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Abstract

This review describes the Food and Drug Administration (FDA)-approved antiparasitic drugs for
sheep and goats in the USA updated to 2021. The emerging drug resistance is posing a significant burden
for the treatment of parasitic infections in these small ruminants and the need for novel antiparasitic drugs
is urgent. Sheep and goats are producing every year important resources such as milk and wool, among oth-
ers. This work incorporates the OneHealth approach which focuses not only on human health, but also on
animal health and the environment in an interdependent modus operandi. The dynamic equilibrium among
these three sectors plays a fundamental role in general healthcare. Drug discovery (e.g., a novel benzimid-
azole recently identified) and drug delivery (incorporation of the antiparasitic agent into the proper carrier
to increase effectiveness) have provided some promising results in recent time. This should go hand-in-
hand with the scientific awareness. Education is key in spreading the word about the responsible use of
antiparasitic drugs. The synthesis of the currently approved drugs will be provided including synthetic
procedures which date from 1961 to 2021. More synthetic pathways, when available, will be described.
Their mechanism of action and ecotoxicological data will be presented as well.
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1. Introduction

Sheep and goats represent an important
source of raw materials and contribute significant-
ly to the world economy. Milk, wool and leather
are just some examples of resources that can be
obtained from these small ruminants.

Several health hazards, among the most
known of which are goat pox and sheep pox are
endangering lives of these animals leading to an
economic loss and to ecosystem unbalance (1).
Sheeppox and goatpox are both systemic diseases,
with cell-associated viral infection preceding the
appearance of lesions and marked lymphadenopa-
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thy (2).

Another example, the roundworm Hae-
monchus contortus is a blood-sucking parasite
which causes severe disease in sheep and goats.
This result in such signs as decreased activity
level, decreased to no appetite, reduced growth,
a very low red blood cell count (severe anemia),
and death. When H. contortus become resistant to
previously effective antiparasitic drugs, the herds
experience increased health problems and the pro-
ducer experiences greater economic losses (3).
Parasites are often called “worms”. A parasite is a
pathogen that simultaneously injures and gets sus-
tenance from its host (4).

Besides the economic point of view, the
healthcare is impacted. Several animal infections
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pose zoonotic threats to human health, and diseas-
es in one species may act as reservoirs for infec-
tions in other species (5). According to the Unit-
ed States Department of Agriculture (USDA) all
sheep and lambs inventory in the United States on
January 1, 2021 totaled 5.17 million head, down 1
% from 2020. Shorn wool production in the United
States during 2020 was 23.1 million pounds, down
4 percent from 2019 (6).

Despite the relatively low number of small
ruminants in the USA compared to other conti-
nents such as Oceania (3), sheep and goat have a
high need for effective antiparasitic drugs. Para-
sitic infections can harm animal health, can lead
to economic crisis and last, but not the least, can
affect human health.

Australia and New Zealand have already
adopted some preventive measures in order to
tackle the antiparasitic resistance, that is the ability
of a parasite to survive a dose of an antiparasitic
drug that would normally be expected to kill them.
Among these measures are the avoidance of treat-
ing every animal in the flock or herd, by avoiding
to treat all animals at the same time, and by using
drugs that are effective based on recent diagnostic
test results and approved for the particular para-
sites present on the farm.

Also, leaving some internal parasites un-
exposed to an antiparasite drug could help slow
down the development of resistance (3). Given
the critical and current situation of antiparasitic
spreading resistance, FDA launched in 2012 the
Antiparasitic Resistance Management Strategy
(ARMS). This initiative promotes selective use of
antiparasitic drugs together with sustainable man-
agement practices to maintain the effectiveness of
antiparasitic drugs in grazing livestock species (7).
A three-concepts approach underpins the program:
education, research, and regulation.

Stated in the program are the therapeutic
indication and target parasite for the used drugs.
Attention has to be paid by veterinarians and farm-
ers in order to overcome the problem of antipara-
sistic resistance.

Although there is urgent need for novel
antiparasite agent for sheep and goats, the antipar-
asitic drug discovery is declining for various rea-
sons, namely little incentive to invest in research-
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ing and developing new antiparasitic drugs (3).
Nearly 75% of all emerging infectious diseases
that impact or threaten human health are zoonotic,
that is originated by animals (8).

Given this picture, novel antiparasitic
drugs are needed (possibly with novel mechanism
of'action) and the purpose of this review is to show
the chemistry of recently FDA-approved antipara-
sitic molecules.

2. FDA-approved antiparasitic drugs (as of
2021) for use in sheep and goats in USA

The approved active ingredients in USA
(updated to April 2021) are: thiabendazole, alben-
dazole, fenbendazole, morantel tartate, levami-
sole, ivermectin and moxidectin (3). The classifi-
cation of these molecules was made according to
their chemical structure. When possible, multiple
synthetic pathways are provided. The reported
synthesis are presented in a date range from 1961
to the more recent 2021. The mechanism of action
for each drug is discussed. The most striking data
these presented approved drugs have in common
is that resistance has developed to each active in-
gredient. Resistance has developed to each active
ingredient described in the paper, including to
moxidectin, which was approved in 2005 and it is
the newest antiparasitic drug on the market (3).

The emergence of resistance to currently
available antiparasitic drugs is a concerning issue.
It highlights the need for the development of novel
and effective treatments against parasitic infec-
tions.

2.1 Thiabendazole

Thiabendazole (4, brand name Mint-
ezol®) (9) was first introduced as an anthelmintic
in sheep in 1961. This drug proved to be an ex-
tremely effective broad-spectrum anthelmintic and
has been used widely in many geographical loca-
tions for treatment of parasitic helminths. Efficacy
against Haemonchus in sheep ranged as high as
96-100% (10). It was also noted that thiabendazole
was highly effective against other worm parasites
including Trichostrongylus and Ostertagia (11).

Owned by Boehringer Ingelheim Animal
Health USA, it is reccomended for control of in-
fections of gastrointestinal roundworms in sheep
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Scheme 1. Preparation of thiabendazole (4) according to Merck patent (15).

and goats (12).

Although the mechanism of action of
thiabendazole remains unknown, it is presumed
to specifically inhibit fumarate reductase, a hel-
minth-specific enzyme (13). The inhibition of this
enzyme leads to the block of mitochondrial respi-
ration and ultimately to helminth's death. In addi-
tion, it has been suggested that thiabendazole may
lead to inhibition of microtubule polymerization
o @NHZ
g.NH2 o NH

—

I —
s N PPA, 250 °C

5

bendazole has been reported (Scheme 3) (17).
Conditions employ 2-iodo- or 2-bromoanilines
7 (1.0 equiv), aldehydes (8 in our example, 1.2
equiv), NaN5 (2.0 equiv), 5 mol% of copper chlo-
ride (CuCl), and 5 mol% of tetramethylethylene-
diamine (TMEDA) in DMSO as solvent at 120 °C
for 12 h. The proposed mechanism is supposed to
progress via halobenzimine followed by insertion
of copper and cyclization with consequent loss

H
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y: 64%

Scheme 2. Preparation of thiabendazole published in 1961 (16).

by binding to B-tubulin (14).

Chemically, thiabendazole is a benzimid-
azole and one of its first commercial synthetic pro-
cedure was released by Merck in 1967 (Scheme 1)
[15]. This employs 4-cyanothiazole (1) as strating
material. This is treated with hydrogen chloride
and aniline in o-dichlorobenzene (C4H4Cl,) as
solvent at 140 °C to give amidine 2 in high yield
(96%). The treatment of 2 with sodium hypochlo-
rite (NaClO) afforded the N-chloro derivative 3
which was eventually converted into thiabenda-
zole (4) in the presence of potassium hydroxide
(KOH) via a nitrene intermediate.

Few years earlier (1961), a shorter synthet-
ic pathway was reported involving the only 4-thia-
zolecarboxamide 5 with o-phenylenediamine 6 in
polyphosphoric acid (PPA) at 250 °C (Scheme 2)
(16).

A more recent, one-pot synthesis of thia-
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7

of gaseous nitrogen. DMSO outperformed other
polar solvents such as NMP, DMF, DMAc. The
oxidation state of copper was not a factor, as Cu
(I) and Cu (II) salts showed similar performance.
Yield was excellent when starting from 2-iodo-
aniline (97%) but satisfactory as well when using
2-bromoaniline (88%) (17).

2.2 Albendazole

Albendazole (13, brand name Valbazen®)
is used against numerous animal and human par-
asites and it is chemically related to thiabenzad-
ole as the name suggests. Discovered in 1961 by
Brown and his team, it exhibited potent activity
against gastrointestinal nematodes (18, 19).

It is manufactured and distributed by Zo-
etis Inc. as a broad spectrum dewormer (20).

The mechanism of action is similar to that
of thiabenzadole, that is binding selectively on

H

a
thiabendazole

5 mol% CuCl, 5 mol% TMEDA
DMSO, 120 °C

y:97%

Scheme 3. Preparation of thiabendazole via copper-catalyzed reaction (17).
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Scheme 4. Preparation of albendazole by SmithKline (24).

B-tubulin of nematodes. Albendazole produces the
starvation of the nematodes by intestinal disrup-
tion and inhibits egg production (21). It is addi-
tionally a fumarate reductase flavoprotein subunit
inhibitor (22).

Structurally, albendazole differs from thia-
bendazole for having a mercaptopropyl chain on
the position 6 of benzimidazole ring and a methyl
carbamate instead of a thiazole ring.

The overall lipophilicity (calculated using
ChemDraw16.0) (23) for albendazole (logP: 2.55)
is higher compared to that of thiabendazole (logP:
2.03). The mercaptopropyl is mostly responsible
for the lipophilic character of albendazole.
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of nitro group of 11 by catalytic hydrogenation af-
forded di-aniline 12. Eventually, 12 was converted
into albendazole 13 upon addition of electrophilic
cyanamide (NH,CN) and methylchloroformate in
a solvent mixture of ethanol/water.

An alternative, multi-scale pathway
(Scheme 5) (25), has been reported in more recent
years. This involves the use of o-nitroaniline 14
as starting material. This was treated with molecu-
lar chlorine and ammonium thiocyanate to give
2-nitro-4-thiocyanatoaniline 15. Treatment of 15
with NaOH and propyl bromide gave the mercap-
topropyl derivative 16. Reduction of nitro group of
16 by sodlum hydrosulﬁte (NaSH) gave di-aniline
AL

16 1
2

Scheme 5. Alternative multi-scale preparation of albendazole (25).

Avery first patent about the synthetic prep-
aration (Scheme 4) of albendazole was reported in
1976 by SmithKline Corporation (24). The authors
used 3-chloro-6-nitroacetanilide (9) as starting
material. This is tretaed with propylmercaptan 10
in the presence of NaOH with consequent hydro-
lysis at the acetamide site to give the mercapto-
propyl derivative 11 (yield: 40%). The reduction

SH

cl NH, T oo, H,
DMF, 100 °C, 1h
17
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22
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Scheme 6. Early synthesis of fenbendazole (22) (31).
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12 which was converted into albendazole 13 upon
consequent addition of cyanamide and methyl
chloroformate.

2.3 Fenbendazole

Fenbendazole (22, brand name Safe-
Guard®) (26) is a broad-spectrum benzimidazole
antihelminth currently approved for use in numer-

@Q

Fe FSO( x)
MOH/HO eflu.
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Scheme 7. Alternative final step approach for the preparation of fenbendazole 22 (32).

ous animal species, including small ruminants
(27). 1t is effective against a number of gastroin-
testinal parasites including giardia, roundworms,
hookworms and whipworms (28).

Its anthelmintic activity is linked to the
inhibition of microtubule in parasites. Moreover,
it displays preclinical activity in leukemia and
myeloma and therefore anticancer potentialities
(29,30).

Structurally, it is related to albendazole,
but possessing a mercaptophenyl substituent in-
stead of the mercaptopropyl of albendazole.

Its early synthesis (Scheme 6) was report-
ed in 1975 (31). It starts from 5-chloro-2-nitroan-
iline 17 which is treated with thiophenol 18 and
potassium carbonate (K,CO3) in DMF to give the
nitro intermediate 19. This is subjected to treat-

e acid (oat)

©\ /©: mortar

20 =

In detail, intermediate 20 was grinded
with formamide in the presence of acetic acid as
catalyst in a mortar to give benzimidazole-2-amine
23. The eventual carbamoylation of 23 with meth-
yl chloroformate, copper iodide (Cul), cesium car-
bonate and 1,10-phenanthroline 24 in DMF pro-
vided fenbendazole (22) in high yield (84%).

2.4 Morantel

Differently from the three benzimidazoles
(thiabendazole, albendazole, fenbendazole) de-
scribed above, morantel (brand name Rumatel®)
(3) belongs to the class tetrahydropyrimidine
which act as commonly grouped together as nic-
otinic acetylcholine receptor (nAChR) agonists
(34).

Recently, morantel was shown to act as an

@/@%NHzm @/@:\%NH
|

N fenbendazole
.

24 y: 84%

Scheme 8. Alternative final step approach for the preparation of fenbendazole 22 (32).

ment with iron (and catalytic amount of FeSO,)
under methanolic reflux to give di-aniline 20. Last-
ly, 20 was converted to fenbendazole (22) upon
via condensation with 1,3-Bis(methoxycarbonyl)-
2-methyl-2-thiopseudourea (21).

Intermediate 20 was otherwise condensed
with cyanamide and methyl chloroformate as re-
ported in a later patent (32).

A more green, mechanochemical method
involving the condensation of aldehydes and di-
anilines has been reported (33). Authors used the
intermediate to synthesize fenbendazole (Scheme
8) (22).

25
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agonist of the nAChR subtype in H. contortus or
quine roundworm Parascaris equorum (35). Also,
allosteric modulation by morantel leading to an in-
creased channel gating of neuronal nicotinic ace-
tylcholine has been reported (36).

Therefore, the main mechanism of action
for morantel is the cholinergic agonisms at ner-
vous system level (leading to muscular spasms).
Moreover, it has been shown that this drug may
also interfere with the glucose metabolism of the
worms (37).

The discovery of the tetrahydropyrimi-
dines began with in vivo screening programs in

N
piperidine _

dry benzene, reflux

Scheme 9. Synthesis of morantel according to Pfizer’s patent (39).
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Figure 1. Chemical structures of tetramisole (28) and levamisole (29).

the late-1950s by Pfizer scientists leading to the
synthesis of morantel and related compounds (py-
rantel and oxantel) (38).

The synthesis of morantel reported by
Pfizer (Scheme 9) (39) is carried out via Kno-
evenagel-type condensation of 1,2-Dimethyl-
1,4,5,6-tetrahydropyrimidine 25 with 3-methyl-
2-thiophenecarboxaldehyde 26 in the presence of
piperidine and dry benzene as solvent under reflux
to give the trans-product morantel (27).

2.5 Levamisole

Levamisole (29, brand name Ergamisol®)
(40) belongs to imidazothiazole class of antipara-
sitic agents. Similarly to morantel, it causes spastic
paralysis in parasites due its binding to nAChRs of
the muscles that belong to the body wall of the par-
asite (41). Racemic tetramisole (28) was the first
generation compound of this group and was fol-
lowed by the use of levamisole which is the levo-
rotatory enantiomer of tetramisole (Figure 1). The
original patent for the preparation of tetramisole
was released by Janssen in 1967 (42).

The two-steps synthesis starts from
1-phenylethane-1,2-diamine (30) that is reacted
with carbon disulfide (CS2) in the presence of al-
kaline water to afford imidazole-2-thiol 31. Even-
tually, this was cyclized by adding 1,2-dibromo-
ethane to give tetramisole 28 (Scheme 10).

The chiral resolution of tatramisole to pro-
vide pure levamisole was released in 1968 as well.
It was accomplished by using d-10-camphorsul-
fonic acid (32) as a resolving agent in chloroform
as solvent (43). Both levamisole and its isomer 33

NH, NH 5
N r
NH, _CSa_ N/>‘SH B @_Qw
H,0 N= S
30 31

were isolated (Scheme 11).

Several alternative preparations of tetram-
isole were described among which some are here-
in described (Scheme 12) (44). It originates from
a-bromoacetophenone mixed with 2-imino-1,3-
thiazolidine to give 2-imino-1,3-thiazolidine 35.
This was treated with acetic anhydride to afford
acetyl intermediate 36. The reduction of keto
group of 36 by NaBH, yielded racemic alcohol 37.
Treatment of 36 with thionyl chloride (SOCl,) in
boiling acetic anhydride as a solvent gave tetrami-
sole (28).

A similar approach, but employing styrene
oxide 38 as starting material was reported (Scheme
13) (44). 38 was subjected to the nucleophilic at-
tack of 2-imino-1,3-thiazolidine to give alcohol
39. This underwent cyclization medaited by thio-
nyl chloride (SOCI,) in acetic anhydride to give
tetramisole (28).

An approach to give the desired product
levamisole was reported involving the use of chi-
ral starting diamine (Scheme 14) (45). It origi-
nates from [B-nitro para-tosyl protected amine 40
which is converted into mono para-tosyl protected
diamine 41 by catalytic hydrogenation (Pd/C in
methanol). The removal of tosyl group (compound
42) was accomplished by using magnesium pow-
der. Compound 42 was treated firstly with carbon
disulfide and lastly with 1,2-dibromoethane to af-
ford levamisole in a good yield (65%) (29).

2.6 Ivermectin

Ivermectin (43 and 44, brand name Stro-
mectol®) (46) is a semisynthetic macrocyclic

28

Schemel0. Original synthesis of tetramisole by Janssen (42).
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Scheme 11. Optical resolution of tetramisole (28) operated by d-10-camphorsulfonic acid 32.

lactone whose precursor (avermectin B1) is pro-
duced by an actinomycete, Streptomyces avermiti-
lis. It is active at extremely low dosage against a
wide variety of parasites including worms, and its
mechanism of action was found to bind selectively
and with high affinity to glutamate-gated chloride
channels, commonly found in invertebrate nerve
and muscle cells (47). Moreover, it is hypothesized
a binding to gamma-aminobutyric acid receptor
(48). It immobilizes nematodes by blocking the

NH

o ) OHNYS
HN
@ L8 &NJ (CH3C0),0
Br———
34 35

socl, @_@,\3
(CH4C0),0 N= S
boiling

28

Scheme 12. Alternative synthesis of tetramisole (44).

signal transmission from the central command in-
terneurons to the peripheral motoneurons (49). It
was discovered by Merck scientists (50) and it is
essentially a mixture of two compounds ivermec-
tin component Bla (43, Figure 2) and Ivermectin
component Blb (44, Figure 2) (46). William C.
Campbell, won the 2015 Nobel Prize in physiol-
ogy or medicine with his collaborator on ivermec-
tin, Satoshi Omura (51).

Avermectin Bla and avermectin Blb
(Scheme 15) are the precursors from which iver-
mectin is semi-synthetically obtained. Ivermectin

38 39

Scheme 13. Alternative synthesis of tetramisole (44).
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exists as a mixture of component Bla which is
dominant over the component B1b (not less than
80% and not more than 20%, respectively).
Catalytic hydrogenation of avermectin
components Bla and B1b 45 and 46, using Wilkin-
son’s catalyst [RhCI(PPh3);] in toluene, selective-
ly reduces the double bond at C,, 53 to a single
bond to form ivermectin (Scheme 15, compounds
43 and 44) (47). A peculiar pentacyclic scaffold,
high lipophilicity and a hexahydrobenzofuran seg-
(0]

ment is a common trait in both avermectin B1 and
ivermectin B1. These features together with the
potent antiparasitic activities have gained the at-
tention of several organic chemistry groups in or-
der to obtain ivermectin derivatives (52).
Recently, ivermectin has been associated
with a possible inhibitory effect on the prevention
of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) replication in the early stages
of infection but the possible antiviral mechanism
is still debated (53). However, WHO advises that
“ivermectin only be used to treat COVID-19 with-

SOCl, @_(\NS
— =l
(CH5C0),0 N~ 8

boiling

28
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Scheme 14. Synthesis of levamisole using chiral B-nitro tosyl-protected amine as starting material (45).

in clinical trials” (54). presence of a C23-methoxyimino group and the
olefinic substituent at position C25 (Figure 3).

Its precursor, nemadectin (48), is pro-
duced by Streptomyces cyaneogriseus subspecies
noncyanogenus (57). A semi-synthetic preparation
of moxidectin starting from nemadectin involves
classical sequential steps of organic chemistry
such as protection of alcohol, oxidation, deprot-
ection and final oximation (Scheme 16) (58). In

detail, the hydroxyl group at position C5 of 48 is

2.7 Moxidectin

Moxidectin (47) is a potent, broad-spec-
trum endectocide (antiparasitic that is active
against endo- and ecto-parasites) with activity
against nematodes, insects, and acari (55).

The exact antiparasitic mechanism of ac-
tion of moxidectin (brand name Cydectin®).

However, studies indicate that the primary

o
Ho.,
0,
o
o

Figure 2. Chemical structures of the two components of ivermectin: [vermectin component Bla (43)

and Ivermectin component B1b (44).

mode of action results from binding to glutamate-
gated chloride channels in the parasites (56).

The high lipophilicity, the macrolactonic
core, mechanism of moxidectin is shared with
ivermectin, but structural differences exist. These
include the absence of a disaccharide at position
C13 of the macrocyclic ring in moxidectin, the

45, Avermectin component B1a, R = CH,CH;
46, Avermectin component B1b, R = CHg.

I(PPhs)s
rt

selectively protected with p-nitrobenzoyl halide
(such as p-nitrobenzoyl iodide) in the presence of
organic base (e.g., triethylamine) to give interme-
diate 49. Then, pyridinium dichromate (PDC) and
acetic anhydride were used to oxidize secondary
alcohol at C,3 to afford ketone 50. The deprotec-
tion stage was achieved by adding alkaline sodi-

o
HO,, o~
0,
© .0,
o

43, Ivermectin component B1a, R = CH,CH,
44, vermectin component B1b, R = CHg.

y: 85%

Scheme 15. Synthesis of ivermectin (ivermectin component Bla 43 and ivermectin component B1b 44)
starting from avermectin B1 (45 and 46). The reduction occurs at positions C22-C23 (highlighted in

bold pink) of avermectin B1 (47).
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43, lvermectin component B1a, R = CH,CHj

47

moxidectin

44, Ivermectin component B1b, R = CH;

Figure 3. Chemical structures of ivermectin [(Bla, 43) and (B1b, 44)] and of moxidectin (47). The
carbon sites in pink highlights the sites where differences exist between the two drugs.

um hydroxide in organic solvents (e.g., toluene,
1,4-dioxane) to yield 51. Eventually, the addition
of methoxylamine hydrochloride salt in the pres-
ence of sodium acetate gave moxidectin (47). It
is worth mentioning that oxidants other than PDC
can be used. For example, aluminum t-butoxide
and o-benzoquinone; phosphorous pentoxide and
dimethyl sulfoxide; chromium trioxide, potassium
dichromate; FeBr3 and H,O,; dicyclohexylcar-
bodiimide and dimethyl sulfoxide; manganese
dioxide; acetic anhydride and dimethyl sulfoxide;
and manganese dioxide are all valid options (58).
The overview of the described, approved

X=1,BrF

antiparasitic drugs for sheep and goats is given in
Table 1.

3. OneHealth Paradigm: sheep and goats
and the surrounding ecosystem

A variety of zoonotic agents can be trans-
mitted from small ruminants to farmers. These
include bacterial, fungal, viral and protozoan.
Pathogen transmission can take place through di-
rect contact with the infected animals, although
other modes or transmission, e.g., via aerial route,
can also occur (59). Among the various infections,
brucellosis (Brucella melitensis) is likely the most

Scheme 16. Synthesis of moxidectin (47) starting from nemadectin (48). Methoxyimino group high-

lighted in blue (58).

Trends in Pharmaceutical Sciences 2023: 9(3): 221-236.
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Table 1. Names of the active ingredients presented in this work together with their chemical class, chemi-

cal structure and their mechanism of action.

thiabendazole benzimidazoles
albendazole
fenbendazole
morantel tetrahydropyrimidine
levamisole imidazothiazole
ivermectin semisynthetic mac- 0/(5
rocyclic lactone "
moxidectin semisynthetic mac-

rocyclic lactone

©:N\>_</:‘ﬁs Inhibition of fumarate reductase

Binding selectively on B-tubulin of
nematodes
Inhibition of fumarate reductase
inhibition of microtubule synthesis

nicotinic acetylcholine receptor
~T ) (nAChR) agonist

nicotinic acetylcholine receptor
(nAChR) agonist
binding to glutamate-gated chlo-
ride channels

b, binding to glutamate-gated chlo-

N

| N .

D ride channels
[t

important related to sheep and goats, due to high
incidence of human infections (59).

Environment, as well, is part of the One-
Health vision. For example, climatic catastrophes,
can provide new opportunities for diseases to pass
to animals. In turn, animal could spread the disease
to human in a sort of vicious cycle (60).

Differently from drugs addressed to hu-
mans, antimicrobial agents and antiparasitic drugs
for veterinary use are administered to all animals
of the same herd or flock for purposes not only
of curing infected animals but also of preventing
infections and promoting growth. Therefore, the

H

amount consumed could represent a serious bur-
den for environment (61). Antiparasitic drugs are
released either intact or as metabolites onto fields
or wastewaters, for example.

The impact on the environment of antipar-
asitic substances depends on the deleterious effect
which the agent or its metabolites have on organ-
isms in the place of the excretion, the amount of
active agent excreted and the time-stability of the
excretion (62).

The commonly used compounds are gen-
erally metabolized to some extent either in the gas-
trointestinal tract or by hepatic metabolism follow-

5-hydroxythiabendazole

Figure 4. Chemical structures of 5-hydroxythiabendazole.
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Figure 5. Chemical structures of albendazole sulfoxide, sulphone and of fenbendazole sulfoxide and

sulphone.
ing absorption (62).

Into detail, benzimidazoles are poorly
soluble in water, but their metabolites are clearly
more water-friendly. Short residence times fol-
lowing single oral administration are typical for
benzimidazoles (62). For example, thiabendazole
is metabolized to 5-hydroxythiabendazole (Figure
4) (63). 5-hydroxythiabendazole is very toxic to
aquatic life (64).

Albendazole and fenbendazole are metab-
olized to sulfoxide and subsequently to sulphone
(Figure 5) metabolites. The sulphones have little
antiparasitic activity (65, 66). It has been estimat-
ed that in sheep and goats up to 50% of an admin-
istered dose of fenbendazole is excreted as unme-
tabolized sulfide (67).

Morantel is quickly metabolized in the
liver. After oral administration to cattle and goats
(10 mg/kg) morantel cannot be detected in plasma.
In lactating goats, morantel is not detectable in the
milk (38).

Levamisole is quickly absorbed following
oral, subcutaneous or topical administration and is
rapidly excreted. It is believed that little metabo-
lism occurs and is largely excreted unchanged in
urine (68).

A high ecotoxicological risk has been as-
sociated with ivermectin. In particular, ivermectin
should be considered a contaminant of high con-

cern due to its potential to affect the survival of
aquatic invertebrates as well as its effects on nutri-
ent cycling (69).

Demethylated and hydroxylated ivermec-
tin were the main human in vivo metabolite in hu-
mans (Figure 6) (70).

A possible solution to overcome ivermec-
tin toxicity could be provided by aqueous micellar
formulations for subcutaneous administration with
excretory profiles, which would reduce the period
of production of contaminated faeces by treated
animals (71).

Moxidectin has been shown to be toxic
for aquatic invertebrates. A study demonstrate that
moxidectin was lethal for amphipod Hyalella cur-
vispina (72) which is often employed in ecotoxico-
logical assessments.

Moreover, despite the scarcity of data on

toxicity to freshwater invertebrates, moxidectin
strongly binds to organic matter and thereby may
be consumed in aquatic food chains (72).
These data, together with the fact majority of in-
fectious diseases that impact human health are
zoonotic, represent an alarm and immediate inter-
vention (e.g., accelerated drug discovery projects
and care from veterinarians) is needed. Also, novel
formulations could be a valid strategy to reduce
environmental pollution and the toxicity (e.g.,
aquatic).

R = CH,CHs

R = CH,CHs

Figure 6. Chemical structures of two main ivermectin metabolites found in humans. Main sites of me-
tabolism (hydroxylation on left side and demethylation on right side) are highlighted in red.
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4. Concluding remarks and future outlook

This review describes the recently FDA-
approved antiparasitic drugs, focusing especially
on the chemical structures and mechanisms of ac-
tion, for sheep and goats.

The importance of sheep and goats for
the world economy is relevant to world economy
and is highlighted in this review. Data about eco-
toxicology was provided for each of the presented
drugs. Alongside the fear for the progressing resis-
tance and environmental hazards, there has been
also a spark of optimism; the search for novel
compounds has afforded already some successful
candidates. A benzimidazole, for example, was
found to be really effective in vivo against Hae-
monchus contortus in sheep (73). The wide chemi-
cal space will likely allow chemists to find new
drug candidates, either belonging to the chemical
classes presented herein or, even better in terms of
circumventing resistance, to new chemical classes.

Also, drug delivery has provided good
results. For instance, dinitroaniline analogues in-
corporated in liposomes were found as promis-
ing means to further improve the antileishmanial
activity of those compounds (74). Another recent
example describes a statin, pitavastatin, which has
been loaded in nanoparticles suitable for ophthal-
mic administration and designed for the manage-
ment of Acanthamoeba keratitis. Nanoparticles
were effective in killing these parasites (75).

Online initiatives, such as webinars (76),
are also encouraging farmers to use wisely drugs

and to develop deeper relationship with veterinar-
ians.

The chemistry presented in this work
should be only one piece of the puzzle that brings
together experts from different sectors (chemists,
biologists, veterinarians, and ecologists) in order
to tackle antiparasitic drug resistance for the health
of every organism in a holistic vision.

Overall, the One Health approach relies
heavily on the creation and sensible application of
antiparasitic medications. We can safeguard hu-
man health, animal welfare, and the environment
by dealing with parasite illnesses in animals, pro-
moting a holistic and linked approach to health.

Acknowledgements

The author expresses sincere thanks to
National Institute of Chemistry, Ljubljana (Slove-
nia) for the given support.

Declaration of Competing Interest

The author declare that he has no known
competing financial interests or personal relation-
ships that could have appeared to influence the
work reported in this paper.

Data availability
No data was used for the research de-
scribed in the article.

Conflict of Interest
The authors declare no conflict of interest.

References

1. Rao TV, Bandyopadhyay SK. A compre-
hensive review of goat pox and sheep pox and their
diagnosis. Anim Health Res Rev.2000Dec;1(2):127-

36. doi: 10.1017/s1466252300000116. PMID:
11708598.
2. Newcomer BW, Cebra C, Chamorro MF,

Reppert E, Cebra M, Edmondson MA. Diseases
of the hematologic, immunologic, and lymphatic
systems (multisystem diseases). Sheep, Goat, and
Cervid Medicine. 2021:405-38. doi: 10.1016/
B978-0-323-62463-3.00025-6. Epub 2020 Apr 17.
PMCID: PMC7169350.

3. New Antiparasitic Drugs Needed for
Sheep and Goats. Available online: https://www.

232

fda.gov/animal-veterinary/safety-health/new-anti-
parasitic-drugs-needed-sheep-and-goats (accessed
on 25 October 2023).

4, Baron S, editor. Medical Microbiology.
4th ed. Galveston (TX): University of Texas Medi-
cal Branch at Galveston; 1996. PMID: 21413252.
5. Bishop SC. Possibilities to breed for
resistance to mnematode parasite infections in
small ruminants in tropical production systems.
Animal. 2012 May;6(5):741-7. doi: 10.1017/
S1751731111000681. PMID: 22558922.

6. Sheep and Goats. Available online: https://
www.nass.usda.gov/Surveys/Guide to NASS
Surveys/Sheep and Goat Inventory/index.php
(accessed on 25 October 2023).

Jrends in Pharmaceutical Sciences 2023: 9(3): 221-236.




FDA-Approved Antiparasitic Drugs in USA for Sheep and Goats: Synthesis and Use

7. Kornele ML, McLean MJ, O'Brien AE,
Phillippi-Taylor AM. Antiparasitic resistance
and grazing livestock in the United States. J Am
Vet Med Assoc. 2014 May 1;244(9):1020-2. doi:
10.2460/javma.244.9.1020. PMID: 24739108.

8. Field HE. Bats and emerging zoonoses:
henipaviruses and SARS. Zoonoses Public Health.
2009 Aug;56(6-7):278-84. doi: 10.1111/5.1863-
2378.2008.01218.x. PMID: 19497090.

9. Mintezol (Thiabendazole). Avail—able
online: https://www.rxmed.com/b.main/
b2.pharmaceutical/b2.1.monographs/cps- mono-
graphs/CPS- (General Monographs- M)/MINT-
EZOL.html (accessed on 25 October 2023).

10. Hebden SP. The Aathelmintic Activ-
ity of Thiabendazole (M.K.360). Aust Vet J. 1961
Jul;37(7):264-9. doi: 10.1111/5.1751-0813.1961.
tb03921.x. Epub 2008 Mar 10. PMCID:
PMC7159646.

11. Andersen, Ferron L., Keith H. Hoopes,
and J. Carl Fox. “THE EFFICACY OF HAL-
OXON AND THIABENDAZOLE AS ANTHEL-
MINTICS AGAINST GASTRO-INTESTINAL
NEMATODES IN SHEEP.” The Great Basin Nat-
uralist 29, no. 1 (1969): 35-41. http://www.jstor.
org/stable/41711212.

12. THIBENZOLE SHEEP & GOAT
WORMER. Available online: https://animaldrug-
satfda.fda.gov/adafda/views/#/home/previews-
earch/013-022 (accessed on 25 January 2023).

13. McCarthy JS. Moore TA. Drugs for Hel-
minths. In Mandell, Douglas, and Bennett’s Princi-
ples and Practice of Infectious Diseases; Elsevier,
2015; pp. 519-527.e3 ISBN 978-1-4557-4801-3.
14. Thiabendazole. Available online: https://
pubchem.ncbi.nlm.nih.gov/compound/5430 (ac-
cessed on 25 January 2023).

15. Meyer S, Gaines WA, Grenda VJ. Chemi-
cal Processes for Preparing Nu-Substituted Ami-
dines. US3299081A, 17 January 1967.

16. Brown HD, Matzuk AR, Ilves IR, Peter-
son LH, Harris SA, Sarett LH, et al. Antiparasitic
drugs. IV. 2-(4’-thiazolyl)-benzimidazole, a new
anthelmintic. J Am Chem Soc. 1961:83;1764-5.
doi: 10.1021/ja01468a052.

17. Kim Y, Kumar MR, Park N, Heo Y, Lee
S. Copper-Catalyzed, One-Pot, Three-Component
Synthesis of Benzimidazoles by Condensation and
C-N Bond Formation. J Org Chem. 2011:76;9577-
83. doi:10.1021/j02019416.

Trends in Pharmaceutical Sciences 2023: 9(3): 221-236.

18. Albanese G, Venturi C. Albendazole: a
new drug for human parasitoses. Dermatol Clin.
2003  Apr;21(2):283-90. doi: 10.1016/s0733-
8635(02)00085-2. PMID: 12757251.

19. J. G. Hardman, L. E. Limbird, and A. G.
Gilman., K.S. Goodman and Gilman’s The Phar-
macological Basis of Therapeutics. 10th Edition
Edited by J. G. Hardman, L. E. Limbird, and A.
G. Gilman. McGraw Hill, New York. 2001. ISBN
0-07-1354469-7.; 2002; Vol. 45.

20. Valbazen-Albendazole Suspension Avail-
able online: https://fda.report/DailyMed/94ct5818-
f27d-4374-87ad-54a2d9ce6ef1 (accessed on 25
January 2023).

21. Cretu, C.-M. Treatment. In Trichinella and
Trichinellosis; Elsevier, 2021; pp. 417-429 ISBN
978-0-12-821209-7.

22. Albendazole. Available online: https://
go.drugbank.com/drugs/DB00518 (accessed on 25
January 2023).

23. ChemDraw-PerkinElmer Informatics.
Available online: https://perkinelmerinformatics.
com/products/research/chemdraw (accessed on 25
January 2023).

24. Gyurik, R.J.; Theodorides, V.J. Meth-
ods and Compositions for Producing Polyphasic
Parasiticide Activity Using Methyl 5-Propylthio-
2-Benzimidazolecarbamate. US3956499A, 11
May 1976.

25. Rane, R.A.; Naithani, S.; Natikar, R.D.;
Verma, S.; Arulmoli, T. Process for Preparation of
Albendazole. US20130303782A1, 14 November
2013.

26. Fenbendazole. Available online: https://
www.drugs.com/international/fenbendazole.html
(accessed on 25 January 2023).

27. Villar D, Cray C, Zaias J, Altman NH.
Biologic effects of fenbendazole in rats and
mice: a review. J Am Assoc Lab Anim Sci. 2007
Nov;46(6):8-15. PMID: 17994667.

28. Fenbendazole. Available online: https://
go.drugbank.com/drugs/DB11410 (accessed on 25
January 2023).

29. Spagnuolo PA, Hu J, Hurren R, Wang X,
Gronda M, Sukhai MA, et al. The antihelmintic
flubendazole inhibits microtubule function through
a mechanism distinct from Vinca alkaloids and
displays preclinical activity in leukemia and my-
eloma. Blood. 2010 Jun 10;115(23):4824-33. doi:
10.1182/blood-2009-09-243055. Epub 2010 Mar

233




Davide Benedetto Tiz & Crtomir Podlipnik

26. PMID: 20348394.

30. Duan Q, Liu Y, Rockwell S. Fenbendazole
as a potential anticancer drug. Anticancer Res.
2013 Feb;33(2):355-62. PMID: 23393324; PM-
CID: PMC3580766.

31. Averkin EA, Beard CC, Dvorak CA,
Edwards JA, Fried JH, Kilian JG, et al. Methyl
5(6)-phenylsulfinyl-2-benzimidazolecarbamate,
a new, potent anthelmintic. J Med Chem. 1975
Nov;18(11):1164-6. doi: 10.1021/jm00245a029.
PMID: 1177265.

32. Gonczi, C.; Korbonits, D.; Kiss, P.; Palo-
si, E.; Heja, G.; Kanzel, 1.S. nee; Kun, J.C. nee;
Wundele, M.S. nee; Kormoczi, G.; Kelemen, A.
Sulfur-Containing Benzimidazole Derivatives.
US4259344A, 31 March 1981.

33. Zhang P, Liu C, Yu L, Hou H, Sun W,
Ke F. Synthesis of Benzimidazole by Mortar—
Pestle Grinding Method. Green Chem Lett Rev.
2021;14:612-9. doi:10.1080/17518253.2021.1991
483.

34. Martin RJ. Modes of action of anthelmintic
drugs. Vet J. 1997 Jul;154(1):11-34. doi: 10.1016/
$1090-0233(05)80005-x. PMID: 9265850.

35. Courtot E, Charvet CL, Beech RN, Har-
mache A, Wolstenholme AJ, Holden-Dye L,
et al. Functional Characterization of a Novel
Class of Morantel-Sensitive Acetylcholine Re-
ceptors in Nematodes. PLoS Pathog. 2015
Dec 1;11(12):e1005267. doi: 10.1371/jour-
nal.ppat.1005267. PMID: 26625142; PMCID:
PMC4666645.

36. Wu TY, Smith CM, Sine SM, Levandoski
MM. Morantel allosterically enhances channel gat-
ing of neuronal nicotinic acetylcholine alpha 3 beta
2 receptors. Mol Pharmacol. 2008 Aug;74(2):466-
75. doi: 10.1124/mol.107.044388. Epub 2008 May
5. PMID: 18458055; PMCID: PMC2587017.

37. Sharma, S.; Anand, N. Tetrahydropy-
rimidines. In Pharmacochemistry Library; Else-
vier, 1997; Vol. 25, pp. 171-180 ISBN 978-0-444-
89476-2.

38. Sheehan, D.J.; Sheehan, S.M.; Marchion-
do, A.A. Discovery and Chemistry of Pyrantel,
Morantel and Oxantel. In Pyrantel Parasiticide
Therapy in Humans and Domestic Animals; Else-
vier, 2016; pp. 1-19 ISBN 978-0-12-801449-3.
39. Austin, W.C.; Conover, L.H.; Mcfarland,
J.W. Thiophen Derivatives. GB1120587A, 17 July
1968.

234

40. Levamisole. Available online: https://
go.drugbank.com/drugs/DB00848 (accessed on
25 January 2023).

41. Al- Fatlawi, M.; Mansour, K.; Neama, A.
Dynamics of Some Anthelmintic on Internal Para-
sites in Camels: Review. Al-Qadis J Vet Med Sci.
2019;18:33-38.

42. Raeymaekers AH, Roevens LF, Janssen
PA. The absolute configurations of the optical
isomers of the broad spectrum anthelmintic tet-
ramisole. Tetrahedron Lett. 1967 Apr;16:1467-
70. doi: 10.1016/s0040-4039(00)90983-3. PMID:
6042549,

43, Bullock MW, Hand JJ, Waletzky E. Res-
olution and Racemization of di-Tetramisole, di-
6-Phenyl-2,3,5,6-tetrahydroimidazo- [2,l-b]thia-
zole. J Med Chem. 1968 Jan;11(1):169-171. doi:
10.1021/jm00307a601. PMID: 28128946.

44, Vardanyan, R.S.; Hruby, V.J. Immuno-
pharmacological Drugs. In Synthesis of Essential
Drugs; Elsevier, 2006; pp. 419-424 ISBN 978-0-
444-52166-8.

45. Choudhary MK, Tak R, Kureshy RI, An-
sari A, Khan NH, Abdi SHR, et al. Enantiose-
lective Aza-Henry Reaction for the Synthesis of
(S)-Levamisole Using Efficient Recyclable Chiral
Cu(II)-Amino Alcohol Derived Complexes. J Mol
Catal A Chem. 2015;409:85-93. doi:10.1016/j.
molcata.2015.08.009.

46. Ivermectin (Systemic). Available online:
https://www.drugs.com/monograph/ivermectin-
systemic.html (accessed on 25 January 2023).

47. Omura S, Crump A. Ivermectin: panacea
for resource-poor communities? Trends Para-
sitol. 2014 Sep;30(9):445-55. doi: 10.1016/j.
pt.2014.07.005. Epub 2014 Aug 12. PMID:
25130507.

48. Campbell WC, Fisher MH, Stapley EO,
Albers-Schonberg G, Jacob TA. Ivermectin: a
potent new antiparasitic agent. Science. 1983
Aug 26;221(4613):823-8. doi: 10.1126/sci-
ence.6308762. PMID: 6308762.

49. Wang CC, Pong SS. Actions of avermec-
tin Bla on GABA nerves. Prog Clin Biol Res.
1982;97:373-95. PMID: 6296881.

50. Miller TW, Chaiet L, Cole DJ, Cole LJ,
Flor JE, Goegelman RT, et al. Avermectins, new
family of potent anthelmintic agents: isolation
and chromatographic properties. Antimicrob
Agents Chemother. 1979 Mar;15(3):368-71. doi:

Jrends in Pharmaceutical Sciences 2023: 9(3): 221-236.




FDA-Approved Antiparasitic Drugs in USA for Sheep and Goats: Synthesis and Use

10.1128/AAC.15.3.368. PMID: 464562; PMCID:
PMC352667.

51. Discovery of Ivermectin. Available online:
https://www.acs.org/content/acs/en/education/
whatischemistry/landmarks/ivermectin-mectizan.
html (accessed on 25 January 2023).

52. Yamashita S, Hayashi D, Nakano A,
Hayashi Y, Hirama M. Total synthesis of aver-
mectin Bla revisited. J Antibiot (Tokyo). 2016
Jan;69(1):31-50. doi: 10.1038/ja.2015.47. Epub
2015 Sep 9. PMID: 26350782.

53. Popp M, Stegemann M, Metzendorf MI,
Gould S, Kranke P, Meybohm P, et al. Ivermectin
for preventing and treating COVID-19. Cochrane
Database Syst Rev. 2021 Jul 28;7(7):CD015017.
doi:  10.1002/14651858.CD015017.pub2.  Up-
date in: Cochrane Database Syst Rev. 2022 Jun
21;6:CD015017. PMID: 34318930; PMCID:
PMC8406455.

54. WHO Advises That Ivermectin Only Be
Used to Treat COVID-19 within Clinical Trials.
Available online: https://www.who.int/news-room/
feature-stories/detail/who-advises-that-ivermec-
tin-only-be-used-to-treat-covid-19-within-clini-
cal-trials (accessed on 25 January 2023).

55. Moxidectin. Available online: https://
go.drugbank.com/drugs/DB11431 (accessed on 25
January 2023).

56. Forrester SG, Prichard RK, Beech RN.
A glutamate-gated chloride channel subunit from
Haemonchus contortus: expression in a mamma-
lian cell line, ligand binding, and modulation of
anthelmintic binding by glutamate. Biochem Phar-
macol. 2002 Mar 15;63(6):1061-8. doi: 10.1016/
s0006-2952(02)00852-3. PMID: 11931838.

57. Wu YJ, Yang SB, Zhang ZY, Chen SX.
Improvement of Nemadectin Production by
Overexpressing the Regulatory Gene NemR
and Nemadectin Biosynthetic Gene Cluster in
Streptomyces Cyaneogriseus. Pharma Fronts.
2020;02:151-9, doi:10.1055/s-0040-1722746.

58. Cohen, D.H.; Patel, J.; O’neill, M.J.; Cul-
len, T.G. Process, AU2006203349A1, 31 January
2008.

59. Lianou DT, Petinaki E, Michael CK,
Skoulakis A, Cripps PJ, Katsarou EI, et al. Zoonot-
ic Problems Reported by Sheep and Goat Farmers
and Factors Potentially Contributing to the Occur-
rence of Brucellosis among Them. Int J Environ
Res Public Health. 2022 Aug 20;19(16):10372.

Trends in Pharmaceutical Sciences 2023: 9(3): 221-236.

doi: 10.3390/ijerph191610372. PMID: 36012008;
PMCID: PMC9408422.

60. One Health Basics. Available online:
https://www.cdc.gov/onehealth/basics/index.html
(accessed on 25 January 2023).

61. Yoshimura H, Endoh YS. Acute toxicity to
freshwater organisms of antiparasitic drugs for vet-
erinary use. Environ Toxicol. 2005 Feb;20(1):60-6.
doi: 10.1002/t0x.20078. PMID: 15712325.

62. McKellar QA. Ecotoxicology and Resi-
dues of Anthelmintic Compounds. Vet Para-
sitol. 1997;72:413-35. doi:10.1016/S0304-
4017(97)00108-8.

63. Stone OJ, Mullins JF, Willis CJ. Compari-
son of Thiabendazole and 5-Hydroxythiabenda-
zole (for Anthelmintic Effect). J Invest Dermatol.
1965 Aug;45:132-3. doi: 10.1038/51d.1965.107.
PMID: 14332641.

64. 5-Hydroxythiabendazole. Available on-
line: https://pubchem.ncbi.nlm.nih.gov/com-
pound/108227 (accessed on 25 January 2023).

65. Marriner SE, Bogan JA. Pharmacokinet-
ics of fenbendazole in sheep. Am J Vet Res. 1981
Jul;42(7):1146-8. PMID: 7271033.

60. Goudah A. Aspects of the pharmaco-
kinetics of albendazole sulphoxide in sheep.
Vet Res Commun. 2003 Oct;27(7):555-66. doi:
10.1023/a:1026008010899. PMID: 14609267.

67. Diiwel, D. Fenbendazole. II. Biological
Properties and Activity. Pestic. Sci. 1977, 8, 550—
555, doi:10.1002/ps.2780080520.

68. Bogan JA, Marriner SE, Galbraith EA.
Pharmacokinetics of levamisole in sheep. Res Vet
Sci. 1982 Jan;32(1):124-6. PMID: 7089376.

69. Mesa LM, Lindt I, Negro L, Gutier-
rez MF, Mayora G, Montalto L, Ballent M, Lif-
schitz A. Aquatic toxicity of ivermectin in cattle
dung assessed using microcosms. Ecotoxicol En-
viron Saf. 2017 Oct;144:422-429. doi: 10.1016/j.
ecoenv.2017.06.016. Epub 2017 Jun 24. PMID:
28654874.

70. Tipthara P, Kobylinski KC, Godejohann
M, Hanboonkunupakarn B, Roth A, Adams JH,
et al. Identification of the metabolites of ivermec-
tin in humans. Pharmacol Res Perspect. 2021
Feb;9(1):e00712. doi: 10.1002/prp2.712. PMID:
33497030; PMCID: PMC7836931.

71. Steel JW. Pharmacokinetics and Me-
tabolism of Avermectins in Livestock. Vet
Parasitol.  1993;48:45-57.  doi:10.1016/0304-

235




Davide Benedetto Tiz & Crtomir Podlipnik

4017(93)90143-B.

72. Mesa LM, Horler J, Lindt I, Gutiérrez
MF, Negro L, Mayora G, et al. Effects of the An-
tiparasitic Drug Moxidectin in Cattle Dung on
Zooplankton and Benthic Invertebrates and its Ac-
cumulation in a Water-Sediment System. Arch En-
viron Contam Toxicol. 2018 Aug;75(2):316-326.
doi: 10.1007/s00244-018-0539-5. Epub 2018 May
30. PMID: 29846763.

73. Valderas-Garcia E, Escala N, Alvarez-
Bardon M, Castilla-Gomez de Agiiero V, Cambra-
Pelleja M, Gonzalez del Palacio L, et al. Novel
Compound Shows in Vivo Anthelmintic Activity
in Gerbils and Sheep Infected by Haemonchus
Contortus. Sci Rep. 2022;12:13004. doi:10.1038/
s41598-022-17112-3.

74. Carvalheiro M, Esteves MA, Santos-
Mateus D, Lopes RM, Rodrigues MA, Eleutério
CV, et al. Hemisynthetic trifluralin analogues in-

236

corporated in liposomes for the treatment of leish-
manial infections. Eur J Pharm Biopharm. 2015
Jun;93:346-52. doi: 10.1016/j.ejpb.2015.04.018.
Epub 2015 May 1. PMID: 25936854.

75. Sifaoui I, Diaz-Rodriguez P, Rodriguez-
Exposito RL, Reyes-Batlle M, Lopez-Arencibia
A, Salazar Villatoro L, et al. Pitavastatin loaded
nanoparticles: A suitable ophthalmic treatment
for Acanthamoeba Keratitis inducing cell death
and autophagy in Acanthamoeba polyphaga. Eur
J Pharm Biopharm. 2022 Nov;180:11-22. doi:
10.1016/j.ejpb.2022.09.020. Epub 2022 Sep 23.
PMID: 36162636.

76. Animal Antibiotics and Parasite Man-
agement Webinar. Available online: https:/www.
ag.ndsu.edu:8000/agriculture/ag-hub/events/ani-
mal-antibiotics-and-parasite-management-webi-
nar (accessed on 27 January 2023).

Jrends in Pharmaceutical Sciences 2023: 9(3): 221-236.




