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Abstract: Toxoplasmosis and neosporosis are closely related protozoan diseases that lead to important 
economic impacts in farm ruminants. Toxoplasma gondii infection mainly causes reproductive failure in 
small ruminants and is a widespread zoonosis, whereas Neospora caninum infection is one of the most 
important causes of abortion in cattle worldwide. Vaccination has been considered the most economic 
measure for controlling these diseases. However, despite vaccine development efforts, only a live-
attenuated T. gondii vaccine has been licensed for veterinary use, and no promising vaccines against 
neosporosis have been developed; therefore, vaccine development remains a key goal. Additionally, 
drug therapy could be a valuable strategy for disease control in farm ruminants, as several drugs that 
limit T. gondii and N. caninum proliferation and dissemination have been evaluated. This approach may 
also be relevant to performing an initial drug screening for potential human therapy for zoonotic para-
sites. Treatments can be applied against infections in adult ruminants to minimize the outcomes of a 
primo-infection or the reactivation of a chronic infection during gestation or in newborn ruminants to 
avoid infection chronification. In this review, the current status of drug development against toxoplas-
mosis and neosporosis in farm ruminants is presented, and in an effort to promote additional treatment 
options, prospective drugs that have shown efficacy in vitro and in laboratory animal models of 
toxoplasmosis and neosporosis are examined. 
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1. INTRODUCTION 

The cosmopolitan obligate intracellular protozoan para-
sites Toxoplasma gondii and Neospora caninum are consid-
ered major causes of reproductive failure in small ruminants 
and cattle, respectively [1-3]. Thereby, toxoplasmosis and 
neosporosis deserve special attention since they lead to se-
vere economic losses to ruminant livestock producers [3-5]. 
In fact, the negative economic effects are more devastating 
in the case of epidemic abortion storms than in herds/flocks 
with endemic cases [3, 6]. In addition, despite the undoubt-
edly under-detection and underreporting of cases [7, 8], 
toxoplasmosis affects 25-50% of the world population [9-11] 
and it is recognized as parasitic zoonosis with the highest 
human incidence by the European Food Safety Authority 
(EFSA) [7].  

T. gondii and N. caninum are closely related apicom-
plexan parasites, sharing many morphological and biological 
features and showing remarkably conserved genomes [12-
14]. Moreover, they present similar facultative heteroxenous 
coccidian life cycles, including three invasive stages: i) the  
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rapidly replicating and abortion-causing tachyzoites, ii) the 
slowly replicating or quiescent bradyzoites harboured in tis-
sue cysts, especially those within the brain and skeletal mus-
cle, and iii) the sporulated oocysts bearing sporozoites [15-
17]. However, large differences are found between them in 
relation to the host range of definitive and intermediate 
hosts, the zoonotic potential, which has been proven for only 
T. gondii, and the importance of horizontal and vertical 
routes of transmission in maintaining natural infections in 
the ruminant populations [17, 18].  

2. PARASITES AND DISEASES  

2.1. Host Range and Transmission  

According to current knowledge, the members of the 
family Felidae, especially domestic cats (Felis catus), are the 
definitive hosts of T. gondii. They commonly become in-
fected after eating wild rodents and birds containing T. 
gondii tissue cysts (bradyzoites) and, to a lesser extent, by 
ingesting oocysts shed by other cats [4, 19]. In turn, any 
warm-blooded mammal, including humans and birds, can act 
as an intermediate host [4].  

Most infections in sheep and goat flocks occur postna-
tally, mainly by the horizontal route after the ingestion of 
water and food contaminated with viable sporulated oocysts 
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shed by cats [2, 4]. However, the vertical transmission of T. 
gondii (from the dam to the foetus during gestation) can also 
occur in these two small ruminant species by both ‘Exoge-
nous Transplacental Transmission’ (ExTT) and ‘Endogenous 
Transplacental Transmission’ (EnTT) mechanisms. The for-
mer mechanism, which is the most frequent, occurs during 
pregnancy as a consequence of an exogenous source while 
the latter, whose importance remains controversial [4], oc-
curs after the recrudescence of a latent infection acquired in 
utero by the reactivation of bradyzoites and their reconver-
sion to tachyzoites. In human hosts, the consumption of raw 
or undercooked meat with T. gondii tissue cysts containing 
the bradyzoite stage is commonly considered the main 
source of infections in developed countries [20], although 
water is increasingly being investigated as a risk factor. In 
fact, oocyst contamination has been demonstrated to be an 
important source of infection in tropical and subtropical 
countries, and also in some European countries [21, 22]. 

The domestic dog (Canis lupus familiaris) and wild 
canids, such as American coyote (Canis latrans), Australian 
dingo (Canis lupus dingo) and Eurasian grey wolf (Canis 
lupus lupus) are the definitive hosts of N. caninum, while 
farm ruminants (cattle and sheep), horses and wildlife white-
tailed deer and water buffalo are assumed to be intermediate 
hosts in the life cycle of N. caninum based on its successful 
isolation [18].  

Dogs are usually infected through consumption of N. 
caninum-infected bovine tissues (mainly foetuses and pla-
centas). Cattle can become infected through the oral uptake 
of N. caninum sporulated oocysts that are shed by dogs from 
the farm environment [23, 24], but the relative frequency 
with which cows are infected postnatally compared to that of 
cows infected by transplacental transmission remains un-
known [25]. Highly efficient transplacental infections (ExTT 
and EnTT) through tachyzoites are responsible for the major-
ity of natural neosporosis outbreaks in livestock [26-28]. As 
mentioned above for toxoplasmosis, ExTT of N. caninum is 
associated with dams that are oocyst-derived primo-infected 
during gestation, while EnTT of N. caninum is related to the 
reactivation and recrudescence of a previous latent infection 
during gestation. The efficiency of transplacental infection 
has been estimated to range from 44% [29] to over 95% [26], 
according to precolostral serology in calves born to seroposi-
tive dams. In fact, this route of infection is crucial to main-
taining the infection within cattle herds, especially in 
herds with a high prevalence of seropositive cows [29]. Nev-
ertheless, it has been proposed that transplacental transmis-
sion alone is not enough to maintain the infection within the 
herds, and thus horizontal transmission is required [30, 31]. 

2.2. Pathogenesis: Outcome of Infection in Pregnant Ru-
minants 

The complex pathogenesis of both reproductive ruminant 
diseases is not fully understood [1, 32], and there is still 
much to know concerning the role of parasite multiplication 
in the target tissues, maternal-foetal immunity [33] and other 
essential factors, such as variations in virulence and parasite 
stages. However, it is well documented in the literature that 
the outcome of toxoplasmosis, as well as the effects of neo-
sporosis in pregnant sheep, goats and cattle, are strongly 

associated with the period of gestation at the time of primary 
infection [34-38]. 

Ewes infected prior to mating will develop an anti-T. 
gondii immune response, enhancing protection against abor-
tion in subsequent pregnancies [4], whereas repeated abor-
tion in the next pregnancies has been described in goats [39]. 
In particular, if T. gondii tachyzoites reach a relatively im-
munologically immature foetus during the early stages of 
pregnancy, the infection usually results in foetal death. In 
turn, the birth of a stillborn or weak lamb, which is some-
times accompanied by a small, mummified foetus, is high-
lighted at mid-gestation stages, whereas the birth of healthy 
and clinically normal lambs that are congenitally infected is 
the main finding for ewes with late T. gondii infections or 
after the recrudescence of an endogenous infection [27].  

Typically, N. caninum infection leads to a latent and as-
ymptomatic course in non-pregnant cows. Conversely, bo-
vine neosporosis in pregnant cows is associated with re-
peated abortion and the birth of clinically healthy, but persis-
tently infected, calves [33]. The likelihood of abortion by N. 
caninum also greatly depends on the period of gestation in 
which the infection occurs. Although N. caninum-infected 
cows of any age may abort from 3 months gestation to term, 
most abortions are concentrated in the mid-gestation stages, 
between 5 to 7 months of gestation [36, 40, 41]. The out-
come of infection at the late stages of gestation is consistent 
with most foetuses going-on-to-term, and thus these infec-
tions lead to the birth of congenitally infected calves that are 
clinically normal, but persistently infected [42, 43]. A lim-
ited number of calves may show neuromuscular disorders 
[44]. It is also possible that congenitally infected cows may 
abort in successive gestations. In fact, around one in twenty 
cows that aborted once due to an N. caninum infection will 
abort again [28, 45].  

2.3. Control 

For the control of toxoplasmosis and neosporosis, differ-
ent measures have been suggested; however, the combina-
tion of different approaches is known to be the optimal strat-
egy [1, 2]. The implementation of farm biosecurity proto-
cols, hygienic measures and management practices should be 
adopted in all farms, for reducing the level of environmental 
contamination with T. gondii oocysts via cat faeces or N. 
caninum oocysts via dog faeces (if present) and for avoiding 
novel infections through the introduction of infected animals 
to the herd. Among the biosafety practices that should be 
conducted to achieve this aim, the following are highlighted: 
limit cat and dog access to ruminant areas, especially to 
those housing pregnant ruminants, or to the areas for food 
storage and water supplies; promptly remove of placentas or 
foetal materials; appropriately dispose of dead livestock; and 
establish rodent control. Reproductive practices considering 
the artificial insemination of seropositive dams or the use of 
embryo transfer and test and cull strategies based on sero-
logical diagnosis are also recommended for the control of N. 
caninum infections [1, 46, 47]. Despite being properly de-
signed and meticulously practised, globally, these control 
measures alone are not cost-viable or completely effective in 
eliminating toxoplasmosis and neosporosis from a herd, and 
it is necessary to complement them with an immune-
chemotherapeutical approach [47-49].  
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In particular, vaccination has been considered a promis-
ing and economically viable solution to prevent the transmis-
sion of both infectious agents, despite its two current princi-
pal limitations related to efficacy and safety [4, 50]. In fact, 
to date, the control of ovine toxoplasmosis is primarily based 
on preventing its horizontal transmission and on the estab-
lishment of a vaccination programme with a live attenuated 
S48 strain (Toxovax™, MSD). The benefits are associated 
with protection against abortions induced by T. gondii during 
pregnancy and a decrease in tissue cyst development [4, 51]. 
Although the protective immunity against T. gondii can per-
sist over one year, vaccination does not imply latent infec-
tions, and its use has two main drawbacks: a short shelf-life 
and a risk of infection to the humans who are handling live 
vaccines [4, 51]. In terms of efficacy, the design of success-
ful vaccines requires blocking the stages of the life cycle 
(e.g., cell invasion, intracellular replication) and simulating 
the natural immune responses of the hosts [48]. Therefore, 
vaccine development against T. gondii infection in humans 
and food-producing animals represents an adequate and 
global challenge that could greatly improve disease control. 
Regarding bovine neosporosis and vaccination, economic 
analyses suggest that vaccination may be a more cost-
effective and largely preferred approach than a test and cull 
programme [52]. In the United States, a commercial killed 
vaccine for pregnant cows was available until 2009 (C548 
NeoGuard™, Intervet), but it showed variable efficacy. At 
this time, no commercial vaccine is available, which pre-
cisely represents a major handicap that needs to be solved 
[50]. Live-attenuated vaccines appear to be the most promis-
ing approach, although subunit vaccines have also been in-
vestigated in relation to two functional points of view: the 
physical interaction between the parasite and its host cell 
during invasion or tachyzoite-to-bradyzoite stage conversion 
[49], and these vaccines have emerged as the best way for-
ward [50].  

Alternatively, several drugs appear to have a potentially 
beneficial effect on controlling these infections. Effective 
chemotherapy has been identified as an economically prom-
ising option in the literature [53, 54]. However, the disadvan-
tage of using pharmacological treatments against toxoplas-
mosis and neosporosis is related to the timing of their ad-
ministration; there is no evidence of infection until abortion 
cases are observed, and this timing could be indicative of a 
stage that is too late for treatment administration [55]. An 
oral administration of drugs is expected to be effective 
against the T. gondii and N. caninum sporozoites released 
from oocysts. In addition, the drugs should be effective 
against the tachyzoite stage, which is associated with acute 
disease, and the bradyzoite stage, which occurs in the 
chronic phase of infection [56]. The ideal treatment would be 
parasiticidal against sporozoites and bradyzoites, but a 
parasitostatic capability against the tachyzoite stage, since 
tachyzoites have greater difficulty resisting the host cell’s 
adaptive immune response. Additionally, a suitable drug 
should have low toxicity and should be able to cross the 
blood-brain barrier to effectively eliminate parasitic brain 
cysts [11].  

In practical terms, the treatment of ruminant toxoplasmo-
sis and neosporosis should be focused on 3 main levels: i) 
chemotherapy or chemoprophylaxis in infected cows, ewes 

and goats (Fig. 1), ii) treatment of newborn congenitally in-
fected calves, lambs and kids (Fig. 1) and iii) treatment of 
definitive hosts in order to reduce environmental contamina-
tion with T. gondii and N. caninum oocysts.  

The comprehensive immune-chemotherapeutical ap-
proach with a combination of protective immunity generated 
by vaccines (applied before mating) and the capability of 
bioactive compounds (applied in the gestation period where 
abortions are more likely to occur) to limit the proliferation 
and dissemination of tachyzoites or to abrogate tissue cysts 
would be a great option for controlling toxoplasmosis and 
neosporosis in farm ruminants [49]. In a context where vac-
cination against both parasites needs to be improved, the 
objective of this review is to summarize relevant studies on 
the treatment of toxoplasmosis and neosporosis in farm ru-
minants that could serve as chemotherapeutical guidelines. 
Furthermore, in order to address novel therapeutic ap-
proaches, considerations on promising drugs will be de-
scribed. 

3. AVAILABLE DRUG TREATMENTS FOR RUMI-
NANT TOXOPLASMOSIS AND NEOSPOROSIS  

Published research, including ruminant studies on drug 
therapy against toxoplasmosis (Table 1) and neosporosis 
(Table 2), are reviewed. Each pharmacological group, with 
its chemical structure, main uses for therapy, mode/s of ac-
tion, and in vitro and in vivo activities are summarized.  

3.1. Macrolide Antibiotics 

Macrolide antibiotics, which were discovered in the early 
1950s, are a well-established class of antimicrobial agents 
containing 12- to 16-membered lactone rings that have been 
substituted with one or more sugar residues, some of which 
may be amino sugars [57]. All macrolides inhibit bacterial 
protein synthesis to varying extents. The macrolides bind to 
the 50S ribosomal subunit with a specific target in the 23S 
ribosomal RNA molecule and various ribosomal proteins. 
The most recent hypothesis suggests that all macrolides 
stimulate the dissociation of peptidyl-tRNA from the ribo-
somes during the elongation phase, leading to the inhibition 
of protein synthesis [58, 59]. The spectrum of activity in-
cludes many common pathogens, such as gram-positive bac-
teria (e.g., Streptococcus pyogenes, Corynebacterium diph-
theria and Staphylococcus aureus), gram-negative bacteria 
(e.g., Neisseria gonorrhoeae, Moraxella catarrhalis and 
Bordetella pertussis) and protozoan parasites, including T. 
gondii, Plasmodium falciparum and Entamoeba histolytica 
[60]. 

Spiramycin (2-[(4R,5S,6S,7R,9R,10R,11E,13E,16R)-6-
[5-(4,5-dihydroxy-4,6-dimethyloxan-2-yl)oxy-4-(dimethyl-
amino)-3-hydroxy-6-methyloxan-2-yl]oxy-10-[5-(dimethyl-
amino)-6-methyloxan-2-yl]oxy-4-hydroxy-5-methoxy-9,16-
dimethyl-2-oxo-1-oxacyclohexadeca-11,13-dien-7-yl]acetal-
dehyde), a 16-membered macrolide derived from Streptomy-
ces ambofaciens, has been used for the treatment of acute 
toxoplasmosis in pregnant women for decades because it is a 
safe and well-tolerated drug with no known adverse effects 
on the foetus [61-63]; however, its effectiveness and benefits 
are still unclear [64-66]. Spiramycin showed limited in vitro 
activity against T. gondii, with a 50% inhibitory concentra-
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tion (IC50) of 20.16 µg/ml and an inhibitory, rather than a 
curative, effect [67, 68]. Despite its low in vitro efficacy, 
spiramycin was the first macrolide to demonstrate activity 
against acute toxoplasmosis in mice [69]. Spiramycin im-
proves mouse survival after an acute T. gondii infection and 
reduces brain cyst burdens in both acute and chronic 
toxoplasmosis [70, 71]. These paradoxical results are ex-
plained by spiramycin’s ability to achieve intra-cellular and 
tissue concentrations that exceed its serum concentrations. 
Furthermore, spiramycin clearance is low, resulting in sus-
tained tissue and intracellular concentrations [72].  

Spiramycin has also been tested in pregnant ewes in-
fected with T. gondii (RH strain) between the 85th and 100th 
days of pregnancy and treated orally (PO) with 100 mg/kg 
spiramycin from 3 weeks after infection until parturition. All 
ewes gave birth, with only one stillbirth in the untreated 
group. Analysis of the placental tissues did not show differ-
ences neither in the histopathological lesions, nor in the 
presence of T. gondii between the treated and untreated 
groups. However, the humoral immune response in pregnant 
ewes decreased in the treated group compared to that in the 
untreated group. Additionally, a lower number of lambs were 
seropositive to T. gondii in the treated group than in the un-
treated one. It was concluded that spiramycin treatment in 
ewes during the mid-stage of gestation exhibited a reduction 
in the humoral immune response in dams and in T. gondii 
seropositive lambs [73].  

3.2. Polyether Ionophore Antibiotics 

Polyether ionophore antibiotics, whose structures involve 
an alkyl-rich, lipid-soluble exterior and a cage-like interior, 
are produced by Streptomyces spp. and form complexes with 
metal cations, transporting these complexes across hydro-
phobic membranes [74]. Polyether antibiotics form mainly 
neutral complexes with monovalent cations (i.e., monensin, 
salinomycin) or divalent metal cations (i.e., lasalocid, cal-
cimycin) and with organic bases (i.e., lasalocid) [75-77]. 
Polyether antibiotics induce ionic gradient perturbations, 
acting on different metabolic pathways [78], and show broad 
spectrum bioactivity, including antibacterial, antifungal, an-
tiparasitic and antiviral effects, as well as tumour cell cyto-
toxicity [77]. Monensin (4-[2-[5-ethyl-5-[5-[6-hydroxy-6-
(hydroxymethyl)-3,5-dimethyl-oxan-2-yl]-3-methyl oxolan-
2-yl]oxolan-2-yl]- 9-hydroxy-2,8-dimethyl-1,6-dioxasp iro 
[4.5]dec-7-yl]-3-methoxy-2-methyl-pentanoic acid) was 
shown to have coccidiostatic effects [79, 80] and growth 
promoting properties [81] by favouring ruminal propionic 
acid production [82]. However, European Union regulations 
on the additives for use in animal nutrition banned the use of 
growth promoting agents as feed additives in animals [83]. 

In vitro studies showed that polyether ionophore antibiot-
ics affect all endogenous apicomplexan parasite forms, 
whether they are dividing or not [78]. Lasalocid (6-
[(3R,4S,5S,7R)-7-[(2S,3S,5S)-5-ethyl-5-[(2R,5R,6S)-5-

 

Fig. (1). Intervention points for chemotherapy and chemoprophylaxis in toxoplasmosis and neosporosis in farm ruminants.  
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Table 1. Summary of published chemoprophylactic and chemotherapeutic studies against T. gondii infection in farm ruminants. 

Drug Experimental Design 

Class Compounds Animal Infection Treatment 

Main Results
 

References 

Macrolide 
antibiotics 

Spiramycin 85-100-days preg-
nant ewes (n=19) 

1500 RH strain 
tachyzoites/kg body 

weight 

100 mg/kg PO from 3 
weeks after infection 

until parturition 

Reduction in the humoral immune 
response in pregnant ewes and T. 
gondii seropositive lambs 

[73] 

80-days pregnant 
ewes (n=14) 

100 M1 strain tissue 
cysts SC at day 90 of 

pregnancy  

15 mg/day PO from day 
80 of pregnancy until 

parturition 

44% increase in live lambs and 
43% enhancement in survival 72 

hours after birth  

[92]  Monensin 

80-days pregnant 
ewes (n=69) 

2000-12000 M1 strain 
oocysts PO at day 90 

of pregnancy 

15-30 mg/day PO from 
day 80 of pregnancy 

until parturition  

Reduction in febrile response, 
foetal mortality (46% increase in 

live lambs) and humoral immune 

response in dams and foetuses  

[91] 

Polyether 
ionophore 

antibiotics  

Lasalocid 55-days pregnant 
ewes (n=33) 

100 TS-1 strain oo-
cysts PO at day 60 of 

pregnancy 

30 g/day PO from day 
55 of pregnancy until 

parturition 

No effect in reducing humoral 
immune responses, lesions or 

abortions  

[99] 

Sulphamezathine 
and pyrimeth-

amine 

89-days pregnant 
ewes (n=65) 

2000 M3 isolate oo-
cysts PO at 89 days of 

pregnancy  

Sulphamezathine (83-
166 mg/ kg SC). 

Pyrimethamine (1-2 

mg/kg IP) on days 100, 

115 and 130 of gesta-

tion, each of three con-

secutive days 

No foetal mortality from 130 days 
of gestation. Reduction in anti-

body titres of lambs with less 

severe placental lesions  

[109] Folate 
inhibitors 

Sulphadimidine 110-130-days 
pregnant ewes 

(n=200) 

Field conditions: high 
abortion rate flock 

Sulphadimidine 20-33 
mg/kg IM, 4 times every 

48 hours  

Reduced abortion rate: 60% (be-
fore treatment) and 25% or 7% 

(after treatment) 

[110] 

Quinolones Decoquinate 90-days pregnant 

ewes (n=98) 

200 M3 isolate oo-

cysts orally PO at 90 

days of pregnancy 

1-2 mg/kg PO from day 

80 of pregnancy until 

parturition  

Reduced febrile and humoral 

immune responses with increase 

of viable lambs up to 61.8%, 
increased weight of the lambs up 

to 33.3% and mean gestation 

period increased by 5 days  

[125] 

Triazinones Toltrazuril Lambs (n=33) 9x104 IP and 1x104 IM 
ME-49 oocysts 

20-40 mg/kg PO twice, 
once every week, begin-

ning 15 days pi  

Reduction in serum antibody titres 
at 90 days after infection and 

44.4% reduction in tissue cysts 

[139] 

PO: per os. Oral administration. 
SC: subcutaneously. 
IP: intraperitoneally. 
IM: intramuscularly. 
pi: post-infection. 
 

ethyl-5-hydroxy-6-methyloxan-2-yl]-3-methyloxolan-2-yl]-
4-hydroxy-3,5-dimethyl-6-oxononyl]-2-hydroxy-3-methyl-
benzoic acid) at 0.05 µg/ml is directly toxic to extracellular 
T. gondii tachyzoites and inhibits cell penetration and intra-
cellular multiplication [84]. Monensin at 0.001 µg/ml has 
also shown in vitro efficacy (IC50) against T. gondii 
tachyzoites [77, 85]. Working against the T. gondii cyst 
form, monensin inhibits the infectivity and viability of 
bradyzoites at low concentrations (0.1 ng/ml) [78]. Recently, 
it has been demonstrated that monensin, through TgMSH-1 
protein, disrupts the mitochondrial function of T. gondii, 
triggering a disruption of cell cycle progression that precedes 
the events that resemble an autophagy-like death process [86, 
87]. In addition, the disruption of mitochondrial function 

results in the generation of reactive oxygen species [88]. T. 
gondii monensin resistance has been described after chemi-
cal mutagenesis in vitro [85] or as a result of a disruption of 
TgMSH-1 [89]. Furthermore, lasalocid and monensin at 
0.001 ng/ml showed a 95% reduction of N. caninum 
tachyzoites in cell cultures [90].  

The efficacy of monensin against ovine toxoplasmosis 
was evaluated in experimentally infected pregnant sheep. 
Ninety-days pregnant ewes were experimentally infected PO 
with 2,000 and 12,000 T. gondii (M1 strain) oocysts and 
were treated PO with monensin (15 or 30 mg) daily from day 
80 of gestation until parturition [91]. Ewes receiving 
monensin showed a reduction in foetal mortality compared 
with the non-treated ewes (83.3% vs 44.8% alive lambs, re-
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Table 2. Summary of published chemoprophylactic and chemotherapeutic studies against N. caninum infection in farm ruminants.  

Drug Experimental Design 

Class Compounds Animal
 

Infection Treatment 

Main Results References 

Polyether 
ionophore 

antibiotics 

Monensin Non-pregnant dairy 
cows (n=27) 

5x106 Nc-1 
tachyzoites 

SC 

335 mg/day, bolus PO. 
From 21 days before chal-

lenge until 3 months pi 

Lower humoral immune response on 
week 4 pi  

[101] 

Quinolones Decoquinate 1.5-months pregnant 
heifers (n=77) 

Chronically 
infected or 

primo-

infected 
heifers 

2 mg/kg PO from 1.5 until 
8 months of pregnancy 

Tendency to reduce abortions (44% in 
chronically infected heifers and 64% in 

primo-infected heifers) and infection in 

calves at birth (25% in chronically 
infected heifers and 40% in primo-

infected heifers) 

[126] 

Ponazuril Calves (n=19) 1x108 IV and 
1x108 SC 

Nc-1 

tachyzoites  

20 mg/kg PO, applied 24 
hours pi once or six con-

secutive days  

Reduction of symptoms, lower anti-
body response and abrogation of para-

site detection in organs  

[142] 

Calves (n=72) Congenitally 
infected 

calves 

20 mg/kg PO, three times, 
every second day, within 7 

days after birth  

Strong antibody reactivity four to six 
months after birth  

[140] 

Triazinones 

Toltrazuril 

 

Lambs (n=38) Congenitally 
infected 

lambs 

20 mg/kg PO on days 0, 7, 
14 and 21 after birth  

Lower antibody levels, but no reduc-
tion of presence or severity of histopa-

thological lesions 

[141] 

Triazinones 
+ Folate 

inhibitors 

Toltrazuril + 
Sulphadiazine 

and 

Trimethoprim 

Dairy cows (n=936) Field condi-
tions: high 

abortion rate 

herds 

Toltrazuril 20 mg/kg/day 
IV for 3 consecutive days 

to newborn calves during 

the first week. 

Sulphadiazine/trimethoprim 

at 20 mg/kg IV once a year 

from 3 months of age 

Reduction of abortions (from 188 to 9)  [111] 

PO: per os. Oral administration. 
SC: subcutaneously. 
IV: intravenously. 
pi: post-infection. 

spectively). In this study, monensin seems to act earlier in 
the infection, possibly by effects on the sporozoites released 
from infectious oocysts within the intestinal lumen. Ewes 
infected and treated with monensin showed a lesser febrile 
response. In addition, ewes receiving monensin showed 
lower anti-T. gondii IgG levels. However, when monensin 
administration ceased after lambing, circulating specific IgG 
antibodies against T. gondii increased over three months to 
reach values similar to those observed in infected and non-
treated ewes. This observation suggests that monensin could 
also have a systemic effect, possibly acting on the tachyzoi-
tes present in the pregnant uterus. In addition, lambs born 
from ewes receiving monensin had higher live weights, and 
less of these animals showed evidence of infection and 
pathological changes in foetal or placental tissues than the 
lambs born from infected and non-treated ewes. 

The possible systemic effect of monensin after T. gondii 
infection could be of value, as the time of infection during 
natural outbreaks of toxoplasmosis can only rarely be clearly 
defined. To avoid intestinal infection, and hence any intesti-
nal effect of monensin PO at day 90 of pregnancy, the preg-
nant ewes were challenged Subcutaneously (SC) with 100 T. 

gondii (M1 strain) tissue cysts [92]. No differences in febrile 
and serological responses were found between the treated 
and non-treated groups. However, the treated ewes produced 
more viable lambs (less premature and greater live weight) 
than the untreated ewes (75% vs 42%, respectively). In addi-
tion, 58% of the lambs from treated ewes survived 72 hours 
after birth, whereas only 33% survived from the untreated 
ewes. Based on this evidence, it would appear that monensin, 
while being most effective in the gut lumen, does have a 
lesser systemic action, presumably by suppressing the multi-
plication of T. gondii in the placentome. 

The accidental poisoning of domestic animals with 
monensin PO has been reported in cattle, horses, poultry and 
dogs [93, 94]. The clinical findings in sheep include leth-
argy, stiffness, muscular weakness, a stilted gait and recum-
bency, followed by a decrease in the muscle volume of the 
rump and thigh. The post-mortem lesions in the skeletal 
muscles consisted of pale streaking, with atrophy in the 
chronic stages. In lambs younger than one month old, diffuse 
gastrointestinal haemorrhage was the only finding [95]. 
Later, another researcher reported an outbreak of monensin 
poisoning in sheep and highlighted the need for a licensed, 
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safe product [96]. An option to avoid monensin poisoning in 
sheep would be to use blocks containing monensin or slow-
release boluses. In addition, this option would overcome the 
practical problems of monensin delivery to grazing sheep 
[97, 98]. 

Lasalocid has also been tested for its efficacy against 
ovine toxoplasmosis [99]. Ewes were treated PO with la-
salocid (30 g/day) daily

 
from day 55 of pregnancy until 

lambing and were PO inoculated with 100 T. gondii (TS-1 
strain) oocysts 5 days after beginning lasalocid administra-
tion. Similar specific antibody titres and histopathological 
lesions were found in the ewes and foetuses, and there were 
no differences in the rate of abortion and neonatal mortality 
in both the treated and untreated ewes. These results suggest 
that lasalocid was not effective in preventing T. gondii abor-
tion in sheep.  

Concerning N. caninum infection in cattle, a risk factor 
analysis in dairy farms showed that cows receiving monensin 
as a feed additive were 1.5 times less likely to be infected 
with this parasite than the cows that did not receive 
monensin [100]. Thus, the effect of monensin was tested 
against experimental neosporosis in cattle [101]. Non-
pregnant cows were treated with a slow-release bolus PO 
that delivered 100 days of monensin (335 mg/day) and were 
challenged with 5x106 N. caninum (Nc-1 strain) tachyzoites 
by the SC route three weeks after bolus administration. The 
cows treated with monensin showed a significantly lower 
humoral immune response than those treated with a placebo 
at week 4 post-challenge. Before recommendations on 
monensin use for neosporosis could be made, further re-
search on other larger populations of cattle, preferably preg-
nant, must be explored. Furthermore, trials on monensin’s 
effectiveness in more natural modes of N. caninum transmis-
sion (e.g., bradyzoite recrudescence leading to transplacental 
transmission, or oocyst ingestion) would also be needed. 

In summary, PO administered monensin was shown to be 
partially effective in the control of ovine toxoplasmosis, but 
it is not licensed for use in the EU and may be toxic at high 
dosages. In contrast, PO dosed lasalocid did not exhibit effi-
cacy in reducing the ovine toxoplasmosis outcome. In N. 
caninum-infected non-pregnant cows, monensin was associ-
ated with a lower specific humoral immune response, but 
further research on the outcome of infection in pregnant 
animals is needed. 

3.3. Folate Inhibitors 

Folate inhibitors, such as sulphonamides and pyrimeth-
amine, and their mechanism of action were identified years 
ago [102]. Sulphonamides are para-aminobenzoic acid ana-
logues that competitively inhibit parasite Dihydropteroate 
Synthetase (DPHS). Pyrimethamine is a folate analogue that 
competitively inhibits parasite Dihydrofolate Reductase 
(DHFR). DHPS is one of the enzymes responsible for folate 
compound synthesis while DHFR maintains folate in a re-
duced state. Folate compounds are essential for parasite me-
tabolism, including nucleoside biosynthesis and therefore 
nucleic acid formation. Sulphonamides, in combination with 
pyrimethamine, are a mainstay of chemotherapy in human 
toxoplasmosis [9]. 

Sulphonamides, such as sulphadiazine (IC50 of 2.5 
µg/ml), were found to have important inhibitory effects on T. 
gondii. This inhibitory effect on parasite growth was associ-
ated with a reduction in the number of parasitized cells and 
intracellular parasites that were morphologically normal 
[103]. In contrast, sulphonamides demonstrate little activity 
against N. caninum tachyzoites at 100 µg/ml [90]. With 
DHFR inhibitors, a strong inhibition of T. gondii growth was 
observed with pyrimethamine (IC50 of 0.04 µg/ml) and 
trimethoprim (IC50 of 2.3 µg/ml), along with striking mor-
phological changes in the parasites. Additionally, 
trimethoprim is effective against N. caninum tachyzoites at 
10 µg/ml [90]. When sulphonamides and DHFR inhibitors 
were used in combination, a remarkable synergistic activity 
against the replicating forms of T. gondii and N. caninum 
was observed [103, 104]. Laboratory-induced resistance to 
antifolates has been described for T. gondii and N. caninum 
[104, 105]. In addition, it is also known that sulphonamide 
resistance in T. gondii can be associated with nucleotide 
polymorphism in DHPS [106]. When pyrimethamine and 
sulphadiazine were administered in combination to non-
pregnant mice for 10 days from day 1 after intraperitoneal 
(IP) infection with T. gondii tachyzoites, 100% of the mice 
survived, and they were considered cured because the para-
sites remained undetectable [107]. Likewise, sulphadiazine is 
effective in preventing deaths and clinical disease in N. 
caninum infected mice [108]. 

Experimentally induced toxoplasmosis in pregnant ewes 
with 2,000 oocysts (M3 strain) at 89 days of pregnancy was 
treated with a combination of sulphamezathine and 
pyrimethamine sulphate for three consecutive days on days 
100, 115 and 130 of gestation. Sulphamezathine (1 g per 3 
ml of solution) was injected SC at an initial dose of 5 ml/10 
kg on the first day, with subsequent doses on the following 
two days of 2.5 ml/10 kg. Pyrimethamine sulphate (10 
mg/ml) was injected IP at 2 mg/kg on the first treatment day 
and at 1 mg/kg on the two subsequent days. After 130 days 
of gestation, 30% of foetuses from untreated ewes died, 
whereas all the lambs from the treated ewes were born and 
were viable. In addition, the gestational period of infected 
and untreated ewes was shorter than that observed in the 
infected and treated ewes. At birth, all the lambs showed a 
specific antibody response to the protozoa, indicating that 
the infection was in utero. However, the mean IFAT titres of 
lambs born from the infected and treated ewes were lower 
than those of the lambs born from the infected and untreated 
ewes (1/256 vs 1/730 for IgG and 1/665 vs 1/5206 for IgM). 
Histopathological examination showed less severe placental 
lesions in the lambs born from the treated ewes [109]. 

In field conditions, the therapeutic efficacy of sulphona-
mides in an ovine toxoplasmosis outbreak has been evalu-
ated. Before treatment, 60% of the ewes in the flock had 
aborted, and treatment with sulphadimine at 20 mg/kg In-
tramuscularly (IM), 4 times every 48 hours, reduced the 
abortion rate to 25%; the rest of the ewes gave birth nor-
mally, but 61.1% of their lambs were stillbirths and did not 
survive. A higher dosage at 33 mg/kg IM, 4 times every 48 
hours, reduced the abortion rate to 7%, and 75% of the lambs 
survived [110]. Folate inhibitors have also been evaluated in 
field conditions for the treatment of neosporosis in cattle. A 
combination of toltrazuril given Intravenously (IV) at 20 
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mg/kg/day for 3 consecutive days to newborn calves during 
the first week of age and sulphadiazine/trimethoprim given 
IV at 20 mg/kg to cattle once a year from 3 months of age 
along with dog treatment with toltrazuril and periodic 
disinfection of environment resulted in a significant 
reduction of abortion (from 188 to 9) [111]. 

In brief, parenteral administration of sulphonamides, in 
combination with pyrimethamine, could be a valuable option 
for chemotherapy of ovine toxoplasmosis in the third term of 
gestation, as a reduction in abortion rates, but not in the per-
centage of transplacental transmission, is observed. There is 
some evidence in field experiments that folate inhibitor ad-
ministration can reduce abortions in ruminants, although 
more research is needed. 

3.4. Quinolones 

Quinolones were derived from quinine [112]. Deco-
quinate (6-ethyl-(decycloxy)-7-ethoxy-4-hydroxy-3-quinoli-
necarboxylate) is a quinolone derivative coccidiostat that 
was initially developed as an anticoccidial for poultry in 
1967 [113]. Decoquinate’s effects are mainly observed ear-
lier in the life cycle of coccidia by acting on the sporozoites 
that are released from the ingested sporulated oocysts during 
the first day of their life cycle [114, 115]. Decoquinate sig-
nificantly inhibits mitochondrial respiration and electron 
transport in Eimeria [116]. 

It has been used for over 20 years in the control of coc-
cidiosis in domestic ruminants [117, 118]. Decoquinate is 
registered and commercialized for use in ruminants in multi-
ple countries worldwide, including the USA and several 
countries in Latin America, Europe and the Middle East 
[119]. Decoquinate is poorly absorbed by the target species 
when administered PO and is largely eliminated unchanged 
in faeces. A recent study in cattle showed that only small 
quantities of decoquinate become systemically available and 
that the drug is rapidly eliminated with negligible residues in 
milk [120]. Therefore, decoquinate is in Annex II of the EU 
Council Regulation No.2377 ⁄ 90 [121], which means that it 
is not subject to maximum residue levels, with a meat with-
drawal time of zero days in cattle and sheep in Europe [122]. 

Research has shown decoquinate to have in vitro activity 
against T. gondii tachyzoites with an IC50 of 0.005 µg/ml 
[85], although chemical mutagenesis revealed T. gondii re-
sistant mutants [85, 123]. Likewise, intracellular N. caninum 
tachyzoites were killed quickly at 0.1 µg/ml [124]. 

In a study, sheep were challenged PO with 200 T. gondii 
(M3 strain) oocysts at 90 days of gestation, and decoquinate 
was administered PO at 1 or 2 mg⁄kg⁄day from 10 days prior 
to oocyst challenge until lambing [125]. The administration 
of decoquinate at the higher rate of 2 mg⁄kg⁄day was associ-
ated with a delayed onset of the febrile response to infection, 
reduction in the overall severity of fever and a delay in the 
production of specific antibodies to the parasite. This treat-
ment also reduced the placental damage caused by the proto-
zoa, lengthened the mean gestation period by five days and 
increased the proportion of viable lambs (up 61.8%) and the 
mean weight of the lambs (up 33.3%) in comparison with 
ewes that were not treated with decoquinate but were chal-
lenged with T. gondii oocysts. 

In addition, it is necessary to note that the decoquinate-
medicated feed distributed to pregnant heifers that are 
chronically infected or primo-infected with N. caninum at 
the dose of 2 mg/kg from 1.5 months of gestation until the 
end of the 8th month of pregnancy tends to reduce the associ-
ated abortions (from 38% to 21% in chronically infected 
heifers and from 17% to 6% in primo-infected heifers) and 
neonatal infections, as more seronegative calves were born 
(28% in the treated group vs 21% in the untreated group for 
chronically infected heifers and 59% in the treated group vs 
35% in the untreated group for primo-infected heifers) [126]. 

 To summarize, PO administration of decoquinate re-
duces the effect of experimentally induced toxoplasmosis in 
pregnant ewes. These results support the indication of deco-
quinate as an aid in the prevention of abortion due to ovine 
toxoplasmosis if used during mid and late pregnancy. Deco-
quinate may have an application in the treatment of bovine 
neosporosis. 

3.5. Triazinones 

The triazine structure is a heterocyclic ring, analogous to 
the six-membered benzene ring, but with three carbons re-
placed by nitrogen. The three isomers of triazine are distin-
guished from each other by the positions of their nitrogen 
atoms and are referred to 1,2,3-triazine, 1,2,4-triazine and 
1,3,5-triazine [127]. 

Toltrazuril, a symmetric 1,3,5-triazine derivative, is me-
tabolized into an active metabolite, toltrazuril sulphone (po-
nazuril). Both toltrazuril and ponazuril are effective against a 
broad spectrum of cyst-forming and non-cyst-forming api-
complexan protozoa [128]. Several studies have shown that 
toltrazuril and ponazuril affect the respiratory chain through 
the reduction of some enzymes of the respiratory chain, such 
as succinate-cytochrome C reductase, NADH oxidase and 
succinate oxidase. Second, the DHFR involved in pyrimidine 
synthesis is also affected, but the effect is weaker than that 
observed with pyrimethamine [129]. In addition, nuclear 
division is affected, mitochondrial activity is impaired, and 
the endoplasmic reticulum is vacuolized [130]. Additionally, 
differential phenotypic changes between the tachyzoites of 
N. caninum and T. gondii were observed after ponazuril 
treatment [131]. 

In vitro, toltrazuril has positive effects against T. gondii 
with an IC50 of 0.4 µg/ml [85, 132, 133]. Toltrazuril also 
shows in vitro efficacy against N. caninum, although a con-
centration of 30 µg/ml for 14 days is required to eliminate 
parasites [134], and no NcGRA2 expression is found, show-
ing a lack of parasite viability after treatment [135]. Ponazu-
ril administered prophylactically or after treatment in mice is 
effective in preventing acute toxoplasmosis based on a lack 
of mortality [133]. Toltrazuril and ponazuril administered in 
N. caninum-infected non-pregnant mice abrogate the forma-
tion of cerebral lesions, and 90% of the treated mice had N. 
caninum-DNA-free brains [136]. In addition, toltrazuril re-
duces foetal losses and transplacental transmission in N. 
caninum-infected pregnant mice [137], and it has an impact 
on the course of infection in congenitally N. caninum-
infected newborn mice [138]. 
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It has been emphasized that the production of T. gondii 
free lamb, sheep or goat meat for human consumption is 
critically important for public health [20]. The in vivo thera-
peutic efficacy of toltrazuril on T. gondii tissue cysts in ex-
perimentally infected lambs has been studied after a chronic 
infection in newborn lambs through a parenteral inoculation 
of 105 T. gondii (ME-49 strain) oocysts [139]. Beginning at 
the 15th day after inoculation, the lambs were treated with 
toltrazuril PO 2 times, once every week at a dose of 20 
mg/kg and 40 mg/kg. Following toltrazuril treatment, at day 
90 after inoculation, the specific immune humoral response 
in lambs of both treatment groups was lower. On day 90 af-
ter inoculation, the lambs were necropsied. The histopa-
thological findings in the toltrazuril-treated lambs include 
morphologic and structural changes of the tissue cysts in the 
musculature, which were characterized by initial degenera-
tive changes in the cyst wall and a minimal inflammatory 
cell response. The presence of T. gondii DNA in heart, brain 
and semitendinosus muscle from the treated groups was 
lower than that in tissues of the non-treated lambs. Moreo-
ver, in the treated groups, 4 out of 9 (44.4%) lambs did not 
contain any tissue cysts in the examined tissues, but un-
treated animals showed T. gondii tissue cysts at least in one 
of the sampled muscles. The administration of toltrazuril 
seems to be associated with a reduction of T. gondii cysts in 
the musculature. 

It is doubtful that encysted N. caninum bradyzoites were 
susceptible to toltrazuril treatment. Congenitally infected 
calves born from Neospora-seropositive cows were PO 
treated with toltrazuril at 20 mg/kg three times at 48-hour 
intervals within 7 days after birth, following a humoral im-
mune response [140]. Four to six months after birth, a 
stronger antibody reactivity was found in the treated animals 
than in the untreated calves. Conversely, in a study to evalu-
ate whether the treatment of congenitally infected lambs with 
toltrazuril PO at 20 mg/kg on days 0, 7, 14 and 21 after birth 
eliminated N. caninum, toltrazuril did not show any effect on 
the reduction of N. caninum presence or on the severity of 
histopathological lesions, and the lambs were all seroposi-
tive, although they had significantly lower specific antibody 
levels than those in the untreated animals, suggesting higher 
antigenic stimulation in the non-treated lambs than in the 
treated lambs [141]. 

The efficacy of ponazuril has been tested in calves that 
were experimentally infected with N. caninum at 2x108 
tachyzoites (Nc-1 strain) [142]. Medication was performed 
PO with 20 mg/kg of ponazuril. The first medication dose 
was applied 24 hours after infection, and if repeated, it was 
administered every subsequent 24 hours for six days. Pona-
zuril allows a complete abrogation of parasite DNA detec-
tion by PCR in the brain and other organs. Regarding the 
non-medicated calves, it is noteworthy that there was a rela-
tively lower susceptibility of calves to experimental infec-
tion, since only 50% of the calves became PCR-positive in 
the brain and muscles. The efficacy of a six-day treatment 
was also suggested by the significantly lower anti-N. 
caninum antibody response and later seroconversion than 
those in the infected and non-medicated calves. 

In addition, as explained above, toltrazuril administration 
to newborn calves, along with sulphadiazine/trimethoprim 

administration, resulted in reduced abortions and N. caninum 
seroprevalence in naturally infected cattle herds [111]. 

In summary, toltrazuril PO administered in lambs would 
be a valuable strategy to minimize human exposure to T. 
gondii tissue cysts from the consumption of raw or under-
cooked mutton. Triazinon derivatives are directed against an 
N. caninum tachyzoite challenge, whereas treatment of con-
genitally infected young ruminants remains an elusive goal. 
In addition, it would likely result in considerable unaccept-
able milk or meat residues or withdrawal periods [1]. 

4. PRESENT APPROACHES IN DRUG DEVELOP-
MENT FOR RUMINANT TOXOPLASMOSIS AND 

NEOSPOROSIS 

Experimental studies have revealed that several com-
pounds have potentially interesting effects on T. gondii and 
N. caninum in vitro, but only a few drugs have been tested in 
laboratory animal models in vivo. The most interesting drugs 
tested for toxoplasmosis and neosporosis were derived from 
screenings in other intracellular protozoan parasites, includ-
ing Plasmodium, Trypanosoma and Leishmania species, and 
some drugs exhibited broad-spectrum anti-parasitic activity 
against various protozoan and helminth parasites. However, 
it is notable that T. gondii was the least responsive to these 
sets of drugs, suggesting that it may be more difficult to tar-
get chemotherapeutically than the aforementioned parasites 
[143]. In addition, other approaches identified compounds 
that inhibited targets that were conserved almost exclusively 
within the group of apicomplexan parasites; thus, drug re-
purposing is a valuable option [49, 144]. The main prospec-
tive drug classes with in vitro and in vivo activity in small 
animal models against T. gondii and N. caninum are re-
viewed below (Table 3), although more chemotherapeutic 
options for toxoplasmosis and neosporosis have been de-
scribed [11, 49].  

4.1. Thiazolides 

Nitazoxanide (2-acetolyloxy-N-(5-nitro 2-thiazolyl) ben-
zamide), the mother compound of this class, is essentially 
composed of a nitrothiazole-ring and a salicylic acid moiety, 
which are linked together through an amide bond [145, 146]. 
Since nitazoxanide non-selectivity can lead to undesired side 
effects in both human and animals, nitazoxanide derivatives 
were designed without the undesirable nitro group [147]. 
The nitazoxanide derivative RM4847 produces the upregula-
tion of NQO1 (quinone reductase) expression by N. caninum 
but not by T. gondii. This fact may reflect differences be-
tween these parasites in terms of the mechanisms of circum-
venting host cell apoptosis [148]. Thiazolides have favour-
able effects against N. caninum in vitro, with an IC50 of 4.23 
µM and 13.68 µM for nitazoxanide and RM4847, respec-
tively. Host cell invasion of extracellular N. caninum 
tachyzoites is inhibited by RM4847, but not by nitazoxanide 
[149], and RM4847 was shown to be much more effective 
against T. gondii tachyzoites, with an IC50 of 0.2 µM [150]. 
For the treatment of N. caninum in mice, nitazoxanide fails 
when it is applied PO, or it is even toxic when applied IP 
[56]. In calves, the use of nitazoxanide to treat Cryptospori-
dium infection showed acute diarrhoea in non-infected ani-
mals, which indicates that this compound severely affects the 
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Table 3. Summary of published research, including in vitro and in vivo laboratory animal studies, on prospective drugs against 

toxoplasmosis and neosporosis.  

Drug 

Class Compounds 

In Vitro Results
 

References 
In Vivo Results from Small Animal 

Studies 
References 

Thiazolides Nitazoxanide and 

nitazoxanide deriva-
tives 

Nitazoxanide and RM4847 

showed activity against N. 
caninum. RM4847 is effective 

against T. gondii  

[149, 150] Nitazoxanide in mice PO is not effective 

in a mouse model of neosporosis and IP 
shows high toxicity  

[56] 

Diamidines Di-cationic arylimi-
damides 

DB786, DB750 and DB745 
inhibit proliferation of T. gondii 
and N. caninum 

[156-158] DB750 and DB745 administered IP re-
duce mortality and brain parasite load in 

mouse neosporosis.  

[56, 158] 

Artemisinins  

 

Artemisinin deriva-
tives  

Amongst all the tested artemis-
inin derivatives, artemisone and 

artemiside are the most potent 

against T. gondii. In addition, 
artemisone is also effective 

against N. caninum 

[162, 164, 
165, 166, 

171, 172, 

173, 174] 

Artesunate-dihydroartemisinin (PO) 
showed a reduction in the burden of brain 

cysts and artemisone and artemiside (SC) 

are effective against acute, chronic and 
reactivated toxoplasmosis.  

Controversial results are found on the 

efficacy of artemisone in gerbil (IP) and 
mouse (PO) models of neosporosis  

[162, 166, 
173, 175] 

Atovaquone Active against T. gondii 
tachyzoites and, at high 

concentrations, also bradyzoites  

[185-189] Atovaquone PO is efficient for the treat-
ment of acute and chronic toxoplasmosis. 

Additionally, atovaquone IV and PO 

treatment is effective against reactivated 

mouse toxoplasmosis 

[185, 188, 
189, 190, 

191]  

Naphthoquinones 

Buparvaquone Slow inhibition of N. caninum 
tachyzoites and adaptation to 

high levels of buparvaquone  

[192] Buparvaquone PO or IP is effective in 
non-pregnant and pregnant mouse model 

of neosporosis  

[175, 192] 

Miltefosine Efficacious against T. gondii 
extracellular tachyzoites and N. 
caninum tachyzoites prolifera-

tion  

[200, 201] Miltefosine PO reduces brain cyst burden 
and pathological lesions in chronic mouse 

toxoplasmosis. Moreover, miltefosine PO 

improves survival and reduces brain 
parasite burden in a mouse model of 

neosporosis  

[200, 201] Anticancer drugs 

 

Organometallic ruthe-
nium complexes 

Efficacious against T. gondii and 
N. caninum in the nanomolar 

range  

[208, 209] 

 

No studies available  

Endochin-like qui-
nolones 

4-(1H)-quinolone 
derivatives 

Nanomolar concentrations of 
ELQ-271 and ELQ-316 against 

T. gondii and ELQ-400 against 

N. caninum were effective 

[214, 217] ELQ-271 and ELQ-316 were effective 
against acute toxoplasmosis in mice when 

administered PO and against the cyst 

form of T. gondii in mice when adminis-

tered IP. ELQ-400 was effective PO in 

experimentally N. caninum infected non-

pregnant mice 

[214, 217] 

Calcium-dependent 
protein kinase in-

hibitors 

Bumped kinase inhibi-
tors (BKIs) 

BKI-1517, BKI-1294 and BKI-
1553 showed efficacy against N. 
caninum and BKI-1294 is effec-

tive against T. gondii.  

[230, 233, 
234] 

 

BKI-1294 and BKI-1517 PO led to good 
protection against vertical transmission in 

a pregnant mouse model of neosporosis. 

Additionally, BKI-1294 reduces T. gondii 
tachyzoites in an acute mouse model of 

toxoplasmosis and is effective in a murine 
vertical transmission model of T. gondii 

[230-234] 

PO: per os. Oral administration. 
SC: subcutaneously. 
IP: intraperitoneally. 
IV: intravenously. 
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intestinal flora [151]. In conclusion, thiazolides might be 
interesting tools to study the biology of N. caninum and pos-
sibly T. gondii, but they are useless as drugs since they exert 
acute toxicity in small and large animals.  

4.2. Diamidines 

Diamidines represent a class of broad-spectrum antimi-
crobial compounds in which pentamidine and its analogues 
exhibit activity against intracellular and extracellular proto-
zoan parasites [152-154]. Pentamidine displays in vitro ac-
tivity against T. gondii by inhibiting the replication of the 
parasites in cell cultures [155]. 

Pentamidine derivatives, and the more recently synthe-
sised di-cationic arylimidamides, which have more favour-
able pharmacokinetic profiles, improved bioavailability, 
lowered host toxicity and had a higher chance of passing the 
blood-brain barrier to exert its activity by binding to AT-rich 
sites in the DNA minor groove, thus inhibiting transcription 
or the interaction with DNA-binding enzymes, such as topoi-
somerases or nucleases [154]. This result indicates that these 
compounds could influence gene expression, and thus many 
diverse cellular functions could be affected. Di-cationic 
arylimidamides, such as DB786, DB750 and DB745, showed 
in vitro activity against T. gondii tachyzoites, with an IC50 
of 0.22 µM, 0.16 µM and 0.03 µM, respectively [156, 157]. 
In contrast to DB750, DB745 also had a profound negative 
impact on extracellular T. gondii tachyzoites. In addition, a 
lower adaptation of T. gondii tachyzoites to DB745 was ob-
served [157]. The lowest IC50s against N. caninum tachyzoi-
tes were found for DB786, DB750 and DB745 (0.21 µM, 
0.23 µM, 0.08 µM, respectively), which caused damage to 
the parasite’s ultrastructure. The activities of DB750 and 
DB786 are limited to intracellular N. caninum tachyzoites; 
however, DB745 had an impact on both host cell invasion 
and intracellular proliferation [156, 158]. Di-cationic 
arylimidamides have also been found to be effective against 
neosporosis in mice. DB750 that was administered IP prior 
to infection or 14 days after infection reduced the severity of 
clinical signs and the cerebral parasite load, while PO appli-
cation resulted in weight loss, indicating toxicity [56, 158]. 
In addition, DB745 IP treatment initiated 14 days after infec-
tion had similar positive effects on the percentage of surviv-
ing mice and the parasite load in the brain [158]. Arylimi-
damide treatments in mice beginning 14 days post-infection, 
after the N. caninum tachyzoites had crossed the blood-brain 
border and invaded the Central Nervous System (CNS) 
[159], indicated that DB745, just like DB750, most likely 
crossed the blood–brain barrier and also exerted its action 
within the cerebral tissues [56, 158]. Potentially, features of 
DB745 could open the door for testing this compound 
against neosporosis in ruminants.  

4.3. Artemisinins 

Chinese herbal extracts are thought to possess the desired 
properties of potency and low toxicity, and they show prom-
ise for the identification of new therapeutic agents. Artemis-
inin, a sesquiterpene lactone with an unusual endoperoxide 
bond in a unique 1,2,4-trioxane heterocycle [3R,5aS,6R,8aS, 
9R,12S,12aR)-octahydro-3,6,9-trimethyl-3,12-epoxy-12H-
pyrano[4,3-j]-1,2-benzodioxepin-10(3H)-one] is present in 

the leaves and flowers of the sweet wormwood (Artemisia 
annua) [160], and its derivatives are highly potent antimalar-
ial drugs. This safe drug class is also effective against api-
complexan parasites causing abortions in ruminants such as 
T. gondii and N. caninum. The mechanism of action of 
artemisinin and its derivatives is dependent upon the pres-
ence of the endoperoxide bridge [161], although the differ-
ence in potencies between P. falciparum and T. gondii sug-
gests that different targets may be affected in these two or-
ganisms [162]. Additionally, it is known that artemisinin 
perturbs calcium homeostasis in T. gondii, supporting the 
idea that Ca2-ATPases (SERCA) are potential drug targets in 
parasites [163]. Artemisinin, when administered in vitro at 
0.4 µg/ml for 5 days or 1.3 µg/ml for 14 days, completely 
eliminated T. gondii [164]. Artesunate showed an IC50 of 
0.075 μM [165]. Artesunate and its active metabolite, dihy-
droartemisinin, resulted in approximately 40% and 70% 
growth inhibition in vitro, respectively, and the combination 
resulted in approximately 65% inhibition. As they are able to 
cross the blood-brain barrier, in vivo experiments with low 
virulence T. gondii (DUR strain) challenge causing a chronic 
infection in mice, different from previous artemisinin deriva-
tives studies with RH strain, showed a 40% reduction in the 
number of T. gondii tissue cysts found in the brain of mice 
treated 5 days with artesunate-dihydroartemisinin and also 
modifications in the microscopic aspect of the cysts [166]. 
Artemisone, a second-generation semi-synthetic artemisinin 
derivative, and artemiside, the thiomorpholine precursor of 
artemisone, with an improved half-live, oral bioavailability, 
metabolic stability in various animal systems [167], toler-
ance in vivo [168] and a lack of detectable neurotoxic poten-
tial [169, 170], are the most potent artemisinin analogues to 
date in terms of inhibiting the growth of T. gondii in vitro, 
with an IC50 of 0.12 µM and 0.10 µM for artemisone and 
artemiside, respectively. Both of these compounds (artemis-
ide and artemisone) were effective in reducing mortality dur-
ing an acute challenge (60% of artemiside-treated mice and 
more than 50% of artemisone-treated mice survived) and 
during the reactivation of chronic infection in a mouse model 
(80% of artemiside-treated mice and 60% of artemisone-
treated mice). Furthermore, there was an accompanying re-
duction in the chronic burden of tissue cysts in the CNS 
[162]. 

Against N. caninum, artemisinin reduces the intracellular 
multiplication of tachyzoites at ≥0.1 µg/ml for 30 hours or 1 
µg/ml for 14 days [171], and artemether exhibited activity 
against tachyzoite replication with an IC50 of 1.0 µg/ml 
[172]. Additionally, artemisone, when added prior to infec-
tion or in established infection, reduced the number of N. 
caninum-infected cells [173] with an IC50 of 3 nM, exerting 
their activity against intracellular parasites, causing ultra-
structural alterations and switched aberrant gene expression, 
including bradyzoite markers [174]. In a gerbil model for 
acute neosporosis, artemisone increased survival, as 1 out of 
8 mice died in the artemisone-treated group, while 8 out 9 
mice succumbed in the control group [173]. However, in a 
mouse model of neosporosis, artemiside and artemisone had 
no effect on parasite loads in the brain or in the lungs [175]. 
In short, artemiside seems to be useful against T. gondii in 
vitro and in mice models whereas artemisone is less likely to 
be promising for neosporosis in ruminants.  
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4.4. Naphthoquinones  

Naphthoquinone is a class of organic compounds derived 
from naphthalene. Buparvaquone (2-((4-tert-
butylcyclohexyl)methyl)-3-hydroxy-1,4-naphthoquinone) 
and atovaquone (trans-2[4-(4-chlorophenyl) cyclohexyl]-3-
hydroxy-1,4-naphthalenedione) are hydroxynaphthoquinones 
related to parvaquone and were originally developed as anti-
malarial compounds [176, 177]. 

Buparvaquone is currently commercially available for 
use in endemic regions against theileriosis in cattle [178]; 
however, in other regions of the world, e.g., the EU, it is not 
registered. A focus on the parasite mitochondrion as an anti-
parasitic target has been a priority in the drug development 
field for decades [179, 180]. Hydroxynaphthoquinones are 
structurally similar to the inner mitochondrial protein 
ubiquinone (also called coenzyme Q), which is an integral 
component of electron flow in aerobic respiration. Ubiqui-
none accepts electrons from the dehydrogenase enzymes and 
passes them to the electron transport cytochromes [181]. The 
passage of electrons from ubiquinone to the cytochrome bc1 
(complex III) requires the binding of coenzyme Q complex 
III at the Qo cytochrome domain; it is this step that is inhib-
ited by hydroxynaphthoquinones [123, 182, 183]. The con-
sequence of this inhibition is the collapse of the mitochon-
drial membrane potential [184]. On the one hand, atova-
quone inhibited the replication of T. gondii tachyzoites in 
vitro with an IC50 of 64 nM [185, 186]. Moreover, atova-
quone is active in vitro against the cyst stage of T. gondii 
[187], although high concentrations of it are required [188, 
189]. In a mouse model of acute toxoplasmosis, atovaquone 
administration resulted in prolonged survival, with a reduc-
tion of parasite burdens in the blood and tissues during the 
course of treatment [185, 188]. In a mouse model of chronic 
toxoplasmosis, atovaquone showed a decline in the number 
of tissue cysts and a decrease in the inflammatory response 
in the brain [188-190]. Indeed, atovaquone is effective 
against reactivation, as it protected mice against reactivated 
toxoplasmic encephalitis [191].  

 In short term studies, buparvaquone efficiently inhibited 
the replication of N. caninum tachyzoites with an IC50 of 4.9 
nM exerting parasiticidal activity after 9 days of culture in 
0.5 μM or 6 days in 1 μM buparvaquone. However, in the 
long-term studies, the tachyzoites reached an adaption to 
high levels of buparvaquone. Additionally, ultrastructural 
changes confirm that buparvaquone acted rather slowly 
[192]. In a non-pregnant mouse model of neosporosis, bu-
parvaquone reduced the mortality and parasite load in the 
lungs, while the brain parasite load was higher than in un-
treated mice [192]; the brain parasite load was lower when a 
20-times reduced challenge dose was used [175]. In addition, 
in a pregnant mouse model of neosporosis, pup mortality and 
the transmission of N. caninum to offspring were strongly 
reduced by buparvaquone treatment of the dams [175]. In 
light of these results, atovaquone represents a valuable can-
didate to be tested for toxoplasmosis in ruminants and, al-
though further studies are required to improve the efficacy in 
a mouse model, buparvaquone represents an obvious candi-
date to be tested against neosporosis in ruminants. 

 

4.5. Anticancer Agents 

Another example of prospective compounds that provide 
interesting results is anticancer drugs, as parasites have sev-
eral of the common characteristics of malignant tumours 
[193, 194], sharing a crucial feature of living and multiply-
ing in a host organism. Tumour cells are defined by their 
independence from exogenous growth factors, their resis-
tance to programmed cell death (apoptosis), and their infinite 
proliferative capacity. Unlimited proliferation and independ-
ence of growth factors are also characteristics of many para-
sites. Although it remains controversial whether apoptosis 
occurs in unicellular parasites [195], it seems to be clear that 
intracellular parasites interfere with the programmed host 
cell apoptosis [196]. Parasite and cancer cells disseminate in 
immune compromised tissues in order to escape host im-
mune responses. Anticancer drugs may affect parasite sur-
vival at two completely different levels. Firstly, they might 
kill the parasite directly, if the target molecules of parasite 
and cancer cell are sufficiently similar. In this case, the 
original cancer drugs may serve as leader compounds and 
can be modified accordingly to specifically inhibit the para-
site homologue. Secondly, to kill intracellular parasites suc-
cessfully, the drug might also act on a host cell signalling 
pathway, which is essential for the parasite's survival. The 
advantage here is that the drug need not be modified, since it 
is already directed against the target molecule [194]. 

Miltefosine (2-[hexadecoxy-oxido-phosphinoyl] oxy-
ethyl-trimethyl-ammonium), an alkyl phospholipid and an 
analogue of the ubiquitous compound phosphatidyl choline 
found in eukaryotic cell membranes, was initially developed 
as an anticancer agent [197] and widely used for Leishmania 
therapy [198]. It is highly active against extracellular T. 
gondii tachyzoites and exerts its activity by triggering apop-
tosis [199]. Miltefosine has no effect on a mouse model of 
acute toxoplasmosis after 5 days of treatment, but it shows 
activity in a 15-day treatment against chronic experimental 
toxoplasmosis, with a 78% reduction in the brain cyst bur-
den. Pathological findings showed that the tissue cysts were 
smaller in size upon microscopical examination and that 
there were ultrastructural changes in the remaining cysts, 
suggesting that miltefosine effectively penetrates the blood-
brain barrier [200]. Against N. caninum, miltefosine showed 
an IC50 of 5.2 μM in vitro with a parasitostatic effect at 25 
μM for 10 hours and parasiticidal activity after 20 hours. In 
addition, N. caninum tachyzoites revealed ultrastructural 
changes after miltefosine exposure. In a mouse model of 
neosporosis, miltefosine improved mouse survival and re-
duced the cerebral parasite burden [201].  

Recently, organometallic ruthenium complexes are object 
of great attention as antitumor agents with acceptable toxic-
ity [202, 203]. They also have antibacterial activity against 
some bacteria and parasites [204, 205]. Earlier studies indi-
cated that ruthenium compounds interact with DNA [206], 
but more recent investigations showed that ruthenium com-
pounds bind more strongly to proteins [207]. Ruthenium 
compounds (compounds 16 and 18) were reported to exhibit 
IC50 values of 6-12 nM for N.caninum and 18-41 nM for 
T.gondii [208]. Furthermore, dinuclear thiolato-bridged 
arene ruthenium complexes (complex 9, complex 1 and  
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complex 2) showed promising activities against T. gondii 
with IC50 values of 1.2 nM, 34 nM and 62 nM [209]. There-
fore, anticancer drug such as miltefosine could be considered 
as an appropriate drug to be evaluated in ruminant model for 
toxoplasmosis and neosporosis whereas ruthenium com-
plexes need to be evaluated in mice models before contem-
plate the option of testing in ruminants. 

4.6. Endochin-like Quinolones  

Endochin is a 4-(1H)-quinolone initially investigated as 
an antimalarial drug [210]. Subsequently, endochin was ac-
tive against avian and murine toxoplasmosis [211]. Recent 4-
(1H)-quinolone derivatives, Endochin-Like Quinolones 
(ELQ), compounds that are analogs of ubiquinone, have 
been developed and tested against apicomplexan parasites 
such as P. falciparum and T. gondii, as well as other proto-
zoa such as Leishmania parasites [212]. ELQs exert their 
activity by inhibit cytochrome c reduction by the cytochrome 
bc1 complex [213, 214]. The cytochrome bc1 complex is a 
membrane-bound enzyme complex located in the inner mito-
chondrial membrane that contributes to pyrimidine biosyn-
thesis and oxidative phosphorylation [215]. 3-alkyl-2-
methyl-4(1H)-quinolones exhibited excellent in vitro activity 
against P. falciparum [216]. 4(1H)-quinolone-3-diarylethers, 
with improved stable and solubility properties, have been 
tested against T. gondii and ELQ-271 and ELQ-316 showed 
in vitro IC50 values of 0.1 nM and 0.007 nM, respectively. 
ELQ-271 and ELQ-316 were also efficacious against acute 
toxoplasmosis in mice when administered orally and against 
the cyst form of T. gondii in mice when administered intrap-
eritoneally [214]. Against N. caninum, ELQ-400 showed an 
IC50 value below 10 nM, had an impact on intracellular pro-
liferation of tachyzoites and transmission electron micros-
copy showed that the primary target of ELQ-400 was the 
mitochondrion. In experimentally infected non-pregnant 
mice, ELQ-400 orally showed a reduction in the number of 
animals with lung and brain infection, as well as a reduction 
in the humoral immune response against N. caninum [217]. 
Thus, ELQ-316 is a promising starting point for the devel-
opment of a future toxoplasmosis therapy in ruminants, and 
ELQ-400 showed hopeful results against N. caninum, but 
further studies are needed to assess efficacy in pregnant ani-
mal models. 

4.7. Calcium-dependent Protein Kinase Inhibitors 

Calcium signalling is a very important pathway that regu-
lates diverse cellular processes [218]. In apicomplexan para-
sites, this signalling pathway directs motility, cell invasion 
and egression [219]. Members of the family of Calcium De-
pendent Protein Kinases (CDPK’s) are abundant in certain 
pathogenic parasites and absent in mammalian cells making 
them strong drug target candidates. Genetic disruption of 
CDPKs has shown they control a wide range of phenotypes 
in T. gondii including egress (TgCDPK1 and TgCDPK3) 
[219-222], microneme secretion (TgCDPK1) [219], motility 
(TgCDPK1) [220], or cell division (TgCDPK7) [223]. Other 
CDPKs in T. gondii (CDPK4, CDPK4A, CDPK5, CDPK6, 
CDPK8, and CDPK9) were described non essential for the 
lytic cycle [224]. CDPKs may are also involved in other 
functions in T. gondii, for example, CDPK2 is essential for 

bradyzoite development [225] and CDPK4A, CDPK6 and 
CDPK7A may play roles during sporozoite formation or 
transmission via oocysts [226]. 

Bumped kinase inhibitors (BKIs), a particular class of 
pyrazolopyrimidine inhibitors of CDPK1, have bulky C3 
aryl moieties entering a hydrophobic pocket in the ATP 
binding site. BKIs selectively inhibit CDPK1 from apicom-
plexans in a good structure-activity relationship [227], but 
they do not inhibit mammalian kinases because they have 
larger amino acid residues adjacent to the hydrophobic 
pocket, thereby blocking the entry of the bulky C3 aryl 
group. CDPK1 is found in most apicomplexans, and the 
highly conserved nature of the ATP binding domain shared 
by apicomplexan CDPK homologues could be exploited, to 
some extent, in the development of potential broad-spectrum 
inhibitors [227]. BKIs were originally developed to combat 
malaria [228], but they have been tested for many apicom-
plexan parasites [229]. BKI-1294 acted with an IC50 of 20-
220 nM in vitro for different strains of T. gondii [230]. BKI-
1294 was highly effective against acute toxoplasmosis in 
mice, decreasing the numbers of T. gondii tachyzoites in the 
peritoneal lavage fluid [231] and in a murine vertical trans-
mission model of T. gondii [232].  

BKI-1517 showed a 3-times lower IC50 than BKI-1553 
and BKI-1294 against N. caninum in vitro [233, 234]. In a 
pregnant mouse model, BKI-1294, BKI-1517 and, less 
clearly, BKI-1553 achieved protection against the vertical 
transmission of N. caninum, but BKI-1553 and more mark-
edly BKI-1517 showed detrimental effects on fertility [230, 
234]. Hence, BKI-1294 could be considered a promising 
drug to be tested in ruminant models for toxoplasmosis and 
neosporosis.  

Since BKIs showed parasitostatic rather than parasiticidal 
effects, they are appropriated for a combined immunization 
plus treatment protocol. These compounds triggered the for-
mation of relatively long-lived multinucleated complexes 
where parasites are blocked in the process of cytokinesis and 
remain trapped within the host cell but are still viable. These 
multinucleated complexes Express Specific Antigen (SAG1) 
and the Bradyzoite Marker (BAG1) [230, 234]. Thereby, 
these antigens may be presented to the immune system elicit-
ing stable immune responses against tachyzoite as well as 
bradyzoite stages.  

Apart from CDPK1, the rarity of kinases containing 
small gatekeeper residues in the apicomplexan genome re-
duces the chance of off-target effects, although intermediate 
sensitivity is expected for kinases containing A, S, or T in 
the gatekeeper position, thus potentially limiting this ap-
proach in some cases. However, an interesting strategy based 
on the exploitation of the kinase gatekeeper residue was re-
cently developed to identify parasite CDPKs substrates 
[235]. 

CONCLUSION 

Although vaccination has been considered the better con-
trol option for ovine and caprine toxoplasmosis and bovine 
neosporosis, drug therapy should be a viable approach, pos-
sibly when combined in an immune-chemotherapy strategy. 
A large number of experimental efficacy drug studies against 
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T. gondii and N. caninum infections have been carried out so 
far in mouse models, but studies in farm ruminants are 
scarce, showing a lack of efficacy. Regarding toxoplasmosis, 
several drug treatments that were applied before (spiramycin 
or sulphonamides and pyrimethamine) or after infection 
(monensin or decoquinate) have been carried out in pregnant 
ewes to reduce the outcome of ExTT after experimental in-
fection of the ewes at the mid-stage of pregnancy. Sul-
phonamides are also useful in field conditions to reduce T. 
gondii-related abortions, and toltrazuril is applied to chroni-
cally infected lambs to reduce tissue cysts. Concerning neo-
sporosis, the triazinones administered in infected newborn 
calves or lambs modulate the humoral immune response and 
reduce the clinical signs and N. caninum detection in organs. 
In addition, triazinones, along with folate inhibitors, can re-
duce abortions due to neosporosis under natural conditions. 
Finally, monensin seems to reduce the humoral immune re-
sponse in non-pregnant cattle, and decoquinate could de-
crease abortions and transplacental transmission in chroni-
cally and primo-infected pregnant heifers. Despite these ef-
forts, no safe and effective drug is available for toxoplasmo-
sis and neosporosis in farm ruminants at present, so new 
approaches in drug development are needed. These new de-
velopments should also focus on the therapy of toxoplasmo-
sis in humans. Highly promising future drugs against T. 
gondii and N. caninum have been tested in vitro and in small 
animal models; most of them target tachyzoites efficiently, 
but they are missing information regarding their efficacy 
against the bradyzoite stage. Best results have been reported 
with artemiside, atovaquone, miltefosine, ELQ-316 and 
BKI-1294 against T. gondii and with DB745, buparvaquone, 
miltefosine, ELQ-400 and BKI-1294 against N. caninum.  
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