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Abstract

Background: Toxoplasma gondii is one of the most common parasites worldwide. It is
of great importance to identify new potential drugs that are effective and less harm-
ful in pregnant women and newborns. We investigated nanoemulsion miltefosine
(NEM) in treating experimental acute and chronic toxoplasmosis.

Methods: A combination of triacetin, Tween 80, and ethanol (1:2) was used for the
development of NEM formulations. The size of NEM was calculated to be 17.463
nm by DLS and TEM. To investigate the performance of miltefosine (MLF),
NEM, sulfadiazine (SDZ), and pyrimethamine (PYR) (positive control) in vivo,
acute toxoplasmosis was induced in mice by an intraperitoneal injection of RH
strain tachyzoites. After five days, the mice were examined for the number and
condition of tachyzoites and histopathological changes in the liver and spleen.
Chronic toxoplasmosis was investigated in rats and the number and size of brain
cysts along with histopathological changes were assessed in different groups.
Results: The results of the in vivo assessment of drugs in acute toxoplasmosis
showed the following order regarding a decrease in the number of tachyzoites and
an increase in survival rate: SDZ&PYR > NEM > MLF. The effects of drugs on
chronic toxoplasmosis showed a significant effect of NEM (50%) on reducing the
number of cysts compared to SDZ&PYR (10%) and MLF (12%) and reducing the
size of NEM brain cysts (21%) compared to SDZ&PYR (5 %) and MLF (8%).
Conclusion: Increasing the penetration of NEM through the blood-brain barrier
(BBB) and subsequently reducing the number and size of T. gondii tissue cysts is a
promising new drug in treating chronic toxoplasmosis.
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Introduction

oxoplasmosis is a common parasitic

disease caused by the protozoan Toxo-

Pplasma gondii, which affects millions of
people worldwide. There are four types of
human toxoplasmosis: acquired, congenital,
ocular, and toxoplasmosis in immunocom-
promised individuals. The CNS (central nerv-
ous system) is particularly vulnerable as it is
less associated with the immune system. After
clinical symptoms stop, the cysts formed may
last for years (1,2). In individuals with immu-
nodeficiency diseases or treated with immuno-
suppressive drugs and chronic toxoplasmosis,
the parasite may re-emerge and cause CNS
lesions with encephalopathy and neurological
issues. If the disease is linked to CNS disor-
ders, myocarditis, fever, and skin rashes,
prompt treatment is recommended.

Specific care is needed for congenital toxo-
plasmosis, eye infection, and immune-
deficient individuals. Treatment for toxoplas-
mosis often involves medications such as py-
rimethamine, sulfadiazine, doxycycline, mino-
cycline, clindamycin, tetracyclines, atovaquone
macrolides, and azalides. While effective
against the fast-replicating form of the parasite
(tachyzoites), they may have limited effective-
ness against tissue cysts. Managing reactivated
toxoplasmosis in immunocompromised pa-
tients can be challenging due to low drug ab-
sorption and bioavailability (4). Thus, the
search for new drugs or improved derivatives
is necessary. Nanoemulsions (NEs) offer ef-
fective targeted drug delivery, controlling the
release and increasing the solubility, providing
a safe method for drug delivery (5). Miltefo-
sine (MLF) was originally developed as an an-
ti-cancer drug (6) and has shown therapeutic
effects on infectious diseases, including AIDS
and parasitic diseases (7,8), as well as being
considered for treating Leishmania (9,10). Ac-
cording to the 2023 WHO recommendations,
miltefosine is effective in reducing the risk of
ocular toxoplasmosis (11). Research in Iran
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has shown its therapeutic effects in treating
Leishmania major (12-15). Our previous study
found that nanoemulsion miltefosine (NEM)
could combat T. gondii in vitro (10).

We aimed to investigate the effect of NEM
on acute and chronic toxoplasmosis 7 vivo.

Materials and Methods

The study used MLF with a molecular
weight of 407.576 g'mol-1 and chemical for-
mula C21H46NO4P from Sigma company
(lot# slch7768). SDZ (lot# 0000116925) and
PYR (lot# BCBZ7909) were also from Sigma.
Triacetin was supplied by Samchun Chemical
Co., Ltd, South Korea.

The study used RH strain tachyzoites of T.
gondii protozoa from mice at Hamadan Uni-
versity of Medical Sciences in Iran. Tachyzo-
ites were collected from the infected mouse's
peritoneal area, washed, and counted for sub-
sequent use. A total of 2X10™4 tachyzoites in
1 mL of sterile PBS were used for the study
(17).

The composition of triacetin, Tween 80 &
ethanol (1:2), and 1.5 mg of MLF were select-
ed to develop NEM formulations. The formu-
lation and characterization of the drug are ex-
plained in detail in another article (16).

The SDZ&PYR group received 200 mg/kg
of SDZ and 12.5 mg/kg of PYR for in vivo
assessment. Miltefosine at 20 mg/kg was giv-
en to mice for five days, and rats received a 20
mg/kg dose for 15 d. NEM contained 1.5 mg
of MLF per 1 ml, with mice getting 300) daily
and rats getting 3.3 ml. The healthy and pa-
tient control group received 0.1 ml of physio-
logical serum orally.

Ethical considerations

The study  protocol  with  code
IR.UMSHA.REC.1400.466 was approved by
the Research Ethics Committees of Hamadan
University of Medical Sciences.
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Efficacy of drugs in acute infection model

The study involved assessing acute toxo-
plasmosis in male mice aged 6-8 wk and
weighing 20-25g. They were kept under a 12-
hour light/dark cycle at 25£2°C and 55%
humidity. Infection was induced by intraperi-
toneal injection of 1 x 104 tachyzoites. Sixty

divided into two subgroups of 5 each (Table
1). Treatment began on the day of infection
and continued for five days. From the fifth
day, one subgroup was monitored for survival,
while one subgroup from each of the main
groups was euthanized and tested for medici-
nal effects (19).

mice were divided into 6 groups and further

Table 1: Mice grouping in acute and chronic forms of toxoplasmosis

Study Animal  Age Weight Mice count Drug Dose/day
Group model  (week) (gram) ‘Total Group- Subgroup- Patient Sham SDZ&PYR MLF NEM
Mice Mice Group
Acute Mice 6-8 20-25 60 6-10 12-5 0.1¢¢ 0.3cc  200mg/kg& 20mg/kg  0.3¢(0.44mg
(Normal 12.5mg/kg MLF load-
saline) ed)
Chronic Rat 8-10 250- 30 6-5 - 1¢c 3.3cc  200mg/kg& 20mg/kg  3.3cc(5Smg
280 (Normal 12.5mg/kg MLF load-
saline) ed)

From the second day of treatment to the
fifth day, the peritoneum of mice was sampled
daily, and a drop of it was placed on a
Neubauer slide and the final count was multi-
plied by 10* for calculation in 1 cc (20). Dur-
ing the second to fifth day of treatment,
mouse peritoneal samples were taken daily.
The samples were placed on a Neubauer slide,
and the final count was multiplied by 10,000
for calculation per 1 cc.

The survival periods were recorded daily un-
til all mice died. A part of the spleen and liver
removed on the fifth day was slightly pressed
between two slides and after drying and
Geimsa staining the slides, they were observed
by light microscopy through a 100X objective
lens. The average number of tachyzoites for
each slide was recorded in 10 fields (19).

After overdosing mice with ketamine and

xylazine, we examined their abdominal cavities.

We isolated the liver and spleen, washed them
in normal saline, and preserved them in a 10%
formalin buffer. Tissue samples were prepared
and stained for histological examination
(H&E staining), revealing various pathological
changes in the liver and spleen of mice.

To study the effects of drugs on chronic
toxoplasmosis, thirty 8-10-week-old male rats
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weighing 250-280 g were divided into 6
groups of 5 animals. They were infected with
tachyzoites and treated orally 60 d after infec-
tion for 15 d. One month after treatment, the
rats were euthanized, and their brains were
removed and analyzed to assess the drug's im-
pact on reducing tissue cysts in chronic toxo-
plasmosis (19).

Before initiating treatment in various groups,
the patient group underwent autopsies to veri-
ty the presence of a brain cyst through cross-
section preparation and H&E staining, before
the other groups were autopsied (21,22). In
chronic toxoplasmosis, cyst burden is higher
in the hippocampus (23). We fixed the hippo-
campus in 10% formalin and prepared patho-
logical slices for studying tissue cysts. The av-
erage number of cysts counted in 10 fields was
recorded by light microscopy through a 100X
objective lens in different groups. The size of
tissue cysts in different groups was determined
by an ocular micrometer and stage micrometer
using an optical microscope (19,24).

Data Analysis

The data was analyzed using SPSS 23 (IBM
Corp., Armonk, NY, USA), Excel, and Prism
8 software. Results are expressed as mean *
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standard error of the mean at P<0.01 signifi-
cance level. One-way ANOVA compared
within-group mean differences, while Dun-
can's post-hoc test compared between-group
differences.

Results

In the healthy control group, all the mice
were alive until 70 d of follow-up; however,
on the sixth day, all the mice in the patient and

sham groups died. Treated mice in different
groups survived up to 10 d after infection.
The results of the average survival days in dif-
ferent groups are shown in Table 2. The
ANOVA and Duncan test results showed no
significant difference in average survival rate
between the patient and sham groups
(P>0.01), while both these groups differed
significantly from the treated groups (P<0.01).
The survival rates in order are SDZ & PYR >
NEM > MLF (Fig. 1).

Table 2: Average days of survival and descriptive Parasite Count (impression smear) of mice with acute toxo-
plasmosis in treated groups

Study groups Survival days Liver Spleen

Reduction% Meanz$S Reduc- Meanz$S Reduc-

D tion% D tion%

Healthy group 70 - - - -
Patient Group! 5.6£0.548 3.4v+1.14 - 2.4v+0.54 -
Sham!! 5.4%0.894 3.45+0.89 0 2.6+0.89 0
SDZ&PYRM 7.2+1.924 0.42£0.54 88.2 0.22£0.44 91.6
MLFY 6.4£1.140 0.4£0.44 88.2 0.62£0.54 75
NEMY 7.0£1.871 0.22%£0.44 94.1 0.22£0.44 91.6
Sig. 70 <0.001 <0.001

Duncan Parasit Count (impression smeat) in the organs of infected Mice. Subset for alpha = 0.05

a: significant with the group I, IT at P < 0.01.
b: significant with group IILIV,V at P < 0.01

Survival of mice in the study groups

=3
<
A

F
% . # Healthy group
) ‘

53 & Patentgroup
%0 + sham
YRy
g9 % ¥ SDZAPYR
5e
S + LF
0
x € NEM

c T L] Ll L) I I L] v L) L} Ll Ll L) I
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Fig. 1: Comparison of days of survival in the studied groups in acute toxoplasmosis
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Table 3 shows the mean daily count of
tachyzoites until autopsy. The parasite burden
in the peritoneal fluid decreased more in the

up to the autopsy. ANOVA results show a
significant ~ difference between treatments
(P<0.01). Parasite burden reduction rates are

SDZ&PYR positive control group than in the

other

groups

leading

SDZ&PYR > NEM > MLF > Sham = Pa-
tient group.

Table 3: Descriptive Tachyzoite count in the peritoneal fluid (ml)

Variable Day2count Day3count Day4count DayJcount

Mean*SD MeantSD MeantSD MeantSD
Patient Groupl 22.44+1.51 22.84+1.30 24.24+0.83 26.24+0.83
Sham! 22.24+1.92 23.64+1.14 25.44+1.51 25.84+1.92
SDZ&PYRM 9.542640.79 8.446+0.54 5.2:61(0.83 4.401+0.89
MLFY 12.611.14 11.22¢40.83 9.2:£0.83 7.2:%1.64
NEMY 12.36*%1.01 8.6¢*+1.14 7.2:£0.83 6.0£1.00

Duncan (Uses Harmonic Mean Sample Size = 5.000) Subset for alpha = 0.05
a: significant with group LII at P < 0.01.
b: significant with group IV, V at P < 0.01.
c: significant with group 111 at P < 0.01.
d: significant with group IIL, IV, V at P < 0.01

The mean number of tachyzoites in 10 fields
per slide was calculated (Table 2). The parasite
burden in the liver of the NEM group de-
creased more than in other groups; however,
this rate was the same as the SDZ&PYR
group in the spleen. The order of reduction in
parasite burden in this stage was as follows:
SDZ& PYR = NEM > MLF > sham=patient
group. ANOVA results showed a significant
difference between the mean number of
tachyzoites in different treatments (P<0.001).

Histopathological changes in the liver and
spleen:

Liver tissue:

The healthy group had normal tissue struc-
ture (Fig. 2-A), while the patient group
showed disrupted tissue structure (Fig. 2-B).
The patient group had a disordered hepatic
lobule structure, absence of radial hepatocytes,
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and a disorganized space of Disse. There was
also dilation of the central veins and infiltra-
tion of lymph cells around the central vein.
The most significant changes included the
presence of pyknotic hepatocyte cells with
chromatin density and a highly condensed nu-
cleus around the central veins, indicating
apoptosis or necrosis in this group. Vacuola-
tion and basal cell formation were significant
in this group. No changes in hepatocyte cell
size were observed. The sham administration
(Fig. 2-C) showed a similar histopathological
profile to the patient group. In the SDZ&PYR
group, there was an improved radial arrange-
ment of hepatocytes, with reduced squamous
cells and lymphoid cell infiltration (Fig. 2-D).
Both MLF (Fig. 2-E) and NEM (Fig. 2-F) im-
proved tissue structure, with NEM being
more effective, producing a profile similar to
the healthy group.
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Fig. 2: H&E staining of the liver. Healthy group (A), patient group (B), sham (C), SDZ&PYR (D), MLF (E),
and NEM (F). Images were taken from the samples at 40x magnification. Blue arrow: central vein. Black ar-
row: hepatocyte; red arrow: space of Disse; green arrow: pyknotic hepatocytes; yellow arrow: foam cells

Spleen tissue

The healthy group showed normal tissue
(Fig. 3-A). In the patient group, (Fig. 3-B),
lymph follicles were reduced, and boundaries
between the white and red pulps were unclear.
Additionally, the white pulp showed diffusion,

lymphoid deformation, and giant macrophages.

No necrosis or cystic formation was observed
in the spleens. In the sham group (Fig. 3-C),

Available at: http://ijpa.tums.ac.ir

there was no evident healing effect on tissue
changes, but in the SDZ&PYR group (Fig. 3-
D), the tissue displayed a markedly normal
appearance. MLF administration (Fig. 3-E)
had a minor effect, while NEM (Fig. 3-F) sig-
nificantly improved tissue conditions by com-
pressing and organizing the white pulps and
restoring the boundary between the red and
white pulps.
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Fig. 3: H&E staining of the spleen. Healthy group (A), patient group (B), Sham (C), SDZ&PYR (D), MLF
(E), and NEM (F). Images wete taken from the samples at 40x magnification—black arrow: white pulps; red
arrow: red pulps

Chronic infection model

Size and number of brain cysts:

The mean number and size of cysts were
measured in 10 fields using light microscopy
with a 100X objective lens in different groups
(Table 4). The results of ANOVA and Dun-
can's post hoc test indicated that the number
of brain cysts significantly decreased in the
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NEM group compared to the other groups
(P<0.01). Similarly, the size of cysts in the
NEM group showed a significant decrease
compared to other groups (P<0.01). No sig-
nificant differences were found in the number
and size of cysts among the other groups. The
cyst number and size reduction in the studied
groups  were: NEM>MLF>SDZ&PYR>
sham=patient group

Available at: http://ijpa.tums.ac.ir
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Table 4: Results of counting and size of tissue cysts of crushed rat brain

Method Groups MeantSD % Reduction Duncan
Subsetfor alpha:0.05
1 2
H&E counting Patient Groupl 3.46+1.140 N/D 3.4000
Sham! 3.2b+0.447 6% 3.2000
SDZ&PYRII 2.6b+1.140 24% 2.6000
MLFY 2.6b+0.547 24% 2.6000
NEMY 1.42+0.547 59% 1.4000
Sig. 1.000 0.174
F=14.54 /P-value <0.0001 /Significant diff. among means (P<0.05)/ R squared: 0.7518
H&E Patient Groupl 29.45+2.701 N/D 29.4000
Cystes Size Sham! 29.60+4.037 0% 29.6000
SDZ&PYRII 28.0b+3.240 5% 28.0000
MLEY 27.6>+2.408 8% 27.6000
NEMY 23.42£1.140 21% 23.4000
Sig 1.000 0.325

F=96.09 /P value<0.0001 /Significant diff. among means (P < 0.01)/ R squared: 0.9524
SD: Standard deviation. N/D: No Data.
Duncan: Means for groups in homogeneous subsets ate displayed. Uses Harmonic Mean Sample Size=5.000

a: significant with group I, II, II1, IV at P<0.01.
b: significant with group V at P<0.01

Histopathological study of brain tissue MLF (Fig. 4-E), and NEM (Fig. 4-F) reduced

The healthy group (Fig. 4-A) showed normal cysts and inflaimmation, with NEM showing
tissue structure. The patient group (Fig. 4-B) the most effective results similar to the healthy
displayed toxoplasmosis cysts and inflamma- group.

3

tion. Treatment with S

Fig. 4: H&E staining of the brain tissue. Healthy (A), patient (B), sham(C), SDZ&PYR (D), MLF(E), and NEM(F) groups. Images
were taken from the samples at 40x magnification. Red arrow: oligodendrocytes; black arrow: cysts
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Discussion

Limited research has been done on the ef-
fects of miltefosine on T. gondii, as well as on
the impact of miltefosine nanomedicine. We
will review relevant studies to discuss the re-
sults obtained.

The SDZ&PYR group showed the longest
survival rate compared to other groups, fol-
lowed by the NEM and MLF, respectively. In
one study, the average survival rate increased
up to 7 d after infection in the MLF group,
which is consistent with our results (up to 6 d
in the MLF group) (19). NEM could increase
the survival rate by up to 10 d. In another
study in Germany, researchers observed a sig-
nificant reduction in infected cells in J774A
macrophages after incubation with MLF (30
ug/ml) and T. gondii tachyzoites. After 14 d,
both the MLF and atovaquone groups showed
a significant decrease in brain cysts compared
to the control group, with no significant dif-
ference between the treatment groups. We
found that SDZ&PYR was more effective in
reducing the parasite burden. Barakat et al.
also used manual calculation of tachyzoites
and DNA concentrations of the Toxoplasma
P29 gene to estimate reduction after treatment
(26). It is recommended to use molecular
methods for accurate estimation.

Histopathological study of the liver and
spleen:

Compared to other medicines, NEM was
more effective in improving tissue conditions
in comparison to the animals in the test group,
and the tissue appearance was very similar to

the healthy ones. In a study by Khademvatan et al.
(2024), infected mice treated with miltefosine produced
significantly more IFN-y compared to other groups (P
< 0.001). This, alongside miltefosine's lower cytotoxici-
ty, may be a reason for improving the condition of the
liver and spleen of mice with acute toxoplasmosis com-
pared to other groups (27). Some workers could
not find significant histopathological changes
in any of the treatment groups compared to
the patient group (19). In our study, the NEM
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performed well in reducing the relative para-
site. burden and improving liver and spleen
tissue in acute toxoplasmosis, which can be
considered a promising agent (after further
investigations in clinical trials) for the treat-
ment of acute toxoplasmosis (10).

Evaluation of the reduction in the sile and
number of cysts

MLF reduced cysts by 12%, and NEM by
50%. SDZ & PYR had a 10% decrease and
were ineffective in reducing brain cysts. The
nanoemulsion without the drug did not signif-
icantly reduce cysts compared to the patient
group. In a study, the patient group had a
brain cyst burden of 14.40 £ 2.91. The MLF
group (1.32 * 3.20) saw a 77.7% reduction,
and the SDZ & PYR group (1.48 = 2.0) saw
an 86% reduction compared to the patient
group (19). In another study counted brain
cysts based on T. gondii MORC gene expres-
sion and BCLA as a cyst-specific antigen. Fu-
ture studies should use more accurate meth-
ods for counting cysts (28).

In this study on chronic toxoplasmosis in
rats, NEM reduced brain cyst size by 21%,
significantly more than MLF's 8% decrease
and SDZ&PYR's 5% decrease (P < 0.01).
Some workers found that miltefosine inhibited
parasites spread in the CNS during N. caninum
infection in mice (29). However, others found
that brain cysts treated with MLF had a 41.7%
size reduction, compared to 19.7% with SDZ
& PYR. MLF-treated cysts were smaller and
rounder (19). In terms of brain tissue histo-
pathology, NEM was more effective in reduc-
ing tissue inflammation and lymphoid cell in-
filtration around blood vessels compared to
other drugs. MLF and SDZ & PYR were also
able to improve tissue conditions and reduce
inflammation to some extent. It seems that
NEM, with its small size (17.406), effectively
passed through the BBB. Some investigators
demonstrated that polymer nanoparticles as
carriers improved drug delivery to the CNS,
effectively controlling infection in animal
models (30). Another found that MLF inhibits
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phosphatidylcholine synthesis and cytochrome
c oxidase. It also activates a specific parasite
Ca2+ channel different from its human coun-
terpart and has a positive effect on the host's
immune system (31). NEM shows promise in
reducing brain cysts and warrants further
study.

Conclusion

NEM has been demonstrated to be effective
in treating chronic toxoplasmosis in a mouse
model. The small size of nanoemulsions can
be an effective strategy to deliver drugs to are-
as, such as the brain. Improving the intracellu-
lar penetration of MLF as a nanoemulsion to
tight the intracellular parasite T. gondiz is prom-
ising.  NEM's  appropriate  cytotoxicity
(CC50:75.7ug/mL, SI=2.66) and in vitro, pet-
formance of the drug in a previous study
promises the emergence of a suitable drug
candidate for the treatment of chronic toxo-
plasmosis.
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