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treatment failure is frequent. Immunometabolic reprogramming of macrophages—the main host cells
for L. major—toward the M1 phenotype may inhibit parasite growth. Pyrimethamine, an antimalarial
antibiotic, inhibits dihydrofolate reductase (DHFR), affecting both host and parasite metabolism.
Since pyrimethamine interferes with the folate pathway and phagocytosis in L. major, this study
investigated its effect on key immunometabolites in infected macrophages.

Materials and Methods: RAW264.7 macrophages were divided into six groups: Sham, L. major-
infected, LPS-stimulated, pyrimethamine-treated (L. major+pyrimethamine, LPS+pyrimethamine),
and pyrimethamine alone (5 pg/mL for 24 hours). Supernatants and cells were collected to measure
lactate, nitric oxide (NO), reactive oxygen species (ROS), infection rate and index, as well as cytokine
concentrations.

Results: Pyrimethamine significantly increased intracellular ROS and NO levels in L. major-infected
macrophages (P<0.05), correlating with a significant reduction in infection rate and index (P<0.05).
TNF-a production was also significantly elevated in pyrimethamine-treated groups. However, no

Keywords: : significant change in lactate concentration was observed.

Leishmania major, Conclusion: Pyrimethamine enhances the immunometabolic response of macrophages against
Macrophage, . L. major by increasing ROS, NO, and TNF-o, levels. These changes contribute to a reduced
Immunometabolism, . infection rate and lower macrophage infection index, suggesting pyrimethamine’s potential as an
Pyrimethamine :  immunomodulatory agent in leishmaniasis treatment.

* Corresponding Author:

Sara Soudi, Associate Professor:

Address: Department of Immunology, Faculty of Medical Sciences, Tarbiat Modares University, Tehran, Iran.
Phone: +98 (935) 2175558

E-mail: soudi@modares.ac.ir

Copyright © 2024 The Author(s);
This is an open access article distributed under the terms of the Creative Commons Attribution License (CC-By-NC: https://creativecommons.org/licenses/by-nc/4.0/legalcode.en),
which permits use, distribution, and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.



http://immunoreg.shahed.ac.ir/
https://orcid.org/0000-0002-8490-9275
http://orcid.org/0000-0002-8978-3958
https://orcid.org/0000-0002-4078-110X
mailto:soudi@modares.ac.ir
http://dx.doi.org/10.32598/Immunoregulation.7.15
http://immunoreg.shahed.ac.ir/journal/about
https://crossmark.crossref.org/dialog/?doi=10.32598/Immunoregulation.7.15
https://creativecommons.org/licenses/by-nc/4.0/legalcode.en
https://creativecommons.org/licenses/by-nc/4.0/legalcode.en

2024. Vol 7

Introduction

eishmaniasis is caused by intracellular pro-
tozoan species of the genus Leishmania,
which are transmitted through the bites of
sandflies, primarily those belonging to the
genera Phlebotomus and Lutzomyia. This
disease is endemic in several countries, particularly Bra-
zil, Peru, Afghanistan, Iran, Saudi Arabia, and Syria [1].
There are three main clinical forms of leishmaniasis: Cu-
taneous leishmaniasis (CL), mucocutaneous leishmani-
asis, and visceral leishmaniasis (the latter being systemic
and fatal if left untreated) [2]. CL causes skin lesions that
can range from mild papules to severe, ulcerative wounds
[2]. In the Old World, it is mainly caused by Leishmania
tropica, Leishmania major, and Leishmania aethiopica,
while in the new world, the primary causative species
include Leishmania braziliensis, Leishmania mexicana,
and Leishmania amazonensis [3]. The cutaneous form is
characterized by the development of skin lesions, such
as papules and ulcers at the site of the sandfly bite [2].

Successful clearance of L. major from the infected host
relies on the coordinated action of both innate and adap-
tive immune responses; however, these responses can
be either protective or detrimental. Macrophages serve
as the primary host cells for Leishmania parasites due
to their long lifespan. They play a crucial role in deter-
mining the outcome of infection by either restricting or
permitting parasite replication—thereby influencing the
progression or resolution of leishmaniasis [4]. Studies
using susceptible (BALB/c) and resistant (C57BL/6)
mouse models of L. major infection have shown distinct
immune responses. In C57BL/6 mice, IFN-y produced
by Thl cells activates classically activated macrophages
1 (M1), leading to the production of nitric oxide (NO)
and reactive oxygen species (ROS), which enhance
parasite clearance. In contrast, in BALB/c mice, IL-4
produced by Th2 cells induces alternatively activated
macrophages 2 (M2), which are characterized by the
expression of arginase-1 and anti-inflammatory media-
tors [5].

Several methods have been developed to treat leish-
maniasis. Although the most promising approach is vac-
cination, developing a vaccine against Leishmania has
proven to be a major challenge. This difficulty arises
primarily from limited understanding of the parasite’s
pathogenesis, the complexity of the immune response,
and discrepancies between animal models and human
disease. Consequently, there is currently no approved
vaccine for human use, and antibiotics remain the prima-
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ry approach for treatment and prevention of leishmani-
asis [6, 7].

The effectiveness of antibiotics in combating infection
depends not only on their direct antimicrobial activity but
also on their immunomodulatory effects on host immune
cells. Pentavalent antimonials, such as sodium stiboglu-
conate and meglumine, remain the first line and standard
treatment for all forms of leishmaniasis, particularly CL.
Intralesional administration of antimonials has been in-
troduced as an alternative to systemic delivery in order to
reduce systemic side effects.

Other treatment options include amphotericin B, pent-
amidine, miltefosine, and paromomycin. However, these
drugs come with several limitations, including the emer-
gence of drug resistance, high treatment costs, incom-
plete parasite clearance, and significant side effects [3,
8]. Beyond their direct antimicrobial effects, antibiotics
also influence immune cell metabolism. In recent years,
increasing attention has been given to the link between
the metabolic state of immune cells, particularly macro-
phages, and their immunological phenotype [9]. Meta-
bolic mediators are not only sources of energy but can
also modulate immune cell function. This dual role may
be beneficial or detrimental to the host immune response.
Therefore, an ideal antibiotic would not only eliminate
the parasite but also exert favorable immunomodulatory
effects [10].

Numerous studies have explored drugs targeting the
folate metabolism pathway as a therapeutic strategy.
One such drug is pyrimethamine, a diaminopyrimidine
compound that acts as a folate antagonist essential for
nucleic acid synthesis. It exerts its antimicrobial effect
by inhibiting dihydrofolate reductase (DHFR), leading
to tetrahydrofolate depletion and, consequently, inhibi-
tion of purine and pyrimidine biosynthesis [11]. While
this enzymatic reaction is crucial for DNA synthesis in
both bacteria and mammalian cells, the DHFR enzyme
in bacteria is more sensitive to pyrimethamine than its
mammalian counterpart [12]. This differential sensitiv-
ity underlies the drug’s selective antimicrobial activity
and has led to its use in treating bacterial infections [11].
Pyrimethamine is also widely used in the prevention and
treatment of toxoplasmosis and malaria [13]. Impor-
tantly, pyrimethamine may also represent a promising
therapeutic candidate for CL, given the high expression
of DHFR in L. major [14]. The drug is available in oral
form and has a relatively long half-life, remaining active
in the body for several days [15]. Therefore, this research
work investigates the effect of pyrimethamine on some
of the key immunometabolic responses of L. major-ac-
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tivated macrophages. The RAW264.7 cell line, derived
from BALB/c mouse macrophages, was first stimulated
with L. major and subsequently treated with various
doses of pyrimethamine. The cytotoxic effects of Leish-
mania were then assessed using infection rate and index
analysis. Macrophages and cell supernatants were also
analyzed for NO and ROS production, lactate assay, and
cytokine profile. While the individual techniques used
(3—(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide [MTT], flow cytometry, and enzyme-linked
immunosorbent assay [ELISA]) are standard, the inno-
vation lies in their integrative application and the spe-
cific research question they are used to answer. The key
methodological innovation is the comprehensive and
simultaneous profiling of both metabolic and immune
parameters in a single experimental setup to elucidate
the immunometabolic mechanism of an old drug against
a parasitic infection. This study employed a controlled
in vitro model to investigate the host-directed immuno-
metabolic mechanisms of pyrimethamine, avoiding the
confounding variables of animal models.

Materials and Methods

Culture and maintenance of the RAW264.7 cell
line

The RAW264.7 cell line (first passage) was obtained
from the Iranian Biological Resource Center (IBRC),
Tehran, Iran. The cells were maintained and passaged
using Dulbecco’s Modified Eagle Medium (DMEM)
complete medium (Gibco, UK). The DMEM complete
medium consists of DMEM high glucose medium, L-
glutamine (2 mM), sodium pyruvate, and is supplement-
ed with 10% fetal bovine serum (FBS, Gibco, USA).
After reaching 80-90% confluence, the cells were sub-
cultured at a 1:3 ratio in T-25 flasks.

Drug preparation

Pyrimethamine (5,4-chlorophenyl-6-ethyl-2,4-pyrimi-
dinediamine; CAS number: 58-14-0) was procured from
a commercial source. A primary stock solution was pre-
pared by dissolving the compound in dimethyl sulfoxide
(DMSO) at a concentration of 5 mg/mL. This stock was
subsequently subjected to serial dilution in DMEM me-
dium to generate working concentrations of 0.5, 2.5, 5,
50, 100, and 250 pug/mL for use in further assays.

Cytotoxicity evaluation of pyrimethamine

To determine the cytotoxic dose of pyrimethamine on
RAW264.7 cells, an MTT test was performed. For this
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purpose, RAW264.7 cells (5x10° cells [50 pL]/well) in
96-well plates were treated with multiple doses of pyri-
methamine (0.5, 2.5, 5, 50, 100, and 250 pg/mL) for 24,
48, and 72 hours. Then, 5 puL of MTT solution (5 mg/
mL concentration) was added to each well for 3 hours.
At the end of the incubation period, the supernatant from
all wells was removed, and the developed formazan ag-
gregates were dissolved in DMSO. The optical density
was measured using a Labsystem Multiskan MS352 at
540 nm. The percent viability of cells in each group and
the IC, index for pyrimethamine were calculated using
GraphPad Prism software, version 9 [16].

Annexin V-PI assay

Three doses of pyrimethamine (2.5, 5, and 10 pg/
mL) were administered to cells, and the rates of apop-
tosis and necrosis of RAW264.7 cells were investigated.
RAW264.7 cells (2x10° cells/well) received pyrimeth-
amine (2.5, 5, and 10 pg/mL) for 24 h and then washed
with 1xbinding buffer (CaCl, [2.5 mM], NaCl [10 mM],
and HEPES [10 mM]). Then, cells were resuspended in
1xPBS with FITC-tagged Annexin V and propidium io-
dide (PI) staining for 15 minutes at room temperature.
The rates of apoptosis and necrosis in the cells were as-
sessed using a BD FACSCalibur flow cytometer [17].

Parasite culture

L. major promastigotes (MRHO/IR/75/ER strain) were
obtained from the Center for Research and Training in
Skin Diseases and Leprosy, Tehran, Iran. The released
promastigotes were cultured at 26 °C in RPMI 1640 me-
dium supplemented with 10% FBS. The stationary phase
of promastigotes was used to infect macrophages.

RAW 264.7 infection and experimental groups

RAW264.7 cells were divided into six experimental
groups: 1) an untreated control group, 2) cells stimulated
with 100 ng/mL LPS, 3) cells infected with L. major pro-
mastigotes at a 1:5 ratio, 4) LPS-stimulated cells treated
with 5 pg/mL pyrimethamine, 5) L. major-infected cells
treated with 5 ug/mL pyrimethamine, and 6) cells treated
with 5 pg/mL pyrimethamine alone. For the infection,
cells were seeded at 2x10° cells/well in a 6-well plate,
incubated with stationary-phase L. major promastigotes
(fixed in merthiolate for counting) for 24 hours at 37 °C
with 5% CO,. After incubation, the cells were washed
and then incubated with either DMEM+10% FBS (con-
trol) or DMEM+10% FBS+5 pg/mL pyrimethamine
(test group). Cell extracts and supernatants were col-
lected from all groups for subsequent analysis.
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Measurement of the infection rate and index

For the phagocytosis estimate, stationary-phase L. ma-
jor promastigotes were enumerated using a Neubauer
hemocytometer. The parasites were then added to the
macrophages at a ratio of 5:1 (parasites to macrophages)
and co-cultured for 24 hours at 37 °C in a 5% CO, atmo-
sphere. Following the incubation period, the supernatant
was carefully discarded. The adherent cells were subse-
quently fixed with methanol and stained with Giemsa
stain for morphological analysis. The infection rate (per-
centage of infected macrophages) and infection index
(mean number of amastigotes per infected macrophage)
were determined by examining at least 100 macrophages
per well under an inverted microscope [18].

Measurement of ROS production

To evaluate the ROS produced by RAW264.7 cells, we
utilized 2,7-dichlorofluorescein diacetate (H2DCF-DA),
a permeable and fluorogenic stain capable of measuring
hydroxyl, peroxyl, and other intracellular ROS. For this
purpose, RAW264.7 cells (2x10° cells/well) underwent
treatment according to the study design for 24 hours at
37 °C in a 5% CO, atmosphere. The H2DCF-DA stain
was dissolved in DMSO (10 uM) and subsequently di-
luted in DMEM culture medium. After incubation, the
adherent cells were detached and incubated with 1 mL
of H2DCF-DA for 45 minutes. Following washing with
PBS, ROS production was evaluated using a BD FACS-
Calibur flow cytometer. The results were analyzed with
FlowJo software [19].

Measurement of NO production

Similar to the ROS test, RAW264.7 cells (2x10° cells/
well) were treated according to the study design for 48
hours. Subsequently, the supernatants from all six wells
were collected to measure NO and other factors, such as
lactate and cytokines. NO production was quantified using
the Griess method, and various concentrations of NO were
calculated based on the optical density (OD) at 540 nm of
standard solutions of sodium nitrite, which were diluted
and prepared in distilled water (CibBiotech Co., Iran).

Measurement of lactate production

The supernatants from all six groups were collected
after 48 hours, and the amount of lactate production
was measured using the ZellBio kit (GmbH, Germany),
following the provided protocol. Subsequently, various
concentrations of lactate were calculated according to
the Equation 1:
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OD sample-OD Blank
OD standard-OD Blank
concentration)=lactate concentration (mg/dL)

x50 mg/dL (standard

Cytokine measurement

The concentrations of TNF-a and IL-10 (pg/mL) in the
supernatants of six groups after 48 hours were measured
using the ELISA method with a commercial kit (R&D
Systems, USA) following the manufacturer’s protocol.

Statistical analysis

Statistical analysis of all experiments was conducted
using GraphPad Prism software version 9.00. Data are
expressed as the Mean+SD of at least three replicates. A
one-way analysis of variance (ANOVA) was employed
to clarify statistically significant variations among
groups. Results with a P<0.05 were considered statisti-
cally significant.

Results

Cell viability of RAW264.7 cells was reduced after
pyrimethamine treatment

RAW264.7 cells (2x10° cells/well) were treated with
0.5, 2.5, 5, 10, 15, 20, 50, 100, and 250 pg/mL of Py-
rimethamine for 24, 48, and 72 hours at 37 °C in a 5%
CO, atmosphere. Cell metabolic activity and IC_; values
were assessed using the MTT assay. The results for each
time point are presented as the Mean+SD of viable cell
counts in bar graphs, and the IC, | index was calculated to
be 11.79 pug/mL using GraphPad Prism software, version
9. Pyrimethamine significantly suppressed the cell meta-
bolic pathway at concentrations of 10 pg/mL and higher
(Figure 1A). To validate the effects of pyrimethamine on
cellular death, the cells were incubated with 2.5, 5, and
10 pg/mL of pyrimethamine for 24 hours to conduct the
Annexin V-PI assay, and a significant increase in the per-
centage of cell death (apoptosis + necrosis) was observed
following treatment with the concentration of 10 pg/mL
(Figure 1B). The effective dose of pyrimethamine was
defined as the lowest concentration exhibiting cytotoxic-
ity, with 5 pg/mL considered the effective dose.

The infection rate and index of macrophages in-
fected with L. major decreased after pyrimeth-
amine treatment

Data are presented for controls (A), RAW264.7 cells
infected with L. major (B), and RAW?264.7 cells infected
with L. major and treated with 5 pg/mL of pyrimeth-
amine for 24 hours (C), observed using an inverted mi-
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Figure 1. Effects of pyrimethamine on cell cytotoxicity
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A) The viability percentage of RAW264.7 cells after exposure to different concentrations of pyrimethamine, B) The results of

the Annexin V-PI assay after exposure to pyrimethamine

"P<0.05 vs controls (non-treated cells), "P<0.01 vs controls, “P<0.001 vs controls.

Note: Data are presented as Mean+SD, with statistical significance determined by one-way ANOVA

croscope at 40x magnification. The mean infection rates
were calculated as 81.53% for group B and 26.66% for
group C. Additionally, the infection indices were 3.63 for
group B and 1.16 for group C. Pyrimethamine-treated
cells displayed a significant decrease in both the infec-
tion rate and index (Figure 2).

ROS production increased in macrophages infect-
ed with L. major after pyrimethamine treatment

RAW264.7 cells were infected with L. major and LPS
and then treated with pyrimethamine (5 pg/mL). Intra-
cellular ROS was measured using DCF-DA staining.
Graphical representations of histograms with %ROS and
mean fluorescent intensity (MFI) calculations were per-
formed using FlowJo software. A one-way ANOVA was
used to clarify significant differences among the groups
(as shown in bar graphs). Following L. major infection,
intracellular ROS and MFI were downregulated com-
pared to the controls, but significantly increased after py-
rimethamine treatment. The percentage of ROS and MFI

in the RAW+LPS group, serving as the positive control,
also increased after pyrimethamine treatment; however,
this change was not statistically significant and was ana-
lyzed using FlowlJo software, version 10, as illustrated
in Figure 3.

NO production increased L. major-infected mac-
rophages after pyrimethamine treatment

The mean levels of NO were higher in all groups treat-
ed with pyrimethamine than in the untreated groups. Ad-
ditionally, there was a significant increase in NO levels
(measured in pM) after pyrimethamine treatment in L.
major-infected macrophages compared to the untreated
group (Figure 4).

Lactate production decreased non-significantly
after pyrimethamine treatment

As illustrated in the bar graph in Figure 5, the mean lac-
tate levels in the RAW+LPS group were slightly higher
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Figure 2. Effects of pyrimethamine on the infection rate and index of macrophages
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"P<0.05 vs controls (non-treated cells), “P<0.01 vs controls, “P<0.001 vs controls.

Note: (A, B, and C) Giemsa staining of L. major-infected cells in the three group. The red arrows indicate amastigotes that have
been phagocytosed by macrophages. A one-way ANOVA was used to determine significant differences among the groups

(bar graphs)

than those in the RAW-+L. major group; however, no sig-
nificant difference was observed. However, after treat-
ment with pyrimethamine, lactate levels decreased non-
significantly in both the RAW+L. major and RAW+LPS
groups.

Pyrimethamine increased TNF-a levels and de-
creased IL-10 levels in macrophages infected with
L. major

Regarding the results presented in Figure 6, the lev-
els of TNF-a in the group infected with L. major were
lower compared to the control group; however, after
treatment with pyrimethamine (5 pg/mL), TNF-a levels
significantly increased. Additionally, TNF-a levels in the
control group also showed a significant increase follow-
ing pyrimethamine treatment. Following the infection
of macrophages with L. major, the IL-10 concentration

increased, but this concentration decreased non-signifi-
cantly after treatment with pyrimethamine.

Discussion

Parasitic diseases, such as leishmaniasis, pose a major
global health burden with high mortality rates [8, 20].
CL, transmitted by sandflies, is widespread in Asia, in-
cluding Iran; however, no human vaccine currently ex-
ists. Current drug treatments, including antimonials, am-
photericin B, miltefosine, and paromomycin, are limited
by high costs, side effects, and impractical administra-
tion routes [21]. Therefore, discovering new antileish-
manial agents is urgent.

The investigation of a new group of antileishmanial
compounds is essential. In addition to the direct effects
that antibiotics have on killing the Leishmania parasite,
they can also affect the metabolism of immune cells. The
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http://immunoreg.shahed.ac.ir/

IMMUNOREGULATION

F N
35% 65% 32.2% 67.8%
o control RAW + LPS
=
(=
Q
29.3% 70.7% 41.9% 58.1%
RAW +LPS + Pyr RAW + L.major + Pyr

2024. Vol 7

78.2% 21.8%

RAW + L.major

44.1% 55.9%

RAW + Pyr

FITC

Figure 3. Measurement of ROS
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"P<0.05 vs controls (non-treated cells), “P<0.01 vs controls, “P<0.001 vs controls.

Note: The histogram results of ROS, along with MFI in the various groups, are presented with bar graphs. Data are presented
as Mean+SD, with statistical significance determined by one-way ANOVA.

metabolism of activated immune cells not only meets
their biosynthetic and bioenergetic needs but also acts as
a switch to control their immune functions [22].

Therefore, an effective antibiotic, in addition to its
direct effect, affects the metabolism and subsequently
the function of the immune system. One such drug is
pyrimethamine, which affects folate metabolism [15].
However, there are not many studies on the impact of
this drug on the metabolic activity and function of im-
mune cells in leishmaniasis. Given that macrophages are
the primary host cells of the Leishmania parasite, they
serve as an excellent model for illustrating the relation-
ship between metabolism and function, as well as for
investigating the effects of antibiotics on immunometa-
bolic factors [23]. Thus, the core design of this study is
a controlled in vitro (cell culture) experiment using the
RAW264.7 mouse macrophage cell line. The design is
structured to isolate and measure the specific effects of
pyrimethamine on immunometabolic responses after L.
major infection.

In the study conducted by Jung et al. in 2021, pyri-
methamine enhanced autophagy and apoptosis in the
chronic myeloid leukemia-derived KBMS5 cell line by

increasing the expression of STAT-5, JAK1/2, and Src at
a dose of 0.25 pg/mL [24]. In addition, Giammarioli et
al. demonstrated that pyrimethamine is capable of induc-
ing apoptosis by increasing the cytochrome release and
subsequently increasing the expression of caspase-9 in
melanoma cell lines 8863 and 501 at a dose of 32 umol/L
[25]. Recently, Dong et al. demonstrated that pyrimeth-
amine, at doses of 0.4 and 12.3 puM, reduced cell growth
in the HCT116 and SW480 colorectal cancer cell lines,
respectively [26].

The current study confirmed that the maximum cyto-
toxicity of pyrimethamine on the RAW264.7 cell line
was 10 pg/mL (40 umol/L), with an IC,; index of 11.79
pg/mL. Additionally, the results of the Annexin-PI assay
demonstrated that a dosage of 10 pg/mL of pyrimeth-
amine significantly increased apoptosis and necrosis in
RAW?264.7 macrophages compared to the control group.
Based on the evidence and previous research, a concen-
tration of 5 pg/mL (20 umol/L) was selected for con-
tinued immunometabolic testing and further evaluation.

Lactate elevation as a result of aerobic glycolysis in
M1 or classic macrophages leads to an excessive in-
flammatory response via increased expression of HIF-
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Figure 4. Measurement of NO levels in the experimental
groups
"P<0.05 vs controls (non-treated cells), "P<0.01 vs controls,
“P<0.001 vs controls.

Note: The NO concentration in the supernatants of all
groups is shown. The data display the Mean+SD of NO con-
centration in different study groups, analyzed using a one-
way ANOVA (bar graph).

lo, MMP-1, IL-1f, and IL-6 [27-29]. HIF-1a causes an
upregulation in the production of the pro-inflammatory
cytokine IL1p. This process occurs by binding HIF-1a to
300 base pairs before the transcription start locus of the
IL1B gene, thereby increasing the transcription of this
gene. These findings directly link glycolytic metabolism
to the inflammatory function of macrophages [22, 30].
In contrast, M2 macrophages primarily rely on oxidative
metabolism to provide energy for their long-term func-
tion [22]. In the present study, lactate concentration was
reduced after treating infected macrophages with pyri-
methamine; however, this reduction was not significant
and may be related to its anti-inflammatory effects.

Gantt et al. demonstrated that after the phagocytosis
of Leishmania chagasi promastigotes, both mouse and
human macrophages are capable of producing substan-
tial amounts of ROS and NO, which contribute to the
elimination of the parasites [31]. In contrast, Filardy et
al. found that following L. major infection, despite an
increase in ROS and NO levels, as well as inflammatory
responses, this reaction was not protective and instead
facilitated parasite proliferation within macrophages

IMMUNOREGULATION
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Figure 5. Lactate production in various experimental groups
"P<0.05 vs controls (non-treated cells), "P<0.01 vs controls,
"P<0.001 vs controls.

Note: The bar graph shows lactate levels (mg/dL) in differ-
ent groups. Data are presented as Mean+SD and analyzed
using one-way ANOVA.

[32]. Regarding the role of NO in protection against L.
major, it was shown that reducing NO levels decreased
the phagocytosis rate of L. major amastigotes, while the
addition of NO to the in vitro environment enhanced this
rate, confirming the beneficial effects of NO in killing
Leishmania [33]. Leggoreta et al. reported that pyri-
methamine leads to increased expression of superoxide
dismutase (SOD) and glutathione peroxidase (GPx) en-
zymes as a result of elevated oxidative stress in BALB/c
mouse macrophages infected with plasmodium [34].
The results of our research indicated a correlation be-
tween increased oxidative stress and the infection rate.
Our findings confirmed the role of oxidative stress in the
elimination of L. major amastigotes, as evidenced by a
significant decrease in both the infection rate and index.
Furthermore, the results from the NO assay showed a
significant increase in NO levels, leading us to conclude
that this change is primarily due to the inflammatory ef-
fects of pyrimethamine on macrophages. In addition to
the effects of pyrimethamine on oxidative stress, another
factor contributing to the increase in ROS in RAW264.7
cells may be the high glucose concentration in the cell
culture media. Suzuki et al. demonstrated that LPS-
infected RAW264.7 cells exhibited elevated concentra-

Azimzadeh Tabrizi Z, et al. Pyrimethamine Enhances Macrophage Immunity. Immunoregulation. 2024; 7:E15.



http://immunoreg.shahed.ac.ir/

IMMUNOREGULATION

Figure 6. Cytokine production in the experimental groups
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A and B) TNF-a and IL-10 levels in all groups (pg/mL), respectively, C) The TNF-a/IL-10 ratio in different groups.
"P<0.05 vs controls (non-treated cells), “P<0.01 vs controls, “P<0.001 vs controls.

Note: Data are presented as Mean+SD and analyzed using one-way ANOVA.

tions of ROS and NO, as well as increased expression of
NF-kB under hyperglycemic conditions [35].

The effects of inflammatory and anti-inflammatory
responses in L. major-infected macrophages are sig-
nificantly influenced by the distinct phenotypes of
macrophages (M1 or M2). For instance, Vouldoukis et
al. demonstrated that elevated levels of IL-10 and IL-4
in the M2 phenotype result in impaired clearance of L.
major and Leishmania infantum [33]. Similarly, Liu et
al. found that high expression of TNF-a and IFN-y in
M1 macrophages correlates with increased levels of
iNOS and NO, which are crucial for the elimination of
Leishmania [36]. Our study revealed that infected mac-
rophages treated with pyrimethamine secreted elevated
TNF-a levels, accompanied by decreased IL-10 levels
compared to untreated groups. This was attributed to a
significant increase in TNF-a concentration, which led
to a significant decrease in the phagocytosis rate of L.
major amastigotes.

Finally, the results of our study verified the inflamma-
tory role of pyrimethamine in inducing oxidative stress
and TNF-a secretion in macrophages reacting to L. ma-
Jjor infection, as evidenced by a reduction in the infec-
tion rate and index of infected macrophages. However,
pyrimethamine treatment did not result in a significant
change in lactate concentrations. While our in vitro find-
ings demonstrate pyrimethamine’s ability to enhance
anti-leishmanial responses in macrophages, these results
must be interpreted cautiously due to the limitations of
cell-line models. The absence of immune cellular cross-

talk, tissue microenvironment, and systemic regulation
underscores the need for validation in primary cells and
in vivo models to establish physiological relevance in
further studies.

Conclusion

In conclusion, our study on the immunometabolic re-
sponses of pyrimethamine in macrophages infected with
L. major demonstrated that pyrimethamine increases
oxidative stress and NO production, as well as the in-
flammatory cytokine TNF-o. This increase subsequently
results in a reduction in the percentage of macrophages
infected with L. major. Therefore, due to the direct ef-
fects of pyrimethamine on the elimination of L. major
and its indirect effects on macrophage metabolism, it
holds potential for use in macrophage polarization in fu-
ture research.
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