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I. INTRODUCTION

Although largely hidden from public view, nematodes are among the most numerous and ecologically
diverse multicellular organisms inhabiting the planet. Although most species are microbivorous, numer-
ous species are economically or medically important parasites of plants and animals. As Cobb* wrote
80 years ago, “If al the matter in the universe except the nematodes were swept away, our world would
still be dimly recognizable, and if, as disembodied spirits, we could then investigate it, we should find
its mountains, hills, vales, rivers, lakes and oceans represented by a film of nematodes. The locations
of townswould be decipherable, since for every massing of human beings there would be a corresponding
massing of certain nematodes. The location of the various plants and animals would still be decipherable,
and, had we sufficient knowledge, in many cases their species could be determined by an examination
of their erstwhile nematode parasites.”

As more has been learned about nematodes in the 80 years since Cobb wrote these remarks, the
importance of animal- and plant-parasitic nematodes has increased. Many scientists have attempted to
discover and exploit some fundamental biochemical difference between the biochemistry or physiology
of these parasites and their hosts in order to develop compounds useful for nematode control. One of
the few magjor biochemical differences between vertebrate- and plant-parasitic nematodes and their hosts
is that nematodes (like insects) are incapable of de novo sterol biosynthesis and therefore possess a
nutritional requirement for sterol. This review focuses upon the metabolism of sterols by nematodes,
the effects of sterol metabolism inhibitors on nematode biochemistry and biology, and the isolation and
identification of steroid hormones from nematodes. Some of these specific areas or related ones have
been the subject of other reviews.?®

II. NUTRITIONAL REQUIREMENT FOR STEROL

Nutritional studies of nematodes are limited by the fact that plant- and vertebrate-parasitic species have
not been successfully cultured apart from their hosts. The requirement for adietary sterol was discovered
by Dutky et al.l° in the entomopathogenic nematode Seinernema carpocapsae and by Hieb and
Rothstein't in the microbivorous nematode Caenorhabditis elegans. Both species reproduced only when
their bacteria culture systems were supplemented with exogenous sterols. The results of these nutri-
tional experiments were supported by concurrent investigations in which nematodes failed to produce
radiolabeled sterols from radiolabeled sterol precursors such as acetate or mevalonate.*2%3 Although
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occasional reports of de novo production of radiolabeled sterols by nematodes have appeared in the
literature, these experiments have lacked the cultura sterility or analytical rigor necessary to establish
such an ability.

Determination of the specificity of the nutritional requirement for sterol is difficult because of the
necessity to propagate nematodes either upon hosts that biosynthesize and metabolize sterols or else
upon complex culture media that often contain endogenous sterols. Generally, most 4-desmethylsterols
with atrans-A/B ring system and an intact, nonhydroxylated side chain can satisfy the sterol requirement
in nematodes. For example, cholesterol, cholestanol, sitosterol, stigmastanol, dihydrobrassicasterol,
7-dehydrocholesterol, or lathosterol (but not stigmasterol or ergosterol) supported the reproduction of
Neoaplectana carpocapsae in a bacteria-containing diet.’° In a different bacterial culture system, growth
and reproduction of the same species were excellent when cholesterol, sitosterol, cholesteryl oleate,
cholestanol, stigmastanal, lathosterol, or ergosterol was added. In stigmasterol-supplemented medium,
growth was slower and growth did not occur when either lanosterol or 7-dehydrocholesterol was the
supplemented sterol.** When C. elegans was propagated upon Escherichia coli, cholesterol, sitosterol,
7-dehydrocholesterol, ergosterol, or stigmasterol satisfied the nutritional requirement.** In the microbiv-
orous nematode Turbatrix aceti (the vinegar eelworm), the nutritiona regquirement was satisfied by
cholesterol, desmosterol, lathosterol, 7-dehydrocholesterol, cholestanol, 25-norchol esterol, 24-methyle-
necholesterol, sitosterol, fucosterol, cholest-4-en-3-one, or cholest-5-en-3-one; only coprostanol and
coprost-7-enol were unsuccessful dietary sterols.*®> Eggs of the rat parasite Nippostrongylus brasiliensis
developed to third-stage juveniles in a formal dehyde-killed bacterial culture system supplemented with
ergosterol, sitosterol, stigmasterol, lanosterol, 7-dehydrocholesterol, or cholestane.'® Cholesterol, lathos-
terol, 7-dehydrocholesterol, campesterol, ergosterol, sitosterol, stigmasterol, stigmastanol, isofucosterol,
or cholesteryl acetate supported growth and reproduction of C. elegans growing in a sterile, defined
medium coprost-7-enol, 4a-methylcholest-8(14)-enol, lanosterol, 22,23-dihydroxysitosterol, progester-
one, ecdysone, or 20-hydroxyecdysone did not.'”

Exactly which enzyme or enzymes in the de novo sterol biosynthesis pathways present in other
organisms are lacking in nematodes is poorly understood. The detection of radiolabeled lanosterol in
the microbivorous species Panagrellus redivivus incubated with radiolabeled 2,3-oxidosqualene led to
the conclusion that this species contains 2,3-oxidosqualene lanosterol cyclase.!® A metabolic block
between farnesol and squalene was concluded based upon nutritional experiments in which squalene,
lanosterol, or cholesterol but not mevalonolactone and farnesol supported growth of C. elegans and
T. aceti.’® Similarly, squalene and lanosterol (but not farnesol or mevalonate) supported development of
eggs to third-stage juveniles in aformalin-killed E. coli culture system for N. brasiliensis.'® In contrast,
squalene did not support growth and reproduction in C. elegans* and lanosterol did not support
development of C. elegans in a defined medium!” or in S. carpocapsae.’* Additiona research with
radiolabeled sterol precursors in nutritionally defined, sterile culture systems is necessary to resolve
these discrepancies and elucidate the specific blocks in the de novo biosynthetic pathway.

[ll. STEROLS OF ANIMAL-PARASITIC NEMATODES

Because of the present inability to culture plant- and animal-parasitic nematodes away from their hosts,
investigation of sterol biochemistry in these parasites has been limited primarily to comparison of sterol
compositions of host and nematode. Additionally, the small sterol content of many nematodes (partic-
ularly phytoparasitic species) has impeded the determination of C-24 stereochemical orientation in
parasitic nematode sterols. Therefore, sterols identified in parasitic nematodes will be described by their
systematic names in this review, e.g., 24a-methylcholesterol instead of campesterol.

A. VERTEBRATE PARASITES

In comparison to sterols of other groups of nematodes, the sterols of vertebrate-parasitic nematodes have
been poorly characterized. The sterol content of several vertebrate-parasitic nematodes has been reported
as 0.1-0.3%.2-%6 The only species examined that is not a digestive tract parasite is Trichinella spiralis,
which contained cholesterol asitsonly sterol .27 In contrast, the sterols of Ascaris suum have been reported
as 39-46% cholesterol, 20-30% cholestanol, 4-8% 24-methylcholesterol, 7-10% 24-methylcholestanol,
7-15% 24-ethylcholesterol, and 8-11% 24-ethylcholestanol,?282° depending on the tissue and sex
examined. Presumedly, the 24-alkylsterols originate in the host diet, and either A. suum saturates the
sterol nucleus of the unsaturated phytosterols or else this conversion is performed by the gut microflora
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In contrast, stanols were not found in a gut parasite of chickens, Ascaridia galli.® In this species,
cholesterol comprised 45% of the total sterol, with the remainder being 24-methylcholesterol, 24-ethyl-
cholesta-5,22(E)-dienol, 24-ethylcholesterol, and 24-ethylidenelathosteral.

Few experiments have been performed with radiolabeled sterols administered to vertebrate-parasitic
nematodes. When radiolabel ed sitosterol was injected into A. suum, the lack of recovery of radiolabeled
cholesterol from nematodes indicated that A. suum may be unable to dealkylate plant sterols,?® unlike
the microbivorous species subsequently described. Nippostrongylus brasiliensis did esterify radiol abeled
cholesterol added to culture medium. 6

In an investigation of sterol transport across the intestine of A. suum, the movement of cholesterol,
although slow, was twice that of sitosterol.3! Because cholesterol but not sitosterol accumulated in the
epithelial cells, a suggestion was made that selective transport was caused by epithelia cell specificity.
In another study of sterol uptake, a double cannulation apparatus was employed for continuous perfusion
of the pseudocoel om of adult A. suum.®? Occlusion of the digestive tract did not interfere with cholesterol
uptake, which was primarily through the cuticular and muscular tissues.

B. ENTOMOPATHOGENIC NEMATODES
Because the nematode species that are presently being investigated as biological control agents of pest
insects kill insects via the symbiotic bacteria vectored by the nematodes, these species are more properly
described as entomogenous or entomopathogenic nematodes, not insect parasites. Comparative studies
of host and nematode sterols have provided clues about the metabolic capabilities of entomopathogenic
nematodes. In one such comparison, S. carpocapsae contained lathosterol (62% of total sterol) and
cholesterol (38%) as its mgjor sterals; the wax moth larval host (Galleria mellonella) contained choles-
terol and traces of 24-methylcholesterol and 24-ethylcholesterol .2When insect larvae were injected with
radiolabeled cholesterol, S. carpocapsae contained radiolabeled cholesterol and lathosterol with the same
specific activity as that which had been injected. Therefore, it was concluded that nematodes could
reduce the A%-bond of the cholesterol found in host insects and introduce a A7-bond to form lathosterol.
Many years later, S. carpocapsae was propagated in corn earworm larvae (Heliothis zea) fed diets
supplemented with various sterols.3* This experimental system is somewhat complex because insects are
also incapable of de novo sterol biosynthesis and metabolize the dietary sterols in addition to the
nematodes. When H. zea was fed cholesterol, 95% of its sterol was cholesterol; yet cholesterol comprised
but 55% of the sterol in S carpocapsae, with the remainder being lathosterol. Cholestanol-fed H. zea
contained cholestanol as its major sterol (84% of total sterol); S. carpocapsae contained cholestanol
(70%) and lathosterol (30%). When campestanol was fed to H. zea, 51% of its tissue sterol was
campestanol and S. carpocapsae contained 43% cholestanol and 34% lathosterol. Finally, ergosterol-
fed H. zea contained 7-dehydrocholesterol as its major sterol, yet S. carpocapsae contained lathosterol
asits principal sterol. These experiments clearly demonstrate that S. carpocapsae can reduce A%-bonds
and introduce double bonds at C-7. Interestingly, athough the growth of H. zea was influenced by
alterations in the sterol composition of its diet, the nematodes grew and reproduced very well in al
experiments.

IV. STEROLS OF PLANT-PARASITIC NEMATODES

Partly because of the need for development of biorational chemical nematicides, the sterols in plant-
parasitic nematodes have received greater attention than those in animal parasites. Evidence for possible
dealkylation of sterols at C-24 by phytoparasitic nematodes was first provided by Cole and Krusberg,?®
who compared the sterols of the stem and bulb nematode, Ditylenchus dipsaci, with those of the afafa
callus tissues used to propagate the nematodes. Cholesterol and lathosterol were the major nematode
sterols, whereas the plant tissue sterols were 24-ethylcholesta-7,22-dienol and 24-ethyllathosterol. Sim-
ilarly, because the reniform nematode (Rotylenchulus reniformis) contained 24-ethylcholesterol and
cholesterol as its major sterols but host roots (cotton) contained 24-ethylcholesterol and 24-ethyl-
cholesta-5,22-dienol as the major sterols, the suggestion was that R. reniformis dealkylates plant sterols
at C-24 to produce cholesterol .3

Another aspect of plant-parasitic nematode sterol metabolism was discovered during investigation of
the tobacco cyst nematode Globodera tabacum solanacearum.®” The sterols of this species were primarily
devoid of nuclear unsaturation and included 43% 24-methylcholestanol, 20% 24-ethylcholest-22(E)-enol,
12% cholesterol, 9% 24-methylcholesterol, and 8% 24-ethylcholesterol. Although host plant roots were
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not directly analyzed, the fact that higher plants seldom contain more than traces of stanols led to the
suggestion that G. tabacum solanacearum can hydrogenate A’-bonds.

The development of capillary gas chromatography-mass spectrometry (GC-MS) accelerated the
discovery of additional sterols in phytoparasitic nematodes; the mass spectra of 63 different sterols
identified in nematodes by this method have been published.® In the first such study, 14 sterols were
discovered in females of the corn cyst nematode, Heterodera zeae, and compared directly to corn roots.®
The roots contained 24-ethylcholesta-5,22-dienol, 24-methylcholesterol, 24-ethylcholesterol, and
cycloartenol as the major sterols, whereas the principal sterols of H. zeae were 24-ethylcholesteral,
24-ethylcholesta-5,22-dienol, 24-methylcholesterol, and cholesterol. In contrast to the tobacco cyst
nematode, in which the majority of sterols were stanols, only a small percentage (about 5%) of the
sterols in H. zeae were stanols. The abundance of cholesterol in H. zeae and R. reniformis indicates that
these species probably deakylate phytosterols, athough the fact that selective uptake mechanisms for
sterols occur in insects® indicates that a similar process could exist in nematodes. Experiments with
radiolabeled phytosterols are needed to clearly establish the presence of C-24 dealkylation in plant-
parasitic nematodes.

Sterol compositions of two other genera of phytoparasitic nematodes have been determined with
GC-MS. First, eggs of the root-knot nematodes Meloidogyne incognita and M. arenaria had qualitatively
identical and quantitatively similar sterol compositions.** The major nematode sterols were 24-ethylcho-
lesterol (35-39%), 24-ethylcholestanol (18-24%), 24-methylcholesterol (9-12%), 24-methylchol estanal
(8-9%), 24-ethylcholesta-5,22(E)-dienol (3-4%), 24-ethylchol est-22(E)-enol (2%), cholesterol (6-12%),
and cholestanol (3—4%). Because host plant (eggplant) roots were not analyzed and because chol esterol
is often a significant component of the sterols of the Solanaceae (the plant family that includes egg-
plant),*>4 the existence of dealkylation in Meloidogyne spp. could not be evaluated. However, because
of the abundance of stanols in these root-knot nematodes, it was concluded that Meloidogyne females
or eggs saturate the nucleus of phytosterols like G. tabacum solanacearum (and subsequently described
microbivorous nematodes), although to a lesser extent. In contrast, in a comparison of sterols from
resistant and susceptible cotton roots and M. incognita eggs, Hedin et al.* did not detect stanols. Instead,
the major nematode sterol s were 22-ethylcholesterol (39%), cholesterol (24%), 22-ethylchol esta-5,22(E)-
dienol (19%), isofucosterol (12%), and 24-methylcholesterol (5%). Cotton root sterols included 22-eth-
ylcholesterol (30—37%), cholesterol (1.3-1.8%), 22-ethylcholesta-5,22(E)-dienol (43-56%), isofucos-
terol (1.2-3.0%), and 24-methylcholesterol (9-14%).

In a GC-MS study comparing the sterols of a migratory phytoparasitic nematode to those of host
plant roots, the sterols of corn root cultures propagated on an agar medium were compared with the root
lesion nematode Pratylenchus agilis.*® The mgjor sterols of corn root cultures consisted of 24-ethyl-
cholesta-5,22(E)-dienol (60%), 24-methylcholesterol (14%), 24-ethylcholesterol (9%), and isofucosterol
(4%). The principal sterols of P. agilisincluded unmetabolized host 24-ethylcholesta- 5,22-dienol (24%)
and 24-ethylcholesterol (5%) plus the nuclear-saturated homologues of the four major root sterols, i.e.,
24-ethylcholest-22(E)-enol (30%), 24-methylcholestanol (9%), 24-ethylcholestanol (11%), and isofu-
costanol (5%). Thus, existence of AS-bond saturation in this species seems likely. Interestingly, P. agilis
contained a much lower relative proportion of cholesterol (0.4%) than any other nematode species
investigated to date and therefore probably lacks the ability to dealkylate plant sterols. Finaly, the
presence in P. agilis of small quantities (0.3-0.5%) of the 4a-methyl derivatives of its four major sterol
metabolic products (i.e., 24-ethylcholest-22(E)-enol, 24-methylcholestanol, 24-ethylcholestanol, and
isofucostanol) and absence of these compounds in the corn root cultures indicates that this nematode
may directly methylate the sterol nucleus. The significance of 4a-methylation is subsequently described
for microbivorous nematodes.

V. STEROL METABOLISM IN MICROBIVOROUS NEMATODES

Because many microbivorous nematode species can be easily propagated in sterile media, much has
been learned about their sterol metabolism. Many experiments have been performed with dietary sterols
of synthetic origin and often with known stereochemistry at C-24. Generally, it has been assumed that
the compounds from free-living nematodes possess the same stereochemistry as the supplemented dietary
sterols.

In the first investigation of sterol composition in a free-living nematode species, T. aceti contained
cholesterol, 7-dehydrocholesterol, and lathosterol when cultured in a sterile agueous medium of yeast
extract, soy peptone, acetic acid, and liver extract.’> When this medium was supplemented with
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radiolabeled cholesterol or sitosterol, the 7-dehydrocholesterol from T. aceti was radiolabeled, indicating
that the nematode metabolized the dietary sterols by introducing a A’-bond (as well as dealkylating the
sitosterol at C-24). The A?*-sterol reductase inhibitor triparanol succinate was not inhibitory to T. aceti
but did induce an accumulation of desmosterol, as similar inhibitors induce in insects.*°

Many years later, these experiments were extended to involve a sterile culture medium consisting of
solvent-extracted yeast extract, hemoglobin and glucose and unextracted soy peptone and supplemented
with a specific dietary sterol in a Tween 80 solution. Solvent extraction minimized the contribution of
endogenous sterol contaminants within the medium components. When C. elegans was propagated in
such a medium supplemented with radiolabeled sitosteral, its major 4-desmethylsterols were 7-dehydro-
cholesterol (56% of total sterol), cholesterol (8%), lathosterol (6%), and unmetabolized dietary sitosterol
(18%).46 Addition of aknown inhibitor of A?*-sterol reductase in insects, 25-azacoprostane hydrochloride,
resulted in over 96% of the total nematode sterol (excluding the dietary sitosterol) consisting of A%*- or
A)-gterols such as cholesta-5,7,24-trienol, desmosterol, cholesta-7,24-dienol, and fucosterol (Figure
1). These latter sterols were detected in inhibitor-untreated nematodes in trace quantities at most. The
fact that all nematode sterols had the same specific activity as the dietary sitosterol indicated that the
compounds were metabolic products of C. elegans and that the azacoprostane inhibited the A%*-sterol
reductase of C. elegans.

T

Sitosterol / Fucosterol
N N N
[—— N /Oiqg\/\(

HO HO HO l

Desmosterol Cholesta-5,7,24-trien-3p-of Cholesta-7,24-dien-3p-ol

| | |

HO HO HO

Cholesterol 7-Dehydrocholesterol Lathosterol

l
o= g

4a-Methylcholest-8(14)-en-3-ol  40-Methylcholest-7-en-3p-ol

Figure 1 Pathway for metabolism of sitosterol by Caenorhabditis elegans. The most abundant nematode sterol
is 7-dehydrocholesterol. Sites of inhibition of A?-sterol reductase by 25-azacoprostane hydrochloride are marked
with asterisks.

These experiments were repeated with C. elegans propagated in media supplemented with several C,,
sterols#” This nematode species was able to modify the sterol nucleus in several ways, including C-5
hydrogenation, A7- and A%*)-bond formation, and A7 — A8%-bond isomerization. Similarly, the absence
or near absence of cholesterol in stigmastanol-, cholestanol-, lathosterol-, or 7-dehydrocholesterol-fed
C. elegans indicated that it could not introduce AS-bonds or hydrogenate A’-bonds.#”#8 The most inter-
esting nuclear transformation of sterols discovered in C. elegans was its production of substantial
quantities (5-15% of total sterol) of 4a-methylcholest-8(14)-enol radiolabeled with the same specific
activity asthe original dietary sterol. Because 4a-methylation is a remarkabl e phenomenon, experiments
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were performed to determineif the 4a-methylsterolswere artifacts, e.g., addition of antibioticsto medium
or incubation of nematode-free medium. All results were consistent with the existence of a pathway for
direct 4a-methylation in C. elegans. Thisis a major pathway in which nematodes differ not only from
higher animals and plants but also insects.

The production of 4a-methylsterols and other sterols arising from metabolism of sitosterol by
C. elegansisillustrated in Figure 1. Disappointingly, similar 4a-methylsterols were not detected in the
cyst and root-knot nematodes subsequently analyzed,®*#' although traces were found in P. agilis, as
previoudly discussed.*® Failure to detect any 4a-methylsterolsin the cyst and root-knot nematodes could
have resulted from either the improved analytical methodology or expertise employed in the subsequent
P. agilis studies, existence of higher amounts of 4a-methylsterols in vermiform nematodes than in
sedentary nematodes or eggs, or true biochemical or phylogenic differences.

Other previously known inhibitors of A%-sterol reductase activity in insects were evaluated for
their biological and biochemical effectsin C. elegans. From the perspective of both biological activity
and inhibition of A%*-sterol reductase, several simple aliphatic amines were weaker against C. elegans
than 25-azacoprostane. Additionally, biological activity and A%*-sterol reductase inhibition were not
correlated. Among the amines and a related amide evaluated (N,N-dimethyldodecanamide, N,N-dim-
ethyldodecanamine, N,N-dimethyltetradecanamine, N,N-dimethylhexadecanamine, and N,N-dime-
thyl-3,7,11-trimethyldodecanamine), the latter inhibited A%*-sterol reductase the greatest yet had the
weakest inhibition of nematode growth and reproduction. The amide was as toxic to C. elegans as
the homologous amine but did not inhibit A*-sterol reductase.

Because N,N-dimethyldodecanamine was the strongest alkylamine inhibitor of the reductase, this
aminewas subsequently utilized asametabolic probe for elucidation of pathwaysinvolved in dealkylation
of other phytosterols such as campesterol and stigmasterol . This amine inhibited stigmasterol metab-
olismin C. elegans and resulted in the accumulation of a stigmasta-5,22(E),24(28)-trienol intermediate.
Dealkylation occurred before the A%-bond was reduced, and A%-bond reduction preceded reduction of
the A?-bond. In similar experiments with campesterol, the C,, amine also induced accumulation of
several A%-sterols. Because campesterol metabolites with intact side chains but modified nuclel (e.g.,
4a-methylsterols or A>7- or A7-bond systems) were significant components in both inhibitor-treated and
untreated nematodes, the enzymes in C. elegans that metabolize the sterol nucleus may exclude 24-eth-
ylsterols but may be somewhat leaky with respect to 24-methylsterols.

Comparative investigations of other microbivorous species in the same taxonomic order as C. elegans
revealed that T. aceti and P. redivivus also dealkylate phytosterols.5-52 These species varied in their
metabolism of the sterol nucleus, however. Like C. elegans, T. aceti contained significant C-7 dehydro-
genase activity but differed from C. elegans in production of 4a-methylcholestanol and a small quantity
of cholestanol. Each of the three species methylated the sterol nucleus. Panagrellus redivivus lacked the
C-7 dehydrogenase activity present in the other species but instead possessed substantial AS-sterol
reductase activity, as cholestanol and not 7-dehydrocholesterol was produced in abundance from AS-ste-
rols. In addition, lathosterol was the major metabolic product of 7-dehydrocholesterol. The major
4-methylsterol in P. redivivus fed AS-sterols was 4a-methylcholestanol. Lack of significant C-7 dehy-
drogenase activity and production of stanolsis a feature shared by P. redivivus and many plant-parasitic
nematodes.

In the sole investigation of the ability of nematodes to degrade the sterol nucleus, neither T. aceti nor
C. elegans converted [**C]cholesterol to [**CO,].13

VI. BIOLOGICAL ACTIVITY OF INHIBITORS OF STEROL METABOLISM

Numerous attempts have been made to evaluate the biological activity of various steroids or inhibitors
of steroid metabolism upon nematodes. The purpose of these investigations is not only to shed light
upon the physiological roles of steroids in nematodes but also to assist in the biorational design of
compounds antagonistic towards nematodes. In some experiments, elucidation of the specificity of the
observed activity is obscured by the presence of host organisms or tissues. Again, experiments with
microbivorous nematode species have assisted the biochemist in precisely assessing the antinematodal
activity.

The greatest research attention has probably centered upon the azasteroids and structurally related
long-chain alkylamines. As described in the previous section, many of these compoundsinhibit A-sterol
reductase in C. elegans, and the same 5.0 pg/ml concentration of 25-azacoprostane hydrochloride that
inhibited enzyme activity strongly inhibited growth and reproduction.*¢ The same azasteroid inhibited
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growth and egg deposition in Caenorhabditis briggsae and P. redivivus.> When cholesterol was added
with the inhibitor, these inhibitory effects still occurred in C. briggsae but did not in P. redivivus.

The structurally simpler (and thus more inexpensive) aliphatic amines inhibited growth and repro-
duction in C. elegans, but to a lesser extent than 25-azacoprostane.®® In addition, one of the most
conspicuous effects of amine treatment was paralysis or other aberrationsin movement. Severa aliphatic
alkylamines were toxic to P. redivivus, and some of these killed root-knot nematode juveniles at 20
pg/ml.55 A large number of akylamines were examined for activity against the pinewood nematode,
Bursaphelenchus xylophilus octadecylamine and N,N-dimethyloleylamine were the most active com-
pounds, with effects observed as low as 2.0 pg/ml.5657

Similar experiments have been performed with numerous animal-parasitic nematodes. Seven alky-
lamines were active against the medium stomach worm of cattle, Ostertagia ostertagi, and sublethal
concentrations often inhibited molting.> Because an anthel mintic did not interfere with nematode molting
at sublethal concentrations, the conclusion was that these azasteroids and akylamines could have
antihormonal activity in nematodes. Against N. brasiliensis and N. dubius, 25-azacoprostane or 25-aza-
cholestane at 10 pg/ml inhibited the development of first-stage to third-stage juveniles, and inhibited
juveniles had abnormal anatomical features similar to those in sterol-deprived nematodes.> When added
to culture medium, cholesterol reversed the azasteroid-induced devel opmental inhibition. Although these
two azasteroids did not affect hatching of these two species, N,N-dimethyldodecanamide or N-ethyl-
dodecanamine at 10 pg/ml inhibited egg hatching by halting embryogenesis.5® At 5.0 ug/ml, two azas-
teroids inhibited microfilarial release by Brugia pahangi, and 25-azacoprostane also had macrofilaricidal
activity.5! Several alkylamines had greater activity, as some inhibited microfilarial production at 0.5
pg/ml and were macrofilaricidal at 1.0 pg/ml. An investigation of 50 alkylamines or alkylpyrrolidines
revealed that several were toxic at concentrations of 36 pg/ml against A. suum and the dog hookworm,
Ancylostoma caninum.®? Finally, over 100 alkylamines, alkylamides and their derivatives were toxic to
juveniles of the dog intestinal roundworm Toxocara canis, and activity sometimes occurred as low as
2.0 pg/ml &8

The only specific biochemical mode of action of the azasteroids, alkylamines, and amides in nema-
todesisinhibition of A%*-sterol reductase. Because these compounds not only inhibit A%*-sterol reductase
but al so affect ecdysteroid metabolism in insects, other enzymesinvolved in nematode steroid metabolism
could be affected by these inhibitors. Given that al attempts to demonstrate conversion of radiolabeled
cholesterol to steroid hormones by nematodes have been unsuccessful 2266+ discovery of such enzymes
may prove difficult. Also, because of the frequently described paralytic effects of the amines and amides,
the suggestion has been made that toxicity may result from a direct effect on membranes.563

VII. ROLE OF STEROLS IN NEMATODE MEMBRANES

Few functional studies of nematode sterols have been performed. One would expect sterols to be located
in the plasma membranes of nematode cells, as occurs in other organisms. Only one study to determine
the cellular localization of sterols within nematodes has been performed, wherein ultrastructural anaysis
of T. aceti by filipin freeze-fracture electron microscopy reveaed filipin-sterol complexes to occur in
the vacuolar membranes rather than the plasma membranes.t> The conclusion was that nematode cells
may nhot possess a specific requirement for sterol as a structural component of membranes, except for
cells needed to produce regulatory metabolites of sterols, such as steroid hormones.®> Perhaps this lack
of amajor structural role for sterols in nematode membranesis reflected in the small quantities of sterol
(0.01-0.06% of dry weight) in many phytoparasitic nematode species.3>-37:3941.45

VIIl. STEROID HORMONES IN NEMATODES

A. ECDYSTEROIDS

An assumption of many researchers has been that because nematodes and insects molt, molting in
nematodes must be governed by the same hormones that regulate molting in insects, i.e., the ecdysteroids.
Ecdysteroids have been identified in nematodes through the use of radioimmunoassay or enzyme
immunoassay coupled to high performance liquid chromatography,®5-%° and GC-MS has revealed the
presence of ecdysone, 20-hydroxyecdysone, and/or 20,26-dihydroxyecdysone in C. elegans, A. suum,
D. immitis, the fish parasite Anasakis simplex, and the human filarial parasite Onchocerca volvulus.”*-74
When injected with radiolabeled ecdysone, the equine parasite Parascaris equorum produced radio-
labeled ecdysone 25-O-[3-p-glucopyranoside, ecdysonoic acid, and ecdysone 22-phosphate,” the latter
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of which also was produced by C. elegans cultured in the presence of radiolabeled ecdysone.™ Although
metabolism of ecdysteroids occurs in nematodes, experiments with four species of nematodes in three
different laboratories have failed to successfully demonstrate conversion of radiolabeled sterols to
ecdysone.®7476 This failure, coupled with the widespread occurrence of ecdysteroidsin plants, indicates
that it is possible that the ecdysteroids isolated from nematodes could have their origin in the nematode
diet, host, or host diet.

Although initial experiments indicated that nematode infections could be diagnosed in mammalian
hosts via ecdysteroid analysis of host serum or urine, later research indicated that ecdysteroid-like
material occurs in the serum and urine of healthy humans.”-%° Parascaris equorum injected with
radiolabeled ecdysone secreted or excreted radiolabeled glucosides of ecdysone and 20-hydroxyecdys-
one, "8 pbut C. elegans cultured in the presence of radiolabeled cholesterol did not secrete radiolabeled
ecdysteroids.5

Many investigators have applied exogenous ecdysteroids in hope of learning about the physiol ogical
function of these compounds in nematodes. The stimulation or inhibition of various developmental
processes (including molting, growth, and reproduction) by ecdysteroids has been described in reviews>>
and in more recent papers.82-#* These experiments have usually been interpreted with the proper caution,
as true hormones are identified by the application of analytical chemistry to a well-defined bioassay.
However, even if ecdysteroids may not be endogenously biosynthesized by nematodes, these compounds
may still possess a critically important regulatory function in nematode development.2

B. VERTEBRATE STEROIDS AND RECEPTORS
Vertebrate steroid hormones, which typicaly lack a complete side chain, have been found in severa
animal-parasitic and microbivorous nematodes. For example, progesterone, testosterone, estrone, and
estriol were identified with GC-MS and nuclear magnetic resonance spectrometry (NMR) in samples
consisting of mixed sexes of an intestinal parasite from goats, Trichostrongylus colubriformis.?68
Because the amounts of progesterone and testosterone isolated from nematodes were correlated with
the sex of the host, the suggestion was that the nematode obtained the steroids from its host.?6 Although
host intestinal contents were devoid of the four steroids, radiolabeled cholesterol was not converted to
them by nematode homogenate supernatants. The supernatants did hydroxylate progesterone. In arelated
study, progesterone, testosterone, and estrone were identified in Turbatrix aceti by GC-MS and NMR.%
Proteins that bind testosterone, estradiol, and progesterone have been identified in T. colubriformis
and N. brasiliensis.8"8 In the latter species, severa steroid hormones or analogs inhibited the binding.
Experiments involving the biological effects of vertebrate steroids upon nematodes have been
reviewed® as well as performed more recently.8%% Some of these experiments have been performed
directly upon nematodes others have involved host organisms. Observations include inhibition or stim-
ulation of reproduction, growth, or molting, inhibition of feeding, embryonation, or movement, and
alteration in sex ratio. Aswith similar experiments eval uating the effects of ecdysteroids upon nematodes,
interpretation is often clouded by the presence of host physiological systems, the specificity of the
observed responses, the lack of adequate control experiments, or the high concentrations of steroids
occasionally used. Nonetheless, the mere observation of such effects has revedled the prospect for
exploiting these results in development of novel means for controlling parasitic nematodes.

IX. SUMMARY AND CONCLUSIONS

Compared to other organisms, nematodes have been the subject of relatively few investigations into their
steroid biochemistry. Nutritional experiments have clearly demonstrated a dietary requirement for sterol
that results from the inability of nematodes to biosynthesize steroids de novo. Although the specificity
of the nutritional requirement varies somewhat among nematodes, most 4-desmethylsterols can be
directly utilized by nematodes or else metabolized to sterols better suited for nematode growth and
development.

Much knowledge has been obtained about the abilities of microbivorous nematodes to metabolize
sterols. Various species can remove ethyl and methyl substituents at C-24, introduce double bonds at
C-7, C-23, and C-24(28), reduce A%, A%-, and A%-bonds, isomerize A’- to A%)-bonds, esterify fatty
acidsat C-3, and directly methylate the sterol nucleus at C-4 by a process unique to nematodes. M oreover,
azasteroids and structurally related alkylamines and alkylamides inhibit the activity of nematode A%*-ste-
rol reductase and also disrupt the life cycles of these species as well as parasitic species. Lessis known,
however, about sterol metabolism in parasitic nematodes because of the inability to culture them apart

Copyright© 1999, CRC Press LLC — Files may be downloaded for personal use only. Repro-
duction of this material without the consent of the publisher is prohibited.
280



from their hosts. Most plant-parasitic nematodes appear to dealkylate plant sterols at C-24 and modify
the sterol nucleus, particularly by reduction of A>-bonds. Sterol metabolism in mammalian parasites has
been studied to a very limited extent only.

Except for a structural presence of sterols in membranes of nematodes, the function of these com-
pounds in nematodes is poorly understood. Although nematodes do contain steroids that have hormonal
functions in other organisms, attempts to demonstrate endogenous biosynthesis of these steroids by
nematodes have been unsuccessful and elucidation of the function of these compounds within nematodes
warrants immediate investigation. Other areas of nematode steroid biochemistry requiring further
research include investigation of the metabolism of sterols by vertebrate-parasitic nematodes, the puri-
fication and characterization of enzymes involved in nematode steroid metabolism, evaluation of a
broader array of sterol biosynthesis inhibitors upon nematodes, and elucidation of the specific metabolic
steps and the function of the 4-methylation pathway. Because C. elegans will be the first animal whose
entire genome is sequenced, additional questions will be raised by the discovery of genes with sequences
similar to thosefor steroid biosynthetic enzymes or receptors. All of these research fronts could accelerate
the development of novel means for controlling parasitic nematodes.
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