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Abstract

The oxidation of lipids, notably of polyunsaturated fatty acids (PUFAs), under oxidative stress is a self-catalyzed chain reaction that
generates reactive aldehydes, among which 4-hydroxynonenal (4-HNE) is considered to act as a second messenger of free radicals. The
pleiotropic effects of 4-HNE, which include the regulation of cellular antioxidant capacities, proliferation, differentiation, and apoptosis,
are concentration-dependent as they depend on cell type. Therefore, 4-HNE has important roles in various pathophysiological processes
and the pathogenesis of acute and chronic diseases, especially degenerative and malignant diseases. Before 4-HNE was recognized as
a signaling molecule, it was known to be the cytotoxic mediator of oxidative stress, acting even if lipid peroxidation was not present,
because it remains bound to proteins, changing their structure and function. Research in this field has revealed several novel modes of
activities of 4-HNE associated with cell death, including not only apoptosis/programmed cell death and necrosis but also ferroptosis,
autophagy, pyroptosis, necroptosis, parthanatos, oxeiptosis and cuproptosis. This review shortly summarizes these findings, aiming to
encourage further research in the field that might open new ways to use 4-HNE as the bioactive factor for targeted cell death, in particular
cancer cells.
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1. Introduction—From Redox Homeostasis
to Oxidative Stress, Lipid Peroxidation and
Cell Death

Initially thought to be detrimental by-products of
metabolism, reactive oxygen species (ROS) are now rec-
ognized as important regulators of diverse cellular func-
tions and processes via redox signaling [1,2]. The imbal-
ance in the production of ROS and antioxidants, which fa-
vors prooxidants, causes oxidative stress. Antioxidant de-
fenses include both enzymatic and non-enzymatic antioxi-
dants. The thioredoxin system, the glutathione (GSH) sys-
tem, peroxiredoxin, superoxide dismutase, and catalase are
the main endogenous antioxidant defenses [3]. The nuclear
factor, erythroid-derived 2-like 2 (Nrf2), which is endoge-
nously inhibited by Kelch-like ECH-associated protein 1
(Keap1), regulates the expression of a multitude of antiox-
idants and is essential for maintaining redox homeostasis.
Under low oxidative stress, Keap1 dissociates from Nrf2,
promoting the expression of antioxidant genes [3]. Exces-
sive ROS damage macromolecules, including lipids, thus
triggering lipid peroxidation of polyunsaturated fatty acids
(PUFA) [4]. Lipid peroxidation of n-6 PUFAs produces
the bioactive aldehyde 4-hydroxynonenal (4-HNE), which
can have either direct or indirect effects on cellular signal-
ing pathways and functions. The 4-HNE directly interferes
with normal cellular processes, enzymatic functions, and
functions of organelles [5–7]. The presence of a carbonyl

group at the C1 position, a hydroxyl group, and an α, β-
double bond makes this aldehyde extremely reactive with
macromolecules containing thiol and amino groups, conse-
quently leading to the formation of Schiff bases or Michael
adducts [8]. Michael adducts predominate because the ki-
netics of Schiff base formation are inherently slow and re-
versible. Biomolecules such as proteins (especially histi-
dine, cysteine, and lysine residues), lipids (containing an
amino group), and nucleic acids (primarily the guanosine
portion of DNA) can all readily interact with 4-HNE [9].
When proteins are modified by 4-HNE, their structure and
function may change, affecting a variety of physiological
and pathological cellular processes [10,11]. For example,
4-HNE adduction to proteins is implicated in the regulation
of insulin signaling, the activity of various enzymes, mi-
tochondrial metabolism, fatty acid metabolism, and tubu-
lin polymerization [11]. Moreover, 4-HNE is much more
stable than ROS and can therefore reach targets far away
from the original site of its origin [12]. 4-HNE concen-
trations in human blood and serum have been estimated
at 0.05 to 1.4 µM [13,14], while it may be several folds
higher in cells and tissues. Under pathological conditions
and around the core of the lipid peroxidation site, 4-HNE
concentration can increase substantially, even above 100
µM [1,15]. Cellular 4-HNE concentrations below 5 µM
are essential for normal cellular processes and function, in-
cluding cell metabolism, mitochondrial function, cell dif-
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ferentiation, proliferation, kinase activity, and upregula-
tion of antioxidant defense mechanisms [16–19]. On the
other side, exposure to higher concentrations of 4-HNEmay
have detrimental effects on cells and tissues [1]. Diseases
associated with redox imbalance, such as neurodegenera-
tive diseases [20], macular degeneration [21], obesity [22],
psoriasis [23], cardiovascular disease, atherosclerosis [24],
metabolic syndrome [25–28] and malignancies [29,30], are
associated with elevated levels of 4-HNE, which is both a
causative factor and a biomarker of oxidative stress in many
pathologies. The wide-ranging effects of 4-HNE on biolog-
ical systems make it a key player in oxidative stress-related
disorders, while its roles as a signaling molecule, as a mod-
ulator of apoptosis, and as a biomarker of disease progres-
sion make 4-HNE attractive for research in various acute
and chronic diseases and respective therapies.

The most important biological process that occurs in
response to harmful events is death, whichmay be regulated
or uncontrolled. Except for necrosis, which is an acute, ir-
reversible, and unspecific process of cellular death, there
are several distinct cell death mechanisms, besides apopto-
sis, all of which are tightly regulated by intracellular sig-
naling pathways. Some scientists subdivide programmed
cell death into non-lytic forms, such as apoptosis, in which
membrane integrity is maintained, and lytic forms, such
as pyroptosis, necroptosis, and ferroptosis, in which mem-
brane integrity is not maintained and which lead to cell dis-
integration. Apoptosis is a homeostatic process that keeps
cell populations in tissues stable and occurs naturally dur-
ing development and aging. In immunological responses
or when cells are damaged by different noxious pathogens,
diseases, or harmful substances, apoptosis also takes place
as a protective mechanism [31]. To date, 4-HNE is known
to be involved in a variety of cell deathmechanisms (Fig. 1).

Although the focus of this review will be on the roles
of 4-HNE in apoptosis, its involvement in other mecha-
nisms of cell death will also be discussed.

2. Mechanisms of Regulated Cell
Death—The Roles of 4-HNE

Various mechanisms and phenotypes of regulated cell
death are now known, while apoptosis was the first type of
regulated cell death discovered. 4-HNE has been shown to
play a role in apoptosis as well as in other forms of regu-
lated cell death. The following is, therefore, an overview
of the known mechanisms and involvement of 4-HNE in
apoptosis, ferroptosis, autophagy, pyroptosis, necroptosis,
parthanatos, oxeiptosis, and cuproptosis.

2.1 The Involvement of 4-HNE in Oxidative Stress-Induced
Apoptosis

Apoptosis, a programmed cell death, is a regulated
process of intracellular, biochemical, and morphological
changes that lead to cell death [32]. Apoptosis is tightly
regulated by pro-apoptotic and anti-apoptotic proteins, and

the genes required for appropriate apoptosis are evolution-
arily conserved from nematodes toHomo sapiens [33]. Two
major signaling pathways can trigger apoptosis: the extrin-
sic, often referred to as the “death receptor pathway”, and
the intrinsic, also known as the “mitochondrial pathway”.

Transmembrane receptor-mediated interactions are
part of the death receptor pathway, also called the ex-
trinsic mechanism of apoptosis. Ligand-receptor com-
plexes are formed when different chemicals bind to
their respective death receptors. Tumor necrosis factor
(TNF)/TNF-receptor 1 (TNF-R1), Fas ligand (FasL)/Fas re-
ceptor (FasR), and TNF-related inducing apoptotic ligand
(TRAIL)/TRAIL-receptor 1 are some of these complexes.
The adaptor molecule FAS-associated death domain protein
(FADD) identifies ligand-receptor complexes and binds to
the receptors via death domains. When caspase-8 is acti-
vated, it separates from the death-inducing signaling com-
plex (DISC) formed from the adaptor and bound caspase-8.
This triggers a series of caspases that further promote apop-
tosis [34].

2.1.1 Regulation of Fas Death Receptor Signaling by
4-HNE

The binding of FasL to its receptor FasR is an example
of 4-HNE-mediated apoptosis. The 4-HNE-induced apop-
tosis is accompanied by the activation of c-Jun N-terminal
kinase (JNK) and caspase-3 [35]. While it was shown that
4-HNE activates JNK, caspase-3, and apoptosis in human
lens epithelial cells HLE B-3 and induces Fas expression
in a concentration- and time-dependent manner, there are
findings indicating that 4-HNE-mediated regulation of Fas
is a generalized phenomenon, not strictly limited to the spe-
cific cell type [36]. It appears that 4-HNE activates the Fas
signaling pathway primarily through a DISC-independent
mechanism that does not involve FADD or caspase-8. This
is supported by the discovery that 4-HNE can induce Fas-
dependent apoptosis in Jurkat cells lacking pro-caspase-8.
In vitro, the death receptor Fas, which has an extracellu-
lar domain with many cysteines, has been shown to form
adducts with 4-HNE [37]. In the absence of DISC involve-
ment, 4-HNE-induced Fas activation triggers downstream
signaling via apoptosis signal-regulating kinase 1 (ASK1),
JNK, and caspase-3. After JNK phosphorylation, the c-jun
transcription factor translocates to the nucleus and regulates
the expression of pro-apoptotic genes. 4-HNE also acti-
vates a negative feedback loop via death domain-associated
protein (Daxx), a nuclear protein involved in stress re-
sponses. 4-HNE also triggers the induction of Daxx and
facilitates its release from the nucleus to the cytosol, where
it cooperates with Fas to inhibit downstream pro-apoptotic
signaling and modulate apoptosis. Depletion of Daxx fur-
ther amplifies the activation of JNK and caspase-3, inten-
sifying 4-HNE-induced apoptosis [37]. 4-HNE promotes
the expression of both Daxx and Fas [38] and can promote
the export of Daxx from the nucleus to the cytoplasm by
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Fig. 1. Elevated ROS levels trigger lipid peroxidation, resulting in 4-HNE formation that may, depending on its concentration
and macromolecular targets, be implicated in the diverse types of cell death. The figures are drawn in PowerPoint (Microsoft Office
2019, Redmond, WA, USA). Abbreviations: ROS, reactive oxygen species; 4-HNE, 4-hydroxynonenal; PGAM5, phosphoglycerate
mutase 5; AIFM1, apoptosis inducing factor mitochondria associated 1; PARP1, poly(ADP-ribose) polymerase 1.

forming covalent bonds with it through histidine residues.
The ASK1-JNK signaling pathway and activation of apop-
tosis can be affected by the Fas-Daxx binding. While the
pathway regulated by Fas-ASK1 and JNK is important and
causes major damage under oxidative stress, Daxx-Fas cou-
pling restricts the activation of apoptosis under moderate
stress. Since 4-HNE is diffusible, as shown in vivo, this
negative loop can maintain tissue integrity. Since Daxx
acts in both the cytosol and the nucleus, its activity as a
pro- or anti-apoptotic agent may vary. Differences between
types of cells and the relative significance of the JNK and
Fas pathways further indicate the complexity of apoptosis
regulation by 4-HNE. A schematic representation of the in-
volvement of 4-HNE in apoptosis is presented in Fig. 2.

2.1.2 The Intrinsic Apoptotic Pathway as a Target of
4-HNE

The intrinsic, i.e., mitochondrial pathway of apoptosis
is the most common mechanism of apoptosis in vertebrates.
Activation of this pathway can be triggered by toxic sub-
stances, viral infections, DNA damage, radiation exposure,
or growth factor deprivation [31,39]. 4-HNE, a product of
lipid peroxidation, damages mitochondrial DNA and acti-
vates the intrinsic apoptotic pathway. This damage caused
by 4-HNE results in respiratory enzyme defects, lowering
the capacity of reducing potential and energy production. 4-
HNE can be produced via cytochrome c (cyt-c) oxidation of

cardiolipin, which is an essential phospholipid found in mi-
tochondrial membranes. Cardiolipin oxidation is required
for further steps of intrinsic apoptosis [40]. It activates
mitochondrial outer membrane permeabilization (MOMP)
and causes the activation of proteins of the B-cell lym-
phoma 2 (Bcl-2) family, which contain pro-apoptotic and
anti-apoptotic factors and regulate the mitochondrial path-
way of apoptosis. Under physiological cellular conditions,
these proteins form heterodimers with Bcl-2-associated X
protein (Bax) andBcl-2 homologous antagonist/killer (Bak)
proteins from pro-apoptotic groups, blocking their action
and maintaining the integrity of the mitochondrial mem-
brane. 4-HNE can induce mitochondria-dependent apopto-
sis as shown in mouse leukemic macrophage cell line, with
common signs of intrinsic apoptosis, such as DNA frag-
mentation, pro-apoptotic protein upregulation, and anti-
apoptotic protein downregulation [41,42]. When a cell
is threatened by DNA damage, BH3-only proteins are
expressed, initiating apoptosis and binding anti-apoptotic
factors, releasing Bax and Bak proteins. Anti-apoptotic
factors, especially myeloid cell leukemia-1, are ubiquiti-
nated and degraded to induce apoptosis. Uninhibited pro-
apoptotic factors Bax and Bak form oligomers that insert
into the outer mitochondrial membrane, leading to pores
and permeabilization. Hence, soluble proteins from the in-
tramembrane space ofmitochondria spill into the cytoplasm
[31,43], so cyt-c also leaks from the mitochondria into the
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Fig. 2. The involvement of 4-HNE in apoptosis. 4-HNE, a by-product of lipid peroxidation, induces apoptosis by activating FAS
and the TRAIL pathways. The ASK1/JNK pathway triggers AP-1-dependent transcription through the DISC-independent route. After
JNK phosphorylation, the c-jun transcription factor translocates to the nucleus and regulates the expression of pro-apoptotic genes.
Exported Daxx is involved in the regulation of the FAS pathway. The intrinsic apoptotic pathway is induced by oxidative stress, p53, and
mitochondrial membrane disturbances. The figures are drawn in PowerPoint (Microsoft Office 2019, Redmond, WA, USA) and Inkscape
(Software Freedom Conservancy, Brooklyn, NY, USA). Abbreviations: 4-HNE, 4-hydroxynonenal; AP-1, activator protein 1; ASK1,
apoptosis signal-regulating kinase 1; Daxx, death domain-associated protein; FADD, Fas-associated protein with death domain; FasL,
Fas ligand; JNK, c-Jun N-terminal kinase; cyt-c, cytochrome c; MOMP, mitochondrial outer membrane permeabilization; TRAIL, TNF-
related apoptosis-inducing ligand; Bak, Bcl-2 homologous antagonist/killer; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma
2.

cytoplasm and binds to the apoptotic protease activating
factor 1 (Apaf1). This leads to the activation of Apaf1,
which is activated by a circular homoheptameric complex
denoted apoptosome. The main role of the apoptosome is
to activate the inactive pro-caspase-9. For the proper ac-
tivity of caspase-9, proteolytic cleavage is not as important
as binding to the apoptosome. The holoenzyme of apopto-
some and caspase-9 activates executioner caspases (3 and
7) [31,43]. It has been shown that caspase-3 and caspase-7
are crucial for apoptosis. There is a functional redundancy
between caspase-3 and caspase-7, but they do not overlap
completely [44]. However, caspase-3 is the main executor
of the process, while caspase-7 has more of a supporting
role by causing an accumulation of ROS [45]. Research
on sympathetic and hippocampal neurons showed that the
downregulation of caspase-3 and caspase-7 protects from
4-HNE-induced death [46]. In age-related sarcopenia, the
increase in 4-HNE generation during muscle cell apopto-
sis results in the inactivation of anti-apoptotic protein and
activation of caspase-9 and JNK [47], with the same obser-
vation made in PC-12 pheochromocytoma cells [48], and
RKO colon cancer cells [49].

2.1.3 Heat Shock Proteins in the Regulation of
4-HNE-Induced Apoptosis

Apoptotic proteins often interact with heat shock pro-
teins (HSP), which are molecular chaperones that enhance
a cellular ability to withstand various types of stress. HSPs
can regulate apoptosis at multiple levels [50]. HSP70 plays
a crucial role in regulating the intrinsic apoptosis pathway
by regulating apoptosis at the level of mitochondrial per-
meabilization and preventing the recruitment of caspases
and the formation of apoptosome [51]. One study showed
that 4-HNE did not alter the expression of HSP70 protein,
but it caused late apoptosis in retinal pigment epithelial
cells ARPE-19 cells along with increased levels of 4-HNE-
modified HSP70. While the expression of the X-linked in-
hibitor of apoptosis protein (XIAP) is downregulated by 4-
HNE-modified HSP70, the 4-HNE-mediated apoptosis of
ARPE-19 is reduced by overexpression of HSP70 or XIAP
[52]. Interestingly, in addition to its pro-apoptotic effects,
4-HNE was also found to activate stress response pathways
via heat shock factor 1 (HSF1), which stimulates the ex-
pression of HSP40 and HSP70-1, most likely due to 4-HNE
disrupting the inhibitory relationship between HSP70-1 and
HSF1 [53]. In addition, HSPB1 regulates the intrinsic path-
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way by activating the protein kinase B (Akt), preventing
the activation of Bax, and inactivating the apoptosis ini-
tiator Bcl-2-associated death promoter (Bad). They indi-
rectly reduce the activity of the intrinsic pathway by stabi-
lizing the actin cytoskeleton and maintaining connections
between cells. Exposure of cells to 4-HNE reduced the
activity of Akt via 4-HNE-mediated Ser473 dephosphory-
lation [54], therefore, two possible pathways for 4-HNE-
mediated downregulation of Akt were proposed, one de-
pendent on protein phosphatase 2A and one independent
of protein phosphatase 2A [35]. Tumor protein 53 (p53)
is a transcription factor and tumor suppressor that regulates
the expression of genes involved in apoptosis, DNA repair,
and the cell cycle. The p53 is activated to protect and re-
pair the cell when oxidative stress and DNA damage occur.
However, p53 triggers cell death when the stress or damage
reaches a certain threshold. By entering the mitochondria
and binding to the anti-apoptotic factors Bcl-x and Bcl-2,
p53 helps to activate the intrinsic pathway of apoptosis and
initiate the transcription of pro-apoptotic genes of the Bcl-2
family. This enables the permeabilization of the mitochon-
drial membrane. It also promotes the activation of the ex-
trinsic pathway of apoptosis by inducing the transcription
of death receptor genes [39,55]. The effect that 4-HNE has
on HSPs is shown in Fig. 3, while the effect on p53 has been
shown in Fig. 2.

2.1.4 The Possible Relevance of 4-HNE-Induced
Apoptosis Signaling in the Progression of Diseases

In Jurkat, human T-cell leukemia cells treated with
4-HNE, glutathione depletion was found to directly acti-
vate caspases-8, -9, and -3. Instead of Fas-mediated glu-
tathione release across the plasma membrane, oxidation by
4-HNE was the cause of the underlying glutathione deple-
tion [56]. In HepG2 cells, 4-HNE was shown to trigger
apoptotic signaling through both the p53-mediated intrin-
sic and Fas-mediated extrinsic pathways. 4-HNE activates
Bax, cyclin-dependent kinase inhibitor 1A (p21), JNK, and
caspase-3, which in turn triggers apoptosis via the p53 path-
way in HepG2 cells [38]. DNA fragmentation, cytochrome
c and apoptosis-induced factor release from mitochondria,
poly (ADP-ribose) polymerase cleavage, Bcl-2 downreg-
ulation, Bax overexpression, and caspase activation were
among the conventional hallmarks of apoptosis that were
demonstrated in 4-HNE-induced chondrocyte death by in-
creased expression of p53 and Fas while suppressing pro-
survival Akt kinase activity [57]. Moreover, the LNCaP
hormone-sensitive prostate cancer cells showed enhanced
anti-proliferative and pro-apoptotic actions of 4-HNE in a
time- and dose-dependent manner that corresponded with
the activation of p53-mediated intrinsic apoptotic signaling.
On the other hand, hormone-insensitive DU145 prostate
cancer cells displayed reduced apoptosis and enhanced pro-
liferation, while their JNK was continuously activated, but
p53, p21, Bax, and caspase-3 were not [58].

In human umbilical vein endothelial cells subjected to
heat stress, the accumulation of 4-HNE was induced by si-
lencing aldehyde dehydrogenase 2 (ALDH2). An ALDH2
agonist (Alda-1) reduced the activation of inflammatory
pathways, senescence, and apoptosis induced by heat stress.
In an in vivo study in lung homogenates of mice subjected to
whole-body heating, Alda-1 was shown to significantly re-
duce the accumulation of 4-HNE and the activation of p65
and p38 [59]. Morphological changes and DNA damage
were observed in ARPE-19 retinal pigment epithelial cells
after 4-HNE application, but the damage was able to be re-
versed with Fucoxanthin treatment [60].

Moreover, 4-HNE was shown to cause neuronal cell
death by inducing aberrant expression of apoptotic mark-
ers, such as caspase-3, Bax, and p53. In neuroblastoma
SH-SY5Y cells, increased expressions of Bax and p53 were
associated with HNE-induced oxidative stress. Increased
caspase-3 expression and activity confirmedmitochondrial-
mediated apoptosis [61]. 4-HNE was found to be associ-
ated with mortality and oxidative destruction of neurons
after subarachnoid hemorrhage, especially in the cerebral
cortex and hippocampus on the third day after injury. Ad-
ministration of edaravone dexborneol strongly inhibited the
increase of 4-HNE, reduced neuronal death, and improved
long-term neurological outcomes by preventing the oxida-
tive stress response associated with 4-HNE [25]. 4-HNE
is widely viewed as a central factor in oxidative stress-
mediated neuronal apoptosis. For example, researchers
found 4-HNE adducts to neurofilaments in Alzheimer’s dis-
ease [62], while in Parkinson’s disease, it can cause neu-
ronal cell death via adducts with proteins connected to the
proteasome system [63]. Under conditions marked by ele-
vated ROS, 4-HNE induces neuron death by binding to and
altering transmembrane receptors, cytosolic enzymes, and
even DNA, ultimately triggering apoptotic signaling cas-
cades.

Furthermore, 4-HNE can impair mitochondrial func-
tion or reduce cellular antioxidant capacity, leading to ad-
ditional ROS generation [64–67]. Metabolic syndrome
encompasses several interrelated metabolic disturbances,
such as impaired glucose tolerance, insulin resistance, dys-
lipidemia, obesity, and liver disease. In the context of di-
abetes, pancreatic β cells are notably vulnerable to ROS,
while 4-HNE can induce β cell apoptosis and exacerbate
glucose intolerance, thus contributing to the onset or pro-
gression of diabetes [68].

Therefore, it is certain that 4-HNE is a key mediator
of oxidative stress-induced apoptosis and acts through vari-
ous mechanisms. Its pathological significance underscores
the importance of understanding its role in apoptosis and
exploring targeted interventions to mitigate its detrimental
effects in various diseases.
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Fig. 3. Heat shock proteins and 4-HNE in apoptosis. 4-HNE modifies HSP70 without altering its overall expression levels. Modi-
fied HSP70 downregulates the apoptosis-inhibitory protein XIAP, thereby indirectly enhancing apoptosis. Experimental overexpression
of either HSP70 or XIAP effectively counteracts 4-HNE-induced apoptosis by providing stronger apoptotic inhibition. 4-HNE acti-
vates HSF1, leading to elevated expression of HSP40 and HSP70-1, which enhances the cellular stress response, providing protective,
anti-apoptotic effects. HSPB1 stimulates Akt kinase, which inhibits pro-apoptotic proteins Bad and Bax, thereby preventing apoptosis
under normal conditions. 4-HNE-mediated inhibition of Akt kinase removes this protective inhibition, indirectly activating Bad/Bax
and promoting apoptosis. The figures are drawn in PowerPoint (Microsoft Office 2019, Redmond, WA, USA). Abbreviations: 4-HNE,
4-hydroxynonenal; HSP, heat shock protein; XIAP, X-linked inhibitor of apoptosis protein; HSF1, heat shock factor 1; Akt, protein
kinase B; Bad, Bcl-2-associated death promoter; Bax, Bcl-2-associated X protein.

2.2 4-HNE is a Critical Mediator and Biomarker of
Ferroptosis

Lipid peroxidation is a hallmark of ferroptosis. In the
presence of free intracellular iron, ferroptosis can be trig-
gered by excessive accumulation of ROS, including lipid
ROS. Lipid ROS may be reduced by the action of glu-
tathione peroxidase 4 (GPX4) and thus prevent ferropto-
sis [69]. On the other side, direct inhibition or inactiva-
tion of GPX4, inhibition of GSH biosynthesis, or exces-
sive intracellular iron uptake are all conditions that favor
ferroptosis-induced cell death [70]. The cystine/glutamate
antiporter system (Xc

−) is essential for the intracellular
production of GSH by providing cystine. In recent years,
GSH-independent ferroptosis defense mechanisms have
been identified based on ferroptosis suppressor protein 1
(FSP1) and dihydroorotate dehydrogenase [71–73]. Fur-
thermore, glutathione S-transferase P1 (GSTP1) detoxi-
cates lipid ROS by catalyzing 4-HNE-GSH conjugation in-
dependent from GPX4/FSP1 acting as an unconventional

ferroptosis regulator [74]. Excessive iron was shown to ac-
cumulate in mitochondria, causing mitochondrial dysfunc-
tion in lipopolysaccharide-induced acute lung injury via fer-
roptosis [75]. Administration of an iron chelator such as
deferoxamine or a ferroptosis inhibitor such as ferrostatin-1
(Fer-1) can reduce the amount of available iron, attenuating
lipid peroxidation and eventually ferroptosis [75].

Changes in extracellular pH can also trigger ferrop-
tosis. Namely, G protein-coupled receptor 4 (GPR4), an
acid-sensing receptor, is implicated in neuronal ferroptosis
in early brain injury. Administration of a GPR4 antagonist
reduces 4-HNE formation, mitochondrial damage, and neu-
ronal ferroptosis achieved through the Ras homolog fam-
ily member A/Yes-associated Protein pathway [76]. Fur-
thermore, elevated intracellular pH decreases ALDH2 ac-
tivity and inhibits the Extracellular Signal-Regulated Ki-
nase/cAMP Response Element-Binding Protein 1/GPX4
axis, preventing its role in inhibiting ferroptosis via 4-HNE
detoxification [77]. In addition, 4-HNE reduces GPX4 ex-
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Fig. 4. The involvement of 4-HNE in ferroptosis and autophagy. Excessive ROS promotes peroxidation of membrane-bound PUFAs,
triggering a chain reaction of lipid peroxidation and formation of lipid ROS and eventually 4-HNE. GPX4 has a major role in lipid
ROS detoxification. Inhibition of the cystine/glutamate antiporter Xc

− system deprives cellular cysteine, affecting GSH biosynthesis
that consequentially impacts GPX4 activity, resulting in elevated lipid ROS. Intracellular labile iron accumulation further promotes the
accumulation of lipid ROS, eventually resulting in ferroptotic cell death. Alternatively, 4-HNE can inhibit autophagy by inhibiting
AMPK activity but also promote autophagy via a modified JNK pathway. Moreover, 4-HNE was shown to activate the mammalian
target of rapamycin (mTOR) pathway to trigger light chain 3 (LC3) formation and induce endoplasmic reticulum stress, all of which
promote autophagy. The figures are drawn in PowerPoint (Microsoft Office 2019, Redmond, WA, USA). Abbreviations: 4-HNE, 4-
hydroxynonenal; AMPK, AMP-activated protein kinase; GSH, glutathione; GPX4, glutathione peroxidase 4; JNK, c-Jun N-terminal
kinase; Xc

−, the cystine/glutamate antiporter system.

pression and modifies GPX4 function by its carbonylation
[78]. A schematic presentation of the roles of 4-HNE in
ferroptosis is presented in Fig. 4.

NADPH-oxidase 4 activation was found to promote
ferroptosis by impacting myeloperoxidase and osteopontin,
causing mitochondrial dysfunction and excessive 4-HNE
formation in astrocytes, which ultimately promotes ferrop-
tosis [79]. On the other hand, the release of corticosteroids
increased under stress induces activation of the protein ki-
nase C pathway, which facilitates 15-lipoxygenase-1 local-
ization in the vicinity of plasma membranes and promotes
lipid peroxidation triggering ferroptosis in dopaminergic
neurons [80].

A transmembrane glycoprotein, fibronectin type III
domain containing 5 (FNDC5) has cardioprotective ef-
fects. When cells are exposed to oxidized low-density
lipoprotein (ox-LDL), the expression of FNDC5 and the
expression of antioxidants are reduced, while it promotes
the release of inflammatory cytokines, lipid peroxidation,
and the formation of 4-HNE, ultimately leading to ferrop-
tosis [81]. A recent study identified the important role

of adipose tissue-derived protein asprosin in ferroptosis.
Through integrin β3/bonemorphogenetic protein/hepcidin-
mediated iron overload and lipid peroxidation, asprosin was
shown to influence ferroptosis [82]. Because osteoporosis
is also associated with ferroptosis, the activation of the vi-
tamin D receptor attenuates ferroptosis via activation of the
Nrf2/GPX4 signaling pathway in osteoblasts [83].

Therefore, it is evident that 4-HNE is not only the hall-
mark of ferroptosis but also a critical factor of ferroptosis
in various diseases. Accordingly, a better understanding of
the roles 4-HNE has in ferroptotic cell death in different dis-
eases may provide novel potential therapeutic options tar-
geting the pathways that regulate 4-HNE formation, lipid
peroxidation, and iron homeostasis.

2.3 Dual Regulation of Autophagy by 4-HNE

Autophagy is a strictly regulated process in which
cells degrade cellular components such as proteins and
organelles. While stress-induced autophagy can promote
cell survival, it is also an essential process alongside
other mechanisms of regulated cell death or autophagy-
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dependent cell death [34]. Key proteins in autophagy in-
clude microtubule-associated protein 1 light chain 3 (LC3)
and autophagy-related proteins (ATG), which orchestrate
the formation and elongation of the phagophore and, finally,
the formation of a mature autophagosome that, following
the fusion with the lysosome, forms an autolysosome [84].

Autophagy is closely linked to the physiological re-
sponse to oxidative stress. Intracellular accumulation of
4-HNE promotes the activation of kinases, including p38
mitogen-activated protein kinase, JNK, and protein kinase
R-like endoplasmic reticulum kinase. It also increases the
expression of heme oxygenase-1 and LC3-II formation, en-
abling cell survival, while inhibition of JNKmay ameliorate
these effects, resulting in cell death [85]. The protective ef-
fect of autophagy was also observed in retinal pigment ep-
ithelial (RPE) cells, where ethanol exposure damaged mi-
tochondria and caused accumulation of 4-HNE, while au-
tophagy was activated as a defense mechanism of degra-
dation of impacted mitochondria and 4-HNE aggresomes
[86]. On the other hand, dysfunctional autophagic machin-
ery promotes the accumulation of oxidized proteins, pro-
tein aggregates, damaged lipids, and damaged organelles,
thus promoting diseases such as Down syndrome, and age-
related macular degeneration [87,88]. The p62, a selective
autophagy receptor [89] is another target of 4-HNE. Ex-
posure to 4-HNE upregulates the p62 expression, promot-
ing autophagy of damaged macromolecules and organelles
[90,91].

Dysregulated autophagy can also have deleterious ef-
fects. Depending on the concentration, 4-HNE exhibits a
dual effect on autophagy. 4-HNE can inhibit autophagy via
inhibition of AMP-activated protein kinase (AMPK) activ-
ity but may also promote autophagy via a modified JNK
pathway [85,92]. Additionally, 4-HNE can activate the
mTOR pathway [93], induce endoplasmic reticulum stress
[85] and trigger LC3 formation [94] promoting autophagy.

Moreover, 4-HNE was shown to activate the mTOR
pathway, to trigger LC3 formation, and to induce endoplas-
mic reticulum stress, all of which promote autophagy. Fur-
thermore, low concentrations of 4-HNE have been shown
to promote autophagy in neuronal cells, while at higher
concentrations, 4-HNE causes mitochondrial dysfunction
and inhibits autophagy, leading to cellular dysfunction [95].
The altered metabolism of cells, such as the inhibition of
glycolysis in neuroblastoma cells, can enhance cellular sen-
sitivity to 4-HNE by attenuating autophagy while enhanc-
ing apoptosis, highlighting an important role of glucose
metabolism in the regulation of autophagy activated by 4-
HNE [96]. In the recent review, the current evidence on the
involvement of 4-HNE from the initiation of autophagy and
the formation of phagophores to the final degradation stage
of autophagy has been summarized [97].

The findings regarding the role of 4-HNE in au-
tophagy may represent the basis for the development of in-
novative strategies to either enhance protective autophagy

or prevent its dysfunction and thus offer promising avenues
for treating a wide range of diseases, particularly diseases
associated with oxidative stress and autophagic dysfunc-
tion.

2.4 4-HNE Involvement in NLRP3
Inflammasome-Mediated Pyroptosis

Inflammatory cell death, known as pyroptosis, is char-
acterized by inflammasome-dependent caspase-1 activity
[98]. Nucleotide-binding oligomerization domain-like re-
ceptor protein 3 (NLRP3) is an example of an intracellular
sensor that can trigger pyroptosis and attract the apoptosis-
associated speck-like protein containing a caspase recruit-
ment domain (ASC), yielding inflammasome formation.
This promotes caspase-1 activation, which cleaves gasder-
min D (GSDMD). It was recently found that degradation
of Xc

− via the ubiquitin-proteasome system promotes lipid
peroxidation, as evidenced by increased 4-HNE production,
which in turn leads to gasdermin D-mediated pyroptosis in
chronic obstructive pulmonary disease [99]. Similarly, py-
roptosis may be induced by cytosolic lipopolysaccharide,
which activates caspase-4/5/11, leading to GSDMD cleav-
age. Released gasdermin-N then promotes plasma mem-
brane pore formation, leading to ion fluxes, cell swelling,
the release of inflammatory mediators, and, ultimately, the
lysis of the cell [100].

The ox-LDL-induced activation of the NLRP3 in-
flammasome is important for the onset and progression
of atherosclerosis. Namely, ox-LDL alters cellular redox
homeostasis, promotes the formation of 4-HNE, reduces
ALDH2 activity, activates the NLRP3 inflammasome, and
may cause DNA damage, leading to pyroptosis as observed
in RAW264.7 cells. One of ALDH2’s primary substrates
is 4-HNE, and the reduced enzyme activity could be at
least partially due to ox-LDL-induced 4-HNE. Hence, the
cells were partially rescued from pyroptosis and excessive
4-HNE by administration of the ALDH2 activator Alda-1
[101]. The protective role of ALDH2 by inhibiting pyrop-
tosis has also been documented in cardiac injury induced
by high glucose, which could be attributed at least in part
to NLRP3 inflammasome action, excessive mitochondrial
ROS production, and lipid peroxidation. Overexpression
of ALDH2 in H9C2 cardiac cells exposed to high glu-
cose inhibited mitochondrial ROS production, decreased
4-HNE levels, and decreased key components of pyrop-
tosis, such as caspase-1 activity, NLRP3 inflammasome-
related proteins, and ASC, thereby inhibiting pyroptosis
[102]. In addition, increased levels of 4-HNE, NLRP3, and
gasdermin are induced in the heart and the brain after is-
chemia/reperfusion injury, while Alda-1 ameliorated oxida-
tive stress, 4-HNE formation, and NLRP3 inflammasome
activation, resulting in the inhibition of pyroptosis and im-
proved recovery of the heart and brain in pigs after eight
minutes of untreated ventricular fibrillation [103]. The in-
teraction between mitochondrial ALDH2, ferroptosis, and
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pyroptosis has also been evidenced in the murine sepsis-
induced lung injury model. Namely lung injury was ac-
companied by excessive ROS, elevated levels of 4-HNE-
modified proteins, increased prostaglandin-endoperoxide
synthase 2, and decreased GPX4, while administration
of Alda1, Fer-1, and the NLRP3 inflammasome inhibitor
MCC950 alleviated those effects [104]. On the other hand,
in the mouse models of acute lung injury and sepsis, 4-HNE
attenuated the NLRP3 inflammasome, acting even as an en-
dogenous inhibitor of pyroptosis [105].

In amousemodel of metabolic dysfunction-associated
fatty liver disease, caspase-1 activity, level of 4-HNE, and
the expression of GSDMD mRNA are increased [106]. In-
terestingly, the ferroptosis inhibitor liproxstatin-1 allevi-
ated these alterations. In addition, liproxstatin-1 also in-
hibited apoptosis and necroptosis, suggesting its novel role
as an inhibitor of PANoptosis, a type of cell death that in-
volves an interplay of pyroptosis, apoptosis, and necrop-
tosis, sharing their characteristics [107]. This process is
regulated by a large protein complex called the PANopto-
some, which is made up of sensors, adaptors, and catalytic
effectors [108]. A recent study demonstrated that hypoxia-
induced cell death involves crosstalk between ferroptosis
and PANoptosis and that both processes can be mitigated
with the scavenger of lipid peroxidation [109].

Therefore, understanding the intricate interplay be-
tween oxidative stress, 4-HNE, inflammasome activation,
and pyroptosis is of high relevance for developing tar-
geted therapies to manage diseases linked to pyroptosis and
PANoptosis.

2.5 Evidence on the Involvement of 4-HNE in Necroptosis,
Parthanatos, Oxeiptosis, and Cuproptosis

The activation of death receptors like TNF-R1 or
pathogen recognition receptors like toll-like receptor 4 trig-
gers a regulated form of cell death with a necrotic pheno-
type known as necroptosis [34,110]. Necroptosis requires
activation of both mixed lineage kinase domain like pseu-
dokinase (MLKL) and receptor interacting protein kinase
1 (RIPK1)-induced RIPK3 activation [34]. Recent stud-
ies have observed the involvement of lipid peroxidation
in necroptosis, too. Hence, linoleic acid and α-linolenic
acid treatment of pancreatic cancer cells resulted in ele-
vated lipid peroxidation, which eventually induced the fer-
roptosis pathway, which in turn triggered the RIPK/MLKL-
dependent necroptosis pathway [111]. Furthermore, the
study using an animal model of age-related macular degen-
eration using GPx4 cKO has shown that lipid peroxidation-
derived reactive aldehydes, including 4-HNE, can trigger
RPE degeneration, while administration of the necropto-
sis inhibitor necrostatin-1s or the ferroptosis inhibitor Fer-1
ameliorated cellular degeneration. The same results were
not observed when apoptosis was inhibited, suggesting the
coexistence of necroptosis and ferroptosis in RPE degen-
eration [112]. Another comparative study of different ox-

idative stress-induced cell death mechanisms of RPE re-
vealed that the accumulation of lipid ROS and activation of
RIPK1/RIPK3 are common in both ferroptosis and necrop-
tosis [113]. The same study also showed that although in
necroptosis there is a mild accumulation of lipid ROS, 4-
HNE-mediated RPE cell death most likely occurred via the
necroptotic pathway, although this might depend on the
amount of 4-HNE. Necroptosis of cardiomyocytes was in-
duced by 4-HNE after ischemia/reperfusion injury both in
vivo and in vitro [114]. 4-HNE also enhanced necropto-
sis of H9c2 cells, obtained from rat heart tissue, in a time-
and concentration-dependent manner, likely due to 4-HNE-
mediated carbonylation of RIPK1, which prevents polyu-
biquitination of RIPK1 at K48 and subsequent degradation
[114]. Furthermore, excessive alcohol consumption ag-
gravates hepatic encephalopathy, and related apoptosis and
necroptosis of neurons in the cerebellum is marked by de-
creased neuronal antioxidant capacity and elevated 4-HNE,
pointing to an important role of oxidative stress, lipid perox-
idation, and 4-HNE in both apoptotic and necroptotic neu-
ronal decay [115].

The involvement of oxidative stress and lipid per-
oxidation in parthanatos has not been extensively ex-
plored. Hyperactivation of poly(ADP-ribose) polymerase 1
(PARP1) drives the parthanatos mechanism of programmed
cell death [34], while one of the factors that triggers
PARP1 activation is oxidative stress-induced DNA dam-
age. Namely, a recent study showed a positive correla-
tion of oxidative stress parameters, including 4-HNE, with
PARP1 activation and parthanatos in human leukocytes de-
rived from chronic heart failure patients [116].

In the last few years, two new forms of programmed
cell death closely associated with oxidative stress were dis-
covered and termed oxeiptosis and cuproptosis [117,118].
Oxeiptosis is a form of cell death triggered by ROS that
resembles apoptosis but is independent of caspases [118].
Oxeiptosis is mediated through the interaction of Keap1,
mitochondrial serine-threonine phosphatase phosphoglyc-
erate mutase 5 (PGAM5), and apoptosis inducing factor
mitochondria associated 1 (AIFM1). The Keap1 and Nrf2
complex is normally attached to mitochondria via PGAM5
[119], while under mitochondrial stress, PGAM5 dissoci-
ates from Nrf2, inducing the translocation of Nrf2 to the
nucleus and the expression of the mitochondrial unfolded
protein response [120]. At high levels of oxidative stress,
PGAM5 dissociates fromKeap1 and interacts with AIFM1,
ultimately resulting in oxeiptotic, non-inflammatory cell
death. Although the direct role of 4-HNE in oxeiptosis has
not been extensively studied, 4-HNE may influence oxeip-
tosis, though further research is needed to confirm this po-
tential interaction.

Cuproptosis depends on copper imbalance and mito-
chondrial respiration. Excessive copper targets lipoylated
components of the tricarboxylic acid cycle, which results
in protein aggregation, proteo-toxic stress, and cell death
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Fig. 5. Necrosis induced by 4-HNE. 4-HNE added at 100 µM to human carcinoma cells (HeLa; ATCC, Manassas, VA, USA) in vitro
induces necrosis in some cells in less than five minutes, which is associated with the shrinking of the cells into a rounded, pyknotic
shape associated with lipid peroxidation of the cellular membrane manifested by blebbing (left photo, no staining, magnification 650×).
The remaining cells undergo necrosis in an additional period of 20–30 minutes at the latest. A similar process can be seen in vivo in
the malignant tissue of human adenocarcinoma, where 4-HNE was detected by monoclonal antibodies specific for the 4-HNE-histidine
adducts (brown color), while the absence of 4-HNE-protein adducts can be observed by contrast hematoxylin blue color contrast staining
(right photo, magnification 450×). Lipid peroxidation generated 4-HNE-protein adducts that caused necrosis and disintegration of cancer
tissue. Scale bar = 50 µm.

[117]. Moreover, excessive copper, acting as a transi-
tion metal resembling iron, induces ROS production, re-
duces antioxidant defenses, and promotes lipid peroxida-
tion [121]. Although 4-HNE and copper induce oxidative
stress and peroxidation of lipids, which further generates
4-HNE, the direct involvement of 4-HNE in cuproptosis is
not well-established. Thus, further research is needed to de-
termine whether 4-HNE interacts with copper-induced cell
death mechanisms.

3. Necrosis
Because 4-HNE has a strong affinity for binding to

the proteins, its regulatory as well as toxic effects depend
on the function of the proteins modified by 4-HNE and their
overall intracellular concentration [2,11,122–125]. Gener-
ally speaking, relatively low levels of 4-HNE are regula-
tory; higher levels induce cellular decay, while very high

levels can induce rapid cell death caused by an irreversible
process of autolysis known as necrosis (Fig. 5).

Necrosis is an unspecific, uncontrolled, and irre-
versible process of cellular death, usually developing after
acute and severe damage followed by the rapid degradation
of the cells and the release of the cellular contents in the
affected tissue, thus spreading the damage and the death of
the cells [126]. The involvement of lipid peroxidation as a
crucial pathogenic factor of liver necrosis induced by car-
bon tetrachloride (CCl4), was known more than fifty years
ago [127]. However, at that time, 4-HNE was not known
to be an important factor of liver necrosis, as was found
afterward to be even in the case of liver inflammation, i.e.,
hepatitis, and damage of other organs caused by various dis-
eases [128].

Induction of cell proliferation, apoptosis, and necrosis
by 4-HNE also depends on the type of cells, among which
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cancer cells are more sensitive to the cytotoxic effects of 4-
HNE than are non-malignant normal cells [129–131]. The
sensitivity of the cells to 4-HNE also depends on the level
of differentiation, suggesting that reduced proliferation of
cancer cells associated with induced differentiation also in-
creases the sensitivity of cancer cells to the pro-apoptotic
and necrotic effects of 4-HNE [132]. However, in case of
extremely intense production of 4-HNE and accumulation
of its protein adducts, as in the case of COVID-19, 4-HNE
can induce local and systemic, unselective ferroptosis and
necrosis of normal cells, thus having lethal consequences
for the entire organism [133–135].

4. Conclusions and Perspectives
Taking together the complex regulatory and cytotoxic

effects of 4-HNE in vitro and in vivo, we can conclude that
oxidative stress, lipid peroxidation, and thus generated 4-
HNE have fundamental roles in the death of cells included
by different pathways under different pathophysiological
and pathological processes. Due to the presence of 4-HNE-
modified proteins even after the end of oxidative stress or
even in the absence of manifested lipid peroxidation, we
can assume that 4-HNE can cause not only acute but also
chronic consequences associated with the decay of cells and
the entire organism. However, accumulation of the 4-HNE-
modified proteins can be reversible in vital cells, if not asso-
ciated with necrosis, while 4-HNE targets mostly aged and
malignant cells. Therefore, options for targeted cytotoxic
effects of 4-HNE might be an interesting option for future
treatments of degenerative and malignant processes.

Abbreviations
4-HNE, 4-hydroxynonenal; AIFM1, apoptosis induc-

ing factor mitochondria associated 1; Akt, protein kinase B;
Alda-1, ALDH2 agonist; ALDH2, aldehyde dehydrogenase
2; AMPK, AMP-activated protein kinase; AP-1, activator
protein 1; Apaf1, apoptotic protease activating factor 1;
ASC, apoptosis-associated speck-like protein containing a
CARD; ASK1, apoptosis signal-regulating kinase 1; ATG,
autophagy-related proteins; Bad, Bcl-2-associated death
promoter; Bak, Bcl-2 homologous antagonist/killer; Bax,
Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; cyt-
c, cytochrome c; Daxx, death domain-associated protein;
DISC, death signaling complex; FADD, FAS-associated
death domain protein; FasL, Fas ligand; FasR, Fas recep-
tor; Fer-1, ferrostatin-1; FNDC5, Fibronectin Type III Do-
main Containing 5; FSP1, ferroptosis suppressor protein
1; GPX4, glutathione peroxidase 4; GSDMD, gasdermin
D; GSH, glutathione; GSTP1, glutathione S-transferase
P1; HSF1, heat shock factor 1; HSP, heat shock proteins;
JNK, c-Jun N-terminal kinase; Keap1, Kelch-like ECH-
associated protein 1; LC3, light chain 3; MLKL, mixed
lineage kinase domain like pseudokinase; MOMP, mito-
chondrial outer membrane permeabilization; mTOR, mam-
malian target of rapamycin; NLRP3, nucleotide binding

oligomerization domain-like receptor protein 3; Nrf2, nu-
clear factor, erythroid 2 like 2; ox-LDL, oxidized low-
density lipoprotein; p21, Cyclin-dependent kinase inhibitor
1A; p53, tumor protein 53; PARP1, poly(ADP-ribose) poly-
merase 1; PGAM5, phosphoglycerate mutase 5; PUFA,
poly unsaturated fatty acids; RIPK1, receptor interacting
protein kinase-1; ROS, reactive oxygen species; RPE, reti-
nal pigment epithelial cells; TNF, tumor necrosis factor;
TNF-R1, TNF-receptor 1; TRAIL, TNF-related inducing
apoptotic ligand; Xc

−, the cystine/glutamate antiporter sys-
tem; XIAP, X-linked inhibitor of apoptosis protein.

Author Contributions
Conceptualization, NZ; ND, acquisition of references;

writing—original draft preparation, MJ, ASM, ND and NZ;
writing—review and editing, MJ, ASM and NZ; visualiza-
tion, MJ and ASM; supervision, NZ and MJ. All authors
read and approved the final version of the manuscript. All
authors read and approved the final manuscript. All authors
have participated sufficiently in the work and agreed to be
accountable for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Wewould like to express our gratitude to all those who

helped us during the writing of this manuscript and its revi-
sion.

Funding
This research received no external funding.

Conflict of Interest
The authors declare no conflict of interest. Neven

Zarkovic is serving as the Guest Editor and Editorial Board
member of this journal. We declare that Neven Zarkovic
was not involved in the peer review of this article and has
no access to information regarding its peer review. Full re-
sponsibility for the editorial process for this article was del-
egated to Guohui Sun.

References
[1] Jaganjac M, Milkovic L, Gegotek A, Cindric M, Zarkovic K,

Skrzydlewska E, et al. The relevance of pathophysiological al-
terations in redox signaling of 4-hydroxynonenal for pharmaco-
logical therapies of major stress-associated diseases. Free Rad-
ical Biology & Medicine. 2020; 157: 128–153. https://doi.org/
10.1016/j.freeradbiomed.2019.11.023.

[2] Jaganjac M, Milkovic L, Zarkovic N, Zarkovic K. Oxidative
stress and regeneration. Free Radical Biology & Medicine.
2022; 181: 154–165. https://doi.org/10.1016/j.freeradbiomed.
2022.02.004.

[3] Jaganjac M, Milkovic L, Sunjic SB, Zarkovic N. The NRF2,
Thioredoxin, and Glutathione System in Tumorigenesis and An-

11

https://doi.org/10.1016/j.freeradbiomed.2019.11.023
https://doi.org/10.1016/j.freeradbiomed.2019.11.023
https://doi.org/10.1016/j.freeradbiomed.2022.02.004
https://doi.org/10.1016/j.freeradbiomed.2022.02.004
https://www.imrpress.com


ticancer Therapies. Antioxidants. 2020; 9: 1151. https://doi.org/
10.3390/antiox9111151.

[4] Jaganjac M, Cindrić M, Jakovčević A, Žarković K, Žarković
N. Lipid peroxidation in brain tumors. Neurochemistry Inter-
national. 2021; 149: 105118. https://doi.org/10.1016/j.neuint
.2021.105118.

[5] Csala M, Kardon T, Legeza B, Lizák B, Mandl J, Margittai É,
et al. On the role of 4-hydroxynonenal in health and disease.
Biochimica et Biophysica Acta. 2015; 1852: 826–838. https://
doi.org/10.1016/j.bbadis.2015.01.015.

[6] Ayala A, Muñoz MF, Argüelles S. Lipid peroxidation: produc-
tion, metabolism, and signaling mechanisms of malondialde-
hyde and 4-hydroxy-2-nonenal. Oxidative Medicine and Cel-
lular Longevity. 2014; 2014: 360438. https://doi.org/10.1155/
2014/360438.

[7] Zarkovic N. 4-hydroxynonenal as a bioactive marker of patho-
physiological processes. Molecular Aspects of Medicine. 2003;
24: 281–291. https://doi.org/10.1016/s0098-2997(03)00023-2.

[8] Živković M, Žarković K, Škrinjar L, Waeg G, Poljak-Blaži M,
Borović Šunjić S, et al. A new method for detection of HNE-
histidine conjugates in rat inflammatory cells. Croatica Chemica
Acta. 2005; 78: 91–98.

[9] Schaur RJ. Basic aspects of the biochemical reactivity of 4-
hydroxynonenal. Molecular Aspects of Medicine. 2003; 24:
149–159. https://doi.org/10.1016/s0098-2997(03)00009-8.

[10] Schaur RJ, Siems W, Bresgen N, Eckl PM. 4-Hydroxy-nonenal-
A Bioactive Lipid Peroxidation Product. Biomolecules. 2015; 5:
2247–2337. https://doi.org/10.3390/biom5042247.

[11] Milkovic L, Zarkovic N, Marusic Z, Zarkovic K, Jaganjac M.
The 4-Hydroxynonenal-Protein Adducts and Their Biological
Relevance: Are Some Proteins Preferred Targets? Antioxidants.
2023; 12: 856. https://doi.org/10.3390/antiox12040856.

[12] Jaganjac M, Cipak A, Schaur RJ, Zarkovic N. Pathophysiology
of neutrophil-mediated extracellular redox reactions. Frontiers
in Bioscience (Landmark Edition). 2016; 21: 839–855. https:
//doi.org/10.2741/4423.

[13] Strohmaier H, Hinghofer-Szalkay H, Schaur RJ. Detection of 4-
hydroxynonenal (HNE) as a physiological component in human
plasma. Journal of Lipid Mediators and Cell Signalling. 1995;
11: 51–61. https://doi.org/10.1016/0929-7855(94)00027-a.

[14] Gil L, Siems W, Mazurek B, Gross J, Schroeder P, Voss P, et al.
Age-associated analysis of oxidative stress parameters in human
plasma and erythrocytes. Free Radical Research. 2006; 40: 495–
505. https://doi.org/10.1080/10715760600592962.

[15] Smathers RL, Fritz KS, Galligan JJ, Shearn CT, Reigan P, Marks
MJ, et al. Characterization of 4-HNE modified L-FABP reveals
alterations in structural and functional dynamics. PLoS ONE.
2012; 7: e38459. https://doi.org/10.1371/journal.pone.0038459.

[16] Chapple SJ, Cheng X, Mann GE. Effects of 4-hydroxynonenal
on vascular endothelial and smooth muscle cell redox signal-
ing and function in health and disease. Redox Biology. 2013; 1:
319–331. https://doi.org/10.1016/j.redox.2013.04.001.

[17] Al-Menhali AS, Banu S, Angelova PR, Barcaru A, Horvatovich
P, Abramov AY, et al. Lipid peroxidation is involved in calcium
dependent upregulation of mitochondrial metabolism in skeletal
muscle. Biochimica et Biophysica Acta. General Subjects. 2020;
1864: 129487. https://doi.org/10.1016/j.bbagen.2019.129487.

[18] Al-Menhali AS, Anderson C, Gourine AV, Abramov AY,
D’Souza A, Jaganjac M. Proteomic Analysis of Cardiac Adap-
tation to Exercise by High Resolution Mass Spectrometry. Fron-
tiers in Molecular Biosciences. 2021; 8: 723858. https://doi.or
g/10.3389/fmolb.2021.723858.

[19] Ishikado A, Nishio Y, Morino K, Ugi S, Kondo H, Makino T,
et al. Low concentration of 4-hydroxy hexenal increases heme
oxygenase-1 expression through activation of Nrf2 and antiox-
idative activity in vascular endothelial cells. Biochemical and

Biophysical Research Communications. 2010; 402: 99–104.
https://doi.org/10.1016/j.bbrc.2010.09.124.

[20] Zarkovic K. 4-hydroxynonenal and neurodegenerative diseases.
Molecular Aspects of Medicine. 2003; 24: 293–303. https://doi.
org/10.1016/s0098-2997(03)00024-4.

[21] Choudhary S, Xiao T, Srivastava S, Zhang W, Chan LL, Ver-
gara LA, et al. Toxicity and detoxification of lipid-derived alde-
hydes in cultured retinal pigmented epithelial cells. Toxicol-
ogy and Applied Pharmacology. 2005; 204: 122–134. https:
//doi.org/10.1016/j.taap.2004.08.023.

[22] Halasz M, Łuczaj W, Jarocka-Karpowicz I, Stasiewicz A, Soldo
AM, Soldo I, et al. Relationship between systemic biomarker
of lipid peroxidation 4-hydroxynonenal and lipidomic profile of
morbidly obese patients undergoing bariatric surgery. Free Rad-
ical Biology & Medicine. 2024; 224: 564–573. https://doi.org/
10.1016/j.freeradbiomed.2024.09.018.

[23] Wójcik P, Biernacki M, Wroński A, Łuczaj W, Waeg G,
Žarković N, et al. Altered Lipid Metabolism in Blood Mononu-
clear Cells of Psoriatic Patients Indicates Differential Changes
in Psoriasis Vulgaris and Psoriatic Arthritis. International Jour-
nal of Molecular Sciences. 2019; 20: 4249. https://doi.org/10.
3390/ijms20174249.

[24] Negre-Salvayre A, Vieira O, Escargueil-Blanc I, Salvayre R.
Oxidized LDL and 4-hydroxynonenal modulate tyrosine kinase
receptor activity. Molecular Aspects of Medicine. 2003; 24:
251–261. https://doi.org/10.1016/s0098-2997(03)00020-7.

[25] Mattson MP. Roles of the lipid peroxidation product 4-
hydroxynonenal in obesity, the metabolic syndrome, and asso-
ciated vascular and neurodegenerative disorders. Experimental
Gerontology. 2009; 44: 625–633. https://doi.org/10.1016/j.exge
r.2009.07.003.

[26] Elrayess MA, Almuraikhy S, Kafienah W, Al-Menhali A, Al-
Khelaifi F, Bashah M, et al. 4-hydroxynonenal causes impair-
ment of human subcutaneous adipogenesis and induction of
adipocyte insulin resistance. Free Radical Biology & Medicine.
2017; 104: 129–137. https://doi.org/10.1016/j.freeradbiomed.
2017.01.015.

[27] Jaganjac M, Almuraikhy S, Al-Khelaifi F, Al-Jaber M, Bashah
M, Mazloum NA, et al. Combined metformin and insulin treat-
ment reverses metabolically impaired omental adipogenesis and
accumulation of 4-hydroxynonenal in obese diabetic patients.
Redox Biology. 2017; 12: 483–490. https://doi.org/10.1016/j.
redox.2017.03.012.

[28] Jaganjac M, Zarkovic N. Lipid Peroxidation Linking Diabetes
and Cancer: The Importance of 4-Hydroxynonenal. Antioxi-
dants & Redox Signaling. 2022; 37: 1222–1233. https://doi.or
g/10.1089/ars.2022.0146.

[29] Karihtala P, Kauppila S, Puistola U, Jukkola-Vuorinen
A. Divergent behaviour of oxidative stress markers 8-
hydroxydeoxyguanosine (8-OHdG) and 4-hydroxy-2-nonenal
(HNE) in breast carcinogenesis. Histopathology. 2011; 58:
854–862. https://doi.org/10.1111/j.1365-2559.2011.03835.x.

[30] Perkovic MN, Jaganjac M, Milkovic L, Horvat T, Rojo D,
Zarkovic K, et al. Relationship between 4-Hydroxynonenal
(4-HNE) as Systemic Biomarker of Lipid Peroxidation and
Metabolomic Profiling of Patients with Prostate Cancer.
Biomolecules. 2023; 13: 145. https://doi.org/10.3390/biom
13010145.

[31] Elmore S. Apoptosis: a review of programmed cell death. Toxi-
cologic Pathology. 2007; 35: 495–516. https://doi.org/10.1080/
01926230701320337.

[32] Fulda S, Gorman AM, Hori O, Samali A. Cellular stress re-
sponses: cell survival and cell death. International Journal of
Cell Biology. 2010; 2010: 214074. https://doi.org/10.1155/
2010/214074.

[33] Arya R, White K. Cell death in development: Signaling path-

12

https://doi.org/10.3390/antiox9111151
https://doi.org/10.3390/antiox9111151
https://doi.org/10.1016/j.neuint.2021.105118
https://doi.org/10.1016/j.neuint.2021.105118
https://doi.org/10.1016/j.bbadis.2015.01.015
https://doi.org/10.1016/j.bbadis.2015.01.015
https://doi.org/10.1155/2014/360438
https://doi.org/10.1155/2014/360438
https://doi.org/10.1016/s0098-2997(03)00023-2
https://doi.org/10.1016/s0098-2997(03)00009-8
https://doi.org/10.3390/biom5042247
https://doi.org/10.3390/antiox12040856
https://doi.org/10.2741/4423
https://doi.org/10.2741/4423
https://doi.org/10.1016/0929-7855(94)00027-a
https://doi.org/10.1080/10715760600592962
https://doi.org/10.1371/journal.pone.0038459
https://doi.org/10.1016/j.redox.2013.04.001
https://doi.org/10.1016/j.bbagen.2019.129487
https://doi.org/10.3389/fmolb.2021.723858
https://doi.org/10.3389/fmolb.2021.723858
https://doi.org/10.1016/j.bbrc.2010.09.124
https://doi.org/10.1016/s0098-2997(03)00024-4
https://doi.org/10.1016/s0098-2997(03)00024-4
https://doi.org/10.1016/j.taap.2004.08.023
https://doi.org/10.1016/j.taap.2004.08.023
https://doi.org/10.1016/j.freeradbiomed.2024.09.018
https://doi.org/10.1016/j.freeradbiomed.2024.09.018
https://doi.org/10.3390/ijms20174249
https://doi.org/10.3390/ijms20174249
https://doi.org/10.1016/s0098-2997(03)00020-7
https://doi.org/10.1016/j.exger.2009.07.003
https://doi.org/10.1016/j.exger.2009.07.003
https://doi.org/10.1016/j.freeradbiomed.2017.01.015
https://doi.org/10.1016/j.freeradbiomed.2017.01.015
https://doi.org/10.1016/j.redox.2017.03.012
https://doi.org/10.1016/j.redox.2017.03.012
https://doi.org/10.1089/ars.2022.0146
https://doi.org/10.1089/ars.2022.0146
https://doi.org/10.1111/j.1365-2559.2011.03835.x
https://doi.org/10.3390/biom13010145
https://doi.org/10.3390/biom13010145
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1155/2010/214074
https://doi.org/10.1155/2010/214074
https://www.imrpress.com


ways and core mechanisms. Seminars in Cell & Developmen-
tal Biology. 2015; 39: 12–19. https://doi.org/10.1016/j.semcdb
.2015.02.001.

[34] Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agos-
tinis P, et al. Molecular mechanisms of cell death: recommenda-
tions of the Nomenclature Committee on Cell Death 2018. Cell
Death and Differentiation. 2018; 25: 486–541. https://doi.org/
10.1038/s41418-017-0012-4.

[35] Awasthi YC, Sharma R, Cheng JZ, Yang Y, Sharma A, Singhal
SS, et al. Role of 4-hydroxynonenal in stress-mediated apoptosis
signaling. Molecular Aspects of Medicine. 2003; 24: 219–230.
https://doi.org/10.1016/s0098-2997(03)00017-7.

[36] Li J, Sharma R, Patrick B, Sharma A, Jeyabal PVS, Reddy
PMRV, et al. Regulation of CD95 (Fas) expression and
Fas-mediated apoptotic signaling in HLE B-3 cells by 4-
hydroxynonenal. Biochemistry. 2006; 45: 12253–12264. https:
//doi.org/10.1021/bi060780+.

[37] Sharma R, Sharma A, Dwivedi S, Zimniak P, Awasthi S,
Awasthi YC. 4-Hydroxynonenal self-limits fas-mediated DISC-
independent apoptosis by promoting export of Daxx from the nu-
cleus to the cytosol and its binding to Fas. Biochemistry. 2008;
47: 143–156. https://doi.org/10.1021/bi701559f.

[38] Chaudhary P, Sharma R, SharmaA, Vatsyayan R, Yadav S, Sing-
hal SS, et al. Mechanisms of 4-hydroxy-2-nonenal induced pro-
and anti-apoptotic signaling. Biochemistry. 2010; 49: 6263–
6275. https://doi.org/10.1021/bi100517x.

[39] Kiraz Y, Adan A, Kartal Yandim M, Baran Y. Major
apoptotic mechanisms and genes involved in apoptosis. Tu-
mour Biology. 2016; 37: 8471–8486. https://doi.org/10.1007/
s13277-016-5035-9.

[40] Liu W, Porter NA, Schneider C, Brash AR, Yin H. Formation
of 4-hydroxynonenal from cardiolipin oxidation: Intramolecular
peroxyl radical addition and decomposition. Free Radical Biol-
ogy & Medicine. 2011; 50: 166–178. https://doi.org/10.1016/j.
freeradbiomed.2010.10.709.

[41] Haynes RL, Brune B, Townsend AJ. Apoptosis in RAW 264.7
cells exposed to 4-hydroxy-2-nonenal: dependence on cy-
tochrome C release but not p53 accumulation. Free Radical Bi-
ology & Medicine. 2001; 30: 884–894. https://doi.org/10.1016/
s0891-5849(01)00476-2.

[42] Raza H, John A. 4-hydroxynonenal induces mitochondrial
oxidative stress, apoptosis and expression of glutathione S-
transferase A4-4 and cytochrome P450 2E1 in PC12 cells. Tox-
icology and Applied Pharmacology. 2006; 216: 309–318. https:
//doi.org/10.1016/j.taap.2006.06.001.

[43] Xiong S, Mu T,Wang G, Jiang X. Mitochondria-mediated apop-
tosis in mammals. Protein & Cell. 2014; 5: 737–749. https:
//doi.org/10.1007/s13238-014-0089-1.

[44] Lakhani SA,Masud A, Kuida K, Porter GA, Jr, Booth CJ, Mehal
WZ, et al. Caspases 3 and 7: key mediators of mitochondrial
events of apoptosis. Science. 2006; 311: 847–851. https://doi.or
g/10.1126/science.1115035.

[45] Brentnall M, Rodriguez-Menocal L, De Guevara RL, Cepero
E, Boise LH. Caspase-9, caspase-3 and caspase-7 have distinct
roles during intrinsic apoptosis. BMC Cell Biology. 2013; 14:
32. https://doi.org/10.1186/1471-2121-14-32.

[46] Rabacchi SA, Friedman WJ, Shelanski ML, Troy CM. Diver-
gence of the apoptotic pathways induced by 4-hydroxynonenal
and amyloid beta-protein. Neurobiology of Aging. 2004;
25: 1057–1066. https://doi.org/10.1016/j.neurobiolaging.2003.
10.003.

[47] Braga M, Sinha Hikim AP, Datta S, Ferrini MG, Brown D, Ko-
vacheva EL, et al. Involvement of oxidative stress and caspase
2-mediated intrinsic pathway signaling in age-related increase
in muscle cell apoptosis in mice. Apoptosis. 2008; 13: 822–832.
https://doi.org/10.1007/s10495-008-0216-7.

[48] Siddiqui MA, Kumar V, Kashyap MP, Agarwal M, Singh AK,
Khanna VK, et al. Short-term exposure of 4-hydroxynonenal
induces mitochondria-mediated apoptosis in PC12 cells. Hu-
man & Experimental Toxicology. 2012; 31: 336–345. https:
//doi.org/10.1177/0960327111432500.

[49] Ji C, Amarnath V, Pietenpol JA, Marnett LJ. 4-hydroxynonenal
induces apoptosis via caspase-3 activation and cytochrome c re-
lease. Chemical Research in Toxicology. 2001; 14: 1090–1096.
https://doi.org/10.1021/tx000186f.

[50] Regimbeau M, Abrey J, Vautrot V, Causse S, Gobbo J, Gar-
rido C. Heat shock proteins and exosomes in cancer theranos-
tics. Seminars in Cancer Biology. 2022; 86: 46–57. https://doi.
org/10.1016/j.semcancer.2021.07.014.

[51] Vostakolaei MA, Hatami-Baroogh L, Babaei G, Molavi O, Ko-
rdi S, Abdolalizadeh J. Hsp70 in cancer: A double agent in the
battle between survival and death. Journal of Cellular Physiol-
ogy. 2021; 236: 3420–3444. https://doi.org/10.1002/jcp.30132.

[52] Yang LL, Chen H, Wang J, Xia T, Sun H, Yuan CH, et al. 4-
HNE Induces Apoptosis of Human Retinal Pigment Epithelial
Cells by Modifying HSP70. Current Medical Science. 2019; 39:
442–448. https://doi.org/10.1007/s11596-019-2057-8.

[53] Jacobs AT, Marnett LJ. Heat shock factor 1 attenuates 4-
Hydroxynonenal-mediated apoptosis: critical role for heat shock
protein 70 induction and stabilization of Bcl-XL. The Journal of
Biological Chemistry. 2007; 282: 33412–33420. https://doi.org/
10.1074/jbc.M706799200.

[54] Liu W, Akhand AA, Takeda K, Kawamoto Y, Itoigawa M, Kato
M, et al. Protein phosphatase 2A-linked and -unlinked caspase-
dependent pathways for downregulation of Akt kinase triggered
by 4-hydroxynonenal. Cell Death and Differentiation. 2003; 10:
772–781. https://doi.org/10.1038/sj.cdd.4401238.

[55] Chaabane W, User SD, El-Gazzah M, Jaksik R, Sajjadi E,
Rzeszowska-Wolny J, et al. Autophagy, apoptosis, mitopto-
sis and necrosis: interdependence between those pathways
and effects on cancer. Archivum Immunologiae et Thera-
piae Experimentalis. 2013; 61: 43–58. https://doi.org/10.1007/
s00005-012-0205-y.

[56] Liu W, Kato M, Akhand AA, Hayakawa A, Suzuki H, Miyata T,
et al. 4-hydroxynonenal induces a cellular redox status-related
activation of the caspase cascade for apoptotic cell death. Journal
of Cell Science. 2000; 113: 635–641. https://doi.org/10.1242/jc
s.113.4.635.

[57] Vaillancourt F, Fahmi H, Shi Q, Lavigne P, Ranger P, Fernan-
des JC, et al. 4-Hydroxynonenal induces apoptosis in human
osteoarthritic chondrocytes: the protective role of glutathione-
S-transferase. Arthritis Research & Therapy. 2008; 10: R107.
https://doi.org/10.1186/ar2503.

[58] Cao ZG, Xu X, Xue YM, Zhao SL. Comparison of 4-
hydroxynonenal-induced p53-mediated apoptosis in prostate
cancer cells LNCaP and DU145. Contemporary Oncology.
2014; 18: 22–28. https://doi.org/10.5114/wo.2014.40456.

[59] Tsai HY, Hsu YJ, Lu CY, Tsai MC, Hung WC, Chen PC, et al.
Pharmacological Activation Of Aldehyde Dehydrogenase 2 Pro-
tects Against Heatstroke-Induced Acute Lung Injury by Modu-
lating Oxidative Stress and Endothelial Dysfunction. Frontiers
in Immunology. 2021; 12: 740562. https://doi.org/10.3389/fi
mmu.2021.740562.

[60] ChiangYF, ChenHY, ChangYJ, Shih YH, Shieh TM,WangKL,
et al. Protective Effects of Fucoxanthin on High Glucose- and
4-Hydroxynonenal (4-HNE)-Induced Injury in Human Retinal
Pigment Epithelial Cells. Antioxidants. 2020; 9: 1176. https://
doi.org/10.3390/antiox9121176.

[61] Abarikwu SO, Pant AB, Farombi EO. 4-Hydroxynonenal in-
duces mitochondrial-mediated apoptosis and oxidative stress
in SH-SY5Y human neuronal cells. Basic & Clinical Pharma-
cology & Toxicology. 2012; 110: 441–448. https://doi.org/10.

13

https://doi.org/10.1016/j.semcdb.2015.02.001
https://doi.org/10.1016/j.semcdb.2015.02.001
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1016/s0098-2997(03)00017-7
https://doi.org/10.1021/bi060780+
https://doi.org/10.1021/bi060780+
https://doi.org/10.1021/bi701559f
https://doi.org/10.1021/bi100517x
https://doi.org/10.1007/s13277-016-5035-9
https://doi.org/10.1007/s13277-016-5035-9
https://doi.org/10.1016/j.freeradbiomed.2010.10.709
https://doi.org/10.1016/j.freeradbiomed.2010.10.709
https://doi.org/10.1016/s0891-5849(01)00476-2
https://doi.org/10.1016/s0891-5849(01)00476-2
https://doi.org/10.1016/j.taap.2006.06.001
https://doi.org/10.1016/j.taap.2006.06.001
https://doi.org/10.1007/s13238-014-0089-1
https://doi.org/10.1007/s13238-014-0089-1
https://doi.org/10.1126/science.1115035
https://doi.org/10.1126/science.1115035
https://doi.org/10.1186/1471-2121-14-32
https://doi.org/10.1016/j.neurobiolaging.2003.10.003
https://doi.org/10.1016/j.neurobiolaging.2003.10.003
https://doi.org/10.1007/s10495-008-0216-7
https://doi.org/10.1177/0960327111432500
https://doi.org/10.1177/0960327111432500
https://doi.org/10.1021/tx000186f
https://doi.org/10.1016/j.semcancer.2021.07.014
https://doi.org/10.1016/j.semcancer.2021.07.014
https://doi.org/10.1002/jcp.30132
https://doi.org/10.1007/s11596-019-2057-8
https://doi.org/10.1074/jbc.M706799200
https://doi.org/10.1074/jbc.M706799200
https://doi.org/10.1038/sj.cdd.4401238
https://doi.org/10.1007/s00005-012-0205-y
https://doi.org/10.1007/s00005-012-0205-y
https://doi.org/10.1242/jcs.113.4.635
https://doi.org/10.1242/jcs.113.4.635
https://doi.org/10.1186/ar2503
https://doi.org/10.5114/wo.2014.40456
https://doi.org/10.3389/fimmu.2021.740562
https://doi.org/10.3389/fimmu.2021.740562
https://doi.org/10.3390/antiox9121176
https://doi.org/10.3390/antiox9121176
https://doi.org/10.1111/j.1742-7843.2011.00834.x
https://doi.org/10.1111/j.1742-7843.2011.00834.x


1111/j.1742-7843.2011.00834.x.
[62] Perry EA, Castellani RJ, Moreira PI, Nunomura A, Lui Q, Har-

ris PLR, et al. Neurofilaments are the major neuronal target of
hydroxynonenal-mediated protein cross-links. Free Radical Re-
search. 2013; 47: 507–510. https://doi.org/10.3109/10715762.
2013.794265.

[63] Jenner P. Oxidative stress in Parkinson’s disease. Annals of Neu-
rology. 2003; 53: S26–S36; discussion S36–S38. https://doi.or
g/10.1002/ana.10483.

[64] Dalleau S, Baradat M, Guéraud F, Huc L. Cell death and dis-
eases related to oxidative stress: 4-hydroxynonenal (HNE) in the
balance. Cell Death and Differentiation. 2013; 20: 1615–1630.
https://doi.org/10.1038/cdd.2013.138.

[65] Perluigi M, Coccia R, Butterfield DA. 4-Hydroxy-2-nonenal, a
reactive product of lipid peroxidation, and neurodegenerative
diseases: a toxic combination illuminated by redox proteomics
studies. Antioxidants &Redox Signaling. 2012; 17: 1590–1609.
https://doi.org/10.1089/ars.2011.4406.

[66] Lee JY, Jung GY, Heo HJ, Yun MR, Park JY, Bae SS, et al.
4-Hydroxynonenal induces vascular smooth muscle cell apopto-
sis throughmitochondrial generation of reactive oxygen species.
Toxicology Letters. 2006; 166: 212–221. https://doi.org/10.
1016/j.toxlet.2006.07.305.

[67] Poli G, Schaur RJ, Siems WG, Leonarduzzi G. 4-
hydroxynonenal: a membrane lipid oxidation product of
medicinal interest. Medicinal Research Reviews. 2008; 28:
569–631. https://doi.org/10.1002/med.20117.

[68] Mattson MP. Roles of the lipid peroxidation product 4-
hydroxynonenal in obesity, the metabolic syndrome, and asso-
ciated vascular and neurodegenerative disorders. Experimental
Gerontology. 2009; 44: 625–633. https://doi.org/10.1016/j.exge
r.2009.07.003.

[69] Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta
R, Viswanathan VS, et al. Regulation of ferroptotic cancer cell
death by GPX4. Cell. 2014; 156: 317–331. https://doi.org/10.
1016/j.cell.2013.12.010.

[70] Ulker OC, Panieri E, Suzen S, Jaganjac M, Zarkovic N, Saso L.
Short overview on the relevance of microRNA-reactive oxygen
species (ROS) interactions and lipid peroxidation for modula-
tion of oxidative stress-mediated signalling pathways in cancer
treatment. The Journal of Pharmacy and Pharmacology. 2022;
74: 503–515. https://doi.org/10.1093/jpp/rgab045.

[71] Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, In-
gold I, et al. FSP1 is a glutathione-independent ferroptosis sup-
pressor. Nature. 2019; 575: 693–698. https://doi.org/10.1038/
s41586-019-1707-0.

[72] Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang
PH, et al. The CoQ oxidoreductase FSP1 acts parallel to GPX4
to inhibit ferroptosis. Nature. 2019; 575: 688–692. https://doi.or
g/10.1038/s41586-019-1705-2.

[73] Mao C, Liu X, Zhang Y, Lei G, Yan Y, Lee H, et al. DHODH-
mediated ferroptosis defence is a targetable vulnerability in
cancer. Nature. 2021; 593: 586–590. https://doi.org/10.1038/
s41586-021-03539-7.

[74] Zhang W, Dai J, Hou G, Liu H, Zheng S, Wang X, et al.
SMURF2 predisposes cancer cell toward ferroptosis in GPX4-
independent manners by promoting GSTP1 degradation. Molec-
ular Cell. 2023; 83: 4352–4369.e8. https://doi.org/10.1016/j.mo
lcel.2023.10.042.

[75] Wang X, Wei T, Luo J, Lang K, Song Y, Ning X, et al.
Iron Overload-Dependent Ferroptosis Aggravates LPS-Induced
Acute Lung Injury by Impairing Mitochondrial Function. In-
flammation. 2024; 47: 2013–2026. https://doi.org/10.1007/
s10753-024-02022-5.

[76] He Q, Zhou Y, Wu L, Huang L, Yuan Y, Flores JJ, et al. In-
hibition of acid-sensing receptor GPR4 attenuates neuronal fer-

roptosis via RhoA/YAP signaling in a rat model of subarach-
noid hemorrhage. Free Radical Biology &Medicine. 2024; 225:
333–345. https://doi.org/10.1016/j.freeradbiomed.2024.10.273.

[77] Shan G, Bian Y, Yao G, Liang J, Shi H, Hu Z, et al. Targeting
ALDH2 to augment platinum-based chemosensitivity through
ferroptosis in lung adenocarcinoma. Free Radical Biology &
Medicine. 2024; 224: 310–324. https://doi.org/10.1016/j.freera
dbiomed.2024.08.026.

[78] Liu L, Pang J, Qin D, Li R, Zou D, Chi K, et al. Deubiqui-
tinase OTUD5 as a Novel Protector against 4-HNE-Triggered
Ferroptosis in Myocardial Ischemia/Reperfusion Injury. Ad-
vanced Science. 2023; 10: e2301852. https://doi.org/10.1002/
advs.202301852.

[79] Boonpraman N, Yoon S, Kim CY, Moon JS, Yi SS. NOX4
as a critical effector mediating neuroinflammatory cytokines,
myeloperoxidase and osteopontin, specifically in astrocytes in
the hippocampus in Parkinson’s disease. Redox Biology. 2023;
62: 102698. https://doi.org/10.1016/j.redox.2023.102698.

[80] Lin XM, Pan MH, Sun J, Wang M, Huang ZH, Wang G,
et al. Membrane phospholipid peroxidation promotes loss of
dopaminergic neurons in psychological stress-induced Parkin-
son’s disease susceptibility. Aging Cell. 2023; 22: e13970. https:
//doi.org/10.1111/acel.13970.

[81] Du Y, Ouyang H, Wang H, Shi J, Li Y, Xu L, et al. FNDC5 alle-
viates Ox-LDL-induced HUVECs dysfunction by inhibiting fer-
roptosis through AMPK/Nrf2 signaling. Tissue and Cell. 2025;
93: 102696. https://doi.org/10.1016/j.tice.2024.102696.

[82] Zheng F, Lei JZ, Wang JX, Xu XY, Zhou B, Ge R, et al. Crucial
roles of asprosin in cisplatin-induced ferroptosis and acute kid-
ney injury. Free Radical Biology & Medicine. 2025; 227: 296–
311. https://doi.org/10.1016/j.freeradbiomed.2024.12.024.

[83] Xu P, Lin B, Deng X, Huang K, Zhang Y, Wang N. VDR ac-
tivation attenuates osteoblastic ferroptosis and senescence by
stimulating the Nrf2/GPX4 pathway in age-related osteoporo-
sis. Free Radical Biology & Medicine. 2022; 193: 720–735.
https://doi.org/10.1016/j.freeradbiomed.2022.11.013.

[84] Dikic I, Elazar Z. Mechanism and medical im-
plications of mammalian autophagy. Nature Re-
views. Molecular Cell Biology. 2018; 19: 349–364.
https://doi.org/10.1038/s41580-018-0003-4.

[85] Haberzettl P, Hill BG. Oxidized lipids activate autophagy in a
JNK-dependent manner by stimulating the endoplasmic retic-
ulum stress response. Redox Biology. 2013; 1: 56–64. https:
//doi.org/10.1016/j.redox.2012.10.003.

[86] Flores-Bellver M, Bonet-Ponce L, Barcia JM, Garcia-Verdugo
JM, Martinez-Gil N, Saez-Atienzar S, et al. Autophagy and mi-
tochondrial alterations in human retinal pigment epithelial cells
induced by ethanol: implications of 4-hydroxy-nonenal. Cell
Death & Disease. 2014; 5: e1328. https://doi.org/10.1038/cddi
s.2014.288.

[87] Di Domenico F, Tramutola A, Barone E, Lanzillotta C, Defever
O, Arena A, et al. Restoration of aberrant mTOR signaling by
intranasal rapamycin reduces oxidative damage: Focus onHNE-
modified proteins in a mouse model of down syndrome. Re-
dox Biology. 2019; 23: 101162. https://doi.org/10.1016/j.redo
x.2019.101162.

[88] Wen C, Yu X, Zhu J, Zeng J, Kuang X, Zhang Y, et al. Gastrodin
ameliorates oxidative stress-induced RPE damage by facilitat-
ing autophagy and phagocytosis through PPARα-TFEB/CD36
signal pathway. Free Radical Biology & Medicine. 2024; 224:
103–116. https://doi.org/10.1016/j.freeradbiomed.2024.08.023.

[89] Ning S, Wang L. The Multifunctional Protein
p62 and Its Mechanistic Roles in Cancers. Cur-
rent Cancer Drug Targets. 2019; 19: 468–478.
https://doi.org/10.2174/1568009618666181016164920.

[90] Zhang S, Eitan E, Mattson MP. Early involvement of lyso-

14

https://doi.org/10.3109/10715762.2013.794265
https://doi.org/10.3109/10715762.2013.794265
https://doi.org/10.1002/ana.10483
https://doi.org/10.1002/ana.10483
https://doi.org/10.1038/cdd.2013.138
https://doi.org/10.1089/ars.2011.4406
https://doi.org/10.1016/j.toxlet.2006.07.305
https://doi.org/10.1016/j.toxlet.2006.07.305
https://doi.org/10.1002/med.20117
https://doi.org/10.1016/j.exger.2009.07.003
https://doi.org/10.1016/j.exger.2009.07.003
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1093/jpp/rgab045
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1038/s41586-021-03539-7
https://doi.org/10.1038/s41586-021-03539-7
https://doi.org/10.1016/j.molcel.2023.10.042
https://doi.org/10.1016/j.molcel.2023.10.042
https://doi.org/10.1007/s10753-024-02022-5
https://doi.org/10.1007/s10753-024-02022-5
https://doi.org/10.1016/j.freeradbiomed.2024.10.273
https://doi.org/10.1016/j.freeradbiomed.2024.08.026
https://doi.org/10.1016/j.freeradbiomed.2024.08.026
https://doi.org/10.1002/advs.202301852
https://doi.org/10.1002/advs.202301852
https://doi.org/10.1016/j.redox.2023.102698
https://doi.org/10.1111/acel.13970
https://doi.org/10.1111/acel.13970
https://doi.org/10.1016/j.tice.2024.102696
https://doi.org/10.1016/j.freeradbiomed.2024.12.024
https://doi.org/10.1016/j.freeradbiomed.2022.11.013
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1016/j.redox.2012.10.003
https://doi.org/10.1016/j.redox.2012.10.003
https://doi.org/10.1038/cddis.2014.288
https://doi.org/10.1038/cddis.2014.288
https://doi.org/10.1016/j.redox.2019.101162
https://doi.org/10.1016/j.redox.2019.101162
https://doi.org/10.1016/j.freeradbiomed.2024.08.023
https://doi.org/10.2174/1568009618666181016164920
https://www.imrpress.com


some dysfunction in the degeneration of cerebral cortical neu-
rons caused by the lipid peroxidation product 4-hydroxynonenal.
Journal of Neurochemistry. 2017; 140: 941–954. https://doi.or
g/10.1111/jnc.13957.

[91] Baba SP, Zhang D, Singh M, Dassanayaka S, Xie Z, Jagath-
eesan G, et al. Deficiency of aldose reductase exacerbates early
pressure overload-induced cardiac dysfunction and autophagy in
mice. Journal of Molecular and Cellular Cardiology. 2018; 118:
183–192. https://doi.org/10.1016/j.yjmcc.2018.04.002.

[92] Qin QF, Li XJ, Li YS, Zhang WK, Tian GH, Shang HC, et al.
AMPK-ERK/CARM1 Signaling Pathways Affect Autophagy of
Hepatic Cells in Samples of Liver Cancer Patients. Frontiers
in Oncology. 2019; 9: 1247. https://doi.org/10.3389/fonc.2019.
01247.

[93] Calamaras TD, Lee C, Lan F, Ido Y, Siwik DA, ColucciWS. The
lipid peroxidation product 4-hydroxy-trans-2-nonenal causes
protein synthesis in cardiac myocytes via activated mTORC1-
p70S6K-RPS6 signaling. Free Radical Biology & Medicine.
2015; 82: 137–146. https://doi.org/10.1016/j.freeradbiomed.
2015.01.007.

[94] Hill BG, Haberzettl P, Ahmed Y, Srivastava S, Bhatnagar A.
Unsaturated lipid peroxidation-derived aldehydes activate au-
tophagy in vascular smooth-muscle cells. The Biochemical Jour-
nal. 2008; 410: 525–534. https://doi.org/10.1042/BJ20071063.

[95] Dodson M, Wani WY, Redmann M, Benavides GA, Johnson
MS, Ouyang X, et al. Regulation of autophagy, mitochondrial
dynamics, and cellular bioenergetics by 4-hydroxynonenal in
primary neurons. Autophagy. 2017; 13: 1828–1840. https://doi.
org/10.1080/15548627.2017.1356948.

[96] Dodson M, Liang Q, Johnson MS, Redmann M, Fineberg N,
Darley-Usmar VM, et al. Inhibition of glycolysis attenuates 4-
hydroxynonenal-dependent autophagy and exacerbates apopto-
sis in differentiated SH-SY5Y neuroblastoma cells. Autophagy.
2013; 9: 1996–2008. https://doi.org/10.4161/auto.26094.

[97] Gęgotek A, Skrzydlewska E. Lipid peroxidation products’ role
in autophagy regulation. Free Radical Biology & Medicine.
2024; 212: 375–383. https://doi.org/10.1016/j.freeradbiomed.
2024.01.001.

[98] Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: host cell death
and inflammation. Nature Reviews. Microbiology. 2009; 7: 99–
109. https://doi.org/10.1038/nrmicro2070.

[99] Hou T, Zhu L, Zhang Y, Tang Y, Gao Y, Hua S, et al. Lipid per-
oxidation triggered by the degradation of xCT contributes to gas-
dermin D-mediated pyroptosis in COPD. Redox Biology. 2024;
77: 103388. https://doi.org/10.1016/j.redox.2024.103388.

[100] Shi J, Gao W, Shao F. Pyroptosis: Gasdermin-Mediated Pro-
grammed Necrotic Cell Death. Trends in Biochemical Sciences.
2017; 42: 245–254. https://doi.org/10.1016/j.tibs.2016.10.004.

[101] XuY, YuanQ, Cao S, Cui S, Xue L, SongX, et al. Aldehyde de-
hydrogenase 2 inhibited oxidized LDL-induced NLRP3 inflam-
masome priming and activation via attenuating oxidative stress.
Biochemical and Biophysical Research Communications. 2020;
529: 998–1004. https://doi.org/10.1016/j.bbrc.2020.06.075.

[102] Cao R, Fang D, Wang J, Yu Y, Ye H, Kang P, et al. ALDH2
Overexpression Alleviates High Glucose-Induced Cardiotoxic-
ity by Inhibiting NLRP3 Inflammasome Activation. Journal of
Diabetes Research. 2019; 2019: 4857921. https://doi.org/10.
1155/2019/4857921.

[103] Diao M, Xu J, Wang J, Zhang M, Wu C, Hu X, et al. Alda-
1, an Activator of ALDH2, Improves Postresuscitation Cardiac
and Neurological Outcomes by Inhibiting Pyroptosis in Swine.
Neurochemical Research. 2022; 47: 1097–1109. https://doi.org/
10.1007/s11064-021-03511-x.

[104] Cao Z, Qin H, Huang Y, Zhao Y, Chen Z, Hu J, et al. Crosstalk
of pyroptosis, ferroptosis, and mitochondrial aldehyde dehydro-
genase 2-related mechanisms in sepsis-induced lung injury in

a mouse model. Bioengineered. 2022; 13: 4810–4820. https:
//doi.org/10.1080/21655979.2022.2033381.

[105] Hsu CG, Chávez CL, Zhang C, Sowden M, Yan C, Berk
BC. The lipid peroxidation product 4-hydroxynonenal inhibits
NLRP3 inflammasome activation and macrophage pyroptosis.
Cell Death and Differentiation. 2022; 29: 1790–1803. https:
//doi.org/10.1038/s41418-022-00966-5.

[106] Tong J, Lan XT, Zhang Z, Liu Y, Sun DY, Wang XJ,
et al. Ferroptosis inhibitor liproxstatin-1 alleviates metabolic
dysfunction-associated fatty liver disease in mice: potential in-
volvement of PANoptosis. Acta Pharmacologica Sinica. 2023;
44: 1014–1028. https://doi.org/10.1038/s41401-022-01010-5.

[107] Malireddi RKS, Kesavardhana S, Kanneganti TD. ZBP1
and TAK1: Master Regulators of NLRP3 Inflamma-
some/Pyroptosis, Apoptosis, and Necroptosis (PAN-optosis).
Frontiers in Cellular and Infection Microbiology. 2019; 9: 406.
https://doi.org/10.3389/fcimb.2019.00406.

[108] Christgen S, Zheng M, Kesavardhana S, Karki R, Malireddi
RKS, Banoth B, et al. Identification of the PANoptosome:
A Molecular Platform Triggering Pyroptosis, Apoptosis, and
Necroptosis (PANoptosis). Frontiers in Cellular and Infection
Microbiology. 2020; 10: 237. https://doi.org/10.3389/fcimb.
2020.00237.

[109] Wu MF, Peng X, Zhang MC, Guo H, Xie HT. Ferroptosis and
PANoptosis under hypoxia pivoting on the crosstalk between
DHODH and GPX4 in corneal epithelium. Free Radical Biol-
ogy & Medicine. 2025; 228: 173–182. https://doi.org/10.1016/
j.freeradbiomed.2024.12.050.

[110] Vandenabeele P, Galluzzi L, Vanden Berghe T, Kroemer G.
Molecular mechanisms of necroptosis: an ordered cellular ex-
plosion. Nature Reviews. Molecular Cell Biology. 2010; 11:
700–714. https://doi.org/10.1038/nrm2970.

[111] Suda A, Umaru BA, Yamamoto Y, Shima H, Saiki Y, Pan Y,
et al. Polyunsaturated fatty acids-induced ferroptosis suppresses
pancreatic cancer growth. Scientific Reports. 2024; 14: 4409.
https://doi.org/10.1038/s41598-024-55050-4.

[112] Azuma K, Suzuki T, Kobayashi K, Nagahara M, Imai H, Suga
A, et al. Retinal pigment epithelium-specific ablation of GPx4
in adult mice recapitulates key features of geographic atrophy in
age-related macular degeneration. Cell Death & Disease. 2024;
15: 763. https://doi.org/10.1038/s41419-024-07150-2.

[113] Tong Y, Wu Y, Ma J, Ikeda M, Ide T, Griffin CT, et al. Com-
parative mechanistic study of RPE cell death induced by dif-
ferent oxidative stresses. Redox Biology. 2023; 65: 102840.
https://doi.org/10.1016/j.redox.2023.102840.

[114] Zhai X, Wang W, Sun S, Han Y, Li J, Cao S, et al. 4-Hydroxy-
2-Nonenal Promotes Cardiomyocyte Necroptosis via Stabilizing
Receptor-Interacting Serine/Threonine-Protein Kinase 1. Fron-
tiers in Cell and Developmental Biology. 2021; 9: 721795.
https://doi.org/10.3389/fcell.2021.721795.

[115] Tamnanloo F, Chen X, Oliveira MM, Tremblay M, Rose CF.
Excessive intragastric alcohol administration exacerbates hep-
atic encephalopathy and provokes neuronal cell death in male
rats with chronic liver disease. Journal of Neuroscience Re-
search. 2024; 102: e25337. https://doi.org/10.1002/jnr.25337.

[116] Bárány T, Simon A, Szabó G, Benkő R, Mezei Z, Molnár
L, et al. Oxidative Stress-Related Parthanatos of Circulating
Mononuclear Leukocytes in Heart Failure. Oxidative Medicine
and Cellular Longevity. 2017; 2017: 1249614. https://doi.org/
10.1155/2017/1249614.

[117] Tsvetkov P, Coy S, Petrova B, Dreishpoon M, Verma A, Ab-
dusamad M, et al. Copper induces cell death by targeting lipoy-
lated TCA cycle proteins. Science. 2022; 375: 1254–1261. https:
//doi.org/10.1126/science.abf0529.

[118] Holze C, Michaudel C, Mackowiak C, Haas DA, Benda C,
Hubel P, et al. Oxeiptosis, a ROS-induced caspase-independent

15

https://doi.org/10.1111/jnc.13957
https://doi.org/10.1111/jnc.13957
https://doi.org/10.1016/j.yjmcc.2018.04.002
https://doi.org/10.3389/fonc.2019.01247
https://doi.org/10.3389/fonc.2019.01247
https://doi.org/10.1016/j.freeradbiomed.2015.01.007
https://doi.org/10.1016/j.freeradbiomed.2015.01.007
https://doi.org/10.1042/BJ20071063
https://doi.org/10.1080/15548627.2017.1356948
https://doi.org/10.1080/15548627.2017.1356948
https://doi.org/10.4161/auto.26094
https://doi.org/10.1016/j.freeradbiomed.2024.01.001
https://doi.org/10.1016/j.freeradbiomed.2024.01.001
https://doi.org/10.1038/nrmicro2070
https://doi.org/10.1016/j.redox.2024.103388
https://doi.org/10.1016/j.tibs.2016.10.004
https://doi.org/10.1016/j.bbrc.2020.06.075
https://doi.org/10.1155/2019/4857921
https://doi.org/10.1155/2019/4857921
https://doi.org/10.1007/s11064-021-03511-x
https://doi.org/10.1007/s11064-021-03511-x
https://doi.org/10.1080/21655979.2022.2033381
https://doi.org/10.1080/21655979.2022.2033381
https://doi.org/10.1038/s41418-022-00966-5
https://doi.org/10.1038/s41418-022-00966-5
https://doi.org/10.1038/s41401-022-01010-5
https://doi.org/10.3389/fcimb.2019.00406
https://doi.org/10.3389/fcimb.2020.00237
https://doi.org/10.3389/fcimb.2020.00237
https://doi.org/10.1016/j.freeradbiomed.2024.12.050
https://doi.org/10.1016/j.freeradbiomed.2024.12.050
https://doi.org/10.1038/nrm2970
https://doi.org/10.1038/s41598-024-55050-4
https://doi.org/10.1038/s41419-024-07150-2
https://doi.org/10.1016/j.redox.2023.102840
https://doi.org/10.3389/fcell.2021.721795
https://doi.org/10.1002/jnr.25337
https://doi.org/10.1155/2017/1249614
https://doi.org/10.1155/2017/1249614
https://doi.org/10.1126/science.abf0529
https://doi.org/10.1126/science.abf0529
https://www.imrpress.com


apoptosis-like cell-death pathway. Nature Immunology. 2018;
19: 130–140. https://doi.org/10.1038/s41590-017-0013-y.

[119] Lo SC, Hannink M. PGAM5 tethers a ternary complex con-
taining Keap1 and Nrf2 to mitochondria. Experimental Cell Re-
search. 2008; 314: 1789–1803. https://doi.org/10.1016/j.yexcr.
2008.02.014.

[120] Safakli RN, Gray SP, Bernardi N, Smyrnias I. Unveiling a
novel signalling pathway involving NRF2 and PGAM5 in reg-
ulating the mitochondrial unfolded protein response in stressed
cardiomyocytes. The International Journal of Biochemistry &
Cell Biology. 2025; 178: 106704. https://doi.org/10.1016/j.bioc
el.2024.106704.

[121] Lu Q, Zhang Y, Zhao C, Zhang H, Pu Y, Yin L. Copper in-
duces oxidative stress and apoptosis of hippocampal neuron via
pCREB/BDNF/ and Nrf2/HO-1/NQO1 pathway. Journal of Ap-
plied Toxicology. 2022; 42: 694–705. https://doi.org/10.1002/ja
t.4252.

[122] Zarkovic N, Ilic Z, Jurin M, Schaur RJ, Puhl H, Esterbauer
H. Stimulation of HeLa cell growth by physiological concen-
trations of 4-hydroxynonenal. Cell Biochemistry and Function.
1993; 11: 279–286. https://doi.org/10.1002/cbf.290110409.

[123] Sovic A, Borovic S, Loncaric I, Kreuzer T, Zarkovic K,
Vukovic T, et al. The carcinostatic and proapoptotic potential of
4-hydroxynonenal in HeLa cells is associated with its conjuga-
tion to cellular proteins. Anticancer Research. 2001; 21: 1997–
2004.

[124] Borovic S, Rabuzin F, Waeg G, Zarkovic N. Enzyme-linked
immunosorbent assay for 4-hydroxynonenal-histidine conju-
gates. Free Radical Research. 2006; 40: 809–820. https://doi.
org/10.1080/10715760600693422.

[125] Gasparovic AC, Milkovic L, Sunjic SB, Zarkovic N. Cancer
growth regulation by 4-hydroxynonenal. Free Radical Biology
& Medicine. 2017; 111: 226–234. https://doi.org/10.1016/j.free
radbiomed.2017.01.030.

[126] D’Arcy MS. Cell death: a review of the major forms of apop-
tosis, necrosis and autophagy. Cell Biology International. 2019;
43: 582–592. https://doi.org/10.1002/cbin.11137.

[127] Cignoli EV, Castro JA. Lipid peroxidation, necrosis and the in
vivo depression of liver glucose 6-phosphatase by carbon tetra-
chloride. Experimental and Molecular Pathology. 1971; 14: 43–
56. https://doi.org/10.1016/0014-4800(71)90051-7.

[128] Zarkovic K, Jakovcevic A, Zarkovic N. Contribution of the
HNE-immunohistochemistry to modern pathological concepts
of major human diseases. Free Radical Biology & Medicine.
2017; 111: 110–126. https://doi.org/10.1016/j.freeradbiomed.
2016.12.009.

[129] Borovic S, Cipak A, Meinitzer A, Kejla Z, Perovic D, Waeg
G, et al. Differential sensitivity to 4-hydroxynonenal for normal
and malignant mesenchymal cells. Redox Report. 2007; 12: 50–
54. https://doi.org/10.1179/135100007X162194.

[130] Semlitsch T, Tillian HM, Zarkovic N, Borovic S, Purtscher M,
Hohenwarter O, et al. Differential influence of the lipid peroxi-
dation product 4-hydroxynonenal on the growth of human lym-
phatic leukaemia cells and human periopherial blood lympho-
cytes. Anticancer Research. 2002; 22: 1689–1697.

[131] Bauer G, Zarkovic N. Revealing mechanisms of selective,
concentration-dependent potentials of 4-hydroxy-2-nonenal
to induce apoptosis in cancer cells through inactivation
of membrane-associated catalase. Free Radical Biology &
Medicine. 2015; 81: 128–144. https://doi.org/10.1016/j.freera
dbiomed.2015.01.010.

[132] Sunjic SB, Gasparovic AC, Jaganjac M, Rechberger G,
Meinitzer A, Grune T, et al. Sensitivity of Osteosarcoma Cells
to Concentration-Dependent Bioactivities of Lipid Peroxida-
tion Product 4-Hydroxynonenal Depend on Their Level of Dif-
ferentiation. Cells. 2021; 10: 269. https://doi.org/10.3390/cell
s10020269.

[133] Jacobs W, Lammens M, Kerckhofs A, Voets E, Van San E,
Van Coillie S, et al. Fatal lymphocytic cardiac damage in coro-
navirus disease 2019 (COVID-19): autopsy reveals a ferropto-
sis signature. ESC Heart Failure. 2020; 7: 3772–3781. https:
//doi.org/10.1002/ehf2.12958.

[134] Žarković N, Orehovec B, Milković L, Baršić B, Tatzber F,
WonischW, et al. Preliminary Findings on the Association of the
Lipid Peroxidation Product 4-Hydroxynonenal with the Lethal
Outcome of Aggressive COVID-19. Antioxidants. 2021; 10:
1341. https://doi.org/10.3390/antiox10091341.

[135] Zarkovic N, Jakovcevic A, Mataic A, Jaganjac M, Vukovic T,
Waeg G, et al. Post-mortem Findings of Inflammatory Cells and
the Association of 4-Hydroxynonenal with Systemic Vascular
and Oxidative Stress in Lethal COVID-19. Cells. 2022; 11: 444.
https://doi.org/10.3390/cells11030444.

16

https://doi.org/10.1038/s41590-017-0013-y
https://doi.org/10.1016/j.yexcr.2008.02.014
https://doi.org/10.1016/j.yexcr.2008.02.014
https://doi.org/10.1016/j.biocel.2024.106704
https://doi.org/10.1016/j.biocel.2024.106704
https://doi.org/10.1002/jat.4252
https://doi.org/10.1002/jat.4252
https://doi.org/10.1002/cbf.290110409
https://doi.org/10.1080/10715760600693422
https://doi.org/10.1080/10715760600693422
https://doi.org/10.1016/j.freeradbiomed.2017.01.030
https://doi.org/10.1016/j.freeradbiomed.2017.01.030
https://doi.org/10.1002/cbin.11137
https://doi.org/10.1016/0014-4800(71)90051-7
https://doi.org/10.1016/j.freeradbiomed.2016.12.009
https://doi.org/10.1016/j.freeradbiomed.2016.12.009
https://doi.org/10.1179/135100007X162194
https://doi.org/10.1016/j.freeradbiomed.2015.01.010
https://doi.org/10.1016/j.freeradbiomed.2015.01.010
https://doi.org/10.3390/cells10020269
https://doi.org/10.3390/cells10020269
https://doi.org/10.1002/ehf2.12958
https://doi.org/10.1002/ehf2.12958
https://doi.org/10.3390/antiox10091341
https://doi.org/10.3390/cells11030444
https://www.imrpress.com

	1. Introduction—From Redox Homeostasis to Oxidative Stress, Lipid Peroxidation and Cell Death
	2. Mechanisms of Regulated Cell Death—The Roles of 4-HNE
	2.1 The Involvement of 4-HNE in Oxidative Stress-Induced Apoptosis 
	2.1.1 Regulation of Fas Death Receptor Signaling by 4-HNE
	2.1.2 The Intrinsic Apoptotic Pathway as a Target of 4-HNE
	2.1.3 Heat Shock Proteins in the Regulation of 4-HNE-Induced Apoptosis
	2.1.4 The Possible Relevance of 4-HNE-Induced Apoptosis Signaling in the Progression of Diseases

	2.2 4-HNE is a Critical Mediator and Biomarker of Ferroptosis
	2.3 Dual Regulation of Autophagy by 4-HNE
	2.4 4-HNE Involvement in NLRP3 Inflammasome-Mediated Pyroptosis
	2.5 Evidence on the Involvement of 4-HNE in Necroptosis, Parthanatos, Oxeiptosis, and Cuproptosis

	3. Necrosis
	4. Conclusions and Perspectives
	Abbreviations
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest



