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Abstract: Toxoplasma gondii (T. gondii) is an intracellular parasite that extensively infects
warm-blooded animals, causing toxoplasmosis and posing a significant threat to global
public health. In this study, we investigated the association between T. gondii infection
and ferroptosis in host cells, as well as the regulatory role of glutathione peroxidase 4
(GPX4). Our findings revealed that mice infected with RH and PRU strains of T. gondii
exhibited significantly elevated levels of reactive oxygen species and malondialdehyde in
brain and liver tissues. Concurrently, the expression of GPX4, a critical negative regulator
of ferroptosis, was downregulated, which correlated with the elevated parasite burden. In
Vero cells, T. gondii infection similarly inhibited GPX4 expression, whereas GPX4 overex-
pression suppressed T. gondii proliferation. These results indicate that T. gondii infection can
promote ferroptosis in host cells and that GPX4 plays a pivotal role in regulating infection
and proliferation. This study provides novel insights into the pathogenic mechanisms of
T. gondii and identifies GPX4 as a regulatory factor that constrains parasite proliferation,
offering new approaches for toxoplasmosis prevention and control.

Keywords: Toxoplasma gondii; ferroptosis; glutathione peroxidase 4 (GPX4); lipid peroxidation;
reactive oxygen species (ROS)

1. Introduction

Toxoplasma gondii is an obligate intracellular parasite belonging to the phylum Api-
complexa, capable of infecting nearly all warm-blooded animals, including humans, and
causes zoonotic toxoplasmosis [1,2]. This parasite is globally prevalent [3]. In China, T.
gondii infection is highly prevalent among farmed animals, particularly in pigs, sheep,
and chickens. Surveys show that the seropositive rate of these animals is approximately
23.7% [4,5]. Among companion animals, such as cats, the infection rate in China shows a
more severe situation compared to the global scale. The positive rate of T. gondii in domestic
cats and stray cats is as high as 79.4% [4]. With an epidemiological survey indicating that
approximately one-third of the global population is infected [3], there has been a consistent
upward trend in the positive rate of human infection with T. gondii in China over recent
decades, reaching a positivity rate of approximately 8.2% [5,6]. The increasing trend in the
serum positivity rate highlights the pressing necessity to address the health risks associated
with T. gondii infection among immunocompromised individuals and pregnant women.
In immunocompetent individuals, T. gondii infection is typically asymptomatic, but it can
be fatal for immunocompromised or immunodeficient individuals. Moreover, congenital
transmission during pregnancy can lead to fetal deformities or death [7]. Beyond these clin-
ical manifestations, T. gondii infection also disrupts host cellular and metabolic homeostasis.
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Among the various affected metabolic processes, the alteration in host iron homeostasis
is especially noteworthy. Prior research has demonstrated that T. gondii infection indeed
influences the host’s iron homeostasis [8]; however, the regulatory mechanism between
this disruption and ferroptosis has yet to be elucidated.

Given the critical role of iron deficiency or excess on host health, the regulation
of iron levels in organisms has emerged as a topic of considerable research value. To
prevent the detrimental accumulation of iron ions within cells, the body must exert precise
and stringent control over iron absorption, utilization, and storage [9]. Ferroptosis is an
Erastin-induced, iron-dependent, and peroxidation-driven regulated form of cell death
that was first described by Dixon et al. [10] in 2012. Ferroptosis is characterized by distinct
mitochondrial ultrastructural changes, including atrophy, outer membrane rupture, and
loss of cristae, as well as redox imbalance [11]. These alterations are driven by iron
accumulation, excessive production of reactive oxygen species (ROS), and the depletion of
glutathione (GSH) and glutathione peroxidase 4 (GPX4)-mediated antioxidant defenses,
ultimately leading to lipid peroxidation-induced cell death [12-15].

The formation of ROS and subsequent lipid peroxidation, primarily induced by hy-
droxyl radicals (OH), constitute a critical pathway in ferroptosis [10,16,17]. This process
is mitigated by the cellular antioxidant system. Specifically, within the context of oxida-
tive stress, the System Xc-/GSH-GPX4 axis serves as a fundamental component of both
enzymatic and non-enzymatic antioxidant defense mechanisms that counteract ferrop-
totic cell death [18,19]. GPX4 is a pivotal gene in the regulation of ferroptosis, specifically
eliminating phospholipid peroxides such as cholesterol and polyunsaturated fatty acids
(PUFAs) [20-22]. GSH acts as a co-factor for GPX4, assisting in the removal of lipid per-
oxides and exerting antioxidant effects. GPX4 catalyzes the reduction of GSH with free
hydrogen peroxide or organic hydroperoxides to produce water or corresponding alco-
hols, thereby mitigating ROS production and reducing cellular damage caused by lipid
peroxidation, thus protecting cells [23,24].

As an emerging form of regulated cell death, the discovery of ferroptosis has broad-
ened the horizons for investigating parasitic diseases. Currently, functional studies on
ferroptosis predominantly focus on cancers and metabolic disorders, with limited research
dedicated to the functional implications of ferroptosis in parasitic infections [25,26]. In this
study, we employed both in vivo and in vitro models to investigate whether infection with
RH and PRU strains of T. gondii induces ferroptosis in host cells. Specifically, we measured
the levels of ROS and malondialdehyde (MDA), which are key markers of ferroptosis, and
observed that these levels were elevated following T. gondii infection. Additionally, the
expression of GPX4, a critical negative regulator of ferroptosis, was downregulated, while
the parasite burden increased. These findings suggest that T. gondii infection can induce
ferroptosis in host cells. Furthermore, the overexpression of GPX4 was found to inhibit the
proliferation of T. gondii. Our results elucidate the pathogenic mechanisms of T. gondii and
highlight the pivotal role of GPX4 in regulating infection and proliferation. These insights
will facilitate the development of more targeted strategies for controlling T. gondii.

2. Materials and Methods
2.1. Ethics Statement

The animal protocol used in this study was approved by the Regulation of College of
Animal Sciences, Fujian Agriculture and Forestry University of Research Ethics Committee
(Permit Number: PZCASFAFU22022). All mouse experiments were carried out according
to the Regulations for the Administration of Affairs Concerning Experimental Animals in
accordance with the State Council of the People’s Republic of China.
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2.2. Laboratory Animals, Parasites

Specific pathogen-free (SPF) grade female C57BL/6 mice, aged 6 to 8 weeks, were
procured from Spife Biotechnology Co., Ltd. (Beijing, China). T. gondii RH and PRU strains
were maintained in our laboratory.

2.3. Cell Culture and Treatment

The Vero cells utilized in this experiment were stored at —80 °C in the laboratory.
For resuscitation, the cells were rapidly thawed at 37 °C and subsequently cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham,
MA, USA) and 1% penicillin-streptomycin. Cells were cultured at 37 °C with 5% CO,.

2.4. Parasite Culture, Infection Model Construction, and Sample Collection

The cryopreserved RH strain was retrieved from liquid nitrogen storage and main-
tained through serial intraperitoneal passages in BALB/c mice [27]. The T. gondii PRU
strain was maintained in BALB/c mice through the oral route. The brains of the infected
mice were subsequently extracted and homogenized in saline for use in subsequent experi-
ments [28].

For in vivo infection, RH tachyzoites were collected, filtered, purified, and quantified.
The experiment comprised one control group and six experimental groups, each group
containing three mice. Each mouse in the experimental groups was inoculated with
103 tachyzoites. The mice were humanely euthanized at 6, 12, 24, 48, 72, and 96 h post-
inoculation. For the establishment of the PRU strain infection model, the experiment
included one control group and three experimental groups, each group consisting of nine
mice. Mice in the experimental groups were intragastrically inoculated with 20 T. gondii
PRU cysts. The mice were humanely euthanized at 7, 14, and 21 days post-infection. Liver
and brain tissues were aseptically harvested and stored at —80 °C for subsequent analyses.

For in vitro infection, revived Vero cells were passaged to the third generation. Follow-
ing this, the purified RH strain of T. gondii was diluted to a concentration of 10 tachyzoites
per 200 pL. The original medium in the six-well plates was aspirated, and the wells were
washed three times with PBS before being replenished with culture medium containing
1% fetal bovine serum. Each well received 1 x 10% T. gondii tachyzoites, which were gently
mixed to ensure even distribution. After infection periods of 6, 12, 24, 48, and 72 h, samples
were collected for subsequent experiments.

2.5. RNA Extraction and cDNA Synthesis

Total RNAs were extracted using the RN Asimple Total RNA Kit (TTANGEN BIOTECH,
Beijing, China) according to the manufacturer’s instructions. Subsequently, the concen-
tration of the extracted RNA was quantified using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA), and its integrity was assessed via 1.5%
agarose gel electrophoresis. The cDNA template for RT-qPCR was synthesized using a
PrimeScript™ RT reagent Kit with gDNA Eraser (Takara, Dalian, China) and stored at
—20°C.

2.6. Plasmid Construction

The primer sequences were specifically designed based on the GPX4 gene sequence.
Corresponding restriction sites (Pst I and Xba I, indicated by underlined letters) and
protective nucleotides were incorporated into the primer sequences, which were then
synthesized for the amplification of the target genes. The primer sequences utilized in
this study are detailed in Table 1. The target fragment was purified using the TIANgel
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Midi Purification Kit (TTANGEN BIOTECH, Beijing, China) and subsequently cloned into
the pMD™19-T (Takara, Dalian, China) plasmid. The GPX4 plasmid and the pVAX1
eukaryotic expression vector (Invitrogen, Waltham, MA, USA) were subjected to double
digestion at 37 °C for 2 h. T4 DNA ligase (Takara, Dalian, China) was utilized for ligation,
and the resulting construct was transformed into E. coli DH5x-competent cells (Biomed
Gene technology Co., Ltd., Beijing, China). Positive clones were selected and confirmed by
sequencing. The correctly sequenced construct was designated as pVAX-GPX4 and stored
for subsequent experiments.

Table 1. The primers used in this study.

Primers Sequences (5'-3')

GPX4-F AAAC|TGCAGATGAACCTCGGCCGCCTTTG
GPX4-R CTAGT|{CTAGACTAGAAATAGTGGGGCAGGTCCT
GPX4-qPCR-F ATAAGAACGGCTGCGTGGTGAAG
GPX4-qPCR-R TAGAGATAGCACGGCAGGTCCTTC
SLC7A11-gPCR-F CATGGTTGTCCTCTCCCTTTAC
SLC7A11-gPCR-R ACTTGGGTTTCTTGTCCCATAC
ACSL4-qPCR-F TATGGGCTGACAGAATCATG
ACSL4-qPCR-R CAACTCTTCCAGTAGTGTAG
TFR1-qPCR-F TGAACCTGGACTATGAGATG
TFR1-qPCR-R TAGAAGTAGCACGGAAGTAG

B1-qPCR-F ACGACATCGCATTCAAGGGA

B1-qPCR-R CATGAGAGGAGGCAGCACAA
(-actin-qPCR-F GGCTGTATTCCCCTCCATCG
B-actin-qPCR-R CCAGTTGGTAACAATGCCATGT

Note: The underscore denotes the cleavage site, while the arrow signifies the direction of action of the
restriction enzyme.

2.7. Cell Transfection and Indirect Immunofluorescence (IIF)

The pVAX1 empty plasmid and the pVAX-GPX4 plasmid were extracted using the
EndoFree Mini Plasmid Kit II (TTANGEN BIOTECH, Beijing, China). Subsequently, the
plasmids were transfected into Vero cells following the protocol provided in the Beyotime
Lipo8000™ Transfection Reagent (Beyotime Biotechnology, Shanghai, China) for protein
expression. After 24 h, the cells were fixed using 4% paraformaldehyde and subsequently
incubated with GPX4 antibody (Abcam, Cambridge, UK) at 37 °C for 2 h. This was
followed by incubation with goat anti-rabbit IgG antibodies conjugated to Fluor488
(Affinity Biosciences, Cincinnati, OH, USA) for 1 h at 37 °C as secondary antibodies.
The samples were then mounted on slides and imaged using fluorescence microscopy
for analysis.

2.8. Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)

RT-gPCR testing was conducted in strict adherence to the manufacturer’s protocol
(Takara, Dalian, China). The Ct values of the internal reference gene [3-actin (Table 1)
were used to normalize the obtained sample data. Relative expression differences were
calculated using the 27AACT
Student’s t-test [29].

For the detection of parasite load, we utilized the RT-qPCR method. Initially, total RNA

from T. gondii was extracted. Plasmids containing fragments of the B1 gene were used as

method, and statistical significance was assessed using the

standard templates and serially diluted to concentrations ranging from 10® to 10? copies/ piL.
RT-qPCR was conducted for each dilution. The amplification curves were validated for
their validity and specificity, and a standard curve was subsequently established. The
expression levels of T. gondii B1 gene were quantified at various time points using RT-qPCR.
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The expression levels were input into the standard curve derived from the T. gondii Bl
RT-gPCR assay to obtain the final results [30].

2.9. Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of ROS, MDA, GSH, and glutathione peroxidase (GPx) activity in mouse
tissues were quantified using ELISA according to the protocol provided by Shanghai
Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China). Specifically, tissue homogenates
were prepared from mouse samples, and the supernatant was collected following centrifu-
gation. The sample was subsequently diluted by a factor of five and transferred to the
microplate. Biotinylated antibodies were promptly added, and the mixture was incubated
at 37 °C for 1 h. Subsequently, the wells were washed three times with a washing buffer,
followed by the addition of streptavidin-HRP conjugate. The microplate was gently mixed
and incubated at 37 °C for 30 min. Finally, the chromogenic substrate was added and
allowed to develop for 10 min before the reaction was stopped with a stop solution. The
optical density (OD) values were measured at 450 nm using a microplate reader (Thermo
Fisher Scientific, Waltham, MA, USA).

2.10. Western Blotting (WB)

Cell and tissue samples were lysed in RIPA lysis buffer (Beyotime Biotechnology,
Shanghai, China) containing Phenylmethylsulfonyl fluoride (PMSF). The supernatant was
collected by centrifugation at 10,000 g for 10 min at 4 °C. The protein sample was mixed
with the 1 x loading buffer (Takara, Dalian, China) and boiled at 95 °C for 10 min to
ensure complete denaturation. Subsequently, the SDS-PAGE analysis was carried out.
Following electrophoresis, the proteins were transferred onto a polyvinylidene fluoride
(PVDF) (Beyotime Biotechnology, Shanghai, China) membrane using the wet transfer
method. Before transfer, the PVDF membrane was pre-activated in methanol. Post-
transfer, the membrane was blocked with 5% skim milk by shaking horizontally at
room temperature (60 rpm) for 1.5 h. After blocking, the membrane was washed with
TBST. It was then incubated with the primary antibody at 4 °C overnight. Following
this, the membrane was incubated with the pre-diluted secondary antibody at room
temperature for 1 h while shaking. Finally, chemiluminescence detection was employed
for image acquisition.

2.11. Statistical Analysis

All statistical analyses were conducted using GraphPad Prism version 5.0. For compar-
isons between two groups, an unpaired two-tailed t-test was employed. For comparisons
among multiple groups, one-way analysis of variance (ANOVA) was utilized. Results
were presented as mean =+ standard deviation (SD). The following p-value thresholds were
applied for all tests: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3. Results
3.1. T. gondii Infection Elevated the Levels of ROS and MDA in Mouse Tissues

The levels of ROS and MDA in the brain and liver tissues of mice infected with RH
and PRU strains of T. gondii were quantified using ELISA. The results demonstrated that
the infection with RH and PRU strains of T. gondii led to elevated levels of ROS and MDA in
both the brain and liver tissues of mice. The level of ROS in the brain tissue of mice infected
with the RH strain of T. gondii was significantly elevated at 96 h post-infection and for MDA
at 72 h (Figure 1A,B). In liver tissue, ROS levels significantly increased at 96 h, while MDA
levels showed significant increases at 6, 24, 72, and 96 h (Figure 1C,D). Additionally, in
mice infected with the PRU strain, ROS and MDA levels in brain tissue were significantly
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different at 14 and 21 days post-infection (Figure 1E,F). ROS levels in liver tissue were
significantly elevated at 14 and 21 days, and MDA levels were significantly increased at
7,14, and 21 days (Figure 1G,H). Our findings indicate that ROS and MDA levels in the
brain and liver tissues of mice were significantly elevated at certain time points following
T. gondii infection, suggesting that this infection may induce ferroptosis in mouse cells.
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Figure 1. Expression levels of ROS and MDA in the brain and liver tissues of mice infected with T.
gondii. (A,B) ROS and MDA levels in brain tissue of mice infected with the RH strain of T. gondii.
(C,D) ROS and MDA levels in liver tissue of mice infected with the RH strain of T. gondii. (E,F) ROS
and MDA levels in brain tissue of mice infected with the PRU strain of T. gondii. (G,H) ROS and MDA
levels in liver tissue of mice infected with the PRU strain of T. gondii. Data are presented as mean + SD
(n = 3). An asterisk denotes a statistically significant difference between groups (* p < 0.05, ** p < 0.01,
4 < 0.001).

3.2. T. gondii Infection Modulates the Expression of Antioxidant System-Related Genes in
Murine Tissues

Given the pivotal role of Solute Carrier Family 7 Member 11 (SLC7A11) in regulating
cystine uptake for glutathione biosynthesis and ferroptosis resistance, the mRNA transcrip-
tion levels of SLC7A11 in the brain and liver tissues of mice infected with the T. gondii RH
strain were quantified using RT-qPCR. Additionally, the expression levels of GSH and GPx
were measured via ELISA. The results demonstrated that the mRNA levels of SLC7A11 in
both brain and liver tissues were significantly reduced after 12 h of infection (Figure 2A,D).
However, no significant alterations were observed in the expression levels of GSH and GPx
in either brain or liver tissues (Figure 2B,C,E,F).

Furthermore, the expression levels of SLC7A11, GSH, and GPx in both brain and
liver tissues of mice infected with the T. gondii PRU strain were also assessed. The results
demonstrated that the expression level of SLC7A11 in mouse brain tissue exhibited a
significant increase at both 14 and 21 days (Figure 3A), whereas no notable alterations were
observed in the levels of GSH and GPx (Figure 3B,C). In contrast, the expression level of
SLC7A11 in liver tissue showed a marked decrease at 7 and 14 days (Figure 3D), while
GSH and GPx levels remained unchanged (Figure 3E,F).
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Figure 2. Expression of genes associated with the antioxidant system in brain and liver tissues of
mice infected with the T. gondii RH strain. (A—C) Expression levels of SLC7A11, GSH, and GPx in
mouse brain tissue. (D-F) Expression levels of SLC7A11, GSH, and GPx in mouse liver tissue. Data
are presented as mean + SD (1 = 3). An asterisk denotes a statistically significant difference between
groups (** p < 0.01, *** p < 0.001, **** p < 0.0001).
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Figure 3. Expression of genes associated with the antioxidant system in brain and liver tissues of
mice infected with the T. gondii PRU strain. (A—C) Expression levels of SLC7A11, GSH, and GPx in
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mouse brain tissue. (D-F) Expression levels of SLC7A11, GSH, and GPx in mouse liver tissue. Data
are presented as mean + SD (1 = 3). An asterisk denotes a statistically significant difference between
groups (* p < 0.05, ** p < 0.001).

3.3. T. gondii Infection Reduces the Expression of GPX4, a Key Negative Regulator of Ferroptosis

We evaluated the mRNA and protein levels of GPX4, a negative regulator of ferroptosis,
in various tissues of mice infected with the RH and PRU strains of T. gondii. RT-qPCR
analysis revealed that, except at 12 h post-infection, the mRNA expression of GPX4 in brain
tissue from RH strain-infected mice was significantly reduced (Figure 4A). Additionally,
except at 6 h and 12 h post-infection, the mRNA expression of GPX4 in brain tissue from RH
strain-infected mice was significantly reduced (Figure 4B). Notably, the mRNA expression
of GPX4 in both brain and liver tissues of PRU strain-infected mice was significantly
decreased at 7, 14, and 21 days post-infection (Figure 4C,D).
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Figure 4. The mRNA and protein expression levels of GPX4 in brain and liver tissues of mice infected
with T. gondii were investigated. (A,B) GPX4 mRNA expression levels in brain and liver tissues of
mice infected with the RH strain. (C,D) GPX4 mRNA expression levels expression levels in brain
and liver tissues of mice infected with the PRU strain. (E,F) GPX4 protein expression levels in brain
and liver tissues of mice infected with the RH strain. (G,H) GPX4 protein expression levels in brain
and liver tissues of mice infected with the PRU strain. 3-actin was utilized as the internal control for
quantifying protein expression levels. The WB bands were quantified using Image] 1.53q software.
Data are presented as mean £ SD (n = 3). An asterisk denotes a statistically significant difference
between groups (* p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001).

Simultaneously, we validated our findings through WB analysis, and the results were
consistent with the mRNA expression levels (Figure 4E-H). These data suggest a potential
involvement of GPX4-mediated ferroptosis in T. gondii-induced mortality.
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3.4. Alterations in mRNA Transcription Levels of ACSL4 and TFR1 Genes in Mice Infected with
T. gondii

As key regulators of ferroptosis, Acyl-CoA Synthetase Long-Chain Family Member 4
(ACSL4) and Transferrin Receptor 1 (TFR1) contribute to lipid peroxidation and iron uptake,
respectively. Therefore, the mRINA expression levels of ACSL4 and TFR1 in the brain and
liver tissues of T. gondii-infected mice were assessed using RT-qPCR. The results indicated
that the mRNA transcription levels of ACSL4 in the brain tissue of RH-infected mice were
significantly reduced after 12 h post-infection (Figure 5A). The mRNA transcription levels
of TFR1 showed a significant increase at 12 and 48 h but decreased significantly at other
time points (Figure 5B). In liver tissue, the mRNA transcription levels of both ACSL4 and
TFR1 were significantly reduced (Figure 5E F). Following infection with the PRU strain,
the mRNA transcription levels of ACSL4 in both liver and brain tissues were significantly
decreased (Figure 5C,G). Additionally, the mRNA transcription levels of TFR1 in brain
tissue were significantly reduced (Figure 5D), while in liver tissue, TFR1 mRNA levels
were significantly decreased at all time points except for day 14, where no significant
difference was observed (Figure 5H). The decreased expression levels of ACSL4 and TFR1
during iron-dependent lipid peroxidation did not result in elevated levels of ROS and
MDA. Collectively, our findings demonstrate that T. gondii-induced ferroptosis in host cells
operates independently of ACSL4 and TFR1 modulation, suggesting alternative pathways
dominate this regulated cell death process.

vy)
O

- Brain c Brain e 7 Brain
2 ] &
g g g _ 107
4 09 of
2k 2% 2%
8% 25 3 °05+
g 2 2
o o o
[ E £ 0.0-
0 6 12 24 48 72 96 0 7 14 21 0 7 14 21
RH infection (h) PRU infection (d) PRU infection (d)

-n
®
T

s 157 Liver o 157 Liver g 157 Liver
‘B ke D
@ 2 8
& _10- - E_10d = § 104
SE o 7g
2r e 28 - 2E
TS - = o5
e %054 ® 5054 e — © 054
< whwe o " P
Z Z - z
[ e 74 £
[S
0.0- 0.0-
0 6 12 24 48 72 96 0 7 14 21 0 714
RH infection (h) PRU infection (d) PRU infection (d)

Figure 5. The mRNA expression levels of ACSL4 and TFR1 in brain and liver tissues of mice infected
with T. gondii were investigated. (A,B) Expression levels of ACSL4 and TFR1 in the brain tissue of mice
infected with the T. gondii RH strain. (C,D) Expression levels of ACSL4 and TFR1 in the brain tissue
of mice infected with the T. gondii PRU strain. (E,F) Expression levels of ACSL4 and TFR1 in the liver
tissue of mice infected with the T. gondii RH strain. (G,H) Expression levels of ACSL4 and TFR1 in the
liver tissue of mice infected with the T. gondii PRU strain. Data are presented as mean + SD (n = 3).
An asterisk denotes a statistically significant difference between groups (** p < 0.01, *** p < 0.001,
% p < 0.0001).
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3.5. T. gondii Infection Triggers Ferroptosis in Host Cells, Thereby Facilitating Its Proliferation
Within the Host Organism

To verify the proliferation of T. gondii within the host, we conducted RT-qPCR assays
to measure the expression levels of the Bl gene in T. gondii. The results demonstrated that
following the infection of mice with the RH strain, the parasite load was detectable in
both brain and liver tissues, exhibiting a general upward trend (Figure 6A,B). Similarly,
an upward trend was observed in liver tissues infected with the PRU strain (Figure 6C).
These findings suggest that T. gondii infection may promote its proliferation by inducing
ferroptosis in host cells. Notably, in the brain, B1 gene expression exhibited a sharp increase
on day 7 post-infection, followed by stabilization on days 14 and 21 (Figure 6D). We
hypothesize that the host’s immune system is likely to become progressively activated as
the infection advances. Alternatively, in later stages of infection, T. gondii may slow its
proliferation rate to adapt to alterations in the host environment.

w
O
O

Brain Liver Brain
400 600 1500+
3 g 3 |
=300+ =~ =
ke G 400 ‘5 1000
0 0 0
[} [} [}
52007 3 3
< < 200 < 500+
& 100 & &
E E E I
0- 0 T T 0 T T
6 12 24 48 72 96 7 14 21 7 14 21
RH infection (h) PRU infection (d) PRU infection (d)

Figure 6. Parasite load in liver and brain of mice. (A) Parasite load in the liver tissue of mice
infected with the T. gondii RH strain. (B) Parasite load in the brain tissue of mice infected with the T.
gondii RH strain. (C) Parasite load in the liver tissue of mice infected with the T. gondii PRU strain.
(D) Parasite load in the brain tissue of mice infected with the T. gondii PRU strain. Data are presented
as mean £ SD (n = 3).

3.6. T. gondii Infection Suppresses the Expression of GPX4 in Vero Cells, Leading to an Elevated
Parasite Load

The T. gondii B1 gene copy number was quantified by RT-qPCR to assess parasite
proliferation in Vero cells. The results demonstrated that the parasite load was detectable
in Vero cells following infection, with the number of T. gondii exhibiting a progressively
increasing trend as the duration of infection extended (Figure 7A). The expression levels
of GPX4 in Vero cells infected with T. gondii were assessed using RT-qPCR and WB analy-
sis. The results indicated a significant reduction in the mRNA expression level of GPX4
following infection with T. gondii (Figure 7B). WB data revealed that the protein expression
of GPX4 was significantly decreased at 24 and 72 h post-infection (Figure 7C). The inverse
correlation between GPX4 downregulation and parasite proliferation suggests a potential
role of GPX4-mediated pathways in restricting T. gondii replication.
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Figure 7. Alterations in GPX4 expression in Vero cells infected with T. gondii. (A) Parasite load in
Vero cells infected with the T. gondii RH strain. (B) Expression levels of GPX4 mRNA in Vero cells
following infection with T. gondii. (C) Expression levels of GPX4 protein in Vero cells following
infection with T. gondii. 3-actin was utilized as the internal control for quantifying protein expression
levels. The WB bands were quantified using ImageJ 1.53q software. An asterisk denotes a statistically
significant difference between groups (* p < 0.05, ** p < 0.01, **** p < 0.0001).

3.7. Construction and Validation of Recombinant pVAX-GPX4 Plasmid Expression in Vero Cells

We successfully constructed the recombinant pVAX-GPX4 plasmid utilizing plasmid
double-enzyme digestion, and subsequent experiments were conducted in accordance with
the schematic diagram presented in Figure 8A. Specifically, the pVAX-GPX4 recombinant
plasmid was transfected into Vero cells to assess expression levels, with the pVAX1 empty
plasmid serving as a negative control. IIF assays revealed that Vero cells transfected with
the pVAX-GPX4 plasmid exhibited distinct green fluorescence, whereas those transfected
with the pVAX1 empty plasmid did not display significant green fluorescence (Figure 8B).
These results confirm that GPX4 can be effectively expressed in eukaryotic cells.

Vero cells B
————

Vero + pVAX-GPX4 Vero + pVAX

0 6 12 24 48 72
| | ] | | |
post transfection (h) l

T.gondii Challenge

|
‘-\:‘J
b )
6 12 24 48
| ] ] |
post infection (h) l

B

Extract RNA for
RT-gPCR
analysis

Figure 8. Validation of recombinant pVAX-GPX4 plasmid expression in Vero cells. (A) Flowchart
for experimental procedures. (B) Cells transfected with the pVAX-GPX4 plasmid were compared to
those transfected with the pVAX1 empty vector. The scale bar represents 200 um.
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3.8. The Inhibitory Effect of GPX4 Overexpression on the Proliferation of T. gondii RH Strain in
Vero Cells

The protein level of GPX4 in Vero cells transfected with the pVAX-GPX4 plasmid was
evaluated using WB analysis to determine the optimal time point for transfection. The
results indicated that the GPX4 protein levels in Vero cells transfected with the pVAX-
GPX4 plasmid at 24, 48, and 72 h post-transfection were significantly elevated, leading
to the selection of 24 h as the optimal transfection time (Figure 9A). Subsequently, cells
were infected with the T. gondii RH strain 24 h after transfection with the plasmid, and the
parasite load was quantified using RI-qPCR. The findings revealed that the expression level
of the T. gondii B1 gene in Vero cells overexpressing GPX4 was significantly lower compared
to control cells at 6, 24, and 48 h post-infection (Figure 9B). The results demonstrated that
the overexpression of GPX4 significantly suppressed the proliferation of T. gondii within
Vero cells.
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Figure 9. Impact of GPX4 overexpression on the proliferation of T. gondii. (A) Expression of GPX4
protein in Vero cells transfected with the pVAX-GPX4 plasmid at various time points. [-actin
was utilized as the internal control for quantifying protein expression levels. The WB bands were
quantified using Image]J 1.53q software. (B) Results of the RT-qPCR method for the detection of T.
gondii levels in Vero cells. An asterisk denotes a statistically significant difference between groups
(*p <0.05,* p<0.01).

4. Discussion

Iron is a critical nutrient essential for the survival of T. gondii; however, an excess of iron
can result in iron toxicity [31-34]. During the process of parasite infection, the host employs
nutritional immunity strategies, metal restriction, and toxicity, to inhibit the invasion
and proliferation of the parasite. Meanwhile, the parasite can survive in environments
characterized by metal depletion or excess through adaptive mechanisms [35]. Our study
bridges this interplay with ferroptosis driven by iron-dependent lipid peroxidation.

As a novel form of cell death [36], the discovery of ferroptosis has ushered in a new
horizon for the investigation of parasitic diseases, and its clinical significance is increasingly
evident in the pathogenesis, progression, and therapeutic approaches for these conditions.
Toxoplasmosis poses a significant threat to global public health security [37]. Our research
points towards an in-depth investigation into the relationship between ferroptosis and T.
gondii, along with the targeted modulation of cellular ferroptosis, which may emerge as a
promising strategy for the control and prevention of toxoplasmosis.
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In this study, we conducted an in-depth investigation into the series of changes in
mice infected with T. gondii RH and PRU strains as well as in Vero cells. Significant findings
were uncovered regarding the mechanisms of T. gondii infection and its relationship with
host cell ferroptosis and the associated regulatory pathways. The results demonstrated
that the infection with RH and PRU strains of T. gondii led to a significant increase in
the expression levels of ROS and MDA in both brain and liver tissues of the host mice.
This strongly indicates that T. gondii infection induces ferroptosis in host cells. Ferroptosis
represents a novel form of iron-dependent programmed cell death that distinctly differs
from apoptosis, necrosis, and autophagy. A hallmark feature of ferroptosis is the accumu-
lation of intracellular ROS and lipid peroxidation products, such as MDA [10,17]. These
findings are in agreement with prior research, where Huang et al. [38] demonstrated that
the combination of dihydroartemisinin and the ferroptosis inducer, RSL3, significantly
enhanced ROS accumulation and effectively inhibited the growth of T. gondii. Our study
establishes a connection between T. gondii infection and ferroptosis in host cells, thereby en-
hancing our understanding of the pathogenic mechanisms of T. gondii. Currently, research
on ferroptosis predominantly centers on its functional implications in diseases such as
cancer and metabolic disorders [39], with limited exploration into the effects of parasitic in-
fections. Notably, it remains inconclusive whether T. gondii infection can induce ferroptosis
in host cells, and there is a lack of international reports addressing this specific issue. The
majority of studies on the mechanisms of T. gondii infection have primarily concentrated
on immune evasion and inflammatory responses [40]. However, our findings uncover a
novel mechanism at the level of cell death regulation, offering a fresh perspective for future
research endeavors.

Further studies demonstrated that the mRNA and protein expression levels of GPX4, a
key regulator of ferroptosis, were significantly downregulated in the brain and liver tissues
of mice following infection, while the parasitic load of T. gondii was concurrently increased.
This indicates that T. gondii infection suppresses GPX4 expression, thereby impairing its
ability to clear lipid peroxides, ultimately facilitating the proliferation of T. gondii. GPX4,
a unique selenoprotein, has been identified as a critical enzyme in the reduction of phos-
pholipid hydroperoxides (PLOOH) in mammalian cells [41,42]. The enzymatic activity
of GPX4 is critically dependent on its catalytic selenocysteine residues, which neutralize
PLOOH using electrons supplied by GSH. Subsequently, oxidized glutathione (GSSG) is
recycled to its reduced form via the provision of electrons from NADPH by glutathione—
disulfide reductase (GSR). When any of these processes are disrupted, such as when Erastin
inhibits GSH synthesis by blocking SLC7A11 activity, which in turn affects intracellular
cystine transport, a decrease in GSH levels leads to inhibition of GPX4 activity. Conse-
quently, the cell loses its capacity to counteract PLOOH accumulation, ultimately resulting
in ferroptosis [22]. As a pivotal protein in the regulation of ferroptosis, GPX4 maintains
intracellular redox homeostasis and inhibits ferroptosis through the catalysis of glutathione
to reduce lipid peroxides [43]. Recent studies have provided further evidence that mice
infected with acute lymphocytic choriomeningitis virus (ALCMYV) exhibit inhibited GPX4
expression in T cells. It was observed that ALCMV-infected mice with suppressed GPX4
expression exhibited significantly higher mortality compared to ALCMV-infected mice
with normal GPX4 expression. Additionally, the administration of autophagy inhibitors,
necrosis inhibitors, and apoptosis inhibitors did not reverse this increased mortality. How-
ever, the addition of Fer-1 and DFO could mitigate the death of GPX4-deficient T cells
caused by viral infection. Following the inhibition of GPX4 expression, membrane lipid
peroxides accumulated continuously in T cells post-infection, leading to a decrease in cell
viability [44]. These findings suggest that GPX4 plays a protective role in T cells during
ALCMYV infection [44]. YANG et al. [21] demonstrated that cells exhibiting reduced GPX4
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expression exhibited increased sensitivity to ferroptosis, whereas cells with elevated GPX4
expression displayed enhanced resistance to this form of cell death. Our results indicate
that T. gondii may disrupt the redox balance of host cells by impairing the normal function
of GPX4, thereby creating an environment favorable for its proliferation. This discovery
elucidates the molecular mechanism underlying T. gondii-induced ferroptosis in host cells
and offers valuable insights into the survival and reproductive strategies of T. gondii within
the host.

Furthermore, the mRNA and protein expression levels of GPX4 in Vero cells were
significantly diminished following infection with the RH strain of T. gondii. This obser-
vation corroborates that the suppressive effect of T. gondii infection on GPX4 expression
is consistent across different cellular models, thereby enhancing the robustness and gen-
eralizability of the study findings. Moreover, when T. gondii RH strains were exposed to
GPX4-overexpressing Vero cells, the parasite burden was significantly reduced, which di-
rectly indicates that GPX4 overexpression can inhibit T. gondii proliferation. These findings
provide retrospective validation of GPX4's critical regulatory role in T. gondii infection
and proliferation.

Despite the significant progress made in this study, several limitations should be
acknowledged. Firstly, the investigation was confined to mouse models and Vero cell lines.
Future research should extend to additional animal models and a broader range of cell
types to comprehensively assess the relationship between T. gondii infection, ferroptosis,
and GPX4 regulation. Secondly, while it is established that T. gondii infection enhances
self-proliferation and induces ferroptosis by inhibiting GPX4 expression (Figure 10), the
precise molecular mechanisms underlying this inhibition remain elusive. Specifically, it is
unclear whether virulence factors or signaling pathways are involved in regulating GPX4
expression, which warrants further investigation.
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Figure 10. Schematic representation of the mechanism by which T. gondii infection modulates
host cell ferroptosis via GPX4 regulation. (I) The levels of ROS and MDA in the liver and brain
increased significantly after T. gondii infection, GPX4 levels decreased notably, and an increase in
the parasitic load was concurrently observed. (II) After T. gondii infection with Vero cells, the level
of GPX4 was notably decreased, and an increase in the parasite load was concurrently observed.
(III) Overexpression of GPX4 in Vero cells significantly decreased the parasitic load of T. gondii.
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5. Conclusions

In summary, this study uncovered the phenomenon of ferroptosis induced by T. gondii
infection in host cells and elucidated the critical regulatory role of GPX4 in this process,
as well as its relationship with T. gondii proliferation. These findings provide a novel
theoretical foundation for further understanding the pathogenic mechanisms of T. gondii
and offer potential regulatory factors and insights for developing innovative prevention
and control strategies against T. gondii infection.

Author Contributions: Conceptualization, Y.G., Z.N. and H.-H.L.; methodology, S.-A.L.; software,
Y.G., ZN. and S.-A.L,; validation, Y.G., Z.N., H-H.L. and. S.-A.L.; formal analysis, Y.G. and Z.N;
investigation, H.-H.L.; writing—original draft preparation, Y.G.; writing—review and editing, Y.G.,
Z.N. and D.-H.Z,; visualization, Y.G. and Z.N.; supervision, Z.N. and D.-H.Z.; project administration,
D.-H.Z.; funding acquisition, D.-H.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Special Fund for Science and Technology Innovation of Fujian
Agriculture and Forestry University (KFb22059XA); Natural Science Foundation of Fujian Province
of China (2022J01131); Fujian Province Modern Poultry Industry Technology System Construction
Project (2019-2025).

Institutional Review Board Statement: The animal protocol used in this study was approved by the
Regulation of College of Animal Sciences, Fujian Agriculture and Forestry University of Research
Ethics Committee (Permit Number: PZCASFAFU22022; Approval date: 15 March 2022).

Informed Consent Statement: Not applicable.
Data Availability Statement: Available upon request to interested researchers.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Elmore, S.A; Jones, ].L.; Conrad, P.A.; Patton, S.; Lindsay, D.S.; Dubey, ].P. Toxoplasma gondii: Epidemiology, feline clinical aspects,
and prevention. Trends Parasitol. 2010, 26, 190-196. [CrossRef] [PubMed]

2. Montoya, ].G.; Liesenfeld, O. Toxoplasmosis. Lancet 2004, 363, 1965-1976. [CrossRef]

3. Hill, D.E,; Chirukandoth, S.; Dubey, J.P. Biology and epidemiology of Toxoplasma gondii in man and animals. Anim. Health Res.
Rev. 2005, 6, 41-61. [CrossRef] [PubMed]

4. Pan,M.; Lyu, C; Zhao, J.; Shen, B. Sixty Years (1957-2017) of Research on Toxoplasmosis in China-An Overview. Front. Microbiol.
2017, 8, 1825. [CrossRef]

5. Dong, H,; Su, R; Lu, Y.,; Wang, M.; Liu, ].; Jian, F; Yang, Y. Prevalence, Risk Factors, and Genotypes of Toxoplasma gondii in Food
Animals and Humans (2000-2017) From China. Front. Microbiol. 2018, 9, 2108. [CrossRef] [PubMed]

6. Wang, L.; Chen, H.; Liu, D.; Huo, X.; Gao, J.; Song, X.; Xu, X.; Huang, K.; Liu, W.; Wang, Y.; et al. Genotypes and mouse virulence
of Toxoplasma gondii isolates from animals and humans in China. PLoS ONE 2013, 8, €53483. [CrossRef]

7. Lorenzi, H,; Khan, A.; Behnke, M.S.; Namasivayam, S.; Swapna, L.S.; Hadjithomas, M.; Karamycheva, S.; Pinney, D.; Brunk, B.P;
Ajioka, ].W,; et al. Local admixture of amplified and diversified secreted pathogenesis determinants shapes mosaic Toxoplasma
gondii genomes. Nat. Commun. 2016, 7, 10147. [CrossRef]

8. Oliveira, M.C.; Coutinho, L.B.; Almeida, M.P.O.; Bricefio, M.P,; Araujo, E.C.B.; Silva, N.M. The Availability of Iron Is Involved in
the Murine Experimental Toxoplasma gondii Infection Outcome. Microorganism 2020, 8, 560. [CrossRef]

9.  Gkouvatsos, K.; Papanikolaou, G.; Pantopoulos, K. Regulation of iron transport and the role of transferrin. Biochim. Biophys. Acta
2012, 1820, 188-202. [CrossRef]

10. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R,; Skouta, R.; Zaitsev, EM.; Gleason, C.E.; Patel, D.N.; Bauer, A ].; Cantley, A.M.; Yang,
W.S.; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060-1072. [CrossRef]

11. Liu, R,; Li, X.; Zhao, G. Beclinl-mediated ferroptosis activation is associated with isoflurane-induced toxicity in SH-SY5Y
neuroblastoma cells. Acta Biochim. Biophys. Sin. 2019, 51, 1134-1141. [CrossRef] [PubMed]

12.  Feng, H.; Stockwell, B.R. Unsolved mysteries: How does lipid peroxidation cause ferroptosis? PLoS Biol. 2018, 16, €2006203.

[CrossRef]


https://doi.org/10.1016/j.pt.2010.01.009
https://www.ncbi.nlm.nih.gov/pubmed/20202907
https://doi.org/10.1016/S0140-6736(04)16412-X
https://doi.org/10.1079/AHR2005100
https://www.ncbi.nlm.nih.gov/pubmed/16164008
https://doi.org/10.3389/fmicb.2017.01825
https://doi.org/10.3389/fmicb.2018.02108
https://www.ncbi.nlm.nih.gov/pubmed/30254613
https://doi.org/10.1371/journal.pone.0053483
https://doi.org/10.1038/ncomms10147
https://doi.org/10.3390/microorganisms8040560
https://doi.org/10.1016/j.bbagen.2011.10.013
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1093/abbs/gmz104
https://www.ncbi.nlm.nih.gov/pubmed/31650158
https://doi.org/10.1371/journal.pbio.2006203

Cells 2025, 14, 756 16 of 17

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

Lee, H.; Zandkarimi, F; Zhang, Y.; Meena, ] K; Kim, J.; Zhuang, L.; Tyagi, S.; Ma, L.; Westbrook, T.E,; Steinberg, G.R.; et al.
Energy-stress-mediated AMPK activation inhibits ferroptosis. Nat. Cell Biol. 2020, 22, 225-234. [CrossRef]

Chen, X.; Kang, R.; Kroemer, G.; Tang, D. Ferroptosis in infection, inflammation, and immunity. J. Exp. Med. 2021, 218, e20210518.
[CrossRef] [PubMed]

Sun, L.L,; Linghu, D.L.; Hung, M.C. Ferroptosis: A promising target for cancer immunotherapy. Am. J. Cancer Res. 2021, 11,
5856-5863. [PubMed]

Endale, H.T.; Tesfaye, W.; Mengstie, T.A. ROS induced lipid peroxidation and their role in ferroptosis. Front. Cell Dev. Biol. 2023,
11, 1226044. [CrossRef]

Su, LJ.; Zhang, ]. H.; Gomez, H.; Murugan, R.; Hong, X.; Xu, D.; Jiang, E; Peng, Z.Y. Reactive Oxygen Species-Induced Lipid
Peroxidation in Apoptosis, Autophagy, and Ferroptosis. Oxid. Med. Cell Longev. 2019, 2019, 5080843. [CrossRef]

Koppula, P.; Zhang, Y.; Zhuang, L.; Gan, B. Amino acid transporter SLC7A11/xCT at the crossroads of regulating redox
homeostasis and nutrient dependency of cancer. Cancer Commun. 2018, 38, 12. [CrossRef]

Chen, X.; Kang, R.; Kroemer, G.; Tang, D. Organelle-specific regulation of ferroptosis. Cell Death Differ. 2021, 28, 2843-2856.
[CrossRef]

Dixon, S.J.; Stockwell, B.R. The role of iron and reactive oxygen species in cell death. Nat. Chem. Biol. 2014, 10, 9-17. [CrossRef]
Yang, W.S.; Stockwell, B.R. Synthetic lethal screening identifies compounds activating iron-dependent, nonapoptotic cell death in
oncogenic-RAS-harboring cancer cells. Chem. Biol. 2008, 15, 234-245. [CrossRef] [PubMed]

Yang, W.S,; SriRamaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, ].H.; Clemons, P.A.; Shamji, A.F;
Clish, C.B.; et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 2014, 156, 317-331. [CrossRef] [PubMed]

Ursini, F; Maiorino, M. Lipid peroxidation and ferroptosis: The role of GSH and GPx4. Free. Radic. Biol. Med. 2020, 152, 175-185.
[CrossRef] [PubMed]

Fan, B.Y.; Pang, Y.L.; Li, W.X,; Zhao, C.X.; Zhang, Y.; Wang, X.; Ning, G.Z.; Kong, X.H.; Liu, C.; Yao, X,; et al. Liproxstatin-1 is an
effective inhibitor of oligodendrocyte ferroptosis induced by inhibition of glutathione peroxidase 4. Neural Regen. Res. 2021, 16,
561-566. [CrossRef]

Zhang, X.; Li, X,; Xia, R.; Zhang, H.S. Ferroptosis resistance in cancer: Recent advances and future perspectives. Biochem.
Pharmacol. 2024, 219, 115933. [CrossRef]

Duan, ].Y,; Lin, X.; Xu, E; Shan, S.K.; Guo, B.; Li, EX.; Wang, Y.; Zheng, M.H.; Xu, Q.S.; Lei, L.M.; et al. Ferroptosis and Its Potential
Role in Metabolic Diseases: A Curse or Revitalization? Front. Cell Dev. Biol. 2021, 9, 701788. [CrossRef]

Xu, L; Yu, Y; Sang, R.; Ge, B.; Wang, M.; Zhou, H.; Zhang, X. Inonotus obliquus polysaccharide protects against adverse
pregnancy caused by Toxoplasma gondii infection through regulating Th17/Treg balance via TLR4/NF-«kB pathway. Int. J. Biol.
Macromol. 2020, 146, 832-840. [CrossRef]

Sadeghi, M.; Hosseini, S.A.; Sarvi, S.; Ebrahimnejad, P.; Asgarian Omran, H.; Zare, Z.; Gholami, S.; Khalilian, A.; Tork, M;
Daryani, A.; et al. Efficacy of Clindamycin in Preventing Abortion and Vertical Transmission of Toxoplasma gondii (PRU Strain)
Infection in Pregnant BALB/c Mice. Iran. J. Pharm. Res. 2024, 23, €150424. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402—408. [CrossRef]

Lin, M.H.; Chen, T.C.; Kuo, T.T.; Tseng, C.C.; Tseng, C.P. Real-time PCR for quantitative detection of Toxoplasma gondii. |. Clin.
Microbiol. 2000, 38, 4121-4125. [CrossRef]

Aw, Y.T.V; Seidi, A.; Hayward, J.A.; Lee, J.; Makota, F.V.; Rug, M.; van Dooren, G.G. A key cytosolic iron-sulfur cluster synthesis
protein localizes to the mitochondrion of Toxoplasma gondii. Mol. Microbiol. 2021, 115, 968-985. [CrossRef] [PubMed]

Renaud, E.A.; Pamukcu, S.; Cerutti, A.; Berry, L.; Lemaire-Vieille, C.; Yamaryo-Botté, Y.; Botté, C.Y.; Besteiro, S. Disrupting
the plastidic iron-sulfur cluster biogenesis pathway in Toxoplasma gondii has pleiotropic effects irreversibly impacting parasite
viability. J. Biol. Chem. 2022, 298, 102243. [CrossRef]

Pamukcu, S.; Cerutti, A.; Bordat, Y.; Hem, S.; Rofidal, V.; Besteiro, S. Differential contribution of two organelles of endosymbiotic
origin to iron-sulfur cluster synthesis and overall fitness in Toxoplasma. PLoS Pathog. 2021, 17, €1010096. [CrossRef]
Gattermann, N.; Muckenthaler, M.U.; Kulozik, A.E.; Metzgeroth, G.; Hastka, J. The Evaluation of Iron Deficiency and Iron
Overload. Dtsch. Arztebl. Int. 2021, 118, 847-856. [CrossRef]

Aghabi, D.; Sloan, M.; Gill, G.; Hartmann, E.; Antipova, O.; Dou, Z.; Guerra, A.]J.; Carruthers, V.B.; Harding, C.R. The vacuolar
iron transporter mediates iron detoxification in Toxoplasma gondii. Nat. Commun. 2023, 14, 3659. [CrossRef] [PubMed]

Zheng, J.; Conrad, M. The Metabolic Underpinnings of Ferroptosis. Cell Metab. 2020, 32, 920-937. [CrossRef]

Flegr, J.; Prandota, ].; Sovickova, M.; Israili, Z.H. Toxoplasmosis—A global threat. Correlation of latent toxoplasmosis with
specific disease burden in a set of 88 countries. PLoS ONE 2014, 9, €90203. [CrossRef]

Huang, M.; Cao, X,; Jiang, Y.; Shi, Y,; Ma, Y.; Hu, D.; Song, X. Evaluation of the Combined Effect of Artemisinin and Ferroptosis
Inducer RSL3 against Toxoplasma gondii. Int. |. Mol. Sci. 2022, 24, 229. [CrossRef] [PubMed]


https://doi.org/10.1038/s41556-020-0461-8
https://doi.org/10.1084/jem.20210518
https://www.ncbi.nlm.nih.gov/pubmed/33978684
https://www.ncbi.nlm.nih.gov/pubmed/35018229
https://doi.org/10.3389/fcell.2023.1226044
https://doi.org/10.1155/2019/5080843
https://doi.org/10.1186/s40880-018-0288-x
https://doi.org/10.1038/s41418-021-00859-z
https://doi.org/10.1038/nchembio.1416
https://doi.org/10.1016/j.chembiol.2008.02.010
https://www.ncbi.nlm.nih.gov/pubmed/18355723
https://doi.org/10.1016/j.cell.2013.12.010
https://www.ncbi.nlm.nih.gov/pubmed/24439385
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://www.ncbi.nlm.nih.gov/pubmed/32165281
https://doi.org/10.4103/1673-5374.293157
https://doi.org/10.1016/j.bcp.2023.115933
https://doi.org/10.3389/fcell.2021.701788
https://doi.org/10.1016/j.ijbiomac.2019.10.051
https://doi.org/10.5812/ijpr-150424
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1128/JCM.38.11.4121-4125.2000
https://doi.org/10.1111/mmi.14651
https://www.ncbi.nlm.nih.gov/pubmed/33222310
https://doi.org/10.1016/j.jbc.2022.102243
https://doi.org/10.1371/journal.ppat.1010096
https://doi.org/10.3238/arztebl.m2021.0290
https://doi.org/10.1038/s41467-023-39436-y
https://www.ncbi.nlm.nih.gov/pubmed/37339985
https://doi.org/10.1016/j.cmet.2020.10.011
https://doi.org/10.1371/journal.pone.0090203
https://doi.org/10.3390/ijms24010229
https://www.ncbi.nlm.nih.gov/pubmed/36613672

Cells 2025, 14, 756 17 of 17

39.

40.

41.

42.

43.

44.

Jiang, X.; Stockwell, B.R.; Conrad, M. Ferroptosis: Mechanisms, biology and role in disease. Nat. Rev. Mol. Cell Biol. 2021, 22,
266-282. [CrossRef]

Lima, T.S.; Lodoen, M.B. Mechanisms of Human Innate Immune Evasion by Toxoplasma gondii. Front. Cell. Infect. Microbiol. 2019,
9, 103. [CrossRef]

Kryukov, G.V.; Castellano, S.; Novoselov, S.V.; Lobanov, A.V.; Zehtab, O.; Guig6, R.; Gladyshev, V.N. Characterization of
mammalian selenoproteomes. Science 2003, 300, 1439-1443. [CrossRef] [PubMed]

Maiorino, M.; Conrad, M.; Ursini, F. GPx4, Lipid Peroxidation, and Cell Death: Discoveries, Rediscoveries, and Open Issues.
Antioxid. Redox Signal 2018, 29, 61-74. [CrossRef] [PubMed]

Wood, Z.A.; Schroder, E.; Robin Harris, J.; Poole, L.B. Structure, mechanism and regulation of peroxiredoxins. Trends Biochem. Sci.
2003, 28, 32—40. [CrossRef] [PubMed]

Matsushita, M.; Freigang, S.; Schneider, C.; Conrad, M.; Bornkamm, G.W.; Kopf, M. T cell lipid peroxidation induces ferroptosis
and prevents immunity to infection. J. Exp. Med. 2015, 212, 555-568. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.3389/fcimb.2019.00103
https://doi.org/10.1126/science.1083516
https://www.ncbi.nlm.nih.gov/pubmed/12775843
https://doi.org/10.1089/ars.2017.7115
https://www.ncbi.nlm.nih.gov/pubmed/28462584
https://doi.org/10.1016/S0968-0004(02)00003-8
https://www.ncbi.nlm.nih.gov/pubmed/12517450
https://doi.org/10.1084/jem.20140857

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Laboratory Animals, Parasites 
	Cell Culture and Treatment 
	Parasite Culture, Infection Model Construction, and Sample Collection 
	RNA Extraction and cDNA Synthesis 
	Plasmid Construction 
	Cell Transfection and Indirect Immunofluorescence (IIF) 
	Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Western Blotting (WB) 
	Statistical Analysis 

	Results 
	T. gondii Infection Elevated the Levels of ROS and MDA in Mouse Tissues 
	T. gondii Infection Modulates the Expression of Antioxidant System-Related Genes in Murine Tissues 
	T. gondii Infection Reduces the Expression of GPX4, a Key Negative Regulator of Ferroptosis 
	Alterations in mRNA Transcription Levels of ACSL4 and TFR1 Genes in Mice Infected with T. gondii 
	T. gondii Infection Triggers Ferroptosis in Host Cells, Thereby Facilitating Its Proliferation Within the Host Organism 
	T. gondii Infection Suppresses the Expression of GPX4 in Vero Cells, Leading to an Elevated Parasite Load 
	Construction and Validation of Recombinant pVAX-GPX4 Plasmid Expression in Vero Cells 
	The Inhibitory Effect of GPX4 Overexpression on the Proliferation of T. gondii RH Strain in Vero Cells 

	Discussion 
	Conclusions 
	References

