
Parasitology Research (2020) 119:165–175

/Published online: 5 December 2019

HELMINTHOLOGY - ORIGINAL PAPER

In vitro apoptotic effect on human lymphatic filarial parasite
by piperidine derivatives and thymidine reversal study

Priyanka S. Bhoj1 & Sahitya Rao1
& Sandeep P. Bahekar2 & Nikita R. Agrawal2 & Namdev S. Togre1

& Richa Sharma1 &

Kalyan Goswami1 & Hemant S. Chandak2 & Mandakini B. Patil3

Received: 8 September 2018 /Accepted: 30 September 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
A novel library of synthetic piperidine derivatives was used to screen against human lymphatic filarial parasite Brugia malayi.
Piperidine has earlier been reported to have effect against parasites including rodent filarial nematodes. Compounds with
hydroxyl substitutions (4Q and 4H) showed marked antifilarial effect. Molecular docking of 4H derivative showed more
favorable thermodynamic parameters against thymidylate synthase of B. malayi than human counterpart. A wide difference
between IC50 and LD50 ensured the therapeutic safety of the candidates against the filarial parasites. Addition of thymidine to the
treatment regimen led to a significant reversal of antifilarial effect of 4H that confirmed inhibition of thymidylate synthase as
pharmacological rationale. Apoptosis induced in the parasite as a consequence of probable inhibition of thymidylate synthase
was studied by acridine orange/ethidium bromide fluorescent staining and poly (ADP-ribose) polymerase activity inhibition.
Involvement of mitochondria was confirmed by decreased 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT)
conversion and increased cytosolic cytochrome c level in 4H treated microfilariae, compared with the untreated microfilariae.
Moreover, Michael adduct of chalcone targeting dihydrofolate reductase and piperidine targeting thymidylate synthase demon-
strated synergistic effect on the parasite, indicating the importance of inhibition of DNA synthesis by combined effect. In
conclusion, piperidine derivatives with hydroxyl substitution have a great therapeutic potential with an apoptotic rationale
involving mitochondrial pathway, due to possible inhibition of parasitic thymidylate synthase.
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Introduction

Lymphatic filariasis is a profoundly disabling and debilitating
vector-borne disease affecting nearly 120 million people in

t rop i c a l and sub t rop i ca l coun t r i e s wor ldwide .
Diethylcarbamazine (DEC) has been the cornerstone of the mass
drug administration (MDA) scheme initiated by theWHO under
Global programme for elimination of lymphatic filariasis
(GPELF) (World Health Organization 2017). However, the data
on the mechanistic detail of this piperazine derivative is lacking.
Apparently, this drug largely depends on host macrophages for
its possible action (Maizels and Denham 1992).

Nomenclature of piperazine is etymologically linked to
piperidine owing to its structural resemblance having a
common structural motif, piperine derived from black pep-
per. Piperazines are solely synthetic compounds used in
antihelminthic drugs like DEC. On the other hand, piperi-
dine compounds are more versatile heterocyclic amines that
are either synthesized or obtained naturally from black pep-
per, Psilocaulon absimile N.E.Br (Aizoaceae) and
Petrosimonia monandra (Rimington 1934; Mahalakshmi
and Balachandran 2014). Earlier, we have successfully
targeted folate metabolism in Brugia malayi with resultant
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apoptosis, which unequivocally indicated the dependence
of this parasite for folate-mediated DNA synthesis (Sharma
et al. 2013). As DNA synthesis is essential for cell prolif-
eration, inhibition of this vital metabolism is a popular ra-
tionale against wide range of microbial organisms includ-
ing parasites. Although DEC is devoid of direct action
against filarial parasite, it shows weak antifolate activity
(Gupta and Srivastava 2005). In this context, antifolate
compounds like pyrimethamine and di-amino pyrimidine
provide a classic prototype (Falco et al. 1951; Nelson and
Rosowsky 2001). Owing to the critical role of the thymi-
dine, it is considered to be the signature molecule in the
DNA synthesis. Therefore, thymidylate synthase (TS) en-
zyme of the DNA synthesis pathway might be contemplat-
ed as an effective target. The so-called thymine-less death
has been exploited for anticancer therapeutics (Houghton
et al. 1997); however, such stratagem remained relatively
unexplored in ant imicrobia l drug development .
Interes t ingly, piper idine analogs of 5-f luoro-2 ' -
deoxyuridine have been reported to inhibit TS (Fries et al.
1995). Pyrimidine derivatives substituted with piperidine
have been shown to be endowed with antileishmanial po-
tential (Sharma et al. 2014). Also, it has been shown to have
filaricidal efficacy against rodent filarial nematodes
Acanthocheilonema viteae and Litomosoides carinii in
in vivo (Agarwal et al. 2011).

Hence, herein we explored the possible inhibitory effect of
a novel library of synthetic piperidine derivatives on human
lymphatic filarial pathogen Brugia malayi and its therapeutic
rationale.

Materials and methods

Materials

The reagents, chemicals, and other apparatus were pro-
cured from commercial sources (Himedia Laboratories
Pv t . L td , SD Fine Chemica l s , S i sco Resea rch
Laboratories, etc). The library of synthetic piperidine
compounds (Table 1) was synthesized and characterized
as described earlier (Agrawal et al. 2015).

Collection of B. malayi microfilariae

The infection of the filarial parasite (B. malayi) was established
and maintained in jirds (Meriones unguiculatus), mastomys
(Mastomys natelansis), and mosquitoes (Aedes aegypti) using
standard methods (Ash and Riley 1970; Sanger et al. 1981) at
the institutional animal house.Microfilariae (Mf) were obtained
by lavage of the peritoneal cavities of infected jirds, washed
with RPMI-1640 medium twice at 1000 rpm for 5 min, plated
on sterile plastic Petri dishes, and incubated at 37 °C for 1 h to

remove jird’s peritoneal exudate cells. The Mf were then col-
lected from the Petri dishes, washed with RPMI-1640 medium
and used for in vitro experiments.

In vitro screening of antifilarial activity
of the proposed drugs

The library of synthetic piperidine compounds was screened
to select effective compound(s). For initial screening, a stock
of 50 mM was prepared in dimethyl sulfoxide (DMSO).
Further dilutions were made to obtain the desired final con-
centration in the range of 0.5 to 500 μM in 900 μL of 0.9%
normal saline. A simultaneous control was taken with DMSO
(1%) as a vehicle control without the drug solution in 900 μL
saline. Approximately, 100 Mf in 100 μL saline were added
into the above vials and incubated for 30 min at 37 °C in a
shaking incubator at 150 rpm. After 30-min incubation, the
Mf were collected by centrifugation, washed with fresh RPMI
medium, and transferred to 24 well culture plates making the
final volume 1 mL with RPMI medium. The plates were in-
cubated at 37 °C for 48 h in 5%CO2.Mfmotility was assessed
by an inverted microscope after 48 h. The observations were
recorded as the percentage of non-motile Mf in each well.
Each experiment was repeated thrice to check for reproduc-
ibility (Bahekar et al. 2016). The concentrations at which 50%
and 100% loss of Mf motility were observed and have been
denoted as IC50 and IC100 concentration, respectively.

Protein modeling

The amino acid sequence of TS protein of B. malayi (acces-
sion number: XM_001898103.1) and human (accession num-
ber: 4 UP1_A) was retrieved from the National Center for
Biotechnology Information (NCBI) database. Three-
dimensional structure of human TS is available in the
Protein Data Bank. As the three-dimensional structure of the
corresponding B. malayi protein is not available in the Protein
Data Bank, the 3-D model was developed.

The 3-D protein structure was modeled by uploading the
FASTA format of protein sequence in Phyre2 server.
PROCHECK program and ProSA-web were employed for
validation of predicted protein structures. The visualization
of models was performed using PyMOL software.

Molecular docking

For molecular docking, the molecular structures of ligands
(i.e., 4Q and 4H) were drawn using online PRODRG server.
Molecular docking was performed using AutoDock tool 4.2
version as per the user guide. Briefly, the PDB file of protein
and ligands was added with hydrogen and saved in PDBQT
format. Calculation of affinity maps was done by AutoGrid.
For calculation of affinity maps at the catalytic site of BmTS,
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Table 1 Structures, molecular weights, and IUPAC names of piperidine compounds screened along with their antifilarial activity

Mol ID Structure IUPAC Name Activity*
4A Methyl (2S,6R)-1,2,6-triphenyl-4-

(phenylamino)-1,2,5,6-tetrahydropyridine-

3-carboxylate

22.25 ± 

2.62

4B Methyl (2S,6R)-2,6-bis(4-methoxyphenyl)-

1-phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

19 ± 3.36

4C Methyl (2S,6R)-2,6-bis(4-chlorophenyl)-1-

phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

35.5 ± 5.44

4D Methyl (2S,6R)-2,6-bis(4-fluorophenyl)-1-

phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

34 ± 5.35

4E Methyl (2S,6R)-2,6-bis(4-

isopropylphenyl)-1-phenyl-4-

(phenylamino)-1,2,5,6-tetrahydropyridine-

3-carboxylate

39 ± 7.58

4F Methyl (2S,6R)-1-phenyl-4-(phenylamino)-

2,6-bis(3,4,5-trimethoxyphenyl)-1,2,5,6-

tetrahydropyridine-3-carboxylate

18 ± 2.44

4G Methyl (2S,6R)-2,6-bis(4-nitrophenyl)-1-

phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

20 ± 5.88

4H Methyl (2S,6R)-2,6-bis(4-hydroxyphenyl)-

1-phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

100 ± 0.0

4I Methyl (2R,6R)-2,6-bis(2-chlorophenyl)-1-

phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

36.75 ± 

4.27
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Table 1 (continued)

4J Ethyl (2S,6R)-1,2,6-triphenyl-4-

(phenylamino)-1,2,5,6-tetrahydropyridine-

3-carboxylate

47.25 ± 

5.12

4K Ethyl (2S,6R)-2,6-bis(4-methoxyphenyl)-1-

phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

29 ± 6.055

4L Ethyl (2S,6R)-2,6-bis(4-chlorophenyl)-1-

phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

32 ± 6.21

4M Ethyl (2S,6R)-2,6-bis(4-fluorophenyl)-1-

phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

31.25 ± 

4.78

4O Ethyl (2S,6R)-1-phenyl-4-(phenylamino)-

2,6-bis(3,4,5-trimethoxyphenyl)-1,2,5,6-

tetrahydropyridine-3-carboxylate

33.5 ± 4.43

4N Ethyl (2S,6R)-2,6-bis(4-isopropylphenyl)-

1-phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

29.25 ± 

4.42

4P Ethyl (2S,6R)-2,6-bis(4-nitrophenyl)-1-

phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

30 ± 3.9

4Q Ethyl (2S,6R)-2,6-bis(4-hydroxyphenyl)-1-

phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

100 ± 0.0

4R Ethyl (2R,6R)-2,6-bis(2-chlorophenyl)-1-

phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

16.25 ± 

3.09

4S Ethyl (2S,6R)-1-phenyl-4-(phenylamino)-

2,6-di-p-tolyl-1,2,5,6-tetrahydropyridine-3-

carboxylate

58.5 ± 4.43
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grid center was fixed at X = − 141.077, Y = − 11.292, Z =
222.425, and spacing 0.375. For human TS, grid centre was
fixed at X = 10.151, Y = 40.101, Z = 24.936, and spacing
0.375. Docking simulation was executed using the
Lamarckian genetic algorithm. Consequently, the results with
the best free energy of binding (ΔGb) and inhibition constant
(Ki) were selected.

Evaluation of the in vitro cytotoxicity of effective
compounds

Whole blood samples were obtained from healthy human
volunteers after receiving their informed consent. Venous
blood was overlaid carefully on histopaque-1077 (Sigma-

Aldrich, USA) in 1:1 ratio taken in tubes and centrifuged
at room temperature at 400g for 30 min. The upper layer
of plasma was discarded, and opaque layer of about
0.5 cm containing PBMCs was collected. This layer was
re-suspended in RPMI-1640 medium and centrifuged at
250g for 10 min, and the cell pellet was collected. The
washing procedure was repeated twice, and the cell pellet
was re-suspended in RPMI-1640 medium supplemented
with 10% fetal bovine serum.

Cytotoxicity was evaluated against human PBMCs (1 ×
105 PBMCs/mL) by trypan-blue exclusion assay (Bhoj
et al. 2018). The dose at which 50% cytotoxicity was
observed has been denoted as LD50 concentration
(Mandvikar et al. 2016).

Table 1 (continued)

4T Ethyl (2S,6R)-2,6-bis(4-bromophenyl)-1-

phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridine-3-carboxylate

48.75 ± 

4.57

4U Ethyl (2S,6R)-1-(4-chlorophenyl)-4-((4-

chlorophenyl)amino)-2,6-diphenyl-1,2,5,6-

tetrahydropyridine-3-carboxylate

20.5 ± 3.87

4V Ethyl (2S,6R)-1-(4-chlorophenyl)-4-((4-

chlorophenyl)amino)-2,6-bis(4-

methoxyphenyl)-1,2,5,6-

tetrahydropyridine-3-carboxylate

38.25 ± 

7.13

4W Methyl (2S,6R)-1-(4-chlorophenyl)-4-((4-

chlorophenyl)amino)-2,6-diphenyl-1,2,5,6-

tetrahydropyridine-3-carboxylate

19 ± 2.16

4X Methyl (2S,6R)-1-(4-chlorophenyl)-4-((4-

chlorophenyl)amino)-2,6-bis(4-

methoxyphenyl)-1,2,5,6-

tetrahydropyridine-3-carboxylate

35.25 ± 

4.99

4Y 1-((2S,6R)-2,6-bis(4-chlorophenyl)-1-

phenyl-4-(phenylamino)-1,2,5,6-

tetrahydropyridin-3-yl)ethan-1-one

14.25 ± 

6.701

*Results are expressed as mean ± SD of % loss of motility of Mf at 500-μM concentration after 48 h
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Reversal of the activity of piperidine compounds
by thymidine

In an attempt to probe the mechanism of action of these com-
pounds, reversal studies using thymidine (product of TS en-
zyme) were carried out. As per the previous experiment for
in vitro effect of the drug on the parasite, around 100 Mf were
pre-incubated with 100 μM of freshly prepared thymidine
solution for 1 h (pre-optimized condition). Further, thymidine
pre-incubated Mf were washed with saline and then treated
with the test compound at IC90 (a dose at which 90% loss of
Mf motility was achieved). After drug treatment for 30 min,
Mf were centrifuged and transferred to the 24 well culture
plates containing RPMI-1640 medium for incubation main-
taining 5% CO2 at 37 °C for 48 h. After incubation, the per-
centage reduction in loss of Mf motility was recorded.

Ethidium bromide-acridine orange staining

Fluorescent staining with ethidium bromide-acridine orange
(EB/AO) was carried out as per the standard protocol (Singh
et al. 2012). The dye mix comprised EB and AO 100 μg/mL
each, respectively in phosphate-buffered saline (pH 7.2). Mf
treated with the test compound or staurosporine (20 μM; as a
positive control for the induction of apoptosis) along with
negative control (only DMSO treated Mf) were washed and
re-suspended in 25 μL cold PBS, followed by the addition of
5-μL EB/AO dye mix. Stained Mf were viewed under an
epifluorescence microscope (Nikon LABOPHOT) with the
excitation filter set at 480/30 nm and barrier filter at 535/40
nm. Tests were carried out in triplicate, counting a minimum
of 10 Mf in each observation for detection of differential
staining.

Poly (ADP-ribose) polymerase activity assay

Poly (ADP-ribose) polymerase (PARP) activity in B. malayi
Mf was determined using a commercial kit (R & D Systems
Inc, Minneapolis, MD) according to the manufacturer’s in-
structions. Briefly, 100-μL aliquots of suspension (containing
about 10,000 Mf), treated with the drug, were lysed with
radioimmunoprecipitation assay buffer (RIPA buffer; Sigma-
Aldrich, Bangalore) for 1 h in the presence of protease inhib-
itors. Lysate (20 μg) was added to each well in 96-well plates
pre-coated with histone. PARP activity was determined from
the incorporation of biotinylated poly (ADP-ribose) onto
immobilized histone, which was measured by the addition of
streptavidin-conjugated horseradish peroxidase and a suitable
chromogenic substrate to the incubation mixture. A standard
curve for PARP enzymatic activity (A450 versus PARP units)
was initially plotted using 0.01, 0.05, 0.1, 0.5, and 1 unit of
enzyme per well. The absorbance obtained with each test
sample (Mf lysate) was extrapolated on the standard curve to

obtain the corresponding PARP activity. The percentage inhi-
bition in enzymatic activity in the test sample was accordingly
calculated. The experiment was carried out in triplicate (Singh
et al. 2012).

MTT assay

Treated and untreated Mf incubated for 48 h were transferred
to 100 μL PBS (0.05 mM, pH 7.2) containing 0.5 mg/mL of
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bro-
mide (MTT; Sigma-Aldrich, Bangalore) and then incubated
for 2 h at 37 °C in the dark. The Mf were pelleted and washed
once with PBS. To theMf pellet, 100 μL of DMSOwas added
and incubated for 1 h to dissolve the dark blue crystals of
formazan. Quantification was performed at 595 nm (Rao
et al. 1991).

Cytochrome c estimation

Both treated and untreated Mf were lysed with RIPA buffer
(Himedia Laboratories Pvt Ltd, Mumbai) for 1 h in the pres-
ence of protease inhibitors. TheMf lysates were centrifuged at
1000g for 10 min at 4 °C to remove the cell debris. The
supernatants were centrifuged at 16,000g for 20 min at 4 °C
to pellet the mitochondria and to obtain a post-mitochondrial
supernatant fraction.

Cytochrome c ELISA kit (Invitrogen, Mumbai) was used
to estimate cytochrome c content in the post-mitochondrial
supernatant fraction as per the manufacturer’s instructions.
Measurements were performed in duplicate, and cytochrome
c content was analyzed at 450 nm (Bhoj et al. 2018).

Synergistic effect of piperidine compound
and Michael chalcone compound

We attempted to test a possible synergism between piperidine
compound and Michael adduct of chalcone for the inhibitory
effect on folate metabolism and consequent DNA synthesis.
Considering IC100 as a starting point, serial dilutions had been
added along the ordinate and abscissa with an interval of 2μM
up to the lowest concentration (no drug) of both piperidine and
chalcone compounds, respectively, in 96-well culture plates.
One hundred Mf were added in each well, and volume was
made up to 200 μL. Plates were incubated at 37 °C for 48 h
under aerobic conditions. After incubation, the percentage
loss of motility was recorded. The minimal inhibitory concen-
tration (MIC) was defined as the lowest concentration of in-
dividual drug that completely inhibited the motility.
Synergism is more likely to be expressed when the ratio of
the concentration of each drug to the MIC of that drug was the
same for all components of the mixture. TheΣFICs (fractional
inhibitory concentrations) were calculated as follows:ΣFIC =
FIC A + FIC B, where FIC A is the MIC of drug A in the
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combination/MIC of drug A alone and FIC B is the MIC of
drug B in the combination/MIC of drug B alone. The combi-
nation was considered synergistic when the ΣFIC is ≤ 0.5,
indifferent when the ΣFIC is > 0.5 to < 2, and antagonistic
when the ΣFIC is ≥ 2 (Orhan et al. 2005).

Statistical analysis

The results were expressed as mean ± SD. After confirming
the fulfillment of normality assumption of the data sets, for
comparison of means of different parameters between the test
compound and control, Student’s t test was used. A p value
less than 0.05 was considered significant.

Results

A total of 25 piperidine derivatives (synthesized and
characterized previously; Agrawal et al. 2015) were screened
in vitro with a dose up to 500 μM for each individual drug, out
of which 4Q and 4H piperidine derivatives showed maximum
antifilarial efficacy in terms of 100% loss of motility of Mf
exposed to the drug (Table 1). All other drugs did not show
considerable effect.

Next, we carried out molecular docking studies using
AutoDock tool to predict how 4Q and 4H bind to the pre-
validated structure of TS enzyme of B. malayi as well as its
human counterpart (Fig. 1). As shown in Table 2, 4Q and 4H
piperidine derivatives showed higher binding affinity towards
B. malayi TS enzyme than its counterpart in the human host.
Moreover, the observed inhibition constant showed signifi-
cantly lower values. This inhibition constant represents the
relative concentration required to achieve the inhibition of
the proposed target.

Out of two compounds, 4H showed substantially signifi-
cant thermodynamic parameters in favor of selective binding
against the parasitic target. Consequently, the same result has
been validated by in vitro experiments by assessing IC50,
IC100, and LD50 of the 4H compound which were found to
be 11.76 ± 0.24 μM, 16 ± 0.138 μM, and 150 ± 5.057 μM,
respectively. The wider difference between IC50 and LD50

indicated the available therapeutic window.
As suggested by the bioinformatics analysis, effect of the

proposed drug on parasitic target was validated by the
antifilarial reversal study in terms of loss of motility. It showed
significant reversal in the antifilarial activity as reflected by
only a 12 ± 3.24% loss of motility of 4H treated parasites pre-
treated with TS product i.e., thymidine, as compared with 93 ±
1.74% loss of motility in drug-treated parasite (Fig. 2).

In EB/AO fluorescent-staining experiment, untreated Mf
remained green, indicating live parasites. Treatment with
staurosporine (standard apoptosis inducer) and 4H compound

at IC100 concentration resulted in orange-yellow stained Mf,
reflecting a loss in cellular integrity due to apoptosis (Fig. 3a).
The conversion of MTT to the colored formazan by active
mitochondrial dehydrogenases is a known marker of function-
al mitochondria in a live cell. Exposure to 4H resulted in a
significant reduction in purple color formation by more than
90% compared with untreated Mf, indicating severely com-
promised mitochondrial function (Fig. 3b). Significantly in-
creased level of cytosolic cytochrome c in the 4H compound
as well as staurosporine treated Mf but not in untreated Mf
suggests impending apoptotic process due to mitochondrial
damage (Fig. 3c). Further, 4H treated parasite showed compa-
rable inhibition (38%) in PARP activity like that of positive
control, staurosporine (40.86%) (Fig. 3d), considering untreat-
ed control as a reference of 100% uninhibited PARP activity.

Synergism between piperidine derivative, 4H, and Michael
adduct of chalcone was further studied. The observed FIC was
0.47 ± 0.014, suggesting a significant synergistic effect.

Discussion

Initially, assessment of the antifilarial efficacy of synthetic
library of piperidine compounds against B. malayi using Mf
stage of the parasite was performed wherein 4Q and 4H
showed a direct in vitro dose-dependent microfilaricidal activ-
ity at micro-molar concentration. In contrast to the conven-
tional drug—DEC, these piperidine compounds showed di-
rect microfilaricidal activity. As DEC fails to show antifilarial
activity in vitro in the absence of host immune cells (Maizels
and Denham 1992), it could not be used as a positive control.
Presence of hydroxyl groups appeared as a notable common
feature of both 4Q and 4H structures as displayed in structural
detail of the molecules (Table 1). Other compounds in the
series which lack the hydroxyl groups in analogous positions
failed to record significant effect. Therefore, presence of hy-
droxyl groups might be contemplated as the pre-requisite for
the antifilarial activity shown by these two compounds.
Moreover, as anticipated, −OH groups of both 4Q and 4H
were found to be involved in the formation of hydrogen bonds
with parasitic TS protein as demonstrated in in silico results.
As 4H showed thermodynamically favorable binding param-
eters to the target protein than 4Q, the former was selected for
further study.

Although suitable for preliminary speculation, these virtual
results must further be authenticated by apposite experimental
results. Wider difference between IC50 and LD50 obtained by
the in vitro experiments confirmed the safe therapeutic win-
dow for this agent as predicted by in silico study. Since thy-
midine synthesis is a vital metabolic reaction in DNA synthet-
ic pathway, it might be expected to be conserved across spe-
cies and evolutional hierarchy, raising an obvious concern
about a nonspecific effect of its inhibitor on the host organism.
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In this context, this large therapeutic index provides reason-
able evidence in favor of its possible safe usage. Although a
standard inhibitor of TS, 5-fluoro-2'-deoxyuridine acts effec-
tively against certain human cancer (Longley et al. 2003), it
failed to show any notable effect against the filarial Mf (data
not shown). This probably indicates species-specific differen-
tial affinity of the binding domain of the target protein. Similar
examples of species-specific antifolate agents are already
well-known and are in respective clinical usage (Schweitzer
et al. 1990).

In this study, selected piperidine was explored further for
its therapeutic rationale against B. malayi. Possible inhibition
of TS enzymewas contemplated to interfere with the synthesis
of DNA by inhibiting the conversion of deoxyuridine
monophosphate (dUMP) to deoxythymidine monophosphate
(dTMP) using methyl tetra-hydrofolate. Therefore, followed
by in silico docking study, the in vitro reversal assay of
piperidine-mediated effect, using thymidine, a product of this
enzymatic reaction, was performed to authenticate such pro-
posed inhibition. Interestingly, the antifilarial activity of piper-
idine compound was found to be reversed by approximately
80% in terms of observed loss of motility of Mf by pre-
treatment with thymidine. This result confirmed the possible
implication of TS inhibition in the pharmacological rationale
of piperidine derivatives used in this study.

The proposed inhibition of TS which plays a crucial step in
the DNA synthesis can be envisaged to result into consequent
cell cycle arrest at S phase followed by apoptosis. To test
whether such apoptosis might occur due to proposed TS inhi-
bition, EB/AO differential staining was performed. This stain-
ing reflects damage of membrane due to the cellular apoptotic
process leading to a selective passage of dye to stain the cel-
lular nuclei. While AO can stain nuclear DNA even by pass-
ing through an unbroken cell membrane, EB can only stain
cells that have a damaged cell membrane. This leads to differ-
ential staining of viable cells to appear as green and apoptotic
cells to fluoresce orange. Orange-red color fluorescence of
both staurosporine- and piperidine-treated Mf was a charac-
teristic for piperidine-induced apoptosis, which was not ob-
served in untreated control Mf.

Mitochondria has a key role in the induction of apoptosis.
Many researchers have demonstrated the involvement of mi-
tochondria in the induction of apoptosis by TS inhibitors. TS
inhibition specifically in L1210 leukemic cells has been
shown to induce biphasic modification of mitochondrial
membrane potential leading to caspase-dependent apoptosis
(Sakoff and Ackland 2000). Release of cytochrome c in the
cytosol is usually an upstream event before the activation of
caspases, which is considered as a hallmark of apoptosis.
Cytochrome c release from the mitochondria is an essential

Fig. 1 Molecular docking of a 4Q and b 4H piperidine compounds against Brugia malayi thymidylate synthase (BmTS)

Table 2 Free energy of binding (ΔGb) and estimated inhibition constant (Ki) calculated for piperidine compounds against thymidylate synthase target

Ligands Free energy of binding Inhibition constant (Ki)

B. malayi TS Homo sapiens TS B. malayi TS Homo sapiens TS

4Q − 9.86 kcal/Mol − 8.4 kcal/Mol 59.37 nM 694.47 nM

4H − 10.67 kcal/Mol − 7.72 kcal/Mol 15.04 nM 2.19 μM
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feature of the induction of apoptosis by the standard TS inhib-
itor 5-fluoro-2'-deoxyuridine (Muñoz-Pinedo et al. 2004). In
the present study, results showed significantly increased cyto-
solic cytochrome c level in both the 4H- and staurosporine-

treated parasites as opposed to the untreated Mf. These results
indicated initiation of the apoptotic process by the drug treat-
ment. Concomitant decrease in formazan in MTT assay
(which indicates loss of viability associated with dysfunction

Fig 3 Assessment of involvement of induction of apoptosis by a
Fluorescent EB/AO dual staining (× 40 magnified images), bMTTassay,
c Cytochrome c ELISA assay, and d PARP colorimetric assay of

untreated and 4H- or staurosporine (positive control)- treated Mf. Data
is expressed as mean ± SD. *p < 0.05 compared with untreated Mf

Fig. 2 Reversal of 4H
compound–mediated loss of Mf
motility by pre-incubation Mf
with thymidine (100 μM). *p <
0.05 compared with 4H-only–
treated Mf (positive control).
Results are expressed as mean ±
SD
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of mitochondrial dehydrogenase) along with cytochrome c
release provides corroborative evidence of mitochondrial
damage in the drug treated Mf. Therefore, effective TS inhi-
bition by the representative piperidine compound indicates
possible induction of apoptosis by recruitment of caspases.
The effect of the same was confirmed by the significant inhi-
bition of PARP activity. PARP is a specific DNA repair en-
zyme, which acts as a substrate for activated caspase 3, that
gets cleaved leading to a consequent PARP inhibition with
ensuing apoptosis. Assuming PARP activity in untreated con-
trol parasite as a reference standard, demonstration of inhibi-
tion of the PARP enzyme by piperidine treatment comparable
with staurosporine provided confirmatory proof of apoptosis.
Therefore, with available evidence obtained in this study, pi-
peridine can be contemplated to have significant antiparasitic
potential by targeting TS.

Clinical experience shows that single-targeted therapy
might develop drug resistance. For instance, targeting only a
DHFR enzyme by standard antifolate, methotrexate is known
to cause drug resistance in cancer chemotherapy (del-Campo
et al. 2013). Thus, instead of inhibiting single target, if multi-
ple enzymes of the same pathway like DHFR and TS enzyme
of B. malayi are inhibited in tandem, the therapeutic effect
might be expected to be more pronounced and also less ame-
nable to the development of resistance. We have previously
shown parasitic DHFR as a therapeutic target (Hande et al.
2015). Based on the structural similarity of chalcone deriva-
tives with folate, N-(4-(4,4-dicyano-3-p-tolylbutanoyl)phenyl)
benzene sulfonamide (a Michael chalcone adduct), had shown
significant antifilarial potential in vitro at 38 μM, with signifi-
cant inhibition of filarial DHFR protein (communicated else-
where). With this perspective, we attempted to detect the evi-
dence of synergism between Michael chalcone adduct and pi-
peridine compound through possible multistep inhibition on
DNA synthetic pathway. Our result confirming synergistic in-
hibition of the two pivotal enzymes in DNA synthesis, namely
DHFR and TSworking in tandem, byMichael adduct chalcone
and piperidine compound, respectively, proved therapeutic im-
plication of targeting parasitic DNA synthetic process.
However, the effective combination for developing a suitable
formulation with these inhibitors needs to be tested further for
efficacy as well as safety.

Conclusion

It can be surmised that piperidine derivatives with hydroxyl
substitution have great therapeutic potential for delivering an-
tiparasitic effect through induction of apoptosis. This possibly
involves the mitochondrial pathway due to the inhibition of
thymidylate synthase. Therefore, with the available evidences
obtained in this study, we conclude that parasitic DNA syn-
thesis can be effectively targeted for therapeutic purpose. This

might have obvious significance in developing a suitable anti-
proliferative strategy against a wide range of conditions with
comparable pathogenesis.
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