
Phenobarbital Induction and Chemical Synergism Demonstrate the
Role of UDP-Glucuronosyltransferases in Detoxification of
Naphthalophos by Haemonchus contortus Larvae

Andrew C. Kotze, Angela P. Ruffell, Aaron B. Ingham

CSIRO Agriculture Flagship, St. Lucia, Queensland, Australia

We used an enzyme induction approach to study the role of detoxification enzymes in the interaction of the anthelmintic com-
pound naphthalophos with Haemonchus contortus larvae. Larvae were treated with the barbiturate phenobarbital, which is
known to induce the activity of a number of detoxification enzymes in mammals and insects, including cytochromes P450
(CYPs), UDP-glucuronosyltransferases (UDPGTs), and glutathione (GSH) S-transferases (GSTs). Cotreatment of larvae with
phenobarbital and naphthalophos resulted in a significant increase in the naphthalophos 50% inhibitory concentration (IC50)
compared to treatment of larvae with the anthelmintic alone (up to a 28-fold increase). The phenobarbital-induced drug toler-
ance was reversed by cotreatment with the UDPGT inhibitors 5-nitrouracil, 4,6-dihydroxy-5-nitropyrimidine, probenecid, and
sulfinpyrazone. Isobologram analysis of the interaction of 5-nitrouracil with naphthalophos in phenobarbital-treated larvae
clearly showed the presence of strong synergism. The UDPGT inhibitors 5-nitrouracil, 4,6-dihydroxy-5-nitropyrimidine, and
probenecid also showed synergistic effects with non-phenobarbital-treated worms (synergism ratio up to 3.2-fold). This study
indicates that H. contortus larvae possess one or more UDPGT enzymes able to detoxify naphthalophos. In highlighting the pro-
tective role of this enzyme group, this study reveals the potential for UDPGT enzymes to act as a resistance mechanism that may
develop under drug selection pressure in field isolates of this species. In addition, the data indicate the potential for a chemother-
apeutic approach utilizing inhibitors of UDPGT enzymes as synergists to increase the activity of naphthalophos against parasitic
worms and to combat detoxification-mediated drug resistance if it arises in the field.

The control of gastrointestinal nematode (GIN) parasites of
livestock relies largely on the use of anthelmintic drugs. How-

ever, resistance to most of the currently available anthelmintic
classes threatens our ability to control these parasites in livestock
production systems worldwide (1, 2). In Australia, there is wide-
spread resistance to the three most widely used chemical classes:
benzimidazoles, macrocyclic lactones, and nicotinic agonists (3).
The organophosphate compound naphthalophos (NAP) has also
been used for many years to control nematodes; however, it has
been used on a much smaller scale than the three other chemical
groups. This limited use has been largely due to the fact that it is
only a “midspectrum” drench. NAP-based drenches show nearly
100% efficacy against susceptible adult stages of the parasite Hae-
monchus contortus; however, they are only approximately 70 to
90% effective against immature stages of this species as well as all
life stages of susceptible worms of the other two major parasites
which affect sheep production systems in Australia (Trichos-
trongylus colubriformis and Teladorsagia circumcincta) (4). How-
ever, as resistance to the major drug groups has rendered them far
less effective for controlling all the important worm species, the
negative impact of this limited spectrum has diminished, and em-
phasis on the use of NAP has increased. As well as being marketed
in single-active drench products (as it has been for many years), it
is now also sold as a combination product, formulated with one or
more compounds from the other chemical groups. The low usage
rates of NAP in the past may be the main reason why resistance to
this compound does not threaten its continued use. Indeed, only
two reports have described resistance to the compound (5, 6). The
usefulness of the compound was demonstrated recently by Baker
et al. (7), who showed that the addition of NAP to a combination
of chemicals from the three major drug groups increased efficacy

against a population of H. contortus isolated from the field in New
South Wales (NSW), Australia, from 40% to 100%. This role for
organophosphate compounds in combination drenches to com-
bat resistance to the other chemical groups has also been demon-
strated in cattle and sheep in South America (8, 9).

As part of an effort to maintain the usefulness of NAP (that is,
to reduce the rate at which resistance may develop), we were in-
terested in developing molecular assay-based diagnostics that
could be used to detect NAP resistance in worm populations. We
were therefore interested in exploring the potential mechanisms
by which H. contortus may develop resistance to NAP. There are
several common mechanisms by which insects develop resistance
to organophosphate insecticides: increased metabolism by cyto-
chromes P450 (CYPs), glutathione transferases (GSTs), and es-
terases and target site insensitivity (insensitive acetyl cholinest-
erase) (10–13). One approach to study the role of enzymatic
metabolism in drug detoxification, and hence the potential role in
drug resistance, is to induce enzyme activities in organisms and
then examine the consequences of this induction in terms of
whether it equips the organism with an increased ability to tolerate
the presence of a particular drug. Several early insecticide metab-
olism studies used the barbiturate phenobarbital (PHB) to induce
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detoxification enzymes in insects and then measured the ability of
the insect to subsequently survive exposure to insecticides (14–
16). In this way, a role for the induced detoxification enzyme
systems in protecting the insects from a specific toxin was demon-
strated. The potential usefulness of this induction approach was
illustrated in studies with the sheep blowfly: the ability of PHB-
treated blowfly larvae to tolerate higher concentrations of di-
flubenzuron (alongside increased CYP and GST enzyme activi-
ties) (17) was followed by measurements of elevated CYP activities
in field strains showing tolerance to the compound (18). In this
way, the ability of PHB-induced flies to tolerate insecticides sim-
ulated the effects of drug selection pressure acting to increase de-
toxification enzymes in drug-tolerant field strains of this species.
PHB is a particularly important agent for the enzyme induction
approach to the study of xenobiotic defensive mechanisms, as it is
known to induce a number of drug-metabolizing enzymes. While
most attention has focused on the induction of CYPs by PHB (19,
20), the compound is also known to induce other detoxification
enzymes, including GSTs (21, 22) and UDP glucuronosyltrans-
ferases (UDPGTs) (23).

Given the previous demonstration of induction of CYP activity
by PHB in H. contortus larvae (24) and the presence of GSTs and
UDPGTs in this species (25, 26), which may be expected to be
inducible with PHB, it was apparent that PHB induction may be a
useful tool to determine whether these enzyme systems could play
a role in the detoxification of NAP. The aim of the present study
therefore was to examine the consequences of exposure to PHB on
the ability of H. contortus larvae to tolerate NAP. In addition, we
aimed to utilize chemical inhibitors targeting the principal en-
zyme groups inducible by PHB in order to indicate the detoxifi-
cation enzyme systems that may be involved in any observed
PHB-induced drug tolerance. Piperonyl butoxide (PBO) is a po-
tent inhibitor of CYP (27) and hence is widely used to indicate the
role of CYP enzymes in insecticide resistance (e.g., see reference
28). Diethyl maleate (DEM) can enzymatically conjugate reduced
glutathione, thus depleting cells of this tripeptide and, hence, re-
ducing the ability of GST enzymes to utilize the GSH in conjuga-
tion reactions with xenobiotics (29). DEM is therefore widely used
in this context as a synergist for investigating the role of GST
enzymes in insecticide resistance (e.g., see reference 30). Inhibi-
tors of mammalian UDPGT activity include the pyrimidine deriv-
atives 5-nitrouracil (5-NU) and 4,6-dihydroxy-5-nitropyrimidine
(4,6-diOHNP) (31), as well as probenecid (32) and sulfinpyrazone
(33).

MATERIALS AND METHODS
Chemicals and parasites. Naphthalophos (NAP), sodium phenobarbital
(PHB), 5-nitrouracil (5-NU), 4,6-dihydroxy-5-nitropyrimidine (4,6-
diOHNP), probenecid, sulfinpyrazone, and diethyl maleate (DEM) were
purchased from Sigma Chemical Co. (USA). Piperonyl butoxide (PBO)
was purchased from ChemService (USA). PHB was prepared as a 25-
mg/ml stock solution in water. The other compounds were prepared as
stock solutions in dimethyl sulfoxide (DMSO): NAP at 10 mg/ml, 5-NU at
80 mg/ml, 4,6-diOHNP at 50 mg/ml, probenecid at 400 mg/ml, sulfinpyr-
azone at 400 mg/ml, DEM at 200 mg/ml, and PBO at 10 mg/ml. Each of
these stock solutions was diluted serially 2-fold in DMSO to produce a
series of working solutions.

The H. contortus organisms were from the drug-susceptible Kirby iso-
late, which was originally isolated from the field at the University of New
England Kirby Research Farm in northern NSW in 1986 (34). This isolate
is susceptible to all commercial anthelmintics.

Larval development assays. Larval development assays were con-
ducted using an agar-based 96-well format modified from the work of Gill
et al. (35) as described by Kotze et al. (36). Initial experiments examined
dose responses to the chemical synergists and PHB alone, in order to
determine concentrations that had low toxicity and weretherefore suitable
for use in subsequent experiments in combination with NAP. Subsequent
dose response experiments with NAP were performed using duplicate
assay wells across a range of 8 or 9 drug concentrations.

Assay plates were prepared by the addition of 2-�l aliquots of NAP
and/or synergist solutions in DMSO to each well (DMSO only or synergist
only in control wells) and overlaying this with 200 �l of 2% agar. After the
contents of the plates had solidified, 10 �l of PHB was added to some wells
(water was added to control wells) to give final concentrations of 1 mM, 2
mM, or 4 mM (after addition of eggs and nutrient solutions as described
below). The plates were allowed to equilibrate at room temperature for
several hours before addition of worm eggs. Nematode eggs were recov-
ered from sheep feces by filtration and sucrose density centrifugation (35)
and aliquoted into each well. Plates containing naphthalophos were sealed
using 96-well plate sealers (Applied Biosystems), as described previously
(37). The next morning, each well of the plate received 10 �l of a nutrient
solution containing a fresh culture of E. coli as described by Kotze et al.
(36). Fresh plate sealers were applied to the naphthalophos plates. The
assays were terminated after 6 days by the addition of 10 �l Lugol’s iodine
to each well, and the numbers of L3 larvae were counted and compared to
the numbers in control (no drug, no PhB, or no synergist) wells.

Control wells contained (i) DMSO, synergists, or PHB alone or (ii)
combinations of synergist and PHB. Numbers of developed larvae in wells
containing each concentration of NAP (with and without synergist, and
with and without PHB) were expressed relative to controls containing the
synergist alone or PHB alone (or both), as appropriate, in order for the
dose response to represent a measure of the effect of NAP only. Three
separate experiments were conducted with each drug-parasite combina-
tion.

In some experiments, eggs and larvae were exposed to 5-NU for 24 h
prior to exposure to NAP. The preincubation period took place in 6-well
plates containing 10-fold-greater volumes of all solutions described above
for the 96-well plate assays. Egg solution and 5-NU (at various concentra-
tions) were added, and the plates were incubated for 24 h at 28°C. The
larvae were then collected from the wells using a pipette, and 20-�l ali-
quots of larvae were dispensed into the wells of 96-well plates containing
NAP at a range of concentrations (identical to the plates used for nonpre-
treatment experiments) with and without 5-NU. Nutrient solution was
added to each well. The plates were then incubated at 28°C for 5 days
more, and larval development was scored as described above. Three sep-
arate experiments were performed.

Dose-response analysis. The larval development data were analyzed
using nonlinear regression with GraphPad Prism software (version 5.03)
(GraphPad Software Inc., USA) in order to generate dose-response
curves. The model used to fit the data was based on a normalized response
(dose-response curve from 100% to 0%) and a variable slope. The 50%
inhibitory concentrations (IC50s) were calculated for each separate exper-
iment, and hence triplicate IC50s were generated for each drug-synergist-
PHB combination from the three separate experiments. The triplicate
IC50s were log transformed and analyzed using repeated-measures 1-way
analysis of variance (ANOVA) (with pairing of IC50 data within the three
separate experiments) in order to determine the effects of PHB and syn-
ergists on NAP dose responses. Significant differences were determined
using Tukey’s multiple comparison test (at a P value of 0.05).

Finally, data from each set of three replicate experiments were pooled
and used to generate dose-response curves representing the full study data
set. This pooling of data was for illustrative purposes only, not for statis-
tical analysis.

Isobologram analysis. Isobologram analysis was performed in order
to define the interaction of NAP with 5-NU. The analysis was performed
using CalcuSyn software (Biosoft, Cambridge, United Kingdom). The
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analysis is based on the median-effect principle and the median-effect
equation, as described by Chou and Talalay (38). We used normalized
rather than classical isobolograms, as our data consisted of combinations
of one drug over a range of concentrations (NAP) with a second drug
(5-NU) at a single concentration within each experiment. The analysis
yielded combination index (CI) values for each separate drug combina-
tion data point. CI values describe the degree of synergism or antagonism
as follows: CIs of �1, 1, and �1 represent synergism, additivity, and
antagonism, respectively. Further, the degree of deviation from a value of
1 indicates the degree of synergism or antagonism: e.g., for synergism, a CI
of 0.1 to 0.3 indicates strong synergism, a value of 0.3 to 0.7 indicates
synergism, a value of 0.7 to 0.85 indicates moderate synergism, and a value
of 0.85 to 0.90 indicates slight synergism. We calculated CI values for each
experimental data point and then used frequency histograms to describe
the distribution of CI values from the three replicate experiments for each
NAP–5-NU combination at each PHB level. The interaction of the drugs
was illustrated graphically by observing the position of experimental data
points relative to the line of additivity on normalized isobolograms (above
the line indicates antagonism, on the line indicates additive, and below the
line indicates synergism).

RESULTS

We initially performed dose-response experiments with PHB and
all the synergists in order to identify concentrations suitable for
use in induction/synergism experiments. Figure 1A shows that
PHB had little effect on worm development (development �
85%) at concentrations of 1 and 2 mM, while development de-
creased to approximately 65% at 4 mM. These three concentra-
tions were chosen for subsequent experiments. Figure 1B and C

show the effects of PBO, 5-NU, and DEM on larval development
in the absence of PHB and at PHB levels of 1 mM, 2 mM, and 4
mM (data for 4,6-diOHNP, probenecid, and sulfinpyrazone are
not shown). The circled points in each panel of Fig. 1 show the
concentrations selected for subsequent PHB-NAP-synergist ex-
periments. In each case, the larvae exposed to 4 mM PHB were
more susceptible to the chemical synergists. Hence, while subse-
quent experiments without PHB and with PHB at 1 mM or 2 mM
could be conducted in the presence of synergists at the same con-
centrations, the 4 mM PHB experiments were conducted using
PBO, 5-NU, and DEM concentrations either equivalent to or
slightly lower than those used for the lower PHB concentrations
(for 5-NU and DEM; from Fig. 1C and D) or significantly lower
than used for 1 and 2 mM PHB (for PBO; from Fig. 1B).

The effects of PHB on the response of larvae to NAP are shown
in Fig. 2. The response was shifted to the right as the PHB concen-
tration increased, with significant increases in NAP IC50 across
each PHB level. NAP IC50s were increased 4-, 11-, and 28-fold at
PHB concentrations of 1, 2, and 4 mM, respectively. Larvae ex-
posed to PHB were clearly less sensitive to the anthelmintic effects
of NAP.

Having demonstrated that PHB-exposed worms were more
tolerant of NAP, we next wanted to use chemical synergists to
investigate which enzymatic pathways may be involved in the ob-
served tolerance. Dose responses of worms exposed to NAP alone
(a range of concentrations), to NAP plus PHB, or to NAP plus
PHB plus a synergist are presented, with IC50s and inhibition ra-

FIG 1 Effect of phenobarbital (PHB) and synergists on H. contortus larval development. (A) Effect of PHB alone; (B, C, and D) effects of piperonyl butoxide
(PBO), diethyl maleate (DEM) and 5-nitrouracil (5-NU), respectively, in the absence or presence of PHB at three different concentrations, on H. contortus larval
development. Circles (B, C, and D) indicate synergist concentrations selected for subsequent experiments examining interactions between PHB, synergists, and
naphthalophos. Each data point shows the mean � standard error (SE) (n � 6; pooled data from three separate experiments, each with duplicate assays at each
PHB and synergist concentration).
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tios, in Table 1, while responses for 5-NU are also shown in Fig. 3.
As expected from Fig. 1, the dose responses to NAP were shifted to
the right as the PHB level increased in the absence of any synergist,
as shown by increasing IC50s in the presence of PHB alone (Table
1). Synergistic effects of 5-NU are represented graphically in Fig. 3
by the movement of the dose response back toward, or to the left
of, the zero-PHB response, that is, in the ability of 5-NU to reverse
the NAP tolerance derived from PHB exposure. In numerical
terms, this is described by decreases in NAP IC50s in the presence
of 5-NU to levels approaching, or less than, the NAP IC50 of
worms in the absence of any additive (no PHB, no 5-NU) (Table
1). The extent of the shift in IC50 in the presence of synergist is
described in Table 1, with synergism ratios at each PHB level. The
addition of 5-NU to assays resulted in significant reductions in
IC50 at each PHB level, with synergism ratios up to 18.2-fold. The
dose response of worms in the presence of PHB and 5-NU was
similar to that of the worms not exposed to PHB; that is, the 5-NU
was able to completely reverse the PHB-induced drug tolerance.
Importantly, 5-NU also caused a shift in the dose response in
worms not exposed to PHB (Fig. 3A). A concentration of 2 mM
5-NU resulted in a 2-fold decrease in the IC50s of these larvae
(Table 1).

PBO also had some effects in partially reversing the PHB-in-
duced NAP tolerance; however, these effects were not as great as
those seen with 5-NU (Table 1). Synergism ratios of up to 3-fold
were observed with PBO. No synergism was observed at the high-
est PHB level of 4 mM; however, the PBO concentrations used
here were lower than those used with 1 mM and 2 mM PHB (from
Fig. 1B). PBO did not have any synergistic effect with worms that
had not been exposed to PHB (Table 1). No synergism was ob-
served with DEM at any of the PHB levels (Table 1).

The other UDPGT inhibitors, 4,6-diOHNP, probenecid, and
sulfinpyrazone, also showed an ability to synergize the toxicity of
NAP (Table 2). The former two compounds had significant effects
on the toxicity of NAP to worms that had not been exposed to
PHB, while all three compounds had significant effects on the
NAP IC50 for worms exposed to 4 mM PHB.

FIG 2 Effect of phenobarbital (PHB) on the sensitivity of H. contortus larvae
to naphthalophos (NAP). Each data point is the mean � SE (n � 6; pooled data
from three separate experiments, each with duplicate assays at each NAP con-
centration).

TABLE 1 Effect of co-treatment with phenobarbital and synergists on
the sensitivity of H. contortus larvae to naphthalophos

Synergist

PHB
concn
(mM)

Synergist concn
(mM or �M)a

Naphthalophos IC50

(�M)b

Synergism
ratioc

5-NU 0 0 1.16 � 0.07 A
1 0.85 � 0.11 AB 1.4
2 0.57 � 0.07 B 2.0

1 0 3.17 � 0.33 A
1 0.74 � 0.06 B 4.3
2 0.44 � 0.07 B 7.2

2 0 6.56 � 0.40 A
1 0.75 � 0.14 B 8.8
2 0.36 � 0.16 B 18.2

4 0 12.88 � 1.94 A
0.5 3.02 � 0.89 B 4.3
1 1.16 � 0.26 B 11.1

PBO 0 0 0.73 � 0.03 A
7.5 0.67 � 0.05 A 1.1
15 0.64 � 0.08 A 1.1

1 0 2.81 � 0.79 A
7.5 1.61 � 0.02 AB 1.7
15 0.94 � 0.08 B 3.0

2 0 5.62 � 1.90 A
7.5 3.19 � 0.51 AB 1.8
15 2.47 � 0.33 B 2.3

4 0 12.39 � 5.35 A
1.0 11.92 � 4.38 A 1.0
2.0 10.14 � 4.30 A 1.2

DEM 0 0 0.51 � 0.03 A
0.15 0.48 � 0.03 A 1.1
0.30 0.50 � 0.04 A 1.0
0.60 0.50 � 0.02 A 1.0

1 0 1.26 � 0.10 A
0.30 1.31 � 0.13 A 1.0
0.60 1.24 � 0.08 A 1.0

2 0 2.39 � 0.34 A
0.30 2.67 � 0.27 A 0.9
0.60 2.51 � 0.33 A 0.9

4 0 6.25 � 1.26 A
0.15 6.11 � 0.88 A 1.0
0.30 7.50 � 0.84 A 0.8

a 5-NU and DEM concentrations are in mM units; PBO concentrations are in �M
units.
b Values are means � SE (n � 3) from separate experiments with duplicate assay wells
at each of a range of naphthalophos concentrations. Within a synergist, and within a
PHB concentration level, naphthalophos IC50s followed by the same letter are not
significantly different (P � 0.05).
c Naphthalophos IC50 in the absence of synergist/naphthalophos IC50 in the presence of
synergist. The ratio was calculated separately for each PHB concentration level.
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The interactions of NAP and 5-NU at each level of PHB were
analyzed using normalized isobolograms. The interaction of the
two compounds was described by this analysis in terms of the
combination index (CI) values for each separate combination of
the 2 drugs. Hence, as an example, dose-response experiments
consisting of 6 data points (5-NU at a constant concentration, at 6
separate NAP concentrations) resulted in the calculation of 6 sep-
arate CI values for that experiment. Figure 4 shows a frequency
histogram describing the numbers of separate data points (de-

rived from three separate experiments) whose CI values fell within
specific ranges indicative of different degrees of synergism or
antagonism. In the absence of PHB, many data points showed
an absence of synergism; however, there were also a number of
points showing the presence of synergism (CI � 0.90). Several
data points showed slight antagonism. For each PHB level, the
histograms were dominated by CI values indicating the pres-
ence of synergism (CI, 0.3 to 0.7) or strong synergism (0.1 to
0.3). Representative normalized isobolograms for single dose-
response experiments are shown in Fig. 5 to further illustrate
the interaction between the two compounds. Figure 5A shows
the presence and absence of synergism in separate data points
derived from an experiment in the absence of PHB, while Fig.
5B shows the strong synergism evident in an experiment at 4
mM PHB.

Finally, we were interested in whether the synergistic effects
observed with 5-NU and NAP in the absence of PHB (from Fig. 3A
and Table 1) could be increased if the worms were exposed to the
synergist for a period prior to exposure to NAP. Table 3 shows that
preexposure to 5-NU concentrations of 0.5 mM, 1 mM, and 2 mM
resulted in significant decreases in the NAP IC50 compared to
values obtained with worms not exposed to 5-NU. ANOVA com-
paring IC50s from nonpretreated larvae (from Table 1) and pre-
treated larvae (from Table 3) in the absence of PHB showed that
pretreatment significantly (P � 0.05) increased the synergistic ef-
fects for 1 mM 5-NU (synergism ratio of 1.4 compared to 3.2);
however, pretreatment had no effect at 2 mM 5-NU (ratio of 2.0
compared to 2.9).

FIG 3 Effect of 5-nitrouracil (5-NU) on the sensitivity of H. contortus larvae to naphthalophos (NAP). Larvae were treated with 5-NU (0.5, 1, or 2 mM) in the
absence of phenobarbital (PHB) or in the presence of PHB at three concentrations (1, 2 or 4 mM). (A) No PHB; (B, C, and D) PHB at various concentrations.
The key in panel A also applies to panels B and C. Each data point is the mean � SE (n � 6; pooled data from three separate experiments, each with duplicate assays
at each NAP concentration).

TABLE 2 Effect of cotreatment with phenobarbital and synergists on
the sensitivity of H. contortus larvae to naphthalophos

PHB concn
(mM)

Synergist (concn
[mM])

Naphthalophos IC50

(�M)a

Synergism
ratiob

0 None 0.96 � 0.13 A
4,6-Di-OHNP (0.64) 0.46 � 0.14 B 2.1
Probenecid (1.4) 0.41 � 0.02 B 2.3
Sulfinpyrazone (1.0) 0.56 � 0.01 AB 1.7

4 None 9.76 � 2.78 A
4,6-diOHNP (0.64) 2.76 � 0.25 B 3.5
Probenecid (1.4) 1.80 � 0.36 B 5.4
Sulfinpyrazone (1.0) 1.72 � 0.13 B 5.7

a Values are means � SE (n � 3) from separate experiments with duplicate assay wells
at each of a range of naphthalophos concentrations. Within a PHB concentration level,
naphthalophos IC50s followed by the same letter are not significantly different (P �
0.05).
b Naphthalophos IC50 in the absence of synergist/naphthalophos IC50 in the presence of
synergist.
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DISCUSSION

The present study shows that treatment of H. contortus larvae with
PHB confers a significant degree of tolerance to the anthelmintic
drug NAP. This suggests that the induction of xenobiotic detoxi-
fication enzymes by PHB equips the larvae with an ability to de-
toxify significantly greater amounts of the anthelmintic drug than
noninduced worms. The effects of 5-NU, 4,6-diOHNP, probene-
cid, and sulfinpyrazone in reversing the PHB-induced NAP toler-
ance indicates that the observed tolerance is largely due to the
activity of UDPGT enzymes within the nematode.

PBO was also able to partially reverse the PHB-induced drug
tolerance. However, this needs to be interpreted with caution
given that 5-NU was able to completely reverse the PHB-induced
drug tolerance to levels measured in non-PHB-treated worms.
That is, it is difficult to reconcile the ideas that an inhibitor of one

FIG 4 Frequency histograms of combination index (CI) values derived from
normalized isobolograms describing the interaction of naphthalophos and
5-nitrouracil in the absence and presence of phenobarbital (PHB) at three
concentrations (1, 2, and 4 mM).

FIG 5 Representative normalized isobolograms generated by CalcuSyn soft-
ware describing interactions of naphthalophos (NAP) and 5-nitrouracil (5-
NU). (A) Data from an experiment in the absence of PHB, with 5 separate
concentrations of NAP and with 5-NU constant at 2 mM. (B) Data from an
experiment in the presence of 4 mM PHB, with 6 separate concentrations of
NAP and with 5-NU constant at 0.5 mM. The diagonal line is the line of
additivity. Experimental data points on, above, and below the line represent
additivity, antagonism, and synergism, respectively.
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enzyme pathway could cause complete reversion of induced tol-
erance and that an inhibitor of an alternative pathway could also
cause some reversion. The issue of the specificity of the enzyme
inhibitors is most likely important here. The only xenobiotic me-
tabolism pathway reported to be inhibited by 5-NU in the scien-
tific literature, as far as we are aware, is conjugation mediated by
UDPGTs. On the other hand, while PBO is most often linked to
acting as a synergist through the inhibition of CYPs, it has also
been reported to inhibit mammalian UDPGT enzyme activity
(39), as well as synergizing insecticides through inhibition of es-
terase enzymes (40). Hence, given the effectiveness of 5-NU in
completely reversing the PHB-induced NAP tolerance, it is most
likely that the synergism observed with PBO in the present study is
due to the effect of the compound on worm UDPGT enzymes
rather than CYPs. GST enzymes appear to play no role in NAP
detoxification in H. contortus larvae.

5-NU, 4,6-diOHNP, and probenecid were able to synergize
NAP in the absence of any PHB treatment. This highlights the poten-
tial of a chemotherapeutic approach utilizing UDPGT inhibitors as
synergists to increase the activity of NAP against parasitic nematodes.
As indicated by our induction/synergism experiments, this strategy
would become even more useful if UDPGT-mediated metabolism
should emerge as a resistance mechanism in field populations. The
ability to synergize the action of NAP against worms also raises the
possibility of being able to maintain anthelmintic efficacy while
reducing the concentration of NAP itself in commercial drench
products. This potential ability to utilize lower concentrations of
NAP may ease concerns over toxicity and environmental residues
associated with the use of organophosphate compounds.

Little is known about the role of enzymatic detoxification sys-
tems in anthelmintic efficacy and resistance in parasitic nema-
todes. While the recent H. contortus genome paper by Laing et al.
(26) showed that this species possesses 42 CYP genes, only a lim-
ited number of studies have actually reported the presence of
CYP-mediated enzyme activities in parasitic worms (24, 41).
There is, however, some evidence that these enzymes may play a
direct role in drug detoxification in H. contortus: Alvinerie et al.
(42) detected a metabolite produced from moxidectin by adult
worms, and the inhibition of the reaction by carbon monoxide
suggested the involvement of CYP, while Kotze et al. (43) showed
that worm larvae and adults treated in vitro with PBO were more
susceptible to rotenone, thereby implicating CYP enzymes in de-
toxification of the compound. Glutathione transferase enzymes
have been known to be present in parasitic helminths (cestodes,

trematodes, and nematodes) for many years (44, 45). The en-
zymes are known to act in detoxifying xenobiotics by two path-
ways: conjugation with glutathione and the binding of the enzyme
itself to the xenobiotic. However, while they are known to be in-
volved in the detoxification of some anthelmintics (e.g., dichlor-
vos [46]) and to function in detoxification of endogenous prod-
ucts of lipid peroxidation and in binding various endogenous
ligands (e.g., bile acids and steroids), they have been linked to drug
resistance in only a single study, which found slightly increased
activities in an isolate of H. contortus showing resistance to cam-
bendazole (25). UDPGT enzymes are also known to exist in nem-
atodes, with the H. contortus genome possessing 34 UDPGT genes
(26) and C. elegans known to possess 72 genes (47). While there
are some reports of conjugation of glucose to benzimidazole an-
thelmintics in C. elegans (48) and H. contortus (49, 50), there have,
to our knowledge, been no reports of the conjugation of glucu-
ronic acid, mediated by UDPGT enzymes, as a pathway of xeno-
biotic detoxification in parasitic worms prior to the present study.

While the present study suggests an important role for UDPGT
enzymes in detoxification of NAP, the results represent an exam-
ination of only a component of the detoxification enzyme armory
of the worm. It is known from mammalian studies that the PHB
induces only a subset of the many enzymes within the major de-
toxification enzyme groups (20, 23). The H. contortus genome
study by Laing et al. (26) revealed that this species possesses 42, 34,
and 28 CYP, UDPGT, and GST genes, respectively. It is likely that
PHB induces only a subset of the detoxification enzymes within
these three groups. Hence, while induced NAP tolerance in the
present study indicates that H. contortus UDPGTs are able to de-
toxify NAP, a lack of tolerance is not a definitive indication of the
absence of an enzyme able to detoxify the anthelmintic. It remains
possible that H. contortus larvae possess non-PHB-inducible CYPs
and GSTs able to detoxify the drug and also have other non-PHB-
inducible UDPGTs able to contribute to NAP detoxification.
However, the failure of PBO or DEM to synergize NAP in the
non-PHB-treated worms suggests that any such metabolism by
CYPs and GSTs occurs at only a very low level. The sole ability of
the UDPGT inhibitors to synergize NAP in non-PHB-treated
worms indicates the primary role for UDPGT enzymes in “nor-
mal” (i.e., noninduced) worms.

Given the protective role of UDPGTs in PHB-exposed worm
larvae, the question arises as to the potential role that this enzyme
system could play in anthelmintic resistance. That is, could the
level of UDPGT-mediated NAP-detoxification demonstrated in
noninduced worms in the present study be increased following
drug selection pressure in the field to provide the type of protec-
tion for the worm against the drug seen following PHB exposure?
Several factors will impact the relationship between the present
study and the issue of resistance to NAP in gastrointestinal nem-
atodes. First, the experiments conducted here utilized the free-
living larval life stage of the parasite, whereas resistance in gastro-
intestinal nematodes is of importance only when it occurs in
parasitic late-larval and adult worm stages targeted by chemical
drench treatments. The relationship between UDPGT levels in
free-living larval stages and parasitic stages of gastrointestinal
worms is unknown. Second, there is a distinct difference between
temporary enzyme induction in response to a barbiturate and
drug selection pressure over multiple generations leading to resis-
tance. While induction in this study suggests that H. contortus
possesses an enzyme system capable of metabolizing NAP, there is

TABLE 3 Effect of pretreatment with 5-nitrouracil on the sensitivity of
H. contortus larvae to naphthalophos

5-NU concn
(mM)

Naphthalophos IC50

(�M)a

Synergism
ratiob

0 0.98 � 0.14 A
0.125 0.72 � 0.05 AB 1.4
0.25 0.72 � 0.06 AB 1.4
0.5 0.49 � 0.20 B 2.0
1.0 0.31 � 0.07 B 3.2
2.0 0.34 � 0.04 B 2.9
a Values are means � SE (n � 3) from separate experiments with triplicate assay wells
at each of a range of naphthalophos concentrations. Naphthalophos IC50s followed by
the same letter are not significantly different (P � 0.05).
b Naphthalophos IC50 in the absence of 5-NU/naphthalophos IC50 in the presence of
5-NU.
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no evidence that selection pressure with NAP in the field would
lead to increased expression of UDPGTs as a resistance mecha-
nism. Only the potential for such enzymes to play a role has been
illustrated. It is apparent from the present study that detoxification by
nematode UDPGT enzymes should be considered a potential resis-
tance mechanism applicable to NAP. Further work should be aimed
at developing sensitive biochemical or molecular tests to allow UD-
PGT enzyme activities/gene expression levels to be measured in
worm isolates suspected of being resistant to the drug.
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50. Vokřál I, Jirásko R, Stuchlíková L, Bártíková H, Szotáková B, Lamka J,
Várady M, Skálová L. 2013. Biotransformation of albendazole and activ-
ities of selected detoxification enzymes in Haemonchus contortus strains
susceptible and resistant to anthelmintics. Vet. Parasitol. 196:373–381.
http://dx.doi.org/10.1016/j.vetpar.2013.03.018.

UDPGT-Mediated Detoxification of Naphthalophos

December 2014 Volume 58 Number 12 aac.asm.org 7483

http://dx.doi.org/10.1016/S0020-7519(99)00064-8
http://dx.doi.org/10.1016/S0020-7519(99)00064-8
http://dx.doi.org/10.1016/0065-2571(84)90007-4
http://dx.doi.org/10.1016/S0003-9861(71)80012-7
http://dx.doi.org/10.1016/S0003-9861(71)80012-7
http://dx.doi.org/10.1002/ps.996
http://dx.doi.org/10.1007/BF00931534
http://dx.doi.org/10.1007/BF00931534
http://dx.doi.org/10.1007/s004360100408
http://dx.doi.org/10.1016/j.vetpar.2005.11.001
http://dx.doi.org/10.1016/j.vetpar.2005.11.001
http://dx.doi.org/10.1017/S0031182000061369
http://dx.doi.org/10.1006/expr.1994.1067
http://dx.doi.org/10.1006/expr.1994.1067
http://dx.doi.org/10.1016/0014-4894(91)90081-7
http://dx.doi.org/10.1002/jez.a.324
http://dx.doi.org/10.1042/BJ20101346
http://dx.doi.org/10.1042/BJ20101346
http://dx.doi.org/10.1017/S0031182012000595
http://dx.doi.org/10.1016/j.vetpar.2013.03.018
http://aac.asm.org

	Phenobarbital Induction and Chemical Synergism Demonstrate the Role of UDP-Glucuronosyltransferases in Detoxification of Naphthalophos by Haemonchus contortus Larvae
	MATERIALS AND METHODS
	Chemicals and parasites.
	Larval development assays.
	Dose-response analysis.
	Isobologram analysis.

	RESULTS
	DISCUSSION
	REFERENCES


