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Life is indeed continuously going through the irreversible and inevitable process of aging. The rate of aging process depends on
various factors and varies individually. These factors include various environmental stimuli including exposure to toxic chemicals,
psychological stress whereas suffering with various illnesses specially the chronic diseases serve as endogenous triggers. The basic
underlying mechanism for all kinds of stresses is now known to be manifested as production of excessive ROS, exhaustion of ROS
neutralizing antioxidant enzymes and proteins leading to imbalance in oxidation and antioxidant processes with subsequent
oxidative stress induced inflammation affecting the cells, tissues, organs and the whole body. All these factors lead to conventional
cell death either through necrosis, apoptosis, or autophagy. Currently, a newly identified mechanism of iron dependent regulated
cell death called ferroptosis, is of special interest for its implication in pathogenesis of various diseases such as cardiovascular
disease, neurological disorders, cancers, and various other age-related disorders (ARD). In ferroptosis, the cell death occur neither by
conventional apoptosis, necrosis nor by autophagy, rather dysregulated iron in the cell mediates excessive lipid peroxidation of
accumulated lethal lipids. It is not surprising to assume its role in aging as previous research have identified some solid cues on the
subject. In this review, we will highlight the factual evidences to support the possible role and implication of ferroptosis in aging in
order to declare the need to identify and explore the interventions to prevent excessive ferroptosis leading to accelerated aging
and associated liabilities of aging.
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AGING—AN INEVITABLE LIFE PROCESS
Life evolves as a continuous process of aging leading eventually
to inevitable mortality. Aging is characterized by a gradual and
progressive functional decline of physiological functions and
organ systems with advancing time leading to the increased
risk of debility, disease, and the end of lifespan [1, 2]. Aging is a
complex interplay of various endogenous mechanisms that
mainly involves the imbalance of pro and antioxidant levels [3],
anabolism and catabolism [4, 5], imbalance in energy metabo-
lism [6], and simultaneous stimulation of various immune
responses. All these mechanisms together lead to mild pro-
inflammatory states [7] and immune-senescence [2] that
increase the risk of development of various diseases and
associated debility which work as vicious cycle to favor further
accelerated aging. The hallmarks of aging identified in different
organisms, include genomic instability, telomere attrition,
epigenetic alterations, loss of proteostasis, dysregulated nutri-
ent sensing, mitochondrial dysfunction, cellular senescence,
stem cell exhaustion, and altered intercellular communication
[8]. However, still aging is not simple to explain and much
remain to be explored.

EVOLVING MECHANISMS OF AGING
The basic mechanism of aging is best described by the free radical
theory by Denham Harman (1950s) that proposes aging to be a
consequence of accumulation of oxidative damage from reactive
oxygen species (ROS) generated as a by-product of various cellular
metabolic processes, that increases with age and leads to
shortening of lifespan [9]. Some newer concepts of biological
imperfectness are evolving besides the more popular free radical
theory of aging. The idea suggests that basis of aging underlies
the fact that cells accumulate damage to macro molecules
continuously from heterogeneity, imperfectness, and infidelity of
biological systems over time during their lifespan leading to
senescence. The time span for this biological imperfectness led
senescence depends on the vigilant performance of metabolic
and genetic systems for detection and correction of more severe
damages leading to lesser accumulation of the milder forms of
damage. More recently, it has been identified that ROS is not
solely responsible for aging [10]. Thus, it is important to identify
the origin and types of damage other than the free radicals, which
are the most studied and well-known stressors, involved in
initiating, maintaining and sustaining the aging mechanism [2].
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AGING, CHRONIC INFLAMMATION, AND CHRONIC DISEASES
In the last decade, a new term “inflamm-aging” was coined in 2000
[11] to explain the process of aging as a chronic progressive rise in
the pro-inflammatory status [12]. It is proposed that low-grade,
asymptomatic, chronic, systemic, and non-resolving inflammation is
present during inflamm-aging which serves as a determinant of the
rate of the aging and lifespan. Previous scientific studies have
described the concept of mild and constant chronic inflammation as
a major risk factor underlying aging and related diseases such as
atherosclerosis, arthritis, cancer, diabetes, osteoporosis, dementia,
vascular diseases, obesity and metabolic syndrome [6]. As explained,
aging is associated with redox imbalances with chronic induction
and upregulation of pro-inflammatory mediators (e.g., TNF-α, IL-1β,
IL-6, COX-2, iNOS) and signaling pathways such as NF-κB whereas
diminution of activity of antioxidant pathways [7, 13]. So far, the
cause and effect relationship between chronic diseases and aging
bridged through the inflammation is still under investigation that is
assumed to result in vicious cycle of accelerated frailty, aging and
death. (Fig. 1)

ROLE OF IRON AND HEPCIDIN IN AGING
Recently, the role of iron in accelerated aging has gained much
focus of attention and is assumed to be the key player in
accelerated aging. Aging is associated with imbalances of iron
metabolism. Iron deficiency anemia is more prevalent in elderly
population of age <80 with low serum ferritin and low systemic
iron availability associated with detrimental consequences such as
cardiovascular disease, increased falls and fractures, cognitive
impairment, decreased quality of life, increased frailty, and higher
risk of mortality [14]. Factors responsible for age related systemic
iron depletion, other than poor diet and use of certain medication,
may include elevated levels of circulating hepcidin due to
underlying chronic inflammation [15]. However, further evidences
are required to explore the effects of aging, iron status, and
inflammation on regulation of hepcidin [14]. Iron stores in tissues
are found to be increased with aging. This increased intracellular
iron induces deleterious effects on cellular functions due to redox
imbalances leading to ferroptosis that contributes to aging and
associated morbidity and increased mortality [16]. The low
systemic iron availability and increased intracellular iron levels
may be linked with increased production of hepcidin due to
underlying chronic inflammation associated with aging [15].
Therefore, viewing the above two strong facts with accumulating
evidences favoring aging phenomenon, i.e., chronic inflammation
and iron dyshomeostasis, hepcidin, could be expected to serve as

a possible target of manipulation to gain benefit in controlling
aging and related debility (Fig. 2).
Further, to answer some questions such as whether aging

causes susceptibility to chronic diseases? Or does chronic diseases
expose to early aging? We could focus on hepcidin, which is found
to be increased in the elderly population as well as in chronic
diseases leading to excess intracellular iron and ferroptosis
[14, 15]. However, there is a lack of accumulated confirmatory
studies regarding the role of hepcidin in ferroptosis and aging.

AGE-RELATED DYSEGULATION OF IRON AND FERROPTOSIS
All eukaryotes require iron for various biological processes such
as energy production, DNA synthesis, replication, detoxification,
etc. Iron is critical for growth and development of an organism,
yet under strict regulatory mechanisms orchestrated by a set of
transport, storage, and regulatory proteins to avoid its
deficiency or accumulation with debilitating consequences
[17, 18]. Despite tight regulatory mechanisms operating in a
cell for iron homeostasis, there is no proper excretory
mechanism [19] in our body except by hemorrhages or
physiological peeling off of surface/luminal cells which remove
as low as 1 mg of iron out of 4 g per day, with 1 mg of iron
absorption by duodenum per day [19, 20]. Although, iron
deficiency during growth and development causes deficits in
major developmental pathways, but excessive iron retention in
adult life leads to accelerated aging. The possible reasons for
iron excess with aging include, (i) the decreased metabolic rate
and need for iron by co-factor molecules; (ii) decreased
amounts of hemoglobin, which contains 60% of total iron;
and (iii) menopause induced relative iron overload in women.
Excessive accumulation of iron in humans over a lifespan in
somatic tissue induces deleterious effects on cellular functions
leading to cell death and contributes to aging with associated
morbidity and increased mortality [16]. It is supposed that this
age related iron dyshomeostasis and subsequent cellular
dysfunction might have a connection with a unique form of
regulated cell death that depends on iron metabolism known as
ferroptosis. However, accumulated supporting evidences are
lacking.
Further, we can confer that iron is important for life and its

regulation can keep cellular energetics in control whereas
uncontrolled iron may lead to death via aggravation of disease
pathogenesis and accelerated aging. Regulated iron in check,
maintains energy and life whereas imbalances in iron regulation
leads to energy imbalances and cytotoxicity. Given the plethora of

Fig. 1 A vicious cycle of aging mechanism, promoted by underlying chronic diseases and ferroptosis. Illustration showing ferroptosis as a
catalytic factor for induction of a vicious cycle of accelerated aging and chronic disease progression with underlying imbalance of oxidant and
antioxidant defense mechanisms.
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disease implications, the identification of new modulators of iron
metabolism and ferroptosis that can alleviate chronic diseases and
retard accelerated aging could be a potential approach to healthy
longevity.

FERROPTOSIS—A UNIQUE MODE OF CELL DEATH
Conventionally, cell death occurs through necrosis, apoptosis, and
autophagy [21]. Besides these modes of cell death, non-apoptotic
mechanisms also exist [22] and that is ferroptosis. It is defined as
iron-dependent regulated necrosis that is caused by massive lipid
peroxidation-mediated membrane damage [23]. The role of
ferroptosis in cardiovascular diseases, cancers and neurological
diseases including aging has been identified [24, 25]. The term
“ferroptosis” was first coined in 2012 after screening for small-
molecule compounds capable of inhibiting the growth of RAS-
mutant cancer cells [26]. The primary hypothetical idea of ferroptosis
may have originated from nutrient reduction tempted cancer cell
death [27] and “oxytosis”, which is the death of neurons succumbing
to the excitotoxin glutamate and simultaneous inhibition of the
amino acid antiporter solute carrier family 7 member 11 (SLC7A11/
xCT/system xc−) [28, 29].

MECHANISM OF FERROPTOSIS
Ferroptosis is distinct from apoptosis and necroptosis as shown by its
independent mediation in the absence of key effector of apoptosis
and necroptosis i.e., BAX, BAK, caspase; mixed lineage kinase domain-
like protein (MLKL), and receptor interacting serine/threonine kinases
(RIPK1 and RIPK3) (ref. [6]). Although, ferroptosis has a cancer-
protective effect on uncontrolled tumor cells, however, it is a most
probable culprit underlying pathogenesis of various diseases and
might be a hidden cause of many unidentified disease mechanisms
[23, 30]. Despite rigorous research in the field of ferroptosis, still a lot
remain to be explored to fully understand its mechanism and its role
in the physiological and pathological conditions. So far, the
mechanism of ferroptosis as described by various researchers can

be simply comprised of four steps i.e., (i) inactivation of cysteine/
glutathione antiporter system, (ii) depletion of glutathione and GPx4,
(iii) excessive production of lipid ROS and (iv) excessive cellular iron
accumulation [31–34]. The ferroptosis spreads in a paracrine manner
via signals not clearly determined yet, but may include the toxic end-
products of lipid peroxidation, 4-hydroxynonenal (4-HNE) and
malondialdehyde (MDA) which are stable and react with biological
macromolecules, up to distant sites from its origin [35]. Electron
lucent nucleus is found to be a unique feature and hallmark of
ferroptosis through transmission electron microscopy [36]. The
morphological characteristics induced in a cell upon ferroptosis are
distinct from apoptosis and mainly influence mitochondria. Dixon
et al. observed mitochondrial shrinkage and dysfunction that indicate
ferroptosis is directly linked with cellular energetics and mitochon-
drial dysfunction leading to alterations and lack of cellular energy
and eventually cell death [26, 36].

OXIDATIVE STRESS, FERROPTOSIS, AND AGING
Higher concentration of iron tempts ferroptosis by the production
of ROS through the Fenton reaction. This leads to the conclusion
that either increased iron uptake or iron storage may contribute to
the process of ferroptosis [37, 38]. Suffice it to say that
abnormalities in the metabolic system involved in iron acquisition
and utilization are essential for the induction of ferroptosis. Excess
iron, divalent ferrous ion Fe2+ precisely, can react with hydrogen
peroxide (H2O2) or organic peroxide (ROOH) to yield soluble
hydroxyl (HO) or lipid alkoxy (RO ∙ ) radicals, respectively. This is
the primary source of reactive oxygen species (ROS) produced by
Fe2+ in the cell, known as the Fenton reaction [37]. In addition
aging is defined as organ and tissue failure with the advent of
time through a systematic process [39]. Whereas oxidative stress
leads to structural damage due to accumulation of biological
molecules such as DNA, RNA, and proteins [40]. As previously
described that aging is primarily affected by oxidative stress, it
might be induced by ferroptosis; which leads to cell death [13]. In
the case of aging, the cell’s normal ability to overcome oxidative

Fig. 2 Proposed mechanism of interaction between iron dyshomeostasis, ferroptosis, and hepcidin in aging. Age related decline of
immunity and redox imbalances leads to chronic inflammation and induction of hepcidin resulting in iron dyshomeostasis and ferroptosis
that contributes to accelerated aging and age related frailty and debility.
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stress goes on decline which ultimately leads to cellular
degradation process [41]. In a similar way the cell normal
antioxidant defense mechanism is unable to overcome the
ferroptosis induced oxidative stress [42]. Therefore, it is antici-
pated that ferroptosis contributes to the process of aging.
The classic profile of ferroptosis is regulated cell death due to iron-

dependent lipid peroxidation, which can be ameliorated by iron
chelators and lipid antioxidants, and the culprit of lipid peroxidation
is generally believed to be ROS that react with polyunsaturated fatty
acids (PUFAs) of the membrane and induce lipid peroxidation.
Several ROS producing routes have been proposed, however, the
detailed mechanism of iron induced ROS remains unclear [43]. Some
compounds that promote intracellular and mitochondrial ROS
production, fail to promote iron-dependent cell death, but promote
other types of regulatory cell death i.e., necrosis, apoptosis, etc
[26, 44, 45]. An open question arises whether any type of lethal lipid
peroxidation would be classified as ferroptosis, or specific types of
lethal lipid peroxidation would be referred to as ferroptosis. It is,
therefore, of great demand to obtain an understanding of the
specific lipids and their precursors participating in ferroptosis.

INFLAMMATION, FERROPTOSIS, AND AGING
As an important pathological process in various disease prognosis,
inflammation has been a challenge for a long time [46]. ROS are
the key players of inflammation triggered by various stimuli such
as infection, tissue injury and other physical and chemical insults
to the body [47]. The activity of nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidases (NOXs) and the mitochondrial
respiratory chain control the production of ROS which in turn
promotes lipid peroxidation by arachidonate lipoxygenase (ALOX)
or cytochrome P450 reductase (POR) [48]. Excessive peroxidation
of phospholipid membranes rich in PUFAs is responsible for
ferroptosis linked inflammation. Furthermore, all pathways of
ferroptosis are associated with PUFAs in some way or the other
[30, 49]. It is also clear that the process of aging cannot be
separated from inflammation and oxidative stress [50]. The age
related oxidative stress is related to imbalance between the
glucocorticoid and inflammatory systems, which in turn exacer-
bates low grade immune activation [51]. Recently, ferroptosis is
classified as a type of regulated necrosis where cell membranes
rupture and release intracellular contents, especially damage-
associated molecular patterns (DAMPs) [48]. An extensive body of
evidence shows that ferroptosis is positively correlated with
inflammation and many anti-inflammatory compounds also act as
ferroptosis inhibitors [52] therefore, anti-inflammatory compounds
might be helpful in controlling accelerated aging [53].

IRON ACCUMULATION WITH AGING IS A CONSERVED
PHENOMENON
Iron is essentially required for various biochemical processes in our
body during development. However, iron accumulates in the
tissues with increasing age, pointing towards the incompetence of
iron regulatory mechanisms that prevent abnormal redox cycling
of iron, such as the Fe2+-glutathione complexes [54]. Moreover,
this phenomenon of iron accumulation with aging is conserved
and represents a remote consensus for susceptibility in late stages
of life in many organisms including drosophila, nematodes,
mammals, and humans [55–58]. Research is going on to prove
the susceptibility of aged animals to ferroptotic death due to age-
related increment of labile iron coupled with a reduction of
glutathione levels implying that disruption to the iron-glutathione
axis is fundamental to natural aging and death. Recently,
researchers have proved in nematode model that ferroptosis is a
universal and key feature which contribute and accelerate the
process of aging [59].

EXAMPLES OF IMPLICATION OF IRON AND FERROPTOSIS IN
AGING
Aging is associated with increased risk of many diseases such as
cancers, cardiovascular, cerebrovascular and neurodegenerative
disorders [13, 60]. Aging has been associated with excess
intracellular iron retention in many cell types, contributing to
lipid peroxidation, aggregation of insoluble proteins in the
endoplasmic reticulum (ER), damaging the DNA, and blocking
genomic repair systems by downregulating p53, a process defined
as ferrosenescence—premature aging phenotype. Thus, a vicious
cycle sets up where aging associated excess iron retention induce
genomic disintegration which in turn promotes further debilita-
tion and aging by causing more DNA damage and DNA repair
blockade. Combined with antioxidant failure, these changes may
lead to cellular death by ferroptosis [61, 62].
Macular degeneration is associated with aging as GSH levels

decrease and the retinal pigment is more prone to oxidative stress
leading to senescence and death of retinal pigment epithelium
and photoreceptors. Recent studies have found the direct link
between GSH depletion and induction of ferroptosis, autophagy,
and stress-induced premature senescence [63].
Excess iron supply is a lifespan hazard. Recent research shows

that with increasing age, the cells in Caenorhabditis elegans
undergo accumulation of ferrous iron. C. elegans undergo age-
related gradual failure in capacity to safely sequester iron into
ferritin and glutathione depletion, that trigger ferroptosis, with
genetic effects, accelerated aging, and shortened lifespan.
However, inhibiting the generation of lipid peroxides and limiting
iron retention blocked the ferroptosis and decreased the age-
related cell death with notable alleviation of health status and
overall lifespan of the nematode [59]. Further, they observed
increased lifespan and improved healthspan by inhibiting a cause
of frailty i.e., ferroptotic death rather than by limiting the rate of
aging. This concept could serve as potential therapeutic interven-
tion which require further work to determine its effectiveness [59].
Neuronal iron retention induces DNA damage with genomic

destabilization leading to premature aging [62]. In brain, iron
levels rise with aging contributing to an age-dependent risk of
ferroptosis which is associated with increased debility and
neurodegeneration as seen in PD and AD [16]. The role of
ferroptosis in neurodegeneration has been studied widely.
Genetic evidence includes hippocampal neuronal loss and
astrogliosis in GPx4 knockout adult AD mice [23]. Therefore, it is
important to explore the post-developmental intervention strate-
gies to control ferroptosis that may promote healthy aging.

LINK BETWEEN FERROPTOSIS AND EPIGENETICS IN AGING
Aging and related diseases are strongly linked to oxidative stress and
inflammation with altered metabolic status and energy expenditure,
which are known to be controlled by epigenetic mechanisms [64]. In
a recent study, aging lens epithelial cells and that of cataracts are
found to manifest higher redox imbalances, excessive production of
reactive oxygen species, intracellular labile iron, and lipid peroxida-
tion which are the hallmarks of ferroptosis. Transcriptome analysis in
aged lens epithelial cells in both the human and mouse have
revealed downregulation of genes associated with cellular redox and
iron homeostases such as cystine/glutamate antiporter subunits
SLC7A11 and SLC3A2 and iron exporter ferroportin (SLC40A1) [65].
Recently, accumulated evidence has shown that genes associated
with ferroptosis are also controlled by epigenetic mechanisms [66].
Epigenetic changes occur at various levels, including the age-
dependent global reduction in heterochromatin, modification of
histones, altered noncoding RNA expression, and site-specific pattern
of DNA methylation. Diet and other environmental factors can
influence and change epigenetic information. However, the precise
understanding of such changes requires further research [67]. Some
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examples of epigenetic regulation of ferroptosis are discussed below
(Fig. 3).

EPIGENETIC REGULATION OF FERROPTOSIS VIA HISTONE
MODIFICATION
Histone modifications sush as ubiquitination of histones, histone 2 A
(H2Aub) and histone 2B (H2Bub1, monoubiquitinated histone H2B
on lysine 20), are found to activate SLC7A11expression and inhibit
ferroptosis [66, 68]. Histone demethylases KDM4A and KDM3B inhibit
ferroptosis by demethylation of histone H3 lysine 9 (H3K9me3) of
SLC7A11 following its upregulated expression [66, 69]. However,
depletion or knockdown of KDM4A promotes ferroptosis, as
observed in osteosarcoma cells [69]. Interestingly, acetylation of
trancription factor, Nrf2, by histone acetyltransferase (HAT) p300/CBP
(CREB-binding protein) leads to transcriptional activation of its target
genes including SLC7A11, thereby inhibiting ferroptosis. However,
failure of NFE2L2 acetylation by ARF reduce the SLC7A11 expression
and promote ferroptosis [66, 70]. Similarly, inhibition of histone
deacetylase SIRT1, regulated by bromodomain-containing (BRD)
protein BRD4, protects from ferroptosis. Inhibition of BRD4 by
(+)-JQ1, inhibit histone methyltransferase G9a or enhance the
histone deacetylase SIRT1 to inhibit BRD4, downregulate GPx4,
SLC7A11, SLC3A2 gene expression, regulate ferritinophagy, and
induce ferrroptosis in cancer cells [71].

EPIGENETIC REGULATION OF FERROPTOSIS VIA DNA
METHYLATION
DNA methylation level is the most promising indicator to estimate
biological aging. DNA methylation level increases with aging at
specific loci, however, genome undergoes hypomethylation globally
[72]. As discussed above that BRD4 regulate ferroptosis, however, its
expression is epigenetically regulated via DNA methylation. Cancer
tissues were found to express higher levels of BRD4 as compared to

normal tissues with reduced DNA methylation at specific BRD4 loci
and reduced ferroptosis. It has been suggested that BRD4 inhibitor
(+)-JQ1, enhanced BRD4 DNA methylation to induce ferritinophagy
and ferrroptosis in cancer cells [71]. Based on the fact that
hypermethylation at specific loci is the epigenetic feature of both
aging and ferroptosis, we can presume that ferroptosis might be an
important feature of aging.

EPIGENETIC REGULATION OF FERROPTOSIS VIA LONG NON-
CODING RNA
Alteration in Long Non-Coding RNA such as epigenetic silencing
of cytosolic lncRNA LINC00472/P53RRA (long intergenic non-
protein coding RNA 472) and upregulation of the nuclear lncRNA
LINC00336 (long intergenic non-protein coding RNA 336)
mediated by chromatin remodeling protein, HELLS/LSH (lymphoid
specific helicase), inhibit ferroptosis [66]. Moreover, HELLS interact
with WDR76 (WD repeat domain 76) to inhibit ferroptosis by
activating metabolic genes, including glucose transporter 1
(GLUT1), and sterol-CoA desaturase 1 (SCD1), and fatty acid
desaturase 2 (FADS2), that are also related to ferroptosis [73].

METABOLIC CONTROL OF EPIGENETICS IN FERROPTOSIS
Metabolic products are also critical for regulation of DNA and
chromatin modifications. For example, α-ketoglutarate (αKG) is
required for DNA and histone demethylation, folate and vitamins
B6/B12 induced S-adenosylmethyonine (SAM) is a DNA methyl
donor; and succinate and fumarate inhibit histone demethylases.
Therefore, metabolic alterations can generate perturbations of the
whole epigenome [74]. Recently, the role of amino acids on
regulating ferroptosis has been identified. Using a high-throughput
CRISPR/Cas9-based genetic screen in HepG2 hepatocellular carci-
noma cells, branched-chain amino acid aminotransferase 2 (BCAT2) is
found to be a novel suppressor of ferroptosis by mediating de novo
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intracellular glutamate synthesis in vitro. BCATs acts as a shuttle for
branched chain amino acids and branched chain keto acids (BCAAs-
BCKAs), leading to reduced intracellular α-ketoglutarate level, higher
intracellular glutamate levels and inhibition of ferroptosis [75].
Cellular metabolic products, such as iron and ROS, also play
important role in ferroptosis. Ferritinophagy promotes ferroptosis
whereas p62- Keap1-Nrf2 system is known to be a central inhibitory
pathway of ferroptosis [76, 77]. Gluatmine mediates ferroptosis via
glutaminolysis through its specific metabolic enzymes glutaminases
specially GLS2, although the exact mechanism is unclear [75].
Furthermore, silencing cysteinyl tRNA synthetase (CARS), an enzyme
involved in charging of tRNAs with cysteine for protein translation,
upregulates the transsulfuration pathway, such as heat shock factor
binding protein 1/ heat shock factor 1 (HSF1-HSPB1) pathway,
Mucin1 C-terminal subunit/x-cystine/glutamate transporter (MUC1-C/
xCT) pathway which antagonizes ferroptosis, studied in various types
of cancers [75, 78].
Based on the above evidences of epigenetic regulation of

ferroptosis, we can identify different ways to promote healthy aging
by targeting ferroptosis, that may hold immense potential to control
accelerated aging, age related diseases and extend life span.

CONTROLLING FERROPTOSIS FOR BETTER LONGEVITY
Ferroptosis can be prevented by the enzymatic reaction of two
major antioxidant systems involving glutathione peroxidase 4
(GPx4) that catalyzes the reduction of lipid peroxides in a
glutathione-dependent reaction and the recently identified
ferroptosis suppressor protein (FSP1) that catalyzes the regenera-
tion of ubiquinone (Coenzyme Q10, CoQ10), which act as a lipid
peroxyl radical trap [26, 79].
GSH dependent lipid peroxide repair systems can protect

membranes from peroxidation damage. GPx4 is a member of the
GPx family with a broader substrate preference that can directly
catalyze the conversion of endogenous lipid hydroperoxides into
innocuous lipid alcohols at the expense of the oxidation of two
molecules of GSH (ref. [80, 81]). The supply of cysteine, a component
of GSH, is dependent on the cysteine-glutamate antiporter (System
xc-) or the trans sulfuration pathway, where, a decrease in cysteine-
glutamate metabolism suppresses GPx activity [81]. When any of the
key steps in the phospholipid metabolic pathway is impaired,
phospholipid peroxidation is induced, promoting ferroptosis in cells.
Behrouz Hassannia collated four ways to activate ferroptosis [82].
Class I ferroptosis-inducing compounds (FINs) trigger ferroptosis by
depleting intracellular GSH through the inhibition of System xc- or
glutamate-cysteine ligase (GCL). For example, erastin, a System xc-

inhibitor, can inhibit cysteine import, leading to GSH depletion and
inactivation of the phospholipid peroxidase GPx4 (ref. [26]). However,
some cells take advantage of the transsulfuration pathway to
biosynthesize cysteine from methionine under conditions of limited
cysteine availability, therefore bypassing the requirement for cysteine
import via System xc-. Consequently, these cells are resistant to
ferroptosis induced by System xc- inhibitors [83]. Class II FINs trigger
ferroptosis by directly inhibiting and inactivating GPx4. Class III FINs
indirectly inhibit and inactivate GPx4. Class IV FINs exert marked
effects through iron overload or the excessive activation of heme
oxygenase 1 (HMOX1), which catalyzes the degradation of heme and
biliverdin to iron and thus enhances ferroptosis by increasing LIP
[78, 84], however, HMOX1 can also act in a cytoprotective way,
probably depending on the activation level [85]. The protective effect
of HMOX1 is attributed to its antioxidant activity, while its toxic effect
is due to the enhanced generation of ferrous iron. Thus, excessive
HMOX1 upregulation could be cytotoxic, while moderate upregula-
tion could be cytoprotective [86]. The canonical way to protect cells
from ferroptosis has almost always involved GPx4, but this notion has
been questioned recently. Ubiquinone (also named coenzyme Q10)
is named for its wide distribution in cells; as a redox-active lipid.
Ubiquinone is important for aerobic respiration, which generates ATP

in mitochondria. The discovery that FIN56 induces ferroptosis by
depleting ubiquinone led to the speculation that a ubiquinone-
related cytoprotective mechanism independent of GPx4 exists [87].
This hypothesis was recently confirmed. Doll et al. and Bersuker et al.
defined a gene encoding a protein called FSP1, ferroptosis
suppressor protein 1. They found that FSP1 induces lipid peroxida-
tion by complementing a reduced form of ubiquinone called
ubiquinol, and the modulation of FSP1 in cells might have clinical
relevance [78, 88], thus providing a new strategy for the treatment of
ferroptosis-related diseases.
Lipophillic antioxidants such as vitamin E, ferroststin-1 (Fer-1),

liproxstatin-1 (Lip-1) and potent bioactive polyphenols are
effective inhibitors of ferroptosis [89, 90]. Vitamin E has shown
protection against ferroptotic cell death in-vitro and in GPx4-
knockout mice in-vivo [34]. Alpha-tocopherol hydroquinones, an
endogenous metabolite of vitamin E, inhibits 15-LOX by reducing
the non-heme iron in the enzyme from the active Fe3+ state to
the inactive Fe²+ state, thus inhibiting ferroptosis [91]. Fer-1 and
Lip-1 are highly effective radical-trapping antioxidants (RTAs) in
lipid bilayers, and they are comparatively more potent than
vitamin E at inhibiting lipid autoxidation [34].
Additionally, identification of the effective adaptive homeostasis

and repair systems against stress responses such as Keap1-Nrf2
system [89] in minimizing the accumulation of oxidative damage
might be valuable to extend the lifespan and better longevity
[9, 92, 93].

TARGETTING FERROPORTIN-1 TO CONTROL AGING
Ferroportin1 (Fpn) is the only mammalian non-heme cellular iron
exporter identified to date. It transports iron from iron storage
cells and regulate systemic iron homeostasis [94]. A recent study
demonstrated that loss of the iron exporter protein Fpn
participates in the neuronal loss and memory impairment in
neurological disorders [95]. A recent study confirmed that Fpn is
the key factor in ferroptosis in mice aging model [96]. Recently it
was found that knockdown of ferroportin accelerates erastin-
induced ferroptosis [97, 98]. Thus, targeting Fpn could be a
promising therapeutic strategy for neurodegenerative diseases
including aging in the future [95] (Fig. 4).

CONCLUSION
The role of iron has been widely studied in progression of multiple
diseases, however, the role of ferroptosis in implication of various

Fig. 4 Illustration of possible therapeutic intervention targets to
control ferroptosis induced accelerated aging. Besides the
currently known classes of ferroptosis inhibitors such as radical
trapping agents, anti-oxidants, anti-inflammatory agents, hepcidin
inhibitors and ferropotin-1 activators, still there is a need of effective
anti-ferroptotic compounds that could be used to prevent
accelerated and debilitated aging.
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disorders is a recent topic of research since last decade. The excess
iron retention associated with aging has also been studied widely
but the generalized truth about implication of ferroptosis in aging
is still a matter of considerable research. However, some
researchers have already identified ferroptosis to be involved in
accelerated aging. Therefore, interventions targeting ferroptosis as
a course of aging and diseases may limit aging process and
associated frailly and debility with better quality of life.

FACTS

● Aging is associated with chronic progressive rise in the pro-
inflammatory state.

● Aging is associated with imbalance of iron metabolism and
accumulation of iron stores in tissues which is a conserved
phenomenon.

● Accumulated iron induces deleterious effects on cellular
functions and contributes to aging by ferroptosis.

OPEN QUESTIONS

● Could there be some triggers of aging other than reactive
oxygen species?

● Whether ferroptosis is a silent hidden culprit of accelerated
aging, frailty and debility?

● Could hepcidin become the target of intervention for
reducing ferroptosis and chronic diseases for healthy aging?

● Is there any specific type of lethal lipid peroxidation involved
in ferroptosis?

● Could epigenetic regulation of ferroptosis control
accelerated aging?
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