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Larval Exsheathment of Parasitic Nematodes of Ruminants
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The current control of parasitic nematodes in small ruminants relies on the use of chemical anthel-
mintics, but the development of resistance requires research in alternatives. Bioactive plants represent
one of those solutions. Previous results suggest that plants rich in condensed tannins (CTs) might
have direct anthelmintic effects. However, the relationships between the biochemistry of active
compounds and the mechanisms of action remain to be elucidated. Therefore, this study examined
in vitro the effects of different CT monomers on the exsheathment of infective larvae for two nematode
species. Monomers of prodelphinidins were more potent inhibitors of exsheathment than those of
procyanidins. More severe inhibition was also found with galloyl derivatives. These results suggest
that the number of free hydroxy groups of CT monomers is a key factor in interactions with parasite
larvae. Comparison of effects between the two nematodes suggests different susceptibility to mono-
mers depending on species, which might be related to the protein composition of sheaths.
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Haemonchus contortus ; Trichostrongylus colubriformis ; prodelphinidins; procyanidins

INTRODUCTION or during infection with L3, significant reductions in the larval

. . . ._establishment were observed (10).

Nematodes of the digestive tract represent a major threat in o ) .
the breeding of grazing ruminants. Up to now, the control of Only a few in vitro results have confirmed the effect of tannin-
these parasites was generally based on the repeated use of cherf{h Plant extracts on adult nematodds). In contrast, many
ical anthelmintics. However, due to the constant development " Vitro results performed on the L3 have shown that their
of anthelmintic resistance in worm populations in small rumi- Motility was significantly and adversely modified after contact
nants (, 2), the search for alternative solutions to chemical With extracts of tannin-rich legume forages3( 14), woody
treatments is nowadays a necessity to achieve a more sustainablglants (12), or extracted condensed tannits<18). In most
control of this parasitism3). In the past decade, evidence has Studies, these negative effects on the larvae disappeared after
accumulated indicating that some bioactive plants might possesshe addition of inhibitors of tannins, such as polyethylene glycol
anthelmintic properties and, thus, represent a promising alterna(PEG), to the extractsl@, 14). These latter results have thus
tive to chemotherapy when used as nutraceutiéatd). Among substantiated the hypothesis that, among the different plant
the different secondary metabolites present in bioactive plants,secondary metabolites, the condensed tannins (CTs) might play
the potential role of tannins in the observed effects has usually @ central role in the anthelmintic activity. The fact that many
been emphasized. plant extracts showed an activity against the worms in in vitro

Previous results on the activity of bioactive plants against conditions supports the'hypothesis.ofdirect anthelmintic effe(':t.s.
parasitic nematodes have been acquired from both in vivo andHowever, the mechanisms of action of CTs on the parasitic
in vitro studies. Most in vivo results have been acquired in nemgtodes remam_obscure in rt_e_gard to interactions with the
ruminants infected with adult worm populatiorig, 8). They physiology of the different parasitic stages.
have shown that the consumption of tannin-rich plants by  For trichostrongyle nematodes, the L3 exsheathment is a key
ruminants was generally associated with a significant decreaseprocess in the life cycle because it is the step making the
in nematode egg output and, to a lesser extent, in female wormtransition from the free-living to the parasitic stagé9,(20).
fecundity (8—11). In contrast, only a few in vivo studies have Studies on the kinetics of larval exsheathment have emphasized
examined in controlled conditions the consequences of a tannin-that the phenomenon has to occur within a restricted time frame
rich digestive environment on the nematode third-stage infective and that any disturbing factors might reduce the parasite estab-
larvae (L3). In goats, when quebracho was given prior to and/ lishment in the host (2122). This is why it is important to

improve our understanding of the mechanisms underlying the
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R3 the specificity of the effects by comparing data acquired on two
OH parasitic modelsH. contortusand T. colubriformis.
MATERIALS AND METHODS
OH Chemicals. Monomers of procyanidins {)-catechin (C), (-)-
epicatechin (EC),<)-catechin gallate (Cg), ang-}-epicatechin gallate
~5 (ECg)] and prodelphinidins {f)-gallocatechin (GC), -{)-epigallo-
on catechin (EGC), (3-gallocatechin gallate (GCg), and-)-epigallo-
0 catechin gallate (EGCg)] were obtained from Sigma (St. Louis, MO).
Biological Material. The third-stage larvae were obtained, respec-
O tively, from donor goats infected with pure strains of eitHecontortus
G= OH or T. colubriformis The same batch of-23-month-old larvae was used
R1  R2 R3 Number of W in the assays.

OH groups Larval Exsheathment Assay.The larval exsheathment assay was
catechin OH H H 5 290,3 performed, as described by Bahuaud et &B)( to compare the
epicatechin H OH H 5 290,3 inhibitory effects of the four flavan-3-ols and the four galloyl derivatives
gallocatechin OH H OH 6 306,3 on the exsheathment &f. contortusand T. colubriformisL3.
epigallocatechin H OH OH 6 306,3 One thousand ensheathed nematode L3 were first incubated for 3 h
catechin gallate G H H 8 4424 at 20°C with one of the eight molecules at the concentration of 150
epicatechin gallate H G H 8 4424 ug/mL in phosphate buffer solution (PBS; 0.1 M phosphate, 0.05 M
gallocatechin gallate G H OH 9 458,4 NaCl, pH 7,2). The use of PBS aimed at avoiding interference with
epigallocatechin gallate  H G OH 9 4584 any nonspecific effect due to pH change. After incubation, the larvae
Figure 1. Chemical structure of monomers of condensed tannins: flavan- were washed and centrifuged three times in PBS, pH 7.2. Then, the

larvae were submitted to the artificial process of exsheathment by
contact with a solution of sodium hypochlorite (2% w/v) and sodium
chloride (16.5% w/v) diluted in 1 to 300 in PBS, pH 7.2.

e The kinetics of exsheathment according to the different experimental
farm conditions. treatments was measured under microscopic observation at a magnifica-
In a recent study, we examined the possible interactions of tion of x200 by identification of the proportion of exsheathed larvae.
extracts from four tannin-rich plants with the L3 exsheathment. Regular examination was performed at 10, 20, 30, 40, 50, and 60 min

Results indicated that the contact with most plant extracts wasfor H. contortusand at 10, 20, 30, 40, 50, 60, and 70 min for
associated with either a partial or a total inhibition of the larval T- colubriformisafter contact with the solution for exsheathment. For
exsheathmentyhen artificially provoked in in vitro conditions. ~ &ach monomer, six replicates were run per assay to examine the changes
This was described for larvae of both the abomasal species,'n proportion of exsheathed larvae with time. In addition to the eight

. . . molecules tested, negative controls (L3 in PBS) were run in parallel.
Haemonchus contortus, and of the intestinal specieisho- e - ;
Statistical Analyses of the ResultsThe statistical comparisons of

strongylus colubriformig23). The addition of PEG 0 exracts gitrerences in mean of the exsheathment rates were based on the results
usually led to a restoration toward the rate of exsheathment fom the six replicates, depending on larval treatments and time. The

similar to control values. These results thus suggest that (i) statistical differences across time were assessed through the general
extracts of tannin-rich plants might interfere with the very early linear model (GLM) procedure using Systat 9 software (SPSS Ltd.).
step of the host invasion, (ii) the effects were nonspecific of  In addition, a multivariate analysis [multiple correspondence analysis
parasite species, and (i) tannins were largely involved in this (MCA)] was performed using the Systat 9 software (SPSS Ltd.) to

inhibitory process. However, the precise nature of the tannins obtain a synthetic description of the relationships between the effects
involved remains unknown. on larval exsheathment in the two nematode species and the main

. . . characteristics of the monomer structures.

CTs are po_lymers of fIavan-S-oI units with a W'de range of The six variables composing the column of the matrix used for the
structural variations depending on the monomeric units and the \yc were categorical. They included the nematode spe¢iesdn-
degree of polymerizatior2d—26). The biochemical structure  tortus or T. colubriformis), the total number of free hydroxy groups
of flavan-3-ols can differ by the number of phenolic groups on (Tot5, Tot6, Tot8, or Tot9), the possible structure variations in either
the B-ring, the 2,3 stereochemistry of the C-ring, and the R1, R2, or R3 groups (H, OH, or G), and the observed effects measured
presence of a galloyl group attached to the C ring Egere on the larval exsheathment (inhibition, delay, or nonsignificant effect).
1) (27). The monomers of procyanidins (PC) are either catechin The 16 rows (individual data) of the matrix corresponded to the
or epicatechin and their galloyl derivatives, whereas the 8 different monomers assayed on the two nematode species.
constituents of prodelphinidins (PD) are gallocatechin, epigallo-
catechin, and their galloyl derivatives. Overall, tannins are RESULTS
defined as polyphenols, which have the property to bind with  Effects of Various Flavan-3-ols and Their Galloyl Deriva-
proteins or polysaccharides. Differences in the biochemical tives on the Nematode Speciesn controls,>90% of theH.
structure, related to the nature of monomers, have been showrtontortuslarvae were generally exsheathed after 60 min of
to modulate the biO'OgiCﬁ' properties of CTs, in particular, their contact with the solution for exsheathment (mjres 2 and
ability to bind to proteinsZ4—26). With regard to activity on  3). For T. colubriformis,a similar pattern was observed but
nematodes, the results of two studies also suggested thakjightly delayed because80% of the larvae were exsheathed
prodelphinidins were more potent inhibitors of the motility of  at 60 min, whereas the proportion wa80% after 70 min (see
larvae than procyanidind §, 17). However, similar information Figures 2and3).
in relation to the larval exsheathment process is lacking. Catechin had no effect on the larval exsheathment for both

The objectives of the current study were therefore (i) to nematode speciefigure 2A,E). Catechin gallate had no effect
compare the inhibitory effects of different flavan-3-ols and the onH. contortuslarvae (Figure 3A), but provoked a significant
galloyl derivatives of procyanidins and prodelphinidins on the delay (P < 0.01) in the exsheathment rate Bf colubriformis
exsheathment process of the infective L3 and (ii) to evaluate (Figure 3E).

3-ols and flavan-3-ol gallates.

is also required for a pertinent use of those nutraceuticals in
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Figure 2. Effects of 3 h of contact of H. contortus third-stage larvae (A—D) and T. colubriformis third-stage larvae (E—H) with flavan-3-ols on the process

of artificial in vitro exsheathment.

In the case of epicatechin, the larval exsheathment was not The 3 h ofcontact with gallocatechin and with its galloyl

affected forH. contortuslarvae (Figure 2B) but was signifi-

cantly delayed P < 0.01) for T. colubriformislarvae Fig-

derivative led to a total inhibitionR < 0.001) of the exsheath-
ment for both nematode species, because no larvae were

ure 2F). In contrast, the epicatechin gallate induced a total, exsheathed after 60 min fét. contortus(Figures 2Cand3C)

significant inhibition @ < 0.001) of the process for botH.
contortus(Figure 3B) andT. colubriformis(Figure 3F).

and after 70 min foil. colubriformis(Figures 2Gand3G). In
contrast, for the controls, the mean percentages ranged, respec-
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Figure 3. Effects of 3 h of contact of H. contortus third-stage larvae (A-D) and T. colubriformis third-stage larvae (E—H) with flavan-3-ol gallates on the
process of artificial in vitro exsheathment.

tively, from 94 to 100% foHH. contortusand from 92 to 100% (P < 0.001) of the process was observed for both parasite

for T. colubriformis. species (Figure 3D,H) because only 6% of the larvae were
ForH. contortus(Figure 2D), the epigallocatechin treatment  exsheathed after 60 min fdd. contortusand only 8% were

had no effect on the exsheathment rate, whereas the phenomenoaxsheathed after 70 min fdr. colubriformis.

was significantly P < 0.01) delayed forT. colubriformis In addition, a different trend in the effects on the larval

(Figure 2H). With the galloyl derivative, a nearly total inhibition ~ exsheathment was observed for monomers of both prodelphini-
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Table 1. Statistical Results on the Larval Exsheathment after 3 h of Incubation of H. contortus and T. colubriformis Third-Stage Larvae with
Catechin (C), Epicatechin (EC), Gallocatechin (GC), Epigallocatechin (EGC), or Their Galloyl Derivatives (g)

procyanidins prodelphinidins
C EC Cg ECg GC EGC GCg EGCg
H. contortus NS NS NS P<0.001 P<0.001 NS P<0.001 P<0.001
T. colubriformis NS P<0.01 P<0.01 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001

dins and procyanidins, depending on the parasite species,(R30H), the presence of nine OH groups (Tot9) and, to a lesser
because significant effects on the exsheathment process werextent, the presence of a galloyl group (R2G and R1G) in the
more frequent fofl . colubriformislarvae than foH. contortus molecule.

EC, Cg, and EGC did not affect the abomasal larvae, whereas The delay in exsheathment (Del.) was associated with the
these monomers induced a significant delay in the raté.of presence of the OH group in R2.

colubriformis exsheathment. Finally, the absence of effect (N.S.) was related with a low

To summarize, the effects on the larval exsheathment werenumber of total OH groups (Tot5) and with the presence of
overall more pronounced and/or more frequently significant with hydrogen in R3 (R3H).
the monomers of prodelphinidins than with monomers of pro-
cyanidins, with the flavan-3-ol gallates compared to the flavan- DISCUSSION
3-ols (Table 1), and, last, on the intestinal larvae compared to
the abomasal ones.

Multiple Correspondence Analysis. In MCA, a plane
describing the relationships between the variable is composed
of two axes. Each axis corresponds to a linear combination of
variables of the matrix. The main variables contributing to create
axis 1 were “the effect”, “the total number of OH group”, and
“the structure of the R3 group”. In contrast, the two major
variables contributing to axis 2 were “the structure of R1” and
“the structure of R2".

The observed variables were projected on the plane defined
by the combination of axes 1 and ZFigure 4), which
represented 43.31% of the whole variance. The main objective
was to analyze the overall relationships between the different
categories of effects on exsheathment with other variables
(Figure 4). Variables that are positively related are located in
the same area of the plane.

The total inhibition (Inh.) of the larval exsheathment was in
proximity with the presence of the hydroxy group in R3

One of the first pieces of information gained from this study
was that monomers of CTs interact with the exsheathment of
the nematode third-stage larvae, as was previously shown with
whole extracts of four tannin-rich plants (23). In both studies,
due to the affinity of tannins24—27) and/or their monomers
for proteins 28), it can be assumed that the changes in the
exsheathment rate resulted from interactions with proteins of
nematode larvae. Results of the current study provide additional
information on the influence of the biochemical structure of
flavan-3-ols on these interactions.

In a recent study, Molan et all§) have emphasized that
differences in the structure of flavan-3-ols and flavan-3-ol
gallates modulated the inhibitory effects on the larval develop-
ment of T. colubriformisand/or the motility of the larvae. From
these in vitro results, it has been proposed that the variations in
in vivo effects on nematode populations observed with various
tannin-rich plants could be related to differences in the bio-
chemical structure of CTs. Overall, the bioactive plants with

Axis 2
1,51
. RioH
"o R2H
+ RIG
051 +N.S.
Tot9 Inh.
. R3IOH ¢ He R3H Tots _
* PY o-{Tot8 - A4 o
15 1 05 ¥ Tot6 0.5 1 15 <
Tcol &
-0,5
+ R2G Del.
_#RHH -
* R20H

154

Figure 4. Principal plane of interactions obtained from the MCA applied
on a matrix composed of six variables describing the structure of flavan-
3-ol units and the effects on the exsheathment of either H. contortus or

T. colubriformis third-stage larvae.

Abbreviations: effects on the larval

exsheathment (Inh., Del., and N.S. designed, respectively, a total inhibition,
a delay, or no significant effect); nematode species (Hc, H. contortus,

Tcol, T. colubriformis); total numb

er of OH groups in the biochemical

structure (Totb, Tot6, Tot8, or Tot9); structural variations of R1 group (H,

OH, or galloyl group) (R1H, R10H

, or R1G); structural variations of R2

group (H, OH, or galloyl group) (R2H, R20H, or R2G); structural variations
of R3 group (H or OH) (R3H or R30H).

the highest activity against gastrointestinal nematodes in rumi-
nants were those containing a high prodelphinidin/procyanidin
ratio (5,7, 16, 29).

The first aim of our study was therefore to explore the
hypothesis that the biochemistry of CT monomers might also
modulate the effects on larval exsheathment. Our results suggest
that indeed a relationship exists between the structure of mono-
mers and the consequences on the artificially induced exsheath-
ment. This has been substantiated by comparison of results
obtained both with monomeric units of prodelphinidins (PD)
versus procyanidins (PC) or between flavan-3-ols and the galloyl
derivatives.

First, the comparison of the effects due to monomers of PDs
and PCs indicates that the trihydroxyflavan-3-ols (PD units)
were usually more active than the dihydroxyflavan-3-ols (PC
units). For example, for the same 2,3-trans stereochemistry,
gallocatechin (PD unit) induced a total inhibition of exsheath-
ment for both nematode species, whereas catechin (PC unit)
did not provoke any change compared to controls. The same
situation was observed for gallocatechin gallate (PD unit) versus
catechin gallate (PC unit) foHaemonchudarvae. ForT.
colubriformis the GCg (PD unit) also provoked a total blockade
of exsheathment, whereas the phenomenon was only delayed
with the Cg (PC unit). The trend was less clear when the effects
due to epigallocatechin (PD unit) and epicatechin (PC unit) or
their galloyl derivates were compared. For the two nematode
species, similar effects were found with the two monomers. On
the other hand, the two galloyl derivatives induced a total inhi-
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bition of exsheathment, whatever the parasite species, makingthe flavan-3-ol structure might favor hydrogen bonds with the

comparisons difficult to interpret.

proteins of larvae. Moreover, the presence of gallate has also

Moreover, for both larval species, the comparison of conse- been proposed to be involved in hydrophobic interacti@ss (
quences on exsheathment provoked by EC gallate and EGC28). This is providing information to orient the choice of plant
gallate versus EC and EGC confirmed that galloylation of resources to be exploited as potential nutraceuticals against these
flavan-3-ols was often associated with higher activity against major parasites of domestic ruminants.

the nematodes as previously suggestéd] 7). This was also

To improve our understanding of interactions between CTs

illustrated by comparing the effects of catechin gallate and and the parasites, further works on the mechanism of action
catechin orT. colubriformis. For the last possible comparison are required. Although acquired on CT monomers, and not
(GCg versus GC), the differences were absent because a totaflirectly on CTs, the current results provide some indications

inhibition was observed on both parasite species.

In contrast, the stereochemistry of the C-ring conformation
did not seem to be a significant factor modulating the reactivity
of CT units with the larvae, as previously evoked by Molan e
al. (16). In the case of PD units, the 2,3-trans stereochemistry

on factors modulating these interactions. Care has been taken
to apply concentrations that were similar or close to the values
applied in previous in vitro assay$€), in order to correspond

t toinvivo values reported in the gut digesi®(17). However,

the current in vitro results need to be verified and completed

(GC) appeared to be more effective than the 2,3-cis stereo-through in vivo studies, in particular by using cannulated

chemistry (EGC), for both nematode species. However, this
trend was not observed with the PC units or with the gallates.

The second objective of our study was to examine whether
differences in activity of the CT monomers on the exsheathment

animals.

ABBREVIATIONS USED

C, (+)-catechin; Cg, {)-catechin gallate; CTs, condensed

process exist depending on the parasite species. From the result@nnins; EC, (—)-epicatechin; ECg, (—)-epicatechin gallate;
obtained with the eight molecules on the abomasal and the EGC, (-)-epigallocatechin; EGCgi()-epigallocatechin gallate;
intestinal species, three molecules (Cg, EC, and EGC) provokedGC, (—)-gallocatechin; GCg,—()-gallocatechin gallate; L3,

a significant delay on the exsheathmentotolubriformislar-
vae but had no effect ohl. contortus This result suggests pos-
sible differences in susceptibility according to the worm species

third-stage infective larvae; PBS, phosphate buffer solution; PC,
procyanidin; PD, prodelphinidin.

and tends to confirm previous observations. First, several in ACKNOWLEDGMENT

vivo studies examining the consequences on nematodes of the . ) .
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distribution of tannin-rich resources to infected animals have
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and its anatomical location. For example, in she8pdr in
goats receiving quebrachd(, 11), significant effects on the
worm populations of the small intestin&.(colubriformisand
Nematodirus battus) have been described, whereas no effect
was found on the abomasal specikls,contortus.Similarly,
results of several studies, which compared the in vitro anthel-
mintic effects of tannin-rich extracts on different nematode L3,
based on the larval migration inhibition assay have shown differ-
ences in susceptibility according to the parasite species. This
was observed with whole plant extracts from forage®) (with
woody plants (12), or with tannins extracted from plants (17).

It is known that the larval exsheathment process results from
the action of some enzymes, including proteinases, on the pro-
teins of the larval sheatt3Q, 31). Information on the biochemi-
cal composition of the nematode larval sheath has emphasized
that collagen-like proteins and non-collagen-like proteins (cuti-
clin), both possessing high contents of proline and hydroxy-
proline, were two major componen8 33). On the other hand,
variations in the affinity of different flavan-3-ols units have
recently been underscored using potpfoline) as model (28).

At a molecular level, it can thus be hypothesized that differences
in susceptibility to CT monomers betweéh contortusand

T. colubriformismight result from specific differences in com-
position of the sheath and/or exsheathment enzymes.

As previously emphasized, whatever the nematode, more
marked effects on larval exsheathment have generally been
associated with the prodelphinidin monomers and than with the
galloyl derivatives. This was also illustrated by the MCA
(Figure 4), which showed that the total inhibition of exsheath-
ment was associated with the total number of hydroxy groups,
and hence the molecular weight of the molecules, as well as
with the presence of one hydroxy group in R3, which character-
izes the PD units, and to a lesser extent with galloylation of the
monomers. The presence of a high number of OH groups in

the manuscript.
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