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Abstract

Background

Treatment failure and resistance to the commonly used drugsremains a major obstacle for

successful chemotherapy against visceral leishmaniasis (VL). Since the development of

novel therapeutics involves exorbitant costs, the effectiveness of the currently available anti-

trypanosomatid drug suramin has been investigated as an antileishmanial, specifically for

VL,in vitro and in animal model experiments.

Methodology/Principal

Leishmaniadonovanipromastigotes were treated with suramin and studieswere performed

to determine the extent and mode of cell mortality, cell cycle arrest and other invitropara-

meters. In addition, L. donovani infected BALB/c mice were administered suramin and a

host of immunological parameters determined to estimate the antileishmanial potency of the

drug. Finally, isothermal titration calorimetry (ITC)and enzymatic assays were used to probe

the interaction of the drug with one of its putative targets namely parasitic phosphoglycerate

kinase (LmPGK).

Findings

The in vitro studiesrevealed the potential efficacy of suramin against theLeishmaniaparasite.

This observation was further substantiated in the in vivomurine model, which demonstrated

thatupon suramin administration, the Leishmania infected BALB/c mice were able to reduce

the parasitic burden and alsogenerate the host protective immunological responses. ITC

and enzyme assays confirmed the binding and consequent inhibition of LmPGK due to the

drug.
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Conclusions/Significance

Allexperiments affirmed the efficacy ofsuramin againstL. donovani infection, which could

possibly lead to its inclusion in the repertoire of drugs against VL.

Author summary

Visceral Leishmaniasis (VL) or Kala-azar, classed as a neglected tropical disease, is still a

major problem worldwide, aggravated byincreasing parasitic resistance against thedrugs

commonly used for its treatment. Since the development of novel therapeutics involves

exorbitant costs, the effectiveness of the currently available antitrypanosomatid drug sura-

min has been investigated as an antileishmanial, specifically for VL, in vitro and in animal

model experiments. Our study showed thatsuramin is effective againstL.donovani and sig-

nificantly reduced the (splenic/hepatic) parasitic burden inL. donovani infected BALB/c

mice, switchingthe immune response in the infected BALB/c mice from TH2 to aTH1

type. TheITC data confirmed that suramin does indeed interact with parasitic phospho-

glycerate kinase (LmPGK) and enzyme assays demonstrated the inhibition ofLmPGK due

to the drug. Therefore, our investigation raises the possibility of suramin being included

in the repertoire of drugs used to treat VL.

Introduction

Visceral Leishmaniasis (VL) or Kala-azar, classed as a neglected tropical disease, afflicts about

half a million people worldwide, with over 90% of the cases occurring primarily in the poverty

stricken regions of Brazil, Ethiopia, India, Somalia, and Sudan [1]. VL caused by the protozoan

parasite Leishmaniadonovani, (transmitted by the phlebotomine sand fly), is almost certainly

lethal without timely clinical interventions [2]. The last decade has seen a significant drop in

the incidence of VL primarily from India and Bangladesh (due to the widespread use of insec-

ticide treated nets) though the epidemiological status of the disease in other African countries

including Brazil continues to be negative [3]. In Brazil VL has gradually spread from predomi-

nantly rural areas to densely populated urban centers. Thus, overall the threat to public health

by VL remains unabated. The situation is further aggravated by the emergence of Leishmanial

strains resistant to antimonial drugs [4], the traditional first line of defence against VL and also

their replacements such as amphotericin B and miltefosine [5, 6]. Most of the drugs used to

treat VL have severe side effects, can only be administered in hospital settings and are expen-

sive [7].Therefore, there is an urgent need to identify economically viable and potent

antileishmanials.

Previous work in our laboratory had identified the efficacy of the polysulphonatednaphthy-

lamine drug suramin as a potent antileishmanial against L. donovani[8]. Currently, suramin is

used to treat the hemolymphatic stage of African trypanosomiasis (sleeping sickness) caused

by Trypanosomabruceirhodesienseand has been reported to inhibit the glycolytic enzymes of

the parasite [9]. Suramin has also shown much promise as a prospective antiviral inhibiting

the envelope mediated gene transfer and the replication of chinkungunya and ebola viruses

[10, 11]. The ability of suramin to inhibit heparanase expression has been shown to cure the

metastasis and proliferation of ovarian, cervical cancer cell lines [12]. In addition the pediatric

approved drug has been found to decrease the peak viral load in rhesus monkeys, marking it as

a possible therapy for severe EV71 infection in children [13].
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In this work we continue to explore the efficacy of suramin against VL, both in vitro and in

an in vivo BALB/c mice model. In addition, its biophysical interaction with the Leishmanial

glycolytic enzyme phosphoglycerate kinase (LmPGK) has also been characterized in terms of

enzymatic assays and isothermal titration calorimetry (ITC).

Methods

Ethics statements

BALB/c mice (Musmusculus) were maintained under pathogen free conditions. The experi-

mental use of mice was approved by the Institutional Animal Ethics Committee of Bose Insti-

tute Kolkata, India (dated 26.02.2019; Ref. No. IAEC/BI/121/2019). All animal experiments

were carried out according to the National Regulatory Guidelines issued by Committee for the

Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Ministry of Envi-

ronment and Forest, Govt. of India.

Effect of suramin on Leishmania donovani (AG83) promastigotes

Measurement of drug efficacy of suramin. L. donovani(MHOM/IN/83/AG83) was rou-

tinely cultured at 22˚C in M199 medium (St. Louis,MO, USA) with 10% heat-inactivated Fetal

Bovine Serum(FBS) (Gibco, USA).

L. donovani (AG83) promastigotes were used to determine the efficacy of suramin (IC50) using

the MTT assay [8]. Briefly, L. donovani parasites were plated on 96-well cell culture plates at a den-

sity of 2x106 parasites/well and incubated with different concentrations (10 μM, 20 μM, 50 μM,

100 μM, 300 μM and 500μM) of suramin for 48 hrs. The GraphPad Prism 5 software (version

5.03) was used to calculate the concentration which inhibited parasitic growth by 50% (IC50).Sura-

minwhich was used in all the experiments was purchased from Sigma-Aldrich (USA).

Cytotoxicity in RAW 264.7 macrophages. Murine Macrophage (MØs) like tumor cell,

RAW 264.7 was obtained from American Type Culture Collection and maintained in com-

plete RPMI 1640 medium supplemented with 10% FBS at 37˚C and 5% CO2 atmosphere. For

cytotoxic evaluation, Raw 264.7 macrophages (at a density of 105 cells/well) were plated in

96-well cell culture plates and incubated with different concentrations of suramin (1–400 μM)

for 48hrs [14]. Cell viability was determined by the MTT assay and the 50% cytotoxic concen-

tration (CC50) was calculated as stated earlier [8].

Investigation of cell cycle. Cell cycle analysis of suramin for both treated and untreated L.

donovanipromastigotes was investigated using flow cytometry. After treatment of promasti-

gotes (2x106/ml) with varying concentrations of suramin for 48 hrs, the cells were harvested

and washed thrice with PBS and fixed in 70% ethanol (24 hrs). The fixed cells were washed

thoroughly (three times) with PBS and suspended in 500μl of the same buffer. These cells were

then incubated with 20 μg/ml RNase A for 1hr at 37˚C and subsequently stained with 20 μg/ml

PI (for 20 minutes atroom temperature). The percentage of cells in G1, S and G2/M phases of

the cell cycle were determined in the flow cytometer (BDLSRFortessaTMSORP) and analysed

with BDFACSDIVA software version 8.0.2

Evaluation of PE-Annexin V/ 7-amino-actinomycin D (7-AAD) binding of cells through

flow cytometry. To discriminate between apoptotic or necrotic cell populations, the PE-An-

nexin V / 7-amino-actinomycin D (7-AAD) apoptosis detection kit (BD Biosciences, USA)

was used according to the manufacturer’s protocol. Untreated and drug treated (48 hrs) pro-

mastigotes (2×106/ml) were washed with cold PBS. The pellets were resuspended in 100μl of

1X binding buffer and transferred to a 5 ml culture tube followed by incubation (25 min in the

dark) with 5 μl of PE Annexin V and 5 μl PerCP-cy5.5-(7-AAD). Finally, the samples were sub-

jected to flow cytometric analysis in a BD LSRFortessaTMSORP flow cytometer, within an
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hour of adding 400 μl of 1X binding buffer to the above solutions. The experimental results

were analyzed using the BDFACSDIVA software version 8.0.2 supplied with the instrument.

Measurement of mitochondrial transmembrane potential. Transmembrane potential

(ΔCm) was measured using 5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimi-dazolylcarbocya-

nine iodide (JC-1) dye [15]. Briefly, to evaluate the effect of suramin on the mitochondrial

membrane potential, L. donovanipromastigotes (2x106/ml) were incubated with suramin con-

centrations of 50 μM, 100μM, 200μM for 48 hrs at 22˚C. Untreated and suramin treated Leish-
maniapromastigotes were incubated with JC-1 for 25 min in the dark followed by washing the

stained cells twice in PBS. Subsequently, the cell pellets were resuspended in 0.5 ml PBS and

subjected to flow cytometry analysis in a BDLSR Fortessaanalyzer using an excitation wave-

length of 488 nm and emissions at 530 nm (green), 590 nm (red). The results were analyzed by

the BDFACSDIVA software version 8.0.2.

Measurement of reactive oxygen species (ROS) generation. Intracellular ROS levels

were measured in suramin-treated and untreated parasites. Promastigotes (2x106cells/ml)

were treated with suramin and then washed and resuspended in 500μl of M199 and incubated

with the H2DCFDA probe (2μg/ml) for 20 min in the dark, after which fluorometric measure-

ments (at excitation and emission wavelengths 507, 530 nm respectively) were performed.

Measurement of superoxide radical. Superoxide anion level was monitored as previously

discussed [16]. Briefly, 2x106 promastigotes/ml were incubated with or without suramin for

different time periods and then washed with PBS and resuspended in PBS buffer. Thereafter,

the cell suspension was gently mixed with 1mL of reaction mixture containing sodium carbon-

ate (50mM), nitrobluetetrazolium (NBT; 50 μM), EDTA (0.1mM), Triton X-100 (0.5%) and

analysed by spectrophotometer at 560nm wavelength.

Evaluation of total fluorescent lipid peroxidation product. 2x106promastigotes/ml were

treated with suramin for different time periods, then washed with PBS and suspended in 2ml

of 15% SDS in PBS solution. Subsequently, the cell suspension was used to measure the fluo-

rescence intensities of the total fluorescent lipid peroxidation product [17] on a spectrofluo-

rometer (with excitation and emission at 360nm,430nm respectively).

DNA fragmentation assay. Parasitic genomic DNA was isolated as described previously

[18] to perform the genomic DNA fragmentation assay. Briefly, promastigotes (2×106 cells)

were incubated with varying concentrations of suramin and then harvested. The cell pellet was

suspended in 400 μl NET buffer and incubated for two hrs at 37˚C in presence of 100μg/ml

proteinase K and 1% SDS, following which the DNA was prepared from the samples by phenol

chloroform extraction and ethanol precipitation. Finally 1.5% agarose gel electrophoresis was

performed to assess the integrity of the parasitic genome.

Effect of suramin on an in vivo BALB/c mice model

Infection of mice and suramin treatment regimen. 4–6 weeks BALB/c mice (Musmuscu-
lus) of the same sex (20-25g) were challenged with freshly transformed AG83 parasites

(1x107parasites/animal) by intravenous injection via the tail vein [19].Suramin treatment com-

menced 15 days post infection at a dose of 20 mg/kg/day [20] administered intraperitoneally

twice a week. The treatment continued for another 15 days and the mice were sacrificed on the

seventh day after the termination of the treatment. The BALB/c mice had been grouped into:

I. normal group:5 healthy control animals without either infection or drug treatment

(Normal)

II. infected group: 10 animals infected with AG83(INF)
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III. infected+treated group: from the 10 infected animals in (II-INF),5 animals were treated

with suramin (INF+TRE) and

IV. only treated group: 5 animals were treated with suramin without prior infection to esti-

mate the toxicity of the drug (ONLY TRE).

Blood collection and preparation of serum. Blood was collected from the BALB/c mice

heart before sectioning [21]and kept overnight at 4˚C. The serum was prepared from the col-

lected blood samples by appropriate centrifugation.

Parasite burden in spleen and liver. Visceral infection was estimated by the microscopic

evaluation of Giemsa stained tissue imprints from the spleen and liver and the total parasite

load in each organ reported in LDU units (Leishman-Donovan Unit) [22]. LDU = number of

amastigotes per nucleated cell x organ weight in milligram.

Preparation of soluble Leishmanial antigen (SLA). Preparation of Leishmanial lysates

from stationary phase promastigotes (109cells/ml) has been reported previously [23].Leishma-
niapromastigotes were partially lysed by six cycles of freezing (−70˚C)—thawing (37˚C), after

which the sample was incubated for five minutes on ice. This was followed by sonication (5

times– 30s), centrifugation (10000 rpm for 30 min at 4˚C) and the protein concentration

inclusive of the soluble antigen in the supernatant, was measured using the Bradford reagent

(BioRAD).

T-cell proliferation assay. Splenocytes from the BALB/c mice were extracted by Ficoll

density gradient centrifugation and then suspended in RPMI medium followed by plating on

96 well plates (105 cells/well), which were then allowed to proliferate for 72 hours (at 37˚C) in

a 5% CO2 incubator, appropriately in the presence or absence of SLA (5 μg/ml) or ConA

(5 μg/ml). Finally, these cells were subjected to MTT assay (absorbance at 570 nm). Effect of

suramin on splenic CD4+ and CD8+ T cell populations was also investigated. Single cell sus-

pension (2 × 106 per tube) of splenocytes was washed twice with FACS buffer (1%BSA in PBS)

and stained with antimouse-CD4-FITC (Santacruze Biotech) and antimouse-CD8a PercP anti-

bodies (BD PharmagenTM) at 1:500 dilution for 60 min in the dark at 4˚C. The cells were then

subjected to flow cytometry analysis in a BDLSR Fortessaanalyzer and respective percentages

of CD4+ and CD8+ cells were determined using BDFACSDIVA software.

Measurement of antileishmanial antibody responses. Serum samples collected from

mice were used to investigate the parasite SLA-specific antibody titer. IgG1 and IgG2a present

in the collected sera were estimated with the HRP conjugated Goat Anti-Mouse IgG1 and

IgG2a antibodies (Abcam: ab97240; ab97245) as described elsewhere [24].

Measurement of Nitric oxide (NO) and Reactive Oxygen Species (ROS). Splenocytes

(2x106cells/well) were incubated with 5μg/ml SLA in a 5% CO2 incubator (at 37˚C for 48hrs)

followed by the collection of the culture supernatants. The NO production in the culture

supernatant was measured by the Griess reagent [25]. To measure the ROS level, splenocytes

were stimulated with respective SLA for 24 hrs.The splenocytes were then washed and resus-

pended in PBS followed by incubation with the probe H2DCFDA (2 μg/ml) at room tempera-

ture for 20 min in the dark [25]. Fluorimetricmeasurements were made on the samples with

excitation, emission wavelengths of 510, 525 nm respectively and the results were expressed in

arbitrary units.

RNA isolation and semi quantitative RT-PCR of iNOS, Perforin and Granzyme-B. To

detect the mRNA profiles of iNOS, perforin and granzyme-B, total RNA was isolated from the

splenocytes of different mice groups as described earlier [6]. RNA (2.5 μg) was used as a tem-

plate for cDNA synthesis and the respective forward and reverse primers (S1 Table) were used

for determination of iNOS, perforin and granzyme-B expressionsrespectively. PCR cycling
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conditions for the amplification of specific genes were 5 min at 94˚C, followed by 35 cycles of

denaturation at 94˚C for 30s, annealing at (58˚–60˚C) for 30s and extension at 72˚C for 45s.

All the tubes were kept for 5 min at 72˚C for extension to go to completion. PCR-amplified

respective gene products were checked by agarose gel electrophoresis. For densitometry analy-

ses, the Image J software (National Institute of Health) was used and the same band area in the

agarose gel was used to determine band intensity and normalized for GAPDH.

Measurement of cytokine levels. The TH1 (IFN-γ, IL-12 and TNF-α) and TH2 (IL-10,

TGF-β) cytokine productions were measured by the ELISAmethod [26]. 2x106splenocytes

were plated on 24-well tissue culture plates and pulsed with 5 μg/ml SLA, after which the

supernatant was collected within 18–20 hrs and ELISA performed on the collected superna-

tants as per the manufacturer’s instructions (Abcam: TNF-α, TGF-β; BD Biosciences: IFN-γ,

IL-12,IL-10).

Characterization ofProtein–drug interaction

Protein expression, purification. The plasmid constructs containing Phosphoglycerate

kinase (LmPGK) [Accession code XP_001682765.1]were purchased fromGenScript (http://

www.genscript.com).

The plasmid construct was prepared by inserting the gene (LmPGK) between the Nde1 and

BamH1 restriction sites of the pET-28a (+) vector. This construct was used to transform E.

coliBL21 competent cells followed by overnight incubation on LB-agar/kanamycin plates at

37˚C. A single colony was isolated from each plate and used to inoculate LB media containing

kanamycin. Induction by IPTG (final concentration 0.75mM) was performed when OD600

attained a value of ~0.6, followed by overnight incubation at 20˚C. The cells were harvested by

centrifugation at 7500rpm for 10 minutes and washed with PBS buffer. The cell pellets were

then suspended in lysis buffer (50mM NaH2PO4, pH 8.0, 300mM NaCl, 10mM imidazole, 5%

glycerol) and thecell suspensionsonicated, centrifuged at 14500rpm for 30 minutes at 4˚C and

the supernatant collected. Pre-equilibrated Ni-NTA column (QIAGEN Ni-NTA super flow)

was used to purify the supernatants. The column was washed with 100 ml of wash buffer

(50mM NaH2PO4, pH 8.0, 300mM NaCl, 50mM imidazole, 1% glycerol) and the bound pro-

teins eluted with elution buffer (50mM NaH2PO4, pH 8.0, 300mM NaCl, 250mM imidazole,

1% glycerol). The eluted LmPGK protein was dialyzed overnight against the storage buffer

(80mM triethanolamine HCL, pH 7.6, 200mM NaCl, 3mM DL-dithiothreitol, 1% glycerol,

0.02% sodium azide). The N-terminal 6-His tag was excised by thrombin cleavage which was

subsequently removed from the protein solution by streptavidin agarose (as per the manufac-

turer’s instructions: Novagen).

Isothermal Titration Calorimetry (ITC). Isothermal titration calorimetry (ITC) was per-

formed using an ITC 200 Micro calorimeter at 25˚Cto determine the binding of suramin with

LmPGK in 25mM Tris-HCl buffer, pH 7.0. Typically, 2 ml of LmPGK (15 μM) was loaded into

the calorimetric cell and titrated against 320 μM of suramin (single injection of 2 μl followed

by injections of 10 μl each) using a 39.4 μl syringe rotating at 307 rpm, with a reference power

of 8 μcal/sec. Controls involved identical titrations of buffer alone to optimize the data for heat

of dilutions. Corrected thermograms were analyzed for a single site binding model usingLe-

venberg-Marquardt non-linear least squares curve fitting algorithm, Origin 7.0 software (Ori-

gin Lab Corporation, USA: supplied with the instrument) to obtain best fit values.

3c. Enzyme inhibition assay. The in vitro assay of LmPGK was monitored by UV–vis

spectroscopy in a coupled assay wherein, the product of the first reaction catalyzed by

LmPGK, namely 1, 3- bisphosphoglyerate is reduced by the second enzyme glyceraldehyde-

3-phosphate dehydrogenase, utilising NADH. The enzymatic assays were performed in
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80mMtriethanolamine-HClbuffer (pH-7.6) containing 5mM MgSO4, 1mM ATP, 0.5mM

NADH, 30μg/ml of glyceraldehyde-phosphate dehydrogenase and approximately 10nM of

LmPGK, for each assay [27]. The concentration of the substrate (3-phosphoglycerate) was

maintained between 250μM to 5mM whereas the inhibitor (suramin) concentrationwas varied

from 5μM to 15μM. The spectrophotometric measurements were carried out at 25˚C, follow-

ing the decrease in absorbance at 340 nm due to oxidation of NADH and formation of NAD+

at λ = 340 nm (ε340nm = 6.3 mM−1 cm−1) [28]. Kinetic parameters were determined byusing-

Michaelis–Menten kinetics andthe inhibition constantswere determined from the initial veloc-

ity data. The Lineweaver–Burkeplots [29]wereobtained from the following general equation:

1

v
¼

KM

Vmax
1þ
½I�
Ki

� �
1

½S�
þ

1

Vmax
1þ
½I�
Ki

� �

where v is the initial velocity, [S] is the substrate concentration, [I] is the inhibitor concentra-

tion, KM the Michaelis constant and Ki the inhibitor constant, Vmax is maximum velocity.

Results

Effect of Suramin on L. donovani(AG83)promastigotes

The IC50 value of suramin against L. donovani(AG83) promastigotes was determined to be

100.0±4μM. The CC50against RAW 264.7 macrophages was 51±5μM and the corresponding

EC50 value of suramin against intracellular L. donovani(AG83) amastigotes had earlier been

reported to be 4.1±0.3 μM [8].

Leishmaniapromastigotes were exposed to varying concentrations of suramin and the dis-

tribution of promastigotes (%) in different phases of the cell cycle was analyzed by flow cytom-

etry. Only 8.4±0.9% of untreated control cells were found in the G2/M phase. In contrast,

increasing concentrations of suramin (50, 100, 200 μM) led to a progressively increasing accu-

mulation of cells in the G2/M phase (11.5±1.7, 19.6±2.9 and 24.2±1.4% respectively), thereby

indicating arrest of the promastigote cell cycle at G2/M upon exposure to the drug(Fig 1).

Fig 1. Analysis of cell cycle arrest in L. donovanipromastigote treated with suramin. The histograms are

representative of three independent experiments. AG83 promastigotes with (50,100, 200 μM suramin)or without the

drug were analyzed by flow cytometry on a BD LSRFortessaTMSORP cytometer. The histograms depict the

accumulation of the cells in different phases of the cell cycle as a function of suramin concentration. Percentage of cells

in different phases has been given within the histogram boxes and the results show the dose dependent accumulation

of cells in the G2/M phase.

https://doi.org/10.1371/journal.pntd.0008575.g001
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In order to further discriminate the mode of cell death, AG83 promastigotes were double

stained with PE-Annexin V, 7-AAD and then followed by flow cytometric measurements. For

untreated control cells only 1.1% of the promastigotes were found in the early apoptotic phase

[annexinV(+), 7-AAD(-)]. However, upon suramin treatment a dose dependent increase in

the percentage of cells at early apoptotic phase was observed-18.4% (suramin 50μM), 37.5%

(suramin 100μM) and 58% (suramin 200μM), with respect to the untreated control (Fig 2).

As apoptosis is generally associated with disruption of normal mitochondrial function, per-

turbations in mitochondrial membrane potential Δψmwas estimated in AG83 promastigotes.

Administration of suramin was found to exhibit a dose-dependent increase in green fluores-

cence indicative of a loss in membrane potential and a corresponding decline in the red/green

fluorescence intensity ratio, after 48 hours of incubation with the drug (Fig 3). For untreated

control, the percentage of cells in the red and green regions was 82.2 and 17.6% respectively.

With a graduated increase in the drug dosage, the distribution of treated cells in the red and

green regions (respectively) were altered to 75.3, 24.4% (50μMsuramin), 68.3, 31.1%

(100μMsuramin) and 48.4, 42.9% (200μM), thereby confirming the involvement of the apo-

ptotic pathway in cell mortality.

Three other experiments indicated the disruptive effect of suramin in the viability of the

parasite. Increasing concentrations of suramin led to a higher generation of reactive oxygen

species (Fig 4A), rising levels of intracellular superoxide radicals (Fig 4B) and increased lipid

peroxidation (Fig 4C) relative to untreated controls. All the three experiments affirmed ele-

vated oxidative stress in the parasite inimical to its survival. Further, the addition ofsuramin

appeared to cause fragmentation of the genomic DNA (Fig 5), the hallmark of apoptosis.

Efficacy of Suramin in a Leishmania infected BALB/c mice Model

The VL mice model was established with freshly transformed L.donovanipromastigotes follow-

ing which the infected animals were treated with suramin (20 mg/kg/day, twice a week for 15

days) and then sacrificed for investigation on the seventh day after the termination of the treat-

ment. At a dose of 20 mg/kg/day there was a reduction in thehepatic parasitic load by 84.3

±8.2% (Fig 6A) and a corresponding drop in the splenic parasitic load by 87.4±5.2% (Fig 6B).

Fig 2. Flow cytometric analysis of viable cell populations after suramintreatment. Dotplots are representative of

three independent experiments. AG83 promastigotes were double stained with PE-Annexin V and 7-AADand then

subjected to flow cytometry analyses on a BD LSRFortessaTMSORPflow cytometer. The experiments were repeated

with untreated cells and those subject to varying doses of suramin (50,100,200 μM). In the plots the green dots in the

fourth quadrant (Q4) depict cells in the early apoptotic phase. The bar diagrams give the percentage of viable and early

apoptotic cells, in the presence and absence of the drug (concentration given in boxes below). A dose dependent

increase of cells in the early apoptotic phase was observed under varying concentration of the drug.

https://doi.org/10.1371/journal.pntd.0008575.g002
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Next, the role of suramin in the generation of effector leishmanicidalmolecules such as ROS

and NO were estimated. Suramin-treated mice (INF+TRE) showed 4.05 fold higher ROS gen-

eration compared to the corresponding infected group (INF) (Fig 7A). NO generation was

Fig 3. Effect of suramin on mitochondrial membrane potential (Δψm). L. donovanipromastigotes (AG83),

untreated and treated with varying concentrations of suramin (50,100,200 μM) and stained with JC-1 were analyzed

with flow cytometry on a BDLSR Fortessaanalyzer with excitation wavelength at 488 nm and emission wavelengths 530

(green), 590 nm (red). The dot plots are representative of three independent experiments. The bar diagrams plot the

percentage of green fluorescent cells as a function of suramin concentration given in the boxes below. The results show

a dose dependent increase in green fluorescent cells with a loss in membrane potential thereby indicating the apoptotic

pathway as the cause of drug induced cell mortality.

https://doi.org/10.1371/journal.pntd.0008575.g003

Fig 4. Estimation of (A)ROS, (B)superoxides and(C)lipid peroxidation levels in promastigotes after suramin

treatment. All experiments were performed with 2 x 106 promastigotes/ml and the depicted data is the mean ± SD of

three experiments.(A) Intracellular ROS production with and without suramin was estimated in promastigotes

utilizing the probe H2DCFDA coupled to fluorometric measurements (excitation, emission wavelengths at 507, 530

nm respectively). The figure shows elevated ROS production with rising concentrations of suramin (50,100,200 μM)

treatment. The inhibition of ROS generation was shown at the highest concentration of suramin (200 μM) by

pretreatment of cells with 20mM N-acetylcysteine (NAC: a scavenger of ROS). (B) Superoxide generation in AG83

promastigotes was estimated by measuring the absorbance at 560 nm subsequent to appropriate treatment of the cells.

Superoxide generation was measured at suramin concentrations 50, 100, 200 μM, in addition to untreated controls.The

figure demonstrates the rise in superoxide levels with increasing drug concentrations. (C) Fluorescent products of lipid

peroxidation measured by a spectrofluorimeter with excitation and emission wavelengths at 360, 430 nm respectively,

with and without suramin treatment (50, 100, 200μM). The graduated rise in all the three parameters ROS, superoxide

radicals and lipid peroxidation is indicative of elevated oxidative stress in the parasite upon suramin administration,

inimical to survival.

https://doi.org/10.1371/journal.pntd.0008575.g004
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measured in the culture supernatant of murine splenocytes isolated from all the experimental

groups.Suramin-treated mice (INF+TRE) showed a significantly higher level of NO generation

compared to the corresponding infected group (INF) (Fig 7B). Consistent with NOgeneration,

the levels of iNOS mRNA were also upregulatedpost suramin treatment in the INF+TREgroup

(S1 Fig,Fig 7C). Thus, these series of experiments indicated that subsequent to the administra-

tion of the drug, the infected animals recovered from their state of immune suppression and

could induce leishmanicidal molecules to significantly reduce the parasitic burden in the

hosts.

Reduction of parasitic burden and induction of antileishmanial molecules, prompted us to

examine whether suramin is associated with an effective immune response against VL. To this

end, the expansion of the antigen-specific T-cell repertoire was measured in all the experimen-

tal groups. Suramin-treated mice (INF+TRE) exhibited enhanced level of T cell proliferation

Fig 5. Fragmentationof genomic DNA in the presence of suramin compared to untreated control. Parasitic DNA

was isolated from promastigotes subjected to varying concentrations of suramin and the integrity of the genome

assessed by running the extracted DNA on a 1.5% agarose gel. The lane number is marked below. Lane 1: Untreated

control without suramin treatment; Lane 2: Genomic DNA was isolated from AG83 promastigotes treated with 50μM

suramin; Lane 3: Genomic DNA was isolated from AG83 promastigotes treated with 100μM suramin; Lane 4:

Genomic DNA was isolated from AG83 promastigotes treated with 200μM suramin; Lane 5: Molecular weight marker.

https://doi.org/10.1371/journal.pntd.0008575.g005
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Fig 6. Estimation of parasite burden in the spleen and liver of the experimental group of animals: (A) Liver and

(B) Spleen. Total parasite load in liver and spleen was estimated by the microscopic evaluation of Giemsa stained

tissue from the corresponding organs and is expressed in LDU (Leishman-Donovan) units; where LDU = number of

amastigote per nucleated cell x organ weight in milligram. The results are the mean±SD of 5animals per group and

unpaired two-tailed Student’s t-test was performed to determine the levels of significance indicated by P values.

Treatment with (+) and without (-) suramin is indicated in the box below. At a dose of 20mg/kg/day (twice a week for

15 days) there are significant reductions in the hepatic (A) and splenic (B) parasitic loads respectively.

https://doi.org/10.1371/journal.pntd.0008575.g006

Fig 7. In vivo generation of (A) ROS and (B) NO (C) Semiquantitative RT-PCR ofiNOS, Granzyme-B, Perforin

and (D) T-cell proliferation assay for all the experimental group of BALB/c mice. Results are averaged (mean±SD)

over 5 animals per group (Normal, ONLY TRE, INF and INF+TRE in the boxes below) and unpaired two-tailed

Student’s t-test performed to indicate levels of significance by P values with statistical insignificance denoted by NS.OD

represents optical density A)ROS and B) NO production were estimated with the probe H2DCFDA and the Griess

reagent respectively and both are upregulated in INF+TRE relative to other groups.C)mRNAexpression levels of iNOS,

Granzyme-B andPerforin from the splenocytes from the different mice groups were measured by semi quantitative RT

PCR utilising specific primers and expressed as a ratio to GAPDH mRNA levels. Densitometric data are plotted for

graphical reorientations and all the three genes exhibit significantly elevated expression levels in the suramin treated

INF+TRE group.D)T cell proliferation was estimated after stimulation of splenocytes either with SLA (5 μg/ml) or with

non-specific mitogen ConA(5 μg/ml) followed by an MTT assay and the data suggests that the splenocytes of suramin

treated (INF+TRE) stimulated with SLA promotes the expansion of antileishmanial T cell repertoire relative to

controls.

https://doi.org/10.1371/journal.pntd.0008575.g007
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compared to infected (INF) group (Fig 7D). To further confirm that the suraminmediated pro-

liferative response of splenocytes is primarily contributed by T cells, splenic CD4+ and CD8+T

cell populations were estimated. The expression levels ofbothCD4+ and CD8+ T cells were

upregulated in the INF+TRE group compared to the corresponding INF group(S2 Fig).

Expression levels of granzyme-B and perforin were also enhanced in the INF+TRE group (S1

Fig, Fig 7C). Hence,suramincould possiblyactivate the CD4+ T-cells while elevated expression

levels of perforin and granzyme-B appear to indicate the supportive protection of the hostvia

CD8+ T cells, in the INF+TRE group of animals.

Next, TH1 (IFN-γ, TNF-α, IL-12) and TH2 (IL-10, TGF-β) cytokine responses were investi-

gated by ELISA to evaluate the immunological response associated with suramin treatment.

The enhanced level of TH1 cytokine in suramin-treated mice was manifest with higher IFN-γ
secretion (approximately 3.3 fold) in (INF+TRE), relative to (INF)(Fig 8A). The increased

level of IFN-γ production was also in correspondence with the upregulation of other pro-

inflammatory cytokines such as of TNF-α and IL-12. TNF-α and IL-12 responses in the INF

+TRE group were enhanced 4.2, 5.0 times respectively compared to the corresponding INF

(Fig 8B and 8C).

TH2 cytokines play a vital role in disease progression and immune suppression. Inhibition

in the production of some these cytokines indicates recovery from the disease [30]. Suramin-

treated animals (INF+TRE) exhibited about 3.1 fold decrease in IL-10 production (Fig 8D)

while a 3.5 fold drop in TGF-β levels was observed in the same group (Fig 8E), compared to

INF.

Earlier reports have confirmed that disease progression in leishmaniasis is associated with

altered levels of specific antileishmanial antibodies [31]. Immunoglobulins such as IgG1 and

IgG2a production can be used as surrogate markers for TH2 and TH1 cytokine responses

respectively and significant increase in IgG2a levels is generally held to be indicative of success-

ful immune response [32]. Estimation of IgG2a and IgG1 levels in the sera of all the animal

groups (Fig 9), exhibited a reduction in the level of IgG1 isotype for the INF+TRE group

Fig 8. Assessment of TH1 and TH2 cytokine productions in all the experimental group of animals (Normal, ONLY

TRE, INF,INF+TRE). TH1 and TH2 cytokine generation assayed by ELISA performed on the supernatants collected

from mice splenocytes pulsed with SLA, from the different groups (given in the boxes below the bar diagrams) for (A)

IFN-gamma (B) TNF-alpha, (C) IL-12, (D) IL-10, (E) TGF-betacytokine levels. Unpaired two-tailed Student’s t-test

was performed and levels of significance indicated by P values with NS denoting statistical insignificance. The results

show a significant increase of pro-inflamatory TH1 cytokines in INF+TRE relative to INF, with a decrease in TH2

cytokines indicative of recovery from infection.

https://doi.org/10.1371/journal.pntd.0008575.g008
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[P = 0.0012 at 10−1dilution)] while an increase in the IgG2a levels was observed for the same

group (P = 0.0008 at 10−3dilution) with respect to INF (Fig 9).

Characterization of protein-drug interaction

PGK-suramin interaction has been confirmed by ITC (Fig 10A).The figure shows a represen-

tative titration curve that fits well to a ‘single binding site’ model. A detailed listing of all ther-

modynamic parameters is given in Table 1. The dissociation constant (Kd) for the reaction

between PGK and suramin was estimated to be of 4.27μM at 25˚C, with favourable enthalpic

(ΔH: -6.11±0.26 kcalmol-1) and entropic (TΔS:0.277kcalmol-1) contributions. Survey of

Fig 9. Measurement of antileishmanial IgG1 and IgG2a antibody titers in different group of animals. Serum

samples from mice were used to estimate the levels of IgG1 and IgG2a respectively. The dilutions of sera 10−1, 10−2,

10−3 fold were used to analyze IgG1 and 10−3, 10−4, 10−5 fold were used to analyze IgG2a levels in all experimental

groups (Normal, ONLY TRE, INF, INF+TRE). Unpaired two-tailed Student’s t-test was performed and levels of

significance indicated by P values with NS denoting insignificance. The experiment demonstrated an increase in the

IgG2a levels in INF +TRE with respect to other groups, generally indicative of successful immune response.

https://doi.org/10.1371/journal.pntd.0008575.g009

Fig 10. (A) PGK- suramin interaction studied by isothermal titration calorimetry (ITC). Thermogram obtained

from an ITC 200 Microcalorimeter at 298 K to estimate the binding of LmPGK and suramin in 25mM Tris-HCl

buffer. The corrected thermogram was analyzed using Levenberg-Marquardt non-linear least squares curve fitting

algorithm, Origin 7.0 software.Thestochiometry of LmPGK–suramin interaction was 1:1 with a dissociation constant

(Kd) of 4.27 μM, sustained by favourable entropic and enthalpic contributions.(B) Lineweaver–Burk e plots for

inhibition of LmPGK by suramin. A coupled assay at 25˚ C was used to assay LmPGK(10 nM) by uv-vis spectroscopy

wherein the product of LmPGK namely 1, 3–biphosphoglycerate was reduced by glyceraldehyde-3-phosphate

dehydrogenase (30 μg/ml) utilising NADH (0.5 mM). The formation of NAD+ was monitored at 340 nm. The reaction

was carried out in triethanolamine-HCl buffer (pH 7.6) with the substrate 3-phosphoglycerate concentration varying

from 250 μM -5 mM and suramin 5–15 μM (V denoting initial velocity and [S] substrate concentration). The kinetic

parameters and inhibition constant was determined from the initial velocity using Michaelis-Menten kinetics.A mixed

type of inhibition was observed with the Km, Vmax and inhibition constant being 322.87 μM, 72.7 μM/min and 8.7

±1.3 μM respectively. ((●) suramin concentration 15μM; (■) suramin concentration 10μM; (▲) suramin concentration

5μM; (♦) suramin concentration 0 μM.

https://doi.org/10.1371/journal.pntd.0008575.g010

PLOS NEGLECTED TROPICAL DISEASES Effect of suramin on visceral leishmaniasis

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008575 August 31, 2020 13 / 20

https://doi.org/10.1371/journal.pntd.0008575.g009
https://doi.org/10.1371/journal.pntd.0008575.g010
https://doi.org/10.1371/journal.pntd.0008575


suramin–protein (pyruvate kinase) interactions in a complex crystal structure (PDB

Code:3PP7) [33] reveals extensive hydrophobic stacking interactions of the naphthalene ring

coupled with hydrogen bonds involving the sulphur bound and carbonyl oxygens of the drug.

The entropic contribution could possibly arise due to the displacement of water molecules

from the binding site of the protein upon association with suramin.

The above observation was also substantiated by enzyme inhibition study which confirmed

the enzymatic inhibition of LmPGK by suramin (Fig 10B). The kinetic parameters Km, Vmax

for the enzymatic function of LmPGK with respect to its substrate 3- phosphoglycerate was

determined to be 322.87μM and 72.7μM/min respectively. A mixedtype of inhibition was

observed for suramin and the inhibition constant was determined to be 8.7±1.3μM as evalu-

ated from the Lineweaver–Burke plot. Thus, a good correlation was observed between the ITC

and enzymatic assay data with respect to thermodynamic parameters involving inhibition and

dissociation constants.

Discussion

Due to excessive costs involved in drug development, one strategyto identify novel therapeu-

tics would be to re-purpose clinically approved drugs as potential antileishmanials. Of the four

drugs (pentamidine, suramin, melarsoprol, and eflornithine) which currently constitute the

repertoire to combat human African trypanosomiasis (HAT) [34], pentamidinehas earlier

been used as a second line drug in the treatment of VL. In this work the efficacy of suramin as

a possible antileishmanial compound has been confirmed by in vitroand in vivo studies,specifi-

cally in BALB/c mice.TheLeishmanial infection pattern is based on the fact that the parasite

has adimorphological life cycle i.e. promastigote (the infective stage) and amastigote (the intra-

cellular stage). Upon attacking the host macrophage in the mammalian system, promastigotes

are internalised (into the macrophage) by phagocytosis and transform to amastigotes by invad-

ing the host protective immune response. The parasite then multiplies within the host macro-

phage and emerges from the host cell by the disruption of its cell membrane. The infection

cycle is then repeated on nearby cells by breaching their effective immune barriers wherethe

heightened TH2 immune response facilitates the immune evasion of the parasite. An effective

drug should ideally act simultaneously on both the intracellular and the extracellular forms of

the parasite. Our study reveals that suramin effectively induces cellular events characteristic of

apoptosis in the Leishmania parasite and successfully reduces the intracellular parasitic burden

in vivo by upregulating the host compromised TH1 immune response.

Experiments with AG83 promastigotes appear to indicate that apoptosis could be the mode

of cell death upon suramin treatment. The cellularsymptoms generally associated with apopto-

sis, which appear onsuramin exposure include DNA fragmentation, loss of mitochondrial

membrane potential Δψmand the increase of early apoptotic cells as a function of drug dosage.

Since suramin has been known to target parasitic enzymes involved in glycolysis, the present

study serves as another example, where inhibition of glycolytic ATP production coupled to

mitochondrial membrane depolarization could possibly lead to apoptotic cell mortality. In

cancer cells[35],a preferred mode of treatment involves glycolytic inhibition and consequent

Table 1. Thermodynamic parameters for the formation of LmPGK-suramin binary Complex by isothermal titration calorimetry (ITC).

System Temp

(K)

[drug/protein]

N

Ka�105

(M-1)

ΔH

kcalmol-1
TΔS

kcalmol-1
ΔG

kcalmol-1

Thermo

dynamic data

298 1.07±0.0346 2.34±0.25 -6.11±0.26 0.277 -6.387

https://doi.org/10.1371/journal.pntd.0008575.t001
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apoptosis by depriving the cells of ATP. Generally, for such cells mitochondrial respiratory

dysfunction leads to the rapid dephosphorylation of the (anti apoptotic and glycolysis-apopto-

sis integrating) BAD protein, relocalization of the BAX molecule to the mitochondria and

almost inevitable cell death[35]. In Leishmania much remains to be known with regard to the

biochemical linkage between glycolysis and apoptosis. However, all three anti-leishmanialslu-

teolin [36], KalsomeTM10 (a liposomal formulation of amphotericin B)[37]and tafenoquine

[38], drastically reduce the intracellular pool of ATP and perturb mitochondrial integrity lead-

ing to increased ROS production, stimulation of caspase-like activity, cell cycle arrest, DNA

fragmentation and apoptosis. The most fundamental or at least universal event in every case is

the rapid drop in cellular ATP levels which could be achieved by alternative methods apart

from inhibiting the glycolytic pathway alone, such as in tafenoquine[38], where the disruption

of Leishmanial bioenergetics is by the inhibition of cytochrome c reductase (respiratory com-

plex III).

Thecurrent experiments involving BALB/c mice indicate that suramin plays a prominent

role in stimulating immune response against parasitic invasion. CD4+ TH cells mediate

immune response primarily through secreted cytokines and two subpopulations TH1 and TH2

of T helper cells can be distinguished based on their repertoire of these molecules[39]. In mice,

effective response to Leishmanial infection depends on the preferential activation of theTH1

cells (relative to TH2) and the correspondinghigh levels of associated cytokine IFN-γ [40,41].

In addition cytokine IL-12 has been identified as necessary for the expansion of CD4+ TH1

cells [42]. BALB/c mice display a high propensity of succumbing to the parasite as from an

early stage of infection there is a tendency of the immune response to be skewed in favour of

TH2[43]. Direct correlation has also been observed between the TH2 cytokine IL-10 and pro-

gression of VL pathogenesis [30]. The administration of suramin however, appears to consoli-

date TH1 activation, evident from a 3.3 fold increase in levels of IFN-γ (in INF+TRE relative to

INF) along with other TH1 cytokines TNF-α (4.2 fold) andIL-12 (5.0 fold). Asimultaneous

reduction in the levels of TH2 cytokines IL-10 (3.1 fold) and TGF-β (3.5 fold), were also

observed. In addition increase of IgG2a levels in the sera confirmed the decisive tilt in favour

of TH1 type immune response. A similar pattern was also observed for C57BL/6 mice infected

with a virulent strain of Trypanosoma cruzi, where suramin stimulated the immune system

increasing levels of IFN-γ, TFN-α and IgG2a [44]. Thus, the current study appears to confirm

that suramin facilitates switching the immunosuppressive humoral response to a host protec-

tive TH1 type associated with the strong generation of effector Leishmanicidal molecules.

In addition to the aggressive activity of CD4+THcells, CD8+cytotoxic T lymphocytes (CTLs)

could also play either a supporting or synergistic role in the neutralization of Leishmania para-

sites, as both cell populations were found to be upregulated (in INF+TRE) along with elevated

expression levels of perforin and granzyme-B. As is well known upon exocytosis from CTLs,

perforin mediates granzyme-B entry into the parasitic cell (by pore formation in its cell mem-

brane) and once inside, granzyme-B initiates a cascade of reactions finally resulting in the

DNA fragmentation of the target cell[45].

There is a mass of evidence in the literature which demonstrates that suramin is highly pro-

miscuous in its choice of targets thereby exhibiting a broad spectrum of clinical effects[46,47].

It has been shown to inhibit with varying degrees all the seven glycolytic enzymes in T. brucei
localized in the glycosomes[48] andits crystal structure complexed with pyruvate kinase (from

T. cruzi) revealed the association of a single drug molecule at the ATP/ADP binding site of the

enzyme (by virtue of its poly sulphonate groups)[33]. In additionsuramin has been known to

inhibitphosphogluconate dehydrogenase of the pentose phosphate pathway [34].Suramin

inhibits both the glycosomal (Kiapp = 8.0 μM) and cytoplasmic (Kiapp = 20.0 μM) isoforms of

phosphoglycerate kinase (PGK) in T. brucei, competitively with respect to the substrate (3
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phosphoglycerate),two drug molecules binding to each protein [9]. In this work drug bindin-

gandinhibition of cytosolic phosphoglycerate kinase from L. major (Accession code

XP_001682765.1) has been estimated, which has a sequence identity of 97.1 and 72.1% with

respect to the homologous proteins from L. donovani(Accession code TPP45561.1) and T. bru-
cei (AAA32120.1) respectively. However, in this case the ITC data confirmed a 1:1 stoichiome-

try between the protein and the drug with a mixed type inhibition (Ki = 8.7 μM),indicating

that suramin can bind to the LmPGK irrespective of the (bound) presence or absence of the

substrate (3 phosphoglycerate), though with different affinities for both states[29].

One disadvantage in the field application of suramin lies in the fact that the effective admin-

istration of the drug is only by intravenous injections at a dose of 20mg/kg (spread over a

month), as the drug is poorly absorbed in the intestines and intramuscular administration

leads to irritation at the site of injection[49]. The exclusive use of intravenous injections for

suramin might create logistic problems for drug administration at remote locations. Excessive

build up of suramin concentration in the blood stream also leads to toxic side effects (such as

fatigue, neuropathy, anaemia etc.) as the long half-life of the drug (about 50 days) ensures that

it is retained in the body for weeks at a time[34]. However, the toxicity profile of suramin is by

and large completely understood given its long usage in the field for HAT, and its intraperito-

neal mouse acute toxicity (LD50) is confirmed to be 750 mg/kg (in the ‘Material Safety Data

Sheet’ provided by Sigma Aldrich, USA along with the drug).

One fruitful area of research could be to study the synergistic combination of suramin with

other drugs. The synergistic combination of drugs (if proven successful) leads to the lowering

of costs, reduction in dosage, enhancement in healing rates and reduces the emergence of

resistant strains (when compared to monotherapy). Combination drug therapy with suramin

and eflornithine or DFMO (DL-α-difuoromethylornithine) was found to be effective against

acute (Stage II) T.b. Rhodesienseinfection in murine models[50]. Previous work in our labora-

tory also noted the in vitro synergism between suramin and paromomycin [8] (which is cur-

rently used as an antileishmanial in the field). Thus, in conclusion there is a possibility that

suramin could be included in the repertoire of antileishmanial drugs and could prove useful in

a major outbreak of VL.
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