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ARTICLE INFO ABSTRACT

Keywords: Pharmacological options to treat canine babesiosis caused by Babesia gibsoni, are limited. To address this
Babesia gibsoni challenge, screening for novel drug candidates and drug targets against B. gibsoni is urgently needed. In this
Phytohormone study, we explored the inhibitory effects of two phytohormone inhibitors, fluridone (FLU) and inabenfide (INA),
frlll:bi:r?gdee against B. gibsoni in vitro. The half-maximal inhibitory concentration (ICsy) values of FLU and INA against B.

gibsoni were 60.6 *+ 3.4 and 4.3 + 0.3 pM, respectively. Parasitemia and viability at 24, 48, and 72 h after FLU
and INA treatments were significantly lower than those in the control group. The cytotoxicity of FLU and INA
was evaluated using the dog-derived Madin-Darby canine kidney (MDCK) cell line; both FLU and INA were less
toxic to the MDCK cells than to the control cells. The selectivity index of FLU and INA were higher than 16.5 and
232.6, respectively. In summary, the present study demonstrated that FLU and INA were effective against B.
gibsoni infection in vitro and that these compounds might have potential as candidate drugs for the treatment of

B. gibsoni.

1. Introduction

Babesia gibsoni is one of the tick-borne intraerythrocytic apicom-
plexan parasite that can cause canine babesiosis (Solano-Gallego and
Baneth, 2011). B. gibsoni infection is endemic to many regions of the
Americas, and Asia including Japan (Kjemtrup et al., 2000; El-Dakhly
et al., 2015). Infected dogs show progressive anemia, remittent fever,
hemoglobinuria, marked splenomegaly, hepatomegaly and sometimes
death (Kumagai et al., 2016). B. gibsoni has a global distribution, with a
considerable impact on canine health (Baneth, 2018). However, effec-
tive control and eventual eradication of canine babesiosis remain a
huge challenge. Drugs such as atovaquone, azithromycin, clindamycin,
diminazene aceturate and imidocarb dipropionate are available for the
treatment of canine babesiosis due to B. gibsoni (Goo and Xuan, 2014;
Baneth, 2018). Nevertheless, because of the strong side effects and
variable effectiveness of these drugs against the parasites, development
of new drug treatment options for B. gibsoni is needed.

Apicomplexan parasites, including Babesia spp., have been con-
sidered to be plant-like organisms by some authors (McFadden and Yeh,
2017). One reason is that these parasites possess an apicoplast, a rem-
nant organelle of secondary endosymbiosis of algal origin. The
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apicoplast has features similar to those of plastids in plants and in-
volved in the biosynthesis of heme, fatty acids, iron-sulfur clusters, and
isoprenoids in the parasite (Lim and McFadden, 2010; Sato, 2011;
Arisue and Hashimoto, 2015). In addition, apicomplexan parasites
produce phytohormones, such as abscisic acid (ABA) (Nagamune et al.,
2008a; Ybafiez et al., 2016), gibberellins (GA) (Toyama et al., 2012),
salicylic acid (Matsubara et al., 2015), and cytokinins (Andrabi et al.,
2018). Previous studies (Nagamune et al., 2008a; Matsubara et al.,
2015; Ybanez et al., 2016) have revealed that phytohormones are es-
sential for the infectivity of apicomplexan parasites including Tox-
oplasma gondii, Neospora caninum, and Plasmodium spp., and phyto-
hormone inhibitors have been extensively studied for their anti-
apicomplexan effects.

ABA is an important phytohormone that regulates stress responses,
seed dormancy, and embryo development (Shu et al., 2018). Recent
studies have reported that fluridone (FLU) is an inhibitor of ABA
synthesis, which has been shown to affect the calcium-dependent re-
lease and development of T. gondii, and inhibit the release of N. caninum
from infected cells (Nagamune et al., 2008b; Ybanez et al., 2016). GA,
another essential phytohormone, regulates various developmental
processes, including stem elongation, germination, dormancy,
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flowering, flower development, and even leaf and fruit senescence
(Gupta and Chakrabarty, 2013). A previous study indicated that in-
abenfide (INA) is an inhibitor of GA synthesis, and exerted strong ef-
fects in both Plasmodium falciparum and T. gondii (Toyama et al., 2012).
Therefore, FLU and INA may have potential as candidate drugs for the
treatment of diseases caused by apicomplexan parasites. However,
there are no reports regarding the production of phytohormones in
Babesia parasites. Thus, this study aimed to evaluate the inhibitory ef-
fects of the phytohormone inhibitors FLU and INA on the growth and
replication of B. gibsoni in vitro.

2. Materials and methods
2.1. Parasite and cell culture

Wild-type B. gibsoni Oita strain (Bg-WT) (Sunaga et al., 2002) and
green fluorescent protein-expressing B. gibsoni Oita strain (Bg-GFP) (Liu
et al., 2018) were cultured in vitro in 24-well culture plates (Thermo
Fisher Scientific, Waltham, MA, USA) at 37 °C in an incubator (BIO-
LABO; Juji-Field, Tokyo, Japan) with a humidified atmosphere (5% CO»
and 5% O,). The parasites were cultured in 10% canine erythrocytes
suspended in RPMI-1640 supplemented with 20% canine serum.

Madin-Darby canine kidney (MDCK) cells were maintained in a 75-
cm? culture flask containing Minimum Essential Medium (MEM,; Life
Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum, 1% penicillin/streptomycin (Gibco, Life Technologies, USA),
0.15% NaHCO3; (Wako, Osaka, Japan), and 4-(2-hydroxyethyl)-1-pi-
perazineethanesulfonic acid (HEPES) at a final concentration at 25 mM
and cultured at 37 °C in an incubator with a humidified atmosphere
(5% CO5 and 5% O3). The medium was changed every 2 days and in-
cubated until approximately 80% confluence was reached.

2.2. Reagents

FLU (Sigma-Aldrich, Tokyo, Japan), INA (Wako, Osaka, Japan) and
diminazene aceturate (DA, Sigma-Aldrich, Tokyo, Japan) were dis-
solved in dimethyl sulfoxide (DMSO, Wako, Osaka, Japan) to prepare a
100 mM stock solution and stored at —30 °C.

2.3. Inhibition assay of FLU, INA, and DA in vitro

The experiment was conducted on 1% parasitemia at 2.5% hema-
tocrit by using Bg-WT for four consecutive days without changing the
media. The final concentrations of FLU and INA in the cultures ranged
from 5 to 1000 uM and 1 to 25 puM, respectively. The final concentra-
tions of DA in the positive control wells ranged from 0.1 to 50 nM; 0.5%
DMSO was used as control. Each concentration was determined in tri-
plicate in three separate wells. Parasitemia was monitored on day 4 by
examining 3,000 RBCs by using Giemsa staining.

2.4. Parasitemia in FLU- and INA-treated cells

The experiment was conducted on 1% parasitemia at 10% hema-
tocrit by using Bg-WT in cultures containing final concentrations of 2 x
half-maximal inhibitory concentration (ICsp), which were 121.2 uM and
8.6 UM FLU and INA, respectively. The parasitemia was monitored by
examining 3,000 RBCs with Giemsa staining at 24, 48, and 72h after
FLU and INA treatments. DMSO (0.5%) was used as control.

2.5. Fluorescent microscope images and viability of FLU- and INA-treated
cells

The experiment was conducted on 1% parasitemia at 10% hema-
tocrit by using Bg-GFP in cultures containing final concentrations of 2
X ICsp, which were 121.2uM and 8.6 uM FLU and INA, respectively.
The micrographs of Bg-GFP were obtained at 24 h after FLU and INA
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treatment, and viability was detected at 24, 48, and 72 h after FLU and
INA treatment. Hoechst 33342 (Sigma-Aldrich, Tokyo, Japan) was used
to stain the nuclei of both live and dead parasites, and propidium iodide
(PI, Sigma-Aldrich, Tokyo, Japan) was used to stain only the dead
parasites' nuclei. DMSO (0.5%) was used as control. Cells treated in the
manner described above were examined under a confocal laser-scan-
ning microscope TCS-SP5 (Leica, Wetzlar, Germany).

2.6. Cytotoxicity assay of FLU and INA using the MDCK cell line

The drug-exposure viability assay was performed in accordance
with the recommendation provided with the Cell Counting Kit-8 (CCK-
8; Dojindo, Kumamoto, Japan). Briefly, MDCK cells at a density of
5 x 10* cells/ml were seeded on 0.1 ml per well of 96-well cell culture
plate and allowed to attach to the plate for 24 h. One hundred micro-
liters of twofold drug dilutions was added to each well to a final con-
centration of 2.5-1000 uM in triplicate. The cells were exposed to the
drugs for 24 h, after which 10 pl of CCK-8 was added. The plate was
further incubated for 3h, and absorbance was measured at 450 nm by
using an MTP-500 microplate reader (Corona Electric, Ibaraki, Japan).
The wells with only the culture medium were used as blanks, while
those containing cells in a medium with 0.5% DMSO were used as
controls.

2.7. Statistical analysis

The ICso values of FLU, INA, and DA were determined using the
non-linear regression analysis (curve fit) in GraphPad Prism (GraphPad
Software Inc., California, USA). The differences in parasitemia and
parasite viability were determined using Student's t-test; differences
were considered significant at *p < 0.05.

3. Results
3.1. Growth inhibitory effects

Both FLU and INA significantly (*p < 0.05) inhibited the growth of
B. gibsoni in a dose-dependent manner. The ICs, values of FLU and INA
were 60.6 = 3.4 and 4.3 = 0.3 uM, respectively (Fig. 1). The ICsq of
DA was 3.0 = 0.3nM (data not shown).

3.2. Parasitemia and viability of FLU- and INA-treated cells

Parasitemia was monitored using Giemsa-stained blood smears
prepared from the concentration at 2 X ICsq. The parasitemia at 24, 48,
and 72 h after FLU and INA treatments was significantly lower (*p <
0.05) than that in the control group (Fig. 2). Next, the viability of
parasites treated with FLU and INA was determined by Hoechst 33342/
PI double staining at 2 X ICso. The viability of FLU- and INA-treated
cells at 24, 48, and 72 h was also significantly lower (*p < 0.05) than
that in the control group (Fig. 3).

3.3. Fluorescent microscope images of FLU- and INA-treated cells

The fluorescent micrographs of Bg-GFP were obtained at 24 h after
FLU and INA treatments. Both FLU and INA significantly inhibited the
growth and multiplication of the parasite at 2 X ICso. Dying parasites
were stained by PI and showed a decreasing GFP level until the color
disappeared (Fig. 4).

3.4. Cytotoxicity of FLU and INA on MDCK cell line

The potential effects of FLU and INA on the canine host were
evaluated using the MDCK cell line, derived from the natural host of B.
gibsoni. The ICsq values of both FLU and INA were higher than 1000 uM
(Fig. 5). The selectivity index (SI), defined as the ratio of the cell-line
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Fig. 1. Structures and dose response curves of
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Fig. 2. Parasitemia of FLU- and INA-treated cells. Parasitemia was monitored
using Giemsa-stained blood smears of the parasites treated with FLU and INA at
concentrations of 2 X ICso. DMSO (0.5%)-treated cells were used as the control

group. The values are presented as mean * S.D. of three independent experi-
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Fig. 3. Viability of FLU- and INA-treated cells. The viability of parasites treated
with FLU and INA at concentrations of 2 x ICso was determined by Hoechst
33,342/PI double staining. DMSO (0.5%)-treated cells were used as the control
group. The values are presented as mean =+ S.D. of three independent experi-
ments.
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4. Discussion

The evolutionary relationship between apicomplexan parasites and
plants is evidenced by many antimalarial drugs being herbicidal (Corral
et al., 2017). Phytohormone inhibitors have also been reported to be
drug candidates against apicomplexan parasites (Duvalsaint and Kyle,
2018).The initial report of a phytohormone inhibitor's activity on api-
complexan parasites described the activity of FLU against ABA of T.
gondii (Nagamune et al., 2008a). Subsequently, the effects of FLU
against P. falciparum and N. caninum were reported (Toyama et al.,
2012; Ybanez et al., 2016). P. falciparum ABA, produced in blood stage
parasites, plays a critical role in the regulation of Ca®*-dependent re-
lease of both invasive merozoites and activated gametocytes
(Glushakova et al., 2013). Thus, FLU reduces the levels of ABA and
blocks the release of merozoites as well as of activated gametocytes
(Billker et al., 2009). Importantly, another phytohormone inhibitor of
GA synthesis, INA, also exerts strong inhibitory activities against both
T. gondii and P. falciparum (Toyama et al., 2012).

The ICso values of FLU and INA for B. gibsoni were 60.6 * 3.4 and
4.3 = 0.3 M, respectively (Fig. 1). This result indicated that B. gibsoni
was sensitive to FLU and INA, and that INA was more effective than FLU
against B. gibsoni. Furthermore, both parasitemia and viability of FLU-
and INA-treated cells were significantly lower (*p < 0.05) than those of
the control group at 24, 48, and 72h after incubation (Figs. 2 and 3).
The results showed that FLU and INA inhibited growth, leading to in-
creased mortality of B. gibsoni. Moreover, the fluorescent micrographs
obtained at 24h after FLU and INA treatments showed that dead or
dying parasites were stained by PI, compared to the DMSO-treated cells
(Fig. 4). Dying parasites appeared white (merger of green, blue, and
red) following the decrease of GFP level, before eventually appearing
pink (merger of blue and red). However, there were no differences in
morphological changes between the DMSO-treated cells and FLU- or
INA-treated cells. In an additional experiment, the cytotoxicity of FLU
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Fig. 5. Cytotoxicity assay of FLU and INA in the MDCK cell line. MDCK cells
were exposed to FLU and INA at concentrations of 2.5-1000 uM. The medium
(without cells) was used as the blank, and cells in the medium supplemented
with 0.5% of DMSO was used as the control group. The values were preseted as
mean * S.D. of three independent experiments.

and INA was evaluated using the MDCK cell line. The ICs, values of
both FLU and INA were higher than 1000 uM (Fig. 5). Therefore, FLU
and INA showed low toxicity against the host cells and are thus safe.

Previous studies (Garg et al., 2014; He et al., 2018; Virji et al., 2018)
have reported that Babesia parasites contain an apicoplast with a cir-
cular genome. Since there is no evidence for the presence of phyto-
hormones, such as, ABA and GA in B. gibsoni, we were unable to reach a
definitive conclusion on the target of FLU and INA in this parasite.
However, because our results clearly indicated that FLU and INA inhibit
the growth of B. gibsoni effectively, we believe that FLU and INA target
phytohormones or similar signal molecules.

In summary, both FLU and INA showed effectiveness against B.
gibsoni in vitro. Nonetheless, further studies are required to confirm the
exact mechanism of action of these compounds against B. gibsoni.
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