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Iron is essential for life, and the dysregulation of iron homeostasis can lead to severe
pathological changes in the neurological system. Iron deficiency slows the development of
the neural system and causes mental and emotional disorders [1–3], while iron overload is
closely related to neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), and cerebral ischemia [4–8]. Free iron can elicit the generation of reactive oxy-
gen species (ROS), due to its ability to catalyze the Fenton reaction [9]. Some free radicals
play an important role as signaling molecules in maintaining the normal function of cells,
while excessive ROS cause devastating effects on cells, leading to oxidative stress, inflam-
mation, and ferroptosis, contributing significantly to the pathophysiological mechanisms
of neurological diseases [10–13]. In order to protect against harmful effects, the cellular
iron content must be precisely controlled, which, at the physiological condition, is tightly
regulated by intracellular iron regulatory mechanisms, including hepcidin–ferroportin,
transferrin–transferrin receptors, divalent metal transporter 1, ferritin, and iron regulatory
proteins (IRP1 and IRP2) [14,15]. Studies have demonstrated that iron dysregulation and
redox imbalance are both commonly involved in the occurrence and development of many
neurological diseases [11,12,16]. The regulation of the iron metabolism and redox balance
has appeared as a potential solution for the treatment of several neurological diseases.

In this Special Issue, “Iron Metabolism, Redox Balance and Neurological Diseases”,
five original research articles and five scientific review papers are published. These pa-
pers highlight the most recent advances in different aspects of iron regulation and redox
imbalance in various diseases, including the molecular mechanisms of iron-induced ox-
idative damage in disease pathogenesis, potential therapeutic targets and approaches for
the regulation of iron metabolism and related damages, and challenges to current studies
attempting to understand an aberrant iron metabolism in the pathology of different diseases
and its potential clinical applications.

In the original research articles, Han et al. revealed a novel role of iron in the main-
tenance of cell stemness via the Wnt/GSK-3β/β-catenin signaling pathway [17]. The
intermediate molecules that mediated the upregulation of ferritin expression and con-
tributed to stem cell viability and differentiation were also identified. The findings of
this study provide a theoretical basis for the development of new strategies based on iron
regulation in stem cell treatments for neurological diseases.

Bao et al. designed and characterized a mitochondrial-targeted pseudo-mitochondrial
membrane potential (PMMP) constructed by antioxidant MitoQ [18], which selectively
protected normal cells from radiation-induced damage in glioma radiotherapy, without
affecting the efficacy of radiation in inducing autophagy by regulating the cellular energy
supply. This study provides insights into the practical applications of PMMP and antioxi-
dant MitoQ in the selective protection of normal cells and tissues in glioma therapy. This
treatment strategy may also be applicable to other neurological diseases.

Liu et al. demonstrated that IRP2 not only regulated cellular iron homeostasis, but
also medicated tissue iron distribution by managing the involvement of hypoxia-inducible
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factor 2 (HIF2) and nuclear receptor coactivator 4 (Ncoa4) [19]. This study highlights that
HIF2-NCOA4 is a complex axis that contributes to iron metabolic disorders, including
anemia, iron-overload disorder, and neurodegeneration, and provides new target molecules
for the treatment of diseases with iron dysregulation.

Han et al. investigated the underlying mechanisms of CY-09, a specific inhibitor of
the NOD-like receptor protein 3 (NLRP3) inflammasome, on ameliorating AD classical
pathology and cognitive impairment in AD mice [20]. Their findings showed that CY-09
effectively reduced fatty acid synthesis and lipid peroxidation and decreased ROS levels
in 3 × Tg-AD mice. However, it had no significant effect on restoring the dysregulation
of iron metabolism and ferroptosis. The underlying protective mechanism of CY-09 in
AD mice may involve the maintenance of the glucose metabolism and ATP production
in the brain. This study provides new evidence for targeting NLRP3 inflammasome as a
therapeutic strategy for AD, while the contradiction between decreased ferritinophagy and
increased ferroptosis in AD remains to be clarified in future research.

Chen et al. revealed that the dopaminergic neuronal death and Parkinsonian symp-
toms in OTU domain-containing protein 3 (OTUD3) knockout mice might be caused by
activating inositol-requiring enzyme 1α (IRE1α) signaling, which mediated endoplasmic
reticulum (ER) stress [21]. The OTUD3 was found to regulate the expression of IRP2.
Therefore, knockout of OTUD3 could upregulate the content of iron in dopaminergic
neurons in the substantia nigra which, in turn, contributes to increased ER stress, and
induces neuronal death and PD pathology. This study provides OTUD3 as a therapeu-
tic target for PD treatment by mediating ER stress to restrain iron-induced apoptosis of
dopaminergic neurons.

In the review articles, Luo et al. summarized the molecular mechanisms of ferroptosis
in glioma cell growth, invasion, migration, and resistance, and introduced potential ap-
plications and challenges of manipulating ferroptosis in the development and treatment
of gliomas [22]. They also discussed various nanoparticle-based drug delivery systems,
and highlighted the therapeutic opportunities of modulating ferroptosis in glioma treat-
ment to improve clinical outcomes. It was emphasized that, although ferroptosis has
great advantages in glioma treatment, further explorations are still needed to assess the
advantages and disadvantages of targeting ferroptosis and to evaluate its potential value
in clinical applications.

Jiménez-Jiménez et al. systematically reviewed the role of antioxidant coenzyme
Q10 (CoQ10) in AD and other dementias [23]. Combined with the use of a meta-analysis,
they addressed the concentrations of CoQ10 in different tissues of patients with AD and
other dementia syndromes, reviewed the therapeutic response to CoQ10 administration in
AD experimental models and patients with AD and other dementias, and discussed the
possible therapeutic role of CoQ10. Particularly, the clinical improvement and potential
application of mitochondrial activation therapy consisting of CoQ10, iron, and vitamin
B6 in AD patients was discussed. Despite the promising neuroprotective effects of CoQ10
detected in different models of AD, further long-term studies with a follow-up period are
needed to fill the knowledge gaps regarding both the suitability of CoQ10 as a biomarker
of AD and the efficacy of treatments with CoQ10 in patients with AD or other dementias.

Holbein et al. described biological iron requirements, iron regulation, and the nature
of iron dysregulation in detail in various disease conditions [24], including viral infections,
cancer, ferroptotic cell death, inflammatory diseases, diabetes, cardiovascular diseases,
neurological diseases, and so on. They concluded that dysregulated iron homeostasis is a
common disease etiology. They also reviewed the current findings pertaining to potential
new therapies in these diseases, including iron restriction, iron chelators, hepcidin, and
agonists, and proposed the potential application of therapeutics affecting iron dysregulation
and lowering excess levels of labile reactive iron in disease therapy. In addition, they
identified a number of gaps in the current understanding of iron dysregulation in the
pathology of diseases, especially related to cause or effect.
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Lee et al. reviewed the interplay between intracellular iron homeostasis and neu-
roinflammation in neurodegenerative diseases [25]. They introduced the physiological
functions of various iron transporters, regulators, and iron-containing enzymes, and sum-
marized the interaction between the aberrant expression and dysfunction of these molecules
and inflammation. The interplay shows that maintaining the intracellular iron homeostasis
is critical to both the cellular redox balance and steady inflammatory homeostasis. On
the contrary, dysregulation of iron metabolism in the central nervous system is commonly
associated with neuroinflammation, a crucial hallmark of neurodegenerative diseases.
This review article also comprehensively discusses the interactions between iron-related
molecules and cell signaling molecules under inflammatory pathological conditions, which
may contribute to improving the understanding of neurodegenerative diseases.

Gao et al. summarized and elucidated the interplay between the dysregulation of
iron metabolism, redox imbalance, and different neurological diseases [26] such as AD, PD,
stroke, abnormal neurodevelopment, and neuropsychiatric disorders. The dysregulation of
iron metabolism in each disease, particularly the molecules involved, and the possible mech-
anisms of iron and oxidative stress in the pathogenesis of these diseases were discussed in
detail. This article also reviewed the current progress towards targeting iron metabolism
in the treatment of neurological diseases, including the use of iron chelators and iron
supplements in different neurological diseases, iron chelators in new administration forms,
key molecules in brain iron metabolism as targets, and antioxidants and anti-inflammatory
reagents as targets. This review highlights the molecular mechanisms, pathogenesis, and
treatment strategies of brain iron metabolism disorders in neurological diseases.

In conclusion, the original research and review articles in this Special Issue provide
an updated overview of the advances on the mechanisms or treatments of neurological
diseases related to iron dysregulation and redox imbalance. These papers offer fresh
perspectives on the expanding knowledge and research possibilities in the field of iron
metabolism, redox balance, and neurological diseases, and may stimulate future studies to
better target the regulation of brain iron metabolism for the prevention and treatment of
neurological diseases.
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Abstract: The incidence of neurological diseases, such as Parkinson’s disease, Alzheimer’s disease
and stroke, is increasing. An increasing number of studies have correlated these diseases with brain
iron overload and the resulting oxidative damage. Brain iron deficiency has also been closely linked
to neurodevelopment. These neurological disorders seriously affect the physical and mental health
of patients and bring heavy economic burdens to families and society. Therefore, it is important to
maintain brain iron homeostasis and to understand the mechanism of brain iron disorders affecting
reactive oxygen species (ROS) balance, resulting in neural damage, cell death and, ultimately, leading
to the development of disease. Evidence has shown that many therapies targeting brain iron and
ROS imbalances have good preventive and therapeutic effects on neurological diseases. This review
highlights the molecular mechanisms, pathogenesis and treatment strategies of brain iron metabolism
disorders in neurological diseases.

Keywords: oxidative stress; Parkinson’s disease; Alzheimer’s disease; stroke; neurodevelopment;
iron chelator

1. Introduction

Iron is important for the physiology of the brain, participating in oxygen transport,
energy production and the synthesis of DNA, myelin and neurotransmitters [1]. Brain
iron deficiency (ID) impairs the development of neurons and glial cells, leading to ab-
normal neurodevelopment, which causes mental incapacity [2,3] and is correlated with
neuropsychiatric disorders, such as depression and anxiety [4–7], while sufficient iron is
crucial for ferrodifferentiation [8]. On the other hand, iron overload in the brain exacerbates
the development of neurological diseases, such as Alzheimer’s disease (AD), Parkinson’s
disease (PD) and stroke, because too much iron generates reactive oxygen species (ROS)
that can destroy the cell membrane and induce cell death [9,10]. The incidence of neu-
rological diseases has become increasingly higher with the advent of an aging society.
Therefore, it is critical to maintain iron homeostasis in the brain and to investigate the
underlying regulation mechanisms, which might provide better strategies to prevent and
cure neurological diseases.

Recently, it has become much clearer how circulatory iron is absorbed into the brain
parenchymal tissue across the blood–brain barrier (BBB), where hepcidin and ceruloplasmin
(CP) regulate the iron transport process coordinately with ferroportin 1 (FPN1) [11–14].
In particular, neurodegeneration with brain iron accumulation (NBIA) is a set of rare
monogenetic neurodegenerative diseases, which is characterized by iron accumulation
in basal ganglia and other related brain regions [15,16]. Targeting iron transport and the
regulation pathway to restore iron homeostasis has been applied in the prevention and
treatment of NIBA, stroke and other neurological diseases. Iron chelation therapy with
deferoxamine (DFO), deferasirox (DFX) and deferiprone (DFP) has been used in the clinic

Antioxidants 2023, 12, 1289. https://doi.org/10.3390/antiox12061289 https://www.mdpi.com/journal/antioxidants
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and for animal research [17–22]. As the therapeutic effects of iron chelators are not ideal
in the treatment of iron-overload diseases, it is crucial to elaborate the detailed regulatory
mechanisms of brain iron metabolism in these diseases to discover new targets and new
therapeutic strategies for these neurological diseases. Therefore, in this review, we discuss
the molecular mechanisms of brain iron metabolism, pathogenesis of iron-dysregulation-
related neurological disorders and the treatment strategies in these neurological diseases.

2. Brain Iron Metabolism

How iron enters the brain has long been a mystery. Given the lack of evidence of
iron release from the brain, iron homeostasis is thought to be primarily maintained via
the regulation of iron uptake. The brain acquires iron primarily from the blood and
cerebrospinal fluid; uptake across the BBB is thought to be the primary pathway. Recently,
the molecular mechanisms of brain iron uptake and transport among neurons and different
types of glia have slowly been becoming clear (Figure 1).

Figure 1. Roles of different cells in brain iron metabolism. The main route of brain iron uptake is
where the iron in the blood crosses the blood–brain barrier (BBB) via Tf-TfR1 in the apical surface of
brain microvascular epithelial cells (BMVECs) and FPN1 in the basal surface of BMVECs. Iron can
also enter the brain through the transcytosis of ferritin by its receptors at BBB. After iron influxes
into the brain parenchymal tissue, it can enter astrocytes through their end feet surrounding BBB and
then be transferred to neurons. Iron across the BBB can also directly enter the interstitial fluid of the
brain and be transferred to neurons and other cells without passing through astrocytes (see black
lines). Astrocytes hepcidin secreted through its end feet to directly decrease FPN1 level of BMVECs,
which decreased the iron influx into brain tissues. GPI-CP expressed by astrocytes assists FPN1 in
releasing iron into the brain. Astrocyte-specific Cp knockout blocks iron influx FPN1-CP pathway
into the brain (see black lines and crosses). Neurons acquire both trivalent and divalent iron through
TfR1, TCT1 and DMT1, while those astrocytes that are not part of the BBB acquire iron via DMT1
and ZIP molecules. Oligodendrocytes mainly uptake iron via DMT1 and Tim2. Oligodendrocytes
can secrete Tf, while the activated microglia can secrete Lf. Neurons and glia store iron in ferritin
and release iron through FPN1 with the coordination of CP/hephaestin or hepcidin, thereby further
promoting cross-talk and interaction with other types of cells.
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2.1. Iron Uptake into Brain Parenchyma from Circulatory Iron across the BBB

During infancy, when the BBB has not yet formed, iron is thought to enter the brain di-
rectly. In adults with an intact BBB, brain iron uptake mainly occurs in brain microvascular
epithelial cells (BMVECs) and depends on transferrin receptor 1 (TfR1) and FPN1 [23,24].
Data have shown that iron in the blood circulation can enter rain parenchymal tissue across
the BBB. Transferrin-bound iron in the blood is first taken up by BMVECs by binding
TfR1 in the luminal membrane; this is referred to as the Tf-TfR1-dependent iron uptake
pathway [23]. However, there is no direct in vivo evidence indicating how iron in BMVECs
is released into the brain via the basal surface of these cells. Endothelial cell-specific Fpn1
knockout mice and conditional knockdown of astrocytic hepcidin mice revealed that en-
dothelial FPN1 acts as a gatekeeper for iron, mediating iron entry into brain tissue from
BMVECs [11,25].

The gatekeeper FPN1 is regulated by hepcidin, CP and iron regulatory protein (IRP).
Hepcidin is secreted by astrocytes and can decrease the expression of FPN1 in the stria-
tum, cerebral cortex, and hippocampus [12]. Hepcidin can control the entry of iron
through FPN1 on BMVECs via a FPN1–hepcidin posttranslational degradation axis [11].
Glycosylphosphatidylinositol-anchored CP (GPI-CP) is mainly expressed in the end feet of
astrocytes surrounding the BBB [13,26,27]. Conditional knockout of astrocytic CP caused ID
in the brain, providing direct evidence that CP in astrocytes also regulates iron influx into
the brain through the BBB [14]. While the level of IRP is negatively regulated by iron levels
in the brain, it also regulates TfR1 and Fpn1 mRNA via post-transcriptional regulation
of the iron-responsive element (IRE)-IRP system [28,29]. These results demonstrate that
coordination of Tf-TfR1 and FPN1 plays a critical role in iron efflux into brain parenchyma
from BMVECs, and that hepcidin and CP may help maintain iron homeostasis in the brain.

There are other routes of iron entry into the brain [30]. In the non-transferrin-bound
iron pathway, which mediates iron entry via BMVECs of the BBB [31,32], ferritin can bind
the ferritin receptor or be transcytosed across the BBB [33]. Iron in the cerebrospinal fluid
can also enter the brain across the choroid plexus [34,35].

Different brain regions contain different levels of iron, with high iron concentrations
in the substantia nigra (SN), red nucleus and globus pallidus [36,37]. It is unclear why such
iron heterogenicity exists in the brain. It may be due to differences in iron demand from
specific brain nuclei groups or differences in iron absorption, transport or iron release be-
cause of the distribution of iron-metabolism-related proteins in different brain regions [38].
Research has shown that iron can be transported along axons from the ventral hippocampus
(vHip) to the SN and from the thalamus to the amygdala [39], so it is possible that axonal
iron transport may contribute to heterogeneous iron distribution. It is speculated that
choroid-plexus-derived transferrin (Tf) in cerebrospinal fluid (CSF) plays a significant role
in the export of iron to the blood instead of iron uptake into the brain interstitium because
intracerebroventricular injection of [59Fe125I]Tf did not lead to an observable signal in brain
regions distant from the CSF [40]. The glymphatic pathway may also be involved in iron
release from the brain [41]. Do the different degrees of iron release result in different levels
of iron reduction or overload? Further investigation of iron deficiency or accumulation in
different brain regions is warranted.

2.2. Iron Uptake and Metabolism in Neurons and Glia

After iron enters the brain parenchyma, it is absorbed by neurons and glial cells for
cellular functions. TfR1 and divalent metal transporter 1 (DMT1) are ferric and ferrous
iron uptake proteins, respectively; the lactoferrin receptor (LfR) is also responsible for
iron uptake. Most brain cells store iron using ferritin and export iron via FPN1 with the
assistance of CP and hephaestin (HP) [42,43]. However, different types of brain cells have
different dominant iron uptake pathways. Neurons acquire iron through the classical
Tf-TfR1-dependent iron uptake pathway and non-transferrin bind iron (NTBI) uptake
pathway, such as DMT1 and trivalent cation-specific transporter 1 (TCT1), from brain
interstitial fluid [43,44]. Exported iron from neurons is oxidized into the ferric form by as-
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trocytic CP [45]. Astrocytes acquire iron across the interstitial space using NTBI-dependent
mechanisms that include citrate, ATP, ascorbic acid, DMT1 and zinc-regulated and iron-
regulated transporter-like proteins (ZIP) [46,47]. Astrocytes have also been reported to
directly uptake ferrous iron from BMVECs through the end feet [48]. Oligodendrocytes are
the only cells that synthesize and release Tf; they acquire iron through DMT1 and the fer-
ritin receptor, T-cell immunoglobulin and mucin domain protein-2 (Tim-2) [49]. Microglia
express iron-metabolism-related proteins and are efficient in accumulating iron [50]. Under
inflammation, environmental and endogenous stimuli, microglia are activated, resulting
in the synthesis and secretion of lactoferrin (Lf), which affects LfR-expressing cells [51,52].
Choroidal epithelia capture iron via TfR1-dependent or TfR1-independent pathways, and
they transport iron back to the blood circulation [53]. In the brain, excess iron can be
exported back to CSF or interstitial fluid [54].

In addition to strict regulation of iron entry into the brain, iron levels in different
brain cell types are also regulated by IRP and hepcidin. When cellular iron levels decrease,
the expression of IRP increases [55]. This allows IRP to bind the IRE motif in the 5′
untranslated region (UTR) of ferritin and Fpn1 mRNA and the 3′-UTR of TfR1 and DMT1
mRNA, which inhibits translation of ferritin and FPN1 and increases the translation of
TfR1 and DMT1. This leads to decreased iron storage and iron efflux, as well as increased
iron uptake, which induces elevated cellular iron levels to maintain iron homeostasis in
neurons and glia [29,56,57]. Altered levels of iron in the brain also affect the expression
of hepcidin in astrocytes, which affects the level of FPN1 through the hepcidin–FPN1
regulatory axis [11,12]. Data from IRP2−/− mice and cell lines have demonstrated that
IRP and hepcidin coordinately regulate FPN1 expression [28]. Therefore, coordination and
crosstalk between IRE-IRP and hepcidin maintain the dynamic balance of iron levels in
the brain.

Expression of CP and hepcidin in astrocytes regulates iron metabolism in BMVECs,
neurons and other glia, highlighting the communication between different cells in the
brain [11,14]. Astrocytes also affect microglia, which, in turn, affect iron metabolism in
neurons [58]. Cell communication and the underlying network are complicated; further in-
vestigation will improve our understanding of brain iron metabolism and provide strategies
to prevent and cure iron-metabolism-disorder-related neurological diseases.

Erythroferrone (ERFE), a protein newly identified by the Ganz group, may inhibit
hepcidin and, thus, regulate iron metabolism in response to erythropoietin stimulation
in conditions of stress [59,60]. ERFE has also been detected in the brain using real-time
PCR [60], but its role in brain iron metabolism remains unclear. The possibility of other
roles of ERFE in the brain will also require further investigation.

While there has been significant progress in our understanding of the mechanisms
and regulatory pathways of brain iron metabolism in recent decades, many issues remain
to be addressed. Data from synchrotron-based X-ray fluorescence elemental mapping
demonstrated that the element that accumulates in the SN is iron and not zinc or copper [61],
which may explain why dopaminergic neurons are vulnerable to toxins. Microglia are
prone to accumulate iron under conditions of stress. The cross-talk between glia and
neurons remains unclear; in particular, how they coordinate to maintain iron homeostasis
in physiological conditions and how iron is redistributed and accumulated in pathological
diseases will require further investigation. Uncovering a detailed picture of brain iron
metabolism and understanding the key mechanisms will have profound preventive and
therapeutic potential for neurological diseases.

3. Iron, Redox Balance and Oxidative Damage

3.1. Iron Dysregulation Induces ROS Generation

Iron dysregulation can be destructive to cells and tissues. Iron overload, especially
labile iron in cells and body fluids, can catalyze the conversion of hydrogen peroxide (H2O2)
via the Fenton reaction to generate highly reactive hydroxyl radicals and superoxide anion,
leading to the generation of ROS [62,63]. Iron and iron derivatives, such as heme or
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iron–sulfur clusters, are the essential active centers of many enzymes (e.g., lipoxygenases
(LOX), cytochrome P450, NADPH oxidases) involved in ROS generation [64]. Moreover,
dysregulation of iron metabolism also induces the generation of reactive nitrogen species,
including nitrogen monoxide, dioxide and peroxynitrite, while these radicals can conversely
regulate cellular iron homeostasis by modulating the binding affinity of IRP and IRE [65].
The drastic increase in oxidative and/or nitrosative radicals can disrupt the redox balance in
the cell and lead to biological damage, a condition called oxidative stress and/or nitrosative
stress, which is involved in many diseases and medical conditions [65]. In addition to iron
overload, studies have also reported that extremely low levels of iron in cells can also trigger
an increase in ROS [8,66]. Under prolonged ID, increased levels of H2O2 initiate signaling
events, resulting in a regulatory loop between H2O2 and prolonged ID [65]. ID increases
superoxide anion levels, resulting in a significant decrease in catalase activity together
with rising levels of dehydroascorbic acid, indicating disruption of redox homeostasis,
ultimately triggering programmed cell death [67]. Therefore, iron dysregulation is harmful
to cells via increasing ROS levels and resulting oxidative damage.

Neural cells are particularly sensitive to ROS assault because of their intense oxidative
metabolism, high consumption of oxygen, and propensity to generate high levels of ROS.
Iron levels in different regions of the brain increase with aging, making individuals more
prone to age-dependent neurodegenerative diseases [68]. For example, high levels of
iron are seen in the cerebral cortex and hippocampus of AD patients, as well as in the
dopaminergic neurons of the SN of PD patients [69,70]. Iron induces oxidative damage
in proteins and lipids, which is involved in many disease processes, such as synaptic
dysfunction, neuroinflammation, and neuronal death, and, thus, is considered an important
cause of neurodegenerative diseases [71–73].

3.2. Iron-Induced Neuronal Death

Although ROS are critical for physiological signaling pathways, excess ROS will
damage cellular macromolecules, including proteins, lipids and DNA, and the resulting
oxidative stress can eventually lead to apoptosis [68,74]. Normally, there are several
detoxification systems and antioxidant defense pathways in cells to counter ROS, such as
superoxide dismutases, catalases, and glutathione peroxidases (GPx) [75,76]. However,
when the generation of ROS drastically exceeds the antioxidant detoxification systems in
cells, oxidative stress results in mitochondrial dysfunction, leading to a further increase in
ROS formation and Cyt C release [77]. This will trigger the activation of various signaling
pathways, such as MAPK, which activates transcription factors, such as the nuclear factor
NF-κB, to alter target gene expression, resulting in the upregulation of proapoptotic factors
and downregulation of anti-apoptotic factors [64,77]. This, in turn, exaggerates oxidative
stress and ultimately leads to programmed cell death.

Ferroptosis, another form of programmed cell death, is primarily caused by iron-
dependent lipid peroxidation (Figure 2). In ferroptosis, upon labile iron accumulation,
cytosolic lipid oxidation and ROS are increased, while glutathione (GSH) and GPx4 are
decreased, and the mitochondria shrink with an increased membrane density, eventually
resulting in cell death [78]. Ferroptosis can be activated by blocking xCT antiporter (e.g.,
by erastin) or GPx4 inhibitor (e.g., RSL3), while it is inhibited by iron chelators (e.g., DFO)
and ROS scavengers (e.g., ferrostatin-1). This process is closely regulated by intracellular
signaling pathways, including the iron homeostasis regulatory pathway, RAS pathway and
cystine transport pathway [79]. Ferroptosis has been linked to the pathological processes of
many diseases, including neurodegenerative diseases of the central system [79,80].
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Figure 2. Interplay between ferroptosis and iron homeostasis. Lipid peroxides that induce ferroptosis
are produced through auto-oxidation and/or enzymatic activity of LOX on lipid esters generated
from lipids via the activity of ACSL4 and lysophosphatidylcholine acyltransferase 3 (LPCAT3). GPx4
blocks ferroptosis by converting lipid peroxides to lipid alcohols, whereas reductions in GSH or
GPx4 activity by blocking of xCT antiporter (e.g., by erastin) or inhibiting of GPx4 (e.g., RSL3)
can trigger ferroptosis. The increase in labile iron pool in the cytosol via an increased iron uptake
through TfR1 and/or autophagic degradation of ferritin can exacerbate ferroptosis via facilitating
lipid peroxidation, and, thus, iron chelators, such as DFO and ROS scavengers (e.g., ferrostatin-1),
suppress ferroptosis.

4. Role of Iron in Neurological Diseases

Iron overload or deficiency is closely related to ROS levels, both of which participate
in and exacerbate the onset and progression of neurological diseases, including PD, AD,
stroke, neuropsychiatric disorders and abnormal neurodevelopment (Figure 3).

 

Figure 3. The interplay of iron and ROS in the pathogenesis of neurological diseases. Dysregulation
of iron content in neurological system and the associated generation of ROS participate in the
pathological processes of Alzheimer’s disease (AD), Parkinson’s disease (PD), stroke, neuropsychiatric
disorders and abnormal neurodevelopment.
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4.1. Iron and Parkinson’s Disease
4.1.1. Iron Dysregulation in PD

PD is one of the most typical neurodegenerative diseases, and its discovery was first
described by Parkinson in 1817 [81]. PD is characterized by Lewy bodies (LBs) with α-
synuclein protein aggregation, as well as death of dopaminergic neurons in the SN and
dopamine (DA) deficiency in the striatum [82,83]. While there is significant evidence
demonstrating that excess iron accumulates in the SN pars compacta (SNpc) of PD patients
and animal models [37,84–87], it remains unclear whether iron overload is the initial cause
or an effect of PD [88]. Although the detailed molecule mechanisms that provoke PD
are not fully understood, experimental evidence suggests that iron accumulation occurs
earlier [89], and the consequent oxidative damage or mitochondrial dysfunction aggravates
the development of PD [90,91]; the evidence also shows that lowering brain iron levels can
slow down PD [92–94].

CP is a multi-copper ferroxidase that plays important roles in copper transport and con-
verts toxic ferrous into the nontoxic ferric form. CP facilitates iron release from endothelial
cells, neurons and glial cells to maintain iron homeostasis in the brain. Aceruloplasminemia
is a recessive neurodegeneration characterized by mutation of the CP gene and marked
iron accumulation in the brain [95–97]. Adult Cp gene knockout mice (CP−/−) show
age-dependent iron overload in the central nervous system (CNS) [98,99]; these mice are
considered an endogenous iron-overload model. Intracerebroventricular injection of fer-
ric ammonium citrate (FAC), which induces high levels of iron in the brain, is used as
an exogenous iron-overload mouse model. Both iron-overload mouse models are more
vulnerable to neurotoxin and develop PD following intraperitoneal injection of low-dose
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Further investigation demonstrated
that iron accumulation is induced by Cp gene knockout and exacerbates oxidative stress
levels, which promotes apoptosis in the brain. Chelation of iron can decrease brain iron
levels and ROS, and apoptosis is reduced in PD mice. Therefore, iron overload in the brain
exacerbates dopaminergic neuronal death in the SNpc [90].

Researchers observed a loss of approximately 80% of the ferroxidase activity of CP in
the SN of PD cases; CP−/− mice developed parkinsonism and exhibited iron accumulation
in the SN [100,101]. Thus, Cp deletion induced iron overload and consequent ROS elevation,
which induced dopaminergic neuron death and led to the onset of PD.

The expression of IRP2, a key regulator of iron homeostasis, is negatively regulated by
high levels of iron; altered IRP2 can impact iron uptake, iron storage and iron release pro-
teins through the IRE-IRP regulatory pathway, which maintains iron homeostasis [57,102].
Dominant expression of IRP2 has been detected in the CNS [103]. IRP2 gene knockout
mice (IRP2−/−), reported by the Rouault lab, develop neurodegenerative movement disor-
ders [104] and exhibit excessive iron accumulation in the brain [56,104,105].

Iron overload is observed in the SN of IRP2−/− mice, and low doses of MPTP increase
neuronal apoptosis and decrease DA levels by altering iron metabolism, exacerbating
parkinsonism symptoms [91]. Levels of the deubiquitylase OTU domain-containing protein
3 (OTUD3) are decreased in PD mice overexpressing A53T α-synuclein. OTUD3 gene
knockout mice showed nigral iron accumulation and dopaminergic neurodegeneration.
OTUD3 can stabilize IRP2 to maintain iron homeostasis and prevent PD [106].

Mitochondria ferritin (FtMt) is a protein with ferroxidase activity capable of storing
iron in the mitochondria. Although FtMt overexpression or deletion does not affect iron
levels in the brains of mice, its overexpression induces a slight increase in iron uptake,
cytosolic ID and decreases ROS production in SH-SY5Y neuronal cells and significantly
blocks iron redistribution in a PD cell model [107]. FtMt deletion induced ferroptosis, and
its overexpression attenuated ferroptosis during cerebral ischemia/reperfusion [108]. FtMt
gene knockout promotes ROS generation, and overexpression restricts ROS production
in vivo. In vitro, FtMt attenuated oxygen and glucose deprivation and reperfusion-induced
iron accumulation in mitochondria [109]. These data revealed that FtMt plays a critical
antioxidative role in the progression of PD by regulating ROS.
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Nuclear factor erythroid 2-related factor 2 (Nrf2) regulates the expression of antioxi-
dant and detoxification enzymes and participates in many biological functions and disor-
ders including oxeiptosis [110]. Nrf2 gene knockout decreases the FPN1 level in BMVECs,
thus decreasing iron entry into the SN and striatum, reducing ROS and decreasing apopto-
sis of dopaminergic neurons in PD mice [111], which suggests that Nrf2 is neuroprotective
against PD via regulation of iron metabolism in the brain.

In addition to the above mechanisms, other molecules and pathways are involved in
iron metabolism disorders in PD. Ferroptosis participates in dopaminergic neuronal cell
death in PD, and the mutation of other ferroptosis genes has been linked to PD. On the
other hand, an autosomal recessive mutation in the PD-related gene, DJ-1 (PARK7), can
suppress ferroptosis [112]. Ferroptosis is also characterized by elevated lipid peroxidation
and ROS; therefore, iron and the resulting increase in ROS play prominent roles in the
pathology of PD. Overall, there are many reports of iron participation or interaction with
neurotransmitters and with many PD gene mutations [113–118], which form a vicious cycle
that exacerbates the progression of PD.

4.1.2. Iron Overload Exacerbates PD and Related Mechanisms
Iron and α-Synuclein

α-synuclein aggregation is thought to play a key role in the formation of LBs that
contribute to PD pathogenesis. Iron and α-synuclein both accumulate in LBs of the re-
maining dopaminergic neurons of the SN [119]. Evidence has shown that iron promotes
α-synuclein aggregation [120]; an IRE motif is predicted in the in 5′-UTR of α-synuclein
mRNA [121], suggesting IRE-IRP mechanisms might regulate its expression. Further in-
vestigation showed that iron regulates the synthesis of α-synuclein through the IRE-IRP
pathway at the post-transcriptional level; iron-mediated oxidative stress also regulates
α-synuclein at the post-translational level. α-synuclein has also been shown to exhibit
ferrireductase activity in the SN and may regulate iron uptake [122,123].

Transgenic PD mice overexpressing a mutant (A53T) human α-synuclein exhibited
age-related motor deficits, and their SN was more vulnerable to high dietary iron compared
with wild-type mice [124]. Excess iron has been linked to increased oxidative/nitrative
stress, which could induce tyrosine nitration. Nitrated α-synuclein has been detected in the
LBs of the PD brain [125]. The attachment of nitro molecules to Tyr39, Tyr125, Tyr133 and
Tyr136 of α-synuclein causes significant changes in α-synuclein [126]. Nitrated α-synuclein
is not readily degraded and is mixed into fibrils, accelerating the formation of fibrils with
unmodified α-synuclein [127–129]. In vitro evidence has demonstrated that microglial acti-
vation can induce nitric oxide (NO)-dependent oxidative stress in dopaminergic neurons,
resulting in α-synuclein nitration. Nitrated, aggregated α-synuclein during conditions of
oxidative stress induces inflammatory microglial functions [130,131].

Phosphorylation of α-synuclein has been shown in LBs [132]. Phosphorylation of
Ser129 is the primary modification of α-synuclein [133]; this mutation is harmful in PD.
Mutation of S129 (S129D) increases α-synuclein phosphorylation, the aggregation of which
promotes dopaminergic neuronal cell death [134,135]. The S129A mutation prevents α-
synuclein phosphorylation and suppresses the loss of dopaminergic neurons [134]. While
some reports have indicated that α-synuclein phosphorylation has no toxic effects, it
remains clear that iron-induced oxidative stress promotes phosphorylation of α-synuclein.
Iron overload has been shown to induce phosphorylation of α-synuclein at S129 and
its subsequent aggregation in vitro [114,136]. Furthermore, phosphorylation at Y125 or
S129 may increase the binding affinity between ferrous iron and the C-terminal region of
α-synuclein [115].

Overall, these results suggest that iron and α-synuclein interact with one another, and
their deposition and aggregation may be important factors in the pathology of PD. Blocking
iron and α-synuclein interactions may be a useful strategy to prevent and cure PD.
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Iron, Dopamine and Neuromelanin

Decreased levels of the neurotransmitter DA are important in PD. DA generates toxic
metabolites in the cytoplasm [137]; iron and DA are considered toxic in combination.
Physiologically, DA can produce H2O2 via monoamine oxidase [113]. H2O2 produced
in dopaminergic enzymatic processes reacts with the high level of iron in dopaminergic
neurons, generating oxidative stress such as hydroxyl free radicals via the Fenton reaction.
Hydroxyl radicals can damage membrane phospholipids, proteins and nucleic acids to
induce neuronal cell death [138].

Iron is also involved in the oxidation of DA, forming 6-OHDA, which liberates iron
from ferritin and produces H2O2, therefore, aggravating dopaminergic neuronal cell death
and the development of PD. It was reported that high levels of iron inside cells caused
ferroptosis, a form of regulated cell death characterized by iron-dependent accumulation
of lipid hydroperoxides to lethal levels [78,139].

Neuromelanin, a dark pigment in dopaminergic neurons, binds reactive iron in neu-
rons and plays a neuroprotective role. Loss of neuromelanin is observed in PD patients [89].
When the binding capacity of neuromelanin for iron is decreased, free iron increases in the
SN and induces oxidative damage via the Fenton reaction. Increased iron also reacts with
α-synuclein to aggravate oxidative stress and protein aggregation, resulting in neurodegen-
eration and neuronal cell death. Degenerating neurons also release neuromelanin, which
activates microglia, further releasing neuromelanin and initiating neuroinflammation and
neurodegeneration [116]. Therefore, iron is involved in DA oxidation by interacting with
DA metabolites (such as H2O2 and neuromelanin) to damage dopaminergic neurons, which
accelerates the release of a-synuclein to activate microglia, producing neuroinflammation
and participating in the occurrence of PD.

Iron and Parkin

Iron can alter Parkin solubility, resulting in its intracellular aggregation. With the
depletion of soluble, functional forms of Parkin, proteasomal activity is impaired with cell
damage [140]. In 1998, mutation of Parkin was identified in autosomal recessive juvenile
parkinsonism; iron staining in the SN of these patients was more intense than that of
controls and sporadic PD patients [141]. It was hypothesized that iron accumulation might
be related to loss of the Parkin gene.

More recently, Parkin was reported to be responsible for ubiquitination of DMT1
(+IRE). Expression of 1B-DMT1 isoforms was decreased in SH-SY5Y cells overexpressing
Parkin [117]. When fed an iron-supplemented diet, transgenic mice overexpressing DMT1
showed selective accumulation of iron in the SN; expression of Parkin was also upregulated,
likely reflecting a neuroprotective response [142]. Expression of DMT1 (+IRE) was also
increased in human lymphocytes containing a homozygous deletion of exon 4 of Parkin
and in the brains of Parkin knockout animals. All these data suggested that there might be
a feedback interaction between the abnormal iron level with/without aberrant expressions
of iron regulatory molecules and the expression and function of Parkin, thus participating
in the progression of PD.

Iron and Leucine-Rich Repeat Kinase 2

Leucine-rich repeat kinase 2 (LRRK2) is involved in inflammation, autophagy, lyso-
somal processing and vesicular trafficking [143]. Mutations in the Lrrk2 gene cause PD
and inflammatory diseases [144,145]. Increased iron is present in PD patients with the
Lrrk2 mutation [146]. The underlying mechanisms and their contribution to PD pathology
have been investigated. LRRK2 has been shown to activate microglia; mutations in Lrrk2
can induce cytokine release and inflammation in PD [147,148]. Recent investigations have
indicated that LRRK2 can phosphorylate Rab GTPases, regulating vesicle traffic. The
RabGTPase Rab8a directly interacts with TfR to aid in TfR recycling to the cell membrane
in the iron-uptake pathway [149]. Mutation of Lrrk2 enhances Rab8a phosphorylation,
sequestering Rab8a in lysosomes, resulting in the dysregulation of endolysosomal transport,
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inhibition of Tf-TfR recycling and enhanced cellular iron accumulation [118,150]. Therefore,
LRRK2 may modulate iron metabolism, especially iron uptake and storage in microglia in
conditions of neuroinflammation [118].

Excess iron has been observed in dopaminergic neurons of the PD brain. FAC can
catalyze the phosphorylation of S935 and S1292 of LRRK2, significantly increasing its
activity. Active LRRK2 accelerates ferrous iron uptake, indicating a relationship between
iron and LRRK2 in dopaminergic neurons [151].

In summary, iron deposition in the SN and LB aggregation is a hallmark of PD. The
increased iron induced by Cp, IRP2, Nrf2 or FtMt gene knockout, and the subsequent
increased oxidative stress and their interactions with α-synuclein, DA, neuromelanin,
Parkin and LRRK2, all contribute to the development and progression of PD (Figure 4).
Thus, targeting iron levels is an important strategy in the prevention and treatment of PD.

Figure 4. Iron accumulation is important in the pathogenesis of PD. Dysregulation of CP, IRP2,
Nrf2 and FtMt alters brain iron levels, which, in turn, affects the expression of iron metabolism
proteins. Iron overload and increased ROS aggravate the development and progression of PD,
and their interactions with α-synuclein, dopamine, neuromelanin, Parkin and LRRK2 contribute to
dopaminergic neuronal cell death and the onset of PD.

4.2. Iron and Alzheimer’s Disease

AD is a neurodegenerative disease characterized by progressive memory impairment
and cognitive dysfunction. The main pathological features of AD are the intercellular
deposition of insoluble β-amyloid (Aβ) plaques and intracellular fiber tangles formed by
excessive phosphorylation of the tau protein, as well as neuronal cell loss [152]. Although
the cause and exact mechanisms of AD have not been revealed, great progress has been
made. It has been suggested that the increase in brain iron and the imbalance of iron
metabolism associated with increased ROS generation play an important role in the patho-
genesis of AD [153,154]. Therapeutic approaches to decrease brain iron levels or restore
iron homeostasis along with the attenuation of oxidative stress show great promise in the
treatment of AD [154].

4.2.1. Iron Dysregulation in AD

Iron deposition in Aβ plaques and neuronal tangles in the brains of AD patients have
been widely reported. In 1992, a study showed that in brain slices of AD patients, the
distribution of iron in senile plaques and the surrounding cells increased significantly, sug-
gesting there was iron deposition and disruption of iron homeostasis in the AD brain [155].
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Magnetic resonance imaging showed that the aggregation of Aβ accompanied by the
accumulation of iron occurred in the early stages of AD [156]. Compared with healthy
individuals, AD patients have increased iron in the cerebral cortex and hippocampus, colo-
calized with the Aβ plaques [156]. The increased levels of iron in the brain exacerbate the
aggregation of Aβ and accelerate neuronal cell death. Symptoms of AD can be attenuated
by iron-chelating agents [157].

In addition to the changes in iron distribution in the brains of AD patients, the ex-
pression of several key molecules responsible for transporting iron or regulating iron
homeostasis is also altered, including Tf, TfR1, DMT1, ferritin, FPN1, CP, IRPs and hep-
cidin [11,14,69,155,158–160]. Ferritin in senile plaques in the hippocampus and peripheral
blood vessels of AD patients is increased [155,161]; ferritin is also increased in the CSF
of AD patients [161]. Protein and mRNA levels of FtMt are increased significantly in the
cerebral cortex of AD models [162–164]. Expression of TfR1 was shown to be increased in
the cerebral cortex and hippocampus of 3-month-old amyloid precursor protein (APP)/PS1
mice [165]. DMT1 in the cerebral cortex and hippocampus of APP/PS1 mice was increased
around Aβ plaques [166]. FPN1 in the cortex and hippocampus of AD patients and animal
models was significantly decreased [166]. Expression of hepcidin in the brain of AD patients
and mouse models was decreased, accompanied by increased neuroinflammation and ox-
idative damage [58,69,160]. The alterations of these molecules verify the dysregulation of
iron metabolism in the pathogenesis of AD.

4.2.2. Iron in Aβ and Tau Pathology

Increased iron directly induces Aβ aggregation, which, in turn, participates in the
generation of oxidative stress, contributing to the pathological symptoms of AD [153].
The increased iron can also affect the expression of APP and its subsequent amyloidosis.
Under normal conditions, most APP is cleaved by α-secretase and γ-secretase successively,
releasing its N-terminal P3 fragment and leaving the APP intracellular domain in the cell
membrane, while a small amount of APP undergoes β-secretase (BACE-1) and γ-secretase
shearing to produce Aβ [167]. The activation of both α-secretase and BACE1 is regulated
by furin, and the transcription of furin is regulated by intracellular iron levels [72,168,169].
When total iron levels are high, furin protein levels decrease [72], which downregulates the
activity of α-secretase, resulting in Aβ production. By contrast, in conditions of ID, furin
activity increases, increasing α-secretase activity and the stimulation of non-Aβ cleavage of
APP [170]. APP translation is also affected by iron levels because of the IRE motif present
in the 5′-UTR of APP mRNA, which can be regulated by IRPs upon binding [171]. In
conditions of ID, IRPs bind the IRE of APP mRNA to inhibit its translation. However,
at high iron concentrations, IRPs interact with iron and are released from APP mRNA,
resulting in increased APP translation, which, in turn, increases Aβ generation [171].

Iron overload can also aggravate tau protein dysfunction and enhance the formation
of neuronal fiber tangles. In the brains of AD patients, lipid peroxidation induced by iron
overload can promote tau polymerization, which further increases oxidative stress and the
formation of tau fibrillary lesions [172]. In vivo experiments have shown that iron overload
causes abnormal phosphorylation of tau protein in neurons [173]. Previous studies have
shown that a lack of tau can affect the post-translation transport of APP, resulting in its
retention in the endoplasmic reticulum [174]. APP exhibits ferrous oxidase activity, which
may help iron efflux by stabilizing FPN1 on the cell membrane [175]. Therefore, lack of
tau may affect iron release by regulating APP, leading to increased intracellular iron and
further aggravating cell damage.

4.2.3. Mechanism of Iron and Oxidative Stress in AD Pathogenesis

Iron overload and the resulting oxidative stress participate in the pathology of AD
symptoms. In AD pathogenesis, iron overload has been implicated in mitochondrial
dysfunction, neuroinflammation and neuronal cell death (Figure 5).

15



Antioxidants 2023, 12, 1289

Figure 5. Iron accumulation participates in the pathogenesis of AD. Elevated cellular iron is related to
Aβ1-42 production and tau phosphorylation. Excessive iron leads to mitochondrial dysfunction. The
pre-oxidant effects of iron induce DNA damage and lipid ROS generation, contributing to cell death.

Mitochondrial dysfunction is a common pathogenic feature of AD [176], evidenced by
elevated ROS generation and lipid peroxidation, decreased mitochondrial membrane po-
tential and altered mitochondrial morphology [176]. Sufficient intracellular iron is required
for mitochondria-dependent metabolic activities, such as ATP production by the electron
transport chain, Fe-S cluster formation and heme biogenesis. Disruptions in iron home-
ostasis result in mitochondrial dysfunction and energetic failure. ID impairs mitochondrial
metabolism and respiratory activity [8], while iron overload promotes the production of
damaging ROS during mitochondrial electron transport [177], which triggers oxidative
stress in the brain, resulting in neurological damage and disease development [178,179].
Therefore, iron flux in mitochondria must be precisely regulated.

Neuroinflammation is a characteristic of AD and is mainly mediated by the activation
of microglia and astrocytes, which release excess inflammatory factors that result in neu-
ronal impairment [176]. Accumulating evidence has shown a relationship between iron
levels and neuroinflammation. Elevated neuroinflammation has been reported to contribute
to the deleterious impact of iron overload on brain function in aging through astrocytic
dysfunction and inflammation [180]. In AD, iron plays a direct role in Aβ-stimulated
neuroinflammation. Iron overload promoted activation of NF-κB signaling induced by Aβ

and increased secretion of inflammatory factor interleukin (IL)-1β in microglia [181]. Simi-
larly, iron overload in lipopolysaccharide (LPS)-primed peripheral blood mononuclear cells
stimulated caspase 1-dependent IL-1β secretion and activated the NOD-like receptor family
pyrin domain-containing 3 inflammasome, due to the increased cellular labile iron [182].
Iron overload has also been shown to promote IL-6 secretion through microglia, which, in
turn, upregulates the expression of IRP1 and DMT1 and downregulates the expression of
FPN1 via C-Jun N-terminal kinase activation [183], aggravating iron overload and inducing
oxidative stress and cellular dysfunction.

On the other hand, iron metabolism is also regulated by inflammatory and anti-
inflammatory cytokines, such as tumor necrosis factor (TNF)-α and transforming growth
factor (TGF)-β1. TNF-α has been shown to promote iron uptake in astrocytes and microglia
by promoting DMT1 expression, while TGF-β1 facilitates iron efflux in astrocytes by in-
creasing FPN1 expression, thereby differentially contributing to iron homeostasis [184].
In addition, hepcidin in astrocytes is important in LPS-induced neuroinflammation and
neuronal apoptosis [58]. High hepcidin levels are associated with intracellular iron accumu-
lation, as hepcidin binds FPN1, internalizing the receptor and blocking iron release from
cells [28,58,185]. These results suggested that neuroinflammation stimulates iron overload
by regulating the expression of iron transporters, followed by a positive feedback loop that
aggravates neuroinflammation and oxidative stress in the brains of AD patients. As iron
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overload and its related chronic neuroinflammation contribute to the progression of AD,
iron chelators have been investigated as potential agents to alleviate neuroinflammation
and ROS generation [186].

Iron-induced cell death is an important cause of neuronal death in AD pathology.
Studies have found that there are ~30- to 50-times more DNA fragments in neurons and glial
cells in AD patient brains than in normal brains of humans of the same age [187], indicating
that apoptosis is one of the main forms of cell death in the AD brain. Iron overload in
AD is accompanied by an increase in apoptotic cells; reducing brain iron levels reduced
apoptosis in the cortex and hippocampus of AD mice [69,160]. These results suggest that
the iron-induced apoptosis pathway plays an important role in neuronal cell death in AD.
In addition to apoptosis, ferroptosis is mainly caused by iron-dependent oxidative damage
and is thought to be closely regulated by intracellular iron homeostasis [78]. Iron overload
in AD reduces the expression of GPx4 and increases expression of acyl-CoA synthetase long
chain family member 4 (ACSL4); restoring iron homeostasis ameliorated AD symptoms by
inhibiting ferroptosis [69,79], indicating that iron-accumulation-induced ferroptosis is an
important characteristic of AD.

4.3. Iron and Stroke

Stroke is the second leading cause of death after cancer, and adults who survive have
varying degrees of physical disability. A quarter of people around the world are affected
by stroke [188], resulting in a significant burden to society and patients. Ischemic stroke
is the most common form of stroke. Due to vascular embolism, continuous occlusion of
blood flow leads to irreversible necrosis of nerve cells in ischemic brain tissue, forming the
infarction core. Adjacent tissue cells retain some level of metabolic activity, which is referred
to as penumbra. At present, the primary treatment is thrombolysis, although reperfusion
causes excitoneurotoxicity, Ca2+ overload, ROS generation and inflammation, activates
innate and adaptive immunity and causes secondary damage to tissues. The mechanism
of ischemia/reperfusion (I/R) is complex, and many modes of cell death are involved,
including necrosis, apoptosis, autophagy and ferroptosis. Ferroptosis is an important cause
of tissue damage and cell death during reperfusion [139]; the use of ferroptosis inhibitors
alleviates I/R damage. Our previous study found that brain iron metabolism was disturbed
after I/R and iron levels were increased in the cortex and hippocampus. Hepcidin has been
shown to regulate iron levels [189] and cells were characterized by brain iron overload.
Excess iron can cause lipid peroxidation via the Fenton reaction, which is important in
apoptosis [190] and ferroptosis [108]. Therefore, iron plays an important role in neural
damage caused by thrombolysis or thrombectomy in ischemic stroke.

4.3.1. Iron Regulation in Ischemic Stroke

Although there have been many reports of iron overload after stroke, the underlying
mechanism remains unclear. Previous studies have shown that hepcidin is involved in
the regulation of cellular iron overload after stroke [189]. Stroke upregulates hepcidin
expression, and hepcidin was shown to bind and internalize to degrade the iron exporter
FPN1 [191], which, in turn, leads to iron accumulation in cells. The hypoxic environment
created by ischemic stroke also affects intracellular iron and regulates iron-related protein
expression, primarily through hypoxia-inducible factor (HIF). Knockdown of HIF-1α re-
duces hypoxia-induced iron accumulation in cells. HIF-1α binds as a transcription factor to
the hypoxia-responsive element (HRE) of Tfr1 and DMT1, activating their transcription,
which, in turn, increases iron uptake [192]. Glutamate receptors (N-methyl-D-aspartate re-
ceptors (NMDARs)) also mediate iron uptake following a stroke. NMDARs induce the Ras
protein via NO/dexamethasone, increasing the TfR-dependent iron uptake pathway [193].
In addition to direct the regulation of iron by hypoxia, the BBB is also involved in cerebral
blood deposition in I/R. Changes in iron levels in cerebral microvascular endothelial cells
can directly affect iron levels in the brain. After oxygen and glucose deprivation and
reperfusion (OGD/R) treatment, iron levels in cerebral microvascular endothelial cells
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were significantly increased [190]. Endothelial cells released intracellular iron into the brain
through FPN1, and knockdown of Fpn1 in endothelial cells decreased iron accumulation
in the brain and alleviated oxidative stress, inflammation and cell death after ischemic
stroke [25]. The above results suggest that the mechanism of iron metabolism dysregulation
in ischemic stroke may not only include the disruption of the BBB and abnormal iron
transport across the BBB but also be caused by disorders in iron uptake and release by
neural cells in the brain.

4.3.2. Mechanism Underlying Cell Death Induced by Iron Dysregulation

Intracellular iron accumulation after ischemic stroke can aggravate cell death and
tissue damage in various ways. Oxidative stress, in particular, is an important factor in
excess iron-mediated cell death, including apoptosis and ferroptosis. ROS induces the
opening of mitochondrial membrane permeability pores via oxidative damage of lipids
and other macromolecules in mitochondria, releasing cytochrome c into the cytoplasm,
which activates caspase-3 and triggers apoptosis [194,195]. In the cytoplasm, ROS primarily
activates the downstream signaling molecule c-Jun NH2-terminal kinase (JNK) through
apoptosis signal-regulating kinase 1 (ASK1) to further phosphorylate the proapoptotic
molecule Bak/Bax, resulting in the mitochondrial release of cytochrome c [196–198]. In
addition to participating in ROS generation and cell death, iron also plays an important
role in energy metabolism. Studies have demonstrated that the overexpression of FtMt, on
the one hand, decreases the level of free iron in mitochondria and slows the production
of ROS after OGD/R. However, FtMt also enhanced glucose metabolism and the pentose
phosphate pathway after OGD/R to promote the synthesis of NADPH and glutathione,
thus increasing cellular resistance to oxidative damage [109]. Iron also functions as a
coenzyme for many oxidases, such as LOX, NADPH oxidase and xanthine oxidase, which
are involved in catalytic lipid oxidation and ROS generation [199] and are another important
source of oxidative damage.

Based on the role of iron and ferroptosis in I/R, many compounds and therapeutic
strategies targeting iron have been explored and validated in animal models. The iron
chelator DFO is widely used in a variety of stroke models and has been shown to alleviate
stroke injury in mice [200]. Other iron regulatory proteins have been shown to be protective
in animal models. Endothelial cells release intracellular iron into the brain through FPN1;
while knockdown of Fpn1 reduces oxidative stress, inflammation and cell death after stroke,
ID is not beneficial during neurological recovery after ischemic stroke [25]. Previous studies
have shown an increase in iron in the cerebral cortex during post-stroke recovery, along with
a corresponding increase in synaptic plasticity and myelin nerve regeneration, indicating
that the recovery process, unlike ischemia, seems to require more iron involvement [201].
Knockdown of hepcidin or peripheral injection of CP during ischemia decreased brain iron
levels and improved post-stroke motor capacity in mice [189,202]. Intravenous injection
of iron-loaded Tf increased cell mortality, increased ROS production and aggravated
damage after OGD [203]. Our previous study found that HIF-1α acts as a transcription
factor to activate transcription of FtMt, which preferentially sequesters intracellular iron in
mitochondria, diminishing free iron in the cytoplasm. Overexpression of FtMt is protective
in both hypoxia and I/R models [108,163]. An increasing number of new therapeutic
agents targeting iron to treat ischemic stroke are being explored. Nanoliposomes carrying
lycopene have been shown to have therapeutic efficacy following ischemic stroke injury in
rats. Lycopene nanoliposomes regulate iron levels after stroke and reduce oxidative stress
and apoptosis [204]. Moreover, some ferroptosis inhibitors such as Ferrostain-1 were shown
to alleviate I/R injury. Further research on brain iron metabolism imbalance following
I/R will improve our understanding of the role of iron and provide new directions for
prevention and targeted therapies.
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4.4. Iron and Neuropsychiatric Disorders

Neuropsychiatric disorders, such as depression and anxiety, are increasing world-
wide, affecting approximately 30% of the general population during their lifetime [205].
Abnormal synthesis and secretion of neurotransmitters, reduced neuroplasticity and im-
paired neurodevelopment have been linked to the pathogenesis of neuropsychiatric dis-
orders [206], but the specific mechanisms remain unclear. ID has been correlated with
behavioral and developmental changes that occur with neuropsychiatric disorders; these
changes affect the hippocampus, the striatum and neurotransmitters, such as serotonin,
noradrenaline and DA [206]. Analysis of survey studies found a link between iron intake
and depression; total iron intake may be inversely associated with depression [207]. A
health survey of individuals over 65 found that a higher number of depressive symptoms
was associated with lower hemoglobin levels and higher serum TfR levels but not with
ferritin levels [208]. Accumulating evidence demonstrates that ID results in increased anxi-
ety and/or depression with social and attentional problems in children [209]. By contrast,
iron overload alters anxiety-like behavior and mood [210]. A recent study confirmed that
an imbalance of iron metabolism is a cause of anxiety; researchers found that the neural
circuit from the vHip to the medial prefrontal cortex (mPFC) to the SN was responsible
for brain iron transport and that dysfunction of vHip-mPFC iron transport could induce
anxiety-like behaviors [39]. Monoamine metabolism is the most widely studied metabolic
pathway, and iron is required for the synthesis of monoamine neurotransmitters. In partic-
ular, serotonin plays an important role in depression, anxiety and other neuropsychiatric
disorders [211]. ID results in poor brain myelination and impaired monoamine metabolism,
and accumulating data have shown that neurotransmitter homeostasis influences emotional
behavior [212].

Fear memories are common in humans and can be used to avoid or minimize harm.
Few studies have focused on the role of iron metabolism in the development of fear mem-
ory. ID in early brain development can lead to long-term neurological damage, including
hippocampus-mediated learning and memory deficits [213]. The hippocampus is an impor-
tant structure for many forms of memory. The dentate gyrus of the hippocampus plays a
key role in the acquisition of situational fear memories [214,215]. In addition, hippocampal-
dependent learning was shown to be permanently impaired during fear-conditioning
experiments in rats with perinatal ID [216]. An investigation into the response of the mice
to contextual fear revealed that the formation of fear memory was impeded after neuronal
Fpn1 depletion by reducing brain iron [7]. Hippocampal-dependent memory processes,
such as cognitive memory and fear conditioning, are strongly affected by perinatal ID [217].
These studies suggest that the normal development of the nervous system requires a
balance of iron levels in the brain; this balance is important for normal nervous system
function and can affect fear memories.

4.5. Iron and Abnormal Neurodevelopment

Normal development of the brain is an important process in the establishment of the
mammalian nervous system; development involves proliferation, differentiation, migra-
tion, synaptogenesis and myelination [218]. During the early stages of mouse embryonic
development, neural progenitors divide to give rise to neurons. This is followed by glio-
genesis, myelination and synapse construction [219]. Numerous studies have suggested
that abnormal brain development is closely related to nervous system disorders, such
as microcephaly, schizophrenia, autism spectrum disorder and malformation of cortical
development [220–225].

Numerous animal studies have shown that iron is particularly important for many
neurodevelopmental processes, especially during pregnancy and infancy due to rapid
growth [226]. However, ID is one of the most common nutritional deficiencies, especially
in pregnant women and infants [209,227]. Numerous studies have shown that ID in these
periods causes neurodevelopment deficits, including impairment of learning and memory,
motor skills and emotional regulation, and these deficits are not fully recovered even
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when iron is restored [4–6,216,228–239]. The mechanisms that may contribute to these
impairments include changes in brain energy metabolism, neurotransmitter chemistry,
organization and morphology of neuronal networks and the neurobiology of myelina-
tion [234,240]. Here, we summarize the major findings from recent decades on the effects
of ID on the development and functions of neurons and glia cells (mainly neurons and
oligodendrocytes) and highlight new information on the possible mechanisms through
which ID affects brain development.

4.5.1. Iron Deficiency Affects Neurodevelopment and Function

Numerous studies have shown that iron is an essential element for cell proliferation
by serving as a substrate for enzymes that participate in DNA synthesis, the cell cycle and
energy production [241]. Recent studies have revealed the role of iron in maintaining the
stemness of embryonic stem cells. Intracellular ID significantly inhibits the proliferation
and differentiation of embryonic stem cells/neuronal precursor cells [8,242]. Overall, these
data suggest that iron is essential for cell proliferation and differentiation.

Studies in rodents have reported deleterious effects of ID on the structural and mor-
phological development of dendrites and synapses during brain development [243–247].
Furthermore, studies in neurochemistry have shown that ID has significant effects on
neuronal DA metabolism [209,233] and the synthesis of monoaminergic neurotransmit-
ters [246,248,249] and growth factors [243]. ID also leads to changes in the synaptic trans-
mission and synaptic function [250,251]. A study using two non-anemic genetic ID mouse
models (knockout of DMT1 or overexpression of dominant negative TfR1) showed that
neuronal-specific ID dysregulates mammalian target of rapamycin (mTOR) signaling dur-
ing hippocampal development [252]. Together, this research indicates that ID alters the
neuronal structure and morphology, metabolism, synaptic plasticity and structural gene
expression and mTOR signaling pathway.

4.5.2. Iron Deficiency Affects Development of Oligodendrocytes and Myelination

Oligodendrocytes are characterized by high intracellular iron and a high rate of oxida-
tive metabolism, which are required for the synthesis and maintenance of myelin [6,253,254].
Studies in mice have also shown that ID negatively affects the development of oligoden-
drocytes and their myelination [244,255–257]. Impaired myelination has also been reported
in studies of gestational and postnatal ID performed in monkeys and piglets, suggesting
that iron is essential for oligodendrocyte activity and integrity [258,259].

4.5.3. Mechanisms Underlying ID and Hippocampal Development

Based on the vulnerability of the developing hippocampus to early ID and earlier
work showing lasting spatial memory deficits related to the role of the hippocampus in iron-
deficient rodent brains [216,260–262], more attention has been paid to ID and hippocampal
function. ID during late fetal and early postnatal life alters the expression of critical genes in-
volved in hippocampal development and function, including iron metabolism, cell growth,
energy metabolism, dendrite morphogenesis and synaptic connectivity in the hippocam-
pus [213,243,252,263–266]. DNA methylation and O-linked-beta-D-N-acetylglucosamine
(O-GlcNAc) modifications play important roles in these processes [267,268]. Recently, ID
response networks and signatures have been revealed through quantitative proteome and
transcriptome dynamics analysis in neuronal cells [269]. Taken together, these studies
suggest that ID induces changes at the proteome and transcriptome levels, as well as
alterations in post-translational modifications, including phosphorylation signaling and
DNA methylation.

Long-term studies show that many of the ID-induced neurodevelopmental deficits
during the fetal and early postnatal period cannot be recovered by iron repletion at later
stages and eventually lead to sustained impairments [259,270–273], suggesting that ID in the
developmental stage results in long-lasting abnormalities, even after iron supplementation.
At present, studies support the concept that early ID in critical periods may disrupt the
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timing of key steps in development, and repletion of iron after these important time points
will not rectify anatomic and neurochemical abnormalities. While awaiting prospective
trials, it is recommended to screen all gravidas for ID and administer iron supplementation
if ID is present with or without anemia.

In conclusion, numerous studies in human and animal models suggest that ID affects
brain development and significantly affects the development and function of neurons and
oligodendrocytes. At present, the possible mechanisms of ID affecting brain development
are derived from studies on animal models of deficits in brain energy metabolism, neuro-
transmission, neuronal morphology and the myelination of oligodendrocytes. Since ID in
pregnant women and pre-school-age children causes poor long-term neurodevelopment
outcomes in later life, it is of important scientific, medical and social significance to further
clarify the molecular mechanisms of ID affecting brain development, as well as prevention
and treatment strategies.

5. Targeting Iron Metabolism in the Treatment of Neurological Diseases

In recent years, research on brain iron metabolism disorders and neurological diseases
has shown that increases in brain iron and imbalances in iron metabolism may play es-
sential roles in the pathogenesis of neurological diseases. Therefore, targeting brain iron
homeostasis and regulation of iron-metabolism-related molecules for drug development
are expected to provide novel ways to treat neurological diseases.

5.1. Iron Chelators

Iron chelators bind iron ions with high affinity, effectively enhancing iron excretion
and reducing free iron in the body [274]. Iron chelators have been shown to inhibit lipid
peroxidation and reduce ROS levels in neurons, thereby preventing neuronal ferroptosis
and apoptosis. Clinically, commonly used iron chelators include DFO, DFX and DFP, which
have shown therapeutic promise in preclinical and clinical models of neurological disorders.
Decreasing iron levels in the brain with iron chelators has been reported to alleviate the
symptoms of AD, PD and stroke [17–22].

5.1.1. Iron Chelators in AD

Clinical application of DFO to treat AD was reported as early as 1991; continuous
administration of DFO was found to alleviate cognitive impairment in AD patients [17]. Ad-
ministration of the iron chelator M30 decreased brain iron accumulation, Aβ accumulation
and tau phosphorylation, improving memory deficits in APP/PS1 mice [18]. This improve-
ment may have been achieved by downregulating phosphorylation of cyclin-dependent
kinase 5 (CDK-5) and increasing phosphorylation of protein kinase-B (PKB/AKT) and
glycogen synthase kinase (GSK)-3β [18]. DFO improved the cognitive ability of APP/PS1
mice due to the activation of M2-type microglia and inhibition of activation of M1-type
microglia in the hippocampus [275].

5.1.2. Iron Chelators in PD

Overloaded intracellular iron contributes to neuronal cell death in PD via apoptosis
and ferroptosis, while DFO can inhibit ferroptosis to protect neurons [19]. In experimental
studies, iron chelators have been shown to exhibit neuroprotective effects in vivo against 6-
OHDA-induced neurotoxicity in mouse models of PD [20]. Loss of CP iron oxidase activity
in the SN of PD patients leads to the accumulation of iron peroxide [100]. Administration
of an iron chelator in CP−/− PD mice reversed the accumulation of iron ions caused by
the loss of CP, significantly improved the motor ability of mice and reduced the nerve
damage caused by MPTP [90,100]. After 8 weeks of pre-administration of the iron chelator
clioquinol in a mouse PD model, iron levels in the SN decreased by 30%, and oxidative
stress and GSH loss were significantly reduced [94]. Treatment with the iron chelator
DFO has been shown to block MPP+-mediated damage of dopaminergic neurons and
prevent iron accumulation and mitochondria dysfunction [276]. Brain iron accumulation
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exacerbates the pathogenesis of MPTP-induced PD; DFO alleviates PD symptoms by
reducing oxidative stress damage caused by elevated brain iron levels [90]. In two phase
2 trials, the high-affinity iron chelator DFO was shown to reduce iron accumulation and
improve motor symptoms in PD patients compared with placebo, despite the side effects,
such as leukopenia, gastrointestinal discomfort and joint pain [277,278]. A clinical trial
evaluating the effects of four different doses of DFP on 140 patients with early-stage PD has
yet to be published [278]. A more extensive European multicenter test on the protective
effect of DFP on PD patients showed that the iron content in the nigrostriatal pathway
was significantly reduced in DFP-treated groups. The mean change in the total movement
disorder society-sponsored revision of the unified Parkinson’s disease rating scale (MDS-
UPDRS) score was 16.7 points in the DFP group and 6.3 points in the placebo group [279].
Surprisingly, DFP without DA treatment increased the patient’s disability. This may be
related to the fact that iron is a cofactor in DA synthesis. Iron is required to assist in
the synthesis of DA, but excess iron can cause the death of dopaminergic neurons [278].
Another long-term clinical trial used an iron chelator combined with DA to avoid the
drawbacks of iron chelators alone, but further research is needed.

5.1.3. Iron Chelators in Stroke

Iron-overloaded animals are more affected by middle cerebral artery occlusion [280],
whereas iron chelation or depletion reduces I/R-induced brain injury [21,22]. DFO has
been shown to inhibit lipid peroxidation and hydroxyl radical production via the Fenton
reaction and to decrease cerebral I/R-associated brain injury [281,282]. DFO decreases
excitatory amino acid levels and improves the histological outcome in the hippocampus
of neonatal rats after hypoxia–ischemia [283]. Gerbils fed a low-iron diet for 8 weeks had
decreased brain iron levels, neurologic deficits and brain edema after cerebral I/R [22].
Treatment with DFO resulted in decreased brain edema following I/R [22]. DFO treat-
ment attenuated oxidative damage and cell loss induced by oxygen–glucose deprivation
followed by reoxygenation in a cell model of cerebral I/R [108,190]. Most stroke-related
clinical trials have focused on the treatment of intracerebral hemorrhage. Thus, 294 partici-
pants with intracranial hemorrhage were recruited to participate in the safety and efficacy
evaluation of DFO and placebo, which showed that deferoxamine mesylate was safe, and
DFO treatment significantly improved clinical outcomes [284]. In two clinical trials, DFO
treatment appeared to accelerate recovery [285] and reduce hematoma volume [286] in
patients with cerebral hemorrhage.

In conclusion, iron chelators are commonly used to reduce the level of iron in the brain,
which attenuate oxidative damage, inhibit neuronal ferroptosis and apoptosis and effec-
tively relieve the symptoms of AD, PD and stroke. However, the clinical application of iron
chelators still needs to better explore drug administration to improve the therapeutic effect.

5.2. Iron Chelators in New Administration Forms

DFO, a hydrophilic drug that binds extracellular iron in a ratio of 1:1, has low oral
availability, poor BBB permeability and a short half-life [287]. By contrast, DFX and DFP
have higher oral bioavailability and intracellular iron affinity [287,288]. The main advantage
of DFP is that it can cross the BBB and chelate iron in cells in the brain [288]. However,
the binding ratio of DFP to iron is 3:1, which is lower than that of DFX to iron (2:1), so
DFP is less likely to consume stored iron in the body [287,289]. DFP tends to mechanically
cross the cell membrane, form complexes with iron, leave the cell and redistribute iron
to Tf for recycling [290,291]. Therefore, the use of iron chelators alone in the treatment of
neurological diseases is limited.

New forms of administration are being developed to reduce the side effects of DFO and
improve its ability to penetrate the BBB. A substantial body of preclinical evidence and early
clinical data has demonstrated that intranasal delivery of DFO and other iron chelators has
strong disease-modifying impacts in AD, PD and ischemic stroke [292]. Administration of
DFO to APP/PS1 mice through the nasal cavity significantly diminished iron-induced tau
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phosphorylation, APP expression and Aβ accumulation, improving the cognitive decline
in mice [293,294]. This result may be due to the inhibitory effect of DFO on iron-induced
tau phosphorylation through CDK5 and GSK-3β pathways [293], as well as upregulation
of HIF-1α expression via activation of the MAPK/P38 pathway and HIF-1α-mediated
regulation of iron metabolism [294]. This, then, ultimately decreased iron levels in the CA3
region of the hippocampus [294]. Intranasal drug delivery allows for direct targeting of
drugs to the brain, bypassing the BBB and minimizing systemic adverse effects [295,296].
Improvement in motor deficits and dopaminergic neuronal survival with non-invasive
intranasal delivery of DFO in 6-OHDA-induced PD has been reported [296]. Intranasal
administration of DFO decreased pathological α-synuclein formation at the terminal level
and slowed PD progression [292]. Intranasal administration targets DFO to the brain and
reduces systemic exposure; intranasal DFO has also been shown to prevent and treat stroke
damage after middle cerebral artery occlusion in rats [297].

Nanodrug delivery systems are also being used to increase the efficiencies of drugs
such as iron chelators in the brain to treat neurological diseases [298]. Targeted brain
delivery of rabies virus glycoprotein 29-modified DFO-loaded nanoparticles developed by
our team, which can cross the BBB through receptor-mediated endocytosis, significantly
increased entry of DFO into the brain and prolonged the half-life of DFO [92]. Administra-
tion of these nanoparticles significantly decreased iron content and oxidative stress levels
in the SN and striatum of PD mice and effectively reduced dopaminergic neuron damage
and reversed neurobehavioral deficits, without causing any overt adverse effects in the
brain or other organs [92]. DFO-loaded nanoparticles are also being investigated to target
decreased brain iron levels in AD and ischemic stroke.

5.3. Key Molecules of Brain Iron Metabolism as Targets

Studies have found that long-term use of iron chelators can cause side effects [279].
An increasing number of studies have been conducted on the regulation of key molecules
of iron metabolism in the brain as therapeutic targets. Experiments in SH-SY5Y cells
stably overexpressing the human APP Swedish mutation revealed that decreasing expres-
sion of the iron intake protein DMT1 can decrease iron flow into cells and, thus, reduce
Aβ secretion [299]. FtMt overexpression can restore Aβ-induced changes in iron and
iron-metabolism-related proteins and has a neuroprotective effect on Aβ-induced neuro-
toxicity [164]. Specifically, increasing the level of FtMt in the brain may be a novel strategy
to prevent or treat AD. CP overexpression in the brain of mice via injection of a Cp gene
plasmid into the lateral ventricle diminished brain iron and hippocampal cell apoptosis,
reducing Aβ-induced memory dysfunction in mice [159], providing a theoretical basis for
the development of CP as an effective treatment for AD. Conditional knockout of astrocyte
Cp significantly decreased brain iron levels; iron was deposited in BMVECs, resulting in
diminished iron levels in neurons and glial cells [14]. In terms of alleviating iron deposition
in the brains of elderly mice, astrocyte Cp knockout reduced tau phosphorylation and
Aβ deposition and alleviated ROS-MAPK-pathway-mediated apoptosis, thus improving
cognitive function [14]. Overexpression of hepcidin in astrocytes downregulated FPN1 in
BMVECs, inhibited iron entry into the brain [11], decreased iron levels in the brain and
neurons of APP/PS1 mice and reduced oxidative stress and neuroinflammation, ultimately
reducing neuronal cell death of APP/PS1 mice and alleviating the symptoms of AD [69,160].
Finally, overexpression of hepcidin in astrocytes delayed the pathological process of AD
and effectively improved the spatial cognitive ability of aged mice [69,160].

Overexpression of ferritin in dopaminergic neurons significantly decreased iron levels
in the SN and alleviated oxidative stress damage in dopaminergic neurons in MPTP-
induced PD models. Overexpression of ferritin heavy chain (FTH1) inhibits ferroptosis
and mitochondrial dysfunction in the 6-OHDA model of PD through decreased iron
accumulation and ferritinophagy [300]. Nrf2 knockout prevented entry of iron into the
brain, reduced ROS levels and apoptosis of dopaminergic neurons in the SN and improved
the exercise ability of elderly mice [111]. FtMt has been shown to inhibit erastin-induced
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ferroptosis by regulating iron homeostasis and reducing lipid peroxidation levels [301].
Overexpression of FtMt inhibits mitochondrial damage, decreases ROS generation and
lipid peroxidation and alleviates 6-OHDA-induced neuronal damage [107]. Overexpression
of FtMt suppresses MPTP-induced cell damage in PD by regulating iron metabolism and
attenuating oxidative stress [302].

Overexpression of FtMt attenuates cerebral I/R injury by inhibiting iron-mediated
ferroptosis [108]. Overexpression of FtMt enhances BBB integrity following ischemic stroke
in mice by maintaining iron homeostasis in endothelial cells [190]. FtMt alleviates apoptosis
by enhancing mitochondrial bioenergetics and stimulating glucose metabolism in cerebral
I/R [109]. Knockout of Fpn1 in BMVECs can significantly reduce the injury caused by
acute cerebral ischemia; the underlying mechanism has been linked to a reduction in iron,
oxidative stress and the inflammatory response and a reduction in iron-mediated cell death
and apoptosis [25]. Regulating the expressions of critical molecules in iron metabolism,
such as FtMt, CP and hepcidin, can effectively restore the brain iron homeostasis, reduce
ROS and, thus, alleviate the symptoms of AD, PD and stroke. Regulation of the expressions
of these critical molecules in brain iron metabolism is expected to be a potential new
therapeutic strategy for these diseases.

5.4. Iron Supplements

ID affects neurotransmitter homeostasis and neurodevelopment and has been linked
to the pathogenesis of neuropsychiatric diseases. The use of iron supplements is ex-
pected to play a positive role in these diseases. Intranasal administration of nanoliposome-
encapsulated FAC successfully increased brain iron content [303]. ID reduces cortical
plasticity and delays neurological recovery after ischemic stroke [201]. The use of iron sup-
plements can promote endogenous repair in ischemic stroke [201]. IRP knockout decreased
iron levels in embryonic stem cells and inhibited stem cell proliferation and differentiation
by increasing ROS production and decreasing iron–sulfur cluster proteins [8]. With iron
supplements, stem cells differentiated normally [8].

5.5. Antioxidants and Anti-Inflammatory Reagents Regulate Iron Metabolism as Targets

In addition to chelation of excess iron with iron chelators and maintenance of brain
iron homeostasis by regulating key molecules in brain iron metabolism, antioxidants
and anti-inflammatory reagents can also regulate iron metabolism and influence lipid
peroxidation and neuroinflammation, thus showing great potential in the treatment of
different neurological diseases.

Vitamin E treatment can reduce oxidative stress and lipid peroxidation, improve
mitochondrial function, attenuate intracellular iron accumulation and recover cell mor-
phology of fibroblasts in PLA2G6-associated neurodegeneration [304]. Melatonin is a free
radical scavenger and has the property of iron chelating, which can effectively inhibit iron-
overload-mediated oxidative stress and ameliorate oxidation/nitrosation injuries [305].
The iron levels, oxidative stress markers and inflammatory markers were determined and
compared in 40 PD patients and 46 controls. It was found that while the iron level was
disturbed in PD patients, the content of their antioxidants, such as plasma vitamin C, was
lower, and the oxidative stress and the inflammation levels were increased [306]. This
indicates that the low level of antioxidants is corrected with the production of free radicals,
leading to the neurodegeneration in PD [306]. On the contrary, increasing levels of the
antioxidant vitamin C may help improve neurological conditions. Coenzyme Q10 (CoQ10)
is a lipophilic antioxidant that can reduce lipid peroxidation levels [307]. Ferroptosis
suppressor protein 1 (FSP1) can catalyze the CoQ10 reduction to ubiquinol by NADPH,
restoring the antioxidative effects of CoQ10 [308]. The FSP1/CoQ10 pathway prevents
irreversible ferroptosis by reducing lipid peroxides [278]. A multicenter RCT was reported
to increase CoQ10 activity and slow the functional decline in PD [278,309]. Subsequent
larger clinical studies have shown that the treatment effect of CoQ10 in PD patients is
not obvious [278]. Therefore, optimizing the dosages and combinations of antioxidants
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and considering the potential interactions with other treatments are needed in developing
antioxidants as therapeutic strategies.

Tea flavonoids (catechins) have been reported to possess the activities of divalent
metal chelating, antioxidant and anti-inflammatory, with the advantage of penetration of
BBB [310], showing protective effects in different neurological diseases [311]. The bioactive
components of green tea, red wine, arctic root and dwarf periwinkle have been shown to
have neuroprotective, antioxidant, anti-inflammatory and iron-chelating potential. They
may treat neurological diseases at the cellular level by decreasing microglia activation,
attenuating damage from ROS, chelating iron and promoting cell growth [312].

To date, most of the research on different neurological diseases focuses on the manifes-
tations and pathogenesis of a single disease to study the treatment strategies. Drugs on
the market and in development also tend to target a single neurological disorder or symp-
tom, lacking the ability to explore the common causes of different neurological diseases.
The studies have shown that oxidative stress injury and ferroptosis of neurons caused by
dysregulation of brain iron metabolism are common issues in the occurrence and devel-
opment of different neurological diseases. Therefore, targeting brain iron metabolism and
designing drugs or therapeutic strategies for the common etiology of different neurological
diseases may reduce or inhibit the occurrence and development of these neurological
diseases at the source. However, targeting brain iron metabolism to treat these diseases
may also have shortcomings and face certain challenges. The insufficient targeting of
iron chelators to the brain may affect peripheral iron metabolism, leading to disorder in
the systemic iron metabolism and damage to peripheral organs. Moreover, the currently
identified targets that can regulate iron metabolism do not exhibit brain-specific expression
patterns, and most of them are still in the laboratory stage, lacking clinical data. Thus,
further explorations are needed to accurately target specific brain regions and improve
delivery efficiency. Therefore, further exploration is needed to accurately target specific
brain regions and improve delivery efficiency in the development of drugs that regulate
brain iron metabolism.

6. Conclusions and Prospects

In this review, we have summarized and elucidated the interplay between dysregula-
tion of iron metabolism, redox imbalance and different neurological diseases. We focused
on the mechanisms of iron-induced oxidative damage in disease pathogenesis and pro-
posed the broad application of targeting the regulation of brain iron metabolism to treat
neurological diseases. However, the current research faces certain challenges. The mecha-
nism of iron release from brain tissue is unknown, the specific iron metabolism pathways
in different nerve cells remain unclear and the role of oxidative stress in the induction of
neural damage is not fully understood. Furthermore, translational studies and clinical
trials on the optimal use of iron chelators and regulators in targeting iron metabolism in
neurological disease are relatively few. Untangling these issues in the future will aid in
our ability to better target the regulation of brain iron metabolism for the prevention and
treatment of neurological diseases.
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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).

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
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Abstract: Glioma is the most common intracranial malignant tumor, and the current main standard
treatment option is a combination of tumor surgical resection, chemotherapy and radiotherapy. Due
to the terribly poor five-year survival rate of patients with gliomas and the high recurrence rate
of gliomas, some new and efficient therapeutic strategies are expected. Recently, ferroptosis, as
a new form of cell death, has played a significant role in the treatment of gliomas. Specifically,
studies have revealed key processes of ferroptosis, including iron overload in cells, occurrence of
lipid peroxidation, inactivation of cysteine/glutathione antiporter system Xc− (xCT) and glutathione
peroxidase 4 (GPX4). In the present review, we summarized the molecular mechanisms of ferroptosis
and introduced the application and challenges of ferroptosis in the development and treatment of
gliomas. Moreover, we highlighted the therapeutic opportunities of manipulating ferroptosis to
improve glioma treatments, which may improve the clinical outcome.

Keywords: glioma; ferroptosis; lipid peroxidation; molecular mechanisms; treatment

1. Introduction

Glioma is the most common primary malignant tumor of the brain, accounting for
approximately 50–60% of the central nervous system (CNS) tumors [1] and approximately
81% of intracranial malignancies [2,3]. Patients with gliomas have significantly higher
recurrence rates than those with other tumors of the CNS [4]. Gliomas have been classified
by the World Health Organization (WHO) grading system into four grades, where gliomas
of grade 1 and grade 2 indicate low-grade gliomas, and gliomas of grade 3 and grade 4
reveal high-grade gliomas [5]. The median overall survival (OS) time of low-grade glioma
patients is approximately 11.6 years [6]. However, patients with grade 3 glioma have
a median OS time of approximately three years, and the median OS time of grade 4
glioma patients is approximately 15 months [7]. While current clinical treatments for
glioma consist of surgical resection, radiotherapy, chemotherapy, novel molecular targeted
therapy and immunotherapy [8], these treatments have not brought desirable benefits to
patients, and the prognosis of patients remains extremely poor [9,10]. Therefore, there is
a great need to develop new therapeutic strategies, including novel therapeutic targets
inhibiting glioma cells, to improve OS time and the quality of life for these patients. The
common deaths of different cells in the body include necrosis, apoptosis, autophagy and
pyroptosis [11]. Recently, ferroptosis, as a new nonapoptotic cell death pattern resulting
from iron-dependent lipid peroxidation injury, has attracted more attention [12–14].

Ferroptosis is a new type of programmed cell death triggered by cell membrane dam-
age arising from these processes, including intracellular iron accumulation, production of
reactive oxygen species (ROS), lipid peroxidation, failure activity of glutathione peroxi-
dase (GPX) and xCT [15,16]. Cells undergoing ferroptosis not only have changes in cell
composition, but also in cell morphology. When cells undergo ferroptosis, although the
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morphology of the nucleus does not change significantly, the morphology of mitochondria
shows increased bilayer membrane density, reduction or disappearance of cristae, and
reduced volume [16,17]. Many recent studies have shown that significant progress has been
made on the impacts of ferroptosis on glioma. Ferroptosis inducers, as compounds from
plants and others, have certain effects on the treatment of glioma by affecting ferroptosis
processes.

Herein, we will mainly focused on the essential molecular mechanisms of ferroptosis,
as well as the potential impact of ferroptosis on glioma growth and treatment. We also
provided an overview of the challenges of ferroptosis in glioma therapy and discussed the
therapeutic opportunities of manipulating ferroptosis to improve treatment.

2. Molecular Mechanisms of Ferroptosis

J.M. Gutteridge found in 1984 that iron salts could induce lipid peroxidation by
breaking down lipid peroxides into alkoxyl and peroxyl radicals, and iron complexed
with ethylene diamine tetraacetic acid (EDTA) could also initiate lipid peroxidation by
reacting with hydrogen peroxide (H2O2) to form hydroxyl radicals (•OH), which may
lay the foundation for iron-dependent cell death [18]. In addition, it has been reported
that exogenous glutamate could induce cell death by inhibiting cystine uptake through
xCT to lead to decreased glutathione production, and a unique programmed cell death
pathway called oxytosis, which was dependent on oxidative stress and ROS production
and was introduced [19]. This laid the prior groundwork for the discovery and proposal of
ferroptosis. Ferroptosis was defined as a new form of programmed cell death by Brent R.
Stockwell in 2012 that expresses the process of iron-dependent cell death in cancer cells [13].
Molecular mechanisms of ferroptosis differ from other major forms of regulated cell death
(RCD) (Table 1). The main biochemical processes of ferroptosis consist of excess iron and
accumulation of ROS in cells, lipid peroxidation, inactivation of xCT and depletion of
glutathione and lipid repair enzyme [20–22].

Table 1. The features of different forms of RCD.

Morphological Features Biochemical Features
Common Inspection

Indicators

Ferroptosis

cell membrane plasma membrane integrity

Iron accumulation and
lipid peroxidation

GSH, GPX4, MDA,
SLC7A11, NRF2, ACSL4,

FSP1,LPO
Cell cytoplasm

small mitochondria and
increased mitochondrial

membrane densities

Cell nucleus no obvious alteration

Apoptosis

Cell membrane plasma membrane disruption,

DNA fragmentation
Caspase, Bcl-2,

TUNEL,Annexin-V
JC-1

Cell cytoplasm cell volume reduction

Cell nucleus nuclear volume reduction
chromatin agglutination

Necroptosis

Cell membrane plasma membrane disruption,

Drop in ATP levels RIP1, RIP3
Calcein-AM

Cell cytoplasm generalized swelling of the
cytoplasm and organelles

Cell nucleus
oderate chromatin

condensation and leakage of
cellular constituents

Autophagy

Cell membrane no obvious alteration

Increased lysosomal
activity

LC3, ATG family
proteins(ATG5, ATG7)

Cell cytoplasm
formation of

double-membraned
autolysosomes

Cell nucleus no chromatin agglutination
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2.1. Iron Metabolism

Iron is a basic trace element for various cells to carry out various biological functions.
Dietary iron comes in many forms but is typically classified as either non-heme or heme
iron (Fe2+ complexed with protoporphyrin IX). Non-heme dietary iron exists largely as
ferric salts, which are reduced back to Fe2+ by iron reductase in the intestine. Fe2+ enters
intestinal epithelial cells (IECs) via the brush-border transporter divalent metal transporter
1 (DMT1) and exits through ferroportin 1 (FPN1) in the basolateral membranes [23,24].
Fe2+ is oxidized to Fe3+ by ceruloplasmin (CP) and hephaestin (HP), and Fe3+ combines
with transferrin (Tf) to be transported in the blood [25]. Tf-Fe3+ attaches to the transferrin
receptor (TfR) on the cell membrane and then internalizes to the cell as endosomes [26,27].
Fe3+ is released and reduced to Fe2+ by 6-transmembrane epithelial antigen of the prostate 3
(STEAP3) in a variety of cells; then, Fe2+ enters the cytoplasm via DMT1 on the endosomal
membrane [28,29]. Heme iron is a part of the hemoproteins hemoglobin and myoglobin.
However, the molecular mechanism of heme iron absorption is still unclear. There is some
evidence that ingested heme iron is decomposed by heme oxygenase in intestinal cells,
thus releasing free ferric iron. A large amount of Fe2+ accumulates in the cytoplasm to
form a labile iron pool, and the metabolic activity of Fe2+ has a vital impact on various
biological functions, such as ferroptosis [30,31]. Intracellular iron overload, with H2O2,
triggers the Fenton reaction, inducing the formation of ROS, such as •OH, which cause lipid
peroxidation to provoke ferroptosis [32–34] (Figure 1). Iron responsive element binding
protein 2 (IREB2), as a significant regulator of iron metabolism, may develop sensitivity
to ferroptosis [35–37]. Meanwhile, autophagy can regulate the iron pool by affecting
the recruitment of ferritin to autophagosomes for lysosomal degradation to release free
iron [38–40]. For example, ferritinophagy directly recognizes the ferritin heavy chain 1
(FTH1) by the cargo receptor nuclear receptor coactivator 4 (NCOA4) and then releases iron
by transporting the ferritin complex to autophagosomes for lysosomal degradation [41].
Conversely, reduced intracellular Fe2+ levels could impede the process of ferroptosis. For
instance, erastin-induced ferroptosis was weakened by decreased intracellular Fe2+ because
of the knockout of autophagy-related 5 (ATG5) or autophagy-related 7 (ATG7) [42]. Thus,
the metabolism of iron plays a vital role in ferroptosis.

Figure 1. Iron absorption and metabolism in the body. Fe2+, ferrous cation; Fe3+, ferric cation; Dcytb,
duodenal cytochrome b; DMT1, divalent metal transporter 1; FPN1, ferroportin 1.

2.2. Lipid Metabolism

Lipid peroxidation, a hallmark feature of ferroptosis, is the ultimate executor of fer-
roptosis. ROS generated by the Fenton reaction interact with polyunsaturated fatty acids
(PUFAs) on cellular or organelle membranes to generate toxic phospholipid hydroperoxides
(PLOOHs), thereby inducing ferroptosis [43–45]. Research has shown that some factors,
such as acyl–coenzyme A synthetase long-chain family 4 (ACSL4), lysophosphatidylcholine
acyltransferase 3 (LPCAT3) and lipoxygenases (LOXs), participate in the production of lipid
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peroxidation [46–48]. ACSL4 (as a required lipid metabolism enzyme) and LPCAT3 (as a
class of key enzymes catalyzing the reacylation of lysophospholipids to phospholipids) ac-
tivate free long-chain polyunsaturated fatty acids, promote lysophosphatidylcholine (LPC)
conversion into lecithin, mediate the synthesis of oxidized cell membrane phospholipids,
and subsequently regulate ferroptosis development [49,50]. Meanwhile, ACSL4 esterifies
arachidonic acid (AA) into acyl-coenzyme A (acyl-CoA) for the biosynthesis of PUFAs,
which plays a key role in lipid peroxidation and ferroptosis [51]. LOXs, pivotal regulators
of ferroptosis, may have a vital effect on the initiation of ferroptosis by promoting lipid
autoxidation and predicting ferroptosis sensitivity [47,52]. Therefore, lipid peroxidation in
ferroptosis executes cell death by the destruction of the lipid bilayer on cellular or organelle
membranes (Figure 2a).

Figure 2. Molecular mechanisms of ferroptosis. (a) The lipid metabolism pathway; (b) the xCT/GPX4
pathway. ACSL4, long-chain fatty acid CoA ligase 4; PUFA, polyunsaturated fatty acid; LPCAT3,
lysophosphatidylcholine acyltransferase 3; PUFA-CoA, polyunsaturated fatty acid coenzyme A;
ALOXs, lipoxygenases; PUFA-PL, polyunsaturated fatty acid-containing phospholipid; TCA, tricar-
boxylic acid cycle; GSH, glutathione; GSSG, glutathione disulfide; GPX4, glutathione peroxidase 4.

2.3. The xCT and GPX4

Environmental pressure (such as high temperature and hypoxia) can cause iron reac-
tion, so the cell also needs to establish an appropriate mechanism of defense ferroptosis.
The most classic defense way of ferroptosis is the antioxidant axis formed by xCT, glu-
tathione (GSH), and GPX4. The xCT, as a transmembrane protein, consists of light-chain
solute carrier family 7 member 11 (SLC7A11) and heavy-chain solute carrier family 3
member 2 (SLC3A2, CD98hc or 4F2hc). SLC7A11, which is a main functional subunit
of xCT, aims to regulate extracellular cysteine (Cys) into cells and intracellular glutamic
acid (Glu) out of cells, and SLC3A2, as an important subunit, maintains the stability of
xCT by anchoring and stabilizing SLC7A11 [53,54]. Then, Cys generates reduced GSH
with Glu and glycine (Gly) under the catalysis of glutamate cysteine ligase (GCL) and
glutamylcysteine synthetase (GCS) [55,56]. Beclin 1 suppresses xCT activity to promote
ferroptosis by adhering to SLC7A11 directly [57]. GPX4, as a key enzyme in ferroptosis,
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reduces PLOOH to nontoxic phospholipid alcohols (PLOHs) in membranes with GSH to
prevent ferroptosis [58]. The inhibitor 2-cyano-3,12-dioxooleana-1,9 (11)-dien-28-oic acid
(CDDO) prevents the specific degradation of GPX4 via chaperone-mediated autophagy
(CMA) by affecting the interaction between heat shock protein 90 (HSP90) and lysosomes,
which inhibits the ferroptosis of cells [59]. However, the inhibition of CMA is relieved by
inhibiting the mammalian target of rapamycin (MTOR) pathway [60], which may involve
the degradation of GPX4 to promote ferroptosis. Therefore, xCT, GPX4 and GSH could be
regulated and have an important effect on ferroptosis (Figure 2b).

2.4. FSP1 and DHODH

In addition to the classic GPX4 defense pathway, recent studies have identified fer-
roptosis suppressor protein 1 (FSP1) and dihydroorotate dehydrogenase (DHODH) in-
dependent of the GPX4 signaling pathway. They all involve ubiquinone, a metabolite
molecule that exists in both chemically reduced and oxidized states. Ubiquinone (or CoQ)
is a lipid that functions on cell membranes and mitochondrial membranes. FSP1 in the cell
membrane inhibits ferroptosis by reducing ubiquitin to ubiquinol (CoQH2), which acts as a
free radical trapping antioxidant to prevent lipid peroxidation at the cell membrane [61,62].
Similar to the FSP1 system mechanism, DHODH-mediated regulation of panthenol pro-
duction is an effective system that is specifically designed to alleviate lipid peroxidation in
the mitochondria. Mitochondria produce a large amount of ROS in the electron transport
chain located in the inner membrane during oxidative phosphorylation. Lipid peroxidation
occurs when the mitochondrial antioxidant system is damaged and unable to remove ROS.
DHODH is a flavin-dependent enzyme located in the mitochondrial inner membrane and
its main function is to catalyze the fourth step of the pyrimidine biosynthesis pathway [63].
The oxidation of dihydroorotate (DHO) to orotate (OA) simultaneously transfers electrons
to the ubiquitin in the inner mitochondrial membrane for its reduction to ubiquinol. Gan’s
team found that when cells were treated with GPX4 inhibitors, such as RSL3, metabolomic
analysis revealed a significant decrease in N-aminoformyl-aspartate (C-Asp), increase in
Uridine and increase in the synthesis of uridine 5′-monophosphate (UMP) [64]. This sug-
gests a possible relationship between ferroptosis and pyrimidine nucleotide synthesis. By
supplementing intermediate metabolites for pyrimidine synthesis, the authors found that
dihydroorotic acid inhibited RSL3-induced ferroptosis, whereas orotic acid made cells more
sensitive to RSL3. Since DHO and OA are substrates and products of DHODH, respec-
tively, this further confirms that DHODH may be involved in the regulation of ferroptosis.
Interestingly, further studies have revealed the use of the DHODH inhibitor Brequinar
(BQR) to induce ferroptosis in GPX4 low-expression cells, while the high expression of
GPX4, BQR treatment significantly increased the sensitivity of cells to ferroptosis inducers.
As is known, most GBM cell lines have higher expression levels of DHODH and GPX4
compared to normal human astrocyte cytoplasm (NHA) [65]. The research also confirms
that, in the solid tumor with a high expression of GPX4, the combination of ferroptosis
inducer sulfasalazine and DHODH inhibitor can have good therapeutic effect. This finding
provides a new strategy for how to target ferroptosis in glioma therapy.

In general, there are at least three types of iron-death defense systems in cells based
on different subcellular localization: GPX4 in the cytosol and mitochondria, FSP1 in the cell
membrane, and DHODH in mitochondria.

3. Targeting Ferroptosis to Treat Glioma

3.1. Metabolic Pathway

Iron in the brain plays a crucial role in maintaining proper functioning of the central
nervous system through its participation in many cellular activities, such as myelination,
neurotransmitter synthesis, and energy production. The maintenance of this homeostasis
depends on the function of the blood–brain barrier (BBB), which is composed of brain
microvascular endothelial cells (BMVEC), astrocytes, microglia and pericytes. It has long
been thought that the development of the BBB leads to a reduction in iron absorption in
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infancy. However, some evidence has revealed that iron levels in the brain increase with
ageing [66,67]. Additionally, the mechanism of iron uptake into BMVEC is thought to be
primarily via the Tf/TfR1 pathway. Iron was first uptake into BMVEC from blood by TfR1-
mediated endocytosis. Then, the action of an H+-ATPase, the membrane of endocytosomes
reduced the pH of the endocytosomes, resulting in the dissociation of Fe3+ from Tf and
their reduction to Fe2+, which will cross the endosomal membrane by a process mediated
by DMT1. When the PH rises to 7.4, the non-iron-bound Tf (apo-Tf) and TfR1 return to
the luminal membrane where apo-Tf-TfR1 is released into the blood for the next round
of iron uptake [68]. Interestingly, after iron was released into the brain interstitial fluid, it
was unevenly distributed among different cell types in different regions of the brain [69].
Almost all iron transport-related proteins are expressed in glial cells, but not in neurons.

As is known, iron is a cofactor for many enzymes, including ribonucleic acid reductase
(RR), which is an enzyme involved in DNA synthesis. To maintain proliferation, GBM
cells need to increase iron uptake, thereby regulating the expression of proteins involved
in iron uptake. Recently, studies have reported that there are higher free iron levels in
glioma than in other brain tumors, such as meningioma cells and glioblastoma cancer stem
cells [70]. Iron-related gene expression in gliomas, such as TfR1 and TfR2, is different from
that in other brain tumors and normal human brain tissue [71,72]. TfR levels in glioma
sample tissues appear higher than those in meningiomas and other brain tumors in general,
which may be correlated with the high levels of iron in gliomas [73]. In addition, the high
expression of TfR2 not only promotes glioma cell proliferation, but also contributes to the
better sensitivity to temozolomide. The proliferation of glioma cells is attributed to TfR2,
which could be localized in lipid rafts and stimulate the ERK1/ERK2 phosphorylation by
combining with Tf, but the mechanism of TfR2-induced glioma hypersensitivity to temo-
zolomide remains unclear [74]. Therefore, the effect of TfR2 on glioma is still controversial,
and more reports are needed to verify this. Several recent studies have indicated that iron
homeostasis and ferroptosis are also affected by iron-sulfur cluster (ISC) proteins. Loss of
ISC could induce ferroptosis by initiating iron-starvation responses to lead to iron overload
in tumor cells. This mechanism is that ISC synthesis inhibition could activate the iron
regulatory protein (IRP); IRP increases TfR levels and reduces FPN1 production by binding
to target mRNAs, which promotes intracellular excessive iron accumulation [75]. However,
whether ISC has a similar role in glioma requires more evidence.

DMT1 may be related to increased iron levels in glioma cells and is currently a molec-
ular marker in neurodegenerative diseases [76]. In an experimental rat model with C6
glioma cells, propofol inhibits DMT1 expression, tumor cell proliferation and eventually
decreased glioma weight [77]. Additionally, this tumor suppressive effect was further
found to be associated with a significant reduction in the GSH and ROS. However, a study
showed that temozolomide (TMZ) may suppress tumor growth by inducing ferroptosis
by targeting DMT1 expression in glioblastoma cells [78]. These results suggest that DMT1
may affect glioma proliferation by regulating ferroptosis and ROS levels and has been
investigated as a potential therapeutic target. While the STEAP3 protein plays a vital role
in other processes, such as affecting the inflammatory response by regulating the Toll-like
receptor 4-mediated macrophage production of chemoattractant protein-5, interferon-beta
and interferon-induced protein-10 [79,80], it could also have an essential impact on ferrop-
tosis by reducing Fe3+ to Fe2+ [81]. The expression of STEAP3 in glioma cells is higher than
that in normal brain tissues, which could be regarded as a potential prognostic marker and
reduce the overall survival of patients with glioma [82,83]. In addition, STEAP3 not only
regulates ferroptosis by enhancing TfR expression and inducing mesenchymal transition,
but also has a direct influence on glioma cell proliferation, invasion, and sphere formation
in vitro and on glioma growth in vivo [84]. Poly(C)-binding protein 2 (PCBP2), as a signifi-
cant factor in iron metabolism and posttranscriptional and translational regulation, possibly
affects the process of ferroptosis. While PCBP2 is upregulated in glioma tissues and cell
lines, the development and proliferation of glioma are suppressed when it is knocked
down or when its inhibitor microRNA-214 is applied [85]. The higher levels of ferritin

66



Antioxidants 2022, 11, 2123

detected in the serum of patients with tumors possibly predict that the prognosis of these
patients will deteriorate more, which indicates that iron metabolism plays a necessary role
in the progression and therapy of tumors. Ferritins in the serum and cerebrospinal fluid
of patients with gliomas, which could come from glioma cells, were higher than those
of patients without gliomas [86]. Significant evidence has suggested that nuclear factor
erythroid-related factor 2 (NRF2) acts as a key regulator of antioxidant responses, which
favors cancer cell growth and leads to increased drug resistance in tumor cells [87–89].
NRF2 mainly targets heme oxygenase-1 (HO-1) to reduce the levels of ROS and degrade
prooxidants [90]. Research has shown that neuronal precursor cell-expressed developmen-
tally downregulated 4-1 (NEDD4-1) induces resistance to TMZ treatment in gliomas via
activating the AKT/NRF2/HO-1 axis [91]. TMZ also induces ferroptosis by inhibiting
the NRF2/HO-1 signaling pathway in gliomas [78]. NRF2/HO-1axis appears to play an
important role in glioma therapy. In addition, triptolide and brusatol, as NRF2 inhibitors,
suppresses potently IDH1-mutated glioma cells by targeting the NRF2-driven glutathione
synthesis pathway to induce lipid peroxidation [92,93]. The upregulated cystathionine-
γ-lyase (CSE) in IDH1-mutant astrocytomas promotes cell survival by maintaining GSH
to drive antioxidant defense, and whether it is related to the NRF2 needs further verifi-
cation [94]. Therefore, ferroptosis in gliomas could be associated with the regulation of
NRF2.

3.2. The xCT Pathway

Cysteine deprivation is an important inducer of ferroptosis and greatly contributes
to the ferroptosis in GBM [95,96]. The study conducted by Takeuchi et al., including
40 patients with gliomas, concluded that high levels of xCT could predict a short progression-
free survival and a low overall survival [97]. Specifically, the high levels of xCT possibly
promote glioma cells to grow and survive by enhancing mitochondrial biogenesis and
adenosine tri-phosphate (ATP) generation, as well as by reducing the accumulation of
ROS [98]. These findings suggest that we can inhibit system Xc-induces ferroptosis in
glioma. Radiation, chemotherapy (such as TMZ) and immunotherapy could lead to the
activation of ferroptosis by downregulating the expression of xCT to induce the death
of glioma cells [99–101]. Some widely used clinical drugs have also been applied to the
treatment of gliomas by managing xCT and sequentially regulating ferroptosis. Gao et al.
found that ibuprofen could enhance ferroptosis by depleting the expression of xCT and
GPX4 to inhibit the growth of glioma cells [102]. Another study found that sulfasalazine
could stimulate ferroptosis by inhibiting the activity of xCT and sequentially decreasing
the formation of GSH strengthened the effect of radiation therapy to increase the overall
survival of mice [103]. In addition, tumor suppressor P53 is a frequently mutated gene
in various cancers, including glioma. P53 suppresses glioma growth by the induction of
ferroptosis [104]. Notably, P53 possibly inhibits the activity of xCT by directly depleting
the level of SLC7A11, thus promoting the ability of ferroptosis to suppress the growth of
glioma cells [105]. However, an interesting phenomenon is that, in glucose deprivation
environments, the treatment of epidermal growth factor will upregulate xCT in glioma cell
lines, leading to tumor death [106–109].

In summary, xCT could play a dual role in the development and treatment of gliomas,
so further studies are needed to express the practical effect of xCT in gliomas.

3.3. GPX4 Expression

Recently, a study revealed that when GPX4 is knocked down or reacts with its in-
hibitors, ferroptosis is activated to induce the death of glioma cells by accumulating lipid
peroxides to damage the cell membrane and organelle membrane [110]. Some ferroptosis in-
ducers, such as plumbagin, triggers ferroptosis by inducing GPX4 degradation via the lyso-
some pathway and inhibiting glioma growth [111]. In addition, it has been demonstrated
that certain traditional Chinese herbs induce ferroptosis in glioma. For instance, capsaicin,
as a potential anticancer ferroptosis inducer, suppresses the proliferative effects of glioma
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cells by increasing ACSL4 levels and decreasing GPX4 levels to induce ferroptosis [112].
Dihydrotanshinone I (DHI), which boosted ferroptosis by decreasing the expression level
of GPX4 and increasing that of ACSL4, inhibited the growth and proliferation of glioma
cells [113]. The curcumin analog ALZ003 inhibited the development and growth of glioma
cells and enhanced their sensitivity to temozolomide treatment by promoting the androgen
receptor (AR) ubiquitination and downregulating GPX4 to highlight ferroptosis in vitro,
which improved the survival of experimental rodents in vivo [114]. Additionally, the natu-
ral compound artesunate (ART), as an antimalarial drug, was previously demonstrated
and ART also exhibited an anti-tumor effect and was a specific inducer of ferroptosis in
a number of different types of cancer, including glioma. It inhibits the proliferation of
glioma cells in vitro and in vivo by promoting GSH depletion and low GPX4 expression
to increase ferroptosis [115]. In another study, dihydroartemisinin (DHA), as an inhibitor,
could have the prospect of treating glioma because of its role in promoting apoptosis and
autophagy and reducing the invasion ability of glioma cells [116,117]. Specifically, DHA
could promote the development of ACSL4 and xCT, but significantly downregulated GPX4
levels, initiating the death of glioma cells by maintaining ferroptosis [118]. Beyond the
above stated aspects, there are many new nanomaterials involved. It was reported that
the biomimetic nanoparticles (PIOC@CM NPs) increased the level of ROS, depleted GSH
upon ultrasonic irradiation and attenuated the activity of GPX4 to kill glioma C6 cells by
activating ferroptosis [119]. Iron oxide nanoparticles loaded with paclitaxel (IONP@PTX)
not only inhibited the migration and invasion of glioma cells by enhancing ions, ROS
and lipid peroxidation, but also promoted the autophagy-dependent ferroptosis pathway
by decreasing the levels of GPX4 in vitro [120]. Above all, these findings provide some
new drug treatment options for glioma and demonstrate that GPX4 degradation promotes
ferroptosis in glioma.

3.4. Tumor Immune Microenvironment

As key regulatory components, immune cells and immune-related molecules have
been shown to play pivotal roles in the development and treatment of glioma cells. Accu-
mulating evidence indicates that ferroptosis not only promotes tumor cell death, but also
affects the tumor immune microenvironment (TIME) [121,122] (Figure 3). As key regula-
tory components, immune cells and immune-related molecules have been shown to play
pivotal roles in the development and treatment of glioma cells. The main tumor-associated
macrophages (TAMs) are the M1-polarized subtype with proinflammatory and antitu-
moral functions and the M2-polarized subtype with anti-inflammatory and protumoral
effects [123–125]. The M2 subtype plays a vital role in the TIME by excreting extracellular
matrix (ECM) components, promoting T-cell anergy and stimulating angiogenesis [126,127].
In addition, TAMs may increase the tumorigenicity and chemoresistance of glioma cells
by revising the stromal and blood vessel architecture [128]. Myeloid-derived suppressor
cells (MDSCs), as myeloid-derived progenitor cells that accumulate in the TIME of glioma,
suppress the proliferation and activity of T cells by releasing inducible nitric oxide synthase,
ROS, cyclooxygenase-2 and transforming growth factor-β [129,130]. The regulatory T (Treg)
cells accumulating in the TIME of glioma could inhibit immune surveillance and attack by
excreting IL-10, IL-35 and TGF-β, which possibly predicts the poor prognosis of patients
with gliomas [131–133]. Neutrophils are able to not only inhibit the antiangiogenic therapy
of other tumors, but also predict the poor prognosis of patients with gliomas [134].
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Figure 3. Role of ferroptosis in glioma immunity. (a) CD8+ T cells release IFNγ to activate INFR
(which inhibits SLC7A11 transcription through STAT1) to promote tumour cell ferroptosis. TGFβ1
released by macrophages induces the downregulation of system xCT mediated by SMAD proteins,
thereby triggering lipid ROS-mediated ferroptosis via the GSH-GPX4 axis. In turn, ferroptotic
glioma cells release DAMPs (such as HMGB1 and AA) to promote the recruitment and activation
of immune cells. (b) In contrast, DAMPs, such as HMGB1, KRAS-G12D and 8-OHG, could affect
the function of macrophages in the tumour microenvironment. In particular, KRAS-G12D binds
AGER on the cell surface of macrophages to trigger M2 macrophage polarization, which might limit
antitumour immunity. IFN-γ, interferon-γ; INFR, interferon receptor; STAT1, signal transducer and
activator of transcription 1; GSH, glutathione; GPX4, glutathione peroxidase 4; DAMPs, damage-
associated molecular patterns; HMGB1, high mobility group protein B1; AA, arachidonic acid; 8-OHG,
8-hydroxyguanosine; AGER, advanced glycosylation end productspecific receptor.

However, the regulation of ferroptosis in the TIME appears to show the treatment limi-
tations of glioma. Due to the reducing supply of oxygen and nutrients, as well as promoting
acidosis in the TIME [135,136], glioma cells will survive due to their own tremendous plas-
ticity [137–139], but immune cells cannot adapt and lose the effect [140,141]. In addition,
the function of immune cells could be inhibited due to the cytokines secreted by glioma
cells and immune cells, which may express ferroptosis [142,143]. The Treg cells that im-
pede immune surveillance of tumors, an immunosuppressive subset of CD4+ T cells, are
resistant to ferroptosis, which is likely due to GPX4 induction in activated Treg cells [144].
A study has shown that KRAS-G12D can be released into exosomes by pancreatic cancer
cells upon ferroptosis and taken up by macrophages via advanced glycation end products
(AGEs), which ultimately stimulate tumor growth through the polarization of macrophages
to the M2 phenotype. In addition, conditional deletion of Gpx4 in the pancreas of mice
promoted mutant Kras-driven tumorigenesis through ferroptotic injury-induced DNA
release and subsequent STING-activated inflammation in macrophages [12]. Previous ex-
periments and database analysis showed that the infiltration of Treg cells, neutrophils, and
M2-polarized subtype macrophages in the TIME was significantly increased at high levels
of ferroptosis [121]. Similarly, MDSCs with immunosuppressive functions exhibit resis-
tance to ferroptosis due to an inhibitory drive on the p53-heme oxygenase 1 (HMOX1) axis
mediated by N-acylsphingosine aminohydrolase 2 (ASAH2). In addition, large amounts
of lipid peroxides were detected in tumor-derived CD8+ T cells, but not in lymph node-
derived CD8+ T cells, which suggested that ferroptosis may be the metabolic vulnerability
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of tumor-specific CD8+ T cells. In addition, ferroptosis inducers (especially GPX4 inhibitors)
may reduce antitumour immunity and promote tumor development by impairing CD8+

T cells and follicular helper T cells (Tfhs) [144]. Under these conditions, ferroptosis may
promote tumor growth by suppressing antitumour immunity. These advances indicate that
ferroptosis has great potential to enhance the immunotherapy in cancer treatment [145,146].

4. Challenges of Ferroptosis in Glioma

While ferroptosis has a significant effect on the growth and treatment of gliomas,
the mechanism needs to be further explored [147]. Most RCD effector molecules are pro-
teases or porins, for example, caspases as well as mixed lineage kinase domain-like protein
(MLKL) are involved in apoptosis and necrosis, respectively, and GasderminD partici-
pates in pyroptosis [148–150]. PLOOH is currently regarded as the ultimate executor of
ferroptosis; however, whether effector molecules still exist downstream of PLOOH requires
more exploration. [145]. Cytoplasmic GPX4 detoxifying lipid peroxides accumulated at
the plasma membrane were unable to inhibit mitochondrial lipid peroxidation-induced
ferroptosis in GPX4 knockout cells treated with DHODH inhibitors, which indicated that
additional ferroptosis enforcement mechanisms may exist downstream of cytoplasmic lipid
peroxidation [144]. The interaction between ferroptosis and other RCDs is also unclear.
Some features of ferroptosis compared to other RCDs are not unique; for example, ferrop-
tosis signals such as lipid peroxidation and regulators such as GPX4 and SLC7A11 can
also regulate other types of RCDs. Ferroptosis may also modulate the TIME by interacting
with other RCDs, thereby affecting the development and treatment of gliomas. In addition,
ferroptosis currently has limitations in the diagnosis and treatment of gliomas. Currently,
some targets, especially GPX4, ACSL4, P53 and FTH1 [151,152], are regarded as biomarkers,
but they are not still a gold standard. Some significant biomarkers that can accurately
predict the tumor response to ferroptosis induction are urgently needed, especially those
that can be detected directly in patient blood, urine, feces and tumor tissue. It is also
not clear what types of patients with gliomas are more sensitive to ferroptosis treatments.
Three criteria, including iron levels, gene expression and mutations, can be combined to
assess which patients are most likely to benefit from ferroptosis; for example, SLC7A11
inhibitors may be particularly effective against certain types of gliomas that overexpress
this target. Finally, ferroptosis plays a dual role in the development and treatment of tumors.
Ferroptosis promoted glioma cell death, but also reduced the treatment effect of gliomas by
enhancing the levels of Treg cells, neutrophils, and M2-polarized subtype macrophages in
the TIME to suppress antitumour immunity [121]. Tumor cells sacrificing themselves could
also get the surrounding tumor cells to be in a stress state and finally avoid ferroptosis by
secreting cytokines [145]. What substances are released by tumor cells after ferroptosis and
the effects of these signals need to be further studied [153,154]. More evidence is needed
to confirm whether the cytokines released by cells after ferroptosis enable surrounding
glioma cells to evade immune surveillance by regulating TIME [155,156].

5. Conclusions and Future Perspectives

Ferroptosis, as a new programmed cell death mode, is different from other RCDs and
is the result of iron-dependent lipid peroxidation accumulation. In this review, we focused
on the regulatory mechanism of ferroptosis and found that ferroptosis plays multiple
roles in the occurrence and development of glioma. Ferroptosis not only induces glioma
cell death but also promotes glioma cell growth, invasion, migration, and resistance by
regulating TAMs, MDSCs, Treg cells, neutrophils and CD8+ T cells in the TIME. Notably,
studies have shown that some new compounds (such as strychnine, dihydroartemisinin
and ibuprofen) are capable of inducing ferroptosis in gliomas, and ferroptosis-induced
chemosensitizers, including erastin, can be used in combination with various drugs (such as
cisplatin, temozolomide and cytarabine), which may provide new therapeutic opportunities
for glioma treatment. However, poor BBB penetration reduces targeting tumor ability,
and potential compensatory mechanisms hinder the effectiveness of ferroptosis agents in
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glioma therapy. It has been suggested that designing nanoengineered systems to improve
the targeted delivery of drugs can overcome these issues, which further enhances the
effectiveness of glioma treatment [157–159] (Table 2). Overall, although ferroptosis has
great advantages in glioma treatment, we still need multidisciplinary cooperation to further
explore the pros and cons of targeting ferroptosis and to evaluate its potential value in
clinical applications.

Table 2. Various NP-based drug delivery systems for the potential treatment of glioma.

Nanocarrier Coating Outcome Reference

Cisplatin-Fe3O4
/Gd2O3

LF + RGD dimer Increased accumulation in tumor
Released Fe2+ and Fe3+ [160]

Iron oxide NIR-fluorescent silica Visualized tumor-associated macrophage populations [161]
PEG Doxorubicin Increased drug diffusion across BBB [162]

PEtOz-SS-PCL micelle Doxorubicin Increased drug diffusion across BBB [163]
Liposome Temozolomide Enhanced antitumor activity [164]

OX26-PLGA Temozolomide Enhanced permeability
Improved cellular uptake [165]

Fa-PEG-PCL Luteolin Prolonged survival time
Enhanced antitumor activity [166]

Anti-miR-21-PLA Temozolomide Increased apoptotic cell death [167]
Transferrin-PEG-PLA Resveratrol Improved drug accumulation [168]

Albumin Paclitaxel and
fenretinide

Increased drug diffusion across BBB
Increased survival rate [169]
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Abbreviations

•OH Hydroxyl radicals
15-LOX 15-lipoxygenase
15-LOX-1 15-lipoxygenase-1
AA Arachidonic acid
ACSL4 Acyl–coenzyme A synthetase long-chain family 4
acyl-CoA Acyl-coenzyme A
AGEs Advanced glycation end products
ALOXE3 Arachidonate lipoxygenase 3
AR Androgen receptor
ART Artesunate
ASAH2 N-acylsphingosine aminohydrolase 2
ATG5 Autophagy related 5
ATG7 Autophagy related 7
ATP Adenosine triphosphate
BBB Blood-brain barrier
CDDO 2-cyano-3,12-dioxooleana-1,9 (11)-dien-28-oic acid
CMA Chaperone-mediated autophagy
CNS Central nervous system
CP Ceruloplasmin
Cys Cysteine
DHA Dihydroartemisinin
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DHI Dihydrotanshinone I
DHODH Dihydroorotate dehydrogenase
DMT1 Divalent metal transporter 1
ECM Extracellular matrix
Fe2+ Ferrous cations
Fe3+ Ferric cations
FTH1 Ferritin heavy chain 1
FXR1 Fragile-X mental retardation autosomal 1
GCL Glutamate cysteine ligase
GCS Glutamylcysteine synthetase
Glu Glutamic acid
Gly Glycine
GPX Glutathione peroxidase
GPX4 Glutathione peroxidase 4
GSH Glutathione
GSSG Glutathione disulfide
H2O2 Hydrogen per-oxide
HMOX1 P53-heme oxygenase 1
HP Hephaestin
HSP90 Heat shock protein 90
HSPA5 Heat shock protein family A member 5
IECs Intestinal epithelium cells
IL-13Rα2 Interleukin receptor-13alpha2
IONPs Iron oxide nanoparticles
IREB2 Iron responsive element binding protein 2
LOXs Lipoxygenases
LPC Lysophosphatidylcholine
LPCAT3 Lysophosphatidylcholine acyltransferase 3
MDSCs) Myeloid-derived suppressor cells
MLKL Mixed lineage kinase-like
MTOR Mammalian target of rapamycin
NADPH Nicotinamide adenine dinucleotide phosphate
NCOA4 Nuclear receptor coactivator 4
OS Overall survival
PCBP2 Poly(C)-binding protein 2
PE-PUFA Phosphatidylethanolamine polyunsaturated fatty acid
PLOHs Phospholipid alcohols
PLOOHs Phospholipid hydroperoxides
PUFAs Polyunsaturated fatty acids
RCD Regulated cell death
ROS Reactive oxygen species
SLC3A2 Solute carrier family 3 member 2
SLC7A11 Solute carrier family 7 member 11
STEAP3 6-transmembrane epithelial antigen of the prostate 3
STING Stimulator of interferon gene
TAMs Tumor-associated macrophages
Tf Transferrin
Tfh Follicular helper T cell
TfR Transferrin receptor
TIME Tumor immune microenvironment
TMZ Temozolomide
Treg Regulatory T
VEGF Vascular endothelial-derived growth factor
WHO World Health Organization
xCT Cysteine/glutathione antiporter system Xc−
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Abstract: Iron is irreplaceably required for animal and human cells as it provides the activity center
for a wide variety of essential enzymes needed for energy production, nucleic acid synthesis, carbon
metabolism and cellular defense. However, iron is toxic when present in excess and its uptake and
storage must, therefore, be tightly regulated to avoid damage. A growing body of evidence indicates
that iron dysregulation leading to excess quantities of free reactive iron is responsible for a wide range
of otherwise discrete diseases. Iron excess can promote proliferative diseases such as infections and
cancer by supplying iron to pathogens or cancer cells. Toxicity from reactive iron plays roles in the
pathogenesis of various metabolic, neurological and inflammatory diseases. Interestingly, a common
underlying aspect of these conditions is availability of excess reactive iron. This underpinning
aspect provides a potential new therapeutic avenue. Existing hematologically used iron chelators to
take up excess iron have shown serious limitations for use but new purpose-designed chelators in
development show promise for suppressing microbial pathogen and cancer cell growth, and also for
relieving iron-induced toxicity in neurological and other diseases. Hepcidin and hepcidin agonists
are also showing promise for relieving iron dysregulation. Harnessing iron-driven reactive oxygen
species (ROS) generation with ferroptosis has shown promise for selective destruction of cancer
cells. We review biological iron requirements, iron regulation and the nature of iron dysregulation in
various diseases. Current results pertaining to potential new therapies are also reviewed.

Keywords: iron homeostasis; iron dysregulation; inflammation; infection; cancer; iron chelation

1. Introduction

When oxygen first appeared in the Earth’s atmosphere, iron with its Fe2/Fe3 redox
potential of 0.771 V represented a sweet spot for chemical catalysis of a wide range of
oxidation and reduction reactions needed for biosynthesis and energy production by all
living organisms, except for a few microbes. Around 2% of human genes encode for iron
proteins, with more than half of these having catalytic function, with oxidoreductase class
enzymes being the largest fraction [1].

1.1. Iron as Biological Catalyst

Table 1 provides examples of key iron-dependent enzymes needed by most cells for
critical functions at a number of physiological levels. These enzymes are critically important
for cell growth and replication and generally, iron cannot be substituted for activity in these.
This underlies the irreplaceable need for iron by all higher organisms.
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Table 1. Iron-dependent enzymes.

Enzyme Function Reference

Cytochrome oxidase EC 7.1.1.9 Energy production Williams, 1987 [2]
Citrate aconitase EC 4.2.1.3 TCA cycle Beinert et al., 1996 [3]
Ribonucleotide reductase EC 2.7.7.56 DNA synthesis Jordan and Reichard, 1998 [4]
DNA polymerase EC 2.7.7.7 DNA replication and repair Zhang et al., 2014 [5]
Oxoglutarate oxygenase EC 1.13.12.19 Lipid biosynthesis McDonough et al., 2010 [6]
Superoxide dismutase EC 1.15.1.1 Superoxide radical detoxification Parker and Blake, 1988 [7]
Catalase EC 1.11.1.21 Peroxide detoxification Alfonso-Prieto et al., 2009 [8]

1.2. Excess Iron Toxicity

Seemingly paradoxical, iron is also toxic to cells because of its production of oxidizing
radicals with their formation driven by redox cycling of iron. Superoxide (O2

−) is produced
constitutively by the electron transport chain in cells by slippage of an electron to O2 with
concomitant reduction of Fe3 to Fe2. The human body produces around 5 g O2

−/day [9],
but superoxide dismutase (an iron dependent enzyme) normally neutralizes quantities in
excess of normal amounts as needed for cell regulation and signaling [10]. Superoxide is
also produced by nicotinamide adenine phosphate oxidase in the phagocytic defensive
cells of vertebrate animals and this is used to kill phagocytosed invading microbes [11].
Superoxide can set up a cascade cycling of Fe reduction/oxidation coupled to peroxide
and hydroxyl radical ·OH production, as shown in Scheme 1, with ·OH being highly toxic
through damage to DNA and membrane lipids [12].

Scheme 1. Reactive oxygen species generation.

1.3. Chemical Containment

Containment of reactive iron and its ROS products is achieved through both com-
partmentalization and its chemical chaperoning. Phagocytes, including macrophages and
polymorphonuclear leukocytes, compartmentalize ROS production within intracellular
phagosomes, which spares other intracellular organelles and the extracellular milieu from
direct ROS exposure [13]. The bulk of total body iron stores represents around 55 mg/kg
and is located intracellularly, safely incorporated within hemoglobin (erythrocytes), myo-
globin (muscle cells) and ferritin (liver cells) [14]. Iron incorporated into heme and ferritin
is not freely chemically available to participate in ROS production. Body iron stores are
shuttled to sites of use in other cells by transferrin, which binds iron avidly so that it
is effectively chaperoned in circulation and not available for ROS reactions. There is an
additional small labile iron pool located both intracellularly and extracellularly which is
readily ROS-reactive [15], and this pool is important in relation to iron dysregulation, which
increases the amounts in this labile pool.

It is interesting to note that some currently used therapeutic agents, including amino-
glycoside antibiotics, can bind iron not fully satisfying its chaperoning requirements [16]
and can induce ROS-related tissue damage [17], likely due to the mobilization of labile iron.
This underscores the need for containment and chaperoning of labile ROS-reactive iron in
the host as part of normal homeostatic control.

81



Antioxidants 2023, 12, 671

2. Regulation of Normal Iron Homeostasis

Of the 3750 mg of total iron, around 65% of this is incorporated into heme in ery-
throcytes, 10% within heme of myoglobin of the muscles, 14% in macrophage cells of the
reticuloendothelial system (RES), 28% stored within ferritin in hepatocytes and 4% in bone
marrow cells [14]. Iron taken up by enterocytes in the gut is stored transiently in small
amounts in ferritin until there is demand for iron replenishment elsewhere in the body
and then transferrin takes up this iron into the bloodstream, serving as a shuttle/delivery
protein chaperone. The transferrin pool is normally only 30% saturated with iron and, there-
fore, it provides iron-holding capacity to limit amounts of labile non-transferrin-bound iron
in circulation. The transferrin iron pool is highly dynamic and represents a flux of around
25 mg iron per day (Pantopoulos, 2018—see Figure 1) [18]. The body has no excretory
mechanism for iron and small daily losses of 1–2 mg from skin desquamation and other
sources are correspondingly compensated by uptake from the gut.

 

Figure 1. Dynamics of systemic iron balance. Plasma transferrin delivers iron to bone marrow
erythroblasts and to other tissues. It contains a very small (∼0.1%) but highly dynamic fraction of
body iron that turns over >10 times/day to meet the iron need for erythropoiesis (20–30 mg/day). The
transferrin iron pool is primarily replenished with iron recycled from hepatic and splenic macrophages
during erythrophagocytosis of senescent red blood cells. Duodenal enterocytes absorb dietary
iron and release small amounts (1–2 mg/day) to compensate for non-specific losses. Hepatocytes
store excess of body iron, which can be mobilized to plasma under iron deficiency. Iron efflux to
plasma from macrophages, enterocytes or hepatocytes is negatively regulated by hepcidin, a liver-
derived peptide hormone that binds to the iron exporter ferroportin and promotes its degradation
(Pantopoulos, 2018—with permission) [18].

Hepcidin, a 25-amino acid peptide hormone produced primarily by liver hepatocytes,
is the master regulator of iron homeostasis and it negatively regulates iron uptake by
inactivating plasma membrane-bound ferroportin on enterocyte and macrophage cell
membranes as needed for transfer of intracellular iron to extracellular compartments [19].
This provides tight regulation of iron homeostasis, which is critical for ensuring no excess
toxic quantities of iron either intracellularly or extracellularly. Iron dysregulation often
presents with elevated amounts of circulating plasma iron including transferrin-bound
iron with >50% saturation along with elevated non-transferrin-bound iron (NTBI) that can
reach >0.5 μM [20]. It is the labile portion of NTBI that plays a role in the pathogenesis
of the various non-microbial diseases we review below, while elevated plasma iron in the
form of transferrin-bound iron can also support microbial infection [21].
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3. Iron Dysregulation Underlying Disease

3.1. The Nature of Iron Dysregulation

Iron dysregulation diseases often result from increased amounts of circulating labile
reactive plasma iron. This can be evidenced by elevated plasma transferrin-bound iron (TBI)
with transferrin saturation above its normal 30%, sometimes reaching 100% saturation [22].
With high saturation of transferrin, some of the plasma iron is not effectively chaperoned
and this provides a pool of non-transferrin-bound iron (NTBI) labile reactive iron (LPI).
This LPI is also more mobile and capable of entering cells, where it is toxic [23,24].

Excess plasma iron in the form of TBI and NTBI LPI influences two main categories
of diseases. Elevated plasma iron, especially in the form of transferrin iron, supports
cell-proliferative diseases including infection and cancer. Increased plasma iron present as
non-transferrin-bound LPI is part of the pathology of other diseases where excess reactive
iron triggers iron-related pathologies. The various diseases we review are summarized in
Table 2.

Table 2. Diseases with iron dysregulation.

Disease Category Disease Example Reference

Proliferative Cell Replication Microbial
Infection

Staphylococcal,
Candidiasis

Holbein et al., 2021 [21]

Bacterial Sepsis Pseudomonas aeruginosa,
Neisseria meningitidis

Bullen et al., 2000 [25]

Parasitic
Infection

Chagas disease,
Malaria

Mach and Sutak, 2020 [26]

Viral
Infection

HIV, HBV, HCV, HCMV Schmidt, 2020 [27]

Cancer Pancreatic, Liver, Lung Torti et al., 2018 [28]

Iron-Mediated Pathology Diabetes Type 2 Diabetes Harrison et al., 2023 [29]

Cardiovascular Cardiomyopathy Li and Zhang, 2021 [30]

Neurological Alzheimer’s, ALS, MS,
Parkinson’s

David et al., 2022 [31]

Lung Fibrosis Idiopathic Pulmonary Fibrosis Ogger and Byme, 2020 [32]

Autoimmune Rheumatoid Arthritis,
Lupus Erythematosus

Baker and Ghio, 2009 [33]

Kidney Fanconi Syndrome Smith and Thévenod, 2009 [34]

Retinal Age-Related Macular
degeneration

Loh et al., 2009 [35]

Iron Overload Hemochromatosis Pantopoulos, 2018 [18]

Cirrhosis Non-Alcoholic Fatty Cirrhosis Chen, 2022 [36]

3.2. Infections

All pathogenic microorganisms, with the exception of Borrelia burgdorferi, the agent
of Lyme disease, have absolute and irreplaceable requirements for iron for their growth
and replication in our bodies [37]. B. burgdorferi can utilize manganese in place of iron [38].
The vertebrate host normally maintains conditions of low iron bioavailability to microbes,
especially in extracellular compartments such as plasma, respiratory secretions and tears
where infection is often initiated, thus providing a natural nutritional immunity. Trans-
ferrin in plasma and lactoferrin in tears and other secretions maintain very low levels of
freely available iron [39]. Lactoferrin concentrations can reach >3 mg/mL in tears [40].
Furthermore, when infection is first detected, the body mounts an early iron withdrawal
defense response, where extracellular iron concentrations are further reduced by moving
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this iron to intracellular stores [19]. Successful pathogens deploy a variety of virulence
mechanisms to successfully compete for iron, as reviewed elsewhere [21].

3.2.1. Pathogenic Microbes

Iron has now been found to support infection by almost all pathogenic microbes and
Table 3 summarizes some important microbial infections in relation to the main host iron
sources feeding the infection. Of these, some have cell-wall surface receptors to intercept
host iron sources, while others deploy high-affinity siderophores to effectively strip iron
from host transferrin or lactoferrin [21].

Table 3. Iron sources for pathogenic microbes.

Microbial Pathogen Host Iron Source Reference

Neisseria meningitidis Transferrin Holbein, 1981 [41]
Pseudomonas aeruginosa Transferrin, Lactoferrin Xiao and Kisaalita, 1997 [42]
Acinetobacter baumannii Transferrin 1, Lactoferrin 1, Heme 2 1 Yamamoto et al., 1999 [43]; 2 Giardina et al., 2019 [44]
Campylobacter jejuni Transferrin, Lactoferrin Miller et al., 2008 [45]
Staphylococcus aureus Transferrin 3, Heme 4 3 Modun et al., 1998 [46]; 4 Skaar and Schneewind, 2004 [47]
Mycobacterium tuberculosis Transferrin Clemens et al., 1996 [48]
Candida albicans Transferrin Knight et al., 2005 [49]
Aspergillus fumigatus Transferrin Hissen et al., 2004 [50]

Interfering with bacterial iron acquisition provides a new therapeutic avenue to fight
infection, as discussed later in this review.

3.2.2. Bacterial Sepsis

Sepsis is a life-threatening condition killing around 11 million people worldwide
annually [51]. It results from a severely dysregulated host response to inflammation. While
sepsis can develop form viral infections such as COVID-19 [51], it most often develops
through microbial infection. Bacterial sepsis can develop from serious bacterial infection
with the host inflammatory response overstimulated and becoming dysregulated [52], with
this often triggered by bacterial cellular components released during infection, including
endotoxin [53].

During sepsis, iron metabolism is altered with increased iron uptake into cells and
this has been associated with increased iron-driven oxidative injury and cell death [52].
High serum iron levels are also associated with sepsis and poor sepsis outcomes [54]. In
fact, transferrin saturation reflecting serum iron availability is strongly correlated to sepsis
outcomes, with increased iron availability pronounced in lethally ill patients [54,55]. This
aspect, as driven by excess iron, is additional to iron feeding microbial infection, as it relates
to host dysregulated inflammation. Thus, the condition of iron dysregulation provides
for perfect storm conditions of increased iron availability to support rapidly proliferating
microbes on the one hand and increased host damage from the associated dysregulated
inflammatory response on the other hand.

Sepsis therapy presents a large unmet medical need with no currently approved
therapeutics available for clinical use. However, the underlying iron dysregulation provides
a new therapeutic avenue for serious infection/sepsis, as discussed later in this review.

3.2.3. Parasitic Pathogens

Multicellular parasitic organisms also require iron to invade and mount infection in
vertebrate hosts [26]. Leishmania chagasi, which causes leishmaniasis, can utilize iron from
transferrin, lactoferrin or heme when growing in its promastigote form, taking these up
directly without deployment of iron-intercepting siderophores [56]. Trypanosoma brucei
employs transferrin surface receptors and Entamoeba histolytica employs lactoferrin recep-
tors for iron acquisition [26]. Plasmodium falciparum, which causes malaria, has also been
shown to possess surface receptors for transferrin iron, which is interesting in that it resides
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within hemoglobin-rich erythrocytes [57]. Addition of iron has been shown to promote
infection with Trypanosoma cruzi [58] and iron supplementation has been associated with
increased risk of malaria [57]. Parasitic infection, in contrast to most microbial infections, is
chronic in nature and has been associated with what is described as the anemia of chronic
disease [59]. This also occurs in cancer, as further discussed later, and this chronic anemia
is considered the result of the prolonged effort of the host to restrict iron to the invading
pathogens or cancer cells. Interestingly, host iron deficiency has been found to be protective
against malaria, based on epidemiological studies [57].

3.2.4. Viral Infections

Viruses have no direct requirements for iron, but it is now evident that viral replication
in host cells is affected by host iron in the case of both DNA viruses, such as hepatitis
B (HBV) and human cytomegalovirus (HCMV), and RNA viruses, such as hepatitis C
(HCV) and human immunodeficiency virus (HIV) [27]. It remains somewhat obscure as to
whether iron dysregulation predisposes the host to these viral infections, or alternatively, if
the viral infection leads to host iron dysregulation. Elevated iron levels are associated with
the progression of chronic HBV infection [60] and iron addition has been shown to enhance
HCV viral replication in vitro [61]. Transferrin receptor-1 mRNA levels were increased due
to HIV infection, leading to an increased iron uptake and higher level of cellular iron [62].
However, it has been suggested that in cirrhotic patients, HBV-related liver injury, but not
the HBV infection itself, may be cause changes in serum iron markers [63].

3.3. Cancer

The role of iron and its dysregulation in cancer is multi-faceted, as reviewed by
Torti et al. (2018) [64]. Stevens et al. (1994) reported on a cohort of 14,000 US National
Health and Nutrition survey participants with a major finding that participants with
higher transferrin (Tf) iron saturation levels were at higher risk of cancer than participants
with lower transferrin Tf saturation levels, a finding supported by subsequent studies [65].
Cancer cells arising from various tissues such as breast or liver have increased need for iron
compared to normal cells and produce increased amounts of cell-surface transferrin recep-
tors in response to their increased and continuous iron needs [66]. Targeting transferrin
receptors has been proposed for its therapeutic potential [67] as shown using antibodies
directed to cancer-cell-surface transferrin receptor TfR1 [68]. This aspect has great appeal
as common features to all cancers are possession of TfR1 receptors [68], their altered iron
metabolism and increased needs for iron to support their rapid growth [69] and their
primary dependence on host transferrin as the source of this iron. Thus, any advances in
regard to beneficial iron restriction could apply to various cancers broadly.

Cancer also induces a chronic anemia, as seen in other chronic diseases, and this
appears to be a host attempt to restrict cancer growth [64]. Somewhat paradoxically, cancer
cells are more susceptible to ferroptosis, a programmed cell death triggered by excess
reactive iron [70], suggesting host iron withdrawal defense to restrict cancer growth could
also impede cancer cell killing via ferroptosis.

3.4. Ferroptotic Cell Death

Ferroptosis is an additional form of regulated cell death (RCD), but unlike other
forms such as apoptosis and necrosis, it is caused by an iron-dependent accumulation
of lipid peroxides which kill cells, although it shares other common features with the
other modes of RCD [70]. ROS produced through the iron-catalyzed Fenton reaction
contribute to its initiation [71] and, therefore, iron dysregulation with its excess labile iron
is a predisposing factor.

Potential inhibitors of ferroptosis have been investigated including ROS-trapping
antioxidants, such as α-tocopherol and ferrostatin-1, and these have shown potential for
reducing ferroptotic damage [72].
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Excess labile iron driving ferroptosis has also been demonstrated through its suppres-
sion by addition of the iron chelator deferoxamine [73]. However, ferric nitriloacetate (NTA)
has been shown to promote ferroptosis and renal carcinoma by driving Fenton activity [71].
It is important to note that various iron chelators differ in their abilities to fully coordinate
and, therefore, fully chaperone iron [21]. Deferoxamine can fully hexadentate-coordinate
iron within a single deferoxamine molecule, while NTA requires two chelator molecules
to fully satisfy a single iron atom. Therefore, depending on the prevailing chelator and
iron concentrations, incompletely coordinated, Fenton-reactive species can be formed, a
problem which appears to underlie the toxicity of some of the currently used medical
chelators [21]. This problem of small molecule cell-permeable chelators is compounded
in that they can more readily penetrate cells, reaching cellular iron stores and, therefore,
mobilize additional labile iron supplies, this in turn exacerbating iron dysregulation.

The excess supply of labile reactive iron observed as a feature of iron dysregulation
appears to underpin tissue toxicity with a number of diseases and ferroptosis appears to be
at least part of the pathology of these diseases, as further discussed below.

3.5. Inflammatory Diseases

While inflammation typically accompanies infection and cancer, other diseases appear
to be primarily inflammatory in nature and iron dysregulation and its associated ROS
activity are involved in the inflammatory response.

3.5.1. Ocular

Iron dysregulation of the eye has been linked to various eye diseases affecting the
cornea and retina, including corneal epithelial disease, corneal endothelial cell dysfunction,
retinal pigment epithelial (RPE)-associated eye diseases, glaucoma, diabetic retinopathy
(DR), retinal ischemia/reperfusion injury (RIRI), retinoblastoma, retinitis pigmentosa (RP)
and age-related cataracts, and common to these, ferroptosis pathology has been impli-
cated [74]. Ferroptotic iron-induced toxicity through ROS damage has been directly linked
to corneal diseases such as cataractogenesis, inflammatory retinal diseases such as age-
related macular degeneration (AMD) and optic neuropathies [35]. Transferrin mRNA levels
are also upregulated in AMD, possibly in response to increased retinal iron loads [75]. This
feature provides a potential avenue to new therapeutics, including the use of iron chelators
to treat eye diseases that are in urgent need of new therapeutics.

3.5.2. Lung Fibrosis

Pulmonary iron content is also tightly regulated, as excess iron can catalyze ROS
formation, and this has been linked to the pathogenesis of chronic inflammatory lung
diseases such as idiopathic pulmonary fibrosis [32]. Iron accumulation was increased in
lung sections from patients with IPF, and human lung fibroblasts show greater proliferation
and cytokine and extracellular matrix responses when exposed to increased iron levels [76].
These authors provided direct evidence for iron overload affecting the progression of
pulmonary fibrosis. They investigated whether changes in iron homeostasis are the cause
or a consequence of pulmonary fibrosis and used mouse models of iron overload to
show that iron accumulation results in impaired lung function and subsequently worse
pulmonary fibrosis upon lung injury by bleomycin [76]. Lung fibrosis is a progressive
irreversible disease, as fibrotic lung tissue does not repair/remodel, making anti-fibrotic
agents an urgent need. Overcoming iron dysregulation to reduce iron-driven fibrosis is
a new potential avenue for therapy. Iron chelation therapeutics have potential for use in
slowing or stopping pulmonary fibrosis.

3.5.3. Kidney

Increased kidney proximal tubule (PT) cell cytosolic non-transferrin Tf-bound, i.e.,
labile iron has been shown to induce the generation of ROS in PT cells and this could
contribute to the progression of proteinuric chronic kidney diseases [34]. Recent clinical
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studies using anti-oxidative drugs that serve to reduce labile iron suggest that chelation
of iron in the kidney has beneficial effects on the course of chronic kidney disease [77]. In
nephritic syndromes associated with damage to the glomerular filter, urinary Tf concen-
tration dramatically increases and may even lead to hypo-transferrinemia, iron loss and
microcytic anemia [78].

Nephritic kidney damage with urinary transferrin excretion is also part of the pathol-
ogy associated with autoimmune diseases including lupus erythematosus [79] and rheuma-
toid arthritis [80], as further discussed further below.

3.6. Diabetes

High dietary iron and dysregulated iron metabolism are risk factors for type 2 diabetes
mellitus (T2DM), affecting most of its features of decreased insulin secretion, insulin
resistance and increased hepatic gluconeogenesis [29]. Dysregulated iron metabolism with
increased serum levels of ferritin have been found in newly diagnosed type 2 diabetes but
not in individuals with pre-diabetes [81]. Oxidative stress from ROS is now known to be a
major underlying mediator of diabetic complications [82]. Iron and ferroptosis have been
shown to participate in pancreatic beta cell death [83]. In model studies using T2DM, mice
insulin secretion was worsened by ferroptosis-inducing compounds. However, quercetin
(a natural iron chelator), ferroptosis inhibitor ferrostatin-1 and iron-chelating deferoxamine,
each rescued cell viability when cells were challenged with high glucose [84]. These studies
support the potential for use of iron-chelating therapeutics in the treatment of T2DM.

3.7. Cardiovascular

Ferroptosis driven by iron dysregulation has now been implicated in several car-
diovascular disease conditions including cardiomyopathy, atherosclerotic disease and
myocardial ischemia/perfusion injury [30,85]. Inhibition of ferroptosis by ferrostatin-1
improved cardiac function and reduced mortality in a doxorubicin-induced mouse model
of cardiomyopathy, which was associated with the release of free cellular iron caused by
HO-1 upregulation [86]. However, as pointed out by Li and Zhang (2021), the mechanisms
of ferroptosis in heart and vasculature disease remain elusive [30].

3.8. Autoimmune

The role of iron regulation in immune-related diseases was recently reviewed by
Cronin et al. (2019) [87]. Substantial evidence has now linked iron dysregulation to the
pathogenesis of lupus erythematosus [88]. Importantly, the common serious complication,
lupus nephritis, has been linked to renal iron accumulation [79] and ferroptosis kidney cell
damage has been described as an important feature of its pathology [88].

3.9. Neurological

Many neurological conditions have been shown to coincide with altered bodily dis-
tribution of various transition series biometals, especially in the case of iron [89]. Iron
dysregulation with increased labile plasma iron supply and resulting increased ROS, creat-
ing oxidative stress and damage on neurological tissues, has now been linked to Friedreich’s
ataxia, Alzheimer’s disease (AD), Parkinson’s disease, Multiple Sclerosis (MS) and Amy-
otrophic Lateral Sclerosis (ALS) [31]. Increased ferroptosis with corresponding destruction
of neurological cells has been described in Parkinson’s disease and MS [90] as well as for
Alzheimer’s disease [91].

For example, Parkinson’s disease (PD) is characterized by progressive motor impair-
ment attributed to progressive loss of dopaminergic neurons in the substantia nigra (SN)
pars compacta. In addition to an accumulation of iron, there is also an increased production
of reactive oxygen/nitrogen species (ROS/RNS) and inflammatory markers seen in this
pathology [92]. In addition, abnormal iron increases are commonly detected in AD patients,
although controversy continues regarding iron’s association with AD plaques [91]. It now
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appears that a common feature of iron dysregulation underlying neurological diseases is
iron-driven ferroptosis neurological cell death [93].

3.10. Iron Overload

While body iron overload can follow repeated blood transfusions, as seen in patients
with Thalassemia, i.e., because the body lacks an excretory pathway for excess iron, congen-
ital disorders of iron overload such as hemochromatosis represent iron overload disorders
caused by dysregulated iron homeostasis. In hemochromatosis, disruption of the hepcidin
pathway due to mutations in genes encoding auxiliary factors in iron signaling to hep-
cidin result in insufficient hepcidin responses to iron intake or to high body iron stores.
This causes loss of hepcidin-mediated feedback inhibition in dietary iron absorption and
consequently unregulated uptake of dietary iron, elevated transferrin iron saturation and
appearance of labile reactive non-transferrin-bound iron [18].

3.11. Cirrhosis

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease
worldwide, beginning with the presence of >5% excessive lipid accumulation in the liver,
and typically developing into non-alcoholic steatohepatitis, fibrosis, cirrhosis and often
hepatocellular carcinoma. Excess free reactive iron and its associated ROS-mediated tissue
damage have been positively associated with severity of NAFLD [36].

3.12. Anemia of Chronic Infection and Inflammation

The anemia of inflammation (AI), often referred to as the anemia of chronic disease
(ACD), is a secondary anemia that often develops slowly as a result of chronic inflam-
mation during chronic infection (especially parasitic), cancer and with at least some of
the other inflammatory diseases we have reviewed, such as diabetes and autoimmune
diseases [59,94,95]. Overall, it appears to be a host defensive mechanism. Interestingly, a
short-term hypoferremia response is often seen early in the acute stages of infection and
this has also been shown to be triggered by inflammatory mediators such as ILK-6 and
demonstrated to be a relatively short-term active mechanism for restricting iron supply to
growing invaders [21]. The diagnostic challenge in AI/ACD is the identification of patients
with concomitant true iron deficiency because they need specific evaluation for the source
of blood loss and iron-targeted management strategies [Weiss et al. 2019].

4. Therapeutic Options

4.1. Iron Restriction

Higher heme iron intake and increased body iron stores were significantly associated
with a greater risk of type 2 diabetes, as shown in a meta-analysis of 11 prospective
studies [96]. Interestingly, blood-letting to reduce overall body iron stores has shown
potential benefit in the treatment of diabetes [97].

In principle, restriction of iron uptake would also lower amounts of deleterious liable
reactive iron. However, withholding (or supplying) iron has remained controversial in
medicine over the years due to the delicate balance required for iron homeostasis and
the consequences of triggering anemia. While supply of dietary iron would be safer,
administration of parenteral iron to treat anemia, especially the anemia of chronic disease,
has serious implications. Given the roles of dysregulated iron in infection and other
diseases, this requires careful consideration and likely should be avoided if possible.

4.2. Iron Chelators

Iron chelators that bind and can sequester excess available labile reactive iron have
shown potential for the therapy of several diseases associated with iron dysregulation.
However, medical chelators to date have been developed to treat hematological condi-
tions associated with high excess body iron stores (e.g., transfusional iron overload in
Thalassemia patients) but were not developed as iron dysregulation therapeutics. We have
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provided a number of important potential attributes for ideal iron dysregulation chelator
therapeutics, as summarized in Table 4.

Table 4. Iron chelators.

Chelator
DFO
Deferoxamine

DEF
Deferasirox

DFP
Deferiprone

DIBI
Hydroxypyridinone

MW (Da) 561 373 139 9000 avg. polymeric
[98]

Fe(III): chelator binding
complex 1:1 1:2 1:3 3:1 [98]

Fe binding constant log K 30.6 [99] 36.5 [99] 36.7 41.0 [98]

Hydrophobicity/
hydrophilicity log P −3 [99] 4.3 [99] −0.8 [99] −1.87 a

FDA Approval 1968 2005 2011 In Development

Treatment Indication Transfusional iron
overload [100]

Transfusional iron
overload [100]

Transfusional iron
overload [100]

Anti-infective [101]
Anti-inflammatory
[102]

Serious limitations and
toxicities

Promotes infections
[21]

Toxicity, Renal failure
[103,104]

Toxicity,
Agranulocytosis [104]

None to date from oral
and systemic animal
testing b

Promotes microbial
pathogen growth Very Serious Potentially Serious Potentially Serious No [21]

a Holbein, unpublished CRO report: JBL-DMPK-0062-0016, b Holbein, unpublished CRO reports: SP-JBL/NG-
RIVR-142 and JBL/NG-ROR-052.

A number of clinical trials or natural products with iron-chelating properties, such as
curcumin and polyphenolics, have shown promise for lowering excess iron [105] but none
have been approved for clinical use.

4.3. Hepcidin and Agonists

Hepcidin mimetics, stimulators of its production and ferroportin inhibitors have seen
early clinical stage testing as to their safety and potential efficacy [106]. The ferroportin
inhibitor VIT-2763 has advanced to phase II trials and it has shown both low toxicity and
good potential for lowering serum iron levels [107] Other approaches of using hepcidin
mimetics including PTG-300 (rusfertide) have shown promising phase III results. As of yet,
none of these have received regulatory approval for ongoing clinical use [108].

5. Future Needs and Conclusions

We identified a number of gaps in our current understanding of iron dysregulation
in the pathology of diseases. A better understanding of the role of Fe dysregulation
mechanisms for various diseases, especially related to cause or effect, is needed. There is a
particular need for further understanding of anemia of chronic disease. Possible targeted
ferroptosis induction in cancer can be considered once its mechanisms are elucidated.

A number of conclusions can be drawn at this stage. Therapeutics affecting iron
dysregulation and lowering excess levels of labile reactive ion should be readily applicable
to treating infection, including sepsis, and should also apply to cancer and other non-
proliferative diseases from iron dysregulation. Improved chelators have immediate appeal
as the broadest and preferred therapeutic approach.

Hepcidin mimetics and agonists have demonstrated potential and longer-term potential.
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Abstract: OTU domain-containing protein 3 (OTUD3) knockout mice exhibited loss of nigral dopamin-
ergic neurons and Parkinsonian symptoms. However, the underlying mechanisms are largely
unknown. In this study, we observed that the inositol-requiring enzyme 1α (IRE1α)-induced endo-
plasmic reticulum (ER) stress was involved in this process. We found that the ER thickness and the
expression of protein disulphide isomerase (PDI) were increased, and the apoptosis level was elevated
in the dopaminergic neurons of OTUD3 knockout mice. These phenomena were ameliorated by ER
stress inhibitor tauroursodeoxycholic acid (TUDCA) treatment. The ratio of p-IRE1α/IRE1α, and
the expression of X-box binding protein 1-spliced (XBP1s) were remarkably increased after OTUD3
knockdown, which was inhibited by IRE1α inhibitor STF-083010 treatment. Moreover, OTUD3
regulated the ubiquitination level of Fortilin through binding with the OTU domain. OTUD3 knock-
down resulted in a decrease in the interaction ability of IRE1α with Fortilin and finally enhanced the
activity of IRE1α. Taken together, we revealed that OTUD3 knockout-induced injury of dopaminergic
neurons might be caused by activating IRE1α signaling in ER stress. These findings demonstrated
that OTUD3 played a critical role in dopaminergic neuron neurodegeneration, which provided new
evidence for the multiple and tissue-dependent functions of OTUD3.

Keywords: OTUD3; ER stress; IRE1α; XBP1s; Fortilin

1. Introduction

Parkinson’s disease (PD) is a degenerative neurodegenerative disease that mainly
affects middle-aged and elderly people [1,2]. The main cause of classical motor symptoms
in PD is selective death of dopaminergic neurons in the substantia nigra (SN), leading
to a decrease in dopamine release from SN-striatal projections [3,4]. Up to now, the
pathogenesis of PD has not been fully elucidated. Our previous study has shown that OTU
domain-containing protein 3 (OTUD3) prevents PD through stabilizing iron regulatory
protein 2 (IRP2), and OTUD3 knockout mice showed dopaminergic neuronal death in
the SN and Parkinsonian symptoms [5]. OTUD3 is a member of the OTU subfamily of
the deubiquitinases (DUBs) family, which is highly correlated with tumorigenesis. In
addition, there is mounting evidence that OTUD3 is involved in a variety of diseases
other than tumors, such as ulcerative colitis [6], ribosome-related quality control [7], and
innate antiviral immune [8]. However, the mechanisms of dopaminergic neuronal death in
OTUD3 knockout mice remain unclear yet.

As one of the largest organelles in eukaryotic cells, the endoplasmic reticulum (ER)
plays a vital role in protein synthesis and storage [9]. Cells will initiate ER stress when
misfolded or unfolded proteins accumulate in the cytosol [10]. To alleviate the pressure of
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ER stress, cells initiate the unfolded protein response (UPR). The binding immunoglobulin
protein (Bip) dissociates from the three ER stress-sensing proteins: PKR-like ER protein
kinase (PERK), inositol-requiring enzyme 1α (IRE1α) and activating transcription factor
6α (ATF6α) under UPR, thereby regulating the activation of downstream pathways. Bip
is an ER chaperone protein and one of the key proteins that maintain the protein home-
ostasis of ER [11]. It corrects the misfolding and assembly and inhibits the transport of
misfolded proteins or protein subunits [12–14]. It also binds to misfolded proteins and
unassembled complexes, initiating ER-associated degradation (ERAD), responsible for UPR
regulation [15].

Fortilin, also known as translationally controlled tumor protein (TCTP), is a multi-
functional protein that contains 172 amino acids and consists of β-stranded core domain,
α-helical domain, and a flexible loop. Fortilin is widely distributed in the cytoplasm,
nucleus [16], mitochondria [17], and has various functions, such as anti-apoptosis, pro-
survival, and pro-proliferation, as well as the removal of excess Ca2+ from cells [16,18–20].
Recent studies have suggested that Fortilin participates in ER stress-induced apoptosis
by binding to IRE1α [21]. A study has shown mTORC1 is involved in the regulation of
the level of Fortilin, the reduction of cellular Fortilin levels upon mTORC1 inhibition [22].
Overexpression of miR-27b significantly decreased Fortilin protein and gene levels in both
HSC-3 and Cal-27 cell lines [23]. However, whether there are other factors regulating
Fortilin still needs further research.

Our previous research demonstrated that the iron content in the SN of OTUD3 knock-
out mice increased by approximately two folds [5]. The abnormal iron metabolism can
trigger ER stress [24]. Over the past few decades, increasing evidence has suggested that
ER stress-induced cellular damage is implicated in the pathogenesis of neurodegenerative
diseases [25]. In 2007, the ER stress was first discovered in dopaminergic neurons of PD
patients [26]. Studies have indicated that the incidence of ER stress is closely related to
the death of dopaminergic neurons in the SN [27]. Neurotoxicity of 1-methyl-4-phenyl-
pyridinium (MPP+) and accumulation of α-synuclein (α-syn) lead to increased expression
of protein disulphide isomerase (PDI), which is a marker protein of ER stress [28]. Mean-
while, elevated levels of p-PERK, C/EBP homologous protein (CHOP), and p-IRE1α can
be detected in PD cell models induced by 6-hydroxydopamine (6-OHDA), MPP+, and
rotenone [27,29,30]. p-PERK promotes the phosphorylation of eukaryotic translation initia-
tion factor 2 alpha (eIF2α), which significantly reduces protein synthesis in the ER. p-eIF2α
selectively enhances the translation of activating transcription factor 4 (ATF4) to mitigate ER
stress and restore protein synthesis [31]. Under acute ER stress, the hyperactivation of PERK
can increase the expression of pro-apoptotic factor CHOP by upregulating ATF4 [32–35].
p-IRE1α can catalyze the unconventional splicing of X-box binding protein 1 (XBP1) mRNA
to form XBP1-spliced (XBP1s), which stimulates the expansion of ER and the synthesis of
secreted proteins [36–38]. This evidence suggests that ER stress is a key factor contributing
to dopaminergic neuron death. However, the relationship between OTUD3 and ER stress
has not been reported. Whether OTUD3 affected ER stress through novel targets, thereby
affecting the survival of dopaminergic neurons, remains unclear.

In this study, we investigated the role of OTUD3 in dopaminergic neuron death and
further explore its underlying mechanisms. We first reported that ER stress is present in SN
dopaminergic neurons in OTUD3−/− mice. Furthermore, we explored OTUD3-induced
ER stress through IRE1α pathway, which was caused by the deubiquitination of Fortilin.

2. Materials and Methods

2.1. Plasmids and Viruses

Full-length OTUD3 WT was cloned into the pCMV-Myc vectors as indicated. Lentiviruses
carrying shRNA targeting human OTUD3 (Target sequence: GGACAATAACAGAAGC-
GAA) were from OBIO (Shanghai, China). The plasmids Myc-Fortilin, Flag-Fortilin, Flag-
OTU, Flag-UBA, Flag-UBA + Tail and Flag-Tail were purchased from OBIO Technology.
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2.2. Cell Culture and Transfection

SH-SY5Y cells were purchased from the National Infrastructure of Cell Line Resource
(Shanghai, China) and cultured in MEM/F12 medium supplemented with 15% fetal bovine
serum (Gibco, Billings, MT, USA) and 1% penicillin-streptomycin at 37 ◦C with 5% CO2.
SH-SY5Y cell line is the subline of SK-N-SH cell line after three clones, which possesses
moderate dopamine β hydroxylase activity. This cell line is used for PD research be-
cause of its human origin, catecholaminergic neuronal properties, and ease of mainte-
nance [39]. Human embryonic kidney cell HEK293T was purchased from the National
Collection of Authenticated Cell Cultures (Shanghai, China) and cultured in DMEM-High
Glucose supplemented with 10% fetal bovine serum (Gibco, Billings, MT, USA) and 1%
penicillin-streptomycin at 37 ◦C with 5% CO2. Cell transfection was performed using the
Lipofectamine 2000 (Invitrogen, Waltham, MA, USA) reagent according to the manufac-
turer’s protocol.

2.3. Cell Viability Assessment

Cell viability was measured using Cell Counting Kit-8 (CCK-8, K1018, APExBIO,
Houston, TX, USA). Cells were seeded in 96-well plates, and at the end of treatment, add
10 μL of CCK-8 solution to each well of the plate. Incubate the plate for 2 h. Measure
the absorbance at 450 nm using a multimode plate reader (PerkinElmer, VICTOR Nivo,
Waltham, MA, USA).

2.4. Trypan Blue Assay

SH-SY5Y cells that were treated with lentivirus were washed with Hank’s Balanced
Salt Solution (HBSS, 14025-092, Gibco, Billings, MT, USA), then the cells were incubated
with a 0.4% trypan blue (T8154, Sigma Aldrich, St. Louis, MO, USA) mixture and stained for
3–5 min in an incubator at 37 ◦C. Finally, all cells were rewashed with HBSS and observed
under a microscope. Dead cells were stained blue.

2.5. Propidium Iodide (PI) Assay

SH-SY5Y cells which treated with lentivirus were seeded at a density of
1 × 105 cells/well in 48-well plates. On the following day, PI (556547, BD Biosciences,
Franklin Lakes, NJ, USA) solution was added into each well for 10 min in an incubator at
37 ◦C and then washed three times with HBSS solution. Thereafter, the cells were visualized
by an inverted fluorescence microscope.

2.6. Measurement of Intracellular MDA Levels

The MDA concentration measurement was based on the protocol of the MDA assay kit
(Beyotime, Shanghai, China). Briefly, cells were lysed with RIPA lysis buffer and quantified
protein, then 200 μL of MDA working solution was added to 100 μL of protein homogenate,
then heated the mixtures at 100 ◦C for 15 min. After cooling to room temperature, centrifuge
at 1000 g for 10 min, pipette 200 μL of supernatant into a 96-well plate, and measure the
absorbance at 532 nm with a multimode plate reader (PerkinElmer, VICTOR Nivo, Waltham,
MA, USA). MDA content in cells is the concentration of MDA per unit mass.

2.7. Flow Cytometric Measurement of Apoptosis

The cells were washed with PBS and stained with 7-Amino-Actinomycin and PE
Annexin according to the manufacturer’s protocol (Bioscience, Bellingham, WA, USA).
Early apoptotic cells (PE Annexin V positive, 7-Amino-Actinomycin negative), end-stage
apoptosis, and death (PE Annexin V positive, 7-Amino-Actinomycin positive) were then
determined by flow V cytometry.

2.8. Animals and In Vivo Treatment

The OTUD3 transgenic mice model was generated by the Model Animal Research
Center of Nanjing University. 6–8 months old OTUD3 transgenic mice were applied in
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the study. Animals were maintained in controlled temperature and humidity rooms on
a 12 h light/dark cycle with free access to food and water. The OTUD3−/− mice were
injected daily with TUDCA (150 mg/kg/day) (Sigma Aldrich, St. Louis, MO, USA) by
intraperitoneal injection once a day for 2 weeks. Controls received injections with an
equivalent volume of vehicle (0.9% NaCl). Animal experiments were carried out according
to the guidelines of the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. All protocols were approved by the Animal Ethics Committee of
Qingdao University (QDU-AEC-2023026).

2.9. RT-PCR and Quantitative PCR

Total cell RNA was prepared using Trizol reagent (Invitrogen) following the manu-
facturer’s instructions. 1 μg RNA was used for cDNA synthesis in a 20 μL reaction with
the reverse transcription kit (Vazyme, Nanjing, China). PCRs were performed in 20 μL
reaction volumes with SYBR Green PCR master mix (Vazyme, Nanjing, China) and 0.2 μM
specific primers. The primer sequences used for all qPCRs are described below. Mouse
Bip: 5′-TGATGCCCAGCGACAAGC-3′ and 5′-CACCCAGGTCAAACACAAG GAT-3′;
Human Bip: 5′-ACCGCTGAGGCTTATTTGGG-3′ and 5′-GCTGCCGTAGGCTC GTTGA-3′.
GAPDH: 5′-GCACCGTCAAGGCTGAGAAC-3′ and 5′-TGGTGAAGACGCCAGTGGA-3′.

2.10. Transmission Electron Microscopy Measurement of Changes in Endoplasmic Reticulum

Transmission electron microscopy was performed using a Tecnai 10 microscope (FEI,
Hillsboro, OR, USA) at the Electron Microscopy Core Facility, Qingdao University. The
ER thickness was quantified by measuring the distance between two membranes of the
ER lumen in the Image J photographs. Briefly, values for the distance between the two
membranes of ER lumen from randomly chosen five areas of each TEM photograph
were averaged.

2.11. Western Blotting and Immunoprecipitation

Samples from cells and animals were lysed in RIPA lysis buffer containing a protease
inhibitor and phosphatase inhibitor cocktail. The protein concentration was detected
by BCA kits (Thermo Fisher Scientific, Waltham, MA, USA). Samples were separated
by SDS-poly acrylamide gelelectrophoresis and transferred to a PVDF membrane. After
blocked with 100 g/L non-fat milk for 2 h at room temperature. The samples were then
subjected to immunoblotting with the indicated antibodies. For immunoprecipitation
assays, cells were lysed with HEPES lysis buffer (20 mM HEPES, pH 7.2, 50 mM NaCl,
1 mM NaF, 0.5% Triton X-100) supplemented with a protease-inhibitor cocktail (Roche,
Basel, Switzerland). Immunoprecipitations were performed using the indicated primary
antibody and protein A/G agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) at 4 ◦C. The immunocomplexes were then washed with HEPES lysis buffer five
times. Both lysates and immunoprecipitates were examined using the indicated primary
antibodies followed by detection with the related secondary antibody. The following
primary antibodies were used at the indicated dilutions/concentrations: Mouse anti-
ATF6α (1:1000, sc-166659, Santa Cruz Biotechnology, Santa Cruz, CA, USA); Rabbit anti-
phospho-eIF2α (Ser51) (1:000, #3398, Cell Signaling Technologies, Danvers, MA, USA);
Rabbit anti-eIF2α (1:1000, #5324, Cell Signaling Technologies, Danvers, MA, USA); Rabbit
anti-phospho-PERK (Thr 982) (1:000, abs137056, Absin, Shanghai, China); Rabbit anti-PERK
(1:000, 3192, Cell Signaling Technologies, Danvers, MA, USA); Rabbit anti-phospho-IRE1α
(1:000, ab48187, Abcam, UK), Rabbit anti-IRE1α (1:000, #3294, Cell Signaling Technologies,
Danvers, MA, USA); Rabbit anti-XBP1s (1:000, #40435, Cell Signaling Technologies, Danvers,
MA, USA); Mouse anti-CHOP (1:000, #2895, Cell Signaling Technologies, Danvers, MA,
USA); Rabbit anti-Fortilin monoclonal antibody (1:000, ab133568, Abcam, UK); Rabbit
anti-ATF4 (1:500, #11815, Cell Signaling Technologies, Danvers, MA, USA); Mouse anti-
ubiquitin (1:1000, #3936, Cell Signaling Technologies); Rabbit anti-Bip (1:000, #3177, Cell
Signaling Technologies, Danvers, MA, USA). Mouse-anti-OTUD3 (1:000, MABS1819, Merck
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Millipore, Burlington, MA, USA); Rabbit-anti-OTUD3 (1:1000, HPA028544, Sigma Aldrich,
Gillingham, UK). Anti-DDDDK-tag mAb (1:1000, #M185-3L, MBL); Anti-Myc-tag mAb
(1:1000, #M192-3, MBL, Tsukuba, Japan). The secondary antibodies were used for Western
blotting analysis: anti-rabbit IgG-HRP and anti-mouse IgG-HRP (Santa Cruz Biotechnology,
Santa Cruz, CA, USA).

2.12. In Vitro Ubiquitin Conjugation Assay

Cells were treated with 20 μM of the proteasome inhibitor MG132 (Calbiochem) for
8 h before sample collection. The cells were washed with PBS, pelleted, and lysed in HEPES
buffer plus 1% DTT and 1% protease inhibitor. The lysates were centrifuged to obtain
cytosolic proteins and incubated with anti-Fortilin antibodies for 5 h and with protein A/G
agarose beads for a further 8 h at 4 ◦C. The beads were then washed five times with HEPES
buffer. The proteins were released from the beads by boiling them in SDS-PAGE sample
buffer and analyzed by immunoblotting with an anti-ubiquitin monoclonal antibody.

2.13. Immunofluorescence Staining

6–8-month-old OTUD3−/− mice with 50 mg/kg sodium pentobarbital anesthetized
were perfused intracardially with 0.9% NaCl followed by 4% (w/v) paraformaldehyde
solution (PFA). Brains were removed and post-fixed in PFA overnight at 4 ◦C, then gradually
transferred to 20% (w/v), and 30% (w/v) sucrose until sectioning. Sections (20 μm) were
cut on a freezing microtome (CM1905, Leica, Wetzlar, Germany). After being washed
three times in PBST (0.3% Tween-20 in 0.1 M PBS), sections were blocked by 10% goat
serum and then incubated overnight with primary antibody of mouse anti-TH (1:500,
MAB318, Merck Millipore, Burlington, MA, USA) and rabbit anti-PDI (1:200, #3501, Cell
Signaling Technologies, Danvers, MA, USA) at 4 ◦C overnight. Furthermore, the sections
were incubated in the second antibody, Alexa Fluor 555 donkey anti-rabbit IgG (dilution
used = 1:500, A31572, Invitrogen, Waltham, MA, USA), Alexa Fluor 488 donkey anti-mouse
IgG (1:500, A21202, Invitrogen, Waltham, MA, USA), for 1 h at room temperature, and then
added DAPI for 5 min.

2.14. Regents

TUDCA (100 μM) (Sigma Aldrich, St. Louis, MO, USA) was dissolved in ddH2O.
STF-083010 (40μM) (Sigma Aldrich, St. Louis, MO, USA) was dissolved in DMSO.

2.15. Statistical Analysis

Data sets with only two independent groups were analyzed for statistical significance
using an unpaired, two-tailed t-test. One-way analysis of variance (ANOVA) followed by
the Student Newman-Keuls test was used for comparing the difference in more than two
groups. Data are presented as mean ± SEM and analyzed by SPSS and GraphPad Prism 8.0
(GraphPad Software Inc., San Diego, CA, USA). A probability of p < 0.05 was considered
statistically significant.

3. Results

3.1. OTUD3 Deletion Induced Neuronal Apoptosis

To observe the effect of OTUD3 on cell survival, Lv-shRNA-OTUD3 was constructed
to knockdown the expression of OTUD3 in SH-SY5Y cells (Figure 1A,B). Cell viability
was decreased in the OTUD3 knockdown group (Figure 1C). Meanwhile, the ratio of
propidium iodide (PI) and trypan blue positive cells was significantly increased in the
OTUD3 knockdown group compared with the control (Figure 1D–G). The MDA release was
significantly increased in the OTUD3 knockdown group, which indicated the lipid oxidation
level was up-regulated (Figure 1H). We further explored the mode of cell death induced by
OTUD3 knockdown. Flow cytometry results showed that the Annexin V positive cell rate
was evidently increased in OTUD3 knockdown cells (Figure 1I,J). In OTUD3 knockdown
cells, the ratio of cleaved-caspase 3/caspase 3 was significantly increased, as well as in the
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SN of OTUD3−/− mice (Figure 1K–N). These data indicated that knockdown of OTUD3
partially induced dopaminergic neurons deaths through apoptosis.

Figure 1. OTUD3 knockdown induces neuronal apoptosis. (A,B) SH-SY5Y cells with decreased
OTUD3 expression were generated by lentivirally introducing shRNA-OTUD3 into the cells and
characterized by western blotting, n = 3. (C) Cell viability was determined by CCK-8, n = 12.
(D,E) PI staining and statistical analysis, n = 12. (F,G) Trypan blue staining and statistical analysis,
n = 12. (H) The MDA content were determined by lipid peroxidation MDA assay kit, n = 6. (I) Cell
apoptosis analyzed by flow cytometer with PE Annexin V/7-ADD double staining. (J) Statistical
analysis the apoptosis rate, n = 3. (K–N) Western blotting and statistical analysis of the ratio of
cleaved-caspase3/caspase3 in the SN of OTUD3−/− mice and OTUD3 knockdown cells, n = 5. Data
were mean ± SEM, t-test, * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. OTUD3 Knockdown Induced ER Stress

To clarify whether OTUD3 knockdown-induced apoptosis was associated with ER
stress, we observed the ER morphology and the expression of PDI (marker protein for ER
stress) both in vivo and in vitro. As the main morphological manifestation of ER stress, ER
expansion was significantly enlarged in OTUD3 knockdown cells. Likewise, we observed
the same phenomenon in dopaminergic neurons of OTUD3−/− mice (Figure 2A–C). Addi-
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tionally, we treated OTUD3 knockdown cells with ER stress inhibitor tauroursodeoxycholic
acid (TUDCA) for 24 h, the proportion of Annexin V positive cells of that was decreased
(Figure 2D,E). After TUDCA treatment for two weeks, the ER lumen was markedly de-
creased in the dopaminergic neuron of OTUD3−/− mice (Figure 2F,G), and the expression
of PDI in dopaminergic neurons was also decreased (Figure 2H). There was an upward
trend for the expression of TH protein in the SN of OTUD3−/− mice after TUDCA treat-
ment (Figure 2I,J), and the ratio of cleaved-caspase 3/caspase 3 showed a downward trend
after TUDCA treatment (Figure 2I–K). These results suggested that OTUD3 knockdown
would induce ER stress in dopaminergic neurons both in vivo and in vitro.

Figure 2. Effects of knockdown OTUD3 on ER stress. (A–C) Transmission electron microscope was
applied to assessment of ER shape and statistical analysis of ER thickness, n = 9; red arrows represent
the ER. (D,E) Cell apoptosis and statistical analysis of apoptosis rate by flow cytometer with PE
Annexin V/7-ADD double staining, n = 3. (F,G) ER shape and statistical analysis of ER thickness in
OTUD3−/− mice after TUDCA treatment, n = 9. (H) Protein disulfide isomerase immunofluorescence
staining of SN in OTUD3−/− mice. Scale bar = 100μm. (I–K) Western blotting and statistical analysis
of the expression of TH and the ratio of cleaved-caspase3/caspase3 proteins in OTUD3−/− mice after
TUDCA treatment, n = 5. Data were mean ± SEM, t-test, * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.3. The Expression of Bip Was Not Changed In Vivo and In Vitro

Previous studies have shown that Bip is the target protein of OTUD3 in lung cancer
cells [40]. In order to make it clear whether Bip expression changed in vivo and in vitro,
we detected protein and mRNA expression levels of Bip both in OTUD3 knockdown cells
and the SN of OTUD3−/− mice. However, there were no changes in the expression levels
of Bip (Figure 3A–C,F–H). Furthermore, the protein levels of Bip were also unchanged
in both OTUD3 overexpression cells and the SN of OTUD3 transgenic (OTUD3TG) mice
(Figure 3D,E,I,J). These data suggested that OTUD3 knockdown-induced ER stress did not
affect the protein expression of Bip in the SN of mice, which might be related to the fact
that the function of OTUD3 is tissue-dependent.

Figure 3. OTUD3 knockdown-induced ER stress was independent of Bip expression change.

(A,B,D,E) Western blotting and statistical analysis of the expression of Bip in SH-SY5Y cells,
n = 3. (C,H) The expression of bip mRNA in OTUD3 knockdown cells and the SN of OTUD3−/−

mice, n = 3, 5. (F,G,I,J) Western blotting and statistical analysis of the expression of Bip in the SN of
mice, n = 5. Data were mean ± SEM.

101



Antioxidants 2023, 12, 809

3.4. OTUD3 Knockdown Induced ER Stress via Activating IRE1α Pathway

Three classical ER stress transmembrane sensors (IRE1α, PERK and ATF6α) might be
activated when ER stress occurs. To explore which ER stress pathway was activated by
OTUD3 knockdown, we detected the protein expression of the three pathways separately.
We found no significant changes in the expression of ATF6α-N in both OTUD3 knock-
down cells and the SN of OTUD3−/− mice (Supplementary Figure S1A−H). Although
the ratio of p-PERK/PERK and the ratio of p-eIf2α/eIf2α were significantly increased in
OTUD3 knockdown cells and the SN of OTUD3−/− mice, however, the expression of PERK
downstream target protein ATF4 and CHOP protein was failed to increase (Supplementary
Figure S1I−P). These results suggested that the pathway of ATF6α and PERK were not
activated in OTUD3 knockdown cells and the SN of OTUD3−/− mice.

Finally, we observed a significant increase in the ratio of p-IRE1α/IRE1α and the
expression levels of XBP1s both in OTUD3 knockdown cells and the SN of OTUD3−/− mice
(Figure 4A–F), which were significantly reduced after TUDCA treatment (Figure 4G–L).
STF-083010 blocked the increase of p-IRE1α and XBP1’s protein expression after 24 h
treatment in OTUD3 knockdown cells. There was no difference between the control and the
OTUD3 knockdown-STF-083010 group for the ratio of p-IRE1α/IRE1α and the expression
of XBP1s (Figure 4M–O). STF-083010 treatment also inhibited the cell apoptosis of OTUD3
knockdown cells but partially reversed apoptosis after STF-083010 treatment (Figure 4P,Q).
Moreover, the thickness of the ER lumen in OTUD3 knockdown cells was reduced after STF-
083010 treatment, and there was no difference between OTUD3 knockdown-STF-083010
and control (Figure 4R,S). These results showed that OTUD3 knockdown-induced ER stress
activated the IRE1α pathway.

3.5. OTUD3 Was Involved in ER Stress by Regulating the Ubiquitination Level of IRE1α Binding
Protein Fortilin

To explore the underlying mechanism by which OTUD3 knockdown activated the
IRE1α pathway, we performed co-immunoprecipitation (Co-IP) to detect protein inter-
actions. Our findings indicated that OTUD3 did not directly interact with IRE1α, as
endogenous OTUD3 was not immunoprecipitated by IRE1α antibody in shRNA-NC and
OTUD3 knockdown cells (Figure 5A). We know that the activity of IRE1α is regulated
by two binding proteins, Bip and Fortilin [21]. The co-precipitated signal showed that
the binding ability of IRE1α to Bip was decreased in OTUD3 knockdown cells; however,
the expression of Bip in whole cell lysate was not changed (Figure 5A). Meanwhile, we
observed that the co-precipitated signal of IRE1α and Fortilin was decreased in OTUD3
knockdown cells (Figure 5A,B). The endogenous Fortilin could co-precipitate with OTUD3
(Figure 5B,C). To further explore the relationship between OTUD3 and Fortilin, we vali-
dated the expression of Fortilin both in OTUD3 knockdown and overexpression conditions.
In OTUD3 knockdown cells and the SN of OTUD3−/− mice, the expression of Fortilin was
significantly decreased (Figure 5D–G), whereas it was increased in OTUD3 overexpres-
sion cells and OTUD3TG mice (Figure 5H–K). Moreover, co-localization studies indicated
that Fortilin and OTUD3 were present in the cytoplasm of HEK293T and SH-SY5Y cells
(Figure 5L).

Ubiquitylation assays showed that OTUD3 knockdown significantly enhanced the
ubiquitylation level of Fortilin in SH-SY5Y cells and HEK293T cells (Figure 5M,N). Subse-
quently, an exogenous Co-IP assay showed that the OTU domain of OTUD3 is sufficient
to interact with Fortilin (Figure 5P). Overexpression of WT OTUD3, rather than the C76A
mutant, reversed the decreased Fortilin level induced by OTUD3 knockdown (Figure 5Q).
Treatment with the proteasome inhibitor MG132 also reversed the decrease of Fortilin
(Figure 5R). Overall, our findings illuminated that OTUD3 did not directly bind to IRE1α,
but regulated the ubiquitination level of Fortilin through its OTU domain.
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Figure 4. OTUD3 knockdown-induced ER stress by actives IRE1α pathway. (A–C) Western blot-
ting and statistical analysis of the expression of p-IRE1α, IRE1α and XBP1s protein in OTUD3−/−

mice, n = 5. (D–F) Western blotting and statistical analysis of the expression of p-IRE1α, IRE1α and
XBP1s protein in OTUD3 knockdown cells, n = 5. (G–L) Western blotting and statistical analysis of
the expression of p-IRE1α/IRE1α, XBP1s in OTUD3−/− mice (n = 5) and OTUD3 knockdown cells
(n = 3) after TUDCA treatment. (M–O) Western blotting and statistical analysis of the expression of
p-IRE1α/IRE1α and XBP1s in OTUD3 knockdown cells after STF-083010 treatment (n = 3). (P) Cell
apoptosis analyzed by flow cytometer with PE Annexin V/7-ADD double staining. (Q) Statistical
analysis the apoptosis rate after STF-083010 treatment, n = 3. (R,S) Transmission electron microscope
was applied to assessment of ER shape and statistical analysis of ER lumen after STF-083010 treat-
ment, n = 13, 15; red arrows represent the ER. Data were mean ± SEM, t−test, * p < 0.05, ** p < 0.01,
*** p < 0.001.

Figure 5. Cont.
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Figure 5. OTUD3 regulates the ubiquitination level of Fortilin protein. (A) The interaction be-
tween IRE1α and Bip, Fortilin and OTUD3 were examined immunoprecipitated with anti-IRE1α
antibody. The whole-cell lysate was subjected to immunoblot with anti-IRE1α, anti-Bip, anti-OTUD3
and anti-Fortilin antibody. (B,C) The interaction between Fortilin and IRE1α and OTUD3 were
examined immunoprecipitated with anti-Fortilin antibody. The whole-cell lysate was subjected
to immunoblot with anti-IRE1α, anti-OTUD3 and anti-Fortilin antibody. (D–K) Western blotting
and statistical analysis of the expression of Fortilin in OTUD3 knockdown cells, OTUD3−/− mice,
SH-SY5Y cells transfected with Myc-OTUD3 and OTUD3 transgenic mice, n = 5. (L) OTUD3 and
Fortilin colocalized in the cytoplasm of HEK293T and SH-SY5Y cells. (M,N) The ubiquitylation levels
of Fortilin was determined by in vitro ubiquitin conjugation assay. n = 3. (O,P) Co-IP assays were
performed to map the domain of Fortilin required for interaction with OTUD3 (n = 3). (Q) Western
blotting was examined the expression of Fortilin in OTUD3 knockdown cells after transfected with
Flag-OTUD3WT and Flag-OTUD3C76A. n = 3. (R) Western blotting was examined the expression of
Fortilin in OTUD3 knockdown cells after treatment with MG132. n = 3. Data were mean ± SEM,
t-test, * p < 0.05, ** p < 0.01.

3.6. Fortilin Alleviated OTUD3 Knockdown Induced ER Stress

To investigate the role of Fortilin in the regulation of IRE1α activity by OTUD3, we
examined the expression of the associated proteins after Fortilin overexpression. We
observed that higher levels of the ratio of p-PERK/PERK and the ratio of p-eIf2α/eIf2α in
OTUD3 knockdown cells were not affected by Fortilin overexpression. Notably, the ratio of
p-IRE1α/IRE1α, cleaved-caspase3/caspase3, and the expression of XBP1s was increased in
OTUD3 knockdown cells, and these effects were abated by Fortilin overexpression; there
was no difference between the OTUD3 knockdown + Flag-Fortilin and control (Figure 6A–I).
Additionally, we observed that the thickness of the ER lumen in OTUD3 knockdown cells
was reduced after Fortilin overexpression (Figure 6J,K). The results indicated that Fortilin
can relieve ER stress by inhibiting IRE1α pathway.
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Figure 6. Fortilin alleviate ER stress induced by OTUD3 knockdown. (A) Western blotting to
detect the ER stress-associated proteins expression. (B–E) Statistical analysis of the expression
of PERK pathway-associated proteins after Fortilin overexpression in OTUD3 knockdown cells.
n = 3. (F) Statistical analysis of the expression ATF6α-N proteins after Fortilin overexpression in
OTUD3 knockdown cells. n = 3. (G–I) Statistical analysis of the ratio of p-IRE1α/IRE1α, cleaved-
caspase 3/caspase 3 and the expression of XBP1s after Fortilin overexpression in OTUD3 knockdown
cells. (J,K) Transmission electron microscope was applied to assessment of ER shape and statistical
analysis of ER lumen after Fortilin overexpression, n = 10, 12; red arrows represent the ER. Data were
mean ± SEM, t-test, * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

The current work revealed that OTUD3 was involved in the regulation of ER stress by
regulating IRE1α activity. OTUD3 knockdown increased the ratio of p-IRE1α/IRE1α, and
the expression of XBP1s, which could be inhibited by IRE1α inhibitor STF-083010. Further
investigation revealed that Fortilin was a target protein of OTUD3. Downregulation of
OTUD3 reduced the binding ability of Fortilin to IRE1α, thereby activating the IRE1α
pathway and inducing ER stress and neuronal apoptosis.

OTUD3 has been identified as a tumor suppressor that is highly associated with
tumorigenesis [41,42]. Our previous study found that OTUD3 knockout mice display motor
deficits and nigrostriatal dopaminergic neurodegeneration, resembling the pathology of
PD [5]. In the present study, we observed a significant increase in cell apoptosis after OTUD3
knockdown, consistent with our previous reports [5]. More and more evidence has shown
that ER stress-induced apoptosis is an important cell death pathway for dopaminergic
neurons [29,30]. We also observed abnormal expansion of ER morphology by transmission
electron microscopy, both in OTUD3−/− mice and OTUD3 knockdown cells, consistent
with the previously reported ER stress-induced morphological changes [43]. At the same
time, we also found that PDI, another marker protein of ER stress, was colocalized with
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dopaminergic neurons in OTUD3−/− mice [44]. These results suggested that deleting
OTUD3 would induce ER stress in dopaminergic neurons.

As a deubiquitylase, there are many target proteins of OTUD3, such as phosphatase
and tensin homolog deleted on chromosome 10 (PTEN) [42], Bip [40], p53 [41], and actinin-4
(ACTN4) [45]. ER chaperone Bip, as one target protein of OTUD3, is a major regulator of ER
stress [11]. Bip can maintain the permeability barrier of the ER during protein translocation
and target misfolded proteins for retrograde translocation so that they can be degraded
by the proteasome, sensing conditions of stress in the ER to activate the UPR [46]. Under
physiological conditions, IRE1α, PERK, and ATF6α remain inactive by binding to Bip.
Under ER stress, Bip dissociates from the three sensors, activating downstream pathways
and determining cell fate [47]. In the present study, we observed that the binding ability of
Bip and IRE1α was decreased after OTUD3 knockdown. However, there was no significant
change in the expression of Bip in either OTUD3 knockdown or overexpression, indicating
that OTUD3 did not affect the level of Bip in dopaminergic neurons. OTUD3 can stabilize
Bip and promote lung tumorigenesis [40], whereas it suppresses breast tumorigenesis
through stabilizing the PTEN protein [42]. This suggests that the function of OTUD3 for
target proteins is distinctive in different tissues and tissue-dependent contexts.

Under ER stress, cells activate the IRE1α, PERK, and ATF6α pathways to restore ER
homeostasis or induce cell death [48–50]. In the present study, our results demonstrated
that OTUD3 knockdown-induced ER stress and cell apoptosis through the activation of the
IRE1α pathway but not the PERK or ATF6α pathways. OTUD3 knockdown increased the
activation of IRE1α and the expression of XBP1s. Reversal of OTUD3 protein expression
or treatment with IRE1α inhibitor STF-083010 could ameliorate IRE1α signal activation
and inhibit apoptosis. The activation of IRE1α signal is closely related to apoptosis [51].
The activation of PERK and ATF6α was also related to cell apoptosis, we did not observe
changes of ATF6-N protein. Although we observed an evident increase in the activation of
PERK and eIf2α, the expression of downstream target proteins ATF4 and CHOP did not
change. Therefore, we considered that OTUD3 knockdown could induced ER stress and
cell apoptosis by activating the IRE1α pathway.

IRE1α is known to remain inactive by binding to Bip. Recent studies have shown that
the IRE1α also binds to Fortilin, and when Fortilin dissociates from IRE1α, it can activate
the IRE1α and lead to apoptosis [21]. As an anti-apoptotic factor, Fortilin can play anti-
apoptotic function by regulating the activity of various proteins [52,53]. To verify whether
the function of OTUD3 on IRE1α activity was mediated by directly regulating its ability to
bind to IRE1α, Co-IP was used to detect the proteins interactions. The results showed that
there was no interaction between IRE1α and OTUD3. We observed that OTUD3 knockdown
could decrease the binding ability between Fortilin/Bip and IRE1α, and overexpression of
OTUD3 could increase the binding ability of Fortilin and IRE1α. Additionally, we found
that the expression and ubiquitination level of Fortilin protein were regulated by OTUD3,
while the protein level of Bip was not influenced by OTUD3. We further found that the
Fortilin was interacted with the OTU domain. These findings suggested that OTUD3 can
regulate the expression of Fortilin rather than Bip, and adjust the binding ability of Fortilin
to IRE1α, thus regulating IRE1α activity. In previous studies, Fortilin overexpression could
inhibit the cell death and ER stress induced by thapsigargin [21]. As expected, we observed
that the ER stress and cell apoptosis were alleviated by Fortilin overexpression. Our data
indicated that the ER stress caused by OTUD3 knockdown might be related the Fortilin
expression. Our previous research showed that the iron content is increased in the SN
of OTUD3−/− mice [5], and abnormal iron metabolism can induce ER stress [24]. These
evidences suggest that OTUD3 knockout may induce ER stress by reducing the expression
of IRP2 protein and up-regulating the contents of iron in neurons. Meanwhile, OTUD3 may
also be involved in regulating ER stress by regulating the expression of Fortilin protein.
However, there were some limitations in our present study: the ubiquitination site of
Fortilin specifically regulated by OTUD3 remains to be further explored, and the changes
of OTUD3 in the brain of PD patients were not clarified.
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5. Conclusions

The present study highlights a novel role of OTUD3 in regulating ER stress. Our
findings demonstrate that OTUD3 plays a crucial role in protecting cells against ER stress-
induced apoptosis by regulating the level of ubiquitination of Fortilin and inhibiting the
activation of IRE1α signaling. Therefore, targeting the inhibition of IRE1α signal activation
could represent a promising therapeutic for PD induced by OTUD3 elimination.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antiox12040809/s1, Figure S1: OTUD3 knockdown-induced ER stress was
not depend on ATF6α and PERK pathway.
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Abstract: The reduction of the cerebral glucose metabolism is closely related to the activation of
the NOD-like receptor protein 3 (NLRP3) inflammasome in Alzheimer’s disease (AD); however,
its underlying mechanism remains unclear. In this paper, 18F-flurodeoxyglucose positron emission
tomography was used to trace cerebral glucose metabolism in vivo, along with Western blotting
and immunofluorescence assays to examine the expression and distribution of associated proteins.
Glucose and insulin tolerance tests were carried out to detect insulin resistance, and the Morris water
maze was used to test the spatial learning and memory ability of the mice. The results show increased
NLRP3 inflammasome activation, elevated insulin resistance, and decreased glucose metabolism
in 3×Tg-AD mice. Inhibiting NLRP3 inflammasome activation using CY-09, a specific inhibitor for
NLRP3, may restore cerebral glucose metabolism by increasing the expression and distribution of
glucose transporters and enzymes and attenuating insulin resistance in AD mice. Moreover, CY-09
helps to improve AD pathology and relieve cognitive impairment in these mice. Although CY-09 has
no significant effect on ferroptosis, it can effectively reduce fatty acid synthesis and lipid peroxidation.
These findings provide new evidence for NLRP3 inflammasome as a therapeutic target for AD,
suggesting that CY-09 may be a potential drug for the treatment of this disease.

Keywords: Alzheimer’s disease; glucose metabolism; NLRP3 inflammasome; insulin resistance;
oxidative stress; CY-09

1. Introduction

Alzheimer’s disease (AD) is a common neurodegenerative disease in elder people.
Deposits of amyloid-β (Aβ) and hyperphosphorylated tau protein are its main characteris-
tics [1,2]. Due to the failure of anti-amyloid and anti-tau aggregation drugs, neuroinflam-
mation has been considered as a new therapeutic target for AD treatment.

NLRP3 inflammasome, composed of nucleotide-binding oligomerization domain
(NOD)-like receptor protein 3 (NLRP3) and apoptosis-associated speck-like proteins of
CARD (caspase recruitment domain) (ASC) and pro-caspase-1, plays an important role in
neuroinflammation. Activation of NLRP3 inflammasome causes the increase in caspase-1
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and the release of interleukin-1β (IL-1β) [3,4]. Increased activation of NLRP3 inflamma-
some is closely related with the reduction of cerebral glucose metabolism. Studies show
that the translocation of hexokinase (HK), a key enzyme in glucose metabolism, can activate
NLRP3 inflammasome, and inhibition of NLRP3 inflammasome can restore the expression
and distribution of HK in AD model cells [5,6]. In AD mice, NLRP3 binds to the mito-
chondria and is then activated by mitochondrial reactive oxygen species (mtROS) [7,8].
HK binding to mitochondria reduces mtROS transport into the cytoplasm and further
reduces the activation of NLRP3 inflammasome [9,10]. A positive correlation occurs be-
tween glucose metabolism and neuroinflammation in early AD, but disappears as the
pathological course progresses [11]. In addition, increased neuroinflammation leads to a
shift in energy metabolism from oxidative phosphorylation (OxPhos) to aerobic glycolysis
in microglia. Activated microglia compete with neurons for glucose, which limits the
energy availability of neurons [12]. Our previous studies have shown that inhibiting the
activation of NLRP3 inflammasome can increase the expression and distribution of HK
in vitro [5], but determining whether it could restore cerebral glucose metabolism in this
process requires further exploration in vivo.

Glucose metabolism provides over 70% of energy for the brain. Glucose is transported
into cells via glucose transporters (GLUTs), is phosphorylated by HK, and then catalyzed
by a series of enzymes to produce energy. GLUT1 and GLUT3 are expressed in the
brain and are responsible for the entry of glucose from the blood to the intracellular
environment [13–15]. In AD, decreased expression levels of GLUT1 and GLUT3 lead to
reduced glucose transport. GLUT4 is also expressed in the brain. Unlike GLUT1 and
GLUT3, it is sensitive to insulin, and when insulin levels rise, it is transferred to cell
membranes for the transport of glucose, [16,17]. The transfer of GLUT4 is regulated by
the insulin-PI3K-AKT pathway [18]. Several studies have shown that insulin resistance is
a key event leading to AD pathology [17,19,20]. Insulin receptors (IR) recognize insulin
and then self-phosphorylate to recruit insulin receptor substrate (IRS) and activate the
IRS-AKT-AS160 pathway [21,22]. AS160 is a guanosine triphosphate enzyme activating
protein, the phosphorylation of which promotes translocation of GLUT4 [18,23]. In AD,
lower insulin levels in cerebrospinal fluid result in decreased expression of p-IR, p-AKT,
and p-AS160, a s well as increased IR [24]. A positron emission tomography (PET) study
confirmed that the expression of IR was increased in the lower glucose metabolism region.

Oxidative stress also contributes to the pathology of AD. The generation of an exces-
sive amount of ROS results in oxidative stress and the activation of NLRP3 inflammasome.
Moreover, oxidative stress causes iron metabolism disorders and leads to ferroptosis [25,26].
Ferroptosis manifests as increased cellular Fe2+, decreased glutathione peroxidase 4 (GPX4),
and increased lipid peroxidation [27]. Elevated Fe2+ results from increased transferrin
transport and ferritinophagy [28]. Transferrin (TF), transferrin receptor (TFR), and fer-
roportin (FPN) are responsible for the transport of Fe, and nuclear receptor coactivator
4 (NCOA4) participates in ferritinophagy. Long-chain acyl-CoA synthetase 4 (ACSL4) is a
key protein linking ferroptosis and lipid peroxidation. Increased ACSL4 is consistent with
increased ferroptosis and lipid peroxidation in AD [29–31]. Decreased GPX4 and Solute
Carrier Family 7, Member 11 (SLC7A11) are also related to lipid peroxidation.

In the study, we injected CY-09, a specific inhibitor of NLRP3, into non-transgenic
(NTg) and triple transgenic AD (3×Tg-AD) mice daily, with a dose of 2.5 mg/kg for
six weeks, according to the reference [32]. Then, we explored the effect of NLRP3 inflamma-
some inactivation on glucose transport, insulin resistance, and glucose metabolic enzymes
in vivo. Simultaneously, we investigated whether NLRP3 inflammasome inactivation by
CY-09 could reduce AD classical pathology and oxidative stress and improve cognitive
deficits. Overall, this study aimed to determine the effect of NLRP3 inflammasome activa-
tion on glucose metabolism and to investigate the potentiality of CY-09 as a therapeutic
drug for AD treatment.
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2. Materials and Methods

2.1. Reagents and Antibodies

CY-09 (Cat#S5774) was purchased from Selleck Chemicals LLC, Houston, TX, USA.
Polyoxyl 15 hydroxystearate (Cat#HY-136349) and DMSO (Cat#HY-Y0320) were purchased
from MedChemExpress LLC, Deer Park Dr, Suite Q, Monmouth Junction, NJ, USA. Saline
(Cat#R22172) was purchased from Shanghai yuanye Bio-Technology Co., Ltd., Shanghai,
China. 18F-FDG was provided by Union Hospital, Tongji Medical College, Huazhong Uni-
versity of Science and Technology, Wuhan, China. Antibodies against NLRP3 (Cat#AG-20B-
0014-C100) and caspase-1 (P20) (Cat#AG-20B-0042-C100) were purchased from Adipogen
Corporation, San Diego, CA, USA. Antibodies against IL-1β (Cat#16806-1-AP), GLUT1
(Cat#21829-1-AP), GLUT4 (Cat#66846-1-Ig), GLUT3 (Cat#20403-1-AP), HK2 (Cat#22029-
1-AP), voltage-dependent anion-selective channel protein 1 (VDAC1) (Cat#10866-1-AP),
and SLC7A11 (Cat#26864-1-AP) were purchased from Proteintech Group, Inc., Chicago,
IL, USA. Antibodies against IRS (Cat#3407), p-IRS-Ser1101 (Cat#2385), AKT (Cat#9272),
p-AKT-Ser473 (Cat#4060), GSK3β (Cat#12456), p-GSK3β-Ser9 (Cat#5558), FAS (Cat#3180),
ACC (Cat#3676), p-ACC-Ser79 (Cat#11818), and LRP1 (Cat#64099) were purchased from
Cell Signaling Technology, Inc., Boston, MA, USA. Antibodies against IR (Cat#sc-57342),
p-IR-Tyr1150 (Cat#sc-81500), and ACSL4 (Cat#sc-271800) were purchased from Santa
Cruz Biotechnology, Inc., Dallas, TX, USA. The antibodies against AS160 (Cat#ab189890),
p-AS160-T642 (Cat#ab131214), HK1 (Cat#ab150423), PDHE1α (Cat#ab168379), COX IV
(Cat#ab16056), APP (Cat#ab32136), BACE1 (Cat#ab108394), PSD95 (Cat#ab18258), synapto-
physin (Cat#ab32127), tau5 (Cat#ab80579), p-tau-Ser404 (Cat#ab92676), MDA (Cat#ab27642),
GPX4 (Cat#ab125066), and HMGCS1 (Cat#ab155787) were purchased from Abcam plc.,
Cambridge, UK. Antibodies against 6E10 (Cat#803002), sAPPα (Cat#813501), and sAPPβ
(Cat#813401) were purchased from BioLegend, Inc., San Diego, CA, USA. The antibody
against Aβ1-42 (Cat#AB5078P) was purchased from Millipore Corporation, Boston, MA,
USA. Antibodies against HT7 (Cat#MN1000), TF (Cat#PA5-27306), TFR (Cat#13-6800),
FPN (Cat#PA5-22993), NOCA4 (Cat#PA5-96398), and SREBP2 (Cat#PA1-338) were pur-
chased from Thermo Fisher Scientific, Waltham, MA, USA. The antibody against β-actin
(Cat#AB0033) was purchased from Abways Technology, Inc., Shanghai, China. The an-
tibody against HMGCR (Cat#T56640S) was purchased from Abmart Shanghai Co., Ltd.,
Shanghai, China. Goat Anti-Rabbit IgG H&L (HRP) secondary antibody (Cat#ab6721) and
Goat Anti-Mouse IgG H&L (HRP) secondary antibody (Cat#ab6789) were purchased from
Abcam plc., Cambridge, UK. Alexa Fluor® 488 AffiniPure Goat Anti-Rabbit IgG (H+L)
secondary antibody (Cat#111-545-003) and Alexa Fluor® 594 AffiniPure Goat Anti-Mouse
IgG (H+L) secondary antibody (Cat#111-585-003) were purchased from Jackson ImmunoRe-
search Inc., West Grove, PA, USA. DAPI Staining Solution (Cat#C1002) was purchased from
Beyotime Biotech Inc., Shanghai, China.

2.2. Animals and Treatment

The impact of sex on AD pathology has been reported in many references. Senior
females are more likely to develop AD due to their lower estrogen levels. Ovarian hormone
loss causes a bioenergetic deficit and a shift in metabolic fuel availability in AD model
mice [33,34]. Thus, we select 9-month-old female C57BL/6J mice (NTg mice) and 3×Tg-AD
mice for this study. NTg mice were purchased from Guangdong Medical Laboratory Animal
Center and 3×Tg-AD mice which harbor the mutated human genes amyloid precursor
protein (APP) (SWE), PS1 (M146V), and Tau (P301L) were purchased from the Jackson
Laboratory. Mice were housed in conditions under 22 ◦C in a 12:12 h light/dark cycle,
with food and water ad libitum. All animal experimental protocols were reviewed and
approved by the Institutional Animal Care and Use Committee of Tongji Medical College
of Huazhong University of Science and Technology (IACUC Number: 2390; Approved
Date: 27 February 2018).

To observe the impact of NLRP3 inflammasome activation on cerebral glucose metabolism
in AD, we used CY-09 to inhibit NLRP3 inflammasome activation. Here, 24 female mice
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were randomly divided into four groups: NTg mice, CY-09-treated NTg mice (NTg + CY-09
mice), 3×Tg-AD mice, and CY-09-treated 3×Tg-AD mice (3×Tg-AD + CY-09 mice). CY-09
was dissolved in a vehicle containing 10% DMSO, 10% Polyoxyl 15 hydroxystearate, and
80% saline. It was then injected into the mice daily, with a dose of 2.5 mg/kg for six weeks,
according to the reference [32].

2.3. 18F-FDG PET
18F-FDG PET experiments were applied to examine the glucose metabolism in the

mouse brain [35]. All the mice were fasted for 12–16 h and then injected by vein with
7.4 MBq 18F-FDG before the PET scan. For the static PET scan, the mice were scanned for
10 min after 60 min of free metabolism. However, in the dynamic scan, the mice were
scanned for 60 min immediately after injection. PET data were acquired with Trans-PET
Discoverist 180 (Raycan Technology Co., Ltd., Suzhou, China) and reconstructed with
a 3D OSEM algorithm. The time segmentary schemes for dynamic data reconstruction
were as follows: 5 s × 6, 10 s × 3, 30 s × 4, 60 s × 2, 120 s × 5, 300 s × 3, 600 s × 1,
300 s × 1, 900 s × 1. To calculate the cerebral metabolic rate of glucose (CMRglu), blood
glucose was measured from the second drop of tail blood using a Roche blood glucose
meter (Roche Pharma (Schweiz) Ltd., Basel, Switzerland). Standard uptake values (SUVs)
of the whole brain, cortex, and hippocampus, as well as the CMRglu of the whole brain,
were quantified by Amide 1.0.4 software (Crump Institute for Molecular Imaging, UCLA
School of Medicine, CA, USA), Crimas 2.9 (Turku PET center, Turku, Finland), MATLAB
2019b (MathWorks Inc., Natick, MA, USA), and SPM12 (The Wellcome Centre for Human
Neuroimaging, UCL Queen Square Institute of Neurology, London, UK).

2.4. Morris Water Maze Test

The Morris water maze test is one of the behavioral experiments used to detect the
spatial learning and memory ability of mice. In the study, we mainly refer to the previous
protocol, with slight modifications [36,37]. None of the mice were trained on the test before
experimentation. However, an additional process was carried out to familiarize the mice
with the environment before the formal experiment started. The Morris water maze test
includes place navigation tests and spatial probe tests. In the place navigation test, the mice
were first placed on the platform for 1 min to familiarize themselves with the environment.
Subsequently, the mice were placed into the water from the four quadrants. The time
(escape latency) from entering the water to finding the platform was recorded within 60 s.
The place navigation test lasted for five days. In the spatial probe test, the platform was
removed and the mice were placed into the diagonal quadrant. Then, the time spent by the
mice in the target quadrant in 24 h and 72 h was recorded. The Morris water maze WMT-
200A (Chengdu Techman Software Co., Ltd., Chengdu, China) and the Animal Behavior
Analysis System BAS-100 (Chengdu Techman Software Co., Ltd., Chengdu, China) were
used for the recording of data.

2.5. Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT)

GTT and ITT were performed to respectively detect the ability to regulate blood
glucose and insulin sensitivity [32,38]. In GTT, the mice were fasted for 12 h and then
injected with glucose in the dose of 2 g glucose per Kg mice (glucose was purchased from
Beyotime Biotech Inc., Shanghai, China, Cat#ST1228). In ITT, mice were fasted for 4 h and
then injected with insulin in the dose of 0.75 U insulin per Kg mice (insulin was purchased
from Beyotime Biotech Inc., Shanghai, China, Cat#P3376). All experiments were required to
detect and record the blood glucose in time points of 0, 30, 60, 90, 120, and 150 min after the
injection. Blood glucose was measured from the second drop of tail blood using a Roche
blood glucose meter (Roche Pharma (Schweiz) Ltd., Basel, Switzerland).
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2.6. Brain Tissues Extraction and Preservation

After a week of recovery, the mice were euthanized after isoflurane anesthesia to extract
the brain and blood. The hemibrain of each mouse was used for immunofluorescence
experiments and stored with 4% paraformaldehyde. The total proteins of the rest of the
hippocampus were extracted using the Phosphorylated Protein Extraction Kit (Cat#KGP950,
Jiangsu Keygen Biotech Corp., Ltd., Nanjing, China) for Western blot experiments. The of
the rest cortex was used for LC-MS/MS analysis, ROS measurement, and mitochondrion
isolation. All tissues were stored at −80 ◦C before the experiments. Blood was tested for
insulin directly after the extraction.

2.7. ELISA Assay and Reactive Oxygen Species Measurement

All experiments were conducted following the instructions of each kit. Fasting
blood insulin was detected using a Highly Sensitive Mouse Insulin Immunoassay Kit
(Cat#HMS200, EZassay Ltd., Shenzhen, China). The secretion of IL-1β was detected using
a Mouse IL-1β ELISA Kit (Cat#EMC001b, Neobioscience Technology Company, Shenzhen,
China). ROS levels were measured using the Reactive Oxygen Species Assay Kit (Cat#E004-
1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China). These data were detected
by a SpectraMax® L Microplate Reader (Molecular Devices, LLC, San Jose, CA, USA).

2.8. LC-MS/MS

LC-MS/MS was performed by Triple TOF 6500 (AB Sciex LLC, Framingham, MA,
USA) to determine whether CY-09 crosses the BBB and enters the brains of the mice. In this
experiment, metabolites were extracted from brain tissues using a 300 μL methanol acetoni-
trile mixture (methanol: acetonitrile = 2:1), as previously described [39]. After vortexing for
1 min, sonicating for 10 min at 0 ◦C, and centrifuging for 15 min at 13,000× g, the samples
were held at −20 ◦C until further detection. The conditions for the chromatographic separa-
tion of metabolites were as follows—flow rate: 0.3 mL/min; injection volume: 6 μL; mobile
phase: phase A, water (containing 0.1% formic acid); phase B, acetonitrile (containing 0.1%
formic acid). The ion source parameters of mass spectrometry were as follows—curtain
gas: 35 psi; ion spray voltage: −4500 V; source temperature: 550 ◦C; ion source gas1: 55psi;
ion source gas2: 55psi. MultiQuant 3.02 (AB Sciex LLC, Framingham, MA, USA) and
ProteoWizard 1.3.5.0 (ProteoWizard, Palo Alto, CA, USA) were used to process the data.

2.9. Mitochondrion Isolation and Hexokinase Activity

The brain mitochondria were isolated following the product instructions for the mito-
chondrial isolation kit (Cat#C3606, Beyotime Biotech Inc, Shanghai, China). Isolated mito-
chondria and cytoplasm were collected and stored at −80 ◦C. A NanoDrop 2000c (Thermo
Fisher Scientific, Waltham, MA, USA) was used to detect the mitochondria concentration.
The hexokinase activity was measured by Micro Hexokinase Assay Kit (Cat#BC0745, Bei-
jing Solarbio Science & Technology Co., Ltd., Beijing, China). All experiments were carried
out according to the product instructions.

2.10. Western Blot Analysis

The total proteins of the brain tissues were extracted using the Phosphorylated Protein
Extraction Kit (Cat#KGP950, Jiangsu Keygen Biotech Corp., Ltd., Nanjing, China). The
PierceTM BCA Protein Assay Kit (Cat#23225, Thermo Fisher Scientific, Waltham, MA, USA)
was used for the detection of protein concentrations. Experimental protocols were the same
as previously described [5]. In short, 10% and 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) gels were used in the experiments. Proteins larger than
100 kD were separated using a 10% SDS-PAGE gel, while proteins smaller than 100 kD
were separated using a 12% SDS-PAGE gel. Equal amounts of total protein lysates (20 μg
per well) of each sample were loaded for the electrophoresis. Then, the proteins were
transferred to a 0.45 μm polyvinylidene difluoride (PVDF) membrane (Cat#ISEQ00010,
Millipore Corporation, Boston, MA, USA). After the electrotransfer, the membranes were
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blocked in 5% non-fat milk for 2 h and washed four times (10 min each time) with TBST
buffer (150 mM NaCl, 10 mM Tris, 0.1% Tween-20, pH 7.4). Afterwards, the membranes
were incubated with primary antibodies overnight at 4 ◦C. The next day, the membranes
were incubated with secondary antibodies at room temperature for 2 h after the washing
of the primary antibody with TBST buffer. After the washing of the secondary antibodies,
immunoreactive bands were visualized by the Tanon 5200 Series Image Analysis System
(Tanon Science & Technology Co., Ltd., Shanghai, China). Grayscale analysis was used to
quantify the protein expression. Grayscale values of the target protein were normalized to
the grayscale values of β-actin or VDAC1. ImageJ 1.53C (NIH, Bethesda, MD, USA) was
used to quantify the grayscale values of each immunoreactive band.

2.11. Immunofluorescence Assay

An immunofluorescence assay was performed for the brain slices following the pre-
viously established protocol [40]. Briefly, the brain slices were dewaxed and the xylene
removed with dimethylbenzene and different concentrations of alcohol (100%, 95%, 85%,
70%, 50%, 30%, and 0%), respectively. Next, the brain slices were incubated with primary
antibodies overnight after antigen retrieval, membrane rupture, and blocking. The next
day, brain slices were washed using PBST for 30 min and then incubated with a second
antibody for 2 h in the dark. After the washing of the second antibody, the brain slices were
placed on slides and observed using an Olympus BX53 microscope (Olympus Corporation,
Tokyo, Japan).

2.12. Statistical Analysis

In this study, semi-quantitative analysis and absolute quantification analysis were
used to quantify the SUVs and the CMRglu, respectively [41]. The equation for SUV is
as follows:

SUV =
CT

DInj
·Ws (1)

CT, DInj, and WS represent the radioactivity in the region of interest, the injected dose
of radioactivity, and the weight of the mouse, respectively.

The simplified equation for CMRglu is as follows:

CMRglu =
Cg

LC
·K (2)

Cg is the concentration of blood glucose. LC is the lumped constant, and it reflects
the difference between the metabolism of 18F-FDG and glucose. K is the uptake rate of
18F-FDG.

All data were presented as mean ± SD and analyzed with GraphPad Prism 9 (Graph-
Pad Software Inc., La Jolla, CA, USA). The normality of distribution of the results was
checked by Shapiro–Wilk test. A normal distribution of the data was indicated by the test;
thus, a one-way ANOVA, followed by Bonferroni’s multiple comparisons test, were per-
formed in the study. Every possible comparison was explored, and significant differences
(p < 0.05) between each group were shown in the figures.

3. Results

3.1. CY-09 Could Cross the Blood-Brain Barrier In Vivo

CY-09 inhibits the assembly and activation of the NLRP3 inflammasome by its combi-
nation with the ATP-binding motif of the NLRP3 NACHT domain to inhibit the ATPase
activity. To investigate whether it is possible for CY-09 to cross the blood–brain barrier
(BBB) in mice, initially, we adopted LC-MS/MS to detect the content of CY-09 in the brain of
each group, i.e., the NTg, NTg + CY-09, 3×Tg-AD, and 3×Tg-AD + CY-09 mice. The results
were shown in Figures 1a and S1; CY-09 was found in the brain tissues of NTg + CY-09 and
3×Tg-AD + CY-09 mice, which indicated that CY-09 could cross the BBB in vivo.
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Figure 1. CY-09 attenuated activation of NOD-like receptor protein 3 (NLRP3) inflammasome in
triple transgenic AD (3×Tg-AD) mice. (a) Content of CY-09 in 3×Tg-AD and 3×Tg-AD + CY-09
mice brains; (b–g) Western blot analysis of NLRP3, pro-caspase-1, caspase-1 (P20), pro-interleukin-1β
(pro-IL-1β), and IL-1β in non-transgenic (NTg), NTg + CY-09, 3×Tg-AD, and 3×Tg-AD + CY-09 mice;
(h) detection of IL-1β by ELISA in the four groups of mice. (n = 6, mean ± SD, one-way ANOVA
and Bonferroni post hoc test; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. NTg mice, & p < 0.05, && p < 0.01,
&&& p < 0.001 vs. NTg + CY-09 mice, # p < 0.05, ## p < 0.01 vs. 3×Tg-AD mice).

3.2. CY-09 Inhibited NLRP3 Inflammasome Activation in 3×Tg-AD Mice

Then, Western blot and ELISA were then used to detect the expressions of NLRP3
inflammasome-related proteins to confirm the effect of CY-09 on NLRP3 inflammasome
activation. As demonstrated in Figure 1b–h, compared with NTg mice, the expressions of
NLRP3, pro-caspase-1, caspase-1(P20), and IL-1β were significantly increased in 3×Tg-AD
mice, with the p-values lower than 0.05 and 0.01 respectively. Simultaneously, a notable
reduction in the expressions of these proteins was found in CY-09 treated 3×Tg-AD mice,
with the p-values lower than 0.05 and 0.01, respectively. Moreover, the expressions of pro-
caspase-1 and caspase-1 were remarkably decreased in NTg + CY-09 mice, with the p-values
all lower than 0.01. Except for a significant difference between NTg mice, NTg + CY-09
mice and 3×Tg-AD + CY-09 mice, the results of IL-1β secretion measured by ELISA were
consistent with those of Western blotting. No differences were found in the expression of
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pro-IL-1β among the four groups of mice. Together, these data suggested that CY-09 has
an inhibiting effect on NLRP3 inflammasome activation in the brain of triple transgenic
AD mice.

3.3. CY-09 Increased Cerebral Glucose Metabolism in 3×Tg-AD Mice

Next, we evaluated the effect of NLRP3 inflammasome activation on cerebral glucose
metabolism using static and dynamic PET. 18F-FDG is the most commonly used PET tracer
for glucose metabolism. As an analog of glucose, 18F-FDG is transported into cells by
GLUTs from blood after the i.v. injection and is then phosphorylated by HK. Due to the
differences in structure, 6-P-18F-FDG cannot be catalyzed by glucose-6-phosphate isomerase
and must remain in the cytoplasm. The amount and distribution of 6-P-18F-FDG represent
the glucose metabolism levels in different brain regions.

Static PET results are shown in Figure 2a–e; compared with NTg mice, the standard
uptake values (SUVs) of the whole brain, the cortex, and the hippocampus were greatly
decreased in 3×Tg-AD mice, with the p-value lower than 0.05. After CY-09 treatment,
the SUVs were significantly higher in 3×Tg-AD mice than those in non-treated AD mice,
with a p-value lower than 0.05. There were no differences in the weight of the mice in the
four groups. Consistent with the static PET results, the cerebral SUVs of NTg and CY-09
treated 3×Tg-AD mice were also higher than those of the 3×Tg-AD mice, even though
the SUVs of the four groups of mice increased in dynamic PET over time (Figure 2f–h).
Moreover, the results of the cerebral metabolic rate of glucose (CMRglu) showed a notable
reduction in the 3×Tg-AD mice and a remarkable increase in the CY-09 treated 3×Tg-AD
mice, with the p-values all lower than 0.05. Overall, the PET data demonstrated that
inhibiting NLRP3 inflammasome activation helps to restore cerebral glucose metabolism in
the 3×Tg-AD mice.

3.4. CY-09 Increased Glucose Transport in 3×Tg-AD Mice

GLUTs are responsible for glucose transport, which is the basis of glucose metabolism.
GLUT1, GLUT3, and GLUT4 can be expressed in the brain. Here, we used Western blotting
to analyze the expression of GLUT1, GLUT3, and GLUT4. As shown in Figure 3a–d, the
expression of GLUT1, GLUT3, and GLUT4 were lower in 3×Tg-AD mice than in NTg mice,
with the p-value lower than 0.01, 0.05, and 0.01 respectively. However, the expressions
of GLUT1 and GLUT4 were significantly increased in CY-09 treated 3×Tg-AD mice than
in non-treated AD mice, with the p-value lower than 0.05. The expression of GLUT3 was
increased with a p-value of 0.077. Further, immunostaining of GLUT4 demonstrated the
decreased distribution in 3×Tg-AD mice and the increased distribution in CY-09 treated
3×Tg-AD mice (Figures 3e and S2). Hence, these data exhibited that inhibiting NLRP3
inflammasome activation can increase the expression and distribution of GLUTs in the
3×Tg-AD mice.

3.5. CY-09 Attenuated Insulin Resistance in 3×Tg-AD Mice

GLUT4 is regulated by the insulin signaling pathway to participate in glucose metabolism.
Insulin resistance manifests itself as insensitivity to insulin and a higher level of insulin
and glucose in the blood, eventually leading to impaired insulin signaling pathways and
glucose metabolism. It had been confirmed to exist in AD.

To evaluate the effect of NLRP3 inflammasome activation on insulin resistance in AD,
we first detected blood glucose and blood insulin levels. As shown in Figure 4, higher
fasting and basal blood glucose and fasting insulin level were found in 3×Tg-AD mice
compared with NTg mice, with the p-values all lower than 0.05 and 0.01, respectively.
Results of the GTT and ITT showed an increased glucose tolerance and decreased insulin
tolerance in 3×Tg-AD mice. However, after CY-09 treatment, blood glucose and insulin
levels were decreased and better insulin sensitivity was found in CY-09-treated 3×Tg-AD
mice. Thus, the results indicated that inhibiting NLRP3 inflammasome activation can
attenuate insulin resistance in the 3×Tg-AD mice.
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Figure 2. 18F-FDG positron emission tomography (PET) images of NTg, NTg + CY-09, 3×Tg-AD,
and 3×Tg-AD + CY-09 mice. (a) Body weight of mice, before and after CY-09 treatment; (b) static
PET images of the four groups of mice; (c–e) standard uptake values in the whole brain, cortex,
and hippocampus in the four groups of mice; (f) dynamic PET images of the four groups of mice;
(g) cerebral time–activity curves (TAC) and (h) cerebral metabolic rate of glucose (CMRglu) in the
four groups of mice. (n = 6, mean ± SD, one-way ANOVA and Bonferroni post hoc test; * p < 0.05 vs.
NTg mice, # p < 0.05 vs. 3×Tg-AD mice).
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Figure 3. Increased expression of glucose transporters in CY-09-treated 3×Tg-AD mice. (a) Rep-
resentative Western blots and quantification of (b) glucose transporters 1 (GLUT1), (c) GLUT3,
and (d) GLUT4 expression in NTg, NTg + CY-09, 3×Tg-AD and 3×Tg-AD + CY-09 mice (n = 6,
mean ± SD, one-way ANOVA and Bonferroni post hoc test; * p < 0.05, ** p < 0.01 vs. NTg mice,
& p < 0.05 vs. NTg + CY-09 mice, # p < 0.05 vs. 3×Tg-AD mice); (e) distribution of GLUT4 in the CA3
region of the four groups of mice (scale bar: 50 μm).

Then, to further explore the underlying mechanism by which NLRP3 inflammasome
activation affects insulin resistance, we detected the expression and distribution of the
IR-AKT-AS160 insulin signaling pathway-related proteins in NTg, NTg + CY-09, 3×Tg-
AD, and 3×Tg-AD + CY-09 mice. As shown in Figure 5a,b, compared with NTg mice,
expression of p-IR-Tyr1150 (phosphorylation protein of IR at Tyr1150) relative to IR was
significantly decreased in 3×Tg-AD mice, with a p-value lower than 0.01, but the expression
was increased after the CY-09 treatment, with a p-value lower than 0.05. The distribution of
p-IR-Tyr1150 was found to be lower in the 3×Tg-AD mice and higher in the 3×Tg-AD +
CY-09 mice. By contrast, the expression and distribution of IR were not different among the
four groups of mice (Figures 5i and S3). These findings suggested that inhibiting NLRP3
inflammasome activation can enhance the self-phosphorylation of IR in the 3×Tg-AD mice.
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Figure 4. CY-09 relieved the insulin resistance in 3×Tg-AD mice. (a–c) Fasting blood glucose, fed
blood glucose, and fasting blood insulin were measured in NTg, NTg + CY-09, 3×Tg-AD and 3×Tg-
AD + CY-09 mice; (d,e) glucose tolerance tests (GTT) and (f,g) insulin tolerance tests (ITT) were
conducted to determine the insulin sensitivity of the four groups of mice. (n = 6, mean ± SD, one-way
ANOVA and Bonferroni post hoc test; * p < 0.05, ** p < 0.01 vs. NTg mice, & p < 0.05, && p < 0.01 vs.
NTg + CY-09 mice, # p < 0.05, ## p < 0.01, ### p < 0.001 vs. 3×Tg-AD mice).

Self-phosphorylation of IR recruits IRS and starts the IRS-AKT-AS160 insulin signal-
ing pathway. In parallel, we detected the expression of IRS, AKT, and AS160 and their
phosphorylated levels in the four groups of mice. The results reported in Figure 5c–h
show a notable reduction of p-AKT-Ser473 and p-AS160-T642, while significantly increased
p-IRS-Ser1101 was found in the 3×Tg-AD mice, with the p-value lower than 0.01, 0.01,
and 0.05, respectively. Treatment with CY-09 helped to reverse the expression of these
proteins in 3×Tg-AD + CY-09 mice. There was also a significant reduction in IRS between
the NTg + CY-09 mice and 3×Tg-AD + CY-09 mice, with a p-value less than 0.01. No
differences were found in the expressions of AKT and AS160 among the four groups of
mice. All the results showed that inhibiting NLRP3 inflammasome activation can restore
the IR-IRS-AKT-AS160 insulin signaling pathway to alleviate insulin resistance in the
3×Tg-AD mice.
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Figure 5. CY-09 restored the insulin signaling pathway in 3×Tg-AD mice. (a–h) Western blot analysis
of insulin receptors (IR), p-IR-Tyr1150, insulin receptor substrate (IRS), p-IRS-Ser1101, AKT, p-AKT-
Ser473, AS160 and p-AS160-Thr642 in NTg, NTg + CY-09, 3×Tg-AD, and 3×Tg-AD + CY-09 mice.
(n = 6, mean ± SD, one-way ANOVA and Bonferroni post hoc test; * p < 0.05, ** p < 0.01 vs. NTg mice,
& p < 0.05, && p < 0.01 vs. NTg + CY-09 mice, # p < 0.05 vs. 3×Tg-AD mice). (i) Distribution of IR
and p-IR-Tyr1150 in the brains of the four groups of mice (scale bar: 100 μm; arrows indicate p-IR in
3×Tg-AD + CY-09 mice).
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3.6. CY-09 Increased the Expression and Distribution of Metabolic Enzymes in 3×Tg-AD Mice

Increased glucose transport and improved insulin resistance were found in CY-09-
treated 3×Tg-AD mice; we also detected the expressions and distribution of HK, which
is the first enzyme that phosphorylates glucose when associated with VDAC1 in the
mitochondria. We previously reported that the expression of cHK1 (HK1 in the cytoplasm)
was significantly increased in 3×Tg-AD mice, while the expression of mHK1 (HK1 in
the mitochondria) was remarkably decreased. However, increased HK1 expression and
HK activity were found in CY-09-treated N2a-sw cells (a model cell of AD). These results
prompted us to examine the expression and activity of HK in CY-09-treated 3×Tg-AD mice.
Here, we isolated the mitochondria and cytoplasm from NTg, NTg + CY-09, 3×Tg-AD, and
3×Tg-AD + CY-09 mice to detect the expression and distribution of HK1.

As shown in Figure 6, consistent with our previous results, increased cHK1 and
significantly decreased mHK1 and mHK2 were found in the 3×Tg-AD mice, with the
p-value lower than 0.01 and 0.05. However, the expression of mHK1 was increased, while
cHK1 was decreased in the CY-09-treated 3×Tg-AD mice, and the differences were sig-
nificant compared to the untreated 3×Tg-AD mice, with the p-values lower than 0.01
and 0.05. cHK2 was also found to be notably decreased in the CY-09-treated 3×Tg-AD
mice, with a p-value lower than 0.05. Although HK activity was remarkably decreased in
3×Tg-AD + CY-09 mice than in NTg + CY-09 mice, it was notably increased in the CY-09-
treated 3×Tg-AD mice compared to the non-treated 3×Tg-AD mice, with a p-value lower
than 0.05 (Figure 6b). Besides, we also detected the expressions of pyruvate dehydrogenase
α 1 (PDHE1α) and cytochrome c oxidase subunit IV (COX4). They were all significantly
reduced in 3×Tg-AD mice, with p-values lower than 0.05. Meanwhile, the expression of
PDHE1α was remarkably increased in CY-09-treated 3×Tg-AD mice. In short, the data
demonstrated an increase in the expression and distribution of HK by inhibiting NLRP3
inflammasome activation in the 3×Tg-AD mice.

3.7. CY-09 Relieved Cognitive Impairment and Pathological Injury in 3×Tg-AD Mice

Previous studies showed that NLRP3 inflammasome activation contributes to the
pathology of AD. The results of this study demonstrated that inhibition of the NLRP3
inflammasome by CY-09 significantly recovered glucose metabolism. Next, we focused on
the effects of CY-09 on cognitive impairment and classically pathological biomarkers in AD
and confirmed whether CY-09 is a potential therapeutic drug for AD.

The Morris water maze was used to evaluate the learning and memory abilities of
the four groups of mice. As shown in Figure 7, on the fifth day, the escape latency of
3×Tg-AD mice was remarkably longer than that of the NTg mice, but notably reduced
after CY-09 treatment, with the p-values all lower than 0.05. Moreover, the time in the
target quadrants of the 3×Tg-AD mice was less than that of the NTg mice, while increasing
after CY-09 treatment in 24 h and 72 h space exploration experiments, with a p-value lower
than 0.05 and a p-value of 0.1282, respectively. No differences were found in swimming
speed between the four groups of mice. The results exhibited that inhibition of the NLRP3
inflammasome by CY-09 helped to relieve the cognitive impairment of the 3×Tg-AD mice.

Afterward, we detected the expression and distribution of pathological proteins in AD
model mice. As shown in Figure 8, compared with the NTg mice, expressions of APP, beta-
site app cleaving enzyme 1 (BACE1), sAPPβ, and Aβ1-42 were significantly increased in
3×Tg-AD mice, with the p-value lower than 0.01, 0.05, 0.05, and 0.05. Expressions of sAPPα,
post-synaptic density protein 95 (PSD95) and synaptophysin were greatly decreased in
3×Tg-AD mice, with the p-values all lower than 0.05. However, in CY-09 treated 3×Tg-AD
mice, the expressions of these proteins were reversed, with increased expression of sAPPα,
PSD95, and synaptophysin; decreased levels of APP, BACE1, sAPPβ and Aβ1-42 were
found in comparison to those in the untreated 3×Tg-AD mice, with the p-value lower
than 0.05 and 0.01, respectively. Immunostaining of 6E10 confirmed the decrease in the
expression and distribution of Aβ in CY-09 treated 3×Tg-AD mice (Figures 8i and S4).
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Figure 6. CY-09 reversed the expression and distribution of metabolic enzymes in 3×Tg-AD mice.
(a,c–h) Western blot analysis of cHK1 (HK1 in the cytoplasm), cHK2 (HK2 in the cytoplasm), mHK1
(HK1 in mitochondria), mHK2 (HK2 in mitochondria), pyruvate dehydrogenase α 1 (PDHE1α) and
cytochrome c oxidase subunit IV (COX4) in NTg, NTg + CY-09, 3×Tg-AD, and 3×Tg-AD + CY-09
mice. (b) Detection of hexokinase activity in the brain tissue of the four groups of mice. (n = 6,
mean ± SD, one-way ANOVA and Bonferroni post hoc test; * p < 0.05, ** p < 0.01 vs. NTg mice,
& p < 0.05 vs. NTg + CY-09 mice, # p < 0.05, ## p < 0.01 vs. 3×Tg-AD mice).

Furthermore, as demonstrated in Figures 9 and S5, we observed increased expression
and distribution of pS404-tau in 3×Tg-AD mice, but treatment with CY-09 greatly reduced
the expression and distribution, with the p-values lower than 0.05 and 0.01. There were no
differences in the expressions of Tau5 among the four groups of mice. However, remarkably
increased total human tau was found in the 3×Tg-AD mice and the 3×Tg-AD + CY-09
mice, with a p-value lower than 0.001, while no reduction was found in the CY-09-treated
3×Tg-AD mice. By contrast, expression of p-GSK3β-Ser9 relative to GSK3β exhibited a
decrease in 3×Tg-AD mice (p = 0.0834), but it significantly increased after CY-09 treatment,
with a p-value lower than 0.05. Together, these results demonstrated that CY-09 can reverse
the expression and distribution of pathological proteins and alleviate cognitive impairment
in the 3×Tg-AD mice.
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Figure 7. CY-09 improved the learning and memory ability of 3×Tg-AD mice. (a) Escape latency and
(b) swimming speed during training of the four groups of mice. (n = 6, mean ± SD, one-way ANOVA
and Bonferroni post hoc test; * p < 0.05: 3×Tg-AD mice vs. NTg mice, & p < 0.05: 3×Tg-AD mice
vs. NTg + CY-09 mice, # p < 0.05: 3×Tg-AD + CY-09 mice vs. 3×Tg-AD mice). (c,d) Time in target
quadrants in 24 h and 72 h space exploration experiments. (n = 6, mean ± SD, one-way ANOVA
and Bonferroni post hoc test; * p < 0.05 vs. NTg mice, # p < 0.05 vs. 3×Tg-AD mice). (e) Schematic
diagram of the swimming paths of the four groups of mice.

3.8. CY-09 Decreased Oxidative Stress in 3×Tg-AD Mice

Finally, we explored the effects of CY-09 on oxidative stress and ferroptosis. First,
we detected ROS and malondialdehyde (MDA) in the four groups of mice. As shown in
Figure 10, significantly increased ROS levels and MDA were found in 3×Tg-AD mice, with
the p-value lower than 0.001 and 0.01. After the CY-09 treatment, ROS and MDA were
notably decreased, with the p-value lower than 0.001 and 0.05. These data reflected that
CY-09 can reduce oxidative stress in 3×Tg-AD mice.
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Figure 8. CY-09 reversed the expression and distribution of Aβ related proteins in 3×Tg-AD mice.
(a–h) Western blot analysis of amyloid precursor protein (APP), beta-site app cleaving enzyme 1
(BACE1), sAPPα, sAPPβ, Aβ1-42, post-synaptic density protein 95 (PSD95), and synaptophysin in
NTg, NTg + CY-09, 3×Tg-AD, and 3×Tg-AD + CY-09 mice. (n = 6, mean ± SD, one-way ANOVA and
Bonferroni post hoc test; * p < 0.05, ** p < 0.01 vs. NTg mice, & p < 0.05, && p < 0.01 vs. NTg + CY-09
mice, # p < 0.05, ## p < 0.01 vs. 3×Tg-AD mice). (i) Distribution of Aβ in the CA3 region and cortex
of the four groups of mice (scale bar: 100 μm and 250 μm; arrows indicate Aβ in 3×Tg-AD mice).
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Figure 9. CY-09 reversed the expression and distribution of tau-related proteins in 3×Tg-AD mice.
(a–e) Western blot analysis of Tau5, HT7, p-Tau-Ser404, GSK3β, and p-GSK3β-Ser9 in NTg, NTg+CY-
09, 3×Tg-AD, and 3×Tg-AD + CY-09 mice. (n = 6, mean ± SD, one-way ANOVA and Bonferroni
post hoc test; *** p < 0.001 vs. NTg mice, & p < 0.05, && p < 0.01, &&& p < 0.001 vs. NTg + CY-09 mice,
# p < 0.05 vs. 3×Tg-AD mice). (f) Distribution of p-Tau-Ser404 in the CA3 region and cortex of the
four groups of mice (scale bar: 100 μm).

Then, we tested the ferroptosis-related proteins, including TF, TFR, FPN, NCOA4,
ACSL4, GPX4, and SLC7A11. TF and TFR were responsible for the transport of Fe2+ to the
cell, while FPN transported Fe2+ outside the cell. NCOA4 participated in the ferritinophagy.
GPX4, SLC7A11, and ACSL4 were critical enzymes in lipid peroxidation. As reported
in Figure 11, compared with NTg mice, expressions of TFR and ACSL4 were increased,
while expressions of FPN, NCOA4, GPX4, and SLC7A11 were decreased in the 3×Tg-
AD mice, with the p-values all lower than 0.05. Furthermore, when compared with the
NTg + CY-09 mice, the expressions of NCOA4, GPX4, and SLC7A11 were significantly
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decreased in the 3×Tg-AD mice, with the p-values all lower than 0.05. However, except for
ACSL4, there were no differences in these proteins between the 3×Tg-AD mice and the
3×Tg-AD + CY-09 mice. The expression of ASCL4 was reduced in the 3×Tg-AD + CY-09
mice, with a p-value lower than 0.05. No differences in TF expression were found between
the four groups of mice except for NTg mice and 3×Tg-AD + CY-09 mice. The results
implied that the inactivation of the NLRP3 inflammasome by CY-09 cannot reverse the
ferroptosis in the 3×Tg-AD mice.

Figure 10. CY-09 decreased reactive oxygen species (ROS) levels and malondialdehyde (MDA) expres-
sion in the four groups of mice. (a) ROS levels in NTg, NTg + CY-09, 3×Tg-AD, and 3×Tg-AD + CY-09
mice; (b) expression of MDA in the four groups of mice. (n = 6, mean ± SD, one-way ANOVA and
Bonferroni post hoc test; ** p < 0.01, *** p < 0.001 vs. NTg mice, && p < 0.01, &&& p < 0.001 vs.
NTg + CY-09 mice, # p < 0.05, ### p < 0.001 vs. 3×Tg-AD mice).

Reduced expressions of MDA and ACSL4 in the 3×Tg-AD + CY-09 mice prompted
us to detect the fatty metabolism changes in the four groups of mice. Data presented in
Figure 12, reveal that in comparison to NTg mice, the expressions of acetyl coA carboxylase
(ACC), 3-hydroxy-3-methylglutaryl-coenzyme A synthase 1 (HMGCS1), and 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMGCR) were greatly increased in the 3×Tg-AD
mice, with the p-values all lower than 0.05. A significant decrease was found in the
expression of p-ACC in the 3×Tg-AD mice, with a p-value lower than 0.05. After CY-09
treatment, expressions of ACC, p-ACC, HMGCS1, and HMGCR were reversed. Fatty
acid synthase (FAS) was also increased in the 3×Tg-AD mice, but with no significant
difference in protein levels. Similarly, there were no differences in low-density lipoprotein
receptor related protein 1 (LRP1) and sterol regulatory element binding protein 2 (SREBP2)
between the four groups of mice, except for LRP1 in CY-09-treated NTg and 3×Tg-AD mice.
Increased ACC and FAS and decreased p-ACC indicated increased fatty acid synthesis,
consistent with the increased MDA and ACSL4. HMGCS1 and HMGCR are responsible
for the synthesis of cholesterol. LRP1 and SREBP2 regulate lipid metabolism homeostasis
and cholesterol levels, respectively. The above results suggested that increased fatty acid
synthesis may be the main cause of increased lipid peroxidation. CY-09 could reduce the
synthesis of fatty acid and lipid peroxidation by inhibiting NLRP3 inflammasome activation
in the 3×Tg-AD mice.
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Figure 11. CY-09 could not reverse the ferroptosis in 3×Tg-AD mice. (a–h) Western blot analysis of
transferrin (TF), transferrin receptor (TFR), ferroportin (FPN), nuclear receptor coactivator 4 (NCOA4),
long-chain acyl-CoA synthetase 4 (ACSL4), glutathione peroxidase 4 (GPX4), Solute Carrier Family 7,
and Member 11 (SLC7A11) in the four groups of mice. (n = 6, mean ± SD, one-way ANOVA and
Bonferroni post hoc test; * p < 0.05 vs. NTg mice, & p < 0.05 vs. NTg + CY-09 mice, # p < 0.05 vs.
3×Tg-AD mice).
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Figure 12. CY-09 decreased the synthesis of fatty acids in 3×Tg-AD mice. (a–h) Western blot analysis
of fatty acid synthase (FAS), acetyl CoA carboxylase (ACC), p-ACC, 3-hydroxy-3-methylglutaryl-
Coenzyme A synthase 1 (HMGCS1), 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (HMGCR),
low-density lipoprotein receptor related protein 1 (LRP1), and sterol regulatory element binding
protein2 (SREBP2) in the four groups of mice. (n = 6, mean ± SD, one-way ANOVA and Bonferroni
post hoc test; * p < 0.05 vs. NTg mice, & p < 0.05 vs. NTg + CY-09 mice, # p < 0.05 vs. 3×Tg-AD mice).

4. Discussion

Neuroinflammation has been recognized as a key event in inducing the onset and pro-
gression of AD, and it is closely linked to Aβ accumulation, tau hyperphosphorylation, and
decreased cerebral glucose metabolism [3]. NLRP3 inflammasome is the most important
inflammasome involved in neuroinflammation. In this study, CY-09 was used to inhibit the
activation of NLRP3 inflammasome, leading to the restoration of glucose metabolism, as
demonstrated by the increases in the expression and distribution of glucose transporters
and related enzymes and the attenuation of insulin resistance. Moreover, inhibition of
NLRP3 inflammasome activation by CY-09 could also reduce oxidative stress and improve
cognitive ability in AD model mice.
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In recent years, several studies have shown that NLRP3 inflammasome activation
contributes to the progress of AD pathologies, specifically Aβ and tau proteins [42,43].
Inhibition of NLRP3 inflammasome activation helps to reduce Aβ deposition and improve
cognitive impairment [43]. Most inhibitors of NLRP3 inflammasome activation do not
specifically target NLRP3, except for CY-09, which combines directly with the ATP-binding
motif of the NLRP3 NACHT domain [32]. Thus, CY-09 was selected in this study to inhibit
NLRP3 inflammasome activation. As crossing the BBB and binding to NLRP3 in the brain is
the prerequisite for inhibition, we used LC-MS/MS to characterize the molecular structure
of CY-09 and detected its level in the brains of the mice. These results proved that CY-09
crossed the BBB to the brain to exert its biological function. Then, we further detected the
expression and distribution of Aβ and tau proteins in CY-09-treated and non-treated 3×Tg-
AD mice. Consistent with previous studies [43], our results showed reversed expression
levels of pathological proteins in CY-09 treated 3×Tg-AD mice. In addition, CY-09 could
also relieve cognitive deficits in the AD mice.

Reduced cerebral glucose metabolism has been reported in the AD brain due to the
decrease in glucose transport, insulin resistance, and reduced metabolic enzymes [44–46].
We used 18F-FDG PET to analyze the alteration of glucose metabolism in CY-09-treated and
non-treated 3×Tg-AD mice. Our results showed increased glucose uptake and metabolism
rates in CY-09-treated 3×Tg-AD mice. GLUT1, GLUT3 and GLUT4 are responsible for
glucose uptake and transport in the brain. Decreased expressions of GLUT1 and GLUT3
in AD indicated reduced glucose uptake and transport [47–50]. In this work, GLUT1 and
GLUT3 expression levels were found to be increased in CY-09-treated 3×Tg-AD mice,
while GLUT4 also exhibited higher expression and distribution. These results implied
that inhibiting NLRP3 inflammasome activation by CY-09 may improve insulin resistance.
Insulin is a critical hormone that regulates blood glucose [20,51]. It is transported into
the brain and binds with insulin receptors, which are expressed in the cell membranes
to activate the insulin signaling pathway [21,52,53]. In AD, insulin levels increase in the
blood and decrease in the brain, the insulin signal pathway is suppressed, and GLUT4
cannot localize to the cell membrane, leading to reduced glucose uptake. Intranasal insulin
injection helps to recover the insulin signaling pathway, stimulate the transfer of GLUT4 to
the cell membranes, and thus increase the uptake of glucose in AD [54]. CY-09 has been
reported to inhibit NLRP3 inflammasome activation in order to improve insulin resistance
in obesity and non-alcoholic fatty liver disease. In this study, elevated insulin levels and
recovered insulin signal pathways were detected in the CY-09-treated AD mice. Increased
insulin sensitivity was also measured by GTT and ITT in the CY-09-treated AD mice. We
also detected the recovered insulin signal pathway in CY-09-treated 3×Tg-AD mice. These
data suggested that the inhibition of NLRP3 inflammasome activation by CY-09 helps to
alleviate insulin resistance in AD.

Insulin resistance and glucose metabolism dysfunction are two hallmarks of diabetes
mellitus. As they were also found in AD, most researchers considered AD as type 3 diabetes
mellitus. However, it should be noted that in diabetes, decreased insulin secretion or insulin
resistance leads to increased blood glucose [20,47]. Abnormal insulin level in the blood is
the main cause of diabetes. While in AD, the higher insulin levels in the blood and lower
levels in the brain indicated a damaged insulin signaling pathway. Therefore, maintaining
the stability of insulin levels and blood glucose is the key point for diabetes, but increase
the insulin levels and glucose metabolism in the brain is more important in AD.

Glucose was transported into the cells by GLUTs and phosphorylated by mitochondria-
bound HK to initiate glucose metabolism. Decreased expression and abnormal distribution
of HK were found in AD. Glycolysis and oxidative phosphorylation (OxPhos) are two
main pathways of glucose metabolism [55]. Glycolysis generates little ATP, while OxPhos
generates a large amount of ATP to meet the energy needs of the neurons [56]. The
dividing point between the two pathways is the metabolic selection of pyruvate. Pyruvate
is catalyzed by lactate dehydrogenase to generate lactate in glycolysis, while it is catalyzed
by PDHE to generate Acetyl-CoA in OxPhos. An increasing number of studies have

130



Antioxidants 2023, 12, 722

demonstrated that the metabolic pattern of neurons changes from OxPhos to aerobic
glycolysis in the AD brain [25,56,57]. Reduced PDHE expression may be one reason for
this shift. Here, we detected the increased expression levels of HK1 and PDHE1α in CY-09
treated 3×Tg-AD mice, which are beneficial for maintaining glucose metabolism and ATP
production in the brain.

Oxidative stress is another important pathological characteristic that is closely related
to NLRP3 inflammasome and glucose metabolism in AD. ROS was released from the
oxidative respiratory chain and can activate the NLRP3 inflammasome [58,59]. Here, we
found that the inactivation of the NLRP3 inflammasome by CY-09 decreased ROS levels in
CY-09-treated 3×Tg-AD mice. Oxidative stress causes iron metabolism disorders and leads
to ferroptosis, which is a new area in the research of AD pathogenesis [25,26]. Ferroptosis
manifests as increased cellular Fe2+, decreased GPX4, and increased lipid peroxidation [27].
Elevated Fe2+ results from increased transferrin transport and ferritinophagy [28]. Consis-
tent with the studies, we detected increased TF, TFR, and FPN and decreased GPX4 and
SLC7A11 in the 3×Tg-AD mice. Unfortunately, there was no significant difference in these
proteins between the AD and CY-09-treated AD mice. These results indicate that the inacti-
vation of NLRP3 inflammasome does not reduce ferroptosis. Moreover, a contradiction
between decreased ferritinophagy and increased ferroptosis was found in AD. Generally,
decreased NCOA4 represents decreased ferritinophagy [28,60]. Thus, the expression and
function of this protein remain to be clarified.

As a marker of ferroptosis, ACSL4 also participates in lipid peroxidation. Some studies
showed that lipid peroxidation is related to Aβ deposition and the hyperphosphorylation
of tau [29–31]. In this paper, the levels of ACSL4 and MDA were increased in 3×Tg-AD
mice and decreased after CY-09 treatment. The results prompted us to explore the effect
of CY-09 on lipid metabolism, mainly the synthesis and metabolism of fatty acids and
cholesterol. FAS and ACC are rate-limiting enzymes of fatty acid synthesis. In AD mice,
the expression of FAS and ACC increased, whereas the phosphorylation level of ACC
deceased, thus indicating an increase in fatty acids synthesis. HMGCS1 and HMGCR are
important for cholesterol synthesis [61]. Increased HMGCS1 and HMGCR were also found
in AD mice. Surprisingly, expressions of ACC, HMGCS1, and HMGCR were decreased in
CY-09-treated AD mice. This suggests that decreased MDA and lipid peroxidation may be
related to the decreased synthesis of fatty acids and cholesterol in CY-09-treated AD mice.
LRP1 plays an important role in lipid metabolism, glucose metabolism, insulin signaling,
and the elimination of Aβ in AD [26,62]. Increased LRP1 helps to improve cognitive ability
in AD [63]. SREBP2 is a negative regulator of LRP1 [64]. However, in our results, no
difference in LRP1 and SREBP2 was found between AD mice and CY-09-treated AD mice.
Here, a limitation should be noted. In this study, we used only one strain of AD model
mice to study the effect of NLRP3 inflammasome activation on glucose metabolism and the
role of CY-09. Using two or more strains of mice would help to validate the experimental
results. Therefore, the conclusion drawn in this paper is restricted to only the 3×Tg-AD
mice, and it should be verified using additional AD models in the near future.

5. Conclusions

Summarily, inhibiting NLRP3 inflammasome activation by CY-09 helps to restore
cerebral glucose metabolism, improve memory and learning ability, and reduce fatty acid
synthesis and lipid peroxidation in the 3×Tg-AD mice. Thus, CY-09 has the potential to be
developed for the treatment of AD. Further studies are required regarding the shift between
glycolysis and OxPhos pathways in AD in order to better understand the mechanism of
neuroinflammation and glucose metabolism in the development of AD pathology.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox12030722/s1, Figure S1: Content of CY-09 in NTg and NTg + CY-09 mice brains,
Figure S2: Fluorescence intensity of GLUT4 in NTg, NTg + CY-09, 3×Tg-AD and 3×Tg-AD + CY-09
mice (n = 6, mean ± SD, one-way ANOVA and Bonferroni post hoc test; * p < 0.05, ** p < 0.01 vs. NTg
mice, & p < 0.05, &&& p < 0.001 vs. NTg + CY-09 mice, ## p < 0.01 vs. 3×Tg-AD mice), Figure S3: Flu-
orescence intensity of (a) IR and (b) p-IR in NTg, NTg + CY-09, 3×Tg-AD and 3×Tg-AD + CY-09
mice (n = 6, mean ± SD, one-way ANOVA and Bonferroni post hoc test; ** p < 0.01 vs. NTg mice,
&& p < 0.01 vs. NTg + CY-09 mice, # p < 0.05 vs. 3×Tg-AD mice), Figure S4: Fluorescence intensity of
Aβ (6E10) in (a) CA3 region and (b) cortex of NTg, NTg + CY-09, 3×Tg-AD and 3×Tg-AD + CY-09
mice (n = 6, mean ± SD, one-way ANOVA and Bonferroni post hoc test; * p < 0.05 vs. NTg mice,
& p < 0.05 vs. NTg + CY-09 mice, # p < 0.05, ## p < 0.01 vs. 3×Tg-AD mice), Figure S5: Fluores-
cence intensity of p-tau-S404 in (a) CA3 region and (b) cortex of NTg, NTg + CY-09, 3×Tg-AD and
3×Tg-AD + CY-09 mice (n = 6, mean ± SD, one-way ANOVA and Bonferroni post hoc test; * p < 0.05
vs. NTg mice, & p < 0.05 vs. NTg + CY-09 mice, ## p < 0.01 vs. 3×Tg-AD mice).
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Abstract: CHIR99021 is an aminopyrimidine derivative, which can efficiently inhibit the activity of
glycogen synthesis kinase 3α (GSK-3α) and GSK-3β. As an essential component of stem cell culture
medium, it plays an important role in maintaining cell stemness. However, the mechanism of its role is
not fully understood. In the present study, we first found that removal of CHIR99021 from embryonic
stem cell culture medium reduced iron storage in mouse embryonic stem cells (mESCs). CHIR99021-
treated Neuro-2a cells led to an upregulation of ferritin expression and an increase in intracellular iron
levels, along with GSK3β inhibition and Wnt/GSK-3β/β-catenin pathway activation. In addition,
iron treatment activated the classical Wnt pathway by affecting the expression of β-catenin in the
Neuro-2a cells. Our data link the role of iron in the maintenance of cell stemness via the Wnt/GSK-
3β/β-catenin signaling pathway, and identify intermediate molecules, including Steap1, Bola2, and
Kdm6bos, which may mediate the upregulation of ferritin expression by CHIR99021. These findings
reveal novel mechanisms of the maintenance of cell stemness and differentiation and provide a
theoretical basis for the development of new strategies in stem cell treatment in disease.

Keywords: CHIR99021; glycogen synthesis kinase 3; classical Wnt signaling pathway; ferritin;
Neuro-2a; cell stemness

1. Introduction

Embryonic stem cells (ESCs), derived from early embryos or primary gonads, have
the abilities of self-renewal and pluripotency [1,2]. Oct4, Sox2, and Nanog jointly regulate
the pluripotency of ESCs [3]. The Wnt signaling pathway is a very important pathway
to affect the stem cell behavior, which contains a complex protein interaction network [4].
When the Wnt signal is absent, the scaffold proteins, Axin, adenomatous polyposis coli
(APC), GSK-3β, and casein kinase 1α (CK1α), form a protein destruction complex, which
induces β-catenin phosphorylation and then degradation by the proteasome. Conversely,
the Wnt ligands bind to the Frizzled receptor and recruit the Dishevelled (DVL) protein,
resulting in the dissociation of the destruction complex. Subsequently, β-catenin binds to
T-cell factor/lymphoid enhancer factor (TCF/LEF) to activate the target genes [5]. The
non-canonical Wnt pathway does not require β-catenin. This alternate signaling cascade
activates multiple intracellular targets. The most extensively studied are the Wnt/planar
cell polarity (PCP) and Wnt/calcium (Ca2+) pathways [6–8].

The canonical Wnt/β-catenin signaling pathway plays a key role in embryonic de-
velopment and stem cell stemness. The activation of this pathway has been shown to
increase the expression of pluripotent genes in mESCs. Besides, the activation of the

Antioxidants 2023, 12, 377. https://doi.org/10.3390/antiox12020377 https://www.mdpi.com/journal/antioxidants
136



Antioxidants 2023, 12, 377

pathway can significantly up-regulate the expression of prostate tumor stem cell mark-
ers B-cell-specific Moloney murine leukemia virus integration site 1 (BMI-1), Aldehyde
dehydrogenase 1A1 (ALDH1A1), Cluster of differentiation-44 (CD44), aldehyde dehydro-
genase 1 family, member A3 (ALDH1A3), and SOX2 mRNA [9]. Additionally, studies
in colorectal cancer have found that transmembrane 4L6 family member 1 (TM4SF1) can
maintain cancer cell stemness and epithelial-mesenchymal transformation (EMT) through
the Wnt/β-catenin/c-Myc/SOX2 pathway [10].

Iron is an element essential to normal physiological functions and metabolic activi-
ties [11]. Most of the iron is liganded within functional proteins, including hemoproteins,
iron-sulfur (Fe/S) proteins, and enzymes which contain non-heme, non-Fe/S iron. In
addition, there is a fraction of uncommitted iron, called the labile iron pool (LIP). These
different forms of iron can participate in numerous of important biological processes, such
as oxygen transport, electron transport, gene expression, cell proliferation, and cell dif-
ferentiation [12]. Both iron deficiency and excess can have harmful effects. Therefore, it
is essential to maintain iron homeostasis to support the normal physiological activities,
while protecting against the toxicity of the catalytic metal. Iron levels are tightly con-
trolled by some proteins that regulate the absorption, storage, circulation, and utilization of
iron [12,13]. Cellular iron uptake is mainly mediated by the plasma iron transport protein,
transferrin (Tf), and its receptor, transferrin receptor 1 (TfR1). Tf-bound iron enters to
the LIP, with some of this iron binding to cytosolic poly (rC) binding proteins PCBP1 and
PCBP2, which can transport the metal to the ubiquitous iron storage protein, ferritin, or
other non-heme iron-proteins. Excess iron can be transported out of cells by ferroportin
1 (FPN1) [14]. Cellular iron homeostasis is regulated by a post-transcriptional regulation
mechanism mediated by iron regulatory proteins (IRPs). These two RNA-binding proteins
specifically bind to the conserved motif, iron response element (IRE), in the untranslated
regions (UTRs) of mRNAs encoding iron metabolism-related proteins [15].

The fate of stem cells is regulated by many factors [16], among which the endogenous
factors mainly include the expression of genes, while the exogenous factors mainly include
differentiation and inhibition between cells and the effects of external substances. As an
exogenous factor, iron also affect the stemness and differentiation of stem cells. Metal ions, such
as Mn, Co, Al and Fe, can regulate cell attachment and affect neuronal differentiation [17,18].
Besides, it was found that the neural differentiation of mESCs decreased upon addition
of different concentrations of iron oxide nanoparticles to retinoic acid-induced mESCs [19].
In human dental pulp stem cells, the iron chelator, deferoxamine (DFO), can promote the
expression of proteinaceous factors related to the stem cell characteristics [20–22]. Besides, at
both cellular level and in clinical treatment, iron also play vital roles in the normal function of
mesenchymal stem cells [23].

Both iron and the Wnt/GSK-3β/β-catenin pathway play a role in the maintenance of
cell stemness. In fact, the iron and GSK-3β pathways may intersect. It has been found that
Deferasirox (DFX) can trigger the proteolysis of cyclin D1 in mantle cell lymphoma (MCL),
which requires the participation of GSK-3β [24]. In a human neuroblastoma cell line (SH-
SY5Y), FeSO4 can activate GSK-3β, and down-regulate the phosphorylation of GSK-3β [25].
In addition, in APP/PS1 transgenic mice, intranasal administration of DFO can abrogate
the activity of GSK-3β, thus inhibiting tau protein phosphorylation [26]. In Parkinson’s
disease dementia (PDD), the neurotoxicity resulted by iron can promote the activation of
GSK-3β-related pathways, thus playing an important role in the pathological synergism
of α-syn, tau and Aβ [27]. These studies suggest that there may be a specific relationship
between iron and GSK-3β, however it is unclear how GSK3 may affect iron homeostasis. In
this study, we investigated the effects of CHIR99021 on cellular iron homeostasis. Our data
demonstrate that iron has an effect on cell stemness and that this effect is associated with
the Wnt/GSK-3β/β-catenin pathway. Our findings provide insight into hitherto unknown
regulatory mechanisms controlling stem cell stemness maintenance and differentiation.

137



Antioxidants 2023, 12, 377

2. Materials and Methods

2.1. Cell Culture

The Neuro-2a cell line, a mouse neuroblastoma cells, was cultured in DMEM (GIBCO,
Grand Island, New York, USA 8121382) with 10% fetal bovine serum (Biological Industries,
Cromwell, CT, USA) and 1× Pen/Strep (GIBCO, 10378016). Cells were maintained at 37 ◦C
in a humidified incubator containing 5% CO2 (Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Preparation of MEF Feeder Cells and Culture of mESCs

Healthy ICR male and female mice aged 2–3 months were selected to mate, and
primary mouse embryonic fibroblast (MEF) feeder cells were obtained from pregnant mice
at day 12.5 or 13.5 postfertilization. The embryonic day 12.5 (E12.5) or E13.5 fetal mice were
isolated, and the head, limbs, tail, and internal organs were removed, leaving only the torso.
The tissue fragments were then cut to <1 mm3 pieces and digested into individual cells
with 0.25% trypsin. Next, the cells were cultured in MEF feeder culture medium, which
contained DMEM supplemented with 10% FBS, 1× nonessential amino acids (GIBCO,
11140), 1× L-glutamine (Specialty media, TMS-002-C) and 1× Pen/Strep. MEF feeder cells
of generation 2–3 were incubated with MEF feeder culture medium with mitomycin C
(10 μg/mL) for 2–3 h to inhibit proliferation. Afterwards, the cells were cryopreserved until
subsequent use in embryonic stem cell culture experiments.

The mESCs were generated and banked in our laboratory. A 0.1% gelatin was added
to cover the wells of 24-well plates and incubated in a tissue culture incubator for 2–3 h
in advance of use. The MEF feeder cells were then resuscitated and seeded onto the
gelatin-coated plates until the cells covered the bottom. Additionally, mESCs were then
resuscitated and maintained in KnockOutTM DMEM (GIBCO, 10829018) supplemented
with 15% KnockOutTM serum replacement (GIBCO, A3181502), 1× nucleosides for ES
cells (Merck Millipore, ES-008-D), 1× nonessential amino acids, 1× L-glutamine, 1× 2-
mercaptoethanol (GIBCO, 21985023), 1× Pen/Strep, 1000 U/mL LIF (GIBCO, A35933),
3 μM CHIR99021 (Selleck, Houston, TX, USA S2924), and 1 μM PD0325901 (Selleck, S1036).

2.3. Drug Treatment

Cells were treated with CHIR99021, deferoxamine (DFO, Sigma, D9533) or ferric
ammonium citrate (FAC, Sigma, St. Louis, MO, USA F5879). The concentrations and
treatment times were as indicated in the results and figures.

2.4. Western Blot Analysis

Cells of the control group and drug-treated group were lysed in RIPA lysis buffer
containing 95% RIPA buffer (Solarbio, Beijing, China R0010), 2% protease inhibitors (Roche,
04693116001), 2% phosphatase inhibitors (Roche, Basel, Switzerland, 04906837001), and
1% PMSF (Solarbio, P0100) for 30 min, shaken every 5 min. The protein concentration
was assessed by a BCA kit (Yeasen, Shanghai, China, 20201ES76). Protein samples were
resolved by SDS-PAGE (10% or 12% acrylamide) at 25 μg per lane and then transferred
onto nitrocellulose (NC) membranes, which were cut appropriately, and blocked in 5%
skimmed milk for 1.5 h and then incubated with different primary antibodies overnight at
4 ◦C. The next day, after washing, the membranes were incubated with the corresponding
secondary antibodies at room temperature for 1.5 h. Finally, we used an ECL kit (CWBIO,
CW0049M) and a chemiluminescence imager (Bio-Rad, Hercules, CA, USA) for visualization.
Quantitative analysis of the protein bands was normalized to β-actin, as an internal reference.

The primary and corresponding secondary antibodies we used were as follows: mouse
anti-TfR1 (1:5000, 13-6890, Invitrogen, Waltham, MA, USA), rabbit anti-FPN1 (1:8000,
MTP11-S, Alpha Diagnostic International, San Antonio, TX, USA), rabbit anti-ferritin
heavy chain (1:5000, ab183781, Abcam, Cambridge, UK), rabbit anti-ferritin light chain
(1:5000, ab109373, Abcam), rabbit anti-DMT1(+IRE) (1:5000, NRAMP21-S, Alpha Diagnos-
tic International, USA), rabbit anti-DMT1(-IRE) (1:5000, NRAMP23-S, Alpha Diagnostic
International, USA), mouse anti-GSK-3α/β (1:5000, sc-7291, Santa Cruz, Dallas, TX, USA),
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rabbit anti-p-GSK3β (Ser9) (1:5000, #9336, CST, Danver, MA, USA), rabbit anti-β-catenin
(1:2000, 610153, BD), rabbit anti-NCOA4 (1:5000, Abbkine, Wuhan, China), rabbit anti-cyclin
D1 (1:2000, #2922, CST, USA), rabbit anti-Ki67 (1:10,000, ab15580, Abcam), mouse anti-β-
actin (1:10,000, CW0096, CWBIO, Beijing, China); goat anti-mouse lgG (H+L) (1:10,000,
RS0001, Immunoway, Plano, TX, USA), and goat anti-rabbit lgG (H+L) (1:10,000, RS0002,
Immunoway, USA).

2.5. Total RNA Extraction and qRT-PCR

Total RNA was extracted from neuro-2a cells or mESCs using TRIzol reagent (Invit-
rogen, 15596018). RNA was then reverse-transcribed to cDNA. Next, we mixed 10 μL
SYBR Green PCR Master Mix (CWBIO, CW0957), 1μg cDNA, 0.4 μL forward primer, 0.4 μL
reverse primer and 5.2 μL RNase-free water for the subsequent PCR reaction. qRT-PCR
amplification was performed using a Bio-RAD CFX96 Connect Real-Time System. The
primer sequences used are listed in Table 1.

Table 1. Primer sequences used for qRT-PCR.

Gene (Gene Accession Number) Forward (5′-3′) Reverse (5′-3′)

TfR1 (NM_001357298.1) GAGTATCACTTCCTGTCGCCCTATG GCTGAGAGAGTGTGAGAGCCAGAGC
FPN1 (NM_016917.2) TTCCGCACTTTCCGAGATG AGTCAAAGCCCAGGACTGTCA
FtH (NM_010239.2) TGCCATCAACCGCCAGATCAAC TCTTCAGAGCCACATCATCT CGGTC
FtL (NM_010240.2) CAACCATCTGACCAACCTCCGCAG AAAGAGATACTCGCCCAGAGATCC

Oct4 (NM_013633.3) GAGGAGTCCCAGGACATGAA AGATGGTGGTCTGGCTGAAC
Sox2 (NM_011443.4) CTGCAGTACAACTCCATGACCAG GGACTTGACCACAGAGCCCAT

Steap1 (NM_027399.3) GGTCGCCATTACCCTCTTGG GGTATGAGAGACTGTAAACAGCG
Bola2 (NM_175103.3) GAACTCAGCGCCGATTACCTC CAGTGGCTTTCCCTCGAACTT

Kdm6bos (NM_001017426.2) AGTGAGGAAGCCGTATGCTG AGCCCCATAGTTCCGTTTGTG
β-actin (NM_007393.5) AGGCCCAGAGCAAGAGAGGTA TCTCCATGTCGTCCCAGTTG

2.6. RNA-Sequencing (RNA-Seq) and Data Analysis

The Neuro-2a control group cells and CHIR99021-treatment group samples were
collected in TRIzol (Invitrogen, 15596018) and sent to Majorbio (Shanghai, China). The
original data and results of RNA-sequencing were analyzed by Majorbio.

2.7. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Total cellular iron content was evaluated by ICP-MS. Cell samples were centrifuged
and collected after 0.25% trypsin digestion. Then, the samples were digested in 500 μL 65%
nitric acid at room temperature overnight. The nitric acid was evaporated by heating for
20 min in a metal bath at 90 ◦C. Afterwards, 500 μL 30% H2O2 was added and allowed to
react at 70 ◦C for 15 min, and then continued to vaporize for at least 6 h at 100 ◦C until the
liquid in the tube was almost fully volatilized. The digested samples were re-suspended
and mixed in 1 mL ultra-pure water for subsequent ICP-MS.

2.8. Alkaline Phosphatase Staining

For mESCs, the BCIP/NBT Alkaline Phosphatase Color Development kit (Beyotime,
Jiangsu, China, C3206) was used according to the manufacturer’s instructions. Cells were
carefully washed 3–5 times with PBS and fixed with an appropriate amount of 4% formalde-
hyde for 20 min. Next, cells were incubated with the BCIP/NBT working solution for
15 min in the dark. An appropriate amount of double-distilled water was added to the
plates to wash the cells 1–2 times to stop the color reaction. The results were examined and
imaged under a light microscope (OLYMPUS, FV300).

2.9. Electric Cell-Substrate Impedance Sensing (ECIS) Detection of Cell Proliferation

The proliferation of cells was detected using an ECIS instrument (Applied BioPhysics,
Troy, NY, USA). The experimental materials and reagents prepared include: 0.22 μm filter,
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syringe, sterile water, and 100 mM cysteine. An 8W10E+ electrode plate was pre-treated
with 400 μL cysteine solution at a final concentration of 10 mM in each well, and incubated
at 37 ◦C overnight. The electrode plate was washed 3 times with sterile water the next
day. The cells were then seeded onto the electrode plate with about 1.5 × 104 cells per well,
and left for 5 min. The real-time detection was performed after cells placed in the 37 ◦C
incubator and connected to the ECIS instrument.

2.10. Profiles of Mitochondrial Respiration and Glycolysis

An Oxygraph-2k (O2k, TissueGnostics Asia Pacific Limited, Beijing, China) was used
to assess the degree of oxidative phosphorylation and glycolysis of cell samples. The cells
were digested, centrifuged, resuspended and counted, and then added into the chambers
of the instrument. For the levels of oxidative phosphorylation, oxygen consumption rate
(OCR) was recorded after injections of pyruvate (P), malic acid (M), ADP (D), oligomycin
(Omy), the mitochondrial uncoupling agent, FCCP (U+), and antimycin A (Ama). For
the level of glycolysis, the extracellular acidification rate (ECAR) was recorded, after
injections of glucose (Glu), oligomycin (Omy), and 2-deoxy-glucose (2-DG), according to
the manufacturer’s instructions. The data were exported and analyzed by DatLab (New
York, NY, USA, 7.4.0.4) software.

2.11. Statistical Analysis

All data are presented as the mean ± standard error (SEM). The statistical graphs
were generated using GraphPad Prism 6 software. Differences between two groups were
compared by non-paired t-tests. Differences were considered statistically significant when
p < 0.05.

3. Results

3.1. The Effects of CHIR99021 and Iron on Cell Stemness in mESCs

The small molecule compound, CHIR99021, is an aminopyrimidine derivative which
can efficiently inhibit GSK-3α and GSK-3β. It is also commonly used to culture ESCs and in-
duced pluripotent stem cells (iPSCs). To explore the effects of CHIR99021 on iron in mESCs,
we used qRT-PCR to examine the transcriptional levels of H-ferritin (FtH) and L-ferritin
(FtL), which make up the ubiquitous intracellular iron storage protein. The expression
levels of FtH mRNA were significantly decreased after the removal of CHIR99021 alone
or with simultaneous removal of LIF, PD0325901, and CHIR99021 (Figure 1A). Likewise,
the expression levels of FtL mRNA were also significantly diminished after removal of
CHIR99021 alone (Figure 1B). There was no significant difference in the expression levels of
Oct4 mRNA after removing CHIR99021 alone or removing LIF, PD0325901 and CHIR99021
(Figure S1A), while the levels of Sox2 mRNA were significantly decreased (Figure S1B).
These results demonstrated that removal of CHIR99021 reduced iron storage in mESCs.

To further examine the relationship between CHIR99021, iron, and cell stemness in
mESCs, we supplemented normal embryonic stem cell medium and embryonic stem cell
differentiation medium, in which LIF, PD0325901, and CHIR99021 were simultaneously
removed, with 25 μM ferric ammonium citrate (FAC) and examined the mRNA levels of the
pluripotency genes, Oct4 and Sox2. Supplementing the embryonic stem cell culture medium
with iron did not affect the expression of these mRNAs. However, the levels of Sox2 mRNA
were significantly increased after supplementing the differentiation medium with 25 μM
FAC (Figure 1C,D). By alkaline phosphatase staining, we also found that the stemness
was weakened in mESCs cultured with differentiation medium, with the cells exhibiting a
differentiated, spreading morphology. After supplementing the differentiation medium
with 25 μM, 50 μM, or 100 μM FAC, although the mESCs also appeared to differentiate,
the color of the cells was darker than that of the DV- group (Figure 1E,F). Together, these
results suggested that removal of CHIR99021 decreases iron levels and the stemness of
mESCs; supplementation with iron may be beneficial to the maintenance of stemness.
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Figure 1. Effects of removal CHIR99021 and iron on the cell stemness in mESCs. (A,B) qRT-PCR
analysis of FtH mRNA levels (A) and FtL mRNA levels (B) after incubation for 72 h in full derivation
medium (DV) or without LIF, PD0325901, CHIR99021 or all three combined (DV-). (C,D) qRT-PCR
analysis of pluripotency genes Oct4 (C) and Sox2 (D) expression after incubation for 72 h in full
derivation medium or without LIF, PD0325901 and CHIR99021 (DV-), without or with the addition of
25 μM FAC. The mRNA levels are normalized to GAPDH mRNA levels. (E) Alkaline phosphatase
(ALP) staining of mESCs treated for 72 h in full derivation medium (DV) or without LIF, PD0325901 and
CHIR99021 (DV-), without or with the indicated amounts of FAC. Scale bar = 100 μm. (F) Quantification
of area of ALP-positive cells (%). The data are expressed as the mean ± SEM. * p < 0.05, ** p < 0.01,
*** p < 0.001, ns, not significant.
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3.2. CHIR99021 Increasing the Expression of Ferritins, Cellular Iron Levels and Inhibiting the
Expression of FPN1 in Neuro-2a Cells

In order to further explore the effects of CHIR99021 on iron metabolism, we treated
Neuro-2a cells with CHIR99021 and assessed the expression of iron metabolism related
proteins, including FtH, FtL, TfR1, FPN1, and DMT1 (+/-IRE) (divalent metal transporter 1).
The protein levels of FtH and FtL increased significantly in CHIR99021-treated Neuro-2a
cells (Figure 2A,B). The levels of FtH and FtL mRNA were consistent with the increased
protein levels (Figure 2C). As ferritin is the main intracellular iron storage protein, we
next investigated whether total intracellular iron levels were changed by ICP-MS; total
intracellular iron levels increased significantly after CHIR99021 treatment (Figure 2D). We
also evaluated the levels of TfR1 protein and mRNA and found no significant differences
(Figure 2E–G). However, the protein and mRNA levels of FPN1 [28] decreased significantly
(Figure 2E,F,H). Additionally, the protein level of DMT1 decreased significantly (Figure S2).
These results indicated that iron metabolism has been affected, and iron export decreased,
which is expected to increase the amount of uncommitted iron in cells and, in turn, stimulate
an increase in ferritin expression.

Figure 2. Changes in iron metabolism in Neuro-2a cells treated with CHIR99021. (A,E) Western blot
analysis of FtH and FtL (A), TfR1 and FPN1 (E) protein after the cells were treated with or without 3
μM CHIR99021 [29,30] for 72 h. (B,F) Quantification of Western blot data of FtH and FtL (B), TfR1
and FPN1 (F). (C,G,H) qRT-PCR analysis of FtH and FtL (C), TfR1 (G), and FPN1 (H) mRNA levels.
(D) ICP-MS detection of total cellular iron levels in Neuro-2a cells treated with or without CHIR99021.
The relative expression levels are normalized to β-actin and then expressed as the fold of control
group. The data are presented as the mean ± SEM. * p < 0.05, *** p < 0.001, ns, not significant.

3.3. DFO Abrogates the Increase of Ferritin Induced by CHIR99021

In order to further confirm that CHIR99021 increases cellular iron levels, we co-treated
cells with CHIR99021 and the iron chelator, DFO. We initially performed a concentration-
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dependence experiment, using 0–40 μM DFO. We found that the protein levels of FtH and
FtL were decreased in the presence of 5 μM DFO (Figure 3A–D). Therefore, we proceeded
to treat cells with 5 μM DFO and 3 μM CHIR99021. As previously shown, CHIR99021
treatment significantly increased the levels of FtH and FtL, while the expression of these
proteins significantly decreased when DFO was included in the incubation (Figure 3E–H).
These results suggested that the sequestration of iron could alleviate the increase of ferritin
expression induced by CHIR99021.

Figure 3. DFO prevents the increase of ferritin expression induced by CHIR99021. (A–D) Western
blot analysis of FtH and FtL protein after treatment with the indicated concentrations of DFO.
(E,F) Western blot analysis of FtH levels after treatment with or without CHIR99021 and/or DFO.
(G,H) Western blot analysis of FtL levels after treatment with or without CHIR99021 and/or DFO.
The relative expression levels are normalized to β-actin. The data are expressed as the mean ± SEM.
* p < 0.05, ** p < 0.01, *** p < 0.001, ## p < 0.01, ns, not significant.

3.4. CHIR99021 Stimulates the Expression of Steap1, Bola2 and Kdm6bos Increasing in
Neuro-2a Cells

In order to further explore the effect of CHIR99021 treatment on iron homeostasis and
the mechanism of increased ferritin expression, we performed RNA-seq analysis in cells
treated with or without CHIR99021. As shown in Figure 4A, we identified 1364 differen-
tially expressed genes between the two groups, of which 580 genes were up-regulated and
784 genes were down-regulated. Gene Ontology (GO) enrichment analysis categorizes
groupings of genes into three general areas: biological process, cellular component, and
molecular function. From the results of this type of analysis, we found most differen-
tially expressed genes to be concentrated in cellular processes: biological regulations and
metabolic processes of biological processes; the composition of cells and organelles in
cellular components; and molecular binding parts in molecular functions (Figure 4B). The
Kyoto Encyclopedia of Genes and Genomes (KEGG) database divides biological metabolic
pathways into six areas, including metabolism, genetic information processing, environ-
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mental information processing, cellular processes, biological systems, and human diseases.
We found that the differentially expressed genes were more heavily distributed in the
process of translation and signal transduction (Figure 4C). These results helped us to hone
in on the genes targeted by CHIR99021.

Figure 4. Comparison of RNA-seq results and verification of the differentially expressed genes
between control and CHIR99021-treated cells. (A) Volcano plot of mRNA expression differences.
(B) GO enrichment analysis between control and CHIR99021-treated Neuro-2a cells. (C) Statistical
classification analysis of KEGG pathways between control and CHIR99021-treated Neuro-2a cells.
(D–F) qRT-PCR analysis of Steap1 (D), Bola2 (E) and Kdm6bos (F) mRNA levels with or without
CHIR99021 treatment. The mRNA levels are normalized to β-actin mRNA levels and then expressed
as the fold of control group. The data are expressed as the mean ± SEM. * p < 0.05, ** p < 0.01.

Next, based on the results of sequencing and alignment, we determined the genes
which both |log2FC| ≥ 1 and were related to iron or metal ion binding from 1364 dif-
ferentially expressed genes. Six-segment transmembrane epithelial antigen of prostate 1
(STEAP1) has oxidoreductase activity and metal ion binding function in the molecular
functional grouping enriched by GO, and also plays a key role in iron homeostasis [31].
BolA-like protein (Bola2) participates in the assembly of iron-sulfur clusters on biologi-
cal process grouping [32,33]. KDM6B is a KDM1 lysine-specific demethylase 6B, which
has methyltransferase activity and metal ion binding function in the molecular function
grouping. By qRT-PCR, we confirmed that the mRNA levels of Steap1, Bola2 and Kdm6bos
increased significantly upon CHIR99021 treatment (Figure 4D–F).
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3.5. Both CHIR99021 and Iron Promote the Expression of β-Catenin

The small molecular compound, CHIR99021, is a highly effective inhibitor of GSK-3
α/β, while β-catenin is a downstream target gene of GSK-3β in the classical Wnt path-
way [34]. To verify the effect of CHIR99021 on the Wnt/GSK-3β/β-catenin pathway, we
examined the related proteins. We found that CHIR99021 significantly downregulated the
expression of GSK-3α/β, concomitantly upregulating the levels of p-GSK3β and β-catenin
(Figure 5A,B,D,E). Thus, the ratio of p-GSK3β/GSK-3β increased significantly with the
treatment of CHIR99021 (Figure 5C). In addition, we found that 25 μM and 50 μM FAC sig-
nificantly increased the expression of β-catenin (Figure 5F–K). In consideration of these and
the previous results, we hypothesized that there may be a relationship between β-catenin
and iron level, particularly on the context of CHIR99021 exposure.

Figure 5. Both CHIR99021 and iron stimulate the expression of β-catenin in Neuro-2a cells.
(A,D) Western blot analysis of GSK-3 α/β, p-GSK3β and β-catenin protein in Neuro-2a cells treated
with or without CHIR99021. (B,C,E) Quantification of the Western blot analysis of GSK-3 α/β (B),
p-GSK3β/GSK-3β (C), and β-catenin (E). (F,H,J) Western blot analysis of FtH (F), FtL (H) and β-
catenin (J) protein after treatment with the indicated concentrations of FAC. (G,I,K) Quantification
of the Western blot analysis of FtH (G), FtL (I) and β-catenin (K). The relative expression levels are
normalized to β-actin and then expressed as the fold of control group. The data are expressed as the
mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, not significant.

3.6. CHIR99021 Affects the Growth of Neuro-2a Cells

Our above results demonstrate that CHIR99021 treatment altered intracellular iron
homeostasis, including changes in iron metabolism-related molecules, as well as significant
increases in intracellular iron levels. Among its many roles in enzymes and other proteins,
iron participates in the synthesis and replication of DNA, thus playing important roles
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in the process of cell growth [35]. We therefore proceeded to examine the expression of
cyclin D1 and Ki67 proteins. Treatment of cells with CHIR99021 led to significant decreases
in both of these proteins (Figure 6A–C). In addition, we found by electric cell-substrate
impedance sensing that CHIR99021 inhibits cell proliferation (Figure 6D).

Figure 6. CHIR99021 inhibits the growth of Neuro-2a cells. (A–C) Western blot analysis and quantifi-
cation of the expression of cyclin D1 and Ki67 protein. The relative expression levels are normalized
to β-actin and then expressed as the fold of control group. (D) Detection of cell proliferation by
electric cell-substrate impedance sensing. The data are expressed as the mean ± SEM. * p < 0.05.

3.7. CHIR99021 Treatment Decreases Mitochondrial Oxidative Phosphorylation and Enhances
Glycolytic Capacity in Neuro-2a Cells

Oxidative phosphorylation (OXPHOS) and glycolysis are two major pathways of en-
ergy metabolism in mammalian cells. Normally, these two pathways are regulated to adapt
to changes of external environment. As described above, we found that the GSK3 inhibitor,
CHIR99021, can not only alter cellular iron levels and iron metabolism-related proteins, but
also activate the Wnt/GSK-3β/β-catenin pathway. Both iron and this Wnt pathway could
affect the maintenance of cell stemness [9,23,36]. When stem cells are in an undifferentiated
state, mitochondria are immature and perinuclearly distributed, with lower OXPHOS
capacity and higher glycolytic activity. Importantly, cellular energy metabolism patterns
can also regulate cell fate through epigenetic mechanisms [37,38]. Therefore, we used
the cellular energy metabolism analyzer, O2k, to evaluate cellular oxygen consumption
and glycolytic capacity. The overall mitochondrial metabolic capacity decreased in cells
treated with CHIR99021 (Figure 7A,B); basal respiration, ATP production-related oxygen
consumption, and maximal respiration were all significantly decreased. Spare respiratory
capacity, which represents the potential responsiveness of cells to energy demands, showed
a downward trend (Figure 7C). In contrast, the overall glycolytic capacity of the cells was
increased after CHIR99021 treatment (Figure 7D), while the maximum glycolytic capacity
and glycolysis reserve capacity were all significantly increased (Figure 7E). These results
suggest that CHIR99021 treatment diminishes cellular OXPHOS levels and enhances cel-
lular glycolytic capacity, which is consistent with the characteristic that cells in a state of
stemness mainly rely on glycolysis rather than OXPHOS.
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Figure 7. CHIR99021 treatment decreases mitochondrial oxidative phosphorylation and enhances
glycolytic capacity in Neuro-2a cells. (A) Overall oxygen consumption capacity of cells, as measured
by O2k. Top panel, control group; bottom panel, CHIR99021-treated group. (B) Oxygen flux of cells
after adding the indicated reagents. (C) Basal respiration, ATP-linked respiration, maximal respiration
and spare respiratory capacity, as indicated by oxygen consumption rate (OCR) in Neuro-2a cells
treated as shown. (D) Proton flux of cells after adding the indicated reagents. (E) Basal glycolysis,
maximal glycolytic capacity and glycolysis reserve capacity in cells treated as shown. The data are
expressed as the mean ± SEM. * p < 0.05, *** p < 0.001, ns, not significant.

4. Discussion

A multifunctional protein, GSK3, is involved in a variety of cellular processes, includ-
ing proliferation, metabolism and embryonic development [39]. It contains GSK-3α and
GSK-3β. The latter is one of the main members of the canonical Wnt pathway. Recent
studies have revealed that this pathway plays an important role in the maintenance of
stemness [9,10,40]. As an essential element, iron also has many biological functions. Among
these, iron has been identified as a key factor in the maintenance of cancer stem cell (CSC)
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stemness. The iron chelation can inhibit the expression of the stem cell marker, Nanog, thus
revealing a new treatment strategy for cancer [41]. However, it is not clear whether there is
a relationship between GSK3 and iron, and, if so, what that mechanism may entail.

CHIR99021, a small molecule compound, can efficiently inhibit both GSK3. The
compound is also commonly used in the culture of stem cells. In this study, we found
that the expression of stemness-related genes and the transcription level of FtH and FtL in
mESCs were significantly decreased upon removal of CHIR99021 from mouse embryonic
stem cell culture medium. On the other hand, iron supplementation of embryonic stem
cell differentiation medium was beneficial to the maintenance of mESCs stemness. In fact,
we found that CHIR99021 can affect cell stemness by affecting intracellular iron levels. To
further explore the relationship between GSK3 and cellular iron homeostasis, we treated
Neuro-2a cells with CHIR99021, which led to increased expression of FtH and FtL at both
the mRNA and protein levels, as well as increased intracellular iron content. Cellular iron
homeostasis is regulated at the post transcriptional level by the IRE/IRP system. When
intracellular iron levels increase, IRPs are unable to bind to the IREs in the 5′-UTR of the
mRNAs encoding ferritin and FPN1, thus permitting their translation, while binding to
the 3′-UTR in the mRNA encoding TfR1 is required to stabilize the message, so TfR1 levels
decrease under elevated cellular iron conditions. Regulation occurs in the opposite direction
upon depletion of cellular iron [42]. Our finding of increased ferritin, with concomitant
decreases in FPN1 and unchanged TfR1 after treatment with CHIR99021, indicates that the
changes in iron homeostasis induced by CHIR99021 may not be regulated by the system.
However, treatment of cells with iron chelation and CHIR99021 alleviated the increase of
ferritin expression induced by CHIR99021. Thus, we conclude that CHIR99021 indeed
affects cellular iron homeostasis.

To further explore the mechanism of ferritin up-regulation by CHIR99021, we used
RNA-seq and narrowed the differentially regulated genes based on iron or metal iron
binding, finally identifying three genes of interest: Steap1, Bola2 and Kdm6bos. The mRNA
expression of all three of these genes increased significantly after CHIR99021 treatment.
Interestingly, STEAP1 is highly expressed in prostate cancer [43]. In 2016, Kim et al.
reported the presence of a single heme b prosthetic group in STEAP1, which can reduce
metal ion complexes and oxygen. Diferric transferrin (Fe2Tf) binds to TfR1, which mediates
iron uptake into cells. Then, Fe3+ is released from Tf and must be reduced prior to export
from the endosome by the Fe2+ transporter, DMT1. This reduction can be mediated by
STEAP1. After export from the endosome, iron can be incorporated into functional proteins
or stored in ferritin [31]. Therefore, the increase of ferritin expression induced by CHIR99021
treatment may be a consequence of increased levels of STEAP1. Bola2 has been shown to
bind to the multi-functional binding protein PCBP1 to form an intermediate iron chaperone
complex and participate in the assembly of [2Fe-2S] clusters, while PCBP1 may bind iron
in the LIP to transfer iron to ferritin to form a PCBP1-Fe-GSH-BolA2 complex [32,33].
Therefore, there may be a connection between ferritin and BolA2. KDM6B is a KDM1
lysine-specific demethylase with methyltransferase activity and metal ion binding function.
KDM6B requires Fe2+ as a cofactor [44]. Together, our data provide support for a link
between GSK3 activity and ferritin synthesis, possibly via the proteins encoded by the
above genes, however, the specific mechanisms of these processes require further study.

As one of the main members of Wnt/β-catenin pathway, GSK-3β can phosphorylate
β-catenin and cause it to be degraded by proteasome. When the phosphorylation of GSK-
3β at Ser9 is increased, the activity of GSK-3β decreases [34]. Our results show that, with
CHIR99021, the levels of GSK-3α/β were significantly decreased, while the p-GSK3β/GSK-
3β ratio was significantly increased, ultimately leading to promotion of the expression of
the downstream target molecule β-catenin. Thus, the Wnt/GSK-3β/β-catenin pathway
was significantly activated. We therefore asked, since iron levels increased upon CHIR99021
treatment, could iron also affect the expression of β-catenin? To this end, we treated cells
with FAC, which promoted the expression of β-catenin. The finding is consistent with a
report demonstrating a positive correlation between FtL and β-catenin in glioma cells [45].
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Iron can involve in the regulation of cell growth. Both iron deficiency and excess can
affect the cell cycle, which may then affect a series of critical organismal processes [46,47].
Our data that cell proliferation was inhibited with the treatment of CHIR99021 is consistent
with these properties of iron in mammals.

Iron has also been found to play a biological role in maintaining the stemness of
mesenchymal stem cells and cancer stem cells [23,41]. The activation of the classical Wnt
pathway has been reported to inhibit the differentiation of stem cells [9,10,36]. Additionally,
in stem cells, the mode of energy metabolism mainly depends on glycolysis rather than
oxidative phosphorylation. On the other hand, the mode of cell energy metabolism can
also determine the fate of stem cells, with respect to stemness or differentiation, through
epigenetic regulation [37,38]. We found that oxidative phosphorylation decreased, along
with increased glycolysis, upon treatment with CHIR99021.

5. Conclusions

In summary, our study uncovers a relationship between GSK3 and ferritin, along with
alterations in cellular iron metabolism that affect cells stemness and proliferation. These
findings not only open new avenues for further exploration of stemness maintenance and
differentiation, but also provide an insight for the treatment of stem cells in disease.
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Abstract: Background: Iron regulatory proteins (IRPs) maintain cellular iron homeostasis. Due to
aberrant tissue-iron distribution, Irp2-deficient mice suffer microcytic anemia and neurodegeneration,
while iron overload occurs in the liver and intestine. We previously found that Irp2 deficiency-
induced Hif2 plays an important role in neurodegeneration. Methods: To test the role of Hif2 in
Irp2 deficiency-induced anemia, we used Irp2 global knockout mice. Following Hif2 inhibition,
routine blood tests, iron availability in bone marrow, histological assays, and biochemical analysis
were performed to assess anemia improvement and tissue iron distribution. Results: We found that
Hif2 inhibition improved anemia. The increased iron bioavailability for erythropoiesis was mainly
derived from hepatic iron release, and secondly from enhanced intestinal absorption. We further
demonstrate that nuclear receptor coactivator 4 (Ncoa4) was upregulated for iron release via the
process of ferritinophagy. The released iron was utilized not only for intracellular Fe-S biogenesis
but also for erythropoiesis after being exported from the liver to circulation. The hepatic iron export
reduced hepcidin expression to further support iron absorption through the hepcidin-ferroportin axis
to alleviate intestinal iron overload. Conclusion: Irp2 not only regulates cellular iron homeostasis but
also tissue iron distribution by managing the involvement of Hif2-Ncoa4.

Keywords: IRP2; Hif2 inhibition; Fe-S clusters; ferritinophagy; microcytic anemia

1. Introduction

Iron is essential for almost all living organisms. It functions as a cofactor in the
form of Fe-S clusters or heme, or by itself, participating in numerous vital physiological
processes, including mitochondrial respiration, oxygen transfer, DNA repair, and enzymatic
catalysis [1–3]. While iron deficiency can lead to cognitive defects in children and anemia
in adults, excess iron is also detrimental because it stimulates oxidative stress, subsequently
causing tissue injury and disease [4]. As a result, it is imperative to maintain the body’s
iron levels within an acceptable range.

To maintain iron homeostasis at the cellular level, iron regulatory proteins (IRP1 and
IRP2) post-transcriptionally regulate the expression of iron-related proteins via the iron-
responsive element (IRE) (see review in [5]). When iron is deficient, IRPs bind to the IRE in
the 5’-untranslated region (5’-UTR) of L- and H-ferritin and ferroportin 1 (FPN1) mRNA to
inhibit the translation of these genes to limit iron storage and efflux. Meanwhile, IRPs can
stabilize mRNA by binding to the IRE in the 3’-UTR of divalent metal transporter 1 (DMT1)
and transferrin receptor 1 (TfR1), which promotes iron uptake and ultimately alleviates
iron deficiency [5,6]. In contrast, when iron is redundant, IRP1 binds to [4Fe-4S] clusters
and loses its ability to bind IREs [7]; meanwhile, F-box and leucine-rich repeats protein 5
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(FBXL5), a subunit of ubiquitin ligase complex, specifically recognizes IRP2 and promotes
its degradation by gaining oxygen-responsive [2Fe-2S] clusters [8–10]. This, in turn, inhibits
iron uptake, boosts iron storage, or exports excess iron.

Systemic deficiency of Irp2 in mice results in microcytic anemia, erythropoietic pro-
toporphyria [11], neurodegeneration [12], and diabetes [13,14], which are clinically mani-
fested by phenotypes of patients with bi-allelic loss-of-function variants in IREB2 [15]. Irp2
depletion-induced microcytic anemia is not simply derived from global iron deficiency but
is accompanied by iron overload in the liver and intestine [16]. This abnormal iron distribu-
tion might injure hepatocytes and enterocytes for liver metabolism and nutrient absorption.

Recently, we found that Irp2-null mutation causes downregulation of frataxin (Fxn)
and IscU, two of the core components in the Fe-S cluster biogenesis machinery [17]. Con-
sequently, mitochondrial dysfunction occurs, which shifts energy metabolism from ox-
idative phosphorylation (OXPHOS) to glycolysis in Irp2−/− murine embryonic fibrob-
lasts (MEFs) [18]. We further demonstrated that Irp2 deficiency induces the expression of
hypoxia-inducible factors Hif1α and Hif2α. Hif2, but not Hif1, suppresses mitochondrial Fe-
S biosynthesis and OXPHOS in Irp2-deficient cells [18]. These results have been confirmed
in Irp2 knockout mice, showing that an increase in Hif2α switches energy metabolism from
OXPHOS to glycolysis, and the inhibition of Hif2 by PT–2385, a selective Hif2 inhibitor,
may alleviate the neurological disorder by improving mitochondrial function [19], which is
accomplished by an increase of Fe-S biogenesis [18,19].

Mitochondria not only act as the powerhouse of the cell but also as Fe-S- and heme-
houses. Two key enzymes in the second and last steps of heme synthesis (5’-aminolevulinate
dehydratase (ALAD) in cytosol and ferrochelatase (FECH) in mitochondria, respectively)
require Fe-S clusters as prosthetic groups to exert enzymatic activities [20,21]. We specu-
lated that Hif2 inhibition might also improve Irp2 deletion-induced microcytic anemia by
enhancing Fe-S biogenesis. However, iron deficiency is induced by Irp2 depletion in bone
marrow [11,16]. Then, our question was where the erythroblasts in bone marrow would
obtain enough iron.

In this study, we found that Irp2 depletion-induced abnormal iron distribution was
corrected by PT–2385 administration, indicated by a mitigation of iron accumulation in
the liver and an increased iron content in hematopoietic tissue and serum. Further, we
demonstrated that the iron release from ferritin in the liver is accomplished by nuclear
receptor coactivator 4 (Ncoa4)-mediated ferritinophagy. Therefore, the symptoms of anemia
were improved.

2. Materials and Methods

2.1. Animals and Tissue Collection

Irp2 homozygous global knockout (Irp2 KO) mice and WT mice in the C57BL/6J
background were generated in our previous study [19]. Briefly, the Irp2 KO and WT mice
used in the experiment were the descendants of Irp2 heterozygous knockout mice purchased
from MMRRC at UC Davis (cat. no. 030490-MU, Davis, CA, USA). Mice were group-housed
in standard housing conditions under a 12 h light-dark cycle at 25 ◦C. All experiments were
approved by the Animal Investigation Ethics Committee of Nanjing University and were
performed according to the Guidelines for the Care and Use of Laboratory Animals of the
National Institutes of Health, USA.

The animals were weighed and euthanized after drug treatment. Blood was collected
for subsequent routine blood and biochemical examinations. After saline perfusion, tissues
including liver, kidney, and intestine were immediately frozen in liquid nitrogen or trans-
ferred to paraformaldehyde (4%) to be used as needed. Bone marrow was collected from
the hind limbs of mice.

2.2. Drug Treatment

PT–2385 (MedChemExpress, Shanghai, China) dissolved in dimethylsulfoxide (DMSO)
and diluted with saline was administered at 0.4 mg/kg bw by intraperitoneal injection
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qod for 1 month. The same DMSO volume was diluted with saline as the vehicle control.
Six-month-old mice were randomly divided into four groups: WT mice with vehicle
treatment (WT), WT mice with PT–2385 treatment (WT+PT–2385), Irp2 KO mice with
vehicle treatment (Irp2 KO), and Irp2 KO mice with PT–2385 treatment (Irp2 KO+PT–2385).

2.3. Routine Blood Examinations

The red blood cell (RBC) count, hemoglobin (HGB) concentration, and mean corpuscu-
lar volume (MCV) (n = 8) were determined by a Mindray automatic hematology analyzer
(BC-2800vet, Shenzhen, China).

2.4. Blood Biochemical Examinations

Blood was collected in heparinized tubes and centrifugated at 1200× g for 15 min at
4 ◦C. Serum samples were prepared for determination of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and total bilirubin (TBil) by an auto-chemical analyzer
(Beckman Coulter AU5421, Brea, CA, USA).

2.5. Western Blot Analysis

Mouse tissues were lysed by RIPA lysis buffer (Wuhan Servicebio Technology Co., Ltd.,
Wuhan, China) and homogenized by a KZ-II 2100 rpm High-Speed Tissue Homogenizer
(Wuhan Servicebio Technology Co., Ltd., Wuhan, China). The protein concentration was
quantified by Bradford buffer. Total proteins were prepared (20–40 μg/lane), run in SDS-
PAGE gels at 100 V, transferred to nitrocellulose membranes, and incubated with primary
and secondary antibodies for analysis.

The information for primary antibodies is as follows: anti-Hif2α (rabbit, 1:1000;
cat# 109616), anti-ferritin light chain (rabbit, 1:1000; cat# 69090), anti-Ncoa4 (rabbit, 1:1000;
cat# ab86707), and anti-Sdhb (rabbit, 1:2000; at# 178423) from Abcam (Cambridge, MA,
USA). Anti-Ndufs1 (rabbit, 1:1000; cat# 12444-1-AP), anti-Uqcrfs1 (rabbit, 1:2000; cat#
1843-1-AP), anti-Atg5 (rabbit, 1:2000; cat# 10181-2-AP), anti-Glut1 (rabbit, 1:1000; cat#
21829-1-AP), anti-GAPDH (mouse, 1:5000; cat# 60004-1-Ig), and anti-Lamp1 (mouse, 1:1000′
cat#67300-1-Ig) from Proteintech (Chicago, IL, USA). Anti-LC3A/B (rabbit, 1:1000; cat#
4108) from Cell Signaling Technology (Danvers, MA, USA), anti-β-Actin (rabbit, 1:10,000;
cat# AP0060) from Bioworld (Nanjing, China), anti-Fpn1 (mouse, 1:1000; cat# MTP11-A)
from Alpha Diagnostic (San Antonio, TX, USA), anti-p62 (rabbit, 1:1000 cat# A7758) from
ABclonal (Wuhan, China), and anti-Fxn, Iscu, Irp1, and Irp2 (polyclonal, self-made, raised
from rabbits). All self-made antibodies were validated in previous studies [17,18]. The
validation of the antibody against Fth is shown in Figure S1. The secondary antibodies
were anti-rabbit IgG (HRP) (1:50,000; cat# 111-035-144) and anti-mouse IgG (HRP) (1:50,000;
cat# 115-035-146) from Jackson ImmunoResearch Laboratories (West Grove, PA, USA).
Quantification of the density of Western bands was performed with ImageJ software. Each
experiment was repeated at least 3 times, independently.

2.6. Quantitative Real-Time PCR

Total RNA was isolated from tissues or cells using the RNA isolator Total RNA Extrac-
tion Reagent (Vazyme Biotech, Nanjing, China) and reverse-transcribed to cDNA by using
HiScript® III RT SuperMix for qPCR (+gDNA wiper) (Vazyme Biotech, Nanjing, China),
according to the manufacturer’s instructions. RT-qPCR experiments were performed with
ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech, Nanjing, China) in an Applied
Biosystems ViiA™ 7 system. The following primers were used: for Actin, forward primer 5′-
GCCACTGCCGCATCCTCTTC-3′ and reverse primer 5′-AGCCTCAGGGCATCGGAACC-
3′; for Epo, forward primer 5′-AGTTGCCTTCTTGGGACTGA-3′ and reverse primer 5′-
GCCACTCCTTCTGTGACTCC-3′; for Hamp, forward primer 5′-CTCCTGCTTCTCCTCCTTGC-
3′ and reverse primer 5′-GCAATGTCTGCCCTGCTTTC-3′. Actin was used as a control.
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2.7. Histological Staining

Peripheral blood smears were prepared by retro-orbital bleeding, then the smears
were fixed in methanol for 10 min and stained with Wright-Giemsa stain (Wuhan Service-
bio Technology Co., Ltd., Wuhan, China) at room temperature, following the manufac-
turer’s protocol.

For Prussian blue staining, tissue sections underwent dewaxing and hydration steps:
dewaxing for 10 min in xylene twice, hydration for 5 min in 100–50% ethanol gradient
buffers, rinsing for 5 min in running water at room temperature, and incubation in 1%
potassium ferrocyanide in 0.12 M HCl for 30 min to 4 h. For liver slides and bone marrow
smears, before being dehydrated by gradual ethyl alcohol solutions, sections were stained in
Nuclear Fast Red Staining Solution (Wuhan Servicebio Technology Co., Ltd.) for 5–10 min;
for small intestine slides, sections were color-rendered by 3, 3′-diaminobenzidin (DAB)
(cat. no. D5905-1007AB; Sigma-Aldrich, Shanghai, China) for 40 min, and then dehydrated
according to the same procedure as above.

Images were viewed through a biological microscope (BX43, Olympus, Tokyo, Japan)
and captured using a digital camera.

2.8. Ferrozine Assays

The iron content of tissues was detected by ferrozine assays, as previously described [19].
Briefly, 11 μL of concentrated HCl (11.6 M) was added to 50 μL of tissue sample lysate or
serum (250 μg total protein). The samples were heated at 95 ◦C for 20 min and centrifuged
at the highest speed for 10 min. Then, 45 μL of supernatant was removed to a new tube.
Next, 18 μL of ascorbate (75 mM), 18 μL of ferrozine (10 mM), and 36 μL of saturated
ammonium acetate (NH4Ac) were sequentially added to each tube, with incubation for
2 min at room temperature between each step. The absorbance was read at 570 nm (BioTek
ELx800, Shanghai, China).

2.9. ELISA

The serum EPO and interleukin-6 (IL-6) levels were quantified using specific ELISA
kits according to the manufacturer’s instructions (Invitrogen, Waltham, MA, USA).

2.10. Ferritin Iron Staining in Gels

In-gel ferritin iron staining was performed as described previously [22].Briefly, tissue
samples of the lysate (200 μg total protein in 20 μL) were heated at 70 ◦C for 10 min and
centrifuged at 12,000 rpm (~13,400× g) and 4 ◦C for 10 min. All supernatant was removed
to a new tube and 4× loading buffer without β-mercaptoethanol (BME) and SDS was
added. All samples were run in pre-cooled non-denaturing gels at 100 V for 4 h, at 4 ◦C.
Finally, the gels were stained in Prussian blue staining buffer (1% potassium ferrocyanide in
0.12 M HCl) overnight. The data were collected by photography and quantified by ImageJ.

2.11. Statistical Analysis

All data are presented as mean ± SD. One-way ANOVA was performed using Graph-
Pad Prism version 8.2.1 (La Jolla, CA, USA). p-value < 0.05 was considered significant.

3. Results

3.1. Hif2 Inhibition Ameliorates Anemia in Irp2 Knockout Mice

To test the role of Hif2 in Irp2 null-induced anemia in mice, six-month-old mice
were randomly divided into four groups: wild-type (WT), WT+PT–2385, Irp2 KO, and
Irp2 KO +PT–2385. PT–2385, as a selective Hif2 inhibitor, was administered (0.4 mg/kg
bw i.p. qod) for 1 month. First, by monitoring the changes in body weight pre- and
post-administration, we verified that intraperitoneal administration of PT–2385 did not
affect mouse growth (Figure S2A). Physiological tolerance was assessed by measuring
aspartate aminotransferase, alanine aminotransferase, and bilirubin levels before and after
administration (Figure S2B–D), indicating that the dose of PT–2385 was within a safe
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range. Following that, we confirmed the presence of small hypochromic red blood cells
in peripheral blood smears of Irp2 KO mice and found the reverse phenotype following
PT–2385 administration (Figure 1A). Other hematological indexes proved the significant
rescue of Irp2 KO-induced anemia by PT–2385 treatment in terms of red blood cell count
and hemoglobin level (Figure 1B,C), with one exception: mean corpuscular volume (MCV)
was not reversed by PT–2385 (Figure 1D), likely because one month of treatment was not
enough time to improve all phenotypes.

Figure 1. Hif2 inhibition by PT–2385 ameliorates anemia in Irp2 KO mice. Six-month-old mice
were divided into four groups: WT (DMSO as vehicle), WT+PT–2385 (0.4 mg/kg i.p. qod), Irp2 KO
(vehicle), and Irp2 KO+PT–2385. (A) Improved hypochromic anemia by PT–2385 in Irp2 KO mice on
peripheral smear determined by Wright-Giemsa staining. Red arrows point to hypochromic red blood
cells, black arrows point to small red blood cells. Routine blood examinations: (B) number of red
blood cells (RBCs), (C) hemoglobin (HGB) concentration, and (D) mean corpuscular volume (MCV).
(E) Serum iron content detected by ferrozine assays. (F) Serum EPO levels detected by enzyme-linked
immunosorbent assays (ELISA). (E) n = 3, (B–D,F) n = 5–8. Results are shown as mean ± SD. One-way
ANOVA was used for significance. * p < 0.05, ** p < 0.01, **** p < 0.0001.

It is known that Hif2 mediates the transcriptional activation of erythropoietin (EPO),
a gene encoding a master hormone regulator of erythropoiesis, by binding 5’ hypoxia-
responsive element (HRE), thereby contributing to the changes in tissue oxygen concentra-
tion for adaptive adjustment [23]. Our previous study [19] and others [11] have found that
deletion of Irp2 in mice increases Hif2α, leading to increased EPO, but this increase may be
ineffective due to limited iron content in hematopoietic tissues. We wonder whether the
improvement in anemia results from the increased iron availability when Hif2 is inhibited
by PT–2385. To this end, we measured serum non-heme iron and EPO levels before and
after PT–2385 administration. Consistent with previous studies [11], serum iron levels in
Irp2 KO mice were significantly lower than in WT mice, while serum EPO levels were
higher. However, both changes remarkably returned following treatment with PT–2385
(Figure 1E,F).
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3.2. Enhanced Fe-S Cluster Biogenesis by Hif2 Inhibition Rescues Iron Deficiency to Recover
Hematopoietic Function in Irp2 Knockout Mice

Bone marrow is the vital hematopoietic tissue, and iron availability is one of the
main factors affecting hematopoiesis. Previous studies have shown that Irp2 KO-induced
microcytic anemia in mice is derived from insufficient iron reserves in the bone marrow [11].
We expected that the therapeutic effect of PT–2385 on anemia would be proven due to the
increasing iron availability in serum (Figure 1E). Therefore, we detected the iron content in
bone marrow samples by ferrozine assays and in bone marrow smears by Prussian blue
staining. Consistent with previous studies [11,16], Irp2 deletion did cause iron deprivation
in bone marrow, and PT–2385 treatment significantly reversed it to WT levels (Figure 2A,B).
The biochemical data from Western blotting also provided evidence that Hif2α expression
was significantly increased in Irp2 KO mice but decreased after drug treatment, and that
expression of ferritin H and L subunits (Fth and Ftl) increased with PT–2385 administration;
in particular, Ftl significantly increased (Figure 2C, quantified in Figure 2D), indicating the
rescued iron availability for erythropoiesis.

Figure 2. Hif2 inhibition increases available iron content and Fe-S cluster synthesis to maintain
hematopoietic function in bone marrow. (A) Prussian blue staining of bone marrow smears. Arrows
point to iron-stained positive areas. (B) Iron content in bone marrow determined by ferrozine assays.
(C) Western blot analysis of expression of Hif2, iron-related proteins (Fth and Ftl), Fe-S cluster
synthesis-related proteins (Fxn and Iscu), and respiratory chain-related proteins (Ndufs1, Sdhb,
and Uqcrfs1) in bone marrow. Actin was used as an internal control. (D) Quantification of data in
(C) to show significance; n = 3. Results are shown as mean ± SD. One-way ANOVA was used for
significance. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Our previous studies revealed that Irp2 KO-induced functional iron deficiency down-
regulated the synthesis of mitochondrial Fe-S clusters [18], which are essential for mitochon-
drial heme biogenesis and mitochondrial function. Then, we asked whether mitochondria
could use the available iron. Therefore, we detected the expression of proteins related to
Fe-S cluster synthesis and mitochondrial complex in the bone marrow. The results showed
that Fe-S cluster synthesis-related proteins Fxn and Iscu and mitochondrial complex I-
and II-related subunits Ndufs1 and Sdhb more or less decreased, but significantly, in Irp2
KO mice, except complex III subunit Uqcrfs1. However, the changed proteins recovered
after PT–2385 administration (Figure 2C, quantified in Figure 2D), further in favor of the
notion that Irp2 KO-induced upregulation of Hif2 negatively modulates the mitochondrial
OXPHOS [18,19].

On the other hand, inhibition of Hif2 might reduce the production of EPO, which
is a direct target of Hif2 [23], to suppress hematopoiesis. EPO is primarily produced
in the kidney rather than the bone marrow. Therefore, we detected the Hif2α protein
and Epo mRNA levels in the kidneys, and the results confirm that the Irp2 KO-induced
upregulation of Hif2α (Figure 3A,B) and increased mRNA of Epo returned to the proper
level after administration of PT–2385 (Figure 3C), accompanying an improvement in anemia
in Irp2 KO mice (Figure 1). Along with the mild increase of renal iron content (Figure 3D),
the proteins related to Fe-S cluster biogenesis and mitochondrial function in the kidney
recovered the most, comparable to WT, after administration (Figure 3E, quantified in
Figure 3F), further supporting that mitochondrial dysfunction, more specifically Fe-S
cluster insufficiency, is triggered by Irp2 KO-induced upregulation of Hif2α [17,18].

Figure 3. Hif2 inhibition reduces abnormally high EPO levels and rescues mitochondrial iron
metabolism in kidneys. (A) Protein levels of Hif2α revealed by Western blot analysis. Actin was used
as an internal control. (B) Quantification of Hif2α to show significance. (C) Relative mRNA levels of
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Epo in kidney, detected by quantitative real-time PCR. (D) Iron content in kidneys determined by
ferrozine assays. (E) Western blot analysis of iron-related proteins (Fth and Ftl), Fe-S cluster synthesis-
related proteins (Fxn and Iscu), and respiratory chain-related proteins (Ndufs1, Sdhb, and Uqcrfs1) in
kidney. Actin was used as an internal control. (F) Quantification of data in (E) to show significance;
n ≥ 3. Results are shown as mean ± SD. One-way ANOVA was used for significance. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.3. PT–2385 Treatment Modulated Intestinal Iron Absorption and Hepatic Iron Release in Irp2
KO Mice

While iron deficiency has been found in bone marrow and kidneys in Irp2 KO mice,
iron overload has been found in the intestine and liver [16]. We wondered whether and how
the available iron came from the intestine for more absorption or from the liver for more iron
release. Based on this question, we first determined the changes in iron content in the small
intestine. The results showed that iron accumulation was inhibited in the small intestine
of Irp2 KO mice after PT–2385 treatment, as demonstrated by decreased total iron content
(Figure 4A), fewer iron-stained positive areas (Figure 4B), and reduced ferritin expression
(Figure 4C). This inhibition was correlated with mildly increased intestinal Fpn1 (Figure 4C,
quantified in Figure 4D) and remarkably decreased liver hepcidin (Hamp) expression
(Figure 4E). Liver is the primary site of synthesis and secretion of hepcidin. Its expression is
regulated by inflammation and iron, allowing us to detect the expression of inflammatory
factor IL-6. The ELISA results showed an increase in the level of serum IL-6 in Irp2 KO mice,
which decreased after PT–2385 administration (Figure 4F). Other inflammatory markers
(interleukin-1β and C-reactive protein) were not found to be changed in Irp2 KO mice.

Figure 4. Abnormal iron accumulation is suppressed in the small intestine and hepcidin levels are
downregulated in the liver of Irp2 KO mice by PT–2385 treatment. (A) Iron content in the small
intestine determined by ferrozine assays. (B) Representative images of DAB-enhanced Prussian blue
staining for iron in the small intestine. Arrows indicate iron-stained epithelial cells. (C) Protein levels
of Fpn1 and Ftl revealed by Western blot analysis. Ponceau S stain was used as an internal control.
(D) Quantification of (C) to show significance. (E) Relative mRNA levels of Hepcidin in the liver,
detected by RT-PCR. (F) Relative serum IL-6 levels, detected by ELISA. n ≥ 3. Results are shown as
mean ± SD. One-way ANOVA was used for significance. ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Hepcidin regulates iron efflux by mediating Fpn1 endocytosis and ensuring that
hepatic iron can be mobilized to maintain iron homeostasis [24]. We expected that the
iron accumulation would be alleviated due to the diminished Hamp. First, we detected
the effect of PT–2385 on Hif2α expression. As in other tissues, Hif2α was induced by irp2
ablation and reduced by PT–2385 treatment, and the Hif2α-targeted Glut1 gene showed
a similar pattern (Figure 5A,B). Indeed, we found that PT–2385 could effectively reduce
the accumulation of hepatic iron caused by Irp2 deletion, verified by ferrozine assays and
Prussian blue iron staining (Figure 5C,D). Biochemically, iron-related proteins Fpn1, Fth,
and Ftl all changed to present reduced iron accumulation (Figure 5E,F).

Figure 5. PT–2385 treatment inhibits iron accumulation in the liver. (A) Protein levels of Hif2α and
Glut1 revealed by Western blot analysis. Actin was used as internal control. (B) Quantification of
(A) to show significance. (C) Ferrozine-based iron content in the liver. (D) Prussian blue staining of
liver sections. Arrows indicate stained iron. (E) Iron-related proteins (Fpn1, Fth, and Ftl) detected
by Western blot analysis. Ponceau S stain was used as an internal control. (F) Quantification of
(E) to show significance. n ≥ 3. Results are shown as mean ± SD. One-way ANOVA was used for
significance. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Collectively, these results indicate that PT–2385 administration could enhance iron
absorption in the gut and iron release from the liver to rebuild iron homeostasis and proper
hematopoiesis in Irp2 KO mice.

3.4. Hif2 Inhibition Reconstitutes Tissue Iron Homeostasis by Initiating Ncoa4-Mediated
Ferritinophagy in Liver

We wondered what mediates the remobilization of iron from the liver after Hif2
inhibition. In addition to maintaining systemic iron homeostasis through the hepcidin-
FPN1 axis and cellular iron homeostasis through the IRP-IRE system, another regulatory
strategy has been revealed in some tissues or cells, such as red blood cells and macrophages,
as Ncoa4 mediates ferritinophagy, a process that maintains intracellular iron homeostasis
to sustain erythropoiesis [25,26].

Considering that Ncoa4 is a critical cargo receptor for autophagic degradation of
ferritin and the subsequent release of iron, we speculated that PT–2385 treatment could
induce Ncoa4-mediated ferritinophagy based on the decline in ferritin. Therefore, we
examined the expression level of Ncoa4. It turned out that Ncoa4 expression increased
(Figure 6A, quantified in Figure 6B), in agreement with the mitigated iron accumulation
and lower ferritin levels in the liver, comparable to WT mice (Figure 5C,E). Subsequently,
we examined the autophagic elongation component Atg5, the autophagic cargo selection
component Lc3, and the classical autophagy receptor p62. Atg5 forms a constitutive
complex with Atg12 to promote the transfer of Lc3-I to phosphatidylethanolamine (PE).
Lc3-I is then lipidated and converted to Lc3-II by ATG4 during autophagy activation,
and p62 engages with autophagic substrates and carries them to autophagosomes for
degradation (see review in [27]). As a result, the Lc3-II/Lc3-I ratio and decreased p62
levels are widely used as markers of autophagy activation. Consistent with the increased
Ncoa4 levels, the expression of Atg5 significantly increased, the Lc3-II/Lc3-I ratio slightly
increased, and p62 levels decreased in Irp2 KO mice after treatment with PT–2385 compared
with the vehicle group (Figure 6C,D), indicating an increase in the autophagic process in the
liver. Autophagy is a major intracellular system that derives its degradative abilities from
the lysosome. We then detected the lysosomal-associated membrane protein 1 (Lamp1).
The results showed that Lamp1 protein levels were significantly lower in Irp2 KO mice, and
were increased after treatment, comparable to WT levels (Figure 6E,F). This suggests that
Irp2 deletion may have a direct effect on lysosomal biogenesis and function and, ultimately,
autophagic flow, explaining why ferritinophagy efficiency is reduced in irp2 KO mice
despite a decrease in p62 levels. In addition, to measure loaded iron in ferritin, we stained
the iron by in-gel assays [22] and found significantly less iron in the liver after PT–2385
treatment (Figure 6G,H), correlating with the ferritin levels (Figure 6A).

In summary, Hif2 inhibition by PT–2385 stimulated the release of iron from hepatic
ferritin storage by commencing Ncoa4-mediated ferritinophagy, and ultimately corrected
the Irp2 KO-induced aberrant iron distribution in tissues for appropriate erythropoiesis.
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Figure 6. Hif2 inhibition stimulates Ncoa4-mediated ferritinophagy for iron release from ferritin
in Irp2 KO liver. (A) Expression of Ncoa4 and iron-related proteins (Fth and Ftl) after PT–2385
treatment in liver of Irp2 KO and WT mice. Actin and Ponceau S stain were used as internal controls.
(B) Quantification of (A) to show significance. (C) Expression of autophagy-related proteins (Atg5,
Lc3, and p62). Actin and Ponceau S stain were used as internal controls. (D) Quantification of (C) to
show significance of Atg5, Lc3, and p62 changes. (E) Lamp1 expression. Actin was used as an internal
control. (F) Quantification of Lamp1 to show significance. (G,H) Result of ferritin iron staining in
gels. n ≥ 3. Results are shown as mean ± SD. One-way ANOVA was used for significance. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

4. Discussion

Here, we observed that inhibition of Hif2 by PT–2385 could alleviate Irp2 depletion-
induced anemia (Figure 7). Mechanically, it was revealed that upregulation of Ncoa4
initiated ferritinophagy in the liver to release iron into the serum for erythropoiesis in
bone marrow. Concurrent with the reduced liver iron, liver Hamp expression decreased,
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which systemically affected iron absorption and recycling. Liver Fpn1 was found to be
significantly upregulated though intestinal Fpn1 only slightly, and it is expected that the
efficiency of iron transportation was increased in the intestine and liver due to the reduced
hepcidin after PT–2385 administration. Therefore, anemia is cured, and aberrant iron
distribution is corrected (Figure 7).

Figure 7. Working model of the role of Irp2 KO-induced upregulation of Hif2 in microcytic anemia.
Irp2 deficiency causes functional iron deprivation by reducing cellular iron uptake (downregulated
transferrin receptor 1, Tfr1) and increasing cellular iron storage capacity (upregulated ferritin),
eventually leading to the development of microcytic anemia symptoms in Irp2 KO mice. Iron
accumulation was observed in the intestine and liver, but iron deficiency was seen in erythropoiesis-
related organs such as bone marrow and kidney. At the molecular level, Irp2 deficiency increases
Hif2α expression, interferes with Fe-S cluster synthesis, and may affect ferritinophagy, resulting in
decreased iron availability. Furthermore, elevated levels of hepcidin secreted by the liver aggravate
the abnormal iron distribution. Hif2α inhibition by PT–2385 alleviated symptoms of anemia in Irp2
KO mice by increasing ferritinophagy levels.

Dietary iron acquisition in mammals is mediated by intestinal absorption. In the
proximal gut, ferric iron (Fe3+) is reduced to ferrous iron (Fe2+) by duodenal cytochrome b
(Dcytb), a ferric reductase [28], and then transported across the apical membrane by divalent
metal transporter 1 (Dmt1) [29]. According to the body’s need for iron, iron can be either
kept in ferritin or exported via the only known iron exporter, Fpn1, over the basolateral
membrane and into the circulation [30]. Three major intestinal proteins (Dcytb, Dmt1, and
Fpn1) have been identified as direct targets of HIF2α, and oral administration of HIF2α
inhibitors (1,3-diaminopropane, DAP, and reuterin) significantly suppressed iron uptake
via the intestine, implying that HIF2α is required to maintain intestinal iron absorption [31].
Interestingly, in our study, when Irp2 KO mice were administered the HIF2α inhibitor
PT–2385 intraperitoneally, there was no significant change in body weight. In addition, no
significant change of intestinal Fpn1 expression was observed, while the excessive iron
accumulation in the small intestine was significantly alleviated after Hif2α inhibition. This
discrepancy suggests efficient iron transport via Fpn1 over the basolateral membrane and,
to some extent, intraperitoneally administrated PT–2385 being bypassed from the gut. How
Irp2 ablation induces Hif2α upregulation in the liver even though iron accumulation was
observed there remains a question. This phenomenon was observed previously in a study
showing that the Hif2α protein level remained constantly high even under iron repletion
conditions in Irp2-ablated cells [18]. Probably, the iron- and oxygen-dependent degradation
process is disturbed when Irp2 is depleted. These results also support the finding that
besides IRP1 [32–34], IRP2 also regulates Hif2α via an unknown mechanism.
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As a primary circulating regulator of iron, hepcidin regulates three significant iron
fluxes into plasma: dietary iron absorption in the intestine, iron recycling by macrophage
phagocytosis, and iron mobilization from hepatocytes (see review in [35]). A recent study
showed that when erythropoiesis intensifies, EPO increases erythroferrone (ERFE) produc-
tion in the bone marrow and spleen erythroblasts in a JAK2/STAT5-dependent manner,
and ERFE is secreted into the bloodstream and acts directly on the liver to suppress
hepcidin [36]. Even though EPO levels are significantly increased in Irp2 KO mice, hep-
cidin is not suppressed. On the contrary, hepcidin is expressed more than in wild-type
mice, suggesting that the increase in EPO is invalid [11] and is the consequence of iron
deficiency in the bone marrow. In addition, inflammatory signals in the body may induce
hepcidin expression. For instance, interleukin-6 upregulates hepcidin expression in vivo
through the IL-6/JAK2/STAT3 pathway [37], and other cytokines, such as IL-1β, that rely
on BMP/SMAD signaling also increase hepcidin expression [38]. In this study and our
previous study [19], we found an increase in serum IL-6, not IL-1β, in Irp2 KO mice and a
decrease in IL-6 after PT–2385 administration. The decreased Fpn1 in the intestine and liver
of Irp2 KO mice and the increase in the liver after Hif2 inhibition confirm that hepcidin is a
master regulator of Fpn1, though Fpn1 is a member of the Hif2 regulons.

Iron mobilization from hepatocytes through Fpn1, we think, plays a very important
role in correcting the aberrant iron distribution in Irp2 KO mice. Iron, if not utilized or
exported, is stored in ferritin nanocages consisting of 24 subunits of FTH1 and FTL per
cage. The cage is able to hold up to 4500 iron atoms [1]. What causes iron to release from
ferritin after Hif2 inhibition? Ferritin is regulated at least at three levels, transcriptionally
by NFκB [39], post-transcriptionally by the IRE-IRP system [40], and post-translationally
by Ncoa4-mediated ferritinophagy [41]. In this study, we found a decrease in the level of
ferritin protein, not mRNA, in Irp2 KO mice after PT–2385 administration, which led us
to hypothesize that PT–2385 treatment activates Ncoa4-mediated ferritinophagy. Ncoa4
interacts with the ferritin heavy chain and mediates ferritin transport to the lysosome via
the autophagosome for degradation, which is essential for maintaining iron homeostasis,
especially in erythrocytes [26,42]. In agreement with these findings, PT–2385 treatment
increased Ncoa4 expression and autophagic flux in the liver, which led to a massive efflux
of hepatic stored iron via Fpn1 and, consequently, to circulation for iron redistribution and
erythropoiesis in bone marrow. Though Ncoa4 is regulated by Hif at the transcriptional
level and mediates the mobilization of murine hepatic iron stores after blood loss [43], we
found that inhibition of Hif2 increased Ncoa4 expression, suggesting post-transcriptional
regulation of Ncoa4. Very recently, Ncoa4 has been demonstrated to be selectively tar-
geted for the management of iron overload disorders [44]. This explains our finding that
increased Ncoa4 alleviated liver iron overload to improve systemic iron homeostasis. In
addition, Ncoa4 has been revealed to be regulated by iron-dependent HERC2-mediated
proteolysis [42]. We wonder if a dependence on Fe-S clusters, besides iron, is also possible,
because Hif2 inhibition by PT–2385 shifts cellular energy metabolism from glycolysis to
oxidative phosphorylation by enhancing Fe-S cluster biogenesis and mitochondrial func-
tion to improve Irp2 KO-induced neurodegeneration [18,19]. This possibility needs to be
further investigated.

Overall, we validated the role of Hif2 in Irp2 KO-induced anemia. Combining our find-
ings and others’ previous findings, we have highlighted that Hif2α-Ncoa4 is a complex axis
that contributes to iron metabolic disorders, including neurodegeneration, iron-overload
disorder, and anemia.
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Abstract: Radiotherapy (RT) is one of the most effective cancer treatments. However, successful
radiation protection for normal tissue is a clinical challenge. Our previous study observed that
MitoQ, a mitochondria-targeted antioxidant, was adsorbed to the inner mitochondrial membrane
and remained the cationic moiety in the intermembrane space. The positive charges in MitoQ
restrained the activity of respiratory chain complexes and decreased proton production. Therefore, a
pseudo-mitochondrial membrane potential (PMMP) was developed via maintenance of exogenous
positive charges. This study identified that PMMP constructed by MitoQ could effectively inhibit
mitochondrial respiration within normal cells, disrupt energy metabolism, and activate adenosine
5′-monophosphate (AMP)-activated protein kinase (AMPK) signaling to induce autophagy. As such,
it could not lead to starvation-induced autophagy among tumor cells due to the different energy
phenotypes between normal and tumor cells (normal cells depend on mitochondrial respiration for
energy supply, while tumor cells rely on aerobic glycolysis). Therefore, we successfully protected the
normal cells from radiation-induced damage without affecting the tumor-killing efficacy of radiation
by utilizing selective autophagy. MitoQ-constructed PMMP provides a new therapeutic strategy for
specific radiation protection.

Keywords: MitoQ; PMMP; autophagy; radioprotection; energy phenotype

1. Introduction

RT is one of the current first-line treatment options for cancers, with over 50% of
all cancer patients being treated with RT [1,2]. However, RT can induce short-term and
long-term toxicity. For instance, the exposure of brain tissue to therapeutic radiation
is related to various adverse outcomes, including long-term neurocognitive sequelae,
cognitive impairment, and endocrine dysfunction [3,4]. Thus, eliminating tumors while
selectively protecting normal tissues is challenging for tumor radiotherapy. However, no
radio-protective agents are clinically available for brain tumors, except for memantine
hydrochloride, which is in clinical recruiting status [5]. Additionally, the only US Food
and Drug Administration (FDA)-approved drug, amifostine, provides radioprotection in
head and neck cancer and is unsuitable due to side effects and incomplete protection [6].
Many antioxidants ameliorate or prevent the side effects of RT, but some even potentially
promote cancer development and metastasis in mice models [7–10]. Thus, unmet medical
demand for safer and more effective radio-protective agents persists.
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MitoQ, a mitochondria-targeted antioxidant, is developed to penetrate the blood–brain
barrier (BBB) and neuronal membranes and has a good neuroprotective effect [11,12]. In
our previous study, MitoQ induced autophagy by affecting mitochondrial respiration by
constructing PMMP [13]. Autophagy is an intracellular “self-digestion” physiological
process that relies on lysosomes to degrade cytoplasmic unnecessary or dysfunctional
components [14]. Under normal physiological states, the binding of adenosine triphosphate
(ATP) to AMPK suppresses the kinase activity. When energy starvation appears in cells, the
ATP levels decrease, and the AMP levels increase. An important “energy sensor”—AMPK
in eukaryotic cells is phosphorylated. The activated AMPK causes defective mammalian
target of rapamycin (mTOR) signaling by inhibiting the phosphorylation of mTOR, boosting
the formation of autophagosomes and autophagy flux [15–17]. Nature Chemical Biology
reported that inducing autophagy within ischemic brain cells by small molecule compounds
can reduce the expression of apoptotic factors, clear damaged organelles in time, and
degrade and reuse accumulated long-lived proteins to supply energy for ischemic brain
cells quickly, which is conducive to maintaining cell homeostasis and protecting cells [18].
The α1-antitrypsin mutation can lead to hepatic endoplasmic reticulum stress, severe
inflammatory response, and liver damage and carcinogenesis. It is reported that autophagy
effectively removes the mutated α1-antitrypsin in liver cells, relieves the stress state of
the liver, and has a potent liver protection effect [19]. Therefore, autophagy ensures cell
integrity, maintains effective cell function, helps cells survive the crisis, and promotes
cell survival in extreme cases [20]. Thus, if autophagy can be selectively induced among
radiated normal cells, normal tissue can be effectively protected during RT.

Eukaryotic cells primarily rely on oxidative phosphorylation (OXPHOS) of the mito-
chondrial respiratory chain for energy supply [21]. The electrons carried by nicotinamide
adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) are utilized as fuel
and offered for the molecular oxygen by the mitochondrial inner membrane respiratory
chain. This generates a proton gradient with proton pumping into the mitochondrial
intermembrane space through the respiratory chain complexes I, III, and IV. The dissipation
of the established proton gradient using complex V generates ATP [22]. Thus, the energy
supply in normal cells originates from mitochondria, and the proton gradient inside the
mitochondrial intermembrane space is the driving force maintaining the energy synthesis of
cells. However, in the 1950s, Otto Warburg discovered a characteristic of energy metabolism
distinguishing tumor cells from normal cells through high levels of glycolysis. Warburg
believed that tumorigenesis led to mitochondrial respiratory dysfunction in tumor cells.
Tumor cells reprogram their energy metabolism by initiating mitochondria-independent
energy supply pathway: aerobic glycolysis called the “Warburg effect” [23–25] to maintain
normal intracellular ATP and NADH levels to ensure the need for malignant prolifera-
tion. This fact has been applied in positron emission tomography (PET) depending on
18F-fluorodeoxyglucose (FDG). The degree of glucose uptake of a malignancy as imaged
by FDG-PET is associated with histologic measures of tumor differentiation [24]. In sum-
mary, significant differences in energy metabolism exist between normal and tumor cells.
Therefore, if the mitochondria-dependent energy supply pathway is targeted, leading to
normal cell starvation, autophagy can be selectively induced within normal cells. However,
it is ineffective among tumor cells independent of mitochondria and relies primarily on gly-
colysis for energy supply. Here, we investigated the protective effect of MitoQ-constructed
PMMP on normal cells during irradiation by selectively inducing autophagy in normal
cells. In contrast, tumor cells are not protected due to the absence of autophagy.

2. Methods and Materials

2.1. Cell Culture

Human Astrocytes (HA) were purchased from ScienCellTM and cultured in Astrocyte
Medium (ScienCellTM, Cat No.1801, San Diego, CA, USA) with 2% fetal bovine serum
(ScienCellTM, 0010), 1% penicillin/streptomycin (ScienCellTM, 0503), and 1% astrocyte
growth supplement (ScienCellTM, 1852), in 5% CO2 and at 37 ◦C. The culture vessels were
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coated with poly-L-lysine stock solution (ScienCellTM, 0413) at 2 μg/cm2. HA was utilized
within 10 generations, authenticated using short tandem repeat (STR, ScienCellTM), and
routinely tested for Mycoplasma. Human glioblastoma cell line A172 cells were obtained
from BeNa Culture Collection (BNCC) and cultured in RPMI 1640 medium (Meilunbio,
MA0215-2, Liaoning, China) using 10% fetal bovine serum (TransGen Biotechnology, FS101-
02, Beijing, China), in 5% CO2 and at 37 ◦C. A172 cells were used within 15 passages
from frozen stocks, authenticated using STR (BNCC), and were routinely evaluated for
Mycoplasma.

2.2. Animals

Six-week-old male BALB/c nude mice were utilized for high performance liquid
chromatography–mass spectrometry (HPLC-MS) and matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF-MS) imaging. The mice weighed
approximately 20 g and were purchased from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). In addition, six-week-old male BALB/c nude mice
bearing luciferase-positive U87MG orthotopic brain tumors, weighing approximately 20 g,
were procured from Wuhan Servicebio Biotechnology Co., Ltd. (Wuhan, China). All the
mice were housed under specific pathogen-free (SPF) conditions in facilities having freely
available food and water. All animal procedures strictly followed the animal experimen-
tation regulations in China and were approved by the Animal Ethics Committee of the
Institute of Modern Physics of the Chinese Academy of Science (No. 2022(06)).

2.3. Polymerase Chain Reaction (PCR) Array Expression Profiling

The Human Signal Transduction Pathway Finder™ RT2 Profiler™ PCR Array (Qiagen)
determined the expression levels of 50 genes associated with glycolysis and the tricarboxylic
acid (TCA) cycle within HA and A172 cells. Microarray data were normalized against the
house-keeping genes by evaluating the ΔCt for each gene representative of glycolysis and
TCA in the plate. Data were analyzed using the RT2 PCR array data analysis web portal
version 3.5.

2.4. Agilent Seahorse XF Technology

The Agilent Seahorse XF technology was used to analyze the cell energy phenotype of
HA and A172 cells using the Agilent Seahorse XFp Cell Energy Phenotype Test Kit (Agilent,
103275-100, Santa Clara, CA, USA) based on the instructions. HA and A172 cells were grown
in the Agilent Seahorse XFp Cell Culture Miniplate and cultured overnight. The Agilent
Seahorse XFp Sensor Cartridge was hydrated using Agilent Seahorse XF Calibrant at 37 ◦C
in a non-CO2 incubator overnight. The Agilent Seahorse Sensor Cartridge, Calibrant, and
Miniplate were obtained from the Agilent Seahorse XFp FluxPak (Agilent, 103022-100). The
assay medium was prepared by supplementing Agilent Seahorse XF Base Medium (Agilent,
102353-100) with 1 mM pyruvate (Sigma, S8636, St. Louis, MO, USA), 2 mM glutamine
(Sigma, G8540), and 10 mM glucose (Sigma, G8769). The cell culture medium of HA and
A172 were replaced with the assay medium and cultured in a non-CO2 incubator for 1 h.
Oligomycin and cyanide p-trifluoromethoxylphenyl-hydrazone (FCCP) from the Agilent
Seahorse XFp Cell Energy Phenotype Test Kit were combined to develop a stressor mix
loaded into every port A of the hydrated sensor cartridge. The Agilent Seahorse XF Cell
Energy Phenotype test was run using the Agilent Seahorse XFp Analyzer (Agilent,102745-
100). The data were analyzed with the Agilent Seahorse XF Cell Energy Phenotype Test
Report Generator.

2.5. HPLC-MS Analysis

The enrichment of MitoQ (Vosun Chemical, 444890-41-9) in mitochondria in vitro
and the concentrations in brain and blood in vivo were determined using an EVOQ Qube
LC-TQ system (Bruker, Germany) as in our previous study [13]. For measuring the MitoQ
enrichment inside mitochondria in vitro, the cells were harvested and divided into two
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equal parts after treatment with MitoQ for 2 h, one for the homogenate of the whole
cell and the other for the homogenate of the mitochondria. A mitochondrial extraction
kit (Beijing Solarbio, SM0020, Beijing, China) was used to isolate the mitochondria. All
the homogenates were extracted twice utilizing the mixture of methylene chloride and
methanol at a 2:1 volume ratio, including the 2 mM butylated hydroxytoluene (Sigma-
Aldrich, W218405). After drying, the residue was dissolved in cold methanol with 2 mM
butylated hydroxytoluene.

For measuring the MitoQ in brain and blood in vivo, six-week-old male BALB/c
nude mice were randomly divided into three groups (n = 5): control, intraperitoneal
injection (i.p.), and intragastric administration (i.g.) groups. The i.p. and i.g. groups were
administered intraperitoneally and intragastrically with MitoQ (5 mg/kg) for three days,
respectively. Mice in the control group were administered intraperitoneally with saline
for three days. Mice were sacrificed after treatment with MitoQ for 1 h on the last day,
and blood and brain samples were collected to determine MitoQ. All the blood and brain
samples were homogenized and processed as described above. Moreover, the gradient
elution time was 6 min per sample, and MitoQ depicted a retention time close to 3 min.

2.6. Determination of Mitochondrial Membrane Potential (MMP)

Changes in the MMP were identified using JC-1 Mitochondrial Membrane Poten-
tial Assay Kit (Beyotime, C2006). The treated cells were incubated with a JC-1 working
solution for 20 min at a 37 ◦C, 5% CO2 incubator. Then, the cells were washed twice
with 1×JC-1 staining buffer and analyzed by a CytoFLEX flow cytometer (Beckman,
South Kraemer Boulevard Brea, CA, USA).

2.7. Detection of Respiratory Chain Complex Activities

HA and A172 cells were treated using MitoQ for 2 h and collected for isolating
the mitochondria through a Mitochondrial extraction kit. After estimating the protein
concentration of isolated mitochondrial samples, the respiratory chain complex activities
were detected using the Mitochondrial Complex I Activity Colorimetric Assay Kit (Abcam,
ab287847, Cambridge, UK) and the Mitochondrial Complex III Activity Assay Kit (Abcam,
ab287844) based on the instructions provided with the reagent kits.

2.8. Measurement of H+/2e

Mitochondria were extracted from HA and A172 cells through the Mitochondrial
extraction kit. Isolated mitochondria were suspended within a solution with 0.25 M sucrose
(Sigma, S9378), 1 mM ethylenebis (oxyethylenenitrilo) tetraacetic acid (EGTA), and 5 mM
Tris, pH 7.4 at 0 ◦C. The proton pump rate (PPR) underwent the K3Fe(CN)6 pulse method
as in our previous study [13]. Electron transport rates and proton ejection were determined
using 557 double-beam spectrophotometers (PerkinElmer, Waltham, MA, USA) and PHM84
fast-responding pH electrode system (Radiometer Medical, Copenhagen, Denmark).

2.9. Untargeted Metabolomics Based on Ultra-High Performance Liquid Chromatography-Tandem
Time-of-Flight Mass Spectrometry (UHPLC-Q-TOF MS)

The cells were treated using MitoQ, and after collection, the cells were washed with
pre-cooled phosphate buffered saline (PBS) three times and removed from the supernatant.
Pre-cooled methanol: acetonitrile: water (2:2:1, v/v) solution was added to each sample
to precipitate protein. The samples were pulverized by the ultrasonic wave at 0 ◦C for
30 min, incubated at −20 ◦C for 10 min, and then centrifuged at 4 ◦C, 14,000× g, for
20 min. The supernatants were transferred into new 1.5 mL tubes and dried inside a
centrifugal vacuum evaporator, then reconstituted using a 100 μL acetonitrile: water
(1:1, v/v) mixture for further analysis. The metabolites in the samples were detected
with Shanghai Applied Protein Technology Co., Ltd. (Shanghai, China) using UHPLC-Q-
TOF MS. which is a 1290 Infinity Ultra-high Performance Liquid Chromatography system
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(Agilent, Santa Clara, CA, USA) coupled with AB Triple TOF 6600 Mass Spectrometer (AB
SCIEX, Radio Road Redwood City, CA, USA).

2.10. Western Blot Analysis

The cells were lysed in RIPA buffer (Solarbio, R0010). The protein concentration
was determined using the BCA Protein Assay Kit (Meilunbio, MA0082). Equivalent
amounts of protein were separated through SDS-polyacrylamide gels and electroblot-
ted onto PVDF membranes (Bio-Rad, 1620177). After blocking using a 5% BSA Blocking
Buffer (Solarbio, SW3015), the membranes were incubated with the primary antibody at
4 ◦C overnight. The antibodies used were AMPKα Antibody (Cell Signaling Technol-
ogy, 2532, Danvers, MA, USA), Phospho-AMPKα Rabbit mAb (Cell Signaling Technology,
2535), mTOR Antibody (Cell Signaling Technology, 2972), Phospho-mTOR Antibody (Cell
Signaling Technology, 2971), LC3B (E5Q2K) Mouse mAb (Cell Signaling Technology, 83506),
SQSTM1/p62 Antibody (Cell Signaling Technology, 5114), and β-Actin Antibody (Cell
Signaling Technology, 4967). Finally, the relevant protein was visualized through staining
with an appropriate HRP-conjugated secondary antibody for 1 h and then enhanced with
chemiluminescence. The expression of the protein was quantified using ImageJ software.

2.11. Transmission Electron Microscopy (TEM)

The ultrastructural analysis of autophagy was observed using TEM. The samples were
fixed using a 3% glutaraldehyde solution (Sigma-Aldrich, G5882) for 24 h at 4 ◦C and
post-fixed in 1% osmium tetroxide (Sigma-Aldrich, 75632) at 4 ◦C for 1 h. The cells were
washed twice, dehydrated in successive ethanol baths, treated with two baths of propylene
oxide, and progressively impregnated and embedded within Epon-Araldite resin (Electron
Microscopy Sciences, 14900, Hatfield, PA, USA). Ultrathin sections of 50 nm thickness were
acquired through a Leica Ultracut (Leica Microsystems, Wetzlar, Germany; EM UC6) and
stained using uranyl acetate and lead citrate. The autophagosomes were observed through
JEM-1220 TEM (JEOL, Tokyo, Japan).

2.12. Observation of Autophagosome and Autophagy Flux

The high content imaging system was used to visualize autophagic vacuoles within
live cells. HA and A172 cells were grown in ViewPlate-96 Black, clear bottom, TC-treated
(PerkinElmer, 6005182), and cultured overnight. The treated cells were stained using
Cell Meter™ Autophagy Assay Kit (AAT Bioquest, 23002) and Hoechst 33,342 (Meilun-
bio, MA0126) based on the manufacturer’s instructions. The images were acquired
and analyzed through the Operetta CLSTM High content imaging system (PerkinElmer,
Waltham, MA, USA).

Confocal microscopy was used to visualize and monitor autophagy flux in live cells.
HA and A172 cells were seeded into a 35 mm confocal dish (NEST, 801001) and cultured
overnight. Then, the cells were treated with MitoQ for 2 h. After that, cells were treated us-
ing the nuclear dye Hoechst 33,342, Autophagy Assay Kit (green), and LysoBrite Red (AAT
Bioquest, 22645). The confocal images were acquired through Laser confocal microscopy
(LSM700, Zeiss, Germany).

2.13. In Vitro Cell Proliferation Analysis

The Cell Counting Kit-8 (CCK8, Meilunbio, Dalian, China, MA0218) and 5-ethynyl-
2′-deoxyuridine (EdU, Meilunbio, MA0425) labeling assay were used to measure cell
proliferation based on the manufacturer’s protocols. In brief, for the CCK8 assay, HA
and A172 cells were seeded inside the 96-well microplates and cultured overnight. After
incubation with MitoQ for 2 h, the cells were radiated using X-rays at doses of 4 Gy or
carbon ion at 2 Gy. Then, 10 μL of CCK-8 reagent was added to each well after 24 h and
incubated for 2 h. The optical density (OD) was determined at 450 nm through a multi-plate
reader (Tecan Infinite M200, Männedorf, Switzerland).
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For the EdU labeling assay, HA and A172 cells were seeded into a 35 mm confocal
dish and cultured overnight. After treatment using MitoQ for 2 h, the cells were radiated
with 4 Gy X-rays or 2 Gy carbon ion. Based on the manufacturer’s instructions, the EdU kit
was utilized for assessing cell proliferative ability after irradiating for 24 h. Hoechst 33,342
(nuclear staining) was utilized to counterstain cells. The images were captured with Laser
confocal microscopy.

2.14. MALDI-TOF-MS Imaging Mass Spectrometry Analysis

MALDI-TOF-MS imaging is used for label-free bioanalysis of the spatial distribution of
pharmaceuticals, biomolecules, and other molecules from a tissue section [26]. The autoflex
speed™ MALDI-TOF-MS imaging (Bruker, Bremen, Germany) was utilized to reveal
the quantitative distribution of MitoQ across a tissue section (8 μm) having high spatial
resolution from BALB/c nude mice injected with 5 mg/kg/day MitoQ intraperitoneally for
three consecutive days. 2,5-Dihydroxybenzoic acid (DHB, Bruker, 8201346, 30 g/L) with
1% trifluoroacetic acid was utilized as the matrix for MALDI-TOF-MS imaging analysis.

2.15. In Vivo Imaging of Orthotopic Glioma Using Bioluminescence Imaging (BLI) and Magnetic
Resonance Imaging (MRI)

The tumor luciferase expression determines the tumor size through an in vivo imaging
system (PerkinElmer IVIS Lumina LT Series III, Waltham, MA, USA). The mice were injected
intraperitoneally using 150 mg/kg of D-luciferin (PerkinElmer, Waltham, MA, USA) and
anesthetized with vaporized isoflurane. The mice were stratified into sham, X-ray, and
X-ray + MitoQ groups depending on the tumor luciferase expression (n = 5). The sham
and X-ray groups received an i.p. injection of 200 μL saline for four consecutive days. The
X-ray + MitoQ group was intraperitoneally injected using MitoQ (10 mg/kg/day) for four
days. The X-ray and X-ray + MitoQ group received 16 Gy X-ray whole brain radiation on
the third day 2 h after administration.

For MR imaging, T2-TSEI and T2-FLAIR MR images were acquired 24 h and seven
days post-X-ray radiation, respectively, through a 1.0-tesla small animal magnetic reso-
nance scanner (XGY OPER 1.0). The coronal images were obtained with the following
parameters: FOV (field of view) = 4.0 × 4.0 cm, TR/TE = 4000/91 ms for T2-TSEI im-
ages, and TR/TE = 7000/104 ms for T2-FLAIR images, Matrix = 160 × 154, and Slice
Thickness = 1.3 mm. The sagittal and horizontal images were obtained with the follow-
ing parameters: FOV = 5.0 × 5.0 cm, TR/TE = 5000/104 ms for T2-TSEI images, and
TR/TE = 7500/101 ms for T2-FLAIR images, Matrix = 192 × 182 for T2-TSEI images and
Matrix = 192 × 198 for T2-FLAIR, with Slice Thickness = 1.2 mm.

2.16. Histomorphological and Terminal dUTP Nicked End LABELING (TUNEL) Assessments of Brain

We used hematoxylin and eosin (H&E) staining to analyze damages caused by X-rays
to normal brain tissue to determine the protective effects of MitoQ on normal brain tissue
during X-ray radiotherapy. All the mice were sacrificed by cervical dislocation, and then
the brain tissues were embedded inside Tissue-Tek optimal cutting temperature (OCT)
Compound (SAKURA, 4583) and sectioned (12 μm). The 12 μm cryosections were stained
using H&E and examined to observe histomorphological features through the Pannoramic
250 Flash digital microscopes (P250 Flash digital microscopes; 3DHISTECH, Budapest,
Hungary). TUNEL assay was utilized to detect cell death-associated DNA fragmentation
(3′-OH DNA termini) on the tissue sections [27]. The tissue sections were stained based
on the instructions provided by the Fluorescein (FITC) Tunel Cell Apoptosis Detection Kit
(Servicebio, G1501). Then, the slides were incubated with DAPI (Invitrogen) for 10 min
and observed under P250 Flash digital microscopes.
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2.17. Statistical Analysis

Statistical analysis was conducted using GraphPad Prism. The statistical analyses
performed for different data are demonstrated in each figure legend, and the data were
considered statistically significant if p < 0.05.

3. Results

3.1. Cell Energy Phenotype of HA and A172 Cells

In normoxia, fully differentiated tissues utilize OXPHOS. However, the most common
metabolic hallmark of malignant tumors, i.e., the “Warburg effect,” maintains a malignant
tumor phenotype (Figure 1E) [28]. A heat map revealed that most glycolysis genes were
up-regulated in A172 cells compared to HA cells, and genes associated with the TCA cycle
were down-regulated (Figure 1A). Agilent Seahorse XF technology was further used to
evaluate the cell energy phenotype of HA and A172 cells [29]. Based on the instructions,
metabolic potential represented the percentage increase in stressed oxygen consumption
rate (OCR) relative to the baseline OCR and stressed extracellular acidification rate (ECAR)
relative to the baseline ECAR. It measures the ability of the cells to meet energy demand
through mitochondrial respiration or aerobic glycolysis. Under the stress conditions in-
duced by oligomycin and FCCP, ECAR increased by 40 mpH/min and OCR decreased
by 4 pmol/min in A172 cells, while ECAR increased by 14 mpH/min and OCR did by
10 pmol/min in HA cells (Figure 1B,C). Compared to HA, the stressed ECAR/baseline
ECAR ratio was significantly increased and the stressed OCR/baseline OCR ratio was
significantly decreased in A172 cells (Figure 1D). The results depicted that HA cells meet
energy demand primarily by mitochondrial respiration, while A172 cells meet energy
needs primarily through aerobic glycolysis. Our results are consistent with the previous
studies [28,30].

Figure 1. Cell energy phenotype of HA and A172 cells. (A) Human Signal Transduction Pathway
Finder PCR Array was used to evaluate the expression of 50 essential genes related to glycolysis and
the TCA cycle. Red indicates high expression levels, whereas green indicates low expression levels
(n = 3). The Agilent Seahorse XFp Cell Energy Phenotype Test Kit was used to assess that normal
astrocyte HA tends to supply energy through mitochondrial respiration (B). In contrast, glioma cell
A172 tends to provide energy through glycolysis (C). (D) The metabolic Potential of HA and A172
cells is the ability of the cell to meet energy demand through respiration or glycolysis. (E) Schematic
diagram of the different cellular energy phenotypes of normal and tumor cells. All the data were
presented as mean ± SEM. Error bars represent SEM, and statistical significance between groups was
analyzed using an unpaired t-test. ** p < 0.01; *** p < 0.001.

173



Antioxidants 2023, 12, 453

3.2. MitoQ Was Selectively Enriched in Mitochondria in HA Cells Higher than That in A172 Cells

It is hypothesized that defects in mitochondrial function could be the reason why
cancer cells rely on aerobic glycolysis for energy supply [31]. The mitochondrial structure
and functions of cancerous cells differ from those of normal cells. Moreover, MitoQ
targeting mitochondria is based on MMP and lipophilicity [32]. Therefore, the enrichment
of MitoQ within cancerous and normal cells could be different. The concentrations of
MitoQ in isolated mitochondria and whole cells of HA and A172 cells were determined
using HPLC-MS to evaluate the mitochondria-targeted ability of MitoQ. The HPLC-MS
calibration curve (y = 3446.7x − 9869.8, R2 = 0.9999) for MitoQ had been established at
concentrations of 1, 10, 100, and 1000 ng/mL and subsequently became feasible and linear
(R2 > 0.99) (Figure 2A,B). The concentrations of MitoQ in whole cells and the isolated
mitochondria of HA cells were higher than those in A172 cells, demonstrating that MitoQ
was more easily enriched in normal cells (Figure 2C,D). Treatment of HA with MitoQ for
2 h resulted in a >80% enrichment of MitoQ in mitochondria, indicating that MitoQ could
be effectively enriched within mitochondria of normal cells (Figure 2C).

Figure 2. Quantitative analysis of MitoQ enrichment in mitochondria among HA and A172 cells.
(A) HPLC−MS chromatograms of MitoQ at different concentrations. (B) The calibration curve of
MitoQ within the concentration range of 1−1000 ng/mL. The concentrations of MitoQ in whole cells
and the isolated mitochondria of HA (C) and A172 cells (D).

3.3. MitoQ-Induced PMMP in Normal Cells Was Higher than That in Tumor Cells

HA and A172 cells treated with MitoQ were stained using JC-1 and analyzed with
flow cytometry to determine changes in MMP. Through treatment with MitoQ for 15 min,
the MMP of HA cells increased by 13.15%, whereas that of A172 cells only increased by
5.58% (Figure 3A). The increase could be associated with the HPLC-MS results that showed
that MitoQ was enriched in the mitochondria of HA cells at a much higher level than A172
cells (Figure 2C,D). In the meantime, the activities of respiratory chain complexes I and III
and the PPR were restrained by MitoQ (Figure 3B,C). Therefore, when MitoQ adsorbed to
the inner mitochondrial membrane and remained the cationic moiety in the intermembrane
space, the result was the addition of a large number of positive charges to protons. The
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balance of MMP was maintained by MitoQ attenuating the activity of respiratory chain
complexes I, III, and IV (which are associated with proton generation) and decreasing
the PPR (Figure 3C). MitoQ successfully constructed PMMP by proton displacement with
exogenous positive charges based on our previous hypothesis (Figure 3D) [13]. The MMP
and respiratory chain are important for mitochondrial respiration [33]. Therefore, MMP and
respiratory chain complex dysfunction could lead to abnormal mitochondrial respiration.

 

Figure 3. Construction of PMMP using MitoQ. (A) Fluorescence of HA and A172 cells stained using
JC-1 was ascertained through flow cytometry. (B) The activities of respiratory chain complexes I
and III associated with proton production were determined with commercial kits. (C) The PPR was
detected through a fast-responding pH electrode system after MitoQ treatment. (D) The schematic
diagram of mitochondrial status changes after MitoQ treatment. Each experiment was conducted
at least three times. All the data were presented as mean ± SEM. Error bars represent SEM, and
statistical significance between groups was analyzed using an unpaired t-test. ** p < 0.01; *** p < 0.001.

3.4. PMMP Disrupted Energy Metabolism in HA Cells

Metabolomics can offer insights into the cellular processes in response to stimuli or
interactions, for the metabolome is considered the closest phenotype representation [34,35].
Untargeted metabolomics was performed on HA and A172 cells treated with MitoQ further
to determine the effect of MitoQ on energy metabolism.

The global orthogonal partial least-squares-discriminant analysis (OPLS-DA) model
revealed a clear separation between the MitoQ-treated and control groups in positive and
negative ion modes (Figure S1). The permutation testing was performed on the quality
of the model and revealed that the model was not over-fitted (Figure S2). The volcano
maps showed that more differential metabolites appeared in MitoQ-treated HA cells than
in MitoQ-treated A172 cells compared to the control group (Figure 4A,B), indicating that
MitoQ had a more significant effect on HA than A172 cells.

The expressions of citrate and L-malic acid, the primary metabolites of the TCA
cycle [36], were altered after HA cells were treated with MitoQ (Figure 4C and Figure
S3). Moreover, their expression changes were negatively correlated (Figure 4D). The
citrate expression was down-regulated, while L-malic acid was up-regulated. The results
displayed that the TCA cycle of HA cells could be disturbed after treatment with MitoQ.
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The KEGG enrichment pathway map results also revealed that the TCA cycle of MitoQ-
treated HA cells significantly differed from the control group (p = 0.0014) (Figure 4E). MitoQ
also had a slight effect on the TCA cycle of the A172 cells (p = 0.0378) (Figure 4F), only
down-regulating the expression of citrate (Figure S3). Since tumor cells primarily rely on
aerobic glycolysis for energy supply, a minimal change in the TCA cycle of A172 cells does
not affect the energy supply of A172 cells. As shown in Figures 3 and 4, the main target
of the PMMP constructed using MitoQ was mitochondrial respiration. Therefore, it could
effectively disrupt the energy metabolism and subsequent energy supply of normal cells,
but it was ineffective against tumor cells.

Figure 4. MitoQ disrupted the TCA cycle in HA cells. Effect of MitoQ on metabolite expression
in HA (A) and A172 cells (B), n = 6. The Fold Change (FC) analysis and t-test were utilized in
volcano plot analysis to screen the potential metabolites. The red dots indicate differential metabolites
with FC > 1.5, and p-value < 0.05, the blue dots reveal differential metabolites with FC < 0.67 and
p-value < 0.05, and the black dots depict no significant difference. (C) Influence of MitoQ on citrate
and L-malic acid expression within HA cells. (D) The expression of citrate and L-malic acid were
negatively correlated within HA cells. KEGG analysis of metabolites pathway after MitoQ treatment
using HA (E) and A172 cells (F).

3.5. MitoQ Induced Autophagy in HA Cells through the AMPK/mTOR Pathway

The cellular energy sensor AMPK is activated by energy deprivation. Thus, its activity
is related to cellular energy metabolism levels and autophagy [37]. Based on the Western
blotting analysis results, AMPK was activated by enhancing the phosphorylation of AMPK
after treatment using MitoQ in HA cells. Moreover, the phosphorylation of mTOR was
significantly downregulated in HA cells (Figure 5A). However, the AMPK/mTOR pathway
in A172 cells was not activated after MitoQ treatment (Figure 5A). Then, the protein levels
of the autophagy markers MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3)
and SQSTM1/p62 [38] were tested in cells treated with MitoQ compared to control. A
significant increase was observed in the LC3-II: LC3-I ratio levels, with a significant decrease
in the protein levels of SQSTM1/p62 in HA cells treated with MitoQ. For A172 cells, MitoQ
pre-treatment downregulated the LC3-II: LC3-I ratio level and did not affect SQSTM1/p62
(Figure 5B). Following the inhibition of MitoQ-induced autophagy flux by chloroquine
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(CQ), an alkalinizing agent blocking autophagosome fusion with the lysosome [39], the
expression of LC3-II was further assessed via Western blotting. As illustrated in Figure
S4, the level of LC3-II in HA cells with MitoQ + CQ treatment was significantly higher
than that of the MitoQ and CQ groups. The results indicated that CQ’s inhibition of
MitoQ-induced autophagy flux resulted in an increase in the expression level of LC3-II. The
findings indicated that MitoQ was capable of stimulating autophagy flux in HA cells. In
addition, the Autophagy Assay Kit staining revealed a significant increase in the number of
autophagosomes in HA cells treated with MitoQ. However, the number of autophagosomes
in A172 cells treated with MitoQ did not change (Figure 5C,D). The same results were also
observed by TEM (Figure 5E). Furthermore, there were more autophagosome–lysosome
fusions in MitoQ-treated HA cells than in control. There was no difference between the
two groups of A172 cells among autophagosome–lysosome fusions (Figure 5F). The results
indicated that MitoQ stimulated autophagy flux through the AMPK-mTOR pathway in
HA cells.

 
Figure 5. MitoQ induced autophagy in HA cells through the AMPK/mTOR pathway. (A) The phos-
phorylation of AMPK and mTOR in HA and A172 cells were evaluated using Western blotting after
treatment with MitoQ. (B) The conversion of LC3-I to LC3-II and the protein levels of SQSTM1/p62
were analyzed through Western blotting. The autophagosomes induced by MitoQ were visualized
(C) and determined (D) by the high content imaging system. (E) Transmission electron microscopy
was utilized to observe the autophagic vacuoles. (F) The autophagosome–lysosome fusions were
visualized through confocal microscopy. Representative images were provided as indicated. Each
experiment was conducted at least three times. All the data are presented as mean ± SEM; error
bars represent SEM. Statistical significance between the groups was analyzed using unpaired t-test.
* p < 0.05; ** p < 0.01; *** p < 0.001; “ns” represents no statistical difference.

3.6. Protective Effect of MitoQ on Normal Cells against Radiation

The protective effect of MitoQ on normal cells by inducing autophagy during radiation
was detected using CCK8 and EdU assays. MitoQ protected HA cells from X-ray exposure
in a dose-dependent manner at 0–0.5 μM but did not affect A172 cells in CCK8 assays
(Figure 6A). Mito effectively protected the survival of HA cells but did not affect the
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proliferation inhibition of A172 cells under 4Gy X-ray radiation (Figure 6B). EdU assays
also demonstrated that MitoQ could protect HA cells from damage by X-rays, but not
the A172 cells (Figure 6C,E,F). MitoQ protected normal cells not only under low linear
energy transfer (LET) radiation but also under high LET radiation. CCK8 and EdU assays
revealed that MitoQ could protect HA cells from damage by 2Gy carbon ions, which
has a high LET [40], but did not affect the inhibitory effect of carbon ions on A172 cells
(Figure S5). ROC-325 is a novel autophagy inhibitor that can lead to the deacidification of
lysosomes, accumulation of autophagosomes, and the disruption of autophagy flux [41].
When MitoQ-induced autophagy flux was blocked within HA cells using ROC-325, the
number of autophagosomes was significantly enhanced compared to that treated using
MitoQ alone (Figure 6G). Correspondingly, the protective effect of MitoQ on HA cells
was destroyed by ROC-325 (Figure 6D). Therefore, MitoQ-constructed PMMP-inducing
autophagy played an essential role during normal cellular radioprotection.

 

Figure 6. The protective effect of MitoQ on HA cells against X-ray radiation. (A) Effects of different
concentrations of MitoQ on HA and A172 cells during X-ray radiation were detected through CCK8
assays. (B) MitoQ at a concentration of 0.5 μM promoted the proliferation of HA cells during 4 Gy
X-ray radiation in CCK8 assays. (C) EdU assay demonstrated that MitoQ could protect HA cells from
damage using X-rays. Typical photos of the EdU assay were captured with confocal microscopy (E,F).
(D) Autophagy inhibitor ROC-325 destroyed the protective effect of MitoQ on HA cells. (G) ROC-325
restrained the autophagy flux. Representative images were provided as indicated. All the data are
presented as mean ± SEM from at least three independent experiments, and error bars represent SEM.
Statistical significance between groups was analyzed using one-way ANOVA, * p < 0.05; ** p < 0.01;
*** p < 0.001; “ns” represents no statistical difference.

3.7. MitoQ Protected Normal Tissue against X-rays in Mice Bearing Orthotopic Glioma

The protective effect of MitoQ on normal cells was demonstrated in mice bearing
orthotopic glioma. HLPC-MS and MALDI-TOF-MS imaging were performed to render
the penetration and distribution of MitoQ in the brain. MitoQ was detected in the brain
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and blood of the i.p. and i.g. groups using HLPC-MS, and the concentrations of MitoQ in
the brain and blood in the i.p. group were higher than that in the i.g. group (Figure 7A,B).
Therefore, i.p. injection was selected for MitoQ administration. MALDI-TOF-MS visualized
the spatial distribution of MitoQ on the surface of brain tissue sections (8 μm). A high level
of MitoQ was witnessed in the brain tissue sections, indicating that MitoQ could penetrate
the brain tissue (Figure 7C,D). A portion of the MALDI-TOF-MS spectrum within the mass
ranges of 0–820 m/z obtained from brain tissue sections of the control and MitoQ-treated
group also revealed that the representative MALDI-TOF-MS mass profile (583 m/z) of
MitoQ was detected in brain tissue sections of MitoQ-treated group, and not in the control
group (Figure 7E,F). These data depicted that MitoQ could be distributed in the brain.

Figure 7. Protective effect of MitoQ on normal tissues against X-rays among mice bearing orthotopic
glioma. HPLC-MS chromatograms of MitoQ inside the brain (A) and blood (B) of both the i.p. and
ig. group, n = 5. (C) MALDI-TOF-MS was used to visualize the spatial distribution of MitoQ on the
surface of brain tissue sections. The intensity box blot (D) and the representative MALDI-TOF-MS
mass profile (583 m/z) (E,F) of MitoQ on the surface of the brain tissue sections were observed. The
isotopic peaks of the MitoQ procured from MALDI-TOF-MS were also shown (F). (G) Schematic
diagram illustrating the experimental design. Bioluminescence imaging was used to determine
the tumor size of the nude mice bearing luciferase-positive U87MG orthotopic brain tumors on
Day 1 (before treatment). The mice were intraperitoneally injected using MitoQ (10 mg/kg/day)
for four days (Day 2–Day 5). The mice received 16 Gy X-ray whole-brain radiation on Day 4, two
hours after MitoQ administration. MR imaging and TUNEL staining were performed on Day 5,
and MR imaging and H&E staining were performed on Day 11. (H) The tumors were evaluated
by bioluminescence before treatment, and MRI signals in the brain were monitored 24 h post-X-ray
radiation. (I) TUNEL-stained sections were obtained at 24 h post-X-ray radiation. (J) The tumors
were evaluated using bioluminescence before treatment, and MRI signals in the brain were detected
seven days post-X-ray radiation. Red arrows indicate tumors, orange indicates edema, and green
indicates hydrocephalus. (K) H&E staining of brain tissue on seven days post-X-ray irradiation. n = 5,
Representative images were provided as shown.
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Next, we determined whether MitoQ protected against structural damage to normal
tissue due to X-rays using the nude mice bearing luciferase-positive U87MG orthotopic
brain tumors. The experimental design was shown on Figure 7G. We established orthotopic
brain tumors and assessed the tumors using bioluminescence before treatment (Figure 7H,J).
MRI signals in the brain were monitored and analyzed 24 h and seven days post-X-ray
radiation. MitoQ reduced the edema in normal brain tissue after 24 h of X-ray radiation,
as the MR images demonstrated that the normal brain tissue of the mice in the X-ray
group was brighter than that of the mice in the X-ray + MitoQ group (Figure 7H). The
TUNEL-stained sections revealed that MitoQ promoted apoptosis inside brain tumors 24 h
post-X-ray radiation (Figure 7I). After seven days of X-ray radiation, MRI signals showed
that MitoQ could reduce X-ray treatment-induced edema and hydrocephalus of normal
tissue inside the mouse brain without affecting the X-ray tumor treatment compared to the
X-ray group (Figure 7J). We also observed that normal brain tissue cells in the X-ray group
were less compacted than in the X-ray + MitoQ group. It was observed that the normal
brain tissue in the X-ray group was surrounded by more edema and hydrocephalus than in
the X-ray + MitoQ group (Figure 7K).

4. Discussion

RT is one of the essential treatment methods against malignant tumors, but the dam-
age to normal tissues is the fundamental challenge for RT [42]. In survivors, RT-induced
secondary tumors, cognitive dysfunction, cardiac toxicity, gastrointestinal toxicity, radiation
dermatitis, etc., are common [4]. In 1902, the first radiation-related cancer, a radiation-
induced secondary primary skin cancer, was discovered [43]. Subsequently, the Gustave
Roussy Institute conducted a long-term follow-up of 7711 breast cancer patients between
1954 and 1983 and observed that approximately 77% of the patients with secondary tumor
recurrence had a history of RT [44]. With the increasing number of radiation-induced
secondary primary tumors (such as leukemia, lymphoma, brain tumors, etc.), malignant tu-
mors are gradually recognized as a long-term effect of radiation [45]. Thus, the critical goal
and principal challenge of RT is the cancellation of tumors without any concurring injuries
to the surrounding tissues and organs. Modern RT methods include three-dimensional
conformal, and intensity-modulated radiotherapy (IMRT) could reduce, but not eliminate,
the incidence and severity of toxicities [46]. This provides a strong rationale for adding
radio-protective agents. However, the only small radio-protector molecule approved by
FDA, amifostine, has severe adverse effects limiting its clinical use [47]. Many antioxidants
ameliorate or prevent the side effects of RT, but some even potentially promote cancer
development and metastasis [7–10]. Therefore, the lack of precision of radiation protection
and serious side effects have always been the main reasons restricting the development
and application of radiation protection drugs in cancer radiotherapy.

In this study, MitoQ successfully constructed PMMP through proton displacement
with exogenous positive charges by adsorbing to the inner mitochondrial membrane and re-
maining the cationic moiety in the intermembrane space. The activities of respiratory chain
complexes I and III were restrained, resulting in reduced PPR (Figure 3). MitoQ-constructed
PMMP selectively induced autophagy within normal cells but not tumor cells (Figure 5) by
interfering with the energy metabolism of normal cells (Figure 4). Autophagy can serve as a
protective mechanism by executing the degradation and elimination of damaged organelles
and providing energy for cellular renovation during stress conditions, including X-ray
radiation [48,49]. For instance, autophagy is promoted to recycle unnecessary organelles
to enhance amino acid availability in response to starvation [50]. Endothelial dysfunction
plays an essential role in liver injury. Autophagy can maintain endothelial phenotype
and protect liver sinusoidal endothelial cells from oxidative stress during the early phases
of liver disease [51]. In addition, autophagy is a critical protective pathway in neurons,
which relies on autophagy to preserve cytoplasmic homeostasis [52]. In this study, MitoQ-
constructed PMMP selectively induced protective autophagy to exert specific protection
for normal brain cells and tissues (Figures 6 and 7). This occurred because the difference

180



Antioxidants 2023, 12, 453

in energy metabolism phenotypes of normal and tumor cells led to the difference in the
response of the two cell types due to radiation, and this difference is precisely the entry
point for specific radioprotection of normal cells.

The Warburg effect has been proposed as one of the malignant phenotypes of tumors,
establishing a basis for our understanding of tumors and precision therapy [53]. For
instance, an unrevealed molecular function of corannulene buckybowl glycoconjugates
is to selectively annihilate tumors by targeting the cancer-specific Warburg effect [54].
Basic leucine zipper and W2 domain-containing protein 1 (BZW1) promotes tumor growth
by facilitating aerobic glycolysis and serves as a therapeutic target for pancreatic cancer
patients [55]. However, the value of the presence of the Warburg effect in tumor cells
has never been unearthed in radioprotection. In this study, we exploited the cancer-
specific aerobic glycolysis (Figure 1) to detect an entry point for precise radioprotection
of normal cells. As is known, tumor treatment has entered the “Precision Era.” Thus,
the “Precision Era” includes “Precision Treatment” and “Precision Protection.” In the
precise treatment of tumors, it is fundamental to detect targeted drugs through genetic
screening. Combined with our work, we suggest that the differences in energy metabolism
during tumor treatment provide a precise strategy to facilitate normal tissue radiation
protection. Therefore, energy metabolism screening should be paid attention to during
tumor treatment.

5. Conclusions

In summary, our study demonstrated that MitoQ-constructed PMMP selectively pro-
tects normal cells and tissues in glioma RT without affecting its efficacy by inducing
autophagy in normal cells by regulating the cellular energy supply. These findings provide
insights into the targeted protection of MitoQ-induced PMMP on normal tissues due to the
different energy phenotypes between tumor cells and normal cells. It supports a preclinical
rationale to broaden the clinical evaluation of energy metabolism screening during tumor
treatment. These findings also provide solid evidence to support our pioneer work on
pseudo-mitochondrial membrane potential for practical application.
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Abstract: It is well known that coenzyme Q10 (CoQ10) has important antioxidant properties. Because
one of the main mechanisms involved in the pathogenesis of Alzheimer’s disease (AD) and other
neurodegenerative diseases is oxidative stress, analysis of the concentrations of CoQ10 in different
tissues of AD patients and with other dementia syndromes and the possible therapeutic role of
CoQ10 in AD have been addressed in several studies. We performed a systematic review and a meta-
analysis of these studies measuring tissue CoQ10 levels in patients with dementia and controls which
showed that, compared with controls, AD patients had similar serum/plasma CoQ10 levels. We also
revised the possible therapeutic effects of CoQ10 in experimental models of AD and other dementias
(which showed important neuroprotective effects of coenzyme Q10) and in humans with AD, other
dementias, and mild cognitive impairment (with inconclusive results). The potential role of CoQ10

treatment in AD and in improving memory in aged rodents shown in experimental models deserves
future studies in patients with AD, other causes of dementia, and mild cognitive impairment.

Keywords: coenzyme Q10; tissue concentrations; therapeutics; Alzheimer’s disease; dementia; vascular
dementia; Lewy body dementia

1. Introduction

The 1,4-benzoquinone ubiquinone or coenzyme Q10 (CoQ10), which is present in the
majority of tissues in the human body, is an important component of the mitochondrial
electron transport, participating in the generation of cellular energy through oxidative
phosphorylation, and can be present in tissues in three different redox states: fully re-
duced (ubiquinol), fully oxidized (ubiquinone), and partially oxidized (semiquinone or
ubisemiquinone). In addition to mitochondria, CoQ10 is present in peroxisomes, lysosomes,
and the Golgi apparatus. CoQ10 has important antioxidant properties, with both a direct
antioxidant effect of scavenging free radicals, and an indirect one of participating in the
regeneration of other antioxidants such as ascorbic acid and alpha-tocopherol, offering
protection to cells against oxidative stress processes [1,2].

It is well known that one of the most important pathogenetic mechanisms of Alzheimer’s
disease (AD) and other neurodegenerative disorders is oxidative stress [3–5]. Due to the im-
portant antioxidant functions of CoQ10, several publications over the last two decades have
addressed the issues of both determinations of CoQ10 levels in different tissues of patients
diagnosed with AD or other types of dementia and on the potential therapeutic role of CoQ10
in these diseases (considering experimental studies in animal models of dementia in humans
suffering from AD or other dementias). This systematic review and meta-analysis aims to ana-
lyze the results of studies addressing the tissular concentrations of CoQ10 in patients diagnosed
with AD and other dementia syndromes compared with healthy controls, and the results of
therapeutic trials of CoQ10 in AD (including experimental models of this disease) and in other
causes of dementia.

Antioxidants 2023, 12, 533. https://doi.org/10.3390/antiox12020533 https://www.mdpi.com/journal/antioxidants
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2. Methods

2.1. Search Strategy and Criteria for Eligibility of Studies

We undertook a literature search using 3 well-known databases (PubMed, EMBASE,
Web of Science-WOS-Main Collection) from 1966 until 31 December 2022. We crossed
the term “coenzyme Q10” with “Alzheimer’s disease” (188, 403, and 171 items found in
PubMed, EMBASE, and WOS, respectively), “dementia” (222, 79, and 86 items found
in PubMed, EMBASE, and WOS, respectively), “vascular dementia” (13, 9, and 8 items
found in PubMed, EMBASE, and WOS, respectively), “Lewy body dementia” (9, 8, and
11 items found in PubMed, EMBASE, and WOS, respectively) “Lewy body disease” (9, 15,
and 25 items found in PubMed, EMBASE, and WOS, respectively), and “mild cognitive
impairment” (68, 19, and 34 items found in PubMed, EMBASE, and WOS, respectively).
The search retrieved 477 references which were examined one by one by the authors
in order to select exclusively those strictly related to the proposed topic. Duplicated
articles and abstracts were excluded. We did not apply any language restrictions. Figure 1
represents the flowcharts for the selection of eligible studies which analyzed tissue CoQ10
concentrations in patients with different types of dementia, and therapeutic trials with
CoQ10 in experimental models of dementia or in patients with AD or other dementias
according to the PRISMA guidelines [6].

Figure 1. Flowchart for studies assessing tissue concentrations of coenzyme Q10 in dementia
(PRISMA) (6, 17).

2.2. Selection of Studies and Methodology for the Meta-Analyses

We performed a meta-analysis of observational eligible studies assessing the concen-
trations of CoQ10 in tissues of patients diagnosed with AD and/or other causes of dementia
and in controls. We extracted the following information: first author, year of publication,
country, study design, and quantitative measures. We analyzed the risk for bias with the
Newcastle–Ottawa Scale [7]. Table 1 summarizes data from selected studies analyzing
tissular concentrations of CoQ10 in patients diagnosed with AD, Lewy body dementia
(LBD), vascular dementia (VD), and dementia without specification of etiology compared
with controls (with the exception of one study that compares the serum/plasma CoQ10 of
patients with dementia with reference values).
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We converted plasma/serum and CSF CoQ10 concentrations to nmol/mL when nec-
essary. The meta-analyses were carried out using the R software package meta [16] and
following both the PRISMA [6] (Table S1) and the MOOSE guidelines [17] (Table S2). Be-
cause of the high heterogeneity across studies, we applied the random-effects model and
used the inverse variance method for the meta-analytical procedure, the DerSimonian–
Laird as an estimator for Tau2 [18], the Jackson method for the confidence interval of tau2

and tau [19], and the Hedges’ g (bias-corrected standardized mean difference) [20]. The
statistical power to detect differences in mean values (alpha = 0.05) for the pooled samples
was calculated when stated in the text. The meta-analysis was finally only applicable
to three studies on serum/plasma CoQ10 concentrations in patients with AD compared
with controls.

3. Results

3.1. Studies Assessing Tissular CoQ10 Concentrations
3.1.1. Alzheimer’s Disease

A total of three studies that assessed the serum/plasma levels of CoQ10 in patients
with AD and controls failed to detect significant differences between the two study
groups (Table 1, Figure 2) [8–10]. One of these studies showed a similar serum/plasma
CoQ10/cholesterol ratio between AD patients and controls [8].

Figure 2. Studies assessing the serum/plasma levels of CoQ10 in patients with Alzheimer’s disease
(AD) and controls show a lack of significant differences between the two groups. 95% CI 95%
confidence intervals; SMD standard mean difference [8–10].

Isobe et al. [11,12] reported increased total CoQ10 and oxidized CoQ10 concentra-
tions in the cerebrospinal fluid from AD patients compared with controls, and a negative
correlation between oxidized/total coenzyme Q10 and duration of the disease.

To date, only two studies have addressed brain CoQ10 concentrations in patients with
AD. Edlund et al. [21] described the mean values (without SD) of CoQ10 in frontal, precen-
tral, temporal, and occipital cortex, and in nucleus caudate, hippocampus, pons, cerebellum,
and medulla oblongata of AD patients and controls. They reported a 30–100% increase in
CoQ10 concentrations in most of these regions; however, the number of AD patients and
controls involved in the study was not stated. Kim et al. [22] described a decreased activity
of the 25 kDa subunit nicotinamide adenine dinucleotide + hydrogen (NADH):ubiquinone
oxidoreductase (complex I) in the temporal and occipital cortex and of the 75 kDa subunit
of this enzyme in the parietal cortex of patients with AD compared with controls, but
specific measures of CoQ10 were not performed.

Santa-Mara et al. [23] reported the presence of CoQ10 in paired helical filaments (aber-
rant protein aggregates containing tau protein) and in Hirano bodies (neuronal inclusions
that are mainly observed in hippocampal neurons and are composed of actin either associ-
ated with or not associated with tau) in brain patients with AD, and state that CoQ10 was
able to induce the formation of aggregates when it was mixed with tau and actin.

3.1.2. Other Causes of Dementia

Serum CoQ10 concentrations and CoQ10/cholesterol ratios from patients diagnosed
with LBD [13] and VD [8] did not differ significantly from those of controls according to
two single studies.
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Yamagishi et al. [14], in a community-based cohort study in Japan involving 6000 Japanese
participants aged 40–69 years at baseline, described an inverse association between serum CoQ10
concentrations and the risk for disabling dementia, although serum CoQ10 levels and serum
CoQ10/cholesterol ratio did not differ significantly between 65 incident cases and 130 controls.

Finally, Chang et al. [15] reported “low CoQ10 status” in 73% of 80 patients diagnosed
with dementia (they used reference values of their laboratory of 0.5-1-7 μM). In addition,
they described a correlation between CoQ10 status and values of total antioxidant capacity,
MiniMental State Examination, amyloid β-42 (Aβ-42), and Aβ-42/40 ratio, but not with
tau protein.

3.2. Studies Assessing Therapeutic Response to CoQ10 Administration in Experimental Models of
AD and Other Dementias

The results of studies assessing the response to the administration of COQ10 in different
experimental models are summarized in Table 2.

Table 2. Studies on the effects of coenzyme Q10 in different experimental models of Alzheimer’s disease.

Experimental Model Author, Year [Ref] Main Findings

AGED RATS McDonald et al., 2005 [24]

Coadministration of CoQ10 and alpha-tocopherol (but not
administration of each of these compounds alone) improved learning
and memory tasks (assessed by a test that required the mice to rapidly

identify and remember the correct arm of a T-maze, and to respond
preemptively in order to avoid an electric shock).

AGED MICE Wadsworth et al., 2008 [25]
Administration of CoQ10 decreased protein carbonyls in the brain but
had no effect on lipid peroxidation, brain ATP levels, and mitochondrial

membrane potential.

Sumien et al., 2009 [26]

Intake of a low-CoQ10 diet did not change age-associated decrements in
muscle strength, balance, coordinated running, or learning/memory,
whereas intake of CoQ10 at a higher amount increased spontaneous
activity, worsened age-related losses in acuity to auditory and shock

stimuli, and impaired spatial learning/memory of old mice.

Shetty et al., 2013 [27]

Intake of a low-CoQ10 diet did not change age-associated decrements in
tests for spatial learning (Morris water maze), spontaneous locomotor

activity, motor coordination, and startle reflex. However, intake of
high-CoQ10 improved spatial learning and decreased protein oxidative
damage in the heart, liver, skeletal muscle, and to a lesser extent, in the

brain mitochondria.

Shetty et al., 2014 [28]

Administration of α-tocopherol or α-tocopherol + CoQ10 diets
improved coordinated running performance. The α -tocopherol +

CoQ10 diet improved performance in a discriminated avoidance task
(α-tocopherol and CoQ10 diets alone improved this task to a lesser

degree). Both α-tocopherol and CoQ10 diets decreased protein damage,
this effect being more marked with the α-tocopherol + CoQ10

combination.

HYPERCHOLESTE-ROLEMIA-
INDUCED AD IN

RATS
Ibrahim Fouad, 2020 [29]

Treatment with omega-3 and CoQ10 alone or in combination decreased
markers of brain oxidative stress and inflammation and serum Aβ

levels, regulated cholinergic functioning, and enhanced the functional
outcome.

ALUMINIUM-INDUCED AD IN
RATS Ali et al., 2019 [30]

Treatment with CoQ10 in combination with vinpocetine partially
reversed the changes induced by aluminium chloride (AlCl3) by
decreasing malonyl-dialdehyde (MDA), increasing superoxide

dismutase (SOD) and total antioxidant total capacity, decreasing IL1β,
TNFα, chitinase, β-secretase, Aβ, tau protein, acetyl-cholinesterase,

increasing catecholamine and brain-derived neurotrophic factor (BDNF)
levels in brain tissue.

Attia et al., 2020 [31]

Treatment with CoQ10 alone or in combination with biotin attenuated
the changes induced by AlCl3 (impaired memory, a significant increase
in Aβ, lipid peroxides, inflammatory markers—TNFα, IL6, IL1, nuclear

factor κB-, caspase-3, and pSer-IRS-1, significant reduction in the
antioxidants reduced glutathione and SOD-, pTyr-IRS-1, and p-Akt,
reflecting Aβ-induced inflammation and defective insulin signaling,

focal aggregations of inflammatory cells and neuronal degeneration).
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Table 2. Cont.

Experimental Model Author, Year [Ref] Main Findings

Ali et al., 2022 [32]

Treatment with CoQ10 reversed changes induced by aluminium by
decreasing Aβ and acetylcholinesterase expression, increasing

monoamine levels, restoring levels of total antioxidant capacity and
superoxide-dismutase, and decreasing MDA, TNFα, and IL6.

FOREBRAIN
LESIONED RATS Nitta et al., 1994 [33]

Administration of CoQ10 to forebrain lesioned rats caused an increase
in nerve growth factor (NGF) protein and mRNA and in choline
acetyltransferase activity, and improved memory tasks such as

behavioral deficits in habituation, water maze, and passive avoidance
tasks in these animals.

INTRACEREBRO-
VENTRICULAR

INFUSION OF Aβ(1-42) IN RATS
Yamada et al., 1999 [34]

Coadministration of CoQ10 prevented some learning and memory
deficits (Y-maze and water maze, but not passive avoidance tasks) in

this model without affecting lipid peroxide levels in the hippocampus
and cerebral cortex.

INTRAHIPPO-
CAMPAL INJECTION OF

Aβ(1-42) IN RATS
Singh et al., 2015 [35]

Treatment with CoQ10 and minocycline alone improved cognitive
performance (reduced transfer latency and increased time spent in the

target quadrant in the Morris Water Maze), reduced
acetyl–cholinesterase activity, decreased oxidative damage (by reducing
lipoperoxide and nitrite level and restoring superoxide, catalase, and

reduced glutathione levels), decreased TNFα level, and restored
mitochondrial respiratory enzyme complex activities and

histopathological alterations induced by Aβ(1-42) in a dose-dependent
and synergistic manner.

Komaki et al., 2019 [36]

Treatment with CoQ10 reversed the decreased excitatory postsynaptic
potential (EPSP) slope and population spike (PS) amplitude in the

hippocampal dentate gyrus after induction of long-term potentiation
(LTP) induced by injection of Aβ, reversed the decrease in serum MDA
levels and total oxidant levels induced by injection of Aβ, and increased

total antioxidant capacity levels.

INTRACEREBRO-
VENTRICULAR
INFUSION OF

STREPTOZOTOCIN IN RATS

Ishrat et al., 2006 [37]

Coadministration of CoQ10 prevented learning and memory deficits
(loss of cognitive performance in Morris water maze and passive

avoidance tests), the increase in markers of oxidative damage
(thiobarbituric acid reactive substances, reduced glutathione, protein

carbonyl, activities of glutathione peroxidase and glutathione
reductase), the decline of ATP in the hippocampus and cerebral cortex,
the decrease in choline-acetyl-transferase activity and the increase in

acetyl-cholinesterase activity induced by this neurotoxin.

Sheykhhasan et al., 2022 [38]

Administration of CoQ10-loaded exosomes derived from
adipose-derived stem cells improved memory impairment (assessed
with the Morris water maze and passive avoidance task), increased
BDNF expression, and increased cell density and the transcription

factor SOX2 gene expression in comparison with the administration of
CoQ10 exosomes derived from adipose-derived stem cells alone.

TRANSGENIC MICE: AD
PRESENILIN 1 MUTATION

L235P
Yang et al., 2008 [39]

CoQ10 administration partially attenuated Abeta overproduction and
intracellular Aβ deposit, partially decreased MDA increase, and

up-regulated the decreased activity of SOD [24].

Yang et al., 2010 [40] CoQ10 administration reduced the burden of the amyloid plaques
(assessed by immunohistochemistry and magnetic resonance imaging)

TRANSGENIC MICE: TG19959
MUTATION Dumont et al., 2011 [41]

CoQ10 administration improved cognitive performance during Morris
water maze testing, decreased brain levels of protein carbonyls (a

marker of oxidative stress), decreased brain Aβ42 levels and Aβ protein
precursor (AβPP), β-carboxyterminal fragments, and decreased plaque

area and number in the hippocampus and the overlying cortex
(assessed by immunostained with an Aβ42-specific antibody).

TRANSGENIC MICE: P301 TAU
MUTATION (FRONTO-

TEMPORAL
DEMENTIA)

Elipenahli et al., 2012 [42]

CoQ10 administration improved survival and behavioral deficits (it
increased locomotor activity and anxiety in open field testing), caused a

modest reduction in phosphorylated tau, a significant increase in
complex I activity and protein levels, and a reduction in lipid

peroxidation in the cortex.

DOUBLE
TRANSGENIC MICE:

MUTATIONS
TGAPESWE AND PSEN1DE9

Muthukumaran et al., 2018 [43]

Administration of ubisol-Q10 (a water-soluble form of coenzyme Q10)
improved long-term memory, preserved working spatial memory, and

inhibited Aβ plaque formation in 18-month-old transgenic mice
compared to an untreated transgenic group.
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Table 2. Cont.

Experimental Model Author, Year [Ref] Main Findings

TRIPLE
TRANSGENIC MICE:

MUTATIONS PS1M146V,
APPSWE, AND TAUP301L

Sui et al., 2014 [44]

The administration of CoQ10 altered changes in the differentially
expressed serum proteins in the transgenic compared with wild-type
mice by up-regulating 10 proteins and down-regulating another 10
proteins. Among the proteins modulated by CoQ10, clusterin and

α-2-macroglobulin were validated via ELISA assay.

CELL CULTURES: HUMAN
SKIN

FIBROBLASTS FROM PS1
MUTATED

FAMILIAL AD

Ma et al., 2014 [45]

CoQ10 treatment decreased reactive oxygen species generation,
increased population doublings, and postponed stress-induced

premature senescence. CoQ10 treatment increased proliferating cell
nuclear antigen expression, and decreased levels of manganese-SOD

(MnSOD), p21, p16Ink4A and cell cycle regulatory protein
retinoblastoma (suggesting a resumption of autophagy).

Vegh et al., 2019 [46]

Administration of ubisol-Q10 caused enhanced expression
autophagy-related genes such as beclin-1 (a major autophagy regulator)
and mitogen-activated protein kinase 8 (MAPK8/JNK1, a major activator of
beclin-1) avoiding resumption of premature senescence. Withdrawal of
ubisol-Q10 treatment led to the return of the senescence phenotype in

AD fibroblasts.

CELL CULTURES: HUMAN
SH-SY5Y NEUROBLASTOMA

CELLS
Qi et al., 2005 [47]

Exposure of these cells to Aβ(1-42) caused, among other effects,
enhanced lipid peroxidation and protein oxidation and significant

reductions in the total contents of phospholipids, ubiquinone-10, and
alpha3 and alpha7 subunit proteins of nicotinic acetylcholine receptors.

CELL CULTURES: HUMAN
MC65 NEUROBLASTOMA

CELLS
Wadsworth et al., 2008 [25]

Administration of CoQ10 showed a neuroprotective effect on the
neurotoxic effects induced by the Aβ protein precursor C-terminal

fragment (APP CTF).

CELL CULTURES: HUMAN
UMBILICAL VEIN

ENDOTHELIAL CELLS
(HUVECS)

Durán-Prado et al., 2014 [48]

CoQ10 pretreatment delayed Aβ incorporation into the plasma
membrane and mitochondria, reduced the influx of extracellular Ca2+

and Ca2+ release from mitochondria due to opening the mitochondrial
transition pore after Aβ administration, decreasing O2

− and hydrogen
peroxide (H2O2) levels, prevented Aβ-induced necrosis and apoptosis,

and restored the ability to proliferate, migrate and form tube-like
structures in vitro.

CELL CULTURES: RAT BRAIN
ENDOTHELIAL CELLS Frontiñán-Rubio et al., 2021 [49]

CoQ10 pretreatment protected endothelial brain cells from
Aβ(25–35)-induced damage, preventing nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase activity and reducing both
reactive oxygen species generation and increase in free cytosolic Ca2+

induced by Aβ(25–35) (this prevented apoptosis and necrosis).

CELL CULTURES: PRIMARY
CULTURED RAT CORTICAL

NEURONS
Choi et al., 2012 [50]

CoQ10 protected neuronal cells against Aβ(25–35)-induced
neurotoxicity in a concentration-dependent manner by increasing the

expression levels of proteins related to neuronal cell survival (p85aPI3K,
phosphorylated protein kinase B–Akt-, phosphorylated glycogen

synthase kinase-3β, and heat shock transcription factor), and decreasing
the levels of proteins associated with neuronal death (cytosolic

cytochrome c and cleaved caspase-3). This protective effect was blocked
by a phosphatidylinositol 3-kinase (PI3K) inhibitor.

Wang et al., 2020 [51]

CoQ10 pretreatment significantly prevented neurons from Aβ-induced
collapse of mitochondrial bioenergetics and perturbations of the protein

kinase A (PKA)/cAMP response element-binding protein (CREB)
signaling.

CELL CULTURES: CULTURED
NEURAL STEM CELLS Choi et al., 2013 [52]

Co-administration of CoQ10 restored the Aβ(25–35) oligomer-inhibited
proliferation of neural stem cells by increasing the expression levels of

proteins related to the PI3K pathway (p85α PI3K, phosphorylated
Akt-Ser473-, phosphorylated glycogen synthase kinase-3β-Ser9-, and

heat shock transcription factor). This protective effect was blocked by a
phosphatidylinositol 3-kinase (PI3K) inhibitor.

CELL CULTURES: PRIMARY
CULTURED

HIPPOCAMPAL
NEURONS FROM

FETAL MICE

Yang et al., 2020 [53]

Administration of CoQ10 reversed all the effects induced by sevoflurane
anesthesia (decrease in ATP and SOD levels, increase in apolipoprotein

E (ApoE) mRNA, total ApoE protein, full-length ApoE, and ApoE
fragments, increase in phosphorylated tau and neuroinflammatory

factor (TNFα, IL6, and IL1β) expression levels.

CELL CULTURES: BRAIN
MITOCHON-DRIA ISOLATED

FROM AGED
DIABETIC RATS

Moreira et al., 2005 [54]
CoQ10 treatment attenuated the decrease in oxidative phosphorylation

efficiency and avoided the increase in H2O2 production induced by
Aβ1-40.
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Experimental Model Author, Year [Ref] Main Findings

CELL CULTURES: RAT
PHEOCHROMO-CYTOMA

(PC12) CELL LINE
Li et al., 2017 [55]

CoQ10 treatment suppressed the protein expression of COX-2 and the
level of PGE2 in Aβ(25–35)-injured PC12 cells (this effect was correlated

with the suppression of NF-κB activation by CoQ10, attenuating
neuroinflammation).

In general, the administration of CoQ10 alone or in combination with other substances
(mainly other antioxidants) has been useful to improve the results of clinical tasks re-
lated to learning and memory and to improve or prevent oxidative stress, inflammation
and cellular death in different models of AD and frontotemporal dementia including
aged rodents [24–29], aluminium-induced AD in rats [30–32], forebrain lesioned rats [33],
intracerebroventricular infusion of Aβ-42 [34] or streptozotocin [37,38] or intrahippocam-
pal injection of Aβ-42 [35,36] in rats, transgenic mice with different mutations inducing
AD [39–41,43–46] or frontotemporal dementia [42], and cell cultures using different hu-
man [25,45,46,48] or rodent cells [49–55]. On the other hand, Aβ(1-42) decreased CoQ10
concentrations in human SH-SY5Y neuroblastoma cells in culture [47].

3.3. Studies Assessing Therapeutic Response to CoQ10 Administration in Patients with Dementia
3.3.1. Alzheimer’s Disease

Table 3 summarizes the results of the eight eligible studies addressing the therapeutic
response to CoQ10 administration in patients with AD [56–63], although in one of them,
an important percentage of patients included were diagnosed with mixed dementia [61].
Two of these studies used an open-label design [56,61] while the others were randomized
clinical trials [33].

Table 3. Studies describing the effects of COQ10 supplementation in patients with AD. AD:
Alzheimer’s disease; ADAS: Alzheimer’s Disease Assessment Scale; ADAS-Cog: ADAS cognitive
score; ADAS-Noncog: ADAS non-cognitive scores; ADCS-ADL: Alzheimer’s Disease Cooperative
Study Activities of Daily Living; ADL: activities of daily living; CGI-I: clinical global impression
improvement; CGI-C: clinical global impression change; CMT: Central macular thickness; DAT: de-
mentia of Alzheimer type; DSS: Digit Symbol Substitution test; GCIPL: Ganglion cell-inner plexiform
layer; MMSE: MiniMental State Examination; OCT: optic coherence tomography; RNFL: Retinal
nerve fiber layer; SCT: Subfoveal choroidal thickness.

Authors, Year [Ref] Study Setting Type of Study Main Findings
Level of Evidence

(Quality Score)

Imagawa et al., 1992 [56]
Combined therapy with CoQ10,
iron, and vitamin B6 in 27
AD patients.

Open-label study

• Treatment was as effective as
mitochondrial activation therapy
in 27 AD patients.

• Treatment induced significant
clinical improvement in two
genetically confirmed
AD patients.

II (NA)

Weyer et al., 1997 [57]

Three hundred patients with mild
to moderate degree DAT were
prescribed idebenone 30 mg t.i.d.
(n = 100), idebenone 90 t.i.d.
(n = 100), or placebo (n = 100).
Evaluation at baseline, 1, 3, and
6 months including a total score of
the ADAS-Total, ADAS cognitive
(ADAS-Cog) and noncognitive
scores (ADAS-Noncog), CGI-I,
MMSE, Digit Symbol Substitution
test (DSS) and several scales for
the assessment of daily activities
(the self- and observer-rating
scales NAA and NAB of the
Nuremberg Age Inventory NAI
and Greene’s Assessment).

Multicenter, randomized,
double-blind,
placebo-controlled,
dosage-ranging trial

• Idebenone 90 mg t.i.d. improved
significantly and was superior to
placebo and idebenone 60 mg
t.i.d. in ADAS-Total, ADAS-Cog,
ADAS-Noncog, and
CGI-global improvement.

• Safety results (adverse events,
vital signs, ECG, and clinical
laboratory parameters) were
similar for the three groups.

I (>50%)
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Authors, Year [Ref] Study Setting Type of Study Main Findings
Level of Evidence

(Quality Score)

Gutzmann and Hadler D,
1998 [58]

Four hundred and fifty patients
with mild to moderate degree
DAT were prescribed placebo for
12 months, followed by idebenone
90 mg for another 12 months
(n = 153) or idebenone 90 mg tid
for 24 months (n = 148) or 120 mg
ti for 24 months (n = 149).
Evaluation included a total score
of the Alzheimer’s Disease
Assessment Scale (ADAS-Total),
ADAS cognitive (ADAS-Cog) and
noncognitive scores
(ADAS-Noncog),
CGI-Improvement), the SKT
neuropsychological test battery,
and the Nurses’ Observation Scale
for Geriatric Patients
(NOSGER-Total and
IADL subscale).

Prospective, randomized,
double-blind multicentre
study in three parallel groups

• During the placebo-controlled
period, idebenone showed
statistically significant
dose-dependent improvement in
all the efficacy variables.

• A further improvement of most
efficacy variables was
determined in the second year in
comparison to the results at the
12-month visit, with a clear
dose–effect relationship (placebo
< idebenone 90 mg < idebenone
120 mg).

• Safety results (adverse events,
vital signs, ECG, and clinical
laboratory parameters) were
similar for the three groups.

I (>50%)

Gutzmann et al.,
2002 [59]

Two hundred and three patients
with mild to moderate degree DAT
were prescribed idebenone 360
mg/day (n = 104) or tacrine up to
160 mg/day (n = 99) for 60 weeks.
Evaluation included the Efficacy
Index Score (EIS, a combination of
improvement in cognitive
function, activities of daily living,
and global function), the
ADAS-Cog score, the
NOSGER-IADL score, and the
CGI-I.

Prospective, randomized,
double-blind, parallel-group
multicenter study

• A total of 28.8% of the patients
on idebenone and 9.1% of the
patients on tacrine finalized the
follow-up.

• A total of 50% of the patients on
idebenone and 39.4% of the
patients on tacrine showed an
improvement in at least one of
the other (secondary)
outcome variables.

• Patients on idebenone showed a
higher benefit from treatment
than patients on tacrine.

I (>50%)

Thal et al., 2003 [60]

Five hundred and thirty-six
patients diagnosed with probable
AD aged over 50 with MMSE
scores between 12 and 25 were
prescribed idebenone 120, 240, or
360 mg, or placebo (n = 136, 138,
133, and 126, respectively) during
1 year.
Evaluation included ADAS-Cog,
CGIC (primary outcome
measures), and measurements of
ADL, Behavioral Pathology in
Alzheimer’s Disease Rating Scale,
and MMSE (secondary outcomes).

Multicenter, double-blind,
placebo-controlled,
randomized trial

• The study was completed by 95,
94, 92, and 96 of the patients
assigned to idebenone 120, 240,
or 360 mg, or
placebo, respectively.

• Primary outcome measures did
not differ significantly between
the four groups.

• In an exploratory two-group
analysis comparing all three
treated groups combined with a
placebo, drug-treated patients
performed better on the
ADAS-Cog, although CGIC
scores did not differ significantly.

I (>50%)

Voronkova and
Meleshkov, 2009 [61]

Thirty-five patients were
diagnosed with AD (n = 9), mixed
dementia (n = 21), or memory
impairment not reaching
dementia (n = 5).
Treatment with CoQ10
120 mg/day for 6 months.
Assessment with the Luriya
method (memory and especially
auditory-speech memory),
Clinical Dementia Rating scale
(CDRS), CGIC, and MMSE.

Open-label study

• Improvement in the MMSE score
in patients with mild and
moderate dementia.

• Improvement in daily activities
in 27% of patients, including
improvement in short-term and
long-term memory and attention,
speech functions, the
performance of kinesthetic,
spatial, and dynamic praxis tests,
visuospatial gnosis, thought,
and writing.

• Improvement on the CGI scale in
37% of patients.

II (NA)
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Table 3. Cont.

Authors, Year [Ref] Study Setting Type of Study Main Findings
Level of Evidence

(Quality Score)

Galasko et al., 2012 [62]

Seventy-eight patients with mild
to moderate AD (66 of them
provided serial CSF specimens
adequate for
biochemical analyses).
Random assignment to treatment
for 16 weeks with 800 IU/d of
vitamin E (α-tocopherol) plus
500 mg/d of vitamin C plus
900 mg/d of α-lipoic acid
(E/C/ALA); 400 mg of coenzyme
Q10 3 times/day; or placebo (26 to
each group; 24, 20, and 12,
respectively, provided CSF).
Evaluation at baseline and
16 weeks of MMSE and
ADCS-ADL scale, and CSF
biomarkers related to AD.

Monocenter, randomized,
placebo-controlled,
double-blind clinical trial

• Accelerated decline in MMSE
scores occurred in the
E/C/ALA group.

• Changes in CSF Aβ42, tau, and
P-tau(181) levels did not differ
between the three groups.

• Cerebrospinal fluid
F2-isoprostane levels decreased
on average by 19% from baseline
to week 16 in the E/C/ALA
group but were unchanged in
the other groups.

• Drugs used were well tolerated.

I (>50%)

Karakahya and Özcan,
2020 [63]

Sixty-two patients diagnosed with
AD (31 randomized to the
treatment group and 31 to the
observational group), and
31 healthy controls.
The treatment group received
topical application of CoQ10 on
the retina and choroids.
Assessment of CMT, RNFL
thickness, GCIPL thickness, and
SCT with OCT at baseline and
after 6 months.

Monocenter, randomized
clinical trial

• Increased RNFL thickness in all
quadrants in the treatment
group, but only significant in the
temporal sector (inversely
correlated with AD duration).

• Increased GCIPL thickness in the
treatment on average and
superonasal sector (inversely
correlated with AD severity).

• Increased ganglion cell-inner
plexiform layer in the
treatment group.

I (>50%)

Imagawa et al. [56], after a preliminary report indicating that therapy with CoQ10,
iron, and vitamin B6 was effective as mitochondrial activation therapy in 27 AD patients, re-
ported a significant clinical improvement with this therapy in two genetically confirmed AD
patients. Three of the randomized clinical trials showed improvement in neuropsychologi-
cal assessments in patients treated with CoQ10 compared, respectively, with placebo [57,58]
or with tacrine [59], while the other two did not show any improvement in comparison
with placebo [60,62], although in one of them, the patients treated with CoQ10 showed
a better outcome than those treated with a combination of α-tocopherol, vitamin C, and
α-lipoic acid [62].

Karakahya and Özcan [63], in a study using optic coherence tomography (OCT),
reported an improvement in retinal ganglion cell loss related to AD with short-term topical
administration of CoQ10. Finally, an open-label study showed some degree of improvement
in the MMSE score and other neuropsychological tests in patients with AD or mixed
dementia [61].

3.3.2. Vascular Dementia (VD)

Kawakami et al. [64] measured CSF levels of homovanillic acid (HVA), 5-hydroxyindole
acetic acid (5-HIAA), 3-methoxy-4-hydroxyphenylethylenglycol (MHPG), and noradrenalin
(NA) in six patients with cerebrovascular dementia. CoQ10 administration during 1–2 months
returned to normal CSF levels of HVA, 5-HIAA, and MHPG, which had been previously
decreased compared to control values.

Qi et al. [65], in a randomized clinical trial involving 88 patients diagnosed with VD
(44 of them assigned to treatment with butylphthalide plus idebenone as the observational
group, and 44 to idebenone as the control group), showed a higher degree of improvement
in MMSE, clinical dementia rating scale (CDRS), and ability of daily life (ADL), and a higher
decrease in serum IL6, C reactive protein, TNFα, IL1β, CD31+, CDl44+, and endothelin-1
levels in the observational group compared with the control group.
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3.3.3. Mild Cognitive Impairment and Normal Aging

García-Carpintero et al. [66], in a 1-year randomized, double-blind, placebo-controlled
observational analytical study involving 69 patients diagnosed with mild cognitive im-
pairment (MCI) assigned to CoQ10 200 mg/day (n = 33) or placebo (n = 36) showed
that although CoQ10 treatment improved cerebral vasoreactivity (assessed by transcra-
nial Doppler sonography) and inflammatory markers, it did not display any significant
improvement in the results of an extensive neuropsychological assessment.

Finally, Stough et al. [67] designed a 90-day randomized, double-blind, placebo-
controlled, parallel group clinical trial involving 104 healthy subjects aged 60 years and
over randomized to either CoQ10 200 mg/day or placebo (52 per group), aiming to evaluate
the effects of CoQ10 in the amelioration of cognitive decline that it should be undergo-
ing. Interestingly, a recent study described a significant association of plasma CoQ10
concentrations with cognitive functioning and executive function in elderly people [68].

4. Discussion and Conclusions

The possible role of CoQ10 in the pathogenesis of AD and other causes of dementia,
if any, is far from established with the current evidence. The studies addressing the
serum/plasma levels of CoQ10, which are scarce and based on a relatively small sample
size, were similar for AD patients and controls [8–10]. The increased values of total and
oxidized CoQ10 concentrations in the cerebrospinal fluid from patients [11,12] and in certain
brain areas from patients with AD [13], described in single studies, have not had further
replication studies and await confirmation. Studies on human AD brain are restricted to a
single report of a 30–100% increase in CoQ10 concentrations in most of the regions studied
(which included the frontal, precentral, temporal and occipital cortex, nucleus caudate,
hippocampus, pons, cerebellum, and medulla oblongata) in an unspecified number of
AD patients compared with controls [18]. The possibility of induction of aggregates of
tau protein and actine by CoQ10 and the finding of the presence of this coenzyme in
paired helical filaments and Hirano bodies in the hippocampus [23] lends support to the
hypothesis of the possible role of CoQ10 in AD. Studies reporting on CoQ10 concentrations
in other causes of dementia are restricted to the measurements in serum/plasma from
patients with Lewy body dementia (LBD) [13], vascular dementia [8], and dementia without
specification of etiologic diagnosis [14,15].

Because of their antioxidant actions, it was proposed that CoQ10 administration could
be a potential protective therapy in AD [69,70]. Moreover, an important number of studies
have shown a significant neuroprotective and/or clinical effect of the administration of
CoQ10 in different experimental models of AD, as was previously commented in more
detail in the Section 3 [24–46,49–55] (Table 2). Interestingly, most of the studies performed
using cell cultures including human neuroblastoma SH-SY5Y [47] and human MC 65 neu-
roblastoma cells [25], human umbilical vein endothelial cells [48], rat endothelial [49],
cortical [50,51] and brain stem cells [52], hippocampal neurons from fetal mice [53], brain
mitochondria isolated from aged diabetic rats [54], and rat pheochromocytoma (PC12)
cells [55] have shown a protective effect of CoQ10 on the neurotoxic effects of different
types of Aβ. In addition, it has been shown that oral administration of CoQ10 results in
an important increase in serum/plasma CoQ10 concentrations in humans [71–73] and in
rats [73].

The potential beneficial effects of CoQ10 administration, its good absorption, and the
lack of important adverse effects led to some initial short-term randomized clinical trials that
showed improvement in several neuropsychological tests in patients with AD treated with
CoQ10 in comparison with those assigned to placebo [57,58] or the anticholinesterase drug
tacrine [59]. However, a further short-term randomized clinical trial failed to determine
any benefit except a mild improvement in the ADAS-Cog scores [60].

In conclusion, according to the data from the results presented in this review, there are
still important knowledge gaps regarding both the suitability of CoQ10 as a biomarker of
AD and other causes of dementia (studies on this issue in brain, cerebrospinal fluid, and
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other tissues are scarce) and the possible usefulness of treatment with CoQ10 in patients
with AD (controversial results of randomized controlled trials with a maximum of 1 year
of follow-up) despite the promising neuroprotective effects of CoQ10 detected in different
models of AD. The design of further studies with a longer-term follow-up period is needed.
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63. Karakahya, R.H.; Özcan, T.Ş. Salvage of the retinal ganglion cells in transition phase in Alzheimer’s disease with topical coenzyme
Q10, is it possible? Graefes Arch. Clin. Exp. Ophthalmol. 2020, 258, 411–418. [CrossRef]

198



Antioxidants 2023, 12, 533

64. Kawakami, M.; Itoh, T. Effects of idebenone on monoamine metabolites in cerebrospinal fluid of patients with cerebrovascular
dementia. Arch. Gerontol. Geriatr. 1989, 8, 343–353. [CrossRef]

65. Qi, F.X.; Hu, Y.; Kang, L.J.; Li, P.; Gao, T.C.; Zhang, X. Effects of Butyphthalide Combined with Idebenone on Inflammatory
Cytokines and Vascular Endothelial Functions of Patients with Vascular Dementia. J. Coll. Physicians Surg. Pak. 2020, 30, 23–27.
[CrossRef]

66. García-Carpintero, S.; Domínguez-Bértalo, J.; Pedrero-Prieto, C.; Frontiñán-Rubio, J.; Amo-Salas, M.; Durán-Prado, M.;
García-Pérez, E.; Vaamonde, J.; Alcain, F.J. Ubiquinol Supplementation Improves Gender-Dependent Cerebral Vasoreactivity and
Ameliorates Chronic Inflammation and Endothelial Dysfunction in Patients with Mild Cognitive Impairment. Antioxidants 2021,
10, 143. [CrossRef]

67. Stough, C.; Nankivell, M.; Camfield, D.A.; Perry, N.L.; Pipingas, A.; Macpherson, H.; Wesnes, K.; Ou, R.; Hare, D.; de Haan, J.;
et al. CoQ10 and Cognition a Review and Study Protocol for a 90-Day Randomized Controlled Trial Investigating the Cognitive
Effects of Ubiquinol in the Healthy Elderly. Front. Aging Neurosci. 2019, 11, 103. [CrossRef] [PubMed]

68. Fernández-Portero, C.; Amián, J.G.; Bella, R.; López-Lluch, G.; Alarcón, D. Coenzyme Q10 Levels Associated with Cognitive
Functioning and Executive Function in Older Adults. J. Gerontol. A Biol. Sci. Med. Sci. 2023, 78, 1–8. [CrossRef] [PubMed]

69. Grundman, M.; Grundman, M.; Delaney, P. Antioxidant strategies for Alzheimer’s disease. Proc. Nutr. Soc. 2002, 61, 191–202.
[CrossRef] [PubMed]

70. Beal, M.F. Mitochondrial dysfunction and oxidative damage in Alzheimer’s and Parkinson’s diseases and coenzyme Q10 as a
potential treatment. J. Bioenerg. Biomembr. 2004, 36, 381–386. [CrossRef]

71. Lönnrot, K.; Metsä-Ketelä, T.; Molnár, G.; Ahonen, J.P.; Latvala, M.; Peltola, J.; Pietilä, T.; Alho, H. The effect of ascorbate and
ubiquinone supplementation on plasma and CSF total antioxidant capacity. Free Radic. Biol. Med. 1996, 21, 211–217. [CrossRef]

72. Shults, C.W.; Flint Beal, M.; Song, D.; Fontaine, D. Pilot trial of high dosages of coenzyme Q10 in patients with Parkinson’s
disease. Exp. Neurol. 2004, 188, 491–494. [CrossRef] [PubMed]

73. Nukui, K.; Yamagishi, T.; Miyawaki, H.; Kettawan, A.; Okamoto, T.; Belardinelli, R.; Tiano, L.; Littarru, G.P.; Sato, K. Blood CoQ10
levels and safety profile after single-dose or chronic administration of PureSorb-Q40, animal and human studies. Biofactors 2008,
32, 209–219. [CrossRef] [PubMed]

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.

199





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

www.mdpi.com

Antioxidants Editorial Office
E-mail: antioxidants@mdpi.com

www.mdpi.com/journal/antioxidants

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.





Academic Open 

Access Publishing

mdpi.com ISBN 978-3-0365-8845-2


