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Peste des petits ruminants virus (PPRV) induces ferroptosis via 
LONP1-mediated mitochondrial GPX4 degradation in cell culture
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ABSTRACT Peste des petits ruminants virus (PPRV) is an important pathogen that 
seriously affects the productivity of small ruminants worldwide. Ferroptosis is a 
programmed cell death characterized by iron-dependent lipid peroxidation and the 
accumulation of reactive oxygen species (ROS). Emerging evidence has demonstrated 
that mitochondria play diverse roles in the process of ferroptosis, but the interaction 
between mitochondria and ferroptosis during virus infection remains largely unknown. 
Here, we demonstrate that PPRV induces ferroptosis, including Fe2+ overload, accumula­
tion of lipid peroxidation, and shrinkage of mitochondria. Importantly, mitochondria play 
a crucial role in the process of PPRV-induced ferroptosis characterized by decreased 
mitochondrial GPX4 and lipid peroxidation in mitochondria. Mechanistically, PPRV 
infection downregulates mitochondrial Lon protease-1 (LONP1) expression, an important 
multifaceted enzyme that is essential for maintaining mitochondrial homeostasis and 
function, which leads to mitochondrial GPX4 degradation through the Nrf2/Keap 
pathway and accumulation of ROS in mitochondria. More importantly, PPRV-induced 
ferroptosis is tightly associated with inflammatory responses and enhanced virus 
replication. Overall, this study is the first to show that LONP1-mediated ferroptosis is 
involved in the inflammatory responses during PPRV infection.

IMPORTANCE Peste des petits ruminants virus (PPRV) infection induces a transient 
but severe immunosuppression in the host, which threatens both small livestock 
and endangered susceptible wildlife populations in many countries. Despite extensive 
research, it is unknown whether PPRV causes ferroptosis and what the mechanism of 
regulation is. Our data provide the first direct evidence that the relationship between Lon 
protease-1 (LONP1)-mediated dysfunctional mitochondria and the consequent induction 
of ferroptosis is involved in PPRV-induced pathogenesis. Importantly, we demonstrate 
that PPRV infection induces ferroptosis via the LONP1-mediated GPX4 degradation and 
ROS accumulation in mitochondria, and PPRV-induced ferroptosis is tightly associated 
with inflammatory responses and enhanced virus replication levels. Taken together, our 
research has provided new insight into understanding the effect of ferroptosis on PPRV 
replication and pathogenesis and revealed a potential therapeutic target for antiviral 
intervention.

KEYWORDS Peste des petits ruminants virus, ferroptosis, mitochondria, LONP1, innate 
immunity

P este des petits ruminants (PPR), an acute and highly contagious disease, affects 
both domestic and wild small ruminants. The causative agent, PPR virus (PPRV), a 

linear negative-stranded RNA virus belonging to the Morbillivirus genus (1, 2), counter­
acts the type I interferon (IFN) response by multiple mechanisms (3–7) and stimulates 
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inflammatory cytokine production (6, 8, 9). However, the exact mechanism by which 
PPRV regulates inflammatory responses in ferroptosis remains unclear.

Non-apoptotic regulated cell death, including ferroptosis and necrosis, leads to 
the release of damage-associated molecular patterns (DAMPs), which can trigger 
sustained inflammatory responses (10, 11). Ferroptosis is a form of regulated cell death 
induced by iron-dependent lipid peroxidation, regulated by various cellular metabolic 
and signaling pathways (12). Morphologically, ferroptotic cells exhibit ultrastructural 
changes in mitochondria such as volume reduction, increased bilayer membrane density, 
outer mitochondrial membrane disruption, and disappearance of the mitochondrial 
cristae (12). Mitochondria play a pivotal role in the process of ferroptosis, involving 
iron metabolism, the oxidative phosphorylation, reactive oxygen species (ROS), and 
mitochondrial membrane potential (MMP) (13, 14). Therefore, maintaining normal 
mitochondrial morphology and function is crucial for ensuring various cellular physio­
logical activities (15, 16). Although the central role of mitochondria is ferroptosis, the 
interaction between ferroptosis and mitochondrial dynamic regulatory networks during 
virus infections is not yet fully understood.

Virus infections have been shown to induce cell death through diverse mecha­
nisms, depending on the viral species. Recent findings reveal that virus can manipu­
late ferroptosis, promoting the proliferation, transmission, and pathogenesis (17–19). 
Common features of ferroptosis, such as reduced cysteine levels leading to decreased 
GSH and GPX4 activity, and increased cellular iron availability, have been found to occur 
in viral infections. Furthermore, viral infections cause extensive physiological changes in 
host cells, including alterations to the mitochondrial network (20, 21). While research 
hasn’t directly linked viral infection to mitochondrial morphology and function, evidence 
suggests that the loss of mitochondrial membrane integrity may disrupt many cellular 
processes (22). Increased focus on the mechanisms underlying ferroptosis induction 
during viral infections and understanding the role of mitochondria-derived factors in 
promoting ferroptosis may lead to discovering new therapeutic targets.

Lon protease-1 (LONP1) is a protease of the mitochondrial matrix and is a member of 
the highly conserved AAA+ superfamily. It plays diverse roles in regulating mitochondrial 
proteostasis and metabolism and maintaining the correct number of copies of mitochon­
drial DNA and cell stress responses (23, 24). As a protein quality control protease, it 
maintains mitochondrial morphology and function by degrading misfolded, misassem­
bled, and oxidatively damaged proteins (25). Several studies show that LONP1 could 
protect against ischemia–reperfusion injury through preventing oxidative damage of 
proteins and lipids and maintaining mitochondrial redox balance (26). Overexpression 
of LONP1 remarkably improved mitochondrial morphology, thereby ameliorating liver 
injury and improving gluconeogenic dysfunction in acute-on-chronic liver failure (27). 
The mice in which LONP1 was ablated showed impaired mitochondrial ultrastructure and 
functions (28). These discoveries highlight the important role of LONP1 in mitochondrial 
and cellular homeostasis. However, the function of LONP1 in viral infections remains 
unclear.

In the present study, we sought to determine the involvement of ferroptosis and 
aberrant mitochondrial dynamics in caprine endometrial epithelial cells (EECs) upon 
PPRV infection. Our findings demonstrate that PPRV infection induces ferroptosis via 
the LONP1-mediated GPX4 degradation and ROS accumulation in mitochondria, which 
results in hyperactivation of inflammatory cytokines.

RESULTS

PPRV induces ferroptosis in EECs

It has been demonstrated that ferroptosis is likely to be one of the forms of cell death 
during viral infections (17, 29). Here, we evaluated whether PPRV infection induces 
ferroptosis in EECs. Both the trypan blue staining (Fig. 1A) and cell counting kit 8 (CCK8) 
assays (Fig. 1B) showed that PPRV induces cell death, with the ferroptosis inducer Erastin 
used as a positive control (30). Since ferroptosis is mainly characterized by intracellular 
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FIG 1 PPRV induces ferroptosis in EECs. EECs were mock-infected or infected with PPRV (MOI = 5) for 24 or 48 h, Erastin (20 µM) as a positive control. (A) The 

percentages analysis of dead cells stained with trypan blue solution, scale bar = 100µm. (B) Relative levels of cell viability were assayed by using CCK8. (C) Flow 

cytometry analysis of intracellular ferrous iron levels via stained with the fluorescent probe FerroOrange; the mean FerroOrange fluorescence intensity of each 

cell was quantified. (D) Representative images of fluorescence staining for ferrous iron levels in intracellular; the nucleus was stained with Hoechst 33258. Scale 

bars = 50 µm. (E) Flow cytometry analysis of intracellular lipid peroxidation levels using the fluorescent probe Liperfluo. (F) Representative images of fluorescence 

staining for lipid peroxidation levels in intracellular; the nucleus was stained with Hoechst 33258. Scale bars = 50 µm. (G and H) Detection of MDA concentration 

in cell lysates. (I) Representative images of normal mitochondria or dysfunctional mitochondria are shown under the TEM. Scale bar = 500 nm; the diameter of 

the mitochondria was quantified. (J) The percentages analysis of dead cells stained with trypan blue solution, scale bar = 100 µm. The data are given as mean ± 

SD from three independent experiments. P values were calculated using Student’s t test. An asterisk indicates a comparison with the indicated control. *P < 0.05; 

**P < 0.01; ***, P < 0.001; ns, not significant.
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iron overload and redox imbalance (31, 32), we thus measured the intracellular levels 
of Fe2+ and lipid peroxidation in PPRV-infected cells using Fe2+ and lipid peroxidation 
probes, respectively. Flow cytometry and fluorescence staining analysis demonstrated 
that PPRV induced the accumulation of Fe2+ (Fig. 1C and D) and lipid peroxidation (Fig. 1E 
and F) at 24 and 48 h. Additionally, the levels of malondialdehyde (MDA), an indicator of 
lipid peroxidation (33), increased in a dose-dependent manner (Fig. 1G and H). Trans­
mission electron microscopy (TEM) analysis revealed that, compared to mock-infected 
cells, the PPRV-infected and Erastin-treated cells displayed shrunk mitochondria with 
fewer cristae, increased mitochondrial membrane density, and reduced volume (Fig. 1I). 
These results further confirm the ferroptosis induced by PPRV; we next tested whether 
Fer-1, a potent ferroptosis inhibitor (34), could inhibit cell death in PPRV-infected cells. 
Compared to control cells, Fer-1 treatment rescued the cell death in PPRV-infected and 
Erastin-treated cells (Fig. 1J). Collectively, our data reveal that PPRV infection induces 
characteristics of ferroptosis in EECs.

PPRV-induced ferroptosis enhances virus replication

To investigate the effect of PPRV-induced ferroptosis on virus replication, we examined 
the effects of Erastin, Fer-1, and transfection of small interfering RNA (siRNA) target­
ing GPX4 (siGPX4) on PPRV replication levels in EECs. Our data revealed that Erastin 
treatment reduced the expression levels of SLC7A11 and GPX4, either in the presence 
or absence of PPRV(Fig. 2A ), while it increased both the mRNA and protein levels of 
PPRV-N gene, and virus titers in PPRV-infected cells compared to untreated cells (Fig. 
2A and H). However, Fer-1 treatment abolished the decreased expression of SLC7A11 
and GPX4 in the presence of PPRV(Fig. 2B). Additionally, it suppressed both the mRNA 
and protein levels of the PPRV-N gene (Fig. 2B) and reduced virus titers (Fig. 2H) 
compared to untreated cells. Furthermore, Fer-1 treatment suppressed both mRNA and 
protein levels of PPRV-N gene in a time-dependent manner (Fig. 2C and D). To further 
verify the involvement of ferroptosis in PPRV infection, we transfected cells with siRNA 
targeting GPX4 (siGPX4) or control (siNC), followed by PPRV infection. Western blotting 
analysis showed that transfection of siGPX4 effectively inhibited GPX4 expression (Fig. 
2E). Knocking down GPX4 significantly enhanced both the mRNA and protein levels of 
PPRV-N, as well as virus titers, compared to control cells (Fig. 2F and H). Moreover, GPX4 
knockdown and Erastin treatment increased MDA levels compared to respective control 
cells, whereas Fer-1 treatment decreased MDA levels (Fig. 2G). Together, these findings 
indicate that PPRV-induced ferroptosis promotes virus replication.

Mitochondria play a key role in mediating PPRV-induced ferroptosis

Due to the pivotal role of mitochondria in oxidative metabolism (13), iron metabolism, 
and homeostasis (12, 35), we next explore the relationship between the induction of 
ferroptosis and mitochondria during PPRV infection. We monitored the accumulation of 
Fe2+ and lipid peroxidation in mitochondria using an iron probe (FerroOrange) and a lipid 
peroxidation probe, respectively (31, 32). Fluorescence analysis showed strong accumula­
tion of Fe2+ (Fig. 3A) and lipid peroxidation (Fig. 3B) in mitochondria of PPRV-infected 
cells. Intriguingly, the iron and lipid peroxidation probe first appeared in a distribution 
that significantly colocalized with mitochondria at 24 h and subsequently also appeared 
in the cytoplasm at later time points (Fig. 3A and B). To explore the possible mechanisms 
by which PPRV-induced ferroptosis leads to excessive lipid peroxidation and Fe2+ 

accumulation, we investigated whether PPRV activates ferroptosis by inactivating GPX4, 
resulting in the collapse of cellular redox homeostasis (30), or by degrading iron storage 
protein ferritin, thereby increasing cellular iron concentration (36). First, we monitored 
the expression of GPX4 and the iron storage protein ferritin (FTMT and FTH) by purifying 
mitochondrial fractions and cytoplasmic fractions from PPRV-infected cells. Western 
blotting analysis revealed that PPRV infection suppressed the expression of GPX4 and 
FTMT in mitochondrial fractions at 24 and 48 h (Fig. 3C) and in a dose-dependent 
manner at 48 h (Fig. 3D). Additionally, the protein levels of GPX4, FTH1, and NCOA4 in 
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cytoplasmic fractions were also decreased at 24 and 48 h (Fig. 3E) and in a dose-
dependent manner at 48 h (Fig. 3F). No detectable expression of VDAC1 in the purified 
cytoplasmic fractions from both PPRV-infected and uninfected cells confirmed the 
absence of mitochondrial contamination in cytoplasmic fractions (Fig. 3E and F). To 
further verify the role of mitochondria in PPRV-induced ferroptosis, we infected cells with 
PPRV in the presence or absence of Fer-1. Subsequently, mitochondrial fractions and 
cytoplasmic fractions were purified. Our data show that treatment with Fer-1 abolished 
the decreased levels of GPX4 and FTMT and increased levels of ACSL4 in mitochondrial 
fractions from PPRV-infected cells (Fig. 3G). In addition, Fer-1 treatment also rescued the 
decreased levels of GPX4, FTH1, and NCOA4 and increased levels of ACSL4 in cytoplasmic 
fractions from PPRV-infected cells (Fig. 3H). Since MMP was used to evaluate the degree 
of mitochondrial dysfunction, we next analyzed whether mitochondria lost their MMP by 
JC-1 probe in PPRV-infected cells. We used the carbonyl cyanide 3-chlorophenylhydra­
zone (CCCP) as a positive control, a known inducer of mitophagy (37). Mock-infected cells 
exhibited normal MMP, characterized by increased red fluorescence (JC-1 aggregate) 
with a lesser green fluorescence (JC-1 monomer). In contrast, PPRV-infected or CCCP-
treated cells exhibited decreased MMP, as shown by increased shift in red to green 
fluorescence (Fig. 3I). However, Fer-1 treatment rescued the MMP reduction in PPRV-
infected cells (Fig. 3I). Similar results were obtained by flow cytometry analysis (Fig. 3J). 
Together, we conclude that PPRV infection induces changes in mitochondrial properties 
similar to those seen with drug-induced ferroptosis.

FIG 2 PPRV-induced ferroptosis enhances virus replication. (A and B) Western blotting analysis of SLC7A11, GPX4, PPRV-N, and β-actin/Actin (loading control) 

protein levels in EECs infected with PPRV (MOI = 5) at 48 h, with or without Erastin (20 µM) (A), with or without Fer-1 (20 µM) (B and C), and quantification of 

PPRV-N. The fluorescence intensity was quantified by ImageJ software. Real-time quantitative PCR analysis of PPRV-N (A, B, D, and F) mRNA levels. (E) Western 

blotting analysis of GPX4 expression in EECs transfected with siGPX4 or siNC for 48 h. (F) Western blotting analysis of GPX4, PPRV-N, and β-actin/Actin protein 

levels in mock-infected and PPRV (MOI = 5)-infected cells with or without the transfection of siGPX4 or siNC at 48 h, quantification of PPRV-N. (G and H) EECs were 

transfected with siNC and siGPX4 or treated with Erastin (20 µM) and Fer-1 (20 µM), and 48 h later, the cells were infected with PPRV at an MOI of 5; 48 h later, 

relative levels of intercellular MDA were assayed (G), and the virus titers in the supernatants were measured by TCID50 assay (H).The data are given as means ± SD 

from three independent experiments. P values were calculated using Student’s t test. An asterisk indicates a comparison with the indicated control. *, P < 0.05; **, 

P < 0.01; ns, not significant.
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FIG 3 Mitochondria play a key role in mediating PPRV-induced ferroptosis. (A and B) EECs were mock-infected or infected with PPRV (MOI = 5) for 24 or 

48 h, Erastin (20 µM) as a positive control. (A) Fluorescence analysis of the intracellular ferrous iron levels in mitochondria, the FerroOrange probe (red), the 

Mito-Tracker probe (green). (B) Fluorescence analysis of the mitochondrial lipid peroxidation levels, the Liperfluo probe (green), the Mito-Tracker probe (red). 

Scale bar = 10 µm. Colocalization analysis of fluorescence images using the colocalization plugin, which calculates Pearson’s correlation coefficient. (C to F) EECs 

were either mock treated or infected with PPRV (MOI = 5) at 24 and 48 h (C and E), or PPRV at an MOI of 0.1, 1, 5, and 10 for 48 h (D and F). FTMT, GPX4, 

β-actin/Actin, and VDAC1 protein levels in mitochondrial fractions, or GPX4, NCOA4, FTH1, β-actin/Actin, and VDAC1 protein levels in cytoplasmic fractions, were 

determined by Western blotting and quantification, respectively. (G and H) EECs infected with PPRV (MOI = 5) with or without Fer-1 at 48 h, ACSL4, GPX4, FTMT, 

β-actin/Actin, and VDAC1 protein levels in mitochondrial fractions (G) or ACSL4, GPX4, FTH1, NCOA4, β-actin/Actin, and VDAC1 protein levels in cytoplasmic 

fractions (H) were determined by Western blotting and quantification, respectively. Fractionation fidelity was verified by detection of VDAC1 in the cytosolic

(Continued on next page)
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PPRV regulated the GPX4-Nrf2-Keap1 pathway by downregulating LONP1

As ferroptosis is caused by iron-dependent lipid peroxidation, the system Xc−/GPX4 
axis suppresses lipid peroxidation and is a vital pathway involved in inhibiting ferrop­
tosis (17, 38). Therefore, we examined whether PPRV activates ferroptosis by directly 
blocking system Xc−. Western blotting analysis revealed that PPRV infection suppressed 
the expression of SLC7A11 and GPX4, while increasing ACSL4 expression in EECs in a 
dose- and time-dependent manner (Fig. 4A and B). The results demonstrate that PPRV 
infection inhibits the activation of the system Xc−/GPX4 axis, subsequently promoting 
cell lipid peroxidation. Nrf2 is the key transcription factor for maintaining oxidative 
homeostasis and is activated under conditions of high oxidative stress, promoting target 
gene transcription such as GPX4, HO-1, and SLC7A11 (39). In our results, Nrf2 was also 
dose- and time-dependently inhibited by PPRV (Fig. 4A and B). Notably, the protein level 
of Keap1, the interactor and repressor of Nrf2, was increased in response to PPRV (Fig. 4A 
and B). Overall, our results suggest that PPRV infection inhibits activation of the system 
Xc−/GPX4 axis through the Nrf2-Keap1 pathway, which subsequently promotes cell lipid 
peroxidation and ferroptosis.

PPRV-induced ferroptosis shows the disturbances in mitochondrial morphology and 
function. Mitochondrial Lon protease 1 (LONP1) is one of the main multi-function 
enzymes regulating mitochondrial function and cytological stability (23). Our results 
revealed that PPRV infection downregulated protein (Fig. 4A and B) and mRNA (Fig. 4C 
and D) levels of LONP1 in a dose- and time- dependent manner. Of note, Erastin treat­
ment reduced the expression levels of LONP1, which may be attributed to the severely
damaged mitochondria (Fig. 5A). To evaluate the role of LONP1 in PPRV-induced 
ferroptosis, we transfected cells with siRNA targeting LONP1 (siLONP1), or pcDNA3.1-
LONP1, or their respective controls, followed by PPRV infection. Western blotting analysis 
showed that transfection of siLONP1 effectively inhibited LONP1 compared to control 
cells (Fig. 5B), while the pcDNA3.1-LONP1 plasmid significantly overexpressed LONP1 
(Fig. 5C). It seems that LONP1 knockdown increased mtSOX levels (Fig. 5D) and accumu­
lation of lipid peroxidation levels in mitochondria (Fig. 5F), as well as MDA levels (Fig. 5E) 
compared to the transfected cells with siNC cells. In contrast, LONP1 overexpression 
decreased mtSOX levels (Fig. 5D), the accumulation of lipid peroxidation levels in 
mitochondria (Fig. 5F), and MDA levels (Fig. 5E) in PPRV-infected cells compared to cells 
only infected with PPRV. We used CCCP as a positive control, a known inducer of 
mitophagy (37). These results indicate that LONP1 could inhibit PPRV-induced accumula­
tion of lipid peroxidation in mitochondria and reverse PPRV-induced ferroptosis in EECs. 
To further explore the details of LONP1 reverse PPRV-induced ferroptosis, we focused on 
the antioxidative genes implicated in negatively regulating ferroptosis. Our data showed 
that knockdown of LONP1 leads to decreased GPX4 and Nrf2 expression and increased 
Keap1 expression in EECs (Fig. 5G). The expression of GPX4 and Nrf2 did not change 
significantly, and the expression of Keap1 decreased in cells transfected with the 3.1-
LONP1 plasmid (Fig. 5G). Importantly, overexpression of LONP1 or Fer-1 treatment 
rescued the decreased Nrf2 and GPX4 expression, as well as increased Keap1 expression 
in PPRV-infected cells compared to uninfected control cells (Fig. 5H). Furthermore, 
overexpression of LONP1 or Fer-1 treatment reversed the decreased GPX4 expression in 
both mitochondrial and cytoplasmic fractions in PPRV-infected cells (Fig. 5I and J). No 
detectable expression of VDAC1 was found in the purified cytoplasmic fractions from 
both PPRV-infected and uninfected cells, confirming the absence of mitochondrial 
contamination in cytoplasmic fractions (Fig. 5J). We also transfected cells with 

Fig 3 (Continued)

fraction and mitochondrial fraction. (I) Fluorescence analysis of MMP via JC-1 probe staining. Scale bar = 50 µm. MMP was determined by green/red ratio of mean 

fluorescence intensity using ImageJ software (version 1.53t) (NIH). (J) Flow cytometry analysis of MMP via JC-1 probe staining. MMP was determined by green/red 

ratio of mean fluorescence intensity. The data are given as means ± SD from three independent experiments. P values were calculated using Student’s t test. An 

asterisk indicates a comparison with the indicated control. *P < 0.05; **P < 0.01; ***, P < 0.001; ns, not significant.
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pcDNA3.1-GPX4, followed by PPRV infection. Western blotting analysis showed that 
transfection of pcDNA3.1-GPX4 plasmid significantly overexpressed GPX4 (Fig. 5K). 
Importantly, overexpression of GPX4 did not reverse the decrease of LONP1 protein level 
in PPRV infection (Fig. 5L). Together, we conclude that PPRV-induced LONP1 downregula­
tion inhibits the activation of the Nrf2-Keap1 signaling pathway, leading to a decrease in 
GPX4 expression and promotion of ferroptosis.

PPRV-induced ferritinophagy initiates ferroptosis

Iron storage proteins, including FTH and FTMT, have a principal role in modulating 
ferroptosis through their ferroxidase activity (40). Iron release from ferritins is regulated 
by a process known as ferritinophagy (41). NCOA4 is a critical mediator for ferritinophagy 
activation (41). Western blotting analysis revealed that PPRV suppresses the expression 
of NCOA4 in EECs in a dose- and time-dependent manner (Fig. 6A and B), confirming that 
PPRV activates ferritinophagy. Correspondingly, decreased FTH1 in response to PPRV 
infection was also detected (Fig. 6A and B). To determine whether PPRV-induced 
ferritinophagy initiates ferroptosis, we used siRNA targeting NCOA4 (siNCOA4) to knock 
down the protein expression of NCOA4 (Fig. 6C). EECs were transfected with siNCOA4 or 
non-targeting control siRNA (siNC) for 48 h, followed by PPRV infection. Western blotting 
analysis showed that knockdown of NCOA4 increased the expression of FTH1 and FTMT, 
both in the presence and absence of PPRV (Fig. 6D), coinciding with the decreased Fe2+ 

accumulation in the cytoplasm and mitochondria, as observed by fluorescence staining 
analysis (Fig. 6E). Similar results were obtained by flow cytometry analysis (Fig. 6F). 
Accordingly, levels of MDA decreased after NCOA4 knockdown in PPRV-infected cells 

FIG 4 PPRV induces ferroptosis by regulating the GPX4-Nrf2-Keap1 pathway. EECs were either mock treated or infected with PPRV Nigeria 75/1 at a MOI of 0.1, 1, 

5, or 10 for 48 h (A and C) or a MOI of 5 for 24, 36, or 48 h (B and D). SLC7A11, GPX4, ACSL4, Nrf2, Keap1, LONP1, and β-actin/Actin (loading control) protein levels 

were determined via Western blotting; PPRV-N was used as a marker for virus infection (A and B). Real-time quantitative PCR analysis of LONP1 genes (C and D). 

The data are given as means ± SD from three independent experiments. P values were calculated using Student’s t test. An asterisk indicates a comparison with 

the indicated control. *, P < 0.05; **, P < 0.01; ns, not significant.
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FIG 5 PPRV regulated the GPX4-Nrf2-Keap1 pathway by downregulating LONP1. (A) EECs were treated with Erastin (15, 20, or 25 µM) or infection with PPRV 

(MOI  = 5) for 48 h, Western blotting analysis of LONP1 and GPX4 and β-actin/Actin expression. Western blotting analysis of LONP1 expression in EECs transfected 

with siLONP1 or siNC for 48 h (B) and EECs were transfected with pcDNA3.1-LONP1 plasmids or pcDNA3.1 plasmids (C). (D) MitoSOX levels of control (Mock 

or NC), transfected with siLONP1 and PPRV infected with or without transfected with pcDNA3.1-LONP1 plasmid cells were detected by MitoSOX staining and 

analyzed by flow cytometry. Then, the mean MitoSOX fluorescence intensity of each cell was quantified. (E) Detection of MDA concentration in cell lysates. 

(F) Fluorescence analysis of the mitochondrial lipid peroxidation levels of control (NC), transfected with siLONP1, PPRV-infected cells, and PPRV infection 

treated with Fer-1 (20 µM) or transfected with pcDNA3.1-LONP1 plasmids and Erastin (20 µM) treatment cells stained for Liperfluo probe, Mito-Tracker, and 

Hoechst 33258. Scale bar = 10 µm. Colocalization analysis of immunofluorescence images using the colocalization plugin, which calculates Pearson’s correlation 

(Continued on next page)
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compared to siNC-transfected cells (Fig. 6G). Together, our findings suggest that PPRV-
induced NCOA4-mediated ferritinophagy contributes to the accumulation of ferrous iron, 
initiating ferroptosis in EECs.

PPRV-induced ferroptosis stimulates proinflammatory cytokine expression 
and inhibits type I IFN expression

Mitochondria play a pivotal role in inflammatory response (42), as well as in the regula­
tion of many RCD processes, and ferroptosis is no exception (42). Studies have shown 
that the inflammatory responses of cells caused by pathogens are related to ferroptosis 
(43–45). Here, we investigated whether PPRV-induced ferroptosis plays a role in 
inflammatory responses during PPRV infection. Western blotting analysis revealed that 
PPRV infection suppressed the expression of GPX4 and LONP1 in goat alveolar macro­
phages (GAMs )in a dose -dependent manner (Fig. 7A). The results showed that PPRV also 
induces ferroptosis in GAMs. We measured the mRNA levels of proinflammatory genes, 
including interleukin-18 (IL-18), IL-1β, and IFN beta (IFN-β) in PPRV-infected EECs and 
GAMs in the presence or absence of Fer-1. Our data showed that PPRV infection 
significantly increased the expression levels of IL-18 (Fig. 7B) and IL-1β (Fig. 7C) and 
decreased the expression levels of IFN-β (Fig. 7D) compared to mock-infected cells. 
However, treatment with Fer-1 rescued the increased expression of IL-18 and IL-1β (Fig. 
7B and C) as well as the reduced expression of IFN-β (Fig. 7D) in PPRV-infected cells. 
Poly(I·C)-treated cells were used as a positive control to stimulate IFN-β expression (4). 
Furthermore, this study explored the role of LONP1 in inflammatory responses in PPRV-
infected EECs and GAMs. Knockdown of LONP1 enhanced the expression of IL-18, IL-1β,
and IFN-β in the absence or presence of PPRV infection compared to cells transfected 
with control siRNA (Fig. 7E through G). Thus, PPRV-induced ferroptosis stimulates the 
expression of proinflammatory cytokines and suppresses type I IFN expression.

PPRV H, N, and F proteins are involved in ferroptosis induction

To investigate the role of viral proteins that may be responsible for ferroptosis, EECs were 
transfected with plasmids expressing hemagglutinin (HA)- or Flag-tagged viral proteins 
for 48 h. Western blotting with antibodies against HA or Flag confirmed the expression of 
PPRV P, N, V, H, C, and F proteins in EECs (Fig. 8A). Western blotting analysis revealed that 
transfection with PPRV-H, N, or F plasmids suppressed the expression levels of GPX4 and 
increased ACSL4 expression levels in EECs compared to cells transfected with pCDNA3.1 
or uninfected cells (Fig. 8B). Additionally, transfection with different doses of PPRV-N 
plasmids resulted in a dose-dependent decrease in the protein levels of GPX4 and LONP1 
compared to cells transfected with pCDNA3.1 (Fig. 8C), further confirming the central 
role of PPRV-N protein in inducing ferroptosis. CCK8 analysis revealed decreased cell 
viability in cells expressing PPRV H, N, or F proteins, as well as in PPRV-infected and 
Erastin-treated cells compared to cells transfected with pCDNA3.1 or uninfected cells 
(Fig. 8D), accompanied by decreased MDA levels (Fig. 8E). Next, we measured the 
intracellular levels of Fe2+ and lipid peroxidation by staining with a Fe2+ and lipid 
peroxidation probe. Our data demonstrate that the H, N, and F proteins of PPRV 
significantly induce the accumulation of Fe2+ (Fig. 8F) and lipid peroxidation (Fig. 8G) 
compared with respective control groups. Taken together, these results indicate that the 

Fig 5 (Continued)

coefficient. (G and H) Western blotting and quantification of representative protein levels of LONP1, GPX4, Nrf2, Keap1, and β-actin/Actin (loading control) of 

EECs with knockdown and overexpression of LONP1 (G), control cells, PPRV-infected cells, and PPRV infection treated with Fer-1 (20 µM) or transfected with 

pcDNA3.1-LONP1 plasmid cells (H). (I and J) Western blotting analysis of GPX4 and VDAC1 proteins in mitochondrial fractions (I) and cytoplasmic fractions (J) 

from EECs PPRV infected and PPRV infection treated with Fer-1 (20 µM) or transfected with pcDNA3.1-LONP1 plasmid cells. (K) Western blotting analysis of GPX4 

expression in EECs transfected with pcDNA3.1-GPX4 or pcDNA3.1 plasmids for 48 h. (L) Western blotting analysis of LONP1, GPX4, and β-actin/Actin protein levels 

in mock-infected and PPRV-infected cells with or without the transfection of pcDNA3.1-GPX4 or pcDNA3.1 plasmids at 48 h. The data are given as means ± SD 

from three independent experiments. P values were calculated using Student’s t test. An asterisk indicates a comparison with the indicated control. *, P < 0.05; **, 

P < 0.01; ***, P < 0.001; ns, not significant.
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PPRV H, N, and F proteins may play key roles in inducing ferroptosis during PPRV 
infection.

DISCUSSION

The diverse roles of mitochondria in ferroptosis have recently been explored, with 
mitochondria either promoting or suppressing ferroptosis under pathological conditions 
(14, 46). A high level of ROS, starvation due to decomposition of mitochondrial gluta­
mine, and a high concentration of iron ions induce ferroptosis (17, 47, 48). Conversely, 
intact and normally functioning mitochondria resist ferroptosis (49). However, the 
interplay between mitochondria and the ferroptosis pathway during viral infection 
remains poorly understood. In this study, we provide evidence that mitochondria play a 
central role in ferroptosis induced by PPRV. Importantly, alterations of LONP1 regulation 
in response to PPRV infection cause mitochondrial dysfunction and subsequent 

FIG 6 PPRV-induced ferritinophagy initiates ferroptosis. (A and B) FTH1, NCOA4, and β-actin/Actin (loading control) protein levels were determined via 

western blotting. (A) EECs were either mock treated or infected with PPRV Nigeria 75/1 at an MOI of 0.1, 1, 5, and 10. Whole-cell extracts were prepared from 

mock-infected and PPRV-infected cells at 48 h. (B) Cells were either mock treated or infected by PPRV at an MOI of 5 for 24, 36, and 48 h. (C) Western blotting 

analysis of NCOA4 expression in EECs transfected with siNCOA4 or siNC for 48 h. (D to G) EECs were mock-infected and infected with PPRV (MOI = 5) with or 

without the transfection of siNCOA4 or siNC at 48 h. (D) NCOA4, FTH1, FTMT, LC3, β-actin/Actin, and PPRV-N protein levels were determined via Western blotting 

and quantification. (E) Fluorescence analysis of the intracellular ferrous iron levels in mitochondria, the FerroOrange probe (red), the Mito-Tracker probe (green). 

Scale bar = 10 µm. (F) Flow cytometry analysis of intracellular ferrous iron levels. (G) Detection of MDA concentration in cell lysates. The data are given as means ± 

SD from three independent experiments. P values were calculated using Student’s t test. An asterisk indicates a comparison with the indicated control. *, P < 0.05; 

**, P < 0.01; ***, P < 0.001; ns, not significant.
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induction of ferroptosis. Concurrently, PPRV-induced ferroptosis is tightly associated with 
inflammatory responses and enhanced virus replication levels.

Virus infections have been shown to trigger cell death via various mechanisms, 
depending on the viral species (29, 50, 51). Nevertheless, elucidating the causes and 

FIG 7 PPRV-induced ferroptosis stimulates proinflammatory cytokine expression and inhibits type I IFN expression. GAMs were either mock treated or infected 

with PPRV Nigeria 75/1 at an MOI of 0.1, 1, 5, or 10 for 48 h. GPX4, LONP1, and β-actin/Actin (loading control) protein levels were determined via western blotting

(A). Real-time quantitative PCR analysis of IL-18 (B and E), IL-1β (C and F), and IFN-β (D and G) genes in PPRV (MOI = 5) at 48 h. (B to D) EECs were prepared 

from mock-infected, PPRV-infected cells with or without Fer-1 at 48 h. (E to F) EECs were mock-infected and infected with PPRV (MOI = 5) with or without the 

transfection of siLONP1 or siNC at 48 h. EECs were stimulated with poly(I·C) as the positive control (D and G). The data are given as means ± SD from three 

independent experiments. P values were calculated using Student’s t test. An asterisk indicates a comparison with the indicated control. *, P < 0.05; **, P < 0.01; 

***, P < 0.001; ns, not significant.
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effects can be difficult. Ferroptosis is a regulated cell death pathway that heavily depends 
on iron-mediated lipid free radical formation and accumulation (12). During infection, 

FIG 8 PPRV H, N, and F proteins are involved in ferroptosis induction. EECs were transfected with plasmids expressing various HA- or Flag-tagged viral proteins 

for 48 h and then subjected to western blotting with antibody against HA or Flag for the analysis of the expression of PPRV P, N, H, V, C, and F proteins in 

EECs (A). (B) Western blotting analysis of the protein levels of representative protein levels of ACSL4, LONP1, GPX4, and β-actin /Actin (loading control) of EECs 

with overexpression of PPRV H, N, V, C, P and F proteins, control cells, and PPRV-infected cells. (C) Western blotting analysis of LONP1 and GPX4 expression in 

EECs transfected with different doses of PPRV-N plasmids for 48 h. (D) The relative levels of cell viability were assayed by using cell CCK8. (E) Detection of MDA 

concentration in cell lysates. Representative images of EECs stained with FerroOrange (F) and with Liperfluo (G), treatment with Erastin and PPRV-infected cells as 

the positive control. Cell nucleus was counterstained with Hoechst 33258. Scale bars = 50 µm. The fluorescence intensity was quantified by ImageJ software. The 

data are given as means ± SD from three independent experiments. P values were calculated using Student’s t test. An asterisk indicates a comparison with the 

indicated control. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.
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the immune responses fortify their defense by withholding iron from pathogens (52, 
53). However, various viral species have been found to interrupt iron uptake and the 
antioxidant response system, while others utilize iron transporter proteins as receptors 
(17). In the present study, PPRV infection and over-expression of H, N, and F proteins 
reduced the viability of EEC and concurrently induced characteristics of ferroptosis, 
including iron overload and lipid peroxidation. It should be noted that although PPRV 
and indicated viral proteins (H, N, and F) exhibit different properties when inducing 
ferroptosis, a low degree and similar levels of cell death were detected. Iron accumula­
tion and lipid peroxidation may be considered as intermediate events, but they are not 
the final executors of ferroptosis (54). Not all damage caused by lipid peroxidation results 
in ferroptotic cell death in response to various stresses (55, 56). In addition, PPRV-N, 
PPRV-H, and PPRV-F proteins may participate in other pathways, such as autophagy, 
apoptosis, and immune responses during PPRV infection (5, 57–59). Moreover, inhibition 
of ferroptosis by Fer-1 abrogated ferroptosis caused by PPRV, as evidenced by the 
findings that lipid peroxidation decreased, and the levels of GPX4, FTH1, and FTMT were 
rescued. Furthermore, our findings indicate that PPRV-induced ferroptosis enhances 
viral replication levels. One possible explanation is that an increase in intracellular ROS 
levels can result in lipid peroxidation and cell death, which is beneficial for the release 
of virions and systemic viral spread (60). Additionally, increased ROS levels are closely 
linked to virus-induced metabolic reprogramming, which has been shown to support the 
replication of various viruses (47).

Ferroptosis results from the accumulation of cellular ROS, which subsequently 
assaults the bio-membrane system, leading to lipid peroxidation. Lipid ROS/peroxides, 
rather than cytosolic ROS, are the key drivers of ferroptosis (14). However, where and 
how lipid ROS generation during ferroptosis upon virus infection have not been defined. 
Mitochondria likely play a central role in ferroptosis, as they are the primary source of 
cellular ROS (14). Here, we monitored lipid ROS accumulation in PPRV-infected cells. 
Indeed, upon PPRV infection, increased levels of lipid ROS accumulation were observed 
mainly in mitochondria. We examined the subcellular localization of the lipid peroxida­
tion probe by confocal imaging and found that, in PPRV-infected cells and Erastin-trea­
ted cells, the oxidized probe appeared to be distributed significantly colocalized with 
mitochondria rather than the cytoplasm. Therefore, our findings provide compelling 
evidence that mitochondria are indeed a crucial player in ferroptosis induced by PPRV.

The mitochondrial protease LONP1 has initially been identified as an enzyme involved 
in the degradation of damaged or misfolded proteins (24). However, a series of recent 
findings highlight the essential role that LONP1 plays in maintaining mitochondrial 
homeostasis and function, particularly in oxidative stress (61, 62). Several lines of 
evidence indicate that LONP1 acts as an antioxidant by degrading oxidized proteins 
in the mitochondrial matrix and limiting oxidative damage under hypoxic conditions 
(23, 63). Here, we observed downregulation of LONP1 in PPRV-infected cells, which was 
accompanied by decreased expression of GPX4 in the mitochondria and intracellular. 
GPX4 is the most critical ferroptosis defense gene that encodes cytosolic, mitochondrial, 
and nucleolar isoforms (38, 64). One of the key initial signals proposed to trigger 
ferroptosis is the inhibition of GPX4. Although the potential role of cytosolic GPX4 
activity in various viruses-induced ferroptosis has been demonstrated (17, 32, 65, 66), 
it remains largely unknown whether mitochondrial GPX4 is an important component 
of ferroptosis during viral infections. Here, we observed that a higher abundance of 
GPX4 in mitochondria decreased more than that in the cytoplasm of PPRV-infected cells. 
Additionally, overexpression of LONP1 significantly rescued the decreased expression 
of GPX4 in mitochondria, indicating the crucial role of LONP1 in ferroptosis induc­
tion during PPRV infection. In addition, overexpression of GPX4 did not reverse the 
decrease of LONP1 protein level in PPRV infection. Notably, Erastin treatment reduced 
the expression levels of LONP1, which warrants further exploration. The antioxidant 
transcription factor Nrf2 is a key negative player in ferroptosis (67). Our data also 
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demonstrate that the Nrf2/Keap1 pathway may be involved in the downregulation of 
GPX4 caused by decreased LONP1 induced by PPRV.

Ferroptosis results from the accumulation of cellular ROS that exceeds the cellular 
redox capacity. LONP1 also plays an important role in counteracting ROS production 
and maintaining mitochondrial homeostasis. The increased LONP1 levels can enhance 
resistance to external oxidative stress. Here, more ROS accumulated in mitochondria was 
observed in PPRV-infected cells. Overexpression of LONP1 counteracts ROS production 
during PPRV infection, suggesting the role of LONP1 in PPRV infection. However, 
the question of how decreased expression of LONP1 influences other mitochondrial 
functions and virus replication during PPRV infection remains an open issue.

Iron storage is equally important and can help prevent oxidative stress in cells caused 
by an excess of redox-active free iron. In this context, three iron storage proteins are 
known: FTH, FTL, and FTMT (40, 68). Both FTH and FTMT carry ferroxidase activity, 
enabling the storage of ferric hydroxides (Fe3+) rather than reactive ferrous iron (Fe2+) 
(40, 68). Iron release from ferritins is regulated by ferritinophagy, a process mediated 
by NCOA4; NCOA4 directly binds to FTH and transfers the complex to the autolyso­
some for degradation (32, 36). FTMT shows high sequence homology to FTH, which 
implies similar functionality (69). Recent studies have shown that FTMT inhibits oxidative 
stress-dependent ferroptosis by suppressing NCOA4-mediated ferritinophagy (70). Here, 
we demonstrate that the decreased expression of FTH and FTMT in PPRV-infected cells 
is linked to endogenous NCOA4 expression. When NCOA4 was knocked down using 
the siRNA approach, there was a considerable enhancement in the protein expression 
of FTH and FTMT. This observation of decreased endogenous NCOA4 through genetic 
manipulation or PPRV infection inducing a change in FTMT expression has not been 
previously reported. In addition to confirming FTH as an established target of NCOA4, we 
now provide evidence that NCOA4 also regulates FTMT during virus infection.

In summary, our results have established a novel link between mitochondria-
mediated ferroptosis and inflammatory responses in response to PPRV infection. To 
the best of our knowledge, this study is the first to demonstrate the relationship 
between LONP1-mediated dysfunctional mitochondria, and the consequent induction of 
ferroptosis is involved in PPRV-induced pathogenesis, providing a promising therapeutic 
strategy to treat this important infectious disease with a worldwide distribution.

MATERIALS AND METHODS

Cell culture and virus

Caprine EECs were immortalized by transfection with human telomerase reverse 
transcriptase, and we have previously confirmed that the secretory function of these 
cells is consistent with that of primary EECs (71, 72). EECs were maintained in Dulbecco’s 
modified Eagle medium/F-12 Ham’s medium (DMEM/F12; Hyclone) medium containing 
10% fetal bovine serum (FBS) (Gibco) and 1% penicillin-streptomycin at 37°C with 5% 
CO2. The PPRV attenuated strain Nigeria 75/1 was obtained in our laboratory on Vero 
cells. Viral load was conformed to cytopathic effect (CPE) and was quantified by assay 
of the 50% tissue culture infective dose (TCID50). The multiplicity of infection (MOI) was 
confirmed according to the viral titers of the respective cell lines. UV inactivation of PPRV 
was performed by irradiation with UV light for 1 h at room temperature.

Antibodies and reagents

Anti-PPRV-N monoclonal antibody was provided by the China Institute of Veterinary 
Drug Control (Beijing, China). Antibodies to Keap1, NCOA4, and FTMT were purchased 
from Immunoway Biotechnology. Antibodies to GPX4, FTH1, Nrf2, ACSL4, and SLC7A11 
were purchased from Abcom. Antibodies to Flag, HA, and LONP1 were purchased 
from Proteintech Group. LC3B, anti-mouse IgG, and anti-rabbit IgG, PE-conjugated goat 
anti-rabbit IgG (H + L), and fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (H 
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+ L) were purchased from Sigma-Aldrich. Liperfluo and FerroOrange were purchased 
from Dojindo. MitoTracker Red/Green, MitoSox-Red, and JC-1 were purchased from 
Beyotime. Ferrostatin-1 and Erastin were purchased from Topscience (Hoechst 33258 
[Solarbio]).

Viral infection and cell treatment

During virus infection, EECs were seeded into 12-well cell culture plates at a density of 1 
×  105 cells/ml and were inoculated with or without PPRV (Nigeria 75/1). After adsorption 
for 1.5 h, infected cells were maintained in DMEM/F12 medium (containing 2% FBS). The 
mRNA and protein levels of related factors were then determined by quantitative PCR 
(qPCR) and Western blotting, respectively. For the ferroptosis induction and inhibition 
experiments, EECs were pre-treated with Erastin (20 µM) and Ferrostatin-1 (Fer-1) (20 µM) 
for 6 h prior to viral infection. Viral adsorption was performed at 37°C for 1.5 h. The 
cells were then incubated in fresh medium containing Erastin (20 µM) and Fer-1 (20 µM) 
until the harvesting of the cells or the culture medium. Moreover, the same amount of 
dimethyl sulfoxide was added to the control group.

RNA interference

SiRNAs targeting NCOA4 (target site: GGTCTCTCAAGACCATTCA), LONP1 (target site: G
ACCCUGAGCAGAAUGCAA), and GPX4 (target site: GGAGUAAUGCAGAGAUCAA) were 
designed and synthesized by Tsingke, Inc. (Beijing, China). SiRNAs were then used for 
silencing the target genes as described previously (3). The siRNAs were transfected into 
the cells using the transfection reagent Tubrofect (Thermo Fisher) according to the 
manufacturer’s instructions.

Transmission electron microscopy

Semithin sections of cells were prepared and examined under a transmission electron 
microscope as described previously (5). EEC cells were mock-infected or infected with 
PPRV (MOI = 5) and in 6 cm dishes. The cells were then washed three times with 
phosphate-buffered saline (PBS) and collected by centrifugation at 1,000 × g for 5 min, 
prefixed with 2.5% glutaraldehyde, then postfixed in 1% osmium tetroxide, dehydrated 
in series acetone, infiltrated in Epox 812 for a longer time, and embedded. The semithin 
sections were stained with methylene blue, and ultrathin sections were cut with a
diamond knife, stained with uranyl acetate and lead citrate. Sections were examined with 
a Hitachi HT-7700 transmission electron microscope (Hitachi, Tokyo, Japan).

Western blotting analysis

Protein homogenates from the cells were extracted as previously described (5). Cells 
were lysed for 20 min on ice-cold lysis buffer (Roche). The lysates were centrifuged 
at 12,000 × g for 20 min at 4℃ to obtain a clear lysate. The protein content of each 
sample was determined using the BCA Protein Assay Kit (Thermo Scientific). Then, equal 
amounts of protein were separated on a 12% SDS-polyacrylamide gel and transferred 
to PVDF membranes (Merck-Millipore). Membranes were probed overnight at 4℃ with 
primary antibodies. The bands were visualized using horseradish peroxidase-conjugated 
goat anti-mouse IgG (1:5,000) or goat anti-rabbit IgG (1:5,000) prior to the ECL protocol 
(Merck Millipore). Signal was visualized using Konica SRX 101A developer (Konica Minolta 
Medical Imaging, Japan), and the Quantity One software (Bio-Rad, Mississauga, ON, 
Canada) was used for densitometrical analysis.

Ferrous iron detection

The FerroOrange probe was used for flow cytometry and fluorescence imaging of 
intracellular Fe2+ (32). For the flow cytometry analysis, cells were trypsinized and 
resuspended with FerroOrange working solution (1 µM) and incubated at 37℃ for 
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30 min. and then assessed using a BD FACS Aria III High Speed Cell Sorter (BD Bioscien­
ces, San Diego, CA, USA), followed by analysis with FlowJo software, version 10 (Tree 
Star, Ashland, OR, USA). For fluorescence imaging of intracellular Fe2+, FerroOrange (1 µM) 
dispersed in serum-free medium was added to the cells, followed by incubation for 
30 min at 37℃. Then, the cells were treated with Mito-Tracker Green (2 µM) at 37℃ for 
30 min. The cells were then fixed with 4% paraformaldehyde for 45 min. Finally, the cells 
were treated with a Hoechst 33258 solution for 5 min. Cells were photographed under a 
confocal microscope (A1R; Nikon, Japan). The fluorescence intensity was analyzed using 
ImageJ software.

MMP detection

MMP was measured using a JC-1 probe. The JC-1 probe was used for flow cytometry and 
fluorescence imaging of MMP. EECs were harvested with trypsin, then suspended in PBS, 
and immediately stained with JC-1, according to the manufacturer’s instructions. Then, 
the samples were analyzed with a BD FACS Aria III High Speed Cell Sorter (BD 602Bio­
sciences, San Diego, CA, USA), followed by analysis with FlowJo software, version 10 
(Tree Star, Ashland, OR, USA). For fluorescence imaging of MMP, after various treatments 
of each group, EECs were immediately stained with JC-1 according to the manufactur­
er’s instructions. Cells were photographed under a confocal microscope (A1R; Nikon, 
Japan). The fluorescence intensity of each treatment group for both aggregates (red) and 
monomeric forms (green) of JC-1 was analyzed using ImageJ software (NIH).

Lipid peroxidation measurement

The levels of mitochondrial lipid peroxidation and intracellular lipid peroxidation were 
determined by using Liperfluo probe for flow cytometry and fluorescence imaging (31). 
For the flow cytometry analysis, cells were resuspended with Liperfluo working solution 
(1 µM), then incubated at 37℃ for 30 min, and then assessed using a BD FACS Aria 
III High-Speed Cell Sorter (BD Biosciences, San Diego, CA, USA), followed by analysis 
with FlowJo software, version 10 (Tree Star, Ashland, OR, USA). For fluorescence imaging 
of mitochondrial lipid peroxidation, cells were stained with Liperfluo working solution 
(1 µM) for 30 min at 37℃. Then, the cells were treated with Mito-Tracker Red CMXRos 
(1 µM) at 37℃ for 30 min. The cells were then fixed with 4% paraformaldehyde for 
45 min. Finally, the cells were treated with a Hoechst 33258 solution for 5 min. Cells 
were photographed under a confocal microscope (A1R; Nikon, Japan). The fluorescence 
intensity was analyzed using ImageJ software.

MDA assay

The detection of MDA concentration in cell lysates was performed strictly according to 
the manufacturer’s instructions (Beyotime, S0131S) (32). MDA is the major product of 
lipid peroxidation (33). In this assay, lipid peroxidation is determined by the reaction of 
MDA with thiobarbituric acid to form a colorimetric product (532 nm), which is directly 
proportional to the MDA concentration. The absorbance at 532 nm was measured using 
a plate reader (Bio-Rad).

Real-time quantitative PCR analysis

Real-time quantitative PCR assay was performed as previously described (4). Total RNA 
was extracted from EECs using Trizol reagent (Invitrogen). RNA was then reversed using 
Superscript III (Invitrogen). Real-time quantitative PCR assay was carried out using an ABI 
7500 System (Applied Biosystems, Warrington, UK). The PCR cycling conditions were 30 s 
at 94℃ followed by 40 cycles of 5 s at 94℃ and 30 s at 60℃. Real-time quantitative PCR 
assay of cytokine, PPRV-N, LONP1, and GAPDH mRNAs was carried out and calculated 
using the 2−ΔΔCT method. PPRV-N, LONP1, IFN-β, IL-18, IL-1β, and GAPDH primers used in 
this study include the following:
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PPRV-N, forward, 5′-GTGTCGGAGTCGAGTTGG-3′; PPRV-N, reverse, 5′-TTTGGCTTCCTCT
GCTGT3′.

LONP1, forward, 5′-CACCGGAGGGTTCACATCAA-3′; LONP1, reverse, 5′-TCTGCCTCTTTC
TTGCTCCG-3′.

IFN-β, forward, 5′-CTGCGGTGTGTCAGAAACTT-3′; IFN-β, reverse, 5′-CTTCCGGAACTGCT
GTGCTT3′.

IL-18, forward, 5′-TGGCTGCAGAACCAGTAGAA3′; IL-18, reverse, 5′-TCTGATTCCAGGTCG
CCATT-3′.

IL-1β, forward, 5′-CTCCAGCCAACCTTCATTGC-3′; IL-1β, reverse, 5′-GTTGGGTGCAGCTCT
TCATCT3′.

GAPDH, forward, 5′-CTGCCCGTTCGACAGATAGC-3′; GAPDH, reverse, 5′-GCGGCCGAATC
CGTTCA-3′.

Mitochondria isolation

The mitochondrial fractions were isolated using the Cell Mitochondria Isolation Kit 
(Beyotime) according to the manufacturer’s instructions. The cells were digested and 
resuspended with cold PBS and centrifuged at 600 × g for 5 min at 4℃. The treated 
cells were resuspended and incubated in 1- to 2-mL ice-cold mitochondrial lysis buffer 
for 15 min. Subsequently, cell suspension was transferred to a glass homogenizer and 
homogenized for about 10–30 times. Then the cell homogenate was centrifuged at 
600 × g, 4℃ for 10 min. The supernatant was collected and centrifuged at 11,000 × 
g, 4℃ for 10 min to isolate the mitochondrial fraction (pellet) by removing the cytoplas­
mic fraction (supernatant). Then the mitochondrial fraction was subjected to perform 
Western blotting analysis.

Statistical analysis

All values are expressed as the arithmetic means of triplicates ± standard deviation (SD) 
from three independent experiments. Student’s t-test between two groups and one-way 
analysis of variance across multiple groups, followed by Tukey’s multiple comparison test 
using GraphPad Prism 6.0 software (GraphPad Software Inc., San Diego, CA, USA). *P < 
0.05; **P < 0.01; ***, P < 0.001; ns, non-significant.

ACKNOWLEDGMENTS

We are grateful to Yaping Jin Yaping Jin (Northwest A&F University Yangling, Shaanxi, 
China) for the caprine endometrial epithelial cells. We thank the Life Science Research 
Core Services of Northwest A&F University for providing the confocal microscope. We 
thank our laboratory members who helped us improve the manuscript with their 
technical assistance and invaluable suggestions.

This research was financially supported by Biological Breeding-National Science and 
Technology Major Project (2023ZD04070), the National Natural Science Foundation 
of China (Grant No. 32473018, 32172841, 31572588), the Agricultural Special Fund 
of Shaanxi Province (Grant No. NYKJ-2022-YL(XN)08, No. XN17), the School-enterprise 
Projects (GrantNo.Grant No. 20240052300897), Chinese Universities Scientific Fund 
(Grant No. 2452023072), and Shaanxi Province agricultural key core technology research 
project (Grant No. 2024NYGG005).

The authors declare that they have no competing interests.

AUTHOR AFFILIATIONS

1College of Veterinary Medicine, Northwest A&F University, Yangling, Shaanxi, China
2Key Laboratory of Ruminant Disease Prevention and Control (West), Ministry of 
Agriculture and Rural Affairs of the People's Republic of China, Yangling, Shaanxi, China
3Animal Disease Prevention and Control, Mianyang Normal University, Mianyang, 
Sichuan, China

Full-Length Text Journal of Virology

May 2025  Volume 99  Issue 5 10.1128/jvi.02310-2418

https://doi.org/10.1128/jvi.02310-24


4Healthy Breeding Engineering Technology Research Center, Mianyang Normal 
University, Mianyang, Sichuan, China
5China Institute of Veterinary Drug Control, Beijing, China

AUTHOR ORCIDs

Lizhen Wang  http://orcid.org/0009-0001-8434-1421
Xuefeng Qi  http://orcid.org/0000-0003-1786-1694

FUNDING

Funder Grant(s) Author(s)

Biological Breeding-National Science and 
Technology Major Project

2023ZD04070 Xuefeng Qi

National Natural Science Foundation of 
China

32473018 32172841 
31572588

Xuefeng Qi

the Agricultural Special Fund of Shaanxi 
Province

NYKJ-2022-YL(XN)08 No. 
XN17

Xuefeng Qi

the School-enterprise Projects 20240052300897 Xiwen Chen

Chinese Universities Scientific Fund 2452023072 Qinghong Xue

Shaanxi Province agricultural key core 
technology research project

2024NYGG005 Xuefeng Qi

AUTHOR CONTRIBUTIONS

Qiaodi Hou, Conceptualization, Data curation, Investigation, Project administration, 
Writing – original draft, Writing – review and editing | Shuijin Cheng, Investigation, 
Software | Zhijun Li, Conceptualization, Software | Congshang Lei, Investigation | Yan 
Chen, Methodology, Software | Mingzhuo Ma, Investigation | Jinming Liu, Investiga­
tion, Software | Xiwen Chen, Funding acquisition, Resources | Lizhen Wang, Methodol­
ogy | Qinghong Xue, Funding acquisition, Resources | Xuefeng Qi, Conceptualization, 
Methodology, Resources, Writing – review and editing

DATA AVAILABILITY

The data supporting the findings of this study are available within the article.

REFERENCES

1. Banyard AC, Parida S, Batten C, Oura C, Kwiatek O, Libeau G. 2010. Global 
distribution of peste des petits ruminants virus and prospects for 
improved diagnosis and control. J Gen Virol 91:2885–2897. https://doi.or
g/10.1099/vir.0.025841-0

2. Kumar N, Maherchandani S, Kashyap SK, Singh SV, Sharma S, Chaubey 
KK, Ly H. 2014. Peste des petits ruminants virus infection of small 
ruminants: a comprehensive review. Viruses 6:2287–2327. https://doi.org
/10.3390/v6062287

3. Chen Y, Wang T, Yang Y, Fang Y, Zhao B, Zeng W, Lv D, Zhang L, Zhang Y, 
Xue Q, Chen X, Wang J, Qi X. 2022. Extracellular vesicles derived from 
PPRV-infected cells enhance signaling lymphocyte activation molecular 
(SLAM) receptor expression and facilitate virus infection. PLoS Pathog 
18:e1010759. https://doi.org/10.1371/journal.ppat.1010759

4. Li H, Xue Q, Wan Y, Chen Y, Zeng W, Wei S, Zhang Y, Wang J, Qi X. 2021. 
PPRV-induced novel miR-3 contributes to inhibit type I IFN production 
by targeting IRAK1. J Virol 95. https://doi.org/10.1128/JVI.02045-20

5. Yang B, Xue Q, Guo J, Wang X, Zhang Y, Guo K, Li W, Chen S, Xue T, Qi X, 
Wang J. 2020. Autophagy induction by the pathogen receptor NECTIN4 
and sustained autophagy contribute to peste des petits ruminants virus 
infectivity. Autophagy 16:842–861. https://doi.org/10.1080/15548627.20
19.1643184

6. Li P, Zhu Z, Zhang X, Dang W, Li L, Du X, Zhang M, Wu C, Xue Q, Liu X, 
Zheng H, Nan Y. 2019. The nucleoprotein and phosphoprotein of peste 

des petits ruminants virus inhibit interferons signaling by blocking the 
JAK-STAT pathway. Viruses 11:629. https://doi.org/10.3390/v11070629

7. Mao L, Li W, Hao F, Yang L, Li J, Sun M, Zhang W, Liu M, Luo X, Cheng Z. 
2022. Research progress on emerging viral pathogens of small 
ruminants in China during the last decade. Viruses 14:1288. https://doi.o
rg/10.3390/v14061288

8. Rojas JM, Sevilla N, Martín V. 2016. PPRV-induced immunosuppression at 
the interface of virus-host interaction. BJV 3:140–160. https://doi.org/10.
17582/journal.bjv/2016.3.5.140.160

9. Li L, Yang W, Ma X, Wu J, Qin X, Cao X, Zhou J, Jin L, He J, Zheng H, Liu X, 
Li D, Shang Y. 2022. Peste des petits ruminants virus N protein is a critical 
proinflammation factor that promotes MyD88 and NLRP3 complex 
assembly. J Virol 96:e0030922. https://doi.org/10.1128/jvi.00309-22

10. Murao A, Aziz M, Wang H, Brenner M, Wang P. 2021. Release mecha­
nisms of major DAMPs. Apoptosis 26:152–162. https://doi.org/10.1007/s
10495-021-01663-3

11. Mázló A, Jenei V, Burai S, Molnár T, Bácsi A, Koncz G. 2022. Types of 
necroinflammation, the effect of cell death modalities on sterile 
inflammation. Cell Death Dis 13:423. https://doi.org/10.1038/s41419-022
-04883-w

12. Battaglia AM, Chirillo R, Aversa I, Sacco A, Costanzo F, Biamonte F. 2020. 
Ferroptosis and cancer: mitochondria meet the “iron maiden” cell death. 
Cells 9:1505. https://doi.org/10.3390/cells9061505

Full-Length Text Journal of Virology

May 2025  Volume 99  Issue 5 10.1128/jvi.02310-2419

http://orcid.org/0009-0001-8434-1421
http://orcid.org/0000-0003-1786-1694
http://dx.doi.org/10.13039/501100001809
http://dx.doi.org/10.13039/501100005236
https://doi.org/10.1099/vir.0.025841-0
https://doi.org/10.3390/v6062287
https://doi.org/10.1371/journal.ppat.1010759
https://doi.org/10.1128/JVI.02045-20
https://doi.org/10.1080/15548627.2019.1643184
https://doi.org/10.3390/v11070629
https://doi.org/10.3390/v14061288
https://doi.org/10.17582/journal.bjv/2016.3.5.140.160
https://doi.org/10.1128/jvi.00309-22
https://doi.org/10.1007/s10495-021-01663-3
https://doi.org/10.1038/s41419-022-04883-w
https://doi.org/10.3390/cells9061505
https://doi.org/10.1128/jvi.02310-24


13. Dan Dunn J, Alvarez LA, Zhang X, Soldati T. 2015. Reactive oxygen 
species and mitochondria: a nexus of cellular homeostasis. Redox Biol 
6:472–485. https://doi.org/10.1016/j.redox.2015.09.005

14. Gao M, Yi J, Zhu J, Minikes AM, Monian P, Thompson CB, Jiang X. 2019. 
Role of mitochondria in ferroptosis. Mol Cell 73:354–363. https://doi.org/
10.1016/j.molcel.2018.10.042

15. Wang X, Ma H, Sun J, Zheng T, Zhao P, Li H, Yang M. 2022. Mitochondrial 
ferritin deficiency promotes osteoblastic ferroptosis via mitophagy in 
type 2 diabetic osteoporosis. Biol Trace Elem Res 200:298–307. https://d
oi.org/10.1007/s12011-021-02627-z

16. Rademaker G, Boumahd Y, Peiffer R, Anania S, Wissocq T, Liégeois M, 
Luis G, Sounni NE, Agirman F, Maloujahmoum N, De Tullio P, Thiry M, 
Bellahcène A, Castronovo V, Peulen O. 2022. Myoferlin targeting triggers 
mitophagy and primes ferroptosis in pancreatic cancer cells. Redox Biol 
53:102324. https://doi.org/10.1016/j.redox.2022.102324

17. Wang J, Zhu J, Ren S, Zhang Z, Niu K, Li H, Wu W, Peng C. 2023. The role 
of ferroptosis in virus infections. Front Microbiol 14:1279655. https://doi.
org/10.3389/fmicb.2023.1279655

18. Wang MP, Joshua B, Jin NY, Du SW, Li C. 2022. Ferroptosis in viral 
infection: the unexplored possibility. Acta Pharmacol Sin 43:1905–1915. 
https://doi.org/10.1038/s41401-021-00814-1

19. Mazel-Sanchez B, Niu C, Williams N, Bachmann M, Choltus H, Silva F, 
Serre-Beinier V, Karenovics W, Iwaszkiewicz J, Zoete V, Kaiser L, Hartley 
O, Wehrle-Haller B, Schmolke M. 2023. Influenza A virus exploits 
transferrin receptor recycling to enter host cells. Proc Natl Acad Sci U S A 
120:e2214936120. https://doi.org/10.1073/pnas.2214936120

20. Wang R, Zhu Y, Ren C, Yang S, Tian S, Chen H, Jin M, Zhou H. 2021. 
Influenza A virus protein PB1-F2 impairs innate immunity by inducing 
mitophagy. Autophagy 17:496–511. https://doi.org/10.1080/15548627.2
020.1725375

21. Oh SJ, Yu JW, Ahn JH, Choi ST, Park H, Yun J, Shin OS. 2024. Varicella 
zoster virus glycoprotein E facilitates PINK1/Parkin-mediated mitophagy 
to evade STING and MAVS-mediated antiviral innate immunity. Cell 
Death Dis 15:16. https://doi.org/10.1038/s41419-023-06400-z

22. Khan M, Syed GH, Kim SJ, Siddiqui A. 2015. Mitochondrial dynamics and 
viral infections: a close nexus. Biochim Biophys Acta 1853:2822–2833. htt
ps://doi.org/10.1016/j.bbamcr.2014.12.040

23. Pinti M, Gibellini L, Nasi M, De Biasi S, Bortolotti CA, Iannone A, 
Cossarizza A. 2016. Emerging role of Lon protease as a master regulator 
of mitochondrial functions. Biochim Biophys Acta 1857:1300–1306. http
s://doi.org/10.1016/j.bbabio.2016.03.025

24. Gibellini L, De Gaetano A, Mandrioli M, Van Tongeren E, Bortolotti CA, 
Cossarizza A, Pinti M. 2020. The biology of Lonp1: more than a 
mitochondrial protease. Int Rev Cell Mol Biol 354:1–61. https://doi.org/1
0.1016/bs.ircmb.2020.02.005

25. Shin CS, Meng S, Garbis SD, Moradian A, Taylor RW, Sweredoski MJ, 
Lomenick B, Chan DC. 2021. LONP1 and mtHSP70 cooperate to promote 
mitochondrial protein folding. Nat Commun 12:265. https://doi.org/10.1
038/s41467-020-20597-z

26. Venkatesh S, Li M, Saito T, Tong M, Rashed E, Mareedu S, Zhai P, Bárcena 
C, López-Otín C, Yehia G, Sadoshima J, Suzuki CK. 2019. Mitochondrial 
LonP1 protects cardiomyocytes from ischemia/reperfusion injury in vivo. 
J Mol Cell Cardiol 128:38–50. https://doi.org/10.1016/j.yjmcc.2018.12.01
7

27. Wu M, Wu J, Liu K, Jiang M, Xie F, Yin X, Wu J, Meng Q. 2024. LONP1 
ameliorates liver injury and improves gluconeogenesis dysfunction in 
acute-on-chronic liver failure. Chin Med J (Engl) 137:190–199. https://doi
.org/10.1097/CM9.0000000000002969

28. De Gaetano A, Gibellini L, Bianchini E, Borella R, De Biasi S, Nasi M, 
Boraldi F, Cossarizza A, Pinti M. 2020. Impaired mitochondrial morphol­
ogy and functionality in lonp1wt/− mice. J Clin Med 9:1783. https://doi.o
rg/10.3390/jcm9061783

29. Gao J, Wang Q, Tang YD, Zhai J, Hu W, Zheng C. 2023. When ferroptosis 
meets pathogenic infections. Trends Microbiol 31:468–479. https://doi.o
rg/10.1016/j.tim.2022.11.006

30. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, 
Patel DN, Bauer AJ, Cantley AM, Yang WS, Morrison B III, Stockwell BR. 
2012. Ferroptosis: an iron-dependent form of nonapoptotic cell death. 
Cell 149:1060–1072. https://doi.org/10.1016/j.cell.2012.03.042

31. Li Z, Zhao B, Zhang Y, Fan W, Xue Q, Chen X, Wang J, Qi X. 2024. 
Mitochondria-mediated ferroptosis contributes to the inflammatory 
responses of bovine viral diarrhea virus (BVDV) in vitro. J Virol 
98:e0188023. https://doi.org/10.1128/jvi.01880-23

32. Kan X, Yin Y, Song C, Tan L, Qiu X, Liao Y, Liu W, Meng S, Sun Y, Ding C. 
2021. Newcastle-disease-virus-induced ferroptosis through nutrient 
deprivation and ferritinophagy in tumor cells. iScience 24:102837. https:
//doi.org/10.1016/j.isci.2021.102837

33. Tsikas D. 2017. Assessment of lipid peroxidation by measuring 
malondialdehyde (MDA) and relatives in biological samples: analytical 
and biological challenges. Anal Biochem 524:13–30. https://doi.org/10.1
016/j.ab.2016.10.021

34. Zilka O, Shah R, Li B, Friedmann Angeli JP, Griesser M, Conrad M, Pratt 
DA. 2017. On the mechanism of cytoprotection by ferrostatin-1 and 
liproxstatin-1 and the role of lipid peroxidation in ferroptotic cell death. 
ACS Cent Sci 3:232–243. https://doi.org/10.1021/acscentsci.7b00028

35. Paul BT, Manz DH, Torti FM, Torti SV. 2017. Mitochondria and iron: 
current questions. Expert Rev Hematol 10:65–79. https://doi.org/10.1080
/17474086.2016.1268047

36. Hou W, Xie Y, Song X, Sun X, Lotze MT, Zeh HJ III, Kang R, Tang D. 2016. 
Autophagy promotes ferroptosis by degradation of ferritin. Autophagy 
12:1425–1428. https://doi.org/10.1080/15548627.2016.1187366

37. Gong Y, Tang N, Liu P, Sun Y, Lu S, Liu W, Tan L, Song C, Qiu X, Liao Y, Yu 
S, Liu X, Lin SH, Ding C. 2022. Newcastle disease virus degrades SIRT3 via 
PINK1-PRKN-dependent mitophagy to reprogram energy metabolism in 
infected cells. Autophagy 18:1503–1521. https://doi.org/10.1080/155486
27.2021.1990515

38. Zhang Q, Qu H, Chen Y, Luo X, Chen C, Xiao B, Ding X, Zhao P, Lu Y, Chen 
AF, Yu Y. 2022. Atorvastatin induces mitochondria-dependent 
ferroptosis via the modulation of Nrf2-xCT/GPx4 axis. Front Cell Dev Biol 
10:806081. https://doi.org/10.3389/fcell.2022.806081

39. Dodson M, Castro-Portuguez R, Zhang DD. 2019. NRF2 plays a critical 
role in mitigating lipid peroxidation and ferroptosis. Redox Biol 
23:101107. https://doi.org/10.1016/j.redox.2019.101107

40. Arosio P, Elia L, Poli M. 2017. Ferritin, cellular iron storage and regulation. 
IUBMB Life 69:414–422. https://doi.org/10.1002/iub.1621

41. Tang M, Chen Z, Wu D, Chen L. 2018. Ferritinophagy/ferroptosis: iron‐
related newcomers in human diseases. J Cell Physiol 233:9179–9190. htt
ps://doi.org/10.1002/jcp.26954

42. Harris J, Deen N, Zamani S, Hasnat MA. 2018. Mitophagy and the release 
of inflammatory cytokines. Mitochondrion 41:2–8. https://doi.org/10.101
6/j.mito.2017.10.009

43. Ren Z, Zhou B, Wang L, Li J, Zhang R, Pan X. 2024. Inhibitory effect of 5-
hydroxy-6,7-dimethoxyflavone on H1N1 influenza virus-induced 
ferroptosis and inflammation in A549 cells and its possible mechanisms. 
Nan Fang Yi Ke Da Xue Xue Bao 44:1070–1078. https://doi.org/10.12122/
j.issn.1673-4254.2024.06.07

44. Pan W, Xiang L, Liang X, Du W, Zhao J, Zhang S, Zhou X, Geng L, Gong S, 
Xu W. 2023. Vitronectin destroyed intestinal epithelial cell differentiation 
through activation of PDE4-mediated ferroptosis in inflammatory bowel 
disease. Mediators Inflamm 2023:6623329. https://doi.org/10.1155/2023
/6623329

45. Wen Y, Zhao C, Chen J, Tian L, Wu B, Xie W, Dong T. 2024. Gandouling 
regulates ferroptosis and improves neuroinflammation in Wilson’s 
disease through the LCN2/NLRP3 signaling pathway. JIR Volum 17. https:
//doi.org/10.2147/JIR.S465341

46. Fu C, Cao N, Zeng S, Zhu W, Fu X, Liu W, Fan S. 2023. Role of mitochon­
dria in the regulation of ferroptosis and disease. Front Med 10:1301822. 
https://doi.org/10.3389/fmed.2023.1301822

47. Xu XQ, Xu T, Ji W, Wang C, Ren Y, Xiong X, Zhou X, Lin SH, Xu Y, Qiu Y. 
2023. Herpes Simplex virus 1-induced ferroptosis contributes to viral 
encephalitis. MBio 14:e0237022. https://doi.org/10.1128/mbio.02370-22

48. Gao M, Monian P, Quadri N, Ramasamy R, Jiang X. 2015. Glutaminolysis 
and transferrin regulate ferroptosis. Mol Cell 59:298–308. https://doi.org/
10.1016/j.molcel.2015.06.011

49. Liu Y, Lu S, Wu L, Yang L, Yang L, Wang J. 2023. The diversified role of 
mitochondria in ferroptosis in cancer. Cell Death Dis 14:519. https://doi.o
rg/10.1038/s41419-023-06045-y

50. Sun Y, Ji L, Liu W, Sun J, Liu P, Wang X, Liu X, Xu X. 2024. Influenza virus 
infection activates TAK1 to suppress RIPK3-independent apoptosis and 
RIPK1-dependent necroptosis. Cell Commun Signal 22:372. https://doi.or
g/10.1186/s12964-024-01727-2

51. Yu D, Jin R, Liu J, Zhang C, Duan C, Luo X, Yang W, Liu C, Liang J, Li X, Luo 
T. 2024. Rabies virus infection causes pyroptosis of neuronal cells. Int J 
Mol Sci 25:5616. https://doi.org/10.3390/ijms25115616

52. Yang Y, Wang Y, Guo L, Gao W, Tang TL, Yan M. 2022. Interaction 
between macrophages and ferroptosis. Cell Death Dis 13:355. https://doi
.org/10.1038/s41419-022-04775-z

Full-Length Text Journal of Virology

May 2025  Volume 99  Issue 5 10.1128/jvi.02310-2420

https://doi.org/10.1016/j.redox.2015.09.005
https://doi.org/10.1016/j.molcel.2018.10.042
https://doi.org/10.1007/s12011-021-02627-z
https://doi.org/10.1016/j.redox.2022.102324
https://doi.org/10.3389/fmicb.2023.1279655
https://doi.org/10.1038/s41401-021-00814-1
https://doi.org/10.1073/pnas.2214936120
https://doi.org/10.1080/15548627.2020.1725375
https://doi.org/10.1038/s41419-023-06400-z
https://doi.org/10.1016/j.bbamcr.2014.12.040
https://doi.org/10.1016/j.bbabio.2016.03.025
https://doi.org/10.1016/bs.ircmb.2020.02.005
https://doi.org/10.1038/s41467-020-20597-z
https://doi.org/10.1016/j.yjmcc.2018.12.017
https://doi.org/10.1097/CM9.0000000000002969
https://doi.org/10.3390/jcm9061783
https://doi.org/10.1016/j.tim.2022.11.006
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1128/jvi.01880-23
https://doi.org/10.1016/j.isci.2021.102837
https://doi.org/10.1016/j.ab.2016.10.021
https://doi.org/10.1021/acscentsci.7b00028
https://doi.org/10.1080/17474086.2016.1268047
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1080/15548627.2021.1990515
https://doi.org/10.3389/fcell.2022.806081
https://doi.org/10.1016/j.redox.2019.101107
https://doi.org/10.1002/iub.1621
https://doi.org/10.1002/jcp.26954
https://doi.org/10.1016/j.mito.2017.10.009
https://doi.org/10.12122/j.issn.1673-4254.2024.06.07
https://doi.org/10.1155/2023/6623329
https://doi.org/10.2147/JIR.S465341
https://doi.org/10.3389/fmed.2023.1301822
https://doi.org/10.1128/mbio.02370-22
https://doi.org/10.1016/j.molcel.2015.06.011
https://doi.org/10.1038/s41419-023-06045-y
https://doi.org/10.1186/s12964-024-01727-2
https://doi.org/10.3390/ijms25115616
https://doi.org/10.1038/s41419-022-04775-z
https://doi.org/10.1128/jvi.02310-24


53. Lu KC, Tsai KW, Wang YK, Hu WC. 2024. Types of cell death and their 
relations to host immunological pathways. Aging (Milano). https://doi.or
g/10.18632/aging.206035

54. Tang D, Chen X, Kang R, Kroemer G. 2021. Ferroptosis: molecular 
mechanisms and health implications. Cell Res 31:107–125. https://doi.or
g/10.1038/s41422-020-00441-1

55. Canli Ö, Alankuş YB, Grootjans S, Vegi N, Hültner L, Hoppe PS, Schroeder 
T, Vandenabeele P, Bornkamm GW, Greten FR. 2016. Glutathione 
peroxidase 4 prevents necroptosis in mouse erythroid precursors. Blood 
127:139–148. https://doi.org/10.1182/blood-2015-06-654194

56. Kang R, Zeng L, Zhu S, Xie Y, Liu J, Wen Q, Cao L, Xie M, Ran Q, Kroemer 
G, Wang H, Billiar TR, Jiang J, Tang D. 2018. Lipid peroxidation drives 
gasdermin D-mediated pyroptosis in lethal polymicrobial sepsis. Cell 
Host Microbe 24:97–108. https://doi.org/10.1016/j.chom.2018.05.009

57. Xue Q, Liu H, Sun M, Zhao W, Chen Y, Chen J, Wei C, Cai X, Xue Q. 2020. 
Peste des petits ruminants virus hemagglutinin (H) induces lysosomal 
degradation of host cyclophilin A to facilitate viral replication. Virus Res 
277:197844. https://doi.org/10.1016/j.virusres.2019.197844

58. Zhu Z, Li P, Yang F, Cao W, Zhang X, Dang W, Ma X, Tian H, Zhang K, 
Zhang M, Xue Q, Liu X, Zheng H. 2019. Peste des petits ruminants virus 
nucleocapsid protein inhibits beta interferon production by interacting 
with IRF3 to block its activation. J Virol 93:e00362-19. https://doi.org/10.
1128/JVI.00362-19

59. Wu J, Yang W, Li L, Wu J, He J, Ru Y, Ren J, Wang Y, Zheng H, Shang Y, Li 
D. 2024. Plasminogen activator urokinase interacts with the fusion 
protein and antagonizes the growth of Peste des petits ruminants virus. 
J Virol 98:e0014624. https://doi.org/10.1128/jvi.00146-24

60. Yang X, Liu X, Nie Y, Zhan F, Zhu B. 2023. Oxidative stress and ROS-
mediated cellular events in RSV infection: potential protective roles of 
antioxidants. Virol J 20:224. https://doi.org/10.1186/s12985-023-02194-
w

61. Li Y, Huang D, Jia L, Shangguan F, Gong S, Lan L, Song Z, Xu J, Yan C, 
Chen T, Tan Y, Liu Y, Huang X, Suzuki CK, Yang Z, Yang G, Lu B. 2023. 
LonP1 links mitochondria-ER interaction to regulate heart function. 
Research (Wash D C) 6:0175. https://doi.org/10.34133/research.0175

62. Zanini G, Selleri V, Malerba M, Solodka K, Sinigaglia G, Nasi M, Mattioli 
AV, Pinti M. 2023. The role of lonp1 on mitochondrial functions during 
cardiovascular and muscular diseases. Antioxidants (Basel) 12:598. https:
//doi.org/10.3390/antiox12030598

63. Pinti M, Gibellini L, Liu Y, Xu S, Lu B, Cossarizza A. 2015. Mitochondrial 
Lon protease at the crossroads of oxidative stress, ageing and cancer. 
Cell Mol Life Sci 72:4807–4824. https://doi.org/10.1007/s00018-015-2039
-3

64. Chen M, Shi Z, Sun Y, Ning H, Gu X, Zhang L. 2023. Prospects for anti-
tumor mechanism and potential clinical application based on 
glutathione peroxidase 4 mediated ferroptosis. IJMS 24:1607. https://doi.
org/10.3390/ijms24021607

65. Cheng J, Tao J, Li B, Shi Y, Liu H. 2022. Swine influenza virus triggers 
ferroptosis in A549 cells to enhance virus replication. Virol J 19:104. https
://doi.org/10.1186/s12985-022-01825-y

66. Yang W, Wang Y, Zhang C, Huang Y, Yu J, Shi L, Zhang P, Yin Y, Li R, Tao K. 
2022. Maresin1 protect against ferroptosis-induced liver injury through 
ROS inhibition and Nrf2/HO-1/GPX4 activation. Front Pharmacol 
13:865689. https://doi.org/10.3389/fphar.2022.865689

67. Song X, Long D. 2020. Nrf2 and ferroptosis: a new research direction for 
neurodegenerative diseases. Front Neurosci 14:267. https://doi.org/10.3
389/fnins.2020.00267

68. Fuhrmann DC, Mondorf A, Beifuß J, Jung M, Brüne B. 2020. Hypoxia 
inhibits ferritinophagy, increases mitochondrial ferritin, and protects 
from ferroptosis. Redox Biol 36:101670. https://doi.org/10.1016/j.redox.2
020.101670

69. Wang P, Cui Y, Ren Q, Yan B, Zhao Y, Yu P, Gao G, Shi H, Chang S, Chang 
YZ. 2021. Mitochondrial ferritin attenuates cerebral ischaemia/
reperfusion injury by inhibiting ferroptosis. Cell Death Dis 12:447. https:/
/doi.org/10.1038/s41419-021-03725-5

70. Zhou H, Zhou YL, Mao JA, Tang LF, Xu J, Wang ZX, He Y, Li M. 2022. 
NCOA4-mediated ferritinophagy is involved in ionizing radiation-
induced ferroptosis of intestinal epithelial cells. Redox Biol 55:102413. ht
tps://doi.org/10.1016/j.redox.2022.102413

71. Qi X, Qu Y, Nan Z, Jin Y, Zhao X, Wang A. 2012. Caprine endometrial 
stromal cells modulate the effects of steroid hormones on cytokine 
secretion by endometrial epithelial cells in vitro. Reprod Biol 12:309–315. 
https://doi.org/10.1016/j.repbio.2012.09.003

72. Qi XF, Nan ZC, Jin YP, Qu YY, Zhao XJ, Wang AH. 2012. Stromal-epithelial 
interactions modulate the effect of ovarian steroids on goat uterine 
epithelial cell interleukin-18 release. Domest Anim Endocrinol 42:210–
219. https://doi.org/10.1016/j.domaniend.2011.12.004

Full-Length Text Journal of Virology

May 2025  Volume 99  Issue 5 10.1128/jvi.02310-2421

https://doi.org/10.18632/aging.206035
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1182/blood-2015-06-654194
https://doi.org/10.1016/j.chom.2018.05.009
https://doi.org/10.1016/j.virusres.2019.197844
https://doi.org/10.1128/JVI.00362-19
https://doi.org/10.1128/jvi.00146-24
https://doi.org/10.1186/s12985-023-02194-w
https://doi.org/10.34133/research.0175
https://doi.org/10.3390/antiox12030598
https://doi.org/10.1007/s00018-015-2039-3
https://doi.org/10.3390/ijms24021607
https://doi.org/10.1186/s12985-022-01825-y
https://doi.org/10.3389/fphar.2022.865689
https://doi.org/10.3389/fnins.2020.00267
https://doi.org/10.1016/j.redox.2020.101670
https://doi.org/10.1038/s41419-021-03725-5
https://doi.org/10.1016/j.redox.2022.102413
https://doi.org/10.1016/j.repbio.2012.09.003
https://doi.org/10.1016/j.domaniend.2011.12.004
https://doi.org/10.1128/jvi.02310-24

	Peste des petits ruminants virus (PPRV) induces ferroptosis via LONP1-mediated mitochondrial GPX4 degradation in cell culture
	RESULTS
	PPRV induces ferroptosis in EECs
	PPRV-induced ferroptosis enhances virus replication
	Mitochondria play a key role in mediating PPRV-induced ferroptosis
	PPRV regulated the GPX4-Nrf2-Keap1 pathway by downregulating LONP1
	PPRV-induced ferritinophagy initiates ferroptosis
	PPRV-induced ferroptosis stimulates proinflammatory cytokine expression and inhibits type I IFN expression
	PPRV H, N, and F proteins are involved in ferroptosis induction

	DISCUSSION
	MATERIALS AND METHODS
	Cell culture and virus
	Antibodies and reagents
	Viral infection and cell treatment
	RNA interference
	Transmission electron microscopy
	Western blotting analysis
	Ferrous iron detection
	MMP detection
	Lipid peroxidation measurement
	MDA assay
	Real-time quantitative PCR analysis
	Mitochondria isolation
	Statistical analysis



