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Biogenic selenium nanoparticles target chronic toxoplasmosis
with minimal cytotoxicity in a mouse model
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Abstract

Introduction. Nanoparticles (NPs) have numerous biological benefits due to their large surface-volume ratio and convenient
entry into cells compared to other particles. Previous research has shown the antimicrobial properties of biogenic selenium
NPs (SeNps) and their effects on cellular immunomodulatory cytokines that play a key role in controlling infections.

Aim. This study aimed to evaluate the therapeutic effects of SeNPs against chronic toxoplasmosis in mice.

Methodology. Infected mice with Toxoplasma gondii (Tehran strain) were orally treated with SeNPs at doses of 2.5, 5 and 10 mg
kg™ once a day for 14days. On the fifthteenth day, the mean number of brain-tissue cysts and the mRNA levels of TNF-q, IL-12,
IL-10, IFN-y and inducible nitric oxide synthase (iNOS) in the mice of each group were recorded. Moreover, serum clinical chem-
istry factors in the treated mice were examined to determine the safety of SeNPs.

Results. The mean number of tissue cysts was significantly (P<0.001) decreased in mice treated with SeNPs in a dose-dependent
manner compared with the control group. The mRNA levels of inflammatory cytokines were significantly increased in mice
treated with SeNPs at a dose of 10mg kg™' compared with the control subgroup (P<0.05). No significant variation (P>0.05)
observed in clinical chemistry parameters among the mice in the control subgroup compared with those treated with SeNPs.

Conclusion. The findings demonstrated the therapeutic effects of SeNPs with no considerable toxicity against latent toxoplas-
mosis in the mouse model. Nevertheless, further studies are obligatory to reveal the exact anti-Toxoplasma mechanisms of
SeNPs.

of toxoplasmosis are diverse, although immunocompetent
patients may have light symptoms such as fever, headache and
muscle pain or be asymptomatic. However, serious clinical
manifestations such as central nervous system involvement
may also be observed in immunocompromised patients
[2,5-8].

INTRODUCTION

Toxoplasmosis is a parasitic disease caused by Toxoplasma
gondii that infects humans and many types of mammals
and birds. This parasite has a sexual life cycle, which takes
place in the small intestine of cats, and an asexual cycle that
takes place in warmed animals and humans [1, 2]. Humans

become infected by eating raw and undercooked meat and
also through the ingestion of contaminated vegetables and
fruits. The other possible routes of transmission can be from
the placenta to the embryo during pregnancy in humans,
which can cause serious health problems [3, 4]. The symptoms

At present, no suitable vaccine is available for the treat-
ment of toxoplasmosis in humans and animals [9]. The
prescribing concurrently of pyrimethamine and sulfadiazine
is the preferred treatment for toxoplasmosis. Recent studies
have indicated adverse side-effects such as osteoporosis and

Received 11 February 2019; Accepted 31 October 2019; Published 17 December 2019

Author affiliations: 'Department of Disease Prevention, Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran; ?Research Center of Tropical
and Infectious Diseases, Kerman University of Medical Sciences, Kerman, Iran; *Pharmaceutics Research Center, Institute of Neuropharmacology,
Kerman University of Medical Sciences, Kerman, Iran; “Infectious Diseases Research Center, Birjand University of Medical Sciences, Birjand, Iran;
*Department of Medical Parasitology & Mycology, School of Public Health, Tehran University of Medical Sciences, Tehran, Iran; ®Neuroscience Research
Center, Kerman University of Medical Sciences, Kerman, Iran; ’Student Research Committee, Lorestan University of Medical Sciences, Khorramabad,
Iran; ®Razi Herbal Medicines Research Center, Lorestan University of Medical Sciences, Khorramabad, Iran.

*Correspondence: Hossein Mahmoudvand, dmahmodvand@gmail.com

Keywords: toxoplasmosis; nanoparticles; mice; cytokine; toxicity.

Abbreviations: ALP, Alkaline phosphatase; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; BUN, Blood urea nitrogen; Cr, Creatinine;
SeNPs, Selenium nanoparticles; TB, Total bilirubin.

001111 © 2020 The Authors
104


http://jmm.microbiologyresearch.org/content/journal/jmm/

Keyhani et al., Journal of Medical Microbiology 2020;69:104-110

teratogenic effects, mostly in immunocompromised individ-
uals, when treated with this combination [5, 8, 10]. Therefore,
there is a need for further research aiming to discover new
agents from natural products or biosynthetic agents with
fewer side-effects and higher efficacy for the treatment of
toxoplasmosis.

Selenium (Se) is an essential element for human health. In the
case of deficiency of this element in the human body, some
severe complications, such as deficiency and impairment of
the immune system, can occur [11]. This element also exists in
some beneficial proteins that have anti-cancer, anti-oxidants
and anti-microbial properties [12, 13]. Moreover, nanopar-
ticles (NPs) have numerous biological benefits due to having
a large surface-volume ratio. One such biological benefit is
their convenient entry into the cell compared to other parti-
cles [14]. Recent studies have demonstrated that SeNPs have
the ability to prevent the growth of a number of pathogenic
bacteria, including Staphylococcus aureus, Escherichia coli and
Leishmania spp. [15, 16]. Although the precise antimicrobial
mechanisms of this element have not yet been determined,
recent studies have reported that the inorganic types of this
element are able to affect membrane peroxidases to produce
oxygen-free radicals, including superoxide anion [17]. Never-
theless, other studies have revealed that SeNPs can stimulate
apoptosis in various eukaryotic cells [18, 19 ].

Previous studies have demonstrated that innate and adaptive
immune responses against bacterial and parasitic infections
rely on selenium for killing these microbes, hence selenium
deficiency was revealed to damage innate and acquired
immunity and encourage susceptibility to a wide range of
parasitic (Trypanosoma cruzi, Nippostrongylus brasiliensis,
Heligmosomoides bakeri infection), bacterial (Listeria mono-
cytogenes, Mycobacterium tuberculosis infection) and viral
(hepatitis C virus and HIV infection) infections. Recent
studies have shown that treatment with SeNPs increases the
cellular immunomodulatory cytokines such as IL-12, IFN-y,
TNF-0, IL-2 and some inflammatory mediators such as nitric
oxide (NO) [20].

The Th1l immune response, explained by the production of
IL-12 and IFN-y, is typical of infections with many intracel-
lular microbes, such as T. gondii, and mice that are deficient
in either IL-12 or IFN-y cannot control the T. gondii infec-
tion [21]. Based on this knowledge and the documented
antimicrobial and immune-modulating effect of selenium,
we hypothesize that SeNPs could be a potent agent to combat
T. gondii infections. In the present study, we determine the
effect of SeNPs on latent toxoplasmosis in a mouse model.

METHODS
Biosynthesis and characterization of SeNPs

Biosynthesis of SeNPs was performed according to the
method explained elsewhere [11]. In the first step, a sterile
nutrient broth (NB) medium supplemented with the Se
+4ions (100mgl™; equal to 1.26 mM SeO2 solution) and
100 ml of this medium was moving to a 0.5 litter Erlenmeyer
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Fig. 1. (a) TEM of biogenic SeNPs prepared by Bacillus sp. MSh-1 and
(b) particle size distribution pattern of SeNPs measured from manual
counting 300 individual NPs from different TEM images.

flask and inoculated with 1 ml of the fresh inoculums (OD600,
0.1) of Bacillus sp. MSh-1 aerobically at 30°C in a shaker
incubator (150 r.p.m.).

In the next step, the bacterial cells and SeNPs were removed
by centrifugation at 4000 g (10 min). The pellets were washed
with 0.9% NaCl solution using centrifugation and were frozen
by adding liquid nitrogen. The obtained slurry was ultrasoni-
cated at 100 W for 5min and washed three times by sequential
centrifugation (10000 g, 5min), with a 1.5 M Tris-HCl buffer
(pH 8.3) containing 1% SDS and deionized water.

The SeNPs were extracted and purified using an organic-
aqueous partitioning system (n-octyl alcohol-water). After
preparation, for characterization of the SeNPs by transmis-
sion electron microscopy (TEM), an aqueous suspension
comprising the SeNPs disseminated ultrasonically, and
a portion of the solution poured into the carbon-coated
copper TEM grids and dehydrated below an IR lamp
(Fig. 1). Finally, the structure of crystalline of the SeNPs
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assessed by means of the x-ray diffraction (XRD) method
by an x-ray diffractometer (Philips PW1710) with Cu Ka
radiation (\=1.5405 A) over a scanning variety of Bragg
angles from 20-80°C.

Experimental animals

In total, 56 male BALB/c mice aged 6 to 8 weeks old and
weighting from 20 to 25g were applied to establish the
animal model of toxoplasmosis and safety of SeNPs. Mice
were prepared from the animal house of Faculty of Medicine
(Kerman, Iran) and were kept in a colony room with a 12:12h
light/dark cycle at 21+2°C.

Parasite

The T. gondii Tehran strain as representative of type II [22]
was kindly obtained by Professor Hossein Keshavarz of
Tehran University of Medical Sciences (Tehran, Iran). This
strain kept by intraperitoneal injection of 15 to 20 brain-tissue
cysts of infected mice each 12 weeks.

Animal model of chronic toxoplasmosis

Chronic toxoplasmosis in mice was arisen based on the
process explained by Mahmoudvand et al. [23]. At first, a
solution of homogenized brain in normal saline obtained
from the infected mice with toxoplasmosis. In he next step,
500 pl of brain suspension containing at least 25-30 tissue
cysts plus antibiotics (penicillin and streptomycin) were
administrated intraperitoneally to BALB/c mice in each test

group.

Serological tests

To approve the toxoplasmosis in mice, the obtained serum
specimens from the tested mice after 45 days post-infection
were examined for anti-T. gondii IgG antibody through a
modified agglutination test (MAT) kit (Toxoscreen DA,
Biomérieux, Lyon, France) in agreement with manufacturer
protocol; so that agglutination titres of >1/20 were considered
as a positive cut-off.

Experimental design

Firstly, groups of mice (n=48) inoculated with 25-30 cysts
45 days previously (except non-treated non-infected mice in
the control group) were examined for MAT and for initial
treatment in day 60 post-infection were divided into two
main groups. Control group (C) contained 24 mice in three
subgroups (eight mice in each group); C1 (non-treated non-
infected mice), C2 (infected mice treated with normal saline),
C3 (infected mice treated with Atovaquone 100 mg kg™ once
a day for 2 weeks). Experimental group (E) contained 32 mice
in four subgroups; E1 (orally treated with Se NPs 2.5mg kg™
once a day for 2 weeks), E2 (orally treated with Se NPs 5mg
kg™ once a day for 2 weeks), E3 (orally treated with Se NPs
10mg/kg™" once a day for2 weeks), E4 (orally treated with
Se NPs 10 mg kg+Atovaquone 100mg kg™ once a day for 2
weeks).
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Sample collection

Inoculated mice in all tested groups with Toxoplasma cyst
75days previously were deeply anesthetized using injection
of ketamine and xylazine (100 mg kg+10mg kg™) (10:1) as
intraperitoneally. To obtain the blood samples the abdomen
of each mice opened and blood samples were collected from
the heart. Subsequently, after decapitation total brain tissues
were quickly harvested and divided into along the middle.

Calculating tissue cysts

The right hemisphere was used to study the parasitological
study. Unstained-smears were prepared from the whole brains
and the numbers of tissue cysts were counted at two magni-
fications of X100 and x400 using light microscopy (Olympus
Microscopes, Japan) [24, 25].

Safety evaluation by assessing the liver and kidney
serum enzymes

In order to evaluate the serum clinical chemistry factors, the
collected blood specimens of mice in the subgroups C1, C2,
as well as E1-E4 were put in glass tubes with no anticoagulant
to allow the clot, and serum obtained by means of centrifuga-
tion at 5000 g for 5min. In this study some clinical chemistry
parameters such as creatinine (Cr), blood urea nitrogen
(BUN), total bilirubin (TB), aspartate aminotransferase
(AST), alanine aminotransferase (ALT), as well as alkaline
phosphatase (ALP) were determined using the commercial
kits (Roche, Germany) based on the manufacturer protocols
(24, 26)].

Cytokine expression by real-time PCR

Since SeNPs influence on the immune system particularly
cellular immunity, the mRNA levels of IFN-vy, IL10, IL12,
TNF-a and inducible nitric oxide synthase (iNOs) as the
main effector mechanisms for control and resistance to T.
gondii during infection were examined in the tested groups
by quantitative real-time PCR.

The left hemisphere was also kept in pre-cooling preservation
tubes and stored in —80°C to assess the cytokine expression
level. In the first step, RNeasy kits (Qiagen, Hilden, Germany)
were used to extract the total brain RNA; in the next step,
all isolated RNAs were reverse transcribed based on the
manufacturer’s instrument to complementary DNA (cDNA)
(Qiagen, Hilden, Germany) for conventional PCR amplifica-
tion or real-time PCR. In this study, the iQ5 real-time PCR
detection system (Bio-Rad, Hercules, CA, USA) applied to
carry out real-time PCR; whereas we used the SYBR green
for identification amplification yields [27].

The real-time PCR conditions in this survey were
(1)
)

3)
(4)

Early denaturation at 95°C for 10 min, 40 amplification
cycles.

Denaturation at 94 °C for 10s.

Annealing at 55 °C for 30s.

Elongation at 73°C for 30s, followed by one cycle at
72°C for 5min.
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Table 1. Sequences of primers used for real-time PCR

Amplicon Primers Sequence (5'-3')
IL12 E ACGACATTCGTCAACTGCAA
R TAAATTGGCACCCTGTAGGC
IFN-y F GATCGTGTCGTCACCAGAAAGG
R TGCCTGGTAACGAGTTGTCC
NO F CGTGAAAGGATCCAGAAAGG
R TCCACGATGCCTGGTAGTTG
TNF-a F ATTTCTCACGCCAGGATTTG
R GATCGGCAAAGGTTAGGTCA
1L10 F ACGACATTCGTCAACTGCAA
R TAAATTGGCACCCTGTAGGC
NO, Nitric oxid.

Finally, the collected data were analysed by means of iQ™5
optical system software. P-actin as a housekeeping gene
considered as a standardization control. The sequences
of applied primer for IFN-y TNF-o,, IL10, IL-12, iNO and
B-actin are revealed in Table 1.

Statistical analysis

In this investigation, the obtained data were analysed after
being entered into the SPSS software version 22.0 (SPSS Inc.,
Chicago, IL, USA). Furthermore, to evaluate the differences
among the tested groups, one-way ANOVA with Tukey’s post
hoc test were used. P<0.05 was also considered statistically
significant.

RESULTS
Parasitological study

As shown in Table 2, the mean number of brain-tissue cysts
significantly decreased in mice in experimental subgroups

Table 2. Mean numbers of brain-tissue cysts in mice of each tested
group with mice infected with 25-30 cysts of the Tehran strain of T
gondii 2 months previously, with SeNPs and atovaquone

Groups Mean no. of tissue cysts (+SD)
Control 67248

SeNPs (2.5mg kg™) 68+4*

SeNPs (5mg kg ™) 14+2*

SeNPs (10mg kg™') 2+1%

Ato 100mg kg™ 0

SeNPs (10mg kg™') + 0

Ato 100mg kg™

*P<0.05, significantly different when compared with control.
Ato, Atovaquone.
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El (P<0.001), E2 (P<0.001) and particularly E3 (P<0.001)
via a dose-dependent response in comparison with control
group C2. In the experimental subgroup E4 (SeNPs 10 mg
kg-'+atovaquone 100 mg kg™), similar to control group C3
(atovaquone 100 mg kg™'), no brain-tissue cyst was observed
in the tested mice.

Safety evaluation by assessing the liver and kidney
serum enzymes

Several key clinical chemistry factors were tested in the mice
of subgroups E1-E4 compared with those in control group
C2 after 14 days after the administration of SeNPs. Results
indicated that there was no mortality found in mice in any
tested subgroup after 2 weeks. Table 3 shows the mean Cr,
BUN, bilirubin (total), AST, ALT and ALP in tested mice. No
significant change (P>0.05) was observed in clinical chem-
istry among the mice in the control subgroups compared with
those in experimental subgroups E1-E4.

mRNA expression level of cytokines

The mRNA levels of IFN-y, TNF-q, IL-12 and iNO in mice in
the tested groups are depicted in Fig. 2. The findings revealed
that, although mRNA levels of IFN-y, TNF-o, IL-12 and iNO
increased in mice in subgroups E1 and E2, there was no
significant difference in comparison with control subgroups.
However, the mRNA levels of IFN-y, TNF-q, IL-12 and iNO
were significantly increased in mice in the subgroups of E3
and E4 compared with control subgroups. The expression level
of IL10 was significantly decreased in mice in subgroups of E3
and E4 compared with control subgroups, while no significant
difference was observed in the expression level of IL10 in E1
and E2 subgroups in comparison with control groups.

DISCUSSION

Today, the emergence of unpleasant side-effects in the treat-
ment of toxoplasmosis has prompted researchers to find an
alternative agent with a higher efficacy and lower toxicity.
[5] NPs as components of nanoscale sizes are well-known
as essential agents in modern medicine, with numerous
therapeutic properties such as drug and gene delivery, tissue
engineering, cancer therapy and antimicrobial effects [16, 28].
Studies have indicated that such remedial characteristics are
related to small nanoscale sizes as well as high surface-to-
volume ratios of NPs which produce extra active places for
interrelating with biological molecules such as microbial
pathogens [14, 29].

Between various NPs, inorganic NPs of metals including Ag,
Fe, Zn, Cu and Se, represent a considerable biological activity
in medicine [30]. As an essential element, Se has demonstrated
numerous medicinal characteristics, including anti-cancer,
anti-oxidant and anti-microbial effects [15, 16]. Several
studies have reported the unique biomedical applications of
SeNPs such as anti-oxidant, anti-cancer and anti-microbial
effects, which are attributable generally to its immune modu-
latory possessions [30]. To the best of our knowledge and
according to a review of the literature, the effect of biogenic
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Table 3. Results of clinical biochemistry parameters among SeNP-treated groups, at doses of 2.5, 5 and 10 mg kg™’ body weight/day and control mice

Clinical biochemistry BUN (mgdl™) Cr (mgdl™) AST (U1 ALT (UIY) ALP (U1 TB
parameters

Control 33.1+4.2 0.21+0.03 127.3+18.6 38.2+6.3 134.7+14.1 0.17£0.03
SeNPs (2.5mg kg™) 35.1+4.2 0.26+0.03 133.1+20.7 39.4+9.2 136.6+23.4 0.18+0.02
SeNPs (5mgkg™) 35.5+4.4 0.26+0.04 131.8+14.4 43.2+4.6 138.1+16.7 0.18+0.03
SeNPs (10mg kg™') 35.6+4.6 0.30+£0.04 138.4+18.1 44.7+7.1 138.4+19.3 0.2+0.03
Ato 100mg kg! 39.4+5.1 0.34+0.06 144.2+23.7 56.31£9.2 142.8+24.1 0.24+0.03
SeNPs (10mg kg™')+Ato 100 mg kg™ 39.3+5.1 0.35+£0.07 145.6+24.2* 50.4+4.4* 143.4+15.7 0.28+0.04

*P < 0.05, significantly different when compared with control. All data are given as mean+sD, as compared with the controls.
BUN, blood urea nitrogen; Cr, creatinine; ALT, alanine aminotransferase; ALP, alkaline phosphatase; AST, aspartate aminotransferase; TB, total

bilirubin

SeNPs on chronic toxoplasmosis remains generally unknown.
This study for the first time aims to assess the therapeutic
effects of biogenic SeNPs against chronic toxoplasmosis
induced by Tehran strain of T. gondii in mice.

The results revealed that the mean number of brain-tissue cysts
significantly decreased in mice in experimental subgroups E ,
E, and E, in a dose-dependent manner in comparison with
control group C2. In addition, no brain-tissue cysts were
observed in the mice of experimental subgroup E, (SeNPs
10 mg kg'+atovaquone 100 mg kg™") similar to control group
C, (atovaquone 100 mg kg™"). Previous in vivo studies demon-
strated the increasing effect of SeNPs on the expression of
different genes such as transferrin and its receptor genes in
sheep [15]. Studies also showed that Se improves the immune
system response, principally cellular immune system, through
several pathways.

Moreover, treatment with SeNPs significantly reduced the
brain-cyst burden upon increasing the continuous doses of

drug alone, and administration of SeNPs in combination
with atovaquone resulted in the absence of cysts compared
to atovaquon alone. This may reflect the unknown effect of
each drug on T. gondii treatment or their synergistic effect,
which needs clarification with further studies [31-34].

In the studies conducted by Yazdi et al. [20, 35], it has
been reported that the level of cellular immunomodula-
tory cytokines such as granzyme B, IL-12, IFN-y and IL-2
was significantly enhanced (P<0.05) in mice treated with
SeNPs. In line with these findings, our results revealed that
the expression level of IFN-y, TNF-q, IL-12 and iNO was
significantly increased in infected mice treated with SeNPs
compared with untreated BALB/c mice [9]. These results
indicate that the reduction in parasite load in the infected
mice treated with SeNPs may be linked to the strengthening
of the immune system, mainly the cellular immune system, of
the animal which led to the control of toxoplasmosis.
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Fig. 2. Results of the study of the expression of genes producing IL10, TNF-a., IL12, IFN-y and iNO cytokines in mice treated with SeNPs.
(*P<0.05, **P<0.01 and ***P<0.001 and ****P<0.0001 were considered significantly different when compared with the control.)
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Considering anti-inflammatory activity of SeNPs, El-Ghazaly
et al. [36] have demonstrated that SeNPs at the dose of 2.55mg
kg™ had significant anti-inflammatory activity in reducing
the paw volume in non-irradiated and irradiated rats but
it did not alter the nociceptive threshold. In another study,
Miroliaee et al. [37] showed that SeNPs along with silymarin
(120mg kg! silymarin +2 ug kg™ SeNPs) exhibited signifi-
cant reduction in experimental trinitro benzene sulphonic
acid (TNBS)-induced colitis in rats; they also concluded that
SeNPs had potent anti-inflammatory activity through inhib-
iting the (Mitogen activated protein kinase) MAP kinase, and
nuclear factor kappa-light-chain-enhancer of activated B-cell
(NFxB) levels.

Regarding the antimicrobial effects of SeNPs, Beheshti et
al.[19] have shown that SeNPs at doses of 5 or 10mg kg™!
significantly improved the localized lesions of cutaneous
leishmaniasis in BALB/c mice after 2 weeks. In addition,
Mahmoudvand et al. have demonstrated that SeNPs, mainly
in combination with meglumine antimoniate, can signifi-
cantly decrease the growth rate of promastigote and amas-
tigote forms of sensitive and glucantime-resistant Leishmania
tropica in vitro [8]. Furthermore, previous studies demon-
strated that SeNPs have effective protoscolicidal properties
on Echinococcus granulosus protoscoleces, so that it can be
considered as a protoscolicidal drug during hydatid cyst
surgery [38]. Considering the antibacterial effects of SeNPs,
studies conducted by Tran et al. [16] and Yang et al. [17]
proved that SeNPs can significantly inhibit the growth of a
number of pathogenic bacterial strains such as S. aureus and
E. coli as some common bacterial pathogens.

Based on previous studies, measurement of liver and renal
enzyme activities such as ALT, AST, ALP, bilirubin (total,
direct), Cr and BUN is among the most reliable methods to
assess the toxicity of some agents in animal models. The find-
ings of the present study showed that there is no significant
difference in liver and renal enzyme activities among mice
treated with SeNPs and those in the control group. Thus,
based on the toxicity classification, SeNPs had no significant
toxicity against male BALB/c mice [39] at the concentrations
of 2.5,5 and 10 mg kg ™" after 14 days after the administration.

In previous decades, the majority of studies on Toxoplasma
focused on treatment targeting the proliferative stage of
the parasite in reactivated toxoplasmosis [40, 41]. In recent
years, however, different projects concentrated on the use
of atovaquone as an effective drug for the treatment of the
chronic form that may potentially change to the acute phase
in immunocompromised patients.

Conclusion

In line with previous research, we showed that SeNPs reduced
the number of brain cysts in murine models. Thus, the low
toxicity, improved cellular immunity, and excellent anti-
Toxoplasma properties of SeNPs shows promise for future
therapeutic use. We demonstrate that the therapeutic effect of
SeNPs is likely to occur primarily by stimulating the immune
system by increasing inflammatory cytokines and immune
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mediators such as IFN-y, TNF-q, IL-12 and iNO. Since SeNPs
and Se supplementation are currently used widely to treat a
wide range of diseases, we suggest that future research aimed
at identifying an effective dose of selenium with low toxicity in
high-risk individuals will be an important next step towards
the control of toxoplasmosis.

Funding information
The authors received no specific grant from any funding agency.

Conflicts of interest
The authors declare that there are no conflicts of interest.

Ethical statement
The procedure of the current work approved by the Ethical Committee
of the Kerman University of Medical Science (Permit Number: 94/679).

References
1. Dubey JP. Toxoplasmosis - a waterborne zoonosis. Vet Parasitol
2004;126:57-72.

2. Hill D, Dubey JP. Toxoplasma gondii: transmission, diagnosis and
prevention. Clin Microbiol Infect 2002;8:634—-640.

3. Khryanin AA, Reshetnikov 0V, Kuvshinova IN. Toxoplas-
mosis: epidemiology, diagnosis, treatment. Antibiot Khimioter
2015;60:16-21.

4. Lewis JM, Clifford S, Nsutebu E. Toxoplasmosis in immunosup-
pressed patients. Rheumatology 2015;54:1939-1940.

5. Antczak M, Dzitko K, Dtugonska H. Human toxoplasmosis-
searching for novel chemotherapeutics. Biomed Pharmacother
2016;82:677-684.

6. Saadatnia G, Golkar M. A review on human toxoplasmosis. Scand J
Infect Dis 2012;44:805-814.

7. Rajapakse S, Weeratunga P, Rodrigo C, de Silva NL, Fernando SD.
Prophylaxis of human toxoplasmosis: a systematic review. Pathog
Glob Health 2017;111:333-342.

8. Alday PH, Doggett JS. Drugs in development for toxoplasmosis:
advances, challenges, and current status. Drug Des Devel Ther
2017;11:273-293.

9. Hoffmann PR, Berry MJ. Prophylaxis of human toxoplasmosis: a
systematic review. Mol Nutr Food Res 2008;52:1273-1280.

Montazeri M, Sharif M, Sarvi S, Mehrzadi S, Ahmadpour E et al.
A Systematic Review of In vitro and In vivo activities of anti-
Toxoplasma drugs and compounds (2006-2016). Front Microbiol
2017,8:25-32.

11. Shakibaie M, Khorramizadeh MR, Faramarzi MA, Sabzevari O,
Shahverdi AR. Biosynthesis and recovery of selenium nanopar-
ticles and the effects on matrix metalloproteinase-2 expression.
Biotechnol Appl Biochem 2010;56:7-15.

Rayman MP. The importance of selenium to human health. The
Lancet 2000;356:233-241.

Rayman MP. Selenium in cancer
of the evidence and mechanism of action.
2005;64:527-542.

Whanger PD. Selenium and its relationship to cancer: an update.
Br J Nutr 2004;91:11-28.

Kojouri GA, Jahanabadi S, Shakibaie M, Ahadi AM, Shahverdi AR.
Effect of selenium supplementation with sodium selenite and
selenium nanoparticles on iron homeostasis and transferrin
gene expression in sheep: a preliminary study. Res Vet Sci
2012;93:275-278.

Tran PA, Webster TJ. Selenium nanoparticles inhibit Staphylo-
coccus aureus growth. Int J Nanomedicine 2011;6:1553-1558.

Yang J, Huang K, Qin S, Wu X, Zhao Z et al. Antibacterial action of
selenium-enriched probiotics against pathogenic Escherichia coli.
Dig Dis Sci 2009;54:246-254.

prevention: a review
Proc Nutr Soc



Keyhani et al., Journal of Medical Microbiology 2020;69:104-110

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Mézes M, Balogh K. Prooxidant mechanisms of selenium toxicity —
a review. Acta Biologica Szegediensis 2009;53:15-18.

Beheshti N, Soflaei S, Shakibaie M, Yazdi MH, Ghaffarifar F
et al. Efficacy of biogenic selenium nanoparticles against Leish-
mania major: in vitro and in vivo studies. J Trace Elem Med Biol
2013;27:203-207.

Yazdi MH, Mahdavi M, Faghfuri E, Faramarzi MA, Sepehrizadeh Z
et al. Th1 immune response induction by biogenic selenium nano-
particles in mice with breast cancer: preliminary vaccine model.
Iran J Biotechnol 2015;13:1-9.

Dupont CD, Christian DA, Hunter CA. Immune response and
immunopathology during toxoplasmosis. Semin Immunopathol
2012;34:793-813.

Zia-Ali N, Fazaeli A, Khoramizadeh M, Ajzenberg D,
Dardé M et al. Isolation and molecular characterization of Toxo-
plasma gondii strains from different hosts in Iran. Parasitol Res
2007;101:111-115.

Mahmoudvand H, Ziaali N, Aghaei |, Sheibani V, Shojaee S et al.
The possible association between Toxoplasma gondii infection and
risk of anxiety and cognitive disorders in BALB/c mice. Pathog Glob
Health 2015;109:369-376.

Mahmoudvand H, Sheibani V, Shojaee S, Mirbadie SR,
Keshavarz H et al. Toxoplasma gondii Infection Potentiates Cogni-
tive Impairments of Alzheimer's Disease in the BALB/c Mice. J
Parasitol 2016;102:629-635.

Saraei M, Ghaderi Y, Mosavi T, Shahnazi M, Keshavarz H et al.
Brain cystogenesis capacity of Toxoplasma gondii, avirulent Tehran
strain in mice. Asian Pac J Trop Dis 2014;4:5739-S742.

Keyhani A, Mahmoudvand H, Shakibaie M, Tavakoli Kareshk A,
Nejati J et al. Histopathological and toxicological study of selenium
nanoparticles in BALB/c mice. Entomol Appl Sci Lett 2018;5:31-35.

Ha TY, Chang KA, Kim JA, Kim HS, Kim S et al. ST00A9 knockdown
decreases the memory impairment and the neuropathology in
Tg2576, ad animal model. PLoS One 2010;21:e8840.

Harrell M, Carvounis PE. Current treatment of Toxoplasma retino-
choroiditis: an evidence-based review. J Ophthalmol 2014;2014:7-.

Shakibaie M, Shahverdi AR, Faramarzi MA, Hassanzadeh GR,
Rahimi HR et al. Acute and subacute toxicity of novel biogenic sele-
nium nanoparticles in mice. Pharm Biol 2013;51:58-63.

30.

31

32.

33.

34.

35.

37.

38.

39.

40.

41,

Khurana A, Tekula S, Saifi MA, Venkatesh P, Godugu C. Therapeutic
applications of selenium nanoparticles. Biomed Pharmacother
2019;111:802-812.

Dunay IR, Heimesaat MM, Bushrab FN, Miiller RH, Stocker H et al.
Atovaguone maintenance therapy prevents reactivation of toxo-
plasmic encephalitis in @ murine model of reactivated toxoplas-
mosis. Antimicrob Agents Chemother 2004;48:4848-4854.

Ferguson DJ, Huskinson-Mark J, Araujo FG, Remington JS. An
ultrastructural study of the effect of treatment with atovaquone
in brains of mice chronically infected with the ME49 strain of Toxo-
plasma gondii. Int J Exp Pathol 1994;75:111-116.

Pearson A, Piracha A, Sen H, Jaffe G. Atovaquone for the treatment
of Toxoplasma retinochoroiditis in immunocompetent patients.
Ophthalmology 1998;106:148-153.

Scholer N, Krause K, Kayser O, Miller RH, Borner K et al.
Atovaquone nanosuspensions show excellent therapeutic effect
in @ new murine model of reactivated toxoplasmosis. Antimicrob
Agents Chemother 2001;45:1771-1779.

Yazdi MH, Varastehmoradi B, Faghfuri E, Mavandadnejad F,
Mahdavi M et al. Adjuvant effect of biogenic selenium nanopar-
ticles improves the immune responses and survival of mice
receiving 4T1 cell antigens as vaccine in breast cancer murine
model. J Nanosci Nanotechnol 2015;15:10165-10172.

. El-Ghazaly MA, Fadel N, Rashed E, El-Batal A, Kenawy SA. Anti-

Inflammatory effect of selenium nanoparticles on the inflammation
inducedinirradiated rats.CanJPhysiolPharmacol2017;95:101-110.
Miroliaee AE, Esmaily H, Vaziri-Bami A, Baeeri M, Shahverdi AR
et al. Amelioration of experimental colitis by a novel nanosele-
nium-silymarin mixture. Toxicol Mech Methods 2011;21:200-208.
Mahmoudvand H, Fasihi Harandi M, Shakibaie M, Aflatoonian MR,
ZiaAli N et al. Scolicidal effects of biogenic selenium nanoparticles
against protoscolices of hydatid cysts. Int J Surg 2014;12:399-403.
Loomis TA. Essential of Toxicology, 4th ed. Philadelphia: Lea and
Febige; 1996.

Dardé ML, Bouteille B, Pestre-Alexandre M, Darde ML, Perstre M.
Isoenzyme analysis of 35 Toxoplasma gondiiisolates and the biolog-
ical and epidemiological implications. J Parasitol 1992,78:786-912.
Dardé ML. Genetic analysis of the diversity in Toxoplasma gondii.
Ann Ist Super Sanita 2004;40:57-63.

the world.

Five reasons to publish your next article with a Microbiology Society journal

1. The Microbiology Society is a not-for-profit organization.
2. We offer fast and rigorous peer review — average time to first decision is 4—6 weeks.
3. Our journals have a global readership with subscriptions held in research institutions around

4. 80% of our authors rate our submission process as ‘excellent’ or ‘very good".
5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.




	Biogenic selenium nanoparticles target chronic toxoplasmosis with minimal cytotoxicity in a mouse model
	Abstract
	Introduction
	Methods
	Biosynthesis and characterization of SeNPs
	Experimental animals
	Parasite
	Animal model of chronic toxoplasmosis
	Serological tests
	Experimental design
	Sample collection
	Calculating tissue cysts
	Safety evaluation by assessing the liver and kidney serum enzymes
	Cytokine expression by real-time PCR
	Statistical analysis

	Results
	Parasitological study
	Safety evaluation by assessing the liver and kidney serum enzymes
	mRNA expression level of cytokines

	Discussion
	Conclusion

	References


