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Visceral leishmaniasis (VL) causes fatal life-threatening disease, if left untreated. The 
current drugs have various limitations; hence, natural products from medicinal plants 
are being focused in search of new drugs to treat leishmaniasis. The aim of the pres-
ent study was to evaluate the antileishmanial and immunomodulatory activities of F5 
and F6 alcoholic fractions from Withania somnifera leaves and purified withaferin-A in 
Leishmania donovani-infected peritoneal macrophages and BALB/c mice. We observed 
that F5 (15 µg/mL), F6 (10 µg/mL), and withaferin-A (1.5 µM) reduce amastigote count 
in peritoneal macrophages and induce reactive oxygen species and significant decrease 
in IL-10 mRNA expression compared to control upon treatment. Subsequently, in vivo 
study mice were treated with F5 (25 and 50 mg/kg b.wt.), F6 (25 and 50 mg/kg b.wt.) 
orally, and withaferin-A (2 mg/kg b.wt.) intraperitoneally for 10 consecutive days and a 
drastic reduction in parasite burden in both spleen and liver were observed. The treatment 
resulted in the reduction in IL-10, IL-4, and TGF-β mRNA expression and a significant 
increase in IFN-γ/IL-10 expression ratio in the treated group compared to control. The 
humoral response of these alcoholic fractions and withaferin-A shows increased IgG2a 
levels when compared with IgG1 in treated mice. Taken together, our result concludes 
that withanolides in alcoholic fractions demonstrate a potent antileishmanial and immu-
nomodulatory activities in experimental VL.

Keywords: visceral leishmaniasis, peritoneal mouse macrophages, Withania somnifera, withaferin-a, il-10

inTrODUcTiOn

Visceral leishmaniasis (VL) is one of the most severe forms of leishmaniasis, which affects the visceral 
organs viz. spleen and liver. It poses a serious public health problem and is responsible for most of 
the Leishmania-associated deaths all over the world (1). In over 98 countries, more than 350 million 
people are at risk of leishmaniasis (2, 3) and 200,000–400,000 new cases of VL occur each year glob-
ally, of which one-tenth are fatal (2, 4). Currently, adopted treatment strategies are inadequate due 
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to high cost and/or adverse events of the antileishmanial drugs. 
Together this, growing drug resistance is further affecting the 
efficacy (5). The first line of treatment constitutes of pentavalent 
antimony compounds, in which the resistance is widespread in 
Bihar, India (6). Currently used antileishmanial drugs are liposo-
mal amphotericin-B and an oral drug miltefosine; however, both 
have several drawbacks (7). In VL, resolution and resistance to 
the disease depend on the balance of Th1/Th2 dichotomy, and 
induction of Th2 confers its susceptibility (8, 9). Major cytokines 
produced by Th1 cells, include IFN-γ, IL-2, IL-12, and TNF-α, 
are crucial for disease resistance whereas, IL-4, IL-10, and TGF-β 
produced by Th2 cells promote disease progression (9). Activated 
macrophages play a critical role in innate and adaptive immune 
response through secretion of toxic molecules such as reactive 
oxygen species (ROS) and nitric oxide (NO), which show cyto-
toxic effects against several pathogens (10).

Medicinal plants having anti-infectious properties have been 
used as a natural source to identify new antiparasitic compound 
and source of immunomodulators (11), and their use has been 
increasing in the developed countries. Withania somnifera is a 
green shrub belonging to the family Solanaceae, which is com-
monly known as Ashwagandha, or winter cherry has been used 
for the treatment of various diseases in the Indian traditional 
medicine for over 3,000 years (12, 13). Moreover, W. somnifera 
was found to exert anti-inflammatory (14), anticancer (15), 
antioxidant (16), and immunomodulatory (17, 18) activities. 
Withania somnifera contains biologically active constituents 
in their leaves and roots known as withanolides, which belong 
to highly oxygenated steroidal lactones group derived from a 
C28 ergostane skeleton (19). Withaferin-A and withanolide-E 
exhibited a specific immunosuppressive effect on human B 
and T  lymphocytes and mice thymocytes. Withanolide-E had 
an effect on T  lymphocytes, whereas withaferin-A affected 
both B and T lymphocytes (20). The methanolic extracts from 
W. somnifera were reported to possess antileishmanial activity 
in vitro (21, 22). A recent study also revealed that the antileish-
manial activity of the herbal drug from W. somnifera is exhibited 
through blocking of the protein kinase C signaling pathway (23). 
The treatment of infected mice with a combination of Asparagus 
racemosus and W. somnifera extracts not only resulted in the suc-
cessful reduction in parasite level but also generated protective 
Th1-type immune responses with normalization of biochemical 
and hematological tests, suggesting their role as an important 
antileishmanial agent (24).

Withaferin-A has been identified as one of the prominent 
withanolides from W. somnifera and has shown antileishmanial 
activities through the inhibition of protein kinase activity of DNA 
topoisomerase-I, which induces apoptosis through apoptotic 
topoisomerase I–DNA complex (22). Earlier studies from our 
group demonstrated that the alcoholic fraction of F5 and F6 
from W. somnifera leaves showed potent antileishmanial activity 
against promastigotes stage of the parasites. Among the seven 
fractions of alcoholic extract, fractions F5 and F6 were further 
subjected to high-performance liquid chromatography and liquid 
chromatography-mass spectrometry to confirm the presence of 
various withanolides including withaferin-A (25). Furthermore, 
molecular docking and enzyme inhibition studies revealed that 

withaferin-A, an abundant withanolide present in the F5 and F6 
fractions inhibit pteridine reductase-1 enzyme in the Pteridine 
salvage pathway of the parasite (26), exclusively present in 
trypanosomatids.

However, its efficacy against chronic experimental VL has not 
yet been demonstrated. In the present study, we have evaluated 
the F5 and F6 bioactive fractions from W. somnifera leaves and 
withaferin-A, an abundant withanolide present in leaves, for their 
antileishmanial and immunomodulatory activities in ex vivo 
mouse peritoneal macrophages and in vivo BALB/c model.

MaTerials anD MeThODs

Parasites
Leishmania donovani strain MHOM/IN/80/DD8 was obtained 
from the ATCC, USA, and cultured as promastigotes at 25 ± 1°C 
in M199 media supplemented with 15% fetal bovine serum (FBS) 
and 1% penicillin–streptomycin antibiotic mixture. BALB/c mice 
of 4 weeks old reared in institute facilities were used for parasite 
maintenance.

animals
The 6- to 8-week-old female BALB/c mice were obtained from 
National Centre for Laboratory Animal Sciences (NCLAS), 
Hyderabad, India. The animals were kept and fed with water and 
mouse feed ad libitum in the Animal House facility of University 
of Hyderabad. All animal experiments were approved by the 
Institutional Animal Ethics Committee, University of Hyderabad 
(UH/IAEC/RSM/2014-I/29a).

Drugs
F5 and F6 fractions were isolated from W. somnifera leaves as 
described elsewhere (25). Briefly, the alcoholic fractions of F5 
and F6 were lyophilized in SpeedVac Concentrators (Thermo 
Scientific™) and redissolved the lyophilized powder at the 
concentration of 1 mg/mL in 100% dimethyl sulfoxide (DMSO). 
The working dilution of both fractions was prepared in com-
plete media, and the final concentration of DMSO was kept 
at 0.1% in all experiments. Withaferin-A was purchased from 
Sigma-Aldrich Co., USA, and dissolved in methanol at 1 mg/mL 
concentration. The drug was further diluted with media prior to 
the experiment.

Ex Vivo study
Isolation of Peritoneal Mouse Macrophages (PMM)
Peritoneal macrophages were isolated from BALBc mice as 
described by elsewhere (27, 28). Briefly, mice were injected 4% 
sterile thioglycollate broth intraperitoneally and kept them for 
48  h. After incubation, mice were again injected with 2  mL of 
ice-cold RPMI 1640 media with 10% FBS. The peritoneal cavity 
walls were massaged to allow the detachment of the adherent cells 
and aspirated the cells. The cells were washed and resuspended in 
RPMI 1640 media. Finally, the cells were plated in 100 mm culture 
dish and incubated at 37°C and 5% CO2 for 24 h for macrophage 
adhering and allowing them to rest to revert to normal state if any 
of the macrophage is stimulated due to the thioglycollate broth.
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Table 1 | Forward and reverse primer sequences specific for rT-qPcr.

s. no. name sequence

1 iNOS Forward 5′-CAGCTGGGCTGTACAAACCTT-3′
Reverse 5′-CATTGGAAGTGAAGCGTTTCG-3′

2 IL-10 Forward 5′-GGTTGCCAAGCCTTATCGGA-3′
Reverse 5′-ACCTGCTCCACTGCCTTGCT-3′

3 IL-12p40 Forward 5′-GGAAGCACGGCAGCAGAATA-3′
Reverse 5′-AACTTGAGGGAGAAGTAGGAATCG-3′

4 IFN-γ Forward 5′-TCAAGTGGCATAGATGTGGAAGAA-3′
Reverse 5′-TGGCTCTGCAGGATTTTCATG-3′

5 IL-4 Forward 5′-ACAGGAGAAGGGACGCCAT-3′
Reverse 5′-GAAGCCCTACAGACGAGCTCA-3′

6 TGF-β Forward 5′-TGACGTCACTGGAGTTGTACGG-3′
Reverse 5′-GGTTCATGTCATGGATGGTGC-3′

7 GAPDH Forward 5′-CAAGGCTGTGGGCAAGGTCA-3′
Reverse 5′-AGGTGGAAGAGTGGGAGTTGCTG-3′
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Cytotoxicity Assay
Toxicity of the F5, F6, and withaferin-A on PMM was evaluated 
using MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) assay. Briefly, 1 × 105 cells were seeded in 200 µL 
volume in 96-well plate. F5, F6, and withaferin-A were used at 
different concentrations, and the plate was incubated at 37°C with 
5% CO2 for 72 h. Furthermore, the plate was spun at 1,000 g for 
5 min; the fresh media were carefully changed and incubated at 
37°C with 5% CO2 for 4 h with 20 µL of 5 mg/mL MTT solution. 
Next, the plate was spun at 1,000 g for 5 min and the media was 
discarded. Finally, 100 µL of DMSO was added to dissolve the 
purple formazan crystals, and absorbance was taken at 540 nm.

Macrophage Infection
Ex vivo assessment of antileishmanial activity was done with 
peritoneal macrophage. Cells (2 × 105) were seeded on coverslips, 
and after 24 h of incubation, nonadherent cells were washed and 
parasites were added at 1:10 ratio. The infection was allowed for 
16 h at 37°C and nonphagocytized parasites were washed three 
times with serum-free RPMI 1640 medium. F5 (15 µg/mL), F6 
(10 µg/mL), and withaferin-A were added at different concentra-
tions (0.5, 1.0, and 1.5 µM) and incubated for additional 72 h. 
Coverslips were removed, fixed with methanol, and stained with 
Giemsa stain. Number of amastigotes were counted per 100 
macrophages and compared with untreated macrophages.

Estimation of ROS
Intracellular ROS such as HO⋅, HOO⋅, and O2

− radicals are 
estimated using H2DCFDA dye (29). The dye is a nonpolar 
molecule, which freely enters the cell where the acetate moiety 
of the molecule is cleaved by the cellular esterase to release the 
nonfluorescent dicholorofluorescein. The fluorescent intensity is 
directly proportional to the amount of ROS produced in the cell. 
Briefly, PMM were treated with F5 (15 µg/mL), F6 (10 µg/mL), 
withaferin-A (1.5 µM), miltefosine (3.2 µM), and LPS (100 ng/
mL) and incubated at 37°C for 6 h. After incubation, cells were 
washed and incubated with H2DCFDA at a final concentration 
of 10  µM for 15  min at room temperature. Finally, cells were 
washed once and acquired on BD™ LSR Fortessa flow cytometer. 
The production of ROS was analyzed by measuring their mean 
fluorescence intensities using FACS Diva software.

Estimation of IFN-γ and TNF-α
To evaluate the immune alterations, we have estimated the 
concentration of cytokines in culture supernatants of peritoneal 
macrophages. Briefly, after various treatments, the culture super-
natants were used to measure the amount of IFN-γ and TNF-α 
using mouse Th1/Th2 cytometric bead array (BD Biosciences) 
in BD™ LSR Fortessa flow cytometer. The concentrations of 
cytokines were measured in terms of pictograms per milliliter by 
comparing with the standards of the respective cytokines.

In Vivo study
Experimental Design
Inbred BALB/c mice were infected with 1 × 108 stationary phase 
promastigotes of L. donovani through the tail vein injection. After 
30 days of infection, mice were treated with F5 (25 and 50 mg/kg  

b.wt./day for 10 days, orally), fraction F6 (25 and 50 mg/kg b.wt./
day for 10  days, orally), withaferin-A (2  mg/kg b.wt./day for 
10  days, intraperitoneally) and the concentration was decided 
from the previous study (30). Mice treated with miltefosine 
(5 mg/kg b.wt./day for 10 days, orally) served as positive control. 
Infected mice but not treated with any drug served as infected 
controls. Uninfected control mice were given PBS. Each group 
consisted of five mice.

Assessment of Infection
All mice from each group were sacrificed 45-day postinfec-
tion/posttreatment. Splenic and hepatic parasite burdens were 
determined from Giemsa-stained multiple impression smears, 
expressed as Leishman-Donovan units as per the method of Ref. 
(31). The parasite reduction in treatment groups was represented 
as percentages to assess the degree of cure.

RT-qPCR Analysis of Cytokine Genes
Total RNA was extracted from 5 × 106 peritoneal macrophages 
and 25 mg of spleen tissue using a Nucleospin RNA extraction kit 
(Machery-Nagel) following the instructions of the manufacturer. 
The 900 ng of total RNA was then reverse transcribed into cDNA 
using a First Strand cDNA synthesis kit (Takara). The cDNA sam-
ples were stored at −80°C until use. The resulting cDNA was then 
used for real-time PCR for iNOS and cytokines (IL-12p40, IL-10, 
IFN-γ, IL-4, and TGF-β) using an ABI 7500 real-time PCR system 
(Applied Biosystems, UK) with the DNA-binding SYBR green 
dye. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was used as a reference. The forward and reverse specific primer 
sequences are given in Table 1. The detection of the dequenched 
probe, calculation of threshold cycles (Ct values), and the data 
analysis were performed using the Sequence Detector software. 
Relative changes in iNOS and cytokine (IL-12p40, IL-10, IFN-γ, 
IL-4, and TGF-β) mRNA expression were compared with unstim-
ulated control, normalized to GAPDH, and were quantified by 
the Δ2−ddCt method. Thus, all the values for experimental samples 
were expressed as fold differences between the sample mRNA 
and the calibrator (GAPDH) mRNA. The data are represented 
as mean ± SD of data from three independent experiments that 
yielded similar results.
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FigUre 1 | (a) Cytotoxic assay and parasite burden. MTT assay with fraction F5, F6, and withaferin-A. The results are represented as percentage of viability 
compared to control. (b) Antileishmanial activity of F5, F6, and withaferin-A on intracellular amastigotes using ex vivo peritoneal mouse macrophages (PMM) was 
counted using Giemsa staining. The graph shows the number of amastigote/100 macrophages treated with F5 (15 µg/mL), F6 (10 µg/mL), and withaferin-A (0.5 µM, 
1.0 µM, and 1.5 µM). The values are from three independent experiments, and significance values were calculated using unpaired Student’s t-test (*P < 0.05, 
**P < 0.01, and ***P < 0.001).
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Estimation of Th1/Th2-Specific IgG from Sera
The levels of IgG1 and IgG2a antibodies in sera samples of 
mice of different experimental groups were measured. Briefly, 
96-well ELISA plates were coated with soluble Leishmania 
antigen (0.25  µg/100μl/well) in coating buffer (0.1  M sodium 
bicarbonate pH 9.6) and incubated at 4°C for overnight. Plate 
was washed with PBS-Tween 20 and blocked with 1.5% bovine 
serum albumin at room temperature for 1 h. Sera was used at a 
dilution of 1/100 for IgG1 and IgG2a and kept for 2 h at room 
temperature. HRP-conjugated rat anti-mouse IgG1 and IgG2a 
(Abcam) were added for 1  h at room temperature at 1/10,000 
dilutions. Finally, the substrate TMB/H2O2 was added, kept in 
dark for 30 min, and 50 µL stop solution was added, and the plate 
was read at 450 nm.

Histopathological Examination
Hepatic tissue from control and treated mice was isolated and 
fixed in 10% formalin in PBS. Wax blocks were made, and sec-
tions were stained with hematoxylin/eosin stain for histological 
studies. The number of granulomas per 50 fields was counted 
using a light microscope (Leica).

resUlTs

cytotoxicity assay
The toxicity assay on PMM was determined by MTT assay. 
Briefly, we treated PMM with different concentrations of active 
fractions F5, F6, and withaferin-A for 72 h. The results indicated 
that treatment with F5 decreased the cell survivability of PMM 
by just 40% at the highest concentration of 75 µg/mL, whereas F6 
induced the similar effect at 50 µg/mL. In case of withaferin-A, 
there was decrease in survivability by 40% at 7.5 µM concentra-
tion. Furthermore, increase in withaferin-A concentration 
pronounced more death of PMM. Hence, the concentration of F5 
up to 25 µg/mL, F6 up to 25 µg/mL, and withaferin-A up to 3 µM 
were further considered determining its antileishmanial activity 
in PMM (Figure 1A).

Withanolides suppress intracellular 
Parasite burden
The efficacy of antileishmanial properties of F5, F6, and 
withaferin-A was determined by counting intracellular parasite 
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load in the treated PMM after 72 h using Giemsa staining. We 
treated the infected PMM with different concentrations of F5 
and F6 fractions and observed that F5 at 15  µg/mL and F6 at 
10 µg/mL could reduce the parasite load by ~50% (P <  0.001) 
and ~60% (P < 0.001), respectively, compared to infected control. 
Furthermore, in the case of withaferin-A, we observed a dose-
dependent decrease in the parasite number with increase in its 
concentration (0.5, 1.0, and 1.5  µM). The decrease was ~80% 
(P < 0.001) with 1.5 µM concentration, and we used this con-
centration for further studies as it showed minimum cytotoxicity 
against the naive PMM. These results indicate that F5, F6, and 
withaferin-A exhibit antileishmanial activity on the intracellular 
stage of the parasite with the decrease in parasite load being more 
than 50% in all cases (Figure 1B).

The safety index (SI) of the withaferin-A was calculated by 
considering the highest concentration of withaferin-A on the 
macrophages and concentration on the infected macrophages, 
which ranges from 5 to 15. The SI value less than 2 indicates 
general toxicity of the pure compound on normal cells (32, 33). 
Hence, in this study, we have considered the lower range of SI 
value.

Withanolides induces rOs-Mediated 
Parasite Killing
Reactive oxygen species is one of the key mediators of microbi-
cidal molecule used by the macrophages for their defense against 
the pathogens (34). In our study, we found no significant increase 
in NO production in treated macrophages. This prompted us to 
examine the ROS levels in the macrophages. We treated the mac-
rophages with F5, F6, and withaferin-A for 6 h, and ROS produc-
tion was measured using H2DCFDA dye. There was a significant 
increase in the mean fluorescence intensity when treated with F5 
(2,791), F6 (2,846), and withaferin-A (2,696) when compared 
with infected macrophages (2,472). Miltefosine, used as a posi-
tive control for treating Leishmania infections, was also able to 
induce ROS levels (2,907) in PMM. LPS being a bacterial cell wall 
component could induce ROS in huge amounts. So, our results 
indicate that F5, F6, and withaferin-A might demonstrate the 
antileishmanial activity by inducing the ROS in PMM (Figure 2).

Withanolides suppresses il-10-Mediated 
Macrophage activity
The outcome of the Leishmania infection depends on the bal-
ance between Th1 and Th2 cytokines, of which the Th1 favors 
the parasite clearance from the macrophages. To confirm this, we 
measured the mRNA expression of IFN-γ (Th1) and IL-10 (Th2) 
cytokines using RT-qPCR in the infected and treated PMM. The 
expression of IL-10 being crucial for the parasite persistence in 
the macrophages was significantly downregulated in F5-, F6-, 
and withaferin-A-treated PMM when compared with infected 
control (Figure 3A). We did not observe any alteration in IFN-γ 
expression among all the treated PMM compared to infected 
control. When the ratio of IFN-γ/IL-10 was taken into account, 
we observed that the increase in ratio directly correlates with 
the reduction in the parasite burden in treated macrophages 
when compared with infected control. The IFN-γ/IL-10 ratio is 
a good indicator of infection resolution both in vitro and in vivo 

(Figure  3B). Simultaneously, we also measured the cytokine 
levels (IFN-γ and TNF-α) in culture supernatants of PMM using 
CBA kit. In corroboration with our RT-qPCR results, we did 
not find any significant increase in IFN-γ levels in the treated 
PMM compared to infected control. While TNF-α levels were 
significantly induced in F6-treated PMM when compared with 
infected PMM. However, other treatments did not induce any 
TNF-α (Figure  3C). The results indicate that clearance of the 
intracellular parasite might depend on decreased IL-10 mRNA 
suppression in macrophages.

Withanolides Treatment reduces Parasite 
load in Visceral Organs of Mice
The efficacy of F5, F6, and withaferin-A was evaluated in chronic 
experimental VL by estimating the splenic and hepatic parasite 
burden at 45-day postinfection/posttreatment period. Lower dose 
treatment with F5 (25 mg/kg b.wt.) did not alter the splenic para-
site load, but there was a significant decrease in hepatic parasite 
burden (P < 0.05) at the same dose. On the other hand, treatment 
with F5 (50 mg/kg b.wt.) fraction showed significant reduction in 
the parasite load in both spleen (P < 0.001) and liver (P < 0.001). 
In contrary, both F6 concentrations, i.e., 25 and 50 mg/kg b.wt. 
showed a significant reduction in splenic (P < 0.001) and hepatic 
(P  <  0.001) parasite burden. Treatment with pure compound, 
withaferin-A (2  mg/kg b.wt.) showed a drastic decrease in the 
hepatic parasite burden (P < 0.001) compared to that of splenic 
parasite burden (P  <  0.01). Miltefosine was used as a positive 
control to demonstrate the efficacy of the treatment (Figure 4A). 
Furthermore, we calculated the percentage of reduction in 
splenic and hepatic parasite burdens of treated mice compared 
to untreated mice to show the effectiveness of treatment in clear-
ing the parasite. The reduction in parasites in spleen and liver 
was 2 and 30% with F5 (25 mg/kg b.wt.), 50 and 75% with F5  
(50 mg/kg b.wt.), 44 and 55% with F6 (25 mg/kg b.wt.), 50 and 
65% with F6 (50 mg/kg b.wt.), and 32 and 62% with withaferin-
A (2 mg/kg b.wt.), respectively (Figure 4B). The results in part 
indicate that the treatments with F5, F6, and withaferin-A induce 
parasite clearance in both the spleen and liver.

Withanolides Promotes Th1-Dependent 
Parasite clearance in Vl spleen
The disease outcome in the Leishmania infection is dependent 
on the cytokine environment (35). We investigated the mRNA 
expression levels of Th1 cytokines (IFN-γ and IL-12), Th2 
cytokines (IL-10, IL-4, and TGF-β), and iNOS from spleen 
tissue of infected and treated mice using RT-qPCR. The iNOS 
transcript, a key factor in controlling the leishmaniasis, was 
significantly upregulated only with F6 (50  mg/kg b.wt.)- and 
withaferin-A-treated mice. However, we could not observe any 
significant alterations in the levels of proinflammatory cytokine 
IFN-γ in treated and infected control mice. The IL-12p40 expres-
sion was significantly increased in higher doses of F5-, F6-, and 
withaferin-A-treated mice compared to the infected control. 
IL-10, a key Th2 cytokine is important for the parasite persis-
tence, was drastically reduced in F5-treated mice (50  mg/kg  
b.wt.) (P  <  0.001), F6-treated mice (25 and 50  mg/kg b.wt.) 
(P < 0.01 and P < 0.001), and withaferin-A (P < 0.01)-treated 
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FigUre 2 | reactive oxygen species (rOs) production from peritoneal mouse macrophages (PMM) was estimated using a fluorescence dye 
h2DcFDa. The graph shows the mean fluorescence intensity (MFI) values of uninfected, infected, F5 (15 µg/mL), F6 (10 µg/mL), withaferin-A (1.5 µM), miltefosine 
(3.2 µM), and LPS (100 ng/mL) treated PMM.
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mice when compared with infected control. Other Th2 cytokines 
IL-4 (P < 0.01) and TGF-β (P < 0.001) were also decreased in 
treated groups compared to the infected group (Figures 5A,B). 
The ratio of IFN-γ/IL-10 expression also signifies the extent of 
cure in F5-, F6-, and withaferin-A-treated groups compared to 
infected group (Figure 5C). The results indicate that withanolides 
suppresses the Th2-specific cytokines (IL-10, IL-4, and TGF-β) 
mRNA expression and promotes Th1-dependent parasite clear-
ance in VL spleen.

Withanolides induces igg2a response
The immune activation during the leishmaniasis determines the 
outcome of the disease and the humoral response in the form of 
antibody production, which plays an important role. It is a known 
fact that IFN-γ and IL-4 direct the immunoglobulin class switch-
ing of IgG2a and IgG1, respectively. We estimated the amounts of 
abovementioned immunoglobulin present in the mice sera from all 
groups. We found a significant increase in IgG2a in F5 (P < 0.01), 
F6 (P < 0.001), a key marker of Th1 polarization in all the treated 
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FigUre 3 | immunomodulatory effect of the withanolides in infected control and treated peritoneal mouse macrophages (PMM) ex vivo. (a) RT-qPCR 
analysis of IFN-γ and IL-10 cytokines. (b) IFN-γ/IL-10 ratio representing the parasite clearance from PMM. (c) IFN-γ and TNF-α protein levels in PMM culture 
supernatants were assessed using CBA analysis. Unpaired Student’s t-test was performed (*P < 0.05, **P < 0.01, and ***P < 0.001).
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groups compared to control except in withaferin-A-treated groups. 
The decrease in IgG1 in the treated group was insignificant when 
compared with the infected group (Figure 6). The results indicate that 
withanolides induces the Th1 type of immune response in VL mice.

Withanolides elicits granulomas 
Formation in liver
The liver section of the infected mice showed fatty degeneration of 
the tissue, which was restored in F5-, F6-, and withaferin-A-treated 
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FigUre 4 | antileishmanial effect of withanolides in balb/c model of visceral leishmaniasis. (a) Leishman-Donovan units (LDU) in spleen and liver of 
infected control and treated mice groups after 45-day postinfection/posttreatment. (b) The bar graph represents the percentage of parasite reduction compared to 
infected control. The two independent experiments were done with five mice per group, and the significance between infected control and treated groups was 
calculated using one-way ANOVA with Dunnett’s posttest (*P < 0.05, **P < 0.01, and ***P < 0.001).
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FigUre 5 | immunomodulatory effects of F5, F6, and withaferin-a in balb/c mice spleen tissue using rT-qPcr analysis. (a) mRNA expression analysis 
of Th1, Th2 cytokines, and iNOS gene expression in F5- and F6-treated mice after 45-day postinfection/posttreatment. (b) mRNA expression analysis of Th1, Th2 
cytokines, and iNOS gene expression in withaferin-A-treated mice. (c) The graph depicts the IFN-γ/IL-10 ratio in F5-, F6-, and withaferin-A-treated mice. The 
significance between infected control and treated groups was calculated using one-way ANOVA with Dunnett’s posttest (*P < 0.05, **P < 0.01, and ***P < 0.001).
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FigUre 6 | The igg1 and igg2a antibody titer levels in different treatment groups of mice. The results are expressed as mean ± SD of five mice. The 
significance was calculated between infected control and treated mice groups using one-way ANOVA with Dunnett’s posttest (*P < 0.05, **P < 0.01, and 
***P < 0.001).
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mice liver. During L. donovani infection, T  lymphocytes get  
infiltrated in liver and develop into granulomatous structures 
harboring the amastigotes, thereby the infection is cleared in the 
liver with time. With F5 (25 mg/kg b.wt.) treatment, mice exhib-
ited the formation of very loose and scattered granuloma. In F6 
(25 and 50 mg/kg b.wt.) treatment, the granuloma structures were 
dense, tight, and more in number compared to the infected livers. 
Withaferin-A treatment also shows the same architecture when 
compared with other control (Figure 7). The result indicates that 
withanolides elicit the active granulomas formation in liver to 
clear the intracellular parasites.

DiscUssiOn

The emergence of resistance to the existing drugs against leish-
maniasis and HIV coinfection has been posing a significant chal-
lenge for the current chemotherapy (36). Plant-based products 
make an excellent repertoire for developing bioactive compounds 
against leishmaniasis (37). There are several reports in the past 
decade in the field, suggesting that plant products were used as 
immunomodulators in various infectious diseases (38, 39). The 
immune status of a host infected with Trypanosoma or Leishmania 
parasites played a significant role in successful chemotherapy. The 
treatment of African trypanosomiasis with melarsoprol requires 
an additional drugs suramin to enhance the efficacy of drug 
through antibody-mediated immune response. The treatment 
of VL with pentavalent antimonials together with macrophage 
activators has lowered the dose of antimony required to cure the 
infection, suggesting that therapeutic efficacy of antiparasitic 
drugs works in synchronization with the immune system (40). 
In VL, the immune system is severely compromised with leading 
to secondary infections and other complications associated with 
VL. The demand for antileishmanial drugs, which can effectively 
reverse the immune suppression besides being the leishmanicidal 
activity, needs to address on urgent basis.

Withania somnifera in the Indian traditional medicine 
system is considered as a wonder drug, which has many 

properties ranging from antibacterial to anticancer (41, 42). In our  
previous studies, we have shown that withanolides from  
W. somnifera leaves were able to induce apoptosis-like death in 
promastigote stage of L. donovani parasite (25). Hence, we want 
to further explore the antileishmanial activities of these witha-
nolides in different concentrations of F5, F6, and withaferin-A on 
amastigotes stage of the parasite in the peritoneal macrophages 
and in vivo model of infection. We observed that more than 50% 
decrease in the parasite load in all treated macrophages compared 
to control. Our result was replicating the previous report, in 
which purified A6 fraction isolated from W. somnifera showed 
an IC50 value of 9.5 µg/mL in the amastigotes stage of the parasite 
(21). In the in vivo set up, there was a drastic reduction in parasite 
burden in spleen and liver with F5 (50 mg/kg b.wt.) and F6 (25 
and 50 mg/kg b.wt.) but no change in the case of F5 (25 mg/kg 
b.wt.). However, F5 concentration (25  mg/kg b.wt.) showed a 
significant reduction in the hepatic parasite burden, but its futile 
action in spleen could be attributed due to the ineffective activa-
tion of Th1 cytokines in the spleen. With withaferin-A (2  mg/
kg b.wt.) treatment, the reduction in spleen parasite burden was 
only 32%, which is comparatively less than that of F5 and F6 
treatments. Recently, other group has shown prophylactic role 
of W. somnifera extracts in experimental VL and demonstrated 
that W. somnifera extract reduced the rate of infection in mice 
by increasing immunomodulatory activities (43). Withania som-
nifera extracts were also proven to be effective against the other 
parasite infections (17, 18).

Macrophage activation results in the enhancement of micro-
bicidal activity through the upregulation of ROS and NO in the 
phagolysosomes, which is the key mechanism to control the 
Leishmania infection in the host (44, 45). Our results suggest that 
F5, F6, and withaferin-A might exert their antileishmanial activ-
ity via ROS production in peritoneal macrophages compared to 
their effect on infected PMM as it is one of the mechanisms used 
by the host in the absence of NO production. The lack of NO 
production by these withanolide fractions could be due to the 
unaltered IFN-γ expression both at mRNA and protein levels, as 
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FigUre 7 | effect of F5, F6, and withaferin-a on histological changes in liver and hematoxylin and eosin-stained liver sections of different treatment 
mice groups.
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IFN-γ is an important mediator of NO production for the parasite 
killing in Leishmania infections (46, 47). However, we observed 
that the iNOS transcripts were significantly high in fraction F6, 
and withaferin-A could have activated the macrophage along 
with IL-12 cytokine for efficient killing of the parasite in phago-
lysosomes through activation of iNOS (48, 49). Repressions in 
cell-mediated immunity (CMI) and B-cell activation are the con-
sequences of VL (50). CMI is important in mediating an effective 
Th1 type of immune response, which is important in controlling 
the Leishmania infection (51). During the Leishmania infection, 
an increased expression of IL-10 cytokine has been attributed 
to its ability to render macrophages deactivated, thereby nullify 
its microbicidal mechanism that exacerbates the severity of VL 
(52–54) and their neutralization promotes parasite clearance in 
VL spleen (55). Treatment of infected peritoneal macrophages 
with F5, F6, and withaferin-A demonstrated the significant 
decrease in IL-10 mRNA expression, which might contribute to 
the reduction in parasite load in PMM. However, the antigen-
specific IFN-γ production in VL patients is not a limiting factor 
for their non-curative response (56, 57). The drastic increase in 
IFN-γ/IL-10 ratio in all the treated groups indicates the parasite 
clearance from the macrophages (58). The increased TNF-α levels 
in the culture supernatants of F6-treated PMM could be due to the 
increased ROS levels. Further studies are required to prove ROS 
as major driver of resistance against parasites. In our studies, we 
observed that F5, F6, and withaferin-A indeed upregulate mRNA 
expression of Th1 cytokines (IFN-γ and IL-12) and downregulate 
Th2 cytokines (IL-10, IL-4, and TGF-β), directing the immune 

response toward Th1 type with an increase in IFN-γ/IL-10 ratio, 
which supports the antileishmanial activity of withanolides.

Leishmania infection induces host IgG1 antibody response, 
which leads to an increased IL-10 secretion, promoting disease 
exacerbation (59). We found that Th1-specific IgG2a levels were 
increased in the treated mice compared to untreated mice, while 
there was no significant change observed in Th2-specific IgG1 
levels. The higher IgG2a antibody titers in the treatments might 
be due to the increased IFN-γ production during the acute phase 
of VL. This indicates that withanolides from W. somnifera were 
possibly clearing the parasites from the host cell by precisely 
augmenting Th1 type of immune response. Histopathological 
changes in liver tissues reflect the successful clearance of para-
sites. During the hepatic immune response against the parasite, 
there is infiltration of immune cells at the infection site, followed 
by formation of the granulomas structure. With time, these 
granuloma structures clear the parasite and resolve itself (60). In 
the liver of infected mice, a huge infiltration of monocytes sur-
rounding the parasites was observed, and the size of granuloma 
structures was found to be decreased with the treatment of F5, 
F6, and withaferin-A.

cOnclUsiOn

Our study demonstrates that F5, F6, and withaferin-A had two 
different actions against L. donovani infection. First, they could 
induce the antileishmanial effect in both ex vivo and in  vivo 
model, and second, they were able to direct the immune system 
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toward the protective Th1 arm by suppressing the susceptible Th2 
arm of the immune system. The study of other active principles, 
their mechanisms, and effect of these withanolides on various 
immune cells is in progress in our laboratory. Further studies 
will be required to confirm whether these withanolides can be 
used as a mixture of compounds or as single entities for the active 
antileishmanial and immunomodulatory activities.

eThics sTaTeMenT

The 6- to 8-week-old female BALB/c mice were obtained from 
National Centre for Laboratory Animal Sciences (NCLAS), 
Hyderabad, India. The animals were kept and fed with water and 
mouse feed ad libitum in the Animal House facility of University 
of Hyderabad. All animal experiments were approved by the 
Institutional Animal Ethics Committee, University of Hyderabad 
(UH/IAEC/RSM/2014-I/29a).

aUThOr cOnTribUTiOns

RM and SS conceived and coordinated the study. SC and RM 
designed the experiments. SC and JV performed the experiments. 
SC, JV, and RM analyzed the experiments and contributed to the 
preparation of the figures. SC, JV, SS, and RM wrote the paper. 
All authors reviewed the results and approved the final version 
of the manuscript.

FUnDing

The work has been supported by ICMR, New Delhi, India. 
Financial assistance in the form of the fellowship from CSIR is 
greatly acknowledged by Mr. Sambamurthy Chandrasekaran and 
Jalaja Veronica. We acknowledge assistance from DST-Purse, 
UPE-II, and DST-FIST for procuring BD LSR Fortessa flow 
cytometry for Department of Animal Biology.

reFerences

1. Paletta-Silva R, Meyer-Fernandes JR. Adenosine and immune imbalance 
in visceral leishmaniasis: the possible role of ectonucleotidases. J Trop Med 
(2012) 2012:650874. doi:10.1155/2012/650874 

2. Alvar J, Velez ID, Bern C, Herrero M, Desjeux P, Cano J, et al. Leishmaniasis 
worldwide and global estimates of its incidence. PLoS One (2012) 7:e35671. 
doi:10.1371/journal.pone.0035671 

3. Banerjee A, De M, Ali N. Complete cure of experimental visceral leishmani-
asis with amphotericin B in stearylamine-bearing cationic liposomes involves 
down-regulation of IL-10 and favorable T cell responses. J Immunol (2008) 
181:1386–98. doi:10.4049/jimmunol.181.2.1386 

4. World Health Organization. Magnitude of the Problem. (2005). Available from: 
http://www.who.int/leishmaniasis/burden/magnitude/burden_magnitude/
en/index.html

5. Nwaka S, Ridley RG. Virtual drug discovery and development for neglected 
diseases through public-private partnerships. Nat Rev Drug Discov (2003) 
2:919–28. doi:10.1038/nrd1230 

6. Croft SL, Sundar S, Fairlamb AH. Drug resistance in leishmaniasis. Clin 
Microbiol Rev (2006) 19:111–26. doi:10.1128/CMR.19.1.111-126.2006 

7. Sundar S, Jha TK, Thakur CP, Sinha PK, Bhattacharya SK. Injectable paromo-
mycin for visceral leishmaniasis in India. N Engl J Med (2007) 356:2571–81. 
doi:10.1056/NEJMoa066536 

8. Murray HW, Berman JD, Davies CR, Saravia NG. Advances in leishmaniasis. 
Lancet (2005) 366:1561–77. doi:10.1016/S0140-6736(05)67629-5 

9. Belkaid Y, Hoffmann KF, Mendez S, Kamhawi S, Udey MC, Wynn TA, et al. 
The role of interleukin (IL)-10 in the persistence of Leishmania major in the 
skin after healing and the therapeutic potential of anti-IL-10 receptor antibody 
for sterile cure. J Exp Med (2001) 194:1497–506. doi:10.1084/jem.194.10.1497 

10. Binker MG, Zhao DY, Pang SJ, Harrison RE. Cytoplasmic linker pro-
tein-170 enhances spreading and phagocytosis in activated macrophages 
by stabilizing microtubules. J Immunol (2007) 179:3780–91. doi:10.4049/
jimmunol.179.6.3780 

11. Van Wyk BE, Wink M. Medicinal Plants of the World. An Illustrated Scientific 
Guide to World Health Organization (WHO). Working to Overcome the Global 
Impact of Neglected Tropical Diseases: First WHO Report on Neglected Tropical 
Diseases. Geneva, Switzerland: WHO (2010). 1 p.

12. Bhattacharya A, Ghosal S, Bhattacharya SK. Anti-oxidant effect of Withania 
somnifera glycowithanolides in chronic footshock stress-induced perturba-
tions of oxidative free radical scavenging enzymes and lipid peroxidation in 
rat frontal cortex and striatum. J Ethnopharmacol (2001) 74:1–6. doi:10.1016/
S0378-8741(00)00309-3 

13. Dhuley JN. Adaptogenic and cardioprotective action of ashwagandha in rats and 
frogs. J Ethnopharmacol (2000) 70:57–63. doi:10.1016/S0378-8741(99)00177-4 

14. Agarwal R, Diwanay S, Patki P, Patwardhan B. Studies on immunomodula-
tory activity of Withania somnifera (Ashwagandha) extracts in experimental 
immune inflammation. J Ethnopharmacol (1999) 67:27–35. doi:10.1016/
S0378-8741(99)00065-3 

15. Mondal S, Mandal C, Sangwan R, Chandra S, Mandal C. Withanolide D 
induces apoptosis in leukemia by targeting the activation of neutral sphin-
gomyelinase-ceramide cascade mediated by synergistic activation of c-Jun 
N-terminal kinase and p38 mitogen-activated protein kinase. Mol Cancer 
(2010) 9:239. doi:10.1186/1476-4598-9-239 

16. Harikrishnan B, Subramanian P, Subash S. Effect of Withania somnifera 
root powder on the levels of circulatory lipid peroxidation and liver 
marker enzymes in chronic hyperammonemia. E J Chem (2008) 5:872–7. 
doi:10.1155/2008/589394 

17. Kushwaha S, Roy S, Maity R, Mallick A, Soni VK, Singh PK, et al. Chemotypical 
variations in Withania somnifera lead to differentially modulated immune 
response in BALB/c mice. Vaccine (2012) 30:1083–93. doi:10.1016/j.
vaccine.2011.12.031 

18. Kushwaha S, Soni VK, Singh PK, Bano N, Kumar A, Sangwan RS, et  al. 
Withania somnifera chemotypes NMITLI 101R, NMITLI 118R, NMITLI 
128R and withaferin A protect Mastomys coucha from Brugia malayi infection. 
Parasite Immunol (2012) 34:199–209. doi:10.1111/j.1365-3024.2012.01352.x 

19. Lavie D, Kirson I, Abraham A. Steroidal lactones of W. somnifera. Harokaech 
Haivri (1972) 14(6):362–8. 

20. Aggarwal R, Diwanay S, Patki P, Patwardhan B. Studies on immunomodula-
tory activity of Withania somnifera (Ashwagandha) extracts in experimental 
immune inflammation. J Ethnopharmacol (1999) 67(1):27–35. 

21. Sharma U, Velpandian T, Sharma P, Singh S. Evaluation of anti-leishmanial 
activity of selected Indian plants known to have antimicrobial properties. 
Parasitol Res (2009) 105(5):1287–93. doi:10.1007/s00436-009-1554-2 

22. Sen N, Banerjee B, Das BB, Ganguly A, Sen T, Pramanik S, et al. Apoptosis 
is induced in leishmanial cells by a novel protein kinase inhibitor withaferin 
A and is facilitated by apoptotic topoisomerase I-DNA complex. Cell Death 
Differ (2007) 14(2):358–67. doi:10.1038/sj.cdd.4402002 

23. Grover A, Katiyar SP, Jeyakanthan J, Dubey VK, Sundar D. Blocking protein 
kinase C signaling pathway: mechanistic insights into the anti-leishmanial 
activity of prospective herbal drugs from Withania somnifera. BMC Genomics 
(2012) 13(Suppl 7):S20. doi:10.1186/1471-2164-13-S7-S20 

24. Kaur S, Chauhan K, Sachdeva H. Protection against experimental visceral 
leishmaniasis by immunostimulation with herbal drugs derived from 
Withania somnifera and Asparagus racemosus. J Med Microbiol (2014) 63 
(Pt 10):1328–38. doi:10.1099/jmm.0.072694-0 

25. Chandrasekaran S, Dayakar A, Veronica J, Sundar S, Maurya R. An in vitro 
study of apoptotic like death in Leishmania donovani promastigotes by 
withanolides. Parasitol Int (2013) 62:253–61. doi:10.1016/j.parint.2013.01.007 

http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive
https://doi.org/10.1155/2012/650874
https://doi.org/10.1371/journal.pone.0035671
https://doi.org/10.4049/jimmunol.181.2.1386
http://www.who.int/leishmaniasis/burden/magnitude/burden_magnitude/en/index.html
http://www.who.int/leishmaniasis/burden/magnitude/burden_magnitude/en/index.html
https://doi.org/10.1038/nrd1230
https://doi.org/10.1128/CMR.19.1.111-126.2006
https://doi.org/10.1056/NEJMoa066536
https://doi.org/10.1016/S0140-6736(05)67629-5
https://doi.org/10.1084/jem.194.10.1497
https://doi.org/10.4049/jimmunol.179.6.3780
https://doi.org/10.4049/jimmunol.179.6.3780
https://doi.org/10.1016/S0378-8741(00)00309-3
https://doi.org/10.1016/S0378-8741(00)00309-3
https://doi.org/10.1016/S0378-8741(99)00177-4
https://doi.org/10.1016/S0378-8741(99)00065-3
https://doi.org/10.1016/S0378-8741(99)00065-3
https://doi.org/10.1186/1476-4598-9-239
https://doi.org/10.1155/2008/589394
https://doi.org/10.1016/j.vaccine.2011.12.031
https://doi.org/10.1016/j.vaccine.2011.12.031
https://doi.org/10.1111/j.1365-3024.2012.01352.x
https://doi.org/10.1007/s00436-009-1554-2
https://doi.org/10.1038/sj.cdd.4402002
https://doi.org/10.1186/1471-2164-13-S7-S20
https://doi.org/10.1099/jmm.0.072694-0
https://doi.org/10.1016/j.parint.2013.01.007


13

Chandrasekaran et al. Withanolides Control the Experimental VL

Frontiers in Medicine | www.frontiersin.org May 2017 | Volume 4 | Article 55

26. Chandrasekaran S, Veronica J, Gundampati RK, Sundar S, Maurya R. 
Exploring the inhibitory activity of Withaferin-A against pteridine reduc-
tase-1 of L. donovani. J Enzyme Inhib Med Chem (2016) 31(6):1029–37. doi:1
0.3109/14756366.2015.1088841

27. Cohn ZA. Activation of mononuclear phagocytes: fact, fancy, and future. 
J Immunol (1978) 121:813–6. 

28. Karnovsky ML, Lazdins JK. Biochemical criteria for activated macrophages. 
J Immunol (1978) 121:809–13. 

29. Gomes A, Fernandes E, Lima JLFC. Fluorescence probes used for detection 
of reactive oxygen species. J Biochem Biophys Methods (2005) 65:45–80. 
doi:10.1016/j.jbbm.2005.10.003 

30. Khan S, Malik F, Suri KA, Singh L. Molecular insight into the immune up- 
regulatory properties of the leaf extract of ashwagandha and identification 
of Th1 immunostimulatory chemical entity. Vaccine (2009) 27(43):6080–7. 
doi:10.1016/j.vaccine.2009.07.011 

31. Bradley DJ, Kirkley J. Regulation of Leishmania populations within the host. 
I. The variable course of Leishmania donovani infections in mice. Clin Exp 
Immunol (1977) 30:119–29. 

32. Koch A, Tamezb P, Pezzuto J, Soejarto D. Evaluation of plants used for 
antimalarial treatment by the Maasai of Kenya. J Ethnopharmacol (2005) 
101(1–3):95–9. doi:10.1016/j.jep.2005.03.011 

33. Patel SB, Rao NJ, Hingorani LL. Safety assessment of Withania somnifera 
extract standardized for Withaferin A: acute and sub-acute toxicity study. 
J Ayurveda Integr Med (2016) 7:30–7. doi:10.1016/j.jaim.2015.08.001 

34. Gantt KR, Goldman TL, Mccormick ML, Miller MA, Jeronimo SM, 
Nascimento ET, et al. Oxidative responses of human and murine macrophages 
during phagocytosis of Leishmania chagasi. J Immunol (2001) 167:893–901. 
doi:10.4049/jimmunol.167.2.893 

35. Seder RA, Gazzinelli R, Sher A, Paul WE. Interleukin-12 acts directly on CD4+ 
T-cells to enhance priming for interferon-gamma production and dimin-
ishes interleukin-4 inhibition of such priming. PNAS (1993) 90:10188–92. 
doi:10.1073/pnas.90.21.10188 

36. Redhu NS, Dey A, Balooni V, Singh S. Leishmania-HIV co-infection: 
an emerging problem in India. AIDS (2006) 20:1213–5. doi:10.1097/01.
aids.0000226971.42622.4e 

37. Patricia S, Samanta PA, Marcia SCM, Frederico OP, Andre GT. Isolation 
of anti-leishmanial sterol from the fruits of Cassia fistula using bioguided 
fractionation. Phytother Res (2007) 21:644–7. doi:10.1002/ptr.2131 

38. Salem ML. Immunomodulatory and therapeutic properties of the Nigella 
sativa L. seed. Int Immunopharmacol (2005) 5:1749–70. doi:10.1016/j.
intimp.2005.06.008 

39. Fulzele SV. Study of immunomodulatory activity of Haridradi ghrita in rats. 
Indian J Pharmacol (2003) 35:51–4. 

40. Berger BJ, Fairlamb AH. Interactions between immunity and chemotherapy in 
the treatment of the trypanosomiases and leishmaniases. Parasitology (1992) 
105:S71–8. doi:10.1017/S0031182000075375 

41. Owais M, Sharad KS, Shehbaz A, Saleemuddin M. Antibacterial efficacy of 
Withania somnifera (Ashwagandha) an indigenous medicinal plant against 
experimental murine salmonellosis. Phytomedicine (2005) 12:229–35. 
doi:10.1016/j.phymed.2003.07.012 

42. Ghosh M. Purification of a lectin-like antifungal protein from the medici-
nal herb, Withania somnifera. Fitoterapia (2009) 80:91–5. doi:10.1016/j.
fitote.2008.10.004 

43. Tripathi CDP, Gupta R, Kushawaha PK, Mandal C, Bhattacharya SM, 
Dube A. Efficacy of Withania somnifera chemotypes NMITLI-101R, 118R and 
Withaferin A against experimental visceral leishmaniasis. Parasite Immunol 
(2014) 36:253–65. doi:10.1111/pim.12112 

44. Melby PC, Chandrasekar B, Zhao WG, Coe JE. The hamster as a model of 
human visceral leishmaniasis: progressive disease and impaired generation of 
nitric oxide in the face of a prominent Th1-like cytokine response. J Immunol 
(2001) 166:1912–20. doi:10.4049/jimmunol.166.3.1912 

45. Shah V, Bayeta E, Lau BHS. Pycnogenol augments macrophage phagocytosis 
and cytokine secretion. Pak J Nutr (2002) 1:196–201. doi:10.3923/pjn.2002. 
196.201 

46. Liew FY. Role of cytokines in killing of intracellular pathogens. Immunol Lett 
(1991) 30:193–8. doi:10.1016/0165-2478(91)90024-5 

47. Assreuy J, Cunha FQ, Epperlein M, Noronha-Dutra A, O’Donnell CA, 
Liew FY, et al. Production of nitric oxide and superoxide by activated mac-
rophages and killing of Leishmania major. Eur J Immunol (1994) 24:672–6. 
doi:10.1002/eji.1830240328 

48. Liew FY, Li Y, Millott S. Tumor-necrosis-factor (TNF-alpha) in Leishmaniasis 
TNF-alpha-induced macrophage leishmanicidal activity is mediated by 
nitric-oxide from l-arginine. Immunology (1990) 71:556–9. 

49. Stenger S, Donhauser N, Thuring H, Röllinghoff M, Bogdan C. Reactivation 
of latent leishmaniasis by inhibition of inducible nitric oxide synthase. J Exp 
Med (1996) 183:1501–14. doi:10.1084/jem.183.4.1501 

50. Basak SK, Saha B, Bhattacharya A, Roy S. Immunobiological studies on exper-
imental visceral leishmaniasis. II. Adherent cell-mediated down-regulation of 
delayed-type hypersensitivity response and up-regulation of B cell activation. 
Eur J Immunol (1992) 22:2041–5. doi:10.1002/eji.1830220813 

51. Kaye PM, Curry AJ, Blackwell JM. Differential production of Th1- and 
Th2-derived cytokines does not determine the genetically controlled or vac-
cine-induced rate of cure in murine visceral leishmaniasis. J Immunol (1991) 
146:2763–70. 

52. Ghalib HW, Piuvezam MR, Skeiky YA, Siddig M, Hashim FA, El-Hassan AM, 
et al. Interleukin 10 production correlates with pathology in human Leishmania 
donovani infections. J Clin Invest (1993) 92:324–9. doi:10.1172/JCI116570 

53. Karp CL, El-Safi SH, Wynn TA, Satti MM, Kordofani AM, Hashim FA, et al. 
In vivo cytokine profiles in patients with kala-azar. Marked elevation of 
both interleukin-10 and interferon-gamma. J Clin Invest (1993) 91:1644–8. 
doi:10.1172/JCI116372 

54. Mukhopadhyay D, Das NK, Roy S, Kundu SJN, Barbhuiya JN, Chatterjee M. 
Miltefosine effectively modulates the cytokine milieu in Indian post kala-azar 
dermal leishmaniasis. J Infect Dis (2011) (9):1427–36. doi:10.1093/infdis/
jir551 

55. Gautam S, Kumar R, Maurya R, Nylén S, Ansari N, Rai M, et al. IL-10 neu-
tralization promotes parasite clearance in splenic aspirate cells from patients 
with visceral leishmaniasis. J Infect Dis (2011) 204(7):1134–7. doi:10.1093/
infdis/jir461 

56. Gidwani K, Jones S, Kumar R, Boelaert M, Sundar S. Interferon-gamma 
release assay (modified quantiferon) as a potential marker of infection for 
Leishmania donovani, a proof of concept study. PLoS Negl Trop Dis (2011) 
5:e1042. doi:10.1371/journal.pntd.0001042 

57. Kumar R, Singh N, Gautam S, Singh OP, Gidwani K, Rai M, et al. Leishmania 
specific CD4 T cells release IFNγ that limits parasite replication in patients with 
visceral leishmaniasis. PLoS Negl Trop Dis (2014) 8(10):e3198. doi:10.1371/
journal.pntd.0003198 

58. Paul J, Karmakar S, De T. TLR-mediated distinct IFN-gamma/IL-10 pattern 
induces protective immunity against murine visceral leishmaniasis. Eur 
J Immunol (2012) 42:2087–99. doi:10.1002/eji.201242428 

59. Buxbaum LU. A detrimental role for IgG and FcgammaR in Leishmania 
mexicana infection. Immunol Res (2008) 42:197–209. doi:10.1007/
s12026-008-8074-5 

60. Baker RCP, Kaye PM. Leishmaniasis. In:  Zumla  DGJA, editor. The 
Granulomatous Disorders. Cambridge, UK: Cambridge University Press 
(1999). p. 212–34.

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Chandrasekaran, Veronica, Sundar and Maurya. This is 
an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) or licensor are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive
https://doi.org/10.3109/14756366.2015.1088841
https://doi.org/10.3109/14756366.2015.1088841
https://doi.org/10.1016/j.jbbm.2005.10.003
https://doi.org/10.1016/j.vaccine.2009.07.011
https://doi.org/10.1016/j.jep.2005.03.011
https://doi.org/10.1016/j.jaim.2015.08.001
https://doi.org/10.4049/jimmunol.167.2.893
https://doi.org/10.1073/pnas.90.21.10188
https://doi.org/10.1097/01.aids.0000226971.42622.4e
https://doi.org/10.1097/01.aids.0000226971.42622.4e
https://doi.org/10.1002/ptr.2131
https://doi.org/10.1016/j.intimp.2005.06.008
https://doi.org/10.1016/j.intimp.2005.06.008
https://doi.org/10.1017/S0031182000075375
https://doi.org/10.1016/j.phymed.2003.07.012
https://doi.org/10.1016/j.fitote.2008.10.004
https://doi.org/10.1016/j.fitote.2008.10.004
https://doi.org/10.1111/pim.12112
https://doi.org/10.4049/jimmunol.166.3.1912
https://doi.org/10.3923/pjn.2002.196.201
https://doi.org/10.3923/pjn.2002.196.201
https://doi.org/10.1016/0165-2478(91)90024-5
https://doi.org/10.1002/eji.1830240328
https://doi.org/10.1084/jem.183.4.1501
https://doi.org/10.1002/eji.1830220813
https://doi.org/10.1172/JCI116570
https://doi.org/10.1172/JCI116372
https://doi.org/10.1093/infdis/jir551
https://doi.org/10.1093/infdis/jir551
https://doi.org/10.1093/infdis/jir461
https://doi.org/10.1093/infdis/jir461
https://doi.org/10.1371/journal.pntd.0001042
https://doi.org/10.1371/journal.pntd.0003198
https://doi.org/10.1371/journal.pntd.0003198
https://doi.org/10.1002/eji.201242428
https://doi.org/10.1007/s12026-008-8074-5
https://doi.org/10.1007/s12026-008-8074-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Alcoholic Fractions F5 and F6 from Withania somnifera Leaves Show a Potent Antileishmanial and Immunomodulatory Activities to Control Experimental Visceral Leishmaniasis
	Introduction
	Materials and Methods
	Parasites
	Animals
	Drugs
	Ex Vivo Study
	Isolation of Peritoneal Mouse Macrophages (PMM)
	Cytotoxicity Assay
	Macrophage Infection
	Estimation of ROS
	Estimation of IFN-γ and TNF-α

	In€Vivo Study
	Experimental Design
	Assessment of Infection
	RT-qPCR Analysis of Cytokine Genes
	Estimation of Th1/Th2-Specific IgG from Sera
	Histopathological Examination


	Results
	Cytotoxicity Assay
	Withanolides Suppress Intracellular Parasite Burden
	Withanolides Induces ROS-Mediated Parasite Killing
	Withanolides Suppresses IL-10-Mediated Macrophage Activity
	Withanolides Treatment Reduces Parasite Load in Visceral Organs of Mice
	Withanolides Promotes Th1-Dependent Parasite Clearance in VL Spleen
	Withanolides Induces IgG2a Response
	Withanolides Elicits Granulomas Formation in Liver

	Discussion
	Conclusion
	Ethics Statement
	Author Contributions
	Funding
	References


