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Abstract
Filarial nematodes infect more than 150 million people worldwide and are responsible for diseases including elephantiasis, river
blindness and tropical pulmonary eosinophilia. Antifilarial agents that can kill all the stages in the life cycle of causative filariae have yet to be developed. Very little effort has been made towards rational drug design, employing knowledge gained from
studies of the biochemistry and physiology of filarial worms and of their interactions with their specific vertebrate hosts. In
this review, we highlight the research and development of rational antifilarial agents and we discuss the pitfalls since the discovery of diethylcarbamazine, the only drug of choice for controlling filariasis, despite its adverse side effects.
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Introduction

gic differences can be harnessed for newer developments in
chemotherapy of filariasis.

Skóra

Filarial nematodes are responsible for health and economical
blight. Lymphatic filariasis has been identified by the World
Health Organization (WHO) as the second leading cause of
permanent and long-term disability (WHO 1997a, b) whereas blindness is caused by the filarial species Onchocerca volvulus (WHO 2000).
Current filariasis control strategies are not entirely successful and filarial infections are on the rise. In the absence of
availability of antifilarial vaccines, chemotherapy remains the
mainstay for treatment of the diseases caused by filarial nematodes. However, the precise primary effects of different chemical classes of compounds currently used as antifilarials are
still unclear (Table I). A clear understanding of the mode of
action of antifilarials awaits greater knowledge of the biochemical pathways operating in filarial parasites. The present
review contrasts filarial and human metabolism so that strate-
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Carbohydrate metabolism
Carbohydrates play a significant role in providing energy to
filarial species. Filarial parasites have active glycogenic and
glycolytic pathways and a somewhat submissive tricarboxylic
acid cycle (TCA) (Saz 1981, Barrett 1983). This is in contrast
to mammals, which have active TCA and electron transport
systems. The pathways of energy generation in filarial parasites are summarized in Figure 1. Most adult filarial parasites
use the glycolytic breakdown of carbohydrate to lactate as a
preferred route to supply their energy requirements (Saz 1981,
Barrett 1983, Barrett et al. 1986, Dunn et al. 1988, Köhler
1991). Microfilariae (Mf) exhibit an aerobic carbohydrate catabolism, requiring oxygen at least for motility, but apparently not for survival (Rew and Saz 1977). There are also minor
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catabolic routes, similar to those present in adults that result
in acetate and succinate formation by Mf (Srivastava et al.
1988).
The complete sequence of glycolytic enzymes involved
has been demonstrated with high activity levels in Chandlerella hawkingi, Dirofilaria immitis, Litomosoides carinii,
Setaria cervi, Brugia pahangi, Acanthocheilonema viteae and
O. volvulus (Srivastava et al. 1970, Srivastava and Ghatak
1971, Saz and Dunbar 1975, Anwar et al. 1977, Middleton
and Saz 1979, Walter and Schulz-Key 1980). Enzymes of the
TCA cycle have also been demonstrated in adult B. pahangi,
D. immitis, C. hawkingi, Dipetalonema viteae, L. carinii, O. volvulus and S. cervi (Srivastava and Ghatak 1971, Anwar et al.
1977, Middleton and Saz 1979, Walter and Shulz-Key 1980,
Agarwal et al. 1986, Dunn et al. 1988). However, it was concluded that the TCA cycle does not play a significant role in
energy production (Wang and Saz 1974, Walter and Van den
Bossche 1980, Dunn et al. 1988). The activities of the TCA
cycle enzymes were found to be relatively lower in filarial
species (Barrett et al. 1986, Dunn et al. 1988). Filariae possess
mitochondrial electron transport system; however, the nature of the terminal oxidase is still uncertain (Barrett 1983).
Neither cytochrome c nor cytochrome oxidase were detected
in L. carinii, B. pahangi and D. viteae (Bueding and Charms
1951, 1952; Wang and Saz 1974). However, cytochrome oxidase activity has been detected in the Mf of B. pahangi (Rew
and Saz 1977, Mendis and Townson 1985) and cytochromes
c, b and a have been detected in adult D. immitis (Hayashi and
Oya 1978). Hayashi and Oya (1978) suggested that D. immitis might have a branched cytochrome chain, with an o-type
cytochrome as the alternative oxidase.
Litomosoides carinii has a relatively exceptional type of
energy metabolism (Wang and Saz 1974, Ramp and Köhler
1984). These filariae show absolute oxygen requirement for
maintenance of motility and survival but the TCA cycle does
not constitute a significant energy-yielding pathway. Aerobic
requirement may reside completely in the oxidative decarboxylation of pyruvate to acetate and CO2 (Wang and Saz
1974).
Table I. Possible sites of action of antifilarial compounds (modified
from Subrahmanyam 1987)
Antifilarial agent

Metabolism/system effected

Diethylcarbamazine

neuromuscular system, carbohydrate
and folate metabolism
neuromuscular system
carbohydrate and folate metabolism
microtubular system and carbohydrate
metabolism
carbohydrate, nucleic acid and protein
metabolism
neuromuscular system and carbohydrate
metabolism
carbohydrate and glutathione
metabolism
carbohydrate metabolism

Ivermectin
Suramin
Benzimidazoles
Isothiocyanates
Levamisole
Arsenicals
Antimonials

Respiratory metabolism as a target
Since the pathways of respiratory metabolism in the parasites
differ from those of their hosts, this promises to be an important antifilarial target (Behm and Bryant 1979). One question
that arises is would the chemotherapeutic blockage of one enzyme alone be adequate to produce the lethal effect? A variety
of antifilarial drugs have been shown to inhibit some enzymes of these pathways as follows.
CARBOHYDRATE

11∆Ä Antimonials
DEC
33∆Ä

OAA

55

22∆Ä

PEP

PYRUVATE

Suramin
44∆Ä
LACTATE

CO2
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Suramin
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o

77∆Ä
ACETATE
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FUMARATE

TCA Cycle
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Mebendazole 88∆Ä
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SUCCINATE

99∆Ä

CO2
CO2

Fig. 1. The pathways of energy generation in adult filarial parasites.
Possible sites of action of antifilarials are also indicated. (1) phosphoglycerate kinase, EC 2.7.2.3; (2) pyruvate kinase, EC 2.7.1.40;
(3) phosphoenolpyruvate carboxykinase, EC 4.1.1.38; (4) lactate
dehydrogenase, EC 1.1.1.27; (5) malate dehydrogenase, EC
1.1.99.16; (6) malic enzyme, EC 1.1.1.40; (7) mechanism of possible energy generation is unclear; (8) fumarate reductase, EC
1.3.99.1; (9) succinyl-CoA synthetase, EC 6.2.1.5 (modified from
Köhler 1991, Subrahmanyam 1987). DEC – diethylcarbamazine,
OAA – oxaloacetate, PEP – phosphoenol pyruvate. The major pathway is underlined and ∆ represents sites of energy generation

Phosphofructokinase as a target
Saz and Dunbar (1975) demonstrated that the antimonial
stibophen blocked glycolysis in filariae, L. carinii, D. viteae
and B. pahangi by significant inhibition of the phosphofructokinase (PFK) activity as compared to the isofunctional
mammalian enzyme. In homogenates from all three parasites,
the PFK activities were inhibited significantly down to a stibophen concentration of 2 × 10-6 M. In contrast, concentrations
up to 103 times greater were required before a low level of
inhibition of PFK could be demonstrated in hamster liver.
Lactate dehydrogenase as a target
Walter and Schulz-Key (1980) have suggested that the efficacy of suramin in the treatment of human onchocerciasis may
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reside in its ability to inactivate the O. volvulus lactate dehydrogenase (LDH), malate dehydrogenase (MDH) and malic
enzyme (Walter and Albiez 1981). However, complete validation of LDH as a viable chemotherapeutic target could not
be achieved due to lack of a suitably specific inhibitor of
LDH, effective at low concentrations.
Fructose 1,6-bisphosphate aldolase as a target
Fructose 1,6-bisphosphate aldolase has been characterized in
various filarial species (Barrett et al. 1986, Dunn et al. 1988).
McCarthy et al. (2002) suggested that the immunogenic component of the filarial aldolase is quite distinct from its mammalian counterparts, thus identifying it as a potential vaccine
target, but the extent to which it is significant as an antifilarial chemotherapeutic target is still an area of active research.
Other respiratory enzymes and glucose uptake, transport,
incorporation and utilization as targets
Diethylcarbamazine (DEC) alters glucose uptake and inhibits
phosphoenolpyruvate carboxykinase, fumarate reductase and
succinate dehydrogenase (Subrahmanyam 1987). Benzimidazoles inhibit fumarate reductase (Prichard 1973) and glucose
transport (Van den Bossche and de Nollin 1973). Isothiocyanates and their derivatives also affect the energy metabolism
of the parasites. Glucose uptake and incorporation into glycogen were inhibited in L. carinii and B. pahangi after treatment
of infected jirds with amoscanate (Nelson and Saz 1984).
Levamisole, a broad spectrum antinematodal agent was reported to affect carbohydrate metabolism by decreasing utilization of glucose together with a shift towards homolactate
fermentation (Rew and Saz 1977). The arsenicals affect glucose uptake (Subrahmanyam 1987).
Trehalose metabolism as a target
Trehalose is a sugar present in many nematode species but absent in mammals. The synthesis, accumulation and utilisation
of trehalose by nematodes are important in interaction with
their external environment, in osmoregulation, in resistance to
desiccation, in cryopreservation and in egg-hatching. Trehalose also functions as a reserve carbohydrate fuel for energy
metabolism. The combined action of two enzymes, i.e. trehalose 6-phosphate synthase and trehalose 6-phosphate phosphatase, catalyse the synthesis of trehalose in most organisms.
These enzymes have been detected in nematodes but the
processes regulating their activity are unknown (Behm 1997).
Trehalose metabolism may provide new targets for attacking
nematodes parasitic in mammals. In filariids, trehalose has
been detected in adult L. carinii, B. pahangi and D. viteae and
studies indicate that trehalose is synthesized from glucose
(Fairbairn 1958; Powell et al. 1986a, b).
Chitin metabolism as a target
Chitin metabolism has also been proposed to be a parasite
unique target, as the vertebrate host does not contain chitin
(Gooday et al. 1988, Shahabuddin et al. 1993). Chitinases
have been identified in three separate stages in the filarial life

cycle (Gooday et al. 1988, Fuhrman et al. 1992, Raghavan et
al. 1994). In adult females of Onchocerca gibsoni this enzyme
plays a role in embryogenesis (Gooday et al. 1988). The biological role of this enzyme in Mf and third stage larvae is not
yet clear (Fuhrman 1995). Two isoforms of chitinase have
been purified from Mf of B. malayi (Fuhrman et al. 1992).
Raghavan et al. (1994) characterized a chitinase like antigen
expressed in the third stage larvae of Wuchereria bancrofti.
Filarial chitinase can be inhibited by allosamidin, a competitive inhibitor of the enzyme (Sakuda et al. 1987).
Lipid metabolism
Lipid metabolism is a relatively untouched aspect of the biology of filarial worms. Recent investigations have been restricted mainly to analyses of lipid composition and studies on
lipid synthesis (Barrett 1983). The incorporation of mevalonate into free fatty acids suggests the presence of a fatty acid
chain expansion system (Comley and Jaffe 1981). Filarial
worms readily incorporate labelled lipid precursors into their
neutral and phospholipid fractions (Jaffe and Doremus 1970,
Hutchison and Turner 1979, Turner and Hutchison 1979). All
the major classes of neutral lipids viz. triacylglycerols, diacylglycerols, sterols, sterol esters, hydrocarbons and traces of
free fatty acids have been verified in D. immitis (Hutchison et
al. 1976, Turner and Hutchison 1979, Comley and Jaffe 1981,
Comley et al. 1981). Triacylglycerols and sterols have been
demonstrated in adult S. cervi (Ansari et al. 1973, Rathaur et
al. 1980) and B. pahangi was reported to have triacylglycerols, sterols, free fatty acids and hydrocarbon fractions
(Comley et al. 1981). All the major phospholipid classes have
also been identified in adult filarial worms of D. immitis,
B. pahangi, L. carinii and S. cervi (Hack et al. 1962, Subrahmanyam 1967, Ansari et al. 1973, Comley and Jaffe 1981).
Total fatty acid profiles are accessible for adult filarial worms
of D. immitis, D. viteae and L. carinii (Ueda and Sawada
1968, Hutchison et al. 1976). Srivastava et al. (1987) demonstrated the participation of glycerol-3-phosphate in the formation of phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol
(PI), phosphatidylglycerol (PG) and cardiolipin (CL) in adult
B. pahangi and B. patei. The presence of sn-glycerol-3-phosphate acyltransferase, phosphatidic acid phosphatase, choline
phosphotransferase, ethanolamine phosphotransferase, PE
methyl transferase, PS decarboxylase, PI synthetase, PGP synthetase, and base exchange enzymes of ethanolamine, serine
and inositol for the base components of preformed phospholipids, were detected in crude extracts of these worms. These
findings along with previous studies (Srivastava et al. 1985;
Srivastava and Jaffe 1985, 1986, 1987) suggest that filarial
worms can synthesize PC by two pathways, PE by three pathways, and PI by two pathways and fabricate PS, PG and CL
(Srivastava et al. 1987).
Isoprenoid metabolism
Nematodes do not synthesize the sterol ring, de novo, but the
early stages of the pathway necessary to provide the polyiso-
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prenoid precursors of sterols are present (Comley and Jaffe
1981). The filarial isoprenoid biosynthetic pathway leads to
the formation of quinones, dolichols, geranyl geraniol, juvenile hormones and purine derivatives of isopentenyl pyrophosphate (Comley 1985). Quinones have their role in filarial electron transport (Comley et al. 1981), dolichols are involved in glycoprotein synthesis (Comley et al. 1982, Walter
et al. 1985), juvenile hormones are regulators of larval development (Mendis et al. 1983) and isopentenyl adenosine is
known as the constituent of tRNA (Brown and Goldstein
1980). However, the role of geranyl geraniol is still not clear.
HMG-CoA reductase as a target
Considering the variety of important biochemical roles attributed to isoprenoids, it is possible that selective inhibition of
isoprenoid biosynthesis at the HMG-CoA reductase catalysed
rate limiting stage could have drastic consequences on filariae. Mevinolin, a known inhibitor of HMG-CoA reductase,
has been shown to significantly reduce the biosynthesis of
geranyl geraniol, ubiquinone and dolichols in B. pahangi in
vitro (Comley and Lancaster 1983).
Amino acid and protein metabolism
Amino acid metabolism has also received little attention in
filarial parasites. Data are restricted mainly to amino acid
composition, uptake and incorporation into proteins (Barrett
1983). Decarboxylation and transamination reactions have
also been examined but only limited attempts have been made
to elucidate pathways of amino acid catabolism (McManus
1986). Parasitic helminths are able to take up amino acids
from their surroundings through their tegument (Asch and
Read 1975). The functional importance of the free amino acid
pool has been indicated in intracellular osmoregulation and
protein synthesis (Kurelec and Rijavec 1966). The incorporation of amino acids into proteins has been demonstrated in a
number of filarial worms such as adults of L. carinii, S. cervi
and Mf of D. immitis (Jaffe and Doremus 1970, Anwar et al.
1978, Akinwande and Akinrimisi 1980). Serine hydroxymethyl transferase, an enzyme responsible for the conversion
of serine into glycine and vice versa has also been demonstrated in adult D. immitis and B. pahangi (Jaffe and Chrin
1981).
Sulphur amino acid metabolism of filarial parasites has
attracted attention. D. immitis and B. pahangi possess three
enzymes from the methionine cycle viz. methionine adenosyltransferase, S-adenosylmethionine methyltransferase and
S-adenosylhomocysteine hydrolase for the conversion of methionine to homocysteine, but apparently lack the final
enzymes viz. methionine synthetase and/or betaine-homocysteine transmethylase for the conversion of homocysteine to
methionine (Jaffe 1980a) (Fig. 2). Related studies have confirmed that B. pahangi is incapable of resynthesizing methionine from homocysteine and appears to rely on methionine
uptake from the mosquito host (Jaffe and Chrin 1979a, b).
In vertebrates, the trans-sulphuration sequence constitutes
the final two steps in the pathway of cysteine formation from

L-Methionine
Tetrahydrofolate

5*
5’-methyltetrahydrofolate

1

Dimethylglycine

4*
Betaine

Homocysteine

S-Adenosylmethionine
Acceptor

Serine

6

3
2
Methylated acceptor

Cystathionine
S-Adenosylhomocysteine

2-oxobutyrate
NH3

7

Cysteine

Fig. 2. Generalized scheme of methionine metabolism in filarial
species. (1) methionine adenosyltransferase, EC 2.5.1.6; (2) various
S-adenosylmethionine methyltransferases, EC 2.1.1.?; (3) S-adenosylhomocysteine hydrolase, EC 3.3.1.1; (4) betaine-homocysteine
methyltransferase, EC 2.1.1.5; (5) 5’-methyltetrahydrofolate-homocysteine transmethylase (methionine synthase), EC 2.1.1.13; (6) cystathionine β-synthase, EC 4.2.1.22; (7) γ-cystathionase, EC 4.4.1.1
(modified from Walker and Barrett 1997).

dietary methionine catalysed by cystathionine-β-synthase and
γ-cystathionase (Cooper 1983, Bender 1985, Griffith 1987)
and is the predominant pathway for methionine catabolism
(Cooper 1983). All the enzymes involved in the methionine to
cysteine pathway have been identified in the filarial nematodes B. pahangi and D. immitis (Jaffe 1980a) (Fig. 2). However, the very low cystathionine catabolizing activity in helminths may represent a significant bottleneck in this pathway
(Gomez-Bautista and Barrett 1988; Walker and Barrett 1991a,
b; Bankov et al. 1996).
Sulphur amino acid metabolism as a target
The identification of a novel, non-mammalian form of cystathionine-β-synthase in nematodes may facilitate the selective inhibition of a parasite-specific enzyme (Walker and
Barrett 1997). Cystathionine synthesizing activity has been
found in the filarial nematodes B. pahangi and D. immitis
(Jaffe 1980a). Further studies towards non-mammalian “activated serine sulphydrase” activity of cystathionine-β-synthase
and its biological role in filarial worms may offer opportunities for selective inhibition.
Collagen biosynthesis as a target
Prolyl-4-hydroxylase as a target
The cuticle forms the external surface of parasitic nematodes,
thus forming the interface between the parasite and the host.
The nematode cuticle consists of a network of collagen molecules, which are primarily held together by intermolecular
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disulfide bonds (Cox 1992). The central enzyme involved in
the biosynthesis of collagen is prolyl-4-hydroxylase (Kivirikko et al. 1989) which catalyses the post-transcriptional oxidation of proline to 4-hydroxyproline in nascent collagen
chains. This enzyme has been a subject of acute concern as a
potential chemotherapeutic target, because molecules inhibiting its activity might be expected to be relatively specific inhibitors of collagen biosynthesis (Hanauske-Abel 1991). Both
α and β subunits of this enzyme from O. volvulus have been
cloned and expressed in a biologically active form. Protein
disulfide isomerase functions to catalyse the formation of correct disulfide bonds in nascent proteins, and also acts as one of
the subunits of prolyl-4-hydroxylase (Wilson et al. 1994).
Transglutaminase as a target
Transglutaminase catalysed reactions play an important role
in the growth, development and maturation of nematodes.
Because of its role in cuticle biosynthesis and lack of homology with mammalian transglutaminases, this parasite enzyme
represents a target in the development of an effective chemotherapeutic drug (Chandrashekar and Mehta 2000). Adult
worms of B. malayi, B. pahangi and O. volvulus contain high
levels of transglutaminase activity (Mehta et al. 1990, 1992;
Lustigman et al. 1995). Monodansylcadaverine, a pseudosubstrate of this enzyme was found to affect the release of Mf
from B. malayi as well as causing a dose dependent decrease
in the MTT reduction potential of the worms (Rao et al. 1991).
Several physicochemical properties such as thermostability,
substrate specificity, effect of various reagents and inhibitors
suggest that this enzyme from D. immitis is very similar to
transglutaminase purified from B. malayi, but quite distinct
from mammalian transglutaminases (Singh et al. 1995).
Aminoacyl-tRNA synthetase as a target
Aminoacyl-tRNA synthetases (AARS) are also one of the verified antifilarial targets. Divergence of host and parasite enzyme structures surrounding the catalytic site can be utilized
to design drugs (Cusack 1997). Biologically active AARS
have been cloned, expressed and purified from B. malayi and
humans. Synthetic aminoacyl adenylate analogues, which
mimic the normal intermediate formed by AARS, are potent
AARS inhibitors (Lazdins and Kron 1999).
Nucleic acid metabolism
Nucleic acids are essential components of all living organisms
but relatively little work had been done on nucleotide and
nucleic acid synthesis in parasitic filariids. Filarial worms
possess both de novo and salvage pathways for purines and
pyrimidines. Synthetic pathways are usually under tight metabolic control (Barrett 1983). Incorporation of uridine and
uracil into nucleic acids has been reported in adult D. immitis
(Jaffe et al. 1972), whilst the Mf of D. immitis incorporate uridine, uracil, adenine and adenosine into RNA (Jaffe and
Doremus 1970). Jaffe and Doremus (1970) reported incorpo-
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ration of orotate derivatives into RNA by the Mf of D. immitis. Incubation of adult B. pahangi with 5-14C methyltetrahydrofolate resulted in 14C-labelled adenosine and guanine
ribonucleotides as well as 14C-labelled inosine monophosphate (Jaffe and Chrin 1981). The incorporation of label from
glycine into DNA and RNA and of inorganic phosphate into
RNA has also been reported in adult L. carinii (Akinwande
and Akinrimisi 1980).
DNA topoisomerase II as a target
It has been shown that DNA topoisomerase II is an essential
enzyme, which has an important role in DNA replication,
repair and transcription and recently, this enzyme has been
identified as a target for the development of antifilarial compounds (Tripathi et al. 2001). The 7-O-acetamidyl-4-alkyl2H-1-benzopyran-2-ones, glycosylated beta-amino acid derivatives and Ru (II) poly-pyridyl hydridocarbonyl complexes were prepared and screened against DNA topoisomerase II
of filarial parasite S. cervi (Tripathi et al. 2001, Katiyar et al.
2003, Chandra et al. 2004).
Folate metabolism
Folate derivatives are concerned with the transport and interconversion of one carbon units for synthetic reactions. The
high synthetic capacities of parasites and the differential sensitivities of certain folate metabolizing enzymes to inhibitors
means that folate metabolism is a potential area for chemotherapy (Jaffe 1980b). Adult filariae possess an array of enzymes involved in the interconversion of folate analogues
(Jaffe and Chrin 1980, 1981; Jaffe et al. 1980; Comley et al.
1981) (Fig. 3). The presence of this group of enzymes indicates that adult filariae can synthesize a variety of tetrahydrofolate (FH4) cofactors, but the physiological roles of these
cofactors and the factors regulating their levels in filarial cells
remain to be fully defined (Jaffe and Chrin 1980).
Dihydrofolate reductase has been demonstrated in a number of adult filarial worms of D. immitis, L. carinii, D. viteae
and O. volvulus, and the sensitivity of this enzyme to inhibitors has been investigated (Jaffe 1972, Jaffe et al. 1972). In
contrast to the adults, no dihydrofolate reductase activity was
detected in the Mf of B. pahangi or D. immitis (Jaffe 1972;
Jaffe et al. 1972, 1977). Analysis of different steps in folate
metabolism in the parasites revealed certain basic differences
from those operating in the vertebrates. The enzyme 5, 10
methylene FH4 reductase catalyses the irreversible formation
of N5-methylene FH4 from N5-N10-methylene FH4 in almost
all vertebrates. However, in filarial parasites, this enzyme
operates preferentially in the reverse direction, favouring the
formation of N5-N10-methylene FH4 (Jaffe 1980b, Comley
et al. 1981). 10-formyl FH4 dehydrogenase, which catalyses
the deformylation of N10-formyl FH4 and thus regulates
the endogenous concentrations of FH4 cofactors, is more
active in B. pahangi and D. immitis than in mammalian liver.
Another enzyme of interest is serine hydroxymethyltransfer-
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Fig. 3. Folate metabolism in filarial species with sites of action of antifilarials. (1) FH 2 reductase, EC 1.5.1.3; (2) serine hydroxymethyltransferase [glycine hydroxymethyltransferase], EC 2.1.2.1; (3) 5, 10-methylene FH4 reductase, EC 1.7.99.5; (4) thymidylate synthase, EC
2.1.1.45; (5) methylene FH4 dehydrogenase, EC 1.5.1.5; (6) methenyl FH4 5-cyclohydrolase, EC 3.5.4.9; (7) N5,N10-formyl FH4 mutase;
(8) 5-formyl FH4 cycloligase, EC 6.3.3.2; (9) formate FH4 ligase, EC 6.3.4.3; (10) 10-formyl FH 4 dehydrogenase, EC 1.5.1.6; (11) glutamate formiminotransferase, EC 2.1.2.5; (12) formiminodoyl FH 4 cyclodeaminase, EC 4.3.1.4 (modidied from Subrahmanyam 1987).
F – folate, FH2 – dihydrofolate, FH4 – tetrahydrofolate, IMP – inosinate, DEC – diethylcarbamazine

ase which catalyses the synthesis of N5-N10-methylene FH4
from tetrahydrofolate and requires pyridoxal phosphate (Subrahmanyam 1987). There was a virtual block in the development of infective larvae of L. carinii to the adult stages in pyridoxine deficient rodents, possibly because of interference
with folate metabolism (Subrahmanyam 1983).
There is indirect evidence that adult filariae do not synthesize FH2, but require a source of preformed folates (Jaffe
1980a); although during short term incubations Chen and Howells (1981) reported no uptake of folic acid by the adults,
juveniles, infective larvae or Mf of B. pahangi. The adults of
B. pahangi can convert N5-methyl FH4 to N5-N10-methylene
FH4, N5-N10-methenyl FH4, N5-formyl FH4 and N10-formyl
FH4 (Jaffe and Chrin 1981). The N5-methyl FH4 analogue is
the predominant folate derivative found in mammalian tissue,
but interestingly mammalian cells do not convert N5-methyl
FH4 back to N5-N10-methylene FH4.
Folate metabolism as a target
DEC also inhibits a number of folate metabolism enzymes
(Fig. 3) but it remains to be determined whether the ability of
DEC to interfere with multiple aspects of filarial folate-related metabolism is in any way related to the antifilarial action of
this drug (Jaffe and Chrin 1980). Suramin inhibits the dihydrofolate reductase of O. volvulus and NADP-dependent 10formyl FH4 dehydrogenase of B. pahangi. 10-formyl FH4

dehydrogenase may play an important role in regulating levels of FH4 coenzymes within the worms in response to fluctuating physiological conditions (Jaffe 1980a, b).
Biogenic amine metabolism
Various biogenic amines viz. norepinephrine (NE), dopamine
(DA), 5-hydroxytryptamine (5-HT) and histamine (Hm) have
been reported to be present in Mf and adults of L. carinii
(Saxena et al. 1977), D. viteae (Singh et al. 1985) and S. cervi
(Rathaur et al. 1985). The amine content of Mf was found to
be higher as compared to adult worms. The 5-hydroxyindole
acetic acid and homovanillic acid, the catabolic products of
amines, were also detected (Rathaur et al. 1985). The role of
biogenic amines in neuromuscular activity (Gianutsos and
Bennett 1977) and behavioural coordination (Croll 1975) of
nematodes is well documented. Jones et al. (1974) also showed the involvement of histamine (Hm) in the host’s immune
response to nematode infections. In order to understand the
role of amines and their metabolizing enzymes in the development and pathogenesis of filarial worms, studies were carried out on some of these enzymes. Dopamine-beta-hydroxylase was detected in L. carinii, D. viteae and S. cervi (Agarwal
et al. 1982). Monoamine oxidase (MAO) and acetylcholinesterase, which play a role in neuromuscular transmission, were
detected in both adults and Mf of S. cervi.
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Monoamine oxidase and acetylcholinesterase as targets
Centperazine, DEC and levamisole strongly inactivated these
enzymes from S. cervi females (Rathaur 1980). S. cervi MAO
can be differentiated from the host enzyme (bovine) on the
basis of substrate specificity, pH optima and Km value
(Rathaur 1980).
Octapamine as a target
Of special attention is octapamine (OA), the only one amine
with no apparent vital function in mammals. OA plays an
important role in the regulation of a number of key processes
in nematodes, including pharyngeal pumping, locomotion and
egg laying (Brownlee et al. 2000). Among filariids it has been
identified in O. volvulus and B. pahangi (Isaac et al. 1990,
Aisien et al. 1995). Potential drugs may come from agonists
and antagonists of the OA receptor (Ginger 1991).
Polyamine metabolism
The polyamines putrescine, spermidine and spermine are
found in all living organisms and are involved in growth, differentiation and macromolecular synthesis (Tabor and Tabor
1984, Pegg et al. 1988, Svensson et al 1993). Measurements
of polyamine in O. volvulus, D. immitis, Brugia patei, S. cervi
and L. carinii worms have demonstrated that these parasites
contain high levels of spermidine and spermine but low levels of putrescine and N-acetylated polyamines (Srivastava
et al. 1980, Wittich et al. 1987). The enzymes of polyamine
biosynthesis viz. ornithine decarboxylase (ODC), S-adenosyl
methionine decarboxylase (SAMDC) and arginine decarboxylase (ADC) were shown to be very low or absent in filarial parasites (Wittich et al. 1987, Walter 1988). Moreover,
uptake of polyamines from the incubation medium as well as

interconversion and excretion of putrescine and N1-acetylputrescine have been detected in filariids (Wittich et al. 1987,
Singh et al. 1989). There is evidence for the existence of a
complete reverse pathway generating putrescine from spermidine and spermine, respectively, in filarial worms (Wittich
et al. 1987). A scheme of filarial polyamine metabolism is
suggested in Figure 4. The presence of considerable levels of
polyamine oxidase, an important enzyme in the reverse pathway of polyamines, reported earlier (Walter 1988, Sharma et
al. 1991) strongly supports the existence of a salvage pathway
for polyamines in helminths.
S-adenosyl-methionine decarboxylase as a target
S-adenosyl-methionine decarboxylase (SAMDC), a key regulatory enzyme in polyamine biosynthesis, is considered as a
potentially important antifilarial target. Various inhibitors of
SAMDC, such as berenil and aromatic methylglyoxal bis(guanylhydrazone) analogues, might have potential as drug candidates against filarial worms (Da’dara et al. 1998). The in
vitro treatment of adult filariae with polyamine analogues and
inhibitors of enzymes involved in the polyamine biosynthesis
killed the parasites (Müller et al. 1988, 1991).
Glutathione metabolism
Glutathione (GSH) is of major importance in filarial species
because it has been proposed to constitute the antioxidant system responsible for the long term existence of filarial worms
in mammalian hosts by protecting them from the reactive oxygen species produced by normal metabolism and by immune
cells of the host (Callahan et al. 1988, Brophy and Pritchard
1992). Therefore, it seems useful to develop drugs that could
selectively deplete or distort glutathione stores in these para-
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Meister 1985). The sensitivity of filarial γ-glutamyl cycle
enzymes and their counterparts from mammalian sources to
known inhibitors needs to be compared. If marked differences
in sensitivity exist this may provide targets for antifilarial drug
development. Figure 5 represents the proposed sequence of
glutathione metabolism in mammalian and filarial species.

sites. The GSH either acts in solo or as a substrate to various
enzymes like glutathione peroxidase (GPX), phospholipid
hydroperoxide GPX and glutathione-S-transferase (GST)
(Zhang et al. 1989, Lomaestro and Malone 1995) to quench
the free radicals. After GSH has been oxidized to GSSG, the
enzyme glutathione reductase (GR) accomplishes the recycling of GSSG back to GSH (Carlberg and Mannervik 1985,
Schirmer et al. 1987).
The group of six enzymes that are responsible for the synthesis and breakdown of GSH constitutes the γ-glutamyl
cycle. At present only two enzymes of the γ-glutamyl cycle
viz. glutamate-cysteine ligase (GCL) and γ-glutamyl transpeptidase (γ-GT) have been characterized from filarial species
(Singh et al. 1996, Lüersen et al. 2000). The whole of this
cycle needs to be characterized in filarial worms, although, it
has been well characterized in mammalian systems (Orlowski
and Meister 1973, Werf et al. 1975, Oppenheimer et al. 1979,
Kozak and Tate 1982, Seelig and Meister 1982, Tate and

Glutamate-cysteine ligase (GCL) as a target
Glutamate-cysteine ligase is the rate limiting enzyme of GSH
biosynthesis which catalyses the ligation of the L-glutamate
and L-cysteine to form L-γ-glutamyl-L-cysteine (Plummer et
al. 1981). This enzyme has been well characterized in O. volvulus and S. cervi (Lüersen et al. 2000, Tiwari et al. 2003).
The Ki values of O. volvulus GCL for buthionine sulfoximine
(BSO) and cystamine were found to be lower than those of the
corresponding mammalian enzyme (Lüersen et al. 2000).
Hence, this enzyme represents a potential target for antifilarial drug development.
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Fig. 5. Outline of GSH metabolism. The cellular turnover of GSH involves its intracellular synthesis from glutamate, cysteine and glycine
catalysed by glutamate-cysteine ligase (1; EC 6.3.2.2) and GSH synthetase (2; EC 6.3.2.3), followed by transport of GSH (3) and its conversion by membrane bound γ-glutamyl transpeptidase (4; EC 2.3.2.2) to cysteinylglycine (Cys-Gly) and γ-glutamyl amino acids. Cleavage
of cysteinylglycine to cysteine (Cys) and glycine (Gly) may be catalysed by membrane bound dipeptidase (followed by the transport of amino
acids) or may occur intracellularly after transport of the dipeptide (5; EC 3.4.13.19). Transported γ-glutamyl amino acids (6) are converted
by γ-glutamyl cyclotransferase (7; EC 2.3.2.4) to amino acids and 5-oxoproline; the latter is decyclized by 5-oxoprolinase (8; EC 3.5.2.9) to
glutamate. Glutathione reacts intracellularly with a variety of compounds of exogenous and endogenous origin (X) in reactions catalysed by
GSH-S-transferase (9; EC 2.5.1.18) to form GSH-S-conjugate. These are transported (10) and follow pathways similar to those involved
in GSH turnover (4, 6 and 11). S-substituted derivatives of cysteine are acetylated (12) to form mercapturic acids, which are transported out
of cells (13). Intracellular GSH is converted to GSSG in transhydrogenation reactions (14), in reactions catalysed by GSH peroxidase
(15; EC 1.11.1.9), and by reactions with free radicals (16). GSSG is converted to GSSG by GSSG reductase (17; EC 1.6.4.2) (modified from
Meister 1983). *These enzymes have been characterized in both mammals and filarial species, rest of the enzymes are characterized in mammals but need to be characterized in filariids
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Glutathione reductase (GR) as a target
There is evidence to show that the mode of action of macrofilaricidal arsenicals is principally through the depletion of
filarial GSH (Worthington and Rosemeyer 1974, KrohneEhrich et al. 1977, Bhargava et al. 1983). L. carinii GR was
found to be much more vulnerable to inhibition with arsenical melarsen oxide than the enzyme isolated from human
erythrocytes (Bhargava et al. 1983). Similarly, studies on the inhibition of GR by melarsen oxide revealed that human
erythrocyte GR is less susceptible to inhibition by the arsenical than the enzyme from two cattle filariae viz. S. digitata and
Onchocerca gutturosa along with differences in mechanisms
of inhibition (Müller et al. 1995). These differences between
host and parasite enzyme might reflect differences in the primary and secondary structures of the proteins that might be
exploitable for the design of new specific filaricidal drugs.
Glutathione-S-transferase (GST) as a target
Glutathione-S-transferases are one of the major detoxification
systems ubiquitous among eukaryotes and have been found
in a wide range of parasitic helminths (Brophy and Barrett
1990a). Helminths lack the important cytochrome P-450 dependent detoxification system (Precious and Barrett 1989),
enhancing the requirement for phase II GST activity. They
perform functions ranging from catalysing the detoxification
of electrophilic compounds to protecting against peroxidative
damage (Armstrong 1991). The compounds that can be detoxified by GSTs include the cytotoxic products of lipid peroxidation, such as lipid hydroperoxides and reactive carbonyls.
Such compounds, in the absence of GSTs, cause membrane
damage. GSTs are therefore postulated to protect the parasite
against host-mediated lipid peroxidation of the membrane
(Brophy and Barrett 1990b, Brophy and Pritchard 1994). The
inhibition of parasite GST(s) thus deprives the parasite of its
major defence against oxidative stress and impairs its ability
to survive. Filarial GST(s) is therefore important target for
antifilarial drug design. C. elegans, Ascaris suum and O. volvulus GST cDNA sequences show some degree of sequence
identity to mammalian pi class of GSTs (Weston et al. 1989;
Liebau et al. 1994a, b, d). The cDNAs encoding two different
GSTs from O. volvulus have been isolated and characterized
(Liebau et al. 1994b, c; Salinas et al. 1994).
Glutathione peroxidase (GPX) as a target
The GPX family is well characterized in some filariids. The
major soluble cuticular protein of adult B. pahangi, gp29
(Maizels et al. 1989), was identified as a secreted variant of a
GPX (Cookson et al. 1992). Recombinant B. pahangi gp29
was shown to reduce fatty acid and phospholipid hydroperoxides but was not active with H2O2 as the substrate (Tang et
al. 1996). The D. immitis homologue of Brugia gp29, called
Di29 on the other hand possesses a low but significant activity with H2O2 (Tripp et al. 1998). The nucleotide sequences
encoding homologues of this enzyme were also found in
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B. malayi and W. bancrofti. These enzymes belong to the
group of selenium-independent GPXs. Selenium containing
GPXs, a major family of enzymes in mammals appear to be
absent from filarial species (Cookson et al. 1993, Tripp et al.
1998). GPXs protect the filarial worms from oxidative damage, and are thus important targets for novel chemotherapy.
Retinol-binding proteins
There is now increasing evidence of the importance of the role
played by retinoids (vitamin A and its metabolites) in filarial
metabolism. Parasitic nematodes appear to require retinol for
a variety of their metabolic and developmental demands, such
as growth, differentiation, embryogenesis, glycoprotein synthesis and as antioxidants (Sani 1990). Being highly lipophilic, retinoids require specific retinol-binding proteins
(RBPs) to facilitate their transfer both within the cells and
between the cells through the aqueous environment (Wolf
1991; Ross 1993a, b). Several investigators have described
the occurrence and uptake of retinol, as well as its formation
from β-carotene in parasites (Comley and Jaffe 1983). Sturchler et al. (1981, 1985) reported a retinol concentration of
12.6 IU/g in adult O. volvulus. This is in contrast to the much
lower levels identified in A. viteae adult females (0.18 IU/g),
males (0.2 IU/g), and Mf (0.01 IU/g) (Sturchler et al. 1985).
Findings of Wolff and Scott (1995) in B. malayi adult females
report retinol concentration of 6.2 IU/g. The comparative
amounts of retinoic acid-binding proteins (RABPs) in filariids viz. O. volvulus, O. gibsoni, D. viteae, B. pahangi and D.
immitis were determined to be between 2.7 and 3.1 pmol of
retinoic acid bound/mg of extractable protein (Sani et al.
1985). Vitamin A in its phosphorylated forms, retinyl phosphate and retinyl phosphate mannose, has been suggested
as an intermediate in filarial glycoprotein synthesis (Comley
and Jaffe 1983). A link between vitamin A deficiency and
helminthiasis has also been established (Mahalanabis et al.
1976, Storey 1982), indicating that the host vitamin A deficiency is concomitant with the development of onchocercal
pathogenesis. Sturchler et al. (1981) noted that the concentration of retinol measured in tissues of O. volvulus was eight
times higher than in the surrounding host tissue and suggested
that the worms may selectively sequester retinoids. Embryogenesis of L. carinii was found to be delayed frequently in
parasites developing in vitamin A deficient cotton rats (Storey
1982). Experiments with radiolabelled retinoic acid in B.
malayi showed that it was taken up by worms and localized
at high concentrations in early and late embryonic forms, further suggesting a role in growth and development (Wolff and
Scott 1995). Studies on filarial parasites in vitro have also
shown that synthetic retinoids can reduce motility, inhibit the
release of Mf (Zahner et al. 1989) and moulting of the larval
stages (Lok et al. 1990). As helminths lack a capacity for
vision, the main role for retinoids has been suggested to be in
the regulation of genes associated with growth and reproduction (Sani and Comley 1985, Sani 1990).
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Retinol-binding proteins as targets
Several filarial parasites including Onchocerca spp. have been
shown to contain specific parasite retinol- and retinoic acidbinding proteins, PRBP and PRABP (Sani et al. 1985, Sani
and Vaid 1988). They differ from mammalian and avian
CRBP and CRABP in physicochemical properties such as
molecular weight, isoelectric pH and ligand binding including
mercurial sensitivity (Sani et al. 1985, Sani and Vaid 1988).
Ivermectin, a potent and widely used antiparasitic drug competes efficiently with retinol for retinol-binding sites on PRBP,
but not for the host tissue RBP sites (Sani and Vaid 1988).
Since retinoids are important molecules that may be involved
in the control of normal differentiation, growth and reproduction of the parasites, and since their binding proteins may be
important mediators of these biological functions, the specific biochemical differences in molecular charge, size and the
mode of ligand interactions that have been observed between
the host and parasite binding proteins could be exploited in
selective control of parasite growth (Sani et al. 1985).
Filarial receptors and channels
Nematodes possess a variety of receptors, receptor subunits
and channels, and their expression can be developmentally
regulated. Using model organisms like Caenorhabditis elegans and animal parasites, it may be possible to determine
which genes, encoding such receptors and their subunits, are
expressed at specific life cycle stages (Lazdins and Kron
1999). By targeting such receptors it should be possible to
selectively obstruct the nervous systems of nematodes.
Acetylcholine receptors as targets
Levamisole exerts its effect at the nicotinic acetylcholine receptor (nAChR). The most convincing evidence that levamisole acts as a cholinergic agonist at the neuromuscular junction, comes from the study on cholinergic receptors of C. elegans (Lewis et al. 1980). Further support for a cholinergic
mechanism for the paralyzing action of levamisole is provided by the observation that mutants of C. elegans, highly resistant to the paralyzing effects of levamisole, respond very poorly to cholinergic agonists (Lewis et al. 1980). Since excitatory neuromuscular transmission in nematodes is cholinergic,
acetylcholine esterase (AchE) is required for the postsynaptic inactivation of acetylcholine. Inhibition of AchE resulted
in continued depolarization of postsynaptic junctions with
resultant paralysis (Lee and Hodsden 1963, Hart and Lee
1966). Organophosphates such as crufomate, dichlorovos,
haloxon and trichlorophon are potent inhibitors of both nematode and mammalian AchE and may result in toxic responses (Hart and Lee 1966, Jamnadas and Thomas 1979).
Glutamate gated chloride channels as targets
Glutamate gated chloride channels (Glu-Cl) are the principal
targets through which the avermectins act (Martin 1996,
Adelsberger et al. 1997, Pemberton et al. 2001), although
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Brownlee et al. (1997) also suggested possible interaction
with GABA (γ-amino butyric acid) receptors. The distribution
of the Glu-Cl subunits reported for C. elegans and H. contortus suggests that the Glu-Cls have critical roles in controlling
pharyngeal function, locomotion, and possibly sensory perception and processing in nematodes, providing evidence that
these receptors can be harnessed as drug targets in nematodes
(Yates et al. 2003).
The microtubular system
The microtubular system has been identified in filarial nematodes B. malayi and B. pahangi (Helm et al. 1989, Guenette
et al. 1991, Geary et al. 1998). Four to five β-tubulin isoforms
have also been identified in tubulin-enriched extracts of B. pahangi adult worms (Tang and Prichard 1989). Immunogold
labelling of adult B. pahangi sections with monoclonal antibody (mAb) revealed the presence of β-tubulin isoforms in the
cuticle, hypodermal layer and somatic muscle blocks (Bughio
et al. 1993). In Mf, mAbs were bound to myofibril structures
under the hypodermal layer and within cell nuclei (Helm et al.
1989).
The microtubular system as a target
Tubulin is of particular interest in parasitic nematodes, since it
is the target of benzimidazole carbamates, a class of microtubule depolymerizing drugs (Lacey 1988). The β-tubulin
chains are of special interest because benzimidazole resistant
strains of Physarum polycephalum and C. elegans have altered β-tubulins (Foster et al. 1987, Driscoll et al. 1989). Brugia nematodes express β-tubulin molecules that contain binding sites for the benzimidazole carbamates (Tang and Prichard
1989). These drugs act by disrupting the assembly of tubulin
dimers into microtubules (Lacey and Pritchard 1986).
Developmental hormones
Filarial parasites pass through a series of five moults, during
the whole course of their life cycle. Understanding how the development of these parasitic nematodes is regulated may suggest mechanisms to control and treat infection (Boreham and
Atwell 1988, Crossgrove et al. 2002). The signals required for
moulting are of particular interest in understanding filarial
development. One possible candidate for a signal that controls
moulting in nematodes is the steroid hormone 20-OH ecdysone (Barker et al. 1990). Warbrick et al. (1993) showed that
ecdysone, or the non-steroidal agonist RH5849, accelerated
the initiation of moulting of L3 to L4 larvae in vitro. Crossgrove et al. (2002) have identified a nuclear receptor gene, Dinhr-7, from the parasitic nematode D. immitis, which is the
orthologue of the Drosophila ecdysone-regulated E78 gene.
Di-nhr-7 also exists in the closely related filarial parasites
B. malayi, O. volvulus and B. pahangi (Unnasch et al. 1999).
Ecdysone has also been shown to affect Mf release in B. pahangi and meiotic re-initiation in D. immitis oocytes (Barker
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et al. 1991). Further, normal development of filarial larvae
proceeds only if the worms are located in the correct organ of
the arthropod vector or vertebrate host. These requirements
suggest that host factors may trigger or are required for further
development of the parasites. Filarial parasites possess the
ability to respond to mammalian EGF and mammalian growth
factors may regulate developmental maturation of filarial parasites (Franke et al. 1987, Dissanayake et al. 1992, Dissanayake 2000).
Eicosanoid metabolism
Filarial parasites constitutively synthesize and release the
eicosanoids, which may act locally in the host and modify
host-parasite interactions (Liu et al. 1990, 1992; Kanesathasen et al. 1991; Kaiser et al. 1992). The production of these
lipid mediators may be one of the strategies for evading host
immune responses (Bianco and Maizels 1989). Their continuous synthesis is therefore, essential for the survival of the
parasites. Eicosanoids include prostaglandins (PG) and leukotrienes, and are produced by the enzymatic oxygenation of
arachidonic acid (AA) and other polyunsaturated fatty acids
(Needleman et al. 1986). Filarial parasites cannot produce AA
and other polyunsaturated fatty acids de novo (Frayha and
Smyth 1983), but essential fatty acids are available to Mf in
human plasma. Mf avidly incorporate exogenous AA into
their phospholipids (Longworth et al. 1985, 1987), and can
also form AA from exogenous linoleic acid (Liu and Weller
1989).
Parasite elaboration of prostacyclin may enable Mf to
inhibit platelet aggregation onto their surfaces (Willis 1987).
Mf may release the vasodilatory prostaglandins, prostacyclin
and PGE2, to ease their passage through the microcirculation.
PGE2 inhibits T cell activation, lymphokine production and
also appears to induce B cell tolerance and/or unresponsiveness (Goodwin and Ceuppens 1983, Goldings 1986, Schad
and Phipps 1989). PGD2, detected in small amounts, also
inhibits platelet aggregation and is a weak vasodilator (Willis
1987).
Eicosanoid metabolism as a target
Filarial AA metabolism may be relevant to the action of DEC.
DEC is not directly toxic to filariae (Kanesa-thasan et al.
1991), but somehow enables host phagocytes, neutrophils and
eosinophils to attack Mf by unknown mechanisms (Mackenzie and Kron 1985, Medina-De la Garza et al. 1990,
Gutierrez-Pena et al. 1996). The inhibition of release of eicosanoids would withdraw from the Mf a capacity to modulate
the host’s humoral and cellular immune responses, which may
render the Mf prone to attacks (Elkhalifa et al. 1991, Liu and
Weller 1992). It should be the objective of future research to
identify the enzymatic systems of parasite involved in eicosanoid biosynthesis. Characterization of these enzymes may
allow the development of specific inhibitors of parasite cyclooxygenase and lipoxygenase (Belley and Chadee 1995).
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Immunomodulators
Filarial worms survive for long periods within their hosts, during which adult female filariae continuously produce Mf.
Active modulation of the host’s immune response is part of
the parasites’ strategies for long-term survival (Maizels et al.
1993). Several immunomodulatory components of nematodes
were recently described and these studies suggest that secreted parasite products interfere with different arms of the immune system by manipulating the cytokine network, signal
transduction pathways or inhibitors of essential enzymes
(Hartmann et al. 1997, Harnett et al. 1999, Gomez-Escobar et
al. 2000, Schonemeyer et al. 2001). Elucidation of these
mechanisms will be very useful in the development of immunotherapeutic agents in the future.
Among the secreted nematode immunomodulators, cysteine protease inhibitors (cystatins) are shown to be of major
importance. Nematode cystatins inhibit the proteases involved
in antigen processing and presentation, which leads to a reduction in T cell responsiveness. At the same time nematode cystatins modulate cytokine responses, the most prominent trait
being the upregulation of IL-10 by macrophages. These properties contribute to induction of an antiinflammatory environment, concomitant with a strong inhibition of cellular proliferation. This setting is believed to favour the survival of
worms (Hartmann and Lucius 2003). A number of filarial cystatins have now been characterized in O. volvulus, A. viteae,
B. malayi and Litomosoides sigmodontis (Lustigman et al.
1992, Hartmann et al. 1997, Manoury et al. 2001, Schonemeyer et al. 2001, Pfaff et al. 2002). In this context, a serine protease inhibitor (serpin) of filariae was shown to inhibit cathepsin G, a serine protease of neutrophil granulocytes with several immunostimulatory properties (Zang et al. 1999, Zang
and Maizels 2001). Phosphorylcholine, a phospholipid component that is associated with many nematode proteins inhibits the proliferation of T and B cells by interference with
the signals that lead to cellular activation and also upregulates
the production of IL-10 by B1 cells. This action polarizes the
T-helper cell response towards a Th2 type (Al-Qaoud et al.
1998, Harnett et al. 1999, Harnett and Harnett 2001). Filarial
parasites also produce cytokine homologues that are able to
bind to and activate immune cells. A functionally active
macrophage-migration-inhibitory factor (Pastrana et al. 1998)
and a transforming growth factor-β homologue (GomezEscobar et al. 1998, 2000) have been characterized.

Conclusions
Limited knowledge of the biochemical pathways of filariids is
still the major impediment to identify promising novel chemotherapeutic targets. Moreover, relatively little work has
been done on the biochemistry of filarial worms that are parasitic in humans and the extrapolation of results from one
species of filariid to another may not be always justified.
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Certain aspects, like carbohydrate, folate and glutathione metabolism of filarial worms have been studied in detail and
most of the currently available drugs have been found to interfere with such metabolic pathways. Nevertheless, all the major pathways of filarial lipid, amino acid and nucleic acid metabolism need to be elucidated, if we are to develop new generations of anthelmintics. Among lipids isoprenoid metabolism is one of the best studied and some preliminary studies
have been carried out to target it. No truly unique targets for
drug development have been identified in filarial amino acid
metabolism. As far as protein synthesis is concerned collagen
biosynthesizing enzymes are being targeted. DNA topoisomerases are the newly explored targets in nucleic acid metabolism. Our knowledge about filarial amine and polyamine
metabolism is still very poor but studies are being pursued to
target the key regulatory enzymes. Retinol-binding proteins
can be targeted for the treatment of onchocerciasis. Levamisole and avermectins exert their effects on receptors and channels in the nematode nervous system and benzimidazoles disrupt the microtubular system. Filarial steroid hormone ecdysone and mammalian epidermal growth factor are of relevance to filarial growth and moulting, and thus can be targeted also, as can eicosanoids and other immunomodulators,
with the aim of interrupting the host-parasite relationship. It is
quite clear that filariids differ from their hosts in various
aspects of metabolism. Therefore, to continue to exploit filarial metabolism as a tool for a rational approach to chemotherapy, all the major steps in the metabolic pathways of filarial
worms must first be identified.
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