receptor-ligand interactions as revealed from
docking studies indicated that the best binding energy pose of
astrakurkurone is present inside a loop comprising residues 99 to
111 of mouse TRL9. This region of TLR9 is the leucine-rich repeat
2 (LRR2) segment (Fig. 6). Analysis of intermolecular interactions
of the generated docked structure of the TLR-astrakurkurone

complex showed that residues Pro99, Pro100, Thr101, Gly102,
Leu103, Pro105, Leu106, His107, Cys110, and His111 of TLR9 are
involved in Van der Waals interactions. Residues Ser104, Phe108,
and Ser109 are involved in electrostatic interactions with the ago-
nist astrakurkurone (Fig. 6). Apart from the specified region,
His76, which is present in the variable segment of LRR1, also binds
with astrakurkurone by a Van der Waals interaction (Fig. 6). It is
clear that the binding of TLR9 to the agonist astrakurkurone is

FIG 7 Astrakurkurone differentially regulated phophorylation of p38, ERK1/2, and NF-�B in L. donovani-infected macrophages. A considerable increase of
phoshporylated p38 in both uninfected and infected macrophages during the treatment with astrakurkurone has been observed. On the other spectrum, while
phosphorylated ERK1/2 was high in infected macrophages, astrakurkurone treatment decreased the phosphorylated ERK1/2 at 15 min. The phosphorylation
level of NF-�B after treatment with astrakurkurone also seemed higher than in the untreated infected macrophages. The corresponding histograms show the
changes in expression, as measured by densitometry: 1, uninfected; 2, uninfected � treatment; 3, infected; 4, infected � treatment. Data are representative of
results of 3 independent experiments.

FIG 8 Astrakurkurone effectively reduced the splenic and hepatic parasite
loads in L. donovani-infected BALB/c mice in vivo. The different doses of 5
mg/kg and 10 mg/kg of body weight (intramuscularly for 5 consecutive days)
reduced the parasite loads by 92.37% and 93.71%, respectively, in the spleen at
the 7-week postinfected period. It also inhibited the parasite burden in liver
significantly. In the liver, the 5- and 10-mg/kg doses inhibited the parasite
replication by 65.17% and 89.38%, respectively. Values are means � standard
errors (n 
 5) from 2 independent experiments (*, P � 0.001; **, P � 0.003;
infected versus treated animals).

Mallick et al.

2704 aac.asm.org May 2016 Volume 60 Number 5Antimicrobial Agents and Chemotherapy

http://aac.asm.org


predominated by nonbonded interaction, which is supported
from interaction energies.

Astrakurkurone differentially regulated phophorylation of
p38, ERK1/2, and NF-�B in L. donovani-infected macrophages.
Once the leishmanial signal sets in, it leads to activation of either
ERK1/2 or p38. Phosphorylation of p38 is the outcome of de-
scending signal cascades of CD40 activation and engagement and
leads to production of IL-12 (21), necessary for disease protection
(27), while the phosphorylation of ERK1/2 leads to IL-10 produc-
tion, a consequence of disease progression (27). In the case of
equal protein loading, in uninfected and infected macrophages,
there was a considerable increase of phoshporylated p38 at 15 min
of treatment with astrakurkurone (Fig. 7), correlating the induc-
tion with release of IL-12 (Fig. 2). On the other spectrum, while
the phosphorylated ERK1/2 was high in infected macrophages at

15 min, astrakurkurone treatment decreased the phosphorylated
ERK1/2 both in uninfected and infected macrophages (Fig. 7),
which consequently limited IL-10 production (Fig. 2). A further
downstream molecule in the signaling cascade is NF-�B. NF-�B di-
rectly binds to DNA and influences the transcription of the Th1-
biased cytokine IL-12. It is also instrumental in inducing iNOS. In
keeping with the phosphorylation of p38 and ERK1/2, we decided to
explore the status of phosphorylation of NF-�B at 15 min of stimu-
lation with astrakurkurone. The total-to-phosphorylated NF-�B ex-
pression ratio revealed that, in treated macropahges, phosphoryla-
tion is high (Fig. 7), suggesting that the innate arm has been activated
to relegate a Th1-biased response, which may be instrumental in
clearing the invading parasites from the host macrophages.

Astrakurkurone reduced the L. donovani infection in vivo:
activation of protective cytokines. It is very important to see the

FIG 9 Astrakurkurone was found to induce CD4� T cells and protective cytokines in vivo. Splenocytes from uninfected, L. donovani-infected, and treated mice
were cultured in the presence of Leishmania-crude soluble antigen (25 �g/ml for 12 h). (a) The in vivo treatment reinstated the percentage of CD4� T cells, as
estimated by flow cytometry. (b) Simultaneously, the CD4� IFN-	� T cells were induced to proliferate more in treated mice (4.61%) than in uninfected (1.78%)
and infected (0.51%) mice, with the concomitant reduction of the CD4� IL-10� T cells in treated mice (0.97%) compared to that in infected (3.01%) mice. The
percentage of CD4� IL-17� T cells steadily increased. Data are representative of results of 5 independent experiments.
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extension of the in vitro results in the in vivo system, as the host
body is a milieu of a number of factors and effectiveness of a
potential drug can only be validated if it works within the system.
Male BALB/c mice were separated in groups (n 
 5) of naive,
infected, and treated mice at 1 month postinfection (with astr-
akurkurone doses of 5 mg/kg body weight and 10 mg/kg body
weight) and sacrificed at the 7-week postinfection period. Both
doses were found effective, and the increasing doses dramatically
reduced the parasite burden in the spleen by 92.37% (P � 0.001)
and by 93.71% (P � 0.001), for the 5-mg/kg and 10-mg/kg doses,
respectively, at the 7-week postinfected period. They could also
inhibit the parasite burden in the liver significantly. However, in
the liver, the highest dose (10 mg/kg) inhibited the parasite bur-
den efficiently by 89.38% (P � 0.001) compared with the lower
dose (5 mg/kg) inhibition of 65.17% (P � 0.003) (Fig. 8). The
spleens from animals of the three groups were taken, and ex vivo
cultures were set before harvesting the nonadherent parts for fur-
ther analysis.

IFN-	 is a determinant, since it affects nitric oxide production.
It consequently moves the proinflammatory cytokine arm of
downstream signaling by directly affecting NF-�B production via
MAPK, which is required to control Leishmania infection. Flow-
cytometric estimation revealed that there was considerable up-
regulation of IFN-	 after treatment (Fig. 9), thus establishing as-
trakurkurone as a proinflammation-inducing lead in vivo,
consequently marking its potential as an antileishmanial drug.
IFN-	, though effective in removal of an intracellular pathogen,
needs help from other cytokines for all-out clearance. Here is
where the interplay of Th1 and Th17 CD4� T cells are important.
Results revealed that, along with IFN-	, which is a major player
activating the proinflammatory wing of the homeostasis, there
was also a detectable release of IL-17 by the CD4� T cells in vivo by
astrakurkurone (Fig. 9).

Astrakurkurone was found to stimulate the CD4� T cells of
active VL patients. Credibility of a therapeutic lead occurs when it
shows comparatively less toxicity toward the host cells, specifically
in a diseased condition. The major hurdles of present therapeutic
schedules are the depressed immune functions exhibited by the
patients with visceral leishmaniasis. Suitable T cell-mediated re-
sponses are the bare minimum requirements in effective host re-
sistance in visceral leishmaniasis (41, 42). Correlation between
host immune activation and the conquering of parasite replica-
tion through IL-12– dependent production of macrophage-acti-

vating cytokines (IFN-	) by Th1-type effector cells is an impor-
tant factor (42). Interestingly, we found that astrakurkurone
exerted no cytotoxic effect on PBMCs of active VL patients; in-
stead, this molecule induced the proliferation of CD4� cells in
PBMCs of active VL patients in vitro (Fig. 10).

DISCUSSION

The susceptibility and survivability of Leishmania within macro-
phages depend on its approach to escape and weaken host defense
mechanisms. ROS and reactive nitrogen intermediates (RNIs)
produced by the activated macrophages are the initial and essen-
tial effector molecules which kill the intracellular amastigotes. In
our preceding report, we showed that astrakurkurone could in-
hibit the intracellular amastigotes, the pathogenic stage in mam-
malian host, by inducing ROS in macrophages, with a 50% inhib-
itory concentration of 2.5 �g/ml in vitro (16). Interestingly,
astrakurkurone also induced the generation of NO, an essential
antiamastigote effector molecule (21, 26, 28–32), considerably in
uninfected macrophages and significantly in infected macro-
phages. The induction of inflammatory response was further re-
flected by an induction of a proinflammatory cytokine, IL-12, and
a fall of the anti-inflammatory cytokines IL-10 and TGF-� by
astrakurkurone. However, our observation revealed that astr-
akurkurone could not induce the release of TNF-� so promi-
nently. It preserves the benefit of this molecule as antileishmanial
therapy, because endogenous TNF-� has been reported to induce
apoptosis in host macrophages (43). A significant surge in the
nitric oxide level in infected macrophages can be justified due to
the engagement of CD40 (21) and TLR9 (30) or ultimately be-
cause of the activation of NF-�B by astrakurkurone. It has been
well documented that all TLRs can enhance CD40 expression,
while CD40 augments the expression of only TLR9 (30). As both
CD40 and TLR9 can induce expression of IL-12, a cytokine that
promotes the IFN-	–secreting Th1-cell differentiation, the
CD40-TLR9 crossregulation implies a positive role in Leishmania
infection (31). We found that astrakurkurone could induce IL-12
and CD40 in infected macrophages and bone marrow-derived
dendritic cells and also was involved in TLR9-dependent amasti-
gote killing. The in vivo treatment with astrakurkurone could also
induce the protective cytokine IFN-	 in infected animals. TLR9
engagement has already been reported to decrease ERK1/2 phos-
phorylation in L. major-infected macrophages (30). We are con-
sidering that astrakurkurone-induced CD40-TLR9 engagement

FIG 10 Astrakurkurone was found to stimulate the CD4� T cells of active VL patients. PBMCs were isolated from blood of VL patients and treated with 2.5
�g/ml of astrakurkurone. Golgiplug was added 6 h before harvesting the cells to arrest the cytokine secretion. Interestingly, astrakurkurone induced the
proliferation of CD4� T cells of PBMCs of active VL patients in vitro in the presence of Leishmania-crude soluble antigen (25 �g/ml) for 12 h. Data are
representative of results of 5 independent experiments.
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decreased the phosphorylation of ERK1/2, caused the p38MAPK
activation, and increased the phosphorylation of NF-�B produc-
tion following the release of protective mediators IL-12, IFN-	,
and NO, leading to parasite clearance. We have already shown that
astrakurkurone could significantly inhibit the clinically important
intracellular amastigotes, with a high selective index of 100, in our
previous report (16). In this communication, we reported the fur-
ther promise of this molecule as an antileishmanial agent which
remains nontoxic toward the proliferation of immunocompro-
mised PBMCs of active VL patients in vitro. We may claim that, to
our knowledge, this is the first conclusive report of its kind to
establish an isolated mushroom constituent, astrakurkurone, as
an antileishmanial molecule whose administration not only curbs
the parasite infection in vivo but also enhances the immune effec-
tiveness of host cells.
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