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Abstract: Iron is essential for life. Many enzymes require iron for appropriate function. However,
dysregulation of intracellular iron homeostasis produces excessive reactive oxygen species (ROS) via
the Fenton reaction and causes devastating effects on cells, leading to ferroptosis, an iron-dependent
cell death. In order to protect against harmful effects, the intracellular system regulates cellular
iron levels through iron regulatory mechanisms, including hepcidin–ferroportin, divalent metal
transporter 1 (DMT1)–transferrin, and ferritin–nuclear receptor coactivator 4 (NCOA4). During
iron deficiency, DMT1–transferrin and ferritin–NCOA4 systems increase intracellular iron levels
via endosomes and ferritinophagy, respectively. In contrast, repleting extracellular iron promotes
cellular iron absorption through the hepcidin–ferroportin axis. These processes are regulated by the
iron-regulatory protein (IRP)/iron-responsive element (IRE) system and nuclear factor erythroid 2-
related factor 2 (Nrf2). Meanwhile, excessive ROS also promotes neuroinflammation by activating the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). NF-κB forms inflammasomes,
inhibits silent information regulator 2-related enzyme 1 (SIRT1), and induces pro-inflammatory
cytokines (IL-6, TNF-α, and IL-1β). Furthermore, 4-hydroxy-2,3-trans-nonenal (4-HNE), the end-
product of ferroptosis, promotes the inflammatory response by producing amyloid-beta (Aβ) fibrils
and neurofibrillary tangles in Alzheimer’s disease, and alpha-synuclein aggregation in Parkinson’s
disease. This interplay shows that intracellular iron homeostasis is vital to maintain inflammatory
homeostasis. Here, we review the role of iron homeostasis in inflammation based on recent findings.

Keywords: intracellular iron homeostasis; neuroinflammation; neurodegenerative diseases; Nrf2;
NF-κB; ferroptosis; 4-HNE

1. Introduction

Iron is a mineral nutrient essential for the survival of living organisms. It is a cofactor
of many vital enzymes and has a crucial role as a heme component in transferring molec-
ular oxygen to cells. Iron is known as the most abundant transition metal in the brain.
However, iron does not exist in the brain at birth [1]. Instead, iron levels are drastically
increased during adolescence and then maintained at constant levels [2]. Excessive iron
can increase the labile iron pool (LIP), raising the levels of intracellular reactive oxygen
species (ROS) [3–6], and iron depletion can promote the dysfunction of iron-dependent
enzymes. Disruption of iron regulation is known to be involved in the pathogenesis of
various neurodegenerative disorders [7–10]. Most of the total brain iron exists in the glial
cells, such as astrocytes, oligodendrocytes, and microglia, rather than in the neurons [11]
and is bound to ferritin, an iron storage protein [12]. Consequently, neurons are more
vulnerable than glial cells to alterations in the iron balance.

Iron usually exists in two forms in the body: ferrous iron (Fe2+) and ferric iron
(Fe3+) [13]. Fe3+ binds to transferrin (Tf), a bilobal protein, and forms the diferric Tf
(Fe2Tf) complex, which circulates in the body [14]. In enterocytes, duodenal cytochrome B
(DcytB) reduces Fe3+ of Fe2Tf to Fe2+, and divalent metal transporter 1 (DMT1) imports
Fe2+ into the cells [15]. Transferrin receptor (TfR), one of the iron transporters, can also
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import Fe2+ into cells by forming vesicles, and then iron is stored complexed with ferritin,
which is composed of ferritin heavy chain 1 (FTH1) and ferritin light chain (FTL) [16–18].

When more cellular iron is required, the cellular iron-regulatory protein (IRP)/iron-
responsive element (IRE) system facilitates TfR expression, and stored iron (ferritin) is
released through nuclear receptor coactivator 4 (NCOA4) activation [19,20]. By contrast,
iron depletion increases iron storage and ferroportin 1 (FPN1) expression to reduce labile
iron. This counteraction can exquisitely regulate cellular iron levels. Intracellular iron is
trafficked throughout the body and transferred to many enzymes by iron carrier proteins,
including poly(rC)-RNA-binding protein 1 (PCBP1) or poly(rC)-RNA-binding protein 2
(PCBP2) [21–23]. Iron is an essential cofactor for iron-dependent enzymes that require
iron–sulfur clusters for proper function, which transfer an electron to targets [24]. The
conjugation of iron with proteins generates cellular energy, promotes DNA synthesis and
repair, and transmits oxygen to other cells. However, iron can also impair cellular function
due to free radical generation by iron redox cycling [25]. Iron-catalyzed reaction products
can induce mutations in the active site of an enzyme, causing carcinogenesis [26]. The
Fenton reaction is the main source of free radicals in cells. During the Fenton reaction,
Fe2+ reacts with hydrogen peroxide (H2O2), producing Fe3+, hydroxyl radical (•OH), and
hydroxyl ion. In turn, •OH is able to initiate lipid peroxidation by abstracting a hydrogen
atom from a polyunsaturated fatty acid (PUFA) with bis-allylic hydrogens (–CH=CH-CH2-
CH=CH2–) in the central methylene group to yield their corresponding hydroperoxides [5].
This process culminates in cell death via ferroptosis, a newly defined iron-dependent cell
death [5,27]. Thus, the iron balance must be finely regulated at the cellular level.

Cells have an antioxidant system to protect against nucleophiles. Antioxidants elimi-
nate detrimental ROS by functioning as electrophiles. Interestingly, unlike other organs,
neurons do not have enough antioxidant proteins, despite their functional importance in
life [28]. For example, nuclear factor erythroid 2-related factor 2 (Nrf2), the master regulator
of the antioxidant system, is weakly expressed in neurons [29,30]. Although unclear, this
defect may result from the development of the neuronal cell. Maintaining an appropri-
ate level of ROS is critical to avoid axonal degeneration due to a high level of oxidative
stress (OS) and axonal growth inhibition induced by a low level of OS [31]. Astrocytes
provide antioxidant support to neighboring neurons by releasing glutathione (GSH), a
potent antioxidant, into the extracellular space [32,33]. Moreover, Nrf2 can play a role in
translational regulation as RNA-binding proteins, such as FTH1 [34]. Meanwhile, Nrf2
can inhibit neuroinflammation by suppressing nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) activation via hindering the degradation of nuclear factor of
kappa light polypeptide gene enhancer in B-cell inhibitor α (IκB-α). IκB-α can prevent
NF-κB translocation to the nucleus.

Neuroinflammation is a cellular defensive response against antigens in the central
nervous system (CNS), primarily mediated by microglia, astrocytes, endothelial cells, and
pericytes. Neuroinflammation enhances the immune system and increases the penetration
of endothelial tissues by immune cells. In addition, neuroinflammation reduces antigens’
proliferation. Neuroinflammation is a crucial hallmark of neurodegenerative disease [35].
Cellular ROS or extracellular antigens initiate neuroinflammation. NF-κB promotes in-
flammatory cytokines, such as IL-6, TNF-α, and IL-1β [36], and forms inflammasomes
to maintain normal conditions [37]. However, chronic inflammation induces apoptosis
and neurodegenerative diseases, accompanied by increased OS. Increased OS can pro-
mote mitochondrial dysfunction and disease progress caused by chronic inflammation [38].
OS can cause aggregated forms of proteins, including amyloid-beta (Aβ), neurofibril-
lary tangles (NFTs), and alpha-synuclein (α-syn). Especially, 4-hydroxy-2,3-trans-nonenal
(4-HNE), an end-product of lipid peroxidation, is a key molecule to form detrimental
proteins during iron-mediated neuroinflammation. The Fenton reaction facilitates lipid
peroxidation and forms 4-HNE as a final product [39]. 4-HNE has reactive bonds and
can cause conformational change while producing aggregated forms of Aβ fibril, NFT, or
α-syn [40,41]. Inflammation responses can be regulated by antioxidant function (e.g., Nrf2)
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or post-transcriptional modification (e.g., silent information regulator 2-related enzyme
1, SIRT1).

Considering that studies of ferroptosis have newly elucidated iron’s role in cell death,
the present review aims to describe the relationship between intracellular iron homeostasis
and neuroinflammation based on recent studies and findings.

2. Intracellular Iron Homeostasis

The IRP/IRE system regulates intracellular iron homeostasis. IRPs consist of IRP1 and
IRP2, possessing RNA-binding capability. IRPs bind to the IRE in the 5′-untranslated region
(5′-UTR) or the 3′-untranslated region (3′-UTR) on mRNA and regulate the translation
stage [42,43] (Figure 1).
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Figure 1. The IRP/IRE system. IRPs consist of two proteins, IRP1 and IRP2. Under iron-rich
conditions, iron forms iron–sulfur clusters. Iron–sulfur clusters bind to IRP1. IRP1 acts as c-aconitase.
Additionally, iron–sulfur clusters bind to FBXL5 (not described) and mediate IRP2 ubiquitination-
dependent degradation. Eventually, inhibition of IRPs leads to the degradation of iron uptake-related
mRNAs by the endonuclease. By contrast, under iron shortage conditions, IRPs bind to the IRE
within mRNA. This stabilizes the mRNAs or prevents their translation in the nucleus. DMT1,
divalent metal transporter 1; FPN1, ferroportin 1; FTH1, ferritin heavy chain; FTL, ferritin light chain;
IRE, iron-responsive element; IRP, iron-regulatory protein; IRP1, iron-regulatory protein 1; IRP2,
iron-regulatory protein 2; Tfr, transferrin receptor.

During an iron shortage, iron levels are increased by iron influx proteins, such as
DMT1, Tf, TfR, and hepcidin. By contrast, iron-efflux-related proteins, such as FPN1,
increase under iron-replete conditions. The IRP/IRE system finely regulates these opposed
processes. Once iron enters the intracellular space, iron is trafficked by carrier proteins,
such as PCBPs, to FTH1/FTL for storage and enzymes for activation. When cellular
iron is lacking, FTH1/FTL vesicles release iron to the cytoplasm via NCOA4-mediated
ferritinophagy to increase cellular iron contents (Figure 2).
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Figure 2. Cellular iron regulation in ferritinophagy. Fe3+ is reduced to Fe2+ via Dcytb, and Fe2+ is then
transported into cells via Tf–Tfr or DMT1. Oxidized Fe3+ is encapsulated by vesicles called endosomes.
Next, Steap3 in the vesicles reduces Fe3+ to Fe2+ and releases it into the cytoplasm. Fe2+ binds to
PCBP1 or PCBP2 and is delivered to FTH1, the mitochondria, or FPN1. FTH1 interacts with NCOA4 to
store iron. Meanwhile, the interaction between hepcidin and FPN1 blocks the leakage of intracellular
iron. When iron is deficient, the FTH1–NCOA4 complex releases iron through ferritinophagy. When
iron is repleted, FPN1 exports iron into the extracellular space. In the extracellular space, Fe2+ is
oxidized to Fe3+ by HEPH. Intracellular iron responds to H2O2 and produces •OH. ROS damages
organelles. A white circle with numbers means iron movement by endocytosis. A yellow circle
with numbers shows iron movement through a channel. DMT1, divalent metal transporter 1; DcytB,
duodenal cytochrome B; Fe2+, ferrous iron; Fe3+, ferric iron; FTH1, ferritin heavy chain; FTL, ferritin
light chain; FPN1, ferroportin 1; GSH, glutathione; HEPH, hephaestin; HERC2, HECT domain and
RCC1-like domain 2; •OH, hydroxyl radical; H2O2, hydrogen peroxide; LC3, microtubule-associated
protein 1A/1B-light chain 3; LIP, labile iron pool; NCOA4, nuclear receptor coactivator 4; PCBP1,
poly(rC)-binding protein 1; PCBP2, poly(rC)-binding protein 2; ROS, reactive oxygen species; Steap3,
six-transmembrane epithelial antigen of prostate family member 3; Tf, transferrin; TfR, transferrin
receptor.

A recent study showed that PCBP1 knockdown could promote ferritiniophagy and
lipid peroxidation via binding to the 3′-UTR on beclin 1 (BECN1) mRNA and arachidonate
15-lipoxygenase (ALOX15) mRNA [44]. Although the process of intracellular iron home-
ostasis and related molecules are known, and new functions of the molecules have been
discovered, more studies are needed about the interplay between iron redox homeostasis
and neuroinflammation. Thus, this section describes the interaction between iron-related
molecules and inflammation.
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2.1. Hepcidin

Hepcidin is a peptide hormone produced by the liver in response to increased iron
levels and inflammation. Hepcidin is involved in iron homeostasis, absorbing dietary
iron, releasing recycled hemoglobin iron from macrophages, and transferring stored iron
from hepatic cells [45,46]. Inflammation induces hepcidin release and reduces blood iron
(i.e., hypoferremia). This increases host resistance to microbial infection and results in
anemia. Hepcidin controls cellular iron efflux by interacting with FPN1. The hepcidin–
FPN1 response promotes iron uptake [47] (Figure 2). The transcription of hepcidin is mainly
regulated by the bone morphogenetic protein (BMP)/suppressor of mothers against the
decapentaplegic (SMAD) pathway [48]. A high iron level stimulates BMP6 expression and
leads to hepcidin expression by binding to a BMP-responsive element on the hepcidin gene
promoter. An increase in hepcidin hinders iron efflux from the cell. Hepcidin levels are
closely linked to IL-6 levels. IL-6 increases hepcidin and accumulates iron in the intracellular
space while promoting the degradation of FPN1 by hepcidin [49,50]. Accumulated iron
in the cell increases the Fenton reaction and ultimately produces excessive ROS, causing
inflammation and cellular damage [51,52].

2.2. NCOA4

NCOA4 is a selective cargo receptor in ferritinophagy. NCOA4 finely regulates cellular
iron homeostasis by anticipating the autophagic degradation of ferritin. Under iron-
replete cellular conditions, HERC2-mediated ubiquitylation facilitates the turnover of
NCOA4. However, under iron-deficient cellular conditions, NCOA4 is stabilized, thereby
promoting ferritinophagy, a type of autophagy, by forming an autophagosome and directing
it to the lysosome, which, in turn, increases cellular iron levels [20]. Thus, two selective
processes occur according to whether NCOA4 binds to iron. In cells with excess iron,
the direct binding of cytosolic iron to NCOA4 mediates its interaction with HERC2 and
subsequent degradation, and ferritin is not degraded, thus retaining its stored iron. NCOA4-
mediated iron homeostasis also facilitates ferroptosis by increasing cellular iron levels via
ferritinophagy [19,53] (Figure 2).

2.3. PCBPs

PCBPs are multifunctional proteins that regulate gene expression and bind to iron to
form delivery complexes [54]. These complexes deliver iron to other molecules requiring
iron for activation. PCBP1 and PCBP2 are essential to maintain the LIP in cells. PCBP2
interacts with DMT1 and FPN1 and directly regulates Fe2+ trafficking in and out of the
cytosol [55] (Figure 2), whereas PCBP1 plays various roles in the regulation of gene ex-
pression as a major iron chaperon [22,44,55,56]. A recent study showed that PCBP1 could
regulate ferritinophagy via the interaction between BECN1, an autophagy regulator protein,
and PCBP1. PCBP inhibited BECN1 translation by binding to the CU-rich elements in the
3′-UTR of BECN1 mRNA. This binding hampered microtubule-associated protein 1A/1B-
light chain 3 (LC3) from forming autophagosomes [44]. In addition, inhibiting PCBPs leads
to an iron shortage response because PCBPs cannot deliver iron to iron-related proteins
using iron as a cofactor. Although the extracellular iron continuously enters cells, BECN1
promotes the formation of autophagosomes to release stored iron due to the absence of iron
delivery proteins interacting with LC3 and NCOA4. In the last stage, autophagosomes fuse
lysosomes, called autolysosomes, and release iron into the cytoplasm [19]. Increased iron
can expedite the Fenton reaction, and increased ROS damages mitochondria. This aggra-
vates an iron famine because mitochondria can induce the iron starvation response [57–59].
Moreover, constitutive deletion of PCBP1 and PCBP2 genes results in early embryonic
lethality in mice [60]. Especially, PCBP1 can form a PCBP1–GSH–Fe2+ complex and balance
the level of cytosolic LIP while delivering Fe2+ to an enzyme or ferritin. This process
decreases the production of cellular ROS by the Fenton reaction [61,62] and ultimately
attenuates lipid peroxidation via NRf2 activation.
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2.4. IRP/IRE System

The IRP/IRE system consists of IRP1, IRP2, and IRE. IRP1 and IRP2 are the core
molecules responsible for iron homeostasis. IRP1 and IRP2 bind to the specific region of
target mRNAs called IREs [42]. Under iron deficiency conditions, IRP1 and IRP2 bind to
IREs in the UTRs of the iron homeostasis-related mRNAs: ferritin, FPN1, and TfR. The
binding of IRPs to the 5′-UTR of IREs in ferritin and FPN1 blocks translation initiation
by interfering with the recruitment of the small ribosomal subunit [43]. In contrast, IRPs
work differently with TfR mRNA. IRPs protect TfR mRNA from nucleolytic degradation
by binding to its 3′-UTR. These reciprocal effects boost iron uptake and repress iron efflux.
Under iron-replete conditions, the lack of interaction between IRPs and IREs increases the
synthesis of ferritin and FPN1. However, it does not decrease TfR synthesis because TfR
mRNA is degraded by endonuclease [63] (Figure 1). As a result, the iron uptake decreases,
but the export of iron increases. Meanwhile, activation of the IRP/IRE system can be
diminished by ROS. This results in iron deficiency in cells.

2.5. DMT1

DMT1 (SLC11A2) transports Fe2+ out of endosomes. Ferrireductases on the cell surface
reduce most non-Tf-bound iron and then enter the cytosol by DMT1. Expression of DMT1
is elaborately managed in an iron-dependent manner. DMT1 mRNA has the IRE region
in the 3′-UTR, and IRPs bind to IREs under iron deficiency [64]. The binding of IRPs to
IREs stabilizes DMT1 mRNA and increases DMTI1 synthesis. There is also the non-IRE-
containing region on DMT1 mRNA. Alternative splicing determines DMT1 fates, such as
DMT1-I with IRE or DMT1-II without the IRE. The DMT1-II isoform is unresponsive to post-
transcriptional regulation by intracellular iron concentration because it does not include
the IRE [65,66]. Most cells implement the Tf–TfR-mediated process to uptake iron. The
Tf–TfR complex forms an endosome with DMT1 and six-transmembrane epithelial antigen
of prostate family member 3 (Steap3), acidified to pH 5.5–6.0 via an ATP-dependent proton
pump [67]. The Tf–Fe3+ complex is released from Tf due to low pH, and then Steap3 reduces
Fe3+ to Fe2+, transferring Fe2+ into the cytosol using DMT1 [68]. This process provides cells
with Fe2+ associated with iron delivery proteins, such as PCBP1 and PCBP2, in the cytosol
(Figure 2). DMT1 contributes to the pathogenesis of Parkinson’s disease (PD). Julio et al.
suggested that DMT1 expression was increased in PD model mice and patients with PD. In
contrast, mutated DMT1 protected rodents from parkinsonism induced by treatment with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine [69]. Given
that inflammatory cytokines (e.g., TNF-α and IFN-γ) increased DMT1 expression [70],
it is reasonable for DMT1 to correlate with inflammation associated with PD develop-
ment. A study showed that glial cells, activated by inflammatory cytokines, promoted PD
progress [71]. Pioglitazone (a peroxisome proliferator-activated receptor alpha [PPAR-α]
agonist) effectively attenuated the loss of dopaminergic neurons in substantia nigra in mice
by suppressing MPTP-induced microglial activation. Interestingly, caspase inhibitors could
not inhibit the degenerative process when dopaminergic neurons were already engaged
in apoptosis or autophagic degeneration [72]. Instead, it was efficient for dopaminergic
neurons, yet arrived at the final stage [73]. This means that inhibition of DMT1-induced in-
flammation may impact cell stress during PD, and therapy mainly focuses on the preventive
aspect by regulating inflammation.

2.6. Ferritin

Ferritin is the main iron storage protein consisting of 24 subunit shells. It has two
distinct subunits with different amino acid sequences, designated as FTH1 and FTL. Ferritin
synthesis is regulated at the post-translational level through the IRP/IRE system, α-syn,
and amyloid precursor protein (APP) [74]. The efficiency of IRE binding to ferritin mRNA
is determined by iron (IRP1) and the redox status (IRP2). When iron levels are high, IRP1
forms an iron–sulfur cluster and activates aconitase. However, IRP1 loses RNA-binding
activity [75]. IRP2 does not have an iron–sulfur cluster and is regulated by the ubiquitin–
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proteosome system (UPS) by an E3 ubiquitin ligase complex [76] (Figure 1). Heme is also
known to regulate ferritin synthesis. This occurs via BTB and CNC homology 1 (Bach1)
binding and IRP2 [77]. FTH1 has a di-iron ferroxidase center that oxidizes Fe2+ to Fe3+,
whereas FTL is considered to form the nucleation site in the mineral iron core [16]. The fer-
ritin complex (FTH1 and FTL) can contain a few hundred to five thousand iron atoms [78].
Fe2+ is oxidized to Fe3+ via the ferroxidase in FTH1, and subsequently, Fe3+ moves toward
the nucleation site in FTL and is mineralized and stored. This process is important for
efficiency because iron mineralization of ferritin (specifically, FTL) can foster iron oxida-
tion and accelerate circulation between Fe2+ and Fe3+ in the ferritin complex. However,
FTL cannot oxidize Fe2+ to Fe3+ [79,80] (Figure 2). Under iron starvation conditions, the
ferritin complex releases stored iron by promoting autophagy (i.e., ferritinophagy) [19,53].
Increased iron levels help to maintain cellular iron levels and activate iron-dependent
enzymes, but excessive iron can increase ROS generation through the Fenton reaction and
ultimately induce cell death due to failure in redox control (i.e., ferroptosis) [5,81]. Dur-
ing the inflammation process, ferritin synthesis is indirectly promoted by the IL-6–signal
transducer and activator of transcription 3 (STAT3) pathway via hepcidin [82,83] (Figure 3).

IL-1β, IL-6, and TNF-α induce ferritin synthesis by increasing hepcidin transcrip-
tion [83,84]. Increased ferritin synthesis often leads to hyperferritinemia in serum [84].
The role of extracellular ferritin is still unclear, but several theories are suggested: an iron
carrier [85–87], to promote angiogenesis [88], to regulate the immune response and inflam-
matory signaling [82,89–96]. In other words, ferritin helps to decrease stress originating
from iron and to maintain a normal immune system during inflammation.

2.7. Ferroportin

FPN1 is the sole iron export protein. When iron is overloaded, FPN1 promotes iron
efflux. Fe2+ binds to the PCBP2 protein and is then transported to FPN1. This balances
cellular iron levels [47,97,98]. The degradation of FPN1 is closely related to hepcidin, as
mentioned above [47,49]. A lack of FPN1 increases the amounts of intracellular iron and
facilitates the Fenton reaction [99] (Figure 2). ROS generated by the Fenton reaction attack
PUFAs and promote lipid peroxidation by producing lipid peroxyl radicals. Eventually,
lipid peroxyl radicals lead to ferroptosis. Accordingly, the expression of FPN1 is tightly
regulated in cells [100] (Figure 4).

2.8. Neuroinflammation

Neuroinflammation in the CNS depends on specific cell types: microglia, astrocytes,
endothelial cells, and pericytes. Additionally, disruption of the blood–brain barrier leads to
the inflammatory response via macrophages [101]. Iron accumulation is identified in many
neurodegenerative diseases, including Alzheimer’s disease (AD), PD, and amyotrophic
lateral sclerosis (ALS). In these neurodegenerative diseases, inflammation is promoted
in glial cells and neurons, but there is still a lack of understanding of the role of iron in
neuroinflammation. Considering the active redox trait of iron, increased iron levels in the
intracellular space can have detrimental effects because they can produce •OH through
the Fenton reaction and subsequently damage biomolecules, causing cell death [102]. In
ferroptosis, •OH induces lipid peroxidation and promotes inflammation by activating
cyclooxygenase-2 (COX2) [103,104]. Recently, researchers have been studying the relation-
ship between ferroptosis and neurodegenerative diseases [105,106]. However, a few studies
have shown a relationship between iron and neuroinflammation.
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Figure 3. The regulation of cellular redox balance and inflammation. In redox regulation, ROS
produced by IL-6 or the Fenton reaction promotes the dissociation of Nrf2 from Keap1 and activates
Nrf2. Activated Nrf2 is translocated to the nucleus and initiates the transcription of antioxidant
enzymes and proteins requiring iron. This process protects cells from ROS. During inflammation,
ROS, DAMPs, or LPS activate NF-κB signal transduction by eliminating IκB-α via ubiquitination. NF-
κB moves to the nucleus and induces the transcription of pro-inflammatory cytokines. In this process,
inflammasomes are activated, and inflammation is increased. To prevent excessive inflammation, the
Nrf2 pathway is activated, which suppresses inflammation-related proteins, such as inflammasomes,
MIP2, MCP1, and the NF-κB pathway. Additionally, SIRT1 acts as a regulator and inhibits the
activation of NF-κB. NF-κB also regulates the activation of the uncontrolled redox system by inhibiting
Nrf2 activation. ARE, antioxidant response element; ATP, adenosine triphosphate; DAMP, damage-
associated molecular pattern; FPN1, ferroportin 1; FTH1, ferritin heavy chain; •OH, hydroxyl radical;
H2O2, hydrogen peroxide; IκB-α, nuclear factor of kappa light polypeptide gene enhancer in B-cells
inhibitor, alpha; IKKα, IκB kinase alpha; IL-1β, interleukin-1β; IL-6, interleukin-6; KEAP1, Kelch-like
ECH-associated protein 1; LPS, lipopolysaccharide; MCP1, monocyte chemoattractant protein 1;
MIP2, macrophage inflammatory protein 2; MyD88, myeloid differentiation primary response protein
88; NF-κB, nuclear factor-kappa B; Nrf2, nuclear factor erythroid 2-related factor 2; P, phosphorylation;
PCBP2, poly(rC)-binding protein 2; PIR, pirin; ROS, reactive oxygen species; SIRT1, silent information
regulator factor 2-related enzyme 1; STAT3, signal transducer and activator of transcription 3; TLR2,
Toll-like receptor 2; TLR4, Toll-like receptor 4; TNF-α, tumor necrosis factor-alpha; Ub, ubiquitin.
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Figure 4. The interplay between iron homeostasis and inflammation in AD and PD. Increased
cellular iron accelerates •OH production via the Fenton reaction. Excessive •OH increases lipid
peroxidation, producing 4-HNE and activating COX2. 4-HNE promotes α-syn aggregation and
continuously generates NFTs. These products are released to the extracellular space with the vesicles
or activate the inflammatory response in cells. Additionally, 4-HNE can induce mitochondrial
dysfunction by conjugating with mitochondrial proteins, causing electron leakage and enhancing
ROS production. Ultimately, this response leads to the activation of the Nrf2-mediated antioxidant
response. ROS can stimulate p53. p53 inhibits the NK-κB pathway and reduces ROS. However,
there is still controversy about whether p53 prevents ferroptosis. COX2 is a pro-inflammatory
enzyme. In addition, iron-binding to Aβ1-40/42 fibrils drastically promotes the production of ROS.
This damages the mitochondria and boosts ROS production. Ultimately, this cascade leads to the
NF-κB-mediated inflammatory response and inflammasome formation. Meanwhile, NQO1 facilitates
SIRT1 activation by providing more NAD+. SIRT1 promotes mitochondrial biogenesis by activating
PGC1-α. Interaction between Aβ1-40/42 and Zn2+ increases cellular iron content by blocking FPN.
α-syn, alpha-synuclein; Aβ, amyloid β; AD, Alzheimer’s disease; APP, amyloid precursor protein;
ARE, antioxidant response element; ATP, adenosine triphosphate; COX2, cyclooxygenase 2; DMT1,
divalent metal transporter 1; e−, electron; Fe2+, ferrous iron; Fe3+, ferric iron; FPN1, ferroportin
1; FTH1, ferritin heavy chain; 4-HNE, hydroxy-2,3-trans-nonenal; H2O2, hydrogen peroxide; •OH,
hydroxyl radical; IL-1β, interleukin-1β; IL-6, interleukin-6; LIP, labile iron pool; NAD+, nicotinamide
adenine dinucleotide; NQO1, NAD(P)H quinone dehydrogenase 1; NF-κB, nuclear factor-κB; NFT,
neurofibrillary tangle; Nrf2, nuclear factor erythroid 2-related factor 2; p53, tumor protein P53; PD,
Parkinson’s disease; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha;
PIR, pirin; PGs, prostaglandins; ROS, reactive oxygen species; SIRT1, silent information regulator
factor 2-related enzyme 1; Tf, transferrin; Tfr, transferrin receptor; TNF-α, tumor necrosis factor-alpha;
Zn2+, zinc ion.

2.9. NF-κB

NF-κB consists of five transcription factors; NF-κB1 (p105/p50), NF-κB2 (p100/p52),
RelA (p65), RelB, and c-Rel. Activated NF-κB participates in the inflammatory response
by promoting pro-inflammatory genes. Activation of NF-κB leads to two distinct path-
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ways: canonical and noncanonical. These two distinct pathways have different stimuli. In
the canonical pathway, inflammatory stimuli, such as cytokines, antigens, and damage-
associated molecular patterns (DAMPs), release p65/p50 dimers from IκBα, phosphorylat-
ing IκBα and degrading it through the UPS. Free p65/p50 dimers are translocated to the
nucleus, activating the transcription of NF-κB target genes [107]. The trigger is a subset of
tumor necrosis factor receptor (TNFR) superfamily members in the noncanonical pathway.
They activate NF-κB-inducing kinase (NIK), and NIK phosphorylates IκB kinase alpha
(IKKα). Following the phosphorylation cascade, p52/RelB enters the nucleus and promotes
the expression of NF-κB target genes. NF-κB signaling is important for immune cell devel-
opment [108] (Figure 3). Given that Toll-like receptors (TLRs, an inducer of inflammatory
response) of microglia are highly expressed in AD [109], it is reasonable for NF-κB to be
involved in AD progression. TLRs promote the canonical NF-κB signal transduction, which
leads to chronic inflammation in AD due to stimuli, such as cytokines and Aβ plaques [110].
Patients with PD showed increased levels of OS. Immunohistochemical analyses of brain
sections with PD showed increased activation of NF-κB, consistent with elevated levels of
OS and decreased Nrf2 activation [111]. Interestingly, Fe2+ is related to excessive abnormal
ROS generation in neuroblastoma. Fe2+ inhibits the Nrf2 signal pathway, exacerbates mito-
chondrial dysfunction, and promotes α-syn aggregation [112] (Figure 4). Recent studies
revealed that severe OS could promote α-syn proteostasis [41,113], indicating that OS in-
creased by Fe2+-induced inhibition of Nrf2 may promote neuroinflammation by interfering
with the Nrf2 countereffect on NF-κB activation in PD. In contrast, NF-κB is also known
to induce FTH1 expression. Increased FTH1 can indirectly inhibit ROS accumulation by
sequestrating iron and reducing the Fenton reaction, leading to the attenuation of apop-
tosis [114]. This process can oppose the detrimental role. The final effect of these two
opposing roles may be determined by the antioxidant level.

2.10. SIRT1

Sirtuins are class III (NAD+-dependent) histone deacetylases. In mammals, the sir-
tuin family is comprised of seven members, SIRT1–SIRT7 [115,116]. The sirtuins regulate
diverse genes through epigenetic modification. This regulation mainly involves genomic
stabilization, stress response, apoptosis, metabolism, senescence, proliferation, and inflam-
mation [117–119]. Especially, SIRT1 is well studied because of its various physiological func-
tions. SIRT1 promotes the epithelial–mesenchymal transition (EMT) process in cancer while
endowing more aggressive traits to cancer but decreasing the antioxidant system [120–123].
SIRT1 promotes neuronal fortification during neuroinflammation and neurodegenerative
diseases [124,125]. Once SIRT1 is activated, for example, by using NAD+ produced by the
enzymatic action of NAD(P)H quinone dehydrogenase 1 (NQO1), it can inhibit NF-κB by
deacetylating the p65 subunit of NF-κB and vice versa (Figure 3). Antagonistic crosstalk
between SIRT1 and NF-κB is finely regulated to maintain cellular homeostasis [126]. More-
over, several studies showed that SIRT1 weakened neuroinflammation by inhibiting the
TLR pathway. Resveratrol, a SIRT1 activator, decreased neuroinflammatory cytokines,
such as IL1β and TNF-α, and improved spatial reference memory through repression of
TLR2–myeloid differentiation primary response protein 88 (MyD88)–NF-κB signal trans-
duction [127] (Figure 3). Recent evidence demonstrated the protective effects of SIRT on
inflammation in AD and PD [128,129]. In AD, resveratrol decreases the expression of Aβ,
promotes deacetylation of the tau protein, and represses apoptosis [130–135]. Overexpres-
sion of SIRT1 in the hippocampus enhanced learning and memory by reducing Aβ and
tau in the triple-transgenic (3xTg) AD mouse model [136]. However, considering that
resveratrol is not a SIRT1-specific activator, further study is needed to show the effects of
SIRT1 on AD using a SIRT1-specific activator, SRT1720 [120]. In PD, resveratrol decreases
apoptosis by inhibiting NF-κB and degrading α-syn via deacetylation of LC3 [137–140].
Additionally, a recent study showed that SIRT1 could promote mitochondrial biogenesis by
activating peroxisome proliferator-activated receptor-gamma coactivator 1 (PGC-1) [141]
(Figure 4).
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2.11. Inflammasome

Inflammasomes are cytosolic molecular complexes that promote inflammatory re-
sponses to activate immune defenses. Inflammasomes are classified as nucleotide-binding
oligomerization-like receptor (NLR) domain and leucine-rich repeat and pyrin domain-
containing protein 1 (NLRP1), NLRP3, NLR family CARD domain-containing 4 (NLRC4),
AIM2, and pyrin inflammasomes [142]. Inflammasomes consist of the NLR protein or
AIM2-like receptor, apoptosis-associated speck-like protein containing a CARD (ASC),
and pro-caspase-1. The NLR protein can sense an intracellular signal that promotes the
formation of inflammasomes. Once inflammasomes are formed, activated caspase-1 me-
diates the catalytic cleavage and release of the pro-forms of pro-inflammatory cytokines,
such as IL-1β and IL-18 [143]. In the CNS, inflammasome formation occurs in microglia,
neurons, and astrocytes. Especially, NLRP3 inflammasome plays a crucial role in the
neuroinflammation response [144]. NLRP3 inflammasome and NLRP3-dependent inflam-
matory cytokines are found in the periphery plasma of patients with PD [145]. Aggregated
α-syn released from neurons can interact with TLRs in microglia, which activates NLRP3
inflammasome in microglia. In turn, NF-κB is translocated to the nucleus, leading to an
increase in pro-inflammatory cytokines. Furthermore, pathological α-syn impairs mito-
chondrial homeostasis, interfering with protein transport via the translocase of the outer
membrane (TOM) receptor, such as TOM20, and inhibiting SIRT3 activation in the mi-
tochondria of microglia [146]. Meanwhile, mitochondrial ROS activates nicotinamide
adenine dinucleotide phosphate oxidase 2 (NOX2) in microglia, resulting in microglial
activation and neurotoxicity [147], ultimately leading to neuroinflammation and neuronal
dysfunction [148–150]. However, another study reported that macrophages could regulate
the inflammatory response via the NF-κB–p62-mitophagy pathway (a type of autophagy).
NF-κB promotes p62 activation, an adaptor that binds polyubiquitinated proteins and helps
to form autophagosomes [37]. Mitophagy eliminates damaged mitochondria, restrains
NLRP3 activation, and, ultimately, attenuates the inflammatory response [151]. In AD,
there are two main inflammasome activation pathways: the MYD88-dependent pathway
(signal 1) and the ATP-dependent pathway (signal 2). The MYD88-dependent pathway
utilizes DAMPs as a trigger. DAMPs stimulate NF-κB activation via TLRs in microglia
(Figure 3). This increases the production of pro-inflammatory cytokines and facilitates the
formation of inflammasomes. Activated inflammasomes trim pro-inflammatory cytokines
into active forms. IL-1β is intimately linked to the pathogenesis of AD. Among other
pro-inflammatory cytokines, IL-1β levels are increased in patients with AD. In signal 2,
P2X purinergic receptor 7 (P2X7R), a trimeric ATP-gated cation channel, is a protagonist
in forming inflammasomes. A study reported that P2X7R is related to chronic inflamma-
tory neurological disorders [152]. P2X7R was highly expressed in immune cells, such as
macrophages, mast cells, microglia, and oligodendrocytes, but to a lesser extent in astro-
cytes and neurons. In high-ATP conditions, P2X7R was activated, promoting the activation
of inflammasomes [153].

2.12. NRF2

Nrf2 is known as a master regulator of cytoprotection against oxidative and xenobi-
otic stresses [154]. Nrf2 is a ubiquitously expressed redox-sensitive transcription factor
with an important role in redox homeostasis and cell inflammation. Nrf2 promotes the
expression of antioxidant enzymes and anti-inflammatory molecules [155–157]. Under
normal conditions, Nrf2 is maintained at low basal levels in the cytoplasm because of its
degradation by the UPS. In a normal state, Kelch-like ECH-associated protein 1 (Keap1),
an adaptor protein for a cullin 3 (Cul3)-based ubiquitin E3 ligase, tightly binds to Nrf2,
targeting Nrf2 for degradation by the proteasome [158–160]. However, OS and Nrf2-
inducing chemicals reduce the E3 ligase activity of the Keap1–Cul3 complex and liberate
Nrf2 from the Nrf2–Keap1 complex. This stabilizes Nrf2 against degradation, and Nrf2
is translocated to the nucleus. Continuously, Nrf2 binds to the antioxidant response el-
ement (ARE) that has the promoter for transcription of phase II detoxifying antioxidant
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enzymes. Once Nrf2 binds to the ARE motif, antioxidant enzymes are transcribed, and
cellular antioxidant systems are simultaneously activated to protect cells from harmful
molecules [161,162] (Figure 3). Activation of antioxidants is intertwined with inflammation.
They block inflammatory mediators, including IL-6, TNF-α, monocyte chemoattractant
protein 1 (MCP1), and macrophage inflammatory protein 2 (MIP2) [163]. This process is
important in the progression of neurodegenerative diseases. A study showed that inflam-
matory markers, such as inducible nitric oxide synthase (iNOS), TNF-α, and IL-6, were
increased in the hippocampus of Nrf2-knockout mice [164]. Despite its anti-inflammatory
role, Nrf2 has Janus-like roles. On the one hand, Nrf2 inhibits NLRP3 inflammasome by
increasing the expression of NQO1, one of the antioxidant enzymes induced by Nrf2, in
macrophages [165,166]. On the other hand, Nrf2 has been shown to activate NLRP3 and
AIM2 inflammasomes [167]. However, many studies demonstrated that Nrf2 negatively
regulated NF-κB and vice versa. Nrf2 negatively influenced NF-κB-induced inflammation
in three aspects: degradation of IKKβ by Keap1 [168], inhibition of OS by activation of Nrf2
induced by the cyclopentenone prostaglandin 15d-PGJ2 [169], and forming a complex with
the competitive Nrf2 transcriptional coactivator CREB-binding protein (CBP) [170,171]. The
result of three aspects ends in the inactivation of NF-κB. Furthermore, Nrf2-induced heme
oxygenase 1 (HO-1) prohibited the translocation of NF-κB to the nucleus [172]. The disease
phase affects the Nrf2 response. In the frontal cortex of patients with AD, NQO1 activity
was increased during the initial stages of AD but reduced or maintained in the latter stage
of AD [173]. This inducible cellular defense system helps cells resist unfavorable environ-
ments. In PD, Nrf2 can effectively reduce α-syn aggregation [174], whereas Nrf2 deficiency
leads to increased α-syn aggregation, loss of neurons, and enhanced inflammation [175]
(Figure 4).

Nrf2 is also closely associated with iron metabolism [176–178]. Nrf2 coordinates iron
homeostasis within LIPs. Especially, Nrf2 promotes ferritin expression. Nrf2-deficient mice
showed lower basal FTH1 and FTL levels than wild-type mice [179,180]. The regulation
mechanism was uncovered by Pietsch et al. They proved that Nrf2 is directly bound to
the ARE on FTH1 mRNA [181], suggesting that Nrf2 activation promotes iron storage and
reduces labile iron levels by boosting ferritin expression. Meanwhile, Nrf2 is also involved
in FPN1 expression. Nrf2 activation may displace Bach1 and inhibit the transcription of
HO-1 and FPN1 genes through direct DNA binding [182]. Other studies suggested that
Nrf2 activators (e.g., diethyl malate, sulforaphane) could increase FPN1 mRNA in murine
macrophages in an iron-independent manner. Interaction between Nrf2 and FPN1 helped
macrophages to offset the suppression of FPN1 mRNA expression following lipopolysac-
charide (LPS) treatment [183]. Furthermore, Nrf2 increases pirin (PIR) transcription. PIR is
known to regulate NF-κB transcriptional signaling and has an enzymatic redox function.
Activation of PIR requires iron as a cofactor to form a PIR–iron complex. The PIR–iron
complex alters the allosteric capability of NF-κB to bind to DNA [184,185]. Ultimately, the
PIR–iron–NF-κB complex increases the NF-κB transcription of target genes (Figure 4). Nrf2
knockdown in HeLa cells reduced PIR expression, whereas Nfr2 overexpression increased
the PIR mRNA level by 30% compared to the control [186]. Overall, Nrf2 activation plays a
key role in cellular iron homeostasis and helps protect cells from oxidative damage.

3. Conclusions and Perspectives

Iron homeostasis is critical for the functioning of cells and organisms. Impairment of
iron homeostasis can have devastating effects on human health. Ferroptosis induced by an
imbalanced iron level emphasizes the importance of iron homeostasis. ROS generated by
the Fenton reaction stimulate cellular antioxidant systems. However, cell damage occurs
when the ROS burden exceeds the capacity of the antioxidant systems. Increased IL-6 in
the immune response promotes the interaction between hepcidin and FPN1. This response
inhibits the utilization of iron, an essential element of antigens. However, this process
accelerates detrimental effects by promoting iron uptake instead of enhancing the immune
system in extracellular space. Cellular iron shortage can also facilitate iron uptake through
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the DMT1–Tf–TfR complex and stimulates ferritinophagy via NCOA4. Increased intra-
cellular iron is transferred to iron-dependent enzymes and inhibits ferritin (FTH1/FTL)
turnover through PCBPs. Nevertheless, excessive iron can accelerate the Fenton reaction
and lead to excessive ROS generation, boosting inflammation and cellular damage. Cells
initiate the transcription of antioxidants using the Nrf2–ARE pathway to hinder severe
injury. In this respect, the IRP/IRE system has a crucial role in the relationship between iron
homeostasis and inflammation. Activation of Nrf2 inhibits the NF-κB pathway by prevent-
ing the degradation of IκB-α. This hinders the translocation of NF-κB to the nucleus and
the transcription of pro-inflammatory cytokines. Prolonged activation of NF-κB promotes
chronic inflammation and OS. In AD, Aβ1–40/42 binds to redox-active metal ions (Cu2+,
Zn2+, and Fe2+) to form Aβ oligomers and, ultimately, Aβ fibrils (components of amyloid
plaques). In forming Aβ–metal ions complex, OS and APP increase the cellular iron influx.
Interestingly, AD progression is related to ferroptosis. In ferroptosis, iron promotes iron-
based lipid peroxidation and ultimately produces 4-HNE. Continuously, 4-HNE induces
tau protein aggregation, producing NFTs through modifying tau conformation. Moreover,
4-HNE can conjugate with mitochondrial proteins involved in energy production. This con-
jugation results in a conformational change and increases electron leakage from the electron
transport chain, causing ROS generation. Consequently, this decreases ATP production
and increases the level of OS due to mitochondrial dysfunction. In addition, COX2 is
activated during ferroptosis and promotes inflammation. In the initial stage of PD, 4-HNE
promotes α-syn aggregation. Suppression of the Nrf2 pathway by Fe2+ may promote OS
and α-syn aggregation due to increased OS in PD. Iron-associated ROS production also
facilitates inflammasome formation via NF-κB or P2X purinoceptor 7 (P2XR7) activation.
Considering the importance of the antioxidant system, NAD(P)H-dependent enzymes may
also be involved in regulating iron-induced inflammation. Enzymes requiring NAD(P)H
possess antioxidant properties and a role as an energy provider. As an energy provider, a
representative enzyme is NQO1. NQO1 increases NAD+ and activates SIRT1. Activated
SIRT1 can inhibit NF-κB via deacetylation of p65. This process may decrease OS and
inflammation. In addition, PGC-1 activation by SIRT1 may compensate for the loss of
mitochondria by promoting mitochondrial biogenesis. This may offer a practical benefit for
patients with mitochondria dysfunction.

The relationship between iron and cell death has been known for over 30 years,
but advanced research on the mechanism of iron-dependent cell death has recently been
achieved in the cancer field. New findings will help to understand iron and diseases.
Thus, the interplay between iron, cell death, and inflammation in neurobiology needs
to be re-examined considering recent findings. The imbalance of iron homeostasis and
excessive inflammation can cause detrimental effects on cells, highlighting the importance
of their regulation. Many studies mainly focus on inflammation or the relationship between
iron homeostasis and OS because iron-dependent cell death has actively been studied.
Iron homeostasis is intimately associated with inflammation. However, the interaction
of each molecule will need further study to understand the exact connection between
them. Furthermore, considering that many molecules require energy for activation, further
examination of iron homeostasis and inflammation is needed from the viewpoint of energy
metabolism. This will improve the understanding of neurodegenerative diseases.
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Abbreviations

α-syn alpha-synuclein
Aβ amyloid-beta
AD Alzheimer’s disease
ALOX15 arachidonate 15-lipoxygenase
ALS amyotrophic lateral sclerosis
APP amyloid precursor protein
ARE antioxidant response element
ASC apoptosis-associated speck-like protein containing a CARD
ATP adenosine triphosphate
Bach1 BTB and CNC homology 1
BECN1 beclin 1
BMP bone morphogenetic protein
CNS central nervous system
COX2 cyclooxygenase-2
CRB CREB-binding protein
DAMP damage-associated molecular pattern
DcytB duodenal cytochrome B
DMT1 divalent metal transporter 1
e− electron
EMT epithelial–mesenchymal transition
Fe2+ ferrous iron
Fe3+ ferric iron
FPN1 ferroportin 1
FTH1 ferritin heavy chain
FTL ferritin light chain
GSH glutathione
4-HNE 4-hydroxy-2,3-trans-nonenal
HEPH hephaestin
HERC2 HECT domain and RCC1-like domain 2
HMOX-1 heme oxygenase
H2O2 hydrogen peroxide
HO-1 heme oxygenase-1
IκB-α nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha
IKKα IκB kinase alpha
IL interleukin
iNOS inducible nitric oxide synthase
IRE iron-responsive element
IRP iron-regulatory protein
KEAP1 Kelch-like ECH-associated protein 1
LC3 microtubule-associated protein 1A/1B-light chain 3
LIP labile iron pool
LPS lipopolysaccharide
MCP1 monocyte chemoattractant protein 1
MIP2 macrophage inflammatory protein 2
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MyD88 myeloid differentiation primary response protein 88
NAD+ nicotinamide adenine dinucleotide
NCOA4 nuclear receptor coactivator 4
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
NFT neurofibrillary tangle
NIK NF-κB-inducing kinase
NLRP nucleotide-binding domain and leucine-rich repeat and pyrin domain-containing protein
NOX2 nicotinamide adenine dinucleotide phosphate oxidase 2
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NQO1 NAD(P)H quinone dehydrogenase 1
Nrf2 nuclear factor erythroid 2-related factor 2
•OH hydroxyl radical
OS oxidative stress
P phosphorylation
P2X7R P2X purinergic receptor 7
p53 tumor protein P53
PCBP poly(rC)-binding protein
PD Parkinson’s disease
PGC-1α peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PIR pirin
PPAR peroxisome proliferator-activated receptor
PGs prostaglandins
PUFA polyunsaturated fatty acid
ROS reactive oxygen species
SIRT1 silent information regulator factor 2-related enzyme 1
STAT3 signal transducer and activator of transcription 3
Steap3 six-transmembrane epithelial antigen of prostate family member 3
SMAD suppressor of mothers against the decapentaplegic
Tf transferrin
TfR transferrin receptor
TLR Toll-like receptor
TNF-α tumor necrosis factor-α
TNFR tumor necrosis factor receptor
TOM20 translocase of the outer membrane 20
Ub ubiquitin
UPS ubiquitin–proteosome system
UTR untranslated region
Zn2+ zinc ion

References
1. Drayer, B.; Burger, P.; Darwin, R.; Riederer, S.; Herfkens, R.; Johnson, G.A. MRI of brain iron. AJR Am. J. Roentgenol. 1986, 147,

103–110. [CrossRef] [PubMed]
2. Bartzokis, G.; Tishler, T.A.; Lu, P.H.; Villablanca, P.; Altshuler, L.L.; Carter, M.; Huang, D.; Edwards, N.; Mintz, J. Brain ferritin

iron may influence age- and gender-related risks of neurodegeneration. Neurobiol. Aging 2007, 28, 414–423. [CrossRef] [PubMed]
3. Cornelissen, A.; Guo, L.; Sakamoto, A.; Virmani, R.; Finn, A.V. New insights into the role of iron in inflammation and atheroscle-

rosis. EBioMedicine 2019, 47, 598–606. [CrossRef]
4. Kernan, K.F.; Carcillo, J.A. Hyperferritinemia and inflammation. Int. Immunol. 2017, 29, 401–409. [CrossRef] [PubMed]
5. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.; Cantley, A.M.; Yang,

W.S.; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060–1072. [CrossRef]
6. Chen, X.; Li, J.; Kang, R.; Klionsky, D.J.; Tang, D. Ferroptosis: Machinery and regulation. Autophagy 2021, 17, 2054–2081. [CrossRef]
7. Wolozin, B.; Golts, N. Iron and Parkinson’s disease. Neuroscientist 2002, 8, 22–32. [CrossRef]
8. Liu, J.L.; Fan, Y.G.; Yang, Z.S.; Wang, Z.Y.; Guo, C. Iron and Alzheimer’s Disease: From Pathogenesis to Therapeutic Implications.

Front. Neurosci. 2018, 12, 632. [CrossRef]
9. Rouault, T.A. Iron metabolism in the CNS: Implications for neurodegenerative diseases. Nat. Rev. Neurosci. 2013, 14, 551–564.

[CrossRef]
10. Meyer, E.; Kurian, M.A.; Hayflick, S.J. Neurodegeneration with Brain Iron Accumulation: Genetic Diversity and Pathophysiologi-

cal Mechanisms. Annu. Rev. Genomics Hum. Genet. 2015, 16, 257–279. [CrossRef]
11. Reinert, A.; Morawski, M.; Seeger, J.; Arendt, T.; Reinert, T. Iron concentrations in neurons and glial cells with estimates on ferritin

concentrations. BMC Neurosci. 2019, 20, 25. [CrossRef] [PubMed]
12. Zucca, F.A.; Basso, E.; Cupaioli, F.A.; Ferrari, E.; Sulzer, D.; Casella, L.; Zecca, L. Neuromelanin of the human substantia nigra: An

update. Neurotox. Res. 2014, 25, 13–23. [CrossRef] [PubMed]
13. Daher, R.; Manceau, H.; Karim, Z. Iron metabolism and the role of the iron-regulating hormone hepcidin in health and disease.

Presse. Med. 2017, 46, e272–e278. [CrossRef] [PubMed]
14. Finch, C.A.; Huebers, H. Perspectives in iron metabolism. N. Engl. J. Med. 1982, 306, 1520–1528. [CrossRef] [PubMed]
15. Vogt, A.S.; Arsiwala, T.; Mohsen, M.; Vogel, M.; Manolova, V.; Bachmann, M.F. On Iron Metabolism and Its Regulation. Int. J. Mol.

Sci. 2021, 22, 4591. [CrossRef]
16. Crichton, R. Iron Metabolism-From Molecular Mechanisms to Clinical Consequences; Wiley and Sons, Ltd.: Chichester, UK, 2009.

https://doi.org/10.2214/ajr.147.1.103
https://www.ncbi.nlm.nih.gov/pubmed/3487201
https://doi.org/10.1016/j.neurobiolaging.2006.02.005
https://www.ncbi.nlm.nih.gov/pubmed/16563566
https://doi.org/10.1016/j.ebiom.2019.08.014
https://doi.org/10.1093/intimm/dxx031
https://www.ncbi.nlm.nih.gov/pubmed/28541437
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1080/15548627.2020.1810918
https://doi.org/10.1177/107385840200800107
https://doi.org/10.3389/fnins.2018.00632
https://doi.org/10.1038/nrn3453
https://doi.org/10.1146/annurev-genom-090314-025011
https://doi.org/10.1186/s12868-019-0507-7
https://www.ncbi.nlm.nih.gov/pubmed/31142282
https://doi.org/10.1007/s12640-013-9435-y
https://www.ncbi.nlm.nih.gov/pubmed/24155156
https://doi.org/10.1016/j.lpm.2017.10.006
https://www.ncbi.nlm.nih.gov/pubmed/29129410
https://doi.org/10.1056/NEJM198206243062504
https://www.ncbi.nlm.nih.gov/pubmed/7043270
https://doi.org/10.3390/ijms22094591


Antioxidants 2023, 12, 918 16 of 22

17. Theil, E.C. Iron, ferritin, and nutrition. Annu. Rev. Nutr. 2004, 24, 327–343. [CrossRef]
18. Macara, I.G.; Hoy, T.G.; Harrison, P.M. The formation of ferritin from apoferritin. Kinetics and mechanism of iron uptake. Biochem.

J. 1972, 126, 151–162. [CrossRef]
19. Hou, W.; Xie, Y.; Song, X.; Sun, X.; Lotze, M.T.; Zeh, H.J., 3rd; Kang, R.; Tang, D. Autophagy promotes ferroptosis by degradation

of ferritin. Autophagy 2016, 12, 1425–1428. [CrossRef]
20. Mancias, J.D.; Pontano Vaites, L.; Nissim, S.; Biancur, D.E.; Kim, A.J.; Wang, X.; Liu, Y.; Goessling, W.; Kimmelman, A.C.; Harper,

J.W. Ferritinophagy via NCOA4 is required for erythropoiesis and is regulated by iron dependent HERC2-mediated proteolysis.
Elife 2015, 4, e10308. [CrossRef]

21. Leidgens, S.; Bullough, K.Z.; Shi, H.; Li, F.; Shakoury-Elizeh, M.; Yabe, T.; Subramanian, P.; Hsu, E.; Natarajan, N.; Nandal, A.;
et al. Each member of the poly-r(C)-binding protein 1 (PCBP) family exhibits iron chaperone activity toward ferritin. J. Biol. Chem.
2013, 288, 17791–17802. [CrossRef]

22. Shi, H.; Bencze, K.Z.; Stemmler, T.L.; Philpott, C.C. A cytosolic iron chaperone that delivers iron to ferritin. Science 2008, 320,
1207–1210. [CrossRef]

23. Philpott, C.C.; Ryu, M.S.; Frey, A.; Patel, S. Cytosolic iron chaperones: Proteins delivering iron cofactors in the cytosol of
mammalian cells. J. Biol. Chem. 2017, 292, 12764–12771. [CrossRef] [PubMed]

24. Johnson, D.C.; Dean, D.R.; Smith, A.D.; Johnson, M.K. Structure, function, and formation of biological iron-sulfur clusters. Annu.
Rev. Biochem. 2005, 74, 247–281. [CrossRef] [PubMed]

25. Koppenol, W.H.; Hider, R.H. Iron and redox cycling. Do’s and don’ts. Free. Radic. Biol. Med. 2019, 133, 3–10. [CrossRef] [PubMed]
26. Torti, S.V.; Torti, F.M. Iron: The cancer connection. Mol. Asp. Med. 2020, 75, 100860. [CrossRef]
27. Yang, W.S.; SriRamaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, J.H.; Clemons, P.A.; Shamji, A.F.;

Clish, C.B.; et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 2014, 156, 317–331. [CrossRef] [PubMed]
28. Ahlgren-Beckendorf, J.A.; Reising, A.M.; Schander, M.A.; Herdler, J.W.; Johnson, J.A. Coordinate regulation of NAD(P)H:quinone

oxidoreductase and glutathione-S-transferases in primary cultures of rat neurons and glia: Role of the antioxidant/electrophile
responsive element. Glia 1999, 25, 131–142. [CrossRef]

29. Kennedy, K.A.; Sandiford, S.D.; Skerjanc, I.S.; Li, S.S. Reactive oxygen species and the neuronal fate. Cell. Mol. Life Sci. 2012, 69,
215–221. [CrossRef]

30. Vieira, H.L.; Alves, P.M.; Vercelli, A. Modulation of neuronal stem cell differentiation by hypoxia and reactive oxygen species.
Prog. Neurobiol. 2011, 93, 444–455. [CrossRef]

31. Wilson, C.; Munoz-Palma, E.; Gonzalez-Billault, C. From birth to death: A role for reactive oxygen species in neuronal develop-
ment. Semin. Cell Dev. Biol. 2018, 80, 43–49. [CrossRef]

32. Dringen, R.; Pawlowski, P.G.; Hirrlinger, J. Peroxide detoxification by brain cells. J. Neurosci. Res. 2005, 79, 157–165. [CrossRef]
[PubMed]

33. Hirrlinger, J.; Schulz, J.B.; Dringen, R. Glutathione release from cultured brain cells: Multidrug resistance protein 1 mediates the
release of GSH from rat astroglial cells. J. Neurosci. Res. 2002, 69, 318–326. [CrossRef] [PubMed]

34. Sun, X.; Ou, Z.; Chen, R.; Niu, X.; Chen, D.; Kang, R.; Tang, D. Activation of the p62-Keap1-NRF2 pathway protects against
ferroptosis in hepatocellular carcinoma cells. Hepatology 2016, 63, 173–184. [CrossRef] [PubMed]

35. Stephenson, J.; Nutma, E.; van der Valk, P.; Amor, S. Inflammation in CNS neurodegenerative diseases. Immunology 2018, 154,
204–219. [CrossRef] [PubMed]

36. Karin, M.; Yamamoto, Y.; Wang, Q.M. The IKK NF-kappa B system: A treasure trove for drug development. Nat. Rev. Drug Discov.
2004, 3, 17–26. [CrossRef]

37. Komatsu, M.; Kageyama, S.; Ichimura, Y. p62/SQSTM1/A170: Physiology and pathology. Pharmacol. Res. 2012, 66, 457–462.
[CrossRef]

38. Di Filippo, M.; Chiasserini, D.; Tozzi, A.; Picconi, B.; Calabresi, P. Mitochondria and the link between neuroinflammation and
neurodegeneration. J. Alzheimers Dis. 2010, 20 (Suppl. 2), S369–S379. [CrossRef]

39. Gow, A.J.; Duran, D.; Malcolm, S.; Ischiropoulos, H. Effects of peroxynitrite-induced protein modifications on tyrosine phospho-
rylation and degradation. FEBS Lett. 1996, 385, 63–66. [CrossRef]

40. Liu, Q.; Smith, M.A.; Avila, J.; DeBernardis, J.; Kansal, M.; Takeda, A.; Zhu, X.; Nunomura, A.; Honda, K.; Moreira, P.I.; et al.
Alzheimer-specific epitopes of tau represent lipid peroxidation-induced conformations. Free Radic. Biol. Med. 2005, 38, 746–754.
[CrossRef]

41. Bae, E.J.; Ho, D.H.; Park, E.; Jung, J.W.; Cho, K.; Hong, J.H.; Lee, H.J.; Kim, K.P.; Lee, S.J. Lipid peroxidation product 4-hydroxy-2-
nonenal promotes seeding-capable oligomer formation and cell-to-cell transfer of alpha-synuclein. Antioxid. Redox Signal. 2013,
18, 770–783. [CrossRef]

42. Kuhn, L.C. Iron regulatory proteins and their role in controlling iron metabolism. Metallomics 2015, 7, 232–243. [CrossRef]
[PubMed]

43. Muckenthaler, M.; Gray, N.K.; Hentze, M.W. IRP-1 binding to ferritin mRNA prevents the recruitment of the small ribosomal
subunit by the cap-binding complex eIF4F. Mol. Cell 1998, 2, 383–388. [CrossRef]

44. Lee, J.; You, J.H.; Roh, J.L. Poly(rC)-binding protein 1 represses ferritinophagy-mediated ferroptosis in head and neck cancer.
Redox Biol. 2022, 51, 102276. [CrossRef] [PubMed]

https://doi.org/10.1146/annurev.nutr.24.012003.132212
https://doi.org/10.1042/bj1260151
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.7554/eLife.10308
https://doi.org/10.1074/jbc.M113.460253
https://doi.org/10.1126/science.1157643
https://doi.org/10.1074/jbc.R117.791962
https://www.ncbi.nlm.nih.gov/pubmed/28615454
https://doi.org/10.1146/annurev.biochem.74.082803.133518
https://www.ncbi.nlm.nih.gov/pubmed/15952888
https://doi.org/10.1016/j.freeradbiomed.2018.09.022
https://www.ncbi.nlm.nih.gov/pubmed/30236787
https://doi.org/10.1016/j.mam.2020.100860
https://doi.org/10.1016/j.cell.2013.12.010
https://www.ncbi.nlm.nih.gov/pubmed/24439385
https://doi.org/10.1002/(SICI)1098-1136(19990115)25:2&lt;131::AID-GLIA4&gt;3.0.CO;2-6
https://doi.org/10.1007/s00018-011-0807-2
https://doi.org/10.1016/j.pneurobio.2011.01.007
https://doi.org/10.1016/j.semcdb.2017.09.012
https://doi.org/10.1002/jnr.20280
https://www.ncbi.nlm.nih.gov/pubmed/15573410
https://doi.org/10.1002/jnr.10308
https://www.ncbi.nlm.nih.gov/pubmed/12125073
https://doi.org/10.1002/hep.28251
https://www.ncbi.nlm.nih.gov/pubmed/26403645
https://doi.org/10.1111/imm.12922
https://www.ncbi.nlm.nih.gov/pubmed/29513402
https://doi.org/10.1038/nrd1279
https://doi.org/10.1016/j.phrs.2012.07.004
https://doi.org/10.3233/JAD-2010-100543
https://doi.org/10.1016/0014-5793(96)00347-X
https://doi.org/10.1016/j.freeradbiomed.2004.11.005
https://doi.org/10.1089/ars.2011.4429
https://doi.org/10.1039/C4MT00164H
https://www.ncbi.nlm.nih.gov/pubmed/25306858
https://doi.org/10.1016/S1097-2765(00)80282-8
https://doi.org/10.1016/j.redox.2022.102276
https://www.ncbi.nlm.nih.gov/pubmed/35290903


Antioxidants 2023, 12, 918 17 of 22

45. Ganz, T. Hepcidin, a key regulator of iron metabolism and mediator of anemia of inflammation. Blood 2003, 102, 783–788.
[CrossRef] [PubMed]

46. Nicolas, G.; Viatte, L.; Bennoun, M.; Beaumont, C.; Kahn, A.; Vaulont, S. Hepcidin, a new iron regulatory peptide. Blood Cells Mol.
Dis. 2002, 29, 327–335. [CrossRef] [PubMed]

47. Nemeth, E.; Tuttle, M.S.; Powelson, J.; Vaughn, M.B.; Donovan, A.; Ward, D.M.; Ganz, T.; Kaplan, J. Hepcidin regulates cellular
iron efflux by binding to ferroportin and inducing its internalization. Science 2004, 306, 2090–2093. [CrossRef]

48. Hawula, Z.J.; Wallace, D.F.; Subramaniam, V.N.; Rishi, G. Therapeutic Advances in Regulating the Hepcidin/Ferroportin Axis.
Pharmaceuticals 2019, 12, 170. [CrossRef]

49. Ganz, T.; Nemeth, E. Iron sequestration and anemia of inflammation. Semin. Hematol. 2009, 46, 387–393. [CrossRef]
50. Nemeth, E.; Rivera, S.; Gabayan, V.; Keller, C.; Taudorf, S.; Pedersen, B.K.; Ganz, T. IL-6 mediates hypoferremia of inflammation

by inducing the synthesis of the iron regulatory hormone hepcidin. J. Clin. Investig. 2004, 113, 1271–1276. [CrossRef]
51. Nakamura, T.; Naguro, I.; Ichijo, H. Iron homeostasis and iron-regulated ROS in cell death, senescence and human diseases.

Biochim. Biophys. Acta Gen. Subj. 2019, 1863, 1398–1409. [CrossRef]
52. Wincup, C.; Sawford, N.; Rahman, A. Pathological mechanisms of abnormal iron metabolism and mitochondrial dysfunction in

systemic lupus erythematosus. Expert Rev. Clin. Immunol. 2021, 17, 957–967. [CrossRef]
53. Gao, M.; Monian, P.; Pan, Q.; Zhang, W.; Xiang, J.; Jiang, X. Ferroptosis is an autophagic cell death process. Cell Res. 2016, 26,

1021–1032. [CrossRef] [PubMed]
54. Yanatori, I.; Richardson, D.R.; Toyokuni, S.; Kishi, F. The new role of poly (rC)-binding proteins as iron transport chaperones:

Proteins that could couple with inter-organelle interactions to safely traffic iron. Biochim. Biophys. Acta Gen. Subj. 2020, 1864,
129685. [CrossRef] [PubMed]

55. Philpott, C.C.; Jadhav, S. The ins and outs of iron: Escorting iron through the mammalian cytosol. Free Radic. Biol. Med. 2019, 133,
112–117. [CrossRef] [PubMed]

56. Patel, S.J.; Protchenko, O.; Shakoury-Elizeh, M.; Baratz, E.; Jadhav, S.; Philpott, C.C. The iron chaperone and nucleic acid-binding
activities of poly(rC)-binding protein 1 are separable and independently essential. Proc. Natl. Acad. Sci. USA 2021, 118,
e2104666118. [CrossRef]

57. Lee, J.; You, J.H.; Shin, D.; Roh, J.L. Inhibition of Glutaredoxin 5 predisposes Cisplatin-resistant Head and Neck Cancer Cells to
Ferroptosis. Theranostics 2020, 10, 7775–7786. [CrossRef]

58. Yuan, H.; Li, X.; Zhang, X.; Kang, R.; Tang, D. CISD1 inhibits ferroptosis by protection against mitochondrial lipid peroxidation.
Biochem. Biophys. Res. Commun. 2016, 478, 838–844. [CrossRef]

59. Kim, E.H.; Shin, D.; Lee, J.; Jung, A.R.; Roh, J.L. CISD2 inhibition overcomes resistance to sulfasalazine-induced ferroptotic cell
death in head and neck cancer. Cancer Lett. 2018, 432, 180–190. [CrossRef]

60. Ghanem, L.R.; Kromer, A.; Silverman, I.M.; Chatterji, P.; Traxler, E.; Penzo-Mendez, A.; Weiss, M.J.; Stanger, B.Z.; Liebhaber, S.A.
The Poly(C) Binding Protein Pcbp2 and Its Retrotransposed Derivative Pcbp1 Are Independently Essential to Mouse Development.
Mol. Cell. Biol. 2016, 36, 304–319. [CrossRef]

61. Winterbourn, C.C. Toxicity of iron and hydrogen peroxide: The Fenton reaction. Toxicol. Lett. 1995, 82, 969–974. [CrossRef]
62. Hoes, M.F.; Grote Beverborg, N.; Kijlstra, J.D.; Kuipers, J.; Swinkels, D.W.; Giepmans, B.N.G.; Rodenburg, R.J.; van Veldhuisen, D.J.;

de Boer, R.A.; van der Meer, P. Iron deficiency impairs contractility of human cardiomyocytes through decreased mitochondrial
function. Eur. J. Heart Fail. 2018, 20, 910–919. [CrossRef] [PubMed]

63. Yoshinaga, M.; Nakatsuka, Y.; Vandenbon, A.; Ori, D.; Uehata, T.; Tsujimura, T.; Suzuki, Y.; Mino, T.; Takeuchi, O. Regnase-1
Maintains Iron Homeostasis via the Degradation of Transferrin Receptor 1 and Prolyl-Hydroxylase-Domain-Containing Protein 3
mRNAs. Cell Rep. 2017, 19, 1614–1630. [CrossRef]

64. Leibold, E.A.; Munro, H.N. Cytoplasmic protein binds in vitro to a highly conserved sequence in the 5’ untranslated region of
ferritin heavy- and light-subunit mRNAs. Proc. Natl. Acad. Sci. USA 1988, 85, 2171–2175. [CrossRef] [PubMed]

65. Tabuchi, M.; Yoshimori, T.; Yamaguchi, K.; Yoshida, T.; Kishi, F. Human NRAMP2/DMT1, which mediates iron transport across
endosomal membranes, is localized to late endosomes and lysosomes in HEp-2 cells. J. Biol. Chem. 2000, 275, 22220–22228.
[CrossRef]

66. Lee, P.L.; Gelbart, T.; West, C.; Halloran, C.; Beutler, E. The human Nramp2 gene: Characterization of the gene structure,
alternative splicing, promoter region and polymorphisms. Blood Cells Mol. Dis. 1998, 24, 199–215. [CrossRef]

67. Van Weert, A.W.; Dunn, K.W.; Geuze, H.J.; Maxfield, F.R.; Stoorvogel, W. Transport from late endosomes to lysosomes, but not
sorting of integral membrane proteins in endosomes, depends on the vacuolar proton pump. J. Cell Biol. 1995, 130, 821–834.
[CrossRef]

68. Ohgami, R.S.; Campagna, D.R.; Greer, E.L.; Antiochos, B.; McDonald, A.; Chen, J.; Sharp, J.J.; Fujiwara, Y.; Barker, J.E.; Fleming,
M.D. Identification of a ferrireductase required for efficient transferrin-dependent iron uptake in erythroid cells. Nat. Genet. 2005,
37, 1264–1269. [CrossRef] [PubMed]

69. Salazar, J.; Mena, N.; Hunot, S.; Prigent, A.; Alvarez-Fischer, D.; Arredondo, M.; Duyckaerts, C.; Sazdovitch, V.; Zhao, L.; Garrick,
L.M.; et al. Divalent metal transporter 1 (DMT1) contributes to neurodegeneration in animal models of Parkinson’s disease. Proc.
Natl. Acad. Sci. USA 2008, 105, 18578–18583. [CrossRef]

70. Wang, X.; Garrick, M.D.; Yang, F.; Dailey, L.A.; Piantadosi, C.A.; Ghio, A.J. TNF, IFN-gamma, and endotoxin increase expression
of DMT1 in bronchial epithelial cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 2005, 289, L24–L33. [CrossRef]

https://doi.org/10.1182/blood-2003-03-0672
https://www.ncbi.nlm.nih.gov/pubmed/12663437
https://doi.org/10.1006/bcmd.2002.0573
https://www.ncbi.nlm.nih.gov/pubmed/12547223
https://doi.org/10.1126/science.1104742
https://doi.org/10.3390/ph12040170
https://doi.org/10.1053/j.seminhematol.2009.06.001
https://doi.org/10.1172/JCI200420945
https://doi.org/10.1016/j.bbagen.2019.06.010
https://doi.org/10.1080/1744666X.2021.1953981
https://doi.org/10.1038/cr.2016.95
https://www.ncbi.nlm.nih.gov/pubmed/27514700
https://doi.org/10.1016/j.bbagen.2020.129685
https://www.ncbi.nlm.nih.gov/pubmed/32679248
https://doi.org/10.1016/j.freeradbiomed.2018.10.411
https://www.ncbi.nlm.nih.gov/pubmed/30321701
https://doi.org/10.1073/pnas.2104666118
https://doi.org/10.7150/thno.46903
https://doi.org/10.1016/j.bbrc.2016.08.034
https://doi.org/10.1016/j.canlet.2018.06.018
https://doi.org/10.1128/MCB.00936-15
https://doi.org/10.1016/0378-4274(95)03532-X
https://doi.org/10.1002/ejhf.1154
https://www.ncbi.nlm.nih.gov/pubmed/29484788
https://doi.org/10.1016/j.celrep.2017.05.009
https://doi.org/10.1073/pnas.85.7.2171
https://www.ncbi.nlm.nih.gov/pubmed/3127826
https://doi.org/10.1074/jbc.M001478200
https://doi.org/10.1006/bcmd.1998.0186
https://doi.org/10.1083/jcb.130.4.821
https://doi.org/10.1038/ng1658
https://www.ncbi.nlm.nih.gov/pubmed/16227996
https://doi.org/10.1073/pnas.0804373105
https://doi.org/10.1152/ajplung.00428.2003


Antioxidants 2023, 12, 918 18 of 22

71. Hirsch, E.C.; Breidert, T.; Rousselet, E.; Hunot, S.; Hartmann, A.; Michel, P.P. The role of glial reaction and inflammation in
Parkinson’s disease. Ann. N.Y. Acad. Sci. 2003, 991, 214–228. [CrossRef]

72. Hartmann, A.; Troadec, J.D.; Hunot, S.; Kikly, K.; Faucheux, B.A.; Mouatt-Prigent, A.; Ruberg, M.; Agid, Y.; Hirsch, E.C. Caspase-8
is an effector in apoptotic death of dopaminergic neurons in Parkinson’s disease, but pathway inhibition results in neuronal
necrosis. J. Neurosci. 2001, 21, 2247–2255. [CrossRef] [PubMed]

73. Forno, L.S. Neuropathology of Parkinson’s disease. J. Neuropathol. Exp. Neurol. 1996, 55, 259–272. [CrossRef] [PubMed]
74. Zhou, Z.D.; Tan, E.K. Iron regulatory protein (IRP)-iron responsive element (IRE) signaling pathway in human neurodegenerative

diseases. Mol. Neurodegener. 2017, 12, 75. [CrossRef] [PubMed]
75. Muckenthaler, M.U.; Galy, B.; Hentze, M.W. Systemic iron homeostasis and the iron-responsive element/iron-regulatory protein

(IRE/IRP) regulatory network. Annu. Rev. Nutr. 2008, 28, 197–213. [CrossRef] [PubMed]
76. Salahudeen, A.A.; Thompson, J.W.; Ruiz, J.C.; Ma, H.W.; Kinch, L.N.; Li, Q.; Grishin, N.V.; Bruick, R.K. An E3 ligase possessing an

iron-responsive hemerythrin domain is a regulator of iron homeostasis. Science 2009, 326, 722–726. [CrossRef]
77. Hintze, K.J.; Katoh, Y.; Igarashi, K.; Theil, E.C. Bach1 repression of ferritin and thioredoxin reductase1 is heme-sensitive in cells

and in vitro and coordinates expression with heme oxygenase1, beta-globin, and NADP(H) quinone (oxido) reductase1. J. Biol.
Chem. 2007, 282, 34365–34371. [CrossRef]

78. Jian, N.; Dowle, M.; Horniblow, R.D.; Tselepis, C.; Palmer, R.E. Morphology of the ferritin iron core by aberration corrected
scanning transmission electron microscopy. Nanotechnology 2016, 27, 46LT02. [CrossRef]

79. Mehlenbacher, M.; Poli, M.; Arosio, P.; Santambrogio, P.; Levi, S.; Chasteen, N.D.; Bou-Abdallah, F. Iron Oxidation and Core
Formation in Recombinant Heteropolymeric Human Ferritins. Biochemistry 2017, 56, 3900–3912. [CrossRef]

80. Bou-Abdallah, F.; Zhao, G.; Biasiotto, G.; Poli, M.; Arosio, P.; Chasteen, N.D. Facilitated diffusion of iron(II) and dioxygen
substrates into human H-chain ferritin. A fluorescence and absorbance study employing the ferroxidase center substitution Y34W.
J. Am. Chem. Soc. 2008, 130, 17801–17811. [CrossRef]

81. Conrad, M.; Pratt, D.A. The chemical basis of ferroptosis. Nat. Chem. Biol. 2019, 15, 1137–1147. [CrossRef]
82. Nairz, M.; Weiss, G. Iron in infection and immunity. Mol. Aspects Med. 2020, 75, 100864. [CrossRef] [PubMed]
83. Weiss, G.; Ganz, T.; Goodnough, L.T. Anemia of inflammation. Blood 2019, 133, 40–50. [CrossRef] [PubMed]
84. Rosario, C.; Zandman-Goddard, G.; Meyron-Holtz, E.G.; D’Cruz, D.P.; Shoenfeld, Y. The hyperferritinemic syndrome:

Macrophage activation syndrome, Still’s disease, septic shock and catastrophic antiphospholipid syndrome. BMC Med. 2013, 11,
185. [CrossRef] [PubMed]

85. Sibille, J.C.; Kondo, H.; Aisen, P. Interactions between isolated hepatocytes and Kupffer cells in iron metabolism: A possible role
for ferritin as an iron carrier protein. Hepatology 1988, 8, 296–301. [CrossRef]

86. Leimberg, M.J.; Prus, E.; Konijn, A.M.; Fibach, E. Macrophages function as a ferritin iron source for cultured human erythroid
precursors. J. Cell. Biochem. 2008, 103, 1211–1218. [CrossRef]

87. Li, L.; Fang, C.J.; Ryan, J.C.; Niemi, E.C.; Lebron, J.A.; Bjorkman, P.J.; Arase, H.; Torti, F.M.; Torti, S.V.; Nakamura, M.C.; et al.
Binding and uptake of H-ferritin are mediated by human transferrin receptor-1. Proc. Natl. Acad. Sci. USA 2010, 107, 3505–3510.
[CrossRef]

88. Coffman, L.G.; Parsonage, D.; D’Agostino, R., Jr.; Torti, F.M.; Torti, S.V. Regulatory effects of ferritin on angiogenesis. Proc. Natl.
Acad. Sci. USA 2009, 106, 570–575. [CrossRef]

89. Wang, W.; Knovich, M.A.; Coffman, L.G.; Torti, F.M.; Torti, S.V. Serum ferritin: Past, present and future. Biochim. Biophys. Acta
2010, 1800, 760–769. [CrossRef]

90. Ruddell, R.G.; Hoang-Le, D.; Barwood, J.M.; Rutherford, P.S.; Piva, T.J.; Watters, D.J.; Santambrogio, P.; Arosio, P.; Ramm, G.A.
Ferritin functions as a proinflammatory cytokine via iron-independent protein kinase C zeta/nuclear factor kappaB-regulated
signaling in rat hepatic stellate cells. Hepatology 2009, 49, 887–900. [CrossRef]

91. Matzner, Y.; Hershko, C.; Polliack, A.; Konijn, A.M.; Izak, G. Suppressive effect of ferritin on in vitro lymphocyte function. Br. J.
Haematol. 1979, 42, 345–353. [CrossRef]

92. Broxmeyer, H.E.; Williams, D.E.; Geissler, K.; Hangoc, G.; Cooper, S.; Bicknell, D.C.; Levi, S.; Arosio, P. Suppressive effects in vivo
of purified recombinant human H-subunit (acidic) ferritin on murine myelopoiesis. Blood 1989, 73, 74–79. [CrossRef] [PubMed]

93. Li, R.; Luo, C.; Mines, M.; Zhang, J.; Fan, G.H. Chemokine CXCL12 induces binding of ferritin heavy chain to the chemokine
receptor CXCR4, alters CXCR4 signaling, and induces phosphorylation and nuclear translocation of ferritin heavy chain. J. Biol.
Chem. 2006, 281, 37616–37627. [CrossRef] [PubMed]

94. Mesquita, G.; Silva, T.; Gomes, A.C.; Oliveira, P.F.; Alves, M.G.; Fernandes, R.; Almeida, A.A.; Moreira, A.C.; Gomes, M.S.
H-Ferritin is essential for macrophages’ capacity to store or detoxify exogenously added iron. Sci. Rep. 2020, 10, 3061. [CrossRef]
[PubMed]

95. Recalcati, S.; Invernizzi, P.; Arosio, P.; Cairo, G. New functions for an iron storage protein: The role of ferritin in immunity and
autoimmunity. J. Autoimmun. 2008, 30, 84–89. [CrossRef] [PubMed]

96. Zandman-Goddard, G.; Shoenfeld, Y. Ferritin in autoimmune diseases. Autoimmun. Rev. 2007, 6, 457–463. [CrossRef] [PubMed]
97. Liu, X.B.; Yang, F.; Haile, D.J. Functional consequences of ferroportin 1 mutations. Blood Cells Mol. Dis. 2005, 35, 33–46. [CrossRef]

[PubMed]
98. Donovan, A.; Lima, C.A.; Pinkus, J.L.; Pinkus, G.S.; Zon, L.I.; Robine, S.; Andrews, N.C. The iron exporter ferroportin/Slc40a1 is

essential for iron homeostasis. Cell Metab. 2005, 1, 191–200. [CrossRef]

https://doi.org/10.1111/j.1749-6632.2003.tb07478.x
https://doi.org/10.1523/JNEUROSCI.21-07-02247.2001
https://www.ncbi.nlm.nih.gov/pubmed/11264300
https://doi.org/10.1097/00005072-199603000-00001
https://www.ncbi.nlm.nih.gov/pubmed/8786384
https://doi.org/10.1186/s13024-017-0218-4
https://www.ncbi.nlm.nih.gov/pubmed/29061112
https://doi.org/10.1146/annurev.nutr.28.061807.155521
https://www.ncbi.nlm.nih.gov/pubmed/18489257
https://doi.org/10.1126/science.1176326
https://doi.org/10.1074/jbc.M700254200
https://doi.org/10.1088/0957-4484/27/46/46LT02
https://doi.org/10.1021/acs.biochem.7b00024
https://doi.org/10.1021/ja8054035
https://doi.org/10.1038/s41589-019-0408-1
https://doi.org/10.1016/j.mam.2020.100864
https://www.ncbi.nlm.nih.gov/pubmed/32461004
https://doi.org/10.1182/blood-2018-06-856500
https://www.ncbi.nlm.nih.gov/pubmed/30401705
https://doi.org/10.1186/1741-7015-11-185
https://www.ncbi.nlm.nih.gov/pubmed/23968282
https://doi.org/10.1002/hep.1840080218
https://doi.org/10.1002/jcb.21499
https://doi.org/10.1073/pnas.0913192107
https://doi.org/10.1073/pnas.0812010106
https://doi.org/10.1016/j.bbagen.2010.03.011
https://doi.org/10.1002/hep.22716
https://doi.org/10.1111/j.1365-2141.1979.tb01142.x
https://doi.org/10.1182/blood.V73.1.74.74
https://www.ncbi.nlm.nih.gov/pubmed/2910370
https://doi.org/10.1074/jbc.M607266200
https://www.ncbi.nlm.nih.gov/pubmed/17056593
https://doi.org/10.1038/s41598-020-59898-0
https://www.ncbi.nlm.nih.gov/pubmed/32080266
https://doi.org/10.1016/j.jaut.2007.11.003
https://www.ncbi.nlm.nih.gov/pubmed/18191543
https://doi.org/10.1016/j.autrev.2007.01.016
https://www.ncbi.nlm.nih.gov/pubmed/17643933
https://doi.org/10.1016/j.bcmd.2005.04.005
https://www.ncbi.nlm.nih.gov/pubmed/15935710
https://doi.org/10.1016/j.cmet.2005.01.003


Antioxidants 2023, 12, 918 19 of 22

99. Ma, S.; Dielschneider, R.F.; Henson, E.S.; Xiao, W.; Choquette, T.R.; Blankstein, A.R.; Chen, Y.; Gibson, S.B. Ferroptosis and
autophagy induced cell death occur independently after siramesine and lapatinib treatment in breast cancer cells. PLoS ONE
2017, 12, e0182921. [CrossRef]

100. Bogdan, A.R.; Miyazawa, M.; Hashimoto, K.; Tsuji, Y. Regulators of Iron Homeostasis: New Players in Metabolism, Cell Death,
and Disease. Trends Biochem. Sci. 2016, 41, 274–286. [CrossRef]

101. Abe, N.; Nishihara, T.; Yorozuya, T.; Tanaka, J. Microglia and Macrophages in the Pathological Central and Peripheral Nervous
Systems. Cells 2020, 9, 2132. [CrossRef]

102. Ward, R.J.; Zucca, F.A.; Duyn, J.H.; Crichton, R.R.; Zecca, L. The role of iron in brain ageing and neurodegenerative disorders.
Lancet. Neurol. 2014, 13, 1045–1060. [CrossRef] [PubMed]

103. Ayala, A.; Munoz, M.F.; Arguelles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde
and 4-hydroxy-2-nonenal. Oxid. Med. Cell. Longev. 2014, 2014, 360438. [CrossRef] [PubMed]

104. Nassar, A.; Radhakrishnan, A.; Cabrero, I.A.; Cotsonis, G.; Cohen, C. COX-2 expression in invasive breast cancer: Correlation
with prognostic parameters and outcome. Appl. Immunohistochem. Mol. Morphol. 2007, 15, 255–259. [CrossRef] [PubMed]

105. Chen, L.; Hambright, W.S.; Na, R.; Ran, Q. Ablation of the Ferroptosis Inhibitor Glutathione Peroxidase 4 in Neurons Results in
Rapid Motor Neuron Degeneration and Paralysis. J. Biol. Chem. 2015, 290, 28097–28106. [CrossRef] [PubMed]

106. Ryan, S.K.; Zelic, M.; Han, Y.; Teeple, E.; Chen, L.; Sadeghi, M.; Shankara, S.; Guo, L.; Li, C.; Pontarelli, F.; et al. Microglia
ferroptosis is regulated by SEC24B and contributes to neurodegeneration. Nat. Neurosci. 2023, 26, 12–26. [CrossRef]

107. Martin, M.; Sun, M.; Motolani, A.; Lu, T. The Pivotal Player: Components of NF-kappaB Pathway as Promising Biomarkers in
Colorectal Cancer. Int. J. Mol. Sci. 2021, 22, 7429. [CrossRef]

108. Sun, S.C. Non-canonical NF-kappaB signaling pathway. Cell Res. 2011, 21, 71–85. [CrossRef]
109. Chiarini, A.; Armato, U.; Hu, P.; Dal Pra, I. Danger-Sensing/Patten Recognition Receptors and Neuroinflammation in Alzheimer’s

Disease. Int. J. Mol. Sci. 2020, 21, 9036. [CrossRef]
110. Thawkar, B.S.; Kaur, G. Inhibitors of NF-kappaB and P2X7/NLRP3/Caspase 1 pathway in microglia: Novel therapeutic

opportunities in neuroinflammation induced early-stage Alzheimer’s disease. J. Neuroimmunol. 2019, 326, 62–74. [CrossRef]
111. Mattson, M.P.; Camandola, S. NF-kappaB in neuronal plasticity and neurodegenerative disorders. J. Clin. Investig. 2001, 107,

247–254. [CrossRef]
112. Gan, L.; Johnson, J.A. Oxidative damage and the Nrf2-ARE pathway in neurodegenerative diseases. Biochim. Biophys. Acta 2014,

1842, 1208–1218. [CrossRef] [PubMed]
113. Nasstrom, T.; Fagerqvist, T.; Barbu, M.; Karlsson, M.; Nikolajeff, F.; Kasrayan, A.; Ekberg, M.; Lannfelt, L.; Ingelsson, M.; Bergstrom,

J. The lipid peroxidation products 4-oxo-2-nonenal and 4-hydroxy-2-nonenal promote the formation of alpha-synuclein oligomers
with distinct biochemical, morphological, and functional properties. Free Radic. Biol. Med. 2011, 50, 428–437. [CrossRef] [PubMed]

114. Pham, C.G.; Bubici, C.; Zazzeroni, F.; Papa, S.; Jones, J.; Alvarez, K.; Jayawardena, S.; De Smaele, E.; Cong, R.; Beaumont, C.; et al.
Ferritin heavy chain upregulation by NF-kappaB inhibits TNFalpha-induced apoptosis by suppressing reactive oxygen species.
Cell 2004, 119, 529–542. [CrossRef]

115. Kitada, M.; Kume, S.; Takeda-Watanabe, A.; Kanasaki, K.; Koya, D. Sirtuins and renal diseases: Relationship with aging and
diabetic nephropathy. Clin. Sci. (Lond.) 2013, 124, 153–164. [CrossRef] [PubMed]

116. Michan, S.; Sinclair, D. Sirtuins in mammals: Insights into their biological function. Biochem. J. 2007, 404, 1–13. [CrossRef]
[PubMed]

117. Finkel, T.; Deng, C.X.; Mostoslavsky, R. Recent progress in the biology and physiology of sirtuins. Nature 2009, 460, 587–591.
[CrossRef]

118. Carafa, V.; Rotili, D.; Forgione, M.; Cuomo, F.; Serretiello, E.; Hailu, G.S.; Jarho, E.; Lahtela-Kakkonen, M.; Mai, A.; Altucci, L.
Sirtuin functions and modulation: From chemistry to the clinic. Clin. Epigenetics 2016, 8, 61. [CrossRef]

119. Mendes, K.L.; Lelis, D.F.; Santos, S.H.S. Nuclear sirtuins and inflammatory signaling pathways. Cytokine Growth Factor Rev. 2017,
38, 98–105. [CrossRef]

120. Lee, J.; You, J.H.; Kim, M.S.; Roh, J.L. Epigenetic reprogramming of epithelial-mesenchymal transition promotes ferroptosis of
head and neck cancer. Redox Biol. 2020, 37, 101697. [CrossRef]

121. Hao, C.; Zhu, P.X.; Yang, X.; Han, Z.P.; Jiang, J.H.; Zong, C.; Zhang, X.G.; Liu, W.T.; Zhao, Q.D.; Fan, T.T.; et al. Overexpression of
SIRT1 promotes metastasis through epithelial-mesenchymal transition in hepatocellular carcinoma. BMC Cancer 2014, 14, 978.
[CrossRef]

122. Byles, V.; Zhu, L.; Lovaas, J.D.; Chmilewski, L.K.; Wang, J.; Faller, D.V.; Dai, Y. SIRT1 induces EMT by cooperating with EMT
transcription factors and enhances prostate cancer cell migration and metastasis. Oncogene 2012, 31, 4619–4629. [CrossRef]
[PubMed]

123. Sun, L.; Kokura, K.; Izumi, V.; Koomen, J.M.; Seto, E.; Chen, J.; Fang, J. MPP8 and SIRT1 crosstalk in E-cadherin gene silencing
and epithelial-mesenchymal transition. EMBO Rep. 2015, 16, 689–699. [CrossRef] [PubMed]

124. Zhang, Y.; Anoopkumar-Dukie, S.; Arora, D.; Davey, A.K. Review of the anti-inflammatory effect of SIRT1 and SIRT2 modulators
on neurodegenerative diseases. Eur. J. Pharmacol. 2020, 867, 172847. [CrossRef] [PubMed]

125. Donmez, G. The neurobiology of sirtuins and their role in neurodegeneration. Trends Pharmacol. Sci. 2012, 33, 494–501. [CrossRef]
[PubMed]

https://doi.org/10.1371/journal.pone.0182921
https://doi.org/10.1016/j.tibs.2015.11.012
https://doi.org/10.3390/cells9092132
https://doi.org/10.1016/S1474-4422(14)70117-6
https://www.ncbi.nlm.nih.gov/pubmed/25231526
https://doi.org/10.1155/2014/360438
https://www.ncbi.nlm.nih.gov/pubmed/24999379
https://doi.org/10.1097/01.pai.0000213130.63417.b3
https://www.ncbi.nlm.nih.gov/pubmed/17721268
https://doi.org/10.1074/jbc.M115.680090
https://www.ncbi.nlm.nih.gov/pubmed/26400084
https://doi.org/10.1038/s41593-022-01221-3
https://doi.org/10.3390/ijms22147429
https://doi.org/10.1038/cr.2010.177
https://doi.org/10.3390/ijms21239036
https://doi.org/10.1016/j.jneuroim.2018.11.010
https://doi.org/10.1172/JCI11916
https://doi.org/10.1016/j.bbadis.2013.12.011
https://www.ncbi.nlm.nih.gov/pubmed/24382478
https://doi.org/10.1016/j.freeradbiomed.2010.11.027
https://www.ncbi.nlm.nih.gov/pubmed/21130160
https://doi.org/10.1016/j.cell.2004.10.017
https://doi.org/10.1042/CS20120190
https://www.ncbi.nlm.nih.gov/pubmed/23075334
https://doi.org/10.1042/BJ20070140
https://www.ncbi.nlm.nih.gov/pubmed/17447894
https://doi.org/10.1038/nature08197
https://doi.org/10.1186/s13148-016-0224-3
https://doi.org/10.1016/j.cytogfr.2017.11.001
https://doi.org/10.1016/j.redox.2020.101697
https://doi.org/10.1186/1471-2407-14-978
https://doi.org/10.1038/onc.2011.612
https://www.ncbi.nlm.nih.gov/pubmed/22249256
https://doi.org/10.15252/embr.201439792
https://www.ncbi.nlm.nih.gov/pubmed/25870236
https://doi.org/10.1016/j.ejphar.2019.172847
https://www.ncbi.nlm.nih.gov/pubmed/31812544
https://doi.org/10.1016/j.tips.2012.05.007
https://www.ncbi.nlm.nih.gov/pubmed/22749331


Antioxidants 2023, 12, 918 20 of 22

126. Kauppinen, A.; Suuronen, T.; Ojala, J.; Kaarniranta, K.; Salminen, A. Antagonistic crosstalk between NF-kappaB and SIRT1 in the
regulation of inflammation and metabolic disorders. Cell. Signal. 2013, 25, 1939–1948. [CrossRef] [PubMed]

127. Qi, B.; Shi, C.; Meng, J.; Xu, S.; Liu, J. Resveratrol alleviates ethanol-induced neuroinflammation in vivo and in vitro: Involvement
of TLR2-MyD88-NF-kappaB pathway. Int. J. Biochem. Cell Biol. 2018, 103, 56–64. [CrossRef]

128. Heppner, F.L.; Ransohoff, R.M.; Becher, B. Immune attack: The role of inflammation in Alzheimer disease. Nat. Rev. Neurosci.
2015, 16, 358–372. [CrossRef]

129. Kalampokini, S.; Becker, A.; Fassbender, K.; Lyros, E.; Unger, M.M. Nonpharmacological Modulation of Chronic Inflammation in
Parkinson’s Disease: Role of Diet Interventions. Parkinsons Dis. 2019, 2019, 7535472. [CrossRef]

130. Zhao, H.F.; Li, N.; Wang, Q.; Cheng, X.J.; Li, X.M.; Liu, T.T. Resveratrol decreases the insoluble Abeta1-42 level in hippocampus
and protects the integrity of the blood-brain barrier in AD rats. Neuroscience 2015, 310, 641–649. [CrossRef]

131. Qi, Y.; Shang, L.; Liao, Z.; Su, H.; Jing, H.; Wu, B.; Bi, K.; Jia, Y. Intracerebroventricular injection of resveratrol ameliorated
Abeta-induced learning and cognitive decline in mice. Metab. Brain Dis. 2019, 34, 257–266. [CrossRef]

132. Feng, X.; Liang, N.; Zhu, D.; Gao, Q.; Peng, L.; Dong, H.; Yue, Q.; Liu, H.; Bao, L.; Zhang, J.; et al. Resveratrol inhibits
beta-amyloid-induced neuronal apoptosis through regulation of SIRT1-ROCK1 signaling pathway. PLoS ONE 2013, 8, e59888.

133. Ai, Z.; Li, C.; Li, L.; He, G. Resveratrol inhibits beta-amyloid-induced neuronal apoptosis via regulation of p53 acetylation in
PC12 cells. Mol. Med. Rep. 2015, 11, 2429–2434. [CrossRef]

134. Zhang, J.; Feng, X.; Wu, J.; Xu, H.; Li, G.; Zhu, D.; Yue, Q.; Liu, H.; Zhang, Y.; Sun, D.; et al. Neuroprotective effects of resveratrol
on damages of mouse cortical neurons induced by beta-amyloid through activation of SIRT1/Akt1 pathway. Biofactors 2014, 40,
258–267. [CrossRef] [PubMed]

135. Li, M.Z.; Zheng, L.J.; Shen, J.; Li, X.Y.; Zhang, Q.; Bai, X.; Wang, Q.S.; Ji, J.G. SIRT1 facilitates amyloid beta peptide degradation by
upregulating lysosome number in primary astrocytes. Neural. Regen. Res. 2018, 13, 2005–2013. [CrossRef] [PubMed]

136. Corpas, R.; Revilla, S.; Ursulet, S.; Castro-Freire, M.; Kaliman, P.; Petegnief, V.; Gimenez-Llort, L.; Sarkis, C.; Pallas, M.; Sanfeliu,
C. SIRT1 Overexpression in Mouse Hippocampus Induces Cognitive Enhancement Through Proteostatic and Neurotrophic
Mechanisms. Mol. Neurobiol. 2017, 54, 5604–5619. [CrossRef] [PubMed]

137. Feng, Y.; Liu, T.; Dong, S.Y.; Guo, Y.J.; Jankovic, J.; Xu, H.; Wu, Y.C. Rotenone affects p53 transcriptional activity and apoptosis via
targeting SIRT1 and H3K9 acetylation in SH-SY5Y cells. J. Neurochem. 2015, 134, 668–676. [CrossRef]

138. Wu, Y.; Li, X.; Zhu, J.X.; Xie, W.; Le, W.; Fan, Z.; Jankovic, J.; Pan, T. Resveratrol-activated AMPK/SIRT1/autophagy in cellular
models of Parkinson’s disease. Neurosignals 2011, 19, 163–174. [CrossRef]

139. Singh, P.; Hanson, P.S.; Morris, C.M. SIRT1 ameliorates oxidative stress induced neural cell death and is down-regulated in
Parkinson’s disease. BMC Neurosci. 2017, 18, 46. [CrossRef]

140. Guo, Y.J.; Dong, S.Y.; Cui, X.X.; Feng, Y.; Liu, T.; Yin, M.; Kuo, S.H.; Tan, E.K.; Zhao, W.J.; Wu, Y.C. Resveratrol alleviates MPTP-
induced motor impairments and pathological changes by autophagic degradation of alpha-synuclein via SIRT1-deacetylated LC3.
Mol. Nutr. Food Res. 2016, 60, 2161–2175. [CrossRef]

141. Majeed, Y.; Halabi, N.; Madani, A.Y.; Engelke, R.; Bhagwat, A.M.; Abdesselem, H.; Agha, M.V.; Vakayil, M.; Courjaret, R.;
Goswami, N.; et al. SIRT1 promotes lipid metabolism and mitochondrial biogenesis in adipocytes and coordinates adipogenesis
by targeting key enzymatic pathways. Sci. Rep. 2021, 11, 8177. [CrossRef]

142. Kanneganti, T.D. The inflammasome: Firing up innate immunity. Immunol. Rev. 2015, 265, 1–5. [CrossRef]
143. Rathinam, V.A.; Fitzgerald, K.A. Inflammasome Complexes: Emerging Mechanisms and Effector Functions. Cell 2016, 165,

792–800. [CrossRef] [PubMed]
144. Albornoz, E.A.; Woodruff, T.M.; Gordon, R. Inflammasomes in CNS Diseases. Exp. Suppl. 2018, 108, 41–60. [PubMed]
145. Fan, Z.; Pan, Y.T.; Zhang, Z.Y.; Yang, H.; Yu, S.Y.; Zheng, Y.; Ma, J.H.; Wang, X.M. Systemic activation of NLRP3 inflammasome

and plasma alpha-synuclein levels are correlated with motor severity and progression in Parkinson’s disease. J. Neuroinflammation
2020, 17, 11. [CrossRef] [PubMed]

146. Di Maio, R.; Barrett, P.J.; Hoffman, E.K.; Barrett, C.W.; Zharikov, A.; Borah, A.; Hu, X.; McCoy, J.; Chu, C.T.; Burton, E.A.; et al.
alpha-Synuclein binds to TOM20 and inhibits mitochondrial protein import in Parkinson’s disease. Sci. Transl. Med. 2016, 8,
342ra378. [CrossRef]

147. Hou, L.; Bao, X.; Zang, C.; Yang, H.; Sun, F.; Che, Y.; Wu, X.; Li, S.; Zhang, D.; Wang, Q. Integrin CD11b mediates alpha-synuclein-
induced activation of NADPH oxidase through a Rho-dependent pathway. Redox Biol. 2018, 14, 600–608. [CrossRef]

148. Gustot, A.; Gallea, J.I.; Sarroukh, R.; Celej, M.S.; Ruysschaert, J.M.; Raussens, V. Amyloid fibrils are the molecular trigger of
inflammation in Parkinson’s disease. Biochem. J. 2015, 471, 323–333. [CrossRef]

149. Codolo, G.; Plotegher, N.; Pozzobon, T.; Brucale, M.; Tessari, I.; Bubacco, L.; de Bernard, M. Triggering of inflammasome by
aggregated alpha-synuclein, an inflammatory response in synucleinopathies. PLoS ONE 2013, 8, e55375. [CrossRef]

150. Harms, A.S.; Thome, A.D.; Yan, Z.; Schonhoff, A.M.; Williams, G.P.; Li, X.; Liu, Y.; Qin, H.; Benveniste, E.N.; Standaert, D.G.
Peripheral monocyte entry is required for alpha-Synuclein induced inflammation and Neurodegeneration in a model of Parkinson
disease. Exp. Neurol. 2018, 300, 179–187. [CrossRef]

151. Zhong, Z.; Umemura, A.; Sanchez-Lopez, E.; Liang, S.; Shalapour, S.; Wong, J.; He, F.; Boassa, D.; Perkins, G.; Ali, S.R.; et al.
NF-kappaB Restricts Inflammasome Activation via Elimination of Damaged Mitochondria. Cell 2016, 164, 896–910. [CrossRef]

152. Adinolfi, E.; Giuliani, A.L.; De Marchi, E.; Pegoraro, A.; Orioli, E.; Di Virgilio, F. The P2X7 receptor: A main player in inflammation.
Biochem. Pharmacol. 2018, 151, 234–244. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cellsig.2013.06.007
https://www.ncbi.nlm.nih.gov/pubmed/23770291
https://doi.org/10.1016/j.biocel.2018.07.007
https://doi.org/10.1038/nrn3880
https://doi.org/10.1155/2019/7535472
https://doi.org/10.1016/j.neuroscience.2015.10.006
https://doi.org/10.1007/s11011-018-0348-6
https://doi.org/10.3892/mmr.2014.3034
https://doi.org/10.1002/biof.1149
https://www.ncbi.nlm.nih.gov/pubmed/24132831
https://doi.org/10.4103/1673-5374.239449
https://www.ncbi.nlm.nih.gov/pubmed/30233076
https://doi.org/10.1007/s12035-016-0087-9
https://www.ncbi.nlm.nih.gov/pubmed/27614878
https://doi.org/10.1111/jnc.13172
https://doi.org/10.1159/000328516
https://doi.org/10.1186/s12868-017-0364-1
https://doi.org/10.1002/mnfr.201600111
https://doi.org/10.1038/s41598-021-87759-x
https://doi.org/10.1111/imr.12297
https://doi.org/10.1016/j.cell.2016.03.046
https://www.ncbi.nlm.nih.gov/pubmed/27153493
https://www.ncbi.nlm.nih.gov/pubmed/30536167
https://doi.org/10.1186/s12974-019-1670-6
https://www.ncbi.nlm.nih.gov/pubmed/31915018
https://doi.org/10.1126/scitranslmed.aaf3634
https://doi.org/10.1016/j.redox.2017.11.010
https://doi.org/10.1042/BJ20150617
https://doi.org/10.1371/journal.pone.0055375
https://doi.org/10.1016/j.expneurol.2017.11.010
https://doi.org/10.1016/j.cell.2015.12.057
https://doi.org/10.1016/j.bcp.2017.12.021
https://www.ncbi.nlm.nih.gov/pubmed/29288626


Antioxidants 2023, 12, 918 21 of 22

153. Wiley, J.S.; Sluyter, R.; Gu, B.J.; Stokes, L.; Fuller, S.J. The human P2X7 receptor and its role in innate immunity. Tissue Antigens
2011, 78, 321–332. [CrossRef] [PubMed]

154. Suzuki, T.; Motohashi, H.; Yamamoto, M. Toward clinical application of the Keap1-Nrf2 pathway. Trends Pharmacol. Sci. 2013, 34,
340–346. [CrossRef]

155. Sandberg, M.; Patil, J.; D’Angelo, B.; Weber, S.G.; Mallard, C. NRF2-regulation in brain health and disease: Implication of cerebral
inflammation. Neuropharmacology 2014, 79, 298–306. [CrossRef]

156. Sajja, R.K.; Green, K.N.; Cucullo, L. Altered Nrf2 signaling mediates hypoglycemia-induced blood-brain barrier endothelial
dysfunction in vitro. PLoS ONE 2015, 10, e0122358. [CrossRef] [PubMed]

157. Dinkova-Kostova, A.T.; Abramov, A.Y. The emerging role of Nrf2 in mitochondrial function. Free Radic. Biol. Med. 2015, 88,
179–188. [CrossRef]

158. Itoh, K.; Wakabayashi, N.; Katoh, Y.; Ishii, T.; Igarashi, K.; Engel, J.D.; Yamamoto, M. Keap1 represses nuclear activation of
antioxidant responsive elements by Nrf2 through binding to the amino-terminal Neh2 domain. Genes. Dev. 1999, 13, 76–86.
[CrossRef]

159. Kobayashi, A.; Kang, M.I.; Okawa, H.; Ohtsuji, M.; Zenke, Y.; Chiba, T.; Igarashi, K.; Yamamoto, M. Oxidative stress sensor Keap1
functions as an adaptor for Cul3-based E3 ligase to regulate proteasomal degradation of Nrf2. Mol. Cell. Biol. 2004, 24, 7130–7139.
[CrossRef]

160. Aseervatham G, S.B.; Choi, S.; Krishnan, J.; Ruckmani, K. Cigarette smoke and related risk factors in neurological disorders: An
update. Biomed. Pharmacother. 2017, 85, 79–86.

161. Vomhof-Dekrey, E.E.; Picklo, M.J., Sr. The Nrf2-antioxidant response element pathway: A target for regulating energy metabolism.
J. Nutr. Biochem. 2012, 23, 1201–1206. [CrossRef]

162. Sivandzade, F.; Prasad, S.; Bhalerao, A.; Cucullo, L. NRF2 and NF-қB interplay in cerebrovascular and neurodegenerative
disorders: Molecular mechanisms and possible therapeutic approaches. Redox Biol. 2019, 21, 101059. [CrossRef] [PubMed]

163. Thimmulappa, R.K.; Scollick, C.; Traore, K.; Yates, M.; Trush, M.A.; Liby, K.T.; Sporn, M.B.; Yamamoto, M.; Kensler, T.W.; Biswal,
S. Nrf2-dependent protection from LPS induced inflammatory response and mortality by CDDO-Imidazolide. Biochem. Biophys.
Res. Commun. 2006, 351, 883–889. [CrossRef] [PubMed]

164. Innamorato, N.G.; Rojo, A.I.; Garcia-Yague, A.J.; Yamamoto, M.; de Ceballos, M.L.; Cuadrado, A. The transcription factor Nrf2 is
a therapeutic target against brain inflammation. J. Immunol. 2008, 181, 680–689. [CrossRef] [PubMed]

165. Liu, X.; Zhang, X.; Ding, Y.; Zhou, W.; Tao, L.; Lu, P.; Wang, Y.; Hu, R. Nuclear Factor E2-Related Factor-2 Negatively Regulates
NLRP3 Inflammasome Activity by Inhibiting Reactive Oxygen Species-Induced NLRP3 Priming. Antioxid. Redox Signal. 2017, 26,
28–43. [CrossRef]

166. Asher, G.; Shaul, Y. Ubiquitin-independent degradation: Lessons from the p53 model. Isr. Med. Assoc. J. 2006, 8, 229–232.
[PubMed]

167. Zhao, C.; Gillette, D.D.; Li, X.; Zhang, Z.; Wen, H. Nuclear factor E2-related factor-2 (Nrf2) is required for NLRP3 and AIM2
inflammasome activation. J. Biol. Chem. 2014, 289, 17020–17029. [CrossRef]

168. Lee, D.F.; Kuo, H.P.; Liu, M.; Chou, C.K.; Xia, W.; Du, Y.; Shen, J.; Chen, C.T.; Huo, L.; Hsu, M.C.; et al. KEAP1 E3 ligase-mediated
downregulation of NF-kappaB signaling by targeting IKKbeta. Mol. Cell 2009, 36, 131–140. [CrossRef]

169. Brigelius-Flohe, R.; Flohe, L. Basic principles and emerging concepts in the redox control of transcription factors. Antioxid. Redox
Signal. 2011, 15, 2335–2381. [CrossRef]

170. Yang, H.; Magilnick, N.; Ou, X.; Lu, S.C. Tumour necrosis factor alpha induces co-ordinated activation of rat GSH synthetic
enzymes via nuclear factor kappaB and activator protein-1. Biochem. J. 2005, 391, 399–408. [CrossRef]

171. Liu, G.H.; Qu, J.; Shen, X. NF-kappaB/p65 antagonizes Nrf2-ARE pathway by depriving CBP from Nrf2 and facilitating
recruitment of HDAC3 to MafK. Biochim. Biophys. Acta 2008, 1783, 713–727. [CrossRef]

172. Bellezza, I.; Tucci, A.; Galli, F.; Grottelli, S.; Mierla, A.L.; Pilolli, F.; Minelli, A. Inhibition of NF-kappaB nuclear translocation via
HO-1 activation underlies alpha-tocopheryl succinate toxicity. J. Nutr. Biochem. 2012, 23, 1583–1591. [CrossRef] [PubMed]

173. Ansari, M.A.; Scheff, S.W. Oxidative stress in the progression of Alzheimer disease in the frontal cortex. J. Neuropathol. Exp.
Neurol. 2010, 69, 155–167. [CrossRef] [PubMed]

174. Lastres-Becker, I.; Garcia-Yague, A.J.; Scannevin, R.H.; Casarejos, M.J.; Kugler, S.; Rabano, A.; Cuadrado, A. Repurposing the
NRF2 Activator Dimethyl Fumarate as Therapy Against Synucleinopathy in Parkinson’s Disease. Antioxid. Redox Signal. 2016, 25,
61–77. [CrossRef]

175. Lastres-Becker, I.; Ulusoy, A.; Innamorato, N.G.; Sahin, G.; Rabano, A.; Kirik, D.; Cuadrado, A. alpha-Synuclein expression and
Nrf2 deficiency cooperate to aggravate protein aggregation, neuronal death and inflammation in early-stage Parkinson’s disease.
Hum. Mol. Genet. 2012, 21, 3173–3192. [CrossRef] [PubMed]

176. Malhotra, D.; Portales-Casamar, E.; Singh, A.; Srivastava, S.; Arenillas, D.; Happel, C.; Shyr, C.; Wakabayashi, N.; Kensler, T.W.;
Wasserman, W.W.; et al. Global mapping of binding sites for Nrf2 identifies novel targets in cell survival response through
ChIP-Seq profiling and network analysis. Nucleic Acids Res. 2010, 38, 5718–5734. [CrossRef] [PubMed]

177. Hirotsu, Y.; Katsuoka, F.; Funayama, R.; Nagashima, T.; Nishida, Y.; Nakayama, K.; Engel, J.D.; Yamamoto, M. Nrf2-MafG
heterodimers contribute globally to antioxidant and metabolic networks. Nucleic Acids Res. 2012, 40, 10228–10239. [CrossRef]
[PubMed]

https://doi.org/10.1111/j.1399-0039.2011.01780.x
https://www.ncbi.nlm.nih.gov/pubmed/21988719
https://doi.org/10.1016/j.tips.2013.04.005
https://doi.org/10.1016/j.neuropharm.2013.11.004
https://doi.org/10.1371/journal.pone.0122358
https://www.ncbi.nlm.nih.gov/pubmed/25807533
https://doi.org/10.1016/j.freeradbiomed.2015.04.036
https://doi.org/10.1101/gad.13.1.76
https://doi.org/10.1128/MCB.24.16.7130-7139.2004
https://doi.org/10.1016/j.jnutbio.2012.03.005
https://doi.org/10.1016/j.redox.2018.11.017
https://www.ncbi.nlm.nih.gov/pubmed/30576920
https://doi.org/10.1016/j.bbrc.2006.10.102
https://www.ncbi.nlm.nih.gov/pubmed/17097057
https://doi.org/10.4049/jimmunol.181.1.680
https://www.ncbi.nlm.nih.gov/pubmed/18566435
https://doi.org/10.1089/ars.2015.6615
https://www.ncbi.nlm.nih.gov/pubmed/16671355
https://doi.org/10.1074/jbc.M114.563114
https://doi.org/10.1016/j.molcel.2009.07.025
https://doi.org/10.1089/ars.2010.3534
https://doi.org/10.1042/BJ20050795
https://doi.org/10.1016/j.bbamcr.2008.01.002
https://doi.org/10.1016/j.jnutbio.2011.10.012
https://www.ncbi.nlm.nih.gov/pubmed/22444871
https://doi.org/10.1097/NEN.0b013e3181cb5af4
https://www.ncbi.nlm.nih.gov/pubmed/20084018
https://doi.org/10.1089/ars.2015.6549
https://doi.org/10.1093/hmg/dds143
https://www.ncbi.nlm.nih.gov/pubmed/22513881
https://doi.org/10.1093/nar/gkq212
https://www.ncbi.nlm.nih.gov/pubmed/20460467
https://doi.org/10.1093/nar/gks827
https://www.ncbi.nlm.nih.gov/pubmed/22965115


Antioxidants 2023, 12, 918 22 of 22

178. Chorley, B.N.; Campbell, M.R.; Wang, X.; Karaca, M.; Sambandan, D.; Bangura, F.; Xue, P.; Pi, J.; Kleeberger, S.R.; Bell, D.A.
Identification of novel NRF2-regulated genes by ChIP-Seq: Influence on retinoid X receptor alpha. Nucleic Acids Res. 2012, 40,
7416–7429. [CrossRef]

179. Kwak, M.K.; Itoh, K.; Yamamoto, M.; Sutter, T.R.; Kensler, T.W. Role of transcription factor Nrf2 in the induction of hepatic
phase 2 and antioxidative enzymes in vivo by the cancer chemoprotective agent, 3H-1, 2-dimethiole-3-thione. Mol. Med. 2001, 7,
135–145. [CrossRef]

180. Thimmulappa, R.K.; Mai, K.H.; Srisuma, S.; Kensler, T.W.; Yamamoto, M.; Biswal, S. Identification of Nrf2-regulated genes
induced by the chemopreventive agent sulforaphane by oligonucleotide microarray. Cancer Res. 2002, 62, 5196–5203.

181. Pietsch, E.C.; Chan, J.Y.; Torti, F.M.; Torti, S.V. Nrf2 mediates the induction of ferritin H in response to xenobiotics and cancer
chemopreventive dithiolethiones. J. Biol. Chem. 2003, 278, 2361–2369. [CrossRef] [PubMed]

182. Ogawa, K.; Sun, J.; Taketani, S.; Nakajima, O.; Nishitani, C.; Sassa, S.; Hayashi, N.; Yamamoto, M.; Shibahara, S.; Fujita, H.; et al.
Heme mediates derepression of Maf recognition element through direct binding to transcription repressor Bach1. EMBO J. 2001,
20, 2835–2843. [CrossRef]

183. Harada, N.; Kanayama, M.; Maruyama, A.; Yoshida, A.; Tazumi, K.; Hosoya, T.; Mimura, J.; Toki, T.; Maher, J.M.; Yamamoto,
M.; et al. Nrf2 regulates ferroportin 1-mediated iron efflux and counteracts lipopolysaccharide-induced ferroportin 1 mRNA
suppression in macrophages. Arch. Biochem. Biophys. 2011, 508, 101–109. [CrossRef] [PubMed]

184. Liu, F.; Rehmani, I.; Esaki, S.; Fu, R.; Chen, L.; de Serrano, V.; Liu, A. Pirin is an iron-dependent redox regulator of NF-kappaB.
Proc. Natl. Acad. Sci. USA 2013, 110, 9722–9727. [CrossRef] [PubMed]

185. Pang, H.; Bartlam, M.; Zeng, Q.; Miyatake, H.; Hisano, T.; Miki, K.; Wong, L.L.; Gao, G.F.; Rao, Z. Crystal structure of human
pirin: An iron-binding nuclear protein and transcription cofactor. J. Biol. Chem. 2004, 279, 1491–1498. [CrossRef] [PubMed]

186. Brzoska, K.; Stepkowski, T.M.; Kruszewski, M. Basal PIR expression in HeLa cells is driven by NRF2 via evolutionary conserved
antioxidant response element. Mol. Cell. Biochem. 2014, 389, 99–111. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/nar/gks409
https://doi.org/10.1007/BF03401947
https://doi.org/10.1074/jbc.M210664200
https://www.ncbi.nlm.nih.gov/pubmed/12435735
https://doi.org/10.1093/emboj/20.11.2835
https://doi.org/10.1016/j.abb.2011.02.001
https://www.ncbi.nlm.nih.gov/pubmed/21303654
https://doi.org/10.1073/pnas.1221743110
https://www.ncbi.nlm.nih.gov/pubmed/23716661
https://doi.org/10.1074/jbc.M310022200
https://www.ncbi.nlm.nih.gov/pubmed/14573596
https://doi.org/10.1007/s11010-013-1931-0

	Introduction 
	Intracellular Iron Homeostasis 
	Hepcidin 
	NCOA4 
	PCBPs 
	IRP/IRE System 
	DMT1 
	Ferritin 
	Ferroportin 
	Neuroinflammation 
	NF-B 
	SIRT1 
	Inflammasome 
	NRF2 

	Conclusions and Perspectives 
	References

