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Abstract

Six dietary isothiocyanates (ITCs), allyl-ITC (AITC), benzyl-ITC (BITC), phenylethyl-ITC (PEITC), sulforaphane (SFN), erucin (ERN) and iberin (IBN), were tested for their trypanocidal activities in vitro using culture-adapted bloodstream forms of Trypanosoma brucei.  All ITCs showed a dose-dependent effect on the growth of trypanosomes.  Five compounds displayed minimum inhibitory concentration (MIC) values of 10 µM and 50% growth inhibition (GI50) values of around 1.5 µM while AITC exhibited values of 100 and 11 µM, respectively.  The compounds showed similar cytotoxic activities against human HL-60 cells with GI50 values of 1-4 μM and MIC values of 10-100 μM.  Short-term experiments revealed that, with the exception of AITC, ITCs at a concentration of 10 µM kill trypanosomes within 1-4 h of incubation.  In contrast, HL-60 cells were not affected by any of the compounds in short-term incubation experiments.  SFN, the most intensively studied ITC, was also investigated for its in vivo trypanocidal activity.  However, administration of 50 mg/kg SFN orally or intraperitoneally for four days had no effect on the parasitaemia in mice infected with T. brucei compared to control animals treated with vehicle alone.
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African trypanosomes are the causative agent of nagana pest in cattle and sleeping sickness in humans [1].  Both diseases occur in sub-Saharan Africa between 14° North and 20° South latitude and are transmitted by the bite of infected insect vectors (tsetse flies) [1].  Millions of people and cattle are at risk of contracting sleeping sickness and nagana pest, respectively [2,3].  Moreover, nagana pest hampers livestock breeding in the affected areas costing the African economies over 1 billion USD per year [3].  For the treatment of African trypanosomiasis, only a few drugs are available, most of which are outdated [4].  All of these therapies have poor efficacy, display significant toxicity and show increasing problems with drug resistance [4,5].  In addition, most of these drugs have to be administered by injection or infusion which makes the treatment difficult and labour-intensive [4,5].  Thus, there is an urgent need for the development of oral drugs for the therapy of African trypanosomiasis.
Phytochemicals have been used as drugs for the treatment of illnesses for millennia and a considerable number of natural products have been shown to inhibit the growth of African trypanosomes [6].  Isothiocyanates (ITCs), a group of naturally occurring compounds found in cruciferous vegetables such as broccoli, cabbage, radish and watercress, have been found to inhibit the growth of tumour cells [7].  However, agents with anti-cancer activity are usually also active against African trypanosomes.  For example, topoisomerase and proteasome inhibitors including approved anti-cancer drugs have been shown to display promising trypanocidal activity [8-10].  Importantly, phytochemicals including ITCs are orally bioavailable compounds and, therefore, ideal drug candidates for the development of oral treatment regimens for African trypanosomiasis.  In this study, we investigated the trypanocidal activity of six dietary ITCs, allyl-ITC (3-isothiocyanatoprop-1-ene; AITC), benzyl-ITC (isothiocyanatomethylbenzene; BITC), phenylethyl-ITC (2-isothiocyanatoethylbenzene; PEITC), sulforaphane (1-isothiocyanato-4-methylsulfinyl-butane; SFN), erucin (1-isothiocyanato-4-methylsulfanyl-butane; ERN) and iberin (1-isothiocyanato-3-methylsulfinyl-propane; IBN) (Fig. 1).
The anti-trypanosomal activity of ITCs was determined with bloodstream forms of T. brucei while the general cytotoxicity of the compounds was evaluated with human HL-60 cells.  All ITCs showed a dose-dependent effect on the inhibition of proliferation of the growth of trypanosomes in cell culture (Fig. 2A).  Five ITCs displayed MIC (minimum inhibitory concentration, i.e., that concentration of the compounds at which all cells were killed) values of 10 µM and GI50 (50% growth inhibition, i.e., that concentration of a compound necessary to reduce the growth rate of cells by 50% to that of controls) values between 1.41 to 1.72 µM (Table 1).  Only AITC exhibited higher MIC and GI50 values of 100 µM and 11 µM, respectively (Table 1).  All ITCs displayed similar activity towards human HL-60 cells with MIC values of 100 µM (except BITC which had an MIC of 10 µM) and GI50 values ranging between 0.99 to 2.70 µM (Fig. 2B and Table 1).  The observed antiproliferative activities of the six ITCs against HL-60 cells are in good agreement with previously reported findings [11].  As the cytotoxic and trypanocidal activities of the ITCs were not much different, their selectivity indices (MIC and GI50 ratios) are found to be in an unfavourable range (Table 1) for consideration for further development.  In contrast, drugs used for treatment of African trypanosomiasis have much higher selectivity indices.  For example, the reference drug suramin has MIC and GI50 ratios of >100 and >3125, respectively (Table 1).
Next, the rate at which the different ITCs kill bloodstream forms of T. brucei was investigated.  To this end, trypanosomes were incubated with 10 µM ITC, the concentration (MIC value) at which all parasites were killed by ITCs except for AITC.  The viability of the parasites was monitored with the vital dye resazurin over a time period of seven hours.  BITC and PEITC killed trypanosomes within 1 h, ERN within 3 h and SFN and IBN within 4 h (Fig. 3A).  As expected, AITC at a concentration of 10 µM did not kill trypanosomes (MIC value = 100 µM) but slowed down the metabolism of resazurin over time compared to control parasites.  In contrast, under the same experimental conditions the viability of HL-60 cells was not affected by ITCs (Fig. 3B).
Whereas the growth inhibition experiment did not show any correlation between structure and trypanocidal activity of the ITCs, the short time assay revealed some structure-activity relationship.  ITCs with an aromatic side chain killed trypanosomes much faster than ITSs with an alkylthioalkyl side chain.  This structure-activity correlates well with the hydrophobicity of the compounds.  For instance, the log P values for BITC, PEITC, ERN, SFN and IBN are 2.79, 3.08, 2.60, 0.22 and -0.30, respectively. The ineffectiveness of AITC (log P = 1.80) may be due to its instability in aqueous solutions at elevated temperature [12].
The fact that ITCs at 10 µM kill bloodstream forms of T. brucei quickly (this study) and that a single oral dose of SFN at 26.6 mg/kg results in peak plasma levels of 15.2 µM in rats [13] prompted us to check whether this class of phytochemicals showed any trypanocidal effect in vivo.  To this end, mice infected with the monomorphic T. brucei clone S427 [14] were treated with 50 mg/kg SFN on days 3 to 6 post infection orally or intraperitoneally.  Mice dosed orally with SFN tolerated the compound very well, although this may simply be a consequence of poor bioavailability as oral pharmacokinetics in mouse has not been assessed.  In contrast, mice dosed intraperitoneally with the phytochemical showed signs of toxicity after the first dose.  However, no suppression of parasitaemia was observed with both dose regimens compared to control animals treated with vehicle alone (data not shown).  On the other hand, mice treated intraperitoneally with a single dose of 40 mg/kg berenil (positive control) went to full cure.  The lack of in vivo efficacy of SFN may be explained by the fact that ITCs are quickly (within 15 min) interconverted into thioconjugates (N-acetylcysteine adducts) via the mercapturic acid metabolic pathway [15].
This study has demonstrated that ITCs display trypanocidal activity and kill bloodstream forms of T. brucei in vitro within hours.  The latter finding indicates that the ITCs’ mode of action of trypanocidal activity differs from that of cytotoxic activity.  Whereas ITCs inhibits the proliferation of cancer cells through the induction of cell cycle arrest and/or apoptosis [16], the mechanism of growth inhibition of trypanosomes remains to be determined.  Future work has to show whether ITCs can be used as leads for the development of novel anti-trypanosomal drugs.  Selectivity may be of concern, however, compared with non-malignant cells, the cytotoxicity of ITCs determined for HL-60 cells are likely to be overestimated as for example has been recently shown for the ionophore salinomycin [17].

Materials and Methods
Reagents:  AITC (purity 95% (GC)) BITC (purity 99% (GC)), PEITC (purity 99% (GC)) were purchased from Sigma-Aldrich (Dorset, UK).  SFN (purity 98% (GC)), ERN (purity 99% (GC)) and IBN (purity 99% (GC)) were bought from Enzo Life Sciences (Exeter, UK).  Suramin (purity 99% (TLC)) and berenil (purity ≥90% (TLC)) were used as trypanocidal reference drugs in cytotoxic assays and animal studies, respectively, and were purchased from Sigma-Aldrich (Dorset, UK).  The stated purities and analytic methods used are according the Certificate of Analysis provided by the suppliers.
Cell culture:  Bloodstream forms of T. brucei clone 427-221a [14] and human myeloid leukaemia HL-60 cells [18] were grown in Baltz medium [19] and RPMI 1640 medium [20], respectively.  Both media were supplemented with 16.7% heat-inactivated foetal calf serum.  Trypanosomes and HL-60 cells were cultured at 37°C in a humidified atmosphere containing 5% CO2.
In vitro toxicity assays:  Cytotoxicity assays were performed as previously described [21].  In brief, cells were seeded in 24-well plates in a final volume of 1 mL with appropriate culture medium containing 10-fold serial dilutions of ITCs (10-4 to 10-9 M) dissolved in 100% DMSO.  Controls contained DMSO alone.  In all experiments, the final DMSO concentration was 1%.  The seeding densities were 104/mL trypanosomes and 105/mL HL-60 cells.  After 48 h of incubation, live cells were counted using an improved Neubauer haemocytometer.  The viability of HL-60 cells was determined by Trypan Blue exclusion.  GI50 values were estimated using the 4-parameter logistic model [22].  MIC values were determined microscopically by inspecting each well thoroughly for the presence of any motile trypanosomes or unlysed HL-60 cells.
For short time cytotoxic effects, cells were incubated with 10 µM ITCs at a density of 5 × 106/mL (trypanosomes) and 3 × 105/mL (HL-60 cells), respectively, in 96-well plates in appropriate medium in the presence of 44 µM resazurin as vital dye.  Every hour over a time period of seven hours, the plates were read on a microplate reader using a test wavelength of 570 nm and a reference wavelength of 630 nm.
Treatment of T. brucei-infected mice:  Female NMRI mice were intraperitoneally infected with 1 × 104 bloodstream forms of T. brucei clone S427 [14].  On day 3 p.i., mice were treated orally or intraperitoneally with SFN at a dosage of 50 mg/kg once daily for 4 days.  The dose solution was prepared daily using 10% DMSO, 60% PEG400 and 30% MilliQ water as vehicle.  Infected mice treated with vehicle alone served as controls.  Parasitaemia was determined microscopically from day 3 p.i. onwards daily as described previously [23].  All animal procedures were carried out in accordance with the Animal (Scientific Procedures) Act 1986 and the Specified Animal Pathogen Order 1998.  The efficacy protocol was reviewed by the Ethical Review Committee of the University of Dundee and run under the Home Office Licence No. PPP 60/4039, issued 22nd of September 2009.

Conflict of Interest
The authors report no conflicts of interest.

References
	1	Steverding D. The history of African trypanosomiasis. Parasit Vectors 2008; 1: 3
	2	WHO. Trypanosomiasis, Human African (sleeping sickness). World Health Organ Fact Sheet 2013; 259. Available at http://www.who.int/mediacentre/factsheets/fs259/en/. Accessed October 10, 2013
	3	Kristjanson PM, Swallow BM, Rowlands GJ, Kruska RL, de Leeuw PN. Measuring the costs of African animal trypanosomiasis, the potential benefits of control and returns to research. Agr Sys 1999; 59: 79-98
	4	Delespaux V, de Koning HP. Drugs and drug resistance in African trypanosomiasis. Drug Resist Updat 2007; 10: 30-50
	5	Matovu E, Seebeck T, Enyaru JC, Kaminsky R. Drug resistance in Trypanosoma brucei spp., the causative agents of sleeping sickness in man and nagana in cattle. Microbes Infect 2001; 3: 763-770
	6	Hannaert V. Sleeping sickness pathogen (Trypanosoma brucei) and natural products: therapeutic targets and screening systems. Planta Med 2011; 77: 586-597
	7	Zhang Y, Yao S, Li J. Vegetable-derived isothiocyanates: anti-proliferative activity and mechanism of action. Proc Nutr Soc 2006; 65: 68-75
	8	Deterding A, Dungey FA, Thompson KA, Steverding D. Anti-trypanosomal activities of DNA topoisomerase inhibitors. Acta Trop 2005; 93: 311-316
	9	Nkemgu-Njinkeng J, Rosenkranz V, Wink M, Steverding D. Antitrypanosomal activities of proteasome inhibitors. Antimicrob Agents Chemother 2002; 46: 2038-2040
	10	Steverding D, Wang X. Trypanocidal activity of the proteasome inhibitor and anti-cancer drug bortezomib. Parasit Vectors 2009; 2: 29
	11	Jakubikova J, Bao Y, Sedlak J. Isothiocyanates induce cell cycle arrest, apoptosis and mitochondrial potential depolarization in HL-60 and multidrug-resistant cell lines. Anticancer Res 2005; 25: 3375-3386
	12	Ohta Y, Takatani K, Kawakishi S. Decomposition rate of allyl isothiocyanate in aqueous solution. Biosci Biotech Biochem 1995; 59: 102-103
	13	Veeranki OL, Bhattacharya A, Marshall JR, Zhang Y. Organ-specific exposure and response to sulforaphane, a key chemopreventive ingredient in broccoli: implication for cancer prevention. Br J Nurt 2013; 109: 25-32
	14	Hirumi H, Hirumi K, Doyle JJ, Cross GAM. In vitro cloning of animal-infective bloodstream forms of Trypanosoma brucei. Parasitology 1980; 80: 371-382
	15	Saha S, Hollands W, Teucher B, Needs PW, Narbad A, Ortori CA, Barrett DA, Rossiter JT, Mithen RF, Kroon PA. Isothiocyanate concentrations and interconversion of sulforaphane to erucin in human subjects after consumption of commercial frozen broccoli compared to fresh broccoli. Mol Nutr Food Res 2012; 56: 1906-1916
	16	Gamet-Pyrastre L. Signaling pathways and intracellular targets of sulforaphane mediating cell cycle arrest and apoptosis. Curr Cancer Drug Targets 2006; 6: 135-145
	17	Steverding D, Sexton DW. Trypanocidal activity of salinomycin is due to sodium influx followed by cell swelling. Parasit Vectors 2013; 6: 78
	18	Collins SR, Gallo RC, Gallagher RE. Continuous growth and differentiation of human myeloid leukaemic cells in suspension cultures. Nature 1997; 270: 347-349
	19	Baltz T, Baltz D, Giroud C, Crockett J. Cultivation in a semi-defined medium of animal infective forms of Trypanosoma brucei, T. equiperdum, T. evansi, T. rhodesiense and T. gambiense. EMBO J 1985; 4: 1273-1277
	20	Moore GE, Gerner RE, Franklin HA. Culture of normal human leukocytes. J Am Med Assoc 1967; 199: 519-524
	21	Steverding D, Baldisserotto A, Wang X, Marastoni M. Trypanocidal activity of peptidyl vinyl ester derivatives selective for inhibition of mammalian proteasome trypsin-like activity. Exp Parasitol 2011; 128: 444-447
	22	Sebaugh JL. Guidelines for accurate EC50/IC50 estimation. Pharm Stat 2011; 10: 128-134
	23	Herbert WJ, Lumsden WHR. Trypanosoma brucei: a rapid “matching“ method for estimating the host’s parasitemia. Exp Parasitol 1976; 40: 427-431


Figure Legends

Fig. 1  Chemical structures of the six dietary ITCs investigated in this study.

Fig. 2  Effect of ITCs on the growth of bloodstream forms of T. brucei and human myeloid leukaemia HL-60 cells.  Trypanosomes (A) and HL-60 cells (B) were incubated with varying concentrations of AITC (open squares), BITC (open triangles), PEITC (open circles), SFN (closed squares), ERN (closed triangles), IBN (closed circles).  After 48 h of culture, living cells were counted using a haemocytometer.  The experiment was repeated three times and mean values are shown.

Fig. 3  Short-time effects of ITCs on the viability of bloodstream forms of T. brucei and human myeloid leukaemia HL-60 cells.  Trypanosomes (A) and HL-60 cells (B) were incubated with 10 µM of AITC (open squares), BITC (open triangles), PEITC (open circles), SFN (closed squares), ERN (closed triangles), IBN (closed circles) or DMSO alone (control, crosses) at a density of 5 × 106 and 3 × 105 cells/mL, respectively, in medium containing 44 µM of the vital dye resazurin.  Over a period of seven hours, the absorbance at 570 nm minus 630 nm was recorded hourly.  Mean values of three experiments are shown and standard deviations ranged between 1-47%.
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Table 1  Bioactivity of ITCs and suramin against T. brucei bloodstream forms and HL-60 cells.

	Compound
	T. brucei
	
	HL-60
	
	Selectivity
	

	
	MIC (µM)a
	GI50 (µM)b
	MIC (µM)a
	GI50 (µM)b
	MIC ratioc
	GI50 ratiod

	AITC
	100
	11.0±2.7
	100
	3.93±1.40
	1
	0.4

	BITC
	10
	1.41±0.23
	10
	0.99±0.17
	1
	0.7

	PEITC
	10
	1.51±0.09
	100
	1.19±0.44
	10
	0.8

	SFN
	10
	1.58±0.19
	100
	2.70±0.59
	10
	1.7

	IBN
	10
	1.58±0.10
	100
	2.08±0.61
	10
	1.3

	ERN
	10
	1.72±0.13
	100
	2.56±0.27
	10
	1.5

	Suramine
	1
	0.032±0.005
	>100
	>100f
	>100
	>3124


a Data shown are mean values of three independent experiments; b data shown are mean values ± SD of three independent experiments; c defined as MIC(HL-60)/MIC(T. brucei); d defined as GI50(HL-60)/GI50(T. brucei); e reference control; f growth inhibition at 100 µM (the highest concentration tested) was 18.7±4.7%
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