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ABSTRACT

Objective(s): Leishmaniasis, a neglected tropical disease, re=ains =~ public health concern.
Meglumine antimonate (Glucantime®) is associated with high toxicit, prolonged treatment duration,
and the emergence of drug resistance. This study aims to inv stigate a therapeutic strategy using
chitosan-titanium dioxide-Glucantime (C-TiO,-G) nanoassen. “lies comprising the natural polymer
chitosan for drug loading, TiO, nanoparticles for enhenc »d cel ular uptake, and Glucantime as the
antileishmanial agent.

Materials and Methods: Cytotoxicity was eve'uate int »]774.A1 macrophage cell line to determine
the IC50 values, and anti-leishmanial activiv, aguinst Leishmania major (L. major) amastigotes was
assessed using the Giemsa staining method. Le. an size, parasite burden, and tissue histopathology
were monitored in BALB/c mice. Add.. nnally, ger. expression analysis was conducted to assess the
expression of M1 and M2 macrophage i larization markers (CCR7 and CD163).

Results: The nanoassemblies treatmen exhi. ‘tad reduced cytotoxicity with a significantly higher IC_
(1202.5 + 3.5 pg/ml at 72 hr) in canc “sor with Glucantime (999.5 + 3.5 pyg/mL at 72 hr; P<0.05).
Treatment with nanoassemblies (100 mg/kg) significantly reduced lesion size and parasite burden in
the spleen and liver of the L. -ajo. infe ‘ted BALB/c mice compared with those in the negative control
group (P<0.05). Histopatholog -al analysis revealed less tissue damage in the liver, skin, spleen, and
l[ymph nodes. Treatment with nai._assemblies led to immune modulation, as indicated by significant
upregulation of CCR7 ex ression (P<0.0001) and downregulation of CD163 expression (P<0.05).
Conclusion: The finuings nighlight the potential of chitosan-titanium dioxide-Glucantime

nanoassemblies s - proriising therapeutic strategy against leishmaniasis.
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Introduction

Cutaneous leishmaniasis (CL), a public health concern,
is a vector-borne disease caused by protozoan parasites
of the Leishmania genus, primarily found in tropical and
subtropical regions (1, 2). The disease poses both diagnostic
and therapeutic challenges, with clinical manifestations
ranging from self-healing lesions to potentially fatal visceral
infections (3). According to the World Health Organization’s
2023 surveillance report, leishmaniasis remains a significant
public health issue worldwide. Globally, over the past
decade, the number of reported CL cases has ranged from
185,454 in 2014 to 280,679 in 2019. Ninety-one percent of
all cases were reported from Afghanistan, Algeria, Brazil,
Colombia, Iran, Iraq, Pakistan, Peru, Sri Lanka, the Syrian
Arab Republic, and Yemen (4). For decades, pentavalent
antimonials have remained the mainstay therapy; however,

their use is associated with several limitations, including
high toxicity, prolonged duration of treatment, and the
emergence of drug-resistant strains of the parasite. The
exact mechanism through which pentavalent antimonials
affect Leishmania remains unclear. When administered,
pentavalent antimony Sb (V) undergoes bioreduction to
trivalent antimony Sb (III) within Leishmania, initiating two
main mechanisms of action. Sb (III) inhibits the enzyme
trypanothione reductase (TryR), disrupting the redox
balance of the parasite and elevating oxidative stress. At
the same time, Sb (III) interferes with DNA topoisomerase
I activity, which is crucial for the supercoiling of DNA
necessary for replication and transcription. Additionally,
Sb(V) exhibits its antileishmanial activity that plays a role
in neutralizing reactive oxygen species (ROS), and the
inhibition of TryR increases the production of ROS, resulting
in additional harm to the parasite’s macromolecules, such
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as DNA and proteins, disrupting homeostasis and leading
to the death of the parasite. The development of resistance
to antimonial therapies poses a significant threat to their
effectiveness, resulting in suboptimal treatment outcomes
and persistent infections (5). Walker and colleagues
discovered that S-adenosylmethionine synthetase (SAMS)
and S-adenosylhomocysteine hydrolase (SAHH) were
found to be overexpressed in Sb (III)-resistant strains and
isolates, indicating a crucial role of these molecules in the
resistance of Leishmania to Sb (6). All the abovementioned
factors affect disease treatment (7-9). These limitations
highlight the urgent need for novel therapeutic strategies
that are more effective, safer, and capable of overcoming
drug resistance (10).

Nanotechnology has emerged as a promising strategy
to enhance the efficacy of conventional anti-leishmanial
therapies (11). Among various nanomaterials, metal
nanoparticles (NPs) exhibit broad-spectrum antimicrobial
activity by interfering with microbial DNA and enzymatic
functions, as well as releasing metal ions. Furthermore,
they generate reactive oxygen species (ROS), damaging cell
membranes (12).

Titanium dioxide (TiO,) nanoparticles are particularly
notable within this group. TiO, nanoparticles are considered
biologically safe and inert, and have been approved by the
U.S. Food and Drug Administration (FDA) for application in
food and pharmaceutical products (13). These nanoparticles
have gained substantial attention due to their unique
physicochemical properties, including a high surface area to
volume ratio, biocompatibility, and photocatalytic activity.
These characteristics make TiO, nanoparticles especia’ly
suitable for biomedical applications, drug delivery sy tem.:
and photodynamic therapy (14).

Chitosan is a positively charged, nontoxic, biod »gradabie,
and biocompatible biopolymer. Studies have highli ~t= the
antimicrobial properties of chitosan; however, the precise
mechanism by which it operates remins .. _ompletely
understood (15), despite three primaty mc-hanisms being
established. The first mechanism desc. bes the interaction
of NH3* groups in chitosan w'th w = negatively charged
microbial cell membrares. The <ell membrane becomes
permeable due to this interaction, leading to microbial
death. The second mech. ~ism proposes that chitosan binds
to microbial DNA, thereb, uiocking DNA transcription.
The third mechanism demonstrates how chitosan functions
as a metal chelator and essential nutrient binder, thereby
preventing microbial growth. Collectively, this makes it
suitable for additional research into cutaneous leishmaniasis
(CL) treatment (16).

BALB/c mice are widely recognized as a well-established
animal model for studying the CL, owing to their high
susceptibility to L. major infection (17). Histopathological
changes observed in infected BALB/c mice are closely
associated with inflammatory responses and tissue
alterations. Infected skin exhibits widespread infiltration
of histiocytes, lymphocytes, and plasma cells with small
granulomas formed by macrophages and lymphocytes. The
lymph nodes and spleen exhibit follicular hyperplasia, sinus
histiocytosis, and infiltration of lymphocytes and plasma
cells. In the liver, infiltration of lymphocytes, macrophages,
and plasma cells leads to sinusoidal dilatation (18).

Histopathological manifestations in BALB/c mice with
CL may vary depending on the Leishmania species and
mouse strain. Various therapeutic strategies, including the
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use of plant extracts, nanoformulations, and conventional
anti-leishmanial agents, have been explored for their effects
on histopathological alterations in infected mice. These
studies provide valuable information about the pathogenesis
of leishmaniasis and the potential therapeutic efficacy of
emerging treatments (3, 19, 20).

Macrophages play a dual role during Leishmania
infection; they can either eliminate the parasite or provide
a permissive environment for its growth and replication.
Macrophage polarization is a critical determinant of
the host immune response to Leishmania infection. The
dynamic balance between pro-inflammatory (M1) and anti-
inflammatory (M2) macrophage phenotypes significantly
influences disease progression, parasite persistence, and
tissue pathology (21, 22).

Based on their functional properties, macrophages
are broadly categorized into two phenotypes: classically
activated M1 macrophages, which exhibit cytotoxic and
antimicrobial activities. and alternatively activated M2
macrophages, which dis, ‘ay anti-inflammatory functions
(23). M1 macrophagee are characterized by the expression
of CCR7 and the prolucti n of pro-inflammatory cytokines,
including IL-23.77-,> TL-1, and TNF-a (24). CCR7 also
plays a role in the .aigration of memory T cells and the
maturation or de »dritic cells.

I»i co. tras . M2 macrophages express CD163 and secrete
cyto. fnes such as IL-10, IL-1 receptor antagonist (IL-
1RA), ./ 5F-B, and VEGE which are involved in promoting
angiogencsis and suppression of immune responses (25).
1. » phenotypic shift from the M1 phenotype to the M2
vhenotype during Leishmania infection is a critical factor
that influences disease progression and affects the clinical
outcomes (26).

Recent studies have explored nanoparticle-based
therapies for leishmaniasis; however, the present study
investigates explicitly nanoassemblies of TiO, and
Glucantime in a BALB/c mouse model. In addition, this
research aims to evaluate gene expression profiles and
histopathological changes, building upon findings from a
previous study (27).

Nanotechnology-based approaches, particularly those
utilizingmetalnanoparticles,havegreatpotentialforenhancing
the efficacy and safety of anti-leishmanial treatments.
This integrated evaluation provides a comprehensive
understanding of the therapeutic potential of such
nanoformulations. To our knowledge, this research presents
the first evaluation of chitosan-coated TiO, nanoparticles
containing Glucantime (C-TiO,-G nanoassemblies) for
cutaneous leishmaniasis treatment, both in vitro and in vivo.
The targeted nanoassemblies enable controlled drug delivery,
enhance macrophage uptake, and strengthen the synergistic
effect between the drug and photocatalyst. Moreover, the
research investigates the immunomodulatory effects of
this nanoassembly through the analysis of macrophage
polarization markers, specifically CCR7 for M1 and CD163
for M2, to understand how immune modulation can enhance
therapeutic results. Therefore, the current research uniquely
addresses the anti-leishmanial effects of chitosan-titanium
dioxide-Glucantime nanoassemblies through both in vitro
and in vivo experiments.

Materials and Methods
Preparation and characterization of nanoassemblies of
TiO, NPs and Glucantime

The nanoassemblies were synthesized according to our
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previous study (27). Briefly, nanoassemblies were prepared
via electrostatic interactions and optimized using a response
surface central composite design. The effects of Glucantime and
TiO, NPs on the particle size, zeta potential, loading efficiency,
and release efficiency of the drug were investigated (27).

Leishmania culture

The promastigotes of L. major (MRHO/IR/75/ER strain)
were obtained from the Department of Parasitology and
Mycology, School of Medicine, Isfahan University of
Medical Sciences, Isfahan, Iran. Initially, parasites were
cultured in Novy-MacNeal-Nicolle (NNN) biphasic
medium. Upon reaching the logarithmic growth phase,
they were transferred to RPMI-1640 medium (GlutaMAX
Supplement, Gibco™, US) adjusted to a pH of 7.2. The
medium was supplemented with 10% fetal bovine serum
(FBS) (Tet system, Gibco™, UK), gentamicin (80 pg/ml),
penicillin (100 IU/ml), and streptomycin (100 pg/ml). The
cultures were maintained at 25 + 1 °C for four days, and
parasite growth was monitored daily.

J774A.1 cell line culture

The J774.A1 murine macrophage cell line, obtained from
the Department of Parasitology and Mycology, School of
Medicine, Isfahan University of Medical Sciences, Isfahan,
Iran, was cultured in RPMI-1640 medium, supplemented
with 10% FBS, penicillin (100 IU/ml), and streptomycin (100
pg/ml). The cells were maintained at 37 £ 1 °C in a humidified
atmosphere containing 5% CO,. Subculturing was performed
when the cells reached approximately 70% confluency.

Cytotoxicity assay

To evaluate the cytotoxicity of the nanoassemblies,
TiO,, and Glucantime, J774.A1 macrophages were seeded
in 96-well microtiter plates at a density of 2 x 10* cells/m!
in complete RPMI-1640 medium. The cells were alloved
to adhere for at least 6 hr at 37 °C in 5% CO,. Aftei .ou.
adherent cells were removed, adherent macropbag>s wee
treated with various concentrations of nan.issemniuiles
(6.25-4000 pg/ml), TiO, (6.25-4000 pg/ml), 7+ d Gl =antime
(100 pg/ml) in a final volume of 200.:1 p r well. The
incubation was carried out for 2448, {nd 7. hr under the
same conditions. A negative ¢ontrol (u. ‘reated cells) and
blank wells (without cells) wer: included.

Subsequently, 20 pl of sterilc fltersd MTT solution (5
mg/ml, Sigma-Aldrich’) was added to each well, followed
by incubation in the dark at 25 + 1 °C for four hours.
Subsequently, the supernatant was carefully removed, and
the resulting formazan crystals were dissolved in 100 pl of
dimethyl sulfoxide (DMSO). The plates were shaken for 15
min to ensure complete dissolution, and absorbance was
measured at 570 nm using a microplate reader (EZ Read
400, Biochrom). Cytotoxicity was evaluated by the MTT
assay, and IC_  values were calculated using GraphPad
Prism 9.0.0 (GraphPad Software, San Diego, CA, USA).
All experiments were carried out in triplicate to ensure
statistical robustness. The data were presented as means +
standard deviations (SDs).

Anti-leishmanial activity against
amastigotes assessed by giemsa staining
To evaluate the anti-leishmanial

intramacrophage

activity against
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intracellular amastigotes, J774.A1 murine macrophages were
seeded at a density of 2 x 10* cells per well in six-chamber
slides (SPL, Korea) containing RPMI-1640 medium, and
incubated for 6 hr at 37 °C in a 5% CO, atmosphere. The
macrophages were then infected with L. major metacyclic
promastigotes at a parasite-to-macrophage ratio of 10:1, as
determined using a Neubauer hemocytometer.

After 24 hr of incubation, non-internalized parasites were
removed by washing with RPMI-1640 medium. The infected
macrophages were subsequently treated with different
concentrations (6.25 to 200 ug/ml) of nanoassemblies, TiO,,
and Glucantime, and incubated for 24, 48, and 72 hr under
the same conditions. Untreated infected macrophages
served as the negative control group.

Following incubation, the cells were fixed with absolute
methanol and stained with Giemsa. The number of
intracellular amastigotes per infected macrophage was
counted under a light microscope and compared to that of
the negative control group. Anti-leishmanial efficacy was
determined by calculating the IC_, value, which was defined
as the concentration that resultea in a 50% reduction in the
number of intracellular amastiy ~tes. All experiments were
performed in triplicate to ensure statistical accuracy and
reproducibility.

In vivo experiments

Female BALB/c .ai. » (4- 6 weeks old, Australian strain)
were obtairce oL the Razi Vaccine and Serum Research
Institute,” »hrea, Iraui. Throughout the experiment, the
mice had ad . bitum access to food and water. Each mouse
was _ibcutanec usly injected at the base of the tail with
1x107 n..>tacyclic promastigotes of L. major. After 30 days,
whei  visil.’e nodules and lesions had developed, the mice
were ranuaomly assigned to nine groups (n = 6 per group).

Le.ion size was measured weekly by calculating the
average horizontal and vertical diameters using a Kulis
vernier caliper. The treatments were administered once daily
for 28 consecutive days as follows: three groups received
nanoassemblies at doses of 100, 50 and 25 mg/kg; three groups
received TiO, at the same respective doses; one positive
control group was treated with Glucantime (100 mg/kg); a
second positive control group was treated with Amphotericin
B (4 mg/ml) for 21 days; and the negative control group
received phosphate-buffered saline (PBS, 100 mg/ml).

One week after the final treatment, two mice from each
group were randomly chosen for lesion measurement and
tissue collection. These mice were euthanized with CO,, and
tissue samples were collected for further investigation. The
remaining mice were monitored daily to assess survival rates.

Determination of parasite burden

At the end of the experiment, two mice from each group
were euthanized using CO,, and their livers and spleens were
harvested. Impression smears were prepared and stained
with Giemsa to evaluate the parasite burden. The number
of amastigotes in each organ was quantified by counting
parasites per 1,000 host cell nuclei and multiplying this
value by the total weight of the organ (in milligrams), thus
estimating the overall parasite burden. The parasite burden
was subsequently assessed under an optical microscope
(Olympus, Japan).

Histopathological evaluation
The skin, liver, spleen, and lymph node tissues of the
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two mice mentioned in the last section were collected
and fixed in 10% neutral-buffered formalin for 24 hr.
The tissues were processed for paraffin embedding using
standard histological techniques. Sections (5 pm thick) were
obtained using a rotary microtome and mounted on glass
slides. Routine hematoxylin and eosin (H&E) staining was
performed, including dehydration, clearing, and paraffin
infiltration.

The stained sections were examined under a light
microscope (Eclipse E800-Nikon, Tokyo, Japan) at various
magnifications to assess tissue architecture, inflammatory
infiltration, necrosis, and parasite presence.

Gene expression analysis of M1 and M2 markers

A commercial blood RNA extraction kit (Parstous,
Iran) was used to extract total RNA from tissue samples,
following the manufacturer’s instructions. One microgram
of total RNA was reverse-transcribed into complementary
DNA (cDNA) using the AddScript cDNA Synthesis Kit
(Add bio, Korea) with random hexamer primers. The
thermal cycling protocol for cDNA synthesis consisted of
the following steps: incubation at 25 °C for 10 min, followed
by incubation at 50 °C for 60 min, then at 80 °C for 5 min,
and finally holding at 4 °C for 5 min. The synthesized cDNA
was stored at —20 °C until further analysis.

Quantitative real-time PCR (qRT-PCR) was performed
using SYBR Green chemistry, with GAPDH used as the
housekeeping gene. The primer sequences were retrieved
from the NCBI GenBank database and then designed using
specialized primer design software (sequences providec
in Table 1). Each 10 ul reaction mixture contained 1 plof
c¢DNA, 5 pl of RealQ Plus 2x Master Mix Green High ROX™
(AMPLIQON, Denmark), 3.75 ul of nuclease-free vaw
and 0.25 pl each of forward and reverse primers

Amplification was performed using a Ste, One neal-
Time PCR System (Applied Biosystems, 7ISA) «=der the
following conditions: initial denaturatian a1 95 °C for 15
min, followed by 45 cycles of denaturation at'95 °C for 20
sec, annealing at 60 °C for 30 sec, anc. »¥fension at 72 °C

Table 1. The sequences of primers us. ' for real-fime PCR to analyze gene
expression in BALB/c mice (Mus muscu. 2

Gene name Primer sequences

CCR7 Forward primer
CAGGTGTGCTTCTGCCAAGAT

Reverse primer

GGTAGGTATCCGTCATGGTCT

CD163 Forward primer

GGTGGACACAGAATGGTTCTTC

Reverse primer

CCAGGAGCGTTAGTGACAGC
GAPDH Forward primer

AGGTCGGTGTGAACGGATTTG

Reverse primer

TGTAGACCATGTAGTTGAGGTCA

N=MS
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for 30 sec. All reactions were run in duplicate to ensure
reproducibility. Relative gene expression levels were
analyzed using the 224" method.

Data analysis

The data were analyzed using Microsoft Excel 2016 and
GraphPad Prism version 9.0 (GraphPad Software, San
Diego, CA, USA). Two-way analysis of variance (ANOVA)
was conducted, followed by Tukey’s post hoc test for multiple
comparisons. All gene expression results are presented as
the mean + standard error of the mean (SEM). A P-value
less than 0.05 was considered statistically significant.

Results
Determination of particle sizo-and zeta potential of TiO,
nanoparticles —chitosan-Gluc antime

The average size of the stiv-tures was 180 = 19 nm,
with a polydispersity index{"DI) ~¥0.3 + 0.04, indicating
a low diversity of parti‘le s.es. The zeta potential of
nanoassemblies of Glucintin2-and TiO,-chitosan was +45
+7.3mV.

Evaluaticn 0) nt. ~ony loaded in nanoassemblies of TiO,
NPs and ¢, ‘tosan-Guucantime

The analys ~ was conducted using the Optima 7300 DV
ICP-OES (Inductively Coupled Plasma-Optical Emission
Spectro.cetry) from Perkin-Elmer SCIEX, USA, at 217.582
=m. The rormula G12.5C25T6 (Glucantime or G = 12.5 mg,
Chitosan or C = 25 mg, TiO, NPs or T = 6 mg) had 52.3% +
27 of antimony concentration.

In vitro release of Glucantime from nanoassemblies of TiO,
NPs and chitosan-Glucantime

The amount of antimony released from the
nanoassemblies made of TiO, NPs and chitosan-glucantime
was measured by ICP-OES analysis at 217.582 nm. The
formulation (G12.5C25T6) released 70.35% of the antimony
that was loaded in 24 hr (Figure 1).

Cytotoxic effects of nanoassemblies, TiO, nanoparticles,
and Glucantime on J774.A1 macrophage cell line
Treatment with the nanoassemblies resulted in a decrease
in the IC,, values over time, from 1883.1 + 140.0 ug/
ml at 24 hr to 1606.5 + 130.0 pg/ml at 48 hr, and then to
1202.5 + 100.0 pg/ml at 72 hr, (P<0.01, 24 hr vs 72 hr),

10:0

Release %

0 5 10 15

=]
]
P
L
i3
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Time (hour)

Figure 1. Release profile of the Glucantime from nanoassemblies of TiO,
NPs and chitosan-Glucantime
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Table 2. IC, (ug/ml) + SD values of various treatments for J774.A1 cell line macrophages (24 hr, 48 hr, 72 hr)

ICs (ug/ml) £SD

24 hr

48 hr 72 hr

Nanoassemblies 1883.1 + 140.0

TiOz 4317.4 + 300.0

Glucantime 1608.2 + 120.0

1606.5 + 130.0 1202.5 + 100.0

3552.2 +£250.0 3290.3 +£230.0

1415.1 £ 110.0 999.5 +85.0

indicating increased cytotoxicity with prolonged exposure
(Table 2).

Similarly, the ICs, values decreased from
1608.2 + 120.0 pug/ml (24 hr) to 1415.1 £ 110.0 ug/ml (48
hr) and 999.5 £+ 85.0 ug/ml (72 hr). Compared with the
Glucantime treatment, the nanoassemblies treatment
resulted in significantly higher ICs, values at 24 and 48 hr
(P<0.05), suggesting lower cytotoxicity at early exposure
times. However, by 72 hr, the difference was no longer
statistically significant (P>0.05) (Table 2).

The highest IC, values were obtained by TiO, nanoparticle
treatment throughout the experiment, with values of
4317.4 + 300.0 pg/ml at 24 hr, 3552.2 + 250.0 pg/ml at 48 hr,
and 3290.3 + 230.0 pg/ml at 72 hr, indicating relatively lower
cytotoxicity than the other treatments (Table 2).

Cytotoxic effects of titanium dioxide mnanoparticles,
glucantime, and nanoassemblies on intramacrophage
amastigotes

The efficacy of the nanoassemblies treatment was b« th
significant and time-dependent. The IC_| values decreasea
from 64.6 + 5.2 pg/ml at 24 hr to 31.6 £ 3.1 pg, m. at .8
hr, reaching the lowest value of 12.6 + 1.8 1g, ml at 72
hr (P<0.0001 compared with the TiO, an.' Glucantime
treatments at each time point).

During TiO, nanoparticie trea men., the IC_
values decreased from 401.0 +20.0 uz/ml at 24 hr to

Lesion size
[

g
RRRRRRRNR

AL ISLSSSSS

)
N
N
N
\
N
N
N

before treatment 1

C

Nanoassambly 25
Nanoassembly 50
Nangassembly 100
TIOZ 25

TiO2 50

== TiO2 100
mm AmB

== glucantime

e I

FTmTees

208.9 + 15.5 pug/ml at 48 hr and 129.4 + 10.2 pg/ml at 72 hr.
However, these values remained significantly greater than
those observed for both the Glucantime and nanoassemblies
treatments (P<0.0001).

The Glucantime treatment similarly demonstrated a
reduction in IC, values over t ne, from 65.1 + 4.0 pg/ml
at 24 hr to 43.6 + 3.9 pg/ml ~t 48 .~ and 20.1 + 2.1 ug/ml
at 72 hr. While the Glucan ime « -eatment was significantly
more effective than the Tic . treatment at all measured
time points (P<0.001 it r¢mained less effective than the
nanoassemblins t1' atmeuy, particularly at 72 hr (P<0.01).

Effect of na. ‘assemblies, titanium dioxide, Glucantime,
and .’ mphoteri. ‘n B treatments on lesion size

A s1g. ificant reduction in lesion size was observed within
the rst wweek in the mice treated with nanoassemblies
at-doses of 50 and 100 mg/kg, as well as in those treated
vtk Glucantime and Amphotericin B, compared with the
n2gative control group (P<0.05) (Figure 2). By the end of
the second week, the lowest lesion size was observed in
the nanoassemblies-treated group at a dose of 100 mg/kg
(P<0.001). Additionally, significant reductions in lesion size
were observed in the groups treated with nanoassemblies
at 50 mg/kg, TiO, at 100 mg/kg, Amphotericin B, and
Glucantime (P<0.05). This trend continued through the
third and fourth weeks, with the lowest lesion size observed
in the group treated with nanoassemblies at 100 mg/

SASSISSS
SIS

weeks

Figure 2. Effect of titanium dioxide nanoassembly, Glucantime, and Amphotericin B (AmB) on lesion size reduction over four weeks in intramacrophage

amastigote lesions
e p<0.0001, *** P<0.001, ** P<0.01, * P<0.05
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Table 3. IC_ (ug/ml) + SD values of various treatments for intramacrophage
amastigotes (24 hr, 48 hr, 72 hr)

N=MS

ICso (ug/ml) +SD

24 hr 48 hr 72 hr
Nanoassemblies 64.6 £52 31.6+3.1 126+ 1.8
TiO> 401.2 +20.0 208.9 +15.5 129.4 +10.2
Glucantime 65.1 £4.0 43.6+3.9 20.1+£2.1

kg (P<0.05). No significant reduction in lesion size was
observed in the groups treated with TiO, nanoparticles at
doses of 25 and 50 mg/kg (P>0.05).

Effect of nanoassemblies, titanium dioxide, glucantime,
and Amphotericin B treatments on parasite burden

The effects of different treatments on the parasite burden
in the liver and spleen are presented in Figure 3. The highest
parasite burdens were reported in the negative control
group for both organs. The nanoassemblies treatment at a
dose of 100 mg/kg significantly reduced the parasite burden
in the liver and spleen compared to the negative control
group (P<0.0001). This reduction was significantly greater
than that observed in the Glucantime group (P<0.001) and
the Amphotericin B group (P<0.01). The nanoassembly
treatment at a dose of 50 mg/kg also reduced the parasite
burden compared to the negative control group (P<0.0001).

400
300
200

100

Parasite burden {number)

Liver
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although it was slightly less effective than the 100 mg/kg
dose (P<0.05). The 25 mg/kg dose also reduced parasite
burden (P<0.001), which was the least effective among the
other doses (P<0.01). In contrast, TiO, nanoparticles at
doses of 25, 50, and 100 mg/kg did not significantly reduce
the parasite burden (P>0.05).

Effects of nanoassemblies, titanium dioxide, glucantime,
and Amphotericin B treatments on the survival rate

The number of surviving mice decreased over time across
all treatment groups. The highest survival rate was reported
in the nanoassemblies treatment group, which received 100
mg/kg nanoassemblies throughout the experimental period,
compared with the negauve control group. Both groups
initially included six micc 2c week 1 (P>0.05). No mortality
was recorded in the nanoas. »mbly treatment group at week
4 (P<0.05). The survival ra > reinained significantly greater in
this group at week 8 (<0.05), week 12 (P<0.001), and week
16 (P<0.0001), wvith ‘aree mice surviving, whereas no mice
remained in ti.e 1 >eative control group (Figure 4). Among the
grours . ateJ with TiO,, the 100 mg/kg dose was associated
with he nost pronounced reduction in survival during the
observa.'on period. Higher survival rates were observed in
‘he Ampbotericin B and Glucantime treatment groups than
in he negative control group. By week 16, two mice remained
alive: 1n each of these groups, whereas all mice in the negative
control group had died (P<0.0001).

C-
Nanoassembly 100
Nanoassembly50
Nanocassembly25
Glucantime
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Figure 3. Effects of Nanoassemblies, Titanium Dioxide, Glucantime, and Amphotericin B on intramacrophage amastigotes: parasite burden in the liver and
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Figure 4. Effects of various treatments on the number of mice with intramacrophage amastigotes at different weeks
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Figure 5. Histopathological changes in the liver of the negative control
group mice

Hematoxylin-eosin (HE) staining (magnification x40), white arrow: accumulation of
inflammatory cells around the portal area, scale bar = 50 um

Histopathological findings
Liver

Histopathological analysis of liver tissues from the
negative control group was performed under a microscope.
The liver parenchyma displayed polygonal cells with
centrally located nuclei, characteristic of liver hepatocytes.
Lobular organization with hepatocytes surrounding the
vascular structures of the liver tissue is indicated (Figure 5).
A blood vessel, possibly a branch of the portal vein, filled
with red blood cells was observed. There were some spac ¢
between hepatocytes that corresponded to the sinuscids,
where Kupfter cells (liver macrophages) were present. ""here
was an accumulation of inflammatory cells around ¢ pootC
areas, suggesting portal inflammation, which w=s ‘adic: tive
of infection. Additionally, focal fibrosis of h¢ ~tocytes was
observed (Figure 4). The other therapew ic int cventions
did not result in any notable pathological ~ha. ges.

Skin

In the negative contro. group. remodeling of the
connective tissue was indicateu Lt the dermis, indicating
chronic inflammation and infiltration of inflammatory
cells (Figure 6A). Signs of hyperkeratosis and acanthosis,
together with hypergranulomatosis and ulceration of the
thickened epidermis, were reported in the negative control
group (Figure 6B). In the TiO2-treated group, infiltration of
inflammatory cells, including lymphocytes, macrophages,
and plasma cells, was observed, accompanied by a loosely
organized dermal structure, which suggests tissue damage
or remodeling processes. In the Glucantime-treated group
(positive control), hyperplasia or reactive changes were
observed in the thickened epidermis. Signs of inflammatory
cell accumulation have been reported in dermal tissue.
No distinct pathological changes were observed in the
nanoassembly treatment group.
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Figure 6. Histopathological changes in the skin tissue of negative control mice
A: Infiltration of inflammatory cells. B: Double-headed arrow: hyperkeratosis,
bracket: acanthosis, star: hypergranulomatosis. Hematoxylin-eosin (HE) staining
(Magnification x40), scale bar = 10 pum

Spleen

Perifollicular fibrosis was detected in the negative control
group (Figure 7), whereas mo signs of follicular fibrosis
were reported in the positiv.. control group. Evidence of
reactive hyperplasia or fibrosis w < observed in the spleens
of the mice treated witt. TiG, In the group treated with
nanoassemblies, lypipla1c “silicles were normal in size,
with no signs of fall cular hyperplasia or fibrosis.

Lymph »ode

Inthe1. -ative control group, thelymph node architecture
ar peared prooerved, with numerous small, dark-stained
lypap-ocytes indicating a typical lymphoid structure.
N sig1 ‘ficant architectural features were observed, and
rnerc was no evidence of granuloma formation, fibrosis,
or  necrosis. Macrophages containing amastigotes were
detected (Figure 8).

Expression of the CCR7 gene in lesions
Treatment with Glucantime significantly up-regulated
the expression of the CCR7 gene compared to the negative

Figure 7. Histopathological changes in the spleens of negative control mice
Hematoxylin-eosin (HE) staining (magnification x40), scale bar = 50 um
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Figure 8. Histopathological changes in the lymph nodes of the negative
control group mice

Arrow: amastigote. Hematoxylin-eosin (HE) staining (magnification x40), scale bar
=50 um

control group (2.21 + 0.05 vs 1.00 + 0.00, P<0.0001) (Figure
9). Similar up-regulation was observed in the group treated
with Amphotericin B (3.80 + 0.12, P<0.0001). Among all
the experimental groups, the nanoassembly administered
at a dose of 100 mg/kg induced the highest level of
CCR?7 expression (4.47 + 0.06 vs the control, P<0.0001).
Compared with the control group treatment, the 100, 5v,
and 25 mg/kg TiO, treatments did not result in statistica'ly
significant changes (1.09 + 0.06, 1.23 + 0.03, and 1.2(' .06,
respectively; P>0.05).

Expression of the CD163 gene in lesions
Treatment with Glucantime resu'ted in a sy, nit.cant down-

MS Chitosan-TiO,-Glucantime nanoassemblies against L. major
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Figure 9. Expression of the CCR7 Gen~'n lesions: Differential impact of
various treatments

The data are presented as the means + . ‘Ms, and P<0.05 was considered
statistically significant. **** P<0.0001.

regulation of CD163 ger~.2xy »2ssion compared to the control
group (0.67 £0.01 vs 1.00 £ (.90, P<0.05). A more pronounced
decrease was observed . . the Amphotericin B-treated group
(0.45 £ 0.01, r 0.0-). Nanoassembly at 100 mg/kg caused
a significan reduction in CD163 expression (0.28 + 0.01,
P<0.95). Low ¢ ses of the nanoassemblies (50 mg/kg and 25
mg/kg  also siguificantly decreased the expression levels to
0.47 £ 0.c" and 0.68 + 0.01, respectively (P<0.05). In contrast,
T " -eatrnents at 100 mg/kg and 50 mg/kg did not result in
ary significant change in the expression of CD163 compared
w!chat in the control group (1.03 + 0.01 and 1.02 + 0.01,
=espectively; P>0.05) (Figure 10).

Discussion

The present study aimed to assess the cytotoxic and
therapeutic effects of titanium dioxide (TiO,) nanoparticles,
Glucantime, and nanoparticle-drug assemblies in the
treatment of Leishmania infection. An in vitro cytotoxicity
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Figure 10. Expression of the CD163 gene in lesions: Differential impact of various treatments
The data are presented as means + SEMs, and P<0.05 was considered statistically significant. **** P<0.0001
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assay was conducted using the J774.A1 macrophage cell
line, and the effectiveness of anti-leishmanial treatments
was evaluated across different concentrations and time
intervals. Furthermore, gene expression analysis related to
M1 and M2 macrophage polarization was conducted.

The growing antimonial resistance in endemic areas of the
Indian subcontinent and South America creates an urgent
need for new therapies that are both less toxic and support
the immune system (28). The present research provides
insights into the medical applicability and safety profiles of
the evaluated treatments. Among the tested treatments, the
nanoassemblies exhibited the lowest cytotoxicity, with the
highest IC_ values at each time point. TiO, nanoparticles
demonstrated the lowest cytotoxicity and the highest IC,_|
values, signifying a favorable safety profile compared to
other treatments. In contrast, Glucantime displayed greater
cytotoxicity than the other nanoassemblies. The increase in
cytotoxicity over time is the key factor in determining the
optimal dosage and treatment duration.

The efficacy of nanoassemblies treatments was reported
as the IC, values decreased over the treatment period.
Glucantime treatment and nanoassemblies treatments were
comparable in terms of efficacy, with a slight difference;
nanoassemblies treatments yielded better results. The
current research, consistent with earlier studies, emphasizes
the cytotoxicity of Glucantime, underscoring the urgent
need for safer therapeutic alternatives (29). Although TiO,
nanoparticles exhibited anti-leishmanial activity, their
efficacy was lower than that of the nanoassemblies and
Glucantime. TiO, nanoparticles are reported to have a
promising safety profile, supporting their potential effect in
prolonged treatments (30).

Recent findings indicated that nanoassemblies induced
a time-dependent reduction in IC_ values, effectively
inhibiting the growth of Leishmania parasites. These results
are further supported by advancements in nanoparticle-
based therapies, such as the use of Ag NPs, which
display anti-leishmanial properties attributed to their
unique characteristics and high surface area. The Ag NPs
exhibited significant activity against Leishmania aftar 24
hr of exposure, with IC,, values of 14.94 and 3.89 {¢/ml in
promastigotes and intracellular amastigotes, r=spec:” _iy.
(31). Moreover, the efficacy of curcumin-loaied 1 >annose-
functionalized chitosan nanoparticles (Cux MCNs) was
comparable to or even superior to that ¢t Gl -an.ame. An in
vitro cytotoxicity study of the J774A.1 1. acrophage cell line
revealed its non-toxicity towar 1 macrophages. In vivo anti-
leishmanial activity in hamstc s resulied in significantly
greater suppression of parasite rep..cuuon in the spleen with
Cur-MCNs than with chitosan nanoparticles (32).

The therapeutic effects on lesion size were assessed over
a four-week period. Among the tested treatments, the
nanoassemblies, Glucantime, and Amphotericin B led to
reductions in lesion size; however, the nanoassemblies had
the most significant effect. These treatments also affected
the parasite burden in both the spleen and liver. Compared
with the negative control group, both nanoassemblies and
Glucantime treatments resulted in a significant reduction
in the parasite burden within these organs. Amphotericin B
also exhibited anti-leishmanial efficacy, although to a lesser
extent than the nanoassemblies.

A study revealed that the mean number of parasites
and the mean diameter of the lesions were considerably
decreased (P<0.05) in infected mice using synthesized
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PO-coated iron oxide magnetic nanoparticles (Fe304@
PO NPs), suggesting a promising outlook for treatment
strategies (33). Furthermore, significant reductions in the
number of parasites were observed when nanoparticle-
Glucantime combinations were used; this result aligns with
the findings of previous studies (34, 35).

In another study, a transdermal formulation in the
form of a nanostructured lipid carrier (NLC)-based
hydrogel containing Glucantime exhibited significantly
enhanced anti-leishmanial efficacy. Treatment with this
nanoformulation resulted in a significant reduction in
wound size and a decrease in parasite number in lesions,
the liver, and the spleen when compared to Glucantime
administration (35).

The present research evaluated the histopathological
alterations in the liver, skin, spleen, and lymph nodes of
CL-infected mice, comparing untreated controls with
TiO,-treated, Glucantime-treated, and nanoassembly-
treated groups. This research was carried out to reveal
tissue-specific responses to both infection and treatment; it
also aimed to evaluate the potential of nanoassemblies in
mitigating disease-related pathology.

The liver tissue showed a normal lobular structure,
with polygonal hepatocytes ma +taining their typical cord
arrangement. The portal triad st :cture is clearly defined
through its bile duct, pertar vein, and hepatic artery
elements, which illustrate th > structural integrity of the liver.
The portal area showed n.lammatory cell infiltration that
may have represen_2a an early or controlled pathological
response. The bse. ved histological changes were consistent
with thos¢ ~bse ved 1, hepatic infections and inflammatory
conditions, a initial immune responses typically present
as n.''d inflam. zation before progressing into fibrosis or
necrosi. (36).

O e st ly reported that Leishmania infection resulted
in .tve: Laflammation and necrosis due to systemic parasite
‘issernination (20). In the current study, Kupffer cells were
located in sinusoidal spaces, suggesting that active immune
surveillance serves as a fundamental defense mechanism
of the liver against pathogens. The immune system
employs Kupfter cells to perform phagocytosis and antigen
presentation, which helps control immune responses during
leishmaniasis (37).

The histological analysis of skin tissue from the negative
control group revealed marked evidence of inflammation,
indicating an active and ongoing immune response. The
presence of spindle-shaped cells, together with extracellular
matrix deposition, points to fibrotic remodeling —a
possible outcome of chronic inflammation associated with
granuloma formation in cutaneous infections (38). The
co-occurrence of hyperkeratosis and dermal remodeling
further supported the presence of chronic inflammation
driven by persistent Leishmania infection. The histological
features confirmed those of a previous study on the CL,
in which dermal macrophage infiltration and amastigote
identification served as essential diagnostic markers (39).

In the TiO, -treated group, increased accumulation of
inflammatory cells, along with granuloma development,
was observed. Glucantime-treated mice exhibited moderate
epidermal thickening and reduced dermal inflammation,
indicating partial therapeutic efficacy. The nanoassembly
treated group presented minimal epidermal changes and
preserved normal dermal structure, indicating a successful
reduction in inflammatory responses.
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Histological examination of the spleens of the negative
control mice revealed typical features of immune activation,
including varying degrees of lymphoid follicle development.
The presence of follicular hyperplasia indicates that the
immune system’s activity increases, which typically occurs
during infection (40). On the contrary, splenic sections
without significant hyperplasia indicated variability in
immune responses, potentially affected by host-specific
factors including genetic predisposition, infection duration,
or pathogen-induced immune modulation. The observation
of peri-follicular fibrosis further supported the presence of
chronic immune activation. This condition typically arises
from persistent inflammation, which leads to excessive
collagen deposition due to continuous immune stimulation
(41). The observed fibrosis, in line with previous findings,
confirmed that prolonged immune responses led to splenic
fibrotic changes (42).

In the TiO,-treated group, the enlargement of the white
pulp and fibrotic changes indicated ongoing and possibly
exacerbated immune activation. Nanoassembly treatment
preserved the normal splenic architecture, whereas
Glucantime-treated mice exhibited low degrees of fibrosis.
Spleens from nanoassembly-treated mice presented no
signs of fibrosis or hyperplasia, demonstrating the potential
protective effects of nanoassemblies on splenic tissue.

The lymph nodes of the negative control group exhibited
a typical architecture, characterized by an abundance of
lymphocytes and the absence of granulomas or fibrosis. The
detection of intracellular amastigotes inside macrophages
confirmed active Leishmania infection, which is consistent
with the known pathogenesis of CL (43).

Comparative histopathological assessme. ‘s
across treatment groups underscored the efficac;” o1
nanoassemblies in mitigating CL-induced tissue d. mage.
Treatments with TiO, and Glucantime resulted 1n var, .ug
degrees of inflammation and fibrosis; “oirever the
nanoassemblies effectively preserved tissu . arcnitecture
in the liver, skin, spleen, and lymph no>s. Th. se findings
suggest that nanoassemblies not only-t:=ge. *he parasite but
also modulate the host immun< syst *m’s r sponse to prevent
excessive tissue remodeling.

The expression levels of the CCR7 and CD163 genes in
Leishmania-induced lesions vere evaluated to assess the
immunomodulatory effects of the treatments. Notably,
the expression of CCR7 was significantly up-regulated
following nanoassemblies treatments, suggesting a potential
immunostimulatory effect. This upregulation could
strengthen the immune system’s response against infection
when nanoassemblies were used at a concentration of 100
pug/ml. Amphotericin B treatment also triggered an up-
regulation in CCR7 expression. The observed increase in
CCR?7 indicates that dendritic cell maturation and their
migration to lymphoid organs have improved, which
could result in better T-cell activation. The nanoassembly
group shows improved lesion clearance and reduced
systemic parasite burden, which could be explained by this
mechanism. The decrease in CD163, a marker associated
with tissue repair and immunosuppression, suggests that
nanoassemblies may prevent chronic infections by blocking
M2-related pathways (21).

Floro et al. (44) investigated macrophage polarization
during Leishmania (Viannia) braziliensis infection in mice.
They reported that during infection, the proportion of M2
macrophages in different tissues was significantly greater
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than that of M1 macrophages. These findings confirmed that
Leishmania promotes and affects macrophage phenotype
polarization in various tissues. Similarly, Emerson et al.
(45) indicated that extracellular vesicles (EVs) released
by Leishmania induce the transcriptional activation of
genes associated with M2 macrophages. These findings
also highlighted the role of M2 macrophages in anti-
inflammatory responses and tissue remodeling.

The expression of the CD163 gene, which is commonly
associated with anti-inflammatory responses and M2
macrophage polarization, wassignificantlyreduced following
treatment with nanoassemblies. The most significant down-
regulation was recorded in the nanoassemblies-treated
group, while the TiO, treatment had no significant effect.

These findings highlight the potential of these
therapeutic agents to influence macrophage polarization
and modulate the immune #7stem’s response. These results
are in accordance with previcus research, which indicates
that nanoparticle-based th<i »ies can modulate immune
function by altering gene-c: »res. ‘on profiles and enhancing
immune cell activation, there)y improving anti-leishmanial
efficacy (46).

Despite providiag vaiuable insights, this study is limited
by its reliance' on in . itro and animal models, which may
not er irely repi.-ate the intricate interactions present in
human 1. “ctions. Future research should prioritize clinical
tials to vau Jate these findings and evaluate the long-term
sat ‘v and effectiveness of these treatments. Additionally,
Futurc wesearch needs to include pharmacokinetic profiling,
lo. z%erm safety assessments, and in vivo efficacy in
immunocompromised models to establish clinical relevance.
1he potential therapeutic benefits of nanoassemblies could
be increased by studying their synergistic effects with other
immunostimulatory agents.

Conclusion

The present study investigated the therapeutic
potential of nanoassemblies, TiO,, and Glucantime in
treating Leishmania infections, with a focus on balancing
cytotoxicity effects and therapeutic efficacy. Nanoassemblies
demonstrated superior efficacy, significantly modulating
immune responses while maintaining a favorable safety
profile. TiO, treatment resulted in minimal cytotoxicity,
indicating that it is a safer option, albeit it is a less potent
treatment. The up-regulation of CCR7 and down-regulation
of CD163 explain the enhanced immune activation and
reduced anti-inflammatory effects, contributing to more
effective infection control. Studying gene expression profiles
confirms that nanoparticle-based treatments induce effects
that could underlie their improved therapeutic outcomes.
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