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Background and aim: African trypanosomiasis poses serious health and economic concerns to humans
and livestock in several sub-Saharan African countries. The aim of the present study was to identify the
antitrypanosomal compounds from B. pilosa (whole plant) through a bioactivity-guided isolation and
investigate the in vitro effects and mechanisms of action against Trypanosoma brucei (T. brucei).
Experimental procedure: Crude extracts and fractions were prepared from air-dried pulverized plant
material of B. pilosa using the modified Kupchan method of solvent partitioning. The antitrypanosomal
activities of the fractions were determined through cell viability analysis. Effects of fractions on cell death
and cell cycle of T. brucei were determined using flow cytometry, while fluorescence microscopy was
used to investigate alterations in cell morphology and distribution.
Results and conclusion: The solvent partitioning dichloromethane (BPFD) and methanol (BPFM) fractions
of B. pilosa exhibited significant activities against T. brucei with respective half-maximal inhibitory
concentrations (IC50s) of 3.29 mg/ml and 5.86 mg/ml and resulted in the formation of clumpy subpopu-
lation of T. brucei cells. Butyl (compound 1) and propyl (compound 2) esters of tryptophan were iden-
tified as the major antitrypanosomal compounds of B. pilosa. Compounds 1 and 2 exhibited significant
antitrypanosomal effects with respective IC50 values of 0.66 and 1.46 mg/ml. At the IC50 values, both
compounds significantly inhibited the cell cycle of T. brucei at the G0-G1 phase while causing an increase
in G2-M phase. The results suggest that tryptophan esters may possess useful chemotherapeutic prop-
erties for the control of African trypanosomiasis.
© 2021 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
t); AT, African trypanosomiasis; HAT, Human African trypanosomiasis; AAT, Animal African trypanosomiasis; BPC, crude
B. pilosa; BPFM, methanol fraction B. pilosa; BPWB, water-butanol fraction of B. pilosa; BPFH, hexane fraction of B. pilosa.
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1. Introduction

African trypanosomiasis (AT) is a tsetse-transmitted disease of
humans (Human African trypanosomiasis, HAT) and animals (An-
imal African trypanosomiasis, AAT), caused by parasitic protozoans
of the genus and family Trypanosoma and Trypanosomatidae
respectively. HAT afflicts an estimated 70 million population in
several sub-Saharan African countries.1 In addition, AAT affects
millions of people living in sub-Saharan Africa as this animal dis-
ease impairs livestock breeding and can lead to considerable losses
in productivity of livestock and economy. Moreover, AAT, which
continues to threaten the lives of several million herds of cattle
every year, needs new approaches to combat the disease.2

Vaccine development for AT is beset with various challenges,
part of which is due to the several immune evasion strategies
adopted by the parasite.3 Chemotherapy, which is the most
economically viable option,4,5 faces challenges of drug resistance,
adverse side effects, and difficulty in regimen application.6e9

Coupled with the fact that more than half of the world popula-
tion depends on traditional medicinal products,10 natural products
from plants may provide an alternative source of viable
chemotherapy.

Bidens is a genus of mostly annual or perennial herbaceous
plants that belongs to the family of Asteraceae with at least 200
species.11 Bidens pilosa L. (B. pilosa), probably the most studied
species of the genus, is a glaborous or hairy plant traditionally
considered to be of an important medicinal, nutritional and eth-
nomedical relevance.12 Even though South America may be
considered as the original source, the species may be found in
different parts of Africa, America, Polynesia, Europe and Asia.13 Due
to its invasive, fast-growing and prolific nature, the species may
also be considered a weed.14 Moreover, several pharmacological
properties such as antidiabetic, anticancer, anti-inflammatory,
antioxidant, immunomodulatory, antibacterial and antimalarial
activities have been reported on extracts and isolated agents of
B. pilosa.12 Many secondary metabolites including aliphatics, fla-
vonoids, phenyl propanoids, aromatics and porphyrins that have
been isolated from B. pilosa may thus be largely responsible for its
diverse pharmacological properties.12,15

Extracts of B. pilosa were reported to exhibit in vitro and in vivo
activities against Trypanosoma brucei (T. brucei).16,17 However, the
mechanisms of antitrypanosomal action of the plant was not inves-
tigated. Insights into the effects andmechanisms of action of B. pilosa
may promote the development of novel antitrypanosomal drugs
through which challenges associated with currently available anti-
trypanosomal drugs could be overcome. The aim of the present study
was thus to identify the active fractions of the Ghanaian species of
B. pilosa (whole plant), as well as to determine their effects and
mechanismsofactionusingapanelof selectedcell biologicalmethods.

2. Materials and methods

2.1. Culture of parasites and human cell lines

Blood stream forms of T. brucei (GUTat 3.1 strains) and Jurkat
cells were cultured in vitro to the logarithm phase using Hirumi's
Modified Iscove's Medium (HMI9, Thermo Fisher Scientific) with
10% foetal bovine serum (Thermo Fisher Scientific) at 5% CO2 and
37 �C. Chang liver (HeLa derivative) cell lines were cultured in vitro
to the logarithm phase using Minimum Essential Medium (MEM,
Thermo Fisher Scientific) with 10% foetal bovine serum at 5% CO2
and 37 �C. Macrophages (RAW 264.7 cell lines) were cultivated
in vitro to the logarithm phase using Dulbecco's Modified Eagle
Media (DMEM, Thermo Fisher Scientific) with 10% foetal bovine
serum at 5% CO2 and 37 �C.
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2.2. Crude extraction and fractionation of plants

The whole plant of B. pilosawas collected from the arboretum of
the Center for Plant Medicine Research (CPMR), Mampong-
Akuapem, Ghana. The plant was authenticated and given the
voucher specimen number CPMR 4123/4124/4125. Crude extracts
and fractions were prepared from the air-dried pulverized plant
material using a modified version of the Kupchan method of sol-
vent extraction,18 as illustrated schematically in Supplementary
Fig. S1. Briefly, the pulverized air-dried plant material was soaked
in absolute dichloromethane and left to percolate at room tem-
perature for 1 week. The dichloromethane extracts were decanted
and filtered through a mixture of cotton and glass wool. The plant
material was then soaked in absolute methanol for another week
after which the methanol extract was also decanted and filtered.
The methanol and dichloromethane extracts were combined and
dried under vacuumwith a Heidolph Rotavap (40 �C, 1 atm) to give
the total crude extract (TCE). The TCE was suspended in water and
extracted three times with absolute dichloromethane. The
remaining aqueous layer was then extracted once with absolute
sec-butanol and the butanol fraction was dried under vacuum to
produce the water-butanol (WB) fraction. The dichloromethane
layer was dried under vacuum and the extract was suspended in a
1:9 mixture of water and methanol. This fraction was then
extracted three times with absolute hexane after which the hexane
layer was dried under vacuum to give the hexane (FH) fraction. The
remaining 1:9 mixture of water and methanol layer was phase
adjusted to a 1:1 mixture, extracted three times with dichloro-
methane and dried under vacuum to give the dichloromethane (FD)
fraction. The 1:1 water-methanol layer was also dried under vac-
uum to give the FM fraction.

2.3. Chromatographic and spectrometric analysis

Analytical normal phase silica-coated thin layer chromatog-
raphy (TLC) was repeatedly run on both Kupchan and gravity col-
umn fractions to estimate the levels of polarity and purity of all
fractions, as well as to determine the appropriate solvent systems
for silica gel gravity column chromatography. The solvent systems
used in TLCs were selected based on the specific Kupchan fractions
(FH, FD, FM, and WB) under investigation. For the FD and FM
fractions, the solvents used were ethylacetate, dichloromethane,
hexane and occasionally methanol to facilitate the movement of
highly polar compounds on normal phase. The data obtained from
TLC runs were used to set up gravity column chromatography.
Apart from observing TLC plates under both long (365 nm) and
short (254 nm) UV wavelengths, phytochemical screening of TLC
spots was conducted using a number of reagents such as iodine,
ninhydrin, Dragendorff and antimony (III) chloride. For the ninhy-
drin and antimony (III) chloride tests, TLC spots were developed in
10% H2SO4 with heating at 110 �C. Appropriate solvent systems for
silica gel gravity column chromatography were selected following
successful TLC runs. Silica gel gravity column chromatography was
used for further purification of plant extracts following Kupchan
solvent partitioning. The column used for this chromatographic
step was 120 cm long and 2.5 cm wide with ethyl acetate, hexane
and methanol routinely used as mobile phases. Briefly, the meth-
anol fraction (FM) obtained from Kupchan solvent partitioning was
loaded on a glass column containing silica gel packed to the 80 cm
mark. The column was subjected to gradient elution using a
mixture of n-hexane and ethyl acetate (90/10, 80/20, 70/30, 60/40,
50/50, 40/60, 30/70, 20/80, and 0/100). The remaining compounds
on the silica column were then flushed out using 100% methanol.

Semi-preparative HPLC purifications were carried out using a
Phenomenex Luna reverse-phase (C18 250 � 10 mm, L � i.d.)



Table 1
Effect of Kupchan fractions on cell viability of T. brucei, Chang and Jurkat cells.

FRACTIONS MEAN IC50 ± SEM (mg/mL) SI

T. brucei Jurkat Chang liver Jurkat Chang liver

BPC 6.72 ± 0.04 NA NA NA NA
BPFD 3.29 ± 0.03 9.57 ± 0.10 115.45 ± 0.05 2.91 35.09
BPFH 6.64 ± 0.05 NA NA NA NA
BPFM 5.86 ± 0.04 16.52 ± 0.03 147.10 ± 0.03 2.82 25.10
BPWB 12.97 ± 0.12 NA NA NA NA
DA 0.57 ± 0.15 NA 37.52 ± 0.02 NA 65.83
DX NA 0.30 ± 0.25 141.52 ± 0.03 NA NA

Mean IC50 values and standard errors of the mean (SEM) were calculated from three
distinct experiments. SI was calculated as the ratio of IC50 in Jurkat or Chang liver
cells to the IC50 in T. brucei. BP¼ B. pilosa L., whole plant; BPC ¼ crude extract of BP;
FD ¼ Dichloromethane fraction; FM ¼ methanol fraction; WB ¼ water-butanol
fraction; FH ¼ hexane fraction; DA ¼ Diminazene aceturate, (antitrypanosomal
drug); DX ¼ Doxorubicin, (antileukaemia drug); SI ¼ selectivity index; NA¼Not
applicable (based on activities against T. brucei, only BPFD and BPFM were further
investigated for their effects on Chang and Jurkat cells); DA and DX were used as
positive controls.
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column connected to a Waters 1525 Binary HPLC pump chro-
matograph with a 2998 photodiode array detector (PDA), column
heater, and in-line degasser. Detection was achieved on-line
through a scan of wavelengths from 200 to 400 nm, using a sol-
vent system of A ¼ 80/20 (H2O/CH3CN) and B ¼ 95/5 (CH3CN/H2O)
in 30min and held in 100% CH3CN for 20min. About 3.5 and 3.2mg,
respectively, of compounds 1 and 2 were obtained after 48 h
injections.

Gas chromatography-mass spectrometric (GC-MS) analysis was
performed using a PerkinElmer GC Clarus 580 Gas Chromatograph
interfaced to a Mass Spectrometer PerkinElmer (Clarus SQ 8S)
equipped with Elite-5MS (5% diphenyl/95% dimethyl polysiloxane)
fused to a capillary column (L � I.D. 30 m � 0.25 mm, df 0.25 mm).
The oven temperature was programmed from 40 �C with an in-
crease of 3 �C/min to 90 �C, then 10 �C/min to 240 �C and holding for
15 min at 240 �C. For GC-MS detection, an electron ionization
system was operated in electron impact mode with ionization en-
ergy of 70 eV. Helium gas (99.999%) was used as a carrier gas at a
constant flow rate of 1 ml/min and an injection volume of 1 mL. The
injector temperature was maintained at 250 �C with an ion-source
temperature of 150 �C. Mass spectrum was taken at 70 eV with a
scan interval of 0.1 s and fragments from 45 to 450 Da. The solvent
delay was 0e2 min. The total GC-MS running time was approxi-
mately 40 min. The mass-detector used in this analysis was a Per-
kinElmer TurboMass and the software adopted was a TurboMass
version 6.1.0. Interpretation of mass spectra was carried out using
the database of National Institute of Standard and Technology
(NIST) with at least 62,000 patterns.

2.4. Analysis of cell viability and cytotoxicity

Determination of cell viability was based on a colorimetric
analysis involving resazurin19. For T. b. brucei and Jurkat, cells were
seeded at a density of 3.0 � 105 cells/ml on 96-well plates in a two-
fold dilution of fractions or compounds. RAW 264.7 and Chang liver
(HeLa derivative) cell lines were plated at a density of
3.0 � 105 cells/ml for 48 h to allow for sufficient adherence to
plates. For all cell types, fractions or compounds were incubated in
a two-fold dilution with resazurin (10% V/V) for another 24 h to
allow for a complete color development. All experiments were run
in triplicates. Spectrophotometric absorbance was recorded at a
wavelength of 570 nm. Diminazine aceturate (DA), a commercially
available antitrypanosomal drug, was used as a positive control.

2.5. Analysis of apoptosis and necrosis

Flow cytometry-based detection of apoptosis- and necrosis-like
cell death using annexin-V and 7-amino actinomycin-D was
employed.20 We followed the same procedures and protocols as
previously described.21 Parasites were seeded at a density of
3.0 � 105 cells/ml with or without fractions/compounds. Nexin
reagent containing annexin-V and 7-amino actinomycin-D was
used for the identification of apoptosis-like and necrosis-like cell
death as previously demonstrated.21 Data was generated as dot
plots with the guava easycyte HT flow cytometer. Five thousand
cells per sample were counted in each experiment.

2.6. Analysis of cell cycle

The cell cycle assay was based on a univariate analysis of DNA
content upon staining with propidium iodide.22 We followed the
same procedures as previously described.21 Parasites were seeded
at a density of 3.0 � 105 cells/ml with or without fractions/com-
pounds. Cells were washed in PBS and fixed in ethanol. Guava cell
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cycle reagent containing propidium iodide was used for the
detection and quantification of DNA as shown in our previous
study.21 Distribution of cells at distinct cell cycle phases was
measured with the BD LSFortessa X-20 flow cytometer. Five thou-
sand cells per sample were counted in each experiment.

2.7. Fluorescence microscopy

We followed the same procedures as established in our previous
report.21 Parasites were seeded at a density of 3.0 � 105 cells/ml
with or without fractions/compounds. Cells were fixed in para-
formaldehyde, washed appropriately and alternately in PBS and
PBST, before finally incubated in 4’, 6-diamidino-2-phenylindole
(DAPI) as described previously.21 Data was analysed with the Cell-
Sens standard imaging software and Adobe Photoshop CS6.

2.8. Statistical analysis

Data from cell viability assay was analysed with Graphpad Prism
version 5. The half-maximal inhibitory concentration (IC50) was
calculated as the concentration that caused a 50% reduction in cell
viability. IC50 values were calculated from a non-linear regression
model. Dot plots from cell death and cell cycle assayswere analysed
with the guavaSoft software 2.1 and BD FACSDiva 8.0.1 respectively.
Histograms for cell cycle were generated with FlowJo V10. Statis-
tical analysis of percentage counts was carried out with Graphpad
Prism version 5 using the unpaired t-test. P-values �0.05 were
considered to be significant.

3. Results

3.1. B. pilosa possesses selective antitrypanosomal potency

Fractions BPFH (B. pilosa, hexane fraction), BPFD (B. pilosa,
dichloromethane fraction), BPFM (B. pilosa, methanol fraction) and
BPWB (B. pilosa, water-butanol fraction) were prepared from the
whole plant of B. pilosa using a modified approach of the Kupchan
method of solvent extraction (Supplementary Fig. S1). The fractions
were tested for their antitrypanosomal activities in a 48-h cell
viability assay. BPFD and BPFM were the two fractions that dis-
played promising antitrypanosomal activities with IC50 values of
3.29 and 5.86 mg/ml, respectively (Table 1, Fig. S2). Jurkat (acute
lymphoblastic leukemia cells) and Chang liver cells (HeLa



Fig. 1. Effect of fractions BPFD and BPFM on induction of cell death in T. brucei.
A. Interaction between phycoerythrin-bound annexin-V protein (X-axis) and phosphatidyl serine released from the cytoplasmic portion of the plasma membrane to the periphery
during either early apoptosis or late apoptosis, was investigated. Binding between 7-amino-actinomycin D (7-AAD, Y-axis) and the fragmented DNA during either late apoptosis or
necrosis, was also analysed. Experiment was performed at two-fold dilutions of fractions. B. P-values were calculated from 3 different counts (n¼3) [P <0.05 (*)]. Error bars originate
from mean percentage count ± standard deviation of the mean (Mean ± SD). Cells were counted at the IC50 values of fractions. BP¼B. pilosa L., whole plant; FD¼Dichloromethane
fraction; FM¼Methanol fraction; NC¼Negative control.
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derivatives) were also included to investigate cytotoxicity and
selectivity profiles of BPFM and BPFD. Both fractions were more
selective to T. brucei as compared to Jurkat or Chang liver cells, even
though the selectivity for T. bruceiwas higher with Chang liver cells
(BPFD, SI ¼ 35.09; BPFM, SI ¼ 25.10) (Table 1). Interestingly, BPFM
and BPFD also exhibited promising antileukaemia activities with
respective IC50 values of 16.52 and 9.57 mg/ml (Table 1). However,
both fractions were relatively selective to T. brucei as compared to
Jurkat cells (BPFD, SI ¼ 2.91; BPFM, SI ¼ 2.82) (Table 1). The frac-
tions also exhibited inverted sigmoidal dose-response curves with
Hill coefficients less than �1 (Fig. S2), suggesting a positively
cooperative mode of interaction with binding sites of potential
receptors or targets.23
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3.2. B. pilosa induces apoptosis-like and necrosis-like cell death in
T. brucei

Since BPFM and BPFD were the fractions displaying promising
trypanocidal activity, they were chosen for further investigation
into the mechanisms of action against T. brucei. Insights into the
mechanisms of cell death can facilitate drug discovery in AT. Par-
asites challenged with fractions at varying concentrations for 24 h
were used in a cell death analysis. While each fraction caused early
and late apoptosis-like cell death in T. brucei, induction of necrosis-
like cell death was evident in only BPFM-treated cells (Fig. 1A). A
two-fold increase in fraction concentration resulted in a dose-
dependent increase in apoptosis- and necrosis-like cell death



Fig. 2. Effect of fractions BPFD and BPFM on cell cycle of T. brucei.
P-values were calculated from 4 distinct counts (n¼4): [P <0.05 (*); P�0.05 (ns)]. Error bars are from mean percentage count ± standard deviation of the mean (Mean ± SD); BP¼
B. pilosa L., whole plant; FD¼Dichloromethane fraction; FM¼Methanol fraction; NC¼Negative control.
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(Fig. 1A). This increase was more prominent in BPFM as compared
to BPFD (Fig. 1A). At the IC50 values, BPFD and BPFM caused an
induction of apoptosis-like cell death from approximately 0.36% of
cells in the negative control to 1.34% (p ¼ 0.0003) and 6.85%
(p ¼ 0.0004) in treated cells, respectively, while BPFM induced
necrosis-like cell death in 7.90% of cells (p ¼ 0.0002) (Fig. 1B).

3.3. Effects of B. pilosa on cell cycle phases and morphology of
T. brucei

To determine whether the fractions caused any effects on
distinct cell cycle phases of T. brucei, analysis of cell cycle was
performed by employing the interaction between propidium iodide
and DNA (Fig. 2, Fig. S3). Parasites were challenged with the frac-
tions at the IC50 values. Three distinct phases of the cell cycle in
T. brucei were identified: G0-G1, S and G2-M phases. There was a
significant reduction in the G0-G1 phase cells from 61.18% in the
negative control to 49.48% (p ¼ 0.0014) and 52.48% (p ¼ 0.0021) in
BPFD- and BPFM-treated cells respectively (Fig. 2). This represented
a reduction of 11.7 and 8.7% points in G0-G1 cells as induced by
BPFD and BPFM respectively. There was also a significant increase
of G2-M phase cells from 22.89% in the untreated control to 35.38%
(p¼ 0.0035) in BPFD and 33.20% (p¼ 0.0043) in BPFM representing
an increase of 12.49 and 10.31% points respectively (Fig. 2). How-
ever, there was no significant change in S phase cells for both
fractions (Fig. 2). BPFM also induced a distinct subpopulation of
parasites with a higher DNA content at the G2-M phase (Fig. S3).
After treatment for 24 h at the IC50 values of the fractions, clumpy
and rounded subpopulations of parasites were observed in contrast
to the usual slender shape of untreated parasites, especially for cells
treated with BPFD (Fig. 3).

3.4. Isolation and characterization of tryptophan alkyl esters from
methanol fraction of B. pilosa

As BPFM showed a more pronounced effect on the trypano-
somes, this fraction was selected for isolation and characterization
of compounds responsible for the trypanocidal activity. Com-
pounds 1 and 2 were eluted at respective retention times of 35.122
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and 33.320 min as indicated in the HPLC chromatograms (Fig. S4).
In a GC-MS analysis, compounds 1 and 2 were separated at reten-
tion times of 27.096 and 24.045min (Fig. S5), and identified as butyl
and propyl esters of tryptophan with m/z of 261.16 and 247.14,
respectively (Figs. S6 and S7). After identification of the com-
pounds, cell viability analysis was employed to confirm their anti-
trypanosomal potencies as compared to diminazene aceturate
(DA), a known commercially available antitrypanosomal drug.
Compounds 1 and 2 exhibited significant antitrypanosomal effects
on T. brucei with IC50 values of 0.66 and 1.46 mg/ml, respectively
(Table 2, Fig. S8), suggesting that these compounds contributed
significantly towards the growth inhibition of T. brucei observed for
fraction BPFM. The compounds also displayed relatively non-toxic
selectivity profiles with regards to effects on normal macro-
phages RAW 264.7 cell lines (compound 1, SI¼ 95.21; compound 2,
SI ¼ 82.05) (Table 2, Fig. S8). Both compounds were therefore
comparable to DA in terms of potency and selectivity profiles
(Table 2, Fig. S8).

3.5. Effects of butyl and propyl esters of tryptophan on cell cycle
phases and morphology of T. brucei

The mechanisms of action of propyl and butyl esters of trypto-
phan against the cell cycle of T. brucei were also investigated at the
IC50 values (Fig. 4). There was a significant reduction of G0-G1
phase from 61.40% in the negative control to 38.17% (p ¼ 0.0025)
and 42.23% (p ¼ 0.0039), representing a reduction of 23.23 and
19.17% points in G0-G1 cells as induced by compound 1 and 2,
respectively (Fig. 4). Again, there was a significant increase of S
phase from 14.87% in untreated cells to 27.60% (p ¼ 0.0028) and
26.20% (p ¼ 0.0032), which represented an increase of 12.73 and
11.33% points in S cells as induced by compound 1 and 2 respec-
tively (Fig. 4). Finally, there was a significant increase of G2-M
phase from 21.90% in the negative control to 42.47% (p ¼ 0.0019)
and 39.50% (p ¼ 0.0021), which was equivalent to an increase of
20.57 and 17.60% points in G2-M cells in compound 1- and 2-
treated cells respectively (Fig. 4). Comparatively, DA resulted in a
reduction of 28.8% points (p ¼ 0.0031), increase of 2.43% points
(p ¼ 0.0041) and an increase of 12% points (p ¼ 0.0025) in G0-G1, S



Table 2
Antitrypanosomal activities and chemical structures of compounds 1 and 2.

COMPOUND MEAN IC50 (mg/mL) ± SEM SI STRUCTURE

Diminazene (Reference drug) 0.83 ± 0.09 89.30

Tryptophan butyl ester (Compound 1) 0.66 ± 0.01 95.21

Tryptophan propyl ester (Compound 2) 1.46 ± 0.09 82.05

Selectivity index (SI) was calculated as the ratio of IC50 in RAW 264.7 cell lines to the IC50 in T. brucei. SEM ¼ standard error of the mean.

Fig. 3. Effects of BPFD and BPFM on cell morphology and distribution of T. brucei.
White arrows (N¼nucleus, K¼kinetoplast, F¼flagellum); Orange arrows¼BPFM-treated cells; Red arrows¼BPFD-treated cells; BP¼B. pilosa, whole plant; FD¼Dichloromethane
fraction; FM¼Methanol fraction; NC¼Negative control; DIC¼Differential interference contrast.
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and G2-M phase parasites respectively (Fig. 4). Generally, the
graphical pattern of cell cycle alterations for the compounds was
similar to that observed for the parent BPFM and BPFD fractions
(Fig. S9). However, parasites challengedwith compounds for 24 h at
the IC50 values did not exhibit any significant effects on cell
morphology or distribution (Fig. 5).
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4. Discussion

The present study set out to investigate potential trypanocidal
properties of B. pilosa with regards to inhibition of cell cycle, in-
duction of cell death and effects on the morphology of T. brucei. The
aqueous extract of B. pilosa was previously reported to reduce the



Fig. 4. Effects of compound 1 and 2 on cell cycle of T. brucei.
P-values were calculated from 4 distinct counts (n¼4): [P <0.05 (*)]. Error bars are from mean percentage count ± standard deviation of the mean (Mean ± SD).

Fig. 5. Effects of compounds on cell morphology and distribution of T. brucei.
Green arrow¼DA-treated cells, red arrows¼ compound 1- and 2-treated subpopulation of parasites; white arrows (K¼kinetoplast, N¼nucleus); NC¼Negative control; DA¼
Diminazene aceturate.
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expression of proteins involved in the suppression of apoptosis in
human T-cell leukemia virus type 1-infected T-cell lines,24 as well
as induce apoptosis in human colon cancer cell lines.25 However,
the present study is the first time B. pilosa is shown to induce
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apoptosis-like cell death in trypanosomes. The observed inhibitory
activity of the plant species on Jurkat cells also corroborates the
previously reported effects on human T-cell leukemia virus type 1-
infected T-cells.24
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The aqueous extract of B. pilosa was previously reported to
induce G1 cell cycle arrest in human T-cell leukemia virus type 1-
infected T-cell lines.24 In this study, we further showed that
B. pilosa respectively inhibited and arrested the G0-G1 and G2-M
phases in trypanosomes. The methanol fraction of B. pilosa and its
isolated compounds significantly reduced the number of cells in the
G0-G1 phase while increasing the G2-M population. Since cytoki-
nesis is tightly connected to the G2-M phase,26 it is possible that the
former was inhibited under the presently investigated conditions.
However, further studies into the regulation of karyokinesis and
cytokinesis in B. pilosa-treated parasites would facilitate the pro-
vision of direct and detailed insights.

In contrast to early apoptosis in which degradation of DNA oc-
curs, moderate preservation of DNA may take place during late
apoptosis or necrosis. There is nonetheless a loss of integrity of the
plasma membrane as well as the disruption of cytoplasmic or-
ganelles during late apoptosis or necrosis.27 This has the possibility
of inducing subpopulation of parasites with high DNA content at
the expense of corresponding cytokinesis. In this context, the
observed clumpy subpopulation of BPFM-treated parasites may
depict an inclination towards the induction of late apoptosis or
necrosis as compared to early apoptosis. However, further studies
involving statistical analysis of clumping rate in control and treated
parasites are required to establish any possible link between
mechanisms of cell death and potential aggregating effects of
B. pilosa on T. brucei.

The essential role played by tryptophan in the growth of try-
panosomes is well established. A rapid in vitro uptake of tryptophan
and a reduction in serum tryptophan levels probably linked to an
increase in indoleamine 2,3-dioxygenase have been reported.28

This was subsequently corroborated in vivo through a significant
increase in parasitemia following an inhibition of indoleamine 2,3-
dioxygenase.28 Moreover, the kynurenine pathway of tryptophan
metabolism was shown to be activated and associated with
inflammation of the central nervous system during the late stage of
human African trypanosomiasis in rodent models.29 Furthermore,
the possibility of tryptophan aminoglycoside to interfere with the
normal uptake and metabolism of tryptophan in T. brucei was
previously reported.30 Collectively, it is expected that a derivative of
tryptophanwould interfere with tryptophan metabolism to control
the growth of T. brucei.

Despite the promising antitrypanosomal inhibitory concentra-
tions, the present study suggested disparities in efficacies between
individual tryptophan esters and the parent fraction in terms of the
overall effects on parasite morphology and distribution. A plausible
scenario might be that synergistic interactions between the com-
pounds play a key role as far as attainment of maximum efficacy
against T. brucei is concerned. It is also possible that as separate
compounds, tryptophan esters might possess certain physico-
chemical limitations that would require pharmacological optimi-
zation to attain the needed chemotherapeutic properties, as it is
with a number of isolated natural compounds.31 It might also be the
case that other minor secondary metabolites of B. pilosa not iden-
tified in the present study contributed towards the trypanocidal
effects of parent fractions. Overall, further studies into the mech-
anisms of action of the tryptophan esters are required to provide
insights into these possibilities. The outcome of such investigations
may also facilitate useful drug discovery approaches in the context
of broad existing strategies employed in the discovery of novel
chemotherapy for tropical diseases.32

In a broader context, the present study highlights the prospects
of essential amino acids in the drug discovery and development
process for protozoans. Essential amino acids represent key drug
discovery targets due to the absence of their metabolic pathways in
mammals. This could be the rationale behind the structural
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mimicking of essential amino acids as evident in some commer-
cially available drugs. Indeed, the human African antitrypanosomal
drug eflornithine, which is currently employed as a combination
therapy with nifurtimox,33 mimics the backbone of lysine. Thus,
halogenation and esterification provide clues by which drug dis-
covery strategies may take advantage of essential amino acids and
their biosynthetic pathways to widen the base of the search for
novel anti-protozoan chemotherapies.
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