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Abstract

The influenza virus (IFV) imposes a considerable health and economic burden globally, requiring a comprehensive
understanding of its pathogenic mechanisms. Ferroptosis, an iron-dependent lipid peroxidation cell death pathway,
holds unique implications for the antioxidant defense system, with possible contributions to inflammation.

This exploration focuses on the dynamic interplay between ferroptosis and the host defense against viruses,
emphasizing the influence of IFV infections on the activation of the ferroptosis pathway. IFV causes different

types of cell death, including apoptosis, necrosis, and ferroptosis. IFV-induced ferroptotic cell death is mediated

by alterations in iron homeostasis, intensifying the accumulation of reactive oxygen species and promoting lipid
peroxidation. A comprehensive investigation into the mechanism of ferroptosis in viral infections, specifically IFV,
has great potential to identify therapeutic strategies. This understanding may pave the way for the development of
drugs using ferroptosis inhibitors, presenting an effective approach to suppress viral infections.
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Introduction

Influenza virus (IFV), is among the major respiratory
viruses that have caused significant mortality and health
issues, imposing a significant economic burden on soci-
ety [1, 2]. The worldwide dissemination of this virus has
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lipid peroxidation and excessive production of reactive
oxygen species (ROS) [8, 9].

Ferroptosis, an iron-dependent oxidation-regulated cell
death, is characterized by changes in iron balance and
overproduction of reactive oxygen and nitrogen species
(ROS/RNS) as well as irregular lipid peroxidation (LPO)
[10, 11]. Storage of harmful plasma membrane lipid per-
oxides and initiation of cell lysis represent potential risks
associated with ferroptosis and may lead to the develop-
ments of pathologies such as neurodegenerative diseases,
autoimmune disorders and cancer [12, 13]. Furthermore,
there is compelling evidence to suggest that ferroptosis
contributes significantly to inflammation [14]. Ferropto-
sis is distinguished by unique morphological and chemi-
cal attributes. It also exhibits variations in the genes
involved and regulatory pathways, which distinguishes
it from other programmed cell deaths such as apoptosis
and necroptosis [15]. It typically induces morphological
alterations in the energy-generating organelle of a cell.
This results in the development of smaller mitochondria
with heightened membrane density, the decrease or elim-
ination of cristae, and the rupture of the outer mitochon-
drial membrane, distinguishing it from other forms of cell
death [16]. Ferroptosis induces significant biochemical
alterations, encompassing iron and ROS accumulation,
stimulation of the MAPK signaling pathway, suppression
of the Xc-system, decreased glutathione (GSH) levels,
increased NOX activity, and secretion of arachidonic acid
(AA) mediators [17, 18]. In contrast to the biochemical
changes observed in ferroptosis, the biochemical modifi-
cations in apoptosis, autophagy, and necroptosis consist
of DNA fragmentation, elevated lysosomal activity, and
diminished ATP levels, respectively [16].

Consequently, this article aims to investigate the
dynamic interplay between ferroptosis and host defense
mechanisms against IFV infections. By exploring how
IFV infection triggers the ferroptosis pathway and leads
to inflammation, this study provides novel insights that
could inform the development of new antiviral strategies.

Overview of ferroptosis

Role of Iron in ferroptotic processes

Iron metabolism plays a role in essential cellular pro-
cesses, including DNA synthesis and mitochondrial
respiration. Imbalances in iron homeostasis have the
potential to induce cellular damage [19]. An increase
in cellular iron accumulation plays a role in ferroptotic
death [20]. Regulators of iron metabolism, from iron
absorption and storage to release, could have an effect on
ferroptosis (Fig. 1) [21].

The redox characteristics of iron involve it in reactions
that generate ROS, causing oxidative damage to lipids
and potentially resulting in the accumulation of lipid
ROS or ferroptosis [22]. Fenton reaction contributes to

Page 2 of 18

the generation of extremely reactive hydroxyl radicals
(OH:) by combining ferrous iron (Fe’*) with hydrogen
peroxide (H,0O,) and producing Fe** (Fig. 1B) [23]. The
onset of iron-induced oxidative stress triggers a self-per-
petuating cycle, resulting in increased iron release and
increased production of free radicals. The proximity of
ROS production to membrane phospholipids that per-
oxidize polyunsaturated fatty acids (PUFAs), causes the
production of lipid hydroperoxides and o,p-unsaturated
4-hydroxyaldehydes [24].

Hephaestin is a ferroxidase enzyme, which facilitates
the conversion of ferrous iron (Fe?*) to ferric iron (Fe3*),
a critical step in the absorption of dietary iron from the
small intestine iron exporter (FPN1: Ferroportin 1) and
allows the binding of iron to the blood transporter, trans-
ferrin (TF) [25, 26]. This process allows the transfer of
iron by TF to red blood cell precursors and various tis-
sues [25]. Gao et al., identified transferrin as the active
component related to ferroptosis through a four-step
fractionation procedure of dialyzed FBS, ultimately puri-
fying a single protein that correlated with lethal activ-
ity. Removal of transferrin from FBS reduced cell death,
while addition of commercial bovine holotransferrin-
induced cell death, confirmed the role of transferrin in
ferroptosis [27]. Transferrin receptor 1 (TFR1) facili-
tates the uptake of TF that transports ferric iron into
endosomes through clathrin-mediated endocytosis. The
low pH of the endosome causes the release of Fe>* from
transferrin. Prostate epithelial 6-transmembrane antigen
3 (STEAP3) converts released Fe*t to Fe*, and divalent
metal iron transporter-1 (DMT1) transports ferrous
iron to the cytoplasm. Furthermore, Fe’* can reach cells
through ZIP8/ZIP14 (zinc transporters) [28]. In study
on the role of TFR2 in ferroptosis, Tong et al. found that
elevated TFR2 expression stimulated the production of
ROS and LPO. TFR2 also promoted cellular susceptibil-
ity to ferroptosis inducers, Erastin and RSL3, while fer-
rostatin-1 )Fer-1( and DFO (ferroptosis suppressors)
effectively mitigated TRF2-mediated LPO, restoring cel-
lular activity [29].

An elevation in cellular labile iron pool (LIP), which
contains predominantly Fe?*, is the result of increased
heme oxygenase 1 (HMOX1) activity, a reduction in
FPN expression, and an increase in TF expression, which
potentially leading to ferroptosis (Fig. 1B) [30, 31]. Fur-
thermore, ferritin, which is the cellular iron storage
protein, undergoes autophagy-mediated degradation
by autolysosomes, elevating intracellular iron. This phe-
nomenon, called ferritinophagy, can cause increased
ROS and the onset of ferroptosis [32]. NCOA4 aids in
the transport of ferritin to autolysosomes [33]. Mito-
chondrial ferritin (FtMt) plays a crucial role in storing
excess cellular iron. The mitochondrial electron trans-
port chain depends on the crucial cofactors such as heme
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Fig.1 Exploring how lipid peroxidation, alterations in iron metabolism, and changes in the antioxidant system contribute to ferroptosis. (A) In antioxidant
pathway, cystine enters the cell through the Xc-System and converted to cysteine and then GSH in the cell, which activates GPX-4. Ferroptosis inhibited
when GPX-4 reduces P-LOOH to PLOH. (B) The Fenton reaction creates highly reactive hydroxy! radicals (OH-) by reacting Fe2 +with H202, generating
Fe3+. This process drives a cycle of oxidative stress, leading to increased free radicals and lipid peroxidation. (C) Lipid peroxidation (LPO) in cell mem-
branes, crucial for ferroptosis, occurs when antioxidant defenses like GPX-4 and GSH are impaired. Long-chain fatty acids, particularly those activated
by ACSL4 such as arachidonic acid (AA), contribute to ferroptosis through the formation of AA-acyl Co-A and AA-PE. AA-PE then oxidized by 15-LOX to
produce lipid hydroperoxides, which, in the presence of labile Fe2+, generate radicals that damage cellular membranes. Abbreviations; HMOX1: heme
oxygenase 1; Lip: lipid iron pool; FPN: Ferroportin; TF: Transferrin; PUFA: polyunsaturated fatty acids; ACSL4: acyl-CoA synthetases 4; LPCTA3: lysophospha-
tidylcholine acyltransferase 3; ALOX: arachidonate lipoxygenase; GSH: Reduced glutathione; GPX-4: Glutathione peroxidase 4; GSSG: Glutathione disulfide
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and iron-sulfur groups, both of which are iron dependent
[34]. Wang et al. found that in brains of iron-increased
ischemic mice, the absence of FtMt caused more severe
damage and showed molecular indicators of ferroptosis,
such as accumulated free iron, increased LPO, and exac-
erbation of GSH inhibition. Consequently, these find-
ings may underline the critical role of FtMt in protecting
against ferroptosis [35].

Mechanisms of ferroptosis lipid peroxidation (LPO)

The LPO mechanism involves the binding of oxygen to
lipids, resulting in the production of lipid hydroperox-
ides and peroxyl radicals [36]. The increased ROS from
lipids, leading to the cell death through oxidative stress,
is specifically identified as ferroptosis [37]. Alterations in
the shape and curvature of lipid membranes improve the
accessibility of oxidants, accelerating membrane degra-
dation and causing the disappearance of ferroptotic cells
[38].

LPO in cell membranes occurs when the activity of
key antioxidant defenses, such as glutathione peroxi-
dase 4 (GPX-4) and GSH, is altered. Phospholipids asso-
ciated with PUFAs are essential for lipid peroxidation,
a determinant of ferroptosis (Fig. 1C) [39]. The criti-
cal sites in lipids that drive ferroptosis are the bis-allylic
carbons, which are vulnerable to attack by free radicals
and lipoxygenase enzymes as well as oxygen, due to their
adjacency to a double-bonded carbon—carbon pair [40].
Long-chain fatty acids activated by acyl-CoA synthetases
(ACSLs) like ACSL4 which interact with arachidonic acid
(AA), influence cell sensitivity to ferroptosis [39]. ACSL4
facilitates the binding of AA to generate AA-acyl Co-A,
which are then converted to phosphatidylethanolamines
(AA-PE) by lysophosphatidylcholine acyltransferase 3
(LPCTA3). 15-lipoxygenase (15-LOX) oxidizes AA-PE
and produce lipid hydroperoxides (LOOH), which serve
as key factor of ferroptosis (Fig. 1C) [41]. Lipid hydro-
peroxides (PL-PUFA-OOH) interact with labile Fe2+ (in
Fenton chemistry), producing the PL-PUFA-O- radical,
which can trigger peroxidation in neighboring phospho-
lipids, causing membrane damage [42]. GPX-4, as an
antioxidants, mitigates ferroptosis by reducing and con-
verting lipid hydroperoxides (PL-PUFA-OOH) to lipid
alcohols (PL-PUFA-OH) [42]. Additionally, other anti-
oxidants such as coenzyme Q10 and vitamin E interact
with peroxyl radicals to produce peroxides. Subsequently,
GSH and GPX-4 can detoxify the generated oxidized lip-
ids [36].

Regulatory proteins and pathways

The initial trigger of ferroptosis is the dysfunction of the
system Xc~, a membrane antiporter that plays a role in
cellular cystine import and glutamate export [37, 43]. The
Xc system is formed by the xCT light chain (SLC7A11),
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which is connected by a disulfide bond to the heavy chain
(4F2hc) [44]. The alteration in the Xc system prevents the
uptake of cystine, interrupts the biosynthesis of GSH,
causing an increase in of lipid reactive oxygen species,
triggering oxidative cellular damage, and inducing fer-
roptosis (Fig. 1A) [37]. Research indicates that SLC7A11
is crucial for suppressing ferroptosis in acinar cells by
maintaining both GSH level and ROS balance [45].

A study on regulation of the Xc system revealed that
stimulation of sensing stressor, transcription factor 3
(ATE3), can lead to erastin-induced ferroptosis by sup-
pressing the Xc-system and decreasing the level of GSH
through direct regulation of the SLC7A11 promoter
[46]. Furthermore, silencing BECN1 hinders ferroptosis
induced by Xc-system suppressors such as erastin, sul-
fasalazine, and sorafenib. AMP-activated protein kinase
(AMPK) plays a role in BECN1 phosphorylation of at
serine, which is vital for the formation of the complex
between BECN1 and SLC7A11, as well as lipid peroxida-
tion [47]. Cystine enters the cell through the Xc-System,
where it is transformed into cysteine and subsequently
contributes to the production of GSH. Within the
GPX-4 cycle, P-LOOH (which can be generated by the
Fenton reaction) oxidizes GPX-4-SeH to GPX-4-SeOH
(Fig. 1A). GSH plays a crucial role in activating GPX-4,
thereby preventing its deactivation through the release of
GSSG. The reduction of GSSG back to GSH is facilitated
by enzymes such as glutathione reductase (GR) and the
cofactor NADPH. Ferroptosis is inhibited when P-LOOH
is converted to PLOH through the action of GPX-4 [48].
Ferroptosis inhibitors, such as Ferroptosis Suppressor
Protein 1 (FSP1) and ubiquinone (CoQ10), work similarly
to GSH. The reduction of CoQ10 to ubiquinol by FSP1
transform it into a lipophilic radical scavenger, effectively
preventing ferroptosis (Fig. 1A) [49].

The regulation of ferroptosis encompasses various sig-
naling pathways. AMPK inhibits ferroptosis by reducing
lipogenesis, while glucose promotes ferroptosis by coun-
teracting AMPK. Furthermore, E-cadherin—-NF2—Hippo
prevents ferroptosis by reducing YAP-mediated tran-
scription. p53 and BAP1 also play a role in suppressing
SLC7A11 transcription, which reduces cystine import
and leads to ferroptotic cell death [50].

Currently, multiple drugs have been identified to stim-
ulate ferroptosis, classified into four categories according
to their ability to inhibit the Xc-system and GSH, directly
inhibit GPX-4, reduce GPX-4 and CoQ10 protein, and
induce lipid peroxidation [51]. Class 1 ferroptosis induc-
ers such as Erastin, piperazine erastin, imidazole ketone
erastin (IKE), sulfasalazine and sorafenib as well as gluta-
mate target the Xc~ system. RSL3, a class 2 inducer, acts
on GPX-4. FIN56 and CIL56, as class 3 inducer, reduce
the levels of GPX-4 and coQ10, while FINO2 (class 4)
induces lipid peroxidation. In contrast, iron chelators
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(DFO, cyclipirox, deferiprone), lipophilic antioxidants
(e.g., vit E, Fer-1, CoQ10), D-PUFA (e.g., D4-arachidonic
acid), and LOX inhibitors are ferroptosis suppressors
[40].

Mitochondria role in ferroptosis

Mitochondria are thought to be associated with ferrop-
totic signaling pathways due to their roles in ATP synthe-
sis, ROS production, iron homeostasis, and maintaining
redox balance [34]. Several mitochondrial enzyme sys-
tems, such as ACSL4, lysophos-phatidylcholine acyl-
transferase 3 (LPCAT3), and acyl-CoA synthetase family
member 2 (ACSF2), are involved in lipid metabolism and
play role in ferroptosis [52]. ACSF2 in mitochondria, con-
trols fatty acid activation and synthesis, crucial for lipid
peroxidation and erastin-induced ferroptosis. ACSL4 in
the outer mitochondrial membrane, is another key pro-
ferroptosis gene involved in lipid metabolism [52]. On the
outer surface of the inner mitochondrial membrane, the
dihydroorotate dehydrogenase (DHODH)-CoQH2 path-
way, facilitates the conversion of dihydroorotate (DHO)
to orotate (OA) and concurrently regenerates CoQH2
to neutralize lipid radicals, consequently suppress fer-
roptosis. Mitochondrial GPX4 (mGPX4) and DHODH-
CoQH2 separately but both convert CoQ to CoQH2 [53].

Mitochondrial homeostasis is regulated by fission,
fusion, and mitophagy, but these processes can become
dysregulated. Various mitochondria-regulated mol-
ecules, including the fission genes (DRP1 and FIS1),
the fusion-related genes (MFN1/2 and OPA1), and the
mitophagy-related genes (PINK1 and FUNDC1), play
a role in ferroptosis [54]. Inhibiting both ferritinophagy
and mitophagy (by double knockdown of NCOA4 and
PINK1) nearly prevents O-GlcNAcylation-induced fer-
roptosis indicating that ferroptosis and mitochondrial
dynamics are co-regulated, and any imbalance between
them disrupts cellular homeostasis [54]. In interplay
between mitochondrial dysfunction and ferroptosis, after
cerebral ischemia/reperfusion injury, the NOD LRR pyrin
domain-containing protein 3 (NLRP3) inflammasome in
microglia was activated by mitochondrial dysfunction,
which involves mitochondrial ROS, DNA damage, and
cardiolipin release. This activation leads to pyroptosis
and other cell deaths, such as ferroptosis [55] Research
showed that controlled NLRP3 inflammasome activation
is vital for homeostasis. ROS regulates this activation,
with elevated ROS causing cell damage via the NLRP3
inflammasome. Moreover, augmented ROS can facilitate
viral spread between cells and heighten susceptibility to
respiratory viruses [56].

IFV infection reduced total antioxidant capacity (TAC),
superoxide dismutase (SOD), GPX, and catalase activities
in A549 cells while significantly increasing malondialde-
hyde (MDA) and ROS levels, indicating induced oxidative
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stress injury [56]. The IAV polymerase basic 2 (PB2), with
its N-terminal mitochondrial targeting sequence, trans-
ports IAV into mitochondria, disrupting their fusion and
fission balance, leading to fragmentation and superoxide
ion leakage. Additionally, the NS1 protein also trigger
mitochondrial fragmentation, boosting ROS generation
and enhancing IAV replication and pathogenesis [57].

Unveiling links between ferroptosis and host defense
mechanisms against viruses
Ferroptosis promotes inflammation and releases dam-
age-associated molecular patterns (DAMPs), such as
high-mobility group box 1 (HMGB1) [58]. Intense oxida-
tive stress, caused by ROS, amplifies LPO, initiating fer-
roptotic cell death. This process releases DAMPs, which
activates inflammation through receptors such as the
receptor for advanced glycation end products (RAGE)
and NF-«B. [59, 60]. Cell stress can induce ATP release,
which then activates purinoreceptors and facilitates key
survival mechanisms [61]. Researches have highlighted
the involvement of extracellular ATP in activating the
NLRP3 inflammasome triggered by DAMPs [62]. More-
over, macrophages are crucial in efferocytosis by generat-
ing nitric oxide (NO) and ROS, removing apoptotic cells,
and secreting anti-inflammatory cytokines [63]. Redox
Imbalance and elevated LPO induce inflammation, and
proinflammatory cytokines worsen oxidative stress. In
the process of ferroptosis, activation of NF-kB increases
cytokine release, while inhibition of ferroptosis with Tro-
lox can reduce TNF-a, IL-10, and IL-6 [64]. Furthermore,
LPO alters low-density lipoprotein, promoting inflamma-
tion through macrophage polarization. GPX-4, mitigates
ferroptosis and inflammation by preventing the oxidation
of AA and NF-kB, while increasing inflammatory media-
tors such as cyclooxygenase 1 (COX1) and 12-lipoxygen-
ase. Furthermore, iron participates in the modulation of
the immune system by influencing the polarization of M1
macrophage [59, 65]. IL-6 influences ferritin expression
in iron metabolism, promoting inflammation. In degen-
erative chondrocytes, IL-6 induces LPO and iron imbal-
ance, worsening intervertebral disc injuries [66].
Ferroptosis is also induced in adaptive immune cells,
specifically T cells (CD8+), by ACSL4 and CD36, while
SLC7A11 and GPX-4 suppress it. Furthermore, ferrop-
tosis can impair IgM secretion from B lymphocytes and
Marginal Zone B (MZB) cells by reducing GPX-4 activity.
CD36 also plays a role in ferroptosis by uptaking PUFAs
[67]. Signaling pathways associated with inflammation
may be related to ferroptosis. Kong et al. revealed that
interferon-y induced a reduction in GSH levels, induced
cell cycle arrest in the GO/G1 phase, and elevated ROS
level and lipid peroxidation leading to ferroptosis. IFNy
by stimulating JAK/STAT cell signaling can negatively
regulate the expression of SLC3A2 and SLC7A11 of the
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Xc-system, highlighting its role in promoting ferroptosis
[68]. The TNF-o/IL-6-ERK pathway was also upregu-
lated in ischemia/reperfusion following ferroptosis [69].
The complement system, crucial for host defense against
viral infections, is often targeted by viruses that develop
mechanisms to evade or deregulate it, thereby elevat-
ing infectivity and worsening disease symptoms [70]. A
study in a murine model indicates that the Coxsackie
virus can induce ferroptosis by altering the complement
components, C4b and C3. This study demonstrated that
the ferroptosis inhibitor, fer-1, successfully mitigated
inflammation in viral infection and prohibited ferroptosis
in Coxsackie virus-induced myocarditis [71]. Addition-
ally, several viruses interfere with iron absorption and
the antioxidant system, so they require iron for optimal
replication of their genome. This leads them to compete
with the host for iron uptake. Viruses can enhance cellu-
lar iron uptake by downregulating hepcidin expression or
increasing DMT expression [9, 72].

Host cells response to increased ROS/LPO accumulation
Enzymes and molecules, both endogenous and exog-
enous, protect cells from oxidative stress by neutraliz-
ing free radicals and metabolizing toxic aldehydes from
lipid peroxidation. Endogenous enzymes include GPX,
SOD, glutathione S-transferase (GST), catalase, thiore-
doxin (TRX), thioredoxin peroxidase (TRXP), peroxire-
doxin (PRDX), and HMOX1. Nonenzymatic antioxidants
include GSH, proteins like ferritin, TF, albumin, cerulo-
plasmin, and molecules such as uric acid, coenzyme Q,
and lipoic acid [73, 74].

Antioxidant mechanisms are regulated by nuclear fac-
tor erythroid 2 like 2 (NFE2L2/NRF2) and membrane
repair during ferroptosis involves endosomal sorting
complexes required for transport (ESCRT-III) activa-
tion [74]. Nrf2 binds to antioxidant response elements
in gene promoters like GPX4, SLC7A11, HMOX]1, and
NAD(P)H quinone oxidoreductase 1 to scavenge ROS.
It also reduces Fe uptake by downregulating TFR1 and
DMT1I, and increases GSH synthesis by upregulating
glutamate-cysteine ligase [75]. Therefore, activation of
the P62-Keapl-NRF2 pathway has been shown to inhibit
ferroptosis. In cell peroxidation, Keapl expression was
inhibited, leading to the dissociation of NRF2-Keapl.
This allowed NRF2 to enter the nucleus, increase anti-
oxidant protein expression, and decrease ROS and oxida-
tive stress damage [76]. Moreover, Oxidative stress could
induction lipid droplet accumulation [77]. Lipid droplets
(LDs) regarded as a lipid storage organelle which have
antioxidative activity, reducing ROS levels and prevent-
ing PUFA peroxidation by sequestering these lipids in
their cores, making them less accessible to ROS [78].
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Interplay between influenza virus and ferroptosis
Ferroptosis has been implicated in the pathogenesis of
several viral infections including IFV, human immunode-
ficiency virus (HIV), severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and, enteroviruses [79].
Studies have demonstrated a connection between ferrop-
tosis and the reduction of CD4 cells after HIV infection
[80, 81]. When primary CD4 cells are infected with wild-
type HIV-1, these HIV-infected cells show increased
regulated cell death, including ferroptosis. Xiao and col-
leagues observed that traditional markers of ferroptosis
were evident in the CD4 T cells of HIV immune non-
responders [81]. These markers included heightened lipid
peroxidation within mitochondria and damage to mito-
chondrial structure (81). Moreover, it has been found
that, the HIV-1 transcriptional activator of transcription
(Tat) protein boosts ACSL4 expression via exosomes
secreted by infected cells. This overexpression results in
lipid accumulation, heightening the risk of ferroptosis
[82]. Furthermore, HIV can elevate cellular iron levels
by utilizing hepcidin-mediated degradation of ferropor-
tin, which in turn enhances HIV transcription, replica-
tion, and release [83, 84]. In the context of SARS-CoV-2
infection, various molecular changes contribute to fer-
roptosis in the lungs [85]. The infection decreases GPX4
expression in Vero cells, weakening lipid repair mecha-
nisms and increasing vulnerability to lipid peroxidation.
The structural proteins of SARS-CoV-2 also suppress
the NRF2 antioxidant pathway, which normally defends
against oxidative damage. Elevated serum ferritin levels
in severe COVID-19 cases correlate with disease severity,
as ferritin provides iron that promotes ferroptosis. Dis-
ruptions in iron metabolism are indicated by altered iron
homeostasis proteins and higher levels of reactive iron
in the lungs. Additionally, lipid peroxidation has been
noted in cardiovascular complications related to COVID-
19 and in the heart pacemakers of SARS-CoV-2-infected
hamster models [85, 86]. In addition, an in vitro study
has shown that enteroviruses, such as coxsackievirus A6,
can increase ACSL4 expression, thereby triggering fer-
roptosis [87]. These observations indicate that ferroptosis
is closely associated with various viral infections, which
could potentially be a therapeutic target in the future.
However, our focus here is on the relationship between
ferroptosis and IFV infection.

IFV is known to induce multiple forms of cell death,
including apoptosis and necrosis [88—91]. Recent stud-
ies suggest a potential link between IFV and ferroptosis,
marked by elevated iron levels, release of ROS, and lipid
peroxidation (Fig. 2A) [92]. This intricate relationship
between ferroptosis and IFV opens avenues to explore
novel therapeutic interventions.

As shown in Table 1, evidence suggests a connec-
tion between ferroptosis and the destruction of nasal
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A. Influenza virus induced ferroptosis
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Fig. 2 Ferroptosis in viral infections and unravelling the mechanisms underlying ferroptotic cell death induced by influenza virus. (A) Research indicates
that the influenza virus can induce ferroptosis in the host by impacting lipid peroxidation, disrupting antioxidant systems like the Xc-, GPX-4, and GSH
pathways, and causing mitochondrial dysfunction. (B) During influenza infection, lung epithelial cells and macrophages release IFP35, which drives the
cytokine storm. Studies show that IFP35 exacerbates ferroptosis and lung damage, while its knockdown reduces both ferroptosis and lung injury. PGE2
hampers immunity against influenza by suppressing macrophage and T-cell functions. Proanthocyanidins (PAs) reduce lung damage, inflammation, and
ferroptosis in influenza-induced acute lung injury (ALI) by lowering IFN-y levels. Abbreviations; IAV: Influenza A virus; SIV: Swine influenza virus; LPO: lipid
peroxidation; Fer-1: Ferrostatin-1; HIF-1-alpha: Hypoxia-inducible factor 1; iNOS: Inducible nitric oxide synthase; VEGF: Vascular endothelial growth factor;

MDA: Malondialdehyde

epithelial cells, which is triggered by inflammation result-
ing from the influenza virus. IFV HIN1 infection induces
alterations in the expression of genes and metabolites
associated with ferroptotic cell death in human nasal

epithelial progenitor cells (hNEPCs). A notable decrease
in the expressions of Nrf2/KEAP1 and GCLC (catalytic
subunit of glutamate-cysteine ligase) is observed, along
with impaired glutaminolysis (Fig. 2A) [93]. The KEAP1/
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Table 1 Influenza infection and ferroptosis signature in several studies
Author Virus Tissue Ferroptosis signature Ref
/Cell/
Animal
Liu et al. Influenza  Human - Induces ferroptosis through NRF2-KEAP1-GCLC pathway [93]
A virus nasal -Increasing lipid peroxidation
HIN1 epithelial - Increasing the level of MDA, 4-HNE, and ROS
progeni-
tor cells
(hNEPCs)
Huang Influenza  Mouse - Mitochondrial impairment [95]
etal. A virus lung epi- - Elevated intracellular iron levels
thelial cells - Diminished expression of GPX-4 gene
(MLE-12) - Increased ACSL4 expression
- Activation of hypoxia-inducible factor 1a (HIF-1a)
- Induction of nitric oxide synthase (iNOS)
- Induction of vascular endothelial growth factor (VEGF)
Liuetal H5N1 A549 cells  -Increasing ROS levels in A549 24 h after infection. [97]
avian - Reduction in the expression levels of several antioxidant genes, including NRF2, GCLC, GCLM,
influenza SLC7A11, NADPH, GPX2, and HO-1.
virus
Yi-wenLv  Influenza  Mice -Downregulated GPX4 and SLC7A11 levels
etal. A virus - Increasing the levels of ACSL4 [109]
HINT -Promote ferroptosis in the lung tissues of mice
Xiangwu Ju H5N1 Alveolar - Deglycosylate and degrades lysosome-associated membrane proteins (LAMPs) and lysosomal rupture
etal. avian epithelial [110]
influenza  carcinoma
virus A549 cells
and
human
tracheal
epithelial
cells
Chengetal. HIN1 A549 cells  -Increased intracellular Fe2* [92]
swine -Increased ROS accumulation and LPO
influenza -Depletion of GSH and consequently impaired cellular antioxidant defenses
virus (SIV) -Decreased levels of NADPH which is the coenzyme of GSH reductase
-Disrupted the Xc—/GPX4 pathway, leading to a reduction in GSH levels and an increase in lipid peroxi-
dation products.
-Downregulation of SLC7A11, SLC3A2L and GPX4
-Higher expression of the IL-1(3, TNF-g, IL-6, and IL.-8 mRNAs
Miaoetal.  Influ- MDCK cells  -Depletion of intracellular GSH
enza A/B -Increasing the intracellular lipid ROS and lipid peroxidation [111]
subtypes -Decreasing GPX4 levels
-Upregulation of intracellular iron in 1AV infection
Kungetal. Influenza A549cells -IAV titers diminish in ACSL4-deficient cells [87]
A virus

NRF2 signaling pathway serves as a primary mechanism
to protect cells against oxidative stress. NRF2 (nuclear
factor erythroid-2-like-2) is recognized not only for its
ability to alleviate inflammation and counteract oxida-
tive damage but also for its antiviral properties, particu-
larly to inhibit IFV replication [94]. Liu et al. reported
that IFV HIN1 can trigger ferroptosis in hNECs through
the NRF2-KEAP1-GCLC signaling pathway [93]. In
another study, by using murine lung epithelial cells, it
was revealed that IFV triggers ferroptosis. The discerned
indicators of influenza-induced ferroptosis encompassed
mitochondrial impairment, increased ROS release,

elevated intracellular iron levels, decreased GPX-4
gene expression, and increased LPO by the presence of
ACSL4. Enhanced activation of hypoxia-inducible fac-
tor la (HIF-1a), along with the induction of nitric oxide
synthase (iNOS) and vascular endothelial growth factor
(VEGF) within the HIF-1 signaling pathway were other
properties of IFV-mediated ferroptosis [95, 96]. ACSL4,
as a crucial factor of ferroptosis, is used for IFV replica-
tion process [87]. ACSL4, present in the ER, colocalized
with dsRNA (viral replication marker) and calnexin (ER
marker) during CV-A6 infection, confirming its par-
ticipation in the viral replication complex. Furthermore,
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Kung et al. reported that IFV titers decreased in ACSL4-
deficient cells, underscoring the role of ACSL4 as a key
host component in the virus replication process [87].

As well, key mechanisms driving ROS production after
IAV infection are dysfunctional mitochondria, activated
NADPH oxidase, and suppressed antioxidant pathways
[57]. Oxidative stress plays a crucial role in the replica-
tion of IFV. A study by Liu et al. investigated the function
of tripartite motif containing 16 (TRIM16) in relation
to oxidative stress triggered by infection with the highly
pathogenic H5N1 avian influenza virus [97]. Their find-
ings revealed that, during H5N1 infection, ROS levels in
A549 cells reached their highest point 24 h after infection.
Additionally, there was a noted decrease in the expres-
sion levels of several antioxidant genes, including NRF2,
GCLC, GCLM, SLC7A11, NADPH, GPX2, and HO-1.
Moreover, they found that elevated levels of the TRIM16
protein can diminish the titer of highly pathogenic avian
influenza virus and enhance the expression of anti-
oxidant genes in A549 cells by activating the SQSTM1/
NRF2/KEAP1 antioxidant pathway during H5N1 HPAIV
infection. Under normal conditions, TRIM16 interacts
with NRF2 and facilitates its ubiquitination by promot-
ing K63-linked polyubiquitination. Given that SLC7A11
is closely linked to ferroptosis, TRIM16 might also influ-
ence ferroptosis in cells [97]. Oxidative stress intensi-
fies lung injury and acute respiratory distress syndrome,
but antioxidants such as GSH precursors can effectively
mitigate these effects [98]. It has been suggested that the
redox state of host cells can affect viral replication [99].
The replication of IFV is influenced by the redox state
of host cells, as evidenced by Bcl-2 expression and GSH
levels [100]. Cells with higher Bcl-2 and GSH exhibited
reduced viral replication, affecting the expression of late
viral proteins (HA and M) and the nuclear-cytoplasmic
transport of viral ribonucleoproteins. Reduced HA
expression in cells with elevated GSH levels might be
related to reducing environments that disrupted disulfide
bond formation, hindering proper folding and matura-
tion of HA, and subsequently affecting its translocation
and integration into the membrane [100].

Furthermore, it has been observed that ROS generation
is necessary to initiate macroautophagy/autophagy in the
context of IFV infection. Specifically, the IFV M2 protein
triggers the formation of ROS, a crucial step to stimu-
late macroautophagy/autophagy [101]. Furthermore,
IFV HINI1 infection causes oxidative stress and severe
lung damage, with ROS generation regulated by superox-
ide dismutase 1 (SOD1). The study found that SOD1 is
reduced during IFV infection, possibly due to enhanced
autophagy, which is activated early in infection and con-
tributes to increased ROS [102]. During an infection,
autophagy can lead to the accumulation of ROS, which
may trigger ferroptosis [9]. Alternatively, autophagy can
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facilitate ferroptosis by breaking down ferritin [103]. It
was found that autophagy plays a role in ferroptosis by
targeting and degrading ferritin in fibroblasts and can-
cer cells. When the genes Atg5 and Atg7, essential for
autophagy, were disrupted, there was a reduction in fer-
roptosis induced by erastin, evidenced by lower levels of
intracellular ferrous iron and decreased lipid peroxida-
tion. Notably, NCOA4 emerged as a key receptor respon-
sible for the selective autophagic degradation of ferritin,
known as ferritinophagy, which is crucial for ferroptosis.
Inhibition of NCOA4 led to reduced ferritin breakdown
and a decrease in ferroptosis, whereas overexpression of
NCOA4 enhanced ferritin degradation and intensified
ferroptosis [103]. It is crucial to emphasize that autoph-
agy often occurs alongside ferroptosis, and these pro-
cesses are interconnected in various ways [32, 41, 103].
Viruses can use TfR1 as an entry receptor, taking con-
trol of iron transport to elevate iron uptake and TfR1
expression. This may contribute to iron accumulation,
promoting ferroptosis and intensifying disease severity
in later stages of viral infection [8]. Investigations into
the entry protein involved in IFV endocytosis showed
that lack of TfR1 reduces IFV entry. IFV hemagglutinin
exploited TfR1 recycling as a revolving-door process to
undergo host endocytosis [104]. IFV H5N1 alters the
iron balance of the host cell by degrading the lysosome-
associated membrane protein and releasing iron-rich
lysosomal contents, which can probably trigger oxida-
tive stress or ferroptosis [105]. During influenza infec-
tion, lung epithelial cells and the innate immune system,
through macrophages, secrete interferon-induced pro-
tein 35 (IFP35), which significantly contributes to the
cytokine storm triggered by the IFV infection (Fig. 2B)
[106]. Dai et al. found that IFP35 is related to ferroptosis
by initiating the ubiquitination and subsequent degrada-
tion of Nrf2. In vivo investigations on the involvement
of IFP35 in Staphylococcal-induced lung infection dem-
onstrated that IFP35 amplifies ferroptosis, thereby con-
tributing to lung damage. Furthermore, knockdown of
IFP35 alleviated both ferroptosis and subsequent lung
injury [75]. However, in the case of IFV infection it is
unclear that this IFP35 leads to ferroptosis or not and
further studies are needed. As well, pro-inflammatory
lipid mediators such as prostaglandin E2 (PGE2) which
released from ferroptotic cells, may regulate immunity.
PGE2 may negatively affect immunity against IFV by
suppressing both macrophage antigen presentation and
T-cell immune responses (Fig. 2B) [107, 108]. Another
research examined the impact of Proanthocyanidins
(PAs) on ferroptosis during an IAV infection [109]. In this
study, mice were nasally inoculated with IAV to trigger
acute lung injury (ALI). The infection notably exacer-
bated pathological damage and pulmonary edema in the
mice. Firstly, the study found that IAV infection led to a
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reduction in GPX4 and SLC7A11 levels, while simultane-
ously increasing the mRNA and protein levels of ACSL4.
These findings indicate that ferroptosis is heightened in
IAV-induced ALI [109]. Secondly, they assess the protec-
tive impact of PAs and explore the possible mechanisms
against IAV-induced ALI, which will be detailed in the
following section.

Lysosomes, crucial in iron metabolism, contain a sig-
nificant amount of redox-active iron [9]. Lysosomes play
an active role in ferroptosis by influencing iron levels
within the cell, notably through the disruption of trans-
ferrin transport and ferritin degradation. Additionally,
lysosomal activity generates ROS, including lipid perox-
ides. Moreover, lysosomal cathepsin B has been identified
as a factor in GSH depletion, and STAT3, a cathepsin B
activator, may thus participate in the ferroptosis process
[9]. Viral infections, such as H5N1 influenza, can damage
lysosomes and release redox-active iron. It was reported
that H5N1 neuraminidase can degrade lysosome-asso-
ciated membrane protein (LAMP), triggering cell death
[110]. Degradation of ferritin by released lysosomal
enzymes leads to iron accumulation, which can cause
lipid peroxidation or trigger ferroptosis [9]. Furthermore,
other IFV subtypes, such as HIN1 swine influenza virus
(SIV), have been shown to trigger ferroptosis [92]. In
the study by Cheng et al,, it was found that when A549
cells were infected with the SIV, the infection disrupted
the Xc—/GPX4 axis, leading to a reduction in GSH levels
and an increase in lipid peroxidation products like MDA
(Fig. 2A). The SIV infection caused a significant rise in
Fe2* levels and ROS accumulation within the infected
cells. The infection also caused a substantial depletion of
GSH, compromising the cells’ antioxidant defenses. As a
critical coenzyme for GSH reductase, NADPH is essen-
tial for maintaining GSH levels, and its decreased lev-
els were observed in response to SIV infection. As well,
in SIV infection, there was a reduction in the levels of
SLC7A11, SLC3A2L, and GPX4, along with an increased
expression of inflammatory cytokines such as IL-1(,
TNEF-q, IL-6, and IL-8 [92]. Additionally, they examined
the effectiveness of Fer-1 in preventing ferroptosis, which
is detailed in the following section. In a separate study
aimed at assessing the antiviral properties of metastable
iron sulfides (mFeS), researchers noted that IFV can trig-
ger ferroptosis [111]. They observed that IFV causes a
depletion of intracellular GSH, an increase in lipid ROS
and lipid peroxidation, a reduction in GPX4 levels, and
an elevation of intracellular iron during IFV infection.
Furthermore, Liproxastatin-1 was found to effectively
block the replication of the influenza virus within cells,
suggesting that the virus’s replication process depends on
cellular ferroptosis [111]. Additionally, The redox state of
host cells has been linked to IAV replication, emphasiz-
ing the importance of cellular ferroptosis [100]. In this
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context, the study introduces the concept of Oxeiptosis,
a form of ROS-induced cell death independent of known
pathways, suggesting an interplay between ROS-induced
cell death pathways and their role in limiting harmful
inflammation [112].

In conclusion, the studies indicate that IFV signifi-
cantly relies on ferroptosis to drive inflammation and
enhance its replication. IFV infection triggers ferroptosis
by causing oxidative stress, which leads to increased lev-
els of reactive oxygen species ROS and intracellular iron.
The interplay between ferroptosis and oxidative stress
underscores the virus’s strategy to exploit these processes
for its benefit. This understanding provides important
insights into how IFV exacerbates inflammation and
highlights potential avenues for therapeutic strategies
aimed at modulating ferroptosis to mitigate the severe
effects of influenza infections.

Obligate intracellular pathogens and ferroptosis

Evidence suggests that some pathogens exploit ferroptosis
to enhance their replication. For instance, it was reported
that intracellular pathogen could modulates host cell
ferroptosis to enhance its intracellular replication and
release. Brucella trigger ferroptosis in macrophages by
suppressing the GPX4-GSH axis late in infection but alle-
viates it early on by upregulating the GCH1-BH4 axis.
Manipulating host cell ferroptosis helps Brucella control
its intracellular replication and release [113]. Moreover,
a mycobacterial effector, tyrosine phosphatase A secreted
by Mycobacterium tuberculosis (Mtb), could induces fer-
roptosis to enhance Mtb pathogenicity and spread [114].
Kung et al. demonstrated that ACSL4 is indispensable
for the replication of Coxsackieviruses [87]. The study
revealed that the virus facilitates the generation of viral
replicative compartments and virus assembly by recruit-
ing ACSL4. Moreover, the virus enhances lipid peroxida-
tion through ACSL4, triggering ferroptosis in cells and
ultimately facilitating viral release. Their research also
revealed that inhibitors targeting ferroptosis, specifically
ACSL4, such as rosiglitazone and pioglitazone, resulted
in a reduction in the viral load of Coxsackievirus. This
suggests that ACSL4-mediated ferroptosis stands out as
an attractive target for the treatment of viral infections
[87]. Moreover, treating macrophages from mice infected
with the murine hepatitis virus strain MHV-A59 with a
Fer-1 led to reduced viral replication, lower secretion of
inflammatory cytokines, and decreased formation of cell
syncytia [115]. Furthermore, use of liproxstatin-1 (fer-
roptosis inhibitor) mitigates lung inflammation and inju-
ries. RNA-seq analysis showed that MHV-A59 infection
increases ACSL1 expression, a key ferroptosis gene, inde-
pendently of TLR4 but dependent on NF-kB [115]. Kan et
al. demonstrated that NDV infection leads to the upregu-
lation of p53 expression and concurrent downregulation
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of SLC7A11 and Gpx4 [116]. This orchestrated regulation
during infection induces ferroptosis in Malignant cells,
characterized by a notable elevation in the amounts of
ROS and lipid peroxides. These findings provide insights
into the molecular mechanisms through which NDV
influences cellular processes, ultimately promoting fer-
roptosis in cancerous cells [116].

These examples illustrate how various obligate intracel-
lular pathogens exploit ferroptosis pathways to enhance
their replication. Understanding these mechanisms pro-
vides valuable insights that could be applied to the study
of IFV. Further research into how IFV may similarly
manipulate ferroptosis could reveal novel therapeutic
targets and strategies to combat influenza infections.

Antiviral activity of ferroptosis inhibitors

Influenza remains a significant global health challenge,
causing substantial morbidity and mortality each year.
Despite advancements in antiviral therapies and vaccines,

Table 2 Ferroptosis inhibitors in the context of IFV infection
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the continuous evolution of the influenza virus poses
persistent threats, necessitating the exploration of novel
therapeutic strategies. One such promising avenue lies
in targeting cell death pathways, particularly ferroptosis.
Ferroptosis inhibitors have emerged as potent therapeu-
tic candidates in this context (Table 2). Here we describe
several ferroptosis inhibitors which have a therapeutic
effect against IFV.

JHU-083

JHU-083 is a small molecule compound which acts as an
antagonist to glutaminase, effectively blocking glutamine
metabolism. This compound has been applied in treat-
ing cancers and infections, yielding promising outcomes
[117-120]. In the case of IFV infecrion researchers tested
it on mice by administering it through intraperitoneal
injection. JHU-083 appears to modulate the ferroptosis
caused by HIN1 infection in hNECs [93]. After treat-
ment with JHU-083, levels of AKG and NADPH dropped.

Ferroptosis  Target Models Mechanism of action Ref
inhibitors
JHU-083 Glutaminase  In vitro Targets glutaminolysis to regulate the NRF2-KEAP1-GCLC signaling pathway, thereby inhibiting [93]
antagonist andin ferroptosis and reducing inflammation and damage in the nasal mucosa epithelium caused by
vivo HINT infection
Maxing HIF-1 signal-  Invitro -MXSGD mitigates lung inflammatory damage caused by IAV infection by inhibiting the HIF-1 [95]
Shigan decoc- ing pathway  andin signaling pathway, which in turn prevents ferroptosis
tion (MXSGD) vivo
Tripartite SLC7AN In vitro Given that SLC7A11 is closely associated with ferroptosis, TRIM16 might also play a role in regulat-  [97]
Motif Con- ing ferroptosis
taining 16
(TRIM16)
Proanthocy-  TGF-31/ In vivo - Mitigate IAV-induced ALI by inhibiting IFN-y-driven ferroptosis.
anidins (PAs)  Smad2/3 -Defend against IAV-induced pneumonia thorough TGF-31 and its relative signaling pathway. [109]
pathway -Efficiently lessened histopathological lung injury, diminished inflammatory cytokines and che-
mokines secretion.
-Inhibition of mouse airway inflammation in ALI, accompanying with the reduced expression TGF-
B1, smad2/3, p-Smad2, p-Smad3 and ferroptosis mediator IFN-y.
- PAs markedly lowered MDA and ACSL4 levels while increasing GSH, GPX4, and SLC7A11 levels,
thereby preserving redox balance and boosting antioxidant effects.
Ferrostatin-1 ~ Several tar- In vitro -Increasing cell viability. [92]
(Fer-1) gets in iron- -Inhibition of SIV-induced Fe2 + levels in cells.
dependent -Decreasing SIV-induced ROS generation.
lipid peroxida- -Reducing MDA levels.
tion process -The reduction in GSH and NADPH levels in SIV-infected cells was mitigated by Fer-1.
- Impeding the downregulation of SLC7A11, SLC3A2L and GPX4 caused by SIV.
-Impairing the inflammatory cytokine production.
-Decreasing viral titers.
Metastable Target both In vitro - Inactivates the influenza virus outside the cell by triggering viral ferroptosis, which relies on Fe2*.
iron sulfides  extracel- andin - Induced lipid peroxidation in the viral lipid envelope accompanied by elevated levels of free [111]
(mFeS) lular and vivo radicals
intracellular -Disintegration of the HA and NA proteins
components -Exhibits wide-ranging antiviral effectiveness against multiple strains of influenza A and B viruses
of the IFV - Reduces the infectivity and pathogenicity of the influenza virus both in vitro and in vivo

respectively.

- Dc(mFeS) inhibits the replication of the influenza virus within host cells and prevents cellular
ferroptosis by restoring sulfur metabolism.
-Inhibition of intracellular iron increase, depletion of GPX4, and cellular lipid peroxidation
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The activity of nasal mucosal cells, stimulated by the
HI1N1 virus, increased under JHU-083 treatment, while
lipid peroxidation, intracellular ROS, MDA, 4-HNE, and
iron content significantly decreased. Additionally, expres-
sion levels of NRF2, KEAP1, HO-1, NQOI1, SLC7A11,
GPX4, GCLC, and GCLM in nasal mucosal tissue of mice
exposed to JHU-083 and H1N1 were reduced. Intracellu-
lar levels of MDA and 4-HNE also significantly decreased
following JHU-083 treatment. Furthermore, inflamma-
tion in the nasal mucosa and lungs was notably reduced,
and the inflammatory markers IFN-a, CXCL10, and
MCP-1 in nasal lavage fluid of the treated mice were sig-
nificantly lowered. These findings indicate that JHU-083
effectively inhibits the ferroptosis triggered by the HIN1
virus and can also lessen the intensity of the associated
inflammation [93].

Maxing shigan decoction (MXSGD)

Another notable formulation is the Maxing Shigan
Decoction (MXSGD), originating from the treatise on
Cold-Induced Diseases. This traditional remedy is a pre-
scription for addressing lung ailments and is composed
of a blend of various ingredients [121]. In a study led by
Huang and colleagues, the effects of MXSGD were ini-
tially examined in vitro, to uncover its mechanism of
action in ferroptosis triggered by IAV [95]. When cells
were exposed to IAV, there was an increase in ROS
release and elevated levels of total iron and ferrous
ions. However, MXSGD was shown to effectively curb
this ROS release and reduce both total iron and ferrous
ions. The treatment with MXSGD not only decreased
the intracellular viral load but also mitigated ROS levels
and iron content, repaired mitochondrial damage, and
suppressed cellular ferroptosis as well as the HIF-1 sig-
naling pathway [95]. Furthermore, in the in vivo model
revealed that MXSGD significantly improved pulmo-
nary conditions in IAV-infected mice, alleviating conges-
tion, edema, and inflammation, while also inhibiting the
expression of ferroptosis-related proteins and the HIF-1
signaling pathway in lung tissues [95].

Tripartite motif containing 16 (TRIM16)

The tripartite-motif (TRIM) family is a major group
of potential single-protein RING-finger E3 ubiquitin
ligases, playing crucial roles in various cellular signal-
ing pathways and biological functions. Among its mem-
bers, TRIM16 stands out for its involvement in a range
of processes, including cell differentiation, the innate
immune response, and tumor suppressing [122-126].
The impact of TRIM16 on viral infections has not been
extensively documented. However, Liu et al. conducted
a study to investigate how TRIM16 influences oxidative
stress caused by infection with the highly pathogenic
H5N1 avian influenza virus [97]. In this in vitro study, a
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significant down-regulation of the TRIM16 protein fol-
lowing infection with the H5N1 subtype of the influenza
virus was observed. To investigate how TRIM16 over-
expression affects H5N1 replication, A549 cells were
infected with the virus 24 h after being transfected with a
vector expressing TRIM16. The results showed that virus
titers were notably lower in the TRIM16-overexpressed
cells compared to those transfected with an empty vec-
tor at both 24- and 36-hours post-infection. These find-
ings indicate that TRIM16 overexpression can reduce
the H5N1 subtype avian influenza virus titers in A549
cells. Additionally, TRIM16 overexpression enhances the
expression of several antioxidant genes, including glu-
tamate—cysteine ligase catalytic subunit (GCLC), gluta-
mate—cysteine ligase modifier subunit (GCLM), HO-1,
NADPH, and GPX2. However, this overexpression leads
to a significant down-regulation in the mRNA expression
level of SLC7A11. These findings suggest that TRIM16
enhances the activity of the SQSTM1/NRF2/KEAP1
pathway. Under normal conditions, TRIM16 modifies
NREF2 by increasing its K63-linked poly-ubiquitination.

Proanthocyanidins (PAs)

Proanthocyanidins (PAs) are emerging as a promising
option for treating influenza. They are known for their
potent ability to neutralize free radicals and their strong
antioxidant properties. Additionally, PAs have demon-
strated noteworthy biological effects, including antitu-
mor, antiviral, and anti-inflammatory activities [127]. In
a recent in vivo study using mice, it was observed that
PAs have multiple beneficial effects [109]. Initially, PAs
notably improved pathological changes and inflamma-
tory responses in lung tissues affected by IAV-induced
acute lung injury (ALI). This was evident from reduc-
tions in inflammatory cell infiltration, pulmonary inter-
stitial edema, and protein content in BALF. Moreover,
PAs lowered the mRNA levels of inflammatory cytokines
such as TGF-p1, IL-1p, IL-6, and TNF-« in the lungs. The
expression of IFN-y and its related chemokines (CXCL9,
CXCL10, and CXCL11) was also significantly reduced by
PAs, as assessed by both protein and mRNA levels [109]
(Fig. 2B). Additionally, PAs appear to protect against lung
damage through the TGF-Bp1/Smad2/3 signaling path-
way. On a different note, PAs counteract IAV-induced
ALI by inhibiting IFN-y-driven ferroptosis. It was pre-
viously reported that IFN-y treatment exacerbates glu-
tathione depletion, increases lipid peroxidation, and
improves sensitivity to ferroptosis [68]. Additionally, [AV
significantly reduced both the mRNA and protein levels
of GPX4 and SLC7A11, while boosting the mRNA and
protein levels of ACSL4. On the other hand, PA substan-
tially counteracted these changes. PAs effectively reduced
MDA production and restored GSH levels in the mice
[109].
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Ferrostatin-1 (Fer-1)

Blocking the ferroptotic pathway with ferrostatin-1 (Fer-
1) is another approach that has been shown to reduce
both viral loads and inflammatory responses. According
to an in vitro study, Fer-1 enhances cell viability com-
promised by SIV infection [92]. SIV infection signifi-
cantly elevated Fe2" levels in cells, but Fer-1 treatment
reduced these elevated Fe2+levels. Furthermore, SIV
infection and erastin treatment led to increased ROS
accumulation, whereas Fer-1 treatment mitigated this
ROS generation induced by SIV. SIV infection raised
MDA levels in A549 cells, but Fer-1 treatment prior to
infection significantly lowered these levels. Similarly, the
decrease in GSH and NADPH levels in SIV-infected cells
was also countered by Fer-1 [92]. Moreover, Fer-1 par-
tially reversed the downregulation of SLC7A11, SLC3A2,
and GPX4 expression caused by SIV, indicating that SIV
induces ferroptosis by inhibiting the system Xc—/GPX4
axis. Fer-1 also contributed to a reduction in viral titers.
SIV-infected cells showed increased mRNA expression of
IL-1B, TNF-a, IL-6, and IL-8 at 24 h post-infection, with
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SIV infection significantly enhancing these cytokine lev-
els. Treatment with Fer-1 substantially reduced the pro-

duction of these inflammatory cytokines in SIV-infected
cells [92].

Metastable iron sulfides (mFeS)

In a separate investigation, researchers have created a
novel multi-antiviral compound, metastable iron sulfides
(mFeS), which targets multiple influenza A and B virus
subtypes [111]. This research introduces a new concept
called viral ferroptosis, which leads to a reduction in
viral infectivity and pathogenicity both in vitro and in
vivo (Fig. 3). The mFeS compounds trigger significant
lipid peroxidation and generate hydroxyl radicals («OH)
within the viral envelope, a process that relies on Fe2*.
They discovered that mFeS triggered viral ferroptosis
against extracellular influenza viruses [111]. Addition-
ally, mFeS compromised the viral lipid envelope struc-
ture, causing leakage of the virion’s internal contents. It
also promoted viral lipid peroxidation by elevating MDA
levels. MFeS effectively degraded HA and NA proteins

Influenza virus

PPE
(Protective equipment)

(Viral NP protein expression *)

Fig. 3 Using metastable iron sulfides (mFeS) against IFV infection. This compound offers a novel antiviral approach with broad-spectrum activity against
both intracellular and extracellular influenza viruses. By significantly increasing lipid peroxidation and generating hydroxyl radicals (-OH) within the viral
envelope—a process reliant on Fe2*—mpFeS induces viral ferroptosis. Furthermore, mFeS effectively degrades HA and NA proteins in a dose-dependent
manner. In the context of intracellular infection, decoction of mFeS (Dc(mFeS)) inhibits host cellular ferroptosis and curtails intracellular influenza virus
replication by restoring sulfur metabolism. Remarkably, personal protective gear infused with mFeS offers substantial antiviral defense. Experimental
evidence shows that mFeS-coated materials, including facemasks and protective suits, inhibit several IFV subtypes even at low concentrations
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in a dose-dependent manner. This mechanism of action
against IAV is also observed in iron oxide nanozymes
(IONzymes). IONzymes effectively inactivate IAV by
inducing LPO in the viral envelope, which compromises
the integrity of adjacent proteins such as hemagglutinin
(HA) and neuraminidase (NA), and matrix protein 1
(M1) [128].

Also, decoction of mFeS (Dc(mFeS)) inhibited host
cellular ferroptosis and curtailed intracellular influenza
virus replication by restoring sulfur metabolism [111].
Experimental evidence demonstrates that mFeS-coated
materials, including facemasks and protective suits, effec-
tively inhibit several IFV subtypes even at low concentra-
tions, demonstrating their potential as antiviral personal
protective equipment (PPE) (Fig. 3). In vivo studies with
mice administered mFeS&Dc showed no significant
adverse effects, affirming its safety and potential thera-
peutic effects against IFV [111]. Atomization of mFeS
further demonstrates its applicability in the treatment
of respiratory diseases [129]. Similarly, using IONzymes
on a facemask enhances its effectiveness in protecting
against three significant IFV subtypes likes HIN1, H5N1,
and H7N9 [128]. Altogether, these results demonstrate
the effectiveness of ferroptosis inhibitors in the context
of IFV infection, highlighting their potential as a novel
therapeutic strategy. Further studies are necessary to vali-
date their safety and efficacy particularly in the human
population.

However, it is essential to acknowledge that IFV relies
significantly on the host cell’s metabolic processes, espe-
cially lipid metabolism, to complete its replication cycle.
Lipids and cellular membranes are essential at various
points in the IAV lifecycle, including virus-host recep-
tor interactions, membrane fusion, nuclear transport,
virion assembly, and the budding process [130, 131].
For example, the IAV assembles and exits from par-
ticular regions of the apical plasma membrane that are
rich in cholesterol and sphingolipids. These regions,
known as “lipid rafts;,” serve as the assembly and bud-
ding sites for various enveloped viruses [132]. Moreover,
IAV structural proteins engage in specific lipid—pro-
tein interactions within infected cells. The HA and NA,
are transported to the plasma membrane via vesicles
rich in cholesterol and sphingomyelin [131]. Also, IAV
need cholesterol in their envelopes to efficiently enter
host cells [133]. These findings underscore the critical
importance of controlled lipid metabolism during the
replication process of IAV infection. However, research
indicates that IFV can trigger oxidative stress, leading
to elevated levels of free radicals or ROS. These ROS
can then cause direct damage to lipids through a pro-
cess known as LPO [134-136]. It can be suggested that
this alteration in cellular lipids might affect the replica-
tion cycle of the IFV, as this virus depends on the host
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cell’s metabolic processes, particularly lipid metabolism,
to complete its life cycle [130, 137, 138]. However, IFV
have developed strategies to circumvent this issue. For
example, IFV induces the host cells to produce a substan-
tial number of lipid droplets, which may serve as precur-
sors for the virus’s lipid components [139]. This increase
in lipid droplets occurred early after the viral infection
[140]. Lipid droplets are organelles encapsulated by a
phospholipid monolayer and contain lipids such as tria-
cylglycerols, cholesterol esters [139]. These droplets are
produced under various conditions and are essential
for the replication of positive-strand RNA viruses [139,
141]. Lipid droplets play crucial roles in processes like
viral morphogenesis and the assembly and release of viral
particles. Moreover, viruses can utilize the breakdown
of these lipid reserves as an alternative energy source.
Recent findings underscore the LDs’ influence on regu-
lating the host’s immune response [142]. Alternatively,
IFV can modify lipid synthesis pathways to its advan-
tage. For instance, it has been observed that the IFV dis-
rupts host cell lipid metabolism by targeting regulatory
proteins like the interferon-induced viperin protein and
protectin D1 (PD1). The IFV decreases the levels of both
viperin and PD1 [142]. Viperin inactivates the enzyme
farnesyl pyrophosphate synthase (FPPS), which is cru-
cial for the formation of lipid rafts. The absence of these
structures prevents the release of new influenza virions,
thereby inhibiting the infection of additional host cells
[143]. Suppression of PD1 activates lipoxygenase 12/15,
an enzyme integral to the immune response and the pro-
duction of proinflammatory cytokines such as IL-1f, as
well as the formation of ROS by macrophages. The acti-
vation of this enzyme has been linked to increased lethal-
ity and the severity of influenza infections [142]. Thus, by
modulating lipid metabolism, including the downregula-
tion of PD1 and viperin, the influenza virus enhances its
replication and pathogenicity. As well, it is reported that,
IFV infection stimulates autophagy pathways, as shown
by increased activity of either mTORC1 or mTORC?2,
resulting in the degradation of lipid droplets during the
infection [142].

Conclusion

In conclusion, the intricate relationship between fer-
roptosis and IFV infection underscores the need for a
deeper understanding of viral pathogenic mechanisms.
The substantial impact of this virus on both worldwide
health systems and economies underscores the need for a
comprehensive strategy to address its consequences. Fer-
roptosis, as a cell death pathway by iron-dependent lipid
peroxidation, emerges as a crucial player in host defense
against viral infections. Influenza virus-induced fer-
roptosis disrupts iron homeostasis, leading to increased
reactive oxygen species and lipid peroxidation, which
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contribute to cellular damage and inflammation. This link
between ferroptosis and IFV pathogenesis highlights the
potential for targeted therapeutic interventions. By elu-
cidating the role of ferroptosis in viral infections, par-
ticularly IFV, researchers may identify novel strategies to
mitigate viral-induced damage.

Furthermore, the development of ferroptosis inhibi-
tors presents a promising avenue for therapeutic inter-
vention against IFV. Targeting ferroptosis may offer a
novel approach to suppress viral replication and mitigate
inflammation-induced tissue damage. Therefore, leverag-
ing our understanding of ferroptosis in the context of IFV
infection has immense potential for the development of
effective antiviral therapies. Future research efforts aimed
at unraveling the complexities of ferroptosis in viral
infections will undoubtedly pave the way for innovative
therapeutic interventions that will ultimately improve
outcomes for people affected by IFV.
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