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Abstract

Background Toxoplasmosis is a zoonotic disease caused by the infection of the protozoa Toxoplasma gondii (T.
gondii), and safe and effective therapeutic drugs are lacking. Mitochondria, is an important organelle that maintains T.
gondii survival, however, drugs targeting mitochondria are lacking.

Methods The cytotoxicity of BAM15 was detected by CCK-8 and the in vitro effects of BAM15 was detected by gPCR,
plaque assay and flow cytometry. Furthermore, the ultrastructural changes of T. gondii after BAM15 treatment were
observed by transmission electron microscopy, and further the mitochondrial membrane potential (AYm), ATP level
and reactive oxygen species (ROS) of T. gondii after BAM15 treatment were detected. The pharmacokinetic experi-
ments and in vivo infection assays were performed in mice to determine the in vivo effect of BAM15.

Results BAM15 had excellent anti-T. gondii activity in vitro and in vivo with an EC50 value of 1.25 uM, while the IC50
of BAM15 in Vero cells was 27.07 uM. Notably, BAM15 significantly inhibited proliferation activity of T gondii RH strain
and Prugniaud strain (PRU), caused T. gondii death. Furthermore, BAM15 treatment induced T. gondii mitochondrial
vacuolation and autolysis by TEM. Moreover, the decrease in AYm and ATP level, as well as the increase in ROS pro-

duction further confirmed the changes

Conclusions Our study identifies a useful T. gondii mitochondrial inhibitor, which may also serve as a leading mol-
ecule to develop therapeutic mitochondrial inhibitors in toxoplasmosis!
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Background

Toxoplasma gondii is an opportunistic pathogenic pro-
tozoan that is widely distributed worldwide and can
cause toxoplasmosis in both humans and animals, seri-
ously threatening human health [1]. T gondii infection
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in immunocompetent individuals presents as a reces-
sive infection with only mild flu-like symptoms occur-
ring, while in immunocompromised persons, it causes
serious consequences. Pregnant women infected with 7.
gondii for the first time may experience abortion, tera-
toma and stillbirth, and newborns may also suffer from
congenital toxoplasmosis. Patients with organ transplan-
tation and immunosuppressants are also prone to sec-
ondary toxoplasmosis [2, 3]. Additionally, 7. gondii can
cross the blood-brain barrier (BBB) via exploitation of
DCs and monocytes as vehicles for their protection and
transport, migrate and penetrate the brain or eyes, result-
ing in encephalitis (TE), neurological disorders, behavio-
ral changes and eye disease [4]. Currently, drugs in acute
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toxoplasmosis are based on the combination of pyrimeth-
amine and sulfadiazine, often accompanied by substantial
bone marrow toxicity and ineffectiveness against chronic
infection cysts of T. gondii [5, 6]. Therefore, future anti-
T. gondii drugs with low toxicity and excellent effects on
tachyzoites and cysts in toxoplasmosis have always been
needed.

Currently, research on anti-T. gondii drugs mainly
focuses on interfering with its folic acid metabolism,
calcium signal transduction, type II fatty acid synthesis,
DNA synthesis and energy metabolism [5]. Oxidative
phosphorylation, a coupling reaction of ATP synthe-
sis from ADP and inorganic phosphoric acid, supplied
through the respiratory chain, is the main power source
for T. gondii [7]. Some leading compounds targeting 7.
gondii mitochondria, such as atovaquone and endocrine-
like quinolone (ELQ), were shown to have anti-T. gondii
activity by targeting the Q; or Q, site of cytochrome b (a
protein complex in the respiratory chain) [8]. Accord-
ingly, mitochondrial oxidative phosphorylation is an
attractive topic for the study of anti-T. gondii drugs.

BAM15, a mitochondrial uncoupler of oxidation and
phosphorylation, is capable of transporting protons
directly into the mitochondrial matrix without activat-
ing ATP synthase, thus avoiding oxidation reactions that
produce ATP [9]. Moreover, BAM15 induced Ca*" efflux
from mitochondria to control oxidative stress and dys-
regulation of oxidative phosphorylation [10, 11]. Addi-
tionally, BAM15 can increase the rate of mitochondrial
respiration by reducing the motility of protons that need
to pass through the membrane inside the mitochondria
while increasing the production of ROS [12]. Accordingly,
the anti-T. gondii activity of BAM15 was investigated
in vitro and in vivo under safe concentrations, and its
mechanism of action was preliminarily explored.

Methods

Drugs, tachyzoites and cell culture

BAMI15 (HY-110284, 99.26%) purchased from Med
Chem Express (MCE, USA) was prepared as a 10 mM
stock solution with dimethyl sulfoxide (DMSO, Sigma,
USA). Vero cells were incubated with Dulbecco’s modi-
fied Eagle’s medium (DMEM), 100 U/ml penicillin,
100 pg/ml streptomycin, 1% nonessential amino acid
(NEAA), 1% GlutaMax and 10% fetal bovine serum
(EBS) at 37 °C in a 5% CO, atmosphere. Type I RH strain
tachyzoites and type II Prugniaud strain (PRU) of T.
gondii used in our study were preserved in Vero cells in
DMEM with 1% FBS, which was generously donated by
the Lanzhou Veterinary Research Institute, China [13].
Toxoplasma gondii RH strain parasites, constitutively
expressing nuclear green fluorescent protein (RH-GFP),
were maintained in Vero cells.
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Cytotoxicity assay

Vero cells (1 x10* per well) were cultured in 96-well cul-
ture plates to monolayers and treated with BAM15 at
final concentrations of 0.78125, 1.5625, 3.125, 6.25, 12.5,
25, 50 or 100 uM in DMEM with 1% FBS. Cells were
incubated in DMEM with the equivalent of the maxi-
mum volume of DMSO used in drug treatments as a
negative control. The blank control group without cells
was only supplemented with DMEM containing 1% FBS.
After 24 h of incubation, 10 ul of CCK-8 reagent (Bio-
make, USA) was added to each well for 1 h. Absorbance
was detected at 450 nm with a Multiskan GO instru-
ment (Thermo Fisher Scientific, MA, USA). Additionally,
the cell survival rates were calculated with the formula:
cell survival rate (%)= (absorbance of drug treatment
group —absorbance of blank control group)/(absorbance
of negative control group —absorbance of blank control
group) X 100%. Triplicate independent experiments were
performed.

Plaque assay

The Vero cell monolayer was infected with 2x 10* T. gon-
dii tachyzoites for 6 h and incubated with DMEM con-
taining BAM15 (12.5, 2.5, 0.5, 0.1 or 0.02 uM) or DMEM
without drug as a control. After 6 days of culture, the
plaques were washed three times with PBS, and 4% para-
formaldehyde was used to fix the plaques. Samples were
stained with crystal violet for 10 min and then washed
three times in PBS. After drying at room temperature, the
number and size of the formed plaques were observed.

Anti-invasion assessment of BAM15 on T. gondii RH strain
tachyzoites in vitro

Vero cells were cultured to monolayers, incubated with
DMEM containing different concentrations of BAM15
(12.5, 2.5, 0.5, 0.1 or 0.02 uM), sulfadiazine (1.6 pM, as
a positive control) or without drugs in DMEM with 1%
FBS as a control and then infected with 2x10° fresh
RH strain tachyzoites per well for 2 h. Then, the sam-
ples were washed twice with DPBS and then incubated
with DMEM for 24 h. DNA was extracted, and the 529
bp repeat unit of 7. gondii was detected as described in
previous reports [13, 14]. Triplicate independent experi-
ments were performed.

Vero cells were cultured to monolayers, incubated with
DMEM containing different concentrations of BAM15
(12.5 and 1.25 pM), pyrimethamine (0.4 pM, as a posi-
tive control) or without drugs in DMEM with 1% FBS
as a control and then infected with 2x10° fresh RH-
GEFP strain tachyzoites per well for 2 h. Then, the sam-
ples were washed twice with DPBS and then incubated
with DMEM for 48 h. Each group was observed by



Liu et al. Parasites & Vectors (2024) 17:96

fluorescence microscope (Leica DM3000 LED, Germany)
under 20xand 40X objective lens, and the number of
PVs in each random field was counted by using LASx2D
multi-channel analysis software, counting at least 10 ran-
dom fields per well.

Anti-proliferative activity of BAM15 on T. gondii RH strain
tachyzoites in vitro

Vero cells were infected with 2 x 10° tachyzoites per well.
After 8 h, various concentrations of BAM15 (12.5, 2.5,
0.5, 0.1 or 0.02 pM) in DMEM with 1% FBS were added.
DMEM without drugs was added for the control group,
and 1.6 pM sulfadiazine was added under identical con-
ditions as a positive control. After 24 h, the total DNA
of the cell samples was extracted with DNAiso reagent,
and the 529-bp repeat unit of T. gondii was detected by
a QuantStudio 3 Flex Real-Time PCR System (Life Tech-
nologies), as described previously [15, 16]. The 50% effec-
tive concentration (ECj,) of BAMI15 that inhibited T.
gondii growth was calculated. The results represent the
mean + standard deviation (SD) of at least three inde-
pendent experiments.

In vitro activity of BAM15 on T. gondii PRU strain tachyzoite
and bradyzoite formation

Vero cell monolayers in 12-well plates were infected with
1x10* PRU tachyzoites per well for 8 h, after which vari-
ous concentrations of BAM15 (12.5, 2.5, 0.5, 0.1, 0.02
puM) in DMEM supplemented with 1% FBS were added to
the cells. DMEM without drugs was added as a control.
After 24, 48 or 72 h, the DMEM was removed, and the
number of PRU strain parasitophorous vacuoles (PVs)
was assessed by phase contrast microscopy (Olympus,
CKX3, Japan) under a 40 X objective lens, and at least 20
random fields per well were counted.

For cyst formation of type II PRU strain, Vero cells
grown on 12-well plates were infected with pre-pro-
cessed parasites and cultured under bradyzoite-inducing
conditions (DMEM medium supplemented with 50 mM
HEPES and 1% FBS, pH 8.2, ambient CO,) for 3 days.
The medium was removed and replaced by medium
containing BAM15 (1.25 or 12.5 pM) or DMSO at 0.1%
under the control condition. After 48 h, the DMEM was
removed, and the effect on PRU strain bradyzoite cysts
was assessed by fluorescence microscope (Leica DM3000
LED, Germany) under a 20X objective lens. The num-
ber and size of all cysts in each sample were counted
and measured. The images were analyzed using LASx2D
multi-channel analysis software.

Flow cytometry analysis
For RH strain tachyzoites, approximately 1 x 10° extracel-
lular RH strain tachyzoites were respectively incubated
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with BAM15 (1.25 or 12.5 pM) in DMEM or with no
drug as a control for 8 h, followed by centrifugation at
4000 rpm for 10 min. The samples were washed with
PBS and suspended in 100 pl binding buffer with 5 pl
Annexin V-PE and 5 pl FITC dye in the dark for 15 min at
room temperature. Double mixtures were acquired and
analyzed by flow cytometry (CytExpert, USA) [17]. The
experiment was repeated three times.

For PRU strain tachyzoites, Vero cells were seeded in
25 cm? culture flasks and infected with PRU strain tachy-
zoites. After 24 h of infection, the samples were treated
with BAM15 (1.25 or 12.5 pM) or untreated for 24 h as
a control. Approximately 1x10° intracellular T. gondii
PRU tachyzoites were extracted, followed by centrifuga-
tion at 4000 rpm for 10 min. The samples were washed
with PBS and suspended in 100 ul binding buffer with 5
ul Annexin V-PE and 5 ul FITC dye in the dark for 15 min
at room temperature. Double mixtures were acquired
and analyzed by flow cytometry (CytExpert, USA) [17].
The experiment was repeated three times.

Transmission electron microscopy (TEM) analysis

The Vero cell monolayer was infected with 2x 10° tach-
yzoites per well for 8 h, and the cells were cultured in
DMEM containing 1.25 BAM15 for 8 h and 24 h, washed
twice with PBS, fixed at room temperature for 1.5 h with
2.5% glutaraldehyde solution, fixed overnight at 4 °C and
washed three times with PBS. The samples were fixed
with 1% osmic acid solution for 1.5 h and washed three
times with PBS. Then, the samples were eluted with
gradient ethanol solution and 100% ethanol twice and
embedded in Epon. After BAM15 treatment, the samples
were ultrathin sectioned and observed with transmission
electron microscopy (Tecnai Spirit Bio-TWIN, Thermo,
FEL USA) [18].

Mitochondrial membrane potential (A¥Ym) in T. gondii
tachyzoites

T. gondii tachyzoites in Vero cells were incubated with
BAM15 in DMEM for 8 h and 24 h; then, fresh 7. gon-
dii tachyzoites from Vero cell were isolated and purified.
Approximately 1 x 10° RH strain tachyzoites were washed
with PBS and co-incubated with the MitoTracker Red
CMXRos probe (50 nM, Invitrogen, USA) for 20 min.
The fluorescence intensity was observed by laser confocal
microscopy (LEICA TCS SP8, Germany) and analyzed by
LASx2D multi-channel analysis software [16].

Adenosine triphosphate (ATP) level in T. gondii tachyzoites

T. gondii tachyzoites (1x10%each sample) in Vero cells
were incubated in DMEM with BAM15 for 8 h and 24 h;
then, fresh T. gondii tachyzoites from Vero cells were iso-
lated and purified with 200 pl of lysis buffer. The lysates
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were then collected and incubated at 12,000 X g for 5 min,
and 20 pl of the supernatants was added to each well con-
taining 100 pl of ATP detection working dilution pro-
vided by the kit (50027, Beyotime Biotech, Inc.). Then,
the luminescence of each well was detected at 25 °C using
a multilabel reader. The ATP level was calculated accord-
ing to the ATP standard curve established by gradient
dilution of the ATP standard provided by the kit (50027,
Beyotime Biotech, Inc.), and the results are expressed as
pmol (uM). Three independent experiments were per-
formed [16].

ROS production assay

T. gondii tachyzoites (1 x10%/sample) in Vero cells were
treated with DMEM containing BAM15 or without drug
as a control, and fresh 2x10° 7. gondii tachyzoites were
seeded into black 96-well microplates, washed with PBS
twice and then co-incubated with 7.5 yM CMH2DCEDA
(Solarbio, D6470) for 10 min. After incubation, T. gondii
tachyzoites were washed three times with PBS to remove
excess probe. Toxoplasma gondii tachyzoites were sus-
pended in 100 pl/well PBS, and the fluorescence inten-
sity was measured by a Tecan Infinites M200 microplate
reader. The excitation and emission filters were 495+9
nm and 530 £ 20 nm, respectively [19].

Pharmacokinetics of BAM15 in mouse plasma

BAM15 was dissolved in saline with 10% ethanol and 10%
Cremophor EL at a concentration of 1 mg/ml. BAM15
was then injected intraperitoneally into nine BALB/c
female mice at a dose of 10 mg/kg. Blood samples (100
ul) were collected at O h, 0.083 h, 0.25 h, 0.5 h, 1 h, 2 h,
4 h, 8 h, 12 h and 24 h. After all blood samples had been
centrifuged at 3000 rpm for 10 min, plasma samples were
collected and immediately stored at —20 °C until analysis.
Then, BAM15 levels in mouse plasma were determined
by high-performance liquid chromatography-tandem
mass spectrometry (HPLC-MS/MS).

Pharmacokinetic parameters were calculated using
WinNonlin professional software version 8.0 (Pharsight,
Mountain View, CA, USA). The optimal pharmacokinetic
model was determined according to the principle of the
minimum Akaike information criterion (AIC) value and
used for data fitting and parameter estimation. The area
under the plasma curve (AUC), peak plasma concen-
tration (C,,,,), half-life (T},,) and peak time (T,,,) are
expressed as the mean + SD [20].

ax)

In vivo activity of BAM15 against T. gondii RH strain
tachyzoites

BALB/c mice were infected intraperitoneally with 1 x 103
T. gondii RH strain tachyzoites for 4 h and then treated
with BAM15 (10 mg/kg-bw, intraperitoneal injection);
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the positive control drugs (100 mg/kg-bw sulfadiazine,
50 mg/kg-bw pyrimethamine or 15 mg/kg-bw folinic acid,
oral administration) or PBS (as a control). Each group
was treated once a day for 7 consecutive days. One mil-
liliter of mouse ascites was collected, and total DNA was
extracted. The number of parasites in each sample was
detected by RT-PCR as previously described [19]. The
experimental procedure was approved by the institu-
tional ethics committee of the Lanzhou Institute of Hus-
bandry and Pharmaceutical Sciences, China.

Statistical analysis of the data

Data were compiled by SPSS 23.0 (SPSS, Inc.; Chicago, IL,
USA) and GraphPad Prism 6 (San Diego, CA) software.
Data are presented as the mean + SD. Independent Stu-
dent’s t-test was used for the comparison of two groups.
When the data are greater than or equal to three groups,
one-way or two-way analysis of variance (ANOVA) with
Tukey’s multiple comparison was conducted for data that
fit the normal distribution, while one-way ANOVA with
Dunnett’s multiple comparison was tested for data with
small sizes or abnormal distributions. p<0.01 was con-
sidered significantly.

Results

Cytotoxic activity

A cell viability assay was used to evaluate the safe range
of BAM15 for host cells. BAM15 inhibited cell growth in
a dose-dependent manner, showing no toxicity to Vero
cells in the concentration range of 0-12.5 uM, and then
its toxicity increased with the increase of the concentra-
tion, with an IC;, value of 27.07 uM (Fig. 1b). The maxi-
mum tolerated dose (cell viability rate > 100%) of BAM15
to host cells was 12.5 uM (Fig. 1a).

Anti-T. gondii tachyzoite proliferation and invasion
BAM15-mediated inhibition of the intracellular prolif-
eration of T. gondii tachyzoites was detected by qPCR.
Compared with the control group, BAM15 effectively
inhibited the intracellular proliferation of T. gondii tachy-
zoites in a dose-dependent manner with an ECg, value
of 1.25 uM (Fig. 2a, b), and the therapeutic index was
21.66. As a positive control drug, sulfadiazine inhibited
the intracellular proliferation of T. gondii tachyzoites by
37.50%.

In the anti-invasion assay, compared with the con-
trol group, BAM15 also obviously suppressed the inva-
sion of T. gondii in a concentration-dependent manner
(p<0.01), with an ECg, value of 0.025 pM (Fig. 2c,
d). The rate of inhibition of sulfadiazine on invasion
was 45.37%. In addition, the results of fluorescence
microscopy were consistent with those of qPCR assay.
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Compared with the control group and positive drugs,
the number of PV formed by T. gondii invasion was
significantly reduced after treatment with BAMI5
(Fig. 2f, g). Therefore, BAM15 significantly decreased
the invasion of T. gondii.

To directly observe the growth inhibition of T. gon-
dii by BAM15, we performed a plaque formation test.
The size and number of plaques were affected by the
concentration of BAM15 (Fig. 2e). The plaques were
reduced in a dose-dependent manner in the range of
0.02-12.5 uM, demonstrating the inhibitory effect of
BAM15 on T. gondii.
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BAM15 inhibited T. gondii PRU strain tachyzoite growth
and cysts formation in vitro

Figure 3 shows that BAM15 significantly inhibited pro-
liferation ability of T. gondii PRU strain tachyzoites after
24 h, 48 h and 72 h of incubation (2 <0.01). Accordingly,
compared with the control groups, the PV number sig-
nificantly decreased after BAM15 treatment (Fig. 3a, d,
g, P <0.01) in a time-dependent manner, and the average
number of PRU strains within the PVs was also decreased
(Fig. 3b, e, h, P <0.01). By comparison, the number of
parasites per PVs was significantly decreased in a dose-
and time-dependent manner, as shown in Fig. 3¢, f, i. The
plaque assay once again confirmed the inhibitory effect

(Fig. 3j).
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Fig. 4 Changes in the shape, size and number of T. gondii PRU strain bradyzoite cysts after BAM15 treatment, as shown in A-E

Cysts of PRU strain bradyzoites formed in Vero cells
in vitro, as shown in Fig. 4. BAM15 could inhibit cyst for-
mation. Compared with the control group (Fig. 4a), the
size of cysts was significantly reduced, and the shape of
cysts was changed markedly, as shown in Fig. 4b or c.
After treatment with 1.25 or 12.5 uM BAM15, compared
to the control group, the size of cysts was reduced by 40%
and 54%, respectively, as shown in Fig. 4d. Meanwhile,
BAMI5 significantly reduced the number of cysts at
12.5 uM concentration compared to the control group, as
shown in Fig. 4e.

BAM15 induced T. gondii RH strain and PRU strain
tachyzoite death

To determine whether treatment with BAM15 was corre-
lated with T. gondii RH strain and PRU strain tachyzoite
death, the parasite survival rate was monitored by flow
cytometry analysis. As shown in Fig. 5, BAM15 treatment

significantly (p <0.01) reduced 7. gondii RH strain tachy-
zoite and PRU strain tachyzoite survival.

After treatment with 1.25 or 12.5 uyM BAM15 for 8 h,
the survival rates of RH strain tachyzoites were approxi-
mately 60% and 10%, respectively (Fig. 5b, c). Conversely,
the control group of T. gondii RH strain tachyzoites
showed a survival rate of approximately 86% (Fig. 5a).
The relative proportions of 7. gondii RH strain tachy-
zoites surviving after treatment with BAM15 (1.25 or
12.5 uM) or not for 8 h, respectively, are shown in Fig. 5d.

Compared with the control group of PRU strain tach-
yzoites (Fig. 5e), the survival rates of PRU strain tachy-
zoites were significantly decrease after treatment with
1.25 or 12.5 pM BAM1S5 for 24 h, as indicated by rates of
approximately 75% and 40%, respectively (Fig. 5f, g). The
relative proportions of 7. gondii PRU strain tachyzoites
surviving after treatment with BAM15 (1.25 or 12.5 pM)
or not for 24 h, respectively, are shown in Fig. 5h.
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Ultrastructural changes in T. gondii tachyzoites

after BAM15 treatment

Ultrastructural changes in parasites were observed by
TEM, which showed that the main organelle targeted by
BAM15 was the mitochondrion. T. gondii in the control
group proliferated in the form of endodyogeny within
PVs surrounded by host cell mitochondria. The typical
structures of T. gondii, micronemes, conoids and rhop-
tries were clearly visible (Fig. 6a). Banana-like parasite
proliferation in PVs was observed in the control group
after 24 h (Fig. 6b). After incubation with BAM15 (1.25

Fig. 6 Ultrastructural changes in T. gondii-infected Vero cells
with or without BAM15 treatment. T. gondii in the control group
proliferated in the form of endodyogeny within PVs (A, B). After

8 or 24 h, BAM15 treatment induced tachyzoite mitochondrial
vacuolation and autolysis, as shown in C, D. The red arrows indicate
swollen, denatured mitochondria, and the red boxes indicate T. gondii
vacuolation. Scale bars: 2 um (A, C, D); 5 um (B)
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uM) for 8 h, the interior ultrastructure of parasites was
full of numerous vacuoles, and the structure arrange-
ment was disorganized. Therefore, mitochondria exhib-
ited progressive degeneration and a swollen morphology,
yet the membrane was still intact (Fig. 6¢). After 24 h of
incubation with BAM15 (1.25 pM), the shape of the T.
gondii tachyzoites was distorted overall with absolutely
disordered internal organelles and barely distinguished
mitochondrial morphology. More interestingly, host cell
mitochondria demonstrated normal conditions (Fig. 6d).
These results suggested that the effects of BAM15 against
T. gondii may be associated with mitochondria.

Effect of BAM15 on mitochondria of T. gondii tachyzoites

A MitoTracker Red CMXRos probe was used to evalu-
ate the potential mitochondrial damage in tachyzoites
treated with BAM15. Compared with the control group,
treatment with BAM15 for 8 and 24 h resulted in a sig-
nificant decrease in the A¥Ym of T. gondii in a dose-
dependent manner (p<0.01; Fig. 7a). To further explore
whether the effect of BAM15 on T. gondii is involved in
energy transformation, we measured the ATP content of
extracellular parasites after 8 and 24 h. ATP levels signifi-
cantly decreased in the treatment groups compared with
the control group (p<0.01; Fig. 7b), confirming that the
damage to 1. gondii was related to mitochondrial oxida-
tive phosphorylation. In particular, intracellular ROS
levels increased in a dose-dependent manner after treat-
ment with BAM15 for 8 and 24 h (p <0.01; Fig. 7c).

Anti-T. gondii activity of BAM15 in vivo

After intraperitoneal injection of 10 mg/kg BAMI5
into mice, the plasma concentration at 24 h was meas-
ured. The non-compartment model was used to deter-
mine the main pharmacokinetic parameters of BAM15,
as shown in Table 1. The C_,, of BAMI15 in mice was
4630+4485 ng/ml (13.61 pM), T, was 0.250+0.433
h, AUC, , was 2724.355+1750.565 h/ng-ml, and MRT,,,

B 120+ C
1104 o0 160 *
~ ’T; 100 . 1.25 ~ 150 -0
2 100- £ . 3 - 125
£ g 80 . . 125 £ 140+ £ - 125
b S 604 & 130+
s 90 ° . s
S < 4o s 1207
E 8o = . Z 110 .
= | <]
< < 20 & 100
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Fig. 7 BAM15 induced a decrease in the mitochondrial membrane potential (A) and ATP concentration (B). BAM15 induced an increase in the ROS
concentration (C). Data are presented as the mean value +SD from three replicate experiments. *p <0.01 compared with the control group
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Table 1 Main pharmacokinetic parameters of BAMI5 after
intraperitoneal administration (n=3)

Parameters (units) Mean=+SD

K (W) 0.744+0.620
Tip (h) 0.932+0.575
Tnax () 0.250+0.433
Crnax (Nng/ml) 4630+4485

2724.355+£1750.565
2823.166+1965.769
1.233+0.548
1.376+0.787

AUC, (h/ng/ml)
AUCr (h/ng/ml)
MRT. (h)
MRTy.in¢ ()

was 1.233+0.548 h. The mean plasma concentration-
time profile after intraperitoneal injection of BAM15 into
mice is shown in Fig. 8.

In the preliminary safety experiment to determine the
side effects of BAM15, mice were injected with BAM15
intraperitoneally for > 7 days, and no obvious clini-
cal toxicity was observed at any test drug dose during
this period. At the same dose, BAM15 was used to treat
mice infected with T. gondii. After treatment for 7 days,
BAMI15 significantly decreased the parasite burden in
mouse peritoneum (Fig. 9a), slightly affecting the weight
and temperature of the infected mice (Fig. 9b, c).

Discussion

Toxoplasmosis is prevalent in humans and animals
and is estimated to infect approximately 30-50% of the
world’s population [21]. However, the current treatment
is limited because of toxic and side effects [22]. As the
oxidative phosphorylation of mitochondria is vital for
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7000 -
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3000
2000
1000

0
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the survival of numerous eukaryotes, such as 7. gondii,
T. gondii has only one linked mitochondrion running
through the interior, and destruction of mitochondrial
function could affect important life processes in 7. gon-
dii [23]. Accordingly, T. gondii mitochondria are prom-
ising target organelles, and one underlying target is
mitochondrial uncoupling. However, the main restric-
tion on clinical application of mitochondrial uncouplers
is their unnecessary targeting to the plasma membrane.
As a mitochondrial uncoupler, BAM15 did not disturb
plasma membrane transduction [24], and mild mito-
chondrial uncoupling protected cells from oxidative
stress and mitochondrial damage [25], allowing BAM15
to control T. gondii infection with low cytotoxicity and
resulting in an IC;, of 27.07 uM for Vero cells. This study
further demonstrated that BAM15 has noteworthy inhib-
itory activity against T. gondii RH strain and PRU strain.
In vitro anti-proliferative and anti-invasive assays have
determined that BAM15 affected intracellular replication
and invasion of 1. gondii RH strain tachyzoites in a con-
centration-dependent manner under safe doses. The half-
maximal inhibitory concentration of BAM15 on Vero
cells was 22-fold higher than that on T. gondii, indicat-
ing that BAM15 had a high therapeutic index and a wide
safe range. In addition, in the experiment of inducing
PRU strains to form bradyzoite cysts in vitro, compared
with the control group, the size and number of cysts were
significantly reduced, and the shape of cysts was changed
markedly, indicating that BAM15 had a significant inhib-
itory effect on the formation of cysts.

A previous study revealed that a mitochondrial
uncoupler, niclosamide, at a dose of 240 mg/kg-bw,
resulted in a 50% survival rate in infected mice because

Time (h)

Fig. 8 Mean plasma concentration-time profile after intraperitoneal injection of BAM15 into mice (n=3)
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Fig. 9 Administration of BAM15 decreased the T. gondii load
in acutely infected mice (A). The body weight (B) and body
temperature (C) are presented as the means+SDs. *p<0.01
compared with the parasite control

of poor solubility, absorption or systemic bioavail-
ability [16]. In in vivo experiments, we established an
infected mouse model to determine whether BAM15
has an anti-T. gondii effect on acute infection in vivo.
Regarding the pharmacokinetic parameters, the C,_
of BAM15 in mice was 4630+4485 ng/ml, and the
AUC,_, was 2724.355+1750.565 h/ng-ml, reaching the
therapeutic concentration in vivo. Compared with the
control, 10 mg/kg-bw BAM15 significantly reduced the
parasite load in mouse ascites without obvious clinical
toxicity. The body temperature and weight of the mice
in the BAM15 group and positive drug treatment group
were not significantly changed.
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Previous studies have revealed that BAMI15 could
interfere with the energy metabolism of parasites by
inhibiting the production of ATP, and one of the fore-
most advantages of BAMI15 is characteristically depo-
larizing the membrane potential of mitochondria
without affecting the plasma membrane structures of
cells [26]. In the present study, TEM demonstrated that
BAM15 induced mitochondrial swelling and degenera-
tion in T. gondii, with little impact on the mitochon-
dria of host cells. That is, BAM15 was very safe to host
cells but harmful to T. gondii within the safe concen-
tration range. Furthermore, there were dose-depend-
ent decreases in the A¥m and ATP level of T. gondii.
The decrease in ATP production may lead to energy
shortages in T. gondii and hinder the proliferation and
invasion of tachyzoites. Moreover, the ROS content in
tachyzoites increased after BAM15 treatment, disturb-
ing the function of parasites and supporting the con-
cept that the inhibitory effect of BAM15 on T. gondii
may be related to mitochondrial oxidative phosphoryla-
tion. Nevertheless, its exact mechanism of action needs
to be further explored.

Conclusions

In brief, BAM15 exerted activity against 7. gondii by
inhibiting RH or PRU strain in vitro without host tox-
icity. In vivo experiments showed that BAM15 pro-
tected against the mice acutely infected with T. gondii
and reduced the parasite burden in mouse ascites. TEM
revealed that the anti-T. gondii mechanism of action
of BAM15 interfered with the oxidative phosphoryla-
tion of T gondii mitochondria, which was confirmed by
decreased A¥m and ATP levels or increased ROS lev-
els. Therefore, BAM15 has the potential to be a safe and
effective lead compound against 7. gondii. The effects
of BAM15 on animal models of infection with different
strains of T. gondii and on cyst clearance in tissues will be
further investigated.
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