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Abstract Toxoplasmosis is a parasitic infection caused by
Toxoplasma gondii protozoon. It is most commonly treated
by pyrimethamine (PYR); however, this was intolerable by
many patients. The aim of this study was to assess therapeutic
effects of Nigella sativa oil (NSO) alone and combined with
pyrimethamine (PYR) compared to a previous combination of
clindamycin (CLN) and (PYR). One hundred Albino mice
were used in the current study and were equally divided into
five groups: normal (I), infected untreated control (II); infect-
ed, treated with NSO-only (III); infected, treated with NSO+
PYR (IV); and infected, treated with CLN+PYR (V). The
virulent RH Toxoplasma strain was used in infection survival
rates estimation, impression smears from liver and spleen, and
histopathological and ultrastructural studies were done. Liver
malondialdehyde (MDA) level and total antioxidant capacity
(TAC) were determined. Interferon-y and specific IgM were
also measured in sera by ELISA. Results showed that NSO
alone has no direct anti-7oxoplasma effect, whereas its com-
bination with PYR produced potent effect that is comparable
to CLN+PYR. It significantly increased the survival rate and
decreased the parasite density and pathological insult in both
liver and spleen. Also, significant increase in interferon-y lev-
el denotes stimulation of cellular immunity. NSO+PYR
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combination markedly improved the antioxidant capacity of
Toxoplasma infected mice compared to the infected untreated
ones and to CLN/PYR. In conclusion, although NSO, if ad-
ministered alone, has significant immunostimulant and anti-
oxidant properties, it failed to decrease tachyzoite counts.
Combination of NSO and PYR had synergistic effect in treat-
ment of toxoplasmosis.
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Abbreviations

T gondii Toxoplasma gondii

NSO Nigella sativa oil

IFN-y Interferon-y

CLN Clindamycin

PYR Pyrimethamine

TAC Total antioxidant
capacity

Introduction

Toxoplasmosis is a worldwide disease caused by the
apicomplixan protozoan parasite Toxoplasma gondii. The dis-
ease is effectively controlled by the host immune response and
remains dormant in the host neural and muscle tissues for the
lifetime of the host (Dupont et al. 2012). Although most indi-
viduals do not experience any symptoms, individuals with
compromised immune system suffer a life-threatening dis-
ease. Man acquires the infection through ingestion of tissue
cysts in undercooked or raw meat or by accidental ingestion of
mature oocysts in contaminated food and drink. Congenital
transmission is also another important route of infection that
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may lead to serious consequences (Ahmed et al. 1996; Pappas
et al. 2009).

The standard chemical agents for treatment of toxo-
plasmosis are dihydrofolate reductase (DHFR) inhibitors
as pyrimethamine (PYR). While these drugs have a
high degree of binding selectivity for 7. gondii DHFR
versus mammalian DHFR, they are only active against
tachyzoites and not bradyzoites and are not effective
when used as single agents. Thus, they are generally
used in combination with sulfa drugs (Rosowsky et al.
1998). However, this combined treatment is often asso-
ciated with bone marrow suppression and kidney prob-
lems (Katlama et al. 1996). New agents or combination
of agents with better therapeutic efficacy and safety
than currently available drugs are urgently needed
(Park and Nam 2013).

Interferon-y (IFN-y) is an important cytokine for co-
ordinating protective immunity against infection with
intracellular parasites. The immunity against 7. gondii
is mediated by the IFN-y-dependent Thl-predominant
immune response. It mediates its protective effects by
triggering the lysosomal activity and modulating meta-
bolic activity of antigen-presenting cells, including den-
dritic cells and macrophages (Taylor et al. 2004; Sturge
et al. 2013).

Nigella sativa oil (NSO) has a potent immunostimulant
effect; it increases IFN-y levels and potentiate T cells
in vitro for adoptive T cell therapy against cancer and
infectious diseases (Keyhanmanesh et al. 2010; Salem
et al. 2011).Therefore, several therapeutic effects have
been described for N. sativa including anti-asthma
(Suzuki et al. 1988), hypotensive, anti-nociceptive, anti-
fertility, anti-diabetic, anti-inflammatory, anti-oxidant, and
anti-microbial (Ali and Blunden 2003). Moreover, NSO
has been tried for treatment of cancer (Padhye et al.
2008). Also, efficacy of NSO was reported against many
helminthic infection as Hydatid cyst (Mahmoudvand et al.
2014), Toxocara (Shalaby and El-Moghazy 2013), and
Hymenolepes nana (Ayaz et al. 2007). It was tried also
against schistosomiasis and proved prompt hepatoprotec-
tive properties (Aboul-Ela 2002). Regarding protozoa, it
succeeded as leishmanicidal agent (Mahmoudvand et al.
2015) and in treating Cryptosporidium parvum (Nasir
et al. 2013) and Blastocystis hominis (E1 Wakil 2007).
Also, good results were obtained with its experimental
treatment of malaria (Okeola et al. 2011).

However, to the best of our knowledge, nothing is
known about the efficacy of NSO on the virulent RH
strain of 7. gondii. Thus, in the present study, we evalu-
ated NSO used alone and in combination with PYR in
treatment of mice infected with the virulent RH strain of
T. gondii, aiming at development of safe and effective
drug or drug combination against toxoplasmosis.

@ Springer

Materials and methods
T. gondii strain

The virulent RH strain of 7. gondii was maintained in the
Parasitology Department, Faculty of Medicine, Alexandria
University by serial intraperitoneal (i.p.) passages of
tachyzoites in Swiss albino mice (68 weeks old, 20 g weight)
every 4-5 days. The tachyzoites were collected from the peri-
toneal exudates of mice, washed three times, and then diluted
with phosphate buffered saline (PBS) pH 7.4 to be used for
intraperitoneal infection of mice at a dose of 3.5x
10° tachyzoites/mouse in 0.1 ml PBS, pH 7.4 (Chan and
Luft 1986).

Tested compounds

— N. sativa oil (NSO) (Pharco-Pharmaceuticals,
Alexandria, Egypt)

—  Pyrimethamine (PYR) (Wellcome Pharmaceuticals)

—  Clindamycin (CLN) (Pfizer pharmaceuticals)

Mice and experimental design

This study was carried out on 100 male Swiss albino mice,
aged 3 to 5 weeks, weighing between 20 and 25 g. They were
housed in well-ventilated cages supplied with standard pellet
food and water (El-Fakhry et al. 1998). Mice stools were ex-
amined conventionally to exclude the presence of parasites
(Giarcia and Bruckner 1977). This study protocol was ap-
proved by the Ethics Committee of Faculty of Medicine,
Alexandria University, Egypt.

Mice were equally divided into five groups (20 mice each)
as follows:
Group I: Normal uninfected mice, included healthy mice
injected with 1 ml PBS (pH 7.4) i.p., then received
0.3 ml of 2 % gum acacia orally/day for 5 days.

Infected untreated mice included infected mice
that received 0.3 ml of 2 % gum acacia orally/
day for 5 days from day zero post infection.
NSO-only treated mice, included infected mice
that were treated with NSO, in a dose of 5 ml/
kg body weight/day emulsified in 0.3 ml gum
acacia 2 % orally for 5 days (Mahmoud et al.
2002)

NSO-+PYR-treated group included infected mice
that were treated with a combination of PYR and
NSO in doses of 12.5 mg/kg and 5 ml/kg body
weight/day, respectively (Romand et al. 1993;
Mahmoud et al. 2002 orally suspended and emul-
sified in 0.3 ml gum acacia 2 % for 5 days.

Group II:

Group III:

Group IV:



Parasitol Res (2016) 115:379-390

381

Group V: CLN+PYR-treated group included infected mice
that were treated with a combination of CLN and
PYR in doses of 25 mg/Kg (Araujo et al. 1998)
and 12.5 mg/Kg (Romand et al. 1993), respective-
ly. The calculated dose of both drugs was
suspended in 0.3 ml of gum acacia 2 % and ad-
ministered orally for 5 days.

Ten mice from each group were observed daily for survival
rate calculation, while the other 10 mice were sacrificed on the
5th day post-infection for evaluation of other parameters.

On the 5th day post-infection, mice were fasted for over-
night with free access to water. Animals were anesthetized and
sacrificed, and blood samples were collected and left to coag-
ulate at 37 °C for 20 min then centrifuged at 3000 rpm for
15 min. Sera were separated, divided into aliquots, and stored
at —80 °C until used. The peritoneal fluid containing
tachyzoites was collected following sacrifice from all studied
groups. Livers and spleens were isolated and used for: estima-
tion of parasite count, histopathological study, and assay of
biochemical parameters.

Parasitological evaluation
Survival rate estimation

The number of survived mice was recorded daily until all mice
died. The survival rate was calculated in each group according
to the following equation:

Number of survived mice/number of mice at the beginning
of the experimentx 100 (Eissa et al. 2012)

Parasite load

Impression smears were made from liver and spleen and
stained with Giemsa stain. Counting of 7. gondii tachyzoites
in different tissue smears were carried out using oil immersion
objectives (x100) lens. The mean of ten different fields of each
mouse and the mean of the 10 mice were calculated
(AL-Dakhil and Morsy 1996).

Morphological study

Light microscopy (LM) and scanning electron microscopy
(SEM) were used in examination of 7. gondii tachyzoites col-
lected on the 5th day PI from each group. The specimens were
processed for SEM according to Klainer and Betsch (1970)
and examined using a Jeol-JSM-25 SII scanning microscope.

Histopathological evaluation

Specimens from the liver were fixed in 10 % formalin,
dehydrated in ascending series of ethyl alcohol, cleared in

xylol, and then embedded in paraffin. Serial sections, 5-
micron thick, were cut using microtome, and processed for
staining using haematoxylin and eosin stain. Sections were
put in xylol, passed in descending series of ethyl alcohol,
rinsed in water, stained in Harris haematoxylin, washed under
running water, and then counter-stained using eosin. They
were dehydrated using ascending series of ethyl alcohol and
then mounted in Canada balsam (Drury and Wallington
1980).Histopathological examination was performed using
standard light microscopy and liver inflammation, and injury
was assessed for each study group using the Ishak modifica-
tion of the Knodell “hepatic activity index” (Theise 2007).

Biochemical evaluation

Parts of the isolated livers were immediately washed with ice-
cold saline, blotted dry on filter papers, weighed and homog-
enized for assessing malondialdehyde (MDA) level (Ohkawa
et al. 1979), and total antioxidant capacity (TAC) ( Koracevic
et al. 2001) as follows:

MDA level

This method is based on the reaction of thiobarbituric acid
(TBA) with MDA (contained in liver tissue homogenate in
1.15 % KCL) in acidic medium (pH 3.5) at a temperature of
95 °C to form TBA reactive product that yields a pink color
which can be measured spectrophotometrically at 532 nm.
The values are expressed in nM/gm tissue (Ohkawa et al.
1979)

TAC

Colorimetric determination of TAC is based on the reaction of
antioxidants in the sample (supernatant of liver tissue homog-
enate in 10 mM phosphate buffer pH 7.4) with a defined
amount of hydrogen peroxide. The residual is determined col-
orimetrically by an enzymatic reaction that evolves the con-
version of 3,5 dichloro-2-hydroxy benzene sulfonate to a col-
ored product that can be measured at 505 nm. The values are
expressed in mM/gm tissue (Koracevic et al. 2001).

Immunological study

IFN-y (Stoicov et al. 2004) and IgM (Al-Suhaimi 2012) were
measured in serum samples using ELISA kit (KOMA Kit,
Biotech, Inc.).

Statistical analysis

Data are presented as minimum—maximum, mean+=SD, and

median. Data analysis was performed using SPSS version 20
computer software. ANOVA (F) test followed by post hoc test
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(Scheffe) was performed to compare variables between differ-
ent studied groups. Significance was set at P<0.05 (Leslie
etal. 1991).

Results
Survival rate

The best survival rate was observed in mice receiving com-
bined treatment (groups IV and V). Eighty percent of animals
survived beyond the 10th day PI and all mice died before day
15 PI. These were followed by NSO-only treated mice (group
III) in which 30 % of mice survived till day 8 PI. All untreated
mice succumbed by day 7 PL. (Fig. 1)

Parasite load

T. gondii tachyzoites were detected clearly in impression
smears from liver specimens in all infected groups with ex-
tremely variable densities. In the infected untreated mice
(group II), the mean tachyzoite count in the liver and spleen
was 14.86+1.07 and 8.0+1.81, respectively. Significant re-
duction was noticed in NSO+PYR-treated mice (group IV)
to 2.90+1.03 and 2.67+1.34. Also, in CLN+PYR-treated
mice (group V), the mean tachyzoite count significantly re-
duced to2.35+0.81 and 2.63+0.92 in liver and spleen, respec-
tively, with no statistically significant difference between
them. No significant reduction was observed in NSO-only
treated mice (group III) compared to infected untreated mice
(group II) (Table 1).

Morphological results

Light microscopic examination of the peritoneal exudates of
the different infected groups showed that only in mice re-
ceived combination treatments NSO+PYR (group IV) and
CLN+PYR (group V) tachyzoites showed sluggish of move-
ment with deformed crescent shape. On the other hand, in

Fig. 1 Survival rate in different
studied groups

NSO-only treated mice, the tachyzoites movement was nor-
mal without any signs of deformity.

By SEM, tachyzoites in the infected control group (group
IT) appeared elongated, often crescent-shaped parasite with a
rounded pole at one end and a more or less pointed pole at the
other. The site of the conoid is evident and resembled a com-
pressed spring, while the cytostome appeared as indentation in
the pellicle. However, tachyzoites retrieved from mice receiv-
ing combined treatment (groups IV and V) showed deformi-
ties (in the form of depressions, protrusions, and irregularities)

(Fig. 2).

Histopathological results
Histopathologic examination of liver

Examination of the liver of the infected untreated group (II)
mice revealed disturbance of the hepatic architecture with dis-
tortion of the liver cell plates with variable hepatocyte bal-
looning. Hepatic lobules reveal moderate inflammatory cell
infiltrate with frequent drop out (spotty) necrosis (up to 10
foci per x10 objective) (Fig. 3b) as well as focal confluent
necrosis, predominantly within zone 3 (pericentral) (Fig. 3c¢).
Hepatocytes show diffuse ballooning and focal micro-
steatosis as well as intrahepatic cholestasis. Hepatic sinusoids
are dilated and infiltrated by lymphocytes and histiocytes
(Fig. 3d) and fewer eosinophils. Kupffer cell hyperplasia and
hypertrophy are notable. Tachyzoites are observed both extra-
cellularly (Fig. 3d) and intracellularly within the cytoplasm of
the Kupffer cells, histiocytes as well as hepatocytes. All portal
tracts are moderately to markedly infiltrated by a chronic non-
specific inflammatory infiltrate composed primarily of lym-
phocytes, histiocytes, plasma cells, and fewer eosinophils
(Fig. 3e).

Group I mice (NSO-only) livers exhibited similar chang-
es to the infected group only with notable reduction in the
hepatic lobular inflammation with reduced dropout necrosis
(Fig. 3g). Intracellular tachyzoites remain to be detected with-
in hepatocytes (Fig. 3h) and Kupffer cells. Portal

Dayl Day2 Day3 Day4 Day5 Day6 Day7 Day8 Day9 Day10 Day11 Day12 Day13 Day 14 Day 15
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Table 1 Mean number of tachyzoites/oil immersion lens in stained impression smears from liver and spleen of different groups

Group | Group 11 Group III Group IV Group V F P
Mean in liver 0.0+0.0 14.86"+1.07 14.17 *+£1.25 2.90 ®*°+1.03 2354081 567.502 <0.001*
Mean in spleen 0.0+0.0 8.0°+1.81 7.39 +1.46 2.67®°+1.34 2.63 °+0.92 73.128* <0.001*

Group I: normal mice, group II: infected untreated mice, group III: NSO-only treated mice, group IV: NSO+PYR-treated mice, group IV: CLN+PYR
treated mice. F: F test (ANOVA); significance between groups was done using post hoc test (Scheffe)

* Significant with group I

® Significant with group II

¢ Significant with group 111
*p<0.05, statistically significant

inflammation remained marked to moderate (Fig. 3f) in all
portal tracts with heavy infiltration by lymphocytes and plas-
ma cells.

Group IV mice (NSO+PYR) revealed a marked reduction
in the extent and severity of the inflammatory response.
Hepatic lobular inflammation and dropout necrosis reduced
to 2—4 foci/x10 objective. Kupffer cell hyperplasia and

Fig. 2 SEM of tachyzoite of

T. gondii (1). Tachyzoites from
infected control mice (group II)
showing crescent-shaped parasite
with smooth surface (x20,000)
(2).Tachyzoites from NSO+
PYR-treated mice (group IV)
showing dimples (arrowhead)
and small projections (arrow)and
irregular surface with
preservation of the crescent
shape(x20,000) (3). Tachyzoites
from NSO+PYR-treated mice
(group IV), showing irregular
surface, with deep ridges (arrows)
and dimples (arrowheads); their
crescent shape is totally lost
(%35,000) (4). Tachyzoites from
CLN+PYR-treated mice (group
V) showing dimples (arrows) and
large projections from the
terminal ends (arrowheads)
(%20,000) (). Tachyzoites from

the same group (V), showing loss 28 %25,000

of the crescent shape, shrunken,
mutilated organism, less tapered
ends, multiple deep furrows on
the surface (arrows) (%20,000)

»Q00

intrasinusoidal histiocytes, as well as tachyzoite collections,
were markedly reduced. Portal tract inflammation was ob-
served focally in a few portal tracts.

Group V mice (CLN+PYR) revealed a marked reduction
in extent and severity of the hepatic lobular and portal inflam-
matory response, with reduced inflammatory cell infiltrates as
well as tachyzoite collections.

X3S5,000

.5rm 02

» 000
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Fig.3 Histopathological study of
the liver (7). Liver section from
normal control mice (group I)
showing preserved hepatic
architecture (H&E, x100) (2).
Liver section from infected,
untreated control group (II),
showing disturbed architecture
with multiple foci of
necro-inflammatory activity,
predominantly seen in the
pericentral location (arrows)
(H&E, x100) (3). Liver section
from infected control group (II),
showing centrilobular confluent
necrosis (compound arrow) as
well as tachyzoite collections
(single arrow) (4). Liver section
from infected control group (1I),
showing Kupffer cell hyperplasia
(single arrows) and a histiocyte
within a sinusoid (compound
arrow). Extracellular tachyzoites
are seen (blue arrows) (H&E,
x1000) (5). Liver section from
infected untreated control group
(II) showing marked portal
inflammatory cellular infiltrate
(H&E, x400) (6). Liver section
from NSO-treated group (I1II)
showing moderate portal
inflammatory cellular infiltrate
(H&E, x400) (7). Liver section
from NSO-treated group (III)
showing intrahepatocyte
tachyzoites (hlue arrow) and
centrilobular spotty necrosis
(black arrows) (H&E, x400) (8).
A high power view of
intra-hepatocyte tachyzoites in
liver of NSO-treated group (H&E,
x1000). BD: bile ductule, PV:
portal venule
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'3

A
g

b

Histopathological examination of the spleen

Examination of the spleen of the infected control group
(IT) mice revealed marked congestion of the splenic red
pulp (Fig. 4a) with hyperplastic Littoral cells as well as
sinusoidal engorgement with macrophages, many of
which were laden with tachyzoites. A number of extra-
cellular tachyzoite collections, as well as numerous mul-
tinucleated giant cells, appeared within the red pulp
(Fig. 4b). The white pulp follicles revealed follicular
hyperplasia (Fig. 4a).

Group III mice (NSO) spleens revealed a similar changes to
the infected group (Fig. 4c) only with notable prominence of
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white pulp follicular hyperplasia with reactive germinal cen-
ters (Fig. 4d), exhibiting frequent mitoses and numerous his-
tiocytes with prominent phagocytosis. Fewer intracellular
tachyzoite collections were encountered in the red pulp; how-
ever, numerous multinucleated giant cells were identified
(Fig. 4e).

Groups IV (NSO+PYR) and V (CLN+PYR) both re-
vealed a reduction in the white pulp follicular hyperplastic
changes more pronounced in group V than group IV. The
red pulp congestion and sinusoidal histiocytosis were
significantly reduced in both groups (Fig. 4f), with a
reduction in the number of tachyzoite collections both
intra- and extracellularly.
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Fig. 4 Histopathological study of the mice spleens (/). Section from
infected control group (II) spleen, showing marked red pulp congestion
and white pulp follicular hyperplasia. (H&E, x100) (2) Section from
infected control group (II) splenic red pulp, showing intracellular
tachyzoites (compound arrow) and numerous multinucleated giant cells
(arrows) (H&E, x400). Inset: a high power view of the intracellular
tachyzoites. (H&E, x1000) (3). Section from NSO-treated group (III)
spleen showing red pulp congestion and marked prominence of

Biochemical results

Hepatic level of MDA was significantly elevated in infected
untreated mice (group II) as compared to normal untreated
mice (group I). NSO-only treated mice (group III), combined
NSO+PYR-treated mice (group IV), and combined CLN+
PYR-treated mice (group V) showed statistically significant
reductions of MDA level as compared to infected control mice
(group II). However, no statistically significant difference was
detected between treated mice of group 111, group IV, or group
V (F=810.479, P<0.001).

Regarding TAC, it was significantly increased in NSO-
only treated mice (group I1I) and combined NSO+PYR-treat-
ed mice (group IV) as compared to infected untreated control
mice (group II). However, combined treatment by CLN+PYR
(group V) did not produce a statistically significant change in

hyperplastic white pulp follicles. (H&E, x100) (4). Section from
NSO-treated group (III) spleen showing hyperplastic white pulp follicle
with reactive germinal center (arrow) (H&E, x100) (5). Section from
NSO-treated group red pulp showing multiple multinuleated giant cells
(arrows) (H&E, x400). Inset: a high power view of multinucleated giant
cells (x1000) (6). Section from NSO+PYR-treated group (IV) spleen
showing reduced red pulp congestion and white pulp follicular
hyperplasia (H&E, x100)

TAC level as compared to infected control mice (group II).
Moreover, the TAC level of group V is statistically lower than
those of group 11 and IV (F=84.214, P<0.001) (Table 2).

Immunological results

There was significant increase in the IFN-y level in infected
control mice (group II). However, NSO-only treated mice
(group III) showed the highest significant IFN-y level
(295.50+£41.22) when both groups compared together.
Comparison between the two groups receiving combined
treatments (groups IVand V) revealed that NSO+PYR-treated
mice (group V) showed significantly higher level. Similarly,
specific anti-Toxoplasma IgM increased significantly in in-
fected untreated control mice (group II) compared to normal
mice (group I). Also, in NSO-only treated mice (group III),
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Table 2 Malondialdehyde (MDA) (nM/gm tissue) and total antioxidant capacity (TAC) (mM/gm tissue) in the different studied groups (n=10)

Group | Group 11 Group 111 Group IV Group V F P
Malondialdehyde 1.91£0.51 36.83°+2.44 347°+1.14 4.68%°+1.50 557 %+1.94 810.479" <0.001"
Total antioxidant capacity 24.6+23.8 16.47+0.55 21.4%+0.76 20.8%°+0.77 16.5%9+0.67 84.214" <0.001"

Group I: normal mice, group II: infected untreated mice, group III: NSO-only treated mice, group IV: NSO-+PYR-treated mice, group IV: CLN+PYR-
treated mice. F: F test (ANOVA); significance between groups was done using Post Hoc Test (Scheffe)

* Significant with group I

® Significant with group II

¢ Significant with group 111

9 Significant with group IV
*p<0.05, statistically significant

IgM level increased significantly when compared to infected
control mice (group II), whereas in mice receiving NSO+
PYR (group 1V) IgM decreased when compared to infected
untreated control mice (group II) but not to a significant level.
In mice receiving CLN+PYR (group V), IgM significantly
decreased when compared to other infected groups (groups
11, IIT &IV). (Table 3)

Discussion

Treatment of human infection with 7. gondii remains a true
challenge. Current therapeutics do not clear latent infection of
the parasite and are often not satisfactory to patients. In this
respect, the search for alternative drug or drug combinations
with novel mechanisms of action should be pursued (Ma et al.
2013).

Since ancient times and until now, herbal medicine is being
tried against different parasites (Soonwera 2014; Rivera et al.
2014; Kanojiya et al. 2015). V. sativa seeds have been used as
a valuable natural resource of traditional remedies, and its oil
extract (NSO) has been used to confer protection and treat
several parasites. Thymoquinone (TQ) was found to be the
main bioactive constituents of the volatile oil of the black seed
(54 %) (Abou Basha et al. 1995). Recently, it has been proven

to be a natural larvicidal agent against the fourth instar larvae
of Aedes aegypti, Anopheles stephensi, and Culex
quinquefasciatus (Raj et al. 2015).

In the present study, we explored the therapeutic effect of
NSO alone and in combination with pyrimethamine against
the virulent RH T gondii strain. This was in comparison to the
CLN and PYR combination. PYR is one of the most effective
drugs against toxoplasmosis; it was used in combination with
sulfadiazine (Montoya and Remington 2008). However, sulfa
is highly toxic on kidneys and intolerable by most of the
patients. CLN is an antimicrobial drug that inhibits protein
synthesis of the apicoblasts by binding to rRNA of the large
subunit; therefore, clindamycin was chosen in the current re-
search in combination with pyrimethamine to be compared to
NSO (Ni Nyoman and Liider 2013).

Results of the current research showed that, when NSO
was given alone to infected mice (group III), no significant
difference in survival rate, parasite count in liver and spleen,
(Table 1) nor in histopathological studies was observed when
compared to infected control mice (group II). However, a
significant increase in total antioxidant effect and serum
IFN-y level was observed as compared to the same group
(Table 2).This can be attributed to the fact that (NSO) is a
potent stimulator to Th-1 immune cells and in turn IFN-y
release, as reported by other authors (Ismael et al. 2003;

Table 3  IFN-y and anti-Toxoplasma IgM-Ab in serum samples of different groups (pg/ml)

Group 1 Group 11 Group 11T Group IV Group V F P
IFN-gamma 33.60+10.69 73.10°£13.58 295.50 ®£41.22 300.50 2222 88.90 *4£14.61 308.110" <0.001"
IgM levels 0.20+0.03 0.47 *+0.05 0.63 *+£0.07 0.42°°+0.10 0.21°%9+0.08 68.256" <0.001"

Group I: normal mice, group II: infected untreated mice, group III: NSO-only treated mice, group IV: NSO+PYR-treated mice, group IV: CLN+PYR-
treated mice. F: F test (ANOVA); significance between groups was done using post hoc test (Scheffe)

# Significant with group I

® Significant with group 1I

¢ Significant with group IIT

9 Significant with group IV
*p<0.05, statistically significant
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Salem 2005). Although significant cytokine release, NSO, by
itself, was not able to significantly ameliorate the infection and
decrease the parasite count. The absence of antiparasitic effect
with NSO alone was in agreement with previous studies done
by Nasir et al. (2013) and Khan et al. (2013). They reported
that N. sativa extracts only had no significant effect to treat
balantidiasis and Cryptosporidiosis in animals. Therefore,
NSO when combined with a more specific anti-7oxoplasma
drug will give better results. Also, Mahmoud et al. (2002)
showed promising results of NSO in treatment of schistoso-
miasis when combined with praziquantel, indicating that NSO
potentiates the action of praziquantel.

In the present research, both groups receiving combined
treatment whether NSO+PYR or CLN+PYR (group IV or
V) showed significantly higher survival rates when compared
to infected untreated control mice (group II), with a maximum
survival time of 13 days in both groups. A significant increase
in the survival rate was also reported by (Eissa et al. 2012)
after vaccine trials. Rapid animal death after infection could be
explained by rapid and aggressive dissemination of
tachyzoites in all animal cells (Sibley et al. 2002). The
tachyzoite count reached a mean of 14.86+1.07 and 8.0+
1.81 in liver and spleen, respectively, in infected untreated
control mice (group II). At the same time, a significant reduc-
tion of the tachyzoite counts in both liver and spleen was
noticed with combined NSO+PYR and CLN+PYR treatment
(groups IV and V) as compared to infected control mice
(group II) with no significant difference between them. It is
well known that PYR leads to dehydrofolate reductase inhibi-
tion and CLN clears the parasite due to inhibition of protein
synthesis (Allegra et al. 1987; Martins-Duarte et al. 2013).
Furthermore, CLN was proven to trigger apoptosis-like cell
death of intracellular parasites (Ni Nyoman and Liider 2013).
Whereas, with NSO, through its strong enhancement of im-
mune cells (T helper 1) counteracts the known strategies
employed by Toxoplasma to inhibit T lymphocyte function
which in turn leads to T cells unresponsive and exhaustion
(Liu et al. 2006; Salem et al. 2011). Therefore, the effect of
NSO+PYR combination on survival rate and tachyzoite
counts was comparable to that of CLN+PYR (Rodrigues
et al. 2014). Consistent with the immunostimulant effect of
NSO (Fararh et al. 2004), DNA fragmentation and activation
of the mitochondrial-signaling proapoptotic pathway may
be another modes of action that were previously reported
by Salim et al. (2013) in their trials for treating cancer cells
with NSO. Moreover, NSO can inhibit DNA synthesis by
inhibiting histone deacetylase (HDAC) enzyme in cancer
cells (Vanagas et al. 2012; Zubair et al. 2013), a mode of
action that needs further verification with respect to
Toxoplasma.

Morphological examination of tachyzoites by light micros-
copy revealed slight, insignificant change in tachyzoite motil-
ity and shape. For further evaluating the effect of NSO on

T. gondii tachyzoites, ultrastructural study was done.
Tachyzoites obtained from infected mice treated with NSO+
PYR or CLN+ PYR (groups IV and V) showed surface abnor-
malities in the form of irregularities, depressions, and ridges in
comparison to their corresponding infected controls (group II)
(Fig. 2). Similar effects were reported by Gaafar et al. (2014)
and El-Zawawy et al. (2015). Furthermore, Gaafar et al.
(2014) supposed that the changes in the shape of the organ-
isms may be secondary to changes resulting from interference
of'the drugs with DNA synthesis of the parasite or interference
with folic acid cycle.

Histopathological studies in the present work showed that
administration of either combination to mice (groups IV and
V) had a marked reduction in the pathological changes ob-
served in liver and spleen sections as compared to infected
control mice (group II) and NSO-only treated mice (group
IIT). More significant reduction was noticed in the group re-
ceiving NSO+ PYR group IV as opposed to those receiving
CLN-+PYR (group V). Mahmoud et al. (2002) agreed with
our results when NSO was administered in combination with
PZQ that achieved the most significant effect when compared
to that produced by PZQ alone in treatment of schistosomia-
sis. On the other hand, the heavy infiltration with plasma cells
and lymphocytes in NSO-only treated mice (group III) sup-
ports the immuno-stimulatory effect of NSO.

In the present study, NSO triggered marked cytokine re-
lease as shown by significant increase in IFN-y level. The
highest significant level was observed in NSO-only treated
mice (group III) followed by mice receiving NSO+ PYR
(group IV) when compared to infected control (group II).
Cytokine release may be the key component in NSO efficacy
when cell-mediated immunity is required (Salem et al. 2011).
In T gondii cellular immunity develops primarily by local Th-
1 host immune responses. Our results were in agreement with
Chuang and Yang (2014) who showed that the increase of
IFN-y and IgM after immunization of Toxoplasma-infected
mice had the major role in their protection. It prolonged the
survival time up to 15 days PL.

Since accurate mechanisms of antimicrobial effects of NSO
are not clear, further studies are needed to illuminate these
mechanisms.

As regards anti-Toxoplasma-specific IgM antibodies,
early appearance on the 5th day post-infection was de-
tected in infected untreated control mice (group Il)a find-
ing that is supported by Filisetti and Candolfi (2004). Its
significant elevation in mice receiving NSO-only (group
IIT) denotes the immunotherapeutic potentials that was
discussed by Salem (2005). This finding coincides with
Al-Suhaimi (2012) who proved that NSO increases IgM.
Moreover, the decrease in IgM level with NSO+PYR
may be attributed to the effective role of PYR in parasite
killing guarded by the immunoprotective effect of NSO
(Wang et al. 2015).
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Our study revealed that hepatic MDA level was significant-
ly elevated, while hepatic TAC level was significantly reduced
in the untreated infected mice as compared to the normal
healthy mice. Treatment with NSO alone or in combination
with PYR (groups III and IV) resulted in a significant reduc-
tion in hepatic MDA level and a significant elevation in
hepatic TAC level. These findings reflect the oxidative stress
induced by 7. gondii infection which is in accordance with the
findings of Karaman et al. (2008) who reported an increase in
MDA level and a decrease in reduced glutathione (GSH) con-
centration in the serum of 7. gondii seropositive patients.

Findings of our study reflect the potent antioxidant effect of
NSO which is consistent with the study of Ali and Blunden
2003, who reported that treatment of hyperlipidemic rabbits
with NSO significantly reduced the serum lipid peroxidation
marker, MDA and increased serum TAC, superoxide dismut-
ase, and glutathione peroxidase activities. This was also con-
firmed and explained by Salem's study (2005) who provided
clear evidence that both the NSO and its active ingredient,
thymoquinone, possess reproducible anti-oxidant effects
through enhancing the oxidant scavenger system, which, as
a consequence, leads to antitoxic effects induced by several
insults.

However, our trial revealed that treatment of 7. gondii-in-
fected mice with CLN+PYR combination (group V) signifi-
cantly reduced hepatic MDA level but resulted in a non-
significant change in hepatic TAC level as compared to infect-
ed untreated mice (group II). The reduction in lipid peroxida-
tion could be attributed to PYR therapy (Sharma and Shukla
2014). On the other hand, the non-significant change in TAC
level can be attributed to the pro-oxidant effect of CLN as
evidenced by El-Ansary et al. (2013). Thus, from the afore-
mentioned data, it is obvious that the addition of NSO to the
therapeutic regimen of toxoplasmosis can ameliorate the ac-
companying oxidative stress and augment the host antioxidant
potential (Mahmoudvand et al. 2014).

In conclusion, our study tried, for the first time, a novel
combination therapy for treatment of toxoplasmosis. Being a
very potent immunostimulant, NSO was suggested to com-
bine with the DHFR inhibitor, PYR. The new combination
succeeded to produce results similar to CLN+ PYR. NSO
alone failed to produce any significant anti-7oxoplasma re-
sults except in induction of a significantly high level of
IFN-y that alone has no ability to eliminate the parasite.
Whereas in combination with PYR, it produced delayed death
of infected mice, significant decrease in tachyzoites number in
tissues, and improvement of liver and spleen pathology in
infected animals. Moreover, strong inmmunostimulant effect
of NSO when added to PYR achieved best results in parasite
treatment.

Further studies are recommended in order to apply this new
combination on immunosuppressed infected mice followed
by clinical assessment. Also, dose modification of PYR is

@ Springer

required to reach the minimal effective dose with NSO.
Moreover, NSO actions as an enzyme inhibitor and as an
inducer of apoptosis worth further investigations.
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