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ABSTRACT

Background: Leishmaniasis is a vector-borne disease prevalent in 98 countries
worldwide. The current treatment has shortcomings, including drug resistance and
adverse effects, highlighting the need for novel medications and treatment
strategies. This study aimed to investigate the anti-leishmanial effect of TQ during
the regulation of autophagy in the macrophage cell line (RAW 264.7).

Methods: After culturing the macrophage cell line, an MTT assay was performed to
assess the cytotoxicity effects of the agents at different concentrations of TQ, HCQ,
MET, and GLU. The study groups included PBS, GLU, TQ, TQ + MET, GLU + MET, TQ
+ HCQ, GLU + HCQ, HCQ, and MET. The cells were then infected with L. major and
treated with TQ, while autophagy was regulated using HCQ and MET. Subsequently,
the infection index, the number of amastigote loads, and the fold change in the
expression of specific autophagy-related genes (LC3, P62, and Beclin) in the
treatment groups were evaluated.

Results: There was a significant decrease in the percentage of the infected
macrophages treated with TQ and also the autophagy inhibitor HCQ compared to
the control group. Macrophages treated with HCQ + TQ showed a significant
reduction in the infection index and amastigote load compared to the TQ-treated
group. Additionally, using HCQ as an autophagy inhibitor, along with TQ or GLU,
enhanced the clearance of parasites and reduced the infection index of
macrophages.

Conclusion: Downregulating autophagy could be a promising approach for
Leishmania therapy, by which the leishmanicidal effect of TQ and GLU will be
enhanced. DOI: 10.61186/ibj.4481
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INTRODUCTION

the vertebrate host, and the promastigote, which exists
in the sand fly, the vector of the disease. The

he intracellular parasitic protozoan Leishmania
is the causative agent of leishmaniasis, a vector-
born zoonotic disease endemic to 98 countries
worldwidet*l. The life cycle of Leishmania consists of
two dominant stages: the amastigote, which resides in

List of Abbreviations:

extracellular, flagellated promastigotes are motile and
replicate within the midgut of the sand fly. Following
multiplication and antigenic differentiation, the
metacyclic promastigotes are transmitted to a specific
mammalian host during a blood mealf?. Inside the host,

DMEM: Dulbecco's Modified Eagle Medium; GLU: glucantime; HCQ: hydroxychloroquine; L. amazonensis: Leishmania amazonensis;
L. major: Leishmania major; MET: metformin; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; N. sativa: Nigella

sativa; PBS: phosphate-buffered saline; TQ: thymoquinone
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they invade macrophages and trigger the engulfment of
them into the parasitophorous vacuoles. Inside these
vacuoles, the parasites transform into the non-motile
intracellular form known as the amastigote. This form
of the parasite evades the host’s immune system,
multiplies, and ultimately causes the infected
macrophage to burst, allowing the parasites to invade
new macrophages. This process leads to the clinical
manifestations of leishmaniasis and facilitates
transmission to a new vector during the sand fly’s biting
and feeding®l.

Based on the species of Leishmania and the host’s
immune response, the clinical manifestations of
leishmaniasis can present as visceral, cutaneous, and
mucocutaneous leishmaniasis, the three main clinical
forms of the disease*%. Current treatments for
leishmaniasis are primarily limited to pentavalent
antimonial compounds as the first-line pharmacological
optionl®l, along with paromomycint’l, amphotericin B[],
and miltefosine®. However, drug resistance and the
adverse effects associated with these treatments have
significant drawbacks, promoting researchers to
develop new medications with fewer side effects!10-131,

TQ, the main bioactive constituent of black seed (N.
sativa), has shown anti-leishmanial activity while
exhibiting no toxicity to mammalian cells*l. It has been
demonstrated that autophagy plays a crucial role in the
development of Leishmania within the host
macrophage>1€l,  Moreover, 3-methyladenine, an
autophagy inhibitor, decreased the infection index of L.
amazonensis in macrophages, whereas autophagy
inducers, such as rapamycin or fasting, exhibited no
significant effects!®. Macrophages infected with L.
amazonensis or L. major showed a rise in the autophagic
marker (LC3-Il/Act) ratio after 24 h, although
autophagy inhibitors had no noticeable impact on the
infection ratio or parasite load*’]. In host macrophages,
the downregulation of essential autophagy proteins
(Atg5 or Atg9A) significantly declined the survival of
Leishmania, suggesting that host autophagy is directly
linked to Leishmania pathogenesist*®l. In this context,
there are different reports on the effect of autophagy on
leishmaniasis, and some evidence supports the
leishmanicidal effect of TQI48l In this study, we
investigated the effect of autophagy regulation during
TQ treatment on the macrophage cell line RAW 264.7
infected with L. major.

MATERIALS AND METHODS

Preparation of drugs and reagents

TQ (Cayman, USA) was initially dissolved in DMSO
(Merck, Germany), ensuring that the final concentration
of DMSO did not exceed 2%. Different concentrations
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of TQ were then prepared by diluting in PBS or RPMI
1640 medium (Gibco). HCQ (Zahravi Pharmaceutical
Company, Iran) was dissolved in PBS (pH 7.2) and
subsequently diluted in RPMI 1640 medium (Gibco).
MET (Merck) was prepared in deionized sterile water
and used immediately. GLU from Sanofi Aventis
(France) was provided as an injectable solution at a
concentration of 1.5 g/5 ml; each 1.5 g of meglumine
antimoniate corresponded to 0.405 g of antimony, which
was diluted in sterile PBS or RPMI 1640 (Gibco). The
dilution was performed based on the concentration of
antimony.

Culture of promastigotes

Promastigotes of L. major were cultivated in RPMI
1640 (Gibco) supplemented with 10% (v/v) heat-
inactivated fetal calf serum (Gibco), 10 mM of HEPES
(Roth, Germany) buffer, and 5 mg/dl of gentamycin
(Sigma-Aldrich, USA) at 24 °C. On days 4 to 5, during
the stationary phase, the promastigotes were harvested,
and the metacyclic promastigotes were isolated using
the density gradient centrifugation method, as described
previously®®, The harvested promastigotes were
washed with  DMEM (Gibco) and centrifuged at
1,900 xg. The pellet was then suspended in DMEM at a
density of 2 x 102 cells/ml. Subsequently, 2 ml of this
suspension was carefully transferred to a 15 ml Falcon
tube containing two distinct phases: 2 ml of 40% Ficoll
(Sigma-Aldrich) in sterile deionized water in the bottom
and 2 ml of 10% Ficoll in M199 medium (Biowest,
France) overlaid on top. The mixture was then
centrifuged at 1300 xg at room temperature for 10 min.
The metacyclic promastigotes were collected from the
interface, which is between the upper cell suspension
layer and the 10% Ficoll layer™. Finally, the collected
metacyclic promastigotes were washed with RPMI 1640
and used for subsequent tests.

Culture of macrophage cell line RAW 264.7

The macrophage cell line RAW 264.7 (Pasteur
Institute of Iran, Tehran) was cultured in RPMI 1640
medium supplemented with 5 mg/dl of gentamycin and
10% (v/v) heat-inactivated fetal calf serum (Gibco)
incubated in 95% humidity and 5% CO, at 37 °C[?],

MTT assay

Using the MTT (Sigma-Aldrich) assay, we assessed
the effect of TQ, HCQ, MET, and GLU on the viability
of RAW 264.7 cells. The cells were seeded in 96-well
plates (SPL, Korea) at a density of 4 x 102 cells/well and
incubated in 95% humidity and 5% CO, at 37 °C for 24
h. The MTT assay for each concentration of drugs and
control was conducted in five replicates. The cells were
exposed to different concentrations of TQ (2, 20, and
100 pM), HCQ (15 and 25 pM), MET (5 and 30 pM),
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and GLU (20 pg/ml). These concentrations were
selected based on previous reports of the noncytotoxic
and therapeutic ranges of TQI*4 2U HCQI?223]
MET2425] and GLU!?81 to ensure that the applied agents
did not exert any cytotoxic effects on RAW 264.7
macrophages. After 24 h incubation, 20 ul of the MTT
(0.5 mg/ml in PBS) solution was added to each well and
incubated for another 3 h. Afterward, the formazan
crystals were dissolved in DMSO (200 ul) and the
absorbance was measured at 570 nm wavelength using
a microplate reader (Hyperion, Germany).

Infection of RAW 264.7 cells with L. major and
treatment of the infected cells

After seeding RAW 264.7 cells in 6 cm cell culture
dishes (SPL) and incubating in 5% CO. and 95%
humidity at 37 °C for 24 h, all the dishes were infected
with metacyclic promastigotes at a ratio of 10:1,
promastigotes to RAW 264.7 cells. Following 12 h of
incubation, the dishes were carefully washed twice with
fresh RPMI 1640, and the supernatant was removed to
eliminate the unpenetrated promastigotes. The cells
were subsequently treated with varying concentrations
of TQ (2, 20, and 100 pM), along with either HCQ (15
and 25 pM; as an inhibitor) or Met (5 and 30 pM; as an
inducer of autophagy). Treatment with GLU (20 pg/ml),
the standard drug of leishmaniasis, was also conducted
as a positive control group in the study. All dishes were
incubated in 5% CO; and 95% humidity at 37 °C. After
48 h, Wright-Giemsa staining and microscopic
observation were performed to assess the infection load
in macrophages, RNA extraction, and measurement of
autophagy-specific protein expression through real-time
PCR.

Wright-Giemsa
examination
After 48 h treatment of the infected cells, smears of
each treatment group were prepared and fixed with
Methanol (Merck). Wright-Giemsa staining (Pakgene
Yakhteh, Iran) was performed, and the stained smears
were examined using a 100x objective microscope lens
to estimate the percentage of the infected macrophages
and the load of amastigotes within the infected

staining and microscopic

macrophage. To accurately evaluate the infection rate,
100 macrophages were analyzed in each group, and the
infection percentage was determined using the
following formula: infection percentage = [(number of
the infected macrophages x 100)/total number of
macrophages]. For each group, the average number of
amastigotes in the infected macrophages was assessed,
and the infection index was calculated by the following
formula: infection index = percentage of the infected
macrophages x average number of the amastigotes per
macrophage in the group.

RNA extraction and real-time PCR

After 48 h of treatment, the infected RAW 264.7 cells
were harvested and centrifuged at 2000 xg at 4 °C for 5
min. The pellet was then dissolved in RiboEx reagent
(GeneAll, Korea), and RNA extraction was carried out
according to the instructions recommended by the
manufacturer. All the extracted RNAs were stored at -
70 °C until examination. The Takara PrimeScript RT
reagent Kit (Japan) was used to prepare complementary
DNA. Real-time PCR was also performed using specific
primers for the LC3I1, P62, and Beclin genes, following
the thermal program set as follows: denaturation at 95
°C for 10 s, annealing at optimized annealing
temperature for 30 s for each pair primer (Table 1), and
extension at 72 °C for 20 s. The PCR reaction included
specific primers for each gene (0.3 uM of each), 20 ng
of complementary DNA samples, and SYBR green
DNA PCR Master Mix 1x (Ampligon, Denmark). The
calculation of gene fold change was conducted using the
2A2CT method normalized to B-actin as a reference
gene.

Statistical analysis

The obtained data were displayed as mean + SD and
percentages. A one-way ANOVA test was used to
compare quantitative variables among the tested groups,
and Tukey's post hoc test was employed when there
were significant differences. The distribution of data
was assessed using the Kolmogorov-Smirnov test. All
statistical analyses were conducted using SPSS version
24 software, and a p value of <0.05 was considered
statistically significant.

Table 1. List of specific primers and their annealing temperature for each gene

Gene Forward Reverse Annealing temperature (°C)
LC3 TCCGACCGGCCTTTCAAGCA TCACCCTTGTAGCGCTCGAT 58.2
P62 GCTGCCCTATACCCACATCT CGCCTTCATCCGAGAAAC 56.3
Beclin CCAGGTGCGCTACGCCCAGA TCCACTCCACAGGAACACTG 58.2
B-actin TCCCTGGAGAAGAGCTATG GTAGTTTCATGGATGCCACA 56.5
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RESULTS

MTT assay results

The MTT assay showed no statistically significant
difference in the viability rates among the groups treated
with TQ (2, 20, and 100 uM), HCQ (15 and 25uM),
MET (5 and 30 uM), and GLU (20 pg/ml) compared to
the negative control (PBS) group, indicating the
nontoxic effect of these agents at the mentioned
concentrations on the macrophages. Hence, the selected
concentrations for further tests were TQ (20 uM), HCQ
(15 uM), MET (5 uM), and GLU (20 pg/ml), as shown
in Figure 1.

Percentage of the infected macrophages

There was a significant decrease in the percentage of
the infected macrophages treated with TQ (20 uM) and
the HCQ (15 pM, autophagy inhibitor) compared to the
control group (p < 0.003 for both comparisons).
Additionally, macrophages treated with HCQ (15 uM)
+ TQ (20 uM) exhibited a significant reduction in
infection rate (p < 0.001) compared to the untreated
control group. This result indicates that TQ treatment
along with autophagy inhibitor, prevents macrophages
from being infected by Leishmania parasite.
Furthermore, we found a significant decrease in the
percentage of the infected macrophages in the groups
treated with HCQ, TQ, HCQ + TQ, as well as HCQ +
GLU and GLU as the positive control group. However,
when comparing the protective effects of HCQ + TQ
and TQ alone, the HCQ + TQ group demonstrated a
significantly lower percentage of infected macrophages
than the TQ group (p < 0.001; Fig. 2). A comparable
outcome was observed when treating the cells with GLU
(20 pg/ml) + HCQ (15 pM), compared to GLU (20

120 -

100

Cell viability (%)

pg/ml) group, the standard treatment for leishmaniasis.
This comparison revealed a decreasing effect of HCQ
on the percentage of macrophage infection (p < 0.015).
Also, there was a significant increase in the percentage
of the infected macrophages in the group treated with
TQ (20 pM) + MET (5 pM) compared to the group
treated with TQ (20 uM; p < 0.001). There was no
significant difference in the infection percentage
between the TQ and GLU groups, in which GLU is the
conventional drug for leishmaniasis, and also between
the TQ + HCQ and GLU + HCQ groups (p > 0.05 for
both comparisons). These results showed that both GLU
and TQ similarly reduced the percentage of macrophage
infection.

Amastigote load in macrophages

A significant difference was observed in the mean
number of amastigotes in macrophages among the
groups treated with HCQ (p < 0.004), TQ, HCQ + TQ,
HCQ + GLU, and GLU as the positive control group
compared to the untreated control group (p < 0.001).
Based on the results, these compounds decreased the
number of intramacrophage amastigotes. Additionally,
comparing the average number of amastigotes in
macrophages between the groups treated with TQ +
HCQ and TQ alone revealed that concurrent application
of HCQ and TQ enhanced the protective effect of TQ,
leading to a significant reduction in the load of
amastigotes in macrophages (p < 0.006). A similar
effect was also observed when comparing the HCQ +
GLU group with the GLU group alone (p < 0.002),
suggesting that simultaneous application of HCQ with
either TQ or GLU accelerated the clearance of
Leishmania amastigotes in macrophages. The findings
revealed that the inhibition of autophagy using HCQ,

80 A
60 -
40 ~
20 A
0 -

Q2 TQ20 TQlOO HCQ15 HCQ25 MET5 MET30 GLU20 cont.
Compounds

Fig. 1. Cell viability percentage. The MTT result revealed the nontoxic effect of TQ (2, 20, and 100 uM), HCQ (15 and 25 pM), MET
(5 and 30 uM), and GLU (20 pg/ml) compared to the negative control (PBS) on RAW 264.7 cell line. There was no significant difference
in the mean viability percentage among the compounds relative to the control group (PBS; p > 0.05).
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Fig. 2. Percentage of the infected cells in the treatment groups: PBS-treated group (negative control), GLU (20 pg/ml)-treated group,
TQ (20 pM)-treated group, TQ (20 pM) + MET (5 pM)-treated group, GLU (20 pg/ml) + MET (5 uM)-treated group, TQ (20 pM) +
HCQ (15 pM)-treated group, GLU (20 pg/ml) + HCQ (15 uM)-treated group, MET (5 uM)-treated group, and HCQ (15 puM)-treated
group. There was a significant decrease in the percentage of infected RAW 264.7 macrophages in the groups treated with HCQ, TQ (p
< 0.003), HCQ + TQ, as well as HCQ + GLU and GLU as the positive control group compared to the untreated control (p < 0.001). A
significant decrease was also observed in the percentage of infected macrophages in HCQ + TQ group compared to the TQ (p < 0.001),
as well as GLU (20 pg/ml) + HCQ (15 pM) group compared to the GLU (20 pg/ml) group (p < 0.015), indicating the role of HCQ in
decreasing the percentage of macrophage infection. There was a significant increase in the percentage of the infected
macrophages in the group treated with TQ (20 uM) + (MET 5 uM) relative to the group treated with TQ (20 uM), with a p value

of 0.001.

together with TQ or GLU, decreased the infection load
in macrophages and reduced the percentage of the
infected macrophages. Conversely, MET, an inducer of
autophagy, enhanced the infection of macrophages and
increased the number of amastigotes in the treated cells
(p < 0.001; Fig. 3).

Infection index

The infection index in all groups treated with TQ,
HCQ + TQ, HCQ + GLU, and GLU decreased
compared to the control group (p < 0.001). Remarkably,
the reduction in the infection index was most
pronounced in the group treated with HCQ + TQ,
relative to the TQ group, and in the HCQ + GLU relative
to the GLU group (p < 0.016 and p < 0.05, respectively).
This outcome indicates that HCQ, as an autophagy
inhibitor, reduces the infection index of RAW 264.7
macrophages and enhances the leishmanicidal effects of
TQ and GLU (Fig. 4). There was no significant
difference in the infection index between the TQ group
and the GLU group, as well as between TQ + HCQ
group and the GLU + HCQ group, denoting that these
compounds have a similar effect on the infection index
of macrophages (p > 0.05).

Iran. Biomed. J. 28 (5 & 6): 255-264

Real-time PCR

The real-time PCR results for LC3II, P62, and Beclin
genes, specific markers of autophagy, demonstrated the
suppression of autophagy in the TQ + HCQ, TQ, and
GLU + HCQ-treated groups (p < 0.001; Fig. 5).

DISCUSSION

This study presents a novel approach that concurrently
employs antileishmanial agents alongside autophagy
inhibitors to enhance the efficacy of leishmaniasis
treatment. Previous studies have illustrated the potential
benefits of autophagy in combating pathogenic
microorganisms, as well as the escape strategies
employed by certain microorganisms, including
Streptococcus pyogenesi?”, Salmonella typhimurium
enterica serovarl?, Listeria monocytogenes?®3% and
Shigella flexneri®.32, Studies have also explored the
role of autophagy as an accelerator for the engulfment
of Leishmania parasites within parasitophorous
vacuoles, effectively acting as a “Trojan Horse”[3l,
Autophagy plays a strategic role in supplying cells with
essential nutritional resources. Leishmania parasites
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Fig. 3. Average number of amastigotes in macrophage cells in the treatment groups: PBS-treated group (negative control), GLU (20
pg/ml)-treated group, TQ (20 pM)-treated group, TQ (20 uM) + MET (5 uM)-treated group, GLU (20 pg/ml) + MET (5 uM)-treated
group, TQ (20 pM) + HCQ (15 pM)-treated group, GLU (20 pg/ml) + HCQ (15 pM)-treated group, MET (5 pM)-treated group, and
HCQ (15 pM)-treated group. There was a significant difference in the mean number of amastigotes in macrophages among the groups
treated with HCQ (p < 0.004), TQ, HCQ + TQ, HCQ + GLU, and GLU as the positive control group (p < 0.001) in comparison to the
control group, indicating that these compounds decreased the number of intramacrophage amastigotes. Comparing the group treated with
TQ + HCQ and the group treated with TQ exhibited that concurrent application of HCQ with TQ, improves the protective effect of TQ,
further reducing the load of amastigotes in macrophages (p < 0.006). A comparison between the HCQ + GLU group and the GLU-treated
group revealed a similar enhancing effect for HCQ (p < 0.002). MET significantly increased the number of amastigotes in the treated
cells (p < 0.001).

500 1
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Infection index
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PBS GLU20 TQ20 TQ20+ GLU20+ TQ20+ GLU20+ MET5 HCQI5
MET5 MET5 HCQ15 HCQ15

Treatment groups

Fig. 4. Infection index in the treatment groups: PBS-treated group (negative control), GLU (20 pg/ml)-treated group, TQ (20 pM)-
treated group, TQ (20 uM) + MET (5 pM)-treated group, GLU (20 pg/ml) + MET (5 pM)-treated group, TQ (20 pM) + HCQ (15 pM)-
treated group, GLU (20 pg) + HCQ (15 uM)-treated group, MET (5 uM)-treated group, and HCQ (15 pM)-treated group. The infection
index in all groups treated with TQ, HCQ + TQ, HCQ + GLU, and GLU significantly decreased compared to the control group (p <
0.001). Decreasing the infection index was significant in the group treated with HCQ + TQ compared to the TQ group, or HCQ + GLU
compared to the GLU group (p <0.016 and p < 0.05, respectively), indicating that HCQ as an inhibitor of autophagy reduces the infection
index of RAW 264.7 macrophages and enhances the leishmanicidal effect of TQ and GLU.
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Fig. 5. The ratio of fold change expression of (A) LC3II, (B) P62, and (C) Beclin genes to -actin in the treatment groups: PBS-treated
group (negative control), GLU (20 pg/ml)-treated group, TQ (20 pM)-treated group, TQ (20 uM) + MET (5 pM)-treated group, GLU
(20 pg/ml) + MET (5 pM)-treated group, TQ (20 pM) + HCQ (15 puM)-treated group, GLU (20 pg/ml) + HCQ (15 pM)-treated group,
MET (5 pM)-treated group, and HCQ (15 pM)-treated group. In the treatment groups, the fold change expression ratio of LC3l1, P62,
and Beclin genes to g-actin decreased significantly, indicating that autophagy is suppressed in TQ + HCQ-, TQ-, and GLU + HCQ-

treated groups (p < 0.001).

exploit a similar strategy to acquire nutritional elements
from host cells. The parasitophorous vacuoles of
Leishmania mexicana utilize two different mechanisms
to obtain small anionic molecules or larger molecules
from cytosolic materials within parasitophorous
vacuolesf®4,

Based on our results, MET, an inducer of autophagy,
enhanced the percentage of the infected macrophages,
increased the infection index of macrophages, and
elevated the number of amastigotes in the treated cells
compared to the control untreated group. Additionally,
these parameters were amplified in the group treated
with MET + TQ compared to the one treated with TQ
alone. This observation signifies the enhancing effect of

Iran. Biomed. J. 28 (5 & 6): 255-264

MET in establishing the parasite within macrophages
and providing an appropriate environment for
macrophage infection, a finding that aligns with the
results of Pinheiro et al.*l. They found that inducing
autophagy through starvation increased the parasite load
of L. amazonensis in BALB/c macrophages. Moreover,
starvation resulted in a rise in the number of amastigotes
per macrophage, a higher proportion of the infected
macrophage cells, and greater production of viable
promastigotes. Of note, C57BL/6 mice, compared to
BALB/c mice, were less susceptible to L. amazonensis
infection. Thus, autophagy stimulation increased the
parasite load in BALB/c mice, A/J macrophages, and the
J774 cell line, whereas it did not show the same effects
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on C57BL/6 macrophages, implying that host cell
factors have a critical role in controlling the infection.
Other autophagy inducers, such as rapamycin and
glucagon, also increased the parasite load in BALB/c
macrophages and yielded similar resultsf®l. These
results, along with our findings, contradict the outcomes
of the study conducted by Dias and colleaguest*l. They
observed no significant changes in either the infection
rate or the burden of parasites after treating CBA mouse
macrophages infected with L. major and L.
amazonensis. The treatment involved the use of
rapamycin or physiological starvation as inducers of
autophagy, as well as the inhibition of the autophagy
using wortmannin, chloroquine, or VPS34-IN1 as
autophagy inhibitors, compared to the untreated control
groups. It is important to note that CBA mouse
macrophages were resistant to L. major but susceptible
to L. amazonensis. Dias et al. also observed that inducers
of autophagy increased the viability of both L.
amazonensis and L. major amastigotes. In contrast,
pharmacological inhibitors of autophagy did not affect
the viability of both species of Leishmania
amastigotes(’l. Interestingly, several studies have
revealed that Leishmania acts as an autophagy inducer
in various hosts; however, the mechanisms by which
autophagy enhances Leishmania survival within cells
have remained contradictory!?l. For instance, the pattern
recognition receptor, i.e. toll-like receptor, is believed to
be responsible for inducing autophagy in L. major-
infected macrophages. Additionally, the role of ATG5 in
preventing macrophage infection has been reported, as
evidenced by the increased L. major parasite
burden in Atg5 knockdown BALB/c and C57BL/6
macrophages[®°l.

Our findings were in agreement with the results of the
study conducted by Pinheiro et al. who demonstrated the
inhibition of autophagy using 3-MA or wortmannin led
to a decrease in the intracellular burden of L.
amazonensis!i®l, Treatment of RAW 264.7 macrophages
with TQ significantly reduced the infection rate of L.
major parasites compared to the untreated control
macrophages. This protective effect was even more
significant in the group treated with TQ + HCQ, as
compared to the TQ alone. Similar results were obtained
in the GLU group when compared to the untreated cells,
as well as in the GLU + HCQ treated group relative to
the GLU group. This outcome indicated that the GLU +
HCQ treatment results in a lower infection rate in
macrophages, a reduced load of amastigotes within the
infected macrophages, and a decreased infection index
compared to both the GLU-treated and untreated control
groups. There was no significant difference in the
infection index, percentage of the infected
macrophages, and the burden of amastigotes between
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the GLU-treated and TQ-treated groups, indicating that
TQ and GLU exhibit similar antileishmanial effects.
The leishmanicidal properties of N. sativa and TQ
against promastigotes and amastigotes of Leishmania
donovani confirmed its leishmanicidal activity™, as
well as the significant antileishmanial effects of N.
sativa on L. major?ll, Moreover, the encapsulated form
of N. sativa in poly-e caprolactone nanoparticles has
also been reported to exhibit antileishmanial effects
against L. infantum!36],

The current study demonstrated a leishmanicidal
effect of TQ, which is consistent with previous
researchl42L.36] Qur study also presents evidence that
the simultaneous use of HCQ, as an autophagy inhibitor,
with TQ or GLU, enhances the clearance of parasites
and reduces the infection index in the macrophages. We
observed that the induction of autophagy and increased
levels of LC3II are associated with a higher infection
index of RAW 264.7 cell line and a greater burden of L.
major amastigotes in macrophages. This finding of our
study aligns with a previous study that demonstrated the
inhibition of autophagy with 3MA in RAW 264.7 cells
eliminates both the infection index and parasite burden
in macrophages!*®l. Furthermore, inducing autophagy in
RAW 264.7 cells through starvation or rapamycin did
not affect the infection index compared to the non-
starved cellsi*®, which contradicts our findings.
Previous research has revealed that simultaneous
treatment of human glioblastoma cells with TQ +
chloroquine, or chloroquine alone as an autophagy flux
inhibitor, reduces the clonogenicity of glioblastoma
cells compared to normal astrocytes, indicating a new
strategy for cancer treatment!®”). There are conflicting
reports on the effect of TQ on autophagy, suggesting
that this compound acts as an inhibitor3":31 or
inducer®®40, Qur findings, however, revealed an
inhibitory effect of TQ on autophagy.

CONCLUSION

The simultaneous use of TQ and HCQ enhanced the
leishmanicidal effect of TQ due to the inhibitory activity
of HCQ on autophagy. A similar effect was observed
when using GLU in conjunction with HCQ, indicating
the therapeutic potential of autophagy inhibition in
treating leishmaniasis. These data suggest that greater
attention should be given to HCQ-mediated autophagy
inhibition alongside conventional or newly developed
drugs. However, current treatments for leishmaniasis,
particularly pentavalent antimony compounds, show
side effects and drug resistance, which limit their
effectiveness and highlight the need for alternative
therapies. Based on the results, TQ a phytochemical
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compound with numerous benefits, fewer side effects,
and low cost, exhibits a significantly comparable
antileishmanial effect to GLU, making it a promising
candidate for substitution. Therefore, TQ and HCQ
should further be investigated in a new approach as
leishmanicidal drugs to achieve safe treatments with
minimal side effects and high efficiency.

DECLARATIONS

Acknowledgments

The authors gratefully acknowledge Professor
Mohammad Fallah and Professor Amirhossein-
Maghsoud (Hamadan University of Medical Sciences,
Hamadan, Iran) for kindly providing the L. major
promastigotes. We also acknowledge Dr. Sanya Hayati
(Indiana University, School of Medicine, USA) for
generously supplying thymoquinone and offering
valuable advice, Dr. Morteza Ghojazadeh (Tabriz
University of Medical Sciences, Tabriz, Iran) for his
valuable suggestions regarding statistical analysis, and
Ms. Aida Souzandeh, Ms. Zeynab Rahbaran, and Mr.
Mahdi Bazmani for their kind assistance with cell
culture. The authors did not use any artificial
intelligence (Al)-assisted technologies in the production
of submitted work.

Ethical approval

This study was carried out with ethical principles and
approved by the Research Ethics Committee of
Ferdowsi University, Mashhad, Iran (ethical code:
IR.UM.REC.1402.057).

Consent to participate
Not applicable.

Consent for publication
All authors reviewed the results and approved the final
version of the manuscript.

Authors’ contributions

AB: performed all experimental assays and prepared
the draft; AM and GRR: supervised the study and
revised the manuscript.

Data availability
All relevant data can be found within the manuscript.

Competing interests
The authors declare that they have no competing
interests.

Iran. Biomed. J. 28 (5 & 6): 255-264

Funding

This research was conducted as part of the first
author’s Ph.D. thesis and was supported by the grant
VPRTFM-3/58217 from the Vice President of Research
and Technology of Ferdowsi University of Mashhad,
Mashhad, Iran.

Supplementary information
The online version does not contain supplementary
material.

REFERENCES

1. AlvarJ, Velez D I, Bern C, Herrero M, Desjeux P, Cano
J, et al. Leishmaniasis worldwide and global estimates of
its incidence. PloS One. 2012;7(5):e35671.

2. GuheV, Ingale P, Tambekar A, Singh S. Systems biology
of autophagy in leishmanial infection and its diverse role
in  precision  medicine.  Front Mol  Biosci.
2023;21:10:1113249.

3. Pulvertaft R J, Hoyle G F. Stages in the life-cycle of
Leishmania donovani. Trans R Soc Trop Med Hyg.
1960;54(2):191-6.

4.  Colmenares M, Kar S, Goldsmith-Pestana K, McMahon-
Pratt D. Mechanisms of pathogenesis: differences
amongst Leishmania species. Trans R Soc Trop Med
Hyg. 2002;96:3-7.

5. Steverding D. The history of leishmaniasis. Parasit
vectors. 2017;10(1):82.

6. Frézard F, Demicheli C, Ribeiro RR. Pentavalent
antimonials: new perspectives for old drugs. Molecules.
2009; 14(7):2317-36.

7. Sundar S, Jha TK, Thakur C, Sinha P, Bhattacharya S.
Injectable paromomycin for visceral leishmaniasis in
India. N Engl J Med. 2007;356(25):2571-81.

8. Pradhan S, Schwartz R, Patil A, Grabbe S, Goldust M.
Treatment options for leishmaniasis. Clin Exp Dermatol.
2022; 47(3):516-21.

9. Sundar S, Olliaro P. Miltefosine in the treatment of
leishmaniasis: clinical evidence for informed clinical risk
management. Ther Clin Risk Manag. 2007;3(5):733-40.

10. Croft S, Sundar S, Fairlamb A. Drug resistance in
leishmaniasis. Clin Microbiol Rev. 2006;19(1):111-26.

11. Ganguly S, Kanti Das N, Barbhuiya J, Chatterjee M.
Post-kala-azar dermal leishmaniasis—an overview. Int J
Dermatol. 2010;49(8):921-31.

12. Coutinho JV, Dos Santos FS, Ribeiro RD, Oliveira IB,
Dantas VB, Santos AB, et al. Visceral leishmaniasis and
leishmaniasis-HIV coinfection: comparative study. Rev
Soc Bras Med Trop. 2017;50(5):670-4.

13. Jha TK. Epidemiology of drug-resistant kala-azar in India
and neighboring countries. Kala Azar in South Asia.
2016;25:33-51.

14. Islamuddin M, Ali A, Afzal O, Ali A, Ali I, Altamimi
ASA, et al. Thymoquinone induced leishmanicidal effect
via programmed cell death in Leishmania donovani. ACS
Omega. 2022;7(12):10718-28.

263


http://dx.doi.org/10.61186/ibj.4481
https://dor.isc.ac/dor/20.1001.1.1028852.2024.28.5.4.7
http://ibj.pasteur.ac.ir/article-1-4481-en.html

[ Downloaded from ibj.pasteur.ac.ir on 2025-07-04 ]

[ DOR: 20.1001.1.1028852.2024.28.5.4.7 ]

[ DOI: 10.61186/ibj.4481 ]

TQ and HCQ Conjunction to Combat L. major

Bazmani et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Cyrino LT, Araujo AP, Joazeiro PP, Vicente CP, Giorgio
S. In vivo and in vitro Leishmania amazonensis infection
induces autophagy in macrophages. Tissue Cell.
2012;44(6):401-8.

Pinheiro RO, Nunes M, Pinheiro C, D'Avila H, T Bozza
P, M Takiya C, et al. Induction of autophagy correlates
with increased parasite load of Leishmania amazonensis
in BALB/c but not C57BL/6 macrophages. Microbes
Infect. 2009; 11(2):181-90.

Dias BR , De Souza CS, Almeida N, B Lima J, Fukutani
KF, Dos Santos TB, et al. Autophagic induction greatly
enhances Leishmania major intracellular survival
compared to Leishmania amazonensis in CBA/j-infected
macrophages. Front Microbiol. 2018;9:1890.

Thomas SA, Nandan D, Kass J, Reiner NE.
Countervailing, time-dependent effects on host
autophagy promote intracellular survival of Leishmania.
J Biol Chem. 2017; 293(7): 2617-30.

Spéth GF, Beverley SM. A lipophosphoglycan-
independent method for isolation of infective Leishmania
metacyclic ~ promastigotes by density gradient
centrifugation. Exp parasitol. 2001;99(2):97-103.
Linares E, Giorgio S, Augusto O. Inhibition of in vivo
leishmanicidal mechanisms by tempol: nitric oxide
down-regulation and oxidant scavenging. Free Radic
Biol Med. 2008;44(8):1668-76.

Rokni N, Faridnia R, Rahimi B, Eslami S, Fakhar M,
Youssefi MR, et al. Peganum harmala and Nigella sativa:
anti-leishmanial activity against Leishmania major
promastigotes and amastigotes: in vitro and ex vivo
experiment. Ann Parasitol. 2021;67(2):313-19.

Chen J, Pan Q, Bai Y, Chen X, Zhou Y.
Hydroxychloroquine induces apoptosis in
cholangiocarcinoma via reactive oxygen species

accumulation induced by autophagy inhibition. Front
Mol Biosci. 2021;8:720370.

Ramser B, Kokot A, Metze D, Weiss N, Luger TA, Bohm
M. Hydroxychloroquine modulates metabolic activity
and proliferation and induces autophagic cell death of
human dermal fibroblasts. J Invest Dermatol.
2009;129(10):2419-26.

Erices R, Bravo M, Gonzalez P, Oliva B, Racordon D,
Garrido M, et al. Metformin, at concentrations
corresponding to the treatment of diabetes, potentiates the
cytotoxic effects of carboplatin in cultures of ovarian
cancer cells. Reprod Sci. 2013;20(12):1433-46.
Sadeghsoltani F, Avci CB, Hassanpour P, Haiaty S,
Rahmati M, Mota A, et al. Autophagy modulation effect
on homotypic transfer of intracellular components via
tunneling nanotubes in mesenchymal stem cells. Stem
Cell Res Ther. 2024;15(1):189.

Karimi M, Naserifar R, Abbasi N, Abdi J, Maspi N. In
vitro antileishmanial activity of hydroalcoholic Thymbra
spicata extract on Leishmania major promastigotes. Ann
Parasitol. 2021;67(2):237-241.

264

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Nakagawa |, Amano A, Mizushima N, Yamamoto A,
Yamaguchi H, Kamimoto T, et al. Autophagy defends
cells against invading group A Streptococcus. Science.
2004;306(5698):1037-40.

Birmingham CL, Brumell JH. Autophagy recognizes
intracellular Salmonella enterica serovar Typhimurium in
damaged vacuoles. Autophagy. 2006;2(3):156-8.
Mitchell G, Cheng M, Chen C, Nguyen BN, Whiteley
AT, Kianian S, et al. Listeria monocytogenes triggers
noncanonical autophagy upon phagocytosis, but avoids
subsequent growth-restricting xenophagy. Proc Natl
Acad Sci USA. 2018;115(2):210-17.

Yoshikawa Y, Ogawa M, Hain T, Chakraborty T,
Sasakawa C. Listeria monocytogenes ActA is a key
player in evading autophagic recognition. Autophagy.
2009;5(8):1220-1.

Krokowski S, Mostowy S. Interactions between Shigella
flexneri and the autophagy machinery. Front Cell Infect
Microbiol. 2016;6:17.

Gong L, Devenish RJ, Prescott M. Autophagy as a
macrophage response to bacterial infection. IUBMB Life.
2012; 64(9):740-7.

Van Zandbergen G, Klinger M, Mueller A, Dannenberg
S, Gebert A, Solbach W, et al. Cutting edge: neutrophil
granulocyte serves as a vector for Leishmania entry into
macrophages. J Immunol. 2004;173(11):6521-5.
Schaible UE, Schlesinger PH, Steinberg TH, Mangel
WF, Kobayashi T, Russell DG. Parasitophorous vacuoles
of Leishmania mexicana acquire macromolecules from
the host cell cytosol via two independent routes. J Cell
Sci. 1999;112(5):681-93.

Franco LH, Fleuri Ak, Pellison NC, Quirino GF, Horta
C, Carvalho RVH, et al. Autophagy downstream of
endosomal Toll-like receptor signaling in macrophages is
a key mechanism for resistance to Leishmania major
infection. J Biol Chem. 2017;292(32):13087-96.
Abamor ES, Tosyali OA, Bagirova M, Allahverdiyev A.
Nigella sativa oil entrapped polycaprolactone
nanoparticles  for leishmaniasis treatment. IET
Nanobiotechnol. 2018;12(8):1018-26.

Racoma 10, Meisen WH, Wang QE, Kaur B, Wani A.
Thymoquinone inhibits autophagy and induces
cathepsin-mediated, caspase-independent cell death in
glioblastoma cells. Plos One. 2013;8(9):e72882.

Zhang Y, Fan Y, Huang S, Wang G, Han R, Lei F, et al.
Thymoquinone inhibits the metastasis of renal cell cancer
cells by inducing autophagy via AMPK/mTOR signaling
pathway. Cancer Sci. 2018;109(12):3865-73.

Liu D, Zhao L. Thymoquinone-induced autophagy
mitigates doxorubicin-induced H9c2 cell apoptosis. Exp
Ther Med. 2022;24(5):694.

ilhan S, Oguz F. Induction of autophagic cell death by
thymoquinone in docetaxel resistant prostate cancer cells.
Duzce Med J. 2021;23(2):187-91.

Iran. Biomed. J. 28 (5 & 6): 255-264


http://dx.doi.org/10.61186/ibj.4481
https://dor.isc.ac/dor/20.1001.1.1028852.2024.28.5.4.7
http://ibj.pasteur.ac.ir/article-1-4481-en.html
http://www.tcpdf.org

