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Abstract

Background Bed bug infestations are re-emerging in the poultry industry throughout the USA. Although

the impacts of bed bugs on birds health and welfare are poorly understood, adverse outcomes are expected, includ-
ing stress, anemia, infections and lower production rates. Worker welfare is also an important consideration in com-
mercial poultry farms. A limited number of insecticides are available for use in the complex spatial environment

of commercial farms. Systemic drugs have the potential to overcome the limitations of existing pest management
tactics. A recent study showed that fluralaner administered to chickens caused high levels of mortality in bed bugs.

Methods To further understand the efficacy of this approach, we evaluated the pharmacokinetics of an oral solid
formulation of fluralaner in 11 chickens and quantified its plasma concentration in chickens using UPLC/MS. We
administered fluralaner to chickens with two doses of Bravecto® (each 0.5 mg/kg body mass) via gavage 1 week apart
and evaluated its efficacy on bed bugs that fed on medicated chickens for up to 28 days post-treatment.

Results Bed bugs that fed on fluralaner-treated chickens experienced > 50% mortality within 30 min of the adminis-
tration of Bravecto and 100% mortality 2 days post-treatment. Mortality slowly declined to 66.6% by day 28. Fluralaner
was quantifiable in the hens'plasma for at least 28 days post-treatment. The treatment resulted in maximal plasma
concentrations (C,,,,,) of 106.4 ng/ml around day 9.0 (T,,,,), substantially higher than the LCq, the concentration
needed to kill 90% of the bed bugs.

Conclusions Fluralaner appears to be a promising candidate for bed bug control in poultry farms, with a treatment
effect lasting at least 28 days.
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Background

Bed bugs (Cimex lectularius) are ectoparasitic obligate
hematophagous insects that feed exclusively on warm-
blooded hosts such as humans, bats and birds [1]. They
were first reported in the poultry industry in the USA in
the 1940s [2] and as a major poultry pest in 1985 [3]. Bed
bugs have limited dispersal capabilities, and their intro-
duction into residential settings is usually human-medi-
ated and involves small, genetically inbred propagules [4].
Likewise, introductions of bed bugs into poultry farms
are facilitated by humans [3]. The impacts of bed bug
infestations on chicken health and welfare are understud-
ied; however, it is likely that bed bug bites, like those of
other ectoparasites, cause skin reactions and infections,
itchiness, feather pecking and overall lower production
due to stress and possibly anemia [5, 6].

After being nearly eradicated using DDT, organophos-
phates and carbamates in the mid-to-late 1900s [7], in the
past few decades bed bug infestations have resurged in
the poultry industry [7, 8]. Few insecticides in few formu-
lations are labeled to control bed bugs in poultry farms
and, along with insecticide resistance and structural con-
straints, these factors impede efforts to eradicate infes-
tations in poultry farms. Nevertheless, the recent use of
veterinary drugs to control bed bugs in laboratory set-
tings has shown promising results [9, 10]. For example,
fluralaner, a member of the isoxazoline class of insecti-
cides (IRAC Class 30), caused high mortality, including
in multi-resistant bed bug strains [10]. Insecticidal and
acaricidal activity of isoxazolines is due to a dual mode
of action as inhibitors of the gamma-aminobutyric acid
(GABA)-gated chloride (GABACI) channels and gluta-
mate-gated chloride (GIuCl) channels and their greater
affinity for invertebrate receptors than mammalian recep-
tors [11]. First introduced in 2014, fluralaner is a com-
mon ectoparasitic drug used in dogs and cats. Although
currently there is no fluralaner formulation available for
use in poultry in the USA, in Europe Exzolt™ is approved
for mite control [12]. Fluralaner is the only isoxazoline
approved for poultry, and it represents a new group of
active ingredients for bed bug control with promising
potential of controlling pyrethroid- and neonicotinoid-
resistant bed bugs.

In light of the limited availability of formulations for
use in poultry farms, we administered Bravecto to hens
and monitored its efficacy on bed bugs [10]. Although
this formulation performed well, based on the in vitro
laboratory-estimated LC;, value and the time-course of
bed bug mortality on medicated chickens, we suspected
that the pharmacokinetics of fluralaner in the Bravecto
formulation might differ appreciably from the phar-
macokinetics reported for Exzolt in hens [12]. There-
fore, this study aims to (i) test the efficacy of ingested
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fluralaner (Bravecto) in egg laying chickens and (ii)
evaluate the pharmacokinetics of fluralaner in chicken
plasma to understand the effectiveness of the active
ingredient over time.

Methods

Experimental insects and rearing procedures

The Harlan strain of C. lectularius was collected at
Fort Dix, New Jersey (USA), in 1973 and maintained
on a human host until 2008. Between 2008 and 2021, it
was maintained in our laboratory on defibrinated rab-
bit blood and since 2021 on human blood. The Harlan
strain is a reference insecticide-susceptible colony that
has not been exposed to pesticides since its collec-
tion. Bed bugs were maintained at 25 °C, 50 + 5% rela-
tive humidity and a photoperiod of 12:12 (light:dark) h,
and reared in plastic jars (118-cm®) containing Manila
cardstock paper substrate for harborage and capped
with plankton netting (BioQuip Products, Rancho
Dominguez, CA, USA) to enable aeration and feeding.
Bed bugs were fed weekly on heparinized human blood
supplied by the American Red Cross (IRB #00000288
and protocol #2018-026) delivered through an artificial
feeding system. The artificial feeding system, as shown
in [10] and modified after [13] and [14], was housed in
a North Carolina State University (NCSU)-approved
BSL-2 facility (Biological Use Authorization # 2020-09-
836). Plant grafting tape (A.M. Leonard Horticultural
Tool and Supply Co., Piqua, OH, USA) was stretched
across the bottom of the feeder and served to hold the
blood within each feeder, functioning as a membrane
through which bed bugs could feed.

Birds

A flock of 11 Rhode Island Red hens (Gallus gallus
domesticus) (range of body weight: 2.0-3.3 kg; mean
weight: 2.5 kg), ranging in age from 1 to 2 years, was
used in this study. Birds were housed as a group in a
climate-controlled facility (15.6 m?) with wooden shav-
ings substrate and maintained on a 12:12 (light:dark) h
cycle. The flock was obtained from a private supplier and
maintained on a Layer NCSU diet with water available
ad libitum through automatic waterers. Bird health was
monitored daily, and optimum welfare conditions were
based on serial physical examinations, fecal floatation,
serial packed cell volumes via microhematocrit tube and
centrifugation, serial total solids via refractometer and
serial biochemical panels (VetScan Avian/Reptile Profile
Plus, Abaxis Inc., Union City, CA, USA). All procedures
were authorized by the NCSU Institutional Animal Care
and Use Committee (IACUC # 21-152).
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Efficacy of fluralaner on bed bugs when administered

to chickens

All 11 birds were treated with fluralaner, but randomly
split into two groups. Six birds were used for pharma-
cokinetic analysis (blood drawn) and also exposed to bed
bugs to assess bed bug mortality over time. The remain-
ing five birds were used exclusively for pharmacokinetic
analysis, and these birds were not fed upon by bed bugs.

There is no commercial product containing fluralaner
labeled for poultry use in the USA. Therefore, we used
the oral formulation of fluralaner, Bravecto, registered for
miniature dogs, and adjusted the dose by weighing por-
tions of Bravecto chewable tablets, based on the mass
of each hen. Portions of Bravecto were administered via
gavage at a dose of 0.5 mg/kg body mass based on a pro-
tocol approved by regulatory authorities in Australia and
the European Union for use of a fluralaner-containing
product on chickens (Exzolt, MSD Animal Health, Ger-
many) [12]. Fluralaner was administered at baseline [day
0; treatment 1 (T1)] and again 7 days later [day 7; treat-
ment 2 (T2)].

Chickens were assessed nine times for either bed bug
mortality or pharmacokinetics, or both. Except for the
blood draws and subsequent pharmacokinetic analysis,
we followed precisely the procedures outlined in [10],
so direct statistical comparisons could be made with
the previous treatment group. The time course was as
follows: (i) before treatment control (30 min before flu-
ralaner administration, Pre-T1); (ii) 30 min after the flu-
ralaner administration (0.5 h Post-T1); (iii) 2 days after
treatment (2 days Post-T1); (iv) 7 days after treatment
(7 days Post-T1); (v) 30 min after the administration of
the second dose on day 7 (7 days Post-T1=0.5 h Post-
T2); (vi) 9 days after treatment (9 days Post-T1=2 days
Post-T2); (vii) 14 days after treatment (14 days Post-T1);
(viii) 21 days after treatment (21 days Post-T1); (ix) 28
days after treatment (28 days Post-T1).

Birds were held individually on our lap and gently
restrained with a towel to minimize stress. Harlan strain
adult male bed bugs (15 insects per replicate), 7 days after
feeding on human blood, were contained in clear 20-ml
plastic containers. The plankton netting of the bed bug
container was gently placed on the lateral inguinal region
of each chicken. Bed bug groups were allowed to feed for
10 min. Each fully engorged bed bug was placed individu-
ally in a well of a 24-well cell culture plate and maintained
in an incubator at the same rearing conditions described
above. Each chicken was exposed to a single bed bug
group (maximum 15 bed bugs) on each given day, and
subsequent feedings were alternated between the left and
right inguinal region to avoid any potential discomfort or
bias. Bed bug mortality was assessed every 24 h for up
to 7 days post blood-feeding on a treated bird by gently
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touching individual insects with entomological forceps,
categorizing them as alive (coordinated avoidance move-
ment) or dead (no response or unable to right themselves
after touching with forceps).

Pharmacokinetics of fluralaner

Eleven birds were treated with 0.5 mg/kg body mass of
fluralaner (Bravecto) at baseline (day 0) and again on day
7, and they were evaluated by collecting blood samples at
the time points indicated above. Five of these birds were
not exposed to bed bugs, and in the six chickens that
were evaluated in bioassays with bed bugs, blood was col-
lected immediately after each bed bug feeding session.
Blood was collected using a 26-gauge needle and 1-ml
syringe, alternating collections from a leg (medial meta-
tarsal), wing (ulnar veins) and jugular of each bird. Birds
were manually restrained during blood collection. Blood
samples were centrifuged (3500 xg for 6 min) within 1 h
after collection and stored at — 20 °C until assayed.

Solvents and reagents

Technical grade fluralaner was purchased from Cayman
Chemical (Ann Arbor, MI, USA) and used as a standard
in developing and validating the extraction and UPLC/
MS procedures. Acetonitrile Optima LC-MS grade,
methanol Optima LC-MS grade, formic acid Optima
LC-MS grade, and o-phosphoric acid (85wt%) HPLC
grade, were purchased from Fisher Scientific (Thermo
Fisher, Waltham, MA, USA). Ultrapure (type 1) water
was obtained from a Millipore Synergy UV water purifi-
cation system (Millipore Sigma, Burlington, MA, USA).

Sample preparation

Two hundred microliters of the plasma was diluted with
500 pl 4% phosphoric acid in water and then loaded
onto a Waters Oasis PRIME HLB 1 cc (30 mg) solid-
phase extraction (SPE) cartridge (Waters Corp., Mil-
ford, MA, USA). The SPE cartridge was then washed
with 1 ml 95:5 water:methanol. The fluralaner was eluted
with 1 ml of 90:10 acetonitrile:methanol, evaporated to
dryness at 55 °C and then reconstituted in 300 pl 50:50
methanol:water. The sample was vortex mixed briefly,
filtered with Whatman Mini-UniPrep" syringeless filter
devices containing PVDF filter media (Cytiva, Marlbor-
ough, MA, USA) and then analyzed by ultra performance
liquid chromatography coupled to mass spectrometry
(UPLC/MS).

UPLC/MS conditions

Analysis was performed on a Waters Acquity Ultra Per-
formance Liquid Chromatograph coupled to a Waters
Acquity QDa mass spectrometer detector (Waters Corp.,
Milford, MA, USA). The instrument was set to Single lon
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Recording (SIR) of 554.0473 m/z using electrospray ioni-
zation in the negative ion mode (ESI-). The cone and cap-
illary voltages were 25 V and 0.8 V, respectively. A Waters
Acquity UPLC BEH Phenyl 1.7 pm (2.1 mm X100 mm)
column with corresponding VanGuard Pre-Column
(2.1 mmXx5 mm) was used for the separations. A gradi-
ent was used for the mobile phase. Solvent A was 0.1%
formic acid in water. Solvent B was 0.1% formic acid in
acetonitrile. The flow rate was 0.40 ml/min. The gradi-
ent was programmed as follows: from 0 to 0.50 min the
mobile phase composition was 60% A and 40% B; from
0.50 to 2.50 min the composition changed linearly to 10%
A and 90% B then held there until 3.50 min; finally, back
to 60% A and 40% B at 3.51 min and held to 5.00 min.

The fluralaner concentration range was 5 to 1000 ng/
ml with a correlation coefficient, R?, of 0.99. The limit of
detection (LOD) was 2 ng/ml. The limit of quantification
(LOQ) was 5 ng/ml. Intra- and interday precision and
accuracy are shown in Table 1a and b, respectively. Intra-
day precision and accuracy were obtained by using four
different concentrations repeated five times each on the
same day. Interday precision and accuracy were obtained
by measuring six different concentrations on seven dif-
ferent days.

Data analysis

Differences in mortality of bed bugs that fed on the flu-
ralaner-treated birds were determined using linear mixed
model with repeated measures [based on restricted max-
imum likelihood (REML)] and Tukey’s HSD test [15].
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Means are presented with standard error of the mean.
A non-compartmental analysis of fluralaner in chicken
plasma was conducted (Phoenix WinNonlin, version
8.3, Certara, St. Louis, MO, USA). The pharmacoki-
netic parameters were estimated for fluralaner in plasma
after gavage administration and included the elimina-
tion rate constant (Az), terminal half-life (HL_\z), time
to peak concentration (T},,,), peak concentration (C,,,,),
area under the curve from time zero to the last time
point (AUC,,y), area under the curve from time zero to
the infinity (AUC;,), extrapolation of AUC (AUC,,,),
volume of distribution per fraction absorbed (Vz_F),
clearance per fraction absorbed (Cl_F) and the mean res-
idence time (MRT). These values were calculated using
the linear log trapezoidal method. The LOQ values (5 ng/
ml) were included for the pharmacokinetic analysis. Two
birds (one from each group) were excluded because of
high AUC,,,, (>30%), which did not pass the criteria
of non-compartmental analysis. Differences between the
two groups of chickens (n=4 and 5 birds) were analyzed
using Student’s t-test (2-tailed).

Results

Bed bug feeding assays on fluralaner-treated chickens
Cumulative percent mortality on day 7 was used to
evaluate efficacy because treated bed bugs showed high
mortality, while control bed bugs that had fully fed on
untreated chickens showed low mortality [10]. After
each feeding, we also collected blood samples from the
Bravecto-treated chickens for pharmacokinetic analysis.

Table 1 Intraday precision and accuracy (a) and (b) interday precision and accuracy

a. Intraday precision and accuracy

Spiked concentration (ng/ml)  Average fluralaner concentration Standard deviation (ng/ml) Relative standard deviation (RSD  Average
(n=5) %) accuracy
(%)
5 5 04 74 98.2
10 10 03 26 103.6
50 44 29 6.5 88.7
1000 1088 474 44 108.8
b. Interday precision and accuracy
Spiked concentration (ng/ml)  Average fluralaner concentration Standard deviation (ng/ml) Relative standard deviation (RSD ~ Average
(n=7) %) accuracy
(%)
5 5 05 9.8 101.0
10 9 03 36 943
50 49 1.2 25 98.5
100 99 58 58 99.2
500 524 393 75 104.8
1000 1008 60.8 6.0 100.8
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Bed bug mortality was significantly higher at all time
points after Bravecto treatment (0.5 h to 28 days) than
before the gavage administration on day O (linear mixed
model, F;¢=25.3550, P<0.0001; Tukey’s HSD) (Fig. 1a).
The first peak in bed bug mortality (100%) was 2 days
after the first treatment and mortality remained high
through 21 days after this treatment (14 days post T-2).
By day 28, however, mean mortality significantly declined
t0 66.6 +9.2% (P<0.05).

The design of this experiment, with six chickens treated
twice with 0.5 mg fluralaner/kg body mass, was identical
to our previously reported experiment with six chickens

a Bed bug mortality: 0.5 mg/kg twice (days 0 and 7) — 6 hens
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Fig. 1 Mortality of bed bugs that fed on chickens treated
with fluralaner and the concentration of fluralaner in chicken blood
during 28 days after treatment. a Bed bug mortality. Six chickens
were treated with 0.5 mg/kg body mass on day 0 and again on day
7 (T2, Treatment 2). Up to 15 bed bugs were fed on each bird at each
time point, with each time point represented by 78-87 bed bugs (out
of a maximum of 90 bed bugs) that fed to repletion. A linear mixed
model (based on restricted maximum likelihood) was conducted
within each experiment followed by Tukey's honestly significant
difference test to separate means (represented within box plots
by X). Means with different lowercase letters (above box plots)
are significantly different at a=0.05. b Fluralaner concentration
in chicken blood (note log-scale). Blood from 11 chickens
was collected from the 6 chickens used in a and 5 chickens that were
not exposed to bed bugs. The LOQ was 5 ng/ml. The LCy; (15.3 ng/
ml) and LCqy, (38.6 ng/ml) lines were derived from dose-response
curves of fluralaner-supplemented blood fed to bed bugs in artificial
feeders [10]
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(Fig. 5b in the 2022 study [10]), but we used a younger
flock in the present experiment. We also drew blood from
these chickens for pharmacokinetic analysis. Overall, the
two experiments yielded similar results. However, in the
present experiment bed bug mortality lagged somewhat,
at 55.8+11.3% 0.5 h after the first fluralaner treatment,
compared to 72.5 £ 13.7% in the previous study [10]. Like-
wise, bed bug mortality declined to approximately 65% by
day 28 in both experiments, but the variation across the
six replicates was greater in the present experiment than
in [10].

Pharmacokinetics of fluralaner in chickens

All 11 birds were treated with fluralaner and then ran-
domly divided into two groups. Six birds were used for
pharmacokinetic analysis, where blood samples were
taken, and they were also exposed to bed bugs to observe
bed bug mortality over time. The remaining five birds
were used solely for pharmacokinetic analysis and were
not fed upon by bed bugs. We calculated all parameters
separately and compared the groups to confirm there
was no statistically significant difference that could be
attributed to exposure to bed bugs (Table 2). At 0.5 mg/
kg body mass administered to chickens twice, fluralaner
was quickly absorbed into the blood, and it continued
to be well above the LOQ in plasma for at least 28 days
(Fig. 1b, Table 2). We found no significant differences
between the two groups of five and four chickens, so
the data were combined (n=9). The peak concentra-
tion was 2 days after the first treatment, and the overall
peak concentration (C,,,,) was 106.4+1.2 ng/ml at T,
of 9.0 days (2 days after the second treatment) (Table 2).
The mean concentration of fluralaner declined gradually
to 17.79 ng/ml 28 days after the initial treatment. The
AUC was 988 ng*day/ml (days 0 to 28) and 1159 ng*day/
ml (days O to infinity), suggesting that extrapolation to
infinity was 12.5%, which is acceptable. Other pharma-
cokinetic parameters are shown in Table 2.

Discussion

The dependency of bed bugs on host-feeding makes
systemic veterinary antiparasitic drugs particularly
appropriate to consider for bed bug control. The use of
veterinary drugs on companion and farm animals has
been highly effective for controlling various pests, includ-
ing fleas, ticks, mosquitoes and mites. Bed bugs have
re-emerged in poultry farms throughout the USA, and
infestations represent a serious and intensifying problem
in the poultry industry [7, 10]. A limited number of active
ingredients is labeled for bed bug control in this chal-
lenging environment, and insecticide resistance is further
limiting the suitability of some insecticides.
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Table 2 Comparison of plasma pharmacokinetic parameters after gavage administration of fluralaner (0.5 mg/kg body mass on day 0

and again on day 7) in 9 chickens

pK parameters  Unit
deviation (coefficient of variation)

Group 1: Geometric mean +standard  Group 2: Geometric mean +standard  P-valueX
deviation (coefficient of variation)

Combined Geometric
mean + standard deviation

n=>5 n=4 (coefficient of variation) n=9

R? 0.99+1.0(0.93) 0.99+1.0(1.1) 0.935 0.99+1.0(0.9)

Az 1/day 0.09+1.4 (34.0) 1+£1.2(17.4) 0.207 0.098+1.3(30.1)
HL_A\z° Day 8.0+14(34.0) 1+£1.2(174) 0.142 7.1+13(30.1)
Trax Day 9.0+0.0(0.0) 90+OO(OO) 1.000 9.0+0.0 (0.0)

Cmaxd ng/ml 1052+1.2(15.2) 107.8+1.3(26.3) 0.805 1064+1.2(19.3)
AUC,,,* ng*day/ml 1071.1+1.2(20.5) 8933+1.2(17.6) 0.194 988.1+1.2 (20.5)
AUCW ng*day/ml 1313.3+1.3(29.0) 990.6+1.2 (15.4) 0.111 11586+1.3(27.2)
AUCq1a0° % 15.7+1.9(74.8) 94+14(33.5) 0.106 12.5+1.8(62.9)
Vz_Fh I/kg 44+12(187) 444+13(287) 0.892 44+12(219)
Cl_F I/kg/day 04+1.3(29.1) 05+1.2(153) 0.103 04+13(273)
MRT Day 120+1.4(314) 1+£1.1(11.9) 0.102 106+13(27.7)

2 Az elimination rate constant

b HL_ Az terminal half life

 Tnax time to the peak concentration

9 C,.ax PEAk concentration

€ AUC,,, area under the curve from time zero to the last time point
f AUC,,sarea under the curve from time zero to infinity

9 AUCyyrqp extrapolation of AUC

h CI_F clearance per fraction absorbed

i Vz_F volume of distribution per fraction absorbed

J MRT mean residence time

K No statistically significant differences were found in any parameter between the two groups of chickens (two-tailed t-tests, a=0.05)

In a recent study, we supplemented blood in an artifi-
cial feeder with technical fluralaner and demonstrated
that the LC;, and LCy, values in fully engorged bed
bugs were 15.3 and 38.6 ng/ml, respectively [10]. Sev-
eral field-collected bed bug strains with high resistance
to pyrethroid insecticides were likewise susceptible, with
little evidence of cross-resistance to fluralaner. We then
treated two independent flocks of chickens with Bravecto
and demonstrated high bed bug mortality for at least
28 days post-treatment [10]. However, the plasma con-
centrations of fluralaner were not measured, so we could
not relate the LC values to plasma concentrations of flu-
ralaner. Therefore, in this study we repeated the treat-
ment regime that we used before, but also quantified
plasma concentrations of fluralaner in chickens treated
with Bravecto. Thus, this is the first study to explore the
pharmacokinetics of fluralaner as a potential systemic
drug to control bed bugs as ectoparasites of chickens.

The pattern of bed bug mortality that we observed was
similar to what we observed in the previous study [10].
Mortality of bed bugs increased to >50% within 30 min
of the first administration of Bravecto to chickens (0.5 h
post T1, Fig. 1a), and 100% of the bed bugs that fed on
chickens 2 days post-treatment died. Following the

second Bravecto administration on day 7 (T2), >90% of
the bed bugs died through day 14, and subsequently the
effects of fluralaner slowly declined.

A pharmacokinetic study following oral administra-
tion of Exzolt to hens reported > threefold higher plasma
concentrations of racemic fluralaner than in our study,
with a C,,, of 355.1 ng/ml at 7.5 days [12]. Based on the
mortality results in our previous study [10], we predicted
that treatments with Bravecto might result in lower
blood concentrations than with Exzolt and thus sub-
stantially less efficacy than what would be expected with
Exzolt. The overall pharmacokinetics of Exzolt, which is
formulated as an additive to drinking water, predicted
that blood titers of fluralaner should be well above the
concentrations necessary to kill 100% of the bed bugs
throughout 21 days of the experiment, the end point of
the Exzolt pharmacokinetic study [12]. This motivated
us to conduct a pharmacokinetic analysis of Bravecto-
treated hens.

Overall, bed bug mortality tracked the fluralaner
concentrations in chicken blood. When concentra-
tions were well above the LC,, value (days 2, 7.5, 9
and 14) nearly 100% of the bed bugs died. Conversely,
when plasma levels of fluralaner approached the LCy,
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threshold (days 0.5 and 28) bed bug mortality dipped
to the lowest levels (but still >50%), with substan-
tially greater variation among the replicates. The most
revealing parameter was the peak concentration (C,,,,),
which was 106.4 ng/ml at 9 days post treatment (7',,,),
compared to 355.1 ng/ml at 7.5 days with Exzolt [12].
Interestingly, the mean half-life (HL_\Az) of Bravecto-
formulated fluralaner in chickens was 7.1 days, rather
similar to the 5 days reported for Exzolt-formulated
fluralaner after intravenous administration [16].
These results suggest that the gavage treatment with
Bravecto was less effective than with Exzolt at deliver-
ing fluralaner to blood. Thus, peak concentrations of
fluralaner were damped, but its persistence in blood
appears to be similar to that in the Exzolt treatment.

Interestingly, recent evidence suggests that upon
strong selection with fluralaner, filth flies rapidly evolve
high levels of resistance to fluralaner [17, 18]. There-
fore, its use in poultry farms should be judicious, and
systemic approaches (xenointoxication) for manag-
ing hematophagous pests should include rotation of
ectoparasitic drugs with different modes of action. Nev-
ertheless, even at >threefold lower titer than expected,
fluralaner was highly efficacious against bed bugs, and
as a systemic treatment it represents an innovative and
possibly transformative technology to eradicate bed
bug infestations from poultry farms.

The similar mortality results we saw across our two
independent studies and the strong association of mor-
tality with plasma concentration was in contrast to a
recent study that used the same treatment regime of
chickens (Bravecto orally administered to chickens
twice at 0.5 mg/kg body mass each) and examined the
mortality of kissing bugs that fed on the medicated
chickens [19]. Surprisingly, in that study fluralaner con-
centration was highly variable across the three repli-
cates and over time, reaching below the LOQ (2.5 ng/
ml) by day 28 [19].

Bed bugs must feed to be able to molt to the next
developmental stage and to produce eggs. Therefore,
depending on the temperature and the size of their pre-
vious blood meal, bed bugs generally seek a blood host
and feed every 5-7 days. The results of bed bug mortal-
ity and fluralaner plasma concentrations indicate that
the dual administration of fluralaner to chickens results
in plasma concentrations well above those needed to
kill bed bugs and for a time period that would cover
multiple feeding events in the bed bug life cycle. More-
over, since the egg incubates for about 10 days, the first
instar nymphs that emerge would be exposed to flu-
ralaner upon their first feeding on medicated chickens,
resulting in significant disruption of bed bug popula-
tion dynamics.
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Conclusions

This study confirmed that fluralaner is highly efficacious as
a systemic ectoparasitic drug against bed bugs in poultry.
Based on the pharmacokinetics of fluralaner formulated
as tablets (Bravecto) and administered by oral gavage, we
expect that the administration of two doses of fluralaner
via drinking water (Exzolt) at 0.5 mg/kg chicken body mass
7 days apart would be more effective against the common
bed bug for more than a month. Innovative strategies to
manage and eradicate bed bugs from poultry farms are
sorely needed, and fluralaner could be a transformative
component of IPM interventions in poultry production
farms.
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