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KEYWORDS Abstract Due to the limitations of current chemotherapy for the treatment of leishmaniasis, there
Niosome; is an urgent requirement to search for new anti-leishmanial compounds and nano-drug delivery sys-
Drug delivery; tems including niosomes. Therefore, the aim of this study was to prepare zirconium/tioxolone nio-
Anti-leishmanial effects; somes using the film hydration method and evaluate the physicochemical properties of the produced
Leishmania major niosomes including morphology, size distribution, stability, and encapsulation efficiency. The best

formulation was chosen as Span/Tween 40 (NZT) due to its physicochemical properties, and leish-
manicidal activity against promastigotes and amastigotes was measured using both 3-(4,5-dimethyl
thiazol2yl)-2,5-diphenyltetrazolium bromide (MTT) and flow cytometry methods. In addition, to
assess the mechanism of action of the prepared niosomes, apoptosis, levels of gene expression, reac-
tive oxygen species (ROS) generation, superoxide dismutase (SOD) activity, and nitrite production
were evaluated. The prepared formulation indicated log-normal particle size distribution curves,
high encapsulation efficiency (more than 95.72 %), and good physical stability after one week, three
months, and six months. Our findings demonstrated that amphotericin B was more effective than
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Zr/tioxolone niosomes (NZTs) due to the selectivity index (SI). However, the niosomal formulation
of Zr/tioxolone showed no cytotoxic effect within the range of our experimental concentrations
(CCs of 308.21 pg/mL). Moreover, the prepared niosomes increased the expression level of inter-
leukin (IL)-12 and inducible nitric oxide synthase (iNOS) and significantly decreased the expression
level of the IL-10 gene, which confirms the immunomodulatory role of NZTs. According to our
findings in this study, the niosomal form of this combination can be considered for further thera-
peutic approaches against L. major in future planning.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Leishmaniasis is a group of tropical diseases caused by intracellular
protozoan parasites of the genus Leishmania from the Trypanosomati-
dae family. Female phlebotomine sandflies transmit it between mam-
malian hosts (W.H. Organization, 2017). The World Health
Organization (WHO) ranked leishmaniasis next to malaria as the most
lethal protozoan disease (Kumari et al., 2021). Its clinical features
range from small skin ulcers in cutaneous leishmaniasis (CL) to serious
systemic manifestations in visceral leishmaniasis (VL). Leishmaniasis is
a widespread disease in more than 90 countries belonging to Asia,
Africa, America, and Europe (Steverding, 2017). Afghanistan, Saudi
Arabia, Algeria, Brazil, Iran, Iraq, Syria, and Sudan are countries
where more than 90 % of the cases of CL have been reported
(Monzote, 2009). According to the WHO, about 0.6-1.0 million new
cases of CL and 0.2-0.4 million new cases of VL have recorded annu-
ally around the world (Singh et al., 2016). Leishmania major and L.
tropica are the two Leishmania species that cause CL in the old world
(Bahraminegad et al., 2021; Akbari et al., 2017). Several limitations
including high toxicity, numerous adverse effects, the appearance
and prevalence of resistant strains, length of treatment, and the high
cost of current chemotherapy, which includes pentavalent antimonials,
amphotericin B, pentamidine, miltefosine, and aminosidine, are the
main concerns in the leishmaniasis epidemic (Bahraminegad et al.,
2021; Singh and Sivakumar, 2004). Therefore, there is an urgent
requirement to search for new anti-leishmanial compounds. Designing
nano-drug delivery systems for conventional drugs and nanonization
of drugs are two approaches of nanotechnology in the treatment of this
infection (Miiller et al., 2001; Vyas and Gupta, 2006). These drug deliv-
ery systems result in pharmacokinetic properties, high efficacy, high
target delivery effect, low toxicity, high concentration, releasing drugs
with a controlled system, and prolonged systemic circulation lifetime
(de Carvalho et al., 2013). According to numerous investigations, nio-
somes (non-ionic surfactant vesicles) are one of the best drug delivery
systems among these carriers due to the presence of hydrophilic,
amphiphilic, and lipophilic moieties in their structure, which can incor-
porate drug molecules with a broad range of solubility (Kazi et al.,
2010; Jain, 1997). Biodegradable, biocompatible, and non-
immunogenic surfactants should be used to synthesize niosomes (Hu
and Rhodes, 1999). Although the in vivo behavior of niosomes is sim-
ilar to liposomes, some advantages such as better drug entrapment effi-
ciency, lower prices, and the higher chemical stability of their
ingredients make niosomes a better choice (Kazi et al., 2010). One of
the benefits of using this drug delivery system in the treatment of leish-
maniasis is that the reticuloendothelial system takes up the niosomal
vesicles and accumulates them there. Thus, this vesicular system pro-
vides better concentration of the drug administered by topical path
at the site of action, which helps localize the drug at the site of admin-
istration (Baillie et al., 1986; Hunter et al., 1988). Table | demonstrated
some of the recent researches for application of niosomes treatment of
leishmaniasis.

Zirconia (ZrQ,) is one of the widely used metal oxide nanoparticles
for potential bio-applications such as tissue regeneration and cancer
therapy due to its high mechanical strength, low toxicity, and superior
biocompatibility. Similar to other metal nanoparticles, reactive oxygen

species (ROS) play a vital role in the ZrO, nanoparticle-induced cyto-
toxicity, including changes in cell viability, apoptosis, and necrosis,
which cause microbial damage (Bahraminegad et al., 2021; Ye and
Shi, 2018; Patil and Kandasubramanian 2020). Tioxolone
(C7H405S), which is known as an anti-fungal, anti-bacterial, anti-
inflammatory, and anti-tumorigenic compound, has been proven to
be effective for the local treatment of acne and psoriasis vulgaris
(Parizi et al., 2019). Thus, we carried out this in vitro study using var-
ious concentrations of zirconium combined with tioxolone in its nioso-
mal formulation to investigate their anti-leishmanial effects on L.
major via both 3-(4,5-dimethylthiazol2yl)-2,5-diphenyltetrazolium bro-
mide (MTT) and flow cytometry methods.

2. Materials and methods

2.1. Materials

All reagents were used without further purification and were of
analytical grade. Fetal calf serum (FCS) and RPMI-1640 med-
ium containing L-glutamine were procured from Gibco (Ech-
ing, Germany), and the MTT powder and amphotericin B as
the control drug were purchased from Sigma-Aldrich (St
Louis, MO). Penicillin and streptomycin were obtained from
Alborz Pharmacy (Karaj, Iran) and were stored at room tem-
perature (25 °C) until the experiments.

2.2. Cell line and parasite strains

Promastigotes of the standard strain of L. major (MRHO/
IR/75/ER) were acquired from the Leishmaniasis Research
Center (Kerman, Iran) and cultured in Novy-MacNeal-
Nicolle (NNN) medium. Then they were incubated at
24 °C + 1 and subcultured into RPMI-1640 medium supple-
mented with 10 % heated fetal bovine serum (HFBS) and
1 % penicillin/streptomycin (Pen/Strep) antibiotics. After that,
they were incubated at 25 °C where they slowly differentiated
into metacyclic forms for the next usage. Murine macrophage
cells J774 A.1 ATCC®TIB-67™ were purchased from the Pas-
teur Institute of Iran. The J744 cell line was placed in a flask
and cultured in Dulbecco’s modified eagle medium (DMEM)
enriched with 10 % HFBS and 1 % Pen/Strep antibiotics
and maintained at 37 °C in 5 % CO,.

2.3. Preparation of Zr/tioxolone niosomes (NZTs)

Initially, in order to prepare a solution containing the zirco-
nium salt, 0.01 g of Zr(NOs)4, 0.02 g of sodium dodecyl sulfate
(CTAB), and 10 mL of sodium hydroxide (2 M) were dissolved
under a reflux system for 30 min and stirred at a speed of
400 rpm using a magnetic stirrer. Then, after adding 5 mL of
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Table 1

Some of the recent researches for application of niosomes treatment of leishmaniasis.

Niosomal combinations Method

Leishmania species

Stage employed Reference

Selenium with glucantime
Benzoxonium chloride

Autoclaved Leishmania major Film hydration
Amarogentin Film hydration
Sodium stibogluconate mixed with paramomycin Film hydration

Film hydration
Film hydration

L. tropica PromastigoteAmastigote (Mostafavi et al., 2019)
L.tropica PromastigoteAmastigote (Parizi et al., 2019)

L. major BALB/c mice (Pardakhty et al., 2012)
L. donovini Hamster (Medda et al., 1999)

L. infantum Beagle dog (Miret et al., 2021)

N, N-dimethylformamide (DMF), 4 mL of double-distilled
water was added to the reaction medium. Afterward, the mix-
ture was placed in a microwave oven at a power of 180 W for
15 min. Niosomal vesicles were prepared using the film hydra-
tion method (Mohammadi et al., 2016; Bucks et al., 2009).
Briefly, the lipid phase containing the nonionic surfactants
(Span/Tween 20, 40, 60, and 80) and cholesterol were dissolved
in chloroform and mixed at a 7/3 M ratio, and the organic sol-
vent was omitted using a rotary evaporator (Biichi Labortech-
nik AG, Switzerland) at 65 °C for 30 min. After that, the
hydration of the obtained film was performed by 5 mL of
deionized water, in which tioxolone solution (0.2 % w/v in
phosphate-buffered saline (PBS), pH 6.8) was dissolved at
65 °C for 30 min. The resulting niosomal suspensions were
maintained overnight at the refrigerator temperature. Then,
the prepared zirconium solution was added dropwise to the
niosomes containing the tioxolone mixture with a ratio of
1:1 under a reflux system at 40 °C for 30 min and stirred at
a speed of 300 rpm using a magnetic stirrer. Finally, the result-
ing mixture was placed in a microwave at 100 W for 3 min.
Samples were stored in glass vials for six months and were
withdrawn at regular time intervals (one week and three and
six months).

2.4. Characterization of prepared niosomes

Light microscopy (Zeiss, Oberkochen, Germany) was used to
evaluate the morphology of the niosomal formulations using
the camera that was attached to it, equipped with a
computer-controlled image analysis system. Dynamic light
scattering was employed to assess the size dispersion of the
niosomes via measuring the hydrodynamic diameter by the
Malvern apparatus (Malvern Mastersizer X, Malvern, UK),
and niosomal size was determined as a physical stability indi-
cator. The encapsulation efficiency was evaluated using a UV—
visible spectrophotometer at 287.9 nm. For this purpose, 1 mL
of isopropyl alcohol was added to the pellet to dissolve the
walls of the niosomes and the amount of the entrapped drug
was calculated using the following equation:

% Encapsulation efficiency
= [(Total drug — free non - entrapped)/Total drug] x 100

(1)
2.5. Evaluation of the antioxidant effect

The hydrogen donation ability of the prepared niosomes was
assessed using a spectrophotometric assay that employs stable
2,20-diphenyl-1-picrylhydrazyl (DPPH) radical as a reagent.

For this purpose, the scavenging activity of DPPH was eval-
uated by bleaching the purple-colored methanol solution.
Briefly, 1 mL of different concentrations of NZTs (1-1000 p
g/mL) was added to 1 mL of freshly prepared DPPH solution
in methanol (0.15 mM) and then 3 mL of methanol was added
to the reaction mixture. After that, the sample was kept in the
dark for 30 min, and its absorbance was read at 517 nm. This
procedure was repeated for butylated hydroxyanisole (BHA)
as the positive control, which is a synthetic antioxidant, and
deionized water was used as the control. Tests were carried
out in triplicate. The inhibition percentage of DPPH was cal-
culated using the following equation:

Inhibition percentage of DPPH (%)
=[1- (4, — 45)/A.] x 100 (2)

where A, is the absorbance of the samples mixed with DPPH
solution, Ay, is the absorbance of the samples without DPPH
solution, and A, is the absorbance of the control solution.
The sample concentration that causes 50 % inhibition of
DPPH (ICsy) is calculated using a linear regression model.

2.6. Anti-promastigote assay (MTT assay)

To evaluate the in vitro anti-leishmanial activity of zirconium/-
tioxolone niosomes against the promastigote forms of Leish-
mania major, MTT was used as a marker of cell viability.
For this purpose, the RPMI-1640 medium supplemented with
10 % FBS, which contained 2 x 10° cells/mL promastigotes in
the logarithmic growth phase, was seeded in 96-well flat-
bottom plates at 100 pL/well. After that, several concentra-
tions of the niosomal forms of zirconium/tioxolone were added
to triplicate wells at 10 pL./well. Meanwhile, a medium with no
drugs was used as the negative control and plates were incu-
bated for 72 h at 25 °C. Then, a stock solution of MTT (Sigma
Chemical Co., St. Louis, Mo.) was prepared at a concentration
of 5 mg/mL by dissolving MTT in PBS and storing it in the
dark at 4 °C for up to two weeks before use. At the end of
incubation, 10 uL of MTT was added to each well and the
plates were incubated for 4 h at 25 °C. Finally, the reaction
was terminated by dimethyl sulfoxide (DMSO) and relative
optical density (OD) was measured using an ELISA reader
at 490 nm.

2.7. Anti-amastigote assay

To carry out the anti-amastigote assay, the stationary phase
promastigotes of L. major (25 x 10°) were added to the mur-
ine macrophage cell line (J774 A.1 ATCC®TIB-67™)
(25 x 10% at a ratio of 10:1 (promastigote: macrophage).
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After incubation at 37 °C and in 5 % CO, for 24 h, the pipet-
ting of fresh RPMI-1640 medium was conducted to wash and
remove free parasites. Then intra-macrophage amastigotes
were treated with different concentrations of NZTs and the
conventional form of amphotericin B as a positive standard
drug, and they were incubated again under the same condi-
tions for 72 h. Finally, the treated slides were dried, fixed with
methanol, stained by Giemsa, and accurately evaluated under
a light microscope (Nikon, Japan). In addition, amastigote-
infected macrophages with no drugs and macrophages with
no parasites and drugs were considered as untreated and neg-
ative groups, respectively. This method was repeated thrice
and the ICso values were calculated for both drugs using the
probit test.

2.8. Cytotoxicity assay

The flow cytometry analysis was carried out to investigate the
cytotoxicity of J774A.1 ATCC®TIB-67™ and determine the
CCsq (cytotoxicity concentration for 50 % of cells). For this
purpose, 1 x 10° macrophages were seeded into 1.5-mL micro-
tubes. After adding 100 pL of various concentrations of Zr
plus tioxolone niosomes (25 + 25, 50 + 50, and 100 + 100
pg/mL), all samples were incubated at 37 °C in 5 % CO, for
72 h. The tubes without any drugs were considered as negative
controls. After the samples were washed twice with cold PBS
solution, the PE Annexin V Apoptosis Detection Kit I (BD
Pharmingen™) was used for the detection of apoptotic and
necrotic cells by adding 500 pL of binding buffer, 5 pL of
annexin V, and 5 pL of propidium iodide (PI). Finally, all
the samples were incubated at room temperature (25 °C) in
dark conditions for 20 min and a flow cytometer (BD
FACSCalibur, San Jose, California, USA) and flowing soft-
ware 2 were used to analyze the data. The flow cytometry assay
was performed in duplicate.

2.9. Flow cytometry assay

For the evaluation of drug cytotoxicity and apoptosis, the PE
Annexin V Apoptosis Detection Kit I (BD Pharmingen™) was
employed to determine the cellular viability ranges of L. major
promastigotes exposed to drugs (NZTs and the conventional
form of amphotericin B as a positive control). For this pur-
pose, 10° exposed promastigotes of L. major with 100 pL of
different concentrations of drugs were seeded in 1.5-mL
microtubes and incubated at 25 °C in a 5 % CO, incubator
for 72 h using a modified method previously described by
Bahraminegad et al. (Bahraminegad et al., 2021). Next, the
cells were washed twice with cold PBS and 100 pL of the solu-
tion was transferred to a 5-mL culture tube. After that, 5 uL
of PE Annexin V and 5 pL of 7-aminoactinomycin D (7-
AAD) were added to the resulting mixture and incubated at
room temperature (25 °C) in darkness for 20 min. Finally,
after adding 400 pL of 1X binding buffer, all samples were
analyzed using a flow cytometer (BD FACSCalibur, San Jose,
California, USA). In addition, the samples containing only
the medium and parasites with no drugs were considered as
untreated controls. The flow cytometry assay was carried
out in duplicate.

2.10. Intracellular ROS generation

In order to determine the level of intracellular ROS in intra-
macrophage amastigotes, the redox-sensitive dye, 2,7-
dichlorodihydrofluorescein diacetate (H2DCF-DA), was used.
For this purpose, the stationary phase promastigotes of L.
major (25 x 10°) were added to the murine macrophage cell
line J774 A.1 ATCC®TIB-67™) (25 x 10% at a ratio of
10:1 (promastigote: macrophage) in 96-well flat-bottom plates.
After incubation at 37 °C and in 5 % CO, for 24 h, the super-
natants were removed and 100 pL of the DMEM medium
supplemented with 10 % FBS was added to each well and
then the cells were exposed to drugs (NZTs and the conven-
tional form of amphotericin B as a positive control) for
72 h. In the next step, 200 pL of H2DCF-DA (10 mM) was
added to each well. After incubation at 37 °C in 5 % CO,
for 45 min, the cells were washed twice with PBS. Finally, rep-
resentative images were evaluated and recorded on a fluores-
cence microscope.

2.11. Evaluation of superoxide dismutase (SOD) activity

In order to determine SOD activity in amastigotes, the SOD
assay kit (SOD assay kit, Calbiochem) was used based on
the manufacturer’s protocol. For this purpose, 10® promastig-
otes exposed to 100 pL of different concentrations of NZTs
were seeded in 96-well flat-bottom plates. After individual
incubation (at 37 °C in 5 % CO,) for 72 h, 20 mM cold
HEPES buffer (pH-7.2, containing | mM EGTA, 210 mM
mannitol, and 70 mM sucrose) was used to homogenize the
parasites. Finally, after adding 200 pL of diluted radical detec-
tor and 20 pL of diluted xanthine oxidase to 10 pL of the col-
lected supernatants, parasites were incubated for 20 min. OD
was then measured using an ELISA reader at 420 nm. This
assay was performed in triplicate and data were expressed as
mean =+ standard deviation (SD).

2.12. Nitrite assay

In this spectrophotometric assay, after exposing axenic
amastigotes to different concentrations of NZTs, they were
incubated at 37 °C in 5 % CO, for 72 h and the supernatants
were collected. Next, nitrite, a by-product of nitric oxide (NO),
was measured by adding the Griess reagent (0.1 % N-1-naph
thylethylenediamine in 5 % phosphoric acid and 1 % sulfanil-
amide) to the same volume of supernatants. Finally, after 10—
15 min of incubation at room temperature, measurements were
carried out at 540 nm. This assay was performed in triplicate
and data were expressed as mean £+ SD.

2.13. Gene expression, RNA extraction, and cDNA synthesis

The RNeasy Mini Kit (Qiagen, Chatsworth, California, USA)
was used to extract total RNA from intra-murine macrophage
amastigotes treated with various concentrations of NZTs and
untreated control groups based on the manufacturer’s proto-
col. A Nanodrop spectrophotometer (ND-2000, Thermo Sci-
entific Fisher, US) was employed to evaluate the quantity
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(ng) and purity of the extracted RNA. The RT reagent kit
(Takara, Japan) was used to synthesize cDNA. Quantitative
real-time polymerase chain reaction (QPCR) assay was carried
out to detect relative expression levels of interleukin (IL)-12
p40, inducible nitric oxide synthase (iNOS), and IL-10 in mur-
ine macrophage cells (J774 A.1). The qPCR reaction was exe-
cuted in duplicate using the Rotorgene Cycler system (Rotor-
Gene Q, Corbett, Qiagen) and a SYBR Green experiment
(SYBR Premix Ex Taq™ II, Takara Bio, Inc., Shiga, Japan)
based on the recommended protocol. Specific primers and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a
reference gene are shown in Table 2 [28-30]. The qPCR steps
were as follows: 40 three-step cycles (10 s at 95 °C for denatu-
ration of DNA, 15 s at 58 °C for primer annealing, and 20 s at
72 °C for extension) were completed for cDNA amplification
after the temperature was kept at 95 °C for 1 min. Finally,
qPCR was finished by setting the temperature at 65 °C for
1 min. Gene expression level was specified by the 22" method
(Sharifi et al., 2021; Mostafavi et al., 2019). ACT was calcu-
lated using the following equation:

ACT = CT(target) — CT(reference) (3)

2.14. Statistical analyses

Prism 7.01 software (GraphPad Software, CA, USA) was used
to carry out statistical data analyses using one-way analysis of
variance (ANOVA) and Tukey’s post-hoc test to evaluate the
differences between the treatment groups. GRAPHPAD
PRISM 6 (Graph Pad Software Inc, San Diego, CA, USA)
was employed to compare and analyze the mean 272 for
the treatment group and the mean 22" for the control group
for each cytokine. The ICsy and CCs, values were determined
by the probit analysis using SPSS software ver. 20 (Chicago,
Illinois, USA) and P < 0.05 was considered statistically
significant.

3. Results

3.1. Characterization of prepared niosomes

NZTs were formed as shown in Fig. 1. Span/Tween 40 (NZT))
was chosen as the best formulation due to the morphology of
the prepared niosomes (round multilamellar vesicles) and their
particle size distribution. The prepared formulation exhibited
log-normal particle size distribution curves, and as demon-
strated in its size distribution curves after one week, three
months, and six months, NZT; had good physical stability.
In addition, high encapsulation efficiency (more than
95.72 %) was obtained for NZT; (Table 3).

Table 2 The specific primers and genes sequences.
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Fig. 1  The particle size distribution graphs at 1 week (a), 3 (b)
and 6 months (c) and the light microscopic picture of niosomal
forms of Zr/tioxolone (x100 magnification) prepared by film
hydration method (d).

Gene Forward sequence (5'-3") Reverse sequence (5'-3") Product size (bp)
IL-12 P40 CTGGAGCACTCCCCATTCCTA GCAGACATTCCCGCCTTTG 160

IL-10 CTTACTGACTGGCATGAGGATCA GCAGCTCTAGGAGCATGTGC 101

iNOS ACATCGACCCGTCCACAGTAT CAGAGGGGTAGGCTTGTCTC 89

GAPDH AGCTTCGGCACATATTTCATCTG CGTTCACTCCCATGACAAACA 89
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Table 3 Encapsulation efficiency percentage (%EE) of niosomal tioxolone formulation.

Active ingredient A max (nm) Absorbance Concentration(pg/ml) AmountDialysate (solution) Total(pg/ml) %EE
Tioxolone 287.9 0.0869 0.0636 85.6 2,000 95.72
* promastigotes effectively; however, amphotericin B showed a

100 I i

Promastigote inhibitory (%)

Concentration (png/ml)

Fig. 2 The inhibitory rates of L. major promastigotes treated
with various concentrations of Zr/tioxolone niosomoes and
amphotericin B after 72 h incubation in comparison with
untreated control. Bars represent the mean + SD of inhibitory
rates. * There are significant differences with control group (P-
value < 0.0001).

3.2. Anti-leishmanicidal effects on promastigotes

The inhibitory rates of L. major promastigotes treated with
various concentrations of NZTs and the conventional form
of amphotericin B demonstrated a dose-dependent pattern,
as shown in Fig. 2. The mean inhibition rates of promastigotes
treated with various concentrations of NZTs (12.5, 16.3, 25,
50, 100, and 200 pg/mL) were 9.65, 15.62, 28.69, 61.52,
71.24, and 78.25, respectively. Moreover, the ICs, values of
NZTs and amphotericin B were 84.19 £+ 2.38 and 41.78 + 1.
99 png/mL, respectively. NZTs inhibited the growth of

significantly higher inhibitory effect in comparison with the
prepared niosomes (P < 0.001).

3.3. Anti-leishmanicidal effects on intracellular amastigotes

To assess the anti-leishmanicidal activity of amphotericin B
and the most effective combination of the niosomal formula-
tion of Zr/tioxolone (NZT)) against intracellular amastigotes,
the average number of amastigotes in 100 macrophages at var-
ious concentrations of drugs was evaluated. According to the
results presented in Table 4, the number of intra-macrophage
amastigotes was significantly reduced except at the concentra-
tion of 12.5 pg/mL NZT, in comparison with the untreated
control. In addition, since the ICsy values of NZT; and
amphotericin B against the intra-macrophage parasites were
calculated to be 126.33 + 17.07 and 28.01 + 4.30, respec-
tively, amphotericin B was found to be more effective than
the niosomal formulation of Zr/tioxolone. However, in the
niosomal formulation of Zr/tioxolone, by increasing the con-
centration, the number of amastigotes was decreased; there-
fore, it can be concluded that the inhibitory rates of intra-
macrophage parasites exhibited a dose-dependent pattern.

3.4. Toxicity assay

To determine the cytotoxicity of the drugs, various concentra-
tions of amphotericin B and NZT; (25-100 pg/mL) were
administered to the macrophage cell line. The CCs, of each
drug was assessed based on the level of apoptosis. According
to the cytotoxicity analysis, the viability rates of macrophages
after the treatment showed a significant difference in compar-
ison with the untreated control (P < 0.0001) as indicated in
Fig. 3. In addition, increasing the concentration of each drug
led to the reduction of the viability rate of macrophages. The
viability rates of macrophages at the concentrations of 25,
50, and 100 pg/mL NZTs were 84.70, 80.15, and 75.10, respec-
tively, in comparison with the untreated cells (98.40 %). The

Table 4 Comparison of the overall mean effect of various concentrations of Zr/tioxolone niosome and amphotericin B on the mean

number of amastigotes in each macrophage.

Concentrations Zr/tioxolone niosome Amp B

(ng/mL) Mean + SD P value Mean £+ SD P value

0 (Control) 52 + 0.62 NR 52 + 0.62 NR

12.5 46 + 0.17 ns 31 + 0.82 P < 0.001
16.3 43 + 0.77 P < 0.05 31 + 0.30 P < 0.001
25 42 £+ 0.26 P < 0.05 30 + 0.58 P < 0.001
50 36 £+ 0.63 P < 0.001 25 + 0.37 P < 0.001
100 27 £ 0.75 P < 0.001 19 + 0.11 P < 0.001
200 24 + 0.98 P < 0.001 16 + 0.65 P < 0.001
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mean + standard deviation of viability rates (*P < 0.0001, **P < 0.001, ***P < 0.05). There are significant differences with control

group (P < 0.0001).

CCsy of NZTs and amphotericin B was 308.21 and 175.77 pg/
mL, respectively. The results revealed that the mean number of
viable cells following treatment with amphotericin B was more
than the NZT treatment at similar concentrations.

The selectivity index (SI) was considered to evaluate the
cytotoxicity of the treatment in macrophages. As shown in
Table 5, the SI for amphotericin B and NZT,; was calculated
to be 6.28 and 2.44, respectively. Therefore, the inhibitory
effects of amphotericin B were significantly higher than those
of the prepared niosomes due to their SI.

3.5. Parasitic apoptosis

In order to evaluate the levels of apoptotic, necrotic, and
viable cells at different concentrations of NZT;, Annexin V-

FITC and 7-AAD were simultaneously used. For this purpose,
the sum of the upper right (late apoptosis) [Annexin V (+), 7-
AAD (+)] and lower right regions (early apoptosis) [Annexin
V (+), 7-AAD (-)] was calculated and considered as apoptotic
cells (Fig. 4). According to the flow cytometry analysis, the
apoptotic values at various NZT; concentrations (25, 50,
100, and 200 pg/mL) were 47.20, 52.50, 54.80, and 65.70,
respectively. Various concentrations of the prepared niosomes
led to a relatively high rate of apoptosis compared to the
untreated control group (P < 0.0001).

3.6. Antioxidant activity

In order to evaluate the radical-scavenging activity of the nio-
somal form of Zr/tioxolone (NZT) and BHA (positive control)
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Table 5 Comparison of thelCs, values of amphotericin B and most effective combination of niosomal formulation of Zr/tioxolone
(NZT);) on the L. major promastigotes and amastigotes and the CCs, values of the drugs on macrophage using the SI index.

Drugs Amastigote Promastigote Macrophage selectivity index

ICsp (ng/ml) ICso (pg/ml) CCs (ng/ml) CCs0/ICso (amastigote)
NZT, 126.33 84.19 308.21 2.44
Amp B 28.01 41.78 175.77 6.28
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Fig. 4 The inhibitory rates of L. major promastigotes treated with various concentrations of Zr/tioxolone niosomes in comparison with
untreated control after 72 h incubation. Bars represent the mean =+ standard deviation of viability rates. *There are significant differences

with control group (P < 0.0001).

against DPPH, the hydrogen donations from these compounds
were assessed. As shown in Fig. 5, both BHA and NZT had
dose-dependent responses. The overall ICsy values of the pre-
pared niosomes and BHA were 569.1 and 164.9 pg/mL, respec-
tively. According to the statistical analysis, a significant
difference was observed between BHA and NZT, although
NZT had a relatively high rate of radical-scavenging activity
compared to the untreated control group (P < 0.001).

3.7. ROS detection

The intracellular level of ROS in intra-macrophage amastig-
otes in response to various concentrations of NZT; and
amphotericin B was assessed using a fluorescence microscope
(Fig. 6). According to the representative images, the produc-
tion rate of ROS had a dose-dependent pattern. The results

100
=@ [ntreated control —e=@== NZT —@— BHA
80 1
60 1

40 A

Inhibition (%)

20 1

1 10 50 100 250 500 1000
Concentration (ug/ml)

Fig. 5 Scavenging effects of niosomal form of zr/tioxolone
(NZT) on DPPH free radicals compared to BHA as a positive
control. Data are mean + SD of triplicate experiments.
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Fig. 6 In vitro detection of ROS in intra-macrophage amastig-

otes of L. major in response to various concentrations (25, 50 and
100 pg/mL) of amphotericin B and NZT; in comparison with
untreated control after 72 h incubation.

demonstrated that both NZT; and amphotericin B increase the
levels of ROS in intra-macrophage amastigotes. The outcomes
revealed higher ROS levels in response to NZT, in comparison
with amphotericin B at similar concentrations.

3.8. SOD enzyme activity and nitrite assay

As shown in Fig. 7a, the results were expressed as a unit of
SOD, which was defined as the amount of enzyme required
to demonstrate 50 % dismutation of the superoxide radicals.
Although a significant increase was observed in SOD activity
in treated samples compared to untreated control
(P < 0.001), no significant difference was found between
NZT, and amphotericin B at the concentration of 100 g/
mL. Fig. 7b depicts nitrite concentrations in axenic amastig-
otes estimated by a comparison with a standard curve pre-

pared with sodium nitrite. In comparison with the untreated
control, higher levels of nitrite were observed, especially at
50 and 100 pg/mL (*P < 0.001, **P < 0.01). Nearly similar
levels of nitrite were reached in samples treated with high con-
centrations of NZT; and amphotericin B.

3.9. Gene expression

As representatives of the Thl and Th2 pathways, the gene
expression levels of IL-12 p40 and IL-10 were evaluated. These
gene expression levels were assessed against various concentra-
tions of NZT; and amphotericin B. As shown in Fig. §, the
gene expression levels of IL-12 p40 and iNOS were signifi-
cantly up-regulated. The gene expression level of IL-10 was
significantly decreased at NZT; concentrations of 25 to
100 pg/mL compared to the untreated control (P < 0.0001),
whilst its expression level at high concentrations (50 and
100 pg/mL) of amphotericin B was only significantly different
from the untreated control. Moreover, the results showed a
significantly elevated expression of iNOS at various concentra-
tions of both NZT, and amphotericin B.

4. Discussion

Conventional anti-leishmanial regimens such as pentavalent
antimonials and amphotericin B are used in the first-line sys-
temic treatment of leishmaniasis. Due to disadvantages includ-
ing side effects, low efficacy, parasite resistance, high price, and
interactions with other medications, newer chemotherapeutic
agents and vesicular drug delivery systems such as niosomes
need to be introduced (Yasinzai et al., 2013; Mosimann
et al., 2018). Topical treatment of Leishmania amastigotes that
live in macrophages in the deep dermal layer is one of the dif-
ficulties of current chemotherapy (Owais and Gupta, 2005).
The best strategy to overcome this drug resistance, reduce
the length of treatment, and increase the efficacy rate against
CL is combination therapy with novel compounds. In addi-
tion, the application of controlled and targeted drug delivery
systems such as niosomes and liposomes is considered to be
an effective approach (Lobanov et al., 2006; Uchegbu and
Florence, 1995). Hence, in this study, the anti-leishmanial
activity of the niosomal combination of zirconium and tiox-
olone against L. major was assessed. According to physico-
chemical properties such as morphology, particle size,
physical stability, and entrapment efficiency of the prepared
niosomes, the best formulation was chosen as Span/Tween
40 (NZT),). Since using niosomes as a novel system for deliver-
ing drugs through the skin to the site of infection can reduce
the cytotoxicity of drugs, the SI was considered in order to
evaluate the cytotoxicity of the niosomes in macrophages
(Khazaeli et al., 2014). According to the ICsy values for the
DPPH method (ICsy of 569.1 pg/mL), NZTs were able to
decrease the stable free radical DPPH. This mechanism of
action can be suppressed in the occurrence of cell degenera-
tion, cancer, and other diseases, reducing the toxicity of the
drug (Sharifi et al., 2018). Based on the results, niosomal for-
mulations of Zr/tioxolone demonstrated no cytotoxic effect
within the range of our experimental concentrations because
of their target delivery of drugs (CCsq > 300 pg/mL and
SI > 1) (Neira et al., 2019). In this study, due to the higher
1Csq value of the prepared niosomes acting on the promastig-
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control. data represents mean + SD of triplicate determinations. There are significant differences with control group (*P < 0.001,

#p < 0.01).

ote form of L. major compared to the ICsy value of those act-
ing on the amastigote form, it can be concluded that pro-
mastigotes were more sensitive to niosomes than the
amastigote forms. Several factors can be effective in explaining
this difference in sensitivity between the two forms of L. major,
including the phagolysosomal membrane of macrophages and
the prevention of NZTs entrance (Shakibaie et al., 2010;
Beheshti et al., 2013). Different biochemical and physiological
reactions of these two forms of Leishmania parasites and other

factors such as structural and morphological features can also
explain this difference (Lira et al., 1999; Mahmoudvand et al.,
2014). In the present study, apoptosis as the programmed cell
death of L. major promastigotes treated with various concen-
trations of the prepared niosomes was assessed and the results
showed a relatively high rate of apoptosis compared to the
untreated control group (P < 0.0001).

Leishmania infection can activate two different immune
responses including Th1, which is an immune response against
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kP < 0.01).

the Leishmania infection (interferon-¥, tumor necrosis factor-
o, IL-12, and NO) and Th2, which can contribute to the dis-
ease progression (IL-4, IL-10, IL-13, and transforming growth
factor-) (Mostafavi et al., 2019; Prajapati et al., 2011). Thl-
type immunity can be activated by the expression of cytokines,
namely interferon-v¥, tumor necrosis factor-o, and IL-12, and
consequently activate macrophages to generate NO. In con-
trast, IL-10 plays a crucial role in activating Th2-type cell
response and suppression of macrophage activation [46-48].
According to our findings, NZTs had a significant
immunomodulatory effect on the inhibition of IL-10 as an
indicator of Th2-type immunity compared to the untreated
control (P < 0.0001). In addition, the results revealed a signif-
icant increase in the gene expression level of 1L-12 and iNOS
as markers of Thl-type immunity (P < 0.0001).

ROS generation can lead to the decreased survival of the
Leishmania parasite by increasing lipid peroxidation and acti-
vating apoptosis [49-51]. Adjustment of cellular growth and
cell death can be affected by superoxide and hydrogen perox-
ide (H,O,) as different forms of ROS (Circu et al., 2010).
Upregulation of the antioxidant defense is one of the defense
mechanisms of the parasite to control the level of ROS in order
to protect itself from ROS-mediated apoptosis (Ha et al., 1998;
Fujisawa and Kadoma, 2005). SOD is one of the defense mito-
chondrial enzymes that can detoxify superoxide into hydrogen
peroxide and oxygen and consequently protect the parasites
from mitochondrial-derived ROS damage, oxidative stress,
and apoptosis (Plewes et al., 2003; Getachew et al., 2012).
Our findings indicated higher ROS levels in NZT, treatment
in comparison with amphotericin B treatment at similar con-
centrations in a dose-dependent response. In addition, a signif-
icant increase in SOD activity was observed in treated samples
compared to untreated controls (P < 0.001), and no signifi-
cant difference was found between NZT; and amphotericin
B at the concentration of 100 pg/mL. Overexpression of
SOD in L. major parasites indicated an enhanced protection
due to the higher generation of free radical agents by macro-
phages (Bahrami et al., 2011). NZTs could increase NO pro-
duction, which is crucial for controlling Leishmania major
propagation or eliminating the parasite (Elmahallawy et al.,
2014). However, nitrite levels were non-significantly higher in
samples treated with NZT,; than in those treated with ampho-
tericin B at a similar concentration.

5. Conclusion

According to the literature, the present study is the first to investigate
the anti-leishmanial activity of zirconium plus tioxolone niosomes
against Leishmania major by evaluating their mechanism of action.
In addition, the results revealed an immunomodulatory role in the
inhibition of IL-10 and an increase in gene expression levels of IL-
12 and iNOS. The present findings indicated that NZT; had the
potential for further therapeutic approaches due to its beneficial
physicochemical properties and strong anti-leishmaniasis effects
against L. major after further assessments including comprehensive
clinical trials.
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