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Abstract

Background: Toxoplasmosisis aprevalent parasitic in-
fection that leads to significant clinical complications, notably
toxoplasmic encephalitis in immuno-compromised individu-
als. Due to the limitations of current anti-toxoplasmic drugs
such as limited effectiveness, resistance development, and po-
tential toxicity, it is essential to identify and investigate new
treatment options.

Aim of Study: The primary objective of this research was
to assess the therapeutic potential of matcha green tea, thyme
essential oil, and cinnamon essential oil, both individually and
in combination with spiramycin, against chronic toxoplasmo-
sisin mice. The study also aimed to examine their antioxidant
and anti-inflammatory properties.

Material and Methods: Eighty-one mice infected with
the ME49 strain of Toxoplasma gondii were divided into nine
groups and treated with various agents for 14 days starting the
second week post-infection. Parasitological, biochemical, his-
topathological, and immunohistochemical analyses were con-
ducted to evaluate the effectiveness of these treatments.

Results: The results showed a significant decrease in brain
cyst count and viability in all treated groups, with the most
substantial reduction observed in the thyme essential oil-treat-
ed groups, particularly in combined formulas G5 & G8 (68%
& 84% reduction in brain cyst count and 64% & 84% reduction
in viability, respectively) compared to the spiramycin-treated
group (G3) and the untreated infected group (G2). Additional -
ly, the thyme-treated groups exhibited significant reductions
in oxidative (MDA) and inflammatory (IFNy, iNos, and NSE)
parameters, along with increased levels of antioxidants (SOD).
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Furthermore, these groups’ histopathological analysis of the
liver and brain showed notable improvement. When combined
with spiramycin, matcha green tea and cinnamon essential oil
demonstrated synergistic effects.
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Introduction

TOXOPLASMA gondii is aprevalent parasite that
infects various warm-blooded animals, including
humans. Around one-third of the global population
is estimated to carry a persistent infection, with
symptomatic illness mainly appearing in individu-
als with weakened immune systems (1. In individ-
uals with healthy immune systems, the infection is
effectively controlled by a strong innate and adap-
tive immune response, resulting in the elimination
of most parasites (2.

The non-lethal infection caused by the ME49
strain is characterized by minor elevationsin Thl
cytokines, which aid in managing T. gondii infec-
tion while causing minimal harm to the host 3] . Par-
ticularly, interferon-gamma (IFN-y) plays a critical
role in preventing toxoplasmic encephalitis (TE) in
the later stages of infection in mice by hindering
the multiplication of tachyzoites. Nevertheless, the
activation of microglia by IFN-y concurrently may
result in tissue damage by producing detrimental
substances like nitric oxide (NO) [4].

Multiple studies suggest that decreased levels
of the effector molecules IFN-y and NO are crucial
for the persistence of latent T. gondii infection [3].
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Nitric oxide (NO) is recognized as a nitrogenous
freeradical generated by various mammalian cells,
playing essential roles in both helminth and mam-
malian hosts by enhancing the cytotoxic and micro-
bicidal functions of macrophages. The production
of this potent moleculeis facilitated by inducible ni-
tric oxide synthase (iNOS) [5]. Noteworthy research
reveals that during experimental Toxoplasmic En-
cephalitis (TE), INOS is prominently expressed in
regions of focal gliosis, aswell asin microglia/
macrophages and notably in glial cellslinked to the
surrounding vasculature [6]. Furthermore, findings
indicate that Neuron Specific Enolase (NSE) could
potentially serve as a biomarker for assessing neu-
ronal damage post-cerebral ischemia[7.

According to Dincel and Atmacaisg], the expres-
sion of NSE plays a crucia role in comprehending
TE-associated neuropathology. Oxidative stress
(OS) results from an imbalance between pro-oxi-
dant and antioxidant components, primarily insti-
gated by reactive nitrogen species (RNS) and high-
ly reactive oxygen species (ROS) [9]. These species
cause harm to neurons by adversely affecting both
glial and neuronal cells, with neurons being par-
ticularly vulnerable to oxidative damage [g]. It is
suggested that oxidative stress induced by Toxo-
plasma contributes to the mechanisms underlying
neuropathology and neurodegeneration. Antioxi-
dant systems play a pivotal role in neutralizing free
radicals, supported by enzymes like superoxide
dismutase (SOD), glutathione reductase (GR), cat-
alase, and glutathione peroxidase [10].

The current primary therapy for toxoplasmosis
faces several obstacles, such as toxicity, the emer-
gence of drug resistance, and the inability to elimi-
nate tissue cysts. This underscores the crucial need
to identify novel drug targets for the management
or treatment of toxoplasmosis [11] . As aresult, nat-
ural herbal extracts and medicinal plants arein-
creasingly being employed as aternative remedies
for various parasitic illnesses, being considered
safer and less harmful than synthetic drugs [12].
Spiramycin, a macrolide antibiotic, is efficacious
in treating acute toxoplasmosis, exhibiting lower
toxicity levels than other medications and achiev-
ing high concentrations in the placenta. It has also
demonstrated effectiveness in murine models of
Toxoplasmainfection [13] .

Green tea (Camellia sinensis) iswidely con-
sumed, particularly in Chinaand Japan [14]. The
polyphenolic catechins found in green tea, such as
epicatechin, epicatechin gallate, epigallocatechin,
and epigallocatechin gallate, are its most abundant

biologically active constituents. These compounds
arelinked to a diverse range of therapeutic bene-
fits, including anti-inflammatory and antioxidant
properties. Thyme (Thymus vulgaris) has been
acknowledged in traditional medicine for its an-
ti-inflammatory, expectorant, antiseptic, anti-para-
sitic, antibacterial, and antioxidant characteristics
primarily due to thymol and carvacrol [15]. Recent
research has also highlighted its antifungal, anti-
viral, anti-leishmanial, and anticancer effects [16].
In vitro studies have demonstrated the promising
efficacy of the essential oils obtained from thyme
and carvacrol against C. parvum effects [17]. Cin-
namomum zeylanicum, commonly known as cin-
namon, is atropical evergreen tree native to Sri
Lanka and southern India. The bark and leaves of
C. zeylanicum are extensively used as spices and
find multiple applications in the perfumery, food,
and pharmaceutical industries, aswell asin tradi-
tional Ayurvedic medicine for addressing respirato-
ry, digestive, and gynecological disorders(is].Both
laboratory and animal studies have confirmed that
the essentia oil of C. zeylanicum possesses anti-
oxidant, anticancer, antibacterial, antifungal, and
antiparasitic properties [19] . Moreover, Mahmoud-
vand et al. [20] recently demonstrated the in vitro
efficacy of C. zeylanicum essential oil asanatural
scolicide.

Material and M ethods

Mice:

Eighty-one healthy laboratory bred male Swiss
albino mice weighing about 20-25gm each, aged 5
weeks were selected from the Animal House Center
of the Faculty of Medicine, Zagazig University was
conducted in the study.

Ethical considerations:

Mice were reared and sacrificed according to
the protocol of The Institutional Animal Care and
Use Committee of Zagazig University (ZUIACUC)
for Animal Use in Research and Teaching. (Ap-
prova No, ZU-1ACUC/3/F/112/2024). The study
was conducted at pharmacology and parasitology
departments, Zagazig University during the period
from July 2024 through December 2024.

Parasites:

Mice were chronically infected with the
non-virulent ME49 strain of T. gondii. This specif-
ic strain was housed in the Animal House Center
of the Faculty of Medicine at Zagazig University in
Egypt after being obtained from the Parasitology
Department of the Faculty of Medicine. Following
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the sacrifice of the infected mice, the brains were
obtained and mixed with one milliliter of regular
saline. Two drops of each 20ul brain homogenate
were placed on slides, and the number of tissue
cysts was counted using a light microscope fitted
with a40x magnifying lens. The number of tissue
cysts per brain was then calculated by multiplying
the count by 20 [21].

Drugs:
* Spiramycin (drug control):

Spiramycin, Medical Union Pharmaceuticals,
Cairo, Egypt was used. It was obtained as 200mg
film-coated tablets. It was given to mice at adose
of 200mg/kg/day [13].

* Matcha green tea (MGT):

MGT was purchased in powder form from alo-
cal market in Zagazig, Egypt. It was suspended in
distilled water and then given to mice at a dose of
3g/kg/day [22].

* Essential oils of thyme and Cinnamon:

The essential oils of cinnamon and thyme were
obtained from the Haraz Company for Medicinal
Plantsin Cairo, Egypt. The recommended dosage
of thyme essential oil was 15ug/kg per day [23]. A
dosage of 100mg/kg/day of cinnamon essential oil
was administered [24]. All drugs were given orally
once daily for 14 days starting on the second-week
post-infection.

Experimental design:

- Group (1): Control non-infected.

- Group (2): Control infected, nontreated

- Group (3): Infected and treated with spiramycin.

- Group (4): Infected and treated with Matcha green
tea(MGT)

- Group (5): Infected and treated with Thyme es-
sential oil

- Group (6): Infected and treated with cinnamon
essentia oil

- Group (7): Infected and treated with both spira-
mycin and MGT.

- Group (8): Infected and treated with both spira-
mycin and Thyme essential oil.

- Group (9): Infected and treated with both spira-
mycin and cinnamon essential oil.
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Mice inoculation and scarification:

Mice were orally infected with 10 cysts per
mouse using a 19-gauge gavage needle. The mice
were sacrificed eight weeks after infection, and
the brains were divided into two distinct parts. For
histopathol ogy and immunohistochemistry investi-
gations, one brain segment was submerged in 10%
formalin, while the other was used to count tissue
cysts. Blood samples were collected from the heart
and abdominal veinsinto tubes without antico-
agulant: Centrifuged after 1hr and the serum free
of hemolysis was separated and used for evalua-
tion of IFNy levels. One gram of liver tissue was
homogenized with Sml of normal saline and then
centrifuged at 4000 r.p.m for 15 minutes. The su-
pernatant fluid was removed and stored at —80 ¢ for
quantitative determination of SOD and MDA levels
as follows:

Parasitological study:
Brain cyst and parasite viability quantification:

Each sacrificed mouse’ s brain was crushed in a
mortar. After that, 5ml of regular saline were added
to create brain emulsion homogenates. Two drops
of brain homogenate (20l each) were added to mi-
croscopic sides, and the number of cystsin each
mouse brain was counted using an X40 objective
under light microscopy. The number of tissue cysts
in Iml (1000 microliters) of brain suspension was
then calculated by multiplying the count by 25 [25].
The mean number of cystsin each group was then
determined. Using 0.4% trypan blue staining, the
average number of living cysts per 100 cysts was
determined for the groups under study and com-
pared to the control groups [26].

Histopathology and immunohistochemistry
(INOS and NSE stains):

To fix the brain and liver tissues from the stud-
ied groups, 10% formaldehyde was used. Some sec-
tions were produced for immunostaining using Bio-
tin-Streptavidin (BSA) [27], while paraffin sections
were cut into slices of 5um thickness and stained
with hematoxylin and eosin for histological exami-
nation [28]. Tissue sections were incubated with an
endogenous peroxidase-blocking reagent contain-
ing hydrogen peroxide and sodium azide (DAKO
peroxidase blocking reagent, Cat. No.S 2001). One
to two drops of the supersensitive primary mono-
clonal antibody [against, Inducible nitric oxide syn-
thase (iNOS, Cat. No. ABN26, Sigma-Aldrich) and
Neuron-specific enolase (NSE, Cat. No. AB9698,
Sigma-Aldrich) were then applied to the sections.
The dlides were incubated horizontally in a humid
chamber at room temperature for 60 minutes. After
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blotting off excess buffer, 1-2 drops of the ready-
to-use DAKO Envision + system were applied for
20 minutes at room temperature. The sections were
then rinsed with PBS as before and blotted. The
chromogen used was DAB (diaminobenzidine),
1-2 drops for 10-20 minutes until a desirable brown
color was obtained. The slides were then washed in
the buffer. Sections were taken to distilled water,
and nuclear counterstaining was done using May-
er's hematoxylin (Hx). Immunoreactive intensity
was expressed by average grayscale. Vaues <160
were considered high, 160—170 medium, and 170—
180 low [29] .

Evaluation of IFN y levels:

Serum samples were tested using the Rat IFN
Gamma ELISA Kit PicoKineTM (catalog num-
ber: EK0374) sandwich Enzyme-Linked Immuno-
sorbent Assay (ELISA). Following the manufactur-
er’s instructions, the steps were done. IFN-y levels
were calculated using the standard curve. A range
of 31.2 to 2000pg/ml was detected.

Biochemical analysis:

The levels of malondialdehyde (MDA) and
superoxide dismutase (SOD) in liver homogenate
were assessed using commercial kits (CAT. No.
MD 25 29 and SD 25 21 respectively), following
the manufacturer’ sinstructions. Tissue MDA val-
ues were represented in nmol/g, whereas SOD ac-
tivity measurements were expressed in U/g.

Satistical analysis:

The datawere collected, revised, coded, and
entered into the Statistical Package for Social Sci-
ence (IBM SPSS) version 25 (IBM, Armonk, NY,
USA). Qualitative datais represented as numbers
and percentages while quantitative data is repre-
sented by mean £ SD. The ANOVA (f) test isatest
of significance used for the comparison of three or
more groups with quantitative variables. Thep-val-
ue of <0.05 was considered statistically significant
& <0.001 for highly considerable resullts.

Results

Parasitological assessment:

There was a significant decrease in brain cyst
count and viability in all treated groups compared
with the control infected (G2). The highest reduc-
tion was in G8 which received spiramycin + thyme
oil (84% and 84%) respectively followed by G7,
G5, G9, G3 and G4. The lowest reduction wasin
G6 received cinnamon oil (45% and 35%) com-
pared with G2 (Table 1).

Biochemical assessment:

The highest reduction in levels of IFNy and
MDA among studied groups was observed in ani-
mals receiving thyme essential oil either in a com-
bined formula with spiramycin (G8) or as a mon-
otherapy (G5) (222+2.5 & 262+7.6 for IFNY and
224+0.15 & 28+3.2 for MDA) respectively com-
pared with G2 (infected non-treated) followed by
G7, G9, G3 and G4 while the lowest reduction was
observed in G6 received cinnamon oil (373£7.6 and
42+2.9) compared with G2. Concerning SOD all
studied groups showed significant elevation com-
pared with G2 (infected non-treated), the highest
elevation was observed in G8 (426+9.4) followed
by G7 & G5 while the lowest elevation was detect-
ed in G6 (Table 2).

Immunohistochemical assessment:
Morphometric analysis:

There was a significant decrease in brain iNOS
and NSE levelsin all treated groups compared to
G2 (infected non-treated). The marked decrease
was observed in G8 which received Spiramycin+
Thyme oil (2.1+0.044 and 6.2+0.15) which was
better than G5 which received Thyme oil (2.7 and
8.9) followed by G7 received Spiramycin + MGT
(3.3+0.076 and 11+0.35). G9 Spiramycin + Cin-
namon oil (4.2+0.17and 12+0.35), G4 (5.9+0.080
and 14+0.80), G6 (6.6+0.50 and 15+1.0) and G3
(10£0.049 and 37+0.59) reved ed decrease in brain
iINOS level and brain NSE level compared with G2
(infected non treated) (23+1.0 and 87+1.0) asrep-
resented in Table (3).



Table (1): Brain cysts count and viability among studied groups.

‘e ‘wiyeiq| "H'| embeN

Gl G2 c3 G5 G6 G7 G8 G9
Groups Control  Control +ve ! . ! . ) Spiramycin + Spiramycin + Spiramycin + F P
-ve infected Spiramycin MGT Thyme ol Cinnamon oil MGT Thyme oil Cinnamon oil
- Brain cysts count 0 343+40*  163+15*#  173x15¢#  110+10* #ab 187+15* #,.c 90+10* #,ab,d 55+10* #,ab,c,d 117+15* #,b,d f 89  <0.0001***
(parasite burden) (x+ SD)
- Reduction percentage R% % 0% 52% 50% 68% 45% 74% 84% 66%
- Brain cysts viability 0 96+1.0  57+7.6* # 52+2.9* # 35+5.0* #,ab 62+2.9* #,c 30+£5.0% #ab,cd 15+50* #ab,cde 45+4.6* #def 120  <0.0001***
(number of living
cysts/100 cyst) (x+ SD)
64%
- Reduction percentage % 0% 41% 46% ’ 35% 69% 84% 53%
X : Mean. ***: Highly significant (p<0.001). a Significant versus G3. d: Significant versus G6.
SD: Standard deviation. Tukey post-hoc test. b: Significant versus G4. e Significant versus G7.
F: Oneway ANOVA test. *: Significant versus control negative G1. c: Significant versus G5. f: Significant versus G8.
NS: Non-significant (p>0.05). #: Significant versus control positive G2.
Table (2): Levels of IFNy, MDA and SOD among studied groups.
Gl G2 G7 G8 G9
G3 G4 G5 G6 . . . . ’ .
Groups Control  Control +ve ! . ’ ) ) Spiramycin + Spiramycin + Spiramycin + F p
-ve infected Spiramycin MGT Thyme ol Cinnamon oil MGT Thyme oil Cinnamon oil
- IFNy level (pg/ml) 2111 494+32*  328+7.6* #  350+5* #a  262+7.6* #ab 373x7.6* #abc 273+7.6* #abd 222+2.5#,ab,c,d,e 295+5* #,ab,c,d,ef 690 <0.0001***
- MDA level 20+0.70 62+0.51*  34+1.1* 32+2.8* # 28+3.2% # 43+3.1* #abc  28+2.6* #d 22+0.15#,ab,d 42+2.9* #,ab,cef 100 <0.0001***
(nmol/g tissue)
- SOD level 348+2.9  133+0.46* 312+13*#  313+88*# 357+7.5*#ab  286x7.9%ab,c 389+7.6* #,ab,cd 426+9.4* #ab,cde 347+7.6#ab,def 330 <0.0001***
(U/g tissue)
X : Mean. ***: Highly significant (p<0.001). a Significant versus G3. d: Significant versus G6.

SD: Standard deviation.
F : Oneway ANOVA test.
NS: Non-significant (p>0.05).

Tukey post-hoc test.

*: Significant versus control negative G1.
#: Significant versus control positive G2.

b: Significant versus G4.
c: Significant versus G5.

e Significant versus G7.
f: Significant versus G8.
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Table (3): Levels of INOS and NSE levels in brain tissues among studied groups.

Gl G2 G7 G8 G9
G3 G4 G5 G6 ) . . . . .
Groups Control Control +ve ) . ) ) ) Spiramycin + Spiramycin + Spiramycin + F p
-ve infected Spiramycin MGT Thyme oil Cinnamon ol MGT Thyme oil Cinnamon oil
-BrainiNOSlevel  2.5+0.13 23+1.0* 10+0.049* # 5.9+0.080* #,a 2.7+0.040#ab 6.6+0.50* #ac 3.3+0.076#,ab,d 2.1+0.044#,ab,d,e 4.2+0.17* #ab,cdf 910  <0.0001***
(X +£8D)
-Brain NSE level  4.0£0.025 87+1.0* 37+0.59* # 14+0.80* #,a  89+0.086* #ab 15+1.0* #ac 11+0.35* #,ab,cd 6.2+0.15* #ab,cde 12+0.35* #ab,c,df 5600 <0.0001***

(X + SD)

X : Mean. ***: Highly significant (p<0.001). a Significant versus G3. d: Significant versus G6.
SD: Standard deviation. Tukey post-hoc test. b: Significant versus G4. e Significant versus G7.
F: Oneway ANOVA test. *: Significant versus control negative G1. c: Significant versus G5. f: Significant versus G8.
NS: Non-significant (p>0.05). #: Significant versus control positive G2.

Fig. (1): Histopathologica examination of the hepatic sections of studied groups (A): G2 (control positive) showing portal biliary reaction, lym-
phocytic cholangitis (green arrow), inflammatory infiltrate in the form of lymphocytes and plasma cells (blue arrow), and vague parasitic cysts (green
circle) (B): G5 (infected and treated with thyme essential oil) showing normal hepatocytes (black arrow), vascular congestion (red arrow), edema (blue
arrow) and Von Kupffer cells were hypertrophied (orange arrow) (C): G7 (infected and treated with combined spiramycin+MGT) showing normal
hepatocytes (black arrow), focal mild degenerated hepatocytes with apoptotic nuclel (blue arrow), hypertrophy of von Kupfer cells (red arrow) and
reticuloendotheliosis (green arrow). (D): G8 (infected and treated with combined spiramycin+thyme essential oil) showing portal congestion (red ar-
row), hepato-portal biliary proliferation, and round cell aggregations (green arrow), normal hepatocytes (blue arrow), hypertrophied von Kupfer cells
(black arrow) and megakaryocytes (orange arrow) (E): G9 (infected and treated with combined spiramycin + cinnamon essential oil) showing normal
hepatocytes (black arrow), mild portal congestion (red arrow) with portal interstitial lymphoplasmacytic aggregations (green arrow), and focal mild
degenerated hepatocytes (blue arrow) H& E X 400.
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Fig. (2): Histopathological examination of the brain sections of studied groups (A): G2 (control positive) showing encephalitis with varying
degrees of severity, the inflammatory cells consisted of lymphocytes and occasional plasma cells, characteristic microglial/lymphocytic nodules (blue
circles) with toxoplasmic-like material (maybe recently ruptured cysts) (red arrow). (B): G5 (infected and treated with thyme essentia oil) showing
normal preserved vascular structures (red arrows), cerebral cortical cells (black arrow), and neuropils and glial cells (blue arrow) (C): G7 (infected and
treated with combined spiramycin+MGT) showing normal preserved vascular structures (red arrow), cerebral cortical cells (black arrow), neuropils
and glial cells (blue arrow 0) (D): G8 (infected and treated with combined spiramycin + thyme essential oil) showing normal structural configurations
including vascular structures (red arrow), cerebral cortical cells (black arrow), neuropils, and glial cells (blue arrow) (E): G9 (infected and treated
with combined spiramycin + cinnamon essential oil) showing normal preserved vascular structure (red arrow), cerebral cortical cells (blue arrow),
neuropils and glial cells (blue arrow) and few cortical neuronal cells degeneration (green arrow) H& E X 400.
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Fig. (3): TheiNOS level score (A) of brain sections among the studied groups. Results are representative as means + SD. Immunohistochemical
examination of brain sections (B): G2 (control positive) showing strong positive iNos expression in degenerated neurons (black arrows). (C): G7 (in-
fected and treated with spiramycin + MGT) showing negative expression of iNOS-specific antibodies (blue arrow). (D): G5 (infected and treated with
thyme essential oil) showing negative expression of the used markersin different tissue (blue arrow) stained against iNOS-specific antibodies (E): G8
(infected and treated with spiramycin + thyme essential oil) showing negative expression of iINOS in different tissue (blue arrows) (F): G9 (infected
and treated with spiramycin + cinnamon essentia oil) showing negative expression of iINOS-specific antibodies (blue arrow) X400.
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Fig. (4): The NSE level score (A) of brain sections among the studied groups. Results are representative as means = SD. |mmunohi stochemical
examination of brain sections (B): G2 (control positive) showing a strong positive NSE immunostaining (brownish cytoplasmic stainability) in some
degenerated neuronal cells (black arrow) and in reactive glial cells (green arrow), and aweak non-specific reaction was seen in hormal neurons (blue
arrow) (C): G5 (infected and treated with thyme essential oil) showing a positive reaction to NSE in some of the degenerated cerebral cortical cells
(black arrows), other cerebral cells appear unspecifically stained (green arrow) (D): G7 (infected and treated with spiramycin + MGT) showing a pos-
itive reaction to NSE in some of the degenerated cerebral cortical cells (black arrows), other cerebral cells were unspecifically stained (green arrow)
(E): G8 (infected and treated with spiramycin + thyme essential oil) showing Positive reaction to NSE in some of the degenerated cerebral cortical
cells (blue arrows), other cerebral cells were unspecifically stained (green arrow) (F): G9 (infected and treated with spiramycin + cinnamon essential
oil) showing Positive reaction to NSE in some degenerated cerebral cortical cells (black arrows), other cerebral cells were unspecifically stained (green

arrow) X 400.

Discussion

Toxoplasma gondii presents a distinctive patho-
physiology that poses challenges for pharmacolog-
ical treatment. The parasite is capable of breaching
the blood-brain barrier to establish a persistent in-
fection [30], hindering the achievement of effective
drug concentrations and complicating the manage-
ment of chronic illness[31]. Regrettably, the current
medications used for treating and preventing tox-
oplasmosis, such as spiramycin, pyrimethamine,
sulfadiazine, and atovaguone, are associated with
significant side effects like increased teratogenici-
ty, bone marrow suppression, and hematologic tox-
icity [32]. Thereisagrowing interest in examining
the efficacy of herbal extractsin treating various
parasitic diseases [33]. Natural compounds and tra-
ditional herbal remedies are readily accessible and
tend to have fewer adverse effects compared to
modern anti-toxoplasma therapies[12].

The present research aims to assess the antipar-
asitic and antioxidant properties of essential oils
derived from Thyme (TEO), cinnamon, and mat-
cha green teain the context of chronic experimental
T. gondii infection in mice. The oils were adminis-
tered both independently and in combination with

spiramycin, and the eval uation involved parasito-
logical, biochemical, histopathological, and immu-
nohistochemical analyses.

In terms of parasitological evaluation, our find-
ingsindicated a significant reduction in brain cyst
burden and viability across all treatment groups
when used either as monotherapy or in conjunction
with spiramycin. Notably, the groups treated with
thyme essential oil (TEO), whether alone or com-
bined with spiramycin (G5 and G8), exhibited the
most substantial decrease in brain cyst burden, with
reduction percentages of 68% and 84%, respective-
ly, aswell asin brain cyst viability, with reduction
percentages of 69% and 84%, respectively. The out-
comes observed in the TEO-treated groups (G8 and
Gb) can be attributed to the influence of its active
components, such as thymol and carvacrol. While
the precise mechanism underlying thyme's antimi-
crobial actions remains unclear, research suggests
that it can enhance immune responses and exhibit
potent antioxidant properties [34]. Thyme has been
shown to impact cell membrane permeability and
modul ate membrane organization and surface elec-
trostatics, leading to the release of membrane-asso-
ciated components and the subsequent elimination
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of parasites [35]. Essential oils can interfere with
membrane-bound enzymes and those involved in
energy and protein synthesis, ultimately resulting
in cell death [36]. The most recent proposed mech-
anism of action posits that essential oils and their
monoterpenes generate free radicals that may dis-
rupt essential enzymes of the parasite, such aslac-
tate dehydrogenase related to energy metabolism

(37].

These findings align with the work of Eraky [38],
who demonstrated the prophylactic and therapeutic
effects of alcohol extract of thyme against chron-
ic toxoplasmosis by reducing brain cyst numbers
compared to the control group in mice infected with
Toxoplasma. Moreover, Farag et al. [39] highlighted
the therapeutic potential of thyme extract in treat-
ing toxoplasmosis, reporting a significant reduction
in brain cystsin rats with toxoplasmosis following
oral administration for 10 days. Prior studies have
documented the anti-parasitic properties of thyme
against various parasites. For instance, Santoro et
al. [40] illustrated the anti-trypanosomal effects of
thyme against T. cruzi, inducing structural abnor-
malities in the parasite. Additionally, thyme aque-
ous extract has shown trypanocidal activity against
T. evansiby reducing parasite numbers and infec-
tivity [23]. Thyme volatile oil presents promising
potential as a natural remedy for bacterial infec-
tions and visceral leishmaniasis[41].

Our observations indicated that both MGT and
cinnamon essential oil when applied separately
demonstrated an anti-parasitic effect like the con-
ventional drug spiramycin. However, using themin
conjunction with spiramycin resulted in a synergis-
tic effect. In the groups treated with MGT, there
was areduction in the burden and viability of Tox-
oplasma brain cysts. This phenomenon islikely due
to the antioxidant and anti-inflammatory properties
of its biological elements, particularly catechins,
which are abundant in epigallocatechin gallate
(EGCG) and methylxanthines. The primary impact
of green tea catechins on various parasitic infec-
tionsisthe decrease in both parasite growth and
population. Additional findings included the frag-
mentation of the parasite’'s DNA and diminished
synthesis of their fatty acids[42]. EGCG might also
inhibit the enzymes necessary for Toxoplasma en-
cystation, namely lactate dehydrogenase and eno-
lases. The work of Fakae et al. [43] demonstrated
that the solvent extract of green tea, aswell asits
chemical compounds, has anti-parasitic properties
against Acanthamoeba castellanii, significantly
hindering both the replication of trophozoites and
encystation by inhibiting the serine proteinases and
metalloproteinases involved in the encystation pro-
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cess. Furthermore, Kolodzigj et al. [44] observed
that EGCG reduced the viability of intracellular
L eishmania with minimal induction of nitric oxide
synthesis by infected macrophages. Catechins, es-
pecially EGCG, display awide array of antiproto-
zoal effects by targeting crucial enzymesinvolved
in redox and energy metabolism across parasites
like Giardia, Entamoeba, Plasmodium, and Tryp-
anosoma, positioning them as noteworthy candi-
dates for new therapeutic alternatives addressing
issues such as side effects and drug resistance
against parasitic infections [45]. It was suggested
that methanol extracts from green tea have prom-
ising prophylactic and therapeutic benefits against
C. parvum [46].

The biological components of cinnamon oil, es-
pecially cinnamaldehyde, the principal active com-
pound in cinnamon known for its diverse medici-
nal and pharmacological uses including anticancer,
cardioprotective, anti-inflammatory, antibacterial,
antifungal, and anti-parasitic properties may con-
tribute to the decline in the number and viability
of Toxoplasma brain cystsin groups treated with
cinnamon ail [47]. Cinnamaldehyde' s antimicrobial
effectiveness arises from several mechanisms like
disrupting the metabolism of vital compounds such
as proteins, lipids, and carbohydrates, disturbing
the microbial cell membrane, and affecting energy
production [48]. Hence, it can be inferred that the
compounds found in cinnamon play a significant
rolein its anti-Toxoplasma effects. Thisfinding
aligns withAlanazi and Almohammed [49], who
noted that cinnamon exhibits promoting effects on
Toxoplasmainfection in both in vitro and in vivo
studies. In vitro experiments revealed significant-
ly higher mortality rates of tachyzoites at varying
concentrations of cinnamon, whilein vivo stud-
ies indicated a noticeable reduction in the mean
number and size of Toxoplasma cystsin infected
mice. Similarly, Fabbri et al. [50] found significant
impacts of cinnamon essential oil and cinnamal-
dehyde on Echinococcus granulosus, leading to
reduced parasite survival (protoscolicidal effect),
with higher amounts of the essential oil causing
ultrastructural alterations. Previous studies have
examined the anti-parasitic potential of cinnamon,
with Salama et al. [51] reporting reduced viability
of Trichinella spiralis larvae and adult worms when
treated with cinnamon, while Trabelsi et al. [52] ex-
plored the anti-parasitic effects of cinnamon extract
against Anisakis larvae type 1 in both in vivo and
in vitro settings.

Maintaining the equilibrium of oxidation-re-
duction processes necessitates the controlled gen-
eration of reactive oxygen species (ROS) at opti-



1440 Antioxidative & Anti-Inflammatory Effects of Matcha Green Tea, the Essential Oils of Thyme & Cinnamon on Chronic Toxoplasmosi

mal levels; however, excessive ROS production
can lead to deteriorative reactions such as lipid
peroxidation, DNA impairment, and enzyme deac-
tivation [53]. ROS plays a pivotal role in regulating
immune responses and exerts diverse modulatory
effects on inflammation [54]. Essential oils (EOs)
and their components can modulate several signa-
ling pathways that are either suppressed or exces-
sively activated during acute or chronic inflamma-
tory responses [55]. The creation of EOs involves
various chemical compounds containing conjugat-
ed carbon double bonds and hydroxyl groups ca-
pable of hydrogen donation, thereby diminishing
oxidative stress and thwarting free radicals[56].

Regarding the assessment of oxidant-antioxi-
dant status, all treated mice with infections exhib-
ited a notable rise in superoxide dismutase (SOD)
levels and a decrease in malondialdehyde (MDA)
levels compared to the infected control group. No-
tably, asignificant enhancement in SOD and MDA
levels was observed in groups treated with thyme
essential oil, either as a standalone treatment or in
combination with spiramycin (G5 and G8). This
antioxidant potential of thyme was attributed to its
high content of total phenolics and flavonoids like
carvacrol and thymol [57]. Studies by Lemos et al.
[58] demonstrated the antioxidant activity of thymol
and carvacrol through methods such as DPPH, high-
lighting their strong radical scavenging capacity.
Flavonoids exhibit antioxidant properties through
various mechanisms that include direct scaveng-
ing of ROS, upregulation of antioxidant enzymes,
and inhibition of enzymesinvolved in free radical
generation [59]. This finding was supported by Taha
et al. [60], who observed a significant increasein
SOD levelsand a decrease in MDA levelsin immu-
nosuppressed mice infected with cryptosporidium
and treated with thyme essential oil.

Green tea contains polyphenols (catechins and
gallic acid), carotenoids, tocopherols, vitamin C,
and essential mineraslike Cr, Mn, Se, and Zn.
These elements indirectly function as antioxidants
by delaying redox-sensitive transcription factors
and pro-oxidant enzymes (e.g., lipoxygenases, cy-
clooxygenases, xanthine oxidase, and nitric oxide
synthase) and stimulating antioxidant enzymes
such as glutathione transferases (GT) and super-
oxide dismutases (SOD), which counteract lipid
peroxidation, scavenge free radicals, and reduce
oxidation by binding to metal ions [61]. Theanine,
akey component in matcha, can be converted into
glutamine [62]. Glutamate, as per Bornstein et al.
[63] can mitigate mitochondrial damage, rejuvenate
tricarboxylic acid cycle intermediates, and enhance
ATP synthesis through oxidative phosphorylation

to mitigate oxidative harm. This finding aligns with
Ramez et al. [64] who observed increased levels of
antioxidant parameters such as SOD, catalase, to-
tal antioxidant capacity, and glutathione peroxidase
along with asignificant reduction in MDA levels
in Schistosoma mansoni-infected mice treated with
MGT.

The antioxidant effects of essential oils are
likely due to a combination of their constituents,
with key compounds playing a significant role in
their beneficia biological effects[65]. The primary
responsibility for the antioxidant activity of cinna-
mon essential oil lies with its phenolic and other
bi oactive compounds, such as (E)-cinnamaldehyde
[66], a-pinene [67], eugenol [68], B-caryophyllene
[69], and eucalyptol [70]. Ashfaq et al. [71] demon-
strated the antioxidant activity of cinnamon essen-
tial oil through B-carotene bleaching experiments,
showing strong radical scavenging properties and
the ability to inhibit lipid oxidation. A study by Sa-
hib [72] revealed that 1000mg of cinnamon over 12
weeks increased serum SOD levels and decreased
MDA levels in Type 2 diabetes patients. Hussain et
al. [73] found that administering cinnamon at dos-
es of 100 and 200mg/kg for 14 days to acetami-
nophen-induced rats resulted in reduced MDA lev-
els, increased GSH levels, and enhanced activities
of antioxidant enzymes (CAT, SOD, GR, and GPx).
The overproduction of chemicals that stimulate re-
active oxygen species (ROS) can harm cell struc-
tures and disrupt the body’s functions in the long
term. Inflammatory responses, in addition to their
signaling functions that promote inflammation,
play a role in various diseases. Anti-inflammatory
and antioxidant medications primarily function by
scavenging ROS to impede signaling in the inflam-
matory process [74].

In thisinvestigation, all treated infected mice
exhibited a significant decrease in serum IFNy lev-
els and iNos & NSE (in the brain) in immunohis-
tochemical assessments compared to the infected
control group. Notably, a substantial improvement
in these levels was observed in groups treated with
thyme essential oil either as monotherapy or in
combination with spiramycin (G5 and G8). The
anti-inflammatory properties of thyme essential
oil can be attributed to its active biological con-
stituents, thymol, and carvacrol. Kwon et al. [75]
demonstrated that thymol reduced the expression
levels of IL-1pB, IL-6, TNF-a, IL-8, and MCP-1.
Carvacrol exhibited anti-inflammatory actions by
suppressing 1L-6, IL-8, PGE2, and COX-2 [76].

Gholijani et al. [77] confirmed that both thymol
and carvacrol exert their anti-inflammatory effects
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by reducing IL-1b and TNFa levels at the protein
and mRNA levels, with thymol also significantly
reducing IL-1b expression. Mahmoodi et al. [78]
demonstrated that thyme extract at doses of 50-100
mg/kg reduced IFNy and IL-6 in autoimmune en-
cephalomyelitis. Liang et al. [79] showed that thy-
mol inhibited the production of TNF-a and IL-6,
and suppressed the expressions of iNos and COX-2
in epithelial cells. Thymol therapy reduced TNF-a,
IL-6, IL-17, and IFNy in rats with rheumatoid ar-
thritis [80].

The physiologically active components of
MGT that suppress the gene and protein produc-
tion of inflammatory cytokines are responsible for
its anti-inflammatory properties[81]. EGCG, to reg-
ulate the inflammatory state, scavenges ROS(82).
Matcha, due to higher theanine and rutin levels
compared to other green teas, inhibited the growth
of liver granulomas by increasing IL10 levels and
decreasing TNF-a, [IFN-y, and 1L-13 levels [83].
Matcha-silver nanoparticles reduced inflammation
by enhancing the expression of antioxidant genes
(SOD, catalase, GPx) through the reduction of
NLRP3 and IL-1f expression and the promotion
of SIRT1 levels, which regulate the endogenous
antioxidant and anti-inflammatory defense systems
[84]. Furthermore, SIRT1 inhibits the TLR-4/NF-
«B/STAT pathway, reducing the production of in-
flammatory factors [85].

Cinnamon essential oil’s chemical components,
particularly cinnamaldehyde and its derivatives
contribute to its anti-inflammatory properties by
preventing NO production, thereby reducing in-
flammation. Consequently, cinnamon serves as a
novel type of NO inhibitor. Cinnamon hydroal co-
holic extract treatment significantly reduced joint
swelling and lowered IL-13 and TNF-a levels in
rats with CFA-induced arthritis [86,87]. Liao et al.
[88] investigated the anti-inflammatory properties
of cinnamon components (cinnamaldehyde, cin-
namyl acohol, cinnamic acid, and coumarin) using
mouse macrophage RAW?264.7 and a carrageen-
an-induced mouse paw edema model, revealing
that cinnamal dehyde notably inhibited the pro-
duction of NO, TNF-0, and PGE2 in mouse mac-
rophage RAW264.7.

The study’ s histopathol ogical findings showed
improvements in the liver and brain tissue appear-
ance, manifested by areduction in inflammatory
cells and an enhancement in tissue structure to-
wards normal in various treated groups compared
to the severe inflammatory reaction in the untreat-
ed infected group (G2). The most significant im-
provements were observed in the thyme essential
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oil-treated groups, likely attributed to the antiox-
idant and anti-inflammatory properties of thymol,
carvacrol, and other phenolic and flavonoid com-
ponents. Thisis supported byOmidipour et al. [89],
who highlighted thyme' s ability, due to its high
antioxidant content, to improve liver complica-
tions and reduce liver destruction. Ahmed et al. [90]
demonstrated that thyme oil and thymol effectively
mitigated experimental hepatotoxicity caused by
doxorubicin through their anti-inflammatory, anti-
oxidant, and antiapoptotic characteristics.

In groups treated with matcha, the improvement
in the levels of inflammation and the histological
appearance of the liver and brain can be attributed to
the anti-inflammatory and antioxidant effects. This
finding is consistent with the research by Hamed et
al. [91], who illustrated the capacity of matcha-sil-
ver nanoparticles to repair damage caused by irradi-
ation and restore the cellular structure of the spleen.
The presence of potent antioxidant and anti-inflam-
matory properties in the polyphenolic components
of EGCG contributes to reducing cellular damage
induced by toxins. Al-Awaidaet al. [92] observed
that mice exposed to smoke and treated with EGCG
therapy exhibited preserved tissue morphology.

The amelioration of the histological appearance
of the brain and liver in groups treated with cinna-
mon is due to the antioxidant and anti-inflammatory
properties of cinnamon’s biologically active com-
ponents, particularly cinnamaldehyde. This finding
aligns with the study by Aioub et a. [93], which
demonstrated the therapeutic effect of cinnamon on
the adverse histopathological changesin the liver
and kidney of rats exposed to acetamiprid, where
cinnamon restored the normal histological appear-
ance of these tissues. Similarly, Elkomy et al. [94]
demonstrated that cinnamon extract improved his-
tological changesin rats administered paracetamol.

Conclusion:

This research study evaluates the anti-toxoplas-
mic efficacy of MGT and essential oils of thyme
and cinnamon against chronic toxoplasmosis. Our
results highlight the potential therapeutic potential
of these natural compounds, especially thyme es-
sential oil, as adjunctive therapies for chronic tox-
oplasmosis. The observed synergistic interactions
with spiramycin aongside the antioxidant and an-
ti-inflammatory propertiesindicate that these com-
pounds may provide a novel and more efficacious
strategy for disease management. Our future stud-
ieswill be directed to test the active ingredients of
these compounds and load them on different forms
of nanoparticles.
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