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Moxidectin: heartworm disease prevention =

in dogs in the face of emerging macrocyclic
lactone resistance
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Abstract

Heartworm (Dirofilaria immitis) disease continues to increase and spread, remaining one of the most important and
pathogenic parasitic diseases of dogs, despite the regular use of macrocyclic lactones (MLs) in preventive products.
Dogs harboring strains of D. immitis resistant to MLs, the only drug class available for heartworm prevention in the
United States, have been documented and proven. As no new products are available utilizing a novel drug class

for the prevention of this disease, the only options for combating ML resistance include increasing the dose and/or
changing the dosage regime of current MLs, or by optimizing the formulations of MLs currently available. Moxidectin
provides a unique opportunity for optimization of the dose and formulation, which may provide improved efficacy
against ML-resistant strains. Currently there are oral, topical, and injectable moxidectin products approved for heart-
worm prevention in the USA. Two new products (ProHeart® 12 and Simparica Trio®), available in many countries
around the world including the USA, take advantage of the unique attributes of moxidectin for providing robust
heartworm prevention against the strains of heartworm to which most dogs in the USA will likely be exposed. Both
products have demonstrated 100% preventive efficacy in laboratory studies against recently collected field strains of
heartworm, and also in large field studies, where the majority of dogs were living in the southern USA in areas where
ML resistance has been confirmed to occur, therefore under elevated heartworm challenge. Based on the data sum-
marized here, these products offer important advances in heartworm prevention and provide additional options for
veterinarians and pet owners to protect their dogs from developing heartworm disease.
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Background

The causative agent of heartworm disease, Dirofilaria
immitis, infects many mammals including dogs, cats, and
ferrets [1, 2]. This parasitic filarial disease is characterized
by the presence of sexually mature dimorphic adults in
the pulmonary arteries that produce microfilariae (MF)
circulating in the bloodstream [3]. Female mosquitoes
ingest circulating MF during a blood meal from animals
harboring patent infections, with ingested MF molting
to the infective third-stage larvae (L3) within 10-14 days
post-blood meal. Thereafter, during subsequent blood
meals, the L3s are deposited on the skin of the host and
enter the subcutaneous tissues through the bite wound.
The L3s molt to the fourth-stage larvae (L4) 3-5 days
post-infection in the host, reaching the heart and lungs
as early as 70 days post-infection as juvenile adult worms
(L5) [1].

The presence of adult worms in the pulmonary arter-
ies causes vascular damage such as thickening of the
arteries and hypertrophy of the smooth muscle cells [4,
5]. Vascular changes, including separation of endothe-
lial junctions, loss of endothelial cells, and the adherence
of leukocytes due to the presence of adult worms, can
be detected as soon as 4 days post-surgical transplanta-
tion of adults in heartworm-naive dogs [6]. This damage
appears to be chronic and cumulative, with increasing
numbers of worms and duration of infection causing
more severe pathological changes. Pathological lesions
in the vasculature due to the presence of adult worms is
caused by endothelial swelling, precipitating the accu-
mulation of platelet-derived growth factor (PDGF) [7].
This accumulation of PDGF stimulates the migration of
smooth muscle cells into the tunica media, causing the
rough velvety appearance observed in the pulmonary
arteries in heartworm disease [8].

The vascular changes and pathology associated with
heartworm disease include right heart enlargement,
main and lobar pulmonary artery enlargement and tor-
tuous vasculature, with resulting congestive heart fail-
ure, hypertension, and the potential development of
caval syndrome over time [4, 9]. While melarsomine
dihydrochloride is approved for the treatment of adult
heartworms in canine heartworm disease, there are no
approved therapeutics for the treatment of adult heart-
worms in cats. With limited adulticidal treatments avail-
able, the severity of damage associated with this disease,
and the potential complications associated with its treat-
ment, the prevention of heartworm disease development
is crucial [10].

Heartworm disease has been successfully prevented by
the proper administration of chemoprophylactic medica-
tions in dogs and cats. Current products on the market
prevent heartworm disease by targeting the L3 and L4
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stages, preventing the development of larval heartworms
into adults and subsequent migration of adults to the
heart and pulmonary arteries through the use of various
macrocyclic lactone (ML) formulations. MLs have been
successfully utilized for the prevention of heartworm dis-
ease for over 30 years [11-19]. Within this class of mol-
ecules are the avermectin and milbemycin subfamilies, of
which ivermectin, eprinomectin, abamectin, selamectin,
and doramectin are classified under the avermectin sub-
family, and milbemycin oxime and moxidectin under the
milbemycin subfamily [13]. These molecules are available
in various commercial presentations approved by the
Food and Drug Administration (FDA) Center for Vet-
erinary Medicine (CVM) as oral, topical, and injectable
products.

While MLs have been successfully utilized for the pre-
vention of heartworm disease, and for the treatment and
control of numerous other parasitic infections for dec-
ades, the exact mechanism of action of this drug class
in the prevention of heartworm disease is unclear. MLs
have been shown to bind to glutamate-gated chloride
ion channels precipitating hyperpolarization, paralysis,
and death of heartworms [20-22]. In mammals, MLs
bind to gamma-aminobutyric acid type A-gated chlo-
ride (GABA,) channels and glycine receptors located in
intestinal epithelial cells, central nervous system neu-
rons, brain capillary endothelial cells, renal epithelial
cells, placenta, and testes [23]. GABA, channels are pro-
tected by ATP-dependent transmembrane efflux pumps,
P-glycoproteins (P-gp), which actively pump xenobiot-
ics out of the cell. ABCB1 mutations, such as multidrug
resistance-1-mutants (MDR-1) result in improper devel-
opment of P-gps, featuring a premature stop codon in the
ABCBI1 gene. Homozygous MDR1-mutant dogs have an
increased sensitivity to MLs due to the abnormally high
accumulation of drug by the nonfunctional P-gp forma-
tion. Additionally, MDR1-mutant dogs are susceptible to
increased neurological side effects due to the increased
accumulation of drug in the central nervous system [23].
However, all FDA CVM-approved heartworm preventive
products are safe to administer to wild-type and MDR1-
mutant dogs at the manufacturer’s recommended dose.

Despite the high potency of the MLs against D. immitis
L3 and L4 stages in vivo, the concentrations of MLs nec-
essary in vitro to kill these stages do not correlate with
the in vivo potency, making pharmacokinetic/pharma-
codynamic relationships unpredictable. This drug class
has been observed to bind at the excretory-secretory (ES)
pore of Brugia malayi ME, a filarid closely related to D.
immitis, and reduce the concentration of ES products
post-treatment [24, 25]. These ES products are theorized
to suppress the host immune response and bias the host
toward an anti-inflammatory Th2 response in order to
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evade the host immune system. Therefore, it is hypoth-
esized that the host immune response plays an integral
role in the Kkilling of these larvae post-ML treatment
[26]. It is possible that these same mechanisms are also
involved in the activity of MLs against D. immitis.

Macrocyclic lactone resistance in heartworm disease
Despite the high efficacy of heartworm preventive prod-
ucts, the prevalence of reported heartworm-positive
cases increased by 21.7% between 2013 and 2016 [27],
and resistance of D. immitis to MLs has been confirmed
against multiple strains of heartworms in the USA [27-
33]. Without any new products on the market for heart-
worm prevention utilizing a novel mechanism of action,
the management of ML resistance may currently only
be addressed by optimizing the available MLs. This can
be achieved by increasing the dose of the ML, the fre-
quency of dosing, and/or improving the bioavailability of
the drugs through optimized formulations. Among the
MLs, moxidectin has some unique attributes such as high
potency, a long half-life and other favorable pharmacoki-
netic parameters, a wide therapeutic index, and versatil-
ity in formulation that may allow the development of new
products that could aid in overcoming drug resistance
[34].

To date, confirmed cases of ML resistance have been
primarily concentrated in the Lower Mississippi River
Valley (LMRV) region, but with the continual movement
of dogs around the USA and the availability of compe-
tent mosquito vectors across the USA, the spread of ML-
resistant heartworms is inevitable [35]. Dogs rescued by
shelter organizations harboring heartworm infections
are regularly transported across state lines, with many of
these dogs coming from the LMRYV, where ML resistance
has been confirmed [36, 37]. This further increases the
likelihood of the spread of ML resistance to other areas
of the USA. The use of products with proven preven-
tive efficacy against ML-resistant heartworm infections
may help slow the spread of these infections and even
prevent the establishment of new resistant D. immitis
subpopulations.

Moxidectin pharmacology

MLs are 16-member rings fused with both benzofuran
and spiroketal functions that target glutamate-gated
chloride ion channels in invertebrates, including filarial
nematodes. Of all the ML molecules, moxidectin has the
most unique characteristics that enable optimal product
profiles. Most notably, moxidectin is the most lipophilic
and potent of the MLs [34, 38, 39].
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With lipophilicity of logPyox=6 and logP,,=48,
moxidectin has a higher tissue distribution compared
to ivermectin, leading to a lower rate of clearance [38].
As heartworm L3s and L4s migrate through host tissue
during their pathway to the pulmonary arteries, higher
tissue distribution and longer elimination half-life may
play a role in the increased potency of moxidectin as
compared to other MLs [2, 34]. Moxidectin was shown
to be 100% effective when dosed 60 days post-infection at
only 0.5 ug/kg compared to the lowest efficacious doses
of 6 pg/kg and 500 pg/kg for ivermectin and milbemycin
oxime, respectively, when administered 30 days post-
infection against a known susceptible heartworm strain
(Table 1) [15, 40-42].

In addition to the increased lipophilicity and potency;,
moxidectin displays a lower affinity to GABA, channels
leading to an increased safety profile for this molecule
in MDR-1ab(—/—) P-gp deficient mice [43]. ML toxic-
ity is characterized by the oversaturation of drug bind-
ing to P-gps and the accumulation of drug in the brain.
P-gps actively transport drugs across membranes, pro-
tecting such areas as the blood-brain-barrier. In dogs
homozygous for the MDR-1 mutation, moxidectin has
demonstrated improved safety compared to ivermec-
tin and doramectin, with only mild neurotoxicity when
administered at >400-1000 pg/kg, while ivermectin and
doramectin induce severe neurotoxicity when adminis-
tered at 200-600 pg/kg [23, 44—47].

Studies characterizing the binding affinity of ivermec-
tin and moxidectin have indicated that while moxidec-
tin and ivermectin bind to glutamate-gated chloride ion
channels, moxidectin may interact in a different manner
than ivermectin due to structural differences such as the
lack of a disaccharide moiety on C-13 of the macrocy-
cle in moxidectin, an olefinic side chain on C-25, and a
methoxime moiety on C-23 [34, 38]. These differences
between moxidectin and ivermectin in sites of binding to
nematode glutamate-gated chloride ion channels may be
a contributing factor in the slower development of drug
resistance to moxidectin. The mode of action, structural
differences, and pharmacodynamics of MLs, including
moxidectin, have been reviewed previously [34, 38].

Moxidectin formulations available for heartworm
prevention

Due to the versatility of moxidectin, a number of for-
mulations are available for heartworm prevention.
These include products for oral, topical, and injectable
administration.
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Table 1 Preventive efficacy of orally administered moxidectin, ivermectin, and milbemycin oxime against ML-susceptible Dirofilaria

immitis at various dosages and treatment times post-inoculation

Macrocyclic lactone (FDA-approved  Dosage (ug/kg) Treatment time post-inoculation Preventive efficacy (%) References
dose) (months)?
Moxidectin 0.5 2 100 [15]
(3 pgrka) 0.625 2 100 [15]
1.0 3 47.8 [15]
1.25 1 100 [15]
1.25 2 100 [15]
3.0 1 100 [15]
30 3 64.2 [15]
Ivermectin 1 1 532 [42]
(6 ug/kg) 2 1 83.3;97.2 [41,42]
2 1.5 63.8 [42]
33 1 98.1 [42]
6 1 100 [41]
6 15 100 [41]
Milbemycin oxime 500 1 100 [40]
(500 pg/kg) 500 1.5 100 [40]
500 2 939 [40]

2 Dogs were inoculated with 30-50 third-stage larvae utilizing a macrocyclic lactone-susceptible strain

Oral moxidectin
Initially, moxidectin was developed as a monthly oral
dose product administered at 3 pg/kg labeled for heart-
worm prevention only. However, this product was mar-
keted in the USA only for a short period of time but
remains on the market in Latin America and in some
areas of Southeast Asia. More recently, moxidectin
has been formulated with other active pharmaceuti-
cal ingredients (APIs), sarolaner and pyrantel pamoate,
for oral delivery as Simparica Trio® (Zoetis, NJ, USA).
This combination of APIs provides additional cover-
age against multiple ecto- and endoparasites. The Sim-
parica Trio formulation (24 pg/kg moxidectin/1.2 mg/
kg sarolaner/5 mg/kg pyrantel) provides a convenient,
easy-to-administer option for pet owners, as well as elim-
inating concerns of potential human and environmental
exposure, as is the case with topical products.
Evaluations of the preventive efficacy of a number of
MLs, at various oral dosages and treatment times post-
experimental inoculation, were performed for the deter-
mination of minimum efficacious dosages for heartworm
prevention (Table 1). Ivermectin administered 30 days
post-inoculation was not 100% efficacious in the preven-
tion of heartworm disease at <3.3 pg/kg, with decreas-
ing efficacy when administered 45 days post-inoculation
compared to the 30-day post-inoculation efficacy [41,
42]. When administered at 30 or 45 days post-inoc-
ulation, 6 pg/kg ivermectin provided full protection
against heartworm disease [41]. Milbemycin oxime was

evaluated at 500 pg/kg when administered 30, 60, 90, and
both 60 and 90 days post-inoculation, demonstrating full
protection against heartworm disease when administered
at 30 days and at both 60 and 90 days post-inoculation
[14, 40]. In comparison, moxidectin administered 30 days
post-inoculation was 100% efficacious at the lowest dose
tested, 1.25 pg/kg [15]. Additionally, moxidectin provided
full protection against heartworm disease when adminis-
tered at 0.5 pg/kg, 2 months post-inoculation, while iver-
mectin required a ~ 12-fold higher dose and milbemycin
oxime, a 1000-fold higher dose for full protection. All of
these early evaluations were performed against strains of
heartworm that were susceptible to MLs.

Studies evaluating the efficacy of MLs have demon-
strated that increasing the dose and number of sequen-
tial doses administered increases the efficacy against
ML-resistant strains of heartworm. Moxidectin and other
MLs have been evaluated for efficacy against the geneti-
cally confirmed ML-resistant strains JYD-34, ZoeLA,
and ZoeMO. Oral moxidectin administered at 3, 6, 12,
and 24 pg/kg demonstrated preventive efficacy of 19%,
25.5%, 33.3%, and 53.2%, respectively, when adminis-
tered as a single dose 30 days post-inoculation with 50
JYD-34 L3. Additionally, in this same study when oral
moxidectin was administered every 30 days for three
consecutive months at 3 ug/kg, adult heartworm recov-
ery was reduced by 44.4%, demonstrating an increased
efficacy at this dose with repeated monthly administra-
tion [48]. Against this same strain, JYD-34, 100% efficacy
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was achieved when oral moxidectin was administered
monthly at 40 pg/kg or 60 pg/kg for three consecutive
months, and a 24 pg/kg dose administered monthly for
three consecutive months was highly effective (98.8%)
(Table 2) [48].

Oral moxidectin has also been evaluated against the
resistant strains ZoeMO and ZoeLA for efficacy in the
prevention of heartworm disease. When administered as
three consecutive oral monthly dosages, 60 pg/kg mox-
idectin was 100% effective in preventing the development
of both the ZoeL A and ZoeMO resistant strains. Efficacy
was reduced to 88.2% when only a single 60 pg/kg oral
moxidectin dose was administered against the ZoeLA
strain, demonstrating improved efficacy with consecutive
monthly administration (Table 2) [48].

The 24 ug/kg moxidectin dose was selected for fur-
ther development in Simparica Trio based on a number
of scientific and commercial considerations [48]. In two
additional laboratory studies, the efficacy of 24 pg/kg
moxidectin administered orally for either four or six con-
secutive months was compared directly to Heartgard®
Plus (ivermectin/pyrantel, Boehringer Ingelheim Animal
Health, Ingelheim, Germany), Interceptor® Plus (milbe-
mycin oxime/praziquantel, Elanco, Greenfield, IN, USA),
with both commercial products administered according
to the labels, and an untreated control for a total of six
consecutive months [49]. Studies used the ML-resist-
ant strains ZoeLA and JYD-34, with each study animal
receiving an inoculation of 50 L3 on day —30. A necropsy
was performed approximately 9 months post-inocula-
tion (3 months after the last of the six monthly doses)
for all study animals in both studies. In the study with
the ZoeLA strain, four or six consecutive monthly treat-
ments of 24 pg/kg moxidectin were >96.1% efficacious,
however, six monthly treatments of Heartgard Plus and
Interceptor Plus were only 18.7% and 21.2% efficacious,
respectively (Table 3) [49]. In the study with JYD-34, four
or six consecutive monthly treatments of 24 pg/kg mox-
idectin were 95.9% and 99.3% effective, and six monthly
treatments of Heartgard Plus and Interceptor Plus were
63.9% and 54.6% effective, respectively (Table 4) [49].
These data indicate that the increased dose of oral mox-
idectin provides greater efficacy against ML-resistant
heartworm strains when compared to commercially
available oral heartworm preventives and is a viable strat-
egy for the management of ML resistance in the field.

In a recent laboratory study, Simparica Trio, contain-
ing 24 pg/kg moxidectin, 1.2 mg/kg sarolaner and 5 mg/
kg pyrantel, and Heartgard Plus and Interceptor Plus
(n=6) were administered in six consecutive monthly
oral doses at the labeled dose rates after receiving an
inoculation of 50 ZoeLA strain D. immitis L3 on day —30
[50]. Dogs were necropsied approximately 9 months
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Table 2 Preventive efficacy of orally administered moxidectin
against macrocyclic lactone-resistant heartworm strains utilizing
various dosages and dosage regimens [48]

Study Strain® Treatment® Dosage (ug/  Days of Preventive
kg) treatment efficacy
(%)

1 JYD-34  Placebo 0 0,30,60 -
JYD-34  Moxidectin 3 0 19
JYD-34  Moxidectin 3 0,30,60 444
JYD-34  Moxidectin 6 0 255
JYD-34  Moxidectin 12 0 333
JYD-34  Moxidectin 24 0 532

2 JYD-34 Placebo 0 0, 28,56 -
JYD-34 Moxidectin 24 0, 28,56 98.8
JYD-34 Moxidectin 40 0,28,56 100
JYD-34  Moxidectin 60 0, 28,56 100
ZoelA  Placebo 0 0,28,56 -
ZoelA  Moxidectin 3 0 444
ZoelA  Moxidectin 24 0, 28,56 99.5
ZoelLA  Moxidectin 40 0, 28,56 99.5
ZoelA  Moxidectin 60 0 88.2
ZoelA  Moxidectin 60 0,28,56 100

3 Z0eMO Placebo 0 0, 28,56 -
Z0eMO Moxidectin 3 0 82.1
ZoeMO Moxidectin 24 0,28,56 995
ZoeMO Moxidectin 40 0, 28,56 100
ZoeMO Moxidectin 60 0, 28,56 100

2 Each dog inoculated with 50 third-stage larvae of the specific strain ~ 1 month
prior to the first treatment

b For each treatment group, n=5

post-inoculation and evaluated for the presence of circu-
lating MF and heartworm antigen on days 180, 210, and
236. Preventive efficacy of 97.2% in the Simparica Trio-
treated group was demonstrated, with all of the treated
dogs having <3 worms present. No dogs treated with
Simparica Trio tested positive for the presence of circu-
lating MF at any time during this study, with only two of
the six dogs testing positive for heartworm antigen. All
six dogs treated with Heartgard Plus and Interceptor Plus
had adult worms present at necropsy, with a geometric
mean of 32.5 and 22.8 adults recovered, and preventive
efficacy of 8.5% and 35.9%, respectively (Table 3) [50].
On day 236, all Heartgard Plus- and Interceptor Plus-
treated dogs were positive for the presence of heartworm
antigen, and five of the total six dogs for each group
were positive for circulating MF, indicating the possibil-
ity of infected dogs being able to transmit ML-resistant
heartworm strains despite proper use of these preventive
products. With very similar results to those obtained in
the previous study [49], using 24 pg/kg moxidectin dose
as a standalone, these data confirm the robust efficacy
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Table 3 Preventive efficacy of various orally administered macrocyclic lactones against the macrocyclic lactone-resistant heartworm

strain ZoeLA

Study Treatment Dosage (pg/kg) Day of Days of treatment Preventive References
inoculation? efficacy (%)

1 Placebo 0 —30 0, 30, 60, 90, 120, 150 - [50]
Simparica Trio (moxidectin) Min. 24 -30 0, 30,60, 90, 120, 150 97.2 [50]
Heartgard Plus (ivermectin) Min. 6 -30 0, 30, 60, 90, 120, 150 8.5 [50]
Interceptor Plus (milbemycin oxime) Min. 500 —30 0, 30, 60, 90, 120, 150 359 [50]

2 Placebo 0 -30 0, 30, 60, 90, 120, 150 - [49]
Moxidectin 24 —30 0, 30, 60,90 96.8 [49]
Moxidectin 24 -30 0, 30,60, 90, 120, 150 96.1 [49]
Heartgard Plus (ivermectin) Min. 6 -30 0, 30, 60, 90, 120, 150 18.7 [49]
Interceptor Plus (milbemycin oxime) Min. 500 -30 0,30, 60, 90, 120, 150 212 [49]

2 Each dog inoculated with 50 third-stage larvae (L3) of the ZoeLA, macrocyclic lactone-resistant strain

Table 4 Preventive efficacy of various macrocyclic lactones against the macrocyclic lactone-resistant heartworm strain JYD-34

Study  Treatment Route of Dosage (ug/kg)  Day of Days of treatment Preventive  References

administration inoculation? efficacy (%)

1 Placebo SC 0 -30 0 - [54]
ProHeart 12 (moxidectin) SC 500 —-30 0 100 [54]
Heartgard Plus (ivermectin) Oral Min. 6 —-30 0,30,60,90,120,150 105 [54]
Interceptor Plus (milbemycin oxime) ~ Oral Min. 500 -30 0,30,60,90, 120,150 146 [54]

2 Placebo SC 0 165 0 - [54]
ProHeart 12 (moxidectin) SC 500 165 0 98.3 [54]
Heartgard Plus (ivermectin) Oral Min. 6 165 0,30,60,90,120,150, 37.7 [54]

180, 210, 240, 270,
300, 330
Interceptor Plus (milbemycin oxime) ~ Oral Min. 500 165 0,30,60,90,120,150, 349 [54]
180, 210, 240, 270,
300, 330

3 Placebo Oral 0 -30 0,30,60,90,120,150 - [49]
Moxidectin Oral 24 —30 0, 30,60, 90 959 [49]
Moxidectin Oral 24 -30 0,30,60,90, 120,150 993 [49]
Heartgard Plus (ivermectin) Oral Min. 6 —-30 0,30,60,90,120,150 639 [49]
Interceptor Plus (milbemycin oxime) ~ Oral Min. 500 -30 0,30,60,90, 120,150 546 [49]

2 Each dog inoculated with 50 third-stage larvae (L3) of the JYD-34, macrocyclic lactone-resistant strain

of 24 pg/kg moxidectin against the ML-resistant ZoeLA
heartworm strain.

The preventive efficacy of Simparica Trio was also
evaluated in a multicenter field study, enrolling a total of
410 dogs (365 included in the efficacy evaluation) from
23 different veterinary clinics across the USA. Dogs were
administered 11 consecutive monthly doses of either
Heartgard Plus (6-12 pg/kg ivermectin and 5-10 mg/
kg pyrantel) or Simparica Trio (24—48 ug/kg moxidectin,
2—4 mg/kg sarolaner, and 5-10 mg/kg pyrantel) [51]. All
dogs enrolled in the study tested negative for the pres-
ence of circulating MF and adult heartworm antigen on
days 1/0 (before treatments), 120, and 240. Compliance

in administering Heartgard Plus and Simparica Trio in
this study was rigorously documented, ensuring that all
dogs in efficacy evaluations received their required doses
at the appropriate time. Of the 246 dogs that were eligible
for efficacy inclusion that received Simparica Trio with
complete compliance, no dogs tested positive for MF or
heartworm antigen at any point throughout the study,
while two dogs of the total 119 eligible for efficacy evalu-
ation that received Heartgard Plus in complete compli-
ance tested positive for heartworm antigen on day 330,
with one of these dogs also testing positive for MF. The
two dogs treated with Heartgard Plus that became posi-
tive for adult heartworms during the study, even with
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11 months of documented compliance were from Livo-
nia, Louisiana (LA) in the LMRV [51]. Based on the data
presented above, Simparica Trio, containing a minimum
of 24 pg/kg moxidectin, will likely provide robust heart-
worm prevention against the strains to which most dogs
in the USA will likely be exposed, including those that
may be resistant to MLs.

Injectable moxidectin

ProHeart® 6 [0.17 mg/kg (170 ug/kg) moxidectin] and
ProHeart® 12 [0.5 mg/kg (500 pg/kg) moxidectin] are the
only injectable heartworm preventives, and these prod-
ucts offer extended-release moxidectin for the continu-
ous prevention of heartworm disease in dogs for 6 and
12 months, respectively. ProHeart 6 and 12 offer a safe
and reliable heartworm preventive option without own-
ers having to comply with monthly administration. Data
show that, on average, owners using a monthly product
for heartworm prevention administer only half of the
prescribed monthly doses necessary to provide complete
heartworm prevention [52]. Once ProHeart is adminis-
tered, compliance is guaranteed to be 100% for the 6- or
12-month dosing interval. In addition to the increased
compliance as compared to monthly administered prod-
ucts, data indicate that ProHeart formulations (0.17 mg/
kg; ProHeart 6) provide 100% prophylactic activity for
one full year against ML-susceptible heartworms, dem-
onstrating the robust, persistent efficacy of the ProHeart
formulation against experimentally induced ML-suscep-
tible heartworms [53]. The persistent efficacy observed in
ProHeart 6 and 12 is a function of the inherent physico-
chemical properties of moxidectin, including long half-
life and increased lipophilicity and potency, together with
the extended-release properties of the formulation [39].
Anaphylactic and anaphylactoid reactions may occur in
some dogs following administration of ProHeart 6/12
alone or with vaccines, and they are available through
a restricted distribution program to veterinarians that
have completed the RiskMAP training and certification
module.

The efficacy of ProHeart 12, Heartgard Plus, and Inter-
ceptor Plus against the ML-resistant strain JYD-34 was
evaluated in two different laboratory studies, in which
dogs were either inoculated with 50 D. immitis L3 30 or
165 days after initiating treatment, respectively [54]. In
the first study, where dogs were inoculated on day —30,
dogs (n=6) were either treated with a single dose of
ProHeart 12 on day O or administered six consecutive
monthly oral treatments of Heartgard Plus or Intercep-
tor Plus on days 0, 30, 60, 90, 120, and 150. All dogs were
necropsied on day 185, approximately 8 months post-
inoculation. The preventive efficacy of ProHeart 12 was
100%, with no dogs having any adult worms at necropsy.
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In comparison, all six dogs in both the Heartgard Plus-
and Interceptor Plus-treated groups, had adult worms
present at necropsy, demonstrating an overall preventive
efficacy of 10.5% and 14.6% respectively (Table 4) [54]. In
the second laboratory study, dogs were inoculated on day
165, in order to compare efficacies against an ML-resist-
ant strain in the middle of the treatment regimen. For this
study, dogs (n=6 for each treatment group) were either
treated with a single dose of ProHeart 12 on day O or
administered six consecutive oral monthly doses before
and after inoculation with Heartgard Plus or Intercep-
tor Plus, for a total of 12 consecutive monthly treatments
[54]. All dogs were necropsied on day 360, approximately
7 months post-inoculation. Adult heartworms were pre-
sent in all dogs treated with either Heartgard Plus or
Interceptor Plus, with preventive efficacies of 37.7% and
34.9% respectively. The preventive efficacy of those dogs
treated with ProHeart 12 was 98.3%, with only four of
the total six dogs containing a single worm each (Table 4)
[54]. These studies indicate that a single injection of Pro-
Heart 12 is highly efficacious (>98%) against a known
ML-resistant strain when exposed at both the start and
middle of the treatment regimen.

As claims of lack of efficacy for MLs, and confirmed
cases of ML resistance continue to increase, field efficacy
trials become extremely important in evaluating the effi-
cacy against current natural strains circulating that could
be a mixture of susceptible and potentially ML-resistant
strains. A field efficacy study evaluated the preventive
efficacy of Heartgard Plus and ProHeart 12 with client-
owned dogs from 19 veterinary clinics across the USA.
Dogs received either 20 consecutive monthly doses of
Heartgard Plus or two annual doses of ProHeart 12, with
a total of 218 dogs receiving Heartgard Plus and 236 dogs
receiving ProHeart 12 [55]. The study was designed to
test the efficacy of treatment in dogs over an initial expo-
sure period of 12 months. However, in order to deter-
mine if dogs may have been exposed at the end of the
12-month period became infected, all animals needed to
be followed for a final antigen test 8 months after the end
of the 12-month exposure period. The second ProHeart
12 dose and the additional eight Heartgard Plus doses
provided heartworm prevention during this period. Of
the 236 dogs that received two annual doses of ProHeart
12, no animals tested positive for the presence of heart-
worm antigen or circulating MF at any time during this
study, indicating complete heartworm prevention for the
12-month evaluation period. Four of the total 218 dogs
that received 20 consecutive monthly doses of Heartgard
Plus tested positive for the presence of adult heartworm
infection during the study. Of these four dogs, three
tested positive for heartworm antigen and circulating MF,
with the fourth testing positive solely for the presence of
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heartworm antigen. All four cases of breakthrough infec-
tion with Heartgard Plus occurred in the LMRYV, with two
dogs from Zachary, LA, one dog from Lake Charles, LA,
and one dog from Memphis, Tennessee. Compliance for
administration of Heartgard Plus in the study was rigor-
ously documented, ensuring that all dogs received their
required doses at the appropriate time. Three of the four
Heartgard Plus-treated dogs were also positive for ME,
even with continued Heartgard Plus treatment, indicat-
ing that these treatment failures may have been due to
exposure to ML-resistant heartworms. There was a sig-
nificant difference between the ProHeart 12 and Heart-
gard Plus groups, indicating that ProHeart 12 performed
better than Heartgard Plus in preventing heartworm dis-
ease in this field study, confirming the robust efficacy of
ProHeart 12 under field conditions [55]. The difference
in the performance of these two products in this study
is likely related to the inherent properties of moxidec-
tin and the dose of moxidectin in the product, in addi-
tion to the continuous presence of the active compound
through the dosing period made possible by the ProHeart
12 extended-release formulation.

The transmission of heartworm disease is depend-
ent on the ingestion of MF by female mosquitoes from
a patent host. Therefore, the reduction and elimination
of circulating MF in infected animals is important in
reducing the transmission and prevalence of this dis-
ease. Topical moxidectin (Advantage® Multi, Bayer Ani-
mal Health, Shawnee Mission, KS, USA) is the only ML
FDA-approved for the elimination of circulating MF
in canine heartworm disease, with a >99% reduction in
MF observed compared to untreated controls 7 days
post-treatment [56]. The 0.5 mg/kg moxidectin dose in
ProHeart 12 is also highly microfilaricidal, with >97%
reduction in MF reported 7 days post-treatment [57].
The results for both Advantage Multi and ProHeart 12
are for strains susceptible to MLs. Evaluation of ProHeart
6 and ProHeart 12 in the reduction of circulating MF
against an ML-resistant strain, ZoeMO, demonstrated a
>90% reduction in MF by 28 and 42 days post-treatment
respectively, and >96% on day 84, after a single subcu-
taneous dose [58]. Based on these data, injectable mox-
idectin may offer the potential for microfilarial reduction,
even against ML-resistant strains providing additional
opportunity to reduce the transmission of heartworm.

Topical moxidectin

Moxidectin can be administered topically for the preven-
tion of heartworm disease and is available for dogs, cats,
and ferrets (Advantage Multi®; Coraxis®, Bayer Animal
Health). The increased dose of moxidectin administered
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in Advantage Multi/Coraxis, 2.5 mg/kg (2500 pg/kg),
provides efficacy for the treatment and control of gastro-
intestinal nematodes, including hookworm, roundworm,
and whipworm species in dogs.

Topical moxidectin is the only FDA-approved treat-
ment for circulating MF in heartworm-positive dogs [56,
59, 60]. In two laboratory studies, naturally infected dogs
and dogs experimentally infected by surgical transplanta-
tion of adult worms were administered topical Advantage
Multi on days 0 and 28, with blood samples collected at
various times post-treatment. Fourteen days post-treat-
ment, dogs in both studies had a >99% reduction in cir-
culating MF observed compared to the untreated control
groups. This reduction of >99% persisted through day 42,
the study end, with one dog still testing positive for the
presence of circulating MF in the naturally infected dogs
and a geometric mean of 7.1 MF/ml in the experimen-
tally infected dogs on day 42 [56, 60].

Due to the high dose of moxidectin administered in
Advantage Multi/Coraxis, accumulation occurs with
subsequent monthly doses, with a steady state of mean
serum concentration reached after four monthly topi-
cal applications [61]. This steady state of moxidectin
is fully efficacious in the prevention of heartworm dis-
ease, as dogs inoculated with 50 susceptible D. immitis
L3 28 days after four monthly topical treatments had no
adult heartworms recovered at necropsy [61]. The mean
terminal phase half-life for the topical administration of
moxidectin is 28 days, therefore providing an extended
duration of time over the mean efficacious dose (MED)
as compared to that of oral ivermectin [61]. Advantage
Multi has also demonstrated efficacy against ML-resist-
ant heartworms, with 100% preventive efficacy against
the JYD-34 strain with a single dose administered 30 days
post-inoculation with D. immitis L3 [30]. There was a
report of <100% efficacy in a second study using a single
dose of Advantage Multi that was not published (McCall,
unpublished data).

Despite the benefits of topical moxidectin for the pre-
vention of heartworm disease, there are disadvantages
to this topical administration route. Improper owner
administration of topical products can lead to inadequate
exposure and absorption of the active ingredients, and
subsequently sub-efficacious doses to the dog. Addition-
ally, topical products can lead to increased environmen-
tal contamination due to exposure of household items
and other members of the household to the product. Also
important is that accidental oral administration of >40%
of the topical dose (total of 1 mg/kg dose) to a dog with
the MDR-1 defect can result in severe adverse effects,
resulting in a black box warning on the label.
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Conclusions

Resistance of some strains of D. immitis to MLs has been
confirmed in the USA. Despite continued research and
investigation, products containing novel compounds for
the successful prevention of heartworm disease have not
been brought to market. Therefore, currently the man-
agement of ML resistance is likely best achieved through
the use of optimized formulations of MLs that focus on
increased dose rate, and selection of MLs with optimal
physicochemical and pharmacokinetic properties. Mox-
idectin is one such ML with favorable attributes, such
as high potency against heartworms, long half-life, and
greater margin of safety, that make it ideal for optimi-
zation in various formulations. With the continued and
increasing threat of ML resistance in the USA, veterinar-
ians play a critical role in educating clients on the impor-
tance of proper heartworm preventive administration to
protect their pets from all strains of heartworms to which
their pets are potentially exposed, especially consider-
ing the potential for the further spread of ML-resistant
heartworm strains in the USA.
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