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Figure 1: Graphical abstract
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ABSTRACT

Doxorubicin (Dox) is one of the most effective anticancer agents used to treat a wide range of solid tumors as well
as hematological malignancies. However, its associated cardiotoxicity poses a major challenge for its therapeutic
use. There are numerous studies exploring the underlying cellular mechanisms behind Dox -induced cardiotoxicity.
Apart from the well-established apoptosis and necrosis pathways, ferroptosis is a recently identified regulated cell
death pathway being studied in the context of drug-induced cardiotoxicity. Under normal physiology, cardiomyo-
cytes maintain a highly regulated iron homeostasis, while the polyunsaturated fatty acid-rich membrane also ren-
ders it susceptible to peroxidation, a hallmark of ferroptosis. Dox-induced cardiotoxicity disrupts the coordinated
control of iron metabolism, generating reactive oxygen species, propagating lipid peroxidation, and impairing
mitochondrial function. Progressive structural damage and functional loss of cardiomyocytes culminate in perma-
nent cardiac cell death. Therefore, targeting regulatory nodes of ferroptosis may be beneficial for ameliorating
Dox-induced cytotoxicity. However, it is still not clear whether the ferroptotic process merely acts as an initiator
or can further act as an amplifier to upregulate the downstream signaling molecules in this cell death cascade. This
review offers an overview of perspectives on the ferroptotic pathway and introduces readers to a novel driver-
amplifier concept.
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1. INTRODUCTION

Doxorubicin (Dox) is a member of the anthracycline family, which is isolated as a second-
ary metabolite from a mutant strain of Streptomyces peucetius (Minotti et al., 2004). Dox re-
mains one of the most effective cytotoxic drugs, used either alone or in combination with other
anticancer agents (Rivankar, 2014). The clinical utility of nearly all conventional anticancer
drugs is restricted by significant organ toxicity, predominantly in the case of Dox. Despite its
extensive therapeutic use, cardiotoxicity remains a major obstacle to its clinical application
(Rawat et al., 2021). This well-known toxicity depends on the cumulative dose (with risk in-
creasing above a level of 700 mg/m?) and may manifest years after treatment, leading to poor
outcomes (Jain, 2000). Several investigations have been conducted to elucidate the cellular
pathogenesis of Dox-induced cardiotoxicity. Multiple regulated cell death pathways, including
apoptosis (Zhao and Zhang, 2017), necroptosis (Yu et al., 2020), pyroptosis (Ping et al., 2023),
and ferroptosis (Bhadra et al., 2025), have been identified in anthracycline cardiotoxicity; how-
ever, their hierarchical relationships remain unclear. Among these, ferroptosis has been ob-
served as a potential mechanism that accelerates cardiomyocyte death.

Ferroptosis is distinguished from other regulated cell death pathways by its dependence on
iron and its characteristic accumulation of lipid peroxidation (Dixon et al., 2012). Morpholog-
ically, this type of cell death is characterized by a significantly increased mitochondrial mem-
brane density, resulting in the distortion of mitochondrial cristac and ultimately leading to mi-
tochondrial shrinkage (Ichikawa et al., 2014). Recent studies increasingly recognize the posi-
tion of ferroptosis in the progression of Dox-induced cardiotoxicity (Bhadra et al., 2025; Han
et al., 2026; Wu et al., 2024). However, its exact position in the cardiotoxic cascade is still
unclear. The major focus of this review is to explore the driver-amplifier concept underlying
the pathogenesis of Dox-induced ferroptosis-mediated cardiotoxicity. In Dox-mediated cyto-
toxicity, multiple cell death pathways are simultaneously triggered, making it difficult to pin-
point which cellular pathway is responsible for initiating cell death (driver) or which one is
merely involved in the progression of the event (amplifier). The driver mechanism is typically
activated early in the cascade, directly triggering some of the biomolecules involved in regu-
lated cell death. While the amplifier mechanism does not always initiate cell death, it can ac-
celerate the process through the activation of downstream stress signaling molecules or via a
positive feedback loop involving oxidative stress, mitochondrial dysfunction, or loss of cell
membrane integrity. Determining the exact role of an event is crucial for therapeutic
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application, as targeting the driver pathway prevents the initiation of the cascade, whereas tar-
geting an amplifier can slow down progression. In this context, ferroptosis emerges as a unique
cellular event that, when directly causing lipid membrane destruction, can act as a driver. Al-
ternatively, if lipid peroxidation occurs secondary to some ongoing cellular damage, ferroptosis
may function as an amplifier in the cytotoxicity cascade.

This review aims to discuss the unanswered questions about the mechanism of ferroptosis-
mediated cardiotoxicity. We have explained the driver-versus-amplifier concept in regulated
cell death pathways and attempted to place ferroptosis within this framework.

2. OVERVIEW OF FERROPTOSIS

Ferroptosis, earlier referred to as oxytosis, is basically an iron-dependent regulated cell
death that is distinguished by the buildup of cellular lipid peroxides (Dixon and Olzmann,
2024). It differs from other types of programmed cell death in terms of biochemistry, genetics,
and morphology (Dixon and Olzmann, 2024). Although various studies suggest different mech-
anisms for its initiation, disruption of the glutathione-dependent antioxidant system primarily
triggers ferroptosis, leading to uncontrolled lipid peroxidation (Li et al., 2022). Due to the re-
duced intracellular glutathione (GSH) and glutathione peroxidase 4 (GPX4) levels, the accu-
mulated lipid peroxides cannot be broken down, contributing to the formation of reactive oxy-
gen species (ROS) (Li et al., 2022). Furthermore, the presence of intracellular Fe?* ions accel-
erates this process by oxidizing lipids via Fenton reaction, which stimulates the process of fer-
roptosis (Figure 2) (Tang et al., 2000). The only known cellular iron exporter, SLC40A1, which
encodes ferroportin, the primary intracellular iron storage protein ferritin heavy chain 1 (FTH1),
and the receptor for cellular iron uptake, transferrin receptor (TFRC), is a key regulator affect-
ing cellular susceptibility to ferroptosis (Chen et al., 2020). Ferroptosis susceptibility is mostly
determined by the balance between iron import and export. SLC40A1 is located in the plasma
membrane, which exports intracellular Fe?* to the extracellular space, thus limiting the amount
of substrate needed for the ferroptotic process (Donovan et al., 2005). Therefore, in case of low
expression of SLC40A1, there’s increased susceptibility to ferroptosis because of intracellular
iron accumulation. Hepcidin, a peptide hormone, binds to SLC40A1, causing its internalization
and degradation (Nemeth and Ganz, 2021).

In contrast, TFRC serves as the central pathway for cellular iron uptake, which is subse-
quently reduced and then released into the cytosolic iron pool (Gammella et al., 2017). Ferritin
is a heteropolymeric molecule made up of heavy (FTH1) and light (FTL) chains (Arosio et al.,
2017). Having ferroxidase activity, FTHIconverts the redox-active Fe2" ions into less reactive
Fe3* ions, permitting these ions to be accumulated easily (Arosio et al., 2017). FTHI directly
restricts the supply of labile iron required for lipid peroxidation. Any abnormality in the ex-
pression of FTH1 can affect the export or storage of labile iron, causing excess iron to build up
within mitochondria, where it ultimately catalyzes the synthesis of ROS, stimulating mitochon-
drial lipid peroxidation. This mitochondrial involvement is evident in the distinctive micro-
scopic changes observed during ferroptosis, including decreased mitochondrial size, increased
membrane density, and loss of cristae integrity (Wang et al., 2020).

In mitochondrial ferroptosis, polyunsaturated fatty acids (PUFAs), especially those esteri-
fied into phospholipids, are essential substrates for lipid peroxidation (Wang et al., 2020).
Mostly PUF As, such as arachidonic acid and adrenic acid, have several double bonds separated
by methylene groups, providing bis-allylic hydrogen sites that are highly susceptible to oxida-
tion (Mortensen et al., 2023). Because of the peculiar enrichment of PUFA-containing phos-
pholipids in the cardiac membranes, the heart is particularly vulnerable to lipid peroxidation
and, as a result, ferroptosis (Cho et al., 2025). The strong metabolic and oxidative demands of
the heart further increase this susceptibility in cardiac cells (Fang et al., 2023). This ROS
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production rises sharply in pathological conditions like cardiomyopathy, cardiac ischemia,
heart failure, or any drug-induced cardiotoxicity (Fang et al., 2023).

Fe'* + O ————» Fe* + O, — (1)
Fe** + H,0, ———» Fe* + OH + OH —_—{2)
Fenton reaction

Net chemical reaction:-
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Figure 2: Fenton reaction and its contribution to oxidative stress in doxorubicin-induced cardiotoxicity.
Doxorubicin enhances intracellular iron accumulation and redox cycling, promoting hydroxyl radical gen-
eration. This results in excessive ROS production, lipid peroxidation, mitochondrial impairment, and
ultimately cardiomyocyte injury. The figure was created using BioRender software.

3. EARLY EVENTS IN DOXORUBICIN-INDUCED CARDIOTOXICITY

Dox-induced cardiotoxicity has been connected with numerous pathological events, includ-
ing increased oxidative stress (Songbo et al., 2019), disruption of mitochondrial function
(Green and Leeuwenburgh, 2002), inhibition of topoisomerase II B (Lyu et al., 2007), iron
dysregulation (Gammella et al., 2014), and calcium overload (Shinlapawittayatorn et al., 2022).
These events consequently lead to cardiac cell death through various pathways, including au-
tophagy, apoptosis, necrosis, or, more recently studied, ferroptosis. The disruption of redox
homeostasis in cardiac cells is considered one of the primary molecular events initiated by Dox
(Cappetta et al., 2017). The quinone moiety of Dox is reduced by mitochondrial complex I to
release a semiquinone radical, which then combines with molecular oxygen to produce super-
oxide anions (Cappetta et al., 2017). ROS are immediately produced as a result, even before
obvious cellular damage is evident. Early changes in iron-regulatory proteins occur concur-
rently with the inhibition of SLC40A1, leading to an increased accumulation of intracellular
iron (Gammella et al., 2014). Furthermore, the labile iron pool (LIP) is increased by ferritinoph-
agy and an increase in the activity of the transferrin receptor, which releases stored iron into
the cytosol (Zhou et al., 2022). This accumulation of intracellular iron is a crucial early event
that renders cardiac cells more susceptible to oxidative damage.
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Given the high mitochondrial density in cardiac cells, the mitochondria are a distinctive
early target of Dox (Wallace et al., 2020). Following its binding to cardiolipin, Dox disrupts
the electron transport chain (ETC), resulting in sequestration and electron leakage, which fur-
ther increases ROS production. All mitochondrial-damaging events are simultaneously trig-
gered, including loss of membrane potential, structural abnormalities of the cristae, loss of in-
tegrity, and, ultimately, the release of cytochrome ¢ and pro-apoptotic factors that mediate
apoptosis (Wallace et al., 2020). By interfering with the ETC and decreasing ATP synthesis,
Dox damages mitochondrial DNA (mtDNA), resulting in significant energy deprivation that is
especially stressful for high-energy-demanding cells like cardiomyocytes.

Lipid peroxidation, especially in the PUFA-rich cardiomyocytes, is another crucial early
event. Lipid hydroperoxides build up when antioxidant defenses, particularly the GSH-GPX4
axis, are compromised. Additionally, Dox causes topoisomerase II B-mediated DNA damage
and transcriptional dysregulation affecting mitochondrial biogenesis and antioxidant defence
(Lyu et al., 2007). Fundamentally, cardiac cells are particularly susceptible to this damage be-
cause they express Top2p rather than Top2a (Vejpongsa and Yeh, 2014). Studies have also
focused on the effect of Dox on calcium homeostasis in relation to the heart contractile dys-
function (Shinlapawittayatorn et al., 2022). Cellular vital calcium channels and pumps, such as
the sodium-calcium exchanger (NCX) and the sarcoplasmic endoplasmic reticulum calcium
ATPase (SERCA), are known to be strongly inhibited by Dox (Zhang et al., 2014). This inhi-
bition increases the intracellular calcium concentration. Raised Ca?* levels further incite the
opening of the mitochondrial permeability transition pore, priming the cell for irreversible dam-
age. These irreversible cellular damages often precede functional declines (Montaigne et al.,
2011). It has been demonstrated that long-term changes in calcium homeostasis raise the risk
of arrhythmias (Deo et al., 2017). Reduced contractility has been observed in Dox-treated cells
due to alterations in ryanodine receptors and phospholamban, which affect the excitation-con-
traction coupling process (Zhang et al., 2014). Clinical signs of Dox-induced cardiotoxicity
may appear later in chemotherapy and within a year of therapy completion. Within days, acute
early cardiotoxicity may manifest as left-ventricular dysfunction or slight ECG abnormalities
(Kumar and Tiwari, 2025). Progressive cardiomyocyte damage that results in cardiac failure is
a hallmark of chronic, delayed cardiotoxicity (Octavia et al., 2012).

4. ROLE OF FERROPTOSIS IN DIFFERENT STAGES OF CARDIOTOXICITY

The pathogenesis of Dox-induced cardiotoxicity is still a topic of discussion, and its patho-
genesis remains controversial and incompletely defined.

4.1 Early stage: Initiation and metabolic imbalance

Dox initiates ferroptosis by targeting key regulatory genes involved in iron metabolism and
redox homeostasis. This theory is based on the fact that there’s a significant restitution of iron
stores following treatment by dexrazoxane, an FDA -approved drug for Dox-induced cardiotox-
icity. Through coordinated regulation of uptake (via the transferrin receptor), storage (via fer-
ritin), and export (via SLC40A1), intracellular iron is tightly controlled under physiological
conditions (Zhang et al., 2024b). This balance is disrupted by Dox on several levels, deactivat-
ing iron regulatory proteins that control ferritin and transferrin receptor expression, causing the
accumulation and steady increase of redox-active iron (Qin et al., 2021). Dox and Fe3' can
combine to form a Dox-Fe3* complex, which further gets converted into a Dox-Fe?* complex.
This complex further leads to the formation of highly reactive hydroxyl radicals or highly toxic
iron-peroxo complexes, consequently disrupting the DNA. Additionally, Dox reduces MITOL,
further decreasing mitochondrial GPX4 expression and increasing Chacl-dependent GSH
breakdown (Kitakata et al., 2021). This condition allows lipid peroxides to accumulate beyond
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a threshold level in the presence of abundant iron and ROS, leading to permanent membrane
damage and the initiation of ferroptosis.

4.2 Intermediate stage: Lipid peroxidation and signaling

The intermediate stage of ferroptosis is characterised by the extent of lipid peroxidation and
the activation of redox signalling that commits the cardiomyocytes to irreversible damage.
Through the fenton reaction, elevated levels of labile Fe?" catalyse the generation of hydroxyl
radicals, which start lipid oxidation by removing hydrogen atoms from bis-allylic sites in
PUFAs (Cui and Ye, 2026). Dox and Fe3" can combine to form a Dox-Fe** complex, which
further gets converted into a Dox-Fe2" complex. A superoxide radical O?, and then a hydroxyl
radical (OHe) is created when the Dox-Fe?* complex combines with oxygen (Myers, 1998).
This stimulates a series of downstream events that lead to the build-up of lipid hydroperoxides.
This process is further accelerated by enzymatic means, especially ACSL4, which selectively
oxidizes PUFA-phospholipids and accelerates the ferroptosis process (Ding et al., 2023). Car-
diolipin and other PUFA-rich phospholipids are abundant in the heart and greatly increase vul-
nerability to this oxidative cascade (Zhang et al., 2025).

Secondary reactive aldehydes, including malondialdehyde and 4-hydroxynonenal, are in-
creased when cardiomyocytes are exposed to Dox (Luo et al., 1997). These electrophilic mol-
ecules form covalent adducts with proteins, nucleic acids, and membrane constituents, resulting
in extensive cellular damage.

4.3 Late stage: Cell death, tissue remodeling, and heart failure

Ferroptosis is considered a key mediator of late-stage chronic cardiomyopathy, driven by
excessive accumulation of lipid hydroperoxides in PUFA -rich membranes. This causes the gen-
eration of highly reactive electrophilic molecules that surpass the cellular glutathione-GPX4
system’s detoxification capacity and lead to membrane damage (Forcina and Dixon, 2019).
This involves degradation of membrane-bound proteins, ion gradient disruption, and loss of
plasma membrane integrity (Forcina and Dixon, 2019). The typical ferroptotic shape of mito-
chondria, which reflects severe oxidative damage, includes condensed structure, increased
membrane density, and a lack of cristae (Otasevic et al., 2021). In contrast to apoptosis, nuclear
integrity is mostly maintained, but cellular function is permanently impaired, which in later
stages results in membrane rupture resembling necrosis (Ai et al., 2024). This gradually pro-
gresses to a stage where myocardial tissue is remodelled by fibrotic tissue, and eventually car-
diac dysfunction (Sun et al., 2026). In an effort to make up for this dysfunctionality, the normal
cardiomyocytes undergo hypertrophic alterations, which are often functionally inefficient and
even contribute to a vicious circle of cellular stress (Sun et al., 2026). Over time, these structural
and functional changes result in progressive cardiac dysfunction, which clinically manifests as
ventricular dilation, reduced ejection fraction, and eventually heart failure (Arrigoni et al.,
2025). In this manner, ferroptosis bridges cardiomyocyte structural damage to its functional
impairment by acting as a driver of cellular pathology rather than just a cell death mechanism
(Figure 3).
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Figure 3: Different stages of toxicity and the role of ferroptosis in doxorubicin-induced cardiotoxicity.
Doxorubicin promotes iron dysregulation and reactive oxygen species (ROS) generation, leading to lipid
peroxidation, impaired antioxidant defenses, mitochondrial damage, and ferroptotic cell death in cardi-
omyocytes. The figure was created using BioRender software.

5. ROLE OF FERROPTOSIS IN MITOCHONDRIAL DAMAGE

Dox shows high mitochondrial accumulation, especially in cardiomyocytes (Wallace et al.,
2020). It is also reported that Dox tends to accumulate in mitochondria at a concentration 100
times higher than in plasma (Wu et al., 2022). Mitochondria are double-membraned intracellu-
lar organelles that function as the powerhouse of eukaryotic cells and are responsible for various
cellular functions, including energy production, cellular metabolism, and redox signaling
(Moura et al., 2025). Their integrity is particularly essential for cardiomyocyte survival and
function (Lazaropoulos and Elrod, 2022). Cardiomyocytes, mitochondria-rich cells, which
comprise about 70 % of the myocardial volume, contain mitochondria that occupy approxi-
mately one-third of the cellular space (Li et al., 2023). Ferroptosis, a cellular mechanism that
damages mitochondria, is a major cause of cellular redox imbalance between the oxidant and
antioxidant systems and iron-dependent lipid peroxidation (Javadov, 2022). Although the rela-
tionship between dysregulation of iron homeostasis and cardiovascular health was studied
nearly thirty years ago, the exact mechanism responsible for this remained unexplored until the
concept of an iron-dependent form of regulated cell death was proposed a decade ago (Fang et
al., 2023). The relationship between ferroptosis and mitochondrial dysfunction is highly dy-
namic and bidirectional (Li et al., 2026). As mitochondria contribute to ferroptosis through the
generation of ROS and regulation of iron metabolism, on the other hand, ferroptosis directly
damages mitochondrial structure and function (Wang et al., 2021). This interplay establishes a
self-amplifying cycle that accelerates cardiomyocyte injury and functional decline (Fang et al.,
2019). Cardiotoxicity caused by Dox involves nitrosative and oxidative stress in cardiomyo-
cytes, generating reactive nitrogen and oxygen species (Bhadra et al., 2025; Songbo et al.,
2019). These species cause cell death through a variety of mechanisms, including disruption of
normal mitochondrial function, an increase in NADPH oxidase, which causes ROS production,
and iron overloading, which accumulates free hydroxyl radicals that cause mitochondrial dam-
age through lipid peroxidation and ferrous ion accumulation, which in turn disrupts lipids in
membranes and ferroptosis-induced cell death (Asensio-Lopez et al., 2017; Bhadra et al., 2025;
Wang et al., 2021). In the setting of Dox-induced cardiotoxicity, mitochondrial dysfunction,
driven by oxidative stress, is one of the earliest and most prominent pathological features, and
ferroptosis emerges as a critical mechanism that perpetuates oxidative stress-induced mitochon-
drial injury (Ye et al., 2024).
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5.1 Mitochondprial iron overload and redox imbalance

Being involved in a number of physiological processes, iron is considered to be an essential
cellular element (Silva and Faustino, 2015). However, if the concentration of this element
reaches a toxic level, such as in the case of iron overload, it can even lead to dysfunction of the
body’s major organs (Gordan et al., 2018). Ferroptosis, due to increased iron accumulation, has
been well studied in the context of cardiotoxicity (Xie et al., 2022).

A central event in ferroptosis-mediated mitochondrial damage is the dysregulation of intra-
cellular iron homeostasis (Tayal et al., 2025). Dox disrupts iron metabolism by interfering with
the expression of iron regulatory proteins and thus promoting the release of iron from intracel-
lular storage complexes, such as ferritin (Bhadra et al., 2025; Yang et al., 2019). Dox inhibits
iron uptake by regulating iron-regulatory proteins such as IRP1 and IRP2, which regulate the
expression of the transferrin receptor and ferritin genes. As Dox generates ROS, there is iron
accumulation, which affects the activity of IRPs and leads to the accumulation of iron within
the cells (Bhadra et al., 2025). This leads to an increase in the LIP, a highly reactive form of
iron that can participate in redox reactions (Ru et al., 2024).

Excess iron within mitochondria catalyzes the fenton reaction, resulting in the production
of highly reactive hydroxyl radicals (Ru et al., 2024; Yu et al., 2021). These radicals are highly
reactive and non-specific, leading to widespread oxidation of mitochondrial macromolecules.
mtDNA lacks the guarding histones and has limited repair capacity, making it susceptible to
oxidative damage (Hanna et al., 2019). Simultaneously, iron-induced oxidation of mitochon-
drial proteins disrupts mitochondrial metabolic activity, whereas elevated lipid oxidation im-
pairs mitochondrial membrane integrity. Consequently, these effects result in a disruption in
redox homeostasis, progressing the cell toward ferroptotic cell death (Yang and Stockwell,
2016).

5.2 Lipid peroxidation of mitochondrial membranes

PUFAs, which contain multiple double bonds in their chemical structure, are highly prone
to peroxidation by free radicals. Lipid peroxidation of mitochondrial phospholipids containing
PUFAs is marked by the accumulation of iron, which enhances the fenton reaction and produces
more ROS (Stockwell et al., 2017). Cardiolipin, strategically located in the inner mitochondrial
membrane, plays a crucial role in maintaining the function of the ETC and the integrity of the
mitochondrial membrane (Paradies et al., 2019). Therefore, peroxidation of cardiolipin during
ferroptosis results in disruption of the mitochondrial membrane's structural organization, lead-
ing to loss of membrane integrity and increased permeability (Bucarey et al., 2026). Lipid pe-
roxidation alters membrane fluidity, triggers the formation of lipid pores, and further exacer-
bates mitochondrial dysfunction, indicating that the accumulation of lipid peroxides is not
merely a consequence but a driving force of ferroptotic cell death (Mortensen et al., 2023).

5.3 Impairment of antioxidant defense systems

The cellular defense against lipid peroxidation is primarily mediated by the glutathione
(GSH)-dependent antioxidant system, with GPX4 serving as a key enzyme (W. Zhang et al.,
2024). Under typical conditions, the detoxification of lipid peroxides is supported by the GSH-
GPX4 antioxidant pathway, thereby preserving mitochondrial integrity (Bucarey et al., 2026).
Ferroptosis, on the other hand, causes GSH depletion and GPX4 inactivation, leading to lipid
peroxidation and worsening mitochondrial oxidative damage (Zhang et al., 2024a). GPX4 re-
duces lipid hydroperoxides to non-toxic lipid alcohols, thereby preventing membrane damage,
while in Dox-treated cardiomyocytes, this protective system is severely compromised
(Tadokoro et al., 2020).
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Dox induces depletion of intracellular GSH levels by increasing oxidative stress and im-
pairing synthesis. Simultaneously, it inhibits GPX4 activity either directly or indirectly through
oxidative modifications (Wu et al., 2024). The loss of GPX4 function leads to the accumulation
of lipid hydroperoxides, which propagate lipid oxidation. The impaired regulation of the GPX4
antioxidant system further amplifies oxidative damage and thus mitochondrial membrane de-
stabilization (Figure 4) (Tadokoro et al., 2020; Wu et al., 2024). At the same time, Dox de-
creases the cellular ability to detoxify lipid hydroperoxides by reducing intracellular glutathione
levels and impairing GPX4 (system Xc-/GPX4 axis), a critical inhibitor of ferroptosis
(Doroshow et al., 1980). Tadokoro and his team reported significant downregulation of the
GSH/GSSG ratio in Dox-challenged cardiomyocytes (Tadokoro et al., 2020).
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Figure 4: Pictorial representation of cellular and molecular mechanisms in doxorubicin-induced cardio-
toxicity. The figure illustrates major processes, including oxidative stress, mitochondrial dysfunction, and
dysregulated iron metabolism, contributing to cardiomyocyte damage. The figure was created using
BioRender software.

5.4 Disruption of the electron transport chain and alterations in mitochondrial morphology

ETC in the mitochondria is vital for cellular energy homeostasis (Nolfi-Donegan et al.,
2020). Dox interacts with ETC complexes, impairing electron transfer and increasing electron
leakage, thereby enhancing ROS production and reducing oxidative phosphorylation efficiency
(Huang et al., 2022). Dox particularly localizes to the inner mitochondrial membrane through
cardiolipin binding, and Dox undergoes redox cycling at complex I and III, which produces
excess superoxide and leads to impaired electron flow through the ETC (Aryal and Rao, 2016;
Wallace et al., 2020).
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Increased mtROS generation by TCA cycle intermediates like succinate, malate, and
fumarate accounts for the stimulation of mitochondrial glutaminolysis and precipitation of fer-
roptosis.

As a result, ATP production decreases, leading to an energy deficit in cardiac cells (Huang
et al., 2022). Given the high energy demand of cardiac tissue, this bioenergetic disturbance
leads to functional changes, including impaired contractility and increased susceptibility to cell
death (Wu et al., 2024).

Distinct morphological alterations in mitochondria show characteristics of ferroptosis and
provide important insights into its role in cardiotoxicity (Fang et al., 2023). There is a signifi-
cant shrinkage of mitochondria with an associated decrease in the number of cristae, representa-
tive of structural damage (Wu et al., 2024). This structural damage disrupts the ETC, leading
to functional impairment too (Fang et al., 2023; Wu et al., 2024).

5.5 Crosstalk/interactions with other cell death signaling

Ferroptosis works in a coordinated manner with other programmed cell death mechanisms,
with mitochondria as a central mediator (Wu et al., 2023). The structural and functional damage
to mitochondria causes the release of cytochrome ¢, which initiates the process of apoptosis (Lu
etal.,2026; Wu et al., 2023). Recent studies have also proposed a significant crosstalk between
apoptosis and ferroptosis through the proapoptotic molecule PUMA (p53 upregulated modula-
tor of apoptosis). Ferroptotic agents like erastin have been demonstrated to trigger endoplasmic
reticulum stress, which further activates the PERK—eIF2a—ATF4-CHOP pathway and upregu-
lates the expression of PUMA, rendering the cell susceptible to apoptosis.

These cells interactively undergo apoptosis and ferroptosis, thus exhibiting microscopic
features of both (Lu et al., 2026; Qiu et al., 2025).

Similarly, ferroptosis works hand in hand with autophagy, being extensively described in
studies related to cardiovascular diseases (Hu et al., 2025). This process of ferritinophagy is
also observed in Dox-induced cardiotoxicity, where it is mediated by the binding of the cyto-
solic autophagy receptor NCOA4 to FTH1, promoting the degradation of ferritin and iron ac-
cumulation, leading to ferroptosis (Wu et al., 2024).

Necrotic pathways, particularly those involving mitochondrial permeability transition, may
also intersect with ferroptosis under conditions of severe oxidative stress, serving lipid peroxi-
dation and loss of membrane integrity (Christidi and Brunham, 2021; Lu etal., 2026). Although
there is no specific study showing interactions between ferroptosis and necrosis, the evidence
shows ferroptosis leads to membrane damage, ROS production, and lipid accumulation, and
these phenotypes are similar to necrosis (Christidi and Brunham, 2021). These connections to
ferroptosis as a distinct feature imply the need to analyze multiple cell death signaling path-
ways.

6. FERROPTOSIS POSITION IN THE CARDIOTOXICITY CASCADE

As ferroptosis is gaining attention as a target for Dox-induced cardiotoxicity, understanding
its role as a driver and amplifier of signaling is crucial.

6.1 Early events/upstream initiators/pre-ferroptosis phase

As discussed above, Dox-induced cardiotoxicity is associated with oxidative stress and dis-
rupted iron homeostasis, which are closely associated with activation of ferroptosis (Wu et al.,
2024). In the initial phase, the quinone moiety of Dox is responsible for ROS production and
its interaction with mitochondrial ETC components (Linders et al., 2024). This leads to exces-
sive production of hydrogen peroxide, superoxide anions, and disrupts antioxidant defence sys-
tems, and dox also affects systemic and intracellular iron homeostasis, also shown to interfere
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with iron regulatory proteins and promote the release of iron from intracellular stores such as
ferritin, thereby increasing lipid peroxidation (Wu et al., 2024). Additionally, Dox-iron com-
plexes further augments redox cycle, facilitating Fenton reactions that produce highly reactive
hydroxyl radicals, which are responsible for damaging lipid membranes (Vitale et al., 2024).
Excessive ROS production and iron dysregulation create an oxidative intracellular environ-
ment, a precondition for ferroptosis initiation (Linders et al., 2024). The LIP may stimulate
enzymes like lipoxygenases or polyhydroxylases that control lipid peroxidation and oxygen
balance. Importantly, these early molecular events promote structural and functional damage in
cardiomyocytes, indicating that ferroptosis-related processes are initiated at an early stage in
the Dox-induced cardiotoxicity signaling pathway. (Linders et al., 2024; Vitale et al., 2024).

6.2 Condition-dependent role of ferroptosis

Ferroptosis in cardiotoxicity is context-dependent, as various factors such as duration of
exposure, dose, and the metabolic state of cardiomyocytes significantly influence the timing
and extent of ferroptosis (Bhadra et al., 2025). The exact position of ferroptosis in Dox-induced
cellular death is determined, whether the drug has been administered for an acute duration or
for chronic use. Dox, when administered at high doses even for an acute duration, generates
ROS. It has been discussed above that any imbalance in redox homeostasis will lead to perox-
idation of membrane phospholipids and disruption in the antioxidant defense mechanisms, re-
sulting in iron accumulation that directly triggers ferroptosis. This fact puts this process as an
early driver of cell death. On the other hand, when Dox is administered for a longer duration,
even at a low dose, the induced ferroptosis will act as an amplifier for a series of molecular
events progressing to cell death (Wang et al., 2025). This cellular fate is also dependent on the
status of the endogenous antioxidant mechanism, which decides the susceptibility as well as the
extent of ferroptosis-induced damage (Feng et al., 2023). Here, the ferroptosis acts as an inter-
mediate component that directs oxidative stress and iron accumulation towards permanent cell
damage. It can be, therefore, stated that factors associated with clinical conditions will tell about
the position of ferroptosis in the cell death cascade.

7. APPROACHES REQUIRED TO CONCLUDE
THE DRIVER-AMPLIFIER DEBATE

The final question that is raised by this review article is whether the process of ferroptosis
is an initiator or an amplifier of the regulated cell death mechanism. It is a complex issue that
is addressed by considering the complex nature of various cellular mechanisms encompassing
the ferroptotic pathway. This involves the regulation of cellular and mitochondrial oxidative
stress, the functioning of mitochondria, and other associated cell death signalling pathways.
Hence, the approach required to reach any conclusion regarding the position of ferroptosis ne-
cessitates the development and study of a multidimensional framework of Dox-induced cardi-
otoxicity event.

7.1 Ferroptosis as a primary driver

There are studies indicating that ferroptosis acts not merely as one of the regulated cell
death mechanisms involved in Dox-induced cardiac cell death but rather as a primary driver
that initiates the whole cardiotoxicity (Fang et al., 2023). Agents such as ferrostatin-1 and
liproxstatin-1, which specifically inhibit lipid peroxidation and ferroptotic cell death, have been
demonstrated to ameliorate drug-induced cardiotoxicity in both in vitro and in vivo models (Cha
et al., 2025; Fang et al., 2023; Yu et al., 2026). These studies suggest that ferroptosis plays a
causative role as an early event in cell death.
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Ferroptosis-induced iron accumulation and lipid peroxidation may be considered as insti-
gating episodes, but they are not the final facilitators of Dox-induced cardiac cell death. A hall-
mark of ferroptosis is a reduction in GSH levels, accompanied by the inactivation of GPX4,
which is responsible for lipid peroxidation (Zhang et al., 2024a). The resultant accumulation of
lipid peroxidation products, such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE),
is typically observed before any notable signs of apoptosis or necrosis appear, supporting the
early activation of ferroptotic pathways (Yan et al., 2021). This finding is also corroborated by
some genetic studies where overexpression of GPX4 or upregulation of system Xc~ (via
SLC7A11) has been demonstrated to protect against Dox-induced cardiotoxicity (Zhang et al.,
2024b). In this context, ferroptosis can be recognized as a key early determinant of cardiac cell
death and a promising target for adjunct therapy with doxorubicin.

7.2 Ferroptosis as a downstream consequence

In contrast to the above evidence indicating early involvement of ferroptosis, other studies
point to it as a downstream amplifier in the cell death signalling cascade. Dox-induced mito-
chondrial damage, including impaired oxidative phosphorylation and increased electron leak-
age, can independently generate ROS. Studies have shown an early ROS production and un-
derlying mitochondrial dysfunction even before the upregulation of ferroptotic markers (Chen
et al., 2024). Moreover, classical markers of ferroptosis, such as lipid peroxidation and GPX4
depletion, are often seen after the progression of oxidative stress and mitochondrial damage.
This sequence implies that ferroptosis may be secondary to initial cellular insults and may serve
to exacerbate rather than initiate damage (Tang et al., 2021).

In this context, ferroptosis can be viewed as a feed-forward mechanism that amplifies pre-
existing oxidative and metabolic stress. Once triggered, ferroptotic processes further increase
lipid peroxidation and ROS production, thereby accelerating cellular dysfunction and death.
This perspective is consistent with the observation that ferroptosis inhibitors are often more
effective when administered during later stages of injury, suggesting a role in limiting damage
progression rather than preventing its initiation (Chen et al., 2024; Tang et al., 2021). These
observations propose a concept of the ferroptotic vicious circle, where the cardiac cell damage
triggers ferroptosis, which further amplifies the cardiac injury, ultimately leading to cardiac cell
death.

8. CONCLUSION

Ferroptosis is gaining attention as a regulated cell death pathway that outlines the cellular
as well as molecular pathological aspects of Dox-induced cardiotoxicity. Reviewing this pro-
cess indicates that the heart doesn’t just behave as a passive target of the drug-induced toxicity
but as an organized system that is predisposed to ferroptotic cell death because of its dynamic
iron metabolism, high mitochondrial density, and highly enriched polyunsaturated fatty acid
chains within mitochondrial and cellular membranes. Dox exploits cardiomyocyte physiologi-
cal features and initiates a range of interdependent processes that culminate in ferroptotic cell
death. Addressing the central theme of this review, whether ferroptosis acts as an initiator or an
amplifier for Dox-induced cardiotoxicity, does not present an explicit answer. Based on the
available literature, it can be concluded that ferroptosis is a context-dependent, dynamic process
that transitions from a driver to a dominant downstream amplifier during the progression of
cardiotoxicity.
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