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Abstract

Ferritin is a unique buffering protein in iron metabolism. By storing or releasing iron in a tightly controlled
manner, it prevents the negative effects of free ferrous ions on biomolecules in all domains of life – from bacteria
to mammals. This review focuses on the structural features and activity of the ferritin protein family with an em-
phasis on nematode ferritins and the similarities in their biological roles with mammalian ferritins. The con-
servative characteristic of the ferritin family across the species originates from the ferroxidase activity against
redox-active iron. The antioxidative function of these proteins translates into their involvement in a wide range
of important biological processes, e.g., aging, fat metabolism, immunity, anticancer activity, and antipathogenic
activity. Moreover, disturbances in ferritin expression lead to severe iron-associated diseases. Research on the
Caenorhabditis elegans model organism may allow us to better understand the wide spectrum of mechanisms
involving ferritin activity.
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Introduction

Ferritin was first identified by Laufberger in 1937
(Laufberger, 1937) who isolated the protein from the
horse spleen, crystallized it, and coined the term “fer-
ritin” from the Latin word ferratus, which means furni-
shed, covered, or shod with iron. To date, the ferritin
superfamily is one of the most studied protein super-
families because of its importance as a clinical biomarker
for inflammation, infection, and malignancy. The quanti-
ty of serum ferritin serves as an indicator of the body’s
iron store (Daru et al., 2017). Iron deficiency is asso-
ciated with anemia, whereas an elevated iron level in-
dicates the possibility of many severe disorders such as
iron overload diseases and hemochromatosis (Allen
et al., 2008); chronic and acute inflammation (Wessling-
Resnick, 2010); and cancer development, e.g., neuro-
blastoma (Mura et al., 2006), hepatocellular carcinoma
(Tang et al., 2020), or Hodgkin’s lymphoma (Hohaus
et al., 2013) (presumably due to the occurrence of in-
flammation (Alkhateeb and Connor, 2013)). Studies on

mice showed the importance of ferritin heavy chain
(FTH1) for proper embryonic development, as its de-
letion was found to be lethal (Ferreira et al., 2000).
Moreover, FTH1-null mice showed elevated oxidative
stress and higher apoptosis rate (Thompson et al.,
2003). Thus, understanding how ferritin works is crucial
for the development of new therapies for diseases re-
lated to ferritin dysregulation. Because of the high simi-
larity of nematode ferritins to human FTH1, Caenorhab-
ditis elegans can serve as a model organism to study
ferritin-mediated biological processes.

Expression of ferritins

The ferritin superfamily includes not only vertebrate
ferritin but also bacterial ferritin and bacterioferritin (Ye-
venes, 2017), DNA protection during starvation protein
(Dps) and Dps-like proteins (Calhoun and Kwon, 2011;
Haikarainen and Papageorgiou, 2010; Wiedenheft et al.,
2005), and archaeoferritin (Ebrahimi et al., 2012). Fer-
ritin is a highly conserved (Fig. 1) ubiquitous protein
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Fig. 1. Phylogenetic relationship of ferritins from Caenorhabditis elegans, Drosophila melanogaster, Danio rerio, and Homo sapiens.
The phylogenetic tree was computed using the multiple sequence alignment program ClustalOmega (http://www.ebi.ac.uk/
Tools/msa/clustalo/) (Sievers et al., 2011) and drawn using the ClustalW2 program (http://www.ebi.ac.uk/Tools/msa/clustalw2) 

(Larkin et al., 2007)

that has been identified in many species from all do-
mains of life, with one known exception – it is not found
in yeasts (de Llanos et al., 2016). C. elegans expresses
two ferritins, namely FTN-1 and FTN-2, which share hi-
gher sequence similarity with the mammalian FTH (Fig. 2)
than with the mammalian ferritin light chain (FTL) (Gour-
ley et al., 2003). Mammalian ferritin is mostly expressed
as a cytosolic protein; however, it has also been detected
in mitochondria (Levi et al., 2021) and nucleus (Alkha-
teeb and Connor, 2010) and as an extracellular protein
in serum (Knovich et al., 2009) and cerebrospinal fluid
(Ayton et al., 2015). In contrast, the expression of FTN-1
and FTN-2 in C. elegans is induced by high iron level in
the intestine, while FTN-2 is also expressed constituti-
vely (Cha'on et al., 2007; Kim et al., 2004).

Iron regulates ferritin expression at the transcriptio-
nal and post-transcriptional levels (Hintze and Theil,
2006; Romney et al., 2011). The expression of most
eukaryotic ferritins is regulated by iron-responsive ele-
ments (IRE) located in 5N-UTRs of mRNAs. These  se-
quences are specifically bound by iron-regulatory pro-
teins 1 and 2 (IRP-1/2) (Zhou and Tan, 2017). The mul-
tiple functions of ferritin are evident by the binding of
numerous transcription factors to the Fth1 gene pro-
moter, e.g., activator protein 1 (AP-1 – involved in the
regulation of cell growth, differentiation, and apoptosis),

GATA-binding factor 1 (GATA-1 – involved in erythroid
development), growth factor independent 1 transcriptio-
nal repressor (GFI1 – activated in hematopoiesis and
oncogenesis), and HSF2 (promoting the expression of
heat shock response genes) (based on www.gene-
cards.org). Mutations (e.g., deletions and single nu-
cleotide polymorphisms (SNPs)) in 5N-UTR regions that
disrupt the protein-promoter interactions in the IRE
sites lead to the dysregulation of serum ferritin levels
and the development of the hereditary hyperferritinemia
cataract syndrome (Celma Nos et al., 2021). Recently,
the regulation of  ferritin chain translation independent
of IRP-IRE has also been reported. Pulos-Holmes et al.
(2019) revealed that human eukaryotic translation initia-
tion factor 3 (eIF3) functions as a repressor of human
FTL translation by binding to the sequences in the
5N-UTR adjacent to the IRE fragments (Pulos-Holmes
et al., 2019).

In contrast, the expression of FTN-1 and FTN-2 ge-
nes in C. elegans is regulated at the transcriptional level
through iron-dependent enhancers (IDEs) located in
their promoters (Romney et al., 2008). Constitutive ex-
pression of ftn-1 and ftn-2 is induced by the intestinal
GATA transcription factor, erythroid-like transcription
factor (ELT-2), that interacts with the GATA sequences
in ferritin IDEs (Anderson and Leibold, 2014). Additio-
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Fig. 2. Amino acid sequence alignment of Homo sapiens ferritin heavy chain 1 FTH1 and Caenorhabditis elegans ferritins FTN-1
and FTN-2. The alignment was achieved using the multiple sequence alignment software ClustalOmega (http://www.ebi.ac.uk/
Tools/msa/clustalo/) (Sievers et al., 2011). Amino acid sequences were obtained from the NCBI database (H. sapiens FTH1
NP_002023.2, C. elegans  FTN-1 NP_504944.2, and C. elegans  FTN-2 NP_491198.1). A single, fully conserved residue is
marked by an asterisk (*), residues with strongly similar properties are represented by a colon (:), and groups of residues with
weakly similar properties are shown by a period (.). Solid-line boxes indicate residues being ligands for iron ions; the dashed-line
boxes show amino acid residues playing a role in the oxidoreductase activity as additional binding sites; and the black and red
dotted-line boxes respectively show amino acids interacting with Fe-aquaions or Fe binding observed in the spatial structures.

The indication of amino acid residues is made based on Pozzi et al. (2015)

nally, nematode ferritin genes are repressed by the bin-
ding of hypoxia-inducible factor-1 (HIF-1) to the IDE
upon iron deficiency (Romney et al., 2011). Moreover,
ftn-1 is regulated by abnormal dauer formation (DAF-16)
transcription factor under nutrient deprivation (Acker-
man and Gems, 2012).

Structure of ferritins

The tertiary structures of different ferritins are
mostly conserved, forming a spherical protein of mole-
cular weight of 480 kDa with an outer diameter of ap-
proximately 12 nm and an inner cavity of 8 nm. The two
subunits, namely FTH (formed by 183 amino acids) and
FTL (formed by 175 amino acids), are approximately 21
and 19 kDa in size, respectively. Each subunit is folded
into a four-helix bundle of similar length, with a long loop
between helices B and C, and a fifth short C-terminal
helix E (Chakraborti and Chakrabarti, 2019) (Fig. 3).
Classical ferritins consist of 24 subunits; however, larger
(36 subunits – found in the heart and skeletal muscles)
and smaller forms (12 subunits – mini-ferritin found in

bacteria) have also been identified (Bradley et al., 2020;
Zhang et al. 2021). Interestingly, ferritins are capable of
self-assembly into a 24-mer shell, both in vivo and in
vitro (Chakraborti and Chakrabarti, 2019). The protein
shell of mammalian ferritin is usually heterogeneous and
is constituted either from FTH or FTL or from both. In
mammals, H and L subunits exhibit around 50% amino
acid sequence similarity, and the FTH/FTL ratio varies
in different tissues from the same organism depending
on the relative expression of the two genes (Laghaei
et al., 2014; Naumova et al., 2014). In contrast, plant and
bacterial ferritins are homopolymers and resemble mam-
malian FTH (Masuda et al., 2007).

Iron loading and ferroxidase activity

A single ferritin molecule can hold between a few
hundred to up to 4500-5000 iron ions (Jian et al., 2016).
The two ferritin subunits have distinct functions in
maintaining iron homeostasis: the L subunit uses its
multimer core for iron storage and mineralization (Bou-
Abdallah et al., 2008; Melman and Bou-Abdallah, 2020), 



J. Lewandowski, A.A. Komur, D. Sobańska460

Fig. 3. Structural alignment of Caenorhabditis elegans ferritin
FTN-1 (green) and Homo sapiens ferritin heavy chain 1 FTH1
(yellow, PDB ID 4OYN). The structure prediction of FTN-1
was achieved by the Phyre2 tool (Kelley et al., 2015). Amino
acid residues essential for reactivity with iron are shown with
sticks and balls and belong to FTH1. The colors are represen-
ted as follows: oxygen atoms (red), nitrogen atoms (dark blue),
carbon atoms (FTH1 – yellow; FTN-1 – green), iron atoms

(dark orange balls), and coordination bonds (purple lines)

while the H subunit harbors ferroxidase activity facili-
tated by the dinuclear iron-binding site (Zarjou et al.,
2010). The ferroxidase site oxidizes Fe2+ to Fe3+ by mole-
cular oxygen (O2) or hydrogen peroxide (H2O2) (Zhao
et al., 2003). Fe3+ is displaced by another Fe2+ ion and
then rapidly transferred into the nucleation sites on the
L subunit (Honarmand Ebrahimi et al., 2012). Syner-
gistic action between H and L subunits allows the H sub-
unit to rapidly oxidize Fe2+ to Fe3+, while the L subunit
releases oxidized iron and stores it (Bou-Abdallah et al.,
2008). Depending on iron loading and molecular environ-
ment, when not required immediately in biological pro-
cesses, oxidized iron is stored as ferritin-oxide minerals,
such as magnetite (Fe3O4), ferrihydrite (5Fe2O3 q 9H2O),
maghemite (γ-Fe2O3), or hematite (α-Fe2O3) (Cowley
et al., 2000; Svobodova et al., 2020). In contrast, under
physiological conditions, iron is released from ferritin
when iron concentration in the cytosol decreases either
due to being exported during cell metabolism in the pro-
cess of ferritin degradation called ferritinophagy or in
response to iron sequestration by the overexpression of
the other iron-binding protein – ferroportin (Vela, 2020).
Studies on bactoferritin showed that a heme group,
which is not present in other ferritins, plays an im-

portant role in iron release from ferritin mineral, while
the ferroxidase center is not involved in that process
(Yasmin et al., 2011). However, the molecular mecha-
nism of iron release from mammalian ferritin without
damage of the protein is yet to be determined. Because
of the diverse roles of the L and H subunits in iron ho-
meostasis, the composition of ferritin molecules differs
in each organ, depending on its role in iron metabolism.
For example, in the liver and spleen, they are involved
in iron storage and show high levels of the L subunit
(Ahmad et al., 2013), while in heart tissues, they contain
increased levels of the H subunit (Knovich et al., 2009).
Interestingly, despite the fact that both C. elegans fer-
ritins – FTN-1 and FTN-2 – harbor ferroxidase center
that is conserved to FTH1 (Fig. 2 and Fig. 3) (Gourley
et al., 2003), they seem to exert diverse functions as
only FTN-2 contributes to iron storage (James et al.,
2015).

Despite the high conservation of the structure of
ferritins, the amino acid sequence composition of the
ferroxidase center is different, except for the conserved
residues located in the ferroxidase center (Andrews,
2010; Bradley et al., 2014). Human FTH, bacterial ferri-
tins, and bacterioferritin contain a highly conserved
ferroxidase center with two iron-binding sites (A and B).
Interestingly, some archaeal and bacterial ferritins and
bacterioferritin possess a third iron-binding site (site C)
of unknown function in the close proximity to the
ferroxidase center (Bou-Abdallah et al., 2014).

Biological roles of ferritins

Ferritin controls iron homeostasis through the regu-
lation of iron pool availability (Muhoberac and Vidal,
2019). Consequently, iron homeostasis is crucial for pro-
tection against DNA and protein damages that lead to
cell injury and death. Importantly, many hematologic
(e.g., anemia, HFE-associated hereditary hemochroma-
tosis like thalassemia, congenital sideroblastic anemias),
metabolic (e.g., diabetes), and neurodegenerative dis-
orders (e.g., aceruloplasminemia, Friedrich’s ataxia,
Parkinson’s disease, and Alzheimer’s disease) are asso-
ciated with iron overload or deficiency (Anderson and
Leibold, 2014; Dev and Babitt, 2017). C. elegans ex-
presses a large group of highly conserved proteins (e.g.,
ferroportins – FPN-1.1, FPN-1.2, and FPN-1.3; ferritins
– FTN-1 and FTN-2) involved in iron metabolism that
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makes it a relevant model organism to study molecular
mechanisms of iron homeostasis control (Anderson and
Leibold, 2014). Below, we describe the biological roles
of ferritins that are common for nematodes and mam-
mals to emphasize the potential of C. elegans in studying
mechanisms underlying iron homeostasis.

Ferritin as an antioxidant

Iron is necessary for the production of ATP in the
mitochondria, for the synthesis and function of  heme
proteins of the respiratory chain,  and for DNA synthesis
(Gao et al., 2021). Additionally, iron is essential for
several core processes occurring in the brain, such as
the synthesis of myelin and neurotransmitters and as a
cofactor of related pivotal enzymes, e.g., tyrosine hy-
droxylase involved in the synthesis of dopamine and
other catecholamines, tryptophan hydroxylase necessary
for serotonin production, and monoamine oxidase
(Crichton et al., 2011). However, the imbalance of iron
level can activate the formation of reactive oxygen spe-
cies (ROS) and lead to cell injury and death (He et al.,
2017). In this section, we discuss the relationship be-
tween ferritin function and ROS generation in main-
taining organism homeostasis based on studies in nema-
todes (C. elegans) and mammals.

Antioxidants are known to protect living cells from
harmful effects of ROS (He et al., 2017). The protective
effect of ferritin under hypoxic stress conditions was
confirmed in human leukemia (Wang et al., 2019), por-
cine aortic endothelial (Balla et al., 2003), hypoxia-in-
duced brain damage (Wu et al., 2019), and HeLa cells
(Orino et al., 2001). FTH was reported to be critical for
antioxidative protection (Chiou and Connor, 2018). As
an example, overexpression of FTH protected HeLa
cells from apoptosis generated by tumor necrosis factor
α (TNF-α) (Cozzi et al., 2003) and transforming growth
factor β1 (TGF-β1)-driven ROS release (Zhang et al.,
2009), and protected MCF-7 breast cancer cells from
cytotoxicity generated by oxidative stress (Buranrat and
Connor, 2015).

The relationship between ferritin-dependent iron
metabolism and O2 metabolism has been poorly studied.
However, there is some evidence indicating the functio-
nal relationship between these processes in C. elegans,
e.g., ftn-1 gene expression is responsive to changeable
oxygen conditions and is significantly upregulated fol-
lowing exposure to 1% O2 (hypoxia) (Romero-Afrima

et al., 2020). Few research teams have been trying to
identify factors linking iron and O2 metabolism. One of
these factors is hypoxia-inducible transcription factor
(HIF-1) (Romney et al., 2011) that regulates the expres-
sion of a vast group of genes under normal  O2 conditions
(21% O2) in C. elegans, including ftn-1 (Angeles-Albores
et al., 2018). Moreover, HIF-1 is responsible for the sup-
pression of ftn-1 and ftn-2 expression under normal en-
vironmental conditions (normoxia – 21% O2) (Ackerman
and Gems, 2012; Romney et al., 2011). Additionally,
HIF-1 exists in two forms – hydroxylated and non-hydro-
xylated, and the mechanism of ftn-1 expression regula-
tion depends on these forms (Angeles-Albores et al.,
2018). The hydroxylated form of HIF-1 inhibits ftn-1 ex-
pression under normoxia (Angeles-Albores et al., 2018;
Romero-Afrima et al., 2020). 

Relating the above reports based on nematode stu-
dies to mammals, HIFs were shown to bind to iron re-
gulatory proteins such as transferrin receptors (TfRs)
under hypoxia induced by inflammatory diseases or tu-
mors. Additionally, iron plays a role as a cofactor in HIF-
prolyl hydroxylases (HPHs) responsible for hydroxy-
lation of the HIF-1 regulatory subunit (Strowitzki et al.,
2019). The HIF subfamily consists of only one member
in C. elegans and four members in mammals (Fong and
Takeda, 2008). Interestingly, the upregulation of ftn-1 in
C. elegans seems to be HIF-1-independent in hypoxia
(Romero-Afrima et al. 2020). Additionally, the expres-
sion level of ftn-1 in the intestine is regulated by specific
neurons (AQR, URX, and PQR), which use neuropeptide
and neurotransmitter signaling that results in decrease
in the ftn-1 expression level at 21% O2, whereas this
effect diminishes at 1% O2 (Romero-Afrima et al., 2020).

In general, the role of iron management is to mini-
mize the pool of excessive redox-active free iron that
triggers free radicals. Because of the ferroxidase activity
of FTH and mitochondrial ferritin (FTMT), ferric hy-
droxides (Fe3+) can be stored in mammalian cells of
various origin instead of reactive ferrous iron (Fe2+)
(Hilton et al., 2012; Mesquita et al., 2020). FTMT ex-
pression related to iron transfer from the cytosol to the
mitochondria is dependent on the HIF protein (Wu
et al., 2019). FTMT in human macrophages prevents
cell death induced by iron at reduced O2 levels (in the
process called ferroptosis) by decreasing the expression
level of nuclear receptor coactivator 4 (NCOA4) (Fuhr-
mann et al., 2020). NCOA4 serves as a master regulator
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of ferritinophagy (a process by which iron is released
from ferritins) as well as a protector against ROS, which
was evidenced in hypoxic human macrophages and
neuroblastoma cells (Fuhrmann et al., 2020; Wang et al.,
2016). Moreover, in mouse fibroblasts and hepatic cells
under chemopreventive-induced oxidative stress, nuclear
factor E2-related factor 2 (Nrf-2) promotes the expres-
sion of both FTL and FTH (Pietsch et al., 2003). Iron is
released from ferritin through ferritinophagy followed by
binding of the NCOA4 protein to FTH and transfer of the
complex for degradation in the autolysosome (Ryu et al.,
2018). This further enables the involvement of the re-
leased iron in other biosynthetic pathways.

The role of ferritin in cell protection against oxidative
stress generated by the imbalance of iron homeostasis
is not only associated with hypoxic conditions, but its
deregulation may also have a tumor-promoting effect. In
C. elegans, the ATPase family AAA domain-containing
protein (ATAD-3), a mitochondrial inner membrane
protein (Da Cruz et al., 2003) overexpressed in different
types of cancers (Fang et al., 2010; Hubstenberger et al.,
2008; Li and Rousseau, 2012), can alter the expression
of  iron homeostasis. This leads to the disruption of iron
metabolism. Lack of the ATAD-3 protein in nematodes
entails a significant increase in ftn-1 mRNA level, while
ftn-2 mRNA level is downregulated (van den Ecker et al.,
2015). These pieces of evidence suggest that the alter-
ation of ferritin expression induced by ATAD-3 may in-
directly contribute to the proliferation of cancer cells
(van den Ecker et al., 2015). Interestingly, the over-
expression of ATAD proteins in human oligodendro-
glioma, lung adenocarcinoma, and uterine cervical cell
lines is related to tumor chemoresistance by promoting
resistance to apoptosis and autophagy (Chen et al.,
2011; Fang et al., 2010; Hubstenberger et al., 2008). In
mammalian models, ATAD regulation of ferritin has not
been revealed.

Similarly, studies on cancer tissues harvested from
patients have inferred that disorders in sequestering
free iron due to excess of ferritin may promote and
maintain tumorigenesis (Brookes et al., 2008; Brown
et al., 2020). Overexpression of ferritin (with different
ratios of FTH and FTL subunits) was detected in many
tumor tissues such as pancreatic cancer (Kalousova
et al., 2012), Hodgkin’s lymphoma (Fernandez-Alvarez
et al., 2015), hepatocellular carcinoma (Bian et al.,
2018), glioblastoma (Schonberg et al., 2015), and epi-

thelial ovarian tumor (Zhao et al., 2018) as well as in
serum, e.g., in head and neck squamous cell carcinoma
(Hu et al., 2019), peripheral T-cell lymphoma (Koyama
et al., 2017), colorectal cancer (Lee et al., 2016), and
ovarian tumor (Zhao et al., 2018). Moreover, cancer
cells per se secrete ferritin, specifically tumor-associated
macrophages (Alkhateeb and Connor, 2013). The fer-
ritin-rich cells located in the breast tumor stroma are
considered to be linked with macrophage infiltration
(Hanahan and Coussens, 2012; Jezequel et al., 2012).
The abundant serum ferritin normally present in circula-
tion was found to be initially secreted by macrophages
in vivo (Cohen et al., 2010). Tumor-associated macro-
phages (TAMs) are characterized by high ferritin expres-
sion level (Cozzi et al., 2003). This implies that they can
protect malignant cells from iron-driven damage and
promote their survival and proliferation (Alkhateeb and
Connor, 2013). Moreover, the released extracellular
ferritin of this origin promotes angiogenesis (Coffman
et al., 2009) and lymphocyte response suppression (Va-
noaica et al., 2014). Inflammatory cytokines such as
TNF-α or interleukin-1β (IL-1β) activate nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB)
signaling pathways that induce expression of both FTH
and FTL, leading to its synthesis (Pham et al., 2004).
Thus, ferritin may have a second, more damaging, tu-
mor-promoting side. Additionally, in humans, extracellu-
lar H-ferritin modulates access to iron and exerts an im-
munosuppressive effect by binding to peripheral lympho-
cytes and myeloid cells (Sakamoto et al., 2015). Elevated
levels of this protein were detected in the serum of me-
lanoma patients, which were accompanied by an in-
creased quantity of circulating CD4+ CD25+ regulatory
T cells, thus inducing the suppression of immune res-
ponses (Gray, Arosio and Hersey, 2003). A similar iron-
dependent immunosuppressive effect was observed du-
ring myelopoiesis – the number of hematopoietic pro-
genitor cells was reduced after recombinant H-ferritin
injection to mouse femoral marrow and spleen (Vanoaica
et al., 2014).

Ferritin-mediated aging control

The imbalance of iron metabolism is suggested to
affect aging through the activation of ROS generation.
The reason why and how we age has not been fully
understood. However, there are few theories explaining
the senescence. Based on one theory, the constant ge-
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neration of ROS caused by elevated levels of free iron
may lead to the accumulation of damage in biomolecules
(nucleic acids, lipids in membranes, enzymes, etc.) and
eventually cause aging (Kirkwood and Kowald, 2012),
which was postulated based on rodent research on food
restriction and age-related brain damage (Speakman and
Selman, 2011). However, research using C. elegans,
which is a model organism to study the effect of ROS on
aging, brought difficulties in confirming this theory.
It was reported that the lifespan of mutants lacking
superoxide dismutase (SOD) isoforms, essential anti-
oxidant enzymes, was not affected. Only sod-1 mutant
exhibited a modestly shortened lifespan, and the strain
with sod-1 overexpression lived slightly longer. This sug-
gests only a modest contribution of ROS to aging (Do-
onan et al., 2008).

Nevertheless, excess iron shortens the lifespan of
C. elegans  (Gourley et al., 2003; Valentini et al., 2012).
The excess level of free iron administered as ferric
ammonium citrate (FAC) causes protein oxidation, ROS
generation, and lifespan shortening but only under the
condition where the FAC concentration is above a cer-
tain threshold. Interestingly, below this threshold, the
lifespan is not disrupted. Thus, under standard condi-
tions, free iron level (not administered as FAC) is not
associated with aging (Valentini et al., 2012). Addi-
tionally, it was speculated that a high concentration of
free radicals may cause failure of antioxidant defense,
which eventually leads to cell damage and death (Gour-
ley et al., 2003).

In C. elegans, the lack of the abnormal dauer forma-
tion gene (daf-2 - an ortholog to insulin-like growth factor
1 (IGF-1) encoding the insulin receptor homolog essen-
tial for insulin-like signaling (IlS) leads to the extended
lifespan (Kimura et al., 1997). Normally, DAF-2 is acti-
vated by binding of the insulin-like ligand, which initiates
a downstream kinase cascade in IlS (Kimura et al.,
1997). However, the daf-2 mutation was linked not only
to the extended lifespan but also to increased fat ac-
cumulation, developmental delay, increased resistance
to a variety of stresses, and reduced brood size (Dorman
et al., 1995; Kenyon et al., 1993; Kimura et al., 1997;
McElwee et al., 2007; Murphy and Hu, 2013). Moreover,
it is worth emphasizing that the daf-2 mutation results in
increased ftn-1 expression level, which may suggest an
indirect involvement of ferritin/iron metabolism in aging
(Ackerman and Gems, 2012).

As mentioned above, ferritin as an iron storage pro-
tein is responsible for free iron chelation and possesses
antioxidant properties that prevent Fenton reaction and
subsequent generation of oxidative stress (Levi and
Arosio, 2004; Theil, 2010). Additionally, it induces lipid
peroxidation, DNA breakage, and other cellular dama-
ges. The extended lifespan of daf-2 mutant might be
caused by the activation of ferritin-mediated antioxidant
defense. It was shown that under normal environmental
conditions, the elevated level of free iron leads to the
increase in ftn-1 expression and activation of ROS pro-
duction. However, the lifespan of C. elegans was not
changed (Valentini et al., 2012). Despite these results,
the loss of ftn-1 (induced by RNAi (RNA interference) or
creation of double mutant daf-2;ftn-1) is clearly respon-
sible for the daf-2 mutant resistance to oxidative stress
(Valentini et al., 2012). In contrast, studies conducted on
the long-lived electron transport chain (ETC) mutant of
iron-sulfur protein (ISP-1 – an ortholog of Cytochrome b-
c1 complex subunit Rieske) revealed a specific role of C.
elegans P-53-like protein (CEP-1 – an ortholog of p53) in
the activation of ftn-1 that leads to the lifespan extension
of the isp-1 mutant. Interestingly, the expression level of
ftn-2 was not changed as compared to that of the
control. Nevertheless, in another ETC mutant strain
lacking abnormal Methyl viologen sensitivity protein
(MEV-1 – an ortholog of succinate dehydrogenase com-
plex subunit C), the elevated ftn-1 expression level did
not extend the lifespan (Baruah et al., 2014). Hence, the
role of ferritin has not been precisely described in the
aspect of aging in the nematode model yet.

Studies using other model organisms have also not
found a scientific consensus on the precisely defined
contribution of ferritin for ageing. Timmers et al. (2020)
analyzed genome-wide association studies (GWAS) sta-
tistics for health span, parental lifespan, and longevity
(taken as a survival to an age above the 90th percentile)
in a multivariate approach combining the expression of
specific genes in 7350 biological pathways. Pathways
associated with heme metabolism proved to be the most
relevant contributors to the human intrinsic aging pro-
cess. As heme synthesis declines with age, its deficiency
leads to iron accumulation, thereby causing mito-
chondrial dysfunction and oxidative stress and sustaining
pathogenic infection (Cassat and Skaar, 2013). Observa-
tional studies revealed an association of elevated plasma
ferritin concentration (a measure of iron accumulation)
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with premature mortality (Ellervik et al., 2014), which
may be due to more frequent systemic inflammation, liver
diseases, or osteoarthritis (Moen et al., 2018; Pilling
et al., 2019). In addition, iron homeostasis impairment in
the brain leads to neurodegenerative life-shortening disea-
ses such as multiple sclerosis, Parkinson’s disease or Alz-
heimer’s disease as evidenced by magnetic resonance
imaging (MRI) of patients’ brains (Ward et al., 2014).

Transferrin may reduce oxidative stress and inhibit
apoptosis and DNA damage by regulating serum iron
concentration (Bogdan et al., 2016; Fassl et al., 2003;
Kawabata, 2019). Ferritin plays a similar role by neutrali-
zing the excess ions of this element. In addition, the
FOXO3 gene became prominent as being associated
with age-related diseases, including detoxification of
ROS and affecting survival under dietary restriction in
multiple human cohorts (Kenyon, 2010). It was reported
that FOXO3a activation leads to the upregulation of
ferritin and iron accumulation in the skeletal muscle of
amyotrophic lateral sclerosis (ALS) animals (Halon-
Golabek et al., 2018). However, there is still no solid
evidence for the importance of such life-extending va-
riants of genes such as FOXO3a. Its altered expression
was observed in elderly patients suffering from specific
diseases, which impeded the accurate determination of
the effects of individual genes and signaling pathways.
Despite the many protective functions of the FOXO3a
protein, its expression in the whole blood decreases with
age (Sanese et al., 2019; Timmers et al., 2020).

Ferritin as a protector against pathogens

C. elegans ferritin plays an essential role in the innate
immune response against a specific Escherichia coli
strain LF82 (isolated from a biopsy sample from a patient
with Crohn’s disease) and Staphylococcus aureus (Si-
monsen et al., 2011). Interestingly, FTN-1 was not identi-
fied in this study. Only FTN-2 was identified in the mass
spectrometry experiment using worms treated with patho-
gens. The ftn-2 mRNA was significantly upregulated 24 h
post-infection with LF82. The ftn-2 mutant exposed to
infection with E. coli LF82 or S. aureus showed a shorte-
ned lifespan as compared to the control when challenged
with E. coli OP50. However, the lifespan of the ftn-2 mu-
tant and wild-type worms was similar following infection
with the OP50 strain (Simonsen et al., 2011).

In mammals, macrophages are the linking elements
between the immune system and iron metabolism.

These cells play a core role in both recycling senescent
red blood cells and erythropoiesis. Moreover, they are
highly involved in iron fluxes in the body (Klei et al.,
2017). As already stated, FTH influences macrophage
function to counteract ROS-induced oxidative stress and
cell death (Mesquita et al., 2020). Simultaneously, the
main function of macrophages, as a part of the innate
immune system, was shown to be protection against
pathogens (Silva-Gomes et al., 2013; Soares and Hamza,
2016). The level of FTH was increased in immune cells
following the response to bacterial and viral infection
(after the addition of lipopolysaccharide (LPS) or inter-
feron γ (IFN-γ) under the experimental conditions),
which contributed to the activation of mouse macro-
phages (Silva-Gomes et al., 2013). Moreover, Fth1!/!

primary mouse macrophages were more sensitive to
oxidative stress in response to the same treatment.

Recently, the mechanistic target of rapamycin (mTOR)
pathway has been described as a regulator of autophagy
and ferritin activation (Ma et al., 2021). The correlation
between these processes was observed in C. elegans fol-
lowing external iron supply and simultaneous infection
with pathogens. Under standard cultivation conditions,
autophagy was induced by the inhibition of the mTOR
signaling pathway following infection with Salmonella
enterica serovar typhimurium. However, when external
iron was administered, the mTOR pathway was activated
and autophagy was inhibited, which subsequently led to
the activation of ferritin protein production. The increa-
sed level of ferritin protein resulted in the resistance of
C. elegans to infection with S. typhimurium. FTN-1 and
FTN-2 were demonstrated to be important for defense
against pathogen infection, but only when worms were
exposed to exogenous iron. In the described conditions,
ferritin was responsible for limiting the accessibility of
iron used by pathogens for growth (Ma et al., 2021). 

The mTOR signaling has been identified as a key
element in regulating cellular iron transport and in pro-
tecting cells from ferroptosis (Yi et al., 2020). Although
mTOR-overexpressing mice did not show alleviated fer-
ritin level within the heart area, the homeostasis of cel-
lular iron was sustained by upregulation of different iron-
binding proteins, e.g., ferroportin and transferrin rece-
ptor 1 (Guan and Wang, 2014). Moreover, the admini-
stration of rapamycin, which inhibits the mTOR kinase
activity, did not affect ferritin expression. It was postu-
lated that its presence in macrophages lowers trans-
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ferrin receptor 1 (TfR1) levels and may also reduce the
iron-stimulatory effect of ferritin expression, thereby
making it metabolically available in higher quantity. Col-
lectively, the activity of the mTOR kinase itself promotes
cellular iron accumulation (Telser et al., 2019).

Interestingly, it was observed in C. elegans that
under stress conditions such as hypoxia, the upregulated
FTN-1 level plays an important role in protection against
pathogenic bacteria, e.g., Pseudomonas aeruginosa
(PA14). Thus, FTN-1 overexpression may be responsible
for the increase in worm resistance to pathogens under
abnormal environmental conditions (Ma et al., 2021;
Romero-Afrima et al., 2020).

Ferritin-associated obesity

Iron overload present in the human body can be
monitored by assessing ferritin level (Zimmermann,
2008). Interestingly, this phenomenon was also descri-
bed in the aspect of obesity and obesity-related disorders
(Iwasaki et al., 2005). Although there are still many un-
answered questions, research using C. elegans shed
a light on the link between iron and lipid metabolism in
a more detailed manner. It was demonstrated that the
increased level of exogenous iron activates a specific
serum- and glucocorticoid-inducible kinase (SGK-1)
which induces ftn-1 expression and promotes fat ac-
cumulation (Wang et al., 2016a).

Similar interrelationships seem to modulate fat meta-
bolism in adult humans, e.g., hyperferritinemia was diag-
nosed in individuals with type 2 diabetes mellitus (T2D),
metabolic syndrome, or non-alcoholic fatty liver disease
(NAFLD), which was recently confirmed in male ado-
lescent patients (Morwald et al., 2020). Dysmetabolic
iron overload syndrome (DIOS) coalesces with adult
NAFLD, which is manifested by increased serum ferritin
levels (Zelber-Sagi et al., 2007). Multivariate analysis
conducted on male juveniles with obesity identified liver
fat content (LFC, examined by MRI scans) and reactive
metabolic inflammation (evidenced by high-sensitive
C-reactive protein, CRP) as the main determinants of
ferritin increase in serum that was independent of the
body iron store (Morwald et al., 2020). Moreover, it ap-
pears to be a useful marker of early phases of NAFLD
development in childhood body fatness in adolescent
males rather than in young females due to menstrual
blood loss (Du et al., 2017).

Conclusions

Studies discussed in this review indicate that the
mechanism of strict control of iron metabolism is a fun-
damental component of animal physiology. This is
reflected in the preserved evolutionary resemblance in
the structure and function of various forms of ferritin
proteins in lower (nematodes) and higher (mammals)
organisms. Dysregulation of ferritins’ levels and activity
disturbs the iron storage function, which can have ne-
gative effects ranging from free iron deficiency to over-
load. Examining the influence of ferritin in various model
organisms identified its major role as an antioxidant
neutralizing ROS generated by toxic ferrous ions. This
antioxidant property is achieved using a specific iron-
binding ferroxidase center. The complex network of
ferritin’s intracellular interactions prompts many
researchers to investigate its contribution in important
processes such as cancerogenesis, obesity, fight against
pathogens, or inhibiting of aging in order to develop
more effective therapies and improve diagnosis of dis-
eases for the benefit of humans.
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