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Abstract

ECAUSE Toxoplasma gondii is a parasite with several developmental stages and strains, anti-

Toxoplasma medications must be efficient for various stages and strains. The commonly used
drugs need long treatment periods and have hazardous side effects. Combining therapies may
decrease the pharmaceutical dosages while preserving therapeutic effects and minimizing toxicity.
This study evaluated the efficacy of combining spiramycin and metronidazole with
testosterone/progesterone and the combination loaded on Zeolitic imidazolate frameworks (ZIF-8)
nanoparticles in treating chronic toxoplasmosis in animal models. Mice were orally infected by brain
suspension containing Toxoplasma gondii cysts. They were sorted into female and male groups, and
each group was then divided into five subgroups: negative control (uninfected), positive control
(infected untreated), treated with spiramycin and metronidazole, treated with spiramycin and
metronidazole in combination with testosterone/progesterone, and treated with the combination-
loaded ZIF-8 nanoparticles. Tested compounds' efficacy was determined by parasitological
assessment of parasite load in the brain, Toxoplasma DNA quantification in brain tissues using real-
time PCR, and histopathological evaluation. Treatment of infected mice with spiramycin and
metronidazole in combination with testosterone or progesterone significantly decreased the parasite
burden. Moreover, mice treated with the drug combination carried on ZIF-8 showed a marked
decrease in parasitic load versus the other groups. All treated groups showed a reduction in
Toxoplasma DNA concentrations in brain tissues, with significant variation compared to positive
controls. Likewise, combo therapy successfully cured the histopathological alterations in the infected
mice's brains. In conclusion, sex hormones can modulate Toxoplasma infection, and their loading on
ZIF-8 nanoparticles increased anti-toxoplasmic effect.
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Introduction The standard regimen for the treatment of
toxoplasmosis is pyrimethamine combined with
sulfadiazine. This combination has been effective in
treating acute toxoplasmosis, but it has been
ineffective in treating congenital toxoplasmosis,
chorioretinitis, and toxoplasmic encephalitis. The
emergence of resistance, the limited efficacy against
Toxoplasma tissue cysts, and the occurrence of
hazardous complications like teratogenic effects,
bone marrow suppression, and hypersensitivity
reactions are the main disadvantages of these
treatments [4]. Alternatively, the macrolide antibiotic
spiramycin has lower toxicity and can cross the

Toxoplasma gondii (T. gondii) infection affects
various tissues and organs in humans and animals.
Globally, T. gondii infection affects one-third of the
population [1]. Toxoplasmosis can be transmitted by
consuming contaminated vegetables, fruits, and
water with excreted oocysts in infected cats' feces or
undercooked meat that contains tissue cysts [2].
Eighty percent of cases in immunocompetent
individuals may be asymptomatic. However in
immunocompromised patients, fatal encephalitis has
been linked to Toxoplasma infection [3].
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placenta at high concentrations [5]. Despite
exhibiting high tissue penetration, it has low
penetration across the blood-brain barrier (BBB). To
enhance brain bypass, administering a combination
of spiramycin and metronidazole can deactivate the
BBB's efflux pumps [6].

Toxoplasma infection has been treated with a
variety of nanomaterials. These nanomaterials may
have anti-toxoplasmic activity directly or indirectly
as drug carriers, allowing for more precise drug
delivery and decreasing host toxic effects.
Additionally, they can circumvent the drawbacks of
anti-toxoplasmic drugs, such as their rapid body
elimination, non-specific distribution, low
bioavailability, and poor cellular permeability [7].
Metal-organic frameworks (MOFs) are organic-
inorganic hybrid porous materials that have extensive
research interest in medicinal uses because of their
distinct chemical and physical characteristics and
low toxicity. They are thought to be promising
candidates for drug delivery and diagnosing diseases
[8]. A subtype of MOFs known as Zeolitic
imidazolate frameworks (ZIF-8) has advantageous
physicochemical characteristics, such as pore size,
that enable them to load drugs at a high level and
effectively control release [9]. ZIF-8 functions as a
host, protecting drugs, proteins, and enzymes against
destruction caused by proteolytic agents, solvents,
and temperature. ZIF-8-encapsulated antimicrobial
agents demonstrated higher biological activity than
that of free antimicrobial agents [10].

Sex steroids are well recognized for their ability
to control many processes, including differentiation,
growth, and reproduction. They have drawn
attention lately for their ability to control the
immunological response against pathogens. Studies
on T. gondii infection have revealed both positive
and negative correlations with the modulation of
circulating hormones, such as progesterone and
testosterone [11, 12].

Thirty research papers were reviewed by Galvan-
Ramirez et al., [13]; eight of the investigations used
human subjects, and the remaining 22 involved cell
culture and animal models. Among the assessed
hormones were testosterone and progesterone.
According to this review, hormones affect
Toxoplasma infection in various animals. Hormones
may exacerbate Toxoplasma infection as well as
stimulate an anti-inflammatory response in cell lines
[14]. According to Hegazy et al., [11], combined
hormone therapy with anti-Toxoplasma medications
showed efficacy in infected female mice. On the
other hand, Laubach et al.,, [12] observed no
correlation between Toxoplasma infection and
testosterone levels in the blood of adult male hyenas
or female cubs and subadults. So, this study
evaluated the efficacy of combining spiramycin and
metronidazole with testosterone/progesterone and the
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combination loaded on ZIF-8 nanoparticles in
treating chronic toxoplasmosis in animal models.

Material and Methods

Experimental  animals,

infectious dose

infectious agent and

This study used 100 laboratory-bred Swiss albino
mice, both female and male. They were eight weeks
old and ~25 grams in weight. Throughout the
experiment, the same-sex mice groups were kept
inside plastic cages with bedding made from wood
shavings in a controlled environment with a
temperature of 25+2°C, 12-hour cycles of light and
dark, and easy food and water accessibility.

For mice infection, cystogenic ME49 strain of T.
gondii was provided by the Department of Zoonotic
Diseases, National Research Centre, Dokki, Giza,
Egypt. It was isolated from mice's brains infected
eight weeks earlier. Each brain was homogenized
with one ml of phosphate-buffered saline (PBS,
pH=7.2). After that, brain suspension was diluted
until 1x10%cysts/ml [15]. Each mouse was orally
infected by a brain suspension (0.1 ml) containing 10
T. gondii cysts. On day 40 PI (post-infection), the
enzyme-linked immunosorbent assay (MyBioSource,
Inc., California, USA) was used in accordance with
the manufacturer's instructions to identify 7. gondii
IgG antibodies, confirming the infection in mice.

Tested compounds and schedule of administration

The tested compounds included spiramycin
(200mg/kg/day) [16], metronidazole (250mg/kg/day)
[17], testosterone (2.8mg/kg/day) [18], and
progesterone (2mg/kg/day) [19], which were given
for 14 consecutive days for the infection model. All
tested compounds  were  purchased from
Pharmaceuticals Co. and Chemical Industries, Egypt.
Dosing solutions of spiramycin and metronidazole
were mixed with ultra-pure water and given by a 22-
gauge blunt feeding needle after an overnight fast. To
optimize the spiramycin effect at the BBB,
metronidazole was given 30 minutes before the
spiramycin dose to improve the dispersion and
uptake of tissues [17]. Testosterone and progesterone
were administered by subcutaneous injection, either
alone or incorporated into ZIF-8 nanoparticles.

ZIF-8 nanoparticles preparation

ZIF-8 nanoparticles were prepared following
these steps: 2-methylimidazole (Hmim, 4.10g, 50
mmol) was dissolved in 100 ml of methanol.
Methanol solution of Zn(NO3)2-6H20 (2.97g, 10
mmol) was added to a methanol solution of 2-
methylimidazole having lignin. The mixture was left
at room temperature with constant stirring for 24
hours. The resulting particles were separated via
centrifugation, washed in methanol and deionized
water, and dried at 60°C for 24 hours under reduced
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pressure. All used chemicals were analytical-grade
reagents purchased from Sigma.

Tested compounds loading

To load the tested compounds, metronidazole,
spiramycin, progesterone, and testosterone, into ZIF-
8 nanoparticles, various concentrations (100—1000
ppm) of each compound were diluted using 100 ml
of ethanol. Each drug solution was mixed with one
gram of ZIF-8 nanoparticles and stirred at 600xg for
ninety minutes at room temperature using a magnetic
stirrer. Then, the suspension was kept for a night and
followed by centrifugation at 5000xg for five
minutes to separate the supernatant and precipitate.
The loaded amount of each tested compound was
estimated from the variance in its concentration
within the solution before and after loading. The
tested compounds loading percent were estimated as
follows: Drug loading % =[(A—B)/A] x 100; where
A and B indicate each compound's initial and final
concentrations in the solution.

Characterization of ZIF-8 nanoparticles

X-ray diffraction (XRD) patterns (using an X'Pert
MPD  Philips diffractometer with Cu Ka
monochromate at a wavelength of 1.541 A and X-ray
tube rating maintained at 40 kV and 25 mA) were
applied to characterize phase purity and
crystallographic structures of the prepared materials.
The data were measured in the 26 with a step width
of 0.05° and a range of 3.5° to 30°. The
nanostructure morphology of ZIF-8 nanoparticles
was tested via a scanning electron microscope
(SEM: Hitachi SU-70, JP). KBr pellets of samples
were prepared for FTIR spectroscopy and
measurements were taken on Varian 670-IR.

Experimental design

Based on their sex, mice were sorted into female
(GI) and male (GII) groups, and each group was then
divided into five subgroups, each with ten mice. In
the female group (GI), Gla was uninfected negative
control, GIb was infected untreated (positive
control), Glc was infected-treated with spiramycin
and metronidazole, GId was infected-treated with
spiramycin and metronidazole + progesterone, and
Gle was infected and then treated with the loaded
spiramycin + metronidazole + progesterone on ZIF-8
nanoparticles. In the male group (GII), Glla was
uninfected negative control, GIIb was infected
untreated (positive control), Gllc was infected-
treated with spiramycin and metronidazole, GIId was
infected-treated with spiramycin and metronidazole +
testosterone, and Glle was infected and then treated
with the loaded spiramycin +metronidazole+
testosterone on ZIF-8 nanoparticles.

The mice were given medication starting on day
42 PI and continuing for 14 days. After that, the
brains of all the mice were excised, and every brain
was divided into two halves. One half was used to

count the Toxoplasma cysts number. From 2™ half of
each brain, 25 mg were suspended in sterile PBS (pH
= 7.4) for T. gondii DNA quantification using real-
time PCR, and the remaining part was preserved in
10% formalin for histopathological examination.

Evaluation of tested compounds' efficacy

Parasitological evaluation was done by:

e Counting Toxoplasma cysts number in mice
brains: One-half of each mouse brain was
homogenized in one ml of PBS (pH=7.2)
obtaining a suspension. From each brain
suspension, four separate drops (each 25 pl)
were put onto a slide, and Toxoplasma cysts
were counted under a microscope [20].
Toxoplasma  cysts number per mouse
brain=number counted in 4drops x10x2.
Thereafter, the mean number in each group was
estimated.

o Estimating the reduction percent of Toxoplasma
brain cysts in treated groups using the following
formula: Reduction% = 100 x (mean number of
cysts count in controls - mean number of cysts
count in treated groups) / mean number of cysts
count in controls.

T. gondii DNA quantification

Mice brain tissue samples weighing 25 mg were
washed thrice in sterile PBS (pH=7.4). DNA was
extracted using a MagMAX™ CORE nucleic acid
purification kit (Cat. No. A32700, Thermo Fisher
Scientific Inc., USA) according to the manual's
instructions. After that, DNA was eluted in 50l of
the kit's elution buffer. Real-time PCR was
conducted relying on ViPrime PLUS Taq qPCR
Green Master Mix I (SYBR® Green Dye, Cat
QLMMI12, Vivantis Co., Malaysia). PCR procedure
included two primers targeting P29 gene: P29Q-f
(forward): CAGCATGGATAAGGCATCTG and
P29Q-r (reverse): GTTGCTCCTCTGTTAGTTCC,
which were designed by DNASTAR's Lasergene
software [21]. Briefly, 2ul DNA were added to 10ul
(2X) PCR master mix and 0.1pl (50nmol) from every
primer, yielding a 20pl total volume. Thermal cycler
(QqTOWER®*G,  Analytikjena, = Germany)  was
programmed as follows: 95°C for 5 minutes as initial
denaturation, 40 cycles of amplification at 95°C for
30 seconds and final extension at 60°C for one
minute.

Melting curve analyses of the PCR products were
performed. Dissociation curves were added upon 40
cycles completion, and data collection coincided with
the annealing/extension cycle's end. Cycle threshold
value (CT), which represents the TargetGene
quantity at which fluorescence exceeds the preset
threshold, was estimated, and the mean concentration
of T. gondii DNA was measured. To obtain standard
ranges for a real-time quantitative PCR assay, T.
gondii DNA (positive control) was extracted from
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Toxoplasma tachyzoites (kindly provided) under the
same conditions, and then a series of dilutions
ranging from 1x10° to 10 ng/ul were made. Then,
PCR was performed under the same conditions to
establish the standard calibration curve.

Histopathological evaluation

Brain tissue samples were preserved individually
in 10% formalin. They were dehydrated at varying
alcohol concentrations, cleared using xylol, and
embedded in paraffin blocks. Tissue sections of Sum
thickness were stained with hematoxylin and eosin
(H&E) staining. Stained slides were inspected
microscopically with x100, x400, and x1000
magnifications [22].

Statistical analysis

SPSS software package version 20 was
employed to analyze the data. Data was presented as
mean £ SD (standard deviation). Student #-test was
used to compare means between groups. P<0.05 was
considered significant.

Results

Characterization of nanoparticles &  Tested

compounds loading

The prepared ZIF-8 was characterized using
XRD, FTIR, SEM, and UV. The surface morphology
of the ZIF-8 nanocrystals showed uniform nano-
sized octahedral crystal structures; the XRD curve
showed 20 values of 7.38° (011), 10.42° (022),
12.76° (112), 14.74° (022), 18.08° (222), 22.16°
(114), 24.54° (233), 26.72° (134), and 29.7° (004),
the FTIR analysis of ZIF-8 showed bands of 1595
em’ (C-N stretching); 1458 cm™ (ring stretching),
and 421 cm™ (Zn-N stretching), UV-V is absorption
spectra showed bands ranged from 200 to 800 nm
(Fig. 1).

Using a scanning electron microscope,
metronidazole®ZIF-8, spiramycin®ZIF-8,
progesterone@ ZIF-8, and testosterone®ZIF-8
exhibited comparable cubic-like morphologies, and
their sizes ranged from 80 to 150 nm (Figure 2).
Moreover,  X-ray  diffraction  spectra  for
metronidazole®ZIF-8, spiramycin®ZIF-8,
progesterone®ZIF-8, and testosterone®ZIF-8 all
exhibited comparable peak positions with varying
diffraction intensities (Fig.3). Based on these
diffraction peaks, all loaded ZIF-8 appeared to have
good crystallinity. The loading efficacy of ZIF-8
nanoparticles was dependent on the concentration of
metronidazole, spiramycin, progesterone,
testosterone, and the ratio of ZIF-8 NPs. With an
increase in these parameters, loading percentages of
metronidazole, spiramycin, progesterone, and
testosterone all increased in tandem and stabilized at
a certain level. It was demonstrated that variations in
drug loading were caused by changes in drug
concentration (Fig. 4), and maximum quantity
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loading amounts were 202, 265, 296, and 383 mg/g
for testosterone®ZIF-8, progesterone@ZIF -8,
metronidazole®ZIF-8, and  spiramycin®ZIF-8,
respectively.

Toxoplasma brain cysts estimation

The findings revealed that all infected mice
brains had T. gondii cysts. In positive control groups
(Tables 1 & 2), female mice were more likely to have
Toxoplasma cysts (1633.0£66.58) than males
(1579.0+£85.43), but with no significant difference
between them (#-test=1.58; P=0.13) (Table 3).
Metronidazole and spiramycin combo therapy caused
a significant reduction in Toxoplasma cysts by
14.85% and 23.6% in infected female and male mice,
respectively. Conversely, the mean number of cysts
varied significantly between male and female mice
(-test=11.35; P<0.0001). The fortification of
spiramycin and metronidazole in combination with
testosterone to treat infected male mice and
progesterone to treat infected female mice resulted in
a significant decrease in Toxoplasma cysts by
22.57% and 49.11% in infected female and male
mice, respectively. Moreover, mice treated with the
drug combination carried on ZIF-8 exhibited a
marked reduction in Toxoplasma cysts compared to
all other treated groups. It was noted that loading on
ZIF-8 nanoparticles increased the combined therapy's
potency (Tables 1 & 2). There was a higher drug
response in male groups than in female groups
(Table 3).

T. gondii DNA quantification in brain tissues

Using real-time PCR, DNA concentrations of
Toxoplasma P29 gene were quantified in brain
tissues, and the results showed significant variance
between the studied groups (Tables 4 & 5). The
mean concentrations in the positive controls were
581.9+7.03 ng/pl and 578.8+£6.50 in female and male
mice, respectively (GIb & GIIb). Following
spiramycin and metronidazole treatment, 7. gondii
DNA concentrations in brain tissues were
significantly reduced to half in both Glc and Gllc
groups. When infected mice were given spiramycin
and metronidazole along with sex hormones, the
levels of parasitic DNA concentration in the female
and male groups were 100.5+7.45 and 210.94+5.3
ng/ul, respectively (GId & GIId). Significantly,
treatment with the drug combination carried on ZIF-8
(Gle & Glle) yielded the lowest parasitic DNA
concentration, reaching 80 ng/ul in male mice and 90
ng/ul in females.

Histopathological examination of tissue sections
from brains

There were severe pathological lesions
throughout brain tissues belonging to 7. gondii-
infected mice contrasted with non-infected mice
(GlIa, GlIIa), in which no abnormality was observed.
Brain tissues of infected non-treated mice (GIb,
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GlIb) revealed Toxoplasma cysts within meningeal
and cerebral tissues, with infiltration by a higher
number of mononuclear inflammatory cells. In
treated groups with spiramycin and metronidazole
(Glc, Gllc), there were moderate pathological
lesions that appeared as mild brain hemorrhage,
diffuse gliosis in the cerebral cortex, congestion of
meningeal blood vessels, necrosis of neurons, and
meningeal inflammatory infiltrates. In mice treated
with co-therapy of spiramycin and metronidazole
and testosterone or progesterone (GId, GIId), there
were minimal pathological lesions, including
neuronal necrosis and focal gliosis in the cerebral
cortex. Comparatively, mice treated with the drug
combination (spiramycin + metronidazole + sex
hormone) carried on ZIF-8 (Gle, Glle) showed
more improvement in histopathological features
that appeared as focal aggregations of glial cells
associated with necrosis of sporadic neurons
(Figure 5).

Discussion

The most widely used drugs for toxoplasmosis
need long treatment periods and have hazardous side
effects. Their ineffectiveness against 7. gondii tissue
cysts accounts for the lengthy treatment regimens
and the potential for reactivation of toxoplasmosis
[4]. The assessment of drug combinations is
necessary to discover novel treatment regimens for
latent toxoplasmosis. Combining therapies may
result in a lower dosage of medication while
preserving the therapeutic effect and minimizing
toxicity. So, the current study evaluated the effect of
sex hormones combined with metronidazole and
spiramycin and also the effect of combination-loaded
ZIF-8 nanoparticles in treating chronic toxoplasmosis
in the experimental animal model.

In this study, chronic Toxoplasma infection in
male and female mice demonstrated different
parasitological, molecular, and pathological results.
According to our findings, females had a higher
number of Toxoplasma cysts and were less
responsive to treatment than males, suggesting that
they were more vulnerable to Toxoplasma infection.
These results are supported by the findings of
Alonaizan et al., [23] and Liesenfeld et al., [24],
which revealed that female mice were more liable to
Toxoplasma infection than males as they had more
necrotic lesions, parasite burden, and higher
mortality rates. Also, Walker et al., [25] showed that
male mice exhibited higher resistance to Toxoplasma
infection than females. Our results also go along with
those of Roberts et al., [26], who reported that female
mice had higher mortality rates than males in acute
infection, and the females who survived to develop
chronic infection had more brain cysts than the
survived males. The sex difference in vulnerability to
Toxoplasma infection is correlated to functional
variations in the immune response, being that male

mice produce more interferon-gamma (IFN-y) and
interleukin-12 (IL-12) earlier than females [25].
These cytokines play a protective role against
Toxoplasma infection.

This study employed a medication combination to
identify novel latent toxoplasmosis treatment
protocols. It was found that Toxoplasma cysts
number in the brains of male and female mice was
significantly reduced by co-administration of
spiramycin and metronidazole (23.6% and 14.85%,
respectively). Co-administration of spiramycin and
metronidazole enhanced spiramycin absorption in the
brain, increasing Toxoplasma cysts eradication.
Consistent with this finding, Hegazy et al., [11]
observed that administering spiramycin and
metronidazole resulted in a remarkable decrease of
Toxoplasma cyst counts in male and female mice by
78% and 87%, respectively. Likewise, Chew et al.,
[17] found that when male mice with chronic
toxoplasmosis received spiramycin-metronidazole
treatment, the number of brain cysts decreased by
93%. The disparity between this study and previous
research results regarding the reduction of
Toxoplasma cysts could be explained by the different
methodologies used to count the number of
Toxoplasma cysts or by the lower dosages of
spiramycin and metronidazole that we used.

Hormones have a significant impact on the innate
immune system, including macrophages, mast cells,
dendritic cells, NK cells, and eosinophils. These cells
serve as the initial defense line against many
pathogens and contribute to the development of
adaptive immunity [27]. In the current research,
administering testosterone hormone along with
spiramycin and metronidazole to 7. gondii-infected
mice significantly decreased the mean cyst counts by
49.11%. This agrees with Hegazy et al., [11], who
showed that the combination of testosterone with
atovaquone reduced Toxoplasma cyst counts in the
brains of infected female mice by 90%. According to
Liesenfeld et al., [24], giving testosterone to female
mice reduced parasite burden and pathological
lesions. Higher numbers of Toxoplasma cysts were
observed in brain regions relating to fear behaviors
[28], and according to Singh et al., [29], rats' fearful
behavior was found to decrease upon the
administration of testosterone, which targets medial
amygdala. Following the Toxoplasma infection, the
host develops a cellular immunological reaction
through T lymphocytes. Specifically, helper T cells
(Th1) generate pro-inflammatory cytokines such as
tumor necrosis factor-a (TNF-a), IFN-y, and IL-6
which are crucial in protecting against Toxoplasma
infection. Testosterone treatment has been shown to
enhance immunological responses in both female and
male hamsters and stimulate cell-mediated
lymphocyte proliferation through in vitro and in vivo
experiments [30]. These confirm our findings about
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the beneficial effect of testosterone on parasite
burden in mice's brains.

Interestingly, our results showed that the addition
of progesterone to the treatment schedule
(spiramycin and metronidazole) led to a significant
decrease in Toxoplasma cysts number in infected
female mice. This is consistent with Wu et al., [31] in
vitro study, which proved that progesterone inhibited
T. gondii invasion as well as induced its autophagy.
Galvan-Ramirez et al., [32] found the percent of
infected astrocytes by 7. gondii tachyzoites was
considerably lower than that of non-treated controls
after twenty-four hours following treatment with
different concentrations of progesterone.
Progesterone's effect on tachyzoites was closely
linked to the localization of 7. gondii progesterone
membrane receptor protein in the mitochondrion. By
attaching to these receptors, progesterone can control
the differentiation, development, and multiplication
of T. gondii [31]. Progesterone can influence parasite
infections by modifying innate and acquired immune
responses [27]. It was suggested that elevated
progesterone levels may combat T. gondii
proliferation by increasing eosinophils degranulation,
CD30 expression, and the release of IL-5, IL-4, and
TNFB.

In the current research, ZIF-8 served as a drug
carrier due to its unique nontoxic and biocompatible
properties, along with its great thermal and
hydrothermal stability. It is a host material whose
good monodispersity, suitable size for cellular intake,
ease of synthesis in a moderate environment, and
ease of surface modification make it a strong
candidate for intracellular drug delivery [33]. ZIF-8
enhanced the drug combination efficacy in treating
murine latent toxoplasmosis, as evidenced by the
significant decrease in Toxoplasma cysts count and
T. gondii DNA concentrations in the mice's brains, as
well as successfully reversed the histopathological
alterations seen in the mice's brains compared to all
other treatment groups. This is consistent with
Abdelhamid [10], who reported that antimicrobial
agents encapsulating ZIF-8 demonstrated higher
biological activity than that of the free agents. Drug-
loaded nanoparticles have been shown to enhance
therapeutic effects by regulating drug release,
improving drug absorption, delaying drug
metabolization, and reducing dosage requirements
[7]. According to El-Shafey et al., [34], curcumin
loaded on metal-organic framework nanocomposites
considerably reduced Toxoplasma cyst burden in
treated rats' brains that were infected by 7. gondii
ME49 strain. Mohammad et al., [35] showed that
wheat germ oil and Nigella sativa oil loaded on
metal-organic framework nanocomposites markedly
increased survivability, decreased Toxoplasma cyst
burden in brains, as well as alleviated the many
organs' pathogenic effects in infected mice with
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toxoplasmosis. This could explain the beneficial
effect of ZIF-8 against Toxoplasma infection.

In the current study, Toxoplasma DNA
concentrations in mice brain tissues were estimated
following the treatment of infected mice with
spiramycin and metronidazole in combination with
testosterone or progesterone, as well as the drug
combination carried on ZIF-8. As shown, all treated
groups demonstrated a decrease in DNA
concentrations with significant variation compared to
positive controls. This could be explained by the fact
that sex hormones enhanced immunological
responses in mouse models of chronic toxoplasmosis.
Additionally, loading sex hormones on ZIF-8
increased their anti-toxoplasmic efficacy.

Regarding histopathological evaluation, the
current study showed that sex hormone therapy
might ameliorate a number of 7. gondii-induced
adverse effects on the brain. Untreated infected mice
developed severe inflammatory reactions in their
brains, which were mostly manifested as
mononuclear cell proliferation, meningeal congestion
caused by invaded mononuclear cells, neuronal
death, and embedded Toxoplasma cysts in the
meninges or brain tissues. These observations were
more or less reported by several investigators [11,
22]. These findings may be explained by the
increased levels of pro-inflammatory cytokines and
recruitment of many inflammatory cells. Such
components then target the parasite's replication [36].
The present study's finding is that sex hormone
therapy, whether given alone or carried on ZIF-8
nanoparticles,  significantly  improved  these
pathological lesions. These effects might result from
testosterone's  ability to regulate inflammatory
processes that affect cell differentiation and
proliferation and inhibit cytokines production [37]. It
was demonstrated that treatment with testosterone
inhibited Toxoplasma tachyzoites proliferation in the
intestine, delaying IFN-y production and reducing
intestinal pathological lesions [24]. Considering the
above results, the histopathological findings
supported the results obtained from parasitological
and molecular testing.

Overall, the current study highlighted the
potential advantages of combining parasitological,
histopathological, and molecular techniques in
evaluating the effects of pharmaceuticals selected for
the treatment of chronic toxoplasmosis. To fully
understand the potential therapeutic effects of
progesterone and testosterone as well as their loading
on ZIF-8 nanoparticles in treating chronic
toxoplasmosis, more research is required using
various dosages of these compounds, different
Toxoplasma strains, different infection modes and/or
dosages, and distinct host characteristics, including
variations in genotypes and conditions at the
individual level or distinct species. Human clinical
trials should be conducted as well.
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Conclusion

The current findings provided significant
perspectives about the possible medical advantages
of sex hormones for the management of chronic
toxoplasmosis, and the loading of sex hormones on
ZIF-8 nanoparticles increased their anti-toxoplasmic
effect. These findings were verified by employing a
variety of  parasitological, = molecular, and
histopathological techniques.
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TABLE 1. Effect of tested compounds on Toxoplasma brain cysts burden in female mice

Toxoplasma cyst Reduction #- test P-value
Female mice group (GI) count %
Mean + SD
Gla : normal uninfected (negative control) 0 - - -
GlIb: infected untreated (positive control) 1633.0+£66.58 - - -
Glc: infected-treated with Spiramycin + Metronidazole 1390.5+46.99 14.85% 9.41 <0.0001**
GId: infected-treated with spiramycin + metronidazole + 1264.5+£39.05 22.57% 15.09  <0.0001**
progesterone
Gle: infected-treated with the loaded spiramycin + 894.5+28.43 45.22% 3225  <0.0001%**
metronidazole + progesterone on ZIF-8 nanoparticles
** highly significant reduction in Toxoplasma cysts in treated groups versus positive control.
TABLE 2. Effect of tested compounds on Toxoplasma brain cysts burden in male mice.
Toxoplasma cyst Reduction - test P-value
Male mice group (GII) count %
Mean = SD
GlIa : normal uninfected (negative control) 0 - - -
Gllb: infected untreated (positive control) 1579.0+£85.43 - - -
Gllc: infected-treated with spiramycin + metronidazole 1206.0+20.79 23.6% 13.41 <0.0001**
GIId: infected-treated with spiramycin + metronidazole + 803.5£13.13 49.11% 28.37 <0.0001**
Testosterone
Glle: infected-treated with the loaded spiramycin + 525.0+£36.21 66.75% 35.92 <0.0001**
metronidazole + Testosterone on ZIF-8 nanoparticles
** Highly significant reduction in Toxoplasma cysts in treated groups versus positive control.
TABLE 3. Comparison of Toxoplasma brain cysts burden between male and female groups.
Toxoplasma brain cysts
Mice groups Male Female t-test P-value
Mean + SD Mean + SD
Normal uninfected (negative control) 0 0 - -
Infected untreated (positive control) 1579.0+85.43 1633.0+66.58 1.58 0.13
Infected-treated with spiramycin +metronidazole 1206.0+£20.79 1390.5+46.99 11.35 <0.0001**
Infected treated with spiramycin + metronidazole + 803.5+13.13 1264.5+£39.05 35.39 <0.0001**
sex hormone
Infected treated with the loaded spiramycin + 525.0+36.21 894.5+28.43 25.38 <0.0001**

metronidazole+ sex hormone on NPs

** Highly significant response to tested compounds in males versus females
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TABLE 4. Effect of tested compounds on 7. gondii DNA concentration in brain of female mice.

T. gondii DNA t- test P-value
Female mice group (GI) concentration (ng/pl)
Mean £+ SD

Gla : normal uninfected (negative control) 0 - -
GIb: infected untreated (positive control) 581.9 £7.03 - -
Glc: infected-treated with spiramycin + metronidazole 264.6+7.39 98.37 <0.0001**
Gld: infected-treated with spiramycin + metronidazole + 100.5+7.45 148.61 <0.0001**
progesterone

Gle: infected-treated with the loaded spiramycin + 90.8+3.86 193.64 <0.0001**

metronidazole + progesterone on ZIF-8 nanoparticles

**Highly significant reduction in 7. gondii DNA concentration in brain tissues of treated groups versus positive control

TABLE 5. Effect of tested compounds on 7. gondii DNA concentration in brain of male mice.

Male mice group (GII) T. gondii DNA t- test P-value
concentration (ng/nl)
Mean = SD

GllIa : normal uninfected (negative control) 0 - -
Gllb: infected untreated (positive control) 578.8+6.50 - -
Gllc: infected-treated with spiramycin + metronidazole 267.3£10.82 78.04 <0.0001**
GllId: infected-treated with spiramycin + metronidazole + 210.9+£5.3 138.71  <0.0001%**
Testosterone

Glle: infected-treated with the loaded spiramycin + 80+3.09 219.16  <0.0001%**

metronidazole + Testosterone on ZIF-8 nanoparticles

**Highly significant reduction in 7. gondii DNA concentration in brain tissues of treated groups versus positive control
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Fig. 1. [a] PXRD of ZIF-8, [b] FTIR of ZIF-8, [c] SEM of ZIF-8, [d] UV-vis absorption spectra of ZIF-8
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Fig.2. SEM micrographs: [a] metronidazole@ZIF-8, [b] spiramycin@ZIF-8 [c] progesterone@ZIF-8, [d]
testosterone@ZIF-8
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Fig. 3. X-ray diffraction patterns of [a] metronidazole@ ZIF-8, [b] spiramycin@ZIF-8, [c] progesterone@ZIF-8, [d]
testosterone@ZIF-8
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Fig.4. Equilibrium between the different concentrations of metronidazole, spiramycin, progesterone, testosterone and
the loading amount.

Fig.5. Brain tissues of experimental mice stained by H&E: (A) Normal histological structure of the brain (negative control
group). (B) Severe hemorrhage at cerebral cortex (star) with diffuse gliosis (arrow) (female positive control group). (C)
Toxoplasma cyst in cerebral cortex (arrow) (male positive control group) (D) Meningitis with infiltration by a higher
number of mononuclear inflammatory cells (arrow) (female positive control group) (E) Mild brain hemorrhage (black
arrow) with diffuse gliosis (red arrow) (treated with spiramycin and metronidazole) (F) Pyknotic nuclei in some
neurons (blue arrow), while others showed necrosis with acidophilic nuclei and cytoplasm (black arrow) (treated with
spiramycin and metronidazole + progesterone). (G) Focal gliosis (star) in cerebral cortex (treated with spiramycin and
metronidazole + testosterone). (H) Focal aggregations of glial cells (star) in cerebral cortex (treated with spiramycin
and metronidazole + progesterone loaded on nanoparticles). (I) Necrosis of sporadic neurons (treated with spiramycin
and metronidazole + testosterone loaded on nanoparticles) (star).
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