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1  |  INTRODUC TION

Parasitic diseases spreading by helminths worldwide are rising as 
a serious concern for both humans and domestic animals mostly in 
underprivileged and unhygienic conditions. Some of these filarial 
parasites target the lymphatic system of the host resulting in lymph-
edema, lymphangitis and hydrocele affecting the arms, legs, breasts 
or external genitalia, leading to lymphatic filariasis (LF).1–3 LF is 
caused by Wuchereria bancrofti, Brugia malayi and Brugia timori which 

complete their life cycle within two hosts.4,5 They are transmitted via 
the mosquitoes like Culex quinquefasciatus, Mansonia, Anopheles and 
Aedes during the nighttime as they are known to follow a circadian 
rhythm in which mf resides in the arterioles of the lung during the 
daytime, while at night they migrate through peripheral blood ves-
sels of the host body.6,7 The transmission process of LF involves the 
mosquito acquiring microfilariae (mf) from an infected host during a 
blood meal, followed by larval development to become infective.2,8,9 
When the mosquito takes another blood meal from a healthy host, 
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Abstract
More than half a century has passed since the introduction of the National Filariasis 
Control Program; however, as of 2023, lymphatic filariasis (LF) still prevails globally, 
particularly in the tropical and subtropical regions, posing a substantial challenge to 
the objective of worldwide elimination. LF is affecting human beings and its economi-
cally important livestock leading to a crucial contributor to morbidities and disabili-
ties. The current scenario has been blowing up alarms of attention to develop potent 
therapeutics and strategies having efficiency against the adult stage of filarial nema-
todes. In this context, the exploration of a suitable drug target that ensures lethality 
to macro and microfilariae is now our first goal to achieve. Apoptosis has been the 
potential target across all three stages of filarial nematodes viz. oocytes, microfilariae 
(mf) and adults resulting in filarial death after receiving the signal from the reactive 
oxygen species (ROS) and executed through intrinsic and extrinsic pathways. Hence, it 
is considered a leading target for developing antifilarial drugs. Herein, we have shown 
the efficacy of several natural and synthetic compounds/nanoformulations in trigger-
ing the apoptotic death of filarial parasites with little or no toxicity to the host body 
system.

K E Y W O R D S
apoptosis, drug development, filariasis, oxidative stress, ROS

www.wileyonlinelibrary.com/journal/jcmm
https://orcid.org/0000-0001-6188-0302
https://orcid.org/0000-0002-2671-6598
mailto:
https://orcid.org/0000-0002-5750-0802
mailto:
https://orcid.org/0000-0002-8332-7927
mailto:
mailto:
https://orcid.org/0000-0002-5709-9190
http://creativecommons.org/licenses/by/4.0/
mailto:abhijit.dbs@presiuniv.ac.in
mailto:tabarak.malik@ju.edu.et
mailto:suprabhat.mukherjee@knu.ac.in
mailto:babaimbc@gmail.com


2820  |    DAS et al.

the infective larvae are transmitted to the new host.10 These larvae 
then migrate through the circulatory system, eventually reaching the 
lymphatic vessels where they undergo further development. Over a 
period of 6–12 months, they grow into adult males, measuring ap-
proximately 40 mm, and viviparous females, reaching sizes of up to 
120 mm. During their lifespan of 4–6 years, successful mating oc-
curs, resulting in the production of millions of mf.11 W. bancrofti also 
referred to as bancroftian filariasis accounts for 90% of the disease 
burden and is prevalent in tropical regions around the globe. On the 
other hand, Malayan filariasis is confined to Southeast Asia.6

Other forms of filariasis include subcutaneous and serous cavity 
filariasis. Subcutaneous filariasis is caused by Onchocerca volvulus, 
which primarily affects the eyes and leads to a condition called On-
chocerciasis, commonly known as river blindness.12 On the other 
hand, Loa loa localizes in the conjunctiva of the eye, causing Loia-
sis.13 The prevalence of Loiasis is concentrated in the rainforest 
areas of West and Central Africa, with its transmission being reliant 
on Chrysops flies.14 In contrast, O. volvulus is transmitted by black 
flies, Simulium sp.15

According to the data published by the World Health Organiza-
tion (WHO) in 1995, onchocerciasis was predominantly found in Af-
rican countries, as well as certain American and Asian countries.16,17 
It affected over 17.7 million individuals, out of which 270,000 were 
blind and 500,000 had severe visual impairment.18 To encounter this 
scenario, various elimination programs were launched very soon 
after the consequences of onchocerciasis in the countries of Amer-
ica and Africa like, the Onchocerciasis Control Programme (OCP), 
the Onchocercia Elimination Programme in America (OPEA) and the 
African Programme for Onchocerciasis Control (APOC). Following 
the implementation of the elimination program, the Global Burden of 
Disease Study conducted in 2017 estimated that out of 20.9 million 
individuals infected with filariasis worldwide, approximately 14.6 
million suffered from skin diseases, and 1.15 million were affected 
by blindness.12,19 Thus, a new program namely the Expanded Special 
Project for Elimination of Neglected Tropical Disease (ESPEN) was 
launched in the African region in May 2016 through the cumulative 
efforts of WHO and the Regional Office for Africa (AFRO).20

Serous cavity filariasis is caused by Mansonella perstans, Man-
sonella ozzardi and Mansonella streptocerca and it is predominantly 
characterized by being asymptomatic.21 The symptoms exhibited 
are non-specific, including pruritus, urticaria, arthralgia, abdomi-
nal pain and fatigue. As a result, this disease has been overlooked 
and neglected, lacking preventive or control programs for the af-
fected population in endemic areas.22 Infections are prevalent in 
Sub-Saharan Africa, Central and South America and the Caribbean, 
among which Africa alone reports approximately 114 million cases 
of M. perstans infection.23 Mf of M. perstans and M. ozzardi can be 
found circulating in the peripheral blood, while M. streptocerca is 
restricted to the skin. The length of these mf ranges from 160 to 
240 μm, varying by species.21,22 The absence of evidence regarding 
morbidity, mortality and clinical trials, coupled with contradictory 
transmission data, has contributed to a scenario where the govern-
ment has not taken significant action to address this endemicity.

This study focuses on the current global scenario of LF and high-
lights the advancements made in developing therapeutics to allevi-
ate the impact. LF stands as one of the oldest and most debilitating 
neglected tropical diseases (NTDs), posing a significant obstacle to 
the socio-economic development of affected countries. According 
to the WHO, in the year 2000, LF infection was found in more than 
120 million individuals across 72 countries in the tropical and sub-
tropical regions of Asia, Africa, the Pacific, parts of the Caribbean, 
and South America.24,25 However, despite efforts, there are still 51.4 
million individuals suffering from LF in 44 countries.26 As of 2021, a 
staggering 882 million individuals from LF-endemic zones remained 
at risk of LF, emphasizing the continued need for preventive ther-
apy.27 The study estimated approximately 487 million people in 
India, accounting for 55.27% of the global population at risk, are 
under the LF threat.26

WHO has taken the responsibility of managing filariasis cases 
worldwide and has recommended a preventive treatment strategy 
called mass drug administration (MDA).28,29 After the implementa-
tion of the National Filariasis Control Program in 1962, the members 
of the World Health Assembly developed a national plan to combat 
these neglected diseases in 1997. Subsequently, WHO initiated the 
Global Programme to Eliminate Lymphatic Filariasis (GPELF) with the 
goal of eliminating LF as a public health problem by the year 2020. 
The program established two key objectives. The first objective is to 
disrupt LF transmission by implementing MDA to the entire popula-
tion residing in endemic areas. This involves the administration of a 
single annual dose of diethylcarbamazine (DEC) or a combination of 
ivermectin (IVM) and albendazole (ALB). The second objective aims 
to improve the living conditions of the affected individuals by pro-
viding essential amenities such as hygiene, skin care and increased 
access to surgery for men with hydrocele, in order to alleviate their 
sufferings.27,29 Additionally, controlling measures targeting the vec-
tor population were also implemented. In 2000, the Global Alliance 
to Eliminate Lymphatic Filariasis (GAELF) was established to support 
GPELF by facilitating advocacy, coordinating partnerships and mobi-
lizing the resources.30 Over the period of 20 years following the na-
tional plan, results are not satisfactory. There are very few countries 
with little success achieved as per the desired level. According to the 
data published by WHO in 2021, approximately, 9 billion treatments 
were given to more than 935 million people for a period of 21 years 
but there are still 44 countries worldwide including India where LF 
is considered a serious public health problem and the MDA program 
remained in ongoing status.27 So, an effective and compliant strat-
egy or drug candidate or drug target must be introduced now to 
overcome the detrimental disease as soon as possible.

Several reports of fatalities31 and visual loss32 in onchocer-
ciasis patients during oral DEC treatment draw a line of limited 
application. Intriguingly, the study of Taylor et al. and Hutchinson 
et al.33–35 scrutinized that the oral administration of DEC is less 
severe than the application of DEC lotion throughout the body 
since it experiences severe pruritus, oedematous papular rash and 
sometimes vascular eruption along with fever, dizziness, head-
ache and lymphadenitis. Nowadays, this alternative use of DEC 
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as cream has become a common tool for diagnosing onchocercia-
sis, as it causes the appearance of pruritic papules in the death of 
mf.35,36 However, Food and Drug Administration (FDA) and Cen-
ters for Disease Control and Prevention (CDC) have authorized the 
oral use of DEC, along with IVM, and ALB as anti-filarial drugs. 
Currently, these are the only options to treat LF and are widely 
used despite their significant limitations, increasing resistance and 
high cost.

Due to the compromised efficacy of the existing therapeutic 
options caused by side effects and limitations, there is an urgent re-
quirement for the development of a new drug that can effectively 
target all stages of filarial nematode infections. Reports from Mexico 
indicate the reappearance of O. volvulus mf due to their resistance 
to DEC.37,38 Studies conducted by Awadzi et al., Nana-Djeunga et al. 
and Osei-Atweneboana et al.39–43 in the endemic communities in 
Ghana and Cameroon provided evidence of IVM-resistant O. vol-
vulus. Several studies have explored the prevalence of resistance 
to benzimidazole, levamisole, IVM and moxidectin in Haemonchus 
contortus, Trichostrongylus colubriformis and Cooperia spp., which 
are nematodes affecting sheep, goat and cattle respectively (as 
reviewed in Howell et al.44). Additionally, the emergence of resis-
tance to ML in Dirofilaria immitis was first reported by Hampshire in 
2005.45 The rapid rise of anthelmintic resistance in the field of vet-
erinary has become a matter of concern for livestock affecting the 
human populations as well. Resistance to benzimidazoles was found 
to be associated with Tyr 200 substitution in W. bancrofti when 
treated in combination with IVM46 although no history of resistance 
was found when treated alone.47

Multiple research reports suggest that MDA may contribute to 
the resurgence of the infection, but it cannot be attributed as the 
sole cause for this upsurge.48,49 With the current scenario, there 
is a potential risk that other nematodes may develop resistance to 
these drugs in the near future, leading to a reemergence of the dis-
ease that could affect the population on a larger scale, particularly 
impacting the health of adults and children in the endemic areas.50 
Compared to subcutaneous and serous cavity filariasis, LF is con-
sidered as the most debilitating one. Recent epidemiological data 
highlights that a substantial population (519 million) in South-East 
Asia remains at a high risk of LF despite the extensive implemen-
tation of MDA.26 The lack of effectiveness of MDA is also evident 
in India, where 174 LF-endemic districts have been identified.51,52 
Therefore, it is crucial to prioritize the development of new ther-
apeutic drugs that are resistant-free, affordable and effective, 
while simultaneously identifying new targets to eradicate both 
mf and adult parasites, including the assurance of safety of the 
human host. Exploring the immunological defence of the host and 
targeting apoptosis would be effective options to fulfil the need. 
Several studies have documented the use of phytochemicals, plant 
extracts, synthetic compounds, and nanoparticles for treating fi-
larial parasites through inducing apoptosis.53–55 Herein, this article 
enumerates the present status of the efficacy of the antifilarial 
medications and their potency in exploiting apoptosis as a target 
for the therapeutic intervention of LF.

2  |  CURRENT STATUS OF ANTIFIL ARIAL 
DRUGS AND DRUG TARGETS FOR 
TRE ATING LYMPHATIC FIL ARIA SIS

Several drugs have been developed throughout the decades to treat 
filariasis but their action kinetics are different providing different 
targets to explore. The following section provides the data about 
the anti-filarial chemotherapeutics which have been characterized 
as per their targets.

2.1  |  Cytoskeleton disruptors

ALB, mebendazole, flubendazole, oxibendazole and fenbendazole 
all the active derivatives of benzimidazole (product of benzene and 
imidazole) are well known for anthelmintic action but have a history 
of slow absorption through gastrointestinal tract and teratogenic-
ity.56 Mebendazole and flubendazole have a strong inhibition role 
in microtubule formation which acts as an inducer to the loss of 
cytoplasmic microtubules of the tegumental and intestinal cells of 
nematodes, followed by reduced glucose uptake57–60 has provided 
evidence that anthelmintic benzimidazole competes with colchicines 
binding site to make bonding with nematode β-tubulin.

2.1.1  |  Ion channel blockers

Glutamate-gated chloride channels (GluCls) are restricted only to 
invertebrates hence it can be a potential target to work against 
filariasis.61 IVM is currently in use which is a chemically modified 
naturally produced avermectin B1 which is a macrocyclic lactone 
(ML) showing activity against a broad spectrum of parasitic nem-
atodes after oral or parenteral administration. It signals to open 
GluCl channels in maximum number and induces paralysis of phar-
yngeal pumping. In Caenorhabditis elegans, the glc-1 gene partly 
encoding the GluCl α subunit is the major target of IVM.62,63 Con-
currently, the presence of avr-14 from the uterine wall of female B. 
malayi and the embryonic stage of B. malayi mf explain the reason 
behind the suppression of mf production by female worms after 
the successful avermectin treatment.64,65 However, a study by 
Dent et al.66 sighted that mutation of three genes from C. elegans 
glc-1, avr-15 and avr-14 simultaneously endue resistance to IVM, 
whereas no or little resistance when two of them were mutated. 
Moxidectin and milbemycin oxime belong to the milbemycin fam-
ily, which is consanguineous to avermectin and has expanded the 
area of affectivity of MLS as ion channel blockers.67 Piperazine 
is a GABA agonist acting on the ligand-gated Cl− channels on the 
synaptic and extra-synaptic membrane of nematode muscles, 
leading to hyper-polarization of membrane potential while keep-
ing the Cl− channels in an open state resulting in a malfunctioned 
sinusoidal movement of nematode which is also called flaccid pa-
ralysis.68 Nicotinic agonist compounds like Imidazothiazoles (lev-
amisole, butamisole), tetrahydro pyrimidone (pyrantel, morantel, 
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oxantel), quaternary ammonium salts (bephenium, thenium), py-
rimidines (methylidene), tribendimidine and spiroindoles depolar-
izes the membrane potential with increased spike frequency to 
induce contraction on nematode muscle.68–70 Though the study of 
Colquhoun and Sakmann in 1985 minutely explained levamisole, 
pyrantel, morantel, and oxantel are organic cations of large size 
and trying to pass through the nicotinic ion channels from the out-
side can block the selective filter and produce spastic paralysis on 
nematode.71,72 Amino-acetonitrile derivatives (AAD) like monep-
antel block nicotinic acetylcholine receptors,73–75 whereas cyclic 
depsipeptides are responsible for their target to potassium chan-
nels and latrophilin receptors.73

2.2  |  Metabolic inhibitors

Lactate produced from carbohydrate metabolism is the major energy 
source for the filarial parasite in which DEC, antimonials, suramin, 
benzimidazoles and levamisole targets different enzymes on differ-
ent steps of carbohydrate metabolism and reduce the metabolism 
to yield a poor amount of energy. Inhibiting the activity of phos-
phoenolpyruvate carboxykinase, fumarate reductase and succinate 
dehydrogenase by DEC alters the rate of carbohydrate metabolism76 
while suramin inactivates lactate dehydrogenase, malate dehydroge-
nase,77 and malic enzyme78 in O. volvulus that ceases tri-carboxylic 
acid cycle. According to Saz and Dunbar,79 a very high dose of an-
timonial stibophen is required to block the activity of phosphof-
ructokinase (PFK) in filariae Litomosoides carinii, Acanthocheilonema 
vitae and Brugia pahangi by targetting glycolysis. Again DEC, benzi-
midazoles, and levamisole confirmed their role as glucose metabolic 
inhibitors by altering glucose uptake, inhibiting glucose transport, 
and declining glucose utilization by shifting towards homolactate 
fermentation respectively.80 Interconversion of folate derivatives in 
nematode is obstructed by the action of DEC and suramin on the en-
zymes catalysed by the whole folate metabolic process; catastrophic 
to nematode due to retarded purine synthesis. In particular, suramin, 
a highly toxic drug, catalysing the inhibition of dihydrofolate re-
ductase (DHFR) in O. volvulus and NADP-dependent 10-formyl 
FH4-dehydrogenase in B. pahangi80,81 but DEC mediates several inhi-
bitions to different enzymes viz., serine hydroxymethyltransferase, 
5, 10 methylene FH4 reductase, methylene FH4 dehydrogenase, 5 
formyls FH4 cycloligase, 10 formyls FH4 dehydrogenase and gluta-
mate formiminotransferase in folate metabolic pathway.80,82 Arseni-
cal melarsen oxide with its toxic and idiosyncratic properties showed 
responsibility in depleting GSH levels by inhibiting the enzyme glu-
tathione reductase (GR) in cattle filariae Setaria digitata, Onchocerca 
gutturosa80,83 and in L. carinii filariid of cotton rat whereas also show 
little susceptibility to human erythrocyte GR.84 Another metabolic 
inhibitor Isothiocyanate amoscanate has effectivity against L. carinii 
and B. pahangi as micro and macrofilaricidal in inhibition glucose up-
take and incorporation in glycogen.80–85 In addition, mevinolin, an 
inhibitor of HMG-CoA reductase significantly blocks the synthesis 
of geranyl geraniol, ubiquinone and dolichol in filariid B. pahangi.80,86

2.3  |  Arachidonate metabolism blockers

Antifilarial drugs that target arachidonate metabolism have been 
investigated. DEC has emerged as a notable nematocide due to its 
ability to suppress the metabolism of arachidonic acid. It achieves 
this by blocking cyclo-oxygenase (COX), which hinders the pro-
duction of prostaglandin and prostacyclin—potent inflammatory 
responses.68,87 DEC also blocks leukotriene synthase, a significant 
mediator of immune response, converting it into leukotriene.68,88,89 
Razin et al.90 have reported that the induction of DEC does not in-
hibit 5-lipooxygenase.

2.4  |  Oxidative stress inducers

Antifilarial drug DEC can block arachidonic acid metabolism, whereas 
aspirin non-steroidal anti-inflammatory drugs inhibit prostaglandin 
H synthase. According to Singh et al.,91 the combined effect of both 
drugs increases the level of nitric oxide (NO) and decreases the GSH 
and peroxidase levels to induce oxidative stress.

2.5  |  Anti-Wolbachial therapy

The Discovery of Wolbachia endosymbiosis with several filarial 
nematodes gave new hope to invent novel strategies in the field of 
anthelmintic therapies.92 Doxycycline has an antibacterial property 
with the potential to reduce the plasma level of vascular endothelial 
growth factor-A (VEGF-A) which is a key regulator in hydrocele de-
velopment of lymphatic filarial patients.93 According to Sanprasert 
et al.,94 combined therapy of doxycycline and DEC first depletes the 
Wolbachia and then kills the parasite with the potentiality of DEC. 
To avoid the development of resistance to antibiotics for Wolbachia, 
rifampicin and doxycycline application had been declined to the 
threshold level94 but these antibiotics have some limitations in ap-
plication to children and pregnant mothers.95 Though clinical trials of 
antibiotics like doxycycline and rifampicin either in single or in com-
binational use have achieved numerous successful outcomes96,97 
there are also reports of a resurgence of W. bancrofti after 24 months 
of doxycycline and rifampicin combined therapy.98 Thailand studies 
have published the data revival of infection of mf and adult bancrof-
tian filarial after 6 months of combined therapy of doxycycline and 
DEC.94

2.6  |  Combinatorial chemotherapy

ALB, IVM and DEC are the most popular therapeutic choice since the 
20th century and approved by the FDA and CDC. Depending on the 
complexity of the disease, these drugs are sometimes used solely 
and sometimes in a group of two or three in different combinations 
like combining DEC with aspirin and achieve the beneficial role of 
aspirin in the induction of oxidative stress. While combined groups 
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such as DEC + ALB and IVM + ALB gave an idealistic opportunity to 
aim different targets at a single exposure and also for quick action 
replay, there was an expectation of no new resistance. Treating LF 
with co-infection of Wolbachia combinational therapy of doxycycline 
with DEC also proved the success behind the cooperation of com-
bined drugs and their targets. IDA is a new triple-drug-based treat-
ment therapy as recommended by WHO, by combining IVM, DEC 
and ALB and in comparison, to the two-drug regimen, the trial of 
IDA against W. bancrofti in Papua New Guniea showed a low success 
in sterilizing adult parasite for a period of only 3 years99 than DEC 
and ALB combined provides microfilaricidal activity.100 Other stud-
ies performed using DEC 6 mg/kg along with ALB 400 mg showed a 
high reduction of adult W. bancrofti.101,102 Subsequent studies car-
ried out in American Samoa starting from 2001 and spanning over a 
period of 6 years, involving combined MDA of ALB and DEC, dem-
onstrated a significant reduction in the prevalence of W. bancrofti 
antigenemia. The prevalence dropped from 11.5% in 2001 to 0.95% 
in 2006.103 ALB alone is worse in comparison to IVM but combined 
with IVM it has shown a higher mf reduction rate along with a signifi-
cant clearing ability of mf from night blood.104,105 Makunde et al.106 
demonstrated that IVM + ALB therapy is safe and endurable in treat-
ing bancroftian filariasis when coinfected with onchocerciasis. Re-
port from a study of nine villages in South India of re-emergence of 
W. bancrofti after the successful MDA with an annual single dose 
of IVM 400 μg/kg with DEC 6 mg/kg rejected the new theory of 
combinational chemotherapy in treating filariasis but the sustain-
able result came out when suitable vector control measure all-night 
landing catch (ANLC) method had accessed against C. quiquefascia-
tusis.107 Interestingly, several clinical trials on W. bancrofti-infected 
communities also showed that there were no differences in efficacy 

between IVM alone and combination therapy with DEC108 and again 
in between IVM alone with IVM + ALB treatment.109

2.7  |  Life cycle inhibitors

Targeting and blocking the life cycle of the filarial parasites are 
crucial strategies in reducing transmission and infection burden. 
Analysis of numerous epidemiological and clinical trial studies has 
revealed that the components of MDA have limited efficacy against 
both mf and adult filarial parasites. Furthermore, the effectiveness 
of these components varies among different species causing filaria-
sis (Figure 1). While few exhibit efficient ovicidal and microfilaricidal 
properties, their efficacy against adult parasites is often diminished 
or delayed.110–115 Antibiotics such as doxycycline and rifampicin have 
demonstrated better results in eliminating human parasites that 
harbour Wolbachia as an endosymbiont.94,96,97 However, these an-
tibiotics have been found to be ineffective against bovine or rodent 
parasites. Studies have also reported instances of mf and/or antigen-
emia reemergence months after treatment, indicating the inability 
of chemotherapeutic agents to fully block the life cycle of filarial 
parasites. Failures of drugs like DEC, ALB and IVM are not limited 
to filarial parasites alone, as similar reports have been observed with 
other parasite species as well. DEC, for instance, has shown no ef-
ficacy against schistosomiasis-causing parasites. On the other hand, 
ALB, when used in combination with praziquantel and nitazode, tar-
gets larval forms of Schistosoma mansoni and eggs of Schistosoma 
japonicum, Schistosoma haematobium and S. mansoni.116–118 Interest-
ingly, IVM has exhibited better efficacy against all the developmental 
stages of the parasites responsible for schistosomiasis.119–121

F I G U R E  1  Schematic representation 
of the potential efficacy of different 
chemotherapeutics across the 
developmental stages of filarial parasites 
reside in the human host (Wuchereria 
bancrofti and Onchocerca volvulus), bovine 
host (Setaria cervi) and rodent host 
(Acanthocheilonema viteae).
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3  |  APOPTOSIS A S A POTENTIAL DRUG 
TARGET FOR TRE ATING THE FIL ARIAL 
WORMS

Experiments based on evidence have proposed the idea of explor-
ing the natural process of innate response to eradicate infective 
pathogens has given us the idea to target the host natural immune 
response and promote the defence system to eradicate lymphatic 
filariasis. DEC has given evidence of inducing apoptosis in vitro and 
killing the parasite efficiently. Infected cells undergo programmed 
cell death called ‘apoptosis’ in which the infected cells or dead cells 
are removed by the host immune system to maintain the homeo-
static balance. During the apoptotic process, the cytoskeleton gets 
modified resulting in membrane blebbing, chromatin condensation 
and degradation of DNA into smaller fragments thus resulting in a 
significant decrease in cell volume. H. Robert Horvitz was the first, 
who worked on apoptosis and developed a complete pattern of pro-
grammed cell death after thorough observation of living cells of C. 
elegans.122,123 Apoptotic cells after the formation of apoptotic bod-
ies are engulfed by macrophages. They never release any substances 
like lytic enzymes or oxidizing molecules that may induce a local in-
flammatory response.

3.1  |  Apoptosis in filarial worms: extrinsic and 
intrinsic pathways

The filaricidal actions used on the parasites have resulted in the low 
concentration of Superoxide dismutase (SOD), catalase and Glu-
tathione Peroxidase (GPx) enzymes acting as a vital antioxidant de-
fence mechanism.124 GSH is a sulfur-containing protein that carries 
reactive electrons from the peroxide that get affected and lowers 
its concentration, due to filaricidal induction whereas glutathione-
S-transferase (GST) maintains a higher concentration of ROS in the 
mitochondria, endoplasmic reticulum, and peroxisome thus resulting 
in apoptosis.125

Egg-laying defective (EGL)-1, cell death abnormal (CED)-3, 
(CED)-4 and (CED)-9 are four essential proteins with their corre-
sponding role as pro-apoptotic and anti-apoptotic proteins mediating 
the role in apoptosis in filarial parasites.53 EGL-1 and CED-9 proteins 
represent the bcl2 family, whereas CED-4 is the nematode homo-
logue of mammalian apoptotic protease-activating factor-1(Apaf-1). 
During apoptosis, CED-9 is negatively regulated by EGL-1 and fails 
to show dominancy over CED-4 and CED-3.122,126 In a normal filarial 
cell, CED-4 dimers are sequestered with CED-9 on the outer sur-
face of the mitochondria and inhibit apoptosis.127 In time, stimula-
tion after an apoptotic induction increased the level of EGL-1 and 
made bonding with CED-9 by the BH3 domain that in turn disrupting 
the CED-4–CED-9 complex.128,129 After dissociation of CED-9, two 
asymmetric CED-4 dimers oligomerize to make a tetrameric apop-
tosome and this tetrameric structure then recruits proCED-3 mole-
cules130 followed by CED-3 a cysteine protease becomes activated 
and executes apoptosis, which is nematode specific126,127 (Figure 2). 

Peixoto et al.131 weref parasite by among the pioneers who provided 
molecular evidence of apoptosis in the filarial parasite W. bancrofti. 
Further studies conducted by Landmann et al.126 and Roy et al.132 
demonstrated that the CED pathway operates the induction, pro-
gression and execution of apoptosis in the filarids. The signalling 
molecules of CED pathway are analogous to the pathway operative 
in the free-living nematode C. elegans.133,134 Existence of the CED 
pathway was found to be operative in both wolbachial (W. bancrofti 
and B. malayi) and non-wolbachial (Setaria cervi and S. digitata) filarial 
parasites53,126,132,135 that indicated this pathway to be a ubiquitous 
drug target.

Studies on filaricidal-treated parasites by Mukherjee et al.53,125,136 
revealed a rich level of cysteine protease family protein, called 

F I G U R E  2  Mechanism of apoptosis in filarial parasites. ROS-
induced oxidative stress within the filarial parasites activates a 
major cell death pathway. EGL-1 the apoptosis inducer disrupts the 
normal CED-4–CED-9 complex form and makes an association with 
CED-9 to create a pro-apoptotic moiety. Free CED-4 dimers then 
oligomerize and make tetrameric apoptosomes with proCED-3. 
Activated and cleaved CED-3 is the ultimate protein responsible for 
apoptosis in filaria parasites.



    |  2825DAS et al.

caspase, directing a new path which is suitable for filarial apopto-
sis by activating other inactive proforms by making a cleavage at 
a specific sequence next to aspartate. The involvement of caspase 
protein cas-9, cas-8 and cas-3, cytochrome c and poly (ADP-ribose) 
polymerase (PARP) in the nematode125,136 indicates both intrinsic 
and extrinsic pathways are induced in apoptosis. In conclusion, the 
nematode-specific CED pathway and the newly arise caspase path-
way both have fruitfulness in executing apoptosis in the filarial par-
asite (Figure 3).

4  |  APOPTOSIS INDUCERS A S 
ANTIFIL ARIAL AGENTS

Natural and synthetic compounds have been considered an alterna-
tive over a couple of years since they have shown potential in kill-
ing the adult filariid by inducing apoptosis. Apoptotic target killing 
model has been developed in bovine parasite S. cervi137,138 and S. 
digitata139,140 due to their biochemical, immunological and morpho-
logical resemblance to W. bancrofti and brugian parasites.

4.1  |  Anthelmintic drugs

Apart from the most promising targets, MDA-approved anthelmintic 
drugs also have some inductive properties to execute apoptosis in 
filarial parasites. Among the drugs, DEC has a crucial role as a meta-
bolic inhibitor. According to Peixoto et al., Shakya et al. and Singh 
et al.,91,131,141 DEC when used as a single drug or in combination with 
aspirin illustrates a decisive role in mediating apoptosis. Microtubule 
assembly preventer ALB and Wolbachia depletory antibiotics like 
rifampicin and doxycycline when administered have shown tunnel-
positive results along with the presence of fragmented DNA and 
condensed chromatin proving the involvement of apoptosis in the 
killing of the parasite.142,143 In animals and in vitro observations of 
tetracycline on B. malayi provide favourable information, Wolbachia 
depletion is a key to induce apoptosis to filariid.126

4.2  |  Phytochemicals

RT-PCR and ROS measurement study revealed that Hydroxycin-
namic acid; a phenolic compound isolated as ferulic acid from Hi-
biscus mutabilis, has a potent antifilarial effect in ROS generation 
and has significantly decreased the expression of CED-9 that later, 
in turn, active CED-3 to progress apoptosis in adult as well as mf 
in bovine filariid S. cervi.144 The tunnel positive study of Nayek 
et al.145 showed the advantageous role of the anti-carcinogen Cur-
cuma longa derived curcuminoid, curcumin to deplete the parasitic 
GST level and improve the ROS generation that induces apopto-
sis in micro as well as in macrofilariid. Apart from anti-malarial, 
anti-leishmanial, anti-trypanosomal and anti-nematicidal proper-
ties, ursolic acid is a pentacyclic triterpenoid carboxylic acid from 

Nyctanthes arbortristis leaves, also having efficient anti-filarial ac-
tivities in inducing CED mediating apoptosis to mf of S. cervi and 
W. bancrofti as well as to adult S. cervi.133 Azadirachtin is a tetran-
ortriterpenoid phytocompound extracted from Azadirachta indica, 
elevates the level of superoxide anion and develops oxidative stress 
that finally leads to apoptotic death of S.cervi.146 MTT results from 
the study of Mukherjee et al.146 showed that Azadirachtin causes 
a significant reduction in worm viability in both mf and adult para-
sites. Again, Hoechst and Tunnel staining on oleanolic acid-treated 
S. digitata provide significant evidence of chromatin condensation 
and apoptotic body formation among all developmental stages of 
the parasite.135

4.3  |  Plant extract

Methanolic leaf extracts of Aegle marmelos, commonly known as 
beal, are rich in polyphenol which is sufficient to generate oxida-
tive stress at a high concentration and is considered a pro-oxidative 
and pro-apoptotic agent to microfilariae parasites.147 Mf of B. malayi 
treated with a high dose of methanolic root extract of Vitex negundo 
(nirgundi) loses their motility only about 50% while in combination 
with H2O2 achievingfull motility.147 According to Sahare et al.,148 
the root extract of V. negundo contains saponin which is apoptotic 
in nature. Butea monosperma is well known for its medicinal value 
as used to treat various ailments in ‘Ayurveda’, commonly called the 
flame of the forest or palasa have antimicrofilariae activity against B. 
malayi.149 Evidence of lipid peroxidation in the B. monosperma leave 
extract used to treat microfilaria can induce oxidative stress along 
with the presence of saponin in the extract has validated the relation 
between oxidative stress with apoptosis.149,150 Cajanus scarabae-
oides commonly known as showy pigeonpea has diverse therapeutic 
value in treating anaemia, smallpox, dysentery, cholera, gonorrhoea 
and rinderpest as an ethnomedicine. Among the chloroformic, etha-
nolic, ethyl acetate and petroleum etheric extraction, ethanolic ex-
tracts derived from the stem part of C. scrabaeoides are polyphenol 
enriched and show the most feasible effect when treated against 
oocytes, mf and adults S. cervi in activating ROS-dependent CED 
pathway of apoptosis.54 Neem tree belongs to meliaceae family 
used in traditional medicine for over two millennia by Siddha and 
Ayurvedic practitioners as anthelmintic, antifungal, antidiabetic, 
antibacterial, antiviral, contraceptive and sedative. TUNEL-positive 
apoptotic nuclei in mf and adult S. cervi suggest ethanolic extraction 
from leaves of A. indica (EEA) exerts an antifilarial role in mediating 
apoptosis in S. cervi.55 D. immitis, heartworm of dogs is also an ap-
optotic target for EEA in which 100 μg ml−1 dose EEA can alter the 
external morphology of the mf with compressed sheath, breakages 
and holes across the body.134 Novel antifilarial agent n-butanol ex-
tract (NBE) of Diospyros perigrena stem bark proficient in generating 
in vitro efficacy against mf and adult form of S. cervi by upregulating 
pro-apoptotic proteins and subsequently downregulating antiapop-
totic proteins.151 Analysis of tissue damage and hallmark features 
of apoptosis in treated S. digitata demonstrate rhizome extract of 
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Curcuma zedoaria is significant to induce proapoptotic proteins thus 
the extract is potent as micro and macrofilaricidal.152

4.4  |  Synthetic compounds

Synthetic cyclic sulfonamide, sultam, sultone and cyclic sulfonates 
are biologically very active compounds exhibiting antiviral, an-
tifungal and antiparasitic activities.153 Among these, quinolone-
fused cyclic sulfonamide (4,7-dimethyl-3,4,7,8-tetrahydro-3λ6-[1
,2]thiazino[4,3-f]quinoline-3,3,8-trione) 8 L is a hybrid compound 
synthesized by fusion of coumarin and quinolone and is imperative 
to accumulate ROS that increases oxidative stress and later signals 
for apoptosis by triggering both extrinsic and intrinsic pathways 
against all the developmental stages of S. cervi. Moreover, 8 L is also 

beneficial against Wolbachia infection.53 More precisely, the activ-
ity of 8 L is more efficacious than IVM along with its non-toxic na-
ture to mammalian hosts that target apoptosis makes it the most 
promising drug candidate among all filaricidal compound. According 
to A. Gucchait et al.,154 compound 4a among the series of synthe-
sized carbamo(dithioperoxo)thioate derivatives deliberate as most 
acceptable in inducing apoptosis to the oocyte, mf and adult stage 
of S. cervi after the flow cytometry analysis of oocyte and mf, and 
western blotting of apoptotic protein of adults. The involvement of 
apoptotic mediator caspase 3, caspase 8, caspase 9, cytochrome c 
and PARP along with filarial-specific CED proteins provide evidence 
that the trans-stilbene derivatives are efficient in triggering apopto-
sis in filariids.125 Again, trans-stilbene derivatives along with Resver-
atrol (RSV) exhibit much more potency than alone RSV in mediating 
apoptotic death in nematode S. cervi.125 Synthesized compound 

F I G U R E  3  Apoptosis as a target for 
developing antifilarial drugs. Apoptosis-
inducing drugs primarily raise oxidative 
stress inside the parasite body and 
subsequently activate intrinsic, extrinsic 
as well as filarial conserved apoptosis 
pathways, EGL-1/CED-9/CED-4/CED-3 
pathway.
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C-cinnamoyl glycoside also has much potential as an antifilarial 
agent as well as an apoptotic agent that leads to the permanent 
death of bovine parasite S. cervi and human-affecting filarial para-
site W. bancrofti.155 Butylated hydroxyl anisole is a well-known food 
additive that is used to treate adult S. cervi, showing an adulticidal 
effect making it more precious. But compared with macrofilaricidal 
methyl chalcone (MC), MC takes the lead after the parasite's motil-
ity and viability test and analysis of GSH level.156 Derivatives of 2, 
4-diaminopyrimidine and 2, 4-diamino-s-triazine are Dihydrofolate 
reductase inhibitors (DHFR) acting as a potent antifilarial agent with 
evidence from apoptosis detection ethidium bromide-acridine or-
ange (EB/AO) staining proves these derivatives are also responsible 
for apoptotic damage in B. malayi mf and adult.157 After measuring 
the TrxR activity in 2,4-dinitrochlorobenzene (CDNB) treated S. cervi 
mf, it has cleared CDNB targets TrxR, imbalance the cellular redox 
homeostasis followed by mitochondrial membrane lipid peroxida-
tion and protein carbonyl formation that finally initiates intrinsic 
pathway of apoptosis.158 According to Mandvikar et al.,159 Im10 (5
-benzylidene-2-imino-3-(4-phenylthiazol-2-yl)thiazolidin-4-one), a 
thiazolidine derivative has much more potential than DEC to trigger 
ROS-mediated apoptosis in treated B. malayi mf and adult.

4.5  |  Nanoparticles

Nanotechnology is the new future of drug discovery that uses nano-
particles as a treatment option by delivering the drugs to its targets. 
Several filaricidal nanoparticles have already been synthesized in 
the hope that they could be our future drug in treating filariasis like, 
chitosan functionalized gold nanoparticles which are compatible 
biologically with the mammalian host and have low allergenicity and 
biodegradability with no toxic effect. It can upregulate the produc-
tion of ROS within the filarial parasite resulting in DNA fragmenta-
tion hence it is acceptable as an effective nanotherapeutic inducer 
against filariasis.160 Chitosan and Terminalia chebula extract-based 
gold nanoparticles are synthesized by following the green method 
and has a remarkable anti-filariasis effect with evidence of externali-
zation to the membrane phosphatidylserine on treated filarial para-
sites after dual staining with 6-carboxyfluorescein diacetate and 
annexin-VCy3. TUNEL positive result also proves its apoptotic na-
ture as filaricidal.132 Another composition of gold nanoparticles with 
chitosan and extract of Piper nigrum is very active against S. cervi in 
inducing oxidative stress, an imbalance redox and further activating 
pro-apoptotic proteins.161 According to Roy et al.162 BCH (chitosan 
stabilized) are more significant effector than BEG (ethylene glycol 
stabilized) and BST (starch stabilized) silver nanoparticles (AgNP) on 
apoptotic cell death. When applied in high doses approx. 250 μL/
mL to S. cervi, most of the mf and adults lose viability. Silver nano-
particles comprise biomolecule tyrosine and natural polymer starch 
which are highly active in ROS generation and induce apoptosis in 
the larval stage of filarial parasites but also in filaria causing vector 
C. quinquefasiatus.163 Other silver nanoparticles synthesized from 
funicles extract from Acacia auriculiformis exhibit their antifilarial 

effect with very little concentrated dose, that is, 50% death at only 
3.58 μg/mL concentration compared with raw extract of the plant 
and also significant in triggering oxidative stress that finally medi-
ates apoptosis of filariids.164 The study conducted by Yadav et al.165 
indicated that the raw plant Andrographis paniculata extract is much 
weaker than the silver nanoparticle synthesized with the same plant 
extract in killing parasites by triggering apoptosis as well as confirm-
ing the success of nanoformulation in the treatment of filariasis.

D-glucose and hydrazine composite silver nanoparticle is also 
a very potent filaricid in generating oxidative attack at a very low 
dose.166 Report of propidium iodide staining in the degradation of 
nuclear DNA supports the apoptotic nature of polyvinyl capped sil-
ver nanoparticles when treated against S. cervi.167 According to Zafar 
et al.,168 ALB-copper (II) oxide nanocomposite is much more effec-
tive in establishing oxidative stress in comparison to ALB. This study 
also supports cost-effective nanoformulation which can be our fu-
ture therapeutic strategy to combat filariasis.

Herein, Table 1 has been specifically designed to list and provide 
details on all the effective natural and synthetic compounds that 
have been found to induce apoptosis in filaria-causing parasites.

5  |  WHY APOPTOSIS?

All the FDA- and CDC-approved drugs are still used in treating fil-
ariasis but the severity of killing has declined remarkably. Several 
strategies with their ongoing status are in an unsatisfactory state 
with the success rate gradually decreasing along with the reappear-
ance of infection giving rise to a blurred situation worldwide. In this 
circumstance, apoptosis could play its role as an appreciable target 
to combat filariasis.

Cytoskeleton disrupters like ALB block microtubule formation 
and reduce glucose uptake but the efficiency does not reach a sat-
isfactory level when ALB is used in nano-formulation the resulting 
antifilarial activity is augmented by the synergistic apoptotic impact. 
According to Zafar et al.,168 100 μg/mL ALB-CuO nanocompos-
ite was found to be responsible for 47.3 RM value in adult S. cervi, 
while 87.1 RM value was visualized after treatment of 100 μg/mL 
ALB alone under dark condition but when using UV light RM value 
reduced surprisingly. Approximately, two times more mortality was 
recorded against mf when treated with ALB-CuO nanoparticles at 
100 μg/mL concentration in comparison with ALB.168 Moreover, 
azoles have some teratogenic properties thus there is always a re-
striction in use while most of the apoptosis-causing agents are plant 
extract, so there should be no possibilities of toxic side effects, be-
sides, they show a high efficiency as filaricide. Ethanolic extract from 
C. scrabaeoides is primarily non-toxic to the host along with most 
proficient and powerful among plant extracts in targeting apoptosis 
since 50 μg/mL is sufficient to achieve almost 60% mortality of adult 
S. cervi as well as it has ovicidal properties.54 Another plant extract 
EEA is also non-toxic and has an LC50 value of about 47.12 μg/mL 
against adult S. cervi while against mf it is 24.72 μg/mL and this re-
port makes EEA a highly efficient killer of filarial parasites.55,134
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Ion channel blocker IVM targets GluCl channels with several 
successful trial reports but compared against apoptosis-targeted 
agents, it has been found that IVM stands far behind in severity as 
filaricidal. Report from the MTT assay showed about 90% death of 
W. bancrofti mf when treated with ursolic acid at a concentration 
of 10 μg/mL and about 70% death when IVM was applied.164 Again, 
IVM is only successful as microfilaricidal with a little partial effi-
ciency in adults but most of the apoptotic agents have potentiality 
against all the developmental stages like RSV and trans-stilbene 
derivatives when treated with 50% mortality achieved at only 
8.867 ± 0.82 μg/mL concentration on adult S. cervi but IVM never 
matched the level, even at 50 μg/mL concentration.125 Also, from 
another study, where 100% inhibition was reported of adult S. cervi 
after carbamo (dithioperoxo) thioate derivatives were applied, IVM 
can only inhibit approx. 48% at 100 μg/mL concentration.154 Le-
vamisole another ion channel blocker has species-specific micro-
filaricidal efficacy only against W. bancrofti and B. malayi but not 
in O. volvulus along with several histories of resistance not making 
a potent filaricide.169 Other ion channel blockers like piperazine, 
pyrantel, morantel and oxantel all are good in executing their ac-
tion on their respective areas but are limited to their only targets 
like cattle, sheep, goats and dogs. In humans, these are hardly used 
against other nematodes, mainly hookworm, also with several lim-
itations so there is a serious need for an apoptotic agent to eradi-
cate human LF.

DEC is one of the most successful antifilariatic drugs that have 
versatile properties, that is, from blocking arachidonic metabolism, 
inhibiting carbohydrate metabolic process resulting in induction of 
oxidative stress but due to several parasite re-emergence or resis-
tance reports as well as due to adverse side effects, a substitute 
should be needed to kill parasite with the same intensity that DEC 
can. In this scenario apoptosis inducer, quinolone-fused cyclic sul-
fonamide 8 L could be used as a substitute as well as a future an-
tifilariatic drug since 8 L is non-toxic to the host and secondly, it is 
highly active against all developmental stages of S. cervi. According 
to Mukherjee et al.,53 LD50 dose was 281.4 μM for adults, 166.9 μM 
for mf and to the oocyte, it was 17.3 μM and this intensity of action 
makes 8 L most proficient among synthetic apoptotic agents. Meta-
bolic inhibitor suramin is also a good antifilarial drug but due to its 
highly toxic nature, it cannot be used frequently as it shows adverse 
side effects like aching of muscles and joints where all the newly 
discovered apoptosis targeted candidates have no harmful activity 
to the host.

For anti-Wolbachia therapy, several antibiotics have been used 
for a long time to deplete the Wolbachia, so there should be a possi-
bility of resistance among the antibiotics in the near future. Thus, a 
replacement is mandated and 8 L could help with its beneficial role in 
efficiency against Wolbachia infection.

Collectively, the aforementioned studies demonstrate that both 
natural and synthetic compounds capable of inducing apoptosis are 
highly efficient in reducing mf and adult stages of LF-causing par-
asites. To further confirm the superiority of apoptogenic filaricidal 
agents over non-apoptogenic compounds, a comparative study was 

conducted. As shown in Table 2, the majority of non-apoptogenic 
filaricidal compounds exhibit lower efficacy compared to apoptosis-
inducing compounds. Moreover, the autophagy-inducing com-
pounds, such as Epicatechin-3-O-gallate (ECG) and C-cinnamoyl 
glycoside, demonstrate significantly higher LC50 values compared 
to ursolic acid, trans-stilbene derivatives and carbamo (dithioper-
oxo) thioate derivatives.113,130,133,145,158,159 Additionally, apoptosis-
inducing compounds like Tetracycline and 8 L exhibit high efficiency 
in depleting Wolbachia,53,114 as indicated in Table 2.

All the studies indicated that exploring the host's immune re-
sponse will be a great strategy with no possibility of developing re-
sistance in the near future as well as the compounds targeting the 
same have no toxic effect on the host and have high efficiency in kill-
ing both the mf and adult filarial parasites by triggering ROS-induced 
apoptosis.

6  |  DETERMINATION OF APOPTOSIS IN 
FIL ARIAL PAR A SITES AND SCREENING OF 
ANTIFIL ARIAL AGENTS

Effectivity and apoptosis-inducing properties of all the above-
mentioned antifilarial agents have been discovered experimentally 
in the last few years. The application of appropriate methodology for 
determining the induction of apoptosis has been the key to under-
standing the efficacy of different natural, synthetic/semi-synthetic 
compounds and nanoparticles against different pathogenic filarial 
nematodes. Among the techniques to screening the antifilarial 
agents, cell viability/MTT assay and Trypan blue dye exclusion meth-
ods are the primary choices to the researchers (Table 3). Metabolic 
activity is one of the crucial hallmarks of the living cell.178 MTT (3
-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is a 
yellow tetrazolium salt and it turns into purple-coloured formazan 
upon the action of the cellular mitochondrial reductase/NAD (P)H-
dependent oxidoreductase enzyme that designates cell viability.162 
On the other side, live cells do not retain trypan blue dye while dead 
cell usually accumulates the dye due to loss of membrane perme-
ability and appear as blue. Alteration in the nuclear morphology due 
to chromatin condensation can be easily monitored using fluores-
cent nuclear stains such as Hoechest, DAPI, Propidium Iodide, AO/
EtBr etc. Changes in the membrane architecture specifically the po-
sition of phosphatidyl serine are a signature of cells going into ap-
optotic death.179 This could be easily diagnosed by a fluorescence 
stain namely FITC-annexin-V. All these techniques are primarily 
qualitative but the introduction of flow cytometry has enabled the 
quantitative detection of the apoptotic parameters (Table 4). For ex-
ample, oocytes or mf undergoing apoptotic changes upon treatment 
with a drug can be very accurately examined for the quantitative 
induction of apoptosis and the proportion of cells in early and late-
apoptosis stages, necrotic cells and live cells can be acquired. Loss 
of the integrity of the genetic material is a characteristic feature of 
programmed cell death. Drug-induced damage in the DNA can be 
efficiently determined using DNA fragmentation assay (DFA) which 
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is a simple method to identify fragmentation of DNA in an agarose 
gel electropherogram.180 In accordance with DFA, in situ DNA frag-
mentation can be easily detected by TUNEL assay wherein broken 
double-stranded DNA can be identified in a histological preparation 
of filarial parasite having exposure to an antifilarial agent.

7  |  FUTURE DIREC TION

Natural and synthetic compounds target apoptosis. Thus, new drug 
candidates can impede the prevalence of filariasis. In this review 
article, different apoptosis-inducing agents with the potential to 
eliminate filarial parasites are discussed. Since targeting apoptosis 
is a good approach but complete genome sequencing of S. digitata, 
a substitute model of W. bancrofti will help to understand the ge-
netics behind this approach and later to develop genomic medicine 
that targets anti-apoptotic mediators. However, the draft genome 
sequence of S. digitata has already been developed by Senanayaki 
et al.187 and analysis of the genetics may assist in seeking negatively 
regulating genes of filarial apoptosis. As we know Small interfering 
RNA (siRNA) silences the genes thus, the development of siRNA 
with complementary sequences can target anti-apoptotic RNAs. 
With conventional drugs, more chemicals are used to bind with 
specific target proteins and show their toxic effect but compared to 
RNA therapeutics, nucleic acids are targeted and exert toxicity more 
specifically. Although there are several complications in accessing 
siRNA, off-target efficacy, poor stability and delivery to targets, 
chemical modification such as phosphorothioate modification and 
nanoparticle encapsulation may overcome all such challenges.188 
Besides siRNA, microRNA (miRNA) as well as antisense oligonucleo-
tides (ASOs) can also be designed as future therapeutics to target 
genes of interest to inhibit their expression in blocking apoptosis. 
miRNA has an advantage in regulating the expression of multiple 
messenger RNA (mRNAs), so targeting miRNA could be a new way 

of antifilarial therapy; whereas, ASO can target miRNA safely and 
effectively.

Bioinformatics is flourishing in the field of drug design. With the 
proteomics study of W. bancrofti and B. malayi, we may find novel 
protein(s) that are being targeted by the apoptosis-causing agents 
while metabolomics may figure out the chemical pathways which is 
being followed to ultimate apoptotic death. Sometimes autophagy 
enables apoptosis, thus activation of autophagy by inducing expres-
sion of ATG family genes may trigger apoptosis and eliminate the 
parasites. Knowing the novel protein and/or genes responsible for 
inducing apoptosis, bioinformatics can be used to design apoptotic 
pathways computationally. Extensive research has provided compel-
ling evidence that filarial parasites possess immunomodulatory pro-
teins that can effectively manipulate the host immune system.189–191 
They can establish either proinflammatory or anti-inflammatory mi-
lieu within the host, responsible for overt immunopathology. Tak-
ing ideas from these findings, recent studies have made significant 
progress in designing antifilarial immunotherapeutic agents, includ-
ing vaccines and antibodies to eliminate filarial infection and restore 
immune homeostasis.153,192–195 Antifilarial potential of these future 
therapeutics could be investigated in the context of apoptosis and 
this could provide us with very insightful directions.

8  |  CONCLUSION

In summary, analysis of all the data depicted in the available lit-
erature supports that targeting apoptosis is mostly effective than 
other targets for developing antifilarial drugs. Similarly, most of the 
available antifilarials trigger apoptotic pathways for inducing death 
in the lymphatic filarial parasites. Herein, Figure 4 summarizes the 
importance of apoptosis-inducing natural and synthetic products 
in targeting the filarial parasites, including the adult parasites, em-
phasizing their significance over the currently available antifilarial 

TA B L E  3  Screening techniques confirming the efficacy of the antifilarial agents.

Antifilarial 
agent 
screening 
techniques Principle of the techniques Detection strategy References

MTT assay This is a colorimetric assay, used to measure the cell 
metabolic activity. NAD(P)H-dependent cellular 
oxidoreductase enzymes from living cells turn 
the yellow MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) to purple formazan

Mortality percentage of treated filarial worms at 
the cellular level directs the efficiency of the 
antifilarial agents

[53,175]

Trypan blue 
dye 
exclusion 
method

Trypan blue is a polar dye, impermeable to intact cell 
membranes but can easily enter through dead cell 
membranes and stain the cytoplasm of dead cells 
as blue

More the intensity of the blue stain will represent a 
greater number of worm dead cells

[55,176]

Movability 
index 
scoring 
method

This visual assessment technique follows a scoring 
pattern on the basis of activity of the worms 
(extremely active as 4, moderately active as 3, a 
little active as 2, immovable but responding to 
stimuli 1 and no activity or dead as 0

Relative motility (RM) or the ratio of the motility 
index of treated worms to the motility index of 
the control group explains the filaricidal activity 
of the agents

[134,177]
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TA B L E  4  Techniques determining the apoptosis in filarial parasites.

Apoptosis 
identifying 
techniques Working principle

Specific stage of apoptosis to be 
determined References

Hoechst 33342/
Propidium iodide 
(PI) double 
staining

Hoechst 33342 or 2′-[4-ethoxyphenyl]-5-[4-methyl-1-
piperazinyl]-2,5′-bi-1H-benzimidazole trihydrochloride 
trihydrate is preferentially bound to the adenine-thymine 
(A-T) regions of the DNA of live or fixed cells and 
fluoresces at 460 nm when excited by ultraviolet (UV)

light

Apoptotic nucleus reflects bright 
fluorescence with respect to normal 
as condensed forms are stained more 
intensely. While in necrotic cells, the 
edges of the nucleus display a blurry 
appearance.

Dead cells with PI emit high-red 
fluorescence.

[180]

TUNEL assay TUNEL is a terminal deoxynucleotidyl transferase (TdT) d 
UTP Nick-End Labelling technique, where the TdT enzyme 
labels 3′-hydroxyl terminus of DNA breaks with biotin 
tagged d UTP. Subsequent mixing of streptavidin-HRP 
and chromogenic substrate DAB with the labelled DNA 
breaks generates a brown colour that identifies apoptosis

Apoptotic nucleus appears as a brown ball 
with respect to a clear normal nucleus

[181]

Acridine orange/
ethidium 
bromide (AO/
EtBr) double 
staining

Acridine orange (AO) is a nuclear stain, permeable for both 
living and dead cells, whereas ethidium bromide (EtBr) 
stains only dead cells' nuclei. Upon intercalation with 
DNA, AO in normal cells emit green fluorescence and 
EtBr in dead cells emit orange fluorescence.

Apoptotic cells with condensed chromatin 
emit either bright green or orange 
fluorescence depending on the stage 
of the apoptosis, while in necrotic cells' 
nucleus appeared as live normal nuclei 
except the orange colour instead of 
green

[182]

DAPI staining DAPI (4′,6-diamidino-2-phenylindole) is a nuclear stain, that 
binds to minor grooves of adenine-thymine regions of the 
DNA to emit blue fluorescence

Apoptotic cell with compromised 
membrane allows more DAPI within 
the cell, therefore, a strong blue 
fluorescence with observable blebbing 
appear

[183]

DNA ladder assay DNA ladder assay or DNA fragmentation assay is a technique 
to compare the fragmentation in genomic DNA of normal 
cells and apoptotic cells. Here, purified DNA fragments 
from both types of cells resolved in Agarose gel 
electrophoresis and visualized under Gel-Doc

Fragmented DNA from apoptotic cells 
appears as a DNA ladder

[184]

qPCR of pro- (CED-
3, CED-4, 
Egl-1) and 
antiapoptotic 
(CED-9) genes

qPCR or real-time PCR is a technique to quantify the gene of 
interest. Quantitative measurement of fluorescence of 
each cycle provides the concentration of pro- and anti-
apoptotic genes as Ct value

Proapoptotic genes with low Ct value and 
anti-apoptotic with high commence the 
onset of apoptosis

[183]

Immunoblotting of 
pro- (CED-3, 
CED-4, Egl-1) 
and anti-
apoptotic (CED-
9) proteins

Immunoblotting is a technique that determines the 
translational expression of apoptogenic proteins. 
Total protein extracted from the control cells and cells 
undergoing apoptosis are separated by SDS-PAGE, 
incubated with antibodies raised against pro- and anti-
apoptogenic proteins, counter treatment is done with 
enzyme labelled IgG and visualized through enzyme-
substrate reaction or chemiluminescence

Thick dark band of apoptosis-inducing 
proteins determines the onset of 
apoptosis

[53,185]

Caspase Assay Caspase assay is used to measure the activity of the 
apoptosis-inducing protein Caspase3 (CED-3 in filarid). 
Apoptosis inhibitor Z-VAD-FMK is used in this technique 
to compare the activity of the apoptotic proteins between 
normal apoptotic cells and Z-VAD-FMK-treated apoptotic 
cells

Immunoblots of Z-VAD-FMK-treated 
apoptotic cell appear as thin bands 
indicating reduced activity of the CED 
proteins in comparsion to untreated 
apoptotic cell and help in determining 
the onset of apoptosis

[53]

Flow cytometry Flow cytofluorimetric analyses utilize Annexin V/Propidium 
Iodide (PI) double staining technique and summarize the 
result in a two-dimensional dot plot. Annexin V emits a 
signal for detecting apoptosis while PI for necrosis and 
late apoptosis

Plots show double negative for Annexin 
V and PI denotes normal cells and 
necrosis for double-positive. While 
positive for Annexin V and negative for 
PI signifies early apoptosis, negative 
for Annexin V and positive for PI imply 
late apoptosis

[186]
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therapeutics. In the filarial parasites, programmed cell death is an 
important phenomenon, typically executed by the CED pathway and 
the activation of the signalling molecules like CED-9, EGL-1, CED-4 
and CED-3 are induced by the exposure of several chemical and/
or phytocompounds.53,54,134 Therefore, targeted induction of the 
CED pathway is considered an effective strategy in developing an-
tifilarial drugs and therefore apoptosis or the apoptotic pathways 
are considered efficacious targets for developing antifilarials. In this 
consequence, it can be concluded that targeted activation of apop-
tosis in filarial parasites through the application of natural antifilari-
als appears to be the way to achieve the goal of eradicating LF from 
endemic countries in the near future.

AUTHOR CONTRIBUTIONS
Nabarun Chandra Das: Conceptualization (equal); data curation 
(equal); formal analysis (equal); investigation (equal); methodology 
(equal). Pritha Chakraborty: Conceptualization (equal); data cura-
tion (equal); resources (equal); validation (equal); writing – original 
draft (equal). Samapika Nandy: Writing – review and editing (equal). 
Abhijit Dey: Conceptualization (equal); writing – original draft (sup-
porting). Tabarak Malik: Formal analysis (supporting); supervision 
(supporting); writing – review and editing (supporting). Suprabhat 
Mukherjee: Data curation (equal); methodology (equal); supervision 
(lead).

ACKNO​WLE​DG E​MENTS
SM acknowledges University Grants Commission (UGC) (Ref. no. 
F.2-12/2019(STRIDE-1) and KNU-UGC STRIDE (Ref. no. KNU/R/
STRIDE/1077/21) and Department of Science and Technology-
Science & Engineering Research Board (DST-SERB) (Ref. no. 
SRG/2021/002605) for supporting his research activities and labo-
ratory through awarding research grants. PC thanks DST, Govt. of 
India for the award of DST-INSPIRE fellowship (IF190998). The au-
thors gratefully acknowledge BioRe​nder.com used for drawing the 
figures.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that there is no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated or analyzed in this study.

ORCID
Nabarun Chandra Das   https://orcid.org/0000-0001-6188-0302 
Pritha Chakraborty   https://orcid.org/0000-0002-2671-6598 
Abhijit Dey   https://orcid.org/0000-0002-5750-0802 
Tabarak Malik   https://orcid.org/0000-0002-8332-7927 
Suprabhat Mukherjee   https://orcid.org/0000-0002-5709-9190 

F I G U R E  4  Apoptosis as an efficacious 
target in developing antifilarials in 
comparison to conventional drug targets.

http://biorender.com
https://orcid.org/0000-0001-6188-0302
https://orcid.org/0000-0001-6188-0302
https://orcid.org/0000-0002-2671-6598
https://orcid.org/0000-0002-2671-6598
https://orcid.org/0000-0002-5750-0802
https://orcid.org/0000-0002-5750-0802
https://orcid.org/0000-0002-8332-7927
https://orcid.org/0000-0002-8332-7927
https://orcid.org/0000-0002-5709-9190
https://orcid.org/0000-0002-5709-9190


2836  |    DAS et al.

R E FE R E N C E S
	 1.	 Mukherjee S, Joardar N, Babu SPS. Redox regulatory circuits as 

targets for therapeutic intervention of bancroftian filariasis: bio-
chemical, molecular, and pharmacological perspectives. Oxidative 
Stress in Microbial Diseases. Springer; 2019:185-208.

	 2.	 Famakinde DO. Mosquitoes and the lymphatic filarial parasites: 
research trends and budding roadmaps to future disease eradica-
tion. Trop Med Infect Dis. 2018;3(1):4.

	 3.	 Shenoy RK. Clinical and pathological aspects of filarial lymphedema 
and its management. Korean J Parasitol. 2008;46(3):119-125.

	 4.	 Partono F. The spectrum of disease in lymphatic filariasis. Ciba 
Found Symp. 1987;127:15-31.

	 5.	 Mukherjee S, Karmakar S, Babu SPS. TLR2 and TLR4 mediated 
host immune responses in major infectious diseases: a review. 
Brazilian J Infect Dis. 2016;20(2):193-204.

	 6.	 CDC. Centers for Disease Control and Prevention – Lymphatic 
Filariasis. 2023. Accessed February 13, 2023. https://www.cdc.
gov/paras​ites/lymph​aticf​ilari​asis/

	 7.	 MSU. Lymphatic Filariasis – Insects, Disease, and Histroy | 
Montana State University. 2023. Accessed February 13, 2023. 
https://www.monta​na.edu/histo​rybug/​filar​iasis.html

	 8.	 Foster WA, Walker ED. Mosquitoes (Culicidae). Medical and 
Veterinary Entomology. Elsevier; 2019:261-325.

	 9.	 Azmi SA, Das S, Chatterjee S. Seasonal prevalence and blood 
meal analysis of filarial vector Culex quinquefasciatus in 
coastal areas of Digha, West Bengal, India. J Vector Borne Dis. 
2015;52(3):252-256.

	 10.	 Paily KP, Hoti SL, Das PK. A review of the complexity of biology of 
lymphatic filarial parasites. J Parasit Dis. 2009;33(1–2):3-12.

	 11.	 Fang Y, Zhang Y. Lessons from lymphatic filariasis elimination and 
the challenges of post-elimination surveillance in China. Infect Dis 
Poverty. 2019;8(1):1-10.

	 12.	 Gyasi ME, Okonkwo ON, Tripathy K. Onchocerciasis. StatPearls 
Publishing; 2022. http://europ​epmc.org/abstr​act/MED/32644453

	 13.	 Placinta IA, Pascual CI, Chiarri-Toumit C, Mata-Moret L, Sanchez-
Cañizal J, Barranco-González H. Ocular loiasis affecting a child 
and its assessment by anterior segment optical coherence tomog-
raphy. Rom J Ophthalmol. 2019;63(2):184-187.

	 14.	 Padgett JJ, Jacobsen KH. Loiasis: African eye worm. Trans R Soc 
Trop Med Hyg. 2008;102(10):983-989.

	 15.	 Shintouo CM, Nguve JE, Asa FB, et al. Entomological assessment 
of onchocerca species transmission by black flies in selected 
communities in the West Region of Cameroon. Pathogens. 
2020;9(9):722.

	 16.	 Boatin B. The onchocerciasis control programme in West Africa 
(OCP). Ann Trop Med Parasitol. 2008;102(sup1):13-17.

	 17.	 Hotterbeekx A, Ssonko VN, Oyet W, Lakwo T, Idro R. Neurological 
manifestations in Onchocerca volvulus infection: a review. Brain Res 
Bull. 2019;145:39-44.

	 18.	 Hall LR, Pearlman E. Pathogenesis of onchocercal keratitis (river 
blindness). Clin Microbiol Rev. 1999;12(3):445-453.

	 19.	 Makenga Bof J-C, Ntumba Tshitoka F, Muteba D, Mansiangi P, 
Coppieters Y. Review of the national program for onchocerciasis 
control in The Democratic Republic of the Congo. Trop Med Infect 
Dis. 2019;4(2):92.

	 20.	 Engels D, Zhou X-N. Neglected tropical diseases: an effective 
global response to local poverty-related disease priorities. Infect 
Dis Poverty. 2020;9(1):10.

	 21.	 Ta-Tang T-H, Crainey JL, Post RJ, Luz SLB, Rubio JM. Mansonellosis: 
current perspectives. Res Rep Trop Med. 2018;9:9-24.

	 22.	 Mediannikov O, Ranque S. Mansonellosis, the most neglected 
human filariasis. New Microbes New Infect. 2018;26:S19-S22.

	 23.	 Simonsen PE, Onapa AW, Asio SM. Mansonella perstans filariasis in 
Africa. Acta Trop. 2011;120:S109-S120.

	 24.	 Nutman TB. Insights into the pathogenesis of disease in human 
lymphatic filariasis. Lymphat Res Biol. 2013;11(3):144-148.

	 25.	 Gordon CA, Jones MK, McManus DP. The history of bancroftian 
lymphatic filariasis in Australasia and Oceania: is there a threat 
of re-occurrence in mainland Australia? Trop Med Infect Dis. 
2018;3(2):58.

	 26.	 WHO. Global programme to eliminate lymphatic filariasis: prog-
ress report, 2021. Wkly Epidemiol Rec. 2022;97(41):513-524. 
Accessed February 13, 2023. https://apps.who.int/iris/handl​
e/10665/​85616

	 27.	 WHO. Lymphatic filariasis. 2023. Accessed February 13, 2023. 
https://www.who.int/news-room/fact-sheet​s/detai​l/lymph​atic-
filar​iasis

	 28.	 Kyelem D, Biswas G, Bockarie MJ, et al. Determinants of success 
in national programs to eliminate lymphatic filariasis: a perspective 
identifying essential elements and research needs. Am J Trop Med 
Hyg. 2008;79(4):480-484.

	 29.	 Kamgno J, Djeunga HN. Progress towards global elimination of 
lymphatic filariasis. Lancet Glob Heal. 2020;8(9):e1108-e1109.

	 30.	 Ichimori K, King JD, Engels D, et al. Global programme to eliminate 
lymphatic filariasis: the processes underlying programme success. 
PLoS Negl Trop Dis. 2014;8(12):e3328.

	 31.	 Oomen AP. Fatalities after treatment of onchocerciasis with dieth-
ylcarbamazine. Trans R Soc Trop Med Hyg. 1969;63(4):548.

	 32.	 Bird AC, El-Sheikh H, Anderson J, Fuglsang H. Visual loss during 
oral diethylcarbamazine treatment for onchocerciasis. Lancet. 
1979;314(8132):46.

	 33.	 Taylor H, Greene B, Langham M. Controlled clinical trial of oral and 
topical diethylcarbamazine in treatment of onchocerciasis. Lancet. 
1980;315(8175):943-946.

	 34.	 Hutchinson DBA, El-Sheikh H, Jones BR, Anderson J, Fuglsang 
H, Mackenzie CD. Adverse reactions to cutaneous diethylcarba-
mazine in onchocerciasis. Lancet. 1979;314(8132):46.

	 35.	 Sainas S, Dosio F, Boschi D, Lolli ML. Chapter one - targeting 
human onchocerciasis: recent advances beyond Ivermectin. In: 
Botta MBT-AR in MC, ed. Neglected Diseases: Extensive Space for 
Modern Drug Discovery. Academic Press; 2018:1-38.

	 36.	 Ozoh G, Boussinesq M, Bissek A-CZ-K, et al. Evaluation of the di-
ethylcarbamazine patch to evaluate onchocerciasis endemicity in 
Central Africa. Trop Med Int Heal. 2007;12(1):123-129.

	 37.	 Vargas L, Tovar J. Resistance of Onchocerca volvulus microfilariae to 
diethylcarbamazine. Bull World Health Organ. 1957;16(3):682-683.

	 38.	 Burch TA, Ashburn LL. Experimental therapy of onchocerciasis 
with suramin and hetrazan; results of a three-year study. Am J Trop 
Med Hyg. 1951;1(5):617-623.

	 39.	 Cobo F. Determinants of parasite drug resistance in human lym-
phatic filariasis. Rev Española Quimioter. 2016;29(6):288-295.

	 40.	 Osei-Atweneboana MY, Awadzi K, Attah SK, Boakye DA, 
Gyapong JO, Prichard RK. Phenotypic evidence of emerging iv-
ermectin resistance in Onchocerca volvulus. PLoS Negl Trop Dis. 
2011;5(3):e998.

	 41.	 Awadzi K, Boakye DA, Edwards G, et al. An investigation of per-
sistent microfilaridermias despite multiple treatments with iver-
mectin, in two onchocerciasis-endemic foci in Ghana. Ann Trop 
Med Parasitol. 2004;98(3):231-249.

	 42.	 Osei-Atweneboana MY, Eng JKL, Boakye DA, Gyapong JO, 
Prichard RK. Prevalence and intensity of Onchocerca volvu-
lus infection and efficacy of ivermectin in endemic commu-
nities in Ghana: a two-phase epidemiological study. Lancet. 
2007;369(9578):2021-2029.

	 43.	 Nana-Djeunga HC, Bourguinat C, Pion SD, et al. Reproductive 
status of Onchocerca volvulus after ivermectin treatment in 
an ivermectin-naive and a frequently treated population from 
Cameroon. PLoS Negl Trop Dis. 2014;8(4):e2824.

https://www.cdc.gov/parasites/lymphaticfilariasis/
https://www.cdc.gov/parasites/lymphaticfilariasis/
https://www.montana.edu/historybug/filariasis.html
http://europepmc.org/abstract/MED/32644453
https://apps.who.int/iris/handle/10665/85616
https://apps.who.int/iris/handle/10665/85616
https://www.who.int/news-room/fact-sheets/detail/lymphatic-filariasis
https://www.who.int/news-room/fact-sheets/detail/lymphatic-filariasis


    |  2837DAS et al.

	 44.	 Howell SB, Burke JM, Miller JE, et al. Prevalence of anthelmintic 
resistance on sheep and goat farms in the southeastern United 
States. J Am Vet Med Assoc. 2008;233(12):1913-1919.

	 45.	 Prichard RK. Macrocyclic lactone resistance in Dirofilaria im-
mitis: risks for prevention of heartworm disease. Int J Parasitol. 
2021;51(13):1121-1132.

	 46.	 Schwab AE, Boakye DA, Kyelem D, Prichard RK. Detection of 
benzimidazole resistance–associated mutations in the filarial nem-
atode Wuchereria bancrofti and evidence for selection by albenda-
zole and ivermectin combination treatment. Am J Trop Med Hyg. 
2005;73(2):234-238.

	 47.	 Schwab AE, Churcher TS, Schwab AJ, Basáñez MG, Prichard RK. 
An analysis of the population genetics of potential multi-drug re-
sistance in Wuchereria bancrofti due to combination chemother-
apy. Undefined. 2007;134(7):1025-1040.

	 48.	 Hedtke SM, Kuesel AC, Crawford KE, et al. Genomic epidemiology 
in filarial nematodes: transforming the basis for elimination pro-
gram decisions. Front Genet. 2019;10:1282.

	 49.	 Sunish IP, Rajendran R, Mani TR, et al. Resurgence in filarial trans-
mission after withdrawal of mass drug administration and the 
relationship between antigenaemia and microfilaraemia–a longitu-
dinal study. Trop Med Int Heal. 2002;7(1):59-69.

	 50.	 McCarthy J. Is anthelmintic resistance a threat to the pro-
gram to eliminate lymphatic filariasis? Am J Trop Med Hyg. 
2005;73(2):232-233.

	 51.	 Tripathi B, Roy N, Dhingra N. Introduction of triple-drug therapy 
for accelerating lymphatic filariasis elimination in India: lessons 
learned. Am J Trop Med Hyg. 2022;106(5_Suppl):29-38.

	 52.	 NVBDCP. VL/LF newsletter april 2022. VL/LF Update. 2022;4(4):1-
4. Accessed February 13, 2023. https://ncvbdc.mohfw.gov.in/
Doc/Newsl​etter​-13-May.pdf

	 53.	 Mukherjee S, Joardar N, Mondal S, et al. Quinolone-fused cy-
clic sulfonamide as a novel benign antifilarial agent. Sci Rep. 
2018;8(1):12073.

	 54.	 Ray AS, Joardar N, Mukherjee S, Rahaman CH, Sinha Babu SP. 
Polyphenol enriched ethanolic extract of Cajanus scarabae-
oides (L.) Thouars exerts potential antifilarial activity by in-
ducing oxidative stress and programmed cell death. PloS One. 
2018;13(12):e0208201.

	 55.	 Mukherjee N, Saini P, Mukherjee S, Roy P, Gayen P, Babu SPS. 
Ethanolic extract of Azadirachta indica (A. Juss.) causing apoptosis 
by ROS upregulation in Dirofilaria immitis microfilaria. Res Vet Sci. 
2014;97(2):309-317.

	 56.	 Townsend LB, Wise DS. The synthesis and chemistry of certain 
anthelmintic benzimidazoles. Parasitol Today. 1990;6(4):107-112.

	 57.	 Sangster NC, Prichard RK, Lacey E. Tubulin and benzimidazole-
resistance in Trichostrongylus colubriformis (Nematoda). J Parasitol. 
1985;71:645-651.

	 58.	 Lacey E. Mode of action of benzimidazoles. Parasitol Today. 
1990;6(4):112-115.

	 59.	 Van den Bossche H, De Nollin S. Effects of mebendazole on the 
absorption of low molecular weight nutrients by Ascaris suum. Int 
J Parasitol. 1973;3(3):401-407.

	 60.	 Chai J-Y, Jung B-K, Hong S-J. Albendazole and mebendazole as 
anti-parasitic and anti-cancer agents: an update. Korean J Parasitol. 
2021;59(3):189-225.

	 61.	 Wolstenholme AJ. Glutamate-gated chloride channels. J Biol 
Chem. 2012;287(48):40232-40238.

	 62.	 Hibbs RE, Gouaux E. Principles of activation and perme-
ation in an anion-selective Cys-loop receptor. Nature. 
2011;474(7349):54-60.

	 63.	 Ghosh R, Andersen EC, Shapiro JA, Gerke JP, Kruglyak L. Natural 
variation in a chloride channel subunit confers avermectin resis-
tance in C. elegans. Science. 2012;335(6068):574-578.

	 64.	 Li BW, Rush AC, Weil GJ. High level expression of a glutamate-
gated chloride channel gene in reproductive tissues of Brugia 

malayi may explain the sterilizing effect of ivermectin on filarial 
worms. Int J Parasitol Drugs Drug Resist. 2014;4(2):71-76.

	 65.	 Laing R, Gillan V, Devaney E. Ivermectin - old drug, new tricks? 
Trends Parasitol. 2017;33(6):463-472.

	 66.	 Dent JA, Smith MM, Vassilatis DK, Avery L. The genetics of iver-
mectin resistance in Caenorhabditis elegans. Proc Natl Acad Sci U S 
A. 2000;97(6):2674-2679.

	 67.	 Prichard R, Ménez C, Lespine A. Moxidectin and the avermectins: 
consanguinity but not identity. Int J Parasitol Drugs Drug Resist. 
2012;2:134-153.

	 68.	 Martin RJ. Modes of action of anthelmintic drugs. Vet J. 
1997;154(1):11-34.

	 69.	 Aubry ML, Cowell P, Davey MJ, Shevde S. Aspects of the phar-
macology of a new anthelmintic: pyrantel. Br J Pharmacol. 
1970;38(2):332-344.

	 70.	 Aceves J, Erlij D, Martinez-Maranon R. The mechanism of the 
paralysing action of tetramisole on Ascaris somatic muscle. Br J 
Pharmacol. 1970;38(3):602-607.

	 71.	 Colquhoun D, Sakmann B. Fast events in single-channel currents 
activated by acetylcholine and its analogues at the frog muscle 
end-plate. J Physiol. 1985;369:501-557.

	 72.	 Colquhoun D. What have we learned from single ion channels? J 
Physiol. 2007;581(Pt 2):425-427.

	 73.	 Wolstenholme AJ. Ion channels and receptor as targets for the 
control of parasitic nematodes. Int J Parasitol Drugs Drug Resist. 
2011;1(1):2-13.

	 74.	 Kaminsky R, Gauvry N, Schorderet Weber S, et al. Identification 
of the amino-acetonitrile derivative monepantel (AAD 1566) as 
a new anthelmintic drug development candidate. Parasitol Res. 
2008;103(4):931-939.

	 75.	 Kaminsky R, Ducray P, Jung M, et al. A new class of anthel-
mintics effective against drug-resistant nematodes. Nature. 
2008;452(7184):176-180.

	 76.	 Subrahmanyam D. Antifilarials and their mode of action. Ciba 
Found Symp. 1987;127:246-264.

	 77.	 Walter RD, Schulz-Key H. Onchocerca volvulus: effect of suramin 
on lactate dehydrogenase and malate dehydrogenase. Tropenmed 
Parasitol. 1980;31(1):55-58.

	 78.	 Walter RD, Albiez EJ. Inhibition of NADP-linked malic enzyme 
from Onchocerca volvulus and Dirofilaria immitis by suramin. Mol 
Biochem Parasitol. 1981;4(1–2):53-60.

	 79.	 Saz HJ, Dunbar GA. The effects of stibophen on phosphofructoki-
nases and aldolases of adult filariids. J Parasitol. 1975;61(5):794-801.

	 80.	 Gupta S, Srivastava AK. Biochemical targets in filarial worms for 
selective antifilarial drug design. Acta Parasitol. 2005;50(1):1-18.

	 81.	 Jaffe JJ. Filarial folate-related metabolism as a potential target 
for selective inhibitors. In: van den Bossche H, ed. Proceedings 
of the 3rd International Symposium on the biochemistry of parasites 
and host-parasite relationships, Beerse, Belgium, 30 June to 3 July; 
1980:605-614.

	 82.	 Jaffe JJ, Chrin LR, Smith RB. Folate metabolism in Filariae. 
Enzymes associated with 5,10-Methenyltetrahydrofolate and 
10-Formyltetrahydrofolate. J Parasitol. 1980;66(3):428-433.

	 83.	 Bhargava KK, Le Trang N, Cerami A, Eaton JW. Effect of arsen-
ical drugs on glutathione metabolism of Litomosoides carinii. Mol 
Biochem Parasitol. 1983;9(1):29-35.

	 84.	 Müller S, Walter RD, Fairlamb AH. Differential susceptibility of fi-
larial and human erythrocyte glutathione reductase to inhibition 
by the trivalent organic arsenical melarsen oxide. Mol Biochem 
Parasitol. 1995;71(2):211-219.

	 85.	 Nelson NF, Saz HJ. Effects of amoscanate on the utilization of 
glucose by Brugia pahangi and Litomosoides carinii. J Parasitol. 
1984;70:194-196.

	 86.	 Mangmee S, Adisakwattana P, Tipthara P, Simanon N, Sonthayanon 
P, Reamtong O. Lipid profile of Trichinella papuae muscle-stage lar-
vae. Sci Rep. 2020;10(1):10125.

https://ncvbdc.mohfw.gov.in/Doc/Newsletter-13-May.pdf
https://ncvbdc.mohfw.gov.in/Doc/Newsletter-13-May.pdf


2838  |    DAS et al.

	 87.	 Kanesa-thasan N, Douglas JG, Kazura JW. Diethylcarbamazine in-
hibits endothelial and microfilarial prostanoid metabolism in vitro. 
Mol Biochem Parasitol. 1991;49(1):11-19.

	 88.	 Mathews WR, Murphy RC. Inhibition of leukotriene biosynthesis 
in mastocytoma cells by diethylcarbamazine. Biochem Pharmacol. 
1982;31(11):2129-2132.

	 89.	 Maizels RM, Denham DA. Diethylcarbamazine (DEC): immuno-
pharmacological interactions of an anti-filarial drug. Parasitology. 
1992;105(Suppl):S49-S60.

	 90.	 Razin E, Romeo LC, Krilis S, et al. An analysis of the relationship 
between 5-lipoxygenase product generation and the secretion 
of preformed mediators from mouse bone marrow-derived mast 
cells. J Immunol. 1984;133(2):938-945.

	 91.	 Singh A, Rathaur S. Combination of DEC plus aspirin induced mi-
tochondrial mediated apoptosis in filarial parasite Setaria cervi. 
Biochimie. 2010;92(7):894-900.

	 92.	 Slatko BE, Taylor MJ, Foster JM. The Wolbachia endosymbiont as 
an anti-filarial nematode target. Symbiosis. 2010;51(1):55-65.

	 93.	 Debrah AY, Mand S, Marfo-Debrekyei Y, et al. Reduction in lev-
els of plasma vascular endothelial growth factor-a and improve-
ment in hydrocele patients by targeting endosymbiotic Wolbachia 
sp. in Wuchereria bancrofti with doxycycline. Am J Trop Med Hyg. 
2009;80(6):956-963.

	 94.	 Sanprasert V, Sujariyakul A, Nuchprayoon S. A single dose of dox-
ycycline in combination with diethylcarbamazine for treatment 
of bancroftian filariasis. Southeast Asian J Trop Med Public Health. 
2010;41(4):800-812.

	 95.	 Specht S, Pfarr KM, Arriens S, et al. Combinations of registered 
drugs reduce treatment times required to deplete Wolbachia in 
the Litomosoides sigmodontis mouse model. PLoS Negl Trop Dis. 
2018;12(1):e0006116.

	 96.	 Debrah AY, Mand S, Marfo-Debrekyei Y, et al. Macrofilaricidal ef-
fect of 4 weeks of treatment with doxycycline on Wuchereria ban-
crofti. Trop Med Int Health. 2007;12(12):1433-1441.

	 97.	 Hoerauf A, Adjei O, Büttner DW. Antibiotics for the treatment 
of onchocerciasis and other filarial infections. Curr Opin Investig 
Drugs. 2002;3(4):533-537.

	 98.	 Debrah AY, Mand S, Marfo-Debrekyei Y, et al. Macrofilaricidal 
activity in Wuchereria bancrofti after 2 weeks treatment with 
a combination of rifampicin plus doxycycline. J Parasitol Res. 
2011;2011:201617.

	 99.	 King CL, Suamani J, Sanuku N, et al. A trial of a triple-drug treatment 
for lymphatic filariasis. N Engl J Med. 2018;379(19):1801-1810.

	100.	 Fox LM, Furness BW, Haser JK, et al. Tolerance and efficacy of 
combined diethylcarbamazine and albendazole for treatment of 
Wuchereria bancrofti and intestinal helminth infections in Haitian 
children. Am J Trop Med Hyg. 2005;73(1):115-121.

	101.	 Hussein O, El Setouhy M, Ahmed ES, et al. Duplex Doppler 
sonographic assessment of the effects of diethylcarbamazine 
and albendazole therapy on adult filarial worms and adja-
cent host tissues in bancroftian filariasis. Am J Trop Med Hyg. 
2004;71(4):471-477.

	102.	 Dreyer G, Addiss D, Williamson J, Norões J. Efficacy of co-
administered diethylcarbamazine and albendazole against 
adult Wuchereria bancrofti. Trans R Soc Trop Med Hyg. 
2006;100(12):1118-1125.

	103.	 Liang JL, King JD, Ichimori K, Handzel T, Pa'au M, Lammie 
PJ. Impact of five annual rounds of mass drug administra-
tion with diethylcarbamazine and albendazole on Wuchereria 
bancrofti infection in American Samoa. Am J Trop Med Hyg. 
2008;78(6):924-928.

	104.	 Beach MJ, Streit TG, Addiss DG, Prospere R, Roberts JM, 
Lammie PJ. Assessment of combined ivermectin and albenda-
zole for treatment of intestinal helminth and Wuchereria ban-
crofti infections in Haitian schoolchildren. Am J Trop Med Hyg. 
1999;60(3):479-486.

	105.	 Ismail MM, Jayakody RL. Efficacy of albendazole and its combi-
nations with ivermectin or diethylcarbamazine (DEC) in the treat-
ment of Trichuris trichiura infections in Sri Lanka. Ann Trop Med 
Parasitol. 1999;93(5):501-504.

	106.	 Makunde WH, Kamugisha LM, Massaga JJ, et al. Treatment of co-
infection with bancroftian filariasis and onchocerciasis: a safety 
and efficacy study of albendazole with ivermectin compared to 
treatment of single infection with bancroftian filariasis. Filaria J. 
2003;2(1):15.

	107.	 Sunish IP, Rajendran R, Mani TR, et al. Transmission intensity index 
to monitor filariasis infection pressure in vectors for the eval-
uation of filariasis elimination programmes. Trop Med Int Health. 
2003;8(9):812-819.

	108.	 Bockarie MJ, Tavul L, Ibam I, et al. Efficacy of single-dose dieth-
ylcarbamazine compared with diethylcarbamazine combined with 
albendazole against Wuchereria bancrofti infection in Papua New 
Guinea. Am J Trop Med Hyg. 2007;76(1):62-66.

	109.	 Dunyo SK, Nkrumah FK, Simonsen PE. A randomized double-blind 
placebo-controlled field trial of ivermectin and albendazole alone 
and in combination for the treatment of lymphatic filariasis in 
Ghana. Trans R Soc Trop Med Hyg. 2000;94(2):205-211.

	110.	 Cupp EW, Mackenzie CD, Unnasch TR. Importance of ivermectin 
to human onchocerciasis: past, present, and the future. Res Rep 
Trop Med. 2011;2:81-92.

	111.	 Zahner H, Schares G. Experimental chemotherapy of filaria-
sis: comparative evaluation of the efficacy of filaricidal com-
pounds in Mastomys coucha infected with Litomosoides carinii, 
Acanthocheilonema viteae, Brugia malayi and B. pahangi. Acta Trop. 
1993;52(4):221-266.

	112.	 Denham DA, Samad R, Cho SY, Suswillo RR, Skippins SC. The an-
thelmintic effects of flubendazole on Brugia pahangi. Trans R Soc 
Trop Med Hyg. 1979;73(6):673-676.

	113.	 Taylor HR. Ivermectin treatment of onchocerciasis. Aust N Z J 
Ophthalmol. 1989;17(4):435-438.

	114.	 Wamae CN, Njenga SM, Ngugi BM, Mbui J, Njaanake HK. 
Evaluation of effectiveness of diethylcarbamazine/albendazole 
combination in reduction of Wuchereria bancrofti infection using 
multiple infection parameters. Acta Trop. 2011;120:S33-S38.

	115.	 Kar SK, Dwibedi B, Kerketa AS, et al. A randomized controlled trial 
of increased dose and frequency of Albendazole with standard 
dose DEC for treatment of Wuchereria bancrofti microfilaremics in 
Odisha, India. PLoS Negl Trop Dis. 2015;9(3):e0003583.

	116.	 Kabatende J, Barry A, Mugisha M, et al. Safety of praziquantel 
and albendazole coadministration for the control and elimina-
tion of schistosomiasis and soil-transmitted helminths among 
children in Rwanda: an active surveillance study. Drug Saf. 
2022;45(8):909-922.

	117.	 Gehan LEE, Sharaf HM, Abd EAMS. Antischistosomal impact of 
Albendazole and Nitazode on Schistosoma mansoni larval stages. 
African J Microbiol Res. 2015;9:394-403.

	118.	 Fang H, Guo X, Tang C, et al. Efficacy of different drugs in treat-
ing urinary schistosomiasis: systematic review and network meta-
analysis. Trop Med Surg. 2020;9(1):231.

	119.	 Rk T, Wn J, Ki K, et al. Phenotypic profiling of macrocyclic lactones 
on parasitic Schistosoma flatworms. Antimicrob Agents Chemother. 
2023;67(2):e01230-22.

	120.	 Taman A, El-Beshbishi SN, El-Tantawy NL, El-Hawary AK, Azab 
MS. Evaluation of the in vivo effect of ivermectin on Schistosoma 
mansoni in experimentally-infected mice. J Coast Life Med. 
2014;2(10):817-823.

	121.	 Vicente B, López-Abán J, Chaccour J, et al. The effect of iver-
mectin alone and in combination with cobicistat or elacridar in 
experimental Schistosoma mansoni infection in mice. Sci Rep. 
2021;11(1):4476.

	122.	 Shaham S, Horvitz HR. An alternatively spliced C. elegans ced-4 
RNA encodes a novel cell death inhibitor. Cell. 1996;86(2):201-208.



    |  2839DAS et al.

	123.	 Shaham S, Horvitz HR. Developing Caenorhabditis elegans neurons 
may contain both cell-death protective and killer activities. Genes 
Dev. 1996;10(5):578-591.

	124.	 Jeeva JS, Sunitha J, Ananthalakshmi R, Rajkumari S, Ramesh M, 
Krishnan R. Enzymatic antioxidants and its role in oral diseases. J 
Pharm Bioallied Sci. 2015;7(Suppl 2):S331-S333.

	125.	 Mukherjee N, Parida PK, Santra A, et al. Oxidative stress plays 
major role in mediating apoptosis in filarial nematode Setaria cervi 
in the presence of trans-stilbene derivatives. Free Radic Biol Med. 
2016;93:130-144.

	126.	 Landmann F, Voronin D, Sullivan W, Taylor MJ. Anti-filarial ac-
tivity of antibiotic therapy is due to extensive apoptosis after 
Wolbachia depletion from filarial nematodes. PLoS Pathog. 
2011;7(11):e1002351.

	127.	 Lettre G, Hengartner MO. Developmental apoptosis in C. elegans: 
a complex CEDnario. Nat Rev Mol Cell Biol. 2006;7(2):97-108.

	128.	 Yan N, Gu L, Kokel D, et al. Structural, biochemical, and functional 
analyses of CED-9 recognition by the Proapoptotic proteins EGL-1 
and CED-4. Mol Cell. 2004;15(6):999-1006.

	129.	 Yan N, Chai J, Lee ES, et al. Structure of the CED-4–CED-9 complex 
provides insights into programmed cell death in Caenorhabditis el-
egans. Nature. 2005;437(7060):831-837.

	130.	 Huang W, Jiang T, Choi W, et al. Mechanistic insights into CED-4-
mediated activation of CED-3. Genes Dev. 2013;27(18):2039-2048.

	131.	 Peixoto CA, Santos ACO, Ayres CFJ. Molecular evidence for apop-
tosis in microfilariae of Wuchereria bancrofti induced by diethylcar-
bamazine. Parasitol Res. 2008;103(3):717-721.

	132.	 Roy P, Saha SK, Gayen P, Chowdhury P, Sinha Babu SP. Exploration 
of antifilarial activity of gold nanoparticle against human and 
bovine filarial parasites: a nanomedicinal mechanistic approach. 
Colloids Surf B Biointerfaces. 2018;161:236-243.

	133.	 Saini P, Gayen P, Kumar D, et al. Antifilarial effect of ursolic acid 
from Nyctanthes arbortristis: molecular and biochemical evidences. 
Parasitol Int. 2014;63(5):717-728.

	134.	 Mukherjee N, Mukherjee S, Saini P, Roy P, Babu SPS. Antifilarial 
effects of polyphenol rich ethanolic extract from the leaves of 
Azadirachta indica through molecular and biochemical approaches 
describing reactive oxygen species (ROS) mediated apoptosis of 
Setaria cervi. Exp Parasitol. 2014;136:41-58.

	135.	 Senathilake KS, Karunanayake EH, Samarakoon SR, Tennekoon 
KH, de Silva ED, Adhikari A. Oleanolic acid from antifilarial trit-
erpene saponins of Dipterocarpus zeylanicus induces oxidative 
stress and apoptosis in filarial parasite Setaria digitata in vitro. Exp 
Parasitol. 2017;177:13-21.

	136.	 Mukherjee S, Joardar N, Sinha Babu SP. Redox regulatory cir-
cuits as targets for therapeutic intervention of bancroftian fila-
riasis: biochemical, molecular, and pharmacological perspectives. 
In: Chakraborti S, Chakraborti T, Chattopadhyay D, Shaha C, 
eds. Oxidative Stress in Microbial Diseases. Springer Singapore; 
2019:185-208.

	137.	 Ahmad R, Srivastava AK. Biochemical composition and metabolic 
pathways of filarial worms Setaria cervi: search for new antifilarial 
agents. J Helminthol. 2007;81(3):261-280.

	138.	 Kaushal NA, Kaushal DC, Ghatak S. Identification of antigenic pro-
teins of Setaria cervi by immunoblotting technique. Immunol Invest. 
1987;16(2):139-149.

	139.	 Dissanayake S, Ismail MM. Antigens of Setaria digitata: cross-
reaction with surface antigens of Wuchereria bancrofti microfilar-
iae and serum antibodies of W. bancrofti-infected subjects. Bull 
World Health Organ. 1980;58(4):649.

	140.	 Nagaratnam N, Karunanayake EH, Tennekoon KH, Samarakoon 
SR, Mayan K. In silico characterization of a RNA binding pro-
tein of cattle filarial parasite Setaria digitata. Bioinformation. 
2014;10(8):512-517.

	141.	 Shakya S, Bajpai P, Sharma S, Misra-Bhattacharya S. Prior killing of 
intracellular bacteria Wolbachia reduces inflammatory reactions 

and improves antifilarial efficacy of diethylcarbamazine in rodent 
model of Brugia malayi. Parasitol Res. 2008;102(5):963-972.

	142.	 Turner JD, Sharma R, Al Jayoussi G, et al. Albendazole and anti-
biotics synergize to deliver short-course anti-Wolbachia curative 
treatments in preclinical models of filariasis. Proc Natl Acad Sci. 
2017;114(45):E9712-E9721.

	143.	 Nayak A, Gayen P, Saini P, Maitra S, Babu SPS. Albendazole in-
duces apoptosis in adults and microfilariae of Setaria cervi. Exp 
Parasitol. 2011;128(3):236-242.

	144.	 Saini P, Gayen P, Nayak A, et al. Effect of ferulic acid from Hibiscus 
mutabilis on filarial parasite Setaria cervi: molecular and biochemi-
cal approaches. Parasitol Int. 2012;61(4):520-531.

	145.	 Nayak A, Gayen P, Saini P, Mukherjee N, Babu SPS. Molecular ev-
idence of curcumin-induced apoptosis in the filarial worm Setaria 
cervi. Parasitol Res. 2012;111(3):1173-1186.

	146.	 Mukherjee N, Joardar N, Babu SPS. Antifilarial activity of aza-
dirachtin fuelled through reactive oxygen species induced apop-
tosis: a thorough molecular study on Setaria cervi. J Helminthol. 
2019;93(5):519-528.

	147.	 Sharma RD, Petare S, Shinde GB, Kalyan G, Reddy MVR. Novel 
drug designing rationale against Brugia malayi microfilariae using 
herbal extracts. Asian Pac J Trop Med. 2010;3(11):846-850.

	148.	 Sahare KN, Anandhraman V, Meshram VG, et al. Anti-microfilarial 
activity of methanolic extract of Vitex negundo and Aegle marmelos 
and their phytochemical analysis. IJEB. 2008;46(2):128-131.

	149.	 Deshmukh M, Sahare KN, Patidar RK, Mahajan B, Singh V. 
Antifilarial activity of Butea monosperma L. leaves extracts against 
Setaria cervi. Trends Vector Res Parasitol. 2014;1(1):1-5.

	150.	 Sharma RD, Veerpathran AR, Dakshinamoorthy G, Sahare KN, 
Goswami K, Reddy MVR. Possible implication of oxidative 
stress in anti filarial effect of certain traditionally used medici-
nal plants in vitro against Brugia malayi microfilariae. Pharm Res. 
2010;2(6):350-354.

	151.	 Saini P, Mukherjee N, Mukherjee S, et al. Diospyros perigrena 
bark extract induced apoptosis in filarial parasite Setaria cervi 
through generation of reactive oxygen species. Pharm Biol. 
2015;53(6):813-823.

	152.	 Senathilake KS, Karunanayake EH, Samarakoon SR, Tennekoon 
KH, de Silva ED. Rhizome extracts of Curcuma zedoaria Rosc in-
duce caspase dependant apoptosis via generation of reactive oxy-
gen species in filarial parasite Setaria digitata in vitro. Exp Parasitol. 
2016;167:50-60.

	153.	 Mondal S, Mukherjee S, Malakar S, Debnath S, Roy P, Sinha Babu 
SP. Studying the biological activities and molecular docking of 
some novel benzosultams and benzosultones. Curr Bioact Compd. 
2017;13(4):347-355.

	154.	 Gucchait A, Joardar N, Parida PK, et al. Development of novel anti-
filarial agents using carbamo (dithioperoxo) thioate derivatives. 
Eur J Med Chem. 2018;143:598-610.

	155.	 Roy P, Dhara D, Parida PK, et al. C-cinnamoyl glycosides as a new 
class of anti-filarial agents. Eur J Med Chem. 2016;114:308-317.

	156.	 Rathaur S, Yadav M, Singh N, Singh A. Effect of diethylcarba-
mazine, butylated hydroxy anisole and methyl substituted chal-
cone on filarial parasite Setaria cervi: proteomic and biochemical 
approaches. J Proteomics. 2011;74(9):1595-1606.

	157.	 Sharma R, Bag S, Tawari N, Degani M, Goswami K, Reddy M. 
Exploration of 2, 4-diaminopyrimidine and 2, 4-diamino-s-triazine 
derivatives as potential antifilarial agents. Parasitology. 
2013;140:959-965.

	158.	 Tiwari S, Wadhawan M, Singh N, Rathaur S. Effect of CDNB on 
filarial thioredoxin reductase: a proteomic and biochemical ap-
proach. J Proteomics. 2015;113:435-446.

	159.	 Mandvikar A, Hande SV, Yeole P, Goswami K, Reddy MVR. 
Therapeutic potential of novel heterocyclic thiazolidine com-
pounds against human lymphatic filarial parasite: an in vitro study. 
Int J Pharm Sci Res. 2016;7:1480-1492.



2840  |    DAS et al.

	160.	 Chowdhury P, Roy B, Mukherjee N, et al. Chitosan biopolymer 
functionalized gold nanoparticles with controlled cytotoxic-
ity and improved antifilarial efficacy. Adv Compos Hybrid Mater. 
2018;1(3):577-590.

	161.	 Saha SK, Roy P, Mondal MK, et al. Development of chitosan based 
gold nanomaterial as an efficient antifilarial agent: a mechanistic 
approach. Carbohydr Polym. 2017;157:1666-1676.

	162.	 Roy B, Mukherjee S, Mukherjee N, Chowdhury P, Sinha Babu SP. 
Design and green synthesis of polymer inspired nanoparticles for 
the evaluation of their antimicrobial and antifilarial efficiency. RSC 
Adv. 2014;4(65):34487-34499.

	163.	 Saha SK, Roy P, Saini P, Mondal MK, Chowdhury P, Sinha Babu SP. 
Carbohydrate polymer inspired silver nanoparticles for filaricidal 
and mosquitocidal activities: a comprehensive view. Carbohydr 
Polym. 2016;137:390-401.

	164.	 Saini P, Saha SK, Roy P, Chowdhury P, Sinha Babu SP. Evidence of 
reactive oxygen species (ROS) mediated apoptosis in Setaria cervi 
induced by green silver nanoparticles from Acacia auriculiformis at 
a very low dose. Exp Parasitol. 2016;160:39-48.

	165.	 Yadav S, Sharma S, Ahmad F, Rathaur S. Antifilarial efficacy of 
green silver nanoparticles synthesized using Andrographis panicu-
lata. J Drug Deliv Sci Technol. 2020;56:101557.

	166.	 Singh SK, Goswami K, Sharma RD, Reddy MVR, Dash D. Novel 
microfilaricidal activity of nanosilver. Int J Nanomedicine. 
2012;7:1023.

	167.	 Saha SK, Chowdhury P, Saini P, Babu SPS. Ultrasound assisted 
green synthesis of poly(vinyl alcohol) capped silver nanopar-
ticles for the study of its antifilarial efficacy. Appl Surf Sci. 
2014;288:625-632.

	168.	 Zafar A, Ahmad I, Ahmad A, Ahmad M. Copper (II) oxide nanopar-
ticles augment antifilarial activity of Albendazole: in vitro syner-
gistic apoptotic impact against filarial parasite Setaria cervi. Int J 
Pharm. 2016;501(1–2):49-64.

	169.	 Mehlhorn H. Encyclopedia of Parasitology. 4th ed. Springer; 2016.
	170.	 Dikti Vildina J, Kalmobe J, Djafsia B, Schmidt TJ, Liebau E, Ndjonka 

D. Anti-onchocerca and anti-caenorhabditis activity of a hydro-
alcoholic extract from the fruits of acacia nilotica and some proan-
thocyanidin derivatives. Molecules. 2017;22(5):748.

	171.	 Laskar YB, Mazumder PB. Insight into the molecular evidence sup-
porting the remarkable chemotherapeutic potential of Hibiscus 
sabdariffa L. Biomed Pharmacother. 2020;127:110153.

	172.	 Chai W-H, Li Y-R, Lin S-H, et al. Antihelminthic niclosamide 
induces autophagy and delayed apoptosis in human non-
small lung cancer cells In vitro and In vivo. Anticancer Res. 
2020;40(3):1405-1417.

	173.	 Elkihel L, Loiseau PM, Bourass J, Gayral P, Letourneux Y. Synthesis 
and orally macrofilaricidal evaluation of niclosamide lymphotropic 
prodrugs. Arzneimittelforschung. 1994;44(11):1259-1264.

	174.	 Voronin D, Cook DAN, Steven A, Taylor MJ. Autophagy regulates 
Wolbachia populations across diverse symbiotic associations. Proc 
Natl Acad Sci. 2012;109(25):E1638-E1646.

	175.	 Stockert JC, Blázquez-Castro A, Cañete M, Horobin RW, 
Villanueva A. MTT assay for cell viability: intracellular localiza-
tion of the formazan product is in lipid droplets. Acta Histochem. 
2012;114(8):785-796.

	176.	 Strober W. Trypan blue exclusion test of cell viability. Curr Protoc 
Immunol. 2015;111:A3.B.1-A3.B.3.

	177.	 Zaridah MZ, Idid SZ, Omar AW, Khozirah S. In vitro antifilarial ef-
fects of three plant species against adult worms of subperiodic 
Brugia malayi. J Ethnopharmacol. 2001;78(1):79-84.

	178.	 Depaoli MR, Bischof H, Eroglu E, et al. Live cell imaging of signaling 
and metabolic activities. Pharmacol Ther. 2019;202:98-119.

	179.	 Nagata S, Suzuki J, Segawa K, Fujii T. Exposure of phosphatidylser-
ine on the cell surface. Cell Death Differ. 2016;23(6):952-961.

	180.	 Crowley LC, Marfell BJ, Waterhouse NJ. Detection of DNA frag-
mentation in apoptotic cells by TUNEL. Cold Spring Harb Protoc. 
2016;2016(10):900-904.

	181.	 Kyrylkova K, Kyryachenko S, Leid M, Kioussi C. Detection of apop-
tosis by TUNEL assay. Methods Mol Biol. 2012;887:41-47.

	182.	 Ribble D, Goldstein NB, Norris DA, Shellman YG. A simple tech-
nique for quantifying apoptosis in 96-well plates. BMC Biotechnol. 
2005;5(1):12.

	183.	 Estandarte AK, Botchway S, Lynch C, Yusuf M, Robinson I. 
The use of DAPI fluorescence lifetime imaging for investigat-
ing chromatin condensation in human chromosomes. Sci Rep. 
2016;6(1):31417.

	184.	 Ioannou YA, Chen FW. Quantitation of DNA fragmentation in 
apoptosis. Nucleic Acids Res. 1996;24(5):992-993.

	185.	 Ghosh AP, Roth KA. Detection of Apoptosis and Autophagy. In: 
McManus LM, Mitchell RNBT-P of HD, eds. Detection of Apoptosis 
and Autophagy. Academic Press; 2014:3841-3858.

	186.	 Rieger AM, Nelson KL, Konowalchuk JD, Barreda DR. Modified 
annexin V/propidium iodide apoptosis assay for accurate assess-
ment of cell death. J Vis Exp. 2011;24(50):2597.

	187.	 Senanayake KS, Söderberg J, Põlajev A, et al. The genome of 
Setaria digitata: a cattle nematode closely related to human filarial 
parasites. Genome Biol Evol. 2020;12(2):3971-3976.

	188.	 Chery J. RNA therapeutics: RNAi and antisense mechanisms and 
clinical applications. Postdoc J. 2016;4(7):35.

	189.	 Mukherjee S, Mukherjee S, Bhattacharya S, Sinha Babu SP. Surface 
proteins of Setaria cervi induce inflammation in macrophage 
through toll-like receptor 4 (TLR4)-mediated signalling pathway. 
Parasite Immunol. 2017;39(1):e12389.

	190.	 Mukherjee S, Mukherjee S, Maiti TK, Bhattacharya S, Babu SPS. A 
novel ligand of toll-like receptor 4 from the sheath of Wuchereria 
bancrofti microfilaria induces Proinflammatory response in macro-
phages. J Infect Dis. 2017;215(6):954-965.

	191.	 Das NC, Sen Gupta PS, Biswal S, Patra R, Rana MK, Mukherjee S. 
In-silico evidences on filarial cystatin as a putative ligand of human 
TLR4. J Biomol Struct Dyn. 2021;1–17:8808-8824.

	192.	 Das NC, Ray AS, Bayry J, Mukherjeee S. Therapeutic efficacy of 
anti-Bestrophin antibodies against experimental filariasis: immu-
nological, immune-informatics and immune simulation investiga-
tions. Antibodies. 2021;10(2):14.

	193.	 Das NC, Patra R, Sen GPS, et al. Designing of a novel multi-epitope 
peptide based vaccine against Brugia malayi: an in silico approach. 
Infect Genet Evol. 2021;87:104633.

	194.	 Gorai S, Das NC, Sen GPS, Panda SK, Rana MK, Mukherjee S. 
Designing efficient multi-epitope peptide-based vaccine by tar-
geting the antioxidant thioredoxin of bancroftian filarial parasite. 
Infect Genet Evol. 2022;98:105237.

	195.	 Das NC, Sen GPS, Panda SK, Rana MK, Mukherjee S. Reverse vac-
cinology assisted design of a novel multi-epitope vaccine to target 
Wuchereria bancrofti cystatin: an immunoinformatics approach. Int 
Immunopharmacol. 2023;115:109639.

How to cite this article: Das NC, Chakraborty P, Nandy S, Dey 
A, Malik T, Mukherjee S. Programmed cell death pathways as 
targets for developing antifilarial drugs: Lessons from the 
recent findings. J Cell Mol Med. 2023;27:2819-2840. 
doi:10.1111/jcmm.17913

https://doi.org/10.1111/jcmm.17913

	Programmed cell death pathways as targets for developing antifilarial drugs: Lessons from the recent findings
	Abstract
	1|INTRODUCTION
	2|CURRENT STATUS OF ANTIFILARIAL DRUGS AND DRUG TARGETS FOR TREATING LYMPHATIC FILARIASIS
	2.1|Cytoskeleton disruptors
	2.1.1|Ion channel blockers

	2.2|Metabolic inhibitors
	2.3|Arachidonate metabolism blockers
	2.4|Oxidative stress inducers
	2.5|Anti-­Wolbachial therapy
	2.6|Combinatorial chemotherapy
	2.7|Life cycle inhibitors

	3|APOPTOSIS AS A POTENTIAL DRUG TARGET FOR TREATING THE FILARIAL WORMS
	3.1|Apoptosis in filarial worms: extrinsic and intrinsic pathways

	4|APOPTOSIS INDUCERS AS ANTIFILARIAL AGENTS
	4.1|Anthelmintic drugs
	4.2|Phytochemicals
	4.3|Plant extract
	4.4|Synthetic compounds
	4.5|Nanoparticles

	5|WHY APOPTOSIS?
	6|DETERMINATION OF APOPTOSIS IN FILARIAL PARASITES AND SCREENING OF ANTIFILARIAL AGENTS
	7|FUTURE DIRECTION
	8|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


